American J. of Engineering and Applied Science4)3734-739, 2010
ISSN 1941-7020
© 2010 Science Publications

Effect of Wall Roughness and Concentration of Clay on
Erosion in theHole Erosion Test

!Kissi Benaissa,Parron Vera Miguel AngetRubio Cintas Maria Dolores,
%E| Bakkali Larbi,’Khamlichi Abdellatif,’Bezzazi Mohammed ari®ubujet Philippe
'Department of Mechanical and Civil Engineering y@&thnic High School of Algeciras,
University of Cadiz, Ramon Pujol Avenue, Algecifds02, Spain
“Department of Physics, Modeling and Simulation @fdianical Systems Laboratory,
Faculty of Sciences, University Abdelmalek EssaBé&i,2121,
M’hannech, 93002, Tetouan, Morocco
*Department of Civil Engineering, Laboratory of Taibgy and Dynamics of Systems UMR 5513,
National School of Engineers at Saint-Etienne, &hJParot Street, Saint-Etienne 42042, France

Abstract: Problem statement: Internal soil erosion is a real threat for hydiainhfrastructures. In

its final stage it develops in piping involving tfiermation and progression of a continuous void
inside the soil between the upstream and downstsedes. The hole erosion test was introduced to
characterize kinematics of piping in terms of fineetleft to rupture. Actual modeling approaches of
this test are essentially one dimensional. The slahr stress generated by the flow is assumesl to b
uniform, so that erosion rate is also uniform altimg hole length. Experimental observations show
however an irregular profile of the eroded hd@pr oach: In this study an axisymmetric extension
representation of the hole erosion test was peddrnThe biphasic flow at the origin of surface
erosion occurring in the porous soil sample was efeatl by means of the renormalization group
based ke turbulence equations. Fluent software package wsexl to perform the numerical
modeling.Results: This had enabled to estimate the wall shear stubdsh was found to be non
uniform along the hole length. Erosion rate was thstimated by using a classical law. Its variation
as affected by the applied gradient pressure, fligidsity as well as the actual fluid/soil interface
roughness were analyzed. In particular, wall roeglsnand clay concentration were found to
increase noticeably the erosion ra@mnclusion/Recommendations: Predicting erosion rate at the
start of piping formation can be done by the pregosnodel. Flow features are however very
complex in the real HET configuration. In partiaylelay concentration does not vary equally along
the hole length. The erosion law coefficients asgiable. Transport phenomenon of some soils
particles that detach is present in the problemthéu investigations including these aspects should
be performed in order to render more profoundlyatplex physics involved in this experiment.
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INTRODUCTION catastrophic accidents can result in human caesali
and generate large material losses with dramatic
Soil erosion constitutes a major source ofconsequences at the social and economic levels.
problems threatening safety of dams and levee$. Soi  Internal erosion is a progressive degradation of
erosion is a complex phenomenon that startsoils which is induced by the action of a flowirigid
smoothly and develops at its final stage to hugelfl through the porous medium. Many research activities
leakages  occurring under  the hydraulicrelated to the experimental and theoretical
infrastructures. Piping is the term used to desgna characterization of this phenomenon are reported in
these leakages because of void formation that takeabe literature (Wan and Fell, 2004a; 2004b;
place between the upstream and downstream sideBonelli et al., 2006; Fellet al., 2003; Richards and
Piping is known to occur insidiously through thél so Reddy, 2010).
under foundations and to cause abrupt collapse of Internal erosion is associated with fine particles
structures. Many dam ruptures have happenedetachment under the effect of forces generated by
throughout the world, some of these events hava beehe flowing fluid. To classify the different stages
reported in reference (Fostet al., 2000). Such associated to this phenomenon of particles
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detachment and their transport within the soil, two In one-dimensional modeling, the surface erosion
main mechanisms have been introduced: suffusiofaw is stated traditionally, (Wan and Fell, 2004tn),
and piping. Internal erosion associated to suffusio be given by:

can also be separated, according to (Fosteal.,

2000), into four phases: initiation, filtration, Eo = Cor(T—TY)

progression and rupture by piping development. )
Initiation starts when the hydraulic gradient exdea Where. . .

