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Abstract:

The purpose of this report is to present a comparizetween the Hole Erosion Test (HET)
and the Jet Erosion Test (JET). The difficultiesamtered in conducting these two tests
were both experimental and theoretical. From areewgental and practical point of view, it
was difficult to manage the soil quality to obta&iearly the same soil behavior from test to
test. From the theoretical point of view, the assysed for the HET has to be improved to
take advantage of all the information availablenfrthe test results. This report presents a
comparison based on tests conducted on four ddite Denver — USBR Laboratory.

The conclusions of the study focus on:
the difference of scale between erosion with the disd the HET.
the same relative classification of erodibility aipeed with the 2 devices.
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1 Introduction

The main objective of the study is to compare #teejosion-test (JET) and the hole-erosion
test (HET), 2 tools for an evaluation of the soddsbility. The main difference consists in the
applied state of stress on the soil. For the JEShear stress and impact take place. For the
HET, only a shear stress is applied on the soil.

These 2 kinds of apparatus provide a measuremehedagrodibility of soils by considering
an index for the HET and the parameters of thei@ndaw for the JET. The analysis for the
HET and JET are based on a linear erosion law avitireshold and some identical hydraulic
relations for modelling the hydraulic shear stréséirst formulation for the erosion law was
defined in term of mass according to excessiverstiesss.

Erosion law i =k, . * (T - 7..) [1]

Equation An index is built with the coefficient piering the excessive shear stress. This
approach leads to neglect the shear stress thdceshthle analysis.

lher = _log(kd,m) [2]

It is possible to change the variable mass by @bk length. It leads to a modification in the
linear coefficient for the excess stress, refera¢iqu 0.

: removal of volume soil on a unit arga removal of sbd
Solid mass (depends on the part of solid mass in a whime),
dm =pp * dV.

T TTT T l de : variation of position of the interface fluid/water dV :

Figure 1: lllustration of the eroded length to taeded mass.
Po* &= pp*ky*(1-17¢) [3]

The two tests give an idea of the “same erodibitibharacteristics” under different flow
environments. The need of a comparison betweetwihéests exists for 2 reasons:

to point out (or not) the correlation between thsuits of the two tests. The
two apparatus quantifies erosion under two diffefflow environments but
determine equivalent parameters.

to show the inherent capacities of the two apparsaiith the purpose in mind
to determine if one test or both tests are requiredesting materials for
different flow environments.

The experiments took place at Denver (CO) from QB#4/2007 to the 29/06/2007 in the
USBR laboratory.

! The 2 measures for erodibility are consideringséme kind of erosion laws. The difference is thatment of
the parameters for the erosion law.
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2 The material tested at the USBR-Denver

Four materials were tested at the USBR LaboratoryDenver. According to a study
conducted in 2004 (refer Wormer, 2004), the foulsstover a range of the HET erodibility
index from3 to 4. The soils used in testing wekeetafrom 4 sites and were stock piled in the
USBR soil laboratory for 2 years prior to the sera tests conducted as reported in this
report. The selection of soil is based on the agsiom of a different erodibility regarding
other analysis (Atterberg, project). In the USC&artlior fine soils, the soils have different
position. This position is essentially defined hg ttterberg limits. The denomination for the
different soils is defined in the table 1.

Letter Kind of soil
Grave
Sand
Silt
Clay
Organic
Poorly graded (Well sorted
Well graded
High plasticity
Low plasticity

FrISTO0OZ0nG

Table 1: USCS nomenclature.

The characteristics of the soil are registerechetable 2. They come from the report of Jeff
Wormer (which is considered as a reference fowvtiae of the soils), and are completed by
the laboratory reports concerning the projectsufd@ is a display of the four soils in an air
dried state prior to preparing for erosion testing.

The first soil tested was the soil used in the fiddant. The soil is a CL-ML and based on
the HET the index for erodibility is establishedZa® 3, indicating that it is quite erodible.

The second soil tested was the soil coming fromMhay Farms site. The soil was tested for
an embankment dam project for the Indian Affair@93. The soil is classified as CL with
an erodibility index of 3.

The third soil is coming from the Tracy Fish siténis soil was tested for a foundation and
canal lining project. The soil is classified as @kh an erodibility index of 4.

The last soil is from the Mountain Park site. Tassa USBR project which includes a RCC
dam and some dykes. The soil is classified as £8lwith an erodibility index of 4.

! Teton Dam failed on the 05/06/1976; 6 months afierdam was finished. The filling of the resenvoégin
really on October 1975.
REGAZZONI Pierre-Louis
Report on the comparisons of the jet-test and dhe-@rosion test — USBR 07/2007
Version 2.1
5/42



Soil

\1-2

reference
Soil name inthe USCS' Atterberg limits Proctor state [25 blows] Size curvedistribution
report
and data
Liquid limit  Plastic limit  Plasticity | Max dry density LB [l d50 d60 ke e
[%] [%] index %] | [kg/mn3] W on[%0] % mm]  [mm) [MmM percentag
passing < #40
Teton TE CL-ML 29 25 4 1694.75 17 15 0.03 0.04 0.08 97
Many farms MF CL 47 13 34 1742.809 17 40 0.01 0.02 0.18 95
Mountain park] MP CH-CL 54 23 31 1681.938 20 86 0,0080 0,0154 0.07 97
TrFa;é’“ESh TF CH 55 15 40 1685.142 18 55 0.035 001 0.5 08

Table 2 : Basic soil characteristics.

! Unified Soil Classification System, see the praredJSBR # 5000.
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Figure 2: Photos of the soil before compactioni{fended, (2) "natural”, (3) after drying.
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3 The tests

3.1 Preparation of the samples

Test samples for this series were prepared at $%than the optimum water content. The
position on the dry side was chosen to ensurettfeasame things were compared. Indeed,
obtaining the proctor optimum density is very difit. Each soil was relatively compacted on
the same part of the proctor chart, and hopefullythe same relative state. The soil
preparation consisted of preparing 2 samples, on¢he HET, and one for the JET plus an
additional mass for testing the water contentgast 10 %).

4 steps were required in the preparation of thiessonples.

1. A set amount of soil was mixed in the main tanks@mple was taken from this
amount for determining the water content in a micee (USBR #531%.

2. Enough soil was taken from the main tank to prephsample for the HET, 1 for the
JET, and 2 smaller samples for water contents. Sidilewas mixed with additional
water to obtain the targeted water content (optimuater content less 1 %).

3. Once mixing was completed the soil was preservea tastic bag. The plastic bag
was set in the humidity room for a minimal time3@&fh (USBR procedure # 5500).

uUscs?® Minimu[rnr]storage
GM, SM 3
ML,CL,OL,GC,SC 18
MH,CH,OH 36

Table 3 : Advised time to homogenize the moistongent in the soil.

