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Executive Summary 
Three soils used in a series of embankment dam piping erosion and breach tests at 
the Agricultural Research Service’s outdoor hydraulics laboratory in Stillwater, 
Oklahoma were analyzed by the Bureau of Reclamation to determine their 
erodibility.  Erosion indices were determined using the hole erosion test (HET) 
method, which is an input to Reclamation’s internal erosion and piping risk 
toolbox currently under development, and using the submerged jet erosion test 
(JET) method, for comparison with jet tests previously performed by ARS in the 
field immediately after each embankment breach test.  Tests were performed in 
the laboratory on three series of remolded specimens, the first compacted at 
optimum moisture content to approximately 95% of Standard Proctor maximum 
density (representative conditions), the second compacted to match the real soil 
conditions from the ARS breach tests, and the third covering a range of 
compaction moisture contents.  Erodibility of the soils varied from specimens so 
weak that they could not be tested by the HET method (likely HET group 1 or 2; 
extremely rapid to very rapid erosion rate) up to specimens in the upper end of 
HET group 4 (moderately slow erosion rate).  For the samples compacted to 
match field conditions, the two test methods ranked the erodibility of the soils 
similarly, but erodibility rankings were reversed for the samples compacted to the 
representative conditions.  Submerged jet tests on the samples compacted to 
match field conditions were relatively consistent with the field jet tests conducted 
in Oklahoma.  Overall, differences between detachment rate coefficients and 
critical shear stresses determined by the two methods were significant and 
consistent with ongoing research being performed to compare these test methods 
over a broad range of soil types. 

Background 
Among numerous methods available for quantifying erodibility of cohesive soils, 
the hole erosion test (HET) (Wan and Fell 2004) and submerged jet erosion test 
(JET) (Hanson and Cook 2004) have emerged as popular techniques when 
studying embankment dam breach processes.  The HET simulates a small scale 
progressive internal erosion or piping failure by causing erosive enlargement of a 
6-mm diameter predrilled hole through a 116-mm long soil specimen under a 
constant-head condition.  The JET uses a 6-mm diameter nozzle aimed at an 
exposed soil surface to produce scour erosion similar to that occurring during 
headcut erosion.  The two tests both determine numerical values for a critical 
shear stress needed to initiate erosion and a detachment rate coefficient expressing 
the increase in erosion rate per unit of excess applied stress.  Ongoing research at 
the Bureau of Reclamation is showing that although the tests attempt to determine 
the same parameters of the same basic erosion equation, the results are often 
markedly different.  A number of factors are thought to be responsible for this 
difference, including simplifications of the stress descriptions used to analyze 
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both tests, different erosion mechanisms in the two tests, effects of the different 
geometry of the exposed surfaces in each test, and differences in the sensitivity of 
each test to variations of soil fabric or structure.  The Bureau of Reclamation 
(Reclamation) has adopted the HET as one means of classifying soils in 
embankment dams for evaluating risks of internal erosion and piping failures.  
The procedures used to evaluate these risks have been collectively described as 
the “piping risk toolbox”. 

In 2006 and 2007, the Hydraulic Engineering Research Unit of the USDA-
Agricultural Research Service (ARS) performed 3 large-scale physical model 
tests of the piping-initiated breach of homogeneous cohesive embankment dams 
at their outdoor laboratory near Stillwater, Oklahoma.  Preliminary data from the 
first of these tests was reported by Hunt et al. (2007); a second and third test took 
place in late 2007 (personal communication, Greg Hanson and Sherry Hunt), with 
results not yet published, and a fourth test is planned for 2008.  The embankments 
were all of homogeneous construction, 4 ft high with a 6 ft wide crest and 3:1 
(h:v) upstream and downstream slopes.  Piping erosion was produced by 
embedding a 1.5-inch diameter pipe in each embankment and pulling it out 
through the downstream side of the embankment with a tractor to begin each test.  
The reservoir upstream from the embankments was supplied with a continuous 
flow of water during the tests and its water surface elevation was held nearly 
constant during the test by allowing excess flow to exit over a long-crested weir 
spillway.  Figure 1 shows the first of these tests underway.  Note in this figure that 
piping was initiated at the elevation of the lowest set of markers visible on the 
downstream slope; headcutting down to the base of the embankment is occurring 
simultaneously with enlargement of the piping hole.  Table 1 summarizes the 
results of the embankment piping breach tests run through 2007. 

 
Figure 1. — ARS piping test P1, 9 minutes after initiation of piping failure. 
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Table 1. — Embankment piping erosion and breach tests performed by ARS. 

Test and Soil 
Designation Soil Type 

Time to Collapse of Soil Bridge 
over Enlarged Pipe 

P1 Silty Sand, SM 
(non-plastic) 0.23 hr 

P2 Silty Clay, CL-ML 
LL=21, PI=7 17.2 hr 

P3 Lean Clay, CL 
LL=28, PI=13 20.5 hr 

 

To characterize erodibility of the soils, submerged jet erosion tests (Hanson and 
Cook 2004) were performed in the field immediately after completion of each 
embankment breach test.  Laboratory jet tests were also performed by ARS on the 
three soils used in the tests over a range of moisture contents and compaction 
efforts.  At the time of these tests, there was not a firmly established correlation 
between results of submerged jet tests and hole erosion tests.  Recent research at 
the Bureau of Reclamation (Wahl et al. 2008) has been exploring the relation 
between them. 

Objectives and Test Program 
The ARS embankment breach tests present an opportunity to improve our 
understanding of piping-induced embankment failure and specifically could serve 
as case studies to support the piping risk toolbox under development at 
Reclamation.  To facilitate the use of the breach tests for these purposes, 
Reclamation performed a series of laboratory HETs on samples of the ARS soils.  
Each of the three soils was tested at two specific conditions: 

1. Optimum moisture content and 95% of maximum dry density, as 
established by a Standard Proctor compaction test, and 

2. Moisture content and dry density approximating the compacted test 
embankments. 

The first series of tests allowed the determination of the Representative HET 
Erosion Rate Index, HETI~ , for each soil, as defined by Wan and Fell (2004).  This 
allows the normalized ranking of the soils relative to other embankment soils 
tested by Wan and Fell (2004) using the HET.  The second series of tests 
established IHET values for the soils at conditions approximating those of the 
tested embankments.  These tests will facilitate the inclusion of the ARS piping 
breach tests into the database of case studies used to develop Reclamation’s 
piping risk toolbox. 
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For each series of tests, companion jet tests were performed on parallel specimens 
prepared with similar moisture content and compaction effort.  These tests 
allowed a verification check against the laboratory and field jet tests performed by 
ARS.  The data from these paired HET and JET specimens are also being 
included in Reclamation’s ongoing research effort to study the relation between 
erosion indices determined by the HET and JET methods across a variety of soil 
types and compaction conditions. 

Following the completion of these two series of tests, a third set of tests was 
performed in which the P2 and P3 soils were tested using the HET and JET over a 
range of compaction moisture contents at Standard Proctor compaction effort. 

Erosion Model and Erodibility 
Classifications 
Both erosion tests used in this study are designed to determine the parameters of a 
simple soil detachment equation of the form: 

( )ceCm ττ −=&     or    ( )cdk τ−τ=ε&  

where τ and τc are the applied shear stress and critical shear stress, respectively, 
m& is the rate of erosion expressed as a mass per unit area per unit of applied 
stress, ε&  is the rate of erosion expressed on a volumetric basis, and Ce and kd are 
rate coefficients.  The equation applies only for τ > τc; otherwise, the erosion rate 
is zero.  The mass-based equation has typically been used to analyze data 
collected in the hole erosion test, while the volumetric equation has been used for 
the jet test.  The two equations can be made equivalent by recognizing that 
Ce=kdρd, where ρd=dry density of the soil.  The volumetric form of the equation is 
preferred for the jet test because the test is often performed in the field in 
situations where the in-place density of the tested material is not known.  The hole 
erosion test is only performed in a laboratory setting, using either remolded or 
undisturbed soil samples, so density information is usually readily available, 
making a mass-based calculation feasible.  A volumetric erosion model is also 
preferred for field use, since most applications are concerned with the volumetric 
rate of material removal, either to predict depths or lateral extent of erosion, or 
rates of enlargement of internal erosion channels. 

Values of Ce obtained from the HET are usually reported in S.I. units of 
kg/s/m2/Pa, which simplifies to seconds per meter (s/m).  Ce varies over several 
orders of magnitude in soils of engineering interest.  For convenience, Wan and 
Fell (2004) proposed classifying soils according to an Erosion Rate Index, IHET, 
defined as   
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eHET CI 10log−=  

with Ce in units of s/m.  Values of this index can range from less than 1 to above 
6, with larger values indicating decreasing erosion rate.  The fractional part of the 
index value is often dropped and the test result reported as a simple integer group 
number.  Soils with group numbers less than 2 are usually so erodible that they 
cannot be effectively tested in the HET device.  Table 2 shows proposed 
descriptive terms associated with each value of the IHET index. 

Table 2. — Qualitative description of rates of progression of internal erosion or piping for 
soils with specific erosion rate indices. 

HET Group Number Erosion Rate Index, IHET Description 
1 < 2 Extremely rapid 
2 2 – 3 Very rapid 
3 3 – 4 Moderately rapid 
4 4 – 5 Moderately slow 
5 5 – 6 Very slow 
6 > 6 Extremely slow 

 

Because erodibility varies significantly as a function of the compaction moisture 
content and dry density, Wan and Fell (2004) further proposed that the value of 
IHET for soils compacted to 95% of maximum dry density (Standard Proctor) at 
optimum moisture content should be called the Representative Erosion Rate 
Index, designated HETI~ .  Wan and Fell (2004) performed numerous HETs at 
varied compaction and moisture conditions and used multi-variable regression 
techniques to estimate values of HETI~  for 13 different soils.  Soils that could not 
be eroded in their HET apparatus (maximum head of 1200 mm) were presumed to 
be in group 6. 

S.I. units of the kd coefficient determined from the submerged jet erosion test are 
m3/s/m2/Pa which reduces to m3/(N·s).  Another S.I. unit combination commonly 
used for this parameter is cm3/(N·s).  When working in U.S. customary units, kd is 
usually expressed in ft/hr/psf [1 cm3/(N·s) = 0.5655 ft/hr/psf = 10–6 m3/(N·s)].  
Hanson and Simon (2001) have proposed a qualitative classification of the 
erodibility of soils, similar to that suggested by Wan and Fell (2004) for the HET.  
Their classification scheme identifies five erodibility groupings, illustrated in 
Figure 2.  It uses both the kd and τc value of the soil, in contrast to Wan and Fell’s 
approach of using just the rate coefficient.  Hanson and Simon (2001) used the 
JET to study erodibility of cohesive streambeds in loess formations in the 
midwestern USA and proposed a best-fit relation between the critical shear stress 
and the detachment rate coefficient: 

kd = 0.2τc
-0.5 

with values of τc specified in Pa and values of kd specified in cm3/(N·s). 
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Figure 2. — Proposed erodibility classifications for streambank soils (Hanson and Simon 
2001). 

Hanson (personal communication) has also suggested a 6-tier classification 
system shown in Table 3 which is based only on the kd value expressed in units of 
ft/hr/psf.  The conversion to cm3/(N·s) is of the order of 2, and since the 
classifications are based on order of magnitude ranges of kd, one could argue that 
a classification system using similar numerical divisions would also be 
appropriate for kd values expressed in cm3/(N·s). 

Table 3. — Qualitative description of soil erodibility based on the volumetric detachment 
rate coefficient. 

kd, ft/hr/psf Description 
> 10 Extremely erodible 

1 – 10 Very erodible 
0.1 – 1 Moderately erodible 

0.01 – 0.1 Moderately resistant 
0.001 – 0.01 Very resistant 

< 0.001 Extremely resistant 
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Test Facilities and Equipment 

Hole Erosion Test 

The Hole Erosion Test was originally developed in Australia (Wan and Fell 2002 
and 2004).  The test is performed in the laboratory using an undisturbed tube 
sample or a soil specimen compacted into a Standard Proctor mold.  A 6.35-mm 
(1/4-inch) diameter hole is pre-drilled through the centerline axis, and the 
specimen is then installed into a test apparatus in which water flows through the 
hole under a constant hydraulic head that is increased incrementally until 
progressive erosion is produced.  Once erosion is observed, the test is continued at 
a constant hydraulic head for a period long enough to observe a definite 
acceleration of the flow rate, which is indicative of a progressive erosion 
condition.  Tests can last from 15 minutes to 2 hours.  Measurements of the 
increasing flow rate during the test and the initial and final diameter of the erosion 
hole are used to compute applied hydraulic stress and hole diameters at 
intermediate times, from which the erosion rate can be deduced.  Plotting the 
computed values of stress versus erosion rate produces a chart that allows 
graphical determination of the critical shear stress and erosion rate coefficient.  
Spreadsheets are used at the Bureau of Reclamation to facilitate analysis of the 
data.  The final diameter is typically estimated visually immediately after a test, 
and then confirmed by caliper measurements made on a plaster casting of the final 
hole. 

The Bureau of Reclamation also uses a supplementary data analysis technique 
based on a model for piping erosion proposed by Bonelli et al. (2006).  This 
technique does not require measurement of the final hole diameter and is 
sometimes well-suited to tests in which erosion behavior is somewhat erratic due 
to temporary clogging of the erosion hole.  The method uses a curve-fitting 
approach to match the test data to a theoretical model for the exponential increase 
of dimensionless discharge as a function of dimensionless test time.  Details of all 
of the HET data analysis procedures are provided in Appendix A. 

Figure 3 shows one of two HET devices installed in the Bureau of Reclamation 
laboratory in Denver, Colorado.  Flow rate through the specimen is measured by a 
10° V-notch weir on the downstream side of the apparatus.  The weir is calibrated 
in place by volumetric methods (stopwatch and graduated cylinder).  
Measurement of differential head across the specimen and head on the weir is 
automated using pressure transducers and a computerized data acquisition system 
that records data at 5 second intervals throughout a test.  The HET apparatus 
shown in Figure 3 is capable of operating at heads up to 1600 mm.  Reclamation 
has also recently constructed a high-head HET apparatus that is functionally 
equivalent to the apparatus in Figure 3, but allows testing at heads up to about 
5400 mm. 



