
 

U.S. Department of the Interior September 2021 

 
 

 

Final Report, DSO-2021-07 

Jet Testing and Erosion Models for 
Cohesive Soils 
 
Technology Development Program 
Dam Safety Office, Dam Safety and Infrastructure 
 

 

 

 

 



 

 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of 
information, including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 
Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for 
failing to comply with a collection of information if it does not display a currently valid OMB control number. 

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1. REPORT DATE (DD-MM-YYYY)  
 September 30, 2021 

2. REPORT TYPE 
 Research, Final Report 

3. DATES COVERED (From - To) 

 2019-2021 
4. TITLE AND SUBTITLE 
 Jet Testing and Erosion Models for Cohesive Soils 

5a. CONTRACT NUMBER 
 RX.32880011.008RJET / JTEM1 
5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 
 Tony L. Wahl, P.E. 
   Technical Specialist 

5d. PROJECT NUMBER 
 DSO-2021-07 
5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
 Hydraulic Investigations & Laboratory Services Group 
    Technical Service Center 
    Bureau of Reclamation 
    Denver, CO  80225-0007   

8. PERFORMING ORGANIZATION REPORT NUMBER 
 
 DSO-2021-07 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
 Dam Safety Office, Dam Safety and Infrastructure 
 Bureau of Reclamation 
 U.S. Department of the Interior 
 Denver Federal Center 
 PO Box 25007, Denver, Colorado  80225-0007 

10. SPONSOR/MONITOR'S ACRONYM(S) 
 Reclamation 
11. SPONSOR/MONITOR'S REPORT NUMBER(S) 
 DSO-2021-07 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
 Final report may be downloaded from https://intra.usbr.gov/ssle/dam_safety/techdev/index.html 
  
13. SUPPLEMENTARY NOTE  
14. ABSTRACT 

The submerged jet erosion test (JET) quantifies erodibility of cohesive soils by determining erosion rate coefficients and critical shear stress values. 
Test devices with different scales and configurations exist, and several alternative methods are used to process collected data to determine 
parameters of linear and nonlinear soil erosion equations. To facilitate standardization, 52 JET experiments were conducted on four different 
cohesive soils with a range of water contents. Each was analyzed using four linear and five nonlinear methods, including two based on the recently 
popular Wilson model. Results were analyzed to determine accurate and useful methods for applications in soil erosion modeling and classification 
of soils according to erodibility. Nonlinear methods fit some data sets well but had poor correlations to critical shear stress. Newer linear methods 
were generally superior to the Blaisdell method, which has been the informally accepted standard of practice since the late 1990s.  Simple linear 
regression of average scour rate vs. average applied stress provided an effective method for representing the erosion rate vs. applied stress curve and 
exhibited the strongest correlation of the erosion rate coefficient and critical shear stress parameters. 

15. SUBJECT TERMS 
Erosion, Erodibility, Dam breach, submerged jet erosion test 

16. SECURITY CLASSIFICATION OF:  17. LIMITATION OF 
ABSTRACT 

 

18. NUMBER OF 
PAGES 

41 

19a. NAME OF RESPONSIBLE PERSON 
 Tony Wahl 
  

a. REPORT 
U 

b. ABSTRACT 
U 

a. THIS PAGE 
U 

19b. TELEPHONE NUMBER (Include area code) 

 303-445-2155 
  

Standard Form 298 (Rev. 8/98)  
Prescribed by ANSI Std. Z39.18  

This is a Standard Form 298, Report Documentation Page.  This report was sponsored by the Bureau of Reclamation’s Dam Safety Office.  For more detailed information about this Report Documentation Page, please 

contact Tony Wahl at 303-445-2155. 

https://intra.usbr.gov/ssle/dam_safety/techdev/index.html


 

 

Jet Testing and Erosion Models for 
Cohesive Soils 
 

Final Report, DSO-2021-07 
Bureau of Reclamation 
Dam Safety Office, Dam Safety and Infrastructure 
Technology Development Program 
 

 
 

Prepared by:  Tony L. Wahl, P.E. 
Technical Specialist, Hydraulic Investigations and Laboratory Services Group, 86-68560 

 

 

Technical Approval:  Connie Svoboda, P.E. 
Acting Manager, Hydraulic Investigations and Laboratory Services Group, 86-68560 

 
 

Peer Reviewed by:  Bryan Heiner, P.E. 
Hydraulic Engineer, Hydraulic Investigations and Laboratory Services Group, 86-68560 

 
 
 
 
 
 
 
 
This information is distributed solely for the purpose of pre-dissemination peer review under applicable 
information quality guidelines.  It has not been formally disseminated by the Bureau of Reclamation.  It 
does not represent and should not be construed to represent Reclamation’s determination, concurrence, 
or policy. 





 

v 

 
 

 

 

 

 

Final Report, DSO-2021-07 

Jet Testing and Erosion 
Models for Cohesive Soils 
 
Technology Development Program 
Dam Safety Office, Dam Safety and Infrastructure 
 
 
 
 
prepared by 

Tony L. Wahl 
Bureau of Reclamation 
Technical Service Center 
 
 
 
 
 
 
 
 
 
 
Cover Photograph/Image:  Submerged jet erosion test device being used to measure 
erodibility of soil following an embankment breach test conducted in the hydraulics 
laboratory. (Reclamation/Tony Wahl). 
  



 

vi 

Mission Statements 
The U.S. Department of the Interior (DOI) conserves and manages 
the Nation’s natural resources and cultural heritage for the benefit 
and enjoyment of the American people, provides scientific and 
other information about natural resources and natural hazards to 
address societal challenges and create opportunities for the 
American people, and honors the Nation’s trust responsibilities or 
special commitments to American Indians, Alaska Natives, and 
affiliated island communities to help them prosper. 
 
The mission of the Bureau of Reclamation is to manage, develop, 
and protect water and related resources in an environmentally and 
economically sound manner in the interest of the American public. 

Disclaimer 
Information in this report may not be used for advertising or 
promotional purposes.  The data and findings should not be 
construed as an endorsement of any product or firm by the Bureau 
of Reclamation, U.S. Department of the Interior, or Federal 
Government.  The products evaluated in the report were evaluated 
for purposes specific to the Bureau of Reclamation mission. 
Reclamation gives no warranties or guarantees, expressed or 
implied, for the products evaluated in this report, including 
merchantability or fitness for a particular purpose. 

 



 

vii 

Acknowledgments 
This project was funded by the Dam Safety Office Technology Development 
Program in Reclamation’s Dam Safety and Infrastructure.  The author would like 
to thank Blake Armstrong for coordination of soils laboratory testing, and Kelsi 
Whitesell, Kent Scott, and Carolyne Bocovich who performed the majority of the 
submerged jet tests. 



Final Report, DSO-2021-07 
 

viii 

Table of Contents 
page 

Abstract ................................................................................................................. ix 
Executive Summary .............................................................................................. 1 
Application Discussion.......................................................................................... 2 
Use of the JET at the Bureau of Reclamation .................................................... 3 
Standards Development........................................................................................ 4 
References .............................................................................................................. 6 
Appendix I:  Journal Paper Deliverable ............................................................. 8 
 
 
  



Jet Testing for Cohesive Soils 
 

ix 

Abstract 
The submerged jet erosion test (JET) quantifies erodibility of cohesive soils by 
determining erosion rate coefficients and critical shear stress values. Test devices 
with different scales and configurations exist, and several alternative methods are 
used to process collected data to determine parameters of linear and nonlinear soil 
erosion equations. To facilitate standardization, 52 JET experiments were 
conducted on four different cohesive soils with a range of water contents. Each 
was analyzed using four linear and five nonlinear methods, including two based 
on the recently popular Wilson model. Results were analyzed to determine 
accurate and useful methods for applications in soil erosion modeling and 
classification of soils according to erodibility. Nonlinear methods fit some data 
sets well but had poor correlations to critical shear stress. Newer linear methods 
were generally superior to the Blaisdell method, which has been the informally 
accepted standard of practice since the late 1990s.  Simple linear regression of 
average scour rate vs. average applied stress provided an effective method for 
representing the erosion rate vs. applied stress curve and exhibited the strongest 
correlation of the erosion rate coefficient and critical shear stress parameters. 
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Executive Summary 
In the past two decades the submerged jet erosion test (JET) has become a valuable tool for 
quantifying erodibility of cohesive soils in embankment dams and earthen spillways that are 
vulnerable to erosion and breach due to embankment overtopping, seepage and piping events, 
and headcutting during emergency spillway operations.  Physically-based computational models 
such as WinDAM, DLBreach, and EMBREA (formerly HR Breach) utilize JET-derived 
erodibility estimates to simulate erosion processes and dam breach development, replacing 
traditional dam breach analyses that utilized regression-based breach parameters.  These more 
sophisticated physically-based models can support risk analysis considerations of probability for 
failure and the time available for warning, evacuation, and intervention.  Similarly, the USDA 
SITES model provides physically-based analyses to support estimation of probabilities of 
spillway breach due to headcutting.  The kd detachment rate coefficient obtained from the JET is 
a crucial parameter in all of these models, and the critical shear stress, τc, is also an important 
parameter in some applications. 

Although the JET was standardized beginning in 1995 (ASTM D5852), the standard is not 
presently in force (withdrawn in 2016) and recent years have brought competing devices, data 
reduction methods, and alternatives to the basic linear excess stress erosion model used to 
describe cohesive soil erosion behavior.  This study conducted a series of controlled tests used to 
address three objectives: 

• Examine differences in results from competing data reduction methods, 
• Evaluate the non-linear Wilson model and other non-linear models for their suitability to 

replace the linear excess stress equation for modeling cohesive soil erosion processes, 
• Resolve questions about previously observed differences in test results for the mini-JET 

(1/8-in. diameter nozzle) and original JET (1/4-in. nozzle) devices. 

