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Abstract

The vast majority of alluvial deposits have some degree of cohesion, typically due to the presence of clays and/or
organic matter. Determining the threshold fluid shear stress, τc, necessary to entrain these sediments is essential
for predicting erosion rates and morphodynamics of rivers, tidal channels, and coasts. Cohesive sediments
present a greater challenge than non-cohesive sand and gravel beds due to the sensitivity of τc to such factors
as compaction, aggregation and particle surface chemistry. All of those factors may be altered if bed and bank
sediments are extracted for later analysis in the laboratory. Environments with mixed cohesive and non-cohesive
materials are common, such as sand-bedded rivers with muddy banks; it is therefore desirable to have a method
for in-situ measurement of τc across a very wide range. We present a novel instrument, provisionally called the
"Mudbuster", that is capable of reproducibly determining τc for submerged cohesive and non-cohesive sediments
in-situ. The Mudbuster has several advantages over alternative methods, including ease of implementation in
the field, and a fluid shear that is more representative of natural flows. The device incorporates common and
low-cost components integrated with an Arduino micro-controller, which may receive commands from a mobile
phone. We demonstrate our instrument’s capabilities in gravel, sand, and clay-sand mixtures prepared in the
laboratory, and present a proof-of-concept field deployment in a wadeable stream. Additionally, we provide the
necessary schematics, parts lists, code, and calibration procedures for the interested reader to build their own
Mudbuster.

]

1 Introduction

Cohesive sediment covers an overwhelming majority of the Earth’s surface [1, 2, 3, 4]. We consider cohesion to be any kind of
inter-particle attraction beyond contact friction; in natural sediments, cohesion is associated with fine particulates like clays and
organic matter, where surface area to volume ratios become large [5, 6, 7]. While muddy landscapes may be entirely composed of
cohesive particles (silt and finer), even small amounts of clay may increase the bulk strength of otherwise non-cohesive sand [6, 7].
Water currents and waves impinging on these materials impose a boundary shear stress τb that sculpts terrestrial and submarine
landforms such as rivers, tidal channels, marsh platforms and undersea channels. Determination of the threshold shear stress
for entrainment, τc, is necessary for predicting the onset of erosion, and also for determining sediment transport rates that are
typically cast as a function of excess shear stress, qs ∝ (τb − τc) [8, 9, 10, 11, 12]. Moreover, studies in non-cohesive [13, 14, 15]
and cohesive [16, 17] sediments have demonstrated the strong influence τc exerts on landscape morphology; for example, the
organization of river channel geometry such that the formative boundary stress is close to τc [13, 14]. For decades, the state
of the art for predicting τc for non-cohesive sediments has been the Shields curve, which casts the entrainment threshold as a
balance between near-bed fluid forces and particle friction [18]. More recent studies have demonstrated the modulating effects of
fluid turbulence [19, 20, 21, 22], grain protrusion [23, 24] and bed compaction [25, 26] on τc. For cohesive sediments involving
fine-grained (silt and smaller) particles, additional forces such as electrostatics and van der Waals [5] must be considered. The
latter are quite sensitive to water chemistry (e.g., salinity and pH), history of compaction, and material composition (e.g., clay
mineralogy) [27, 28, 17, 29], which have been shown to influence river-bank erosion rates through their effect on τc [30, 31]. With
this wide range of confounding variables, which may also be time dependent, theoretical predictions of τc for cohesive materials
are of limited use for natural landscapes. Site-specific correlations between τc and clay/silt content have been developed for some
rivers [7], but they cannot be generalized to other settings.