 

8 

 

Figure 3. — HET apparatus consisting of constant-head tank, test section, and 
downstream V-notch weir. 

Submerged Jet Erosion Test 

The submerged jet erosion test was developed at the Agricultural Research 
Service Hydraulic Engineering Research Unit, Stillwater, Oklahoma (Hanson and 
Cook 2004).  This test can be performed in situ, or in the laboratory using tube 
samples or remolded samples in compaction molds (Hanson and Hunt 2007).  The 
test is described in ASTM Standard D5852. 

The JET apparatus is designed to erode the soil surface with a submerged jet, 
which is produced by a 6.35-mm (¼-inch) diameter nozzle initially positioned 
between 6 and 30 nozzle diameters from the soil surface.  The starting nozzle 
position and test head may be adjusted to vary the stress applied to the soil 
sample, although once a test head is selected it is usually held constant for the 
duration of a test.  Scour of the soil surface beneath the jet is measured over time 
using a point gage that passes through the nozzle, temporarily stopping the flow.  
No post-test handling or processing of the specimen is needed.  The data analysis 
procedure is described in Hanson and Cook (2004) and has been automated with a 
Microsoft Excel spreadsheet.  Figure 4 shows Reclamation’s submerged jet test 
equipment. 
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Soils 
Soils for the ARS piping breach tests 
were obtained from borrow areas and 
stockpiles on the ARS laboratory 
grounds.  All of the soils are native to 
the Stillwater, Oklahoma area.  Soils 
were analyzed after the breach tests at 
the USDA-NRCS soil mechanics 
laboratory in Fort Worth, Texas. 

Approximately 80-100 pounds of soils 
P1, P2, and P3 were shipped to Denver, 
Colorado in November 2007 for use in 
the first two series of tests.  There are a 
few notable differences between the 
soils used at the ARS lab and the 
samples tested at Reclamation (see Table 
4).  For the P2 soil, the PI of the 
Reclamation sample was 9, compared to 
3 for the ARS breach test sample, which changes the soil classification from a 
Sandy Silt, ML, to a Lean Clay with Sand, (CL)s.  For the P3 soil, the 
Reclamation sample also has a significantly higher PI. 

A second shipment of soils P2 and P3 was provided in July 2008 to complete the 
third set of tests (HETs and JETs at varying compaction moisture content and 
fixed compaction effort).  The properties of these soils were similar to those in the 
first shipment. 

Table 4. — Properties of soils used in ARS embankment tests and soil samples tested at 
the Bureau of Reclamation. 

 Grain size distribution Atterberg limits 
Compaction Properties

(Standard Proctor) 

  Soil USCS 

% sand
> 0.075

mm 

% silt 
0.005-0.075 

mm 

% clay
< 0.005 

mm LL PL PI 

Optimum 
moisture 
content 

(%) 

Maximum
dry density

(g/cm3) 

P1 SM 74 19 8 -- NP NP 11.0 1.813 
P2 ML 32 47 21 23 20 3 11.5 1.888 

ARS breach 
test soils 

P3 (CL)s 21 44 35 29 14 15 12.9 1.799 
P1 SM 76 19 5 -- NP NP 12.5 1.802 
P2 s(CL) 31 50 19 25 16 9 12.2 1.894 

Samples at 
BOR lab 
Nov 2007 

P3 (CL)s 20 50 30 36 12 24 14.2 1.817 

P2 s(CL) 31 50 19 25 16 9 11.8 1.900 Samples at 
BOR lab 
July 2008 P3 (CL)s 20 50 30 36 12 24 12.3 1.906 

 

 

Figure 4. — Laboratory JET apparatus. 
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Grain size distributions and Atterberg limits were determined through laboratory 
testing performed at Reclamation.  Compaction properties of the soils received in 
November 2007 were established from data provided by ARS, with some 
reanalysis at Reclamation; for soil P1 some additional compaction testing was 
also performed at Reclamation.  These optimum moisture content and maximum 
dry density values were used to determine the compaction conditions for the 
specimens to be tested at optimum moisture content and 95% of maximum 
density.  Compaction properties for the P2 and P3 soils received in July 2008 
were determined over the course of the third series of tests.  The optimum 
moisture content for the July 2008 sample of soil P3 was somewhat lower and the 
maximum dry density somewhat higher than expected. 

Table 5 provides the properties of the compacted test embankments, including the 
results of in situ submerged jet tests performed after each embankment was 
breached. 

Table 5. — Piping breach test soil conditions and in situ measurements of soil erodibility. 

Conditions of Tested 
Embankments Erodibility - JET 

Test 

Moisture 
content 

% 

Dry density 
γd 

g/cm3 
kd 

cm3/(N·s) 
τc 
Pa 

P1 11.49 1.696 150.     0.0    
P2 12.67 1.746 2.0    2.5    
P3 (upper lifts)* 15.06 1.776 1.2    4.6    
P3 (lowest 3 lifts) 16.45 1.785 0.17   22.     
* Note: P3 embankment was observed to fail through upper lifts 

Specimen Preparation 
Soils were prepared for compaction into Standard Proctor molds in accordance 
with standard procedure USBR 5210 (Reclamation 1990).  Soils were air dried 
and pulverized to pass a U.S. Standard No. 4 sieve, then oven dried to establish 
zero moisture content.  Computed masses of soil and water were then mixed and 
stored in plastic bags in the laboratory’s 75% humidity room for required amounts 
of time according to soil type (>4 hours for P1, >24 hours for P2 and P3).  
Following this conditioning period, soils were compacted into Standard Proctor 
molds in three equal lifts using manual compaction by a 5.5 lb hammer dropped 
from a 1 ft height.  The number of blows was constant for each layer, but varied 
by specimen depending on the desired final dry density.  Following compaction, 
the top layer was trimmed flush with the end of the mold and the compacted mass 
of the specimen was determined.  The compaction moisture content was 
determined from a specimen of excess soil set aside during compaction.  
Compacted specimens were cured overnight or longer before erodibility testing 
was performed.  Tests performed immediately after compaction showed soils to 
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be more erodible.  Hole erosion test specimens were tested with the last 
compacted layer placed upstream.  Jet erosion specimens were tested with the 
bottom surface of the first compacted layer subjected to erosion (i.e., specimen 
inverted), since trimming of the top of the specimen is likely to disturb the last 
layer. 

Following the completion of hole erosion tests, specimens were photographed, 
oven dried and weighed, and plaster casts of the enlarged holes were made.  The 
length of the portion of a casting that was of relatively uniform diameter was 
determined, and the diameter of each casting was measured with calipers at five 
locations evenly distributed along the length of the uniform-diameter portion of 
the casting.  By this method, excessively large scour holes at the entrance or exit 
of the specimens were considered in the data analysis to cause a shortening of the 
hole length (which increases the hydraulic gradient on the remaining length of the 
hole) that was assumed to occur linearly through time. 

Analysis of the hole erosion test data used the procedures described in Appendix 
A.  Most tests were analyzed by both described methods and the results given 
here are averages of the two methods.  For each test, a subjectivity index was 
assigned, indicating the degree to which erosion occurred during the test in a 
manner consistent with the underlying analysis assumptions, and the degree to 
which subjective judgment was needed to analyze the data.  Higher values of the 
subjectivity index indicate greater uncertainty in the test results.  A complete 
description of the criteria used to assign these ratings is given in Appendix A. 

Results and Analysis 

Samples at Representative Conditions 

Table 6 provides results of the tests performed on specimens compacted to 
approximately representative conditions (optimum moisture content and 95% of 
maximum dry density).  Results are only shown for soils P2 and P3, as we were 
unable to successfully perform an HET on the P1 soil at this compaction 
condition, or at the compaction conditions matching the ARS P1 breach test.  In 
two attempted tests, the P1 specimens collapsed immediately when the test 
apparatus was filled with water.  Figure 5 shows the results graphically, in 
comparison to the best-fit line and jet test erodibility classifications proposed by 
Hanson and Simon (2001).  Note that the HETs yielded critical stresses about  2 
to 3 orders of magnitude higher than the corresponding jet tests, and detachment 
rate coefficients about 1 to 2 orders of magnitude lower.  Both P2 and P3 soils 
have IHET values that place them in group 4, designated as “moderately slow” 
erosion rate by Wan and Fell (2004).  Figure 6 shows the moisture contents, dry 
densities, and detachment rate coefficients for each of the tests. 
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Table 6. — HET and JET erodibility parameters for samples compacted to representative 
conditions. 
 Compacted samples 

Soil 

Compaction 
energy 
(kJ/m3) 

Moisture 
content 

(%) 
Dry density, 

(g/cm3) 
Relative 

density, (%)
I 

-log(Ce) 
τc 

(Pa) 
Ce 

(s/m) 
kd 

cm3/(N-s) 

HET 
Subjectivity 

Index 
HET Results 

213 11.9 1.758 92.8% 4.33 200 4.68E-05 0.0266 ½ 
213 12.4 1.783 94.1% 4.37 103 4.27E-05 0.0239 ½ 

JET Results 
213 12.4 1.766 93.2% 3.09 0.232 8.12E-04 0.46 - 

P2 

237 12.8 1.811 95.6% 3.43 0.946 3.75E-04 0.21 - 
HET Results 

213 14.2 1.739 95.7% 4.77 206 1.70E-05 0.0098 ½ 
213 14.2 1.706 93.9% 4.71 402 1.95E-05 0.0114 2 

JET Results 
213 14.0 1.694 93.2% 2.53 0.177 2.98E-03 1.76 - 

P3 

237 14.0 1.745 96.0% 2.67 0.217 2.14E-03 1.23 - 

 

The two HET samples of soil P2 bracketed the desired optimum moisture content 
of 12.2%, but were 1 and 3 percent lighter than the desired 95% relative density.  
The IHET index was about 4.3 to 4.4.  HET samples of soil P3 were compacted at 
the desired moisture content of 14.2% and bracketed the desired relative density.  
The IHET index for these two samples was 4.7 to 4.8.  These results are consistent 
with the ARS JET data and the breach times observed in the piping breach tests. 

The JET samples of P2 and P3 provided surprising results in this series of tests.  
All previous ARS data showed soil P3 to be more erosion resistant than P2, 
generally by about one order of magnitude when similarly compacted (Hanson 
and Hunt 2007), but the jet tests we performed showed P2 to be more erosion 
resistant, both in terms of critical shear stress and the detachment rate coefficient.  
This may be due to the differences already noted between the ARS soils and the 
samples tested at Reclamation.  The difference may also be related to the fact that 
we used a significantly reduced compaction effort (7, 9, or 10 blows per layer, 
rather than the standard 25 blows per layer) in the attempt to achieve 95% relative 
density. Hanson and Hunt (2007) showed that the optimum moisture content for 
these soils increases as compaction effort is reduced, especially for soil P3.  
Because we were compacting at the optimum moisture corresponding to standard 
compaction effort (25 blows per layer), we were effectively compacting at a 
moisture content that is drier than optimum for the applied compaction effort.  
Hanson and Hunt (2007) further showed that the erodibility of these soils is very 
sensitive to moisture content on the dry side of optimum, increasing dramatically 
as moisture content is reduced.  This is likely due to a relative coarsening of the 
soil structure at drier moisture contents, where the soil mass does not fully mold 
together and some aggregates remain independent of other groupings of tightly 
molded materials.  The jet test seems to be more capable of exploiting this soil 
structure and may thus be more sensitive to changing structure than the HET.  
This might explain why the relative erodibilities of the two soils are ranked 
oppositely by the HET and JET at this compaction condition. 
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Figure 5. — Erodibility parameters of soils P2 and P3 at representative compaction 
conditions (optimum moisture content and 95% of maximum dry density). 
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Figure 6. — Compacted dry density and detachment rate coefficients of P2 and P3 soil 
specimens tested to determine erodibility at representative conditions (optimum moisture 
content and 95% of maximum dry density). 
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Samples Compacted to Match Breach-Test Conditions 

Table 7 shows the results of the tests performed at compaction conditions similar 
to the ARS piping breach tests.  These tests produced more consistent results.  
Both the HET and JET results rank the erosion rates of the three soils in the same 
order as one would expect from the ARS piping breach tests.  The fact that soil P1 
was too weak to test in the HET suggests that it is probably in HET group 1 or 2.  
Soil P2 is in the upper part of group 3 to lower group 4, while soil P3 is in the 
upper half of group 4.  The one HET on soil P2 that indicated it to be in HET 
group 3 was performed on a specimen compacted about 0.5% drier than the 
corresponding field test. 

Jet test results show similar relative erodibility differences between the soils and 
compare reasonably to the field jet tests performed by ARS after the piping 
breach tests.  Figure 7 shows the results in comparison with the best-fit line and 
erodibility classifications proposed by Hanson and Simon (2001) for jet test 
results, and Figure 8 shows the moisture contents, dry densities, and detachment 
rate coefficients for each HET and JET (JET results only for soil P1).  Again, 
HET results exhibit critical shear stresses about two orders of magnitude greater 
than corresponding JET results, and detachment rate coefficients about 1 order of 
magnitude lower.  Both the HET and JET results reasonably follow the best-fit 
line, while the field data tend to deviate somewhat above it.  The laboratory and 
field JET results are in similar erodibility classes, even though the field JET 
results are above the best-fit line.  Critical shear stress values obtained from the 
HET show little difference between the soils, with both having critical shear 
stresses that are in the same order of magnitude. 

