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Abstract

Assessment of cohesive soil erosion is of paramount importance in various areas of science and
engineering. For example, soil erosion can cause increased pollution in water bodies and scour
around bridge piers, which is the primary cause of bridge failure in the United States. Erosion is
often modeled using an excess shear stress approach, where excess shear stress is the shear above
the critical value for initiation of erosion (τc). This approach requires evaluation of τc and also an
erodibility coefficient (kd). Although there is a range of exponents used for this relationship, in
many studies erosion is calculated as a linear function of excess shear. Generally the erosion
parameters τc and kd, as well as the exponent for excess shear, if the linear assumption is not
used, must be determined for local soil conditions on a site-specific basis. The most widely used
in situ technique to measure soil erodibility is the Jet Erosion Test (JET). However, almost all the
available empirical relationships for erosion assessment have resulted from flume experiments
where the flow is surface-parallel. This approach is not appropriate for the JET because the shear
stress calculation based on mean flow characteristics diverges from the turbulent measures in the
JET. This important aspect has been overlooked in developing the JET methodology, resulting in
underlying assumptions that are physically inconsistent with the actual conditions of the test. In
this study, data from both JET tests and flume experiments using the same soil sample were
analyzed to determine the extent to which the two approaches produce consistent estimates for
the soil erosion parameters. A numerical model also was used to extend the JET results and
provide a more complete representation of shear stress. Results show that the estimates for
erodibility parameters using the JET apparatus can vary widely and are associated with a wide
range of uncertainty. In addition, τc estimates using the JET are about 20 times less than values
xi

obtained from the flume tests. Moreover, results show that the linear erosion law is incorrect and
it can lead to large errors in the estimated erodibility parameters. These findings suggest the need
for a reassessment of the JET method used for characterizing cohesive soil erosion. Additional
modifications are required to correctly characterize stresses applied by the jet to the soil surface.
This research highlights the inadequacy of widely accepted methods for cohesive soil erosion
assessment and calls for a re-evaluation of underlying assumptions of the JET method.
Keywords: Cohesive soil erosion, Erosion parameters, JET, Flume, Linear erosion law.
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Chapter 1 Introduction

Soil erosion assessment is of paramount importance in many areas of science and engineering.
For example, it has led to increased pollution, causing ecological damage such as fish habitat
loss (Kondolf et al. 2006; USEPA 2007), as well as scour around bridge piers, which is the
primary cause of bridge failure (Briaud and Oh 2010). The assessment of cohesive sediment
erosion is a greater challenge compared to non-cohesive sediment due to the complex
interactions between parameters that can potentially affect entrainment processes (Grissinger
1982; Black et al. 2002; Aberle et al. 2004; Grabowski et al. 2010). Current state-of-the-art still
lacks a complete understanding and evaluation of the processes controlling soil erosion, and
there is still no clear conclusion indicating which factors play a more significant and controlling
role (Knapen et al. 2007; Grabowski et al. 2011). Most cohesive soil modeling relies on
developing site-specific parameters, and although generally accepted frameworks for modeling
erosion have been developed, these parameters must be determined empirically. Studying the
impacts of cohesive soil erosion on environmental management problems, and the process of
erosion itself remain the focus of much research (e.g., Wan and Fell 2004; Wilson et al. 2008).
The most common approach for modeling cohesive soil erosion is using an excess shear stress
equation (e.g., Allen et al. 1997; Bicknell et al. 1997; to name a few). That is, erosion rate is
assumed to be a function of the shear in excess of the critical shear at which erosion is initiated,
𝐸𝑟 = 𝑘𝑑 (𝜏 − 𝜏𝑐 )𝑚

(1)

1

where Er is erosion rate, kd is erodibility coefficient, τ and τc are applied shear stress and critical
shear stress respectively, and m is an empirically determined coefficient.
The task is then to determine the erodibility parameters kd and c, as well as the exponent m for
the excess shear term, for each soil under consideration for a particular study area. A simplifying
assumption used in many studies is to set m = 1 (i.e., erosion rate is assumed to be a linear
function of excess shear stress) (Hanson 1990b; McNeil et al. 1996; Briaud et al. 2001; Wan and
Fell 2004; Julian and Torres 2006; Knapen et al. 2007). In addition, arguing that the point of
incipient motion (critical shear stress) is difficult to define, τc is often considered insignificant
and set to zero, or given a constant value based on soil properties (Foster et al. 1977, 1981;
Hanson 1990a; Shaikh et al. 1988). Further discussion of evaluation of the parameters of eqn. (1)
is provided in Chapter 5.
Empirical methods are available to estimate the erosion parameters, some of which are based on
soil characteristics, for instance the plasticity index, the dispersion ratio, mean particle size, and
percent of silt and clay (Dunn 1959; Smerdon and Beasley 1959; Osman and Throne 1988;
Julian and Torres 2006). However, these methods are simplified, and most of the time
incorporate only one or two effective factors on the erosion process. Moreover, the significance
of the role that each factor plays in the erosion process, due to high complexity of erosion
phenomena in cohesive soils, is not embodied in any of these approaches (Grabowski et al.
2011). Also, it has been shown these empirical methods are very site specific, and in most cases
they underestimate both kd and τc (Clark and Wynn 2007). To date, there is no universally
accepted methodology to estimate τc and kd from soil properties (Knapen et al. 2007). The best
approach thus far has been to determine these indices directly from laboratory or field
measurements.
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In order to assess erosion parameters, various methods and instruments have been developed
such as Flume Test (Kamphuis and Hall 1983), Rotating Cylinder (Moore and Masch 1962),
Drill Hole (Rohan et al. 1986), Erosion Function Apparatus (EFA; Briaud et al. 2001), Sedflume
(McNeil et al. 1996), and in situ Jet Erosion Test (JET; Hanson and Cook 2004). A challenge
associated with using these different experimental devices involves inconsistencies in
determining actual shear stresses (Tolhurst et al. 2000; Phares et al. 2000; Widdows et al. 2007;
Haehnel and Dade 2008). For example, Tolhurst et al. (2000) showed that there was agreement
only between erosion devices of the same style, explaining this result in terms ofdifferent
hydrodynamic conditions generated in different devices. In addition, they showed that the
erosion rates between different devices were significantly different, and it is almost impossible to
compare the derived erosion rates. They concluded that the choice of erosion device thus has a
significant impact on the erosion thresholds and erosion rates estimated for cohesive sediment.
Grabowski et al. (2010), on the other hand, found a strong correlation between erosion thresholds
derived from an annular flume (Widdows et al. 1998) and the Cohesive Strength Meter (Tolhurst
et al. 1999) which is categorized as a Jet-style device. They suggested that taking replicates and
following standardized methods and procedures in the form of a protocol containing a unified
definition and quantification of erosion thresholds could lessen differences between the results
Because the erosion process in cohesive sediments depends on so many factors including
physical, chemical, and biological characteristics of the environment, replicating those
conditions in the laboratory is difficult (and, sometimes, not even possible), and this questions
using traditional flumes to study the erosion phenomena (Kamphuis and Hall 1983; Osman and
Throne 1988; Aberle et al. 2002; Debnath et al. 2007). To incorporate natural field conditions,
studying cohesive sediment erosion directly in the field, without disturbing cohesive beds, had
3

been one of the most promising directions in advancing this topic, until Hanson (1990a) designed
a field assessment tool to measure the erodibility of cohesive soils in situ. Nowadays, the Jet
Erosion Test (JET) is practically preferred, because it is inexpensive, easy to move and sample
disturbance is eliminated in this method.
Regardless of which tool is used for erosion evaluation, an accurate estimation of applied shear
stress to reasonably relate it to the erosion rate is crucial. Looking at the JET as a widely used
technique, there are several inconsistencies in deriving the applied shear stress employing JET
methodology. The applied shear stress in this technique is estimated using the distribution
proposed by Beltaos and Rajaratnam (1974). This distribution was developed assuming a flat,
smooth bed in an unconfined jet condition. The applicability of this distribution has been
questioned by many researchers (Mazurek 2001; Rajaratnam and Mazurek 2005; Weidner 2012;
Ghaneeizad et al. 2015a; Ghaneeizad 2016). It was shown that considering confinement in the
assessments increases the maximum applied shear stress by a factor of 2.4 compared to
unconfined assumption (Ghaneeizad 2016). In addition, the assumption of smooth bed has been
questioned as it can highly underestimate (up to 5 times) the maximum value of shear stress
(Rajaratnam and Mazurek 2005). A flat bed also exists only at the initiation of the test. The
impingement of the jet forms a scour hole beneath the jet on the soil surface, in which case the
bed is not flat, and this can highly deflect the impinging jet from its original direction (Mazurek
2001). The shear stress value and distribution will be significantly affected, accordingly
(Weidner 2012; Mercier 2014; Ghaneeizad 2016). In addition to these experimental difficulties,
several studies have shown a non-linear equation improves erosion prediction abilities (Houwing
and Van Rijn 1998; Walder 2015). Also, the JET test would continue until the scour hole
reaches an equilibrium depth, at which point the applied and critical shear would be equal. Since
4

the test is likely to be shorter in duration, various methods of extrapolation have been developed
to project the observed data to the depth at equilibrium. It has been shown that different
extrapolation techniques result in different erosion parameters (Cossette et al. 2012).
Walder (2015) noted that almost all of the available empirical relationships for erosion rate
assessment have resulted from flume experiments in which the flow is surface-parallel. When the
flow is no longer surface-parallel, the shear stress based on considerations of the mean flow
diverges from the value derived from turbulent measures. This discrepancy is especially
important for the JET configuration, in which the flow is directed normal to the sediment
surface. At the stagnation point where the jet impinges on the sediment surface, τ vanishes, but
the turbulent stresses do not (e.g., Haehnel and Dade 2008). The derived erosion parameters are
meant to be appropriate for flume studies, but in fact the assumed erosion law is potentially
problematic for analyzing JET data (Ghaneeizad et al. 2015a; b; Walder 2015). Inconsistencies
in the developed method for the JET apparatus underscore the necessity for detailed investigation
of underlying theories for this erosion assessment method. These issues are further discussed in
chapter 3.
The motivation of this study comes from the lack of a methodology that is physically consistent
with the actual conditions of the JET test (Rajaratnam and Mazurek 2005; Weidner 2012;
Ghaneeizad et al. 2015a; Walder 2015), and also from questions regarding the comparability of
JET and flume results. This study seeks to answer the following questions:
1. Are the available extrapolation techniques and τc-kd relationships for analyzing JET data
able to determine erosion parameters correctly?
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2. Are the results of the JET test equivalent to open channel flow results for sediment
transport calculations?
3. How does ignoring the test conditions in the JET, such as the scour hole evolution
beneath the impinging jet, alter the jet hydrodynamics, and more specifically, the bed shear
stress?
4. Does the linear erosion equation adequately explain the erosion process in soils,
regardless of which erosion assessment technique is used?
The first question is answered using an extensive database of JET test results obtained from
different locations across the United States. To answer the other three questions, a series of
flume and JET tests using a consistent soil (in terms of soil properties) for all tests were
conducted. The effects of different forcing conditions (nozzle velocity and impingement height),
scour shape on altering the impinging jet hydrodynamics, and using a linear erosion law to fit
data were studied.
Main tasks to achieve the objectives are as follows:
1- Analyze field data to confirm that changing applied shear stress due to confinement
affects the estimation of critical shear stress and erodibility coefficient, and to critically evaluate
the available JET methodologies (Chapter 2).
2- Conduct JET experiments in confined conditions for various forcing conditions (various
head and impinging height sets) to obtain erosion rate and scour hole shapes as it is forming to
use for modeling simulation purposes and perform a numerical simulation to assess the scour
shape effect on the shear stress (Chapter 3).

6

3- Conduct a flume test using the same soil as in the JET tests to determine whether the
derived erodibility parameters from the JET are applicable/can be translated to the parameters for
flume and field conditions (surface-parallel flows) (Chapter 4).
4- Compare the results of the two erosion assessment techniques to address the concern
regarding the equivalency of jet-induced erosion and shear flow induced erosion (Chapter 5).
5- Concluding remarks and future work (Chapter 6).
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Chapter 2 Critical Assessment of Jet Erosion Test Methodologies for Soil and Cohesive
Sediment1

Abstract
The submerged Jet Erosion Test (JET) is a commonly used technique to assess the erodibility of
cohesive soil. Employing a linear excess shear stress equation and impinging jet theory, simple
numerical methods have been developed to analyze data collected using a JET to determine the
critical shear stress and erodibility coefficient of soil. These include the Blaisdell, Iterative, and
Scour Depth Methods, and all have been organized into easy to use spreadsheet routines. The
analytical framework of the JET and its associated methods, however, are based on many
assumptions that may not be satisfied in field and laboratory settings. The main objective of this
study is to critically assess this analytical framework and these methodologies. Part of this
assessment is to include the effect of flow confinement on the JET. The possible relationship
between the derived erodibility coefficient and critical shear stress, a practical tool in soil erosion
assessment, is examined, and a review of the deficiencies in the JET methodology also is
presented. Using a large database of JET results from the United States and data from literature,
it is shown that each method can generate an acceptable curve fit through the scour depth
measurements as a function of time. The analysis shows, however, that the Scour Depth and
Iterative Methods may result in physically unrealistic values for the erosion parameters. The
effect of flow confinement of the impinging jet increases the derived critical shear stress and
decreases the erodibility coefficient by a factor of 2.4 relative to unconfined flow assumption.
1

Karamigolbaghi, M., Ghaneeizad, S. M., Atkinson, J. F., Bennett, S. J., and Wells, R. R.,

2017. “Critical assessment of jet erosion test methodologies for cohesive soil and sediment.”
Geomorphology, 295, pp. 529-536.
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For a given critical shear stress, the length of time over which scour depth data are collected also
affects the calculation of erosion parameters. In general, there is a lack of consensus relating the
derived soil erodibility coefficient to the derived critical shear stress. Although empirical
relationships are statistically significant, the calculated erodibility coefficient for a given critical
shear stress has an uncertainty of several orders of magnitude. This study shows that JET results
should be used with caution and the magnitude of the uncertainty in the derived erodibility
parameters should be carefully considered.
Keywords-- Cohesive soil, Erosion, JET, JET methodologies, Critical shear stress, Erodibility
Coefficient.