In light of these challenges, much attention has been focused on methods to empirically determine τc for cohesive sediment in the
field [16, 32, 33, 34, 35]. Our own previous research suggested that variations in τc between the bed and banks of a river may
exert a strong control on the shape of river channels [36], and we emphasized the need for in-situ determination of τc at the toe
of river banks. Accordingly, we seek a method capable of measuring the submerged threshold entrainment stress of cohesive
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and noncohesive materials typically encountered in rivers, estuaries and marshes; and this method must be spatially localized, to
allow examination of variation along a channel cross section. We briefly survey existing methods below and find that they are
either too unwieldy, or too damaging to the substrate, to be reliable. We then report a novel instrument that we have developed for
the purpose of measuring in-situ τc that emphasizes portability, affordability, and comparability to natural methods of sediment
entrainment. We provisionally call this device the "Mudbuster". We show that the Mudbuster can reproducibly determine the
threshold entrainment stress for particles ranging from clay to gravel, and we offer a blueprint for others to construct and test
their own Mudbuster. Our hope is that researchers and practitioners will adopt and improve on our design, and that this will
facilitate the widespread measuring and reporting of τc in various cohesive sediment environments. Such measurements will aid
in the design and restoration of cohesive sediment landscapes (e.g., river restoration), and also lead to a better understanding of
environmental controls on the entrainment threshold itself. Our current instrument design limits deployment to shallow water (i.e,
wadeable) environments; however, the technique could be easily adapted to be deployed in deeper water environments by divers or
by mounting on submersibles.

2 ExistingMethodologies

As mentioned above, numerous methods have been developed to test the erodibility of cohesive sediments (Fig. 1). The
commonality between these multiple methods is that they all have a way of controlling the shear stress applied to a substrate.

Figure 1: A) Jet tester being deployed in a field setting [32]; B) Field-deployable flume [34]; C) Gust chamber setup [37]

The most common method to test the erodibility of cohesive sediments is through the use of a jet tester, which has been employed
on a variety of substrates and environments [16, 32, 33]. The jet tester utilizes an impinging jet, normal to the surface of interest,
to scour the substrate (Fig. 1A). The scour depth is calculated using a point gage, and τc of the substrate is back-calculated
from the depth of the scour relative to the force of the impinging jet. Despite its prevalence, the primary weakness of the jet
tester method is that it does not provide a method of erosion that is kinematically-comparable to the method of erosion naturally
experienced by sediment. An impinging jet is kinematically different to a normal flow in that the jet tester produces a primarily
extensional/contractile flow with little vorticity, while a normal flow is a vorticity-dominant, simple shear flow. Furthermore, the
jet test is subject to a wide range of error associated with the method of inducing erosion [38]. For all these reasons, it is difficult to
extrapolate a meaningful and useful value from the result produced by the jet tester if the goal is to use that value to understand the
erodibility of sediment in response to a horizontally applied fluid shear opposed to an impinging jet.

Numerous field studies have implemented flumes in the field, in both fluvial and marine environments, to induce sediment transport
in a comparable manner to how sediment is transported both in laboratory and natural settings (Fig. 1B). While these flumes vary
in size and shape, the common principle for their use is to impose a horizontally applied fluid shear stress using flow through an
open-bottom flume placed on top of the substrate of interest. τc for the substrate is determined by monitoring abrupt changes in
the turbidity of the water flowing through the flume, and contrasting those observed changes against the measured shear stress,
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calculated from the velocity profile of the flow [34, 35, 39]. While this method is undeniably effective, it is both cumbersome and
expensive. Maneuverability in field environments can be a critical asset for an erodibility testing device to allow for the targeting
of either specific morphological features of interest, such as bank toes, or avoiding undesirable environmental complexities, such
as tree roots or overly-large cobbles. As field flumes have been primarily deployed in topographically simple environments, such
as tidal flats and river beds, maneuverability is not of first-order concern [34, 39]. However, for studies that require the targeting of
more morphologically complex features for erodibility testing, maneuverability is of paramount concern.

The method that perhaps best combines an application of shear stress to a substrate that is comparable with the shear stress exerted
by a gravity-driven flow in a channel, with the potential for portability in a field setting is the Gust Chamber [40, 41]. The Gust
Chamber utilizes a rotating flat plate to shear a column of water in a chamber, which in turn exerts a horizontal fluid shear stress on
the sediment at the bottom of the chamber (Fig. 1C). τc for the substrate is determined by monitoring changes in the turbidity of
the shearing fluid, and contrasting the observed changes against the calculated shear stress at the fluid-substrate boundary. The
Gust Chamber has been applied in both fluvial and marine settings [37, 41, 42, 43], however, despite its portability, it is an ex-situ
device designed to be used on extracted sediment cores, and thus risks measuring a critical shear stress that is not representative of
the in-situ erodibility of the substrate. The instrument that we have developed is mechanically most similar to a Gust Chamber in
that it exerts a horizontally applied fluid shear stress on the substrate using a rotating blade to shear the fluid which, in turn, shears
the substrate. However, what distinguishes our new instrument from the Gust chamber is that our instrument is specifically meant
to measure sediment erodibility in-situ. We have employed a more simplified design that allows the user to implement the device
with ease in the field.

