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Abstract Rainfall-infiltration-induced fines  migration
within soil slopes may alter the local porosity and hydraulic
properties of soils, and is known to be a possible cause of
the failure of slopes. To investigate the intrinsic mecha-
nisms, a mathematical formulation capable of capturing the
main features of the coupled unsaturated seepage and fines
migration process has been presented. Within the formu-
lation, an unsaturated erodible soil is treated as a three-
phase multi-species porous medium based on mixture
theory; mass conservation equations with mass exchange
terms together with the rate equations controlling fines
erosion and deposition processes are formulated as the
governing equations and are solved by the FEM method.
The influences of both the fines detachment and deposition
on the stability of slopes under rainfall infiltration have
been investigated numerically. The results show that
depending on whether the fines move out or get captured at
pore constrictions, both desired and undesired conse-
quences may arise out of the fines migration phenomenon.
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It is suggested that more attention should be paid to those
slopes susceptible to internal erosion whose safety analysis
cannot be predicted by traditional methods.
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1 Introduction

Soils in landslide deposits, colluvial slopes, and fill slopes
sometimes show the geometrical features which are sus-
ceptible to seepage-induced internal erosion [2, 11, 21].
Under rainfall infiltration, fine particles in these broadly
graded or gap-graded soils may be detached from the soil
structure by the interstitial flow and transported with the
flowing water within the pores formed by the coarse matrix
[47]. The fines migration process will inevitably alter the
local distribution of the size and content of fines in soils,
lead to local variations of hydraulic and mechanical char-
acteristics of soils within slopes [18, 29], and influence the
instantaneous stability of slopes [38].

In the western mountainous area in China, this fines
migration process during rainfall infiltration is known to be
one of the main causes leading to the initiation of land-
slides and debris flows [12]. To investigate the mechanisms
behind rainfall-induced failures in slopes comprised of
these soils susceptible to internal erosion, both in situ
artificial rainfall tests [3, 51] and laboratory flume tests
[20, 46] have been performed. Generally, these tests at
structure scale reported that, under rainfall infiltration, fines
migrate from the upper and surface part of the slope
towards the toe of slope; both surface coarsening and pore
clogging phenomena can be observed due to fines
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migration; once fails, the slip surface is located at a very
shallow depth above which the soils are nearly saturated, as
shown in Fig. 1.

From a physical point of view, the fines migration in
soils consists of the entire sequence of occurrences of
release or detachment of fine particles, their motion with
the flow, and finally their capture at some pore sites or their
migration out of the medium under consideration [23];
simultaneously, the hydraulic and mechanical characteris-
tics may also be altered, which make the fines migration in
soils a complicated coupled multi-physics process. Exten-
sive theoretical works have been performed to study the
internal erosion properties of soils [14, 39, 44] and fines
migration phenomena with applications in fields such as of
Petroleum engineering and Hydraulic engineering
[1, 5, 30, 32]. However, to date theoretical investigations of
fines migration in related to slope stability are rare, espe-
cially the coupled analysis of rainfall infiltration into those
unsaturated erodible soils. In view of this, Zhang and
Zhang, [47] investigated the influences of internal erosion
and particle transport on the unsaturated soil slope under
rainfall infiltration with a coupled model of seepage and
internal erosion based on the work of Cividini and Gioda
[7]. The influence of fines migration on slope stability has
been investigated by considering the effects of internal
erosion on the change of porosity and saturated perme-
ability. However, the possible pore clogging effects due to
fines migration, which are considered as the main causes
for the initiation of slope failures [12, 46], have not been
considered in their work. Therefore, their model cannot
explain the shallow failures demonstrated by some exper-
imental works [3, 12, 46] (shown in Fig. 1).

In this paper, influences of both the fines detachment
and deposition on the stability of slopes under rainfall
infiltration have been investigated numerically. In the
framework of continuum mixture theory, an unsaturated
erodible soil is treated as a three-phase multi-species por-
ous medium. Mass conservation equations with mass

ailure boundary

Fig. 1 Rainfall-induced failure of erodible slope in flume test [46]
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exchange terms together with the corresponding rate
equations for fines erosion and deposition are formulated as
the governing equations and are solved by the FEM
method. The classic Carman—Kozeny equation is modified
to capture the permeability changes due to fines detach-
ment and deposition. The numerical results show that
depending on whether the fines move out or get captured at
pore constrictions, two different sets of consequences
occur. In the first case, the internal erosion leads to slope
surface coarsening which promotes the dissipation of pore
pressure, hence stabilizes the slope. In the second case, the
deposition of in situ fluidized fines below the slope surface
creates a relatively impermeable layer which leads to the
generation of positive excess pore pressure and subsequent
initiation the slope failure.

