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Abstract: Obtaining a better understanding of the underlying dynamics 

of the interaction of turbulent flows and the bed surface that contains 

them, leading to the transport of coarse particles in fluvial, coastal, and 

aeolian environments, is considered as one of the fundamental objectives 

and the most complex problems in Earth surface dynamics and 

engineering. Recent technological advancements have made it possible to 

directly assess sediment entrainment rather than monitoring surrogate 

flow metrics, which could be related indirectly to sediment entrainment. 

In this work, a novel and low-cost instrumented particle, 7cm in diameter, 

is used to directly assess the incipient entrainment of a coarse particle 

resting on a bed surface. The particle has inertial measurement units 

(IMUs) embedded within its waterproof shell, enabling it to track the 

particle's motions and quantify its inertial dynamics. The sensors of the 

instrumented particle are calibrated using simple and easy to validate 

theoretically physical motions to estimate the uncertainties in their 
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readings, which are reduced using an inertial sensor fusion process. A 

series of well-designed laboratory flume incipient motion experiments are 

performed. A series of well-designed laboratory flume experiments are 

performed to assess the entrainment of the instrumented particle for a 

range of flowrates near the threshold of motion. The readings of the 

instrumented particle are used to derive metrics that are related to the 

probability of its incipient entrainment. The flow velocity measurements 

are obtained for the experiment runs, and the derived metrics are 

explicitly linked to the flow hydrodynamics responsible for the 

entrainment. The framework presented in this work can be used for a 

range of similar applications of low-cost instrumented particles, spanning 

the interface of sensing and instrumentation in engineering (i.e., 

infrastructure and environmental monitoring) and geosciences (e.g., 

habitat assessment). 

Keywords 

frequency of entrainment, incipient motion, inertial sensor fusion, probability of entrainment, sensor 
calibration, turbulent flows. 
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1.1. Introduction 

The topic of sediment transport has been studied by scientists, 

engineers, and researchers for more than a century, finding a plethora of 

applications ranging from environmental and infrastructure monitoring to 

geomorphology and ecohydraulics (such as river restoration and habitat 

assessment). Different criteria have been developed to assess the 

conditions that can result in the entrainment of sediment particles. 

Knowing these conditions is crucial for assessing the risk of riverbed 

destabilization, riverbank destabilization, and scour and predicting 

bedload transport rates. Historically, two main approaches have been 

followed to study sediment entrainment, which are deterministic (Shields, 

1936; White, 1940; Bagnold, 1966; Coleman, 1967; Wilberg and Smith, 

1989; Ling, 1995; Dey and Debnath, 2000) and probabilistic (Einstein, 

1937; Einstein and El-Samni, 1949; Grass, 1970; Paintal, 1971; Fenton 

and Abbott, 1977; Naden, 1987; Kirchner et al., 1990; Cheng and Chiew, 

1998; Dancey et al., 2002; Papanicolaou et al., 2002; Wu and Yang, 

2004; Hofland and Battjes, 2006). 

The deterministic approach defines the conditions that can result in 

sediment entrainment using temporal and spatial averaged parameters 

like bed shear stress (Shields, 1936) or critical stream power (Bagnold, 

1966; Bagnold, 1986). However, such an approach fails to account for the 

variability of the hydrodynamic forces in the vicinity of the boundary as 

well as grain shape, sorting, packing, drag/lift coefficient, turbulent 
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stress, and depth to grain size ratio. The limitations in the deterministic 

approach have led to adopting statistical descriptions, or probabilistic 

approaches, for studying sediment entrainment. In general, the 

probabilistic approach aims to account for the variability of the particle 

and the flow parameters on which the sediment entrainment process 

depends. For example, Grass (1971) has suggested using a probabilistic 

approach to model grain entrainment by overlapping two unrelated 

distributions: the distribution of instantaneous bed shear stresses and the 

distribution of the critical shear stresses required to initiate the motion of 

bed surface grains. Other researchers have suggested statistical 

descriptions to account for friction angle (Kirchner et al., 1990), grain 

exposure or protrusion (Paintal, 1971; Fenton and Abbott, 1977; Hofland 

et al., 2005), bed surface packing conditions (Dancey et al., 2002, 

Papanicolaou et al., 2002) and local grain geometry (Naden, 1987). 

Multiple researchers (Leighly, 1934; Einstein and El-Samni, 1949; 

Sutherland, 1967; Grass, 1970; Heathershaw and Thorne, 1985) have 

tried to emphasize the vital role of the turbulent fluctuations in the 

sediment entrainment process and have suggested that the deterministic 

approach fails to account for the dynamic and probabilistic nature of the 

process, as inherited by flow turbulence. Recent detailed experimental 

studies in the literature have shed light on the importance of the peak 

hydrodynamic forces for entraining a sediment particle, especially at the 

near-threshold flow conditions (Hofland et al., 2005; Schmeeckle et al., 

2007; Vollmer and Kleinhans, 2007; Gimenez-Curto and Corniero, 2009). 
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After that, Diplas et al. (2008) have suggested that both the force 

magnitude and the duration of the near-bed turbulent flow events are 

relevant in predicting the entrainment of a sediment particle and have 

introduced the impulse criterion. Valyrakis et al. (2010) and Celik et al. 

(2010) have demonstrated and generalized the concept's applicability 

with dedicated flume experiments. Valyrakis et al. (2013) have 

approached the topic of sediment entrainment from an energy 

perspective. Specifically, they have suggested that the complete removal 

of a particle from the bed matrix occurs only if the impinging flow 

event(s) supplies sufficient mechanical energy. Additionally, they have 

introduced the energy transfer coefficient to account for the efficiency of 

the flow energy transfer process, leading to a particle's entrainment. As of 

the time of this work, there is no precise and universal criterion for 

determining the conditions that can result in sediment entrainment, 

although the topic has been extensively investigated theoretically and 

experimentally for more than a century. 

As for the experimental studies of sediment entrainment in the 

literature, they have been primarily lab-based. They have been performed 

using tools to assess flow metrics like flow velocity to estimate 

parameters like shear stress, which could be linked indirectly to sediment 

entrainment using criteria like the Shields diagram. These experiments 

are mostly simplified physics laboratory observations that do not 

represent the actual level of the complexity of the near-bed turbulence-

induced transport processes, which depend on multiple parameters, and 
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their conclusions have shown significant discrepancies between one 

another (Leopold and Emmett, 1976; Gomez and Church, 1989). 