3 Device Design

3.1 Device Overview

The device, seen in Figure 3, uses an impeller to generate a fluid shear stress within a chamber with an open bottom that is placed
on a substrate. The impeller rotation rate (Ω) is controlled by an microcontroller (Arduino Uno) and a motor driver that controls
the speed of a DC motor. The DC motor is attached to a chuck and gear box that allows for easy attachment of the impeller shaft.
For the prototype design, a drill with a brushed DC motor is used. An optical encoder, attached to the rear shaft, is used to measure
the motor speed. By controlling the speed of the impeller, we are able to directly control the fluid shear stress exerted on the
substrate. To detect the onset of erosion of the substrate, the turbidity of the eroding fluid is monitored using turbidity sensors.
Prior to the initiation of the impeller rotation, a baseline turbidity is measured. As the shearing process occurs, the turbidity is
continuously monitored and the onset of erosion is detected by noting a rapid increase in the turbidity of the shearing fluid, relative
to the initial turbidity. The device is meant to output two values at each sampling increment that can be selected by the user: the
motor RPM, and the turbidity sensor readings. These data can either be directly output to a laptop via serial communication, or
saved to a data storage device attached to the microcontroller. Laboratory calibration is required to convert the motor RPM to a
fluid shear stress value. This method can be employed on a wide range of river bed and bank materials, from clay-rich mud through
sand and medium-sized gravel (with slight modifications of the optical monitoring technique on the coarser end). Currently this
device is at the stage where it can only be used in shallow, wadeable rivers, however, with slight modifications it will be fully
waterproofed and deployable at depth in a larger river.

3.2 Prototype Design and Parts List

They key components of a Mudbuster are: a motor that drives an impeller, an encoder to record the motor speed, an optical
sensor to detect the onset of erosion, and a microcontroller that controls the device. The design of the impeller will dictate the
degree of turbulent shear that will be produced for a given RPM. The relationship between motor speed and voltage is indirect; as
consequence, RPM can controlled in a relative manner through voltage, but a fixed calibration between the two is not possible. For
this reason we recommended the usage of the microcontroller equipped with a motor driver to control the voltage supplied to the
motor, and a rotary encoder to directly measure the motor speed. The optical sensors used to detect the onset of erosion of cohesive
sediment are turbidity sensors which measure the light transmittance through the fluid, which they report as a voltage output by
the sensor. As the increased presence of the suspended particles in the fluid increases the amount of light scattered, increases in
turbidity will result in lower voltage outputs by the sensors. This detection method is only applicable to cohesive sediments, for
which the threshold of suspension and the threshold of entrainnment are the same. For non-cohesive substrates where bed load
occurs above the entrainment threshold, turbidity sensors cannot be utilized — or, at least, our current design cannot detect bed
load using turbidity sensors. Here we use a camera to detect the onset of transport using image decorrelation analysis. This method
could also work for cohesive substrates as well; however, it is more expensive and data storage intensive, and may be challenging
to implement in waters with high ambient turbidity. The entire device is controlled using a microcontroller that can either be
controlled by a laptop, a smartphone via a bluetooth connection, or using a button to run a series of pre-set commands. The design
from the prototype is run using the Arduino software. Table 1 lists the parts necessary to build a version of this instrument, and
the version of the part that was used in the prototype design. Figure 2 outlines the general form of the Mudbuster with its key
components. The prototype design of the Mudbuster is approximately 1.7m long and approximately 8kg to enable use in a field
environment without requiring full waterproofing of the motor and other electronics. As a result, this prototype design is larger
than is ultimately necessary. Future directions include the development of a smaller, lighter, and fully waterproofed design.



Preprint – A new method for in-situ measurement of the erosion threshold of river channels 4

Table 1: Components required to build a Mudbuster and the versions used in the prototype design.

