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Abstract: One of the major causes of instability in geotechnical structures such as dikes or earth
dams is the phenomenon of suffusion including detachment, transport and filtration of fine
particles by water flow. Current methods fail to capture all these aspects. This paper suggests a
new modeling approach under the framework of the porous continuous medium theory. The
detachment and transport of the fine particles are described by a mass exchange model between
the solid and the fluid phases. The filtration is incorporated to simulate the filling of the inter-
grain voids created by the migration of the fluidized fine particles with the seepage flow and,
thus, the self-filtration is coupled with the erosion process. The model is solved numerically
using a finite difference method restricted to one-dimensional (1-D) flows normal to the free
surface. The applicability of the model to capture the main features of both erosion and filtration
during the suffusion process has been validated by simulating 1-D internal erosion tests and by
comparing the numerical with the experimental results. Furthermore, the influence of the
coupling between erosion and filtration has been highlighted, including the development of

material heterogeneity induced by the combination of erosion and filtration.
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1. Introduction

Internal erosion is a significant issue in civil and environmental engineering impacting the safety
of dams and dikes. Statistical analyses of accidents in embankment dams indicate that the two
main causes [1-3] of failure are internal erosion and overtopping. Meanwhile, recent studies
indicate that internal erosion is also an important issue in underground structures, such as land
subsidence due to water piping induced erosion [4], lateral displacement induced by erosion
during jet grouting [5], surface settlement induced by erosion because of tunnel leakage [6], and
landslides or slope instability induced by fines migration under rainfull condition [7,8]. Four
forms of internal erosion have been distinguished [2,9-11]: concentrated leak erosion, backward
erosion, contact erosion and suffusion. Among them, suffusion is a complex phenomenon
appearing as a combination of detachment and transport of the finer particles driven by water
flow, with possible filtration within the voids between coarser particles. As a result, the particle
size distribution, the porosity, and the hydraulic conductivity of the soil are changed. The
mechanical properties of the soil are, therefore, progressively degraded with time, which causes
the hydraulic earth structures to face a considerable risk of failure [12-14]. Thus, to ensure the
safety assessment of earth structures, suffusion has been widely studied by laboratory testing
over the last few decades, focusing on the effect of soil grading, critical hydraulic gradient,
critical pore water velocity, with the purpose of characterizing the susceptibility of soils to
suffusion [15-26]. Several criterions have been proposed to evaluate the internal stability of gap-
graded or broadly graded granular materials [27-30]. Extensive theoretical works have also been

performed to study the fines migration in the applications of petroleum engineering [31-33].

Based on these experimental findings, many constitutive models have been proposed under the
framework of the porous continuous medium theory to enhance the design of hydraulic earth
structures [32,34-39]. Most of these models can describe the detachment and transport of finer
soil particles within the solid matrix induced by erosion [15-22]. However, recent studies
revealed that erosion is usually accompanied by self-filtration and clogging [35,40,41]. Self-
filtration and clogging represent a similar phenomenon, which is the filling of the initial voids
due to the migration of the fluidized fine particles with the seepage flow. It is induced within the

specimen or near the outlet, and results in a decrease in hydraulic conductivity. Therefore, both
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erosion and filtration should be considered in the modeling of suffusion.

More recently, the discrete approach has been applied in the studies of fines migration [42-47].
For instance, Zou et al. [48] applied the coupled discrete element method and computational
fluid dynamics technique to simulate the transient transport of eroded base-soil particles into a
filter. Wang et al. [49] applied the coupled bonded particle and lattice Boltzmann method to
investigate the erosion process of soil particles in granular filters. The microscopic migration of
soil particles can be clearly visualized. The discrete methods can represent fairly well the
microstructure and describe better and better the physical mechanisms within granular materials.
However, they are still restricted to problems with a limited number of particles which is far
from real engineering structures. The continuous approach is thus strongly recommended for

solving boundary value problems.