The first two goals were achieved through the publication of a peer-reviewed journal paper 
(Wahl 2021) in the Transactions of the ASABE (American Society of Agricultural and Biological 
Engineers).  This paper is provided in Appendix I.  The general conclusions were that linear 
erosion models provide the most consistent basis for evaluating and classifying soil erodibility, 
and simple linear regression of observed erosion rates provides a stronger relation between the 
erosion rate and critical shear stress than do methods based on fitting of integrated erosion 
functions.  Correlation between erosion rate coefficients and critical shear stress values has been 
a fundamental observation throughout the history of soil erodibility studies.  Although nonlinear 
erosion models could be fit very well to the data collected in some individual tests, they led to 
highly variable results when applied to multiple tests and soil types.  Work on the topic of linear 
vs. nonlinear soil erosion models continues within the erosion modeling community.  Since the 
publication of Wahl (2021), other important research on this topic has continued to be 
uncovered, including Khanal & Fox (2020), Perera & Wu (2016), and Perera et al. (2020). 

The third objective has not been fully realized at this time, but data collected to this point will 
contribute to that objective through a continuing research proposal submitted for fiscal year (FY) 
2022.  In addition, the principal investigator has worked with Jeffrey Farrar (retired USBR 
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geotechnical engineer) during FY 2021 to develop a revised ASTM standard that will soon be 
submitted for balloting.  Finally, the principal investigator also assisted an industry-wide team 
that has written a journal article reviewing the state of practice in this field, also submitted to 
Transactions of the ASABE (under review at this time). 

Benefits of the research accomplishments for Reclamation’s Dam Safety Program and for the 
dam safety industry as a whole include re-standardization of JET processes, reduced uncertainty 
regarding best practices for JET data reduction, and more accurate modeling of cohesive soil 
erosion in several important application areas.   

Application Discussion 
The modeling of dam breach floods has relied for several decades on the use of breach 
parameters, a technology that describes breach enlargement as a parametric process, essentially a 
script for breach development describing a basic functional relation leading from a zero-size 
breach to a full-size breach after a predicted time.  The size of the breach and the breach 
formation time are the breach parameters, predicted by regression analysis from bulk dam and 
reservoir characteristics, not usually considering material properties or erosion processes.  This 
approach is useful for estimating the sizes of resulting floods and inundated areas but reveals 
nothing about the erosion process leading up to the threshold (the start) of the breach event.  This 
breach initiation phase is crucial to answering questions often asked during risk analyses: 

• Will the dam fail?  Or, in the case of an unlined earth spillway, will the spillway 
experience headcutting erosion that breaches the spillway and causes uncontrolled release 
of the reservoir? 

• If there will be a breach and loss of the reservoir, how long will it take to initiate the 
breach?  How much time is available to intervene or evacuate? 

These questions go beyond the limits of breach parameter-based analysis.  They require analysis 
of the erosion processes leading up to the initiation of breach. 

Although dams and earthen spillway channels can contain both coarse (granular) and fine 
(cohesive) soils, the latter often are the most erosion resistant and the most variable in their 
erosion resistance, and thus they have the most effect on the time needed for breach initiation 
and development.  Erosion of cohesive soils is a fundamental process affecting overtopping 
erosion of embankment dams, internal erosion through embankments and their foundations, 
erosion of earth-lined spillways, and many other phenomena of interest to dam safety specialists.  
Models such as WinDAM (dam breach model from USDA), SITES (spillway erosion model by 
USDA), EMBREA (dam breach model from HR Wallingford, formerly HR BREACH), and 
DLBreach (one breach model being considered for incorporation into HEC-RAS) utilize the 
linear excess stress equation: 

𝜀𝜀𝑟𝑟 = 𝑘𝑘𝑑𝑑(𝜏𝜏 − 𝜏𝜏𝑐𝑐) 
where εr is the erosion rate (volume/area/time), kd is the detachment rate coefficient, τ is the 
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applied shear stress, and τc is the critical shear stress.  The erosion rate is zero for τ < τc.  The 
kd-τc combination defines the erodibility properties of a soil under the linear excess stress model 
of soil erosion. 

The τc and kd parameters are commonly determined by one of two methods: 

• estimation based on soil properties such as clay fraction, compaction water content, and 
compaction energy (Hanson et al. 2010); 

• measurement with in situ or laboratory tests such as the submerged jet erosion test (JET) 
developed by Dr. Greg Hanson, USDA-ARS (Hanson and Cook 2004). 

Measurements are preferred over properties-based estimates whenever possible.  To address the 
potential for soil behavior to be nonlinear, it is generally recommended that testing be performed 
with applied stresses in a range that is similar to that expected during the application event of 
interest.  When the expected stress ranges are wide, the assumption of linear behavior over the 
full stress range may be poor. 

The basic principle of the JET is to measure the depth of scour caused over time by a water jet 
impinging perpendicularly on the soil surface, and to relate the rate of scour to the erodibility 
properties of the soil.  The jet pressure and the initial distance from the nozzle to the soil surface 
can be adjusted to apply a desired hydraulic shear stress.  Relating the depth of scour to the 
applied stress yields estimates of τc and kd, which can then be used for modeling purposes. 

Use of the JET at the Bureau of Reclamation 
An early example application at Reclamation involved dam breach modeling to support dam 
safety decisions for the homogeneous cohesive embankments at Terminal Dam (California) 
(Wahl 2013).  Field (in situ) JET testing was performed on the embankments, followed by 
WinDAM modeling using the measured erodibility parameters.  Laboratory JET measurements 
have also been performed in connection with: 

• Willow Creek Dam emergency spillway (Montana) 
• Starvation Dam (Utah) 
• Steinaker Dam (Utah), for DSO 
• Truckee Canal embankments (Nevada) 
• Canal breach physical model tests in the hydraulics laboratory 
• Embankment breach physical model tests for Nuclear Regulatory Commission 
• Cracked embankment erosion tests (USACE and Reclamation S&T funding) 
• Crow Dam (BIA) 
• Hydro-Quebec JETs and HETs (Other Agency) 

JET assessments of soil erodibility have also been performed to support Reclamation efforts to 
evaluate erodibility of soil deposits in reservoir deltas (for Sean Kimbrel, Kent Collins and Blair 
Greimann of Sedimentation and River Hydraulics Group, 8240) at several sites: 
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• American Falls Reservoir 
• Klamath Project dam removals 
• Paonia Reservoir 
• Cherry Creek Reservoir 
• Bighorn Lake (Yellowtail Dam) 
• El Vado Lake 
• Shadow Mountain Reservoir 

JET assessments have also been used to evaluate the erodibility of floodplain deposits in support 
of paleoflood studies conducted in the Seismotectonics and Geophysics Group (Travis Bauer). 

JET work has taken place in FY 2021 to support Reclamation’s work associated with: 

• Lake Pushmataha Dam unlined spillway (BIA, Mississippi) 
• Upper Dry Fork Dam unlined spillway (BIA, Montana)  
• Merritt Dam spillway foundation materials (Nebraska) 

JET evaluations of embankment erodibility are planned in FY 2022 at Twin Buttes Dam (Texas) 
to support new dam breach analyses.  These are expected to be in situ tests.  The known soil 
properties from original design suggest that the embankment may have significant erosion 
resistance, so the WinDAM model applied with field-measured parameters may indicate much 
smaller breach dimensions and slower breach development than the values used in previous 
analyses. 

Standards Development 
ASTM D5852(2007) describes standard equipment and methods for the JET.  The standard was 
first adopted in 1995, but has been out of date almost from the start.  It describes a cumbersome, 
large-scale device (½-inch diameter jet and 2-ft diameter submergence tank) that was largely 
supplanted in common use in the late 1990s by a smaller device with a ¼-inch diameter jet and 
12-inch diameter submergence tank (described as the “original JET” in most recent literature).  
The standard described an older method of data reduction that yields a jet index parameter Ji 
instead of the τc-kd combination described by Hanson and Cook (1997; 2004).  The Ji parameter 
can be related to kd, but does not provide any indication of τc.  Following the retirement of Dr. 
Hanson, renewal of the standard did not occur and D5852 was withdrawn without replacement in 
2016. 

At the request of researchers at the USDA-ARS National Sedimentation Laboratory, in 2008 Dr. 
Hanson developed a mini JET device with a 1/8-inch diameter jet and 4-inch diameter 
submergence tank.  This device is more convenient for field use due to its small size and reduced 
water requirement, and it has become widely used in recent years, especially in streambank 
erosion applications.  For work related to dam breach modeling, the original JET has continued 
to be used by many researchers, but the mini JET also offers practical advantages.  Two studies 
have compared test results from the original JET and mini JET.  Simon et al. (2010) found that τc 
values were similar, but kd values were reduced by more than half in the mini JET (indicating 
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slower erosion rates, i.e., more erosion resistance).  This study was performed by comparing 213 
field tests of natural soils at 35 different sites in the Tualatin River basin, Oregon.  Soil types 
were not specifically reported for each test, but ranged from resistant clays to sandy alluviums 
over the full study (which included river basins in 16 different states across the U.S.).  
Conversely, Al-Madhhachi et al. (2013b) found that kd values were similar, but τc values in the 
mini JET were reduced by a factor of more than 10 (indicating less erosion resistance).  This 
study used 36 paired tests of remolded specimens of silty sand and clayey sand soils compacted 
with standard Proctor methods at three different water contents.  The latter study proposed an 
adjustment procedure to modify the equilibrium scour depth and correct the τc difference to bring 
mini JET results in line with the original JET.  The authors speculated on several possible factors 
responsible for the differences in results, including scale effects and the layered soil structure of 
the remolded specimens.  Specifically, they believed that the mini-JET—because of its smaller 
size—was not scouring deeply enough to get to the weaker soil zone at the interface between lifts 
in the compacted specimens, and this made results not comparable to the original JET. 