1. Introduction
Cohesive sediment is an important component in riverine systems, and cohesive soil erosion is
known to be a major source of sediment in impaired streams (Wilson et al. 2008). Soil erosion
and degradation have led to increased pollution, causing ecological damage such as fish habitat
loss (Kondolf et al. 2006; USEPA 2007), as well as scour around bridge piers, which is the
primary cause of bridge failure (Briaud and Oh 2010). Assessing and mitigating the impacts of
cohesive soil erosion on the environment remain the focus of much research (e.g., Wan and Fell
2004; Wilson et al. 2008). Contrary to non-cohesive sediment, the assessment of cohesive
sediment erosion is challenging due to the complex interactions between parameters that affect
entrainment processes and their variation in time (Grissinger 1982; Black et al. 2002; Aberle et
al. 2004; Grabowski et al. 2010).
Numerous studies have examined the erosion of cohesive soil (e.g., Winterwerp and van
Kesteren 2004; Owens and Collins 2006; USBR 2006; Partheniades 2009). The primary focus of
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these studies has been to improve methods to predict the entrainment of cohesive sediment in a
wide range of geomorphic environments (Knapen et al. 2007; Grabowski et al. 2011). While
models have used unit stream power, rainfall intensity, or boundary shear stress (Rose et al.
1983; Nearing et al. 1989; Hanson 1990), many soil erosion models assume the erosion rate Er
(L/T) is proportional to the soil’s erodibility coefficient kd and a flow variable X raised to a
power a,
Er  k d ( X ) a

(1)

The most common version of Eq. (1) uses excess shear stress as the flow variable and a equal to
unity (Hanson and Cook 2004), i.e.,

Er  k d (   c )

(2)

where τ and τc are the applied shear stress on the soil surface and the critical shear stress for
erosion, respectively. A non-linear equation, however, may improve erosion prediction
(Houwing and Van Rijn 1998; Walder 2015), and this point is further discussed below. To date,
there is no universally accepted methodology to estimate τc and kd from soil properties (Knapen
et al. 2007), and the best approach thus far has been to determine these indices directly from
laboratory or field measurements. While many factors are known to affect the erodibility of
cohesive sediment, a detailed theory that includes all of these effects remains elusive (Walder,
2015).
The submerged Jet Erosion Test (JET; Hanson and Cook, 2004) was developed to test materials
in laboratory and field settings in an attempt to treat the factors controlling the erosion process as
lumped parameters, effectively captured in time and space by derived values of τc and kd. The
JET apparatus (Hanson and Cook 2004) consists of a jet tube with a nozzle of diameter d0 = 6.4
10

mm that is mounted inside an enclosed cylinder. Water flows from a constant head level h0 to the
nozzle and produces a turbulent, circular jet, which impinges onto the soil from an initial height
above the surface Hi. As long as the applied shear stress due to the impinging jet is greater than
the soil’s critical shear stress, the jet will erode soil particles at and near the point of
impingement and a scour hole will form. The depth of scour along the jet centerline is measured
at time intervals after starting the test. Ideally, the test would continue until the scour hole
reaches an equilibrium depth, at which point the applied and critical shear stresses would be
equal. Since the test is likely to be shorter in duration, methods of extrapolation have been
developed to project the observed data to the depth at equilibrium He, and the sediment’s critical
shear stress and the erodibility coefficient can be determined by fitting the data using Eq. (2).
The accuracy of this methodology, however, depends heavily on jet hydrodynamics, a precise
estimation of the applied shear stress, and the method of extrapolation.
Jet impingement theory proposed by Beltaos and Rajaratnam (1977) is the foundation for the
JET analysis. Three methods of extrapolation and data analysis have been used for the JET: (1)
Blaisdell Method (Blaisdell et al. 1981), (2) Iterative Method (Simon et al. 2010), and (3) Scour
Depth Method (Daly et al. 2013). Common among these methods are the use of the linear excess
shear stress equation and the assumption of an unconfined jet impinging a smooth, flat bed. The
underlying assumptions of the JET methodology have been previously criticized (Table 2. 1),
and the issues identified likely increase the predictive uncertainty of the derived erodibility
coefficients. In most cases, there is no clear recommendation as to how to revise the
methodology in light of this criticism, or such revisions have not been implemented into the test
standard.

11

Table 2. 1. Summary of JET methodology inconsistencies reported in literature.
Inconsistencies
Unconfined environment

Flat bed

Smooth bed

Linear erosion law

Extrapolation techniques

Effect on the test results
Under-estimating the maximum
applied shear stress by a factor
of 2.4
Flow regime alteration;
changing the shear stress
magnitude and distribution
Under-estimating the maximum
applied shear stress by a factor
of 5
Erosion rates are better
represented by non-linear
equations
Different techniques result in
different erosion parameters,
sometimes with a large
difference

Reference
Ghaneeizad (2016); Ghaneeizad
et al. (2015a, 2015b)
Ghaneeizad (2016); Mercier et
al. (2012); Weidner (2012)
Rajaratnam and Mazurek (2005)
Houwing and van Rijn (1998);
Khanal et al. (2016); Walder
(2015)
Cossette et al. (2012)

The main objective of this study is to critically evaluate the jet impingement theory used in the
JET and to assess the extrapolation techniques used to derive erodibility indices with the JET.
This analysis will use a relatively large dataset obtained from a wide range of locations in the
US. The possible relationship between the erodibility indices τc and kd in cohesive soils, which
has strong practical use and broad implications for modeling, also is critically examined. Finally,
a review of deficiencies in the JET methodology is presented as a guide for future work.

2. Governing Equations and Numerical Methods
As the jet impinges the soil surface, soil is eroded and the scour depth is measured as a function
of time. Using equations developed originally for analyzing the JET results (Hanson and Cook
2004), the shear stress τ in the jet impingement zone is quantified using,
H 
 0 p 
H 



2

(3)
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where H is the nozzle height from the soil surface, Hp is the potential core length where the mean
centerline velocity of the jet remains the same as that exiting from the nozzle, and τ0 is the
maximum shear stress of the jet. These parameters are evaluated from

H p  Cd d 0

(4)

 0  C f U02

(5)

where ρ is the fluid density, U0 is the nozzle velocity, and Cd and Cf are friction coefficients. If
the test is performed for a sufficiently long time, the scour hole may reach the equilibrium depth,
defined as the point where 𝐸𝑟 → 0 and 𝜏 = 𝜏𝑐 . One complication in determining the equilibrium
scour depth is that the time needed to reach equilibrium can be very long (Blaisdell et al. 1981;
Mazurek 2001), hours to days, and a test typically is not run long enough to reach this condition
in field deployments (typically lasting about 60 min). To address this issue, three methods have
been developed to derive the soil’s erodibility indices from the JET results.
Blaisdell Method. Blaisdell et al. (1981) proposed a hyperbolic function to estimate the
equilibrium scour depth in association with bridge piers. Hanson and Cook (2004) used this
methodology for the JET results. Using Eq. (3), the equilibrium scour depth He is determined,
and the critical shear stress is estimated by

H 
 c   0  p 
 He 

2

(6)

Eq. (3) for any time after starting the test can be rewritten using the above relationships as

τ = Cs

ρU 02
(H d 0 ) 2

(7)
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where Cs  C f Cd2 is the maximum shear stress coefficient. Hanson and Cook (2004) assumed

C s  0.16 . Substituting this into Eq. (2), the erosion rate Er, defined as the change in
impingement height H with time t, can be defined as

U 02
dH
 k d (C s
 c )
dt
(H d 0 ) 2

(8)

To simplify this equation for integration, the Blaisdell Method assumes τc, kd, and U0 are time
invariant. Thus, Eq. (8) can be rewritten in dimensionless form as
dH * 1  H *

2
dT *
H*

2

(1)

where H* = H/He, T* = t/Tr, and Tr = He/(kd τc). Integration of Eq. (9) over the time of the test
yields

 1  H i* 
1 H * 
*
  H i* ]


tm  Tr [0.5 ln 
 H  0.5 ln 
*
*
1 H 
 1  Hi 

(10)

where tm is time at which a particular measurement is made and Hi*= Hi/He. With τc estimated
from Eq. (6), the Blaisdell Method minimizes the sum of the deviations between the functionally
determined tm (Eq. 10) and the observed values of tm to determine kd.
Iterative Method. The Iterative Method is similar to the Blaisdell Method, except it does not

determine τc based on He. This method finds both erosion parameters simultaneously by
minimizing the root-mean-square error of tm determined using Eq. (10) and the measured values
of tm (Simon et al. 2010). This method starts the iteration using values of τc and kd estimated from
the Blaisdell Method, and He is determined using Eq. (6). This method employs limits on the
value of τc in iterations. Its lower limit precludes it from reaching zero and to prevent the
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calculated He (Eq. 6) from becoming smaller than the maximum measured scour depth. The
upper limit is a function of water pressure at the jet nozzle, the jet diameter, and the maximum
measured scour depth during the test.
Scour Depth Method. The Scour Depth Method also uses an iterative approach that minimizes

the error between measured and estimated scour depths for the test. In this approach, kd and τc
are determined by iteratively solving Eq. (2) (Daly et al. 2013). The iterative process employs
initial estimates of erodibility indices and minimizes the sum of the squared errors between the
measured scour depth data and the solution of the linear excess shear stress equation (Eq. 2). If
initial estimates are unavailable, a value of 1 may be entered for both parameters, or suggested
values of kd as a function of τc may be used (Hanson and Simon 2001; Simon et al. 2011; Daly et
al. 2013).
Effect of Confinement. As previously noted, the JET methodology was established based on jet
impingement theory that considers a fully-developed, turbulent, circular jet impinging on a
smooth, flat bed in an unconfined environment. The JET apparatus, however, confines the
impinging jet in the cylinder. Although many researchers have studied impinging jets, only
recently has the effect of confinement been identified (Ghaneeizad et al. 2015a, 2015b;
Ghaneeizad 2016). According to Ghaneeizad et al. (2015b), the maximum applied shear stress by
the jet in the confined environment of the original JET is about 2.4 times larger than in
unconfined conditions, as previously assumed by Hanson and Cook (2004). The effect of
confinement increases the maximum applied shear stress, hence, C s  0.39 in Eq. (7). As such,
the following analysis and discussion uses C s  0.39 to account for this effect.
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3. Data Information
Erosion tests were conducted on a wide variety of soils and cohesive sediments from different
regions around the United States. Investigating data collected from different regions illustrates
key points while using the JET. Jet impingement theory requires a minimum impingement height
for a jet to be fully developed, or H > 8.3d0 (Beltaos and Rajaratnam 1977). The hydraulic
drivers, including pressure and water head, also must remain constant during the test. From a
large dataset (>1000 currently available), only 155 tests (Table 2.2) used the necessary
impingement height for a fully developed jet and maintained a constant head during the test;
these data are used herein.

4. Evaluation of Analysis Methods

4.1. Effect of Confinement
Ghaneeizad et al. (2015a, 2015b) showed that in the confined environment of the JET apparatus,
the bed shear stress at impingement is greater than observed in unconfined conditions. Using the
JET database, values of τc and kd were determined using 𝐶𝑠 = 0.16 (termed original) and 𝐶𝑠 =
0.39 (termed revised) for each method (Figure 2. 1). Note that these methods all use Eq. (7) to
calculate the applied shear stress, so the effect of confinement is equally applied. It is seen that
critical shear stress τc values are spread along the line with a slope 2.4 when 𝐶𝑠 = 0.39 is used.
All methods show a multiplicative increase in critical shear stress in comparison to values
calculated using 𝐶𝑠 = 0.16. The erodibility coefficient kd also declined by a factor of 0.4. These
results are expected given that all three methods are based on the same erosion law (Eq. 2). By
recognizing that the impinging jet is confined within the JET cylinder, the flow hydrodynamics
are altered and the erosivity of the jet increases by a factor of 2.4.
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Table 2. 2. Summary of the 155 JET test locations used in this study
State

Site

No.
Tests

location

Reference

AL
CA

Shades Creek
Upper Truckee River

2
5

Bank Toe
Bank Face, Bank toe

MI
MN
MS
MS

Kalamazoo River
S. Branch Buffalo River
Bear Creek
Big Creek

15
4
5
9

MS
MS
MS

Buck Creek
Cane Creek
Goodwin Creek

6
2
6

Bank toe
N/A
Bed, Bank toe
Bed, Bank face, Bank
toe
Bed, Bank toe
Bed
Failure Block

Simon et al. (2004b)
Simon (2006); Simon et al.
(2006); Simon (2004a)
Wells et al. (2004, 2007a)
Bankhead and Simon (2009)
Simon et al. (2002b)
Simon et al. (2002b)

MS
MS
MS
MS
MS
MS
MS
MS

Holly Springs
James Creek
Johnson Creek
Leaf River
Tallahatchie Spillway
Tenn-Tom Waterway
Topashaw Creek
Yalobusha River

20
8
5
2
1
1
9
8

Agr. Field
Bed, Bank toe
Bed, Bank toe
Bed
Bank Face
Bank Toe
Bed, Bank toe
Bed, Bank toe

MT

Missouri River

24

N/A

NE
NE
NE
NE
NE
NE
OR

Beale Slough
Big Nemaha River
Haines Branch
Little Salt Creek
Tributary of Keg Creek
Weirs Bend Creek
Tualatin River Basin

1
2
2
12
1
2
3

Bed
Bed
Bed
Bed
Bed
Bed
Bank Toe
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Simon et al. (2002b)
Simon et al. (2002b)
Langendoen et al. (2009); Parker
et al. (2008); Wells et al. (2007b)
N.A.
Simon et al. (2002a)
Simon et al. (2002b)
Farrugia and Simon (2005)
N.A.
Simon and Klimetz (2007)
Simon et al. (2007)
Simon et al. (2007); Simon et al.,
(2002a, 2002b)
Simon et al. (2002); Simon et al.
(2003)
Rus et al. (2003)
Rus et al. (2003)
Rus et al. (2003)
Rus et al. (2003)
Rus et al. (2003)
Rus et al. (2003)
Simon et al. (2011)

Figure 2. 1. Comparison of τc (Pa) and kd (cm3/N-s) derived using the different methods
before (Original) and after (Revised) applying the revision for flow confinement.
4.2.Curve Fitting Ability
The three methods introduced above were used to fit Eq. (2) to the data and to determine τc and
kd. The Blaisdell Method predicts τc using an equilibrium scour depth, which is determined from
the curve fitted through the measured depths, and kd is then determined iteratively. The Iterative
and Scour Depth Methods find a τc and kd combination that best fits the data through
simultaneous iterations of both variables. To demonstrate the mathematical ability of these three
methods in fitting test data, a typical dataset is shown in Figure 2. 2, which plots the measured
and predicted scour depth using the data reported by Hanson and Cook (2004). Again, the data
are analyzed after applying the suggested revision due to confinement.
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Figure 2. 2. The measured and predicted time variations in scour hole depth using
Blaisdell, Iterative, and Scour Depth Methods using data from Test 2 of Hanson and Cook
(2004).

