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ABSTRACT:The initiation of a piping phenomenon which may occur under the dam is modeled. The model
constructed to represent this problem is bi-dimensional. It combines the Darcy equation, the mass conservation
equation for the fluid phase, the plane strain elasticity equation and a classical law of internal erosion. The
conditions favoring the piping initiation are analyzed as function as the various parameters involved in the
problem.The erosion equation is solved. The results obtained make it possible to plot under Comsol the
isovalues of the porosity. Previous studies’ model assume that the fluid flow and erosion occur in a matrix that
remains rigid at time t so that the deformation of the skeleton does not directly have any effect on them. The
initiation of piping phenomenon is characterized by a sudden local variation in the porosity. Its development
cannot be grasped through this simple system which assumes that the soil is homogeneous.
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I. INTRODUCTION

The internal erosion of granular soil is the major mechanism responsible for the breakdown of
hydraulic structures in earth. It is one of the main causes of structural failure hydraulic backfill. Two conditions
govern this type of erosion: The extraction and the transport of particles.

Internal erosion is a gradual destruction which happens in disconnected soils under the influence of
fluid flowing (Bonelli & Nicot 2013). This phenomenon presents a real risk for hydraulic structures (dikes,
dams).In 20 years, 136 earth dams in the world have suffered disorders including 6% by sliding, 46% by internal
erosion and 48% by overflow which itself may be due to internal erosion(Foster et al. 2000). It can cause the
rupture of these structures, whose function is to retain or store water, and thencause flooding(Fjar E., Holt R.M.,
Horsrud P., Raaen A.M. 2004; Fry 1997; Mattsson 2008; Charles 2002; Zhang, L. M., & Chen 2006). A
statistical study (He et al. 2009) shows that the consequences can be dramatic in terms of human lives, property
damage and economic losses.Internal erosion is produced by the gradual filtration of the fine particles which are
torn off and transported by the fluid through the porous medium, what leads to a development of soil
porousness and damage of its mechanic characteristics(Mattsson 2008).Internal erosion processes are
complicated and rely on numerous settings which are connected with one another.

Generally, internal erosion is connected to two principal phenomena (Stavropoulou et al. 1998):The
suffusion which results from an internal redistribution of the fine particles originally contained in the soil.
Particle size distribution of soil does not change, but the homogeneity of the soils is no longer the same and the
permeability decreases in some regions. This redistribution of the particles causes high pressures, located
downstream of the flow, which can lead to the departure of particles of larger diameter. In general, the evolution
of this phenomenon of suffusion is very slow, which allows its detection. The other phenomenon is the piping
phenomenon which intervenes an advanced stage of the internal erosion. It is associated with a regressive
departure flow of the particles which begins downstream and propagates to the upstream causing the formation
of a cavity in the soil. In this work, the focus is on the initiation of piping which is a phenomenon difficult to
detect because it is very short, allowing only a very short time to act against it.