In addition to new devices, several new data reduction methods for the JET have been developed 
in recent years.  Most analysis methods still determine the τc-kd combination of parameters 
needed for the linear excess stress equation, but they take a variety of approaches to the curve-
fitting of the raw data.  Hanson and Cook (1997; 2004) developed a method (described as the 
Blaisdell method in much of the recent literature) that determines τc first, and then kd, by 
minimizing the errors in the predicted times needed to achieve observed depths of scour during 
the test.  Other proposed methods (Simon et al. 2010; Daly et al. 2013) use different objective 
functions (e.g., minimizing errors in predicted scour depths) to optimize the τc-kd solution, or 
they constrain the solution in an attempt to improve the consistency of results.  Finally, some 
methods analyze the JET data to determine parameters of a nonlinear erosion model developed 
by Wilson (1993a, 1993b).  While most of the efforts to develop alternative methods seem rooted 
in dissatisfaction with the Blaisdell method, no method has achieved universal acceptance and 
the Blaisdell method is still widely used.  These issues were primary motivators for this project 
and the paper completed in 2021. 

At least three efforts to establish new ASTM standards have started since 2012.  The most recent 
of these involved Jeff Farrar and Roger Torres (both retired USBR), but Torres pulled out of this 
effort in 2020.  The principal investigator took on this task and significant progress was made by 
Wahl and Farrar during the summer of 2021.  We anticipate having the new draft ready for 
balloting by the end of this calendar year. 

Dr. Garey Fox of North Carolina State University uses the mini JET for streambank erosion 
applications and has been a strong proponent of new JET standards.  He secured funding support 
from ASABE (American Society of Agricultural and Biological Engineers) to host a two-day 
workshop at NC State on October 10-11, 2019 to bring together JET developers, researchers, and 
users, with several objectives: 

• develop standard procedures for the operation and analysis of the JET 
• compare JET and other erodibility measurement techniques 
• discuss applications of soil erodibility measurements 
• establish future research needs in quantifying soil erodibility 
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The Principal Investigator attended this workshop and made a presentation on Practical 
considerations for the Analysis and Use of Jet Erosion Test Data, based heavily on the work of 
this project during FY18/FY19.  As a result of this workshop, a review article on future research 
needs was submitted in FY21 to the Transactions of ASABE. 
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METHODS FOR ANALYZING SUBMERGED JET EROSION TEST 
DATA TO MODEL SCOUR OF COHESIVE SOILS1 

T. L. Wahl2 
Highlights 
• Fifty-two jet erosion tests performed on 4 cohesive soils were analyzed by 9 different methods 
• Nonlinear methods performed well on some individual tests but fit inconsistently overall 
• Several alternate linear solution methods outperformed the widely used Blaisdell method 
• Simple linear regression of erosion rate vs. applied shear stress provided the most consistent relation between erosion 

rate and critical shear stress parameters 

Abstract. The submerged jet erosion test (JET) is widely used in lab and field settings to quantify 
erodibility of cohesive soils and determine erosion rate coefficients and critical shear stress values.  
Test devices with different scales and configurations have been developed in recent years, along with 
several alternative methods for processing the collected data to determine parameters of linear and 
nonlinear soil erosion equations.  To facilitate standardization, 52 JET experiments were conducted on 
four different cohesive soils compacted at optimum water content and 2% dry and wet of optimum.  
Each test was analyzed using nine different methods, four based on the linear excess stress equation 
(including the commonly used Blaisdell method) and five based on nonlinear erosion equations, 
including two using the recently popular Wilson model.  Results were analyzed to determine the erosion 
equations and parameter-fitting methods that most effectively represent the observed erosion rates and 
are of greatest utility for soil erosion modeling and the ranking and classification of soils according to 
erodibility.  Methods based on nonlinear erosion equations fit some data sets well, but they exhibited 
poor correlation between the erosion rate coefficient and the threshold shear stress parameter for 
initiating erosion, which is problematic for soil erodibility classification work.  Linear methods that 
simultaneously optimized erosion equation parameters to best fit the total depth of scour or the elapsed 
time needed to reach specific depths of scour performed better than the Blaisdell method, which has 
been the informally accepted standard of practice since the late 1990s.  However, they also exhibited 
weak correlation of the erosion rate and critical shear stress parameters.  Simple linear regression of 
average scour rate vs. average applied stress provided an effective method for representing the erosion 
rate vs. applied stress curve and exhibited the strongest correlation of the erosion rate coefficient and 
critical shear stress parameters. 
Keywords. Erosion, Erodibility, Cohesive soil, Critical shear stress, Jet erosion test, Shear stress, Soil 
moisture, Erosion laws, Erosion models. 
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INTRODUCTION 
Erosion of cohesive soils is a critical process in a diverse set of problems confronting civil and 

agricultural engineers, including embankment erosion and breach, earthen spillway erosion, stream 
bank migration, river channel degradation, rill erosion, and bridge pier scour.  Recently, models to 
predict the rate and extent of erosion for many of these applications have become more quantitative, 
computing erosion as a function of applied stress and soil erosion resistance parameters.  Such models 
require soil erodibility to be defined numerically, and this has been accomplished by relating observed 
erosion to applied stresses in controlled tests that can be conducted in the laboratory or in the field.  Soil 
erosion in many of these applications is viewed as a detachment-limited process, and erosion rates have 
often been modeled using the excess stress equation, 

 𝜀𝜀𝑟𝑟 = 𝑘𝑘𝑑𝑑(𝜏𝜏 − 𝜏𝜏𝑐𝑐)𝑎𝑎  (1) 

in which εr is the volumetric erosion rate, τ is the applied shear stress, τc is the critical shear stress 
needed to initiate erosion, kd is the detachment rate coefficient, and a is a numerical exponent greater 
than zero.  When applied stress is below the threshold value, no erosion occurs.  The exponent a is often 
assumed to be 1.0, and in that case the model is described as the linear excess stress equation.  The soil 
erodibility parameters τc and kd can be determined by lab or field-based testing using a variety of 
devices, including submerged jets (Hanson & Cook, 2004), flume tests (Erosion Function Apparatus, 
or EFA developed by Briaud et al., 2001; SEDFLUME developed by McNeil et al., 1996), and tests that 
utilize internal erosion (Hole Erosion Test by Wan & Fell, 2004), although different devices often 
produce differing numerical values of the parameters (Wahl et al., 2008).  Due to the possibility of 
nonlinear erosion behavior, it has always been advisable to conduct erosion testing in a stress range that 
is similar to the stresses expected in the application of interest.  When the range of applied stresses is 
large during a single application event, extrapolating linear behavior beyond the stress range used 
during testing can be problematic. 

The submerged jet erosion test (JET) was developed for the purpose of defining erodibility in a 
quantitative way and has been a useful method for determining erodibility parameters and studying 
relations between erodibility and other soil properties (Hanson, 1996; Hanson & Hunt, 2007).  Devices 
have evolved rapidly since the 1990s, becoming smaller and more practical for field use.  Standard 
procedures for performing jet erosion tests and analyzing the collected data were first defined in ASTM 
D5852 (1995).  The test is performed by applying stress to the soil surface from a fixed, impinging, 
submerged water jet oriented normal to the soil surface.  Depths of scour along the axis of the jet are 
recorded at time intervals that are short at the start of the test, while applied stresses are large, and longer 
at later times when applied stresses diminish (due to increased distance between the jet nozzle and the 
eroded soil surface).  A typical test duration is a few minutes up to a few hours, with no definite 
requirement for total test time other than the need to obtain adequate data points to support fitting of 
the data to an erosion function. 

Although values of kd and τc could be obtained by simple linear regression of observed erosion rates 
versus calculated applied stresses (Cossette et al., 2012), most investigators have determined erodibility 
parameters by fitting the scour depth-scour time observations to values predicted by numerically 
integrating the linear excess stress erosion equation.  This approach is intended to make the result less 
sensitive to variability of the instantaneous scour rates, which can be high due to the inherent 
heterogeneity of both naturally occurring and engineered (compacted) soils. 

Methods for analyzing JET data have become more sophisticated over time.  Hanson (1991) 
described analyzing the data to estimate a jet index analogous to the kd rate coefficient in the linear 
excess stress equation, assuming that τc is zero, and this method is presented in ASTM D5852.  Hanson 
& Cook (1997; 2004) subsequently investigated several methods for estimating the erodibility 
parameters when τc was allowed to be nonzero.  They had difficulty getting consistent results from a 
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method that optimized kd and τc simultaneously and instead recommended a procedure that has become 
known in the recent literature as the Blaisdell method.  It uses a two-step process in which τc is estimated 
first, using a hyperbolic function developed by Blaisdell (1981) to estimate the equilibrium depth of 
scour in plunge pools (the limit approached at infinite time), and setting τc to be the stress that would 
be applied by the jet at this scour depth.  The detachment rate coefficient is then estimated in the second 
step of the process by fitting the observed times of specific scour depths to the times projected by 
equations relating dimensionless scour to dimensionless time.  To facilitate the curve-fitting process, 
Hanson & Cook (2004) developed a relation for dimensionless scour vs. dimensionless time by 
integrating the differential equation that relates erosion rate to applied stress, following the lead of Stein 
et al. (1993) and Stein & Nett (1997).  Use of the linear excess stress equation to model cohesive soil 
erosion and the Blaisdell method to analyze JET data have been dominant in practice for most of the 
past two decades. 