Additionally, there are uncertainties in determining the conditions that can 

result in sediment entrainment using the results of these experiments due 

to multiple reasons like the accumulated errors because of the 

experimental design and the experimental procedure as well as the 

uncertainties due to the methods used for the estimations of the 

parameters that could be linked indirectly to sediment entrainment, like 

the Shields stress (Yager et al., 2018). Additionally, there are 

uncertainties in the results of these experiments due to the uncertainties 

in the measurements of the tools in use, like Acoustic Doppler Velocimetry 

(Liu and Valyrakis, 2018) and Particle Image Velocimetry. As for field 

studies, they are limited in the literature and mostly use expensive and 

hard to deploy tools, and require regular or reactive visits to remote and 

harsh sites (Liu et al., 2017; Michalis et al., 2019). 

The technological advancement in recent decades has made it 

possible to assess sediment entrainment directly using low-cost sensors. 

Two types of sensors have been used for sediment entrainment studies: 

Radio Frequency Identification Technology (RFID) and Micro-electro-

mechanical Systems (MEMS) sensors. Different authors have presented 

using RFID sensors in monitoring the displacement and the travel 

distances of sediment particles or wood in different conditions (Nichols, 

2004; Carré et al., 2007; Liébault et al., 2011; MacVicar et al., 2009; 

Miller and Warrick, 2012). As for the MEMS sensors, they consist of 3 
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types of sensors: accelerometer, gyroscope, and magnetometer, which 

can be interconnected, forming inertial measurement units (IMUs) 

capable of rather precisely quantifying inertial dynamics. Different authors 

have used these sensors to investigate sediment entrainment after 

embedding them inside covers of different shapes and sizes (Akeila et al., 

2007; Kularatna and Kularatna-Abeywardana, 2008; Akeila et al., 2010; 

Frank et al., 2014; Gronz et al., 2016; Gimbert et al.; 2018). Valyrakis et 

al. (Valyrakis and Pavlovskis, 2014; Valyrakis and Alexakis, 2016) have 

suggested using miniaturized, low-cost, out-of-the-shelf MEMS sensors 

embodied within a waterproof case to form an instrumented particle to 

directly assess the probability of entrainment of an individual sediment 

particle, as an average response of a particle with characteristic 

properties, rather than inferred using near-bed flow diagnostics. Further 

miniaturization of the instrumented particle, in addition to a plethora of 

characteristic enhancements, has been achieved by the same group (Al-

Obaidi et al., 2020; Al-Obaidi and Valyrakis, 2021). The miniaturized 

instrumented particles have been successfully tested in lab settings in 

studying scour and sediment entrainment (Al-Obaidi et al., 2020; Al-

Obaidi and Valyrakis, 2021) and even use these sensors for freshwater 

mussels habitat assessment (Curley et al., 2021). Their suggested 

approach eliminates the need for expensive and laborious laboratory 

experiments and reactive field visits. Additionally, it provides a direct 

method for assessing sediment entrainment rather than measuring flow 

metrics like flow velocity to estimate parameters like shear stress, which 
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could be linked indirectly to sediment entrainment using criteria like the 

Shields diagram. The developed instrumented particles can have a wide 

range of applications around the fields of infrastructure and environmental 

monitoring as well as habitat assessment. 

In this work, an in-house developed sensor (Valyrakis and Alexakis, 

2016) that consists of a tri-axial accelerometer (up to 100g), a tri-axial 

gyroscope (up to 2000o/s), and a magnetometer as well as an internal 

digital motion processor, which are interconnected to form an inertial 

measurement unit (IMU) has been fitted inside a spherical enclosure of 

7cm in diameter. The sensors, i.e., the accelerometer, the gyroscope, and 

the magnetometer, record at the same frequency with an adjustable 

logging frequency of 100-500Hz. Depending on the flow conditions and 

expected particle's response, one can define a sufficient logging frequency 

and sufficient acceleration and angular velocity measurement ranges (for 

this study, a logging frequency of 100Hz, an acceleration measurement 

range of ±16g, and an angular velocity measurement range of ±2000o/s 

are selected). The accelerometer and the gyroscope are calibrated 

separately using simple and easy to validate theoretically physical 

motions to estimate the uncertainties in their readings. Specifically, a 

freefall experiment is used to calibrate the accelerometer, and a pure 

rolling down an inclined plane is used to calibrate the gyroscope. An 

inertial sensor fusion process is used to reduce the uncertainties in the 

sensors' readings. The process leads to a reduction in the uncertainties of 

the sensors' readings by using readings from one sensor to correct the 
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readings from the other. Hence, the input of an appropriate inertial sensor 

fusion filter is changed based on the results of the calibration 

experiments. The two calibration experiments are repeated to test the 

performance of the inertial sensor fusion process. Uncertainty reduction 

has been achieved with an error of only 1.1% in the acceleration and the 

angular velocity data after the inertial sensor fusion of the logged 

readings, which is considered infinitesimal. The particle is then used to 

experimentally investigate the incipient entrainment of a coarse particle 

resting on a bed surface for a range of flowrates near the threshold of 

motion. In total, six runs are performed, and the results show that the 

instrumented particle can detect different phases of motion: full 

entrainment, twitching/vibration, and partial entrainment, accurately. 

Additionally, the work presents using the instrumented particle's logged 

readings to derive different metrics, which are the frequency of 

entrainment of a particle (fe), or the rate of entrainment of a particle, the 

ratio of the total duration of a particle's entrainment to the entire duration 

of its exposure to flow (TE), the ratio of the total resting duration of a 

particle to the entire duration of its exposure to flow (TR), the total 

number of full entrainment events of a particle per its total resting 

duration (fER), the ratio of the total entrainment duration of a particle to 

its total resting duration (TER) and the ratio of the total resting duration of 

a particle to its total entrainment duration (RWR). These metrics could be 

used to estimate the probability of entrainment of an individual sediment 

particle (PE) and the probability of survival from entrainment of an 
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individual sediment particle (Ps), or the probability of a particle found at 

its resting position. The metrics are explicitly linked to the flow 

hydrodynamics responsible for the incipient entrainment of the 

instrumented particle. The framework presented in this work can be used 

for a range of similar applications of low-cost instrumented particles, 

spanning the interface of sensing and instrumentation in engineering (i.e., 

infrastructure and environmental monitoring) and geosciences (e.g., 

habitat assessment). 