Components Prototype Part
DC Motor Dewalt 20 Volt MAX Lithium Ion Cordless drill motor (chuck and gear

box included)
Battery Battery from Dewalt 20 Volt MAX Lithium Ion Cordless drill motor
Rotary Encoder Signswise 600p/r Incremental Rotary Encoder Dc5-24v Wide Voltage

Power Supply 6mm Shaft
Microcontroller Arduino Uno
Motor Driver Cytron 10A DC Motor Driver Arduino Shield
SD Card Interface HiLetgo Stackable SD Card and TF Card Shield for Arduino UNO R3

Arduino Mega 2560 + 16GB SD Card
Turbidity Sensor Gravity Analog Turbidity Sensor
Bluetooth Connector KEDSUM Upgraded HC-06 Serial Slave Module, Wireless RF

Transceiver Module with DuPont Cable
Impeller Vacuum cleaner blade
Chamber Acrylic cylinder (17.78cm diameter)

3.3 Calibration of boundary stress

The purpose of the Mudbuster is to determine the boundary stress, τb, associated with the entrainment threshold of a given substrate,
τc. Do do this, a series of empirical calibration steps must completed in order to convert between the impeller rotation rate and
fluid shear stress. Given that the Mudbuster’s flow configuration is a rotational shear flow imposed by an impeller, we cannot use
the Law of the Wall to solve for τb, as we could in a logarithmic velocity profile that is typically seen in open channel flows. The
near-bed Reynolds stress, τ

′

i j, is often used as a proxy for the boundary stress in studies of sediment transport [44], and is defined
as:

τ
′

i j = −ρu′w′ (1)

where u
′

and w
′

are the deviatoric velocity components in the horizontal and vertical directions, respectively, the overbar here and
elsewhere denotes averaging over a sufficient time period to achieve stationarity, and ρ is fluid density. Deviatoric velocities are
computed from measurements of instantaneous velocity components u and w as:

u = ū + u
′

; w = w̄ + w
′

(2)

A Nortex Vectrono Acoustic Doppler Velocimeter (ADV) was used to determine the deviatoric velocity components of the flow.
The ADV measured times series of instantaneous flow velocity at a frequency of 200 Hz. These measurements were averaged over
1 second windows to compute τ

′

i j.

Figure 4 shows a calibration curve at an elevation of z = 0.5cm above the bed. The data presented in Figure4 are the result of five
different experimental runs, demonstrating that, for our prototype design, the relationship between Reynolds stress and impeller
RPM is both smooth and reproducible up to approximately 200 RPMs. The data follow a 2nd order polynomial fit, as is expected on
dimensional grounds (τ ∼ ρu2) and also from a Prandtl-mixing length eddy-viscosity model τ

′

i j = ρ(κzdu/dz)2 where du/dz ∝ Ω

and κ = 0.41 is von Karman’s constant.

Given the constraints of the experimental setup, the closest point to the bed where flow velocity could be measured using an ADV
was z = 0.5cm above the bed. As such, it is not possible to directly measure the boundary Reynolds stress. Previous studies in open
channel flows, including natural rivers, have found that the Reynolds stress increases with decreasing distance to the bed. These
studies estimate the boundary Reynolds stress,τb,R, as the Reynolds stress at the bed, i.e. τb,R = τ

′

i j,z=0, by fitting a linear profile to
the region of increasing τ

′

i j and extrapolating the fit to the bed (z = 0) [44, 45, 46, 47]. We follow that method here. By taking a
vertical profile of Reynolds stress in the chamber for a given impeller RPM (shown in Figure 5), we linearly extrapolate the trend
observed in the points closest to the bed to approximate the boundary Reynolds stress for a given impeller RPM. To account for
the effects of boundary roughnesses across a range of substrates, we collected vertical profiles of Reynolds stress above a smooth
bed made of plumber’s putty, a slightly rougher bed made of 500 µm sand glued to a surface, and a rougher bed of 0.75cm gravel
glued to a surface.

As shown in Figure 5, the roughness of the boundary influences the vertical profile of Reynolds stress, and thus the calculation
of the boundary Reynolds stress, introducing an unknown error in estimating the boundary stress based on impeller RPM. As it
is infeasible to take velocity measurements during field deployment, it is necessary to quantify the error. We examine the ratio
of the extrapolated boundary stress τ

′

b,R to the Reynolds stress at 0.5 cm above the bed, τ
′

i j,0.5cm (Fig. 7). While the relation is
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Figure 2: Schematic design for the Mudbuster. A DC motor (M) drives an impeller positioned 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.

different for different substrates, they converge to a similar value (or a small range of values) for Reynolds stresses larger than 0.5
Pa. Given that this instrument is designed for use in the field where the additional variability of a natural environment can make
exact determination of the boundary roughness difficult to impossible (i.e. roughness changes from small roots, soil aggregates,
heterogeneous grain size mixtures, etc.), we recommend using an averaged value for data collected in a field environment. For
practical purposes, the boundary stress may be considered to be roughly 1.4 times the Reynolds stress measured at 0.5 cm above
the bed, i.e., τ

′

b,R = ατ
′

i j,0.5cm where α ≈ 1.4.