Table 7. — HET and JET erodibility parameters for samples compacted to conditions 
approximating the ARS piping breach tests.   
 Compacted samples   

Soil 

Compaction 
energy 
(kJ/m3) 

Moisture 
content

(%) 

Dry 
density, 
(g/cm3) 

Relative 
density

(%) 
I 

-log(Ce)
τc 

(Pa) 
Ce 

(s/m) 
kd 

cm3/(N-s) 
HET 

Subjectivity
Index 

JET Results 
166 11.0 1.692 93.3% 0.33 0.000087 4.63E-01 274. - P1 
166 11.0 1.692 93.3% 0.28 0.00031 5.23E-01 309. - 

ARS P1 field jet 
test(s) 192 - 287 11.5 1.696   0.59 0.0 2.54E-01 150. - 

HET Results 
166 12.4 1.749 92.6% 4.20 231. 6.38E-05 0.037 ½ 
166 12.0 1.731 91.7% 3.42 357. 3.80E-04 0.220 ½ 

JET Results 
166 12.5 1.732 91.7% 3.17 0.911 6.77E-04 0.391 - 

P2 

166 12.5 1.752 92.8% 3.47 0.756 3.36E-04 0.192 - 
ARS P2 field jet 
test(s) 192 - 287 12.7 1.746   2.46 2.5 3.49E-03 2. - 

HET Results 
213 15.1 1.768 98.3% 4.90 346. 1.26E-05 0.007 0 
213 16.2 1.744 96.9% 4.46 203. 3.47E-05 0.020 ½ 

JET Results 
213 15.3 1.765 98.1% 3.48 1.616 3.28E-04 0.186 - 

P3 

213 15.4 1.775 98.6% 4.05 18.82 8.86E-05 0.050 - 
ARS P3 field jet 
test(s) - lower 3 lifts 192 - 287 16.5 1.785   3.52 22. 3.03E-04 0.17 - 

ARS P3 field jet 
test(s) - upper lifts 192 - 287 15.1 1.776   2.67 4.6 2.13E-03 1.2 - 
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A comparison of the HET and JET results for all of these tests shows significant 
differences.  In general, the detachment rate coefficients determined by the HET 
are about one order of magnitude lower than those determined by the JET method, 
and the critical shear stress values are two or more orders of magnitude higher.  
This is consistent with results of an ongoing research effort at Reclamation that is 
examining the relation between the HET and JET erosion indices for a variety of 
soils.  The fact that all of the HET and JET data roughly follow the best-fit line 
proposed by Hanson and Simon (2001) suggests that both tests are measuring an 
intrinsic erodibility property of soils, but with a significant bias between them.  
The source of this bias is probably a combination of factors, including 
simplifications of the stress descriptions used to analyze both tests, different 
erosion mechanisms in the two tests, effects of the different geometry of the 
exposed surfaces in each test, and differences in the sensitivity of each test to 
variations of soil fabric or structure. 
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Figure 7. — Erodibility parameters measured in ARS piping breach tests compared to 
erodibility parameters obtained from laboratory HET and JET specimens compacted to 
similar conditions. 

 



 

16 

1.73

1.74

1.74

1.75

1.75

1.76

11.9 12.0 12.1 12.2 12.3 12.4 12.5 12.6 12.7 12.8

Moisture content, %

D
ry

 d
en

si
ty

, g
/c

m3

HET
JET
P2 field jet test (ARS)

P2 at breach-test conditions

0.01

0.1

1

10

k d
, c

m
3 /N

-s
1.65

1.70

1.75

10.0 10.5 11.0 11.5 12.0

Moisture content, %

D
ry

 d
en

si
ty

, g
/c

m
3 BOR Jet tests

P1 field jet test (ARS)

P1 at breach-test conditions

100

1000

k d
, c

m
3 /N

-s

1.74

1.75

1.76

1.77

1.78

1.79

14.8 15.0 15.2 15.4 15.6 15.8 16.0 16.2 16.4 16.6

Moisture content, %

D
ry

 d
en

si
ty

, g
/c

m3

HET
JET
P3U field jet test (ARS)
P3L field jet test (ARS)

P3 at breach-test conditions

0.001

0.01

0.1

1

10

k d
, c

m
3 /N

-s

 

Figure 8. — Compacted dry density and detachment rate coefficients for specimens of P1, P2, and P3 compacted to conditions similar to the ARS 
piping breach tests. 
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HET vs. JET – Effect of Compaction Moisture Content 

The third series of tests consisted of HET and JET tests on soils P2 and P3 at a 
range of moisture contents, using Standard Proctor compaction.  Three soil layers 
were compacted into 4-inch diameter, 1/30 ft3 molds, with 25 blows per layer 
from a 5.5 lb hammer dropped 12 inches.  Five moisture contents were targeted: 
the presumed optimum, -4%, -2%, +2%, and +4% from optimum.  Actual 
optimum moisture content for each soil was determined after-the-fact.  HET and 
JET specimens were prepared individually, so there is no direct comparison of 
specific tests, since the actual moisture content of each specimen varied. 

Table 8 shows the test results, including the subjectivity indices for the HETs (see 
Appendix A).  There were three tests with a subjectivity index of 2, indicating 
poor confidence in the test result, and three additional tests of soil P3 (not shown 
in the table) were excluded entirely (subjectivity index 3; analyses could not be 
completed).  All of the jet tests were fully successful.  Figures 9, 10, and 11 show 
the results graphically, first for the individual soils (Figs. 9 and 10), and then for 
both soils together (Fig. 11).  The tests confirm that in general the P3 soil is less 
erodible than P2, but the erodibility of the P3 soil is more sensitive to moisture 
content differences on the dry side of optimum.  

Table 8. — Erodibility test results for P2 and P3 soils over a range of compaction 
moisture contents. 

  
Compaction 
Conditions Results 

Moisture 
Content 

Dry 
Density τc kd 

Soil 
Test 
Type % g/cm3 Pa cm3/(N·s) 

HET 
Subjectivity 

Index 
7.51 1.795 65. 0.217 2 
9.36 1.853 958. 0.0578 2 

11.56 1.895 856. 0.0311 0 
13.59 1.872 242. 0.0547 1 

HET 

15.65 1.795 133. 0.0372 1 
7.55 1.785 0.062 1.39 - 
9.27 1.847 0.168 0.688 - 

11.57 1.929 7.58 0.0410 - 
13.43 1.872 0.081 0.188 - 

P2 

JET 

15.49 1.794 0.558 0.203 - 
11.73 1.877 622 0.00420 0 
12.56 1.913 510 0.00266 1 
13.75 1.884 378 0.00253 2 
13.96 1.884 731 0.0122 1 
14.45 1.875 968 0.00524 0 
15.82 1.827 656 0.0131 1 

HET 

17.55 1.768 385 0.0205 1 
10.18 1.848 0.456 0.508 - 
11.48 1.918 20.4 0.0329 - 
13.78 1.888 43.8 0.0234 - 
14.02 1.892 49.8 0.0493 - 
14.06 1.897 60.7 0.0198 - 
14.49 1.869 28.6 0.0124 - 
15.67 1.839 23.2 0.0303 - 

P3 

JET 

17.82 1.773 15.1 0.0568 - 
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Figure 9. — Results of erodibility tests on soil P2 at compaction moisture contents 
ranging from about 4% dry of optimum to 4% wet of optimum. 
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Figure 10. — Results of erodibility tests on soil P3 at compaction moisture contents 
ranging from about 3% dry of optimum to 5.5% wet of optimum. 
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Figure 11. — Variation of erodibility for soils P2 and P3 as a function of compaction 
moisture content. 
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Differences between HET and JET results for soil P2 were relatively consistent 
across the range of tested moisture contents.  The JET yielded detachment rate 
coefficients about 0.75 to 1 order of magnitude greater than those obtained from 
the HET.  Critical shear stresses were about 2 to 3 orders of magnitude lower in 
the JET than in the HET. 

Differences between the tests for soil P3 appear to be somewhat sensitive to the 
compaction moisture content.  The detachment rate coefficients were only about 
0.5 orders of magnitude different on the wet side of optimum, and about 1 order 
of magnitude different on the dry side, although there was not a successful HET 
test at the 4% dry condition to completely illustrate the effect.  Critical shear 
stresses were consistently about 1.5 orders of magnitude different in the range for 
which a comparison could be made.  The sensitivity of the JET results (both the
detachment rate coefficient and the critical shear stress) to changes in moisture
content on the dry side was greater for soil P3 than for P2.  The unsuccessful HET
performed on soil P3 at the nominally 4% dry condition experienced excessive
local scour at the entrance and exit and erratic variations in flow during the test,
making analysis impossible; this probably indicates a material with high 
erodibility, so the HET may have been as sensitive as the JET to the effect of dry 
compaction of this soil.  Unfortunately, performing a successful test becomes 
difficult with the HET as the soil becomes more erodible.  

Conclusions 
Hole erosion tests and jet erosion tests performed on soils used in ARS 
embankment piping breach tests showed that the relative erodibility of the soils is 
generally consistent with the results of the breach tests.  Soil P1 is so erodible that 
it could not be effectively tested in the HET, and as a result is believed to be in 
HET group 1 or 2 (extremely rapid to very rapid erosion rate).  Soil P2 exhibited 
erosion that placed it in HET group 3 or 4 (moderately fast to moderately slow 
erosion rate), and all specimens of P3 were in HET group 4 (moderately slow 
erosion rate).  Jet tests of these soils compacted to conditions approximating the 
ARS piping breach test conditions also exhibited similar erodibility relative to one 
another, but detachment rate coefficients and critical shear stresses were 
significantly different from those obtained by the HET method. 

Tests of specimens compacted at optimum moisture content and 95% of 
maximum dry density produced surprising results, with the HET and JET 
indicating different erodibility rankings for soils P2 and P3.  In reality, the 
moisture content was optimum for standard compaction effort but dry of optimum 
for the reduced effort needed to achieve 95% density.  The results suggest that the 
JET may be more sensitive than the HET to differences in soil structure that occur 
when soils are compacted at drier than optimum conditions.  A set of tests that 
evaluated HET and JET performance on samples compacted at a range of 
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moisture contents showed that the erodibility as determined by the JET increases 
rapidly for samples compacted dry-of-optimum; data for similar HET samples 
were inconclusive because a successful HET was not obtained at the driest 
compaction condition. 

In general, detachment rate coefficients determined by the HET method are about 
one to two orders of magnitude lower than those determined by the JET method 
for similarly prepared specimens, and critical shear stress values are two to three 
orders of magnitude higher.  The results for these soils are consistent with results 
of a broader, ongoing research program at Reclamation that is examining the 
relation between the HET and JET erosion indices for a variety of soils.  Although 
there is a systematic difference between absolute results of each test, the relation 
between critical shear stresses and erosion rate coefficients seems to be similar for 
both tests.  The source of the differences between the tests is probably a 
combination of factors, including simplifications of the stress descriptions used to 
analyze both tests, different erosion mechanisms in the two tests, effects of the 
different geometry of the exposed surfaces in each test, and differences in the 
sensitivity of each test to variations of soil fabric or structure. 
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Appendix A:  Current Hole Erosion Test Procedures 
Used by the Bureau of Reclamation 

The hole erosion test (Wan and Fell 2004) is one of several methods for 
evaluating the erodibility of cohesive soils.  The HET utilizes an internal flow, 
similar to that occurring during piping erosion of embankment dams.  A 6-mm or 
¼-inch diameter hole is pre-drilled through a soil specimen and flow is passed 
through that hole under constant head.  The head is increased incrementally until 
the threshold stress to initiate erosion is exceeded.  Once erosion is initiated, the 
flow rate will accelerate over time, since enlargement of the hole leads to further 
increases in shear stress and higher rates of erosion.  One must reach this 
“progressive erosion” condition in order to have a successful test. 

An ASTM standard for the hole erosion test does not yet exist; in its absence, tests 
are performed and analyzed using methods consistent with those described by 
Wan and Fell (2004).  Recently, the Bureau of Reclamation and others have also 
investigated other methods for analyzing the data collected during HETs, focusing 
on the use of a piping erosion model developed by Bonelli et al.  (2006).  The data 
reported here were analyzed using the Wan and Fell (2004) procedures, although 
they were also checked for consistency using the Bonelli method when applicable.  
The data analysis procedures are described below. 

Test Facilities and Procedures 

 

Figure A-1.  Schematic diagram of hole erosion test facilities (Wan and Fell 2004). 
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The hole erosion test facilities at the Bureau of Reclamation are similar to those 
used by Wan and Fell (2004), except that the maximum head values in our two 
facilities are approximately 1600 mm and 5400 mm.  Flow measurement is 
accomplished using 10° V-notch weirs, and data collection is automated using a 
computerized data acquisition system that records differential head and flow rate 
at 5 second intervals.  The upstream and downstream chambers are similar to 
those shown in the schematic diagram.  With erosion-resistant soils we have 
found no need for the 20 mm gravel in the upstream chamber.  When testing very 
erosive soils we have found it helpful to place a plastic geotextile mesh fabric in 
the upstream chamber and protect the upstream and downstream faces of the 
compacted soil specimen with end plates.  We have a range of end plates 
available, with orifice openings varying from 10 mm to 25 mm.  The orifice size 
is selected based on the expected erodibility of the sample, with smaller orifices 
generally used to provide more protection to the faces of weaker specimens.  The 
test operator must consider the orifice size and plan to end the test before the hole 
enlarges enough to allow the orifice openings to limit the flow rate. 

The basic test procedure is as follows: 

1. Following specimen preparation and compaction, specimens are sealed in 
plastic bags to prevent moisture loss and cured overnight before testing. 

2. After curing, a ¼-inch diameter hole is drilled through the specimen using 
a drill press and wood auger bit to minimize compaction of the side walls 
of the hole. Drilling is performed at the slowest possible speed and the bit 
is advanced slowly and cleaned repeatedly during drilling. 

3. The hole is cleaned using a 0.22-inch diameter rifle brush. 
4. Specimens are installed into the apparatus with the original top surface 

(last compacted layer) upstream.  If the soil is expected to be highly 
erodible or susceptible to scour of the upstream and downstream faces, 
protective end plates are also installed.  A plastic geofabric mesh filter is 
also installed in the upstream chamber to reduce turbulence when 
specimens are expected to be highly erodible. 