 

2. Methodology 

Before investigating the incipient entrainment of the instrumented 

particle using a well-controlled flume experiment, the sensors of the 

instrumented particle have been calibrated separately using simple and 

easy to validate theoretically physical motions (see Appendix 1) to 

quantify the uncertainties in their readings. Specifically, the freefall 

experiment is used to calibrate the accelerometer, and pure rolling down 

an inclined plane is used to calibrate the gyroscope. An inertial sensor 

fusion process is used to reduce the uncertainties in the sensors' 

readings. The process leads to a reduction in the uncertainties of the 

sensors' readings by using readings from one sensor to correct the 

readings from the other. The input of an appropriate inertial sensor fusion 

filter, which is used to reduce the uncertainties in the sensors' readings, is 

changed based on the results of the calibration experiments. The two 
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calibration experiments are repeated to test the performance of the 

inertial sensor fusion process. Uncertainty reduction has been achieved 

with an error of only 1.1% in the acceleration and the angular velocity 

data after the inertial sensor fusion of the logged readings, which is 

considered infinitesimal. The sensor is then inserted in the instrumented 

particle, which is used to conduct the flume experiment. 

A well-controlled laboratory experiment is performed using a 

recirculating water flume that is 8m in length and 0.9m in width, which 

can carry flows up to 0.4m deep. Water is provided to the flume with a 

maximum capacity of 0.2m3/s, controlled by a torque inverter through 

which the operating frequency of the pump can be adjusted. The flume 

has two additional controlling parameters that could be adjusted to 

achieve the intended flow depths at reasonable flow velocities: a tailgate 

located at the outlet of the flume and an adjustable bed slope. On the 

sidebars at the top of the flume, two mobile carriages are attached. The 

carriages carry the digital flow depth gauge and the Wi-Fi antenna and 

move them at the desired horizontal locations. The ADV is attached to a 

transverse table driven by a motor controlled by a computer. Using the 

transverse table, the ADV could be moved horizontally and raised 

vertically with high accuracy at a resolution of 1mm. The bed surface is 

paved with a few layers of water-worked uniformly sized gravel with a 

median size of d50=25mm, forming a flat, well-packed, and armored bed 

surface. The purpose of paving the bed is to achieve an adequate 

hydraulic roughness for the study. 
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The 1m test section is located at 5.25m downstream of the inlet of the 

flume and 1.75m upstream of the outlet of the flume. The location of the 

test section is selected to avoid the entrance region and ensure that the 

hydraulically rough, turbulent flow is fully developed. The test section is 

positioned along the centreline of the flume at about 45cm from either of 

the flume's side glass walls to eliminate the impact of the sidewalls on the 

flow, as shown in Figure 1. The flume is run at the same pump frequency 

for about 2 hours before experimenting to ensure the flow is steady and 

uniform.  In the first part of each run of the experiment, the instrumented 

particle test is conducted for about 20 minutes. Then, the instrumented 

particle is removed from the test section to eliminate any interference 

with the flow, and the flow velocity measurements, i.e., the ADV 

measurements, are conducted in the vicinity of the resting position of the 

instrumented particle. 

2.1. The Local Bed-topography 

The instrumented particle rests on a 3D-printed local bed-topography 

consisting of four hemispheres, closely packed in a triangular 

arrangement of the same size as the instrumented particle. The local bed-

topography is designed using FreeCAD software, and it is built using a 

rigid ABS filament. Due to the arrangement of the local bed-topography, 

the only possible mode of entrainment of the instrumented particle is 

rolling. The instrumented particle can move from the upstream pocket, 

i.e., the particle's resting position, towards the downstream pocket due to 

its exposure to flow events with sufficient energy. However, complete 
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entrainment is restrained by a pin placed 3.5mm downstream of the 

resting position of the instrumented particle. With this method, the 

instrumented particle falls back to its resting position after the advection 

of the energetic flow events downstream it, thus enabling a continuous 

series of entrainments to be recorded without the need to disturb the 

experiment manually to move the particle back to its resting position 

(Diplas et al., 2008; Valyrakis et al., 2010; Valyrakis et al., 2013). The 

IMU unit and the instrumented particle resting on the local bed-

topography are shown in Figure 2. The local bed-topography is embedded 

within the layers of water–worked gravel, d50=25mm, to ensure no 

sudden change in roughness that might change the flow field locally. This 

objective has been achieved by fixing the local bed-topography firmly into 

the flume bed surface using a strong glue and covering the flume bed 

surface with water-worked gravel, as shown in Figure 1. Additionally, fine 

sand, d50=15mm, is glued to the local bed-topography for the same 

reason, i.e., to ensure no sudden change in roughness that might change 

the flow field locally. 

 

2.2. The Instrumented Particle 

The instrumented particle (Valyrakis and Alexakis, 2016) is a hollow 

spherical enclosure of 7cm in diameter. The particle has an inertial 

measurement unit (IMU) embedded within its waterproof casing. The IMU 

is located at the center of the particle, and strips of lead are added 

around the sensor to increase the particle's weight and achieve the 
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required density. Uniform weight distribution is achieved by having the 

sensor at the particle's center of mass, surrounded by equally distributed 

lead weights. Thus, the instrumented particle's motion is not biased, and 

any offsets in the readings are avoided. The sensors record three different 

types of data: acceleration, angular velocity, and magnetic intensity. This 

data is recorded by three types of sensors: a triaxial accelerometer with a 

measurement range of ±100g, a triaxial gyroscope with a measurement 

range of ±2000o/sec a magnetometer with ±1.3Ga sensitivity. The 

sensors can log data at an adjustable logging frequency of 100-500Hz. 

Additionally, the sensors can log acceleration and angular velocity at 

adjustable measurement ranges. Depending on the flow conditions and 

expected particle's response, one can define a sufficient logging frequency 

and adequate acceleration and angular velocity measurement ranges. For 

the experiment of this work, a logging frequency of 100Hz, an 

acceleration measurement range of ±16g, and an angular velocity 

measurement range of ±2000o/s are selected). The data from the sensors 

are stored in the system's memory and can be transferred to a computer, 

as .csv or .txt files, using a micro-SD card in an easy-to-read format. 

After transferring the stored data from the sensors to a computer using a 

USB cable, it could be further analyzed using any numerical computing 

environment. 

The instrumented particle's casing is designed to accommodate 

different weights, allowing studying sediment transport and incipient 

motion for a range of sediment densities. A 2023kg/m3 density is used for 
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the experiment of this work, which is the density of quartz, the composing 

compound of most of the earth sediment material. The casing is designed 

using FreeCAD software, and it is built using a rigid ABS filament. The 

particle has been thrown continuously for an hour with a high force 

toward a hard surface to test if the instrumented particle can withstand 

high forces. The particle has remained operating and functional, 

confirming that it could be used in harsh and remote water environments, 

such as in fluvial systems. Although the current the instrumented particle 

is spherical, a range of different shapes and sizes of enclosures can be 

used depending on the purpose of the study. 