2 Mass conservation equations
2.1 Three-phase multi-species porous medium

Natural soils are usually unsaturated porous media, with a
solid skeleton formed by their soil matrix and the pore
spaces filled by liquid or air. As for the soils susceptible to
suffusion, their soil matrix is usually composed of mixed
coarse and fine particles. Under certain geometric and
hydromechanical conditions [31], the fine particles can be
detached from the solid skeleton and behave as a part of the
liquid phase in the form of fluidized fine particles, which
can be transported away by the flowing liquid. To describe
these processes mathematically, an unsaturated erodible
soil is treated as a three-phase multi-species porous med-
ium. The tri-phasic porous medium contains solid phase S,
liquid phase L, and gaseous phase G with their respective
species, which can be summarised by the following sets.

S={d,e};L={w,e};G = {g} (1)
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in which “c’ ” is the coarse solid species, “w” is the water

species, “e” is the fine species, and “g” is the air species.
The superscript “ ' ” indicates species that are attached to
the solid phase, whereas no superscript is used to refer to
species within the fluid phases. Due to erosion and depo-
sition processes, the solid fine species ¢’ and fluidized fine
species e can exchange mass with each other.

As shown in Fig. 2, at the initial instant = 0, this tri-
phasic porous medium, which occupies a volume d€, in
the initial configuration, is taken as a reference represen-
tative volume. At an arbitrary time ¢, this soil element now
changes to d€2, after the water infiltration. The Jacobian of
the transformation of the solid phase J = dQ,/dQ, is
introduced to characterise this soil skeleton deformation.
The total volume of the REV is the sum of individual
volumes occupied by each species and can also be
expressed as the sum of individual volumes occupied by
each phase, such that, dQ, = > de{ = > ,dQF (457, “a”
refer to a generic species and a particular phase, respec-
tively). The Lagrangian volume fractions of a generic
species j and of a particular phase o are defined as [24]:

;= dQJ/dQo; ¢, = dQ; /dQ0; p, = > _ ¢ (2)
Jj€Eu

To be consistent with the terms used in the soil
mechanics, the Lagrangian porosity ¢ is used to refer the
Lagrangian volume fraction of the whole pore space;
whereas the liquid saturation S; is used to refer to the
relative volume fraction occupied by the liquid within these
pores; further, the volumetric concentration c, is used to
refer to the relative volume fraction of the fluidized fine
particles in the liquid phase, such that:

During water infiltration, both the saturation and
porosity vary with time. At the time 7, the volumes
saturated by the liquid and gas phases have changed from
their initial values to S;¢dQ, and (1 — S;)¢pdQ,
respectively. Accordingly, the volume occupied by solid
particles at time 7 can be calculated to be (J — ¢)dQ,. By
assuming that the net volume change due to the fines
migration process is ¢,,dy, from Fig. 2, the Lagrangian
porosity ¢ at time t can be expressed as:

¢:¢0+(‘]—1)+¢er (4)

This equation indicates that the variation of porosity is
due to both the skeleton deformation and the fines
migration. To further simplify the model, in the
following paragraph, we will assume that the skeleton
deformation during the water infiltration process is
negligible (/ — 1 ~ 0). Hence, the porosity variations in
this paper will be only due to the fines migration.

The macroscopic description necessitates the introduc-
tion of the concept of mass contents m, as well as distin-
guishing apparent densities p” from intrinsic densities p,
[49]. In all the following, m,dQ, = p“dQ, denotes the
actual mass of component “a” inside the current volume
dQ;; hence, m, = Jp®. Using the above notations, it can
easily be deduced that:

mgs = (J - (,b)ps;me = CeSrd)pe;mW = (1 - C)SL¢pw;mG
=(1—=SL)dpe-.
(5)
In order to measure the relative variation of residual

erodible fines m, within the solid matrix, the mass fraction
of fines x, is introduced as:

¢ = ¢+ o SL= b/ co = b/ by (3) e =me/ms (6)
o V-nao, [ [ T
G G (1_S1)¢dQO
1-5., ),d2, 4
(=S g}
I after infiltration I
S 0P, { } _> S,4dQ,
T ¢"dQOI ----------------
_ S T
t-ah, ) s -k,

Fig. 2 Schematic illustration of initial and current volume fractions
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in which the denominator is chosen as the initial mass
content of solid phase myg rather than its current counter-
part which varies along with the fines migration.

