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Abstract17

The vast majority of alluvial deposits have some degree of cohesion, typically due18

to the presence of clays and/or organic matter. Determining the threshold fluid shear19

stress, τc, necessary to entrain these sediments is essential for predicting erosion rates20

and morphodynamics of rivers, tidal channels, and coasts. Cohesive sediments present21

a greater challenge than non-cohesive sand and gravel beds due to the sensitivity of τc22

to such factors as compaction, aggregation and particle surface chemistry. All of those23

factors may be altered if bed and bank sediments are extracted for later analysis in the24

laboratory. Environments with mixed cohesive and non-cohesive materials are common,25

such as sand-bedded rivers with muddy banks; it is therefore desirable to have a method26

for in-situ measurement of τc across a very wide range. We present a novel instrument27

that is capable of reproducibly determining τc for submerged cohesive and non-cohesive28

sediments in-situ. The instrument has several advantages over alternative methods, in-29

cluding ease of implementation in the field, and a fluid shear that is more representa-30

tive of natural flows. The device incorporates common and low-cost components inte-31

grated with an Arduino micro-controller, which may receive commands from a mobile32

phone. We demonstrate our instrument’s capabilities in gravel, sand and clay-sand mix-33

tures prepared in the laboratory, and present a proof-of-concept field deployment in a34

wadeable stream. Additionally, we provide the necessary schematics, parts lists, code and35

calibration procedures for the interested reader to build their own version of the instru-36

ment.37

1 Introduction38

Cohesive sediment covers an overwhelming majority of the Earth’s surface (FAO,39

1988; Kemper & Rosenau, 1984; Young & Southard, 1978; McCave, 1984). We consider40

cohesion to be any kind of inter-particle attraction beyond contact friction; in natural41

sediments, cohesion is associated with fine particles like clays and organic matter, where42

surface area to volume ratios become large (Ternat et al., 2008; Kothyari & Jain, 2008;43

Julian & Torres, 2006). Water currents and waves impinging on these materials impose44

a boundary shear stress τb that sculpts terrestrial and submarine landforms such as rivers,45

tidal channels, marsh platforms and undersea channels. Determination of the threshold46

shear stress for entrainment, τc, is necessary for predicting the onset of erosion, and also47

for determining sediment transport rates that are typically cast as a function of excess48

shear stress, qs ∝ (τb−τc) (Meyer-Peter & Müller, 1948; Wilcock & Crowe, 2003; Parker,49

1990; Parker et al., 1982; Partheniades, 1965). Moreover, studies in non-cohesive (Phillips50

& Jerolmack, 2016; Parker, 1978; Parker et al., 2011) and cohesive (Dunne & Jerolmack,51

2020, 2018; Constantine et al., 2009; Parsons et al., 2016) sediments have demonstrated52

the strong influence τc exerts on landscape morphology. For decades, the state of the art53

for predicting τc for non-cohesive sediments has been the Shields curve, which casts the54

entrainment threshold as a balance between near-bed fluid forces and particle friction55

(Shields, 1936). More recent studies have demonstrated the modulating effects of fluid56

turbulence (Celik et al., 2013; Diplas et al., 2008; Monsalve et al., 2017; A. N. Papan-57

icolaou et al., 2007), grain protrusion (E. Yager et al., 2012; E. M. Yager et al., 2012)58

and bed compaction (Masteller & Finnegan, 2017; A. Papanicolaou et al., 2002) on τc.59

For cohesive sediments involving fine-grained (silt and smaller) particles, additional forces60

such as electrostatics and van der Waals (Ternat et al., 2008) must be considered. The61

latter are quite sensitive to water chemistry (e.g., salinity and pH), history of compaction,62

and material composition (e.g., clay mineralogy) (Warkentin & Yong, 1962; Laflen et al.,63

1960; Parsons et al., 2016; Teasdale et al., 2018), which have been shown to influence river-64

bank erosion rates through their effect on τc (Wynn et al., 2008; Wynn & Mostaghimi,65

2006). With this wide range of confounding variables, which may also be time depen-66

dent, theoretical predictions of τc for cohesive materials are of limited use for natural land-67
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scapes. Site-specific correlations between τc and clay/silt content have been developed68

for some rivers (Julian & Torres, 2006), but they cannot be generalized to other settings.69