 

2.3. The Experimental Procedure 

Two video cameras are used to record the motions of the 

instrumented particle. The first camera, operating at 120 frames-per-

second, is placed on the flume side and focused on the test section. The 

second camera is a waterproof camera of small dimensions (2x2cm). It is 

set slightly downstream the test section to eliminate any interference with 

the flow near the test section that could affect the particle's response. 

Light-absorptive material, black in color, is placed on the background of 

the side camera's viewing while an ultra-bright light source is placed 

above the test section. This setup enables accurate monitoring of the 

instrumented particle's motions during the runs of the experiment due to 

the high contrast. 
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The flume is run at a flowrate that has the instrumented particle fully 

and continuously entrained. The continuous entrainment of the particle 

has been confirmed visually by the eye. Then the flowrate is reduced 

incrementally to finally have a flowrate that results in some periodic 

entrainments of the particle. This flowrate represents the upper limit of 

the flowrate range selected for the runs of the experiment of this work. 

Then, the flowrate is further reduced gradually and incrementally to have 

five more flowrates, i.e., six flowrates in total are selected for the six runs 

of the experiment. The selection of the flowrates of the experiment has 

been constrained so that the water flow depths are higher than 12cm for 

all six runs of the experiment to avoid water surface effects. The 

adequate flow depths are achieved at the desired flow velocities by 

adjusting the tailgate and the adjustable flume bed slope. The flow 

discharge (Q) selected for the runs of the experiment of this work ranges 

from 35.47l/s to 38.48l/s. This flowrate range is sufficient for studying the 

conditions that can result in the incipient entrainment of the instrumented 

particle. 

Before the start of each run, i.e., the instrumented particle test and 

the flow velocity measurements, the operating frequency of the pump of 

the flume is changed, using the torque inverter, to the desired frequency 

that results in the required flowrate. Then, the flume is left to run for 

about 2 hours to ensure the flow is steady and uniform. After that, seven 

flow depth measurements are conducted at 7 locations along the flume, 

using a high accuracy digital depth gauge, including a flow depth 
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measurement at the resting position of the instrumented particle. Then, 

the sensor is turned on and inserted inside the instrumented particle. The 

instrumented particle is marked to ensure placing it on the local bed-

topography in the test section in the same orientation for all six runs of 

the experiment. This specific orientation results in having the sensor's x-

axis in the flow direction and the sensor's z-axis in the vertical direction. 

The instrumented particle's test has lasted for about 20 minutes for each 

of the six runs of the experiment. Upon completing the instrumented 

particle's test, the particle is removed to eliminate any interference with 

the flow, and the flow velocity measurements are conducted. The three-

dimensional instantaneous flow velocity measurements are performed 

using Nortek Vectrino-1 acoustic Doppler velocimetry, ADV. The flow 

velocity measurements are performed in the vicinity of the instrumented 

particle's resting position after removing it, starting from 5mm above the 

sand face with a vertical spacing of about 5mm, on average, between 

every two successive measurements. For each of the vertical positions of 

the flow velocity measurement, the ADV is left in place without recording 

for about 3 minutes to prevent the effects of its movement on the 

readings. Then, the ADV is set to record for about 4 minutes at a 

frequency of 25Hz. This procedure, i.e., conducting the instrumented 

particle's test and the flow velocity measurements is repeated six times to 

have six runs in total. The six runs of the experimental results and the 

framework of analyzing the experimental data are presented in the 

following section. 
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3. Results 

3.1. The Flow Velocity Measurements Post 
Processing 

The acquired instantaneous flow velocity data is despiked with the 

methodology presented by Goring and Nikora (2002), which is modified 

by Wahl (2003) and Mori et al. (2007). The post-processed velocity 

measurements are then used to estimate the shear velocity (u∗) using the 

Grass method (Grass, 1970). The method is based on the law of the wall, 

and it requires having flow velocity measurements within the log-wall 

region. The flow velocity profile and the turbulent kinetic energy profile of 

one of the runs of the experiment are shown in Figure 3 below. 

 

 
It is clear from Figure 3 that the flow velocity profile is logarithmic for 

the hydraulically rough, fully developed turbulent flow. This observation is 

consistent for all six runs of the experiment. The data points shown in red 

in Figure 3, which are the flow velocity measurements made within the 

log-law region, are used to estimate the shear velocity. Then, the shear 

velocity is used to estimate the bed shear stress (τo), which is used for 

the estimation of the Shields stress (τ∗), or the Shields parameter, and 

the particle Reynolds number (Re∗). The Shields stress (τ∗), or the Shields 

parameter, is a dimensionless number that is the ratio of the force 

exerted by the flowing water on a particle to the submerged weight of the 

particle (Ws). The particle Reynolds number (Re∗) is the Reynolds number, 
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which is the ratio of the inertial forces to the viscous forces within a fluid 

for an object moving in a fluid. The results of these parameters for the six 

runs of the experiment are presented in Table 1. 

 

It is clear from Table 1 that the Shields stress for the six runs of the 

experiment is around the regime of incipient flow conditions predicted by 

many of experimental studies (Buffington and Montgomery, 1997; 

Valyrakis et al., 2013; Celik et al., 2010; Pähtz et al., 2020). 

 

3.2. The Sensor's Data Post Processing 

The sensor's logged readings are fused to generate the corrected 

acceleration, the corrected angular velocity, and the orientation in the x, 

y, and z directions for each run of the experiment. The corrected 

acceleration and the corrected angular velocity in the x, y, and z 

directions are then used to generate the time series of the total 

acceleration (aT = √ax
2 + ay

2 + az
2 ) and the total angular velocity (ωT =

√ωx
2 + ωy

2 + ωz
2). Then, the total acceleration and the total angular velocity 

of each run of the experiment are normalized and investigated. Samples 

of the time series of the normalized total acceleration and the normalized 

total angular velocity results of 3 runs of the experiment are shown in 

Figure 4. 
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It is evident from Figure 4 that there is an increase in the number of 

spikes that appear in the time series of the normalized total acceleration 

with the increase in the flowrate. Additionally, sudden, and big spikes 

appear in the time series of the normalized total acceleration, 

representing the full entrainment events of the instrumented particle due 

to its exposure to turbulent flow events with impulses above the critical 

impulse (Valyrakis et al., 2010). Also, there are small spikes in the time 

series of the normalized total acceleration representing the twitching 

events of the instrumented particle due to its exposure to turbulent flow 

events that are not energetic enough to entrain the particle fully but only 

vibrate it. Additionally, it is clear from Figure 4 that the number of these 

spikes, big and small, increases with the increase in the flowrate. 