Therefore, this paper attempts to formulate a new numerical approach considering both erosion
and filtration in suffusion under the framework of the porous continuous medium theory. First,
four-constituent based mass exchange formulations are proposed to describe the detachment of
finer particles and the clogging of initial voids. The coupling formulations are solved
numerically by a finite difference method. Then, the model is validated by simulating 1-D
internal erosion tests by demonstrating that it can reproduce the main features of both erosion
and filtration during the suffusion process. The influence of the coupling between erosion and

filtration is further studied.

2. Model formulations

2.1. Mass exchange and mass balance equations

According to [39], it is possible to consider the saturated porous medium as a material system
composed of 4 constituents: the stable fabric of the solid skeleton (ss), the erodible fines (se), the
fluidized particles (fp) and the pure fluid phase (ff), as shown in Fig. 1. The fines can behave
either as a fluid-like (described as fluidized particles) or as a solid-like (described as erodible
fines) material. Thus, a liquid-solid phase transition process has been accounted for in the present
model by the introduction of a mass and volume production term into the corresponding mass

and volume balances for erodible fines (se) and fluidized particles (fp).
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(a) Micro-scale (b) 4 constituents

Fig. 1 REV of a fully-saturated soil mixture and the four-constituent continuum model

In a given Representative Elementary Volume (REV), dV, constituted by the four constituents,
the volume fraction of a single constituent i is expressed as follows:
_dvi(xt)

ni(X,t)—d—V (1)

withi = {ss, se, ff, fp} denoting the 4 constituents, V' denoting the volume of the corresponding
constituent.

At a material point level, the mass balance for the i phase is given, neglecting the hydro-

mechanical dispersion tensor, by Schaufler et al. [39]:

6(pi) o :
——=+div(p'V' )= p™ 2
- Tav(pV)=p 2)
where p™' and V' denote, respectively, the mass exchange term and the velocity of the
corresponding constituent. The partial density p'is defined as the ratio between the mass dm' of

the constituent i with respect to the total volume dV of the REV, leading to a relation between
partial densities p'and effective densities p™, which corresponds to the bulk density of the

corresponding constituents:

;dm' dm'dv' g
dv.  dv' dv
The mass balances for the four constituents are then reduced to the corresponding volume

P (3)

fraction balance:

¥+div(nivi):nex'i (4)
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n™'is the term of the volume of mass exchange to be discussed in the following section.

Moreover, it is assumed that fluid and fluidized particles have at any time and at a given point the

same velocity. The solid skeleton is assumed to be deformable but non-erodible. The porosity

field ¢(x,t), the amount of erodible fines f (x,t) and the concentration of the fluidized

particles c(x,t) are defined as follows:

_dv, dvT+dv®

=n"4+n® 5
?=w dv ’ ®)
nSE‘ nse
= = 6
Cn*4n* 1-¢ ©)
n' n®
C=—f—F% ="+ (7)
n" +n @
The phase transition of the fine particles from solid to fluidized particles leads to:
_nex, fp — nex,se =n, nex,ss — O, nex,ff — O (8)
The mass balance equations are then given by the following expressions:
—%eriv(vs)—div(qﬁvs) =n 9)
o(f,) o(fg) . :
2 ———=div(f v, )-div(fgv, )=n 10
ot ot (fev,) (Tpv.) (10)
o(cp) . d(capvy)
——~+div(cq,, )+ *2=-n 11
p (cau)+—— (11)
div(q,, )+div(v,)=0 (12)

where q,, denotes the volume discharge rate (the volume of flow through the unit cross-sectional

area in unit time):

q, =4(v, -V,) (13)

V., = (14)
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with u(xt) indicating the displacement field of the soil skeleton. The strain &; and volumetric

strain ¢, are then given by the following expressions under small strain assumption:

& :_%(“i,j +uy;) (15)

6(8V)__ )
o div(v,) (16)

This study focuses on the erosion-clogging process, in which only elastic model is used to
calculate the displacement field according to the change of effective stress due to the pore
pressure evolution. The selected experimental tests presented later on are also only under
hydraulic loadings for this purpose. Note that the irreversible coupling from mechanics to
hydraulics has already been considered implicitly by introducing the volume deformation in the
mass balance equations Eqg. (9)-(12), the mechanical coupling can be easily implemented if the
elastic model is replaced by elastoplastic models. For the cases with external mechanical
loadings, the strength degradation induced by the evolution of the porosity and the fines may

then be captured which will be discussed in future studies.