4. Following step 3 the soil was compacted in a Prooiold according to the USBR
procedure #5500 and water content samples wera tkbe beginning and at the end
of compaction.

The compaction
The HET accommodates the proctor mold for tesfling mold consists of a steel cylinder:
internal diameter of 10.13 cm (=3.99 inch);

height of 11.7 cm (=4.59 inch).

All the characteristics of the mold are enterea iah excel spreadsheet: weight, geometry,
volume. The purpose is to determine the soil weggiat volume in the mold.

The specimen is compacted in the mold using thieviihg compaction effort: a standard
hammer of 2.49 kg (=5.5 lbm) for a falling height .48 cm (=12 inches — USBR

? Refer to the Earth Manual, USBR.
% Unified Soil Classification System, see the praredJSBR # 5000.

® It was observed that the erosion is also a funaithe time variation of the hydraulic gradient.
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procedures). The soil is placed in the mold inehequal layers and compacted with the 5.5
Ibom hammer with 25 blows per layer. After compagctithe samples were weighted in the
mold and stored in the humidity room for 12 houesobe to be tested. The samples were
preserved in a plastic bag. A part of the soil va&®n prior to and following compaction to
determine compaction water content using the USE&Regulure #5300.

Collection of information concerning the samples

A sheet identifying the sample and its preparaitidormation was filled out for each test. The
mass of the intact mold sample was measured toaldfie density. The dry density was
determined using the mass and the compaction waigent as determined in step 4.

Following each test, the volume of the test sam@e determined to quantify the erosion of
the sample. For the HET, a basic measurement ofi¢benetry was made including length
and diameter.

The samples were dried and a mass measurement ades following each drying. For the
HET, a plaster mold of the eroded sample was alsdemAll the geometry was described by
surveying several diameter of the pipe (5) at d#ifé positions. A volume measurement by
hydrostatic weighting was made. The plaster mold assential for measuring and observing
the erosion in the pipe.

For interpretation of the HET, the values requineste the density; final diameter and sample
flow length, which were measured from the plast@dnAdditional data was gathered in
case re-interpretation was required, including massid volumes.

3.2 The HET

In order to conduct the HET a preliminary test wasmducted according to the USBR
procedure which was started with a low head (50 nifmo erosion occurred at this low
head, the head difference was doubled each 15Marerosion was determined if the flow
rate was not observed to increase versus time undenstant head setting. If no erosion was
observed for head settings up to 800 mm then additihead setting were attained in step
increases of 200 mm.

Once erosion was determined based on an observeghge in flow rate then the setting head
was maintained for 45 min (USBR protodabr more.

Once the erosion threshold head was determined thierpreliminary test, then this head was
used as the target head for two additional longgtist For these tests, | let the sample evolves
as long as | could. The technical limit was thenflate, roughly 20 I/min or the time (3-4 h
test).

The main problem with this device & approach ig t@sion is deduced. It is not measured
directly but is inferred from the change in flovtea

The different steps for the HET were:
1. Set up the apparatus to the appropriate head hy tis¢ blank test;
2. Prepare the sample by making a 6 mm diameter bolarger);
3. Set up the sample in the apparatus;
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4. Fill by water the different pipe; opening of the aalve. Open slowly the downstream
and upstream valve;

5. Open the valve for filling, and purging the air time pressure transducers system.
Close the downstream valve;

6. Fill above the weir, the downstream recipient, &veg the scale for the flow rate
evaluation (in case of the use of the scale);

7. Launch the software for the acquisition, wait fbe tfirst acquisition, and open the

Q = f(h(1))

main valve.
AV
Constant head
tank Flow in a pipe
Length L(t)
—h
Contraction i i Expansion
Container and weir
by —> »  of characteristic
Soil Q=f(h)
Tt ! T J Tt
| Differential | i Pressure
' pressure | 1 transducer, height!
. transducer : i ' measurementin |
| pLg*AH() ! ' the container: |

Figure 4 : Presence of crumbling on the upstreaih, dmacy Fish soil.

Following many discussions and deliberations re¢éato boundary conditions at the upstream
and downstream extent of the soil sample it wasrdehed to conduct the tests without end
plates. Initial tests were conducted with an eradgobn the upstream end but it appeared that
the presence of the plate interfered with the eroand measurements of head loss. Therefore
the plates were not used. If end plates are tosbd they must be of a large enough diameter
that they are larger than the final hole. The pasiside to end plates is that they minimize
crumbling, refer figure 4, but it must be deterndiné this out weighs the constraints they
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impose on the erosion process. It was determinddsapoint of the testing that the end plates
would not be used.

3.3 The JET

For the JET, the nozzle diameter, and head difterex the orifice were held constant during
testing. The initial distance of the orifice frorhet soil surface was determined prior to
initiating the testing sequence. The depth of soguand head were measured at set times
during the JET and timing of readings varied defremndn rate of erosion.

AV

— A

Constant head
tank

Difference of head on the orifice:

— AH
Jet Of_ ) Measurement with a differential
characteristic pressure manometer
> Q=f(AH)
v v

L1 _ _ _ | — - - Reference of the level
measurement during the test

I Depth of scour

Figure 5 : Presentation of the jet and the acquidada.
The following steps were taken to conduct the Jefe( Hanson & Cook, ASTM D5852):
Fill of the sample and orifice submergence tank;

Place the sample under the jet with a plastic Ibetween the sample and the bottom
of the container,

3. Take the following measurements using the JET pgege: nozzle and sample
surface height. As a note: when the point gagewsted it effectively obstructs the
flow from the jet orifice, stopping erosion.

4. Open the upstream valve and set up the test hétayserior to initiating the erosion
testing;

5. Raise the point gage above the orifice openingwatig the jet to impinge on the soil
sample surface and begin time measurement immagdiate

6. At different times during testing, measure the amaf scour by lowering the point
gage through the orifice opening, and also medabarbead loss.
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3.4 Data measurement and accuracy

The measurement on the sample

The accuracy of the different erosion measuremismtartly a function of the amount of soil
available for testing.

One of the concerns in measurement was determimatiovater content. It was very difficult
to establish water content accurately and conglgtefhe exact water content in the actual
soil sample was in question for 2 reasons. 1) Thenmum time of waiting for drying in the
oven was fixed to 24 hours. This may not have lzesufficient amount of time to completely
dry the sample in the mold.2) Moreover, accuracyvafer content is very sensitive to the
amount of tested soil. The size of sample for deit@ng the compaction water content in the
tests conducted was limited by the size of thedraljthe available soil.

Another measurement that was taken during thissisés was the final wet mass. It was
observed that the final wet mass was influencedhlieyamount of infiltration of water that
may have occurred during testing. If little erosioccurred during testing, the mass may
actually have increased during testing due totrmatilbn (essentially on Mountain Park soil).