In light of these challenges, much attention has been focused on methods to em-70

pirically determine τc for cohesive sediment in the field (Constantine et al., 2009; Han-71

son & Cook, 2004; Hanson & Simon, 2001; Aberle et al., 2004; Amos et al., 1992). We72

seek a method capable of measuring the in-situ threshold entrainment stress of cohesive73

and noncohesive materials typically encountered in rivers, estuaries and marshes; and74

this method must be spatially localized, to allow examination of variation along a chan-75

nel cross section. Our brief survey of existing methods (Supplementary Material) finds76

that they are either too unwieldy, or too damaging to the substrate, to be reliable. We77

report a novel instrument that we have developed for the purpose of measuring in-situ78

τc that emphasizes portability, affordability, and comparability to natural methods of79

sediment entrainment. We show that the instrument can reproducibly determine the thresh-80

old entrainment stress for particles ranging from clay to gravel, and we offer a blueprint81

for others to construct and test their own version of the instrument. Our hope is that82

the development of this method will facilitate the widespread measuring and reporting83

of τc in various cohesive sediment environments. Such measurements will aid in the de-84

sign and restoration of cohesive sediment landscapes (e.g., river restoration), and also85

lead to a better understanding of environmental controls on the entrainment threshold86

itself. Our current instrument design limits deployment to shallow water (i.e, wadeable)87

environments; however, the technique could be easily adapted to be deployed in deeper88

water environments by divers or by mounting on submersibles.89

2 Device Design90

2.1 Prototype Device Overview91

The device, seen in Figure 1, uses an impeller to generate a fluid shear stress within92

a chamber with an open bottom that is placed on a substrate. The impeller rotation rate93

(Ω) is controlled by a microcontroller and a motor driver that controls the speed of a DC94

motor. The DC motor is attached to a chuck and gear box that allows for easy attach-95

ment of the impeller shaft. An optical encoder, attached to the motor’s rear shaft, is used96

to measure the motor speed. By controlling the speed of the impeller, we are able to di-97

rectly control the fluid shear stress exerted on the substrate. Laboratory calibration is98

required to convert the motor RPM to a fluid shear stress value.99

To detect the onset of erosion of the substrate, the turbidity of the eroding fluid100

is monitored using turbidity sensors. Prior to the initiation of the impeller rotation, a101

baseline turbidity is measured. As the shearing process occurs, the turbidity is contin-102

uously monitored and the onset of erosion is detected by noting a rapid increase in the103

turbidity of the shearing fluid, relative to the initial turbidity. This detection method104

is only applicable to cohesive sediments, for which the threshold of suspension and the105

threshold of entrainnment are the same. For non-cohesive substrates where bed load oc-106

curs above the entrainment threshold, turbidity sensors cannot be utilized — or, at least,107

our current design cannot detect bed load using turbidity sensors. Here we use a cam-108

era to detect the onset of transport using image decorrelation analysis. This method could109

also work for cohesive substrates as well; however, it is more expensive and data stor-110

age intensive, and may be challenging to implement in waters with high ambient turbid-111

ity.112

Table S2 (Supplementary Material) lists the parts necessary to build a version of113

this instrument, and the version of the part that was used in the prototype design. Fig-114

ure 1A outlines the general form of the instrument with its key components. The pro-115

totype design of the instrument is approximately 1.7m long and approximately 8kg to116

enable use in a field environment without requiring full waterproofing of the motor and117
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other electronics. As a result, this prototype design is larger than is ultimately neces-118

sary. Future directions include the development of a smaller, lighter, and fully waterproofed119

design.120

Figure 1. A) Schematic design for the instrument. A DC motor (M) drives an impeller po-

sitioned in an open-bottom chamber. A rotary encoder (E) is attached to the motor to measure

motor speed. Multiple turbidity sensors are placed close to the bottom of the chamber to detect

to onset of erosion of the sheared substrate. B)The prototype design of the instrument as of Jan-

uary 2022.