As for the normalized total angular velocity, it is evident from Figure 4 

that the instrumented particle has rolled at a higher angular velocity 

during certain partial entrainment and full entrainment events compared 

to other events. This observation indicates that the energy transferred 

from the turbulent flow event(s) to the instrumented particle, causing its 

motion, is higher in some events than in others. Also, a close 

investigation of the time series of the normalized total angular velocity 

shows that the particle has returned to its resting position at a smaller 

angular velocity after some partial entrainment and full entrainment 

events compared to other events. This observation indicates that the 

triggering flow structures are advected differently downstream the 

particle for different partial entrainment and full entrainment events. 
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Finally, it is clear from Figure 4 that the number of spikes, big and small, 

that appear in the time series of the normalized total angular velocity 

increases with the increase in the flowrate. 

Then, the spikes that appear in the time series of the normalized total 

acceleration and the normalized total angular velocity of each run are 

manually compared to the motions of the instrumented particle that 

appear in the video recordings of the side camera. Based on this 

comparison, a threshold value for the normalized total acceleration and a 

threshold value for the normalized total angular velocity are defined. The 

thresholds are defined such that the peaks corresponding to the full 

entrainment events and the twitching events in the time series of the 

normalized total acceleration and the normalized total angular velocity are 

above and below these values, respectively, as shown in Figure 5. 

The procedure described in Figure 5 is then applied to the 

normalized total acceleration and the normalized total angular velocity 

results of the six runs to determine which parameter is better for 

estimating the frequency of entrainment of the instrumented particle. 

Between the two parameters, the normalized total angular velocity results 

show a better match to the full entrainment events recorded by the side 

camera compared to the normalized total acceleration results. 

Further investigation is then performed by comparing the motions 

of the instrumented particle that appear in the video recordings to the 

time series of the roll, pitch, and yaw results generated by the inertial 
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sensor fusion of the logged readings of the instrumented particle. As 

discussed in the experimental procedure, the specific orientation of the 

instrumented particle during each run of the experiment results in having 

the sensor's x-axis in the flow direction. Hence, the roll results represent 

the angular displacement of the instrumented particle during its motions 

toward the pin and its return to its resting position. First, the roll results 

are inspected visually to assess their quality. The roll results show that for 

all the runs, the minimum recorded roll value is almost zero. The 

maximum recorded roll value is about 0.1rad, which corresponds to a 

linear displacement of 3.5mm (the particle's diameter is 7cm and s=θ*r 

where s is the linear displacement, θ is the angular displacement, and r is 

the particle's radius). The estimated maximum linear displacement 

recorded by the instrumented particle is the same as the linear distance 

between the resting position of the instrumented particle and the pin 

based on the measurement made using a submillimeter accuracy ruler. 

This result serves as another confirmation of the accuracy of the fused 

results of the instrumented particle's logged readings. Then, the roll 

results have been normalized to determine the phases of motion of the 

instrumented particle, as shown in Figure 6. The time series of the 

normalized roll results are compared manually to the motions of the 

instrumented particle that appear in the video recordings of the side 

camera, and the results indicate that the instrumented particle can 

accurately detect different phases of motion. 
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In Figure 6, when the normalized roll is about 1, the instrumented 

particle is fully entrained (or touching the pin), as shown in Figure 6 at 

6.98-7.12min. On the other hand, at 6.84min and 6.9min, the normalized 

roll results are about 0.04 and 0.08, indicating twitching/vibration events. 

Finally, when the normalized roll is about zero, the instrumented particle 

is at its resting position. Among the normalized total acceleration results, 

the normalized total angular velocity results, and the normalized roll 

results, the latter has shown a better match to the full entrainment 

events based on the comparison to the motions of the instrumented 

particle recorded by the side camera. Therefore, it has been decided to 

use the normalized roll results for the next steps of the analysis. 

The analysis of the video recordings in slow motion and the normalized 

roll results show that for the lower flowrate runs, weak and slow 

entrainment events have occurred, while in few instances, 

vibration/twitching events are observed. This observation indicates that 

during the lower flowrate runs, the instrumented particle has been 

exposed to turbulent flow events with impulses above the critical impulse, 

which have resulted in entraining it fully. Additionally, this indicates that 

the particle has been exposed to turbulent flow events with impulses less 

than the critical impulse, which have resulted in vibrating the particle but 

not in entraining it fully (Valyrakis et al., 2010). Additionally, the particle 

has maintained a brief contact with the pin during the full entrainment 

events before the triggering flow structure is advected downstream the 

particle. Also, it is clear from the time series of the normalized roll results 
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and the video recordings of the side camera that the rate of complete 

particle entrainments, or the frequency of full entrainment events, is 

higher for the higher flowrate runs than the lower flowrate runs. 

Additionally, the full entrainment events that have occurred during the 

higher flowrate runs have longer durations, on average, than these of the 

full entrainment events that have occurred during the lower flowrate runs. 

Finally, more twitching events have occurred during the higher flowrate 

runs than during the lower flowrate runs. 

Since the focus of this study is investigating the full entrainment 

events near the threshold of motion, the normalized roll results (θ/θmax) 

are cleaned by eliminating any vibrations/twitching events from further 

analysis. Specifically, only (θ/θmax) data above 30%, as shown in red dots 

in Figure 6, is considered for further analysis. The cleaning process 

mentioned is applied to the normalized roll results of the six runs of the 

experiment. The cleaned, normalized roll results of 3 runs of the 

experiment are shown in Figure 7 below. 

 

Different metrics could be estimated using the normalized results, 

which are related to PE and Ps. The six metrics that are assessed and 

discussed in this work are the frequency of entrainment (fe), the ratio of 

the total duration of a particle's entrainment to the entire duration of its 

exposure to flow (TE), the ratio of the total resting duration of a particle to 

the entire duration of its exposure to flow (TR), the total number of full 

entrainment events of a particle per its total resting duration (fER), the 
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ratio of the total entrainment duration of a particle to its total resting 

duration (TER) and the ratio of the total resting duration of a particle to its 

total entrainment duration (RWR). Relating these metrics to PE and Ps is 

discussed in the next section. 