Several advances have been made on the modeling of internal erosion and the initiation of Piping,
particularly in the framework of issues related to cold production of heavy oils (Vardoulakis et al. 1996) and
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(Vardoulakis 2004). Hydraulic piping phenomenon ismodeled byStephane et al (Stephane et al. 2007). They,
from the two-phase flow equations with diffusion and the jump equations with erosion, proposed a two-
parameter model describing the expansion of a pipe by hydraulic erosion, and for a hydraulic structure (dam,
dike), a possible evaluation of the remaining time until the breach can then be deduced.For this, it is imperative
to have visually detected the piping and have conducted preliminary tests of erosion on the soil in
question(Stéphane et al. 2007). Concerning the internal erosion of the structure, eight phenomena of detachment
(the quicksand, suffusion, regressive erosion, cleaning, dissolution, dispersion, entrainment and exsolution) and
two sort of transportation (the transportation in a duct, and the transportation in the permeable inter-particulate
area) were established by Fry et al(Fry 1997). For simplifying the description, Foster et al. proposed four
mechanisms of initiation and progression(Foster & Fell 2001): the initiation, the filtration, the progression and
the rupture. The initiation represents the fact that the hydraulic stress is greater than an erosion threshold.
Filtration is a phase which depends on the presence of a filter, and effectiveness: this phase reflects the boundary
conditions. Progression is the erosion development phase within the structure. The rupture is the ultimate phase.
Many studies have been made recently in the world. Amongst them (Bendahmane et al. 2008) make known an
investigational research so as to explore the impact of three crucial parameters on the erosion processes of a
sand-clay mixing. The authors show that at low hydraulic gradient, the erosion of the clay structure is due to
suffusion. When the hydraulic gradient becomes larger, the erosion of the sand fraction is of regressive type.
They also show that the extent of erosion depends on the clay content and that the containment constraint plays
a complex role in this phenomenon of erosion. Bonelli and Marot (Bonelli & Marot 2008) presented a model
where the erosion by suffusion of a clay sand mixture is considered as surface erosion on a microscopic scale.
The authors show that the surface erosion coefficient of the argillaceous matrix can be used to quantify the rate
of erosion. The law of erosion which they have thus constructed depends on the volume fraction of the clay
phase and accounts for the effect of the hydraulic gradient. The comparisons with results from experimental
tests validated the proposed modeling. S. Bonelli et al. (Stéphane et al. 2007)introduced a simulation of an
erosion testing at the orifice in use to determine the kinetics of piping erosion. Starting from the diphasic flow
equations with diffusion, and equations of leaping with erosion, they developed a model for piping erosion. The
authors proposed a formula which makes, it possible, to evaluate the characteristic time of this erosion
mechanism and validate their approach by comparison with experimental results. S Bonelli and N Behamed
(Bonelli et al. 2011) show that for water retaining structure, the coefficient of erosion is the first important
parameter, it can serve as an indicator of the remaining time to breaching but they think that visual detection of
the piping event and reporting is required. This coefficient can be obtained with the hole erosion test. However,
the issue of the way the change of scale (from the laboratory to the structure)could affect the coefficient of
erosion remains to be addressed.

The theory of poroelasticity presented initially in 1955 by Biot (Biot 1955) makes it possible to
describe the interaction between the fluid flow and the deformation of the porous medium.
The characteristic erosion time has been written by S. Bonelli et al (Stéphane et al. 2007). This time is a function

of parameters having a precise physical meaning: the erosion coefficient ker , the soil density /s , the density

of water /'y, the gap of hydraulic level betweenthe up-front and the lower down AH , the length of the duct L

and the gravitational constant g. They proposed an expression to estimate the time remaining before the breach
and made a schematic diagram of the evolution of the process

Il. METHODOLOGY

We hypothesize that, for the foundation mass, the three phases (skeleton, interstitial fluid, eroded
particles) are homogeneous and isotropic and that they are regulated by the mass conservation theory.

The mechanism of internal erosion is in general divided into four steps: 1) initiation of erosion; 2)
continuation of erosion; 3) progression of erosion; and 4) initiation of breaking.The first three steps are
explained in Figures | and Il for internal erosion in the earthwork. Analogous mechanisms apply for internal
erosion in the foundation (Figure 1) and internal erosion into or at the foundation of the earthworks (Figure
I1)(Fell et al. 2008; Concepts 2015).

Then the phenomenon of coupling of the flow with the consolidation of the soil induces locally
overpressures and an excess of shear stress which would favor surface erosion.The shear stress increases with
the overpressure of the dam, so the rate of erosion becomes very important when the overpressure increases. The
rate of erosion is equal to the mass of eroded soil per unit area and time. It is then possible to classify the soil
erodibility as a function of erosion rate.

In this work, we are interested in the conditions of initiation of the piping phenomenon as they can
appear in a real structure dam. The aim is, on the one hand, to characterize by numerical modeling the effects of
variation of the reservoir of water and the permeability on the maximum porosity induced by erosion, on the
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other hand, to calculate the rate of erosion within a dam in order to avoid its rupture. Only the stage associated

with suffusion is examined and the soil is considered as a continuous medium composed of three phases: the

skeleton, the interstitial fluid and the fluidized particle generated by erosion.

Numerical difficulties arise when the finite element method in its classical version is applied in order to

integrate directly the coupled system formed by the equations of consolidation and of suffusion erosion with the

transport of the erosion product. A resolution method that assumes a partial decoupling is considered in this

study. Thus, the problem of consolidation will be solved initially by ignoring the internal erosion part before

secondly determining the porosity of the soil as it is affected by the erosion phenomenon. The model has been

integrated into the Comsol Multiphysics version 3.4 environments. The conditions favoring the initiation of the

piping phenomenon are then discussed.

The physical model is obtained by coupling the following equations:

v" The law of Darcy expressing the flow in the porous medium for which the permeability is supposed to obey
the law of Kozény-Carman;

v The mass conservation law of the interstitial fluid phase containing the fluidized solid;

v The elasticity relations in-plane deformations with a harming flexible comportment of the soil;

v Astandard law of internal erosion.