5. The test facility is filled slowly with water and all air is bled from 
piezometer tubes connected to pressure sensors. 

6. The water supply head tank is positioned to the desired starting head level.  
For specimens of unknown erodibility, tests are usually started at 50 mm 
of head. 

7. The downstream weir box tank is filled with water to the level of the 
horizontal weir that maintains nearly-constant downstream head, and some 
additional water is then added to produce flow through the V-notch weir at 
a rate that approximates the expected starting flow rate.  This is done in an 
attempt to have the test start with the weir box system in a state of flow 
rate equilibrium. 

8. The data acquisition system is started and the inlet valve upstream from 
the test specimen is opened. 

9. The flow rate is monitored to determine whether it is increasing or 
becoming steady.  If the flow rate stabilizes at a given head, then the head 
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tank is raised to increase the head.  We generally double the head each 
time, or if we feel that the erosion threshold is near, we will increase the 
head in somewhat smaller increments. 

10. When the flow rate begins to accelerate, the test head is maintained until at 
least several minutes of accelerating flow is observed.  The operator 
should be aware of the approximate maximum flow increase that can 
occur if end plates have been installed.  For example, if 10 mm end plates 
have been installed, the ratio of flow rates with a 10 mm hole diameter to 
the flow through the original 6 mm diameter hole is approximately 
(10/6)2≈3.  Thus, one should stop the test well before the flow rate has 
tripled from its value at the start of accelerating flow.  If the test is allowed 
to continue too long, the orifice plate opening will begin to limit the flow 
rate, which will hinder the data analysis. 

11. After the test is stopped, the upstream and downstream chambers are 
drained and the specimen is removed from the test facility.  An initial 
visual estimate of the final hole diameter is made, and the specimen is 
weighed. 

12. Specimens are oven-dried, weighed, and then a hydrostone casting is made 
of the erosion hole. 

13. Hole diameters are determined from the casting, typically at 5 positions 
spaced approximately equally along the length.  The length of the portion 
of the casting that is of relatively uniform diameter is also recorded.  
(Large scour holes at the upstream or downstream end are considered to 
reduce the effective length of the hole, which is taken into account in the 
data analysis.) 

 

Wan and Fell Analysis Procedure 
The deterministic data analysis method described by Wan and Fell (2004) 
attempts to compute the hole diameter at each time step at which data have been 
recorded.  The computed time series of hole diameters can then be used to 
estimate the erosion rate and applied shear stress.  Microsoft Excel spreadsheets 
are used to make the computations and present the data graphically. 

The analysis begins by considering a cylinder of eroding fluid passing through the 
pre-drilled hole in a soil specimen.  Assuming that over a short interval of time 
the flow is at steady state, the equation for force equilibrium is: 

4

2dhgLP ww
π

⋅Δ⋅⋅ρ=⋅⋅τ  

where: 

τ = shear stress along the sides of the hole 
Pw = perimeter of the hole 
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L = length of the hole 
ρw = fluid density 
g = acceleration due to gravity 
Δh = head difference across the hole from upstream to downstream 
d = diameter of the hole 

For a laminar flow condition, the shear stress is expected to be proportional to the 
mean velocity of the flow 

vfL=τ  

where 

fL = friction factor, S.I. units of kg/s/m 
v = mean velocity of the flow, Q/(πd2/4) 
Q = flow rate 

Combining these equations and solving for the friction factor yields: 

16

3d
L
h

Q
gf w

L
πΔρ

=  

This equation can be used to solve for the friction factor at the start and end of the 
test, when the hole diameter, length, head differential and flow rate are all known.  
Research has shown that the friction factor varies in proportion to the hole 
diameter, but the hole diameters during the test are not known until the analysis is 
complete, so the friction factor is instead assumed to vary during the test in 
proportion to the value of (Q/Δh)1/3 for laminar flow, and (Q2/Δh)1/5 for turbulent 
flow.  These quantities are surrogates for the hole diameter.  The length of the 
erosion hole is assumed to vary linearly with time during the test (although it 
stays constant in many tests).  The quantity (Q2/Δh)1/5 is also plotted on the data 
acquisition computer during a test to help the operator know when accelerating 
enlargement of the hole diameter is occurring.  Most tests take place with 
turbulent flow conditions.  The onset of turbulence is assumed to occur when the 
Reynolds number of flow through the hole exceeds 2000 (Re=Vd/ν, where V is 
the flow velocity, d is the hole diameter, and ν is the kinematic viscosity). 

Denoting friction factors and hole lengths at intermediate times during the test by 
the subscript t, the same equations can be solved for the hole diameter to allow it 
to be computed throughout the test from measured values of the flow rate. 
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If the flow is turbulent, the shear stress is proportional the square of the mean 
velocity and the following equations apply: 
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2vfT=τ  
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Bonelli Analysis Procedure 
Bonelli et al. (2006) proposed a universal model for piping erosion, applicable to 
analysis of the hole erosion test.  They showed that the change in dimensionless 
hole radius is an exponential function of the dimensionless test time and the initial 
and critical shear stresses 

( )111)( /

00

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
τ
τ

−+= erttc e
R

tR  

where R(t)=radius at any time t and R0=the initial radius at time zero, τc=critical 
shear stress, τ0=shear stress at time zero, t=test time, and ter=a characteristic 
erosion time scale for each test 
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22  

where L=length of the hole, γw=unit weight of water (ρwg), Δh=head differential 
across the hole, γd=dry unit weight of soil, Ce=erosion rate coefficient 
(mass/time/area/stress), and kd is a volumetric detachment rate coefficient 
(volume/time/area/stress). 

The model assumes turbulent flow conditions and neglects any variation of the 
friction factor, the test head, or the length of the eroded hole.  The method also 
presumes that the test data are collected entirely during the period of accelerating 
erosion.  Bonelli et al. (2006) showed that the proposed model fit the observed 
hole radius data computed from 17 HETs performed by Wan and Fell (2002) 
using 9 different soils.  Bonelli and Brivois (2007) have offered further 
development of the model. 

Recognizing that dimensionless discharge, Q*, is proportional to the 2.5 power of 
the dimensionless radius (again neglecting effects of any change in the friction 
factor during a test), one can write 
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Since flow rates are measured throughout a test and the initial shear stress is 
known from the starting hole diameter and flow rate, this model has only two 
unknown parameters, the erosion time scale, ter, and the critical shear stress, τc.  
Using a non-linear optimization tool such as the Excel Solver, one can optimize 
these two parameters to obtain a best fit of the observed dimensionless values of 
discharge to predicted values computed for each dimensionless test time, t/ter.  
The coefficient of soil erosion or the detachment rate coefficient can then be 
determined from the fitted value of the time scale factor, ter.  The significant 
advantages of this analysis method are the fact that the final hole diameter does 
not need to be measured, and the curve-fitting procedure minimizes the influence 
of short-term anomalies in erosion behavior during a test. 

It should be emphasized that the formulation of the Bonelli model requires the 
fitted value of the critical shear stress τc to be less than the initial stress, τ0, 
otherwise the quantity (1-τc/τ0) is negative.  This means that tests must be 
conducted at a stress level that exceeds the critical stress and produces immediate 
progressive erosion, or one must customize the analysis to only examine the 
portion of the test in which the shear stress exceeds τc.  If a test begins at a stress 
level that is slightly lower than the value needed to initiate progressive erosion, 
but the stress then increases due to cleanout erosion of material disturbed during 
hole drilling, the only way to accurately determine the critical stress would be to 
estimate the increase in hole diameter and shear stress that takes place leading up 
to the progressive erosion phase, then start the Bonelli analysis at that point in 
time.  This requires the combined use of both the Wan and Fell and Bonelli 
analysis procedures. 

HET Subjectivity Index 
Hole erosion tests do not always proceed according to plan.  The ideal erosion 
mode is a uniform enlargement of the pre-drilled hole along its full length, 
producing accelerating flow over the duration of the test, once erosion is initiated.  
Other erosion modes, such as localized scour at the entrance and exit of the hole 
can yield data that are difficult or impossible to analyze.  To help quantify the 
potential uncertainty of test results, the table below provides numerical indices for 
the degree to which subjective judgments were required by the analyst during the 
processing of HET data. 
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Subjectivity indices for HETs – These characteristics are offered as guidelines; not 
every characteristic will be present in any particular case. 

0 

Start of progressive erosion is definite and progressive erosion and 
accelerating flow are maintained continuously until end of test.  The Wan & 
Fell (2004) and Bonelli et al. (2006) analysis methods yield nearly identical 
results.  The kd and τc values obtained from the two methods differ by less than 
1/10 order of magnitude. 

½ Similar to grade 0, except that the two analysis methods yield only similar (not 
“nearly identical”) results. 

1 

Progressive erosion and accelerating flow are not continuously maintained.  
To get a reasonable result, the analysis must be restricted to a subset of the 
data following the initiation of erosion.  Some judgment is required, but the 
analyst has good confidence in those judgments.  Both analysis methods yield 
similar results. 

2 

Unintended modes of erosion significantly affect the test (e.g., scour at 
entrance or exit causing hole shortening without significant enlargement, 
sloughing of roof of pipe, clogging of pipe).  Period(s) of progressive erosion 
and accelerating flow are not continuously maintained and are relatively short.  
Significantly different test results can be obtained by analyzing different 
segments of the data, and it is not readily apparent which segment should be 
used.  Only one analysis method yields a result that seems reasonable.  Analyst 
has poor confidence in test result.  Analysis indicates τc≤0, even though there 
was no erosion observed at low heads (and hence there should be a positive 
shear stress needed to initiate erosion). 

3 
There is no period of progressive erosion that produces continuous hole 
enlargement with accelerating flow.  No reasonable test result can be obtained 
from either analysis method. 
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Appendix B:  Selected Erosion Test Photographs 
 

 

Figure B-1.  Result of attempted hole erosion test of soil P1.  Soil specimen collapsed 
immediately upon submersion in water and initiation of flow. 

  -
Figure B-2.  Upstream and downstream views of post-test condition of specimen 
P2 HET-2. 
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Figure B-3.  Upstream and downstream views of post-test condition of specimen 
P2 HET-3. 

    
Figure B-4.  Upstream and downstream views of post-test condition of specimen 
P2 HET-6. 

  

Figure B-5.  Upstream and downstream views of post-test condition of specimen 
P3 HET-3.  This specimen was compacted to representative conditions.  
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Figure B-6.  Upstream and downstream views of post-test condition of specimen 
P3 HET-5.  This specimen was compacted to conditions similar to the ARS piping breach 
test.  

   

 

Figure B-7.  Several representative castings of eroded holes through specimens of soil 
P2.  
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Figure B-8.  Several representative castings of eroded holes through specimens of soil 
P3.  

   

Figure B-9.  Post-test photographs of two submerged jet tests of soil P2.  
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Figure B-10.  Pre and post jet-test photographs of a specimen of soil P3 compacted to 
representative conditions. 
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Appendix C:  HET and JET Test Records 
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IHET = 3.48
Group Number = 3

slope, Ce = 3.33E-04 s/m

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.1922
0.1087

393.9
8.228

P2 at ARS breach-test conditions   Test ARS-P2-HET 6   CL

ERODS



Bonelli Model - Dimensionless Flow vs. Dimensionless Time
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IHET = 4.64
Group Number = 

slope, Ce = 2.31E-05 s/m

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0133

0.0075
214.8590062
4.487652633

Soil P3   Test P3 HET-2   01-22-2008
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Project ARS
Feature Soil P3
Test P3 HET-2
Date 1/22/2008

RESULTS SUMMARY
Ce 1.26E-05 ((kg/s)/m2)/Pa = s/m

IHET 4.90 Group 4

τc 198.2 Pa

kd 7.243E-09 m/s/Pa = m3/(N-s)

kd 0.0072 cm3/(N-s)

kd 0.0041 (ft/hr)/psf

τc 4.14 psf

HET dimensionless flow vs. dimensionless time
(Bonelli et al. 2006)
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IHET = 5.06
Group Number = 5

slope, Ce = 8.64E-06 s/m

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0051
0.0029

0.0
0.000

P3   Test 3   03-17-2008
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Project ARS
Feature P3
Test 3
Date 3/17/2008

RESULTS SUMMARY
Ce 1.93E-05 ((kg/s)/m2)/Pa = s/m

IHET 4.71 Group 4

τc 402.0 Pa

kd 1.133E-08 m/s/Pa = m3/(N-s)

kd 0.0113 cm3/(N-s)

kd 0.0064 (ft/hr)/psf

τc 8.40 psf

HET dimensionless flow vs. dimensionless time
(Bonelli et al. 2006)
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IHET = 4.89
Group Number = 4

slope, Ce = 1.28E-05 s/m

 

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0072
0.0041

339.0
7.081

P3 at breach test conditions (targeting 111 pcf, 15.4% m.c.)   Test P3 - HET 4   CL

ARS



Bonelli Model - Dimensionless flow vs. Dimensionless Time
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IHET = 4.46
Group Number = 4

slope, Ce = 3.48E-05 s/m

 

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0199
0.0113

194.2
4.056

ARS P3 at breach-test conditions   Test ARS-P3-HET 5   Lean Clay - CL
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Bonelli Model - Dimensionless flow vs. Dimensionless Time
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Analysis considers period of 
accelerating erosion which begins 
at t=5:45 and ends at 10:20.
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ARS-P2-HET, -4%   Test ARS-P2-HET, -4%   09-15-2008

ERODS Phase 2
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IHET = 3.41
Group Number = 3

slope, Ce = 3.89E-04 s/m

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.2169
0.1226

64.8
1.354

ARS-P2-HET, -4%   Test ARS-P2-HET, -4%   09-15-2008

ERODS Phase 2



Bonelli Model - Dimensionless Flow vs. Dimensionless Time
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Analysis considers period of 
accelerating erosion which begins 
at t=19:06 and ends at 20:15.  
After that things became crazy.
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IHET = 3.97
Group Number = 3

slope, Ce = 1.07E-04 s/m

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0578
0.0327

958.2
20.012

ARS-P2-HET-25, -2%   Test ARS-P2-HET-25, -2%   08-27-2008

ERODS - ARS Phase 2



Bonelli Model - Dimensionless Flow vs. Dimensionless Time
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Analysis considers period of 
accelerating erosion which 
begins at t=27.5 minutes
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EROSION RATE AND SHEAR STRESS VS. TIME