4. Discussion 

4.1. The Probability of Entrainment of an Individual 

Sediment Particle 

The first metric that could be estimated using the fusion results of 

the logged readings of the instrumented particle is the frequency of 

entrainment (fe) or the rate of entrainment. The metric represents the 

rate of full entrainment events or the total number of full entrainment 

events of a particle per the total duration of a particle's exposure to flow 

as shown in equation 1: 

fe =
The total number of full entrainment events of a particle 

tflow
 (1) 

where fe is the frequency of entrainment, tflow is the total duration of a 

particle's exposure to flow. For the six runs of the experiment of this 

work, the frequency of entrainment (fe) of the instrumented particle is 

estimated by dividing the total number of the full entrainment events that 

have occurred during each run by the entire time of the instrumented 

particle's exposure to the flow of that run, i.e., about 20 minutes. The 

results of the frequency of entrainment, the particle Reynolds number, 
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and the Shields stress for the six runs of the experiment are shown in 

Table 2 below. 

For Run2, having fe of 0.97(entrainment/minute) as shown in Table 

2, or almost one entrainment per minute indicates that there has been 

one full entrainment event that has occurred every minute of the time of 

the instrumented particle's exposure to the flow of that run. On the other 

hand, there have been about five full entrainment events that have 

occurred every minute of the time of the instrumented particle's exposure 

to the flow during Run4. Valyrakis et al. (2011) have suggested 

estimating PE using f(Icr)/fe where f(Icr) is the mean frequency of the 

impulses above a critical impulse, and fe is the rate of occurrence of 

complete particle entrainments. Their definition considers the 

effectiveness of the extreme impulse events in entraining a particle fully. 

As they have discussed, the frequency of entrainment could be used to 

estimate PE only for low flowrate cases or specifically if the total duration 

of a particle's entrainment is not significant compared to the entire 

duration of its exposure to flow (i.e., the entrainment events are short-

lived). As for high flowrate cases, there are turbulent flow events that can 

entrain a particle fully, that have occurred during the time of its 

dislodgement, which are not accounted for by fe. In other words, some full 

entrainment events could have taken place during the time a particle has 

been displaced, which are not accounted for by fe. The number of these 

turbulent flow events and the total duration of a particle's entrainment 

increase with the increase in flowrate. Hence, if the total duration of a 
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particle's entrainment is significant compared to the entire duration of its 

exposure to flow, using fe to estimate PE results in underestimating PE 

values. Hence, another metric, which could be used to estimate PE or be 

related to PE for high flowrate cases is needed. 

The second metric that could be estimated using the direct readings 

of the instrumented particle is the ratio of the total duration of a particle's 

entrainment to the entire duration of its exposure to flow (TE), as shown 

in equation 2: 

RE =
∑ te(i)N

i  

tflow
 

(2) 

where RE is the ratio of the total duration of a particle's entrainment to 

the entire duration of its exposure to flow, N is the total number of full 

entrainment events, te(i) is the duration of a complete entrainment event 

(i) (Figure 8). For the six runs of the experiment of this work, RE is 

estimated by dividing the sum of all the durations of the full entrainment 

events of the instrumented particle that have occurred during each run by 

the entire time of its exposure to the flow of that run. 

The third metric that could be estimated using the direct readings of 

the instrumented particle is the ratio of the total resting duration of a 

particle to the entire duration of its exposure to flow (TR), as shown in 

equation 3: 

RR =
∑ tw(i)N

i  

tflow
 

(3) 
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where RR is the ratio of the total resting duration of a particle to the entire 

duration of its exposure to flow and tw(i) is the waiting time between two 

successive full entrainment events (i) and (i+1) (Figure 8). 

For the six runs of the experiment of this work, RR is estimated by 

dividing the sum of all the waiting times between each two successive full 

entrainment events of the instrumented particle that have occurred 

during each run by the entire time of its exposure to the flow of that run. 

The relationship between RE and RR is RE+RR=1. The results of RE and RR 

for the six runs of the experiment are shown in Table 3. 

For Run3 in Table 3 above, RE of 0.178 indicates that the 

instrumented particle has remained dislodged for about 18% of the entire 

duration of its exposure to the flow of that run. As discussed previously, 

for the high flowrate runs, there are turbulent flow events that can 

entrain the instrumented particle fully that have occurred during the time 

of its dislodgement, which are not accounted for by fe. On the other hand, 

RE accounts for such turbulent flow events by accounting for the total 

entrainment duration of the instrumented particle. In other words, these 

turbulent flow events have kept the instrumented particle entrained for 

longer durations, and hence there is an increase in RE with the increase in 

the number of these events. For runs 4 and 5 of the experiment of this 

work, there is an increase of about 3.7% in the particle Reynolds number 

and an increase of about 7.4% in the Shields stress. For these two runs, 

the increase in fe is about 7.7% in comparison to an increase of about 
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20% in TE, i.e., the increase in the value of RE is about 2.6 times the 

increase in the value of fe. Using fe for estimating PE results in 

underestimating PE values for the higher flowrate runs, as discussed 

previously. Therefore, if the total duration of a particle's entrainment is 

significant compared to the entire duration of its exposure to flow, RE is a 

better metric than fe for the estimation of PE using TE=PE. For Run6, 

having RR of 0.642, as shown in Table 3, indicates that the instrumented 

particle has remained at its resting position, no-entrainment phase as 

shown in Figure 6, about 64% of the entire duration of its exposure to the 

flow of that run. RR and Ps are related by TR=Ps, RE and RR are related by 

TE+TR=1, and PE and Ps are related by PE+Ps=1. Hence, using the direct 

readings of the instrumented particle to estimate either RE or RR should 

suffice for the estimation of PE and Ps using the relationships discussed 

previously. 

The other three metrics that could be estimated using the direct 

readings of the instrumented particle are the total number of full 

entrainment events of a particle per its total resting duration (fER), the 

ratio of the total entrainment duration of a particle to its total resting 

duration (TER) and the ratio of the total resting duration of a particle to its 

total entrainment duration (RWR) as shown in equations (4), (5) and (6): 

fER =
The total number of full entrainment events of a particle

∑ tw(i)N
i  

 
(4) 
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RER =
∑ te(i)N

i  

∑ tw(i)N
i  

 
(5) 

RWR =
∑ tw(i)N

i  

∑ te(i)N
i  

 
(6) 

where fER is the total number of full entrainment events of a particle per 

its total resting duration, RER is the ratio of the total entrainment duration 

of a particle to its total resting duration, and RWR is the ratio of the total 

resting duration of a particle to its total entrainment duration. These 

metrics are similar to the previously estimated metrics, i.e., fe, TE, and TR; 

however, rather than using the total duration of a particle's exposure to 

flow to estimate the metrics, the total entrainment, and the total resting 

durations are used. The results of fER, TER, and RWR for the six runs of the 

experiment are shown in Table 4 below. 