Eq.(9) describes the behavior of the solid phase (solid skeleton and erodible fines). Eq.(10)
represents the balance of volume of the erodible fines, whereas Eq.(11) is the balance of volume
of the fluidized particles. The balance of the mass of the mixture, i.e., the continuity equation, is

given by Eq.(12).

Note that the amount of erodible fines f_ can be obtained explicitly from the current porosity ¢

and the volumetric strain &, , which indicates that Eq.(10) can be replaced by :

¢ :1_(1+gv)(1—¢0)(1— feo)
c l—¢
where ¢,(x) and f_,(x) denote the initial value of ¢(x,t) and f,(x,t), respectively.

(17)

2.2. Coupling of erosion and filtration

The variable n in Egs.(9)-(12) is the volume of mass exchange, which corresponds to the rate of
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eroded mass volume (n,) and filtrated mass volume (n, ) at any time and any point.

n=n,+n, (18)

A model for the rate of the eroded mass is given by the relation [50]:

ne = _ﬂ’e (1_¢)( fc - fcoo)|qw| (19)
where f_ is the ultimate fine content fraction after a long seepage period, 4, is a material
parameter. The ultimate fine content fraction f_, is assumed to be decreasing with the increase

of the hydraulic gradient [51] as

f. =T [(1—ozl)exp(—|qw|><10”‘2 )+al] (20)
where f_, is the initial fine content fraction, ; and «, are material parameters. The term
(f,—f..) in Eq.(19) corresponds to the residual fine content fraction. The erosion rate depends

not only on the total discharge of liquid g, but also on the residual fine content fraction as shown

by Eq.(19).

It is assumed that, with an increasing concentration of transported fine particles, the probability
of the existence of the filtration phenomenon in the system of pore canals will also increase. The

following model for the rate of the filtrated mass is suggested:

ne =4 %CM\A (21)

where A, and g are material parameters, ¢, . is the minimum porosity of the soil mixture. The

min
probability of filtration increases with an increasing discharge of the fluidized particles (c|qW|).
Moreover, the filtration process is expected to be more intense in intact regions, which are
characterized by smaller pore canals, i.e. smaller porosity. £ is related to the heterogeneity of

the soil mixture, which is discussed in the following section.
2.3. One-dimensional suffusion process

This paper focuses on one-dimensional suffusion problems along the x axis, chosen normal to

the free surface and pointing downward into the interior of the specific finite domain (see Fig. 2).
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The flow in the porous medium is governed by Darcy’s law which states that the flow rate is

driven by the gradient of the pore fluid pressure:

k(fe. ) o(Pu)

B Ukﬁ(c) ox 22

Qw =

where k( f.,¢) denotes the intrinsic permeability of the medium, #, is the kinematic viscosity

of the fluid, p,, is the pore fluid pressure, and p(c)is the density of the mixture defined as:

p=cp,+(1-c)p, (23)
with p, the density of the solid and p, the density of the fluid. For a mixture, the intrinsic
permeability k(x,t) of the porous medium depends on the current porosity ¢(x,t) and on the

fine content fraction as [52]:

k=ky(1-9,)" (24)

where m is the so-called “cementation exponent” and varies with the pore geometry. A high
value of the cementation exponent indicates a strong decoupling between the total interconnected

porosity and the effective porosity that controls the flow. ¢, (x,t) is the volume fraction of the

fine content:

o, = f.(1-¢) (25)
Therefore, by combining Egs. (9)-(25), the governing equations for the pore pressure p, (x,t),

the porosity ¢(x,t) and the concentration of fluidized particles c(x,t) can be expressed as

follows under one-dimensional condition:

o(py) Ek(f¢) 2 (Py) _, (26)
ot 77,5(0) ox’

% @%_% 68\, _ _ _ ¢_¢min _
atax ol a { 2 (1=-9)(f.— f..)+ A T C)Iqwl 0 27)
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1 Prin
+E(—}Le(1—¢)(fc—fm)+f e )|qw|=0

The coupled non-linear problem is supplemented by the following boundary and initial

conditions:
P ()= o B, (50)= B )= 2 2 @)
P, (%0)=0, c(x,0)=0, ¢(x,0)=4¢,(x), f,(x,0)=f,(x) (30)

The initial porosity and the initial fine content depend on the homogeneity of the soil, which can
vary along the space.