threshold value. Filtration is a phase which degend &« = The erosion rate which corresponds to the mass
on the soil granular constitution and can be medifi loss per unit time and per unit surface area

by the presence of a filter. The progression is thécer = The surface erosion coefficient which measures
phase associated to development of internal erosion  the soil erodability

within the soil material. The rupture by a breash i T = The actual shear stress acting at the wall

the next phase occurring inside the soil massifs Th (assumed to be constant along the whole hole
ultimate phase is followed by piping. Kinematics of length)

piping is very fast and only few moments cants = The shear erosion threshold limit. The erosion
separate its initiation from the complete flow tkea happens only if exceeds in absolute vaie

To characterize piping kinematics, several ) ) )
experiments were designed to reproduce in labgrator ~ BY using mass conservation of soil, one could
conditions surface erosion mechanisms taking placgasily arrive at:
at the fluid/soil interface. Recently, the Hole &iom .
Test (HET) was introduced (Wan and Fell, 2004a). R=¢./p,
This test proved to be simple, fast and well adhpte
perform surface erosion characterization duringWhere:
piping development for all investigated cases. pq = The dry density of soil sample

The HET consists in introducing inside a R = The actual radius of the tube (Khamliehial.,
standard mould a cylindrical sample of soil predare 2009)
with a hole that is to be tested against surfaosien.
The sample length is L = 117 mm. The hole pre-  This last relation predicts uniform radius along
perforated along the longitudinal axis of symmetfy the hole during erosion.
the soil sample has a quasi-cylindrical form with Additional aspects associated to the two-
radius R = 3 mm. A constant hydraulic head isgimensional nature of the HET are present in the
applied between the tube extremities. Depending OBroblem. Figure 1 presents a sample tested with. HET
the soil constitution, the inlet hydraulic head: It shows that the inlet side (bottom) of the hotesh
undergone much more erosion than the outlet side

H =Ap/pg . . . K
(top). As seen previously one-dimensional modeling
Where: of this test could not predict this eroded shapessit
p = The fluid density yields uniform erosion at the fluid/soil interface.
g = The constant of gravity, is fixed at a level Erosion can be affected also by roughness of the
exceeding the outlet head by 50-1200 mm hole wall. In many other engineering problems

roughness was recognized to have crucial effects on
Theoretical modeling of the HET test has beerpbserved phenomena, such as for example in
performed under some assumptions (Bonellial.,  machining (Sahin and Motorcu, 2004; Onwubolu,
2006; Lachouettest al., 2008; Bonelli and Brivois, 2005; Lan, 2010).
2008). These models which are essentially one-  The aim of this study is to describe the biphasic
dimensional proved to be sufficient in explainif® t ,hjent flow at the origin of erosion taking piac
erosion phenomenology related to piping problereyTh jnsiqe  the porous soil sample, considering the
yield a comprehensive description of the ErosNyfiuence of wall roughness and variation of the

initiation and kinetics for a given soil. These : : - -
rudimentary models enable also to evaluate thgoncentratlon of clay in the flowing fluid.

influence of the hydraulic conditions on the kinetand MATERIALSAND METHODS
to quantify the gain in time left to rupture by oging
for example partial drainage of the water reserve. Two-dimensional modeling of the HETs

achieved inthis study through turbulence modeling
by means of fluent software package. Fluent is a
general purpose Computational Fluid Dynamics
(CFD) code that has been applied to various problem
Fig. 1: Sample tested with the HET; surface erosiorin the fields of fluid mechanics and heat transféris

produced at the fluid/soil interface code has been validated through numerous
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investigations. Fluent is especially appropriatetf@ ~ With:

complex physics involved in heat and mass transfer

and considers mixtures by modeling each fluid ~ CupS?ng ot — X)

species independently or as a homogenized medium, TN (E+BSK)

(Escue and Cui, 2010; Vijiapurapu and Cui, 2010). 0
There are many turbulence models available inyp,g-

Fluent. Use is made here of the ReNormalization

Group (RNG) based &-turbulence model, (Yakhot 5 5 5

and Orszag, 1986). Derivation of this model resilts Sz\/z[auj + {@j +[@ +@j

a model with constants different from those in the or 0z or o0z

standard k& model and additional terms in the

transport equations for the turbulent kinetic eyekg Where:

and its rate of dissipation a = The inverse effective Prandtl number
For the particular case of axisymmetric for both k anct

problems, the unsteady Reynolds averaged,, and G, = Constants

incompressible Navier-Stokes equations write: noandp = Constants

1o(u), ov_, (1) ‘The RNG ke model constants have values

ror oz derived analytically by the RNG theory. They are

given in Table 1. For further details, a complete
description of RNG theory and its application to
turbulence modeling can be found in (Choudhury,
1993; Pope, 2000).