In order for the τb,R values to be meaningful with regards questions of sediment transport or morphology in natural environments,
it is necessary to determine what value our measured τb,R value would correspond to in an open channel flow. Typically, boundary
stress in rivers is measured either using a depth-slope product (τ = ρgHS , where H is the flow depth, S is the water surface slope,
and g is the acceleration due to gravity), or fitting a profile of time-averaged streamwise velocity with a log-law (u(z) = u∗ln(z/z0)/κ,
where z0 is the roughness height, and u∗ is the shear velocity related to τb by τb = ρu2

∗). Since both rely on normal flow assumptions,
we call this stress τb,n. Previous studies have reported consistent discrepancies between boundary stresses determined using these
methods, and those determined from the boundary Reynolds stress method used above; i.e., τb,n = βτ

′

b,R. Although reported
values can vary significantly, a representative value of β = 3.9 was found to describe most data — field and laboratory settings
— reasonably well [44]. We note that Biron et al. [44] conducted experiments in a laboratory flume with open-channel flow
conditions; their measured ratio α = 1.6, was similar to ours, indicating that the Reynolds stress extrapolation in our helical
shear cell is similar to what is observed in normal flow conditions. Accordingly, for comparison of stresses determined using the
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Figure 3: The prototype design of the Mudbuster as of April 2019.

Figure 4: Measured Reynolds stress increases with impeller RPM (Ω) at z = 0.5cm above the bed. Line of best fit is a 2nd order
polynomial, τ

′

i j,0.5cm = 3.24e − 05Ω2 + 0.013Ω − 0.347. Error bars represent ±1 standard deviation around sampled value at each
point.

Mudbuster to boundary stresses estimated using normal flow approximations, we recommend the approximation τb,n ≈ 4τ
′

b,R for
most conditions.

3.4 Determination of Initiation of Motion

Two optical methods were used for determining the threshold of motion. The first method used image analysis to calculate the
decorellation of a time series of images of the bed sediment as shear was increased. As mentioned above, turbidity sensors will not
work for noncohesive sediments; we tested the image technique for noncohesive and cohesive sediments for completeness. A
camera took images at a rate significantly higher than the rate at which stress was increased. Our calibration used a Nikon DSLR
sampling at 1Hz to take a series of oblique photographs of the bed as the shear stress was gradually increased over 10-second
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Figure 5: Example vertical profiles of Reynolds stress over a A) clay, B) sand (D50 = 500µm), and C) gravel (D50 = 0.75cm)
boundary. The region of increasing Reynolds stress on approach to the bed is used to linearly extrapolate to the boundary z = 0.
Line color indicates impeller rotation rate. Setup described in Fig. 6.

Figure 6: 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. For the prototype design, the impeller was positioned 10cm above the
boundary. Data were sampled at 0.5 cm increments vertically to produce RPM-stress calibration curves (e.g. Fig. 4) at each
elevation above the boundary.

periods per increment of voltage supplied to the motor. The bed was remade and water replaced after each experimental run.
Figure 8 illustrates the experimental setup.

The python image processing package scikit-image was then used to cross-correlate each image against an image of the substrate
in ambient water. This allowed us to produce a time series of error that was normalized against a background error calculated from
a time series taken in ambient water, producing a time series of normalized error, Ê, that can be compared between multiple trials.
Figure 9 shows example data from experiments that were run for Clay, Mud (50% clay, 50% sand mixture), Sand (D50 = 500µm),
Gravel (D50 = 0.75cm), and Cobbles (D50 = 5cm). Ê is shown to initially remain approximately equal to 1 before a threshold
stress is reached, at which point Ê rapidly increases (Fig. 9). We consider Ê = 1.2 to be a point of significant image decorrelation,
and thus the corresponding τ

′

i j,0.5cm = τc, after which the change in Ê is most rapid for any additional increase in stress. The least
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Figure 7: Calibration 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.