L Time t coordinate
[T

Tl 1 oo kel ko k+l M
o Lm 1 >t
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G g 1
Flow = ut | uk uk+t
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Po X

Fig. 2 Geometry and finite difference grid in space-time of analyzed 1-D internal erosion
3. Finite difference based numerical solution

Egs. (26)-(28) make up an unsteady, coupled non-linear system of partial differential equations.

The current state of the system depends on its previous state. The primary unknowns are the pore

pressure p, (x,t), the porosity ¢(x,t), and the transport concentration c(x,t). Other unknowns

such as displacement u(x,t), attached fine content f (x,t) and flow rate q,(xt) can be
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determined explicitly by Egs. (15), (17) and (22).

This system of partially differential equations has been solved through an explicit finite

difference procedure. With the terminology shown in Fig. 2, Egs. (26)-(28) become

oo ps (AT, (Pii-ps )+ [A ], (pd - p)

=0 31
At (AX)2 (31)
¢}<+1_¢J!< ‘ ¢k+l ¢k_+11
At [ ¢] +[B¢] ¢ [Q,;:I =0 (32)
C:_Hl_cz_( v Ck+l Cll(:rll Kk -
At +[A:]J AX +[BC]jCj+[Cc]j =0 (33)

where the subscripts j(0,1...,N) represent the variation in length, described by the x co-
ordinate, and the subscripts k(O,l...,M) represent the variation in the time t co-ordinate.
k(f..¢), p(c)and q,(xt) vary with depth and time. As a simple approximation, their values
at (j,k) areused. A, B and C are equation coefficients given in Appendix A.

Egs. (31)-(33) can then be solved with initial and boundary conditions for p, (xt), ¢(xt),

c(x,t) given in Egs. (29)-(30). The model has been coded with MATLAB software [53]. To

obtain accuracy and run-time efficiency, the sensitivity of the results to space and time

increments was examined. The computations of the following sections were carried out with

Ax =5x10"m (100 nodes) and 2000 increments in time.
4. Numerical simulations of laboratory tests

Two series of erosion tests on cohesionless soils were selected to examine the model
performances: (1) Series A: Rochim et al. [23] performed hydraulic-gradient controlled
downward erosion tests on gap-graded sand and gravel mixtures to evaluate the effects of the
hydraulic loading history on the suffusion susceptibility of cohesionless soils, and (2) Series B:
Aboul Hosn [54] performed flow-rate controlled downward erosion tests on gap-graded mixtures
of coarse and fine silica Hostun sand in order to investigate the effects of the soil density on

suffusion.
10/ 27
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4.1. Series A

4.1.1. Review of experiments

The experimental set-up consisted of a modified triaxial cell surrounded by a steel mold to
ensure the oedometric condition, a pressurized water supply system, and a water/soil collecting
system. The specimens of 50 mm in diameter and 50 mm in height were prepared by using a
single layer semi-static compaction technique, and then placed on a 4 mm pore opening grid to
allow the migration of all sand particles. Two values of the initial dry density were targeted: 90%
and 97% of the optimum Proctor density. After saturating the sample with an upward interstitial
flow, the fluid was forced through the sample in the downward direction during the erosion test.
Three gap-graded sand-gravel mixtures with different initial fine contents (20% for soil A, 25%
for soil B and 29% for soil C) under two different hydraulic loadings were simulated. Fig. 3
shows the time evolution of the applied hydraulic gradients. The first multi-stage hydraulic
gradient condition (named a) consisted of increasing the hydraulic gradient by steps of 0.1, 0.15,
0.2 and 0.25 up to 0.5, 0.8, 1 and 2, respectively, then by steps of 0.5 between 2 and 4 and by
steps of 1 beyond 4. For the second kind of hydraulic loading named (b), the hydraulic gradient
increment was directly imposed equal to 1. For both hydraulic loadings, each stage of the
hydraulic gradient was kept constant for 10 min. Table 2 summarizes the initial dry density and
initial permeability of the tested specimens, the values of the applied hydraulic gradient, and the

duration of each test.