2.2 Calibration of boundary stress121

The purpose of the instrument is to determine the boundary stress, τb, associated122

with the entrainment threshold of a given substrate, τc. To do this, a series of empir-123

ical calibration steps must be completed in order to convert between the impeller rota-124

tion rate and fluid shear stress. The near-bed Reynolds stress, τ
′

ij , is often used as a proxy125

for the boundary stress in studies of sediment transport (Biron et al., 2004), and is de-126

fined as:127

τ
′

ij = −ρu′w′ (1)

where u
′
and w

′
are the deviatoric velocity components in the horizontal and ver-128

tical directions, respectively, the overbar here and elsewhere denotes averaging over a suf-129

ficient time period to achieve stationarity, and ρ is fluid density. Deviatoric velocities are130

computed from measurements of instantaneous velocity components u and w as:131

u = ū+ u
′
;w = w̄ + w

′
(2)

A Nortex Vectrino Acoustic Doppler Velocimeter (ADV) was used to determine the132

deviatoric velocity components of the flow (Fig. 2A). The ADV measured times series133

of instantaneous flow velocity at a frequency of 200 Hz. These measurements were av-134

eraged over 1 second windows to compute τ
′

ij . Figure 2B shows a calibration curve at135
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an elevation of z = 0.5cm above the bed that is the result of five different experimen-136

tal runs, demonstrating that, for our prototype design, the relationship between Reynolds137

stress and impeller RPM is both smooth and reproducible up to approximately 200 RPMs.138

The data follow a 2nd order polynomial fit, as is expected on dimensional grounds (τ ∼139

ρu2) and also from a Prandtl-mixing length eddy-viscosity model τ
′

ij = ρ(κzdu/dz)2140

where du/dz ∝ Ω and κ = 0.41 is the von Karman constant.141

Figure 2. A) ADV inserted horizontally into the flow field for calibration and positions

such that the ADV sampling volume location is at the distance from wall that corresponds to

point of maximum stress for the configuration. For the prototype design, this was found to

be approximately 7cm from the boundary. B) Measured Reynolds stress increases with im-

peller RPM (Ω) at z = 0.5cm above an example bed. Line of best fit is a 2nd order polynomial,

τ
′
ij,0.5cm = 3.24e− 05Ω2 + 0.013Ω − 0.347. Error bars represent ±1 standard deviation around

sampled value at each point. C) Example vertical profiles of Reynolds stress over clay (solid line,

circle markers), sand (D50 = 500µm, dotted line, triangle marker), and gravel (D50 = 0.75cm,

dashed line, asterisk marker) boundaries. Line color indicates impeller rotation rate. D) Calibra-

tion curve for conversion from measured Reynolds stress at z = 0.5 cm to boundary Reynolds

stress (z = 0) for different boundary roughness conditions. Further tests were not conducted

over rougher substrates because the size of individual grains would have been comparable to the

sampling area of the ADV, and thus not necessarily representative of flow over the boundary as a

whole.

Given the constraints of the experimental setup, the closest point to the bed where flow142

velocity could be measured using an ADV was z = 0.5cm above the bed. As such, it is143

not possible to directly measure the boundary Reynolds stress. Previous studies in open144

channel flows, including natural rivers, have found that the Reynolds stress increases with145
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decreasing distance to the bed. These studies estimate the boundary Reynolds stress,τb,R,146

as the Reynolds stress at the bed, i.e. τb,R = τ
′

ij,z=0, by fitting a linear profile to the147

region of increasing τ
′

ij and extrapolating the fit to the bed (z = 0) (Biron et al., 2004;148

Nikora & Goring, 2000; Song & Chiew, 2001; Chen & Chiew, 2003). We follow that method149

here. By taking a vertical profile of Reynolds stress in the chamber for a given impeller150

RPM (Figure 2B), we linearly extrapolate the trend of increasing Reynolds stress on ap-151

proach to the bed to approximate the boundary Reynolds stress for a given impeller RPM.152