The figure 111 describes the geometry of the model adopted in this study for the dam. Three areas are
involved: the dam water, the dam structure, and the permeable soil traversed by the flow.

The structure of the dam is assumed to be rigid and impermeable. The action of the water of the
reservoir is schematized by the simple pressure it exerts on the bottom.

The flow of the liquid phase is supposed to obey Darcy's law. The permeability is assumed to follow
Kozény-Carman's law. It is further assumed that the eroded particles and the fluid have the same velocity and
that erosion is described by a classical law, (Papamichos & Stavropoulou 1998) and (Andreatti 2014) which
directly connects the variation of the porosity to the flow of the fluid. Lastly, the mechanical comportment of the
soil is dealt under the supposition of plane strains. We then show that the equations of the problem are written:

Law of Darcy

i k0§03 a_p +i ko§03 @ :_(1_(0{8% N aZV] M
x| glp,L-c)+pcll-9) x| 0| glp,L-c)+p.chl-p) O otox  dtoy
Soil balance

g_Eo(l—co)(l—v)a_U} g{eoa—q))a_u}: L0 El-p) o
x| L-20)l+v) x| oyl 20+v) oy| "7 ox  2(1-2v)1+v)dyox
)

a'Eo(l—co)QPQ{EO(l—co)(l—v)av}ap_ El-¢) &%

x| 2+v) x| oy Ty 20-20)1+v)axdy ©

(1-20)1+v) oy

Law of internal soil erosion

) 1 o°u  o%v
D@ _ p, —(1—§]|q|+ + (@)
0

o . otox  otay

Evolution of the concentration of eroded particles

& ket [a xf@ @], [ o (0 o
Ya g[pw(l—c)+psc](1—¢)2{ +8y“6x+6y} ¢ C){at ¢ ‘”)[atafatayﬂ@

X is the coordinate along the vertical downward axis, y is the coordinate along the horizontal axis, t is the time, u
vertical velocity, v horizontal velocity, p water pressure, ¢ soil porosity, ¢ concentration of eroded particles, q

flow rate, 7, soil resistance to erosion, g gravity acceleration, k0 the initial soil permeability, EO the Young's

modulus of the soil, v its Poisson's ratio, 0, the density of the solid grains of the soil and p,, the density of

the water. These equations are classical(Morland & Sellers 2001; Germain et al. 1983).
To integrate problem (1)-(4), a finite element model is developed using the commercial software Comsol
Multiphysics version 3.4 when initial and boundary conditions are specified.
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Figure IV presents the geometric model developed under Comsol.
For the parametric study carried out below, it is assumed that consolidation under the weight of the reservoir
dam and water has been completed. We are only interested in the effect of increasing the level of restraint on

internal erosion that may develop under the dam; the term p.Q is therefore omitted from the second term of

equation (2).

The simplified model proposed in this study assumes that the water in the reservoir acts as a simple static
pressure exerted on the AB side, that the dam is water resistant and dimensionally stable so that it acts on the
part CD only by a static field of stresses. The initial and boundary conditions associated with the system formed
by the consolidation equations (1) - (3) are written in Table I.

V' denotes the gradient operator and [J;, the overpressure.

I1l. RESULTS AND DISCUSSIONS

We are interested in the effect of increasing the level of the retention pin on the internal erosion
which can develop under the dam and this, in terms of the permeability ko . The erosion resistance T will be

5
assumed constant: Ty = 10 usi. The two parameters pin and ko are linked to the particle size and type
of permeable soil present under the dam. The other settings utilized in the modeling are:

P, =2650kg.m>, p, =1000kg.m™, g =9.8m.s %, E, =5.10° Pa,v=0.2 and ¢, =0.36

The parameters K,and P,, are regarded as changeable.

It can be observed that the concentration c, in the equation (5), does not include in equations (1) - (4).
These equations can, therefore be integrated in a decoupled way of equation (5). Once the solution of the system
(1) - (4) is obtained, it can be used to integrate equation (5) and obtain the spatial and temporal distribution of
the concentration of eroded particles. However, the difficulties are not overcome because equations (1) - (5)
cannot be directly integrated by using the method of the finite elements in its classic version Bubnov-Galerkin
because the problem obtained is very badly conditioned. Numerical instabilities in fact pollute the solution and
prevent any calculation of the model. Considering the practical case of the initiation of the piping phenomenon,

it can be seen that the porosity generally undergoes only small variations around its initial value (00 . It may

then be assumed that the porosity remains constant, @ = @, in equations (1) - (3) assuming that erosion does

not directly affect the solution of the consolidation problem. This partially decouples the problem and integrates
the system (1) - (3) and the erosion equation (4) separately. The latter integrating analytically once the solution
of the problem of consolidation is calculated.

