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A comparative analysis of interface erosion tests

Pierre-Louis Regazzoni - Didier Marot

Abstract Interface erosion is one of the main phenomena in dams, dikes and their
foundations which may increase their failure risk. In laboratories, the jet erosion test (JET)
and the hole erosion test (HET) are commonly used for the evaluation of the sensibility of
interface erosion of fine soils. The results are interpreted by two distinct methods that are
valid for one test only. A new energy analysis of the tests is developed, relating the total
eroded mass to the dissipated fluid energy, and a new erosion resistance index is proposed.
Seven naturally occurring fine-grained soils, covering a large range of erodibility, are
compacted with the Proctor protocol, and they are tested with the two devices. It was
shown that by using the commonly used methods, the values of the erosion coefficient are
systematically higher with the JET than with the HET and the HET critical shear stress is
about fifty times higher than the JET critical shear stress. Thus, the relative soil classifi-
cations yielded by the two erodimeters are not exactly the same. Based on energy analysis,
values of erosion resistance index are roughly the same for each tested soil with the two
apparatuses and a single classification of soil erodibility is obtained.

Keywords Dams - Embankment - Interface erosion - Hole erosion test -
Jet erosion test - Energy

1 Introduction

Erosion is a widely present issue in civil and environmental engineering, especially for the
safety of dams and dikes. The history of failures of such structures by erosion associated
with flow through a dam, its foundation or over its top makes it paramount that we develop
means to model these erosion processes; doing so requires associated methods for
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quantifying the erodibility of embankment and foundation materials. Two types of erosion
can be distinguished: internal erosion and interface erosion. Internal erosion takes place
inside the soil matrix, whereas interface erosion occurs at an interface between two types
of soil or at the surface between soil and water. This surface is relatively large compared
with the grain scale.

Several testing devices for characterizing the sensibility of surface erosion of fine-
grained soils were proposed by various researchers. These tests apply hydraulic loading to
a soil sample by a variety of methods. Among these testing devices, the hole erosion test
(HET) and the jet erosion test (JET) are the most commonly used. The HET was used by
Wan and Fell (2004) in a constant-head configuration to characterize the erodibility of a
variety of soils. The JET was developed by Dunn (1959) and had been further improved by
Hanson and Cook (2004). With this device, Hanson et al. (1990) performed numerous
studies exploring many aspects of soil erodibility.

The existing interpretative methods for both apparatuses are based on a linear erosion
law which relates the mass rate of erosion, s, or the volumetric rate of erosion, &, to the
excess hydraulic shear stress t above a threshold value 7. This threshold of hydraulic shear
stress represents the minimal value needed to initiate erosion. In equation form, the erosion
laws are:

i = ki (¢ = 7c) (1)
é = kd (‘L’ — ‘Cc) (2)

with k,,,, and k;: erosion rate coefficients, with k,,, = k; pp where pp, is soil dry density.

The erodibility of a particular soil can be characterized by the erosion rate coefficient
and the critical shear stress determined from one of the aforementioned test methods.
Although both tests characterize soil erodibility in terms of similar parameters, Wan and
Fell (2004) and Hanson and Simon (2001) have each proposed specific classification
systems for describing soil erodibility.

This paper describes a new method of interpretation based on energy approach for both
apparatuses. An experimental comparison of these two devices across a variety of soil
types is undertaken. Soil erodibility characterizations through existing methods and
through new energy method are compared. An erosion resistance index is proposed and
leads to a single classification of soil erodibility.

2 Presentation of devices and interpretation by existing methods

The principle of HET and the data analysis techniques are described in Wan and Fell
(2004). A constant head is applied to produce flow through a pre-drilled hole in a soil
sample, which was compacted in a standard Proctor mould (see Fig. 1). When erosion is
produced, the resulting increase in the diameter (¢) over time is estimated by monitoring
the related increase in flow rate.