To account for the effects of boundary roughnesses across a range of substrates, we col-153

lected vertical profiles of Reynolds stress above a smooth bed made of plumber’s putty,154

a slightly rougher bed made of 500 µm sand glued to a surface, and a rougher bed of 0.75cm155

gravel glued to a surface.156

As shown in Figure 2C, the roughness of the boundary influences the vertical pro-157

file of Reynolds stress, and thus the calculation of the boundary Reynolds stress, intro-158

ducing an unknown error in estimating the boundary stress based on impeller RPM. As159

it is infeasible to take velocity measurements during field deployment, it is necessary to160

quantify the error. We examine the ratio of the extrapolated boundary stress τ
′

b,R to the161

Reynolds stress at 0.5 cm above the bed, τ
′

ij,0.5cm (Fig. 2D). While the relation is dif-162

ferent for different substrates, they converge to a similar value (or a small range of val-163

ues) for Reynolds stresses larger than 0.5 Pa. Given that this instrument is designed for164

use in the field where the additional variability of a natural environment can make ex-165

act determination of the boundary roughness difficult to impossible (i.e. roughness changes166

from small roots, soil aggregates, heterogeneous grain size mixtures, etc.), we recommend167

using an averaged value for data collected in a field environment. For practical purposes,168

the boundary stress may be considered to be roughly 1.4 times the Reynolds stress mea-169

sured at 0.5 cm above the bed, i.e., τ
′

b,R = ατ
′

ij,0.5cm where α ≈ 1.4.170

In order for the τb,R values to be meaningful for sediment transport studies in nat-171

ural environments, it is necessary to determine what value our measured τb,R value would172

correspond to in an open channel flow. Typically, boundary stress in rivers is measured173

either using a depth-slope product (τ = ρgHS, where H is the flow depth, S is the wa-174

ter surface slope, and g is the acceleration due to gravity), or fitting a profile of time-175

averaged streamwise velocity with a log-law (u(z) = u∗ln(z/z0)/κ, where z0 is the rough-176

ness height, and u∗ is the shear velocity related to τb by τb = ρu2
∗). Since both rely on177

normal flow assumptions, we call this stress τb,n. Previous studies have reported consis-178

tent discrepancies between boundary stresses determined using these methods, and those179

determined from the boundary Reynolds stress method used above; i.e., τb,n = βτ
′

b,R.180

Although reported values can vary significantly, a representative value of β = 3.9 was181

found to describe most data — field and laboratory settings — reasonably well (Biron182

et al., 2004). We note that Biron et al. conducted experiments in a laboratory flume with183

open-channel flow conditions; their measured ratio α = 1.6, was similar to ours, indi-184

cating that the Reynolds stress extrapolation in our helical shear cell is similar to what185

is observed in normal flow conditions. Accordingly, for comparison of stresses determined186

using the instrument to boundary stresses estimated using normal flow approximations,187

we recommend the approximation τb,n ≈ 4τ
′

b,R for most conditions.188

2.3 Determination of Initiation of Motion189

Two optical methods were used for determining the threshold of motion. The first190

method used image analysis to calculate the decorellation of a time series of images of191

the bed sediment as shear was increased. As mentioned above, turbidity sensors will not192

work for noncohesive sediments; we tested the image technique for noncohesive and co-193

hesive sediments for completeness. A camera took images at a rate significantly higher194

than the rate at which stress was increased. Our calibration used a Nikon DSLR sam-195

pling at 1Hz to take a series of oblique photographs of the bed as the shear stress was196

gradually increased over 10-second periods per increment of voltage supplied to the mo-197
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tor. The bed was remade and water replaced after each experimental run. Figure 3 il-198

lustrates the experimental setup.199

Figure 3. A) Schematic of experimental setup to determination of the threshold of motion

from image decorrelation analysis. Camera is focused on sheared portion of the bed and collects

time series of bed images as shear is systematically increased. B) Average decorrelation, Ê, for

each substrate as a function of increasing τ
′
ij,0.5cm. Kaolinite clay, Mud (50% kaolinite clay, 50%

sand mixture), Sand (D50 = 500µm), Gravel (D50 = 0.75cm), and Cobbles (D50 = 5cm). C)

Example threshold of motion detection using turbidity sensors for kaolinite clay. Rapid falloff in

V̂ occurs after a certain τc has been exceeded.