It is interesting to note that the curves in Figure 2. 2 are independent of the maximum applied
shear stress used in the analysis, since all three methods include one curve fitting step that forces
the estimated τc and kd values to produce the best result. In other words, any variation in the value
of applied shear stress employed in Eq. (7) is translated into variations of the estimated values of
τc and kd, but the applied bed shear stress does not change the fitted curve. Although there are
slight differences between the predicted curves, all methods successfully predict the time
variation in scour hole development. Similar results were found for a subset of 15 tests (not
shown here). Thus, from a fitting point of view, no method appears to be mathematically
superior. Daly et al. (2013) stated that the Scour Depth Method produced superior results in
comparison to the Blaisdell and Iterative Methods. But, these claims were based on analytical
errors in the worksheet employed by Daly et al. (2013). For the Blaisdell Method, Daly et al.
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(2013) used kd from the Scour Depth Method to fit the scour depth predicted by Blaisdell
Method, which then produced poor fitting results for this method. For the Iterative Method, Daly
et al. (2013) assumed that the maximum scour depth observed was the equilibrium scour depth.
Both errors were corrected in the present analysis, and Figure 2. 2 demonstrates the equivalency
in the curve fitting methods. Yet, the erodibility indices derived from the methods may not be
physically realistic as discussed below.

4.3.Estimation of Erodibility Indices
While many studies have employed the JET apparatus, limited work has been done comparing
erosion rates derived by the JET to measured erosion rates in field or laboratory settings. One
such comparison was performed by Hanson and Cook (2004). Hanson and Cook ran an outdoor
open channel test with a compacted soil bed to verify the JET application for estimating erosion.
Hanson and Cook (2004) performed three JETs and averaged the results for comparison to the
open channel test. These data are analyzed here using the three methods (Table 2. 3; Figure 2. 2),
with the suggested revision for confinement. It can be seen that the Blaisdell Method estimated a
smaller critical shear stress than the other methods, and predicted a positive value for erosion,
but less erosion than the flume test. In contrast, the Iterative and Scour Depth Methods predicted
negative rates of erosion, which is due to the considerably higher derived critical shear stress (τ <
τc; Eq. 2). These results confirm that some JET results may not be physically meaningful or
realistic, yet the derived indices may fit the JET dataset. A similar comparison was performed by
Constantine et al. (2009) who employed the Blaisdell Method to analyze the JET results for
streambank erosion. They questioned the calculated values of erodibility coefficients derived
from the JET, but found that the kd could successfully predict the trend in streambank erosion.
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Table 2. 3. Reanalysis of JET and flume data reported by Hanson and Cook (2004) using
the Blaisdell, Iterative, and Scour Depth Method where Q is flow rate (m3/s), τe is bed shear
stress (Pa) in the flume test, Em is the average measured erosion (cm) in flume test, and τc,
kd, and EJET are, respectively, estimated critical shear stress (Pa), erodibility coefficient
(cm3/N-s), and estimated erosion of flume (cm) using the JET data of Test 2.
Open Channel Test
Q

0.71

τe

11.1

Em

JET Test
Analysis Method

τc

kd

EJET

Blaisdell

2.22

0.056

4.37

Iterative

62.00

0.117

-36.54

Scour Depth

66.19

0.127

-43.02

11.1

4.4.Effect of data collection duration
Data from Mazurek (2001) are employed here to demonstrate the impact of time duration on the
accuracy of the JET results. These experiments were run until the equilibrium condition was
reached. Figure 2. 3(a) shows that using different portions (time durations) of data from the same
experiment can produce different values for τc and kd. Using only earlier stages or shorter
durations of the experiment, the Scour Depth and Iterative Methods over-predict τc, while the
Blaisdell Method consistently under-predicts this parameter. Using more of the data, or larger
durations, the Iterative and Scour Depth Methods predict closer estimations of the ultimate value,
and these methods in particular are equally affected by changes in the length of the experiment.
Estimates for kd (Figure 2. 3(b)) also show a similar trend: the determined values display much
greater sensitivity to shorter durations. These trends make sense physically because the upper
stratigraphic layers of soils and cohesive sediments tend to have lower bulk densities and should
display lower critical shear stresses and higher erodibility coefficients. Most importantly, both τc
and kd trends indicate that the JET methodologies are highly dependent on the duration of data
collection.
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Figure 2. 3. Effect of test duration on the (a) critical shear, and (b) erodibility coefficient
using three extrapolation methods. The dashed line in (a) shows the actual value of τc at
equilibrium.
At present, there is no standard for the duration of data collection to estimate erosion parameters.
It is clear that an evolving and deepening scour hole can alter the jet flow regime and shear stress
distribution (Mercier et al., 2012; Weidner, 2012; Ghaneeizad, 2016). This boundary effect is not
yet implemented in the JET methodologies, which assume a flat-bed surface. It is shown here
that significantly different values for erodibility parameters can be derived simply by altering the
length of the experiment and by selecting a specific extrapolation method.
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5. The τc - kd Relationship
The JET analysis is meant to provide estimates of τc and kd, assuming that the linear excess shear
stress equation (Eq. 2) is applicable. Attempts have been made to relate these two parameters
since in some erosion assessment techniques, only one of them can be determined (e.g., the CSM
technique of Tolhurst et al. (1999)). Two contradictory conclusions have been reported in the
literature with regard to this relationship. Knapen et al. (2007) used flume data and concluded
that τc and kd are not correlated. It was shown that different soil properties do not affect τc and kd
in the same way, so both parameters need to be determined for soil erosion assessment (Knapen
et al. 2007). Other studies, however, have shown an inverse-power law relation, defined as
k d  a cb

(11)

where a and b are empirical coefficients. Hanson and Simon (2001) developed such a relation
based on 47 datasets from Iowa, Nebraska, and Mississippi (R2=0.64). Simon et al. (2010) then
updated this relationship with an additional 775 JET datasets, and showed that the general form
of Eq. (11) was maintained, as long as τc < 0.1 Pa. Al-Madhhachi et al. (2013a) defined a similar
relationship based on limited data collected from two regions in Oklahoma using the Scour
Depth Method. Table 2.4 summarizes the coefficients for Eq. (11), the range of predicted bed
shear stress, and the goodness of fit for the regression. It should be noted that the Hanson and
Simon (2001) and the Simon et al. (2010) relations share same data, and that different
extrapolation methods may have been employed.
A possible functional relationship between τc and kd was investigated here. Figure 2. 4
demonstrates the best fit of the data for each of the three methods after applying the confinement
revision.
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Table 2. 4. Empirical coefficients (a and b) from literature derived for the τc-kd
relationship, the range of critical shear stresses, and the goodness of fit (R2).
Relationship

a

b

τc Range (Pa)

R2

Hanson et al. (2001)

0.2

-0.50

0-400

0.64

Simon et al. (2010)

1.6

-0.83

0.1-1000

0.60

Al-Madhhachi et al. (2013)

0.4

-0.79

0.1-1

0.96

These data display a wide variation in the erosion resistance, spanning five orders of magnitude
for both τc and kd. The coefficients derived for these regression lines are statistically significant
(Table 2. 5). The values of kd estimated based on the existing relationships for a given τc value,
however, could have an uncertainty of one to two orders of magnitude and users of such
predictive relationships should be aware of this range.
Table 2. 5. Coefficients (a and b) from three methods derived for the τc-kd relationship. The
R2 shows the goodness of fit, and the p-values are for the F-test of the regression equation.
Relationship

a

b

τc Range (Pa)

R2

p-value

Blaisdell

0.73

-0.635

0.01-1100

0.43

<<<0.001

Iterative

141.60

-1.406

2.5-836

0.71

<<<0.001

Scour Depth

82.68

-1.197

1-1265

0.63

<<<0.001

Note that this conclusion is made on the basis of JET methodologies, which is in contrast to the
results of the flume data reported by Knapen et al. (2007). Despite the high uncertainties, many
researchers have depended on this empirical relationship between τc and kd (Thoman et al. 2009;
Lai et al. 2012; Darby et al. 2013; Konsoer et al. 2016; Narasimhan et al. 2017). Attempts also
have been made to estimate τc from soil properties (Smerdon and Beasley 1961; Julian and Torres
2006), but these results have been shown to result in much lower values for critical shear stress
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as compared to JET methodology (Clark and Wynn 2007). From the data analysis presented
here, statistically-significant empirical relationships such as Eq. (11) can be derived from the
JET results, but the values of the coefficients show large variability, and the uncertainties of
predicting τc and kd are very large (one to two orders of magnitude).

Figure 2. 4. The τc-kd relationships for each method using available data.
6. Discussion
In general, the Blaisdell Method estimates smaller values for c compared to the Iterative and
Scour Depth Methods. The under-prediction by the Balsidell Method is due to its tendency to
yield large estimates of the equilibrium scour depth, and hence low values for τc. It is suggested
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Figure 2. 5. A comparison of τc-kd relationships from JET data derived herein and
reported elsewhere.
that the problem with the Blaisdell Method is the hyperbolic function used to fit the scour depth
data (Blaisdell et al. 1981). This original foundation was an empirical fit to a narrow range of
experimental data for scour hole development in sand. It has been widely discussed that the
mechanism of erosion for cohesive sediment is complicated by many factors, and it is markedly
different from non-cohesive sediment erosion. As such, employing the Blaisdell hyperbolic
function in scour depth prediction of cohesive sediments is questionable. Indeed, Blaisdell et al.
(1981) cautioned that their hyperbolic function is not comparable to a “practical equilibrium
condition”. On the other hand, the over-prediction of τc using the Iterative and Scour Depth
Methods can result in physically unrealistic values, as demonstrated with data from Hanson and
Cook (2004).
The JET employs the assumption of an unconfined jet impinging on a smooth, flat-bed boundary
to calculate erosion parameters.

It was shown (Ghaneeizad et al. 2015a, 2015b) that the

maximum shear stress is considerably larger than predicted, because the jet is placed into a
confined environment, and this will greatly impact the estimation of τc and kd. In addition,
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Rajaratnam and Mazurek (2005) studied the effects of surface roughness on the erosion
parameters using an air jet. They reported a 250 to 500% increase in maximum shear stress
compared to a smooth surface, which also could result in an over-estimation of critical shear
stress. Lastly, formation of the scour hole will likely change the turbulent flow field, which
would affect shear stress distributions and erosion processes (Mercier et al., 2012; Weidner,
2012; Ghaneeizad, 2016).
A non-linear erosion model may provide better approximation to the erosion of cohesive
sediment (Houwing and Van Rijn, 1998; Al-Madhhachi et al., 2013b; Walder, 2015; Khanal et
al., 2016). Wilson (1993) developed a two-parameter non-linear model similar to the linear
excess shear stress equation, but with three different regions. It has been shown that this model
may have ability to describe some of the observations in the JET datasets, but in many cases the
Wilson model is no better or worse than the linear equation (Wahl 2016).
Overall, the JET analysis is meant to provide reasonable values of τc and kd, which then can be
used in models and other technologies that predict the erosion of cohesive sediment. Since the
three methods predict different values for the computed regressions, the values of τc and kd
resulting from each method also are different. The Iterative Method resulted in less scattered data
and relatively higher R2 value, and the Scour depth Method resulted in a better regression
relation than the Blaisdell Method. In any case, predicted values of kd for a given τc could be up
to 100 times smaller or larger due to predictive uncertainty.
The primary question addressed here is that of the existence of a functional relationship between
τc and kd. While Knapen et al. (2007) contend that a relationship does not exist, the analysis
presented here contradicts that conclusion. That is, statistically significant empirical equations
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can be derived from JET results, but these relationships have very important caveats. These
caveats include the following.
1. JET setup must ensure that the applied head is constant with time and that the jet
impingement height is greater than the length of the potential core (H > 8.3d0).
2. Placing the jet into a confined cylinder increases the magnitude of the applied shear stress
due to jet impingement, which will affect the maximum shear stress coefficient (Cs =
0.39).
3. The roughness of the soil surface and the shape of the scour hole will modulate flow
hydrodynamics and the applied shear stress.
4. The time duration for a JET should be maximized whenever possible, knowing that
results from shorter durations tests increase the uncertainty in the derived erodibility
indices.
5. The derived erodibility indices are mathematically tied to the geomorphic erosion law
used to force-fit the scour hole data (the excess shear stress equation; Eq. 2).
6. Markedly different erodibility indices can be derived using the three extrapolation
methods, and some caution should be employed to select the most physically realistic
values.
7. There is no consensus in the empirical coefficients determined for the τc-kd relationship,
and the uncertainty of these predicted values could be as large as two orders of
magnitude.
In summary, the JET was created to fill an important gap in assessing the erodibility of cohesive
sediment in situ. The JET hydrodynamics come from jet impingement theory, which will be
conditioned by the boundary conditions employed. The analytical framework created to derive τc
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and kd from the time-evolution of a scour hole can alter the results, and the indices themselves
also will depend upon the erosion law adopted. By design, the JET methodology effectively
lumps all of the possible hydrologic, geotechnical, and pedologic factors that could affect the
erodibility of cohesive sediment and soil, and it captures these in time and space with a result
embedded in τc and kd. Of course, there is significant experimental and theoretical uncertainty in
the derived erodibility coefficients, which should be adequately addressed. Knowing these
controlling factors could explain why the results of the JET are unable to predict erosion in some
cases, as demonstrated here (using Hanson and Cook (2004) data) and elsewhere (Ollobarren et
al. 2015).

