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Abstract: Soil erosion is a complex phenomenon which yields at its final stage insidious fluid leakages under the hydraulic
infrastructures known as piping and which provokes their rupture. In this work, the water erosion is modeled in the fluid/soil interface
during the hole erosion test (HET). The Hole Erosion Test is commonly used to quantify the rate of piping erosion. The aim of this work
is to predict the erosion of soil in the fluid/soil interface by using the fluid package and three dimensional modeling. This modeling
makes it possible describing the effect of the flow on erosion in the interface fluid/soil by using the k — & turbulence model equations,
and predicts a non uniform erosion along the hole length unlike the usual one dimensional models. In particular, the flow velocity is
found to increase noticeably the erosion rate. Effects on the wall-shear stress resulting from varying flow velocity and applied hydraulic
gradient are analyzed. Various parametric studies were performed and had shown that the three-dimensional modeling introduced in the
present study showed that the erosion rate is not uniform along the pipe wall as observed experimentally after performing the standard

hole erosion test.
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1. Introduction

Soil erosion is a complex phenomenon which yields at its
final stage insidious fluid leakages under the hydraulic
infrastructures known as piping and which provokes their
rupture. Many dam ruptures events have occurred throughout
the world, some of them were reported by Foster and al. [1].
Then main cause was piping phenomenon that occurred in
the foundation soil or in the dam structure. Serviceability of
hydraulic infrastructures needs considering vulnerability of
soil to internal erosion under the action of a seepage flow,
[2,3]. Understanding the underlying mechanisms and
quantifying the effects of pertinent variables that affect this
phenomenon is of great importance in order to prevent such
catastrophes. Erosion due to liquid flow discharge can be
modeled by different approaches. These use some parameters
that are identified from laboratory tests stating when erosion
starts and what is the expected erosion rate. Among the most
important tests that are used for this purpose, one finds the
Hole Erosion Test (HET). A simplified one-dimensional
model for interpreting the HET with a constant pressure drop
was developed by Bonelli and Brivois [4,5]. This model
yielded a characteristic erosion time which was found to be
depending on the initial hydraulic gradient and the soil
coefficient of erosion.

A two-dimensional modeling of fluid flow taking place in the
hole inside the hole erosion test sample test was performed
by means of enhanced CFD software package. The hole wall
had been assumed to be rigid and to have ideal circular
cylindrical geometry. Unlike the early models which are
essentially one-dimensional, the two-dimensional modeling
had shown that the wall-shear stress is not uniform along the

hole wall [6]. Additional aspects due to two-dimensional
features of the HET were observed during tests. For instance,
the inlet side of the sample hole undergoes generally much
more erosion than the outlet side. But, one-dimensional
modeling of this test could not predict this eroded shape
since it yields uniform erosion at the whole fluid/soil
interface inside the soil sample hole.

The aim of this study is to describe the biphasic turbulent
flow at the origin of erosion taking place inside the
porous soil sample by considering the influence of variation
of the flow velocity on rate erosion. A Computational Fluid
Dynamics (CFD) approach is used to investigate the shear
stress that develops at the water/soil interface and which
represents the main mechanical action that causes surface
erosion. The turbulence modeling of water flowing inside the
hole of the HET sample was achieved by means of Fluent
software package. This general purpose CFD code is
especially appropriate for considering mixtures by modeling
each fluid phase independently or as a homogenized medium,
[7]. In this work, the modeling is performed by means of an
improved version of the standard k —& model [reference of k
epsilon model]. When the shear stress is calculated by means
of Fluent, the classical linear erosion law is used to estimate
erosion rate. This law gives erosion rate, considered to be the
amount of mass departure due to erosion per unit time and by
unit surface area, by &, =c,(r—7,) where Cc, and r, are

constants depending on the considered soil material. For a
cylindrical hole, the rate £, can be related to time variation

of local radius by &, = p,dR/dt where p, is the dry density

of soil and R is hole radius. The erosion law yields that &,
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is proportional to the amount of shear exceeding the critical
shear 7, for which erosion begins.

The standard HET is such that, the fluid domain which is
assumed to be axisymmetric extends over 117 mm in the
axial z-direction and 3 mm in the radial r-direction, figure 1.