2.2 Conservation equations for liquid and fine
species

By privileging the solid phase, the general continuity
equation of a generic species j under infinitesimal trans-
formation can be given as [24, 26]:

N

d A

in which g—i is the particle derivative with respect to the
solid phase [10]; #; is the mass growth rate of species j per
unit initial overall volume d€2; J/ is the volume flux of
species j relative to the solid skeleton. The above equation
indicates that the mass change of a species j occupying the
same spatial region as a given solid skeleton is indeed due
to two physical phenomena: the creation of species due to
physical-chemical reactions (the erosion and deposition of
fines in our case) and the net influx of the species due to
their relative velocity [26]. To simplify the model, all the
species are assumed intrinsically incompressible (p; = cst)
[24]; it can be reformed as:
$¢j+V~J —p—j. (8)
Since only fluidized fine particles can exchange mass
with their counterparts in the solid phase, with the relation
JE = ZjeLJj for the volume flux of liquid phase L [24]
and Eq. (2) ¢, =) jer¢;, the continuity equation for
liquid phase L can be presented as:
%¢L+V-JL=m—:. (9)
Under the assumption that the same type of species
shares the same density in both solid phase and liquid
phase (p, = p,), the RHS term in the above equation
m./p, is equal to the net porosity change rate q.Se, due to the
fines migration (note that m, = —m,). Then, the
substitution of the above equation into the differential of
¢r = S;.¢ leads to:

(I=8)d

dS
v+ o—S JE=o. 10
oy di oStV (10)

In this work, the air pressure is assumed to remain at
atmospheric pressure by simply setting p; = 0. Hence, the
matric suction p. = — p;. By assuming that the saturation
S, depends only on matric suction p., S; is a function
which relies only on the liquid pressure p;.

@ Springer
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The substitution of ¢, = ¢.S;¢ into Eq. (8) and further
the use of the continuity Eq. (9) lead to:

1—¢, 0 0
&l’ﬂ(;/ + SLd)aCe =0. (12)

VI —e V- I+
The fluidized fines can be transported by both the
advection and diffusion mechanisms. In our case, it is
assumed that the fines transport due to the diffuse
mechanism is negligible. Hence, the relation J¢ = c.J*
holds [24]. The substitution of it into the above equation
leads to:
l—¢ 0

0 L
0w amel +SL¢)&C¢ +J 'VCE =0. (13)

3 Rate equations for erosion and deposition
3.1 Mechanisms of erosion and deposition

The fines migration process in soils is a particle-scale
phenomenon, which concerns the detachment, transport,
and deposition of individual fine particles. For the illus-
tration purpose, the soils considered here can be roughly
approximated as a network of pore chambers, i.e. pore
bodies connected through pore throats (i.e. pore constric-
tions) [28]. As illustrated in Fig. 3, during the flow of a
permeating liquid through these soils, fine particles
attached to pore surfaces are released or detached under
certain sets of conditions by colloidal or hydrodynamic
forces [5]. Once the fines are released, the particles move
with the permeating liquid until they get retained at other
locations (pore throats, regular pore surfaces, etc.) in the
soil skeleton or exit the soil skeleton [23].

Fine particles can be captured by either the pore surface
deposition or pore throat blocking [25]. Pore surface
deposition refers to the relatively uniform deposition of
particles, whose sizes are much smaller than pore sizes, on
pore surfaces due to various forces. Pore throat blocking
occurs stochastically when a single particle plugs or several
particles bridge at pore throats [5]. The release of fines
from one place of pore bodies and subsequent deposition at
another place of pore bodies usually cannot alter the per-
meability of the porous medium significantly, but severe
permeability damage can result from the entrapment of
fines at pore throats [25]. Plugging of pore throats by
blocking and bridging may cause some pore throats to
close for flow. What’s more, once the convective pore
throat blocking occurs, particles may begin accumulating
behind the pore jamming particles by a snowball effect (i.e.
filter cake formation) [16]. The main concern of this paper
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Fig. 3 Schematic diagrams of pore-fine system during water flow [22]

is to investigate the variation of permeability distribution
profiles in soil slopes during the rainfall-induced fines
migration process. Since pore throat plugging causes more
severe permeability impairment than pore surface deposi-
tion [5], consistent with Liu and Civan, [25], in the fol-
lowing it is assumed that pore surfaces (mainly pore
bodies) are the sites for the mobilisation of in situ fines and
pore throats are the sites for the capture of mobilised fines.
Consequently, the variation of fines content is assumed to
be due to the detachment of fines available at pore surfaces
and the plugging and subsequent pore filling at pore
throats.

Hle = Titer + itge. (14)

In view of this equation, the variation of fines mass
content n1, in Egs. (11) and (13) is assumed due to these
two processes accordingly, whose rate equations (7, and
mg.) should be given separately. Based on experimental
studies, numerous phenomenological rate equations
governing these processes have been proposed and are
reviewed for the applications in many different fields
[6, 8, 29, 34]. In the absence of specified experimental
results, the rate equations used in this paper are directly
taken from the literature and are presented below.