7. Conclusion
Data from Hanson and Cook (2004), Mazurek (2001), and 155 tests from different regions
around the United States were employed to critically evaluate the JET methodology employed
for soil and cohesive sediment erosion assessment. Comparing the results from the three methods
(Blaisdell, Iterative, and Scour Depth) demonstrates that regardless of the values estimated for
erodibility indices, all methods show an acceptable fit to the scour hole erosion data. The Scour
Depth and Iterative Methods may result in physically unrealistic erodibility indices. Results also
show that the revision suggested to account for jet confinement does not affect the fitted curve
through measured scour depths and it is independent of method used, but this revision
significantly changes the magnitudes of the erosion indices. It is clear that the JET results depend
heavily on underlying assumptions and numerical recipes, which add uncertainty to the predicted
erosion parameters. Two unanswered issues remain: (1) the accuracy of the derived τc and kd
values using these methods, and (2) the physical representation of the erodibility indices.
Although the bed shear stress distribution beneath an impinging jet has been investigated, the
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applicability of the excess shear stress equation for impinging jets should be studied further.
Knowing all factors that can affect the erodibility of soils and cohesive sediments could explain
why the results of the JET are unable to predict erosion in some cases. In any case, JET results
should be applied with caution and the degree of predictive uncertainty should be carefully
considered.
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Chapter 3 Experimental and numerical modeling of erosion in a cohesive soil using Jet
Erosion Test

Abstract
The submerged Jet Erosion Test (JET) was developed to test material in field settings in an
attempt to incorporate natural field conditions in the study of sediment erosion. In this test a jet is
directed at a soil sample and erosion parameters are developed on the basis of the rate of growth
of the scour hole that develops. Underlying the analysis of JET data is jet impingement theory
that was developed for flat beds. Despite its popularity, issues concerning flow alteration during
scour evolution lead to questions concerning the use of JET results for analyzing erosion
parameters for sediment transport modeling. Experiments were conducted to investigate the
impinging jet flow field under the eroded bed condition using various jet nozzle velocities and
impingement heights. A previously validated ANSYS Fluent model was then used to simulate
the flow field and to determine the applied bed shear stress associated with the development of
the scours that were generated in one set of the experiments. Although erodibility parameters are
inherent characteristics of a soil, it is found that the available JET methodology results in
different values for a specific soil when the scour develops under different forcing conditions.
Higher initial shear stress values, i.e., higher nozzle velocities and/or lower impingement heights,
lead to deeper and narrower scour holes, leading to more disturbed flow, relative to the flat bed
assumption. The magnitude of this flow disturbance depends heavily on the depth to width ratio
of the scour hole, which in turn can highly affect the magnitude and distribution of the bed shear
stress. Generally, it was shown that by increasing the distance from nozzle the maximum applied
bed shear stress decreases. Since shallower and wider scour holes are more closely compatible
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with the flat bed, it is suggested that JET results are more accurate when tests are performed
starting with low magnitudes of shear stress.
Keywords— JET, JET methodology, Hydrodynamics, Scour hole, Bed shear stress.

1. Introduction
The submerged Jet Erosion Test (JET; Hanson and Cook, 2004) is a widely used technique to
test the erodibility of soil in laboratory and field settings. This test was developed in part to allow
testing in situ, with one advantage being to avoid disturbing the soil.
The most common approach for modeling cohesive soil erosion is using an excess shear stress
equation (e.g., Allen et al. 1997; Bicknell et al. 1997; to name a few). That is, erosion rate is
assumed to be a function of the shear in excess of the critical shear, at which erosion is initiated,
𝐸𝑟 = 𝑘𝑑 (𝜏 − 𝜏𝑐 )𝑚

(1)

where Er is erosion rate, kd is erodibility coefficient, τ and τc are applied shear stress and critical
shear stress respectively, and m is an empirically determined coefficient. The JET technique
treats the factors controlling the complex erosion process in cohesive sediment as lumped
parameters, effectively captured by τc and kd, called erodibility parameters herein.
Underlying the analysis of JET data is jet impingement theory originally developed by Beltaos
and Rajaratnam (1977). The JET apparatus consists of a jet tube with a nozzle of diameter d0 =
6.4 mm that is mounted inside a cylinder. Water flows from a constant head level h0 to the nozzle
and produces the jet, which impinges on soil from an initial height H above the soil surface. As
long as the effective shear stress due to the turbulent jet, τ, is greater than the soil shear strength,
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the jet erodes soil particles away from the impinging point and a scour hole forms. The depth of
scour along the jet centerline is measured at set time intervals after starting the test.
The critical point in performing a soil erosion assessment using the JET apparatus is to determine
shear stress τ assuming (1) shear stress is the only driver of soil erosion, (2) equations developed
for smooth, flat bed conditions are applicable for analyzing data in the eroded bed condition, and
(3) a linear erodibility equation applies. The accuracy of this methodology depends heavily on
the jet hydrodynamics and a precise estimation of the applied shear stress according to a
comprehensive understanding of jet hydrodynamics. Although developed for smooth, flat
surfaces in unconfined conditions, it is known that the scour hole and rough sediment surface can
change the erodibility parameter estimates by a considerable amount (Rajaratnam and Mazurek
2005; Weidner 2012; Ghaneeizad 2016). With the help of numerical simulation, several
researchers (Mercier et al. 2013; Weidner 2012; Ghaneeizad 2016) showed that scour shape can
significantly affect the jet hydrodynamics, and they concluded that the shear stress distribution is
also affected by the evolution of scour holes.
The purpose of this study is to measure scour hole profiles of one particular cohesive soil sample
under an impinging jet with different head and impinging height. Experiments were carried out
in an apparatus designed to reproduce the exact conditions of the JET in field applications
(Hanson and Cook, 2004). A 3D computational fluid dynamics (CFD) numerical model was then
employed to simulate the test condition using the scour hole shape measured at each step of the
experiments. The outcomes of this phase explain how the scour hole evolution in reality affects
the bed shear stress.
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2. Method

2.1. Experimental method
Although the JET has been used extensively during the past fifteen years, and there are many
reported data for this test to perform analytical investigations (e.g. Hanson and Hunt 2007; Lee et
al. 2009; Chang et al. 2011; McClerren et al. 2012; Midgley et al. 2012), the present study uses a
soil sample prepared under controlled conditions so as to be able to reproduce and test the same
sample using other erosion assessment devices.

2.1.1. Experimental setup
The test volume was a cylinder 229 mm tall with a diameter of 301 mm (Figure 3. 1). In this
setup, the jet enters the cylinder through a cylindrical convergent nozzle with diameter d0 = 6.4
mm at an impingement height H above the soil surface. A soil mixture with a specific percentage
of silt, sand, and clay is used as the cohesive soil for bed material. The details and preparation of
the soil are discussed below. The cylinder is placed on top of the soil and a flow deflector is put
in front of the nozzle before starting the test. A small submersible pump provides water for the
head device. Water flows into a hose attached to the jet tube which is located on top of the
cylinder. When the cylinder is full of water, the deflector is removed and the test starts. The
deflector prevents the jet from disturbing the bed surface before the jet is fully submerged. The
experiments were carried out with two impingement heights of 60 and 90 mm, which are greater
than the minimum heights required for a fully developed jet (Beltaos and Rajaratnam, 1977). As
water impinges on the soil surface, scour forms. The scour hole shapes were measured in set time
intervals when running the jet. The measurements were in two planes passing the impingement
point using a measuring device with steel blades which can be expanded laterally to define any
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shape (Figure 3. 1, c). Jet flow was produced with a constant head h0 using five heads ranging
from 0.639 to 1.391 m. Corresponding nozzle velocities U0 were produced ranging from 3.32 to
4.91 m/s (Table 4. 1), with discharge jet Reynolds numbers between 21,200 and 31,350,
suggesting associated head losses through the nozzle of between 11% and 13%, calculated with
the Bernoulli equation for ideal flow.
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Figure 3. 1. a) laboratory JET set-up, b) schematic representation of the test setup, c) scour
shape measuring device.

Table 3. 1. Test labels and their corresponding initial conditions.
Test Label

h0 (m)

U0 (m/s)

H (m)

Test 1

0.639

3.32

0.009

Test 2

0.639

3.32

0.006

Test 3

0.886

3.90

0.009

Test 4

0.886

3.90

0.006

Test 5

1.009

4.22

0.009

Test 6

1.009

4.22

0.006

Test 7

1.145

4.49

0.009

Test 8

1.145

4.49

0.006

Test 9

1.391

4.91

0.009

Test 10

1.391

4.91

0.006

2.1.2. Soil properties and preparation of a uniform sample
One type of soil was used for all tests, so that any variations in effective parameters on the
erosion process would be attributed to differences in hydrodynamic conditions. The samples
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were composed of 50% fine sand with a median size of 1 mm, 20% silt, and 30% clay containing
6% bentonite and 24% kaolinite. Consistent samples of 1.65 g/cm3 dry density and 11.4
plasticity index were produced by first mixing the soil thoroughly by spraying %12 water, step
by step, to ensure the uniform water distribution in the mixture. It was left for 24 hours in a
covered bucket to allow for even moisture distribution throughout the sample. Water content at
the compaction for samples was 11.5%. The magnitude and the nature of soil compaction can
markedly influence erosion rate (Fell et al. 2003; Hassan et al. 2004; Hanson and Hunt 2007).
Therefore, each sample was carefully prepared in a consistent manner and compacted in three
layers inside a mold which was designed specifically for these experiments (Figure 3. 1a). Soil
characteristics are summarized in Table 3. 2.
Table 3. 2. Soil properties information
Soil
properties

Sand

Silt

Clay

Water content

Dry density

(%)

(%)

(%)

(%)

(g/cm3)

50

20

30

11.5

1.65

Plasticity limit
11.4

2.2.Numerical method
A 3D computational fluid dynamics (CFD) model was employed to simulate the flow field using
the measured scour hole under different hydrodynamic conditions at different times during a test.
Although the numerical model of the erosion based on adaptive remeshing (renewing the bed
mesh after each time step based on the amount of erosion) of the soil-water interface ensures a
good precision of the mechanical values at the wall and better reflects the real condition of the
test in the model, it was not used in this studydue to very high computational time and space
needed for this approach especially for a 3D model (Mercier et al. 2014). So, eroded bed cases
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were modeled in fixed-bed conditions at set time intervals. ANSYS 17.1 package was employed
for this purpose. The mesh was generated using FLUENT Meshing and ICEM CFD, and the
flow was simulated using FLUENT.

2.2.1. Model geometry and mesh
The model was built based on a 1:1 scale of the experimental setup (Figure 3. 1). An unsteady
flow of two phases, a gas phase of air and a liquid phase of water at 25° C was assumed. A
cylindrical mesh with unstructured hexahedron elements was generated with over 35 million grid
cells with finer resolution near the bed and around the jet axis. The size of the near-wall grid
cells was larger than that required for directly solving boundary layers, so an enhanced wall
treatment option (ANSYS 2013a) with a very fine mesh was used to solve for the flow near the
boundary. Multiple layers of prismatic elements near the wall were generated using hybrid grids
to satisfy the criteria of Y+< 1, where Y+ is the dimensionless distance from the wall.
Tetrahedrons were used everywhere else in the domain. The final mesh contained about 32
million cells. Ghaneeizad (2016) developed a model for the jet device to simulate mean and
turbulent characteristics of flow at the nozzle. Since the same flow condition is being modeled
here, that model was used to specify the nozzle boundary conditions.

2.2.2. Turbulence closure model
Reynolds-Averaged Navier–Stokes (RANS) equations were applied to resolve the flow. It was
shown previously that in spite of the extensive use of k-ε models for turbulence simulation in jets
(Thies and Tam 1996; Georgiadis et al. 2006; Aziz et al. 2008), this model significantly
underestimate flow velocity in the zone of established flow (Mercier et al. 2014; Ghaneeizad et
al. 2016a). The k-ω model, on the other hand, is advantageous because of its ability to resolve the
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viscous sublayer near the wall region and accounts for the effects of adverse pressure gradients
(Wilcox 1998), which are of special interest for this study. However, it lacks the accurate
prediction of stagnation regions due to the build-up of turbulent viscosity near stagnation points
(Ingham and Ma 2005). According to previous studies, the shear stress transport (SST) k-ω
model (Menter 1994, Ghaneeizad et al. 2016) best reproduces the characteristics of flow in the
highly turbulent regions under the impinging jets. Therefore, the turbulent damping SST model
was used to model the test environment.

2.2.3. Solution methods
A transient flow initialized from the nozzle was solved until a steady-state condition was
reached. Three sets of transport equations with a second-order spatial discretization scheme were
set to solve flow (continuity and momentum), turbulence (turbulent kinetic energy and ω), and
free surface position. The solution incorporated two-phase flow using a volume of fluid (VOF)
model with PRESTO scheme in order to simulate the free surface. The continuity equation was
applied to track the interface between two phases, and body force formulation was applied to
include gravity forcing in the momentum equation. Because momentum and pressure were the
primary variables, a pressure-based solver was used to sequentially solve the equations using a
segregated Pressure-Implicit with Splitting of Operators (PISO) algorithm, which is
recommended for transient flow (ANSYS 2013).

2.2.4. Boundary conditions
Boundary conditions for the top surface, jet device, and cylinder were defined as smooth walls.
The nozzle was defined as a velocity-inlet, and the profile of velocity and turbulent parameters (k
and ω) were defined at the nozzle with a user-defined function according to the solution results
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of the jet device model from Ghaneeizad (2016). A pressure outlet boundary condition was
chosen with zero gauge-pressure as the ambient exit pressure.

2.2.5. Scour hole geometry
Eroded bed cases were modeled in fixed-bed conditions with a scour hole at the center. The
shapes of scour holes were measured during a JET reference test (Test 1). Five scour holes, with
the dimensions shown in Figure 3. 2, were studied in this part. Ghaneeizad (2016) previously
modeled ideal scour holes with only width or only depth increasing over time. Because the scour
holes in this study are the results of the actual jets, depth and width change simultaneously over
time. This may be the reason that the results of this study differ from Ghaneeizad (2016), as
discussed below.
The scour hole variables and axes are defined in Figure 3. 2. The radius rh and depth dh of these
scour holes were chosen considering observed maximum radius and depth for a given
impingement height, following the procedure of Mazurek et al. (2001).

Figure 3. 2. Scour hole variables and axes.
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2.2.6. Hydrodynamics
The jet flow conditions were equal to the reference experiment (Test 1). The nozzle velocity was
3.32 m/s and the initial impingement height H0 was 90 mm.