Dry mass determination was essentially relatedht ttme of drying (24-48 h) and the
necessity for using the mold. A minimum time oft&gurs in the oven was established.

Concerning the hole geometry, it was very diffidatsurvey hole diameter in particular on
the wet sample. The plaster print was easier laretivere some concerns related shrinkage
of the soil material during drying of the sampleheT drying could affect the final
measurements on the plaster print ( +/- 1 mm).

The measurements during the experiments

During the HET, all the measurements were takeh witlata logger. The chosen time step
was 30 s, or 1 minute. It is recommended choosthg 30 visualize clearly the kinetic of
erosion and to be aware of any problems. The reduireasurements were:

the outlet flow which is measured by weir Q(t);
the head lossesH(t);
time.
During the JET, measurements were taken manudily.réquired measurements were:
the depth of scouring using the end of the nozzla eeference;
the head loss through the orifice;
time.

Water quality was monitored during testing withapparatus, Hydrolab DS5X, set up in the
water tank. The parameters monitored were the teatyre, the pH, the conductivity and the
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dissolved oxygen. The parameters monitored wegdively constant during a test and during
the entire period of testing.

M easur ement Accuracy Unit Comment
Initial water Depends heavily on the tested mass (if sufficient o
0,1 % not). Problems linked to this measurement are
content )
important.
Initial mass of 0,002 Ibs
sample
Final mass of Depends on the final soil consistency, loss when
0,01 lbs iy .
sample retiring the soil of the water.
volume 0,005 Depends on the ability of the soil to go through th
basket.
Dry mass after 0.01 Ibs Depends on the time for drying of the sample aed th
erosion ' losses during the mass measurement.
Final diameter 2 mm Problem in determining the diameter.
Final length 2 mm Problem in the protocol for doing it.
Diameter on Problem for evaluating the correct position of the
0,5 mm ;
plaster mold caliper.
Table 4 : Accuracy of the measurements for the &amp
Measurement | Average ita'?d?‘fd Maximum Minimum
eviation
pH 7,38 0,065 7,84 7,21
Conductivity 178,39 21,71 256,6 152,3 mS/cm
Dissolved 7,33 0,43 13,81 5,2 mg/L
Oxygen
Temperature 18,34 1,13 21,8 15,31 °C
Table 5 : Characterization of the water for thetses
Measurement | Accuracy Unit Comment
. Depends a lot on the time of reaction of the
Time 2 S
operator.
Depends on the water supply; there is sonje
JET Head +/- 0,25 inch problems of variation of level in the head
tank.
Depth 0,001 ft Some inaccuracies are due. to the deepenipg
of the point gauge in the soil.
Head 1 mm Fluctuation exists because of the turbulenfe.
. Essentially based on the speed of the reading
HET Time 0,02 S of the sensor and the writing in the text fil¢
The main unit is the I/min, but the accuracy
Flow rate +/-3 % for the flow rate is relative to a calibration
curve.

Table 6 : Accuracy of the different measurementsduhe experimentations.
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4 Data analysis: theory

4.1 The HET: the variation of flow rate versus time under a constant head for
deducing an erosion law.

The main idea for analysis of the HET is to reldte variation of flow rate to the hole
diameter. There are several assumptions relatethisoanalysis. The description of the
following part is based on the report made by Jriéy (USBR), the software of B. Travers,
and the report written by R. Fell.

The analysis consists in several assumptions comgethe experiment and the theory. It
comes from the fluids mechanics/hydraulics in piplee shear stress is expressed according
to a momentum analysis and also a friction factodeh (Chezy). Then, the two expressions
are equated for deducing a diameter.
Assumptions:
On the experiment:

1. the head remains constant versus the time;

2. the area of the hole is a disc of diameger

3. the length of the sample is constant versus time;

4. homogeneous erosion on all the length of the pipe.
On a theoretical point of view:

1. all the flow is circulating through the pipe;

2. a constitutive law for the water is assumed;

3. homogeneous material of dry dengpty.

The constitutive law for the water: the expression of a shear stress.

The shear stress could be deduced from a “momeanahysis” on a piece of pipe of length L
and the volume of water inside.

—
<

v

Shear stress :
— - -~

< <

A

Downward pressure
Ps

Upward pressure
Pe

1
—
!
1
1
!
—
1

Figure 6 : Schema of the momentum analysis.

The following relation is established:

AH*p*g, ¢ _ [4]
L 4
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AH : head loss through the pipe [m].

p : density of the water [kg/m”3] (=1000).
g: gravitational constant [m/s”*(-2)] (= 9,81).
L: length of the sample [m].

It is also possible to build the constitutive lagcarding to the fluid characteristics in the pipe
as the speed. This constitutive law is based ossidal expression used in fluid mechanics
function of the Reynolds number (Re).

*[] * 5
Re=P*U*® [5]
H

It exists two flow regimé's

Re>500Q7 = f, *U2 [6]
refer Fell, 2002, p. 3-15.

Re<500Q7 = f _*U

U

—  4*Q,
:—#kQ""’e : mean velocity [m/s] of the flow in the pipe.

M dynamic viscosity [kg/(m.s) or Pa.s] (=1e-6).
f: friction coefficient. Units : [kg.rif.s"] for laminar and [kg.f] for turbulent.

A parameter is lacking for deducing a shear stfgss diameter) with time, a law is built for
the evolution of the friction coefficient. It assama linear variation of the friction coefficient
f between the beginning and the end of the test. ifiitial and final friction coefficients are
deduced from the initial and final hydraulic comnafits.

— f(tf)_ f(to)*(

[7]
t, —1, t_to)'l' f(to)

Two friction coefficient laws are computed one for (laminar coefficient), one for+f
(turbulent coefficient). The following equations arsed for computing the initial and final
value.

* 7k Ak y* 8
1‘L:¢]3 P9 A for the laminar case 18]

16*Q* L

* 7k Ak oy * 9
f; :wg 7 p* 9* AH for the turbulent case 19

16*Q* L

! The value for a Reynolds number of 5000 is higreard of the literature. A value of 3000-4000nsgenore
reasonable.
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70 A r 140

60 - r 120

—&— Friction factor - laminar

50 + r 100

—+ Friction factor - turbulent

40 + r 80
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Friction factor laminar [kg.m?.s™]
Friction factor turbulent [kg.m‘s]

10 A r 20

| | |
T T T T T 0
0,00 500,00 1000,00 1500,00 2000,00 2500,00 3000,00

Time [s]

Figure 7 : Evolution of the friction coefficientrfthe laminar and turbulent case.
The stepsin analyss:

By equating relationships in equations 4 & 6 atieemy time, it is possible to deduce
@ according to the hydraulic conditions.

1. A mean length () and gradieritare evaluated for the tests;
_

| _ linitial +|final

, and the hydraulic gradient is computed by aveigtjie head losses with

time & considering the mean length.