— L+ o p(uy’

@+}6(ru2) d(w)__1dp, 10 ru[au 7]
ot r or 0z por ror or @)

+u£+i u[@_pwj Integration of the RNG-based k- turbulence
r* az| \oz model over the fluid domain enables calculation the
wall sheart. The classical linear erosion law predicts
ov 19(ruv)  a(?) _ 1dp. 9 that erosion rate which corresponds to mass degartu
a*; a 0z =Tt per unit time and by unit surface area is given by
podz o0z
& —1 10l (ov — )  ¢,=c,t-1) where ¢ and T are constant
{H(E-p(v'fﬂﬁa{ru(ﬁ-pu'\/ﬂ depending on the considering soil material. The rat
¢, is related to time variation of local radius by
Where: ¢, =pdR /dtwherepy is the dry density of soil. The
t = The time erosion law yields thatt, is proportional to the
p = The density of fluid amount of shear exceeding the shear threshold limit
u = The main velocity in the radial direction r T.. The coefficient of proportionality, represents a
v = The mean velocity in the axial direction z measure of soil erodability under the action of a
p = Thepressure flowing fluid at the soil/fluid interface.
M = The kinematics viscosity

Under the assumption that the wall representing
the soil/fluid interface is rigid and that the dovs
law parameters remain constant, effects resulting
from the applied hydraulic head, concentration of

GcIay water content and roughness of the soil/fluid
interface can be investigated through calculatimgy t

The fluctuating component of radial velocity
The fluctuating component of axial velocityeth
symbol bar denotes statistical averaging

< c

The special form of the transport equations RN
k-€¢ model contain the additional term; RThese

: : wall sheart.
equations write . . . .
q Simulation of the turbulent fluid flow taking
ok  19(rku) a(kv) 19 ok place inside a cylindrical pipe having a rigid welat
E+?T+ 9z rar Gutfa replicates the geometry of the hole in the HET is

4) considered in the following. The fluid domain is
+i[q“'%j+q“'£+“'§_g assumed to be axisymmetric. It extends 170 mm in
0z 0z r the axial z-direction and 30 mm in the radial r-
direction. The domain is oriented such that th
O, 10(reu) . d(ev) 10 [ aej+ d [ Ogj inlet section is at left and the outlet sectioatisight.

= 70”17
ot r or 0z ror 0z 0z

(5) Table 1: Values of constants of RNG kaodel

canfrc o, P 1g S S
r pk ok p 0.085 142 162 4.38 0.012
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The origin of the reference frame is placed at the RESULTSAND DISCUSSION

entrance section. Figure 2 gives the geometry laad t . .
mesh of the tube with a detail zoom. Three pressure gradients were applied. They

The wall at the top side of the fluid domain is €Orrespond toAp = p,, = Pre =P gH Where g = 9.81
assumed to be non uniform. Its geometry presents @ sec” and hydraulic head takes one of the following
roughness. This boundary of fluid domain is values: H =0.38m,H=0.76 mand H=1.14 m.
modeled here by a curved line assembled form #ixing Py = O, the inlet pressures are thegj.P=
adjacent parabolas, Fig. 3. Each parabola extend¥726 Pa (P1), R = 7451 Pa (P2) and.R = 11177
over 1/4 length the holes is defined as the total Pa (P3).

variation of the hole radius. Figure 4 and 5 give respectively, for clay
The boundary conditions that were used duringconcentrations CO and C1, the wall-shear stress as
simulation are the following: function of the axial coordinate for the three agxbl
hydraulic gradients and the five values of top wall

. . roughness.
* Inletatthe Ieﬁ extremity c.)f the domain . Figure 6 gives in the case concentration C1 static
*  Outlet at the right extremity of the domain pressure at the axis of symmetry as function of the
* Symmetry type axis at the axis of symmetry ayja| coordinate for the three applied hydraulic
which is the bottom side of the domain asgradients and the five roughnesses.
presented in Fig. 2 Figure 7 gives, for the five roughnesses, pressure
* Wall at the top side of the domain P2 and clay concentration C1, curves of the axial
velocity at the axis of symmetry as function of the
Roughness of the wall is considered to varyaxial coordinate.
between 0.02 and 0.1 according to Table 2. Table 4 gives the erosion rate (in 18g sec").
In addition to roughness, water clay contentThis amount is obtained by integrating the erosion
effect is modeled by considering various water-claylaw over the whole length of the hole and by
mixtures. The experimental values of density andnultiplying the result by the initial circumferencé

dynamic viscosity at 20°C are given in Table 3 asthe hO'_‘j- T_t;e erosion constants useck: cer
function of the clay mass concentration. =5.5¢10" s m" andt, = 7 Pa. These correspond to a

specific soil sample containing 50% kaolinit clayda
50% of sand that was tested.