Alternatives to the Blaisdell method have been proposed during the last decade, with different 
solution processes, constraints, and optimization objectives.  Simon et al. (2010) proposed an iterative 
method that started with the Blaisdell method results and then further optimized τc and kd 
simultaneously, while limiting the maximum value of τc.  Daly et al. (2013) proposed a scour depth 
method that also optimized τc and kd simultaneously but minimized differences between the predicted 
and observed depths of scour recorded at specific times during a test.  Both of these methods were 
developed partially in an effort to reduce the variability of results from the Blaisdell method while also 
obtaining a closer relation between predicted and observed erosion rates (even though optimization was 
based on elapsed time and accumulated scour depth). 

Several investigators have proposed that cohesive soil erosion is a nonlinear process with different 
values of the a exponent [e.g., 1/2 (Van Damme & Riteco, 2018), 3/2 (Foster et al., 1977), 7/4 (Walder, 
2016), or 2 (Partheniades, 1965)] or with the exponent allowed to vary as another fitted model 
parameter.  Recently, there has been especially strong research interest in the unique nonlinear model 
developed by Wilson (1993a), which exhibits double curvature of the erosion rate vs. shear stress 
relation, with gradually accelerating erosion rates at low stresses transitioning into a linear region and 
finally a square root relation at high stresses.  The Wilson model was developed mechanistically by 
considering flow, gravitational, and cohesive forces acting on individual particles, along with the 
statistical characteristics of flow turbulence.  It is also a two-parameter model, with one parameter 
defining a reference stress for initiation of erosion and a second parameter defining the increase in rate 
of erosion as stress is increased.  Wilson (1993b) tested the model initially by using it to model erosion 
rates measured in rill erosion experiments on cohesive soils, and to predict incipient motion of 
noncohesive soil particles (setting cohesion forces to zero).  Al-Madhhachi et al. (2013a) used the 
Wilson model to analyze erosion of cohesive soils in flume tests and JETs, and Khanal et al. (2016a) 
applied it to hole erosion test (HET) data collected from tests of cohesive soils by Wahl et al. (2008).  
Criswell et al. (2016) applied the Wilson model to flume tests that measured scour rates of noncohesive 
gravels.  While these investigations have shown that erosion data can be fit to the Wilson model, no 
study has conclusively shown that the Wilson model is generally superior to a linear model.  Khanal et 
al. (2016a) incorporated the Wilson model into the Bank Stability and Toe Erosion Model (BSTEM) 
and reported good comparisons between the revised model and field measurements, but outputs from 
such a complex application model do not provide compelling proof of the correctness of the erosion 
model itself, since other parts of the model can exert a significant influence. 

THE PROBLEM 
The ASTM D5852 standard for the submerged jet erosion test was last renewed in 2007 but at this 

time has been withdrawn without replacement.  New standards are under consideration, but substantial 
development of both new devices and new data analysis methods has taken place since the original 
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standard was issued.  D5852 described a relatively large device, with a 0.5-m diameter tank to submerge 
the test site, a 13-mm diameter nozzle, and a set of profiling pins to measure the detailed shape of the 
developed scour hole.  Hanson & Cook (2004) used a smaller apparatus (described as the “original JET” 
in recent literature) with a 0.30-m (1-ft) diameter tank, a 6.35-mm diameter nozzle, and a single probe 
to measure the centerline scour depth.  They also developed a device of similar size for use on inclined 
slopes (Hanson et al., 2002).  The mini-JET device first used by Simon et al. (2010) and described in 
detail by Al-Madhhachi et al. (2013b) uses a 0.10-m (4-inch) tank and 3.175-mm nozzle.  For this 
smallest device, some systematic differences have been found in comparisons to erodibility parameters 
obtained from the original JET; specifically Simon et al. (2010) noted higher kd values (presumably 
using the iterative method to analyze tests conducted by each device) while Al-Madhhachi et al. (2013b) 
found lower τc values (using the Blaisdell method) and proposed an adjustment for mini-JET τc test 
results. 

Four data analysis methods are well represented in the current literature: the Blaisdell method 
(Hanson & Cook, 2004), the iterative method (Simon et al., 2010), the scour depth method (Daly et al., 
2013), and the Wilson model (Al-Madhhachi et al., 2013a).  The first three methods determine the kd-
τc parameters of the linear excess stress equation, while the last method determines parameters of the 
nonlinear Wilson model.  Partial motivation for development of all three latter methods has been the 
consistent observation that the Blaisdell method estimates very large equilibrium scour depths (the limit 
of projected scour after infinite time) with associated very small τc values (e.g., Simon et al., 2010; 
Cossette et al., 2012; Daly et al., 2013; and Khanal et al., 2016b).  The accompanying kd values are also 
high due to the apparent misrepresentation of the critical stress, which yields erosion rate-shear stress 
relations that can be inconsistent with the actual erosion rates observed during a test. 

In contrast, the iterative and scour depth methods have been demonstrated by several investigators 
(Daly et al., 2013; Khanal et al., 2016a) to yield larger τc values and larger kd values, but this has also 
led to an observation that these values then lead to predictions of very high erosion rates if the erosion 
relation is extrapolated to higher stress ranges in application.  This has led users to reduce the kd value 
to compensate (e.g., Daly et al., 2015).  Others have pursued the use of the Wilson model, which predicts 
at high stresses that the erosion rate becomes primarily a function of the square root of the applied 
stress, which effectively reduces erosion rates compared to extrapolation of the linear excess stress 
equation.  However, to date there is no JET-derived test data that confirms the square-root relation at 
higher stresses.  Khanal et al. (2016a) demonstrated good agreement between the Wilson model and 
internal erosion rates observed in the Hole Erosion Test (HET) apparatus by Wahl et al. (2008), but 
entrance and exit losses that were not accounted for in the HET analysis (Luthi, 2011; Riha & Jandora, 
2015) create uncertainties about this conclusion. 

For the current JET user, the present situation is anything but standardized.  With ASTM D5852 
withdrawn, a variety of test devices available, and several data analysis methods in common use, it is 
still difficult to define and study soil erodibility in a quantitative way.  Despite criticism, the Blaisdell 
method is still widely used, as are the alternatives, and the plethora of available methods complicates 
and hinders efforts to use the JET to understand soil erodibility.  Studies by Daly et al. (2016), Khanal 
et al. (2016a), Criswell et al. (2016), and Khanal & Fox (2020) have used various linear methods 
(Blaisdell, iterative, scour depth) and the Wilson model to study spatial variability of test results in the 
field and the variability of results as a function of test conditions (pressure head setting, observation 
time intervals, test duration, and in situ water content).  All of these studies were made more complex 
and challenging to interpret by the fact that multiple methods of data analysis were being employed in 
parallel, and although it was not their purpose, none of these works have led to a definitive 
recommendation of the best analysis method.  Ultimately, it is not practical for the JET user to analyze 
data with four different methods and two fundamentally different erosion models in order to cover all 
bases. 



64(3):  5 

PURPOSE 
The purpose of this study is to give JET users an objective evaluation of the erosion models and 

methods that can be used to analyze erosion tests and apply results to real situations.  First, basic 
concepts and historic observations are reviewed about the modeling of cohesive soil erosion using the 
linear excess stress model.  Next, the Wilson model is presented and examined in a dimensionless form 
to illustrate its basic behavior and characteristics, especially in comparison to the linear excess stress 
model.  Following this introduction, other models are considered and methods of solving for model 
parameters are presented.  Finally, a collection of JET data sets obtained from laboratory tests of 
remolded specimens of four soils compacted at three different moisture conditions is analyzed by 
several different methods to evaluate the quality of the fit between observed and predicted scour depths 
and erosion rates. The results of this analysis lead to recommendations on how to best perform and 
analyze jet erosion tests in the future. 

EROSION MODELS 
Modeling the erosion of cohesive sediments has been a topic of significant research interest for about 

60 years.  Hanson (1989) subdivides the early studies of the phenomenon into those focused on stable 
channel design and allowable shear stress (Dunn 1959; Smerdon & Beasley, 1959; Carlson & Enger, 
1963; Lyle & Smerdon, 1965; Kamphuis & Hall, 1983) and those focused on erosion rates at various 
stresses (Abdel-Rahman, 1962; Partheniades, 1965; Grissinger, 1966; Partheniades & Paaswell, 1968; 
Ariathurai & Arulanandan, 1978; Van Klaveren & McCool, 1987). 