0

200

400

600

800

1000

1200

1400

1600

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time, t (s)

Sh
ea

r S
tr

es
s 

(P
a)

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

Er
os

io
n 

R
at

e 
(k

g/
s/

m
2 )

Shear Stress

Fitted Rate of Mass Removal Per Unit Area

P2 @ OMC   Test ARS-P2-HET-25-OMC   08-27-2008
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IHET = 4.23
Group Number = 4

slope, Ce = 5.90E-05 s/m

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0311
0.0176

855.8
17.874

P2 @ OMC   Test ARS-P2-HET-25-OMC   08-27-2008

ERODS phase 2



Bonelli Model - Dimensionless Flow vs. Dimensionless Time
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Pa
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ARS-P2-HET-25, +2%   Test ARS-P2-HET-25, +2%   08-27-2008

ERODS Phase 2

Did not do a good job of 
maintaining constant head during 
period of progressive erosion.  
Analyze data from 10:00 to 16:25.
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ERODS Phase 2
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IHET = 3.99
Group Number = 3

slope, Ce = 1.02E-04 s/m

 

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0547
0.0309

241.8
5.051

ARS-P2-HET-25, +2%   Test ARS-P2-HET-25, +2%   08-27-2008

ERODS Phase 2



Bonelli Model - Dimensionless Flow vs. Dimensionless Time
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ARS-P2-HET-25, +4   Test ARS-P2-HET-25, +4   09-16-2008

ERODS Phase 2

Analysis considers period of 
accelerating erosion while head 
was at 1600 mm.  Neglect final 1 
minute at 2400 mm.
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ERODS Phase 2
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IHET = 4.18
Group Number = 4

slope, Ce = 6.68E-05 s/m

 

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0372
0.0210

132.5
2.767

ARS-P2-HET-25, +4   Test ARS-P2-HET-25, +4   09-16-2008

ERODS Phase 2



Bonelli Model - Dimensionless Flow vs. Dimensionless Time
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ARS-P3-HET-25, -2-b   Test ARS-P3-HET-25, -2-b   09-17-2008

ERODS Phase 2

Analysis considers period of accelerating 
erosion which begins at t=10:45 minutes.

ESTIMATED DIAMETER OF ERODED HOLE

-0.025

-0.020

-0.015

-0.010

-0.005

0.000

0.005

0.010

0.015

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time (s)

Es
tim

at
ed

 D
ia

m
et

er
 o

f E
ro

de
d 

H
ol

e 
(m

)

Computed Diameters
Fitted Curve

ARS-P3-HET-25, -2-b   Test ARS-P3-HET-25, -2-b   09-17-2008

ERODS Phase 2
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ERODS Phase 2
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IHET = 5.10
Group Number = 5

slope, Ce = 7.89E-06 s/m

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0042
0.0024

621.9
12.989

ARS-P3-HET-25, -2-b   Test ARS-P3-HET-25, -2-b   09-17-2008

ERODS Phase 2



Bonelli Model - Dimensionless Flow vs. Dimensionless Time
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name of project

ARS-P3-HET-25, -2-b
ARS-P3-HET-25, -
2 b9/17/2008
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Pa
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ft/hr/psf
psf

5.04
767.0
4.83E-09
0.0048

0.0027
16.02

879 s
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P3 at 2% dry, 25 blows   Test ARS-P3-HET-25,-2   08-06-2008

ARS Phase 2

Analysis considers period of accelerating 
erosion which begins at t=17 minutes, 
and stops at 35:40.  Head was dropping 
after that time.
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P3 at 2% dry, 25 blows   Test ARS-P3-HET-25,-2   08-06-2008

ARS Phase 2
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ARS Phase 2
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IHET = 5.29
Group Number = 5

slope, Ce = 5.09E-06 s/m

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0027
0.0015

510.4
10.660

P3 at 2% dry, 25 blows   Test ARS-P3-HET-25,-2   08-06-2008

ARS Phase 2



Bonelli Model - Dimensionless Flow vs. Dimensionless Time
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name of project
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Pa
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cm3/N-s
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5.32
615.5
2.48E-09
0.0025
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12.86

1683 s
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ARS-P3-HET-25-OMC-b   Test ARS-P3-HET-25-OMC-b   09-17-2008

ERODS Phase 2

Analysis considers period of accelerating 
erosion which begins at t=6:55 minutes 
and ends at t=23:20 minutes.
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EROSION RATE AND SHEAR STRESS VS. TIME
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ERODS Phase 2
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IHET = 5.34
Group Number = 5

slope, Ce = 4.57E-06 s/m

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0024
0.0014

71.8
1.500

ARS-P3-HET-25-OMC-b   Test ARS-P3-HET-25-OMC-b   09-17-2008

ERODS Phase 2



Bonelli Model - Dimensionless Flow vs. Dimensionless Time
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Pa
m3/N-s
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psf

5.32
377.8
2.53E-09
0.0025

0.0014
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HET Test Record
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P3 at 2% dry, 25 blows   Test ARS-P3-HET-25,-2   08-06-2008

ARS Phase 2

Analysis considers period of accelerating 
erosion which begins at t=15.5 minutes 
and ends at t=28:21 minutes.
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P3 at 2% dry, 25 blows   Test ARS-P3-HET-25,-2   08-06-2008
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EROSION RATE AND SHEAR STRESS VS. TIME
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P3 at 2% dry, 25 blows   Test ARS-P3-HET-25,-2   08-06-2008

ARS Phase 2
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IHET = 4.64
Group Number = 4

slope, Ce = 2.30E-05 s/m

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0122
0.0069

730.9
15.266

P3 at 2% dry, 25 blows   Test ARS-P3-HET-25,-2   08-06-2008

ARS Phase 2



Bonelli Model - Dimensionless Flow vs. Dimensionless Time
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607 s



HET Test Record

0

1000

2000

3000

4000

5000

6000

0:00 0:05 0:10 0:15 0:20 0:25 0:30 0:35 0:40 0:45 0:50 0:55 1:00 1:05

Time, h:mm

Te
st

 H
ea

d,
 m

m

0

5

10

15

20

25

30

35

40

45

Fl
ow

 R
at

e,
 L

/m
in

Test Head, mm
Flow Rate, liters/minute
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ERODS (ARS Phase 2)

Analysis considers period of 
accelerating erosion which 
begins at t=51 minutes

ESTIMATED DIAMETER OF ERODED HOLE

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0 500 1000 1500 2000 2500 3000 3500 4000

Time (s)

Es
tim

at
ed

 D
ia

m
et

er
 o

f E
ro

de
d 

H
ol

e 
(m

)

Computed Diameters
Fitted Curve

P3 @ Optimum moisture, 25 blows   Test ARS-P3-25-OMC   07-28-2008

ERODS (ARS Phase 2)



e,T

Page 3

EROSION RATE AND SHEAR STRESS VS. TIME
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P3 @ Optimum moisture, 25 blows   Test ARS-P3-25-OMC   07-28-2008

ERODS (ARS Phase 2)

EROSION RATE VS. SHEAR STRESS

0.000

0.001

0.001

0.002

0.002

0.003

0.003

0.004

0.004

0 200 400 600 800 1000 1200 1400

Estimated Shear Stress (Pa)

Es
tim

at
ed

 R
at

e 
of

 M
as

s 
R

em
ov

al
 P

er
 U

ni
t A

re
a 

(k
g/

s/
m

2 )

IHET = 5.01
Group Number = 5

slope, Ce = 9.82E-06 s/m

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0052
0.0030

968.4
20.227

P3 @ Optimum moisture, 25 blows   Test ARS-P3-25-OMC   07-28-2008

ERODS (ARS Phase 2)



Bonelli Model - Dimensionless Flow vs. Dimensionless Time
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HET data

Fitted Bonelli model

Project
Sample ID
Test No.
Date
ter  =

Ce    =
IHET =
τc   =
kd   =
kd   =

kd   =
τc   =

name of project

P3 @ Optimum moisture, 25 blows
ARS-P3-25-OMC
7/28/2008

1.06E-05 s/m

Pa
m3/N-s
cm3/N-s

ft/hr/psf
psf

4.98
954.6
5.65E-09
0.0056

0.0032
19.94

788 s



HET Test Record
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ARS-P3-HET-25, +2-b   Test ARS-P3-HET-25, +2-b   09-17-2008

ERODS Phase 2

Analysis considers period of accelerating 
erosion which begins at t=7:50 minutes 
and ends at 13:45 minutes.
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ERODS Phase 2
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EROSION RATE AND SHEAR STRESS VS. TIME
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ERODS Phase 2

EROSION RATE VS. SHEAR STRESS
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IHET = 4.62
Group Number = 4

slope, Ce = 2.40E-05 s/m

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0131
0.0074

656.1
13.704

ARS-P3-HET-25, +2-b   Test ARS-P3-HET-25, +2-b   09-17-2008

ERODS Phase 2



Bonelli Model - Dimensionless Flow vs. Dimensionless Time
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Project
Sample ID
Test No.
Date
ter  =

Ce    =
IHET =
τc   =
kd   =
kd   =

kd   =
τc   =

name of project

ARS-P3-HET-25, +2-b
ARS-P3-HET-25, 

2 b9/17/2008

1.31E-05 s/m

Pa
m3/N-s
cm3/N-s

ft/hr/psf
psf

4.88
468.8
7.16E-09
0.0072

0.0040
9.79

623 s



HET Test Record

0.00

500.00

1,000.00

1,500.00

2,000.00

2,500.00

3,000.00

3,500.00

0:00 0:05 0:10 0:15 0:20 0:25

Time, h:mm

Te
st

 H
ea

d,
 m

m

0

10

20

30

40

50

60

70

80

Fl
ow

 R
at

e,
 L

/m
in

Test Head, mm
Flow Rate, liters/minute

P3 4% wet, 25 blows   Test ARS-P3-HET-25,+4   08-06-2008

ARS Phase 2

Analysis considers period of accelerating 
erosion which begins at t=5 minutes, and 

stops at t=12 minutes.  After that time, 
variation of the head makes it difficult to 

interpret data.
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P3 4% wet, 25 blows   Test ARS-P3-HET-25,+4   08-06-2008

ARS Phase 2
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EROSION RATE AND SHEAR STRESS VS. TIME
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ARS Phase 2

EROSION RATE VS. SHEAR STRESS
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IHET = 4.44
Group Number = 4

slope, Ce = 3.62E-05 s/m

kd, cm3/(N-s) =
kd, (ft/hr)/psf =
τc, Pa =
τc, psf =

0.0205
0.0116

384.7
8.035

P3 4% wet, 25 blows   Test ARS-P3-HET-25,+4   08-06-2008

ARS Phase 2



Bonelli Model - Dimensionless Flow vs. Dimensionless Time
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name of project

P3 4% wet, 25 blows
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25 48/6/2008
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4.55
370.4
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476 s



PROJECT ARS DATE 3/26/2008

SAMPLE / LOCATION P1 at 95% compaction, Optimum moisture OPERATOR TLW

ZERO POINT GAGE
READING (on deflector plate) 1.067 TEST # P1 - Jet 1

PRELIMINARY HEAD SETTING (IN.) 36 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.254

SCOUR DEPTH READINGS
TIME DIFF PT GAGE MAXIMUM  HEAD SETTING

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.008 0.000 0 36.00
0.3333 0.333333333 0.840 0.168 0.33333333 36.00
0.6667 0.333333333 0.720 0.288 0.66666667 36.00

Compaction Properties
Method d,max 112.5 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 12.50 %

Moisture Content Determination
Tare Container 89-13 Tare Mass 220.8 Moisture Content 11.03 %

Tare+Wet Mass 629.5 % Dry(-) /  Wet(+)

Tare+Dry Mass 588.9 -1.47 %

Dry Density Determination
Mold ID P1-3 Mold Weight 4.236 lb

Mold Height 4.585 in. Soil+mold weight 8.146 lb
Mold Diam. 4 in. wet 117.27 lb/ft3

dry 105.62 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 93.88 %

COMMENTS

D:\BREACH\Erodibility\ARS Soils\Jet's\[P1-Jet 1.xls]Data

SUBMERGED JET TEST DATA

Std. Compaction, 7 blows/layer

3465

Solve Workbook

P1-Jet 1.xls

Asymptote Plot to Predict Ultimate Scour
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Dimensionless Scour vs. Dimensionless Time (Blaisdell Method)
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kd =

τc =

273.

0.000087

cm3/(N-s) =

Pa =

154. (ft/hr)/psf

0.00000 psf



PROJECT DATE 4/17/2008

SAMPLE / LOCATION OPERATOR T. Wahl

ZERO POINT GAGE
READING (on deflector plate) 1.208 TEST # ARS-P1-Jet 2

PRELIMINARY HEAD SETTING (IN.) 18 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.254

SCOUR DEPTH READINGS
TIME DIFF PT GAGE MAXIMUM  HEAD SETTING

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.008 0.000 0 18.00
0.3333 0.333333333 0.898 0.110 0.33333333 18.00
0.6667 0.333333333 0.840 0.168 0.66666667 18.00
1.3333 0.666666667 0.704 0.304 1.33333333 18.00

2 0.666666667 0.627 0.381 2 18.00

Compaction Properties
Method d,max 112.5 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 12.50 %

Moisture Content Determination
Tare Container 89-13 Tare Mass 220.8 Moisture Content 11.03 %

Tare+Wet Mass 629.5 % Dry(-) /  Wet(+)

Tare+Dry Mass 588.9 -1.47 %

Dry Density Determination
Mold ID P1-3 Mold Weight 4.236 lb

Mold Height in. Soil+mold weight 8.146 lb
Mold Diam. in. wet 117.30 lb/ft3

dry 105.65 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 93.91 %

COMMENTS

D:\BREACH\Erodibility\ARS Soils\Jet's\[P1-Jet 2.xls]Data

SUBMERGED JET TEST DATA

Std. Compaction, 7 blows/layer

3465

ERODS - ARS Soils

P1 at breach-test conditions

Solve Workbook

P1-Jet 2.xls

Asymptote Plot to Predict Ultimate Scour
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Dimensionless Scour vs. Dimensionless Time (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

kd =

τc =

308.