Table 1 properties of simulated test specimens

Soil Specimen Initial dry density , | Initial permeability k Applied hydraulic Test duration
reference reference gradient, i (min)
(KN/m?) (ms)
A A90-a 17.39 1.2x107° Type a, from 0.1 to 15 270
A90-b 17.39 2.0x107° Type b, from 1to 13 130
B B97-a 18.74 1.3x10° Type a, from 0.1 to 12 240
B97-b 18.74 2.0x107° Type b, from1to 9 90
C C97-a 18.74 1.2x107° Type a, from0.1t0 9 210
C97-b 18.74 2.0x107° Type b, from 1to 7 70
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Fig. 3 Time evolution of multi-staged hydraulic gradients

The physical properties of the soil mixtures are summarized in Table 2, taken directly from the

referred laboratory test [23]. The erosion parameters (4., ¢, and «, ), filtration parameters ( A,

and £) and permeability parameter (m) were calibrated by fitting the evolution of the hydraulic

conductivity and the cumulative loss of dry mass of soil mixture C (shown by the blue lines in
Fig. 4) simultaneously in the case of hydraulic loadings (a) and (b), by trial-error which can also
be identified using optimization technique [55,56]. All the values determined for the model

parameters, summarized in Table 3, were used to predict the other tests.

Table 2 Physical properties of the soil mixtures

Density of fluid Ps 1.0 g/cm?®
Density of solids Ps 2.65 g/cm?d

Kinematic viscosity of fluid | 7, 5.0x10° m%!

Minimum porosity Bin | 0.22

Table 3 Values of model parameters for tested soil mixtures A, B and C

Erosion parameters Filtration parameters Permeability parameter
Tests 2 a a, 7, B m
Series A 151.6 0.89 3.42 170.6 1.0 16
Series B 3.1 0.74 2.68 13.4 1.0 16
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4.1.2. Results

Fig. 4 presents the comparison between experimental and numerical results of erosion tests on
three types of soil mixtures in the case of hydraulic loadings (a) and (b). It shows that the history
of the hydraulic loading and the initial fine content affect significantly the hydraulic behavior of
the tested soil mixtures. Two phases can be distinguished from the time evolution of the
hydraulic conductivity. At first, the hydraulic conductivity slowly increased or decreased,
depending on the hydraulic loading type. The duration of this first phase was much longer under
less severe hydraulic loading. For a given hydraulic loading, the decreasing phase was longer for
a specimen with a smaller initial fine content. These results illustrate a positive correlation
between the erosion rate and the initial fine content. The second phase of the hydraulic
conductivity evolution was characterized by its rapid increase. Finally, the hydraulic
conductivity reached a constant value.

The proposed model was able to reproduce the two phases of the erosion until a stable stage was
reached. However, in some cases, discrepancies between experimental and numerical hydraulic
conductivity evolution could be found, especially during the first phase. Only few data are
available in the literature concerning the self-filtration phenomenon during an erosion test. Ke
and Takahashi [26,57] attributed the deviation of the hydraulic conductivity to the difference in
homogeneity along the reconstituted soil specimens. Another aspect which has not been taken
into account is the unknown influence of the saturation stage, which may also lead to the
heterogeneity of the soil sample before erosion. The influence of the soil heterogeneity is

discussed in the following section.

The predicted eroded mass can be calculated by [32]:

L
AM = p, [ [#(1-c) -4, (1-c,) Jdx (34)
Marot et al. [22] proposed an energy-based method to characterize the erosion susceptibility. The

authors suggested characterizing the fluid loading by the total flow power P, , expressed as

low !