Outlet

Wall

Symmetry

Inlet

Figure 1: Geometry of the HET tube

2. The standard Hole Erosion Test

Several experiments were designed to reproduce in
laboratory conditions surface erosion mechanisms taking
place at the fluid/soil interface during piping. Recently, the
Hole Erosion Test was introduced, [8]. This test proved to be
simple, fast, and well adapted to perform surface erosion
characterization during piping development for all
investigated cases. The HET consists in introducing inside a
standard mould a cylindrical sample of soil that is to be
tested against surface erosion. The sample length is
L=117mm. A cylindrical hole of radius R=3mm is

perforated along the longitudinal axis of the cylinder. A
constant hydraulic head is applied between the tube
extremities.

Theoretical modeling of the HET test has been performed
under some assumptions [9-10]. A simplified modeling of the
HET was introduced in [11]. These models, which are
essentially one-dimensional, proved to be sufficient in
explaining the erosion phenomenology related to piping
problem. They yield a comprehensive description of the
erosion initiation and kinetics for a given soil. These
rudimentary models enable also to evaluate the influence of
the hydraulic conditions on the kinetics and to quantify the
gain in time left to rupture by operating for example partial
drainage of the water reserve. In one-dimensional modeling
and two-dimensional modeling, the surface erosion law is
stated traditionally, [6,8], to be given by ¢, =c,(r—7,),

where &, is the erosion rate which corresponds to the mass
. 1S the

surface erosion coefficient which measures the soil
erodability, 7 is the actual shear stress acting at the wall

(assumed to be constant along the whole hole length) and z,

loss per unit time and per unit surface area, C

is the shear erosion threshold limit.

Figure 2: Sample tested with the HET

The erosion happens only if 7 exceeds in absolute value z, .
By using mass conservation of soil, one could easily arrive at
R=¢,/p, where p, is the dry density of soil sample and

R the actual radius of the tube, [11]. This last relation
predicts uniform radius along the hole during erosion.
Additional aspects associated to the three-dimensional nature
of the HET are present in the problem. Figure 2) presents a
meridian section of the tested sample after performing the
test. It shows that the inlet side (right) of the hole has
undergone much more erosion than the outlet side (left). As
seen previously one-dimensional modeling of this test could
not predict this eroded shape since it yields uniform erosion
at the water/soil interface.

3. Three-dimensional modeling approach of
the HET

The turbulence modeling is achieved by means of fluent
software package. Fluent is a general purpose Computational
Fluid Dynamics (CFD) code that has been applied to various
problems in the fields of fluid mechanics and heat transfer.
This code has been validated through numerous
investigations. Fluent is especially appropriate for the
complex physics involved in heat and mass transfer and
considers mixtures by modeling each fluid species
independently or as a homogenized medium, [12].

FLUENT is a 3 Dimensional, finite volume computational
fluid dynamics code. The code can handle fully
unstructured 3D tetrahedral volume meshes, along with 2
dimensional, and 3 dimensional structured meshes. It can
handle both steady-state and transient analysis types, and is
capable utilizing several different types of turbulence
modeling. Using the finite volume method, FLUENT solves
for the conservation of both mass and momentum in all fluid
flow cases. Flow taking place inside the hole is turbulent. To
perform realistic simulation of turbulence, the exact
instantaneous  Navier-Stokes governing equations are
habitually time-averaged or ensemble-averaged. The
obtained averaged equations contain further unknown
variables, and turbulence models are introduced to determine
them in terms of known quantities. Various turbulence
models have been proposed in the literature; however there is
no single turbulence model which could be universally
applied for all classes of problems. The choice of a pertinent
model for a given problem will depend on the actual physics
of the flow, the degree of accuracy required and the
computational cost tolerated. Reference [7] gives a detailed
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discussion on how to perform at best the appropriate choice
of a turbulence model. Among the various models, the

standard K =€ model which was proposed first by Launder
and Spalding [13] has become the most popular when dealing
with practical engineering flow calculations. This model
relies on phenomenological considerations and integrates
empiricism to perform closure of equations.

4. K-Epsilon Turbulence model
The standard k-epsilon model is a simple yet robust two-
equation turbulence model that has been utilized widely in

industry for practical flow analyses over the years.

The standard k — ¢ Model [13] is based on the Bousinesq
concept (1977). The Reynolds stresses terms are:

U]

_PFUJ' =248, - zpk5'
3 (1)

With:
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The turbulent kinetic energy is defined by:
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The turbulent energy dissipation rate € is defined by:
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The k —& model constants have values derived analytically
by the k —¢ theory [13] .They are given by:

Table 1: Values of the k — ¢ model constants

C C

u el C£2 O-k o

&

0.09 1.44 1.92 1 1.3

It is essential to know that the k-¢ model is applicable to
flows at high Reynolds number. These default values have
been determined from experiments with air and water for
fundamental turbulent shear flows including homogeneous
shear flows and decaying isotropic grid turbulence. They

have been found to work fairly well for a wide range of wall-
bounded and free shear flows.