0.000306

cm3/(N-s) =

Pa =

174. (ft/hr)/psf

0.000006 psf



DATE 3/20/2008
JET TEST

LOCATION ARS P2 soil (in P2A mold) OPERATOR TLWahl

ZERO POINT GAGE
READING (on deflector plate) 1.226 TEST # 1

PRELIMINARY HEAD SETTING (IN.) 24 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.144

SCOUR DEPTH READINGS
TIME DIFF PT GAGE MAXIMUM  HEAD SETTING

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.118 0.000 0 24.00

2 2 1.099 0.019 2 24.00
4 2 1.085 0.033 4 24.00
8 4 1.067 0.051 8 24.00

15 7 1.054 0.064 15 24.00
30 15 1.034 0.084 30 24.00
61 31 1.001 0.117 61 24.00
120 59 0.958 0.160 120 24.00

COMMENTS
Moisture content % = 12.39% optimum wc% = 12.2%
Mold volume (ft3) = 0.03322 Mold weight = 4.234 Soil+mold weight = 8.35

wet = 123.9012643

dry = 110.2436309

d,max = 118.24
93.24%

D:\BREACH\Erodibility\ARS Soils\Jet's\[P2-Jet 1.xls]Data

SUBMERGED JET TEST DATA

Solve Workbook

P2-Jet 1.xls

Asymptote Plot to Predict Ultimate Scour
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Dimensionless Scour vs. Dimensionless Time (Blaisdell Method)
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PROJECT ARS Piping Soils for ERODS Research DATE 3/21/2008

SAMPLE / LOCATION P2 @ 95% compaction and OMC OPERATOR TLWahl

ZERO POINT GAGE
READING (on deflector plate) 1.226 TEST # 2

PRELIMINARY HEAD SETTING (IN.) 24 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.144

SCOUR DEPTH READINGS
TIME DIFF PT GAGE MAXIMUM  HEAD SETTING

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.118 0.000 0 24.00

2 2 1.112 0.006 2 24.00
4 2 1.103 0.015 4 24.00

10 6 1.085 0.033 10 24.00
18 8 1.073 0.045 18 24.00
30 12 1.063 0.055 30 24.00
60 30 1.046 0.072 60 24.00
135 75 1.021 0.097 135 24.00

REMOLDED SAMPLES
Compaction Properties Method 10 blows/layer, 3 layers

Compaction Energy 4950 ft-lb/ft3

Optimum Moisture Content 12.20 % d,max 118.24 lb/ft3

Moisture Content Determination
Tare Container CL-125 Tare Mass 211.6 g

Tare+Wet Mass 593.5 g
Tare+Dry Mass 550.3

% Dry(-) / Wet(+)

Moisture Content 12.75 % +0.55 %

Dry Density Determination
Mold ID P2C Mold Height 4.5858 in.

Mold Volume 0.03313 ft3 Mold Diam. 3.987 in.

Mold Weight 4.218 lb wet 127.488257 lb/ft3

Soil+mold weight 8.442 lb dry 113.066962 lb/ft3

Relative compaction 95.62 %
COMMENTS

D:\BREACH\Erodibility\ARS Soils\Jet's\[P2-Jet 2.xls]Data

SUBMERGED JET TEST DATA

Solve Workbook

P2-Jet 2.xls

Asymptote Plot to Predict Ultimate Scour
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Dimensionless Scour vs. Dimensionless Time (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

kd =

τc =

0.207

0.94

cm3/(N-s) =

Pa =

0.117 (ft/hr)/psf

0.019 psf



PROJECT ARS DATE 4/4/2008

SAMPLE / LOCATION P2 at breach test conditions OPERATOR TLW

ZERO POINT GAGE
READING (on deflector plate) 1.262 TEST # P2 - Jet 3

PRELIMINARY HEAD SETTING (IN.) 24 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.143

SCOUR DEPTH READINGS
TIME DIFF PT GAGE MAXIMUM  HEAD SETTING

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.119 0.000 0 25.79
1 1 1.105 0.014 1 25.79
2 1 1.092 0.027 2 25.79

4.08 2.08 1.082 0.037 4.08 25.79
8.00 3.92 1.071 0.048 8 25.79
18 10 1.053 0.066 18 25.79
32 14 1.038 0.081 32 25.79
62 30 1.020 0.099 62 25.79

106 44 0.979 0.140 106 25.79

Compaction Properties
Method Standard Proctor, with 7 blows/layer d,max 118.24 lb/ft3

Compaction Energy 3465 ft-lb/ft3 Optimum Moisture 12.20 %

Moisture Content Determination
Tare Container CL-209 Tare Mass 167.5 Moisture Content 12.47 %

Tare+Wet Mass 624.8 % Dry(-) /  Wet(+)

Tare+Dry Mass 574.1 +0.27 %

Dry Density Determination
Mold ID 1 of 4 Mold Weight 4.242 lb

Mold Height 4.584 in. Soil+mold weight 8.296 lb
Mold Diam. 4 in. wet 121.61 lb/ft3

dry 108.13 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 91.4 %

COMMENTS

D:\BREACH\Erodibility\ARS Soils\Jet's\[P2-Jet 3.xls]Data

SUBMERGED JET TEST DATA

Solve Workbook

P2-Jet 3.xls

Asymptote Plot to Predict Ultimate Scour
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Dimensionless Scour vs. Dimensionless Time (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation
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0.391
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0.019 psf



PROJECT ARS DATE 4/8/2008

SAMPLE / LOCATION P2 at breach test conditions OPERATOR TLW

ZERO POINT GAGE
READING (on deflector plate) 1.184 TEST # P2 - Jet 4

PRELIMINARY HEAD SETTING (IN.) 36 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.133

SCOUR DEPTH READINGS
TIME DIFF PT GAGE MAXIMUM  HEAD SETTING

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.129 0.000 0 36.00
1 1 1.121 0.008 1 36.00
2 1 1.112 0.017 2 36.00
4 2 1.103 0.026 2 36.00
8 4 1.092 0.037 8 36.00

18 10 1.078 0.051 18 36.00
30 12 1.065 0.064 30 36.00
54 24 1.045 0.084 54 36.00
93 39 1.014 0.115 93 36.00

188 95 0.957 0.172 188 36.00

Compaction Properties
Method Standard Proctor, with 7 blows/layer d,max 118.24 lb/ft3

Compaction Energy 3465 ft-lb/ft3 Optimum Moisture 12.20 %

Moisture Content Determination
Tare Container CL-207 Tare Mass 207 Moisture Content 12.50 %

Tare+Wet Mass 653.4 % Dry(-) /  Wet(+)

Tare+Dry Mass 603.8 +0.30 %

Dry Density Determination
Mold ID 3 of 4 Mold Weight 4.238 lb

Mold Height 4.6032 in. Soil+mold weight 8.336 lb
Mold Diam. 3.9895 in. wet 123.06 lb/ft3

dry 109.39 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 92.5 %

COMMENTS

D:\BREACH\Erodibility\ARS Soils\Jet's\[P2-Jet 4.xls]Data

SUBMERGED JET TEST DATA

Solve Workbook

P2-Jet 4.xls

Asymptote Plot to Predict Ultimate Scour
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Dimensionless Scour vs. Dimensionless Time (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

kd =

τc =

0.192

0.75

cm3/(N-s) =

Pa =

0.109 (ft/hr)/psf

0.015 psf



DATE 3/17/2008
JET TEST

LOCATION ARS P3 (P3A) OPERATOR TLW

ZERO POINT GAGE
READING (on deflector plate) 0.980 TEST # 1

PRELIMINARY HEAD SETTING (IN.) 48 POINT GAGE RDG @ NOZZLE 1.017

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.145

SCOUR DEPTH READINGS
TIME DIFF PT GAGE MAXIMUM  HEAD SETTING

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 0.872 0.000 0 48.00

0.5 0.5 0.825 0.047 0.5 48.00
1 0.5 0.807 0.065 1 48.00
2 1 0.806 0.066 2 48.00
4 2 0.803 0.069 4 48.00
8 4 0.747 0.125 8 48.00

15 7 0.696 0.176 15 48.00
30 15 0.642 0.230 30 48.00
46 16 0.580 0.292 46 48.00

COMMENTS

D:\BREACH\Erodibility\ARS Soils\Jet's\[P3-Jet 1.xls]Data

SUBMERGED JET TEST DATA

Solve Workbook

P3-Jet 1.xls
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Dimensionless Scour vs. Dimensionless Time (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

kd =

τc =

1.759

0.17

cm3/(N-s) =

Pa =

0.995 (ft/hr)/psf

0.003 psf



DATE 3/18/2008
JET TEST

LOCATION ARS P3 (P3C) OPERATOR TLW

ZERO POINT GAGE
READING (on deflector plate) 0.980 TEST # 1

PRELIMINARY HEAD SETTING (IN.) 30.3 POINT GAGE RDG @ NOZZLE 1.0165

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.144

SCOUR DEPTH READINGS
TIME DIFF PT GAGE MAXIMUM  HEAD SETTING

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 0.873 0.000 0 30.30

1 1 0.822 0.051 1 30.30
2 1 0.818 0.055 2 30.30
4 2 0.814 0.059 4 30.30
8 4 0.806 0.068 8 30.30

15 7 0.802 0.071 15 30.30
30 15 0.760 0.113 30 30.30
45 15 0.676 0.197 45 30.30
60 15 0.669 0.204 60 30.30
93 33 0.588 0.285 93 30.30

COMMENTS

D:\BREACH\Erodibility\ARS Soils\Jet's\[P3-Jet 2.xls]Data

SUBMERGED JET TEST DATA

Solve Workbook

P3-Jet 2.xls
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Dimensionless Scour vs. Dimensionless Time (Blaisdell Method)

0.0

0.2

0.4

0.6

0.8

1.0

0.00001 0.0001 0.001 0.01 0.1 1

T*, Dimensionless Time

J*
, D

im
en

si
on

le
ss

 S
co

ur

Test data
Fitted scour at potential core
Fitted test initiation

kd =

τc =

1.228

0.21

cm3/(N-s) =

Pa =

0.694 (ft/hr)/psf

0.004 psf



PROJECT ARS HET's and JET's DATE 4/1/2008

SAMPLE / LOCATION P3 @ breach test conditions OPERATOR TLW

ZERO POINT GAGE
READING (on deflector plate) 1.225 TEST # P3-JET 3

PRELIMINARY HEAD SETTING (IN.) 24 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.143

SCOUR DEPTH READINGS
TIME DIFF PT GAGE MAXIMUM  HEAD SETTING

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.119 0.000 0 24.00
3 3 1.114 0.005 3 24.00
6 3 1.087 0.032 6 24.00

10 4 1.085 0.034 10 24.00
20 10 1.083 0.036 20 24.00
40 20 1.061 0.058 40 24.00
60 20 1.057 0.062 60 24.00
75 15 1.053 0.066 75 24.00

113 38 1.045 0.074 113 24.00

Compaction Properties
Method Std. Proctor, but only 9 blows/layer d,max 113.44 lb/ft3

Compaction Energy 4455 ft-lb/ft3 Optimum Moisture 14.20 %

Moisture Content Determination
Tare Container CL-123 Tare Mass 210.2 Moisture Content 15.29 %

Tare+Wet Mass 693.6 % Dry(-) /  Wet(+)

Tare+Dry Mass 629.5 +1.09 %

Dry Density Determination
Mold ID P3 (2 of 4) Mold Weight 4.236 lb

Mold Height 4.5918 in. Soil+mold weight 8.468 lb
Mold Diam. 3.995 in. wet 127.05 lb/ft3

dry 110.20 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 97.15 %

COMMENTS
A little more jet pressure would have been desirable.  Erosion was very episodic.  Water clear throughout test.

D:\BREACH\Erodibility\ARS Soils\Jet's\[P3-Jet 3.xls]Data

SUBMERGED JET TEST DATA

Solve Workbook

P3-Jet 3.xls
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Dimensionless Scour vs. Dimensionless Time (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

kd =

τc =

0.1864

1.61

cm3/(N-s) =

Pa =

0.105 (ft/hr)/psf

0.033 psf



PROJECT ARS HET's and JET's DATE 4/8/2008

SAMPLE / LOCATION P3 @ breach test conditions OPERATOR TLW

ZERO POINT GAGE
READING (on deflector plate) 1.225 TEST # P3-JET 4

PRELIMINARY HEAD SETTING (IN.) 36 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.143

SCOUR DEPTH READINGS
TIME DIFF PT GAGE MAXIMUM  HEAD SETTING

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.119 0.000 0 36.00
2 2 1.117 0.002 2 36.00
5 3 1.116 0.003 3 36.00

10 5 1.110 0.009 10 36.00
19 9 1.108 0.011 19 36.00
40 21 1.103 0.016 40 36.00
60 20 1.099 0.020 60 36.00
86 26 1.093 0.026 86 36.00

Compaction Properties
Method Std. Proctor, but only 9 blows/layer d,max 113.44 lb/ft3

Compaction Energy 4455 ft-lb/ft3 Optimum Moisture 14.20 %

Moisture Content Determination
Tare Container 89-6 Tare Mass 208.7 Moisture Content 15.36 %

Tare+Wet Mass 660 % Dry(-) /  Wet(+)

Tare+Dry Mass 599.9 +1.16 %

Dry Density Determination
Mold ID P3 (3 of 4) Mold Weight 4.242 lb

Mold Height 4.5913 in. Soil+mold weight 8.484 lb
Mold Diam. 3.988 in. wet 127.81 lb/ft3

dry 110.79 lb/ft3

Mold Volume 0.0332 ft3 Relative compaction 97.67 %

COMMENTS
A little more jet pressure would have been desirable.  Erosion was very episodic.  Water clear throughout test.