Using fER to estimate PE and estimating PE using TER=PE work for low 

flowrate cases or basically when the total entrainment duration of a 

particle is small. For such cases, the total resting duration of a particle 

could be approximated as the total duration of its exposure to flow, and 

therefore fER and RER could be used to estimate PE. However, for high 

flowrate cases, or specifically when the total entrainment duration of a 

particle is significant compared to the total duration of its exposure to 

flow, the values of fER and RER become large. For example, for Run1, which 

is a low flowrate run, fER is 0.44(entrainment/minute) while fe is 

0.42(entrainment/minute), i.e., the values of the two metrics are close for 
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this run. On the other hand, for Run6, which is a high flowrate run, fER is 

9.53(entrainment/minute) while fe is 6.12(entrainment/minute), i.e., the 

value of fER for Run6 is about 1.6 times the value of fe for this run. 

Therefore, using fER rather than fe for estimating PE based on the formula 

presented by Valyrakis et al. (2011), f(Icr)/fe, results in underestimating 

PE values for the higher flowrate runs since the total resting durations of 

the instrumented particle are small for these runs, and hence the values 

fER become large. For Run1, the values of RER and RE are close, with RER of 

0.046 and RE of 0.044. On the other hand, for Run6, RER is 0.557 while RE 

is 0.358, i.e., the value of RER for Run6 is about 1.6 times the value of RE 

for this run. Therefore, using RER results in underestimating PE for the 

higher flowrate runs since the total resting durations of the instrumented 

particle are small for these runs, and hence the values of RER become 

large. If PE is estimated using TER=PE, then PE approaches infinity rather 

than 1 as the flowrate increases. 

Using similar logic, RWR could be used to estimate Ps using RWR=Ps 

for high flowrate cases. For such cases, the total entrainment duration of 

a particle could be approximated as the total duration of its exposure to 

flow. However, for low flowrate cases, or specifically when the total 

entrainment duration of a particle is small compared to the total duration 

of its exposure to flow, the value of RWR becomes large. For example, for 

Run1, which is a low flowrate run, RWR is 21.84 while RR is 0.956, i.e., the 

value of RWR for Run1 is about 23 times the value of RR for this run. As for 
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Run6, which is a high flowrate run, RWR is 1.79 while RR is 0.642, i.e., the 

value of RWR for Run6 is about 2.8 times the value of RR for this run. If Ps 

is estimated using RWR=Ps for any of the six runs of the experiment of this 

work, then the value of Ps will be greater than 1. Therefore, using RWR to 

estimate Ps results in overestimating values of Ps if the total entrainment 

duration of a particle is small compared to the total duration of its 

exposure to flow. If Ps is estimated using RWR=Ps, then Ps approaches 

infinity rather than 1 as the flowrate decreases. RER and RWR are related 

by RWR=1/RER. 

In summary, the instrumented particle provides a direct and 

consistent method for determining the conditions that can result in 

sediment entrainment. PE and Ps, which provide a probabilistic estimation 

of the risk of destabilization of riverbed material, can be estimated 

directly using the readings of the instrumented particle rather than 

inferred using near-bed flow diagnostics. Hence, the instrumented particle 

eliminates the uncertainties in determining the conditions that can result 

in sediment entrainment using the indirect methods of assessing flow 

metrics like flow velocity to estimate parameters like shear stress, which 

could be linked indirectly to sediment entrainment using criteria like the 

Shields diagram. The uncertainties in using these indirect methods can 

accumulate due to the uncertainties in the measurements of the tools 

used to gather the data, like flow velocity, and the methods used for 

estimating the parameters, like shear stress. In this work, the direct 

readings of the instrumented particle have been used to estimate six 
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metrics: fe, TE, TR, fER, TER, and RWR. Between fe and TE, fe could be used to 

estimate PE for low flowrate cases, or specifically when the entrainment 

events are short-lived. On the other hand, RE is a better metric to 

estimate PE using RE=PE for high flowrate cases, or specifically when the 

total duration of a particle's entrainment is significant compared to the 

total duration of its exposure to flow. As for Ps, RR could be used to 

estimate Ps using TR=Ps. The relationship between RR and RE is TE+TR=1, 

and the relationship between PE and Ps is PE+Ps=1. Using fER to estimate 

PE and estimating PE using TER=PE work for low flowrate cases since the 

total entrainment duration of a particle is small for such cases while 

estimating Ps using RWR=Ps works for high flowrate cases since the total 

resting duration of a particle is small for such cases. On the other hand, 

using fER and RER to estimate PE results in misleading PE values for high 

flowrate cases since the total resting duration of a particle is small for 

such cases. Finally, using RWR to estimate Ps results in misleading values 

of Ps for low flowrate cases since the total entrainment duration of a 

particle is small for such cases. Figures 9, 10, and 11 show fe, RE, and RR 

versus the particle Reynolds number for the six runs of the experiment. 

For the six runs of the experiment, the results presented in Tables 2 

and 3 and Figures 9, 10, and 11 indicate an increasing trend between fe 

and the particle Reynolds number and between RE the particle Reynolds 

number, i.e., PE increases with the increase in the particle Reynolds 

number or the flowrate. Additionally, the results indicate a decreasing 

trend between RR and the particle Reynolds number, i.e., Ps decreases 
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with the increase in the particle Reynolds number or the flowrate. This 

conclusion is expected since the number of the turbulent flow events with 

impulses above a critical impulse, i.e., can result in entraining a particle 

fully, increases with the increase in the particle Reynolds number or the 

flowrate. 

The results presented in Tables 2 and 3 and in Figures 9, 10, and 11 

show that the logged readings of the instrumented particle could be used 

to drive metrics that could be used to estimate PE and Ps, which provide a 

probabilistic estimation of the risk of destabilization of riverbed material 

(Valyrakis et al., 2011; Valyrakis et al., 2013; Al-Obaidi et al., 2020). 

According to such probabilistic approaches, the probability of entrainment 

of the most exposed particle resting on the bed surface should suffice to 

detect the risk of destabilization of the riverbed well before any critical 

failures appear. Therefore, the instrumented particle could be used as an 

early warning system for multiple applications around the fields of 

infrastructure monitoring like scour and environmental monitoring like 

riverbed destabilization and riverbank destabilization. 