2. The initial and final friction factors are deducedrh the hydraulic data. The used data

are @(to), @(ts), Quipto), Quiptr); an evaluation is made for the laminar case &ed t
turbulent case;

3. The friction law is constructed according to timeusing the equations 7, 8 & 9; at
the end, two friction laws versus time are avadallirbulent & laminar. The friction
laws are plotted on the figure 7.

4. A diameterg(t) is deduced

Evaluation of the diameter in turbulent and in laanicase by using the
deduced friction coefficient with the equation fidahe equation 10 and 11,
for the diameter. If the two computations give eliéint Reynolds regime
(Laminar and Turbulent), an arithmetical averagei@a computed.

! It may be possible to use the gradient measuréubaime t computed with an average length. But,test is
meaning to be at constant head, so | made an avacagrding to time.
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Figure 9 : The deduced diameter from the mean graclthe flow rate and the initial & final geometry
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Laminar regime: the two Reynolds numbers are less than or equQ0:
(16*Q* f x LY [10]
T p*g*AH
Turbulent regime: the two computed Reynolds numbers are greater30a:

o[ 84 Q2+ f* LY [11]
T p* g* AH

Evaluation of the Reynolds number according to treuted diameter for the
2 regimes;

Evaluation of a diameter for the time t.

5. A 3 order polynomial function is interpolated from &) function. This function is
differentiated according to time in order to obtairrate of evolution for the hole.
(refer Wormer, 2004). It is possible to build a rerioal differentiation according to
the computed values. The use of a correlation eaghee increase in diameter with

time.
¢(t) = A*t"3+B*t"2+C*t+D [12]
%23*A*t"2+2*B*t+C3m:pD*%*l [13]
dt dt 2

6. The shear stress is deduced by using equationed4cdimputed diameter and the
average head. The equation 13 allows the deternimimat a mass rate by unit of area
by using the diameter variation.

1,60E-02 -
1,40E-02 -
1,20E-02 ~
1,00E-02 ~
8,00E-03 ~

6,00E-03 ~

Erosion rate [kg/(m”2.s)]

4,00E-03 ~

2,00E-03 +

0,00E+00 : . . . . . )
0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00
Shear stress [Pa]

Figure 10 : The erosion law deduced from the analys
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The result is plotted as the erosion law in terinsod mass per second (refer figure 10). The
tangent (or the linear interpolation) on the laftesof the minimum is defined. Its slope
corresponds to theyk, coefficient. By taking the opposite decimal logjfam, it is obtained an
erosion index.

I HET — _Iog(kd,m) [14]

4.2 The JET: the depth of scouring versus the time for deducing an erosion
law.

Studies made on scour, Albertson & al., 1950, @rskorations lead to the conclusion that an
equilibrium depth exists. This equilibrium depthrresponds to the point where erosion does
not exist any more (or equilibrium between depositand pulling out of soil are balanced).

A first assumption of the JET is on the erosionawadr (the evolution of the depth with time)
of the soil. It is governed by the linear erosiaw Idescribed in equation 3. This assumption
leads to a summary of the erodibility in the caméints kg & t.. Therefore a key assumption
of the JET is that the shear stress at the soihd@ty when the equilibrium depth is reached is
equivalent to the critical shear stress.

With these assumptions, a set of equations aréewrio describe the erosion phenomena and
deduce the erosion law for the JET. A detailed dieson of the development of these
equations for circular jets refers to Hanson & 2002.

Assumptions and conditions:

On the experiment:

1. the variation of the interface position under tleater of the jet is accounting for the
erosion of the soil;

2. the jetis submerged.
On a theoretical point of view:

1. a constitutive law for the water is assurh@dterm of kinetic energy diffusion and in
the development of shear stress under a jet;

2. the existence of a equilibrium depth where the aytic shear stress is equating the
shear threshold for the erosion;

3. homogeneous material of dry dengpty.

Presentation of the geometry:

The jet nozzle exit is the reference point forsabur measurements of the JET. The initial
configuration is important because it leads toetha@luation of the erosion with time.

! These laws are coming from experiments, and aseritied in the article Hanson & al., 1990.
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Figure 11 : Geometry description of jet for the brsés.

J: distance of the soil from jet orifice [mp, 3 J(t=0
Je: distance of equilibrium for the test [m];
do: orifice diameter [m]

The constitutive law for the water:

As the jet of water leaves the orifice, and entkeswater reservoir, the first behavior for the
water is the transfer and absorption of kinetiosrgy as the jet travels through the water. The
original velocity of the jet is maintained at thenter of the jet for a distancg J

J,=62*d, [15]

Jp: distance from the orifice where the speed of wigteonstant at the center of the jet [m].

Beyond |, the kinetics energy is diffused through the engt diameter and relationship for
this diffusion is defined as [Albertson & al., 1950n the centerline of the jet.

J<J,,U=U, [16]
J
J >Jp,i:_"
U, J

In order to evaluate erodibility based on equaBoa shear stress model is necessary for the
interface soil/water. This modeling is based ondlassic expression for shear stress in fluid
mechanics (cf. equation 6 in the turbulent case)).tire value of the coefficient, it is possible
to refer Hanson & al., 1990.

r=C,*p*U? [17]
C,; =0,00416

Ci: Chezy coefficient for the soil/water complex.
Re: Reynolds number at the orifice according to tlzengter of the orifice.
The velocity of water at the nozzle outlet is basedhe head — discharge relation:

U, =+/2* g* AH [18]

AHE: water head difference on the nozzle [m].
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Theanalysis:

The first step of analysis is to determine the opuum depth for the scour which is deduced
by using the time scour relationship developed kisell, 1981. The analysis consists of a
correlation with water velocity, time, and scouptleusing a hyperbolic logarithmic function.

The critical shear stress is deduced from the oetation of the equilibrium depth based on
equations 17 & 16.

- * Ak JP* i - ‘]P 2* [19]
r=C,*p 3 U, andrC—J— T,

e

To €: potential shear stress at the exit of the nozzle [Pa] conapliyeusing the equation 18
and 17.

The second step in the analysis consists in alatime of the data couple (depth, time) with
an integration of the erosion law. An a-dimensiaglation for erosion is written.

dJ _ wfe x e [20]
a:kd (Cf p*u’ _Tc)

dJ J : J ? [21]
a:kd*{cf*p*(f*“()j ‘Cf*"*(f*“"n

2 22
gzkd*,c*[(gj _q [22]
dt J

By expressing the depth with the equilibrium degutidl an a-dimensional depth, the following
equation is obtained:

dJ’ JY [23]
oY % J - k * * ~Me _1
dt e d Z-C (( J j j

The integration of the equation 23 leads to a litigawic function for solution, and the
expression of some characteristic value for thélero, refer 24.