3.2 Erosion law

For the sake of simplicity, the detachment considered here
is only due to the hydrodynamic mechanism. At the pore
scale, the fines detachment is related to the shear stress
exerted by the flowing pore fluid, the erosion resistance of
the specified soils, and the amount of available erodible
fine particles on the pore surfaces. Similar to Uzuoka et al.
[42] and Zhang & Zhang [47], the erosion law proposed by
Cividini and Gioda [7] has been modified to govern the
fines detachment in both saturated and unsaturated soils.

e o fines attached to pore surfaces

@ fines in suspension
J—

g @ fines captured at pore throats

O me
otp,

—ke - (X — Xoo) - HVWSH (15)

in which k, is a positive material constant reflecting the
sensitivity of the soil to hydrodynamic forces; ||v*S H is the
norm of the relative velocity vector of pore water to soil
skeleton; x, is the current mass fraction of erodible fines
defined by Eq. (6); x. is the ultimate mass fraction of
erodible fine particles which is a decrease function of liquid
flow velocity [42] and is approximated as [7]:

wS

v
*
Xeloo = Xe'0 — (xe’O - xe’oo) -

) if v >t

it 0<y™S <yt

(16)

va

Xeloo = Xoyog — Oler log( -
where v* is a reference constant velocity of pore water,
under which the erosion process is very slow; x, is the
ultimate mass fraction of fine particles under this velocity;
X0 1s the initial mass fraction of fine particles before
erosion; o,, is a parameter of erosion, which controls the
decreasing rate of x,., with increasing flow velocity v*S.

3.3 Deposition law

The detached fines flow with the invading liquid as sus-
pension and may depose either at the pore surfaces or pore
throats subsequently. Gruesbeck and Collins [16] have
reported that for surface deposition, there exists a critical
velocity, below which only particle retention takes place
and above which retention and entrainment of fine particles
occur simultaneously. The fines which depose at the pore
surfaces influence the hydromechanical properties of soils
slightly by narrowing the flow pathways. Hence, the sur-
face deposition process is assumed to be partially
accounted for by adjusting the surface erosion process and
will not be considered explicitly here. The rate of the
capture of fluidized fines at pore throats is assumed

@ Springer
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proportional to the particle flux [25], i.e. the probability of
infiltration increases with an increasing number of parti-
cles, which pass through the REV per time unit [37], which
is given by:

0 mge
my, —kd~

J— . WS
e =ty ] (17)

in which k; is a measure of the retention capacity of the
fluidized fines at pore throats; c, is the volumetric con-
WS H is the
norm of the relative velocity vector of pore water, which is
also presented in Eq. (15).

centration of fluidized fines in the suspension;

4 Governing equation for liquid flow
4.1 Darcy’s law

For the internal erosion problem considered here, the fines
are mainly detached by hydrodynamic forces and trans-
ported by the advection of the permeating water. Though
diffusion of smaller fines may take place within the water,
its contribution to the total fines migration process is rel-
atively negligible compared with the advection mechanism
and has been neglected. The classic Darcy’s law is pre-
sented here to calculate the volume fluxes of the liquid
phase J* [24, 42]:

K
Jh= _V_Lh(VPL — L)

(18)

in which y; is the specific weight of pore water, which is
assumed to be constant here for simplicity; K, is the
hydraulic conductivity, which has been recognised as one
of the key parameters in the seepage and slope stability
analysis involving unsaturated soils [33, 41]. It is assumed
to be expressed as:

K, = KoKy (S1) Ky (P, mge, ce) (19)

in which Ky is the initial hydraulic conductivity; K,;(Sy)
and K,;(¢p,my,) are dimensionless coefficients which phe-
nomenologically reflect the effects of liquid saturation and
erosion on the hydraulic conductivity.

4.2 Effects of saturation

When water infiltrates into unsaturated soils, parts of water
will be retained by capillary forces. The specific water
capacity is calculated from the soil water characteristic
curve (SWCC), which is assumed to be fitted by the Van
Genuchten’s equation [43]:

SL = Smin + (Smax - Smin)[1 + (avpc)nv]i(lil/nv) (20)

@ Springer

in which §; is the liquid saturation; p.. is the matric suction;
Smin and Spax are the minimum (residual) and maximum
saturation can be reached; «, and n, are fitting parameters.

The unsaturated coefficient K,;(S;) is introduced to
reduce the hydraulic conductivity and accounts for the
combined effects due to tortuosity and drag forces in
unsaturated soils and takes a value between O and 1 [15].