The hydraulic shear stress in a circular pipe with a diameter ¢ and a length L can be
computed as:

_AHpg ¢
TTL 4 ®)

where AH: differential head losses were measured between upstream and downstream
thanks to a differential pressure transducer; p: fluid density; and g: gravity.
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Fig. 1 Schematic representation of the hole erosion test cell

Wan and Fell (2004) related the shear stress to a friction coefficient and the fluid velocity,
depending on whether the flow is “turbulent linear with the square of water speed” or
“laminar linear with the water speed.” At the start and the end of the test, flow and diameter
measurements allow determining the friction coefficient values. The instantaneous value of
friction coefficient during the test is then computed by a linear interpolation with time
between the initial and final values. Finally, it is possible to compute a diameter and to
deduce the rate of erosion at each time. A linear correlation between the computed shear
stresses and erosion rates during the progressive erosion period allows obtaining k; and 7.

In the case of a turbulent flow, Bonelli and Brivois (2008) proposed a scaling law.
Assuming the friction coefficient and the specimen length to be constant and defining
dimensionless diameters and flow rates based upon reference values at time zero, it is
possible to express the dimensionless diameter as a parametric function of the dimen-

sionless flow rate:
8- ()

By integrating the erosion law including the expression of shear stress, an analytical
solution for the evolution of the dimensionless diameter is expressed by:

%: (exp(é) — 1> <1 —%) +1 (5)

2L (6)

ith fo = ——
W “ = pg AH kg

and 7(0): initial shear stress for the system at 7 = 0.

By a least-squares method, the measured dimensionless flow rates can be fitted to the
values predicted by the model to determine values of 7. and k.

Wan and Fell (2004) proposed classifying the risk of rapid internal erosion failures of
embankment dams based on the value of the erosion rate index defined by:

Iuer = —log ;o (kam) (7)

A large value of Iygr indicates a slow rate of erosion. It should be emphasized that this
index does not depend on the critical shear stress. Six groups of soils are proposed, varying
from extremely slow to extremely rapid.



Wahl et al. (2008) show good agreement between the Iyt values computed by the Wan
and Fell method and the Bonelli and Brivois method.

Hanson and Cook (2004) developed the JET. This apparatus is designed to apply a
submerged water jet on the face of a soil sample; an apparatus is described in the A.S.T.M.
Standard D5852. At increasing time intervals, a point gage passing through the tube mea-
sures the depth of scour (J) beneath the nozzle (dy diameter). The procedures for specimen
preparation and compaction are the same as for HET, except that no hole is drilled through
the sample. At t = 0, the initial distance to the interface is written as Jy. At an infinite time,
J tends to a limit, the equilibrium depth J,. For distances smaller than J,, = 6.2 dy, the flow
consists of a potential core in which the velocity is equal to the initial velocity #(0,0) at the
jet origin, and an outer zone, the axial velocity varies inversely with the distance:

u(0,7) :17” 4(0,0) (8)

The equivalent hydraulic shear stress applied to the soil surface can be computed in
function of the water velocity u(0, J) on the centreline of the jet:

©=Cs pu(0,J)* (9)

where C;: friction coefficient, and according to Hanson and Cook (2004), it is assumed to
be constant, Cr = 0.00416.

The erosion law is no-dimensionalized and a characteristic time is defined. By integrating
the no dimensional erosion law, time is expressed as a function of no dimensional depth J*.

NP TS AN
t:TR<—J jf+5Ln(1_J*> ) (10)
5

Je
ith Tk = 11
wi = e (i
J
d J=— 12
an ; (12)

The evolution of the scour depth with time is fitted to a hyperbolic function that predicts
the ultimate depth of scour, equivalent to the equilibrium depth (Blaisdell and Anderson
1981). It leads to the determination of the critical shear stress . The experimental data are
fitted to the model represented by Eq. (12). This yields an estimate of the characteristic
time and the resulting detachment rate coefficient, k,, which is expressed on a volumetric
basis. For comparison with the HET, one may convert k, to k,,, using k,,, = ks pp, and
the corresponding rate index, named [jgr, can be computed from Eq. (7).

The soil erodibility classification proposed by Hanson and Simon (2001) is based on both
the critical shear stress and the erosion rate coefficient determined from JETs. The Hanson
and Simon system recognizes five categories from very resistant to very erodible materials.