Ka"Te g2 [24]
J

e

T; =

The data couple (depth, time) are correlated uhiagequation 25 for deducing a k

[25]
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Equation 25 is valid for the condition J & For the condition J <;Jhnother equation could
be built. For most the experiments, this condii®ichecked. If it is not checked, some data
are deleted to reach the condition and a chantfesitime reference is made.

The analysis is made in 2 times by using the saate; @ne for deducing the critical shear
stress, and the other for deducing thedefficient. An improvement could be the use of 1
correlation on the data set for deducing the 2rpatars.

5 Analysis

5.1 Comments about soil preparation

The first point on the preparation is a generalrcompaction in comparison of the available
data. This fact seems to be emphasized by the cfaesenting the compaction ratio in dry
and wet density (refer figure 13). The percentagdefined as the ratio of the experimental
density on the reference density (given in the mepg Wormer). Our set of experimental

points is describing by a straight line on the rigbsition of identity. May be, there is a

problem of compaction. The variation observed cdwddexplained by a higher compaction
rate because of the use of a different rammer dogimg the previous studies. It may be also

caused by a long drying time for the soil.

ME Moisture  Drydensity Wet density
content [%] [kg/m"3] [kg/m"3]
Average value 14,9 1777,7 2037,1
Standard deviatiof 0,6 12,5 12,0
Minimum value 13,7 1752,1 2004,9
Maximum value 17,4 1815,9 2076,2
TE Moisture  Drydensity Wet density
content [%] [kg/m”3] [kg/m" 3]
Average value 16,0 1697,7 1970,0
Standard deviatiof 0,4 3,7 6,1
Minimum value 15,2 1690,1 1954,3
Maximum value 16,6 1703,6 1982,8
TE Moisture  Drydensity Wet density
content [%] [kg/m"3] [kg/m" 3]
Average value 17,4 1625,7 1908,1
Standard deviatiof 0,6 47,5 53,6
Minimum value 16,3 1498,4 1774,2
Maximum value 18,5 1707,9 1992,5
MP Moisture  Drydensity Wet density
content [%] [kg/m”3] [kg/m” 3]
Average value 17,8 1662,0 1940,5
Standard deviatiof 0,6 6,3 25,9
Minimum value 16,6 1653,3 1887,1
Maximum value 19,2 1679,1 1975,7

Table 7 : Moisture content and dry density for sods.
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The water content determination which influences dietermination of the dry density could
partly explain the variation by underestimating t&ter content. The amount of soils used
for water content (100 g) was not adequate to agrate determination.
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Figure 12: Dry density versus moisture content.
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Figure 13: Compaction percentage for the dry dgnaitd the wet density.

The solil preparation seems correct when the charsiits are compared but some soils are
presenting more discrepancies than others. Largatieas are observed in the preparation of
the Tracy Fish soil. The point on the left of tHead “dry density versus water content” is
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explained by the fact that no water content wagrdghed prior the fabrication of the soil.
But, for the variation observed on the other pgihthink it is due to compaction problems
and the proper behavior of the soil.

Analysis was based on all the tests available withexception of the first tests for Many
Farms and Tracy Fish which were not included. Tiweye made to define the protocol. At
least, for each soil, 3 HET and 3 JET were conetléor the analysis.

5.2 HET analysis

This section presents HET results for one tesspitto indicate and discuss typical results as
well as the observed erosion behavior. The testseshfor presentation of the HET test are
based on constant head and enough time of erosiatedcribe observations and discuss
results. The tests are the following:

Tracy Fish : DEN-TF-HET-05-06-2007 — TF-5

Many Farms : DEN-MF-HET-30-05-2007 — MF-7

Teton : DEN-TE-HET-13-06-2007 — TE-3

Mountain Park : DEN-MP-HET-25-06-2007 — MP-4

The two curves on the following pages present tbe fate and head versus time, which

indirectly display the behavior of the soil. Thenease of the flow rate represents the rate of
erosion by indirectly indicating an increase in tode diameter (for a trial at constant head).

It is possible to see from these plots that theoMetoil erodes faster than the Many Farms
soil. Observation of the Tracy Fish soil data iatls some discontinuities in the flow rate.

These discontinuities are due to a clogging ofpibe as chunks are dislodged during erosion.
This phenomenon was only observed for this soil.

Concerning the head necessary for erosion, it vdas for Many Farms and Teton soils,
1000 mm — 1200 mm for Tracy Fish to 1600 mm for kkain Park. This by itself gives
some indication of the difference in erosion resist of the four soils.

The initial shear stress equivalent to this headdcbe evaluated with the equation 6 using a
diameter of 6 mm and the initial length of 115 mm.

Many Farms 10 Pa
Teton: 10 Pa

Tracy Fish: 130 Pa
Mountain Park: 200 Pa

So as a relative conclusion from the figure 15 #mal previous critical shear stress, it is
possible to establish a scale for erodibility o flour soils from more erodible to the less
erodible : Teton — Many Farms — Tracy Fish — MoimRark. This conclusion is based on the
critical shear stress. In order to make a commletermination of order of erodibility requires

an evaluation of theqgk That is the objective of the following analysis.
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Figure 15 : Flow rate versus time for differentlsoi

The behavior of Tracy Fish could be observed ourédl6. Between 1000 s and 2000 s, the
head loss is increasing associated with a decieatbe flow rate. The reason for the large
changes in flow rate is due to “chunks” clogging thipe. The fluid is eroding “chunks” of
the soil in a dis-continuous way. Based on visuaseovations, the size of the eroded
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“chunks” clogging the hole are larger than the sizéhe air dried material particles used for
compaction.
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Figure 16: Behaviour of TF soil - trial on samplé&-#.
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The shape of erosion:

In addition to the internal erosion of the pipepseon was observed to take place at the
extremities. The erosion at the extremities is nreraarkable at the downstream end of the
sample than at upstream end. This is due to theethesses at the expansion which are more
important than in the contraction. On the picturegs also possible to see the texture of the
soil. It goes from affine soil texture MF & TE tocaarse and irregular texture TF.

Mountain park soil — U/S D/S.
Figure 17 : Erosion of the soil - view of the extites.
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Many Farms soll Tracy Fish soil

Teton soil Mountain Park soil

Figure 18 : Photography of the plaster mold for tHET.

It is possible to observe the variation in lengthih@ internal path of flow by evaluating the
photographs taken during testing. This length wanmaeads to a hydraulic gradient variation.
In order to minimize the impact of length variation the computations, an average length is
used. This leads to a computation of the sheassstom a 1-D geometry where only the
diameters varies with time.

As it is possible to see on the plaster mold, thal fdiameter could be averaged only on a
small length (4 cm for Teton soil). But, accordilagthe experiments, these length variations
are mainly explained by the erodibility of the soil

The effects of erosion are:
. increase of the diameter;
reduction of the length.