The python image processing package scikit-image was then used to cross-correlate200

each image against an image of the substrate in ambient water. This allowed us to pro-201

duce a time series of error that was normalized against a background error calculated202

from a time series taken in ambient water, producing a time series of normalized error,203

Ê. Because it is a normalized metric against potentially variable initial conditions, Ê204

could used as a metric of comparison between multiple trials. Figure 3B shows exam-205

ple data from experiments that were run for Clay, Mud (50% clay, 50% sand mixture),206

Sand (D50 = 500µm), Gravel (D50 = 0.75cm), and Cobbles (D50 = 5cm). Ê is shown207

to initially remain approximately equal to 1 before a threshold stress is reached, at which208

point Ê rapidly increases (Fig. 3B). In order to determine one measure of Ê that could209

be applied to all decorrelation curves in order to indicate the onset of significant sedi-210

ment entrainment, we consider Ê = 1.2 to be a point of significant image decorrelation,211

and thus the corresponding τ
′

ij,0.5cm = τc, after which the change in Ê is most rapid212

for any additional increase in stress. For larger grains that were individually visible in213

our images, we additionally spot checked our time series to ensure that measurements214

of Ê = 1.2 corresponded to the onset of grain entrainment. While clays tend to erode215
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in layers, as opposed to the entrainment of individual particles as non-cohesive sediments216

do, this decorrelation measure is relatively insensitive to the precise means by which sed-217

iments erode, and only detects the onset of significant sediment entrainment into the wa-218

ter column. For this reason, the least consistent data are for the cobbles (diameter = 7219

cm), for which the transport was much more intermittent — likely due to their relatively220

large size and hence small number of particles in the field of view.221

Given the potential challenges of using an image-based technique in the field, we222

also tested turbidity sensors for detecting the entrainment threshold of cohesive clay sed-223

iment beds comprised of kaolinite clay with D50 = 3µm. The turbidity sensors used224

in the prototype design are photodiodes that measure changes in the light scattering in225

a fluid due to suspended particles and record the turbidity reading as a voltage V̂ . As226

the turbidity of the water increases, the more light is scattered by the increasing con-227

centration of suspended particles, resulting in a lower voltage reading. For the prototype228

design, we used two sensors for redundancy. Upon the exceedance of τc for a cohesive229

substrate, turbidity sensors will show a rapid decrease in voltage relative to an ambient230

voltage measurement taken prior to shearing — comparable to the previously discussed231

calculation of Ê. Figure 3C provides an example of the use of turbidity sensors to de-232

tect the τc of clay, and demonstrates the rapid falloff in V̂ after τc has been exceeded at233

a τ
′

ij,0.5cm. The determined value for τc is similar to that measured from the image decor-234

relation method within a factor of approximately 10%. As turbidity sensors can only de-235

tect changes in the concentration of suspended sediment, their usage to detect the thresh-236

old of motion is primarily useful for cohesive substrates, for which the τc is strong enough237

to entrain particles into suspension (i.e. bedload transport does not exist). In a field set-238

ting, it is possible that the entrainment of sand or gravel might result in the simultane-239

ous suspension of fine sediment attached to the coarser grains, allowing τc to be detected240

for non-cohesive sediment using turbidity sensors (Canal-Vergés et al., 2010).241

Demonstration of Capability242

Using the described calibration process, we have used the instrument to explore243

the change in τc of a fine-grained substrate as a function of clay percentage by mass. Kaoli-244

nite clay was mixed with 500µm sand in a drum and with 10% water by mass. Kaoli-245

nite clay was chosen because it is a 1:1, non-swelling clay that would allow us to isolate246

the effects of cohesion in the mixture. The mixture was then tamped down at the base247

of a tank and water was added and cycled through at a low flow rate until the water was248

clear. This mild ”strain-hardening” process removed any surficial sediment that was not249

adhered to the bed and is comparable to the natural environment, as all cohesive sed-250

iment in a fluvial environment is continuously subjected to shear from base flow. Iden-251

tical to the experimental runs described above, the bed was remade and water replaced252

after each experimental run. As shown in Figure 4A, kaolinite percentage has a sigmoidal253

effect on the τc of sand-kaolinite mixtures, as clay has a minimal effect on the bulk strength254

of a mixture until the pore space between the larger sand grains is filled with clay. This255

result is consistent with studies of the effect of clay content on the incipient motion of256

granular materials (Kothyari & Jain, 2008; Ternat et al., 2008; Julian & Torres, 2006;257