3. Results and discussion

3.1.Results obtained from JETs
Table 3.1 lists the applied initial conditions for each test. As mentioned, the profiles were
measured in two perpendicular planes passing the jet centerline, and Figure 3. 3 shows the
average scour profile at each time step. The set time steps were different for each test, because
due to difference in initial test conditions, the required time for each test to create measurable
scour hole, which was also fairly different from its own previous measured profiles, was
different.
It can be seen from the erosion profiles that different scour holes developed for each of the ten
cases (Figure 3. 3). This difference could be attributed to specific erosion parameters for
different soil characteristics and/or different jet hydrodynamics. In this study, however, the initial
conditions, such as the nozzle velocity and impingement heights are the source of such variations
in the erosion process. The initial hydrodynamics settings can easily explain why scour
evolutions are not similar for the 10 tests.
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Figure 3. 3. Measured scour hole profiles at set time intervals for various nozzle velocities
and impingement heights (continued). ti stands for time steps when the measurements were
taken. Note that tis are not necessarily identical in different tests.
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Figure 3. 3 (Continue). Measured scour hole profiles at set time intervals for various nozzle
velocities and impingement heights. ti stands for time steps when the measurements were taken.
Note that tis are not necessarily identical in different tests.
In cases with higher impingement heights, erosion affects a much wider zone over time
compared to those with the same nozzle velocity and lower impingement height. Jets with higher
nozzle velocities created narrower and deeper scours compared to the lower velocities which
resulted in shallower scours. Smaller impingement heights also created deeper scours. Generally,
the 6-cm impingement height created deepening scours in all cases, and the 9-cm impingement
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height resulted in widening scour holes. This is compatible with the physics of the impinging
jets; as the distance from the nozzle increases, more ambient fluid is entrained across the jet
boundary, and the jet width increases. For higher impinging heights, the width increase more
than that of the lower impinging height. In both cases, scour dimensions developed in the
opposite direction of widening or deepening as well, but this increase was larger for the widening
scour hole, meaning that a widening scour also continues to deepen the hole at the same time, but
a deepening scour almost continues eroding the surface only toward depth. Overall, the highest
shear stress values at the initial time (i.e., higher nozzle velocities and/or lower impingement
height) lead to deeper scouring depths in this case where presumably the critical shear stress is
the same (using the same soil for all tests).
It can be easily seen by comparing the scour profiles that there are some cases which have
similar maximum scour depth at a specific time (e.g. Test 3 at t3 and Test 2 at t5). However, the
volume of eroded mass between them is different. Rose et al. (2018) proposed a new approach
that recognizes the evaluation of erodibility using the jet tester should involve the mass of soil
eroded, so determination of this eroded mass (or else scour volume and bulk density) is required.
Their method partitions jet kinetic energy flux into that involved in eroding soil, the remainder
being dissipated in a variety of mechanisms. This might be a reasonable approach so to
incorporate the scour geometry effect on the erosion progress.
Normally, whatever the head value (within reasonable limits), the theory should yield similar
values of kd and τc. In order to test this hypothesis, the measured profiles of eroded soils were
used to determine critical shear stress and erodibility coefficient of the soil using the Blaisdell
method (Blaisdell et al. 1981; Chapter 2, this study). The obtained values for each test are
summarized in Table 3. 3. It was shown previously (Karamigolbaghi et al. 2017) that one of the
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shortcomings of the Blaisdell method, and JET methodologies in general, is that it provides
different erodibility parameters for the same soil if the applied initial conditions of the test and
jet hydrodynamics are different. So, it is not surprising that the numbers in Table 3. 3 are
different, although they are theoretically supposed to be the same. The other interesting point is
that there is no general trend for changing erodibility parameters by changing nozzle velocity or
impinging height.
Table 3. 3. Critical shear stress and erodibility coefficient of the soil under different forcing
conditions derived from Balisdell method.
Test No.

1

2

3

4

5

6

7

8

9

10

τc (Pa)

0.3

0.3

0.16

0.16

0.18

0.18

0.24

0.35

0.24

0.38

kd (cm3/N.s)

0.04

0.036

0.15

0.25

0.15

0. 30

0.32

0.21

0.32

0.27

3.2.Results obtained from numerical simulation
Ghaneeizad (2016) developed a model for a flat bed and validated the simulation results. That
model, with the specifications in the numerical method section as explained above, was extended
to the eroded bed conditions of this study. The simulation results reported herein are from the
model with the developed variable turbulence damping. Numerical simulation of scour holes
generated in Test 1 was performed to explore the effects of scour hole shape on the jet
hydrodynamics and shear stress distribution above the bed. Figure 4 shows the contour maps of
velocity magnitude on the x-z cross-plane passing through the jet axis for the flat bed and eroded
bed conditions.
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Figure 3. 4. Velocity contour maps on the x-z cross-plane passing through the jet centerline
for flat bed and eroded bed profiles of Test 1.
It can be seen that all scour holes affected the flow hydrodynamics compared to the flat bed
conditions, which is consistent with previous work (Weidner 2012; Mercier et al. 2014;
Ghaneeizad 2016). The effects, however, are not severe for the very shallow and narrow scour
holes (t1 and t2) where conditions are not very different than the flat condition. In these cases, the
impinging jet is diverted radially and in parallel to the surface.
Scour holes at times t3, t4, and t5 resulted in recirculating flow along the jet axis and inside the
scour. It has been reported several times in the literature that two types of jet, weakly deflected
(WD) and strongly deflected (SD), form in the presence of erosion. Yet, there is no definition
based on the geometrical characteristics of the eroded surface. Aderibigbe and Rajaratnam
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(1996), however, classified WD and SD scour holes according to flow regime, based on which
the jet in WD cases travels along the boundary of the scour hole as far as the crest of the scour
hole (t1 and t2), while SD scour holes have a distinctive recirculatory flow pattern (t3, t4, and t5).
From the velocity contour maps in the slightly eroded water/soil interface (t1 and t2), the
impinging jet is diverted in a manner similar to the flat bed condition. This observation is
consistent with the dimensions of the scour hole at times t1 and t2 (Figure 3. 3), which are very
shallow with aspect ratios (scour width to depth ratio) of 3.57 and 2, respectively. Note that in
Ghaneeizad’s (2016) model there is a case with an aspect ratio of 2.11, which resulted in flow
recirculation similar to case 3. It is worth noting that the scour hole in that model had a radius of
84 mm (larger than the jet half width) and a depth of 40 mm, in which case forces the flow to be
recirculating in the scour hole. In the current study, although the scour hole at time t2 has a
similar aspect ratio as that in Ghaneeizad (2016), the jet half width is still much larger than the
radius of the scour. So, the presence of scour does not disturb the flow regime at this point. For
all other cases, with relatively larger scour depth, the flow undergoes a change of regime and
rises vertically, somewhat parallel to the jet.
The effect of increasing depth, however, is not as strong as what was reported in Ghanneizad
(2016). Because in the current case, width is also increasing at the same time which could
alleviate the effect of depth increase. Generally, the hollower the scour becomes, the more the
flow is disturbed and affected by the scour shape. As can be seen, the magnitude of this
disturbance depends upon the aspect ratio of the eroded bed.
Figure 3. 5 shows the scaled bed shear stress distribution for all cases. For times t3, t4, and t5, the
bed shear stress magnitude is zero everywhere outside the width of scour, which is consistent
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with the flow contour plot where the wall jet is deflected vertically and does not reach the flat
parts of the bed. The scaled maximum shear stress τ*m for the first two cases with small scour
holes is closer to the corresponding value in flat bed conditions, and as the scour hole evolves,
τm* decreases. Ghaneeizad (2016) previously showed that by increasing width, τm* increases and
by increasing depth τm*, decreases. Here, with both dimensions evolving simultaneously, the
general trend is decreasing τm*. It appears that the effect of deepening on flow is stronger than
widening.

Figure 3. 5. Bed shear stress for scour holes of Test 1 and flat bed scaled by the maximum
shear stress for flat bed condition (Hanson and Cook 2004).
Overall, the scour hole shape affects the jet hydrodynamics. Compared to a flat bed condition,
this effect could be negligible (eg., at times t1 and t2) or severe (times t3, t4, and t5) depending on
the shape of the scour. Deep scour holes totally disturb the flow and lead to re-circulatory flows
that strongly change the momentum and bed shear stress.
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The scaled maximum shear stress for eroded bed conditions was normalized by the
corresponding value for flat bed conditions to better understand the impact of scour geometry on
the bed shear stress. Figure 3. 6 shows normalized τm* versus rh / r1/2-s, where rh is the scour hole
radius and r1/2-s is the free jet half-width at the entrance of the scour hole if not impacted by the
impingement surface, and rh / r1/2-s is an indicator of confinement degree, commonly defined as
the ratio of the receiving environment area to the entering flow area.
Generally, τm* must decrease with decreasing radius. However, if the scour hole radius is less
than a critical value, the jet behavior changes and becomes more similar to the flat bed condition.
As already pointed out, this occurs for times t1 and t2. It is noteworthy that the scour hole radius
is scaled by the jet half-width and not the full width of the jet. Therefore, at small rh / r1/2-s, the
scour hole width is smaller than the total width of the incoming free jet and outgoing wall jet,
which explains why τm* significantly increases and becomes close to the corresponding values in
flat bed conditions. In other cases, the effect of confined environment and return flow, which
reduce the jet momentum, describes the shear stress reduction.

Figure 3. 6. Normalized maximum bed shear stress for different scour holes of this study.
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To account for scour geometry effect in shear stress calculations, Ghaneeizad (2016) suggested
an equation to determine the maximum bed shear stress from the flat bed values for each scour
hole (Figure 3. 7). That equation was developed using the ideal scours of his study, in which case
only width or depth was changing at a given time. Figure 3. 7 shows a comparison between his
suggested equation and data from the current study. The difference indicates that although the
general form of τm*= C τm*-flat fits the ideal scours of previous study very well, it is not
appropriate for the real case condition that both dimensions of scour are changing at the same
time. Therefore, a similar approach could work if it uses the actual bed evolution to account for
the simultaneous changes in depth and width.

Figure 3. 7. Normalized maximum bed shear stress for all scour holes versus a
dimensionless scour hole geometry parameter.
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Figure 3. 8 shows a comparison between the numerical results and the semi-empirical model
suggested by Hanson and Cook (2004) for the evolution of the shear stress as a function of the
distance between jet nozzle and scour depth at the centerline. This equation does not consider the
effect of flow confinement and only consider the maximum scour depth in the calculations. At
the initial time, the numerical model gives results relatively far from those of the semi-empirical
model. It was observed that the error between the numerical and semi-empirical results lessened
as the scour depth increased. In any case, the magnitudes can be as much as 2.4 times different
(Ghaneeizad et al. 2015, 2016). As seen, the difference is lessened by increasing distance from
the nozzle (deeper scour holes), suggesting that the flow confinement by scour is reducing the
magnitude of applied bed shear stress. So, the effect of cylinder confinement (increasing the
maximum applied bed shear stress compared to unbounded assumption) is lessened by the effect
of scour confinement (decreasing the maximum applied bed shear stress compared to flat bed
condition) as the scour evolves over time.

4. Conclusion
Ten JET tests were applied on consistently prepared soil samples to monitor the effect of
different forcing conditions on scour hole evolution. The scour profiles of one test were then
implemented in a 3D numerical model to investigate the effect of scour hole geometry on the jet
hydrodynamics and bed shear stress distribution. It was shown that the most mathematically
trusted method to analyze JET data, the Blaisdell method, develops different values for the
erosion parameters of the soil depending on specified nozzle velocities and impingement heights.
Also shown was that the JET outputs are highly dependent on the initial condition of the test,
with larger initial applied shear stress values creating deeper and narrower scours which then
increase the risk of greater flow disturbance and variation from the normally assumed flat bed
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condition. This leads to large differences between the actual bed shear stress magnitudes and
those estimated by the flat bed assumption. The JET is a widely used erosion assessment
technique whose advantages encourage people to continue using it. However, as shown here and
in previous studies, there are significant issues associated with using the JET methodology, and
results using that approach are subject to large uncertainty. Until corrections can be made, it is
recommended to perform the test in a condition that do not start with high bed shear stress and
do not create very deep scour holes. This way, the discrepancy between the real conditions of the
test and the assumption of a flat bed could be minimized, which helps the parameters’ estimation
to be more reliable. It is noteworthy that in addition to the problems when the JET is used
properly, most applications are not even following the prescribed conditions for using the test (as
reported in the review of JET data, Chapter 2).

Figure 3. 8. Shearstress comparison between the numerical results of this study and the
semiempirical model suggested by Hanson and Cook (2004)
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Chapter 4 Flume Measurements of Soil Erodibility Parameters

Abstract
This chapter presents the results of a detailed evaluation of sediment erodibility parameters using
a flume apparatus tested with and the same soil used in Chapter 2. The tests are conducted using a
straight laboratory flume with 6 sets of flowrates to measure erodibility characteristics of the soil,
which was located in a bin along the bed of the flume. Velocity profiles were measured using an
acoustic Doppler velocimeter (ADV) and these data were analyzed to find shear stress at the bed.
Critical shear stress was determined through careful observation of material at the surface of the
bed as flow rate was slowly increased; critical shear was taken as the shear at which movement of
the surficial sediment was initiated. In addition, soil erosion rates under different flow
configurations were captured using a novel soil erosion monitoring system (SEMS) based on an
automated image-based method. Results show that, despite previous use of a linear erosion law,
due to its simplicity, a nonlinear power erosion law is a much better fit to the data. The linear
erosion law is especially problematic when working at high shear stresses. Although the findings
of this chapter are limited to only one type of soil with specific properties, it is in accordance with
other research that has identified the need to revise the erosion law for cohesive soils. Comparing
the parameters determined in this chapter with the JET data from Chapter 2 enables us to answer
whether the two methods are in fact equivalent. It is found that, in fact, these two approaches
produce different results, with the flume experiments giving, for example, critical shear stresses
that exceed values from the JET test by factors of about one order of magnitude
Keywords: Flume, Erosion rate, Critical shear stress, Soil Erosion Monitoring System, Nonlinear
erosion law.
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1. Introduction
The erosion potential of cohesive sediment draws attention worldwide since it is pervasive
in a wide range of geomorphic environments (soils, streambanks, nearshore) and engineered
applications (earthen embankments, bridge piers). Issues such as undesirable erosion and
scour around bridge piers, water turbidity, contaminant transport, reservoir sedimentation,
health of local ecosystems, and aquatic habitat loss are all linked to sediment erodibility
characteristics (Foster et al. 2000; Kondolf et al. 2006; USEPA 2007; Briaud and Oh 2010).
Erodibility is a measure of the tendency of sediment to be eroded, and which is represented
in terms of erosion thresholds and erosion rates. It is believed to be an attribute of the
sediment itself and is dependent on its physical, chemical, and biological properties.
Alternatively, Moody et al. (2005), have contended that erodibility most likely reflects “both
the initiation of motion process, which is soil property-dependent, and the transport process,
which is not a fundamental property of the soil, but rather depends on the flow
characteristics of the eroding fluid.” This thought could be a clear explanation of why
testing a soil using different devices (in terms of flow regime) lead to different erodibility
parameters (Tolhurst et al. 2000a).
The assessment of cohesive sediment erosion is a bigger challenge compared to noncohesive sediment due to the complex interactions between particles (Grissinger 1982;
Black et al. 2002; Aberle et al. 2004; Grabowski et al. 2010). Replicating most of those
controlling parameters in the laboratory is difficult (and, sometimes, not even possible), and
this questions using traditional methods, such as flumes to study erosion in a laboratory
setting (Kamphuis and Hall 1983; Osman and Throne 1988; Aberle et al. 2002; Debnath et
al. 2007). This issue explains the need to directly measure the erosion characteristics of the
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cohesive sediment in question (Black et al. 2002; Winterwerp and Van Kesteren 2004). So,
several in situ erosion devices have been developed to directly quantify erosion thresholds for
cohesive sediment while incorporating natural field conditions.
Generally, erosion assessment devices can be categorized as either flume-style apparatuses
or non-flume apparatuses. A common example of a non-flume apparatus is the Jet Erosion
Test (JET; Hanson and Cook 2004), which considers erosion caused by a vertical water jet.
Considerable variance (sometimes even by orders of magnitude) in results of testing the
same sample can be generated using non-flume apparatus such as Cohesive Strength Meter
(see e.g. Tolhurst et al. 2000a).
In a flume-style apparatus water flows parallel to the sediment surface. The flow can be
once-through or recirculating, and the flume can be straight or annular in form. In this setup
a known bottom shear stress is applied on the sediment bed and the rate of erosion is
observed. Traditionally, a linear excess shear stress equation (Eq. 1) is used to study the
erodibility of the soil.
𝐸𝑟 = 𝑘𝑑 (𝜏 − 𝜏𝑐 )