Some difficulties appear for the interpretationtioé data. The variation of flow rate is not
only related to the variation of the diameter.
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Fell analysisfor the HET tests

Conducting the test with a constant head improess ¢onditions and analysis because it
eliminates the complexity that varying head would & the analysis. A small time variation
on the head difference is observed. This variasomot directly linked to the erosion, so it is
used a time average head difference. The use efdwaraged head impacts the computation
of the diameter and the shear stress (equatiod1)Q but it filters the variations due to the
experimental device.

A first step in analysis of the four soils is ohseg the data from all the available
experiments. A summary of the HET analysis is givetine table 8.

Erosion index Kdym [M™3/(N.9)] C;:'g [igiar Comments
Short trial - not a lot of points
MF-3 (2) 4,30 2,8F% -200,79 Important head not included i
the analysis.
MF-5 3,14 4,05 12,02
MF-6 3,20 3,557 9,40
MF-7 3,16 3,859 8,94
TE-1 Impossible to deal with the analysis / Erosion faxt
TE-2 3,11 4,567 10,08
TE-3 3,41 2,28 -28,84
TE-4 Impossible to deal with the analysis
TE-5 Impossible to deal with the analysis
Clogging of the pipe / Included |n
TE-3 4,13 4,550 253,40 the analysis by using the time
when the applied head is
maximum
TF-4 4,70 1,2508 0,01 Clogging of the pipe
TF-5 4,96 6,57 186,42 No clogging
. . . Clogging at 8 min - under a hegd
TF-6 Impossible to deal with the analysis 9ging of 1000 mm
TF-7 4,79 1,08 670,12 No clogging
MP-1 No interpretation because of USBR protocol & fewson
MP-2 5,40 2,169 248,62
MP-3 5,80 9,551 84,09
MP-4 5,33 2,76 343,80
Table 8: Results for the analysis with the HET.
kd % of Critical % of
[m™3/(N.s)] variation stress [Pa] variation

MF 3,85 35% MF 10,12 12,52%

TE 3,479 33% TE -9,38 -207,50%

TF 1,86°% 71% TF 277,49 70,75%

MP 1,960 35% MP 225,50 41,81%

Table 9 : Average value and observed deviatioreitgntage of the mean for the HET results.

First, in this table, it can be observed that idliisicult to conduct analysis for the HET on a
significant number of tests, up to (30 %) in thit ®f tests. Analysis was considered
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impossible if the computations results in erroneeusion law, or if the speed of erosion is
too fast and few points are available for the Ims&relation on the erosion law.

Based on the computed erosion index results, ossible to classify the soils. The most
erodible soil of the four evaluated would be Margrgs with an erodibility index of 3,18,
followed by Teton with an erodibility index of 3,24racy Fish with an index of 4,52 and
Mountain Park with an index of 5,47. This classifion is strengthened by the crude
classification made with a quick analysis of thenflcurve of the HET. Between Many Farms
and Teton, some doubt exists as to which matesiaiore erodible. The erosion rate versus
time seems to be greater for Teton versus Many $atoording to figure 15. This may be
explained by the fact that Teton has a lower tholesand a lower kthan Many Farms.

Concerning the value for the critical shear stressre discrepancies are observed for the
critical shear than for thegykand some computed values are negative which is not
mechanically possible. The Teton soil was obsenee@rode rapidly so it was normally
possible to interpret the data but in some casegdte of erosion was such that it led to
negative values interpreted for critical shearsstrdt is surprising. The interpretation of
negative critical shear stress values may be engilaby the fact that the analysis is not
complete.

Commentson the Fell analysis

The analysis of the HET is heavily dependent ongégx@metry of the initial and final state of
the hole. The analysis uses the constitutive lamsicizring only the final and initial flow rate.

Moreover, the computed friction coefficients usedhe constitutive law analysis are simply
not realistic. The values are too high for the [fitene with a relative roughness (median
diameter of particles on the diameter of hole),020and less (refer Nikuradse).

Is a plot of the friction coefficient versus Rele® number for each soil. It can be observed
from this plot that friction coefficient ranges walue from 0,005 to 0,25 for a Reynolds
number variation of 5000 to 20000. According to tHikuradse’s curve (figure 19), this
variation should go from 0,02 to 0,1 for a Reynotdsnbers up to 80000 and a constant
relative roughness. Consequently, the value abdgnning of the tests seems to correspond
with a realistic friction factor but at the endtbé test, this value seems simply too high.

. . . Initial value Final value
Initial relative  Maximal value
found for f[no  found for f [no
roughness for f . :
unit] unit]
MF-7 0,0017 0,02-0,025 0,03 0,13
No value /

TE-3 0,0050 0,032 laminar model 0,23
TF-5 0,0006 <0,02 0,006 0,27
MP-4 0,0017 0,02-0,025 0,03 0,48

Table 10 : Value for the friction coefficient fouwith the Fell analysis.

As an additional observation, the friction factocreases with the Reynolds number for some
soils which are quite surprising in the case ofré@sing roughne&sAn evolution law for the

! Erroneous law : the parabol is admitting a maximum

% The dimension of the roughness is equal but tisesa increase in diameter.
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friction factors does not seem to be a valid apgndar an analysis of the HET. Mechanically
the variation of this one with time is not expldie The variation is related to the variation
of the relative roughness by an increase of theéiar and to the variation of the Reynolds.
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Figure 20: Friction coefficient versus Reynolds floe different soils.
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At last, the transition between laminar and turhtlis proposed as a Reynolds number of
5000. In pipes, generally the transition is mor2@i0-> 5000. The turbulent regime in a pipe
is clearly established for a Reynolds number of 0@6Qrefer figure 19). | think, in the
transition zone the results of the tests are diffito interpret.

Concerning the erosion law, a minimal value for tla¢e of erosion is observed. It is
surprising. The assumptions of a soil decohesiahte@msport can explain partly its presence.
But, an analysis in time has to confirm it.

The proposed approach for analysis of the HET colldd to reasonable relative
interpretations of erodibility coefficients but még misleading for absolute values. This
depends a lot on the interpretation of the fricooefficients and the deduced hole diameter.

The HET is interpreted by using equations writtem permanent and steady flow. The
deduction of the erosion is made by computing thle kdiameter at a given time during the
test. So each time step of the test is consider@elpendent from the others. Therefore, it is
possible to find some decreases in the hole dianteteng the test even though increases
would always be anticipated. The history of thewfloate is key in the analysis for
determining the hole diameter. It has to be comstti¢o use the gradient in the flow rate to
deduce a gradient in the hole diameter. A betterprehension in the fluid mechanics and the
hydraulic stresses of a HET is necessary.
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5.3 JET analysis

This section presents the data results for the $wmils tested using the JET at the USBR
Laboratory in Denver. One test for each soil is siamzed below in figure 21. The plot

shows the depth of erosion (origin is the soil acef at time t = 0) versus time. It can be
observed that for the most part, the rate of seoosion decrease with time. This would be
expected if an equilibrium depth would eventualey ditained with time. In my experiment,

this observation was not made (not enough timest).t
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Figure 21 : Results for each soils of a jet tesead on orifice is varying with soil (1 inch = 0®2m of height
of water).