250 SR2P1

R5P1
200 XRSPL

)
:
150 =RIP2

100 $2 RSP;}

0
0 0.02 0.04 0.06 0.08 01 0.12

Wall-shear stress (Pa)
7
g

Axial coordinate (m)

g Fig. 4: Wall-shear stress obtained for the three
R T pressures, the five roughnesses and CO
R=3mm
v 300 +RIP1

Fig. 3: The top side wall of the hole showing
waviness aspect with roughness

Table 2: Values of roughness of the wall

Wall-shear stress (Pa)

Designation  (R1) (R2) (R3) _ (R4) (RS . R\\\\ .

€ (mm) 0.02 0.04 0.06 0.08 0.1

) ) ) ) 0 0.02 004 006 008 0.1 0.12
Table 3: Homogenized density and viscosity for wwatay
mixtures as function of clay concentration

- Cly . Densityofthe — Viscosity ofthe i 5. \Wall-shear stress as obtained for the three
Designation concentration (%) mixture (kg  mixture (pas) h fi h d
o 0.00 1000 0.00100 pressures,. the Ive roughnesses an
C1 3.85 1020 0.00194 concentration C1
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1.76E-05

1.74E-05
0 0.02 0.04 0.06 0.08 0.1 0.12 R1 R2 R3 R4
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) ) . Fig. 8: Erosion rate as function of roughness for
Fig. 6: Pressure at the axis of symmetry as functio pressure P2 and concentration C1

of the axial coordinate for concentration C1
In particular, clay concentration does not varyaiyu

* COR1 along the hole length, since it increases in the
7 " CoRs direction of flow with a maximum value occurring at
- § Soo the outlet extremity. The erosion law coefficieate
= k] also variable. Transport phenomenon of some soils
E e particles that detach is also present. Further
> CIRS investigations including these aspects should be
5 performed in order to get further insights in the

complex physics of this simple experiment.

’ O 002 004 006 0.08 0.1 012 0.14 CONCLUSION
Axial coordinate (m)

A two-dimensional modeling of the Hole Erosion
Test was carried out in this study. This modeling
considers the effect of roughness of the wall ahd o
clay concentration on the development of erosion on

Fig. 7: Axial velocity at the axis of symmetry as
function of the axial coordinate for pressure P3

Table 4: Erosion rate in 1kg se¢' as function of inlet pressure

and roughness for concentration C1 the fluid/soil interface of the tube. Unlike therlga
R1 R2 R3 R4 models which are essentially one-dimensional, the
P1 8.88 8.92 8.08 9.22 two-dimensional modeling had shown that the wall-
P2 17.98 18.15 18.54 18.88 shear stress is not uniform along the hole waikds
P3 24.19 2525 26.16 27.00 possible through using a linear erosion law to joted

. non uniform erosion along the hole length. Studying

Table 4 presents, for concentration C1, thethe effect of clay concentration and wall roughness

erosion rate as function of the various combinaion has shown that their variations have considerable
associated to given hydraulic head and wallgffect on the wall-shear stress and thus affegelgr

rough.ness. . surface erosion that develops at the fluid soil glam
Figure 4 and 5 show that the wall-shear is nofnterface.

uniform along the hole length. The wall-shear stres
at the inlet extremity can exceed 7 times its
permanent value in the plateau zone inside the. hole
This is in true contrast with the habitual hypothes ) .
used to derive one-dimensional modeling of the HET, ~ The authors would like to thank the Spanish

Figure 8 shows that the pressure gradient andgency of International Cooperation which has

wall roughness have remarkable effect on erosiogUPPorted financially this research under project
rate. The erosion rate increases with increasin@rants: A/8816/07 and A/016344/08 as well as French

pressure head and roughness. In particular erosion VRS and Moroccan CNRST under project grant:
rate at the outlet extremity of the hole is maximal SP102-08.

This enabled understanding why the eroded profile o

the hole wall as observed during experiment is not REFERENCES

uniform, Fig. 1.
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