3 Interpretation by energy method

3.1 Principle of energy analysis

The new analysis proposed here is based on a fluid energy dissipation model and on the
measurement of the eroded mass. A volume V of fluid with a mass M is assumed with a



surface S in contact with environment. The external surface of the volume is oriented by its
normal vector from fluid to environment: 7i. The energy equation for the fluid between the
entrance and the exit of the system can be written by the following equation (White 1999;
Regazzoni 2009):

in dM = in W
dt MM%S <e t + Jr gz) ot ﬁVolume (e ' + Jr gz) g

dV—i—#(emt—i— 5 —I—gz)pw(ﬁ i)ds

dE  dEthe dW
and o A (14)
with Ey,,: energy exchange between the system and the environment; W: mechanical work
between the entrance and the exit of the system; e;,: internal energy of the fluid; p,,: fluid
density; U: velocity of the fluid, components (&, v, w); g: gravity; z: coordinates.

Four assumptions can be used to simplify the equation. The whole experimental system
is placed in a temperature-controlled laboratory, and it is supplied with the public water
system. Thus, for test duration, the temperature (isothermal in time) and the internal energy
(einy) are assumed to be constant on the volume. All tests are performed under the same
experimental conditions, so the comparison of tests leads to neglect the relative variations
of energy exchange between the system and the environment. In consequence, the term
% is negligible. As test results are analysed in steady state (the water speed evolves

slowly during a time step), the unsteady term of the kinetic energy can be neglected.
Finally, Eq. (13) becomes:

u? -
§2)p,dV + #(—Hﬁ) p,,(UR)dS 15
dt at///VOIume % 2 ( ) ( )

3.2 Energy analysis of HET

The energy equation is applied between the upstream section A and the downstream
section B. The apparatus is horizontal, so the term g - 7 is null on average and Eq. (15)
becomes:

ddl;’: (“—5) p(U#) dS (16)
N

The fluid passes successively through a contraction (D diameter), a hole (¢ diameter,
L length) and finally an expansion (D diameter) (see Fig. 1).

The hole length appears as short in comparison with the total hydraulic length of the
device. Thus, the balance of the energy in the system must take into account the energy
dissipation in the contraction and expansion, which will be named the energy dissi-
pation on the singularities. The total energy dissipation is the sum of energy dissipation
by the pressure, by viscous work at the control surface and by the singularities. The
viscous work is assumed to cause erosion in the hole, and it is assumed to be neglected
on the other parts of the system. So the dissipation of total energy in the system can be
written as:
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Erosion Pressure

Equations (16) and (17) lead to:

Singularities

P 2 _
= #<—+u—> p(U7) dS (18)
Singularities 4 1Y 2

The sections A and B and the specimen section are identical. Thus, the mass conser-
vation with a same diameter on the whole length lets us assume the same average speed in
the section A and in the section B. So Eq. (18) becomes:

dw dw
dr dr

daw
dr

+dW
dr

Erosion

= (P — P5)Q (19)

Singularities

Erosion

With the objective of the evaluation of head losses in singularities, a test is performed in
the HET with a no erodible polyacrylic model of the specimen with its pre-drilled hole.
The total head losses and the flow rate are measured.

The total head loss is the summation of head loss along the hole and of head losses due
to the singularities. The contraction/expansion head losses can be computed by a “Borda”
formula and experimental coefficients (Idel’Cik and Meury 1986).

2 2
Contraction: AHcoy = % 1— (%) ) (4§2> (20)
n
1 N2\ 40\
Expansion:  AHgy, :g 1- <B> ) <?) (£15%) (21)
n

Another method consists in estimating the friction head losses in the pipe by using a
Colebrook estimation based on interpolation of experimental data. For a turbulent flow

(Reynolds number: Re = "’% > 2,000, p: fluid dynamic viscosity), the friction head loss
can be expressed by (White 1999):

LU?
AH, riction — A—— 22
frict A(ng ( )
. 1 e/ 251 )
with — = —21lo -—+ 23
=257 2

&: rugosity of the pipe, average size of the roughness; in the case of a plastic surface, the
rugosity is 0.0015 mm £60 % (American Society of Mechanical Engineers quoted by
White 1999); J: friction coefficient of the surface.