Figure 8: 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.

consistent data are for the cobbles (diameter = 7 cm), for which the transport was much more intermittent — likely due to their
relatively large size and hence small number of particles in the field of view.

We remind the reader of the potential challenges of using an image-based technique in the field. According, we also tested
turbidity sensors for detecting the entrainment threshold of cohesive clay sediment beds comprised of kaolin clay with D50 = 3µm.
The turbidity sensors used in the prototype design are photodiodes that measure changes in the light scattering in a fluid due
to suspended particles and record the turbidity reading as a voltage V̂ . As the turbidity of the water increases, the more light is
scattered by the increasing concentration of suspended particles, resulting in a lower voltage reading. For the prototype design,
we used two sensors for redundancy. Upon the exceedance of τc for a cohesive substrate, turbidity sensors will show a rapid
decrease in voltage relative to an ambient voltage measurement taken prior to shearing — comparable to the previously discussed
calculation of Ê. Figure 10 provides an example of the use of turbidity sensors to detect the τc of clay, and demonstrates the
rapid falloff in V̂ after τc has been exceeded at a τ

′

i j,0.5cm. The determined value for τc is similar to that measured from the image
decorrelation method within a factor of approximately 10%.

As turbidity sensors can only detect changes in the concentration of suspended sediment, their usage to detect the threshold of
motion is primarily useful for cohesive substrates, for which the τc is strong enough to entrain particles into suspension (i.e. bedload
transport does not exist). In a field setting, it is possible that the entrainment of sand or gravel might result in the simultaneous
suspension of fine sediment attached to the coarser grains, allowing τc to be detected for non-cohesive sediment using turbidity
sensors.
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Figure 9: Average decoreelation Ê for each substrate as a function of increasing τ
′

i j,0.5cm. Clay, Mud (50% clay, 50% sand mixture),
Sand (D50 = 500µm), Gravel (D50 = 0.75cm), and Cobbles (D50 = 5cm)

Figure 10: Example threshold of motion detection using turbidity sensors for clay. Rapid falloff in V̂ occurs after a certain τc has
been exceeded.

Demonstration of Capability

Using the described calibration process, we have used the instrument to explore the change in τc of a fine-grained substrate as a
function of clay percentage by mass. Kaolinite clay was mixed with 500µm sand in a drum and with 10% water by mass. The
mixture was then tamped down at the base of a tank and water was added and cycled through at a low flow rate until the water was
clear. This mild "strain-hardening" process removed any surficial sediment that was not adhered to the bed and is comparable
to the natural environment, as all cohesive sediment in a fluvial environment is continuously subjected to shear from base flow.
Identical to the experimental runs described above, the bed was remade and water replaced after each experimental run. As shown
in Figure 11, clay percentage has a sigmoidal effect on the τc of sand-clay mixtures, as clay has a minimal effect of the bulk
strength of a mixture until the pore space between the larger sand grains is filled with clay. This result is consistent with studies of
the effect of clay content on the incipient motion of granular materials [6, 5]. While the trend is consistent with other empirical
studies, the exact values are not expected to be representative of the τc for arbitrary mud mixtures given variations in grain size and
composition. Also, this significant change in τc with the addition of clay is not expected to the replicated for larger, gravel-sized
grains where interstitial clays do significantly influence entrainment [6].

We further used our instrument to test the τc of non-cohesive substrates to provide a comparison between τc as measured by our
instrument and a predicted τc from the Shields curve [48]. Using image decorrelation analysis to identify the threshold of motion,
a stress-dependent α value determined from our calibration curve (Fig. 7), and a β = 3.9 value, we are able to determine the τc for
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Figure 11: Experimentally determined τc for sand-clay mixtures with varying clay content. Reported values are for τc = τb,n. All
mixtures given similar mixing and compaction treatment prior to shearing. Error bars indicate ±1 standard deviation.

each substrate, where τc is comparable to the boundary stress exerted by a normal flow, τb,n. Figure 12 shows that for non-cohesive
sediments (D50 ≥ 0.0005m), our instrument predicts a τc value similar to what would be expected from the Shields curve. This
is further indicative that, at the grain scale, the helical flow created by the impeller in the chamber is similar to the normal flow
conditions in flumes/channels. For D50 < 500µm, the grain size is representative of an average grain size of the sand and clay
in the mixture, weighted by percent mass. While this is not an accurate representation of D50, it is indicative of a systematic
deviation away from the predicted τc from the Shields curve as interparticle cohesion begins to take effect. As the Shields curve
was developed for non-cohesive sediment, the deviation away from the Shields curve as clay particles are introduced into the
substrate is expected.