K,(S1) = exp(—oupe). (21)

4.3 Effects of fines migration

The Carman—Kozeny equation is widely used to relate the
intrinsic permeability to the changes of porosity. However,
it was found experimentally that this equation fails to
represent the cases where the pore throats are plugged
without significant porosity reduction [5]. Indeed, the
detachment of fines yields insignificant increase in per-
meability, while clogging of fines at pore throats causes
significant reduction in permeability [5]. Meanwhile, the
increasing fines concentration in fluid may also change the
soil conductivity by increasing the fluid viscosity [13, 49].
By modifying the original Kozeny—Carman equation and
taking into account the above-mentioned effects, based on
the works of Liu and Civan [25], Fujisawa et al., [13] and
Sbai and Azaroual [36], the following expression for the
instantaneous permeability change by the release and
retention of particles is adopted:

[(] _fr)Kf +fr¢/¢0]nr
1+ 2.5¢,

K"1(¢v Me, Ce) = (22)
in which K, is a parameter accounting for the residual
permeability of the plugged formation enabling therefore
the so-called gate or valve effect of the pore throats; 7, is
an index which is claimed to be in the range between 2.5
and 3.5; f, is a flow efficiency factor, which is defined as
the fraction of the unplugged available for liquid flow, and
is expressed empirically as a linear function of the mass of
particles captured at pore throats [25]:

fr =1- krmde

where k, is the coefficient of flow efficiency for fine
particles.

(23)

5 Numerical analysis of effects of fines migration
on the slope stability

Under rainfall infiltration, shallow failures of slopes may
be triggered due to the decrease in matrix suction along
with the advancement of a wetting front in the unsaturated
soils [48]. If the soils comprising the slopes are composed
of mixed coarse and fine particles which exhibit a
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geometrical characteristic prone to internal erosion [2], fine
particles may be detached and transported with the per-
meating water inside the slopes under heavy rainfall infil-
tration [11, 47]. The migration of fines out of their initial
soil skeletons changes the porosity and permeability of
soils, and may further affect the water infiltration process
and hence the stability state of slopes. Intuitively, the sta-
bility analysis of slopes subjecting to fines migration
should be different from that of slopes without internal
erosion. To investigate the influences of fines migration on
the stability of unsaturated slopes under rainfall infiltration,
in the following, the rainfall infiltration processes in
unsaturated erodible soils are simulated with the formula-
tion presented; the effects of fines erosion and deposition
on the infiltration processes and the slope stability are
investigated carefully.

5.1 Governing equations and infinite slope model

Four governing equations presented previously are summed
up and implemented into the FEM code BIL, developed by
Prof. P. Dangla (http://perso.lcpc.fr/dangla.patrick/bil/) for
the simulations, which include the mass conservation equation
of liquid phase, the mass conservation equation of fluidized
fines, the erosion rate equation, and the deposition rate equa-
tion. The four main unknowns are selected as the liquid pore
pressure p;, the volumetric concentration of fluidized fines c,,
the mass content of fines at pore surface m,,, and the mass
content of fines at pore throats m,.

(1—S.)0 08, 0pr

A, Mgy e — =tV b= 0,
o o Mer ¥ mae) ¥ 5 T m VT
0 1—c¢c. 0
SL¢_ce+ ce_(mer+mde)+JL'Vce:07
at Pe at
. 24)
Mey S
St tre =) I
6 Mye wS
]

Since slope failures induced by rainfall infiltration are
usually shallow, the slope stability can be evaluated by the
infinite slope model shown in Fig. 4, with the assumption
that the groundwater table depth is kept constant during the
rainfall infiltration process [47, 48]. The infiltration process
is assumed to modify the stability state of slopes by
changing the pore water pressure profiles [48]. A factor of
safety Fs under steady vertical seepage for both saturated
and unsaturated conditions with the inclusion of the suction
stress is given by Lu and Godt [27]:

tan ¢ 2c oy
S = —_
tanff  yHgsin2f  pHg

(tan § + cot f§) tan ¢
(25)

in which c is the effective cohesion; ¢ is the effective
friction angle; f is the slope angle; H,, is the vertical depth
at the failure surface; y is the unit weight of soil; oy is the
suction stress defined by:
SL - Smin SL - Smin

s = = P.=
7 1_Smin l_Smin

P,. (26)

For the sake of simplicity, it is assumed that the
cohesion and friction angle are independent of matric
suction and fines content, and the depth-averaged unit
weight of soil can be represented by a constant averaged
value (which are the assumptions adopted by the majorities
[40]). Therefore, the variation of safety factor is totally due
to the change of the so-called “suction stress” a,.

Within the unsaturated zones, the vertical rainfall infil-
tration dominates [19]; hence, only downward fines
migration process is under consideration. By assuming that
each slice of an infinitely long slope is subjected to the
same amount and intensity of rainfall, an individual slice
can be then treated as a one-dimensional soil column
subject to vertical infiltration [9]. In view of this, the slope
stability can be evaluated by Eq. (25) with the coupled
term—the so-called “suction stress” o, updated in time and
space during the rainfall infiltration process.