Thus, the head losses on the singularities can be calculated by the difference of total
head losses and friction head losses.

Figure 2 shows the measurements of total head losses versus flow rate. It also shows the
difference between total head losses and friction head losses calculated by Eq. (22). This
difference represents the singularities’ head losses.

These singularities’ head losses are well correlated with the sum of the contraction and
expansion head losses computed by Eqs. 20 and 21.

If an average value is computed on a range of flow rates from 0.02 I/s to 0.42 1/s
(corresponding to the HET range), the percentage of head losses transformed into friction
and erosion is roughly 25 %.
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Fig. 2 Head losses for a polyacrylic HET sample versus a high flow rate and b low flow rate

Thus, the temporal derivative of the mechanical work by erosion in a HET can be
estimated by:

dw

O =0.25(Py — Pp)Q (24)

Erosion
For convenience, the temporal derivative mechanical work by erosion is named erosion
power (Perosion)-

3.3 Energy analysis of JET

In the case of JET, the energy equation (Eq. 15) is applied between the nozzle and the exit
of submergence tank. The assumptions of a steady flow in time lead to neglect the term:

%Jf Volume(g?)pdv .

In comparison with free jet, jet in front of a soil-water interface is subjected to a
deviation from the centreline. It is assumed that the erosion is mainly associated with this
deviation, which induces an increase in shear stress and a great variation of pressure.
Beltaos and Rajaratnam (1974) conducted tests of impinging circular turbulent jet, and
they proposed an expression of the vertical velocity on the jet axis at J depth beneath the
nozzle, in function of lateral distance r from centreline of the jet by:

u(r,J) = exp (—0.693 <bl>2) u(0,J) (25)

with b,: distance from centreline corresponding to a decrease in half vertical velocity
(u(by, J) = 0.5 u(0, J))); b, = 0.093 (J — J,); Jp depth corresponding to the potential core;
u(0, J): vertical velocity at the centre of the jet.

Beltaos and Rajaratnam (1974) observed that wall shear stress increases linearly with
lateral distance from jet centreline up to a maximum value obtained for r = 0.14 J and
then decreases with any further increase in r. Moreover, when r/J ratio increases from 0 to
0.14, wall pressure decreases rapidly reaching 10 % of maximum value of stagnation
pressure on jet centreline axis. Thus, at J depth, erosion is assumed to appear in space
defined by lateral distance from jet centreline r < 0.14 J.



With the objective to take into account the variation in vertical velocity with the J
altitude and the distance r from the jet axe considered, Eqs. 15 and 25 are combined to

express the erosion power by:
r 2 ’
[exp (—0.693 (b—> )} rdr

(26)

For J < Jp, u(0, J) = u(0, 0), with u(0, 0): initial velocity at the jet origin. For J > Jp,
u(0, J) is determined by Eq. (8).

0.14J
2
u 7
Perosion = 27 / 5 P (Un)rdr = mp u(O,J)3
0

=)
=
~

Sy

4 Erodibility of seven soils
4.1 Tested soils and preparation

Thanks to previous HET investigations (Regazzoni 2009), seven soils were selected,
covering a large range of erodibility. Table 1 summarizes the soils used in the laboratory
tests, their classification and properties.

Soils were prepared for JET and HET testing using methods described in the Bureau of
Reclamation Earth Manual (1990), for a total number of 19 tests with each device. The
initial water content is measured, and additional water is added to target the optimum water
content less one per cent (Wop, — 1 %). The soil is manually mixed, and the prepared soil is
stocked in a plastic bag for at least 36 h. The preparation is compacted according standard
Proctor procedure, and the water content is determined on the uncompacted material (an
oven is used with 7 = 105 °C). Following compaction, the sample is kept for 12 h in a
plastic bag in a controlled-humidity room (75 %) before testing.