(1)

where Er is erosion rate of the soil, kd is erodibility coefficient, τ and τc are the applied shear
stress on the soil surface and the critical shear stress for erosion, respectively. From the
measured values in the test and using Eq. 1, the erodibility parameters τc and kd are deduced
(Foster et al. 2000, Krone 1976; Maa et al. 1993; McNeil et al. 1996).
In JET a water jet is directed vertically downward onto the sediment surface inside a small
chamber and sediment erosion is assessed by monitoring sediment resuspension or the depth of
the scour hole that develops. The flow field in this case often does not represent the actual
flow conditions that create erosion in a natural environment such as river bed. There are also
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other shortcomings in their underlying theories and process of data analysis such as
confinement effect on flow regime, using linear excess shear stress equation , and issues
with different extrapolation techniques (e.g., Karamigolbaghi et al., 2017). Aside from those
disadvantages, the JET apparatus has the advantage of transportability, easy application, and
inexpensive maintenance, which make it a preferred device to assess soil erodibility.
As previously mentioned, laboratory and field flumes generate predominately horizontal
water flows across the sediment surface, and critical shear stress estimates from either
approach are strongly correlated (Vardy et al. 2007; Widdows et al. 2007; Bohling 2009).
Similarly, devices that use a vertical flow of water to erode the sediment generate
comparable erosion thresholds (Tolhurst et al. 2000b). However, studies (Tolhurst et al.
2000c; Widdows et al. 2007) found no correlation between erosion parameters that were
determined using flume-style and non-flume style devices. They suggest that the lack of
correlation is primarily due to differences in the nature of the hydrodynamics forces,
operational procedures, definitions of erosion parameters, and significant differences in
device footprints coupled with a high spatial variability in the erodibility of natural sediment
(Knapen et al. 2007).
The discrepancy amongst different assessment styles could be attributed to differences in
methods used to determine bed shear stress. There is a long tradition of writing empirical
laws for erosion rate in terms of the time-averaged shear stress τ (Arulanandan 1975;
Foster et al. 1981; Parchure and Mehta 1985; Hanson 1990; Ziegler and Nisbet 1995;
Clark and Wynn 2007; Winterwerp et al. 2012). Although it has become clear that
sediment entrainment and transport are driven by coherent turbulent structures (see, for
example, Nearing and Member 1991, Best 1992), there is no conflict with using τ-based
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empiricisms as long as one is dealing with uniform, steady surface-parallel flow, in which
case turbulent measurements (such as Reynolds stresses), when extrapolated to the
sediment surface, give a shear stress equal to the value derived from the mean flow
(Walder 2015). However, when the flow is no longer surface-parallel (Jet-style apparatus),
the shear stress based on considerations of the mean flow diverges from the value derived
from turbulent measures. In such cases, at the stagnation point where the jet impinges on
the sediment surface, τ vanishes, but the turbulent stresses do not (e.g., Haehnel et al.
2008; Haehnel and Dade 2010).
The main objective of this chapter is to address the following questions: 1) are the derived
erodibility parameters from the JET test methodology, as described in the previous chapter,
comparable to the ones found in the flume experiment?; 2) if the answer to question (1) is
no, is there a way to translate the value from one of the tests to the other?; and 3) again if
the answer to question (1) is no, what is the reason for the difference, and how might the
results be used to help improve either of the methods?
To do this, we need to first determine erodibility parameters τc and kd for the same soil
sample that was used in the previous chapter. The same soil was used so that any differences
seen in erosion parameters are due only to differences in the flow field. A flume is used to
test the sample and a novel system will be used to capture its erosion rate under different
flow conditions. The shear stress-erosion rate relationship will be investigated at the end.
This chapter is solely focused on the flume data, and the results of this chapter will enable
us to find a proper answer to the question concerning the equivalency in the two types of
erosion assessment techniques.
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2. Method

2.1.

Flume design

Tests were conducted in a variable-slope rectangular flume located in the Hydraulics
Laboratory of the State University of New York at Buffalo. The flume (Figure 4. 1) features a
rectangular cross section (0.5 m high by 0.5 m wide), a total length of 12 m,a 1.5 m long
inlet section, and a 12 cm square erosion test section in which the soil is compacted and
flow in the flume is allowed to contact the sediment. The flume has plexiglass walls, which
allows for visual inspection of the erosion processes. Water is delivered by a centrifugal pump
of 48 hp, and flow in the flume is controlled by a valve upstream of the pump.
A false bottom of 7.6 cm depth made of plywood was installed in the flume to create a space
for the soil sample (see Figure 4. 1). The upstream end of the false bottom was located 1 m from
the flow entrance and extended up to 0.5 m after the test section to protect the erosion zone
from the turbulence and non-uniform flow associated with changes in cross section. The
soil section was placed 7.5 m from the flume entrance (i,e,. 7.0 m downstream of the start of the
raised bottom). Water elevation along the flume test section was constantly monitored using
adhesive-backed tape rulers installed at various locations along the flume. An acoustic Doppler
velocimeter (ADV) mounted on a point gage attached to an instrument carriage that moved on
rails along the top of the flume was used to measure velocity profiles at various locations in the
test section.
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Figure 4. 1. presentation of flume, false bottom, and soil section along with the data
acquisition system including ADV and SEMS setup.

Straight flumes are generally characterized by non-uniform flow in the inlet section where
the boundary layer is developing (Gust and Morris 1989). Their use can be improved by
limiting any formal measurements to locations sufficiently downstream that uniform flow
will have developed (Butman and Chapman 1989). Five different flowrates ranging from
0.087 m3/s to 0.172 m3/s were used.

2.2. Preliminary testing
Velocity measurements were made with ADV on the basis of 120 s of data collected at 80
Hz. For flows of 0.066 m3/s or greater, a plot of velocity as a function of ln (z), where z is
height above the bed, was linear (Figure 4. 2), and it did not vary within the test zone of the
flume. These results indicated that the flow was fully developed in the test section of the
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flume for these flowrates, and can be safely considered fully developed for bigger
flowrates that were used in next steps. It is worth noting that flowrates bigger than
0.066 m3/s were needed to cause erosion, and no test was done with flowrates smaller than
this flowrate magnitude.

Figure 4. 2. Ln z versus measured velocity at flow Rate of 0.066 m3/s. Velocity was
measured at 2 m (+), 3.5 m (×), 5 m (●), 6.5 m (■), and 8 m (▲) into the flume.
2.3.

Soil properties and preparation of soil bed

One type of soil mixture was used in the experiments, with the same composition as used
in the JET tests. This procedure allowed focusing on the hydraulic parameters of the
erosion process, without complications arising from differences in soil properties. The
samples were composed of 60% fine sand with a median size of 1 mm, 20% silt, and 30%
clay containing 6% bentonite and 24% kaolinite. Consistent samples of 1.65 g/cm3 dry
density and 11.4 plasticity index were used in the tests. The soil was mixed thoroughly by
spraying %12 water step by step to ensure a uniform water distribution. The mixture was
70

left for 24 hours in a covered bucket to allow for even moisture distribution throughout the
sample. Water content at the compaction for samples was 11.5%. Samples were prepared
in a consistent manner for all experiments. With the flume off, a standard procedure was
used to prepare the bed in order to produce repeatable results and to build a sediment bed
with the same exact characteristics as the one which was used in the JETs.
A square soil chamber (12 cm square horizontally and 7.6 cm deep) was placed in the test section
of the flume, and soil was compacted in the soil box in the flume prior to testing. The height of
the soil was controlled by turning a bolt connected to the bottom of the soil chamber.

2.4.

Experimental procedure

After placing and compacting the soil in the test section, the soil was leveled with the
bottom of the flume and flow was started. Flow increases were made very slowly over a
period of about 1 min in order to minimize enhanced erosion due to flow acceleration.
Also, the soil surface was covered with a thin plexiglass plate until the flume was full and
flow was fully stablished. At that point, the cover was slowly pulled back in the direction
of flow toward the downstream end of the soil section to prevent any disturbance in the test
zone or the flow around it. The desired flow conditions were established by adjusting the
flow rate and water depth using the pump controls. Velocity was measured at 1 cm
increments along depth to determine velocity profiles. For measurement of critical shear
stress, the flow was initially well below the anticipated value at which erosion was
expected to occur. The initial flow depth was approximately 8 cm, and while keeping all
other controls constant (tail gate and head gate positions, flume slope), mean flow velocity
was increased using the pump control. Flow was increased in a step-wise fashion and was
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managed with flow depth increases of 1 cm in each step, measured at the soil test section
location. The flow was increased in this manner until the critical point indicating initiation
of erosion was identified. This condition was defined as when small bursts of sediment
movement at multiple locations over the entire soil surface were observed. Velocity
measurements taken at this stage were used to determine the bed shear stress (see below)
that, by definition, is the critical shear stress of the soil. During these tests water level
fluctuations in the flume were about ± 2 mm and the flume slope was set at 0.001. The 1
cm increases in flow depth corresponded to increases in bottom stress of about 0.1±0.02
Pa for each step.
Difficulties inherent in visual determinations are the subjective definitions of when erosion
actually starts (Hanson et al. 1999). To address this issue, the critical shear stress test was
performed twice with two different observers to assure the accuracy of finding in this part. The
two observations were totally matched.
For erosion rate measurements, the compacted soil was moved upward into the flume using the
bolt control by 3 mm. The rise of soil sample was known accurately because the rise per turn of
the bolt had been previously calibrated, so the number of turns of the bolt to achieve a 3 mm rise
was well known. As further assurance, the height was double checked with a caliper to make
sure the initial height was 3mm. The flume was then started with a very low flowrate until the
soil was submerged. Then, flow was gradually increased and the test was run at a specific
flowrate corresponding to a particular shear stress (that exceeded the critical shear). Once the soil
was eroded down to the level of the flume, the soil chamber was again raised by 3 mm and the
process was allowed to continue. This process was continued until at least 9 mm of erosion had
occurred, and soil surface elevation was recorded as a function of time to obtain the erosion
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rates. For convenience, a single soil sample was often used to obtain erosion rates at several
different excess shear values. In such cases the lowest design shear stress was first applied,
followed by successively higher shears. At each shear value, at least 9 mm of erosion was
allowed to occur (usually 3 steps of 3 mm each, as noted above).
As in all experiments, there is a level of uncertainty that must be tolerated. Clearly, as a sample
erodes, its surface becomes irregular, even as the operator keeps the sediment even with the
flume floor to the best of her/his ability. It is also difficult, if not impossible, to capture the real
height/depth of soil visually, and such data are subject to human error. To address this problem a
novel image-based Soil Erosion Monitoring System (SEMS) was developed in C# to monitor
soil erosion in real-time. Images captured from a 5 Megapixel Monochrome Gigabit Ethernet
camera were acquired in real-time every 250 milliseconds, and processed in OpenCV software to
measure the soil height based on edge detection approach. As the water flows in the flume and
erodes the soil surface, the height reduction is captured by SEMS and saved in Excel workbooks
for further processing. The hardware used in SEMS is illustrated in Figure 4. 3. The system
includes a 5MPixel GigE camera, a Power Over Ethernet (POE) and a PC for data acquisition.
The two open source software programs, OpenCV and Visual Studio C#, need to be installed in
the PC for data monitoring and processing.

Figure 4. 3. Soil Erosion Monitoring System (SEMS) hardware.
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The camera needed to be calibrated with the soil in place and raised to the desired height to find
the number of pixels equivalent to 3 mm. For the present setup, the actual height of 3mm was
equivalent to 122.3 pixels in the images captured by the GigE camera. The calibration scale was
then calculated as 40.76, or each pixel reading from the camera was equal to 0.025 mm.
The camera was placed 60cm away from the soil to capture the entire 12 cm soil length. Soil
height was measured at 12 points along the soil length every 250 milliseconds, then the average
values of those readings at every time step were taken as the average height of the soil at each
time step. Note that the 12 locations were not constant, but were actively optimized during the
test to get the least errors in measurements. The average value is shown as Live Distance in
SEMS application in Figure 4. 3. Soil erosion rates were calculated by analyzing soil height data
for each time step, taking the difference between successive measurements, and dividing by the
measured time interval.