4.1 Standard k-¢ Model

The simplest "complete models" of turbulence are two-
equation models in which the solution of two separate
transport equations allows the turbulent velocity and length
scales to be independently determined. The standard k-
model in FLUENT falls within this class of turbulence
model and has become the workhorse of practical
engineering flow calculations in the time since it was
proposed by Launder and Spalding[ 13]. Robustness,
economy, and reasonable accuracy for a wide range of
turbulent flows explain its popularity in industrial flow and
heat transfer simulations. It is a semi-empirical model, and
the derivation of the model equations relies on
phenomenological considerations and empiricism.

As the strengths and weaknesses of the standard k-¢ model
have become known, improvements have been made to the
model to improve its performance. Two of these variants are
available in FLUENT: the RNG k-¢ model [14] and the
realizable k-& model [15].

The standard k- € model [13] is a semi-empirical model based
on model transport equations for the turbulence kinetic
energy (k) and its dissipation rate ( €). The model transport
equation for k is derived from the exact equation, while the
model transport equation for € was obtained using physical
reasoning and bears little resemblance to its mathematically
exact counterpart.

In the derivation of the k- € model, the assumption is that the
flow is fully turbulent, and the effects of molecular viscosity
are negligible. The standard k- € model is therefore valid
only for fully turbulent flows.

4.2 Transport Equations for the Standard k-¢ Model
The turbulence kinetic energy, k, and its rate of dissipation, &,
are obtained from the following transport equations:

Do+ (oku)y = | (ur 29 K N6, 46, - pe¥, +5,
ot X oxj oy OX;
“
and
2
ﬁ(fp)+i(/>€u.):i. (#+ﬂ)ai Ci 2B, +C,,G,) ~Cyup i+,
ot 0 OXj o, 0X; k ’ ok )

In these equations, Gy represents the generation of turbulence
kinetic energy due to the mean velocity gradients. G, is the
generation of turbulence kinetic energy due to buoyancy. Yy
represents the contribution of the fluctuating dilatation in
compressible  turbulence to the overall dissipation
rate. C,,,C,, , and C,, are constants. o, and o, are the

turbulent Prandtl numbers for k
respectively. Sk and S, are user-defined source terms.

and ¢,

Although the default values of the model constants are the
standard ones most widely accepted, you can change them (if
needed) in the Viscous Model panel.
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5. Results and Discussions

The analysis presented in this section focuses on the
simulation of the turbulent fluid flow taking place inside a
cylindrical pipe having a rigid wall that replicates the
geometry of the hole in the HET. The fluid domain which is
assumed to be axisymmetric extends 170 mm in the axial z-
direction and 30 mm in the radial r-direction. The origin of
the reference frame is placed at the entrance section.

Figure 3 shows the obtained mesh that was transferred to
Fluent.

¥

Figure 3: HET tube Disretized fluid domain with a zoom
showing the grading cells in the radial direction

Modeling under fluent has been performed by using water
density and dynamic viscosity at the temperature 20°C for

which  p=1000kg/m’ and n=pu=0.001Pas.
The four values of flow considered are given in table 2:

Table 2: Reynolds number and velocity of flow considered
in this study

Reynold Velocity Debit. 10 T.I(%
s (m/s) (m’/s) )
3000 0.5 1413 5.8
7000 1.17 33 53
14000 234 6.61 49
20000 3.34 0.43 46

The solution method chosen under Fluent is Volume Of Fluid
(VOF). The viscous Model selected is the standard k —&
model and the near-wall treatment is conforming to the
enhanced wall treatment with pressure gradient effects.

The boundary conditions that were used are:

o Inlet at the left extremity of the domain with gauge
pressure value specified and turbulence specification
method corresponding to turbulence intensity T.I(%) and
hydraulic diameter equal to the radius R. turbulence
intensity can be calculated as: T.1 =0.16xRe™"*

e QOutlet at the right extremity of the domain with gauge
pressure fixed at 0, turbulence specification method was

used with turbulence intensity T.I(%) and hydraulic
diameter equal to the radius R.

e Symmetry type axis at the axis of symmetry which is the
bottom side of the domain as presented in figure 1.

e Wall at the top side of the domain, figure 1, where the
enhanced near-wall treatment with pressure gradient
effects option is selected.