It is also possible to observe the behavior ofsibi€on this chart. To be more comprehensive
this curve should be built with the same head &itke jet nozzle. This remark is also true for
the HET. Using the same head loss for all testsaallrelative erosion classification of the
materials based on scour depth observations vamsasAs for the HET, the classification is
based on the initial shear stress and also ratdsérved erosion. In order to obtain the real
erosion law an analysis has to be made for botIHEHE and JET to deduce &ndtc.

A relative classification of the soils based onuwsctest results of more erodible to the less
erodible is: Teton — Many Farms — Tracy Fish — MaimPark.

Many Farms and Teton results are not necessae#yr tlut it is possible to say that:

Tc teton > Tc many farmsbecause the equilibrium depth appears to be ctostre original
soil level for the Teton soil based on resultsiguife 14.;

Kd teton>= Kd many farmsbecause the slope at t=0 is steeper for the Tsddrthan for
Many Farms.
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Some problems were encountered with the Tracy &@sh During the JET, particles were
removed in “chunks” periodically throughout the tfesesulting in large shifts in depth
measurements with time (figure 22).
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0,04

Depth [m]
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0 500 1000 1500 2000 2500 3000 3500 4000 4500
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Figure 22 : Behavior of Tracy Fish soils.

The behavior of soil TF-5 may partially be due #dbcompaction in comparison to other
compaction results. The compaction of TF-5 is 9004he mean of the other compaction
results. Concerning the jump observed in TF-7,sitmiainly due to the presence of the
compaction layer (depth = 0,12 ft). On the othalsssome discrepancies could be observed
with the erosion behavior during time, but theyldole certainly explained by variation in
compaction & preparation.

The shape of erosion:

3 shapes of erosion profiles were observed in #se of the four soils tested at the USBR
Laboratory in Denver. The erosion profile obserfredn the Many Farms JET samples was a
parabola (or near). The erosion shape observethéofeton soil samples was a scour hole
with what appeared to be “waves of soil” around peemeter of the hole. In one case rapid
erosion was observed due to local compaction pnahleThe transition on the curves

presented in the appendix is taking place nearctimepaction layer. Concerning the Tracy
Fish soil and Mountain Park soil, the profile iatfl

The difference in shapes of erosion may be expidiyedifferences in the erosion process for
the different soils. For MF and TE, the erosionetlplace with an eroded particle size
equivalent to the size of the original particlesha air dried material prior to compaction. For
TF & MP, the erosion takes place in the form of rdksigreater than the original size of
particles in the air dried samples. This might e do the strength of cohesion and the
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presence of fissures within the compacted samplding to a jacking phenomenon during
erosion.

Mountain Park soil: TF-5
Figure 23 : Shapes (after drying) of erosion witle fet.
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Use of the JET analysis

All the available data are analyzed with the Exsledet for the erosion described by Hanson
and Cook (2004). The value for the analysis ofdifierent constant coefficients arg=6,2,
Ci=0,00416, ¢=0,25 inch. They are issued from an analysis madddnson and al. (2002).

The data are summarized in the table 11.

ks [ INS) ol Fgla] [kglm 9l i SN
MF-2 1,09 0,15 1,9 2,72 Using only a part of the data
MF-2 1,150 0,13 1,96% 2,71
MF-4 (1) 2 3406 0,60 4,1§% 2,38
MF-4-(2) 55F% 0,55 9,76 3,01
MF-5 1,097 0,37 1,080 2,72
MF-6 1,50 0,12 2,687 2,57
MF-7 1,940 0,27 3,450 2,46
MF-8 1,89 0,03 3,357 2,48
TE-1 1,67 0.65 2,850 255 Head loss thr_ou%h the orifices = 14
Inches
TE-2 1,087 0,90 1,857 2,74
TE-3 1,35 0,66 2,260 2,65
TE-4 1 8G-% 033 3 06 251 Problem after 1/2 h / erosion till thg
' ’ ' ' bottom
TF-4 8,647 5,38 1,450 2,85
TF-5 3,8F°0¢ 0,08 5,750 2,24
TF-6 4,367 0,22 6,98 3,16
TF-7 3,97 1,80 6,28 3,21
MP-1 2,3F% 7,50 3,95% 3,41
MP-2 1,597 9,15 2,65 3,58
MP-3 1,557 8,20 2,56 3,59
MP-4 1,657 7,18 2,7F% 3,57
Table 11 : Results of the jet tests for the diffieisoils.
kd % of Critical % of
[m"3/(N.9)] variation stress [Pa] variation
MF 1,22F0@ 34% MF 0,50 96%
TE 1,475 18% TE 0,64 24%
TF 1,385 89% TF 1,87 94%
MP 1,595 2% MP 8,18 8%

Table 12 :Average value and observed deviatioreiitgntage of the mean for the HET results.

The equivalent of the erosion index was computedttie jet. To compute it, the erosion
coefficient Iy, is found by multiplying the coefficientyboy the dry density refer equation 3.
The final index is computed by taking the 10-logan of ky m.
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So, by comparing, this different index, it is ptsito obtain the following classification
(built on an average value of)k TF* — 2,57; MF — 2,59; TE — 2,60; MP — 3,58. The sbil
Tracy Fish appears as more erodible than Many Fandsleton. As a side note: it is pointed
out that the index is essentially based on theohtrosion once it is emerced; kalue), not

on the global ability of the soil to erode. Thiasdification results in some errors because a
critical shear stress should also be determinedraridded in order to make a more accurate
classification.

The JET analysis always allows for a determinatbthe critical shear stress which seems
acceptable and the observed variations in respfiea to be due to difficulties in consistent

handling and preparation (TF). The results for ¢énesion coefficient and the critical shear

stress are given in the . A lot of discrepanciesarserved for the critical shear stress. The
rate of erosion seemed to have the similar magestfichm test to test for a given soil.

Commentson the JET analysis

The analysis is based on an experimental work &dlde ARS. It authorizes the deduction of
erosion parameters in a clear way. The coefficiémtghe different laws used are coming
from the experiences. A possible improvement inghalysis will be the correlation of our

data directly with the erosion law. It will avoidd deduction of the equilibrium depth, and the
parameters will come from the same fitting on th&ad

The following comparison is not taking into accotimt different remarks made on the HET
and the JET. It presents the data deduced by thigsas presented above.