I:)flow = quwAh (35)
where q, is the flow rate; y, is the unit weight of water; Ah is the drop of hydraulic head. In
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series A, Rochim et al. [23] characterized the evolution of the cumulative eroded mass with the

variation of the cumulative expended energy E computed by the time integration of the

flow !

instantaneous flow power P,

low *

Experimental and numerical values of the eroded mass are in good agreement for the calibration
tests C97-a and C97-b, but also for other validation tests differing from the initial fine content
and the hydraulic loading history. However, the prediction of the eroded mass is not totally in
agreement with the experimental data for tests A90-a and A90-b. The eroded masses represent
only 0.4% (test A90-a) and 1.2% (test A90-b) of their initial fine content, whereas the hydraulic
conductivity increased by a factor of 9 (test A90-a) and 4 (test A90-b) in the second phase of the
hydraulic conductivity evolution. Obviously, such small loss mass should not in itself result in
such a rapid increase of the hydraulic conductivity. This discrepancy could be explained by the
early presence of preferential flows created by particle rearrangements in the case of a lower

initial fine content of the soil.

0 x 10
10 T T 1.5 T T T T I
- = =A90-asim. o A90-a - = =A90-asim. O A90-a
——A90-bsim. @ A90-b ——A90-bsim. ® A90-b
10"t == =B97-asim. ¢ B97-a 1 _ - — =B97-asim. ¢ B97-a
——B97-bsim. ¢ B97-b é . ——B97-bsim. ¢ B97-b
— S -C97-asim. A (C97-a = - = =C97-asim. A (C97-a
80107 F ——C97-bsim. A C97-b “;‘ 1r ——(C97-bsim. A (C97-b
2 ks
g 107 ¢ 3
=
= 15)
% o
S .4 2
m 10 é 0.5
s
oy
105 ¢
]0-6 2 . . 0 ; S ( . )
_4 2 0 2
10 10 10 10 0 50 100 150 200 250 300
Cumulative expended energy [J] Time [min]
(@) (b)

Fig. 4 Comparison between laboratory tests (symbols) and simulated data (continuous lines): (a)
cumulative eroded masses versus cumulative expended energy; (b) time evolution of hydraulic
conductivity
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4.2. Series B

Similar erosion tests on gap-graded mixtures of coarse and fine silica Hostun sand were

performed by Aboul Hosn [54] to investigate the effects of the soil density on suffusion. The

suffusion tests were carried out using a newly developed permeameter made up of a cylindrical

Plexiglass cell (140 mm in height and 70 mm in internal diameter), a pressurized water supply

system and a fine collector. Three soil samples with the same initial fine content (fc=25%) and

three different relative densities (1d=0.2, 0.4, 0.6) were subjected to erosion tests by flushing

water in the downward direction under a controlled multi-stage flow rate. The model parameters

summarized in Table 3, were calibrated by fitting simultaneously the evolution of the hydraulic

conductivity and the cumulative loss of dry mass of test ES-0.2-CD (shown by the red lines in

Fig. 5) by trial-error which can be alternatively identified using optimization technique. They

were then used to predict the other tests.

Eroded mass [kg]

O ES-0.6-CU

o ES-0.4-CD-R

¢ ES-0.2-CD

ES-0.6-CU sim.

ES-0.4-CD-R sim.

ES-0.2-CD sim.

4 6
v [m/s]

@)

ES-0.6-CU sim.
O ES-0.6-CU |
ES-0.4-CD-R sim.
o  ES-0.4-CD-R
ES-0.2-CD sim.

¢ ES-0.2-CD

v [m/s] %107

(b)
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Fig. 5 Comparison between laboratory tests (symbols) and simulated data (continuous lines) for
three different initial densities: (a) the variation of cumulative eroded masses with the increasing
flow rate; (b) the variation of hydraulic gradient, i, with the increasing flow rate; (c) the variation

of hydraulic conductivity with the increasing flow rate

The comparison between experimental and numerical results of the erosion tests with three
different relative densities (1d=0.2, 0.4, 0.6) is presented in Fig. 5. The curves show similar
tendencies. With the increase in Darcy’s flow velocity, the eroded mass increased with time at a
gradual decrease rate. The deviations of the experimental results appear to be very small,
possibly due to the minor differences of their initial porosity (0.36, 0.34, 0.32 for 1d=0.2, 0.4, 0.6,
respectively). The proposed model was able to capture the main features of the flow-rate

controlled erosion tests.
5. Discussion

Comparing the time evolution of the hydraulic conductivity with the measured eroded mass
constitutes a way to improve the understanding of the suffusion process. Fig. 6 shows how the

numerical results depend on the choice of the parameter £ which controls the filtration rate (Eq.