A. N. Papanicolaou et al., 2007). Also, this significant change in τc with the addition of258

clay is not expected to occur for larger, gravel-sized grains where interstitial clays do sig-259

nificantly influence entrainment (Kothyari & Jain, 2008). While the trend is consistent260

with other empirical studies, the exact values are not expected to be representative of261

the τc for arbitrary mud mixtures given variations in grain size and composition. Indeed,262

a wide range of critical shear stresses spanning multiple orders of magnitude (order 10−1
263

Pa to 102 Pa) have been measured in previous studies using jet testers, field flume, and264

gust chambers in field settings (Hanson & Simon, 2001; Aberle et al., 2004; Thomsen &265

Gust, 2000), however the results that we present from our laboratory testing do appear266

to fall within the range of reported critical shear stresses for studies concerning morpho-267
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dynamically active sediments that make up river banks (A. N. Papanicolaou et al., 2007;268

Constantine et al., 2009; Julian & Torres, 2006).269

Figure 4. A) Experimentally determined τc for sand-clay mixtures with varying kaolinite

content. Reported values are for τc = τb,n. Error bars indicate ±1 standard deviation. B) τc

as a function of grain size as measured by the instrument. Green line is the dimensional Shields

curve (van Rijn, 2016) for comparison. Reported values are for τc = τb,n. For D50 < 500µm,

the reported D50 is representative of an average grain size of the sand and clay in the mixture,

weighted by percent mass. Reported average grain size smaller than D50 < 500µm is not meant

to be an accurate representation of the median grain size of the substrate, but rather meant to

indicate increasing clay content, and as such, these points are connected with a dashed red line

to indicate this difference. Color bar indicates particle Reynolds number at entrainment, calcu-

lated as Rec = u∗
cD50/ν, where u∗

c is critical shear velocity and ν is the kinematic viscosity of

water. C) Deployment of the instrument in the field to test the threshold entrainment stress of a

cohesive river bank. D) Measurements of V̂ under increasing shear taken from the banks of the

Mullica river. A rolling median of V̂ shows both an average falloff and increase in variability of V̂

from initial condition V̂=1 with increasing τb,n. Red line indicates approximation of τc.

We further used our instrument to test the τc of non-cohesive substrates to pro-270

vide a comparison between τc as measured by our instrument and a predicted τc from271

the Shields curve (van Rijn, 2016). Using image decorrelation analysis to identify the272

threshold of motion, a stress-dependent α value determined from our calibration curve273

(Fig. 4D), and a β = 3.9 value, we are able to determine the τc for each substrate, where274

τc is comparable to the boundary stress exerted by a normal flow, τb,n. Figure 4B shows275

that for non-cohesive sediments (D50 ≥ 0.0005m), our instrument predicts a τc value276
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similar to what would be expected from the Shields curve. This is further indicative that,277

at the grain scale, the helical flow created by the impeller in the chamber is similar to278

the normal flow conditions in flumes/channels. For D50 < 500µm, the grain size is rep-279

resentative of an average grain size of the sand and clay in the mixture, weighted by per-280

cent mass. While this is not an accurate representation of D50, it is indicative of a sys-281

tematic deviation away from the predicted τc from the Shields curve as interparticle co-282

hesion begins to take effect. As the Shields curve was developed for non-cohesive sed-283

iment, the deviation away from the Shields curve as clay particles are introduced into284

the substrate is expected. At this point, we wish to clarify to the reader that values of285

τc values for cohesive sediment that we measure using the instrument are not meant to286

be used in a predictive manner, but are instead meant as a demonstration of the capa-287

bility of the instrument to reproducibly measure the τc of cohesive substrates. Numer-288

ous other factors, such as clay mineralogy, water chemistry, and degree of compaction289

of the sediment, will likely strongly affect τc for a given cohesive substrate, and, as such,290

should be accounted for in the prediction of the critical shear stress of cohesive sediment291