Partheniades & Paaswell (1968), as summarized by Hanson (1989), suggested that cohesive soil 
erosion exhibits three zones of behavior vs. applied shear stress.  Region I erosion occurs at a relatively 
slow rate at stresses less than the critical stress.  Region II erosion occurs at an increasing rate in 
proportion to increasing stress; this is the erosion typically studied in most experimental work.  Region 
III is typified by mass erosion when the applied shear stress exceeds the strength of the bed on a large 
scale, causing removal of blocks of soil rather than individual sediment particles.  Partheniades (1965) 
showed flume test data exhibiting this three-region erosion relation, with slowly accelerating erosion 
rates at low stresses, linearly increasing erosion rates at moderate stresses, and a decreasing growth of 
erosion rates at high stresses.  This bears similarity to the Wilson model mentioned earlier, which will 
be presented in more detail later in this section.  Arulanandan et al. (1980) also described an excess 
stress concept and stated that it is common for plots of erosion rate vs. applied stress to illustrate three 
zones of behavior: 1) gradual, 2) steeper, and 3) gradual again.  They describe fitting a linear model to 
the middle zone and using its zero-erosion intercept to define the critical shear stress. 

EXCESS STRESS EQUATION 
The excess stress equation (Eq. 1) has been used by many investigators of soil erosion, including 

Foster et al. (1977), Dillaha & Beasley (1983), Temple (1985), Hanson (1989), and Stein & Nett (1997).  
Foster et al. (1977) reported that the data of Partheniades (1965) on erosion rates of cohesive soil beds 
subjected to open channel flow of saltwater supported values of the exponent a of 1.0 at low stresses, 
varying up to 2.0 at high stresses. 

A similar equation with dimensional consistency for all values of the exponent is (Lin & Wu, 2013; 
Walder, 2016; Gao et al., 2019): 

 𝜀𝜀𝑟𝑟 =  𝐾𝐾 � 𝜏𝜏
𝜏𝜏𝑐𝑐
− 1�

𝑎𝑎
 (2) 

with units of K being the same as those of 𝜀𝜀𝑟𝑟, and the value of K indicating the erosion rate at τ = 2τc. 
A common assumption has been that the exponent a = 1, yielding the linear excess stress equation: 

 𝜀𝜀𝑟𝑟 = 𝑘𝑘𝑑𝑑(𝜏𝜏 − 𝜏𝜏𝑐𝑐) (3) 
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with the following customary units in the S.I. and Imperial systems: 

𝜀𝜀𝑟𝑟  m/s [ft/hr] 
kd (m/s)/(N/m2) = m3/(N∙s)  [ft/hr/(lb/ft2) = ft3/(lb∙hr)] 
τ and τc N/m2 [lb/ft2] 

It is common when using S.I. units to express the erosion rate in cm/s and kd in cm3/(N∙s), which 
requires the inclusion of a 10-4 conversion factor on the right side of eq. 3. 

THE WILSON MODEL 
Wilson (1993a) developed a mechanistically based model for predicting the detachment rate of 

cohesive soils and demonstrated its application (Wilson 1993b) to rill erosion data from the WEPP 
(Watershed Erosion Prediction Project) data set (Elliot, 1989).  The basis for the model was an analysis 
of the free-body diagram of sediment particles and a prediction of the probability of sediment 
detachment, considering the probability distribution of turbulent stresses.  The model developed in 
Wilson (1993a) included 16 different mechanistic parameters, but for application could be simplified 
to a three-parameter model, expressed as 

 𝜀𝜀𝑟𝑟 = 𝑏𝑏0√𝜏𝜏
𝜌𝜌𝑑𝑑

�1 − 𝑒𝑒−𝑒𝑒
1.28
𝑐𝑐𝑣𝑣

 − 0.5572− 𝑏𝑏1𝜏𝜏 � (4) 

in which ρd is the soil dry density, b0 and b1 are soil erodibility parameters and cv is a flow-related 
parameter, the turbulence coefficient of variation.  In the form shown here the erosion rate εr has units 
of volume per unit time per unit area.  (Wilson computed the erosion rate on a mass basis.) 

Wilson (1993b) tested a further simplified two-parameter model by assuming cv = 0.36, a value 
similar to that obtained by Einstein & El Samni (1949) from studies of hydrodynamic forces on rough 
channel boundaries.  This simplifies eq. (4) to: 

 𝜀𝜀𝑟𝑟 = 𝑏𝑏0√𝜏𝜏
𝜌𝜌𝑑𝑑

�1 − 𝑒𝑒−𝑒𝑒
3− 𝑏𝑏1𝜏𝜏 � (5) 

Parameters (b0 and b1) in eqs. (4) and (5) can be mechanistically defined, but determining them from 
these definitions requires knowing several soil particle or aggregate parameters that are difficult to 
estimate.  As an alternative, Al-Madhhachi et al. (2013a) estimated b0 and b1 parameters of specific 
soils from JET data.  Comparing the Wilson model (Eq. 5) and the linear excess stress equation (Eq. 3), 
the b0 parameter serves a similar function as kd, indicating the rate of increase of erosion as stress is 
increased, and b1 serves a similar function as τc, determining the stress level at which significant erosion 
begins.  Units of b1 are stress, while units of b0/ρd are velocity per square root of stress.  A useful 
rearrangement of eq. (5) is 

 𝜀𝜀𝑟𝑟 = 𝑏𝑏0�𝑏𝑏1
𝜌𝜌𝑑𝑑

�
𝜏𝜏
𝑏𝑏1
�1 − 𝑒𝑒−𝑒𝑒

3− 𝑏𝑏1𝜏𝜏 � (6) 

In this form the combination b0(b1)0.5/ρd has units of velocity (volumetric scour rate per unit area) 
and indicates the reference scour rate for approximately τ/b1 = 1. 

To illustrate the behavior of the Wilson model, the two-parameter model is made dimensionless by 
dividing by the reference scour rate and the resulting function is plotted in figure 1.  There are three 
distinct regions, an initial nonlinear region in which the erosion rate increases slowly at first then more 
rapidly as stress is increased above zero, a linear region ranging from approximately τ/b1=0.2 to 0.6, 
and a final region in which the erosion rate is proportional to the square root of the total stress.  This 
final region is predicted as a result of changes in hydrodynamic conditions, not due to changes in the 
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mechanism of soil detachment (mass erosion) suggested by others (e.g., Partheniades & Paaswell, 
1968).  Notable features of the curve are: 

• There is no true critical shear stress, as erosion rate only drops to zero when τ=0, although for 
computational purposes it is practically zero for τ/b1 < 0.11. 

• An effective critical shear stress can be estimated by extending the linear region curve back to 
an erosion rate of zero (about τ/b1 = 0.19). 

 

 
Figure 1. — Dimensionless plot of the Wilson model erosion rate function. 

Varying the cv parameter in the three-parameter model will affect the transition from the initial to 
final regions.  Increasing cv flattens the slope of the linear region and extends it to higher dimensionless 
stresses.  Reducing cv steepens and compresses the linear region. 

To exhibit all three regions of the Wilson model function, the range of shear stresses applied to a soil 
must vary by a factor of about 4, from τ/b1 = 0.2 to 0.8. 

EXPONENTIAL-LINEAR MODEL 
An exponential-linear erosion model was developed during the present study, inspired by the Wilson 

model.  It exhibits two erosion regions, the initial region with accelerating scour rate as shear stress is 
increased, followed by a linear region for higher stresses, illustrated in Figure 2. 

 𝜀𝜀𝑟𝑟 = 𝑘𝑘𝑑𝑑𝜏𝜏 �
𝑒𝑒

𝑒𝑒−1
� �1 − 𝑒𝑒−𝑒𝑒

− 𝑏𝑏1𝜏𝜏 � (7) 

By including the numerical constant e/(e-1), where e is the base of natural logarithms, the product of 
the two terms in parentheses approaches a limit of 1.0 for large values of τ/b1.  This gives the relation a 
similarity to the linear excess stress equation, placing the effective x-intercept of a line fit through the 
low end of the linear region near τ/b1 = 0.58.  At very high stress ratios, the function computes erosion 
rates that are proportional to total applied stress.  Like the Wilson model, this function is theoretically 
nonzero for all positive stresses, but is practically zero for τ < 0.2b1.  Although this function is not 
derived from a mechanistic analysis, it empirically fits some data sets well and provides a relation that 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 0.5 1 1.5 2

D
im

en
si

on
le

ss
 d

et
ac

hm
en

t r
at

e 
ε r

ρ d
/(b

0b
10.

5 )

Dimensionless shear stress, τ/b1

Full Wilson model
Linear region
SQRT fit

Final region

Linear region

Initial region



8   TRANSACTIONS OF THE ASABE 
   

is consistent with many of the literature’s descriptive accounts of the gradual, accelerating increase of 
erosion rate as shear stress is increased from low levels. 

 
Figure 2. — Exponential-linear erosion model. 

SOLUTION METHODS 
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that of the JET devices having 13-mm and 6.35-mm nozzles.  The maximum stress has been 
experimentally found to occur at a small radial distance from the axis of the jet, but in practice the 
maximum scour typically occurs along the jet axis and this measurement of scour is used for data 
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method that uses the measured volume of eroded material, but this study considered only the methods 
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Hanson & Cook (2004) presented what has come to be described in the literature as the Blaisdell 
method.  It takes a two-step approach, estimating τc first using a hyperbolic logarithmic function 
(Blaisdell, 1981) to estimate the equilibrium depth of scour (the limit that would be approached at 
infinite time); once this depth is determined, τc is the stress that would be applied by the jet at this scour 
depth.  The detachment rate coefficient is determined in the second step by fitting the observed times 
of specific scour depths to the times predicted by equations relating dimensionless scour to 
dimensionless time.  Fitting is accomplished using the Excel Solver, adjusting kd to minimize the sum 
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of squared errors between the observed and predicted dimensional times (not the related dimensionless 
variables).  The fact that later data points during a test have relatively large numerical values of elapsed 
time causes the method to produce results that fit the later observations of scour better than the early 
observations. 