5.2 Material parameters

The soil under investigation in this work is based on the
surface layers of slopes at the debris flow source area of
Jiangjia Ravine, which is a kind of unsaturated weak-co-
hesion broadly graded gravelly soils. The initial porosity
and dry density of the soil are about 0.36 and 1700 kg/m°,
respectively. The clay (< 0.005 mm) and silt
(0.005-0.075 mm) particles account for 6.78 and 13.35%
by weight (as shown in Fig. 5), and its main clay mineral
composition of fine fraction is chlorite and illite [45]. The
uniformity coefficients C, of this soil is much > 20 and is
considered as internally unstable [45]. As reported by Chen
[3] and Wang et al. [46], fines migration process will take
place within these soils under rainfall infiltration.

The parameters regarding to the fines erosion and deposi-
tion as well as their induced permeability changes are cali-
brated by a set of constant-head permeability tests performed
by Wang [45]. The size of specimens in the tests is 20 cm
height and 19 cm diameter. Five piezometer tubes were
installed, which divided the specimens into four equal-length
sections. The permeability evolution of each section during
the tests can therefore be monitored. As shown in Fig. 6, by
imposing 5-cm constant water head on the top surface of the
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Fig. 5 Grain-size distribution of Jiangjia Ravine soil [45]

specimen, with the bottom surface maintaining at air pressure,
both the induced water flux and the permeability ratio (current
permeability/original permeability) of each section evolve
with time. During the test, the permeability of the top and mid-
upper sections increased gradually with time, which were
opposite for the bottom and mid-lower sections; the global
permeability of the specimen increased slightly, especially at
initial times. It is concluded by Wang [45] that such kind of
permeability evolution is due to the coupled suffusion and
clogging process within the sample. As also shown in Fig. 6,
by adopting the parameters in Table 1, the model proposed in
this paper can reproduce the flux and permeability ratio

@ Springer

evolution curves quite satisfactorily. The parameters for Van
Genuchten’s equation are obtained by best fitting of the
SWCC curves for classic deposited soils presented in Zhou
et al. [50] which have similar porosity and compositions with
the soils studied. The cohesion and friction angle of the soil as
well as the slope angle are also selected with reference to the
ones presented in Wang [45] (Table 2).

5.3 Infiltration in unsaturated columns

Here, a 6-m unsaturated soil column (H,,, = 6 m) is under
consideration. The initial and boundary conditions are
presented by Eq. (27). The initial pore water pressure
distribution is considered to be linear. The water level is
assumed to be located at the bottom of the soil column
where the boundary conditions for water are permeable and
the pore water pressure is equal to zero. The initial mass
contents of fine particles deposited at the pore surfaces and
pore throats are assumed to be 340 kg/m> and 0, respec-
tively. No fluidized fines exist in the pore water before
infiltration (c, = 0). At time t = 0", a rainfall (clean
water) flux with the intensity 90 mm/h is suddenly applied
at the top boundary. This hydraulic loading will induce
penetration of water into the unsaturated soil column via
the top boundary and subsequent fines migration process.

pr(z,t = 0) = —y zkPa;me,(z,1 = 0)
= 340 kg/m?; mg,(z,t = 0) = Okg/m”;
ce(z,t =0) = 0;J5(z=6m,t > 0)
= —90mm/h;c.(z =0, > 0) = 0.

(27)

For the illustration purposes, three cases are simulated:
(1) infiltration without fines migration (k, = k; = 0); (2)
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Table 1 Parameters for the coupled model

Kjo (m/s) 72 (kN/m?) o n, K; ke meg (kg/m?) Stmin Smax
5.e=5 10 0.36 3 0 0.05 340 0 0.97
k, X0 oo v*[m/s] ey ky po [kg/m?] o, n,
0.4 0.2 0.19 5.e—6 0.1 0.2 2600 0.05 1.8
Table 2 Parameters for infinite slope With the absence of mechanical deformation, the
S S rosity variation i rely in th riation of
¢ (kPa) ) B o (KN/m?) ~ Poro ty variatio s.pu ely induced by the VZ'l a .0 o
fines content [according to Eq. (4)]. As shown in Fig. 8a,
6 25 25 24

infiltration with pure erosion (k, = 0); and (3) infiltration
with simultaneous erosion and deposition of fines. The
numerical results of case 2 and case 3 with comparison to
those of case 1 are presented in the following paragraph.

(1) Effects of fines erosion (case 2 vs. case 1)

Along with the advancement of the wetting front, the
erodible fines at pore surfaces are detached and transferred
to the fluidized fines, which are entrained by the flowing
water downward by advection. The infiltrating rate in the
unsaturated soil column increases along with the wetting
process which leads to the inhomogeneous erosion profiles
as shown in Fig. 7a, other than that of the saturated case
[42]. When the wetting front goes deeper, more fines are
entrained along the flow path, which is indicated by the
increasing peak concentrations shown in Fig. 7b.

the porosity increases with the fines detachment (erosion)
process simultaneously. In this example, it is assumed that
once the fine particles are detached from the pore surfaces,
they will be transported downwards without any possible
deposition (pore throat blockage and filling are neglected).
Therefore, the permeability is controlled by the variations
of porosity, liquid saturation, as well as liquid viscosity. As
shown in Fig. 8b, the permeability ratio variation profiles
with erosion (coloured curves) and without erosion (grey
curves) are plotted in one figure for the comparison pur-
pose. The permeability variation without erosion is solely
due to the wetting process by changing the liquid satura-
tion. As can be seen from the grey curves, the wetting
process increases the liquid saturation which gives more
space for water transportation at constant porosity, which
further increases the permeability. Beside the saturation
process, the erosion process will increase the porosity,
which leads to more significant permeability increase in the
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upper regions with severe erosion (i.e. “surface soil
coarsening” as reported by Cui et al. [12]).