Two additional experimental precautions were systematically taken. For HET, all
specimens were drilled with a same drill, and a rifle-type brush was passed through the hole

Table 1 Classification and properties of soils tested

Soil USCS Atterberg limits Proctor state (25 blows) Fines Clay
reference  classification content®  content”
in paper Liquid  Plasticity ~Optimum dry Optimum water (9, (%)
limit index (%) density (kg/  content W opt
(%) m?) (%)
TE CL-ML 29 4 1,703 16 88 11
MF CL 47 34 1,815 14 75 33
TF CH 55 40 1,708 17 99 40
MP CH-CL 54 31 1,679 17 92 40
L ML Nonplastic 1,670 19 99 7
MO CL 44 23 1,619 21 98 40
Ml CL 34 11 1,650 20 98 21

USCS United States Customary System
* Fines content = mass fraction in percentage of soil particles finer than 0.075 mm

® Clay content = mass fraction in percentage of soil particles finer than 0.002 mm



in downward direction in order to minimize the influence of initial conditions on results.
For JET, the initial distance of nozzle from the soil was adjusted so that J > Jp.

4.2 Results of analysis by existing methods

Hanson and Cook’s analysis and Bonelli and Brivois’ scaling law were used to analyse JET
and HET, respectively. The values of the erosion coefficient are systematically higher with
the JET than with the HET, and the corresponding mean rate index is systematically
smaller with the JET (I;gt) than with the HET (Iygr) (see Fig. 3a).

The Ijgy/Iggt ratio varies from 0.32 (specimen number 2 of L soil) to 0.84 (specimen 1
of MF soil). A linear correlation of erosion rate index determined with JET in function of
erosion rate index determined with HET can be expressed by:

with: correlation coefficient R = 0.69, number of individual test N = 19.
On average, the HET critical shear stress is about fifty times higher than the JET critical
shear stress (Fig. 3b). Moreover, the linear correlation between critical shear stress
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Fig. 3 Values measured with the JET versus values measured with the HET. a Rate index; b critical shear
stress



determined with the two devices [Eq. (28)] is characterized by a very low value of cor-
relation coefficient:

T¢JET — 0~0270HET +1.16 (R2 = 026,N = 19) (28)

The HET results and Wan and Fell (2004) description of erosion rate lead us to charac-
terize L soil as having a rapid erosion development and M1 soil as having rapid to moderately
rapid erosion rates. Two soils (MF, TE) have moderately rapid erosion rates while two other
soils (MP, TF) exhibit moderately slow to slow erosion development. For MO soil, the water
content of the two tested specimens was 19 and 23 %. This water content discrepancy of 4 %
between specimens seems to be sufficient to induce a difference of erosion development from
moderately rapid to extremely slow, respectively. This difference on erosion sensibility
shows the great influence of water content on one hand and that the study of real structure
needs to take into account the soil heterogeneities on the other hand.

With the JET results and Hanson and Simon (2001) classification, L soil is classified
moderately resistant to erodible. MF and M1 soils are moderately resistant. TF and MO are
moderately resistant to resistant. MP and TE appear resistant.

As showed by Fig. 3a, the relative classification of the erodibility yielded by both
apparatuses is not exactly the same. If we consider the erosion rate index determined by
JET, nearly identical values are obtained for MF, TE and TF, whereas if we consider the
erosion rate index determined by HET, a clear difference appears. MF is the most erodible
soil, followed by TE, and TF is the least erodible soil.

In the case of the JET, the friction coefficient has been assumed constant and equal to
0.00416, that is, equivalent to a friction coefficient defined by Moody fyooay = 0.0338. For
the HET, the coefficient defined by Moody is computed as the 8f/p ratio, with f: friction
coefficient. The obtained Moody friction coefficient is in the expected range (Nikuradse,
Moody), quoted by White (1999) at the beginning of most tests, but generally it is outside
of the range by a factor 10 or 100 at the end of most tests. For example, during test TF-1,
Reynolds number ranges from 16,000 to 18,000. The relative roughness can be expressed
by the ratio of the mean diameter of grain and the specimen hole diameter. The value of
relative roughness is 0.0006 at the beginning of test and 0.0001 at the end. According to the
Moody chart, the corresponding friction coefficient is about 0.027. From HET analysis, the
computed Moody friction coefficient increases from 0.048 to 2.16. This may explain
the difference in the critical shear stress computed by the JET and the HET. In addition, in
the case of the HET, rate of erosion and hydraulic shear stress are deduced from the flow
rate measurement. Erosion process is an interaction between soil and water, and thus,
independent measurements for water and soil may characterize more precisely this process
compared with an approach based solely on a one-phase measurement.