5.4 Comparison of the two devices

The first comparison of the HET and JET is basedheninitial state of the two apparatus
relative to velocities of flow and hydraulic shearess. The initial state for the HET is a flow
selocity of 1 m/s and a shear stress ranging frorRagTeton and Many Farms) to 200 Pa
(Mountain Park). The initial state for the JET isflaw velocity at the jet impact of
approximately 3 to 5 m/s and a shear stress ofa8BtbR05 Pa. The range of values covered
by the two tests is roughly the same concerningstiear stress. But, there is a difference
between the JET and the HET. In the first a pres@mpact) is applied on the soil. Maybe it
lead to a different state of stress than the oopgsed in the analysis.

The JET velocities of flow and values of shearsstrdecrease as the test progresses with time
and the HET values increase with time. Concernhmegy IET, the stress is computed by a
Chezy expression (equation 17), and for the HETsthess is computed by the expressions
from the momentum balance (equation 4).

The second comparison of the tests is the diffepemameters obtained with the 2 tests.
Unfortunately, some discrepancies are observethanvalues of the different tests. For the
HET, these discrepancies are due to the limitatas difficulties in analysis. For the JET,

the observed discrepancies appear to be more dihe t@al behavior of soils and variations
in the compaction state.

! For the interpretation of the erosion on the Tr&ésh soil, the trial TF-1, TF-2, TF-3 are neglecia the
analysis because of a number of points insufficibti-1 is neglected in the analysis because ofratuan of
pressure during the test.
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The table 13 provides a summary of the averageesaifi all the tests for the different soils. ,
Figure 24, figure 25, present the different coegfits for the different preparations of the four
soils tested.

One of the first points to be made is that the oadanagnitude for the critical shear stresses
and the erosion coefficients determined from thé ' HiBd JET are not the same. The factors
varying with the kind of soil tested. The erodityilcoefficient is 10 times greater for the JET
test than the HET and the critical shear sfris00 times less for the JET than for the HET.

The relative order of the erodibility of the fouwnils tested is coherent between the two tests
with the exception of the Many Farms and the Tetalnes which appear to be inverted for
the two results. The Many Farms soil is less elediban Teton according to the JET index.
The opposite situation appears for the HET index.

The index does not integrate the critical sheagsstin its computation. The HET analysis
partially integrates the critical shear stresshi final results by the deduction of the friction
law using the initial and final time. For the magsrt the erosion dynamic of the HET is
driven by the friction law. By considering the @il shear stress for the JET & the index for
the HET, the relative erodibility is conserved.

JET HET
Critical Critical shear
kg [m"3/(N.s)] shear stress Erosionindex |kd[m"3/(N.s)] stress[Pa]- Erosionindex
[Pa] theorical
MF 1,22E-06 0,50 2.66 3,877 10,1-<10 3,18
TE 1,47E-06 0,64 2.60 3,4F°7 -9.4-<10 3,24
TF 1,38E-06 1,87 2.67 1,86 277,5-< 130 4,52
MP 1,59E-07 8,18 3,58 1,96 225,5 - < 200 5,47

Table 13 : Summary of the soil properties concagrifre erodibility, comparison between the JET dredHET.

kg JET/Kq
HET
MF 3,74
TE 4,31
TF 69,33
MP 77,57

Table 14 : Ratio onkbetween the JET and the HET.

Tc JET / Tc
HET
MF 0,05
TE -0,07
TF 0,01
MP 0,04

Table 15: Ratio ot between the JET and the HET.

1 We consider for the HET, the shear stress onrtitialidiameter.
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There does not appear to be a significant reldtipnbetween the kcoefficient and the
critical shear stress for the four soils testedvben the 2 tests. This fact is mainly due to the
interpretation of the HET which is difficult to hdle and does not allow computation of the
values of the mechanical parameters. Moreoveryaepsncies in the soil preparation do not
allow yet a direct comparison.
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Figure 24 : Comparison of the shear threshold ofagi with the HET and the JET.
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Figure 25 : Comparison of the erosion coefficiebtained with the HET and the JET .

Information extrapolated from the HET test compguiine flow rate from the Teton Dam soil
and Many Farms points out a difference in the erosiehavior of the two soils (refer figure
26). Using the slope on the flow rate, Many Farppears to erode faster at the end of the
test than the Teton Dam soil. But at the beginmhthe test, the Teton soil erodes faster than
the Many Farms. It could be deduced from this olzern that the Kieton >= Kd many farmsand

T teton > Tc many farmsOl Kd teton =< Kd many farms@Nd T¢ teton < Tc many farms Te first case is clearly
described by the JET analysis.
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Figure 26 : Comparison of the behavior of Teton dMahy Farms soils according to the time under 50 @im
head loss.

6 Conclusion

The experimental work has to be completed to be sfirthe conclusions concerning the
relation between the erosion with the JET and thsien with the HET.

The two tests determine the soil erodibility andenghe ability to give relatively the same
erodibility classification. For the JET, the anadyand classification has to be made in two
steps: first, with the critical shear stress andosd, with the erodibility coefficient. The
erosion index of the HET leads to the same commtusihe HET gives some problems for the
deduction of a critical shear stress. It is possiblfind a negative one.

A complete erodibility analysis should include:
1. the critical shear stress (does it happen?);
2. the erosion rate coefficient (what is the rate?).
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The use of the Hole Erosion Index only providesinfation about the rate of progression of

the pipe, which is only a part of this informatidh.seems possible to develop an analysis
procedure to include determination of the critlaar stress parameter. The analysis with the
JET seems to be more complete in this aspect oanlag/sis because it determines both of

these parameters.

In terms of soil behavior, in spite of the two apgeches, HET and JET, being totally different,
they appear to provide similar answers to relathw not for absolute comparisons. The
erodibility coefficient for the HET appears to b@ times smaller than the Jet and the critical
shear stress appears to be 100 times greaterintigates that the threshold value is less for
the JET than the HET. This may be due to a bia®doted by the analysis and the
comparison between the 2 tests.

Concerning the use of the two apparatus; the JEErig easy to handle and the HET is more
difficult in a practical way and requires a lot cdre. But, the HET test could bring a lot of
information concerning the behavior of the soilsdme improvements are brought to the
analysis and the apparatus. It is more cohereifit thé physics of a piping phenomenon than
the jet. The HET indirectly provides a continuousmior of the erosion phenomena through
the flow rate.

Different shapes of erosion are observed in the d&d the HET. The observed erosion
shapes are clearly linked to the erodibility congey the HET (variation in length and
diameter). For the JET, it is more difficult to togi a conclusion to the erosion shapes. The
depth is linked to the erodibility in the JET, bthe shape of the surfaces could not be
explained in a clear way. A better comprehensiotihéneffect of the JET on the soil, the state
of stress, and an improvement in the HET analysesrnecessary to conclude toward the
behavior of the soil and to explain the shape.
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