Default convergence statements were selected. They assure
that continuity, velocities, turbulent kinetic energy and its
dissipation rate are stationary within a relative tolerance limit
fixed at 10-6.(Figure 4).The solution converges in
approximately 290 iterations. The residuals plot is shown in
Figure 4.

Fesiduals
-
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[—2=elocity

|——=nailnn Tesm0

o 10 el el 40 =0 & 70 1] ol
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Figure 4: Scaled Residuals
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Figure 5: Contours of static pressure on wall for Re=3000
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Figure 6: Contours of static pressure on wall for Re=7000
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ngure 7: Contours of static pressure on wall for Re=14000
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Figure 8: Contours of static pressure on wall for Re=20000

Figures 5,6,7,8 give the Contours of static pressure on wall
as function of Reynolds number.

Figures 9,10,11,12 give the Contours of radial velocity on
symmetry as function of Reynolds number.

Figures 13,14,15,16 give the Profiles of Wall Shear Stress on
wall as function of Reynolds number.
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Figure 9: Contours of radial velocity on symmetry for
Re=3000
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Figure 10: Contours of radial velocity on symmetry for
Re=7000
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Figure 11: Contours of radial velocity on symmetry for
Re=14000
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Figure 17: Wall-shear stress obtained as function of
Reynolds number

Table 3 gives the erosion rate (in 107 kg/s) which

corresponds to the amount of mass departure per unit time
due to erosion. This amount is obtained by integrating the
erosion law over the whole length of the hole and by
multiplying the result by the initial circumference of the hole.
The classical linear erosion law &, =cC,(r—7,) was used,

with  the c, =5.5x10" s/m
7, =0.2 Pa as identified for a soil sample containing 50%
kaolinit clay and 50% of sand that was tested in [19].

erosion constants and
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Table 3: Erosion rate in 10 kg /s as function of Reynolds

Figure 13: Profiles of Wall Shear Stress on wall for R=3000
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Figure 14: Profiles of Wall Shear Stress on wall for
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Figure 15: Profiles of Wall Shear Stress on wall for
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Figure 18: Erosion rate as function of inlet velocity
(Reynolds number)

Figures 13, 14, 15, 16 and 17 show that the wall-shear is not
uniform along the whole hole length. The wall-shear stress at
the inlet extremity can exceed multiple times its permanent
value in the plateau zone inside the hole. This is in contrast
with the habitual hypothesis used to derive one-dimensional
modeling of the HET. The obtained results, as shown in
figure 18, indicate that erosion rate increase with Reynolds
number and wit the axial coordinate.

In figures 5, 7, 8 and 9 shows that pressure is not linearly
varying along the hole length. The obtained results state
clearly the three-dimensional character of flow taking place
inside the hole and show strong variations in comparison
with two-dimensional and one-dimensional approaches.
Predicting the erosion in its initial stage can be done under
the assumptions that the wall is rigid and that the linear
erosion law is valid. This was performed and results are
summarized in table 3 where it could be observed that the
Reynolds number has strong effect on the amount of erosion
rate. The erosion rate increases as function the flow velocity
with a maximum value at the inlet extremity. at the inlet
extremity wall-shear stress is maximal and erosion is
maximal.

6. Conclusions

A three-dimensional modeling of fluid flow taking place in
the hole inside the hole erosion test sample test was
performed by means of enhanced CFD software package.
The hole wall had been assumed to be rigid and to have ideal
circular cylindrical geometry. Unlike the early models which
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are essentially one-dimensional, the three-dimensional
modeling had shown that the wall-shear stress is not uniform
along the hole wall (in the water/soil interface). It was
possible then through using a linear erosion law to predict
non uniform erosion along the hole length. Studying the
effect of Reynolds number has shown that it has important
effect on the wall-shear stress and thus would affect in its
turn surface erosion that develops at the fluid soil sample
interface. This enabled qualitatively understanding why the
eroded profile of the hole wall as observed during experiment
is not uniform.

The modeling performed in this work has limitations since
the hole wall was modeled to be rigid and perfectly
waterproof while in reality the soil sample is deformable and
the interface is traversed by a Darcy like flow. It would be
interesting in the future to examine how the deformation of
the tube can affect the fluid flow by developing an enhanced
model which takes into account coupling in a more complete
manner between the flow and the soil sample.
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