3. Results and discussion
The measured erosion rates (in cm/s) were compared as a function of bottom stress for various
flowrates. Several methods are available to determine the time averaged bed shear stress (e.g.
Biron et al. 2004, Dietrich and Whiting 1989), including the reach-average bed shear stress
((Babaeyan-Koopaei et al., 2002), the log-law relationship (Wilcock 1996; Robert 1997;
Lawless and Robert 2001), Reynolds stress (Pope, 2000; Babaeyan-Koopaei et al. 2002), and
turbulent kinetic energy (TKE, Soulsby 1983; Kim et al. 2000).
The first method is not appropriate for local, small-scale estimates of the variation in shear
stress (Biron et al. 2004) or for laboratory use. The log-law formulation is applicable only if
the velocity profile or at least the bottom 25% of it fits the logarithmic distribution. Until
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recently, Reynolds stress and TKE approaches were not used extensively because of the
difficulty in acquiring detailed and precise turbulence measurements close to the bed in
natural rivers (Dietrich and Whiting, 1989; Wilcock, 1996). The development of measuring
devices such as ADV has allowed detailed field measurements of turbulent velocity
fluctuations in the three components of velocity at high frequencies with small errors in the
Reynolds shear stress (McLelland and Nicholas, 2000). However, this method is fairly
sensitive to any misalignment with the local streamlines or instrument noise errors
associated with velocity variances (Stapleton and Huntley 1995; Voulgaris and Trowbridge
1998; Wolf 1999; Kim et al. 2000).
In this study, the existence of logarithmic velocity profiles was investigated, and local bed
shear stress was first estimated using the log-law relationship (Eq. 1), Reynolds shear
stress, and TKE method. Figure 4. 4 presents the velocity profiles for critical shear stress
for the 5 flow rates (Test 1 for the smallest flowrate to Test 5 for the largest flowrate) used
for the erosion rate test. Most vertical velocity profiles measured have highly correlative
fits with a logarithmic profile over the flow depth (Figure 4. 4), although individual
logarithmic profiles were different in velocity magnitudes and velocity gradients as a
function of depth. Since the velocity data indicate logarithmic fits with high correlation
coefficients, it was decided to use this method as the least controversial method to
determine bed shear stress. It is worth noting that the first two data points close to the water
surface were not used in drawing Figure 4. 4, because of the distortion of data toward the
centerline.
𝑈
1
𝑧
= ln( )
∗
𝑢
𝑘
𝑧0

(1)
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(2)

𝑢 ∗ = √𝜏⁄𝜌
where U is velocity parallel to bed, 𝑢* is shear velocity, k is Von Karman constant, z is
vertical distance to bed, z0 is virtual coordinate, τ is bed shear stress, and ρ is density of
water.

Figure 4. 4. Velocity profiles for erosion rate measurements (Test 1-Test 5) and critical
shear stress measurement.
76

Following the aforementioned procedure for critical shear stress measurement and using
the log-law relationship as the preferred method to determine bed shear stress, the best fit
through velocity data (R 2 = 0.97, Figure 4. 4- τc Test) resulted in τc of 6.38 Pa. Bed shear
stress values for all tests are shown in Table 4. 1.

Table 4. 1. Bed shear stress for erosion rate tests and critical shear stress test

m

Test 1

Test 2

Test 3

Test 4

Test 5

τc Test

4.388

4.0614

3.8696

3.7526

3.6525

5.1325

0.10095

0.105954

0.109258

0.112252

0.079883

10.19

11.22

11.94

12.60

6.38

U* (0.41/m) 0.093437
Tau (Pa)

8.73

The rate of erosion was examined in relation to the acting bottom shear stress (Figure 4. 5).
First, to find the total erosion rate for each flowrate, the average positions for the 12 points
along the soil surface were plotted as a function of time (Figure 4. 5). The slope of the best
fitted line through the average values is considered as the total erosion rate for that specific
flowrate. Data points corresponding to each flowrate are plotted for different time steps.
The reason to do this was to make the plots easily readable. Referring back to the ability of
SEMS in capturing data every 250 ms, using all the available data points would create a
busy plot with no improved fitting results. So, according to the test duration for each set,
erosion data were plotted every 20 seconds for test 1 and 2, every 10 seconds for test 3 and
4, and every 5 seconds for test 5. From Figure 3. 5 it can be seen that for the smallest
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flowrate (test 1) the experiment had to be run for longer time to get the 9 mm soil eroded. It
also has a larger variability between the data points of the same time step. It is noteworthy
that even in this case the range of readings is roughly about 1 mm, which still is highly
acceptable especially if it is compared with other common measurement approaches. In
addition, one may notice that the average height values at some time steps seem to
increase, relative to values at a previous time. This is likely due to the fact that SEMS is
based on a monochrome camera system. Any color other than the original black and white
color set, or changes in the environmental background light can result in reading errors.
Moreover, this setup is very sensitive in capturing any moving object in front of the
camera. For example, small floating objects passing through camera domain could cause a
faulty reading. However, the number of erroneous readings is small compared with the
entire data set and do not change the results of the regression, as can be easily seen from
Figure 4. 5.
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Figure 4. 5. Erosion data for Test1-Test5. Blue dots indicate height of soil at 12 points,
black squares are the average of those heights for each time step, and red line is the
best fit through the average values.
In engineering and geomorphology, the excess shear stress equation (Eq. 1) is commonly
used to relate the rate of erosion to the shear stress in excess of critical shear stress. Foster
et al. (1981), assuming that most often bed properties are relatively uniform over depth,
expressed the threshold concept with the modified Duboys (1879) channel scour equation
for rivers as,
𝐸𝑟 = 𝑘𝑑 (𝜏 − 𝜏𝑐 )𝑚

(1)

where Er is flow detachment capacity, i.e. the rate at which soil particles are detached when
subjected to a clear water flow, kd is soil erodibility, τ is average hydraulic shear stress, τc is
critical shear stress for erosion, and m is an exponent. kd, τc, and b are empirically derived
parameters whose variation is extremely difficult to predict (Owoputi and Stolte 1995;
Giménez and Govers 2002). Previous studies have shown b can vary between 1.0 and 6.8
(Van Klaveren and McCool 1998; Knapen et al. 2007). The excess shear stress equation is
used in a number of popular watershed models to calculate sediment erosion by fluvial
entrainment, including HEC-6, SWAT, and. HSPF (USACE 1993; Allen et al. 1997;
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Bicknell et al. 1997). The excess stress equation is also used to model rill erosion in
watershed models such as WEPP.
Although there are many examples of sediments that display nonlinear erosion behavior
(Hollick 1976; Knisel 1980; van Liew and Saxton 1983; Franti et al. 1999; Zhu et al. 2001,
Walder 2015, Khanal et al. 2016), the assumption of a linear erosion law is still popular,
owing to its simplicity. Yet, not a single study that clearly explain the fundamentals for this
assumption has been found. Linearization of the τ versus Er relationship is typically justified as
a necessary condition to simplify the complex description of the detachment process (Zhu et al.
2001; Knapen et al. 2007). It is used in several watershed models to calculate sediment
erosion by fluvial entrainment, including HEC-6, SWAT, WEEP, and HSPF (USACE 1993;
Allen et al. 1997; Bicknell et al. 1997). However, whether or not the assumption of linearity
holds over the entire range of possible τ in experiments still remains unanswered.
Most research has concluded that although the linear model has the advantage of being simple in
application, it suffers from significant lack of fit when applied to experimental data
encompassing a wide range of τ (Khanal et al. 2016). Theoretical assumptions for linearity or
nonlinearity have not been tested completely. Nevertheless, the type of relationship chosen has
important consequences for the values of erodibility parameters and estimation of erosion rate
(Knapen et al. 2007).
Plots of erosion rate versus excess shear stress are given in Figure 4. 6. Two regression
models, power regression and linear regression, were applied to the present data. It can be
seen that a power equation better fits the data, although the R2 values of the two fits are not
dramatically different. The biggest difference is related to kd, which is about 85% larger in
the linear regression than in the power regression.
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Figure 4. 6. Plot of Er vs. excess shear stress. Solid line is a nonlinear fit and dashed line
is a linear fit through data.
In addition, it can be noted that using the power regression erosion rate is zero at any stress
equal to or less than the critical shear value. On the other hand, the linear fit in Figure 4. 6
shows that for up to 2 Pa larger than the critical shear stress value there is no erosion. This
is in contrast to the critical shear stress definition, which is considered as the smallest
magnitude of shear stress beyond which active erosion happens in the system. According to
the excess shear stress equation, once the threshold of τc is exceeded, erosion rate increases
linearly with applied τ. The mathematical representation of the erosion process, regardless
of linearity or nonlinearity of the equation, also confirms the presence of erosion at any
shear stress just above the critical level.
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One can argue that the two fitted curves in Figure 4. 6 do not seem different in the range of
shear stress magnitudes in our experiments, but it is clearly found from the equations
(extrapolating for a wider range of data) that the mismatch becomes worse as τ-τc (τ/τc)
increases. In many cases, erodibility tests are performed over a small range of applied shear
stress. Most likely that is why a linear detachment model appears appropriate, and most
often measurement techniques that use greater applied shear stress illustrate the nonlinear
behavior of cohesive sediment detachment at higher applied shear stresses. Walder (2015)
estimated the associated error in determining kd if a soil erodibility law is incorrectly
treated as linear. Following his proposed approach to calculate the errors of linear
assumption in this study, relative error is calculated from,
kd (linear)/kd (nonlinear) = 1/m (τ/τc -1)1-m

( 2)

For our data set, m=1.88 (Figure 4. 6) and the error is 0.53 (τ/τc -1)-0.88, which again
confirms that the error increases as τ/τc increases.
In analyzing flume data, it is sometimes assumed that either the magnitude of critical shear
stress is much smaller than the real stresses that sediment may experience in nature, or it is
difficult to determine the threshold. So, instead of using the excess shear stress equation a
simplified version of Eq. (1), without a critical condition, was formulated by Foster and
Meyer (1972) as,
Er= kd τ 3/2

(3)

This formula indicates a zero value of the critical shear stress which will result in
significant difference in Er when τ just exceeds τc. Jepsen et al. (1997), by studying Fox
River sediment indicated that erosion rate went as stress to the 1.89 power. A threshold for
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sediment erosion, however, was not included in their model because the data did not
indicate a clear threshold. Fitting a power law model without considering the erosion
threshold in this set of experiments, does not make intuitive sense and hence was not
tried.

4. Conclusion
Erodibility parameters of the cohesive soil sample in this study were determined using a
laboratory flume. Under fully developed flow conditions, it was found that the soil has a critical
shear stress of 6.38 Pa. Results confirm that a linear erosion law does not define the erodibility
behavior of the soil properly and results in large errors especially at high shear stresses.
Nowadays, using small transportable erosion assessment devices are rather preferable. However,
the big concern regarding their application is that they are widely used in almost all assessment
practices, while they literally study a very specific hydrodynamics that are rarely seen in nature.
The erosion parameters found in this chapter are used to compare with JETs to evaluate the
degree to which erosion parameters obtained using either a flume test or a JET erosion test can
be compared. Additional research is required to develop an operational erosion equation that can
be universally applied. Until then, maybe one way to keep the error small is to work at a shear
stress not much larger than τc. Another recommendation is to develop site-specific erosion
equations which need to incorporate all factors that affect the erosion process, which would be
inefficient.
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Chapter 5 On the equivalency of shear-induced and jet-induced flow erosion

Abstract
The Jet Erosion Test (JET) is increasingly used to characterize the erodibility of soils, due to its
capacity to be performed both in situ and in the laboratory, to its ease of use in the field, and
because it does not require any disturbance to the soil being tested. Presently, the determination
of an applied shear stress is made on the basis of experimental results that are obtained using a
jet directed normal to a sediment bed, clearly a different situation from many situations in which
the JET results are meant to be used, where the shear stress is developed by flow moving parallel
to the bed. Along with questions concerning the assessment of JET data, there is increased doubt
in using JET results to evaluate soil erosion phenomena, particularly in defining erosion
parameters for implementation of sediment transport models. A JET and a flume test were
designed and results were compared to determine whether parameters such as critical shear stress

c and erodibility coefficient kd are comparable when developed from the two types of
experiments. Results show that there is no general consensus between these assessment methods
and the main reason is attributed to underlying assumptions in the JET methodology. This result
prompts a reassessment of the JET method used for characterizing sediment erosion. In addition
to problems in estimating the erosion parameters, the assumed linear excess shear equation in the JET
methodology can lead to large errors in the estimated erodibility. Established methods need to be

modified to drop the assumption of a linear erosion law, in addition to other modifications that
are required to correctly characterize stresses applied by the jet to the sediment surface.
Keywords-- Flume, Jet Erosion Test, Critical Shear Stress, Erodibility Coefficient, Non-linear
Erosion Law.
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1. Introduction
Cohesive soil erosion prediction has gained much attention, because it is important on many
areas, also the complication of the process which is controlled by many factors including
geotechnical and hydrological properties of the material, environmental conditions, and
biogeochemical interactions (Simon and Collison 2002; Knapen et al. 2007; Grabowksi et al.
2011). In most engineering applications, agricultural and geomorphologic studies, a common
expression to define erodibility is expressed as,
𝐸𝑟 = 𝑘𝑑 (𝜏 − 𝜏𝑐 )𝑚

(1)

where Er is erosion rate of the soil, kd is an erodibility coefficient, τ and τc are the applied shear
stress on the soil surface and the critical shear stress for erosion, respectively, and m is an
exponent that is often assumed as unity.
Several devices have been developed for laboratory and field use in an attempt to quantify the
erodibility parameters, τc and kd, to evaluate cohesive sediment erosion (e.g., Tolhurst et al. 2000;
Widdows et al. 2007). Several studies have indicated considerable differences in actual shear
stress prediction using different measurement methods (Tolhurst et al. 2000; Phares et al. 2000;
Widdows et al. 2007; Haehnel and Dade 2008). The most important factor in explaining these
differences has been identified as being related to different hydrodynamic conditions. Tolhurst et
al. (2000), for example, showed that there was agreement only between erosion devices of the
same style.
As long as flow is surface parallel, such as in flumes, the difference between derived erosion
parameters of different tests can be minimized by taking replicates (Grabowski et al. 2010).
When the flow is no longer surface parallel, such as in jets, the mean flow calculations diverge
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from that of determined from turbulent measurements. The Jet Erosion Test (JET; Hanson and
Cook 2004) is a widely used technique in erosion assessment, and it provides a methodology for
predicting the erodibility parameters based on some key assumptions, one of which is using eqn.
(1) to calculate erosion, even though that expression was developed primarily for surface-parallel
flows. At the jet impingement point, the time-averaged shear stress vanishes, while the maximum
erosion occurs in this location. A physically sound explanation for this observation would
probably depend on a recognition that erosion depends upon turbulent stress fluctuations at the
sediment surface (e.g., Nearing 1991; Best 1992), and that those turbulent stress fluctuations can
be modeled or measured (Mercier 2014; Ghaneeizad 2015a). The assumption of surface parallel
flow also amounts to a statement that the normal-stress gradient associated with impinging flow
has nothing to do with erosion. It was shown previously that this is not true, at least, for
cohesionless sediment (Kuang et al. 2013).
Inconsistencies between the developed method for the JET apparatus and the actual phenomena
in the jet tester underscore the necessity for detailed investigation of underlying theories for this
erosion assessment method. Walder (2015) highlighted the fact that almost all of the available
empirical relationships for erosion rate assessment have resulted from flume experiments. The
derived erosion laws should therefore be appropriate for flume studies, but may potentially be
problematic for analyzing JET data (Ghaneeizad et al. 2015 a, b; Walder 2015). It also should be
noted that several studies have shown a non-linear equation improves erosion prediction ability,
i.e., the exponent m in eqn. (1) is different from 1 (Houwing and Van Rijn 1998; Walder 2015).
The comparison of erosion assessment results using the JET methodology to an independent
measurement of erosion parameters for the same soil could either confirm the erosion model or
help to improve/reject it. Theoretically, the values of the erodibility parameters for a particular
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soil sample should be independent of the procedure used to evaluate those parameters. However,
according to inconsistencies in the JET methodology (Chapter 3, this study), it is expected to
find different values. The main objective of the current chapter is to test the hypothesis that a
consistent set of parameter values indeed results from different methodologies, using a flume and
a JET test.