22). The complex phenomenon of suffusion appears to be a combination of three processes:
detachment, transport, and filtration of the finer fraction. This combination results in the

development of heterogeneities in the soil grading. Experimental results [23,58] showed that the
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loss of fine particles is higher in the upstream part. The transport of detached particles from
upstream to downstream can partly offset the loss of particles in the downstream region. The

spatial profiles of porosity at different time steps for different values of fare compared in Fig. 7.
A larger value of S leads to a more severe soil heterogeneity at the early stage of the suffusion,

which suggests that more detached particles are filtered in the downstream part of the soil.
However, to calibrate the value of £, it is necessary to measure the concentration of fluidized
particle within the outlet flow at discrete times during an experiment. Under a given hydraulic
gradient condition, a strong increase of the concentration of fluidized particle in the outlet flow
occurs simultaneously to the rapid increase of the hydraulic conductivity, as shown in Fig. 8. For
a given density, a lower fine content is accompanied by a larger amount of coarse particles and a

smaller constriction size within the porous network, which facilitates the filtration process.
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Fig. 6 Comparison between laboratory tests (symbols) and simulated data (continuous lines) for
different values of £ (a) cumulative eroded masses versus cumulative expended energy; (b) time
series of hydraulic conductivity
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357  The rapid decrease of the hydraulic conductivity is systematically accompanied by a clogging of
358 the pores. The compaction of the reconstituted soil specimens and the disturbance during the
359  saturation stage may lead to initially heterogeneous soil samples. Fine particles that are displaced
360 can fill certain pores during compaction and saturation. Fig. 10 compares experimental and
361  numerical results for different soil homogeneities. The initial fine content and the corresponding
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362  porosity are presented in Fig. 9.
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366 A clogging, at first restricting the water flow, can then be blown away, accompanied by a
367  significant increase of the hydraulic conductivity. Thus, the predominant process during the
368  second phase is the detachment and transport of fine particles. Finally, the hydraulic conductivity
369 tends to stabilize when the hydraulic drag force can no longer transport any more fine particles
370  through the soil skeleton.
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Fig. 10 Comparison between laboratory tests (symbols) and simulated data (continuous lines) for
different soil homogeneity: (a) cumulative eroded masses versus cumulative expended energy; (b)
time series of hydraulic conductivity

6. Conclusion

This study provided a novel contribution to the numerical approach in modeling the internal
erosion of soils. The approach consisted of modeling the erosion of the soil skeleton, the
transport by the water flow and the filtration of fine particles through the mass exchange between
the solid and fluid phases. The governing differential equations were formulated based on the
mass balance of four assumed constituents: the stable fabric of the solid skeleton, the erodible
fines, the fluidized particles, and the pure fluid. The terms of mass exchange were introduced into
the mass balance equations. It was complemented by a filtration term to simulate the filling of
initial voids due to the filtration of transported fines from the suspension to the solid fraction.
The model was solved numerically by a finite difference method restricted to 1-D flows normal

to the free surface and, accordingly, the hydrodynamic dispersion was disregarded.

Two series of erosion tests on cohesionless soils were selected in order to examine the model
performance. Two phases of the suffusion process up to a stable stage could be distinguished
from the time evolution of the hydraulic conductivity and both were well reproduced by the

model. The hydraulic conductivity first slowly increased, or even decreased, depending on the
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hydraulic loading history. The second phase of the hydraulic conductivity evolution was
characterized by a rapid increase. Finally, the hydraulic conductivity reached a constant value.
The results showed that the numerical model is able to describe both erosion and filtration during
the tests.