This approximation of the erosion problem makes it possible to solve the problem of the numerical
instabilities which characterizes the strongly coupled problem. It is not very restrictive because it can be verified
that the conditions of Initiation of the piping phenomenon are effectively associated with a porosity which
remains near to the initial value. Moreover, studies of Vardoulakis et al.(Vardoulakis et al. 1996), and then
Papamichos et al. (Papamichos et al. 2001) in the context of the problem of silting encountered in production of
heavy oils, have shown that a partially decoupled model makes it possible to account for majority of the
experimental remarks. The model, they used, assumes that the fluid flow and erosion occur in a matrix that
remains rigid at time t so that the deformation of the skeleton does not directly have any effect on them. The
solid structure distorts in a practically static way under stresses. The initiation of piping phenomenon is
characterized by a sudden local variation in the porosity which is demonstrated by the resolution of the system
(1)-(4). The development of the piping phenomenon cannot be grasped through this simple system which
assumes that the soil is homogeneous. The development phase of piping phenomenon can be analyzed in a
simplified way using the concept of the remaining time until breach formation, Bonelli et al. (Stéphane et al.
2007)

We then carry out, under Comsol, the transient simulation of the consolidation problem governed by
the three differential equations with partial derivatives (1)-(3) when they are liable to the initial conditions (6)
and the boundary conditions (7) to (10). Then the erosion equation (4) is solved. The results obtained then make
it possible to plot under Comsol the isovalues of the porosity. Table Il summarizes the value of the maximum
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porosity in terms of ko and pin and Figure V shows the porosity’s isovalues for

k, =10 and p,, =5.10".

IV. CONCLUSION

The modeling of initiation of the piping phenomenon was carried out in this work. The dam is also
modeled taking into account the effect of Darcy’s flow and the axisymmetric elastic deformations of the porous
medium. The consideration of the internal wall’s displacement of the dam induces a localization of the stresses
which appears in the zone affected by the piping phenomenon. Soil erosion is not uniform throughout the inner
wall of the dam infected with hydraulic piping. Overpressures then appear on the wall of the dam. The erosion
rate augments with pressure, ruggedness and argil concentration. A simplification of the equations obtained has
been considered in order to eliminate the problem of numerical instabilities which affect the finite element
resolution of the highly coupled issue. Quantitative estimation of the effect of this approximation is not currently
available but elements recovered in the literature allow arguing of its adequacy. Parametric studies were then
carried out on initiation of piping phenomenon in terms of the variation of the level of the reservoir of the dam
and of the permeability of the sol that stands it. It has been possible to verify that the proposed erosion model
always predicts an initiation to the discontinuity of the dam foundation, where the hydraulic gradients are the
strongest. The hydraulic piping is difficult to detect and evolves very quickly, which leaves little time to act
against it. When it happens, it's often too late. The calculation of the time required to evacuate a dam before
destruction is very important. . The erosion coefficient can be used as an indicator to evaluate this time available
before rupture.
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Figure I: Internal Erosion through the Embankment Initiated by a Concentrated Leak (adapted from
Fell et al. 2008)
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Figure I1: Internal Erosion across the earthwork introduced by Erosion toward the back (adapted from
Fell et al. 2008)

yv

Barrage xiu
Water

Figure 111: Geometric configuration of the dam
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Figure 1V: Geometric model Comsol adopted for the problem of the dam
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Figure V: Isovalues of the porosity for ko= 10 and p i,= 5.10*
Tables:
Initial conditions p=10, u=0, V=0 (6)
vu — VV — 0’ p — pin on AB (7)
Boundary conditions VU —VV = 0 p o O on EF 8)

Vu — VV — Vp — 0 on BC,DE, CD (9)

on FG, AH, HG (10)

u=v=vp=0

Table I: Summary of Initial and Boundary conditions
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Overpressure of the Dam Permeability Maximum Porosity
(Pa) - (ms?) |
5 10° Min 100 Ky 0.372 (.
) 107 0.352
s 10° 0.403
10 107 0.365

2018

Table 11: Maximum porosity values as a function of permeability K, and overpressure p,,
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