Simon et al. (2010) proposed a method that uses the same optimization objective but uses the Solver 
to vary τc and kd simultaneously to obtain the best fit.  The method primes the initial values of the goal 
seeking routine with the τc-kd values obtained from the Blaisdell method and limits the maximum value 
of τc to the stress associated with the final scour depth recorded during a test.  They called this approach 
the iterative method, but it is not apparent that the results are dependent on the exact starting values of 
τc and kd; any values that lead the Solver to a successful optimization should produce the same end 
result.  In this paper a solution technique using a simultaneous optimization of the predicted times of 
specific observed scour depths is described as the “scour time solution”. 

Daly et al. (2013) developed a scour depth method that also solves simultaneously for τc and kd but 
optimizes by minimizing the sum of the squared errors between observed and predicted scour depths at 
the specific observation times used during a test.  This method, like Simon’s method, tends to produce 
larger τc and kd values than the Blaisdell method.  The skewness of the scour depth data is usually less 
than that of the scour times, so results tend to be less heavily weighted toward the data collected near 
the end of a test. 

Al-Madhhachi et al. (2013a) determined b0 and b1 parameters of the Wilson model for original JET, 
mini-JET and flume erosion tests.  Optimization was performed to minimize the sum of squared errors 
between observed and predicted erosion rates.  Wilson (1993b) used a modified Gauss method to also 
minimize the sum of squared errors of the erosion rates when analyzing the WEPP rill erosion data set.  
Al-Madhhachi (2015) indicated in personal communication that an optimization method that minimizes 
errors in predicted scour depths has provided better data fits and has been used for all of his subsequent 
work with the mini-JET and the Wilson model. In the present study, both scour rate and scour depth 
solutions were determined for the Wilson model. 

Erodibility parameters kd and b1 for the exponential-linear model introduced in the previous section 
were also determined using both scour depth and scour rate optimization. 

In addition to the methods just listed, two other solution approaches were applied in this study.  First, 
a scour depth method based on the nonlinear excess stress equation was implemented.  The solution 
was determined for each test by starting with the linear scour depth solution (a = 1), then allowing the 
Solver to adjust K, τc, and the exponent a in eq. 2.  The final method determined kd and τc by direct 
linear regression of the plotted values of average applied shear stress and average erosion rate in each 
time interval of the tests.  Cossette et al. (2012) used a similar approach in a comparison of different 
methods for determining τc. 

In summary, the following nine solution methods were applied to each data set: 
• Linear excess stress, Blaisdell solution 
• Linear excess stress, scour time solution 
• Linear excess stress, scour depth solution 
• Linear excess stress, linear regression of scour rates 
• Nonlinear excess stress, scour depth solution 
• Wilson model, scour depth solution 
• Wilson model, scour rate solution 
• Exponential-linear model, scour depth solution 
• Exponential-linear model, scour rate solution 
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EXPERIMENTS 
Fifty-two erosion tests were conducted with an original JET device on four soils shown in Table 1, 

prepared with standard Proctor compaction effort at 3 different nominal moisture conditions in standard 
0.944 L (1/30 ft3) Proctor soil molds.  At least nine specimens were prepared and tested for each soil 
(Table 2), three at optimum water content and three each at 2% dry and 2% wet of optimum conditions.  
Additional specimens were tested for some of the soils, including a total of 16 specimens for the sandy 
clay (SC) soil at 2% wet of optimum.  This set of specimens was used to examine behavior of this one 
soil over a broad stress range. 
Table 1. — Properties of tested soils and ASTM standards used to measure soil properties (ASTM, 2020). 

 
Particle Size Distribution 

(ASTM D7928)  
Standard Compaction 

(ASTM D698A) 
USCS Soil Classification 

(ASTM D2487) 
Clay (< 2 µm) 

(%) 
Silt (2 to 75 µm) 

(%) 
Sand (> 75 µm) 

(%) 
Plasticity Index[a] 
(ASTM D4318) 

γd,max 
(g/cm3) 

WCopt 
(%) 

Lean Clay (CL) 40 53 7 25 1.67 20.3 
Clayey Sand (SC) 13 30 57 12 1.81 18.5 

Silty Clay (CL-ML) 8 83 9 7 1.69 17.0 
Silty Sand (SM) 12 27 61 Non-plastic 1.47 25.0 

[a] Plasticity index is the difference between the liquid limit and plastic limit. 

Table 2. — JET test parameters. 
 Number of JETs / Range of Test Heads (cm of water) 

Soil 2% dry Optimum 2% wet 
CL 3 / 183 3 / 183 3 / 183 
SC 4 / 91-183 4 / 183 16 / 91-366 

CL-ML 4 / 36 3 / 36 3 / 36 
SM 3 / 36 3 / 36 3 / 36-91 

 
Soils were prepared by air drying, sieving through the U.S. #4 sieve (4.75 mm), and remoisturizing 

to the desired water content, then holding prior to compaction as prescribed by ASTM D698A based on 
clay content.  Specimens were machine-compacted using standard Proctor methods and compaction 
effort, and most were tested immediately or within a few hours after compaction.  Akinola et al. (2018) 
have shown that erosion resistance increases with the elapsed time between initial soil moisturization 
and jet testing, especially for soils with low clay content (e.g., SM), but we were initially unaware of 
this finding and did not begin tracking this time until late in the test program.  Similarly, Akinola et al. 
(2019) have shown that irrespective of soil type, erosion rates increase as a function of the temperature 
difference between the eroding water and the soil specimen (i.e., hot water or cold soil leads to faster 
erosion).  Again, we only began tracking these temperatures late in the test program.  The water source 
for all tests was potable water from the laboratory’s internal systems; based on recent monitoring of 
water and soil temperatures, we believe most specimens were tested with water that was about 10-12°C 
colder than the soil specimen.  In a few instances the temperature difference may have been smaller, 
about 5°C cooler than the soil. 

All soil specimens were compacted in three equal lifts, and the top of each specimen was trimmed 
after compaction of the third layer.  Specimens were then inverted so that the bottom (untrimmed) 
surface was subjected to erosion during each JET.  ASTM D5852 describes field testing of in situ soils 
or laboratory testing of large (0.44-m diameter by 0.18-m high) undisturbed samples, and suggests 
trimming both ends of laboratory samples; procedures for testing of remolded specimens are not 
addressed by the standard. 

Three statistical measures were used to compare the goodness of fit of the different solution methods.  
The Normalized Objective Function (NOF) used by Al-Madhhachi et al. (2013a) is the standard 
deviation of the N differences between observed (xi) and predicted (yi) values divided by the mean of 
the observations (Xa). 

 NOF = �∑ (𝑥𝑥𝑖𝑖−𝑦𝑦𝑖𝑖)2

𝑁𝑁
𝑁𝑁
𝑖𝑖=1 𝑋𝑋𝑎𝑎�  (8) 
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NOF values will always be positive, with a better fit of predicted and observed values causing NOF 
to tend toward zero.  Depending on the solution methods used, the observations could be of scour depth 
at a particular time, the elapsed time to reach a specific scour depth, or the average rate of erosion during 
a time interval of the test. 

Values of the coefficient of determination (R2) were also computed and used to compare the solution 
methods. 

 𝑅𝑅2 = 1 − 𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟
𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡

= 1 − ∑ (𝑥𝑥𝑖𝑖−𝑦𝑦𝑖𝑖)2𝑁𝑁
𝑖𝑖=1
∑ (𝑥𝑥𝑖𝑖−�̅�𝑥)2𝑁𝑁
𝑖𝑖=1

 (9) 

where SSres is the residual sum of squares and SStot is the total sum of squares.  Values of R2 can vary 
from -∞ to 1, with values near 1 indicating better fit of the predicted and observed values.  The 
coefficient of determination can be inflated by a very wide or strongly skewed distribution of the 
observed values, more so than the NOF. 

Finally, adjusted R2 values were computed as 

 𝑅𝑅𝑎𝑎𝑑𝑑𝑎𝑎2 = 1 − (1 − 𝑅𝑅2) 𝑁𝑁−1
𝑁𝑁−𝑝𝑝−1

 (10) 

where N is the number of observations and p is the number of parameters of the model.  When a 
model with more parameters is used (such as the nonlinear excess stress model which contains 3 
parameters compared to the 2 parameters of the linear excess stress model), an increase in the value of 
R2

adj indicates that the additional parameter has added predictive value and an improved fit that exceeds 
what would have been expected just from random chance.  Use of R2

adj allows an unbiased comparison 
of models that have different numbers of fitted parameters. 

RESULTS 

LINEAR EXCESS STRESS 
A comparison of the results from the four different solution methods applied to the linear excess 

stress model is shown in Figure 3, mapped onto the kd vs. τc space used by Hanson & Simon (2001) and 
others for the presentation of erodibility data and classification of soils into erodibility categories.  As 
other investigators have found, the Blaisdell solution generally produces lower estimates of both τc and 
kd.  Previous investigators (Hanson and Simon, 2001; Simon et al. 2010; Daly et al. 2013; Al-Madhhachi 
et al., 2013b) have suggested that correlation of kd and τc is a fundamental aspect of soil erodibility and 
have proposed several different regression relations between τc and kd, with the relation between them 
always having the form of a power curve (a linear fit on log-log scales).  While determination of such 
relations is not the specific aim of this paper, regression lines are plotted and it is notable that the simple 
linear regression approach has the smallest scatter and yields the highest value of R2.  The Blaisdell and 
scour depth solutions have similar R2 values for the relation between τc and kd, while the scour time 
solution has a low value of R2, impacted significantly by five results with exceptionally low values of 
τc.  These tests were all performed on the silty sand (SM) soil.  Even if these five data points were 
excluded, the R2 value for the results obtained from the scour time solution would only increase to about 
0.42. 