A complementary study on the coupling between erosion and filtration indicated that a larger

value of the parameter # controlling the amplitude of filtration leads to a more severe soil

heterogeneity at the early stage of the erosion, which suggests that more detached particles are
filtered in the downstream part of the soil. Thus, the hydraulic conductivity of the whole
specimen could slowly increase or decrease. The second phase of the hydraulic conductivity
evolution characterized by a rapid increase occurs simultaneously with the unblocking of the
clogged pores. Finally, the hydraulic conductivity reaches a constant value when the hydraulic

force is no longer able to drag fine particles through the soil skeleton.

Note that the proposed numerical approach is formulated for the boundary value problems at the
scale of an entire engineering structure for gap-graded or broadly graded granular soils. The
grain-scale or particle size distribution related parameters were not considered for the sake of
simplicity. In future works, the grain-scale parameters will be calibrated and introduced into the
erosion law or filtration law based on well documented experimental tests; the coupling model
will also be extended to 3D conditions so that more complex geometries and boundary

conditions can be treated for a soil mass subjected to suffusion.
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Appendix A. Finite difference solution for 1D suffusion process

Defining r, = At/ (Ax)2 and r, = At/Ax allows the Egs.(31)-(33) to be rewritten
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where (j=1,2,3..,N-1k=1,23..,.M -1).
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Figure captions

Fig. 11 REV of a fully-saturated soil mixture and the four-constituent continuum model
Fig. 12 Geometry and finite difference grid in space-time of analyzed 1-D internal erosion
Fig. 13 Time evolution of multi-staged hydraulic gradients

Fig. 14 Comparison between laboratory tests (symbols) and simulated data (continuous lines): (a)
cumulative eroded masses versus cumulative expended energy; (b) time evolution of hydraulic
conductivity

Fig. 15 Comparison between laboratory tests (symbols) and simulated data (continuous lines) for
three different initial densities: (a) the variation of cumulative eroded masses with the increasing
flow rate; (b) the variation of hydraulic gradient, i, with the increasing flow rate; (c) the variation
of hydraulic conductivity with the increasing flow rate

Fig. 16 Comparison between laboratory tests (symbols) and simulated data (continuous lines) for
different values of £ (a) cumulative eroded masses versus cumulative expended energy; (b) time
series of hydraulic conductivity

Fig. 17 Spatial profiles of porosity at various time steps: (a) f=3.0; (b) f=6.4

Fig. 18 Comparison of the concentration of fluidized particle of the outlet flow for different
values of g

Fig. 19 Initial soil state before erosion for different soil homogeneity: (a) initial fine content
fraction; (b) initial porosity

Fig. 20 Comparison between laboratory tests (symbols) and simulated data (continuous lines) for
different soil homogeneity: (a) cumulative eroded masses versus cumulative expended energy; (b)
time series of hydraulic conductivity
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Table 4 properties of simulated test specimens

Soil Specimen Initial dry density , | Initial permeability k Applied hydraulic Test duration
reference reference / gradient, i (min)
(KN/m?) (m/s)
A A90-a 17.39 1.2x107°5 Type a, from 0.1 to 15 270
A90-b 17.39 2.0x107° Type b, from 1 to 13 130
B B97-a 18.74 1.3x10°° Type a, from 0.1 to 12 240
B97-b 18.74 2.0x10° Type b, from1to 9 90
C C97-a 18.74 1.2x10° Type a, from0.1t0 9 210
C97-b 18.74 2.0x107° Type b, from1to 7 70
Table 5 Physical properties of the soil mixtures
Density of fluid Ps 1.0 g/cm?
Density of solids Ps 2.65 glcm?
Kinematic viscosity of fluid | 7, 5.0x107° m2st
Minimum porosity Guin | 0.22
Table 6 Values of model parameters for tested soil mixtures A, B and C
Erosion parameters Filtration parameters Permeability parameters
Tests 1 1
e o @, f B m
Series A 151.6 0.89 3.42 170.6 1.0 16
Series B 3.1 0.74 2.68 134 1.0 16
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