2. Method
The results of Test 1 in the JET (Chapter 3) and the flume study (Chapter 4) were compared. For
more details on the experimental designs and analysis method of each test, please see the
corresponding chapter. Since the actual shear stress magnitudes are known using the numerical
modeling effort, Test 1 was chosen to perform the comparison.

3. Results and discussion
Walder (2015) proposed a method for achieving a dimensionless collapse of erosion data for
cohesive sediments by drawing an analogy to the data collapse used by van Rijn (1984) for
cohesionless sediment. For the range of flume test data in his study, it was shown that erosion
rate varied as the 7/4 power of excess shear stress, where erosion was calculated as
𝑆

𝜏

𝜏−𝜏𝑐 𝑚
)
𝜏𝑐

𝐸 = 6.3 × 10−6 (𝑆 𝑠 )(𝜌 𝑐 )0.5 (
𝑑

𝑤

(2)

where 𝛼 = 6.3 × 10−6 , Ss= ρs/ρw, Sd= ρd/ρw is dry bulk specific gravity, and ρw is the density of
water. The nonlinearity of the erosion law contrasts with the commonly assumed linear erosion
law. This discrepancy was also was reported by others (Houwing and Van Rijn 1998).
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The dependency of erosion rate on excess shear stress was investigated for the flume data of this
study. It is seen from Figure 5. 1 that the values for m and α are different than the values
suggested by Walder (2015). However, the general suggested format fits the flume data much
better than (R2 = 0.97) the traditionally assumed linear erosion law. Note that the line in Figure
5. 1 was a best fit, where you were using measured erosion data. It isn’t necessarily the line one
would come up with a priori (ie., without knowing the data).

Figure 5. 1. Erodibility equation that defines flume data of this study (solid line) compared
to the traditionally assumed linear erosion law (dashed line).

Because the main objective of this part of the study is to compare the erosion parameters derived
from the flume test and the JET methodology, a similar approach was taken to fit the JET data.
Walder (2015) suggested an alternative solution to the evolution equation of impingement height
H (Hanson and Cook 2004) by relaxing the assumption of linearity in the erosion equation,
𝑆

𝜏

̃2
𝐻

𝐸 = 𝛼(𝑆 𝑠 )(𝜌 𝑐 )0.5 (𝐻 2 − 1)𝑚
𝑑

(3)

𝑤

̃ is the ultimate depth of erosion in the limit t → ∞, which is defined as,
where 𝐻
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̃=
𝐻

−1/4
𝐶́ 1/2 𝑅𝑒𝑗
𝑈0 𝑑

𝜏
√ 𝑐⁄𝜌𝑤

(4)

where Rej =U0d/ν is the jet Reynolds number, d is nozzle diameter, ν is kinematic viscosity, and
𝐶́ = 107.
The best fit through the JET data of Test 1 in Chapter 3 was achieved by applying the value of 2
for the exponent of the excess shear stress equation (Figure 5. 2), and 𝛼 = 5.2 × 10−6 . Although
the difference between power values of the fit results of flume data and the JET data are not
large, the values for  are different by two orders of magnitude. In addition, the magnitude of
8.13 Pa for critical shear stress derived from Walder’s method is higher than the determined
value from the flume experiment of 6.38 Pa, though they are in the same order of magnitude.
One point to mention is that both values are markedly different than what was found using the
Blaisdell method (Chapter 2, this study) in analyzing JET data. It was shown previously
(Karamigolbaghi et al. 2017) that the Blaisdell method tends to predict very large equilibrium
scour depths which then results in dramatically underestimating critical shear stress.

Figure 5. 2. Comparison of time-series data for sediment scour by an impinging jet (Walder
2015) with theoretical predictions of scour (Hanson and Cook 2004). t* and H* are
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dimensionless time and dimensionless distance from the nozzle to the bottom of the scour
hole, respectively.

To get a better insight into the difference between each prediction method, consider the shear
stress distribution determined from the numerical simulation of Test 1 in Chapter 3. Figure 5. 3
indicates the corresponding values of critical shear stresses from the flume (Chapter 4), Walder’s
method, and the JET (Chapter 2, Blaisdell method). Assuming the value from Walder’s method
is correct, it can be seen from the plot that the erosion must have stopped at t3 (ti is ith time step in
measurements), when the erosion depth was about 3.5 cm. This, in fact, is in contrast with the
actual test condition in which erosion continued for some time after that value and the scour
continued growing. As a result, the shear stress magnitude also decreased to reach times t4, and t5
(Figure 5. 3). The value determined from the flume study (6.38 Pa) is still a bit smaller than the
final stage of the JET study (6.83 Pa), but they are very close. Whether or not the test would have
been stopped in the next time step so to lead to a critical shear value close to the flume study
remains unanswered, because unfortunately the test was not run until the equilibrium condition.
Considering the Blaisdell method, it predicted a maximum scour depth of 80 cm for this soil
under its specific initial condition. This means a critical shear stress of 0.35 Pa (Figure 5. 3).
Although this is still compatible with the test condition and shows that flow is still eroding the
surface, it was shown several times that this method highly underestimate the critical shear stress
values (Karamigolbaghi et al. 2017).
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Figure 5. 3. Comparison of the shear stress magnitudes derived from numerical simulation,
JET (Blaisdell method), flume test, and Walder’s fitting approach. τ* is the scaled bed
shear stress, x is the horizontal distance from the jet centerline at the bed and H is the
distance from nozzle to the bottom of scour hole.

To summarize, it is concluded that there is no general consensus between the erodibility
parameters determined from the JET and flume tests, and no single erosion equation was found
that equally fits both sets of data. Considering that this was the result of a single soil sample,
with all the erosion controlling parameters related to soil properties constant, the problem would
be even more complicated if different soils were to be tested and compared. Numerous studies
have tried to relate erosion parameters to soil properties with limited success (to name a few,
Amos et al. 2004; Winterwerp and Van Kesteren 2004; Ansati et al. 2007; Pham 2008;
Regazzoni 2009; Benahmed and Bonelli 2012; Fell et al. 2013; Pham 2008). There is still a lack
of a universal formulation that incorporates all those effective parameters. The idea behind
developing erosion assessment techniques, such as the JET, in this respect is in fact appreciated.
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Being a user friendly technique, the JET treats the factors controlling the erosion process as
lumped parameters, effectively captured by τc and kd. This approach makes the erosion
assessment much easier, if the underlying assumptions are revisited to account for the nonlinearity of the erosion process and real hydrodynamics conditions in the jet tester.
As mentioned earlier, a numerical study (Kuang et al. 2013) has shown that the erosion process
of cohesionless sediments under an impinging jet depends not only on the shear stress magnitude
and fluctuations on the bed, it is also controlled by normal-stress fluctuations. Other studies also
have confirmed that turbulent-induced vertical pressure gradients should be included in the study
of entrainment process to improve the understanding of this phenomenon (Wood 1996; Bennett
and Alonso 2005; Vollmer and Kleinhans 2007). If this is true for cohesive sediments, in
addition to other questionable assumptions, using an erosion equation that is based only on the
consideration of excess shear stress should be revisited in further development of erosion
equations.

4. Conclusion
Erosion parameters of a soil achieved from a flume and a JET were compared. To maintain
consistent soil properties in both tests, a specific soil with a standard preparation approach was
used to focus on the forcing and hydrodynamics alteration in different methods and their impact
on the erosion parameters. It is concluded that there is no consensus between the parameters
determined from the two methods. The discrepancy could be attributed to ignoring the non-linear
nature of the erosion process and flow disturbance near the bed under the impinging jet, or it
might be due to pressure fluctuations under an impinging jet which are totally ignored in the jet
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data analysis. A comprehensive study is needed to develop a relationship that incorporates all of
the real phenomena in the JET and to investigate the effect of pressure fluctuations.
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Chapter 6 Conclusion
The study of soil erosion mechanics is important in many branches of science and engineering,
agriculture, and geomorphology. Erosion can result in fish habitat loss, river bank instability,
failure of hydraulic structures, and many other adverse environmental issues. It is therefore vital
for engineers and scientists to quantify models for soil erosion. For cohesive soils the most
widely used modeling approach is the excess shear stress equation, which requires determination
of the soil erodibility coefficient and critical shear stress, as introduced in Chapter 2. This
dissertation addresses several questions related to the evaluation of these parameters, including a
detailed evaluation of the JET test, which is in relatively widespread use currently, and the
relationship between results obtained using the JET and those obtained from a flume experiment.
. Both JET and flume experiments were conducted to answer these questions. In addition, a
highly resolved numerical model was developed and applied to study the effects of the scour
hole on the shear stress distribution assumed for the JET.
A further element of evaluating the JET methodology involved analysis of an extensive data set
of JET (Chapter 2). Over 1,000 data sets were collected, although only 155 were found to have
been collected under the conditions for which the JET tests and data analysis were designed. This
observation alone leads one to question many results reported when using the JET. Even with the
results that were obtained following the guidelines of using the JET, there are several significant
theoretical issues with application of the JET results that lead one to question their reliability.
These issues include methods used to extrapolate scour hole depths to equilibrium conditions,
when the test is not actually performed long enough to reach equilibrium, a mismatch between
the conditions assumed for theoretical development of JET methodology and the actual
experimental conditions, and reliance on an erosion calculation that assumes a linear relationship
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with excess bed shear stress. A telling result is that the JET results are inconsistent with the
flume results, in terms of developing estimates for the key parameters used in the erosion
equation. It is not known which of the issues with the JET might play a more critical role, but
unreliability in JET results makes it difficult to consider trying to develop a relation between JET
and flume results, or to translate JET results into values that could be used in a stream erosion
calculation, for example.
Previous research has looked at the effects of confinement and surface roughness on the JET
results, and one study has probed the potential effect of turbulent pressure fluctuations in causing
erosion in the JET. Here we add to the discussion of problems of the JET methodology by
considering the effect of scour hole development on shear stress distribution. A 3D
computational fluid dynamics model was used to explore the effect of scour hole shape on jet
characteristics, especially on the distribution of near bed shear stress.
The main findings of this study can be summarized as follows:
1.

Among the three popular extrapolation methods to analyze JET data, the Scour Depth and

Iterative Methods may result in physically unrealistic values for the erosion parameters. In all
methods, the effect of flow confinement of the impinging jet increased the derived critical shear
stress and decreased the erodibility coefficient by a factor of 2.4 relative to the unconfined flow
assumption.
2.

In general, there is a lack of consensus relating the derived soil erodibility coefficient to

the derived critical shear stress. Although empirical relationships were statistically significant,
the calculated erodibility coefficient for a given critical shear stress showed an uncertainty of
several orders of magnitude.
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3.

Although erodibility parameters are inherent characteristics of a soil, which should be

constant regardless of forcing conditions, the available JET methodology resulted in different
estimates for these parameters for a specific soil under various forcing applications, as a function
of specific hydrodynamics (jet nozzle velocity, impingement distance), extrapolation method,
and duration of a test. Higher initial shear stress values, i.e. higher nozzle velocities and/or lower
impingement heights, led to deeper and narrower scour holes, hence more disturbed flow,
relative to the flat bed assumption. It was shown that the magnitude of the flow disturbance
depends heavily upon the depth to width ratio of the scour hole which in turn can highly affect
the magnitude and distribution of the bed shear stress.
4.

Scour hole evolution affected the jet hydrodynamics and bed shear stress magnitude and

distribution. At initial stages of the scour formation when the radius of the scour was less than
the jet half width, and the scour was shallow, the impinging jet was diverted radially and in
parallel to the surface, which was very similar to the flat bed condition. The deeper the scour
holes became, the more disturbance in flow regime was seen. The magnitude of such disturbance
was dependent upon the aspect ratio of the scour hole. The bed shear stress distribution was
limited to the radius of the scour hole for all cases except for those with similar behavior to the
flat bed conditions. A previously suggested relationship to determine maximum shear stress for
eroded bed conditions based on the jet width and scour hole geometry did not fit data of this
study.
5.

A series of tests using a flume was conducted. One of the novel components of these

experiments was soil erosion monitoring system (SEMS) method which was developed to
capture erosion rate of soil under different flow velocities in an open channel flume. Results
showed that, despite the previous common desire to use a linear erosion law, due to its
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simplicity, a nonlinear power erosion law was a much better fit to the flume data. The linear
erosion law is especially problematic when working at high shear stresses, and findings
identified the need to revise the erosion law for cohesive soils.
7.

Results using a flume and a JET produce totally different estimates for erodibility

parameters, with the flume experiment giving 6.38 Pa critical shear stress that exceeded values
from the JETs by factor of about 20.
8.

Comparison of flume and JET data confirm that there is no general consensus between

these assessment methods and the main reason is attributed to the underlying assumptions of the
JET methodology. This suggests the need for reassessment of the JET method used for
characterizing sediment erosion. Incorrectly treating the erosion law as linear can lead to large
errors in the estimated erodibility. Established methods need to be modified to drop the
assumption of a linear erosion law, in addition to other modifications that are required to
correctly characterize stresses applied by the jet to the sediment surface.

The results of this study are useful in understanding erosion process and data analysis in the JET.
They introduce a sound basis for accurately considering all of the uncertainties associated with
using JET methodologies. It is strongly recommended to revisit the JET assumptions. In any
case, a JET should be used with great caution to minimize the effect of inconsistencies
incorporated with the methods. The potential errors with the JET are smaller for smaller applied
shear stress, and it is suggested to run JETs using low initial forcing conditions (i.e., low nozzle
velocities and higher impingement heights) to assure minimum disturbance to the flow regime
compared to the flat bed assumption. It is also strongly recommended to include the factor of 2.4
in the analysis process to account for the confinement effect.
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