Figure 4 shows a comparison of the NOF statistics for the Blaisdell solutions of each JET experiment 
vs. those of the linear scour time and scour depth solutions.  The scour time solution has a lower NOF 
(better fit) than the Blaisdell solution for all tests.  This is expected, since both solutions use the same 
objective (minimizing squared errors of predicted scour times), and the scour time solution optimizes 
τc and kd simultaneously to minimize the objective function.  The scour depth solution also has lower 
NOF values than the Blaisdell solution for most of the tests.  Figure 5 compares the scour depth and 
scour time solutions and shows that the scour depth solution produces generally better fits as indicated 
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by a lower NOF value for the majority of the tests.  There is not a convenient way to compare goodness 
of fit statistics for the linear regression of scour rates approach vs. the other methods, since they use 
different optimization objectives; if they were compared on the basis of predicted scour depths or scour 
times, the linear regression of scour rates approach would be expected to exhibit poorer fits, but if they 
were compared on the basis of scour rates, the linear regression method would be superior by definition, 
since it minimizes the squared errors of predicted scour rates.  

 
Figure 3. — kd vs. τc relations for solutions based on the linear excess stress equation. 

 
Figure 4. — NOF comparison of Blaisdell method vs. simultaneous solutions. 
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Figure 5. — NOF comparison of scour depth vs. scour time solutions of the linear excess stress model. 

LINEAR VS. NONLINEAR EXCESS STRESS 
Optimization of the nonlinear excess stress equation was performed using the scour depth method, 

beginning from the solution for the linear excess stress equation.  The value of the exponent a was then 
varied (and kd and τc also allowed to adjust) to find the value that minimized the sum of squared 
differences between observed and predicted scour depths.  By definition, the nonlinear solution must 
fit the data better, since a third fitting parameter is used.  Figure 6 compares the NOF and adjusted R2 
values of the linear vs. nonlinear solutions and shows that even the adjusted R2 values are better for the 
nonlinear solution in almost all cases. 

 
Figure 6. — Goodness of fit for nonlinear vs. linear excess stress solutions. 
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Although the nonlinear solution produces better fits of the scour depth data, Figure 7 shows that the 
better fits are achieved primarily by adjustment of the a exponent to fit each individual test, and the 
result is a wide range of a values, scattered from slightly below 1 to almost 5, with no commonality or 
correlation to soil type or water content of the tested specimens.  This suggests that although better fits 
to individual tests can be obtained using the nonlinear equation, there is no consistent value of the 
exponent.  Even among the series of 16 tests that were performed on similar specimens of the SC soil 
near 2% wet of optimum, the values of the exponents for individual tests varied widely from about 1.1 
to 2.7. 

 
Figure 7. — Fitted values of the shear stress exponent, a, for the nonlinear excess stress equation. 

WILSON MODEL 
The JET results were used to analyze the performance of the Wilson model compared to the linear 

excess stress equation, and to consider whether the optimization of the Wilson model parameters should 
be based on a comparison of predicted vs. observed scour depths or scour rates. 

Figure 8 compares the NOF values obtained from scour depth solutions using the Wilson model and 
the linear excess stress equation, separated by soil type.  In 79% of the cases, the linear excess stress 
equation provides a lower NOF value, indicating a better fit to the observed scour depths, and a 
comparison of adjusted R2 values yields the same result.  This is consistent with the observation from 
Figure 7 that exponents of the nonlinear excess stress equation were greater than 1 in almost all cases; 
in contrast, the Wilson model presumes that the erosion rates at high stresses will be proportional to the 
0.5 power of applied stress.  However, it is also possible for the Wilson model to be fit to the data using 
primarily the initial region curve (which behaves like an exponent greater than 1), avoiding the final 
region entirely, and a review of the individual JET results shows that this does happen in some cases. 

Comparing NOF values in Figure 9 for scour rate solutions shows an opposite result, with the Wilson 
model providing a superior fit to the erosion rate data in 77% of the tests.  The question that remains is 
whether these results are being obtained due to the Wilson model’s consistent ability to better represent 
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real erosion behavior, or by arbitrary overfitting of the model to nonlinearity that is present in the 
individual test data, but not necessarily indicative of consistent, real behavior. 

As noted earlier, investigators have long observed that the kd and τc parameters of the linear excess 
stress equation are inversely related and have proposed various power curve equations relating them.  
Criswell et al. (2016) also suggested a power curve relation between the b0 and b1 parameters of the 
Wilson model, using values determined by a scour depth solution method for data from flume tests of 
four uniformly graded fine gravels.  Gao et al. (2019) performed EFA tests of artificially constituted 
mixtures of a silty clay soil and uniform 5-6 mm gravel, at 10 percent increments of silty clay, and 
found an inverse relation between b0 and b1 values of the Wilson model, represented with two linear 
equations.  (They were not specific about whether their determination of the b0 and b1 parameters was 
based on scour depths or scour rates.) 

Figure 10 compares b0/ρd (a volumetric rate parameter, where ρd is dry density) vs. b1 values for the 
scour depth and scour rate solutions of the Wilson model applied to the JETs conducted in the present 
study.  The b0/ρd combination is used rather than b0 itself, since it is analogous to kd and is more readily 
available from in situ testing in which the dry density of the soil may not be known.  There is a weak 
inverse relation between the parameters for the results obtained by scour depth optimization, with a 
fitted power curve equation having R2 = 0.22.  The results obtained by scour rate optimization exhibit 
no relation between the parameters (R2 = 0.00), with b1 varying by about 3 orders of magnitude while 
b0/ρd values are scattered across 8 orders of magnitude.  So, while the Wilson scour rate solution 
produces good curve fits to individual tests, the results have little value for characterizing erodibility 
over a range of soil conditions.  Soils with similar thresholds for initiation of erosion would have wildly 
different erosion rates under increasing stress.  This contradicts empirical observations that soils with 
high initial erosion resistance also erode at slower rates than those with less initial erosion resistance 
(e.g., Arulanandan et al., 1980; Briaud et al., 2001; Hanson and Simon, 2001; Wan & Fell, 2004).  For 
comparison, recall that the results of the simple linear regression of scour rates and applied stresses 
yielded a power curve relation between kd and τc with an R2 value of 0.79 (Figure 1).  That behavior is 
consistent with empirical experience. 

 

 
Figure 8. — NOF values of scour depth solutions for the Wilson model and linear excess stress equation. 
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Figure 9. — NOF values of Wilson model scour rate solution vs. linear excess stress scour rate regression. 

 
Figure 10. — Erosion rate vs. erosion threshold parameters of the Wilson model. 
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regions, but seldom contained more than one data point that even began to define the final region, which 
was still largely extrapolated from the fit to the initial and linear region data.  The resulting b0 and b1 
parameters for these individual tests produced widely varying extrapolated curves for the final region, 
with a 16-fold spread in projected erosion rates at a stress of 400 Pa. 

 
Figure 11. — Observed scour rates and fitted Wilson model curves for test 3 (left) and test 6 (right) of the SC soil 
compacted 2% wet of optimum.  NOF values were 0.44 and 0.11, respectively. 

Comparing the curves and erosion rate data points shown in Figures 11 and 12, the tests run at higher 
heads tended to exhibit erosion rates varying within the 0 to 0.1 cm/s range for shear stresses in the 
range of about 100 to 300 Pa, whereas the tests at lower heads exhibited similar erosion rates when 
shear stresses were in the range of 25 to 75 Pa.  The high-head tests performed at 3.66 m of head also 
exhibited very low erosion rates (Wilson model initial region behavior) when stresses decreased below 
about 100 Pa, whereas the low-head tests performed at 0.9 m and 1.8 m of head exhibited low erosion 
rates for stresses below about 25 Pa.  These differences may be due to fundamental changes in the 
erosion process when higher shear stresses are applied, such as a tendency to detach larger-scale 
aggregations of cohesive particles.  This reinforces the point that erosion testing should always be 
performed with applied stresses in the range of those expected to occur in the real-world application of 
interest. 

 
Figure 12. — Erosion rate data and Wilson model curve fits for ten high-head JETs (tests 7-16) and six low-head 
JETs (tests 1-6) of the SC soil compacted 2% wet of optimum. 

0

0.02

0.04

0.06

0.08

0.1

0.12

0 100 200 300 400

Er
os

io
n 

Ra
te

, c
m

/s

τ, Pa

Observed scour rate
Wilson scour rate solution

(a)

0

0.02

0.04

0.06

0.08

0.1

0.12

0 100 200 300 400

Er
os

io
n 

Ra
te

, c
m

/s

τ, Pa

Observed scour rate
Wilson scour rate solution

(b)

0

0.02

0.04

0.06

0.08

0.1

0.12

0 100 200 300 400

Er
os

io
n 

Ra
te

, c
m

/s

τ, Pa

Test 16 Test 15

Test 14 Test 13

Test 12 Test 11

Test 10 Test 9

Test 8 Test 7

Test 5 Test 4

Test 2 Test 1

Wilson, high-head Wilson fits 3 & 6

Wilson, low-head



18   TRANSACTIONS OF THE ASABE 
   

EXPONENTIAL-LINEAR MODEL 
The exponential-linear model was fit to each of the fifty-two JET data sets, optimizing separately for 

scour depth and scour rate prediction.  Results were compared to the linear scour depth and Wilson 
scour depth results, and the scour rate linear regression and Wilson scour rate solutions. 