D:\BREACH\Erodibility\ARS Soils\Jet's\[P3-Jet 4.xls]Data

SUBMERGED JET TEST DATA

Solve Workbook
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Dimensionless Scour vs. Dimensionless Time (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

kd =

τc =

0.050

18.8

cm3/(N-s) =

Pa =

0.028 (ft/hr)/psf

0.393 psf



PROJECT DATE 9/15/2008

SAMPLE / LOCATION OPERATOR TLW

ZERO POINT GAGE
READING (on deflector plate) 1.228 TEST # ARS-P2-25, -4%

PRELIMINARY HEAD SETTING (IN.) 21 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.137

TIME DIFF PT GAGE MAXIMUM

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.125 0.000 0 21.00
2 2 1.083 0.042 2 21.00
4 2 1.065 0.060 4 21.00
8 4 1.047 0.078 8 21.00
15 7 1.029 0.096 15 21.00
30 15 0.976 0.149 30 21.00
60 30 0.930 0.195 60 21.00

Compaction Properties
Method d,max 118.24 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 12.20 %

Moisture Content Determination
Tare Container CL-119 Tare Mass 168.3 Moisture Content 7.55 %

Tare+Wet Mass 376.4 % Dry(-) /  Wet(+)

Tare+Dry Mass 361.8 -4.65 %

Dry Density Determination
Mold ID 1922 Mold Weight 4.236 lb

Mold Height in. Soil+mold weight 8.23 lb
Mold Diam. in. wet 119.82 lb/ft3

dry 111.41 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 94.23 %

COMMENTS

D:\BREACH\Erodibility\ARS Soils\JET Phase 2\[ARS-P2-Jet-25, -4%.xls]Data

SUBMERGED JET TEST DATA

Std. Proctor

12375

ARS/ERODS Phase 2

P2, 25 blows @ -4%

SCOUR DEPTH READINGS
HEAD SETTING

Asymptote Plot to Predict Equilibrium Scour
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x = log[(Uot)/do]

f = log[(J)/do] - x

ARS-P2-25, -4%

3.774

2.224

1.64

41.9

Hyperbola parameters
A = 

f0 = 

Initial jet distance, Ji (in.) =

Equilibrium jet distance, Je (in.) =



Dimensionless Scour-Time Plot (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

ARS-P2-25, -4%

kd =
1.3937 cm3/(N-s)

Pa

0.7881 (ft/hr)/psf

psfc =
0.062

0.00129



PROJECT DATE 8/27/2008

SAMPLE / LOCATION OPERATOR TLW

ZERO POINT GAGE
READING (on deflector plate) 1.228 TEST # ARS-P2-25, -2%

PRELIMINARY HEAD SETTING (IN.) 30 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.137

TIME DIFF PT GAGE MAXIMUM

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.125 0.000 0 30.00
1 1 1.117 0.008 1 30.00
2 1 1.112 0.013 2 30.00
4 2 1.088 0.037 4 30.00
8 4 1.066 0.059 8 30.00
16 8 1.050 0.075 16 30.00
31 15 1.024 0.101 31 30.00
61 30 0.953 0.172 61 30.00

Compaction Properties
Method d,max 118.24 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 12.20 %

Moisture Content Determination
Tare Container CL-147 Tare Mass 172.4 Moisture Content 9.27 %

Tare+Wet Mass 521.3 % Dry(-) /  Wet(+)

Tare+Dry Mass 491.7 -2.93 %

Dry Density Determination
Mold ID 1920.2 Mold Weight 4.232 lb

Mold Height in. Soil+mold weight 8.414 lb
Mold Diam. in. wet 125.96 lb/ft3

dry 115.28 lb/ft3

Mold Volume 0.0332 ft3 Relative compaction 97.49 %

COMMENTS

D:\BREACH\Erodibility\ARS Soils\JET Phase 2\[ARS-P2-Jet-25, -2%.xls]Data

SUBMERGED JET TEST DATA

Std. Proctor

12375

ARS/ERODS Phase 2

P2, 25 blows @ -2%

SCOUR DEPTH READINGS
HEAD SETTING

Asymptote Plot to Predict Equilibrium Scour
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x = log[(Uot)/do]

f = log[(J)/do] - x

ARS-P2-25, -2%

3.635

2.084

1.64

30.3

Hyperbola parameters
A = 

f0 = 

Initial jet distance, Ji (in.) =

Equilibrium jet distance, Je (in.) =



Dimensionless Scour-Time Plot (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

ARS-P2-25, -2%

kd =
0.6881 cm3/(N-s)

Pa

0.3891 (ft/hr)/psf

psfc =
0.168

0.00351



PROJECT DATE 8/27/2008

SAMPLE / LOCATION OPERATOR TLW

ZERO POINT GAGE
READING (on deflector plate) 1.229 TEST # RS-P2-25-OMC

PRELIMINARY HEAD SETTING (IN.) 30 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.137

TIME DIFF PT GAGE MAXIMUM

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.125 0.000 0 30.00
5 5 1.125 0.000 5 30.00
10 5 1.124 0.001 10 30.00
17 7 1.118 0.007 17 30.00
30 13 1.111 0.014 30 30.00
60 30 1.104 0.021 60 30.00
91 31 1.098 0.027 91 30.00

Compaction Properties
Method d,max 118.24 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 12.20 %

Moisture Content Determination
Tare Container CL-123 Tare Mass 210.2 Moisture Content 11.57 %

Tare+Wet Mass 522.6 % Dry(-) /  Wet(+)

Tare+Dry Mass 490.2 -0.63 %

Dry Density Determination
Mold ID 1922 Mold Weight 4.236 lb

Mold Height in. Soil+mold weight 8.71 lb
Mold Diam. in. wet 134.35 lb/ft3

dry 120.42 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 101.84 %

COMMENTS

D:\BREACH\Erodibility\ARS Soils\JET Phase 2\[ARS-P2-Jet-25-OMC.xls]Data

SUBMERGED JET TEST DATA

Std. Proctor

12375

ARS/ERODS Phase 2

P2, 25 blows @ OMC

SCOUR DEPTH READINGS
HEAD SETTING

Asymptote Plot to Predict Equilibrium Scour
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x = log[(Uot)/do]

f = log[(J)/do] - x

ARS-P2-25-OMC

2.219

1.256

1.64

4.5

Hyperbola parameters
A = 

f0 = 

Initial jet distance, Ji (in.) =

Equilibrium jet distance, Je (in.) =



Dimensionless Scour-Time Plot (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

ARS-P2-25-OMC

kd =
0.0410 cm3/(N-s)

Pa

0.0232 (ft/hr)/psf

psfc =
7.578

0.15827



PROJECT DATE 8/28/2008

SAMPLE / LOCATION OPERATOR TLW

ZERO POINT GAGE
READING (on deflector plate) 1.228 TEST # RS-P2-25, +2%

PRELIMINARY HEAD SETTING (IN.) 30 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.137

TIME DIFF PT GAGE MAXIMUM

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.125 0.000 0 30.00
4 4 1.123 0.002 4 30.00
8 4 1.119 0.006 8 30.00
22 14 1.100 0.025 22 30.00
52 30 1.059 0.066 52 30.00
89 37 1.018 0.107 89 30.00

129 40 1.005 0.120 129 30.00

Compaction Properties
Method d,max 118.24 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 12.20 %

Moisture Content Determination
Tare Container CL-207 Tare Mass 207 Moisture Content 13.43 %

Tare+Wet Mass 730.6 % Dry(-) /  Wet(+)

Tare+Dry Mass 668.6 +1.23 %

Dry Density Determination
Mold ID 1922.4 Mold Weight 4.238 lb

Mold Height in. Soil+mold weight 8.652 lb
Mold Diam. in. wet 132.55 lb/ft3

dry 116.86 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 98.83 %

COMMENTS

D:\BREACH\Erodibility\ARS Soils\JET Phase 2\[ARS-P2-Jet-25, +2%.xls]Data

SUBMERGED JET TEST DATA

Std. Proctor

12375

ARS/ERODS Phase 2

P2, 25 blows @ +2%

SCOUR DEPTH READINGS
HEAD SETTING

Asymptote Plot to Predict Equilibrium Scour
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x = log[(Uot)/do]

f = log[(J)/do] - x

ARS-P2-25, +2%

4.132

2.242
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43.7

Hyperbola parameters
A = 

f0 = 

Initial jet distance, Ji (in.) =

Equilibrium jet distance, Je (in.) =



Dimensionless Scour-Time Plot (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

ARS-P2-25, +2%

kd =
0.1880 cm3/(N-s)

Pa

0.1063 (ft/hr)/psf

psfc =
0.081

0.00169



PROJECT DATE 9/16/2008

SAMPLE / LOCATION OPERATOR TLW

ZERO POINT GAGE
READING (on deflector plate) 1.218 TEST # RS-P2-25, +4%

PRELIMINARY HEAD SETTING (IN.) 30 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.150

TIME DIFF PT GAGE MAXIMUM

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.112 0.000 0 30.00
2 2 1.109 0.003 2 30.00
4 2 1.107 0.005 4 30.00
8 4 1.101 0.011 8 30.00
15 7 1.092 0.020 15 30.00
37 22 1.060 0.052 37 30.00
89 52 1.020 0.092 89 30.00

123 34 0.995 0.117 123 30.00

Compaction Properties
Method d,max 118.24 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 12.20 %

Moisture Content Determination
Tare Container CL-212 Tare Mass 239.4 Moisture Content 15.49 %

Tare+Wet Mass 535.4 % Dry(-) /  Wet(+)

Tare+Dry Mass 495.7 +3.29 %

Dry Density Determination
Mold ID 1924.6 Mold Weight 4.242 lb

Mold Height in. Soil+mold weight 8.554 lb
Mold Diam. in. wet 129.36 lb/ft3

dry 112.01 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 94.73 %

COMMENTS

D:\BREACH\Erodibility\ARS Soils\JET Phase 2\[ARS-P2-Jet-25, +4%.xls]Data

SUBMERGED JET TEST DATA

Std. Proctor

12375

ARS/ERODS Phase 2

P2, 25 blows @ +4%

SCOUR DEPTH READINGS
HEAD SETTING

Asymptote Plot to Predict Equilibrium Scour
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x = log[(Uot)/do]

f = log[(J)/do] - x

ARS-P2-25, +4%

3.269

1.823

1.80

16.6

Hyperbola parameters
A = 

f0 = 

Initial jet distance, Ji (in.) =

Equilibrium jet distance, Je (in.) =



Dimensionless Scour-Time Plot (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

ARS-P2-25, +4%

kd =
0.2031 cm3/(N-s)

Pa

0.1149 (ft/hr)/psf

psfc =
0.558

0.01166



PROJECT DATE 8/8/2008

SAMPLE / LOCATION OPERATOR TLW

ZERO POINT GAGE
READING (on deflector plate) 1.228 TEST # RS-P3-Jet-25,-4

PRELIMINARY HEAD SETTING (IN.) 60 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.137

TIME DIFF PT GAGE MAXIMUM

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.125 0.000 0 60.00
2 2 1.076 0.049 2 60.00
4 2 1.061 0.064 4 60.00
9 5 1.044 0.081 9 60.00
15 6 1.039 0.086 15 60.00
30 15 1.021 0.104 30 60.00
61 31 0.913 0.212 61 60.00

Compaction Properties
Method d,max 113.44 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 14.20 %

Moisture Content Determination
Tare Container CL-212 Tare Mass 239.4 Moisture Content 10.18 %

Tare+Wet Mass 731.9 % Dry(-) /  Wet(+)

Tare+Dry Mass 686.4 -4.02 %

Dry Density Determination
Mold ID 4.242 Mold Weight 4.242 lb

Mold Height in. Soil+mold weight 8.48 lb
Mold Diam. in. wet 127.14 lb/ft3

dry 115.39 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 101.72 %

COMMENTS
Water in tank became immediately turbid, unlike previous tests at higher moisture contents
Erosion reached bottom of specimen before the last reading was made at t=103 minutes
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SUBMERGED JET TEST DATA

Std. Proctor

12375

ARS Phase 2

P3, 25 blows, 4% dry

SCOUR DEPTH READINGS
HEAD SETTING

Asymptote Plot to Predict Equilibrium Scour
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x = log[(Uot)/do]

f = log[(J)/do] - x

ARS-P3-Jet-25,-4

3.476
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26.0

Hyperbola parameters
A = 

f0 = 

Initial jet distance, Ji (in.) =

Equilibrium jet distance, Je (in.) =



Dimensionless Scour-Time Plot (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

ARS-P3-Jet-25,-4

kd = 0.5083 cm3/(N-s)

Pa

0.2874 (ft/hr)/psf

psfc =
0.455732
0.009519



PROJECT DATE 8/7/2008

SAMPLE / LOCATION OPERATOR CD

ZERO POINT GAGE
READING (on deflector plate) 1.229 TEST # x

PRELIMINARY HEAD SETTING (IN.) 60 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.136

TIME DIFF PT GAGE MAXIMUM

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.126 0.000 0 60.00
1 1 1.125 0.001 1 60.00
2 1 1.124 0.002 2 60.00
4 2 1.124 0.002 4 60.00
8 4 1.122 0.004 8 60.00
16 8 1.119 0.007 16 60.00
30 14 1.115 0.011 30 60.00
60 30 1.094 0.032 60 60.00
90 30 1.088 0.038 90 60.00

120 30 1.078 0.048 120 60.00

Compaction Properties
Method d,max 113.44 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 14.20 %

Moisture Content Determination
Tare Container 89-17 Tare Mass 205 Moisture Content 11.48 %

Tare+Wet Mass 671.3 % Dry(-) /  Wet(+)