4.3 Results of analysis by energy method

For the HET and JET, the erosion power is computed according to Egs. (24) and (26),
respectively. The rate of erosion is defined as the ratio of increment of eroded dry mass to
corresponding increment of time test duration. Figure 4a shows the rate of erosion in
function of the erosion power which is determined by HET.

For seven specimens (TE-3, MP-1, MP-2, MP-3, TF-1, TF-2, TF-3), erosion rate
remains inferior to 4.10~* kg s~' while erosion power increases up to 1.25 W. For the
other specimens, rate of erosion can reach 3.5-10 kg s~ for an erosion power inferior to
0.3 W (see Fig. 4). For all specimens, erosion rate increases linearly with erosion power.

10



Figure 5 shows erosion rate in function of erosion power measured by JET. In the same
range of erosion rate (0-3.5-10 kg s~ "), the erosion power stays inferior to 0.3 W (excepted
MO-2: Perosion = 1.25 W). For JET, erosion power stays relatively constant and the erosion
rate increases sharply during the first minutes of the test and afterwards it slowly decreases.

The comparison of the erosion power for both tests underlines that evolution during the
time of hydraulic loading is different, which induces a distinct variation in erosion rate.

With the objective to take into account the history of hydraulic loading, the energy
dissipated by erosion (Ecosion) 1S determined by the time integration of instantaneous
erosion power. Thus, for each test, the erosion energy is computed for the test duration by
trapezoidal rule. Eroded dry mass (mq,) is computed by eroded wet mass/(1 + wj) ratio,
with w;: initial water content when specimen was compacted. Figure 6a, b shows the
cumulative eroded dry mass in function of erosion energy for HET and JET, respectively.

For HET, the range of erosion energy 0—4,300 J is associated with an eroded dry mass
up to 1.21 kg (excepted MO-2: E¢ro5ion = 15,168 J, mgry = 0.036 kg). For JET, the max-
imum of erosion energy is 1,077 J and the eroded dry mass is inferior to 1.6 kg (excepted
MO-2: Eqrosion = 23,729 1, mgry = 0.1437 kg).

The erosion resistance index is built with the erosion energy and the cumulative eroded
dry mass:
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As shown in the Fig. 7, obtained values of I, index with JET (/,;gt) are related to values
obtained with HET (I,zgT) by:

Lyer = 0.578Lyer +0.967  (R* = 0.79;N = 19) (30)

The comparison of the position of each soil on I, chart shows that the relative erodibility
classification of the seven tested soils is identical for both devices. From the most erodible
to the most resistant, with the HET and JET, the obtained classification is: L, M1, TE, MF,
TF and MP. A first specimen of MO soil is erodible, whereas a second is highly resistant.

In comparison with values determined by HET, the values of I, appear underestimated
by JET for resistant soils and slightly overestimated for erodible soils.

In contrast to the precedent models based on stress, energy model leads to a same
classification of soil erodibility for JET and HET. This single classification permits to
choose the more suitable one between HET and JET device. For instance, to choose a JET
can simplify studies on low-plasticity soils or on saturated soils. Another advantage of the
JET is that it can be used on site and measure the intact resistance. For a use in situ, the
eroded wet mass can be determined from soil density and eroded soil volume measure-
ments. The volume of eroded soil can be determined with several pin profiler measure-
ments (the principle of this device is described in A.S.T.M. Standard D5852).

5 Conclusions

The HET and the JET are frequently used to characterize the sensitivity of a soil to a
hydraulic stress. Analysis of these test results by existing methods leads to values of
erosion rate coefficient and critical shear stress which are specific to the used device. A
new analysis is based on the erosion power and on the rate of eroded mass. By integrating
over the time, the eroded mass measured is correlated to the fluid energy expended. A new
erosion resistance index is proposed, and the obtained values are compared between the
two apparatuses. By using the energy analysis, an identical erodibility classification of the
seven tested soils can be obtained with both devices.
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