(Ternat et al., 2008).292

To test the instrument in the field, we conducted tests on the Mullica River, a river293

with banks composed of cohesive mud in the New Jersey coastal plain. For the sake of294

convenience and portability during field deployment, we recommend using an SD card295

to store the collected data output by the turbidity sensors and the encoder. To operate296

the instrument in the field, we recommend using a bluetooth connection to control the297

device from a smartphone, or building a button/switch to initiate a shearing protocol298

that will run to conclusion after each press. For our field test, the open-bottom cham-299

ber was placed up against the toe of the river bank and a smart phone was used to con-300

trol the device (Fig. 4C). In the more complicated, heterogeneous field setting, the falloff301

in Ê is not consistent in form, however using a rolling median of all measured falloff curves,302

we can determine a point of divergence away from the initial condition of V̂ ≈ 1 (Fig.303

4D). Preliminary data from the field show that the Mullica’s cohesive bank material has304

a threshold entrainment stress of τc ≈ 4Pa. This value is within an expected range of305

τc values for consolidated cohesive sediment in natural settings that are typically com-306

posed of a mixture of clay, silt, sand, and organic material (A. N. Papanicolaou et al.,307

2007; Constantine et al., 2009; Hanson & Simon, 2001; Laflen et al., 1960). The instru-308

ment was developed as part of a larger project to understand the physical controls on309

the geometry of alluvial rivers with cohesive banks. Further details of the field deploy-310

ment using the instrument can be found in our companion manuscript (Dunne & Jerol-311

mack, 2020) as to more cleanly separate the method development presented in this manuscript312

and the separate analytical theory for river morphology that we investigate in the com-313

panion manuscript.314

3 Discussion and Conclusions315

We have developed an instrument that is capable of determining τc for granular316

substrates in-situ. This instrument consists of an impeller in an open-bottom chamber317

that is placed on a granular substrate, fully submerged in water. The speed of the im-318

peller is gradually increased using a microcontroller, thereby increasing the fluid shear319

exerted on the substrate. The onset of erosion of the substrate is detected using opti-320

cal sensors, either through image decorrelation analysis, or, as recommended for field use321

on cohesive substrates, the use of turbidity sensors to detect rapid changes in the amount322

of suspended material in the water. The prototype design utilizes a motor and impeller323

combination that is capable of reproducibly inducing a τb,n up to approximately 22.5 Pa.324

We have carried out and described the necessary laboratory calibration steps to develop325

a conversion between a directly measured τ
′

ij using an ADV, to τ
′

b,R, and finally to τ
′

b,n326

in order to provide an estimation for boundary stress that is comparable to the more com-327

monly used depth-slope product or log-law estimations. We have demonstrated two dif-328
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ferent optically-based methodologies for detecting τc for a range of substrates. Using im-329

age decorrelation analysis in a laboratory setting we demonstrate the instrument’s ca-330

pability to determine τc for a range of cohesive and non-cohesive substrates, ranging from331

pure clay to large gravel. We compare our measured τc values to predicted τc values from332

the Shields curve and find similar values for non-cohesive sediment, and an expected sig-333

nificant deviation away from the Shields curve as cohesion takes effect with the addition334

of clay. The other detection method utilizes turbidity sensors and has been validated in335

the laboratory and tested on natural, cohesive river banks. Lastly, we emphasize that,336

unless the design of the instrument is exactly replicated, we would not expect another337

version of the instrument to produce an identical range of τ
′

b,n values. While we the en-338

courage interested readers to follow the calibration procedure in detail, we do not be-339

lieve that precise replication of the physical design of the instrument, beyond its gen-340

eral form, is necessary to develop a instrument with the necessary capabilities. We en-341

courage readers to develop versions of the instrument with capabilities that suit their342

particular scientific needs.343

The in-situ measurement of τc for sediment, particularly cohesive sediment, is a344

critical component for field-based morphodynamic, geotechnical, environmental restora-345

tion, and landscape management studies. The instrument provides a cheap, portable,346

and robust method for estimating river bank and bed sediment erosion criteria, which347

can subsequently allow the user to determine either the controlling parameters of, or vari-348

ables dependent on, τc.349
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