The increase in permeability due to erosion facilitates
the water infiltration, as shown in Fig. 9a. At larger times,
the liquid volume increased by rainfall flux is less than the
pore volume created by severe erosion near the top surface,
which leads to an evident decrease in saturation in the top

@ Springer

regions. The pore pressure profiles are related to the satu-
ration profiles bijectively by the soil-water characteristic
curve (Eq. 20). Accordingly, as shown in Fig. 9b, com-
pared with the ones without erosion (grey curves), the
negative pore pressures dissipate more rapidly due to the
erosion-induced permeability increase. What’s more, after
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erosion the coarsened top regions with lower saturations
show larger capillary pressures.

(2) Effects of fines erosion and subsequent deposition
(case 3 vs. case 1)

In a more realistic situation, the fine particles entrained
by the flowing liquid in the upper region will be partly
recaptured and deposited in the deeper region. This
numerical example presented here is intended to illustrate
the combined effects of fine detachment and subsequent
deposition. Similar to the previous case without deposition,
when the clear water infiltrates into the soil column, the
erodible fines are detached (Fig. 10a) and transferred into
the fluidized fines, which are entrained by the flowing
water downward by advection (Fig. 10b). The comparison
of Fig. 10 with Fig. 7 shows that the difference of erosion
intensity (which is mainly controlled by the infiltration rate
at pore scale) between two cases is small. However, the
difference of concentration of fluidized fines between these
two cases is significant: the peak concentrations in case 3
are nearly half of those in case 2.

When the deposition process is taken into account, parts
of fluidized fine particles will be caught by the pore throat
blocking and filling mechanisms at the pore throats and
transferred into solid deposition (as shown in Fig. 11a).
According to Eq. (17), the deposition rate is proportional to
the fluidized fine particle flux. Once the fines concentration
increases, the chance of pore throat interception increases
simultaneously. Since clean water is injected into the soil
column, the fines concentration at the top surface is always

zero, so as the deposition rate. Deeper inside the soil col-
umn, along with the advancement of fines suspension, the
content of fines deposition increases correspondingly with
time. Always, a peak value of deposition content exists at
the shallow depth near the top surface. This is a reasonable
result according to our model: above of this region, fines
concentration is relatively lower due to the mixture of
clean water from the top surface, which leads to a lower
deposition rate; below this region, the wetting front of
particle flux reaches later; hence, the deposition time is
shorter.

The distribution profiles of the total fines remained in
the soil matrix are obtained by a simple addition of the
profiles of the residual erodible fines (Fig. 10a) and those
of the fines deposition (Fig. 11a), which are plotted in
Fig. 11b. Overall, the soil columns have lost fine particles
everywhere, especially in the upper regions. According to
Eq. (4), the porosity profiles can be obtained from Fig. 11b
which are shown in Fig. 12a. In the upper region which is
subjected to less deposition, the porosity increases signifi-
cantly and is compatible with Fig. 8a in magnitude.
However, in the deeper regions the porosity increase in this
case (case 3) is less than that of the case without deposition
(case 2). This is due partially to the fact that the deposition
process compensates partially the erosion effect and also
due partially to the permeability impairment which
decreases significantly the flow flux in the deeper regions
(hence lower erosion rate).

As shown in Fig. 12b, the permeability ratio evolution
profiles in this case (coloured curves) together with the

@ Springer
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ones without fines migration (grey curves) are presented.
According to the modified Kozeny—Carman equation
(Eqg. 22): on the one hand, the overall increase in porosity
tends to increase the permeability; on the other hand, the
fines deposited due to the throat blockage and pore filling at
pore throats tend to decrease the permeability. The two
mechanisms compete with each other within the whole soil

@ Springer

column. As can be seen in Fig. 12b, in the upper region
(about 0-0.5 m in depth) where the porosity increases
significantly and the deposition rate is small, the perme-
ability in this case increases more significantly than the
ones without fines migration, which will facilitate the water
infiltration. A little deeper in the region where the fines
deposition concentrates (as shown in Fig. 11a), the
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permeability in this case decreases more significantly
compared with the ones without fines migration, which will
prevent the downward water infiltration.