Figure 13 shows that the exponential-linear model produces scour depth predictions that are better in 
almost all cases (lower NOFs) than those obtained from the linear excess stress model.  Since the linear 
excess stress method outperformed the Wilson scour depth solution, the exponential-linear model also 
outperforms it. 

 
Figure 13. — Comparison of NOF values for exponential-linear scour depth solution and linear scour depth solution.  

Figure 14 shows that the scour rate solutions from the exponential-linear model were also superior 
in most cases to the linear regression of scour rates.  The Wilson model also outperformed linear 
regression for most cases.  Figure 15 shows that the exponential-linear and Wilson model NOF values 
are similar in most cases. 
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4-5 orders of magnitude and value of b1 vary over 5 to 10 orders of magnitude. 
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Figure 14. — Comparison of NOF values for exponential-linear scour rate solutions vs. linear excess stress model 
regression results.   

 
Figure 15. — Comparison of NOF values for exponential-linear scour rate solutions vs. Wilson model scour rate 
solutions. 
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Figure 16. — Erodibility parameter relationships for exponential-linear models optimized for scour depth and scour 
rate prediction. 

DISCUSSION 
This research considered several methods for determining parameters of the linear excess stress 

equation and alternative nonlinear erosion models.  The questions of whether nonlinear models are 
beneficial and which methods of solution are most useful must both be considered. 

The Wilson model is the most commonly cited nonlinear erosion model in recent JET literature.  
Some previous investigators have suggested that it provides superior fits to observed JET data.  This 
study showed that the Wilson model optimized to match scour depth data did not perform as well as the 
linear excess stress equation optimized in a similar way (Figure 8), but it did outperform the linear 
model in individual cases when optimized to fit scour rates (Figure 9).  However, correlations between 
the rate parameter and shear stress threshold parameter across multiple tests were poor for the Wilson 
model, regardless of which optimization method was used (Figure 10).  Some data sets were obtained 
that exhibited good definition of the initial and linear regions of the Wilson model (Figure 11), but no 
consistent definition of the final region could be obtained (Figure 12), and erosion rates at high stresses 
had to be largely extrapolated from the behavior in the initial and linear regions.  These observations 
indicate that although the Wilson model may provide a good numerical fit to some individual tests, it 
does not provide results that are consistent with broadly accepted empirical experience that soils with 
high initial erosion resistance also erode at slower rates.  This fundamental contradiction with real-
world behavior indicates that the Wilson model cannot be reliably used to rank and classify soils with 
regard to their erodibility, nor to model their behavior numerically. 

The exponential-linear model proposed during this study outperformed the linear excess stress 
equation for individual tests when optimized for scour depth (Figure 13) and scour rate (Figure 14).  It 
performed similarly to the Wilson model when optimized based on scour rate (Figure 15).  
Unfortunately, correlations between the rate parameter and shear stress threshold parameter across 
multiple tests were again poor for both optimization methods (Figure 16).  The lack of consistent 
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correlation of the rate and threshold parameters greatly diminishes the utility of either of these nonlinear 
erosion models, especially for the purpose of classifying soils into erodibility groups (very erodible, 
erodible, resistant, very resistant, etc.), since different classifications would be assigned depending on 
whether one focused on erosion rate or resistance to erosion initiation. 

The nonlinear excess stress equation was only tested using optimization based on scour depth data 
and, as expected, was able to produce better fits to individual JET data sets than the scour depth solution 
of the linear excess stress equation.  However, values of the a exponent varied greatly and exhibited no 
useful correlation to other soil parameters.  It seemed that the value of a was often overfitted to noise 
in the JET data sets. 

Parameters of the linear excess stress equation were determined by the Blaisdell method, which 
estimates τc and kd in separate steps, and by simultaneous adjustment of both parameters to optimize 
predicted scour times and scour depths.  The scour time method can be compared most readily to the 
Blaisdell method, since the optimization objective is similar, and Figure 4 shows that it significantly 
outperforms the Blaisdell method with much lower NOF values in most cases.  The scour depth method 
generally outperforms the scour time method when NOF values of individual tests are compared (Figure 
5), although it must be kept in mind that the basis for calculation of these NOF values is different (scour 
time vs. scour depth). 

The most direct solution method tested in this study is the linear regression of average scour rate vs. 
average applied stress for each time interval.  The fitted parameters can be calculated directly, without 
the need for optimization using the Excel Solver.  NOF values for the linear regression results cannot 
be directly compared to the NOF values obtained from the Blaisdell, scour time, and scour depth 
solutions, since those NOF values are based on comparisons of scour times and depths, not scour rates.  
NOF values based on scour rate could have been calculated for those solution methods to allow a direct 
comparison, but the results can be predicted without completing the exercise.  Comparison of NOF 
values calculated from scour times would show the scour time method to provide the best results, NOF 
values calculated from scour depths would show the scour depth method to perform best, and NOF 
values calculated from scour rates would show the linear regression method to perform best, since each 
particular method is optimized to produce the best fit using the respective objective.  Thus, comparison 
of NOF values is not useful for determining a preferred solution method. 

The strongest argument for the use of the linear regression of scour rate data is offered in Figure 3, 
which shows that the correlation of the scour rate (kd) and critical shear (τc) parameters is significantly 
better for the linear regression method than for all other methods.  This is consistent with broad 
empirical evidence that soils with high initial resistance to erosion will also exhibit slower growth of 
the rates of erosion as stresses increase (e.g., Briaud et al., 2001; Hanson and Simon, 2001; Wan & Fell, 
2004).  The high correlation of these parameters also enables effective classification of soils into 
erodibility categories. 

Although the observed erosion rate vs. applied stress curves for most of these tests were linear, about 
half of the tests exhibited erosion rates asymptotically approaching zero at very low stress levels (e.g., 
see Fig. 11, Test 6).  If the application of interest is in a stress range corresponding to the linear data, 
then to obtain τc and kd values that best represent the linear behavior, regression analysis should be 
conducted using only the linear data, and the intercept of the resulting linear relation with the zero-
stress axis will define the critical shear stress.  This requires subjective, manual intervention to separate 
the linear and nonlinear sections.  Exclusion of such data will always lead to an increase of τc and kd.  
The data collected in this study were reanalyzed with manual exclusion of nonlinear data at very low 
stresses, but the effect on results was generally small and did not affect the conclusions of the study. 
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CONCLUSIONS 
Methods used for analyzing data obtained from the submerged jet erosion test (JET) were examined 

using data obtained from a series of carefully conducted JETs on four soils compacted across a range 
of water contents.  Nonlinear solution methods had the ability to produce good fits to data obtained 
from individual tests, but consistency of erodibility parameters across multiple tests was poor due to 
the nonlinear models apparently overfitting themselves to noise in the individual test data.  Tests 
conducted in different ranges of applied shear stress were unable to demonstrate the “final region” 
erosion behavior predicted by the Wilson model.  An exponential-linear erosion model was developed 
during the study that was similar to the initial and linear regions of the Wilson model without the final 
region, and this model was able to provide good fits to individual JETs but also produced inconsistent 
results across multiple tests. 

Determining kd and τc parameters of the linear excess stress equation using a simple linear regression 
of average scour rate vs. average applied stress offers a good combination of simplicity and consistency 
of results.  This method provides the best correlation of kd and τc, which is of significant value for 
ranking and classifying erodibility of soils.  When large ranges of shear stress are expected to occur in 
a specific application, the potential for nonlinear erosion behavior still makes it advisable to conduct 
JETs in the expected stress range to avoid the need to extrapolate erosion rates at untested stresses.  
Manual evaluation of collected data should be performed so that linear regressions exclude data points 
collected in low stress regions where erosion rates may deviate from linear behavior and asymptotically 
approach zero. 

Previous investigators have proposed various inverse power curve relations between kd and τc and 
associated ranges of kd-τc values that define descriptive erodibility categories spanning about 5 orders 
of magnitude of kd (e.g. Hanson and Simon, 2001).  Many of these works relied upon the Blaisdell 
solution method or others which tend to produce significantly different results from the linear regression 
method used in this study.  This study covered only about 3 orders of magnitude of kd, so it does not 
provide sufficient data to propose a new erodibility classification scheme.  This would be a valuable 
topic for future research. 
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NOMENCLATURE 
a = numerical exponent greater than zero in nonlinear excess stress equation 
b0 = erosion rate parameter of the Wilson equation 
b1 = reference stress parameter of the Wilson equation 
cv = turbulence coefficient of variation 
e = the base of natural logarithms, 2.7183 
K = reference erosion rate in the dimensionless excess stress equation; the erosion rate when applied 

stress τ = 2τc. 
kd = detachment rate coefficient 
N = number of observations in a data set 
NOF = normalized objective function 
NP = nonplastic 
PI = plasticity index; difference between the liquid limit and plastic limit 
p = number of parameters in a statistical model 
R2 = coefficient of determination 
R2

adj= adjusted coefficient of determination 
SSres = residual sum of squares 
SStot = total sum of squares 
WCopt = optimum water content 
xi = an observed value 
Xa = mean of a set of observed values 
yi = a predicted value 
 

GREEK LETTERS 
εr = erosion rate, volume per unit area per unit time 
γd,max = dry unit weight of soil compacted at optimum water content 
ρd = dry density 
τ = applied shear stress 
τc = critical shear stress 
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