Figure 12: τc as a function of grain size as measured by the instrument. Green line is the dimensional Shields curve, back calculated
from [48] 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.

Field Testing

While this device can be controlled using a laptop, for the sake of convenience and portability during field implementation, we
recommend using an SD card to store the collected data output by the turbidity sensors and the encoder. To operate the instrument
in the field, we recommend using a bluetooth connection to control the device from a smartphone, or building a button/switch to
initiate a shearing protocol that will run to conclusion after each press.
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To test the Mudbuster in the field, we conducted tests on the Mullica River, a river with banks composed of cohesive mud in the
New Jersey coastal plain. The open-bottom chamber was placed up against the toe of the river bank and a smart phone was used
to control the device (Fig. 13A). In the more complicated, heterogeneous field setting, the falloff in Ê is not consistent in form,
however using a 2-D histogram, we can determine a point of significant divergence away from the initial condition of V̂ ≈ 1 (Fig.
13B). Preliminary data from the field show that the Mullica’s cohesive bank material has a critical stress of τc ≈ 4Pa. This value is
within an expected range of τc values for consolidated cohesive sediment in natural settings [16, 33, 28].

Figure 13: A) Deployment of the Mudbuster in the field to test the erodibility of a cohesive river bank. The instrument developed at
the time of this manuscript’s publication is currently only able to be deployed in wadeable streams, however further developments
will include full waterproofing that will allow the instrument to be deployed at depth. B) 2-D histogram showing V̂ divergence
from initial condition V̂=1 with increasing τb,n. Warmer colors indicate frequency of V̂ values measured for a given τb,n across
multiple measurements. Red line indicated approximation of τc. Error bars are indicative of ±1 standard deviation.

4 Discussion and Conclusions

We have developed an instrument that is capable of determining τc for granular substrates in-situ. This instrument consists of an
impeller in an open-bottom chamber that is placed on a granular substrate, fully submerged in water. The speed of the impeller is
gradually increased using a microcontroller, thereby increasing the fluid shear exerted on the substrate. The onset of erosion of
the substrate is detected using optical sensors, either through image decorrelation analysis, or, as recommended for field use on
cohesive substrates, the use of turbidity sensors to detect rapid changes in the amount of suspended material in the water. The
prototype design utilizes a motor and impeller combination that is capable of reproducibly inducing a τb,n up to approximately
22.5 Pa. We have carried out and described the necessary laboratory calibration steps to develop a conversion between a directly
measured τ

′

i j using an ADV, to τ
′

b,R, and finally to τ
′

b,n in order to provide an estimation for boundary stress that is comparable
to the more commonly used depth-slope product or log-law estimations. We have demonstrated two different optically-based
methodologies for detecting τc for a range of substrate. Using image decorrelation analysis in a laboratory setting we demonstrate
the Mudbuster’s capability to determine τc for a range of cohesive and non-cohesive substrates, ranging from pure clay to large
gravel. We compare our measured τc values to predicted τc values from the Shields curve and find similar values for non-cohesive
sediment, and an expected significant deviation away from the Shields curve as cohesion takes effect at smaller grain sizes. The
other detection method utilizes turbidity sensors and has been validated in the laboratory and tested on natural, cohesive river
banks.

The in-situ measurement of τc for sediment, particularly cohesive sediment, is a critical component for field-based morphodynamic,
geotechnical, environmental restoration, and landscape management studies. The Mudbuster provides a cheap, portable, and robust
method for estimating river bank and bed sediment erosion criteria, which can subsequently allow the user to determine either the
controlling parameters of, or variables dependent on, τc. At its current state, the Mudbuster is only capable on being deployed
in wadeable channels, however future developments include miniaturization and full waterproofing to allow for submerged
deployment in deeper fluvial and marine environments.
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