Under constant infiltration rate, the saturation profiles
(wetting front advancement) are significantly influenced by
the permeability evolution. As shown in Fig. 13a, com-
pared with the case without fines migration (grey curves),
the wetting process is significantly retarded when the
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deposition region grows denser at large times. Within this
region, water infiltrates downwards with a much lower rate
than the inputting water flux rate from the upper regions
which have been enhanced by the erosion-induced porosity
increase. As a result, water starts to accumulate above this
dense deposition region at larger times. As clearly shown in
this figure, under a rainfall flux smaller than the soil sat-
urated permeability, after < 5 h, the upper regions have
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been totally saturated, whereas the regions below are still
unsaturated. Indeed, consistent with the experiment
observation of Wang [45] (as shown in Fig. 1), a relatively
impermeable layer below the top surface was generated
due to fines clogging which prevents further water infil-
tration [17, 46]. Correspondingly, in this case, the pore
pressures in the upper saturated regions are positive,
whereas those of the lower regions remain negative at
larger times (as shown in Fig. 13b).

5.4 Slope stability analysis

The profiles of saturation and pore pressure corresponding
to the three cases simulated in Sect. 5.3 have been pre-
sented in Figs. 9 and 13. The safety factor profiles of these
cases can be ready to be calculated by Eq. (25) and are
presented in Fig. 14. If only the fines detachment is con-
sidered (Fig. 14a), along with the rainfall infiltration, the
slope surface was coarsened gradually due to the loss of
fines [12, 46]. The increase in porosity (surface coarsening)
facilitates the rainfall infiltration and makes the upper
region maintain relatively higher matric suctions compared
to the case without fines migration (grey curves), which
may lead to larger safety factors. In other words, if the fine
particles are detached and transported downwards without
evident deposition (hence permeability impairment), the
slope could possibly become more stable during the rainfall
infiltration, as shown in this case.
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On the other hand, once evident fines deposition process
takes place which leads to significant permeability
impairment, the deposition of in situ fluidized fines below
the slope surface may create a “filter cake formation”
(relatively impermeable layer) which leads to the genera-
tion of positive excess pore pressure. The enhanced infil-
tration by erosion at the upper region may further
accelerate the failure process above the impervious layer
during the saturation phase [4]. As shown in Fig. 14b, the
excess pore pressure generated above the dense deposition
region decreases the safety factor significantly. After nearly
5-h rainfall, an initial slip surface is located at about
0.25 m below the slope surface. The slip location is gen-
erally consistent with the flume tests of Wang et al. [46]
and the in situ tests of Chen [3] performed on the same type
of soils and with the same slope angle, which declared that
the failure surface is located at the depth of about 5-20 cm
from the top surface (also shown in Fig. 1).

According to our numerical results, the safety analysis
of internal erosion-prone soil slopes at least should take the
following effects into account: (1) the advancement of
wetting front decreases the matrix suction hence the shear
strength of unsaturated soils; (2) the internal erosion leads
to surface coarsening in the soil slopes which will promote
the water infiltration process; (3) the deposition of in situ
fluidized fines below the slope surface will create a rela-
tively impermeable region which may lead to the genera-
tion of positive excess pore pressure above the water table.
What’s more, though not considered in this paper, the fines
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Fig. 14 Safety factor profiles of slopes in case 2 and case 3 (with grey curves corresponding to case 1). a Case 2 with erosion; b case 3 with

erosion and deposition
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migration will also alter the mechanical properties of soils
more or less [2, 21, 35], which further influences the slope
stability.

6 Conclusions

In this paper, the soils susceptible to internal erosion are
treated as three-phase multi-species porous media based on
mixture theory. Mass conservation equations of liquid
phase and fluidized fine particles, together with the
empirical rate equations for fines erosion and deposition
processes, have been used as governing equations to sim-
ulate the rainfall infiltration processes in unsaturated soil
columns by the FEM method. It is shown that the erosion
and deposition processes influence the infiltration process
in a different way. The pure erosion generally increases the
soil porosity and facilitates the rainfall infiltration; the
deposition process may lead to pore throat blocking and
subsequent pore filling, which forms a relatively imper-
meable layer inside the soil column and prevents the water
infiltration through it. Further, an infinite slope model is
adopted to analyse the slope stability based on the pore
pressure profiles. It is concluded that the erosion process
without evident deposition generally promotes the dissi-
pation of pore pressure and therefore may increase the
slope stability; however, the fluidized fines may also con-
centrate below the slope surface to create a relatively
impermeable layer, which leads to the generation of posi-
tive excess pore pressure and initiates the slope failure.
Obviously, the safety of these kinds of slopes cannot be
predicted by traditional methods. Therefore, it is advocated
that more attention should be paid to the soil slopes which
are susceptible to internal erosion.
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