Tare+Dry Mass 623.3 -2.72 %

Dry Density Determination
Mold ID 4.232 Mold Weight 4.232 lb

Mold Height in. Soil+mold weight 8.682 lb
Mold Diam. in. wet 133.50 lb/ft3

dry 119.76 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 105.57 %

COMMENTS

D:\BREACH\Erodibility\ARS Soils\JET Phase 2\[ARS-P3-Jet-25,-2.xls]Data

SUBMERGED JET TEST DATA

Standard Proctor

12375

P3, 25 blows, 2% dry (12%)

SCOUR DEPTH READINGS
HEAD SETTING

Asymptote Plot to Predict Equilibrium Scour
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x = log[(Uot)/do]

f = log[(J)/do] - x

x

1.984

1.192

1.63
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Hyperbola parameters
A = 

f0 = 

Initial jet distance, Ji (in.) =

Equilibrium jet distance, Je (in.) =



Dimensionless Scour-Time Plot (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

x

kd =
0.0329 cm3/(N-s)

Pa

0.0186 (ft/hr)/psf

psfc =
20.410

0.42629



PROJECT DATE 8/5/2008

SAMPLE / LOCATION OPERATOR TLW / CD

ZERO POINT GAGE
READING (on deflector plate) 1.228 TEST # ARS-P3-JET-25-OMC4

PRELIMINARY HEAD SETTING (IN.) 60 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.138

TIME DIFF PT GAGE MAXIMUM

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.124 0.000 0 60.00
1 1 1.123 0.001 1 60.00
2 1 1.121 0.003 2 60.00
4 2 1.120 0.004 4 60.00
8 4 1.120 0.004 8 60.00
15 7 1.116 0.008 15 60.00
30 15 1.114 0.010 30 60.00
61 31 1.110 0.014 61 60.00
91 30 1.103 0.021 91 60.00

121 30 1.097 0.027 121 60.00

Compaction Properties
Method d,max 113.44 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 14.20 %

Moisture Content Determination
Tare Container CL-133 Tare Mass 178.1 Moisture Content 13.78 %

Tare+Wet Mass 601.7 % Dry(-) /  Wet(+)

Tare+Dry Mass 550.4 -0.42 %

Dry Density Determination
Mold ID 4.218 Mold Weight 4.218 lb

Mold Height in. Soil+mold weight 8.688 lb
Mold Diam. in. wet 134.10 lb/ft3

dry 117.86 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 103.90 %

COMMENTS

D:\BREACH\Erodibility\ARS Soils\JET Phase 2\[ARS-P3-Jet-25-OMC4.xls]Data

SUBMERGED JET TEST DATA

Standard Proctor

12375

ARS - ERODS - Phase 2

P3, 25 blows, OMC - 0.2%

SCOUR DEPTH READINGS
HEAD SETTING

Asymptote Plot to Predict Equilibrium Scour
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x = log[(Uot)/do]

f = log[(J)/do] - x
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1.430

1.026

1.66

2.7

Hyperbola parameters

A = 

f0 = 

Initial jet distance, Ji (in.) =

Equilibrium jet distance, Je (in.) =



Dimensionless Scour-Time Plot (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

ARS-P3-JET-25-OMC4

kd =
0.0234 cm3/(N-s)

Pa

0.0132 (ft/hr)/psf

psfc =
43.801

0.91485



PROJECT DATE 8/1/2008

SAMPLE / LOCATION OPERATOR TLW / CD

ZERO POINT GAGE
READING (on deflector plate) 1.219 TEST # RS-P3-25-OMC

PRELIMINARY HEAD SETTING (IN.) 48 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.144

TIME DIFF PT GAGE MAXIMUM

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.118 0.000 0 48.00
1 1 1.116 0.002 1 48.00
2 1 1.116 0.002 2 48.00
4 2 1.114 0.004 4 48.00
9 5 1.113 0.005 9 48.00
15 6 1.111 0.007 15 48.00
31 16 1.109 0.009 31 48.00
65 34 1.105 0.013 65 48.00

Compaction Properties
Method d,max 113.44 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 14.20 %

Moisture Content Determination
Tare Container 89-11 Tare Mass 209.3 Moisture Content 14.02 %

Tare+Wet Mass 587.4 % Dry(-) /  Wet(+)

Tare+Dry Mass 540.9 -0.18 %

Dry Density Determination
Mold ID Mold Weight 4.242 lb

Mold Height in. Soil+mold weight 8.732 lb
Mold Diam. in. wet 134.70 lb/ft3

dry 118.13 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 104.14 %

COMMENTS
Test terminated after 65 minutes due to water main break that shut down Federal Center.
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SUBMERGED JET TEST DATA

Standard Proctor

12375

ARS - P2/P3 Phase 2

OMC specimen, 25 blows

SCOUR DEPTH READINGS
HEAD SETTING

Asymptote Plot to Predict Equilibrium Scour
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f = log[(J)/do] - x
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Hyperbola parameters
A = 

f0 = 

Initial jet distance, Ji (in.) =

Equilibrium jet distance, Je (in.) =



Dimensionless Scour-Time Plot (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

ARS-P3-25-OMC

kd =
0.0493 cm3/(N-s)

Pa

0.0279 (ft/hr)/psf

psfc =
49.765

1.03941



PROJECT DATE 8/4/2008

SAMPLE / LOCATION OPERATOR TLW / CD

ZERO POINT GAGE
READING (on deflector plate) 1.229 TEST # ARS-P3-JET-25-OMC2

PRELIMINARY HEAD SETTING (IN.) 60 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.136

TIME DIFF PT GAGE MAXIMUM

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.126 0.000 0 59.25
1 1 1.125 0.001 1 59.25
2 1 1.125 0.001 2 59.25
4 2 1.125 0.001 4 59.25
8 4 1.125 0.001 8 59.25
16 8 1.124 0.002 16 59.25
30 14 1.123 0.003 30 59.25
70 40 1.113 0.013 70 59.25

130 60 1.107 0.019 130 59.25

Compaction Properties
Method d,max 113.44 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 14.20 %

Moisture Content Determination
Tare Container CL-154 Tare Mass 172.4 Moisture Content 14.06 %

Tare+Wet Mass 642.1 % Dry(-) /  Wet(+)

Tare+Dry Mass 584.2 -0.14 %

Dry Density Determination
Mold ID 4.236 Mold Weight 4.236 lb

Mold Height in. Soil+mold weight 8.738 lb
Mold Diam. in. wet 135.06 lb/ft3

dry 118.41 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 104.38 %

COMMENTS

D:\BREACH\Erodibility\ARS Soils\JET Phase 2\[2008-08-04-ARS-P3-Jet-25-OMC2.xls]Data

SUBMERGED JET TEST DATA

Standard Proctor

12375

ARS - ERODS - Phase 2

P3, 25 blows, OMC

SCOUR DEPTH READINGS
HEAD SETTING

Asymptote Plot to Predict Equilibrium Scour
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x = log[(Uot)/do]

f = log[(J)/do] - x

ARS-P3-JET-25-OMC2

1.184

0.952

1.63

2.2

Hyperbola parameters

A = 

f0 = 

Initial jet distance, Ji (in.) =

Equilibrium jet distance, Je (in.) =



Dimensionless Scour-Time Plot (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

ARS-P3-JET-25-OMC2

kd =
0.0198 cm3/(N-s)

Pa

0.0112 (ft/hr)/psf

psfc =
60.721

1.26825



PROJECT DATE 8/4/2008

SAMPLE / LOCATION OPERATOR TLW / CD

ZERO POINT GAGE
READING (on deflector plate) 1.229 TEST # ARS-P3-JET-25-OMC3

PRELIMINARY HEAD SETTING (IN.) 60 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.138

TIME DIFF PT GAGE MAXIMUM

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.124 0.000 0 60.00
5 5 1.124 0.000 5 60.00
23 18 1.124 0.000 23 60.00
58 35 1.124 0.000 58 60.00
84 26 1.124 0.000 84 60.00

115 31 1.110 0.014 115 60.00
135 20 1.104 0.020 135 60.00
225 90 1.089 0.035 225 60.00

Compaction Properties
Method d,max 113.44 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 14.20 %

Moisture Content Determination
Tare Container CL-131 Tare Mass 163.6 Moisture Content 14.49 %

Tare+Wet Mass 694.7 % Dry(-) /  Wet(+)

Tare+Dry Mass 627.5 +0.29 %

Dry Density Determination
Mold ID 4.232 Mold Weight 4.232 lb

Mold Height in. Soil+mold weight 8.686 lb
Mold Diam. in. wet 133.62 lb/ft3

dry 116.71 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 102.89 %

COMMENTS
Test was run for 84 minutes on afternoon of 8/4/08 and produced slight erosion just off center of sample, but

no measurable erosion beneath probe tip.  Tank was drained and sample kept moist overnight, then test was
resumed the next morning.
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SUBMERGED JET TEST DATA

Standard Proctor

12375

ARS - ERODS - Phase 2

P3, 25 blows, OMC

SCOUR DEPTH READINGS
HEAD SETTING

Asymptote Plot to Predict Equilibrium Scour
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Hyperbola parameters
A = 

f0 = 

Initial jet distance, Ji (in.) =

Equilibrium jet distance, Je (in.) =



Dimensionless Scour-Time Plot (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

ARS-P3-JET-25-OMC3

kd =
0.0124 cm3/(N-s)

Pa

0.0070 (ft/hr)/psf

psfc =
28.603

0.59743



PROJECT DATE 8/7/2008

SAMPLE / LOCATION OPERATOR CD

ZERO POINT GAGE
READING (on deflector plate) 1.229 TEST # RS-P3-Jet-25,+2

PRELIMINARY HEAD SETTING (IN.) 60 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.136

TIME DIFF PT GAGE MAXIMUM

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.126 0.000 0 60.00
1 1 1.125 0.001 1 60.00
2 1 1.124 0.002 2 60.00
4 2 1.124 0.002 4 60.00
8 4 1.124 0.002 8 60.00
15 7 1.121 0.005 15 60.00
32 17 1.117 0.009 32 60.00
57 25 1.113 0.013 57 60.00
85 28 1.099 0.027 85 60.00

117 32 1.085 0.041 117 60.00
153 36 1.070 0.056 153 60.00

Compaction Properties
Method d,max 113.44 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 14.20 %

Moisture Content Determination
Tare Container CL-324 Tare Mass 206.5 Moisture Content 15.67 %

Tare+Wet Mass 704.7 % Dry(-) /  Wet(+)

Tare+Dry Mass 637.2 +1.47 %

Dry Density Determination
Mold ID 4.236 Mold Weight 4.236 lb

Mold Height in. Soil+mold weight 8.662 lb
Mold Diam. in. wet 132.78 lb/ft3

dry 114.79 lb/ft3

Mold Volume 0.0333 ft3 Relative compaction 101.19 %

COMMENTS

D:\BREACH\Erodibility\ARS Soils\JET Phase 2\[ARS-P3-Jet-25,+2.xls]Data

SUBMERGED JET TEST DATA

Standard Proctor

12375

P3, 25 blows, 2% wet (16%)

SCOUR DEPTH READINGS
HEAD SETTING

Asymptote Plot to Predict Equilibrium Scour
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x = log[(Uot)/do]

f = log[(J)/do] - x
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Hyperbola parameters
A = 

f0 = 

Initial jet distance, Ji (in.) =

Equilibrium jet distance, Je (in.) =



Dimensionless Scour-Time Plot (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

ARS-P3-Jet-25,+2

kd =
0.0303 cm3/(N-s)

Pa

0.0171 (ft/hr)/psf

psfc =
23.186

0.48427



PROJECT DATE 8/6/2008

SAMPLE / LOCATION OPERATOR CD

ZERO POINT GAGE
READING (on deflector plate) 1.229 TEST # ARS-P3-Jet-25,+4

PRELIMINARY HEAD SETTING (IN.) 60 POINT GAGE RDG @ NOZZLE 1.262

NOZZLE DIAMETER (IN.) 0.25 INITIAL NOZZLE HEIGHT (FT) 0.136

TIME DIFF PT GAGE MAXIMUM

(MIN) TIME READING DEPTH OF TIME HEAD
(MIN) (FT) SCOUR (FT) (MIN) (IN.)

0 1.126 0.000 0 60.00
1 1 1.125 0.001 1 60.00
2 1 1.124 0.002 2 60.00
4 2 1.123 0.003 4 60.00
8 4 1.121 0.005 8 60.00
15 7 1.112 0.014 15 60.00
31 16 1.098 0.028 31 60.00
75 44 1.072 0.054 75 60.00

Compaction Properties
Method d,max 113.44 lb/ft3

Compaction Energy ft-lb/ft3 Optimum Moisture 14.20 %

Moisture Content Determination
Tare Container CL-112 Tare Mass 207.9 Moisture Content 17.82 %

Tare+Wet Mass 823.4 % Dry(-) /  Wet(+)

Tare+Dry Mass 730.3 +3.62 %

Dry Density Determination
Mold ID 4.242 Mold Weight 4.242 lb

Mold Height in. Soil+mold weight 8.572 lb
Mold Diam. in. wet 130.42 lb/ft3

dry 110.69 lb/ft3

Mold Volume 0.0332 ft3 Relative compaction 97.58 %

COMMENTS
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SUBMERGED JET TEST DATA

Standard Proctor

12375

SCOUR DEPTH READINGS
HEAD SETTING

Asymptote Plot to Predict Equilibrium Scour
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x = log[(Uot)/do]

f = log[(J)/do] - x

ARS-P3-Jet-25,+4

2.145

1.258

1.63
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Hyperbola parameters
A = 

f0 = 

Initial jet distance, Ji (in.) =

Equilibrium jet distance, Je (in.) =



Dimensionless Scour-Time Plot (Blaisdell Method)
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Test data
Fitted scour at potential core
Fitted test initiation

ARS-P3-Jet-25,+4

kd =
0.0568 cm3/(N-s)

Pa

0.0321 (ft/hr)/psf

psfc =
15.067

0.31471
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