 

4.2. The Probability of Entrainment and the 

Probability of Survival from Entrainment of an 
Individual Sediment Particle in the Literature 

Different authors have presented different methods for the estimation 

of PE and Ps. For example, Papanicolaou et al. (2002) and Ancey et al. 

(2008) have suggested estimating PE using PE=te/(te+tw) where te is the 
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mean displacement time, and tw is mean resting time. This definition 

works well where a particle can freely dislodge downstream, while for the 

case where a particle's motion is restricted by a pin similar to the case of 

this study, as shown in Figure 2, te could be approximated as the average 

time the particle has been displaced, i.e., touching the pin. Both te and tw 

could be estimated using the normalized roll results of the inertial sensor 

fusion of the instrumented particle's logged readings, as discussed 

previously. RE estimated in this study is equivalent to PE defined by 

Papanicolaou et al. (2002) and Ancey et al. (2008). Celik et al. (2010) 

has presented PE as the ratio of mean frequency of turbulent flow events 

with u2 > ucr
2  to the average rate of particle displacement (including 

twitching, partial entrainment, and full entrainment events). Finally, 

Valyrakis et al. (2011) have suggested using PE=f(Icr)/fe for estimating PE 

where f(Icr) is the mean frequency of impulses above the critical impulse, 

and fe is the rate of occurrence of complete particle entrainments. The 

latter definition for estimating PE considers only the events that can fully 

entrain a sediment particle, i.e., the turbulent flow events with impulses 

above a critical impulse. By considering only the turbulent flow events 

with impulses above a critical impulse, the definition of Valyrakis et al. 

(2011) considers the effectiveness of the extreme impulse events in 

entraining a grain and eliminates some of the uncertainties associated 

with the method presented by Celik et al. (2010). As for Ps, Papanicolaou 

et al. (2002) have suggested estimating Ps using Ps=tw/(te+tw) where te is 

the mean displacement time, and tw is mean resting time. RR estimated in 
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this study is equivalent to Ps defined by Papanicolaou et al. (2002). 

Finally, Valyrakis et al. (2011) have discussed different methods for the 

estimation of Ps. 

PE and Ps are important parameters since they indicate the risk of 

riverbed destabilization, riverbank destabilization, and the rate of bedload 

transport. In summary, PE and Ps have been investigated in the literature 

(Papanicolaou et al., 2002; Ancey et al., 2008; Celik et al., 2010; 

Valyrakis et al., 2011), and some experimental results have been 

reported. There is no universal metric, or criterion, that exists in the 

literature that covers the entire range of the Shields stress for different 

arrangements and for different conditions, which could be related to PE 

and Ps. Figure 12 shows the frequency of entrainment versus the Shields 

stress for the six runs of the experiment of this work in comparison to the 

experimental results of Valyrakis et al. (2011). 

 

 

It is clear from Figure 12 that for both studies, the rate of change of 

the frequency of entrainment versus the Shields stress is not the same for 

the entire range of the Shields stress. In other words, the slope of fe vs. τ∗ 

for the runs of the experiment of this work and in the work of Valyrakis et 

al. (2011) is different for different ranges of the Shields stress. Such a 

conclusion has implications on assessing the risk of riverbed 

destabilization and the rate of bedload transport, where the critical shear 

stress is an input for the models. Thus, different metrics that could be 

used to estimate PE and Ps need to be used for different ranges of the 
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Shields stress. Alternatively, a versatile metric (or criterion) related to PE 

and Ps that works for different ranges of the Shields stress is needed. 

 

4.3. Towards Field Deployment and Future 
Applications 

It has been demonstrated in this work, in lab settings, that the direct 

readings of the instrumented particle could be used to derive metrics that 

could be used to estimate PE and Ps, which provide a probabilistic 

estimation of the risk of destabilization of riverbed material. Therefore, 

and as discussed, such a tool could have a wide range of applications 

around the fields of eco-hydraulics, environmental monitoring like 

riverbank destabilization and riverbed destabilization, and infrastructure 

monitoring like scour. After the successful testing in lab settings, the next 

reasonable step is to demonstrate the instrumented particle's field 

deployment. Field deployment, as also demonstrated in the lab 

experiment presented in this work, by design is done in a fixed pocket 

where the combinations of pocket and particle characteristics offer 

resistance to the particle's motion, which is defined by the range of design 

flow conditions for which the range of particle response, frequency of 

entrainment, is targeted. The primary focus of the lab and field work is 

monitoring the flow conditions before transport takes place. In other 

words, the primary focus of the lab and the field work is monitoring pre-

entrainment or at entrainment conditions with applications like the risk of 
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riverbed destabilization, risk of riverbank destabilization and scour, and 

not monitoring high flows or extreme events. 

The preliminary lab/field tests conducted so far show that the 

instrumented particle can be successfully deployed in the field when 

combined with a range of technological innovations related to charging, 

data transfer, and locating and retrieving the instrumented particle when 

used in field studies. As for the charging, a base for conductive charging 

has been tested, and the preliminary results indicate that the deployment 

time could be extended for longer than 1hour (the current deployment 

time limit). As for data transfer, some methods have been tested in the 

lab and in the field, including transferring data by radio waves at specific 

Wi-Fi frequencies. For such methodology, the receiver has to be placed in 

a waterproof casing in the proximity of the particle at a distance of about 

10cm or less; otherwise, the data transfer is impacted. The downside of 

using this methodology for transferring data is the high cost and the need 

for careful considerations over appropriately locating the equipment 

underwater. Another methodology for transferring data that has been 

tested successfully is using physical connections, like umbilical cables 

connected directly to the particle. The cables provide the particle with 

electric power and transfer data outside the river to the central processing 

unit. Data is stored locally at the unit in an appropriate format and can be 

retrieved manually at any time. Another system that is currently in the 

development stage is a system that consists of a combination of different 

methods for transferring data and charging (Alexakis and Valyrakis, 2016; 
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Michalis et al., 2019). The new system consists of a base, where the 

particle sits, connected to the particle with waterproofed pins to conduct 

electricity and transfer data from the particle to the base. The base is 

connected to the central processing unit that is outside the river by an 

umbilical cable. Then, via satellite (3GPRS), the data stored locally at the 

processing unit could be delivered to the center of monitoring operations 

in real-time. Finally, to ensure that the particle could be located and 

retrieved when used in field studies, in case higher than the design flows 

take place leading to transporting the particle downstream its fixed 

pocket, it is planned to add an RFID transponder or an active tag to the 

particle (MacVicar et al., 2009). 

As demonstrated in this manuscript, the primary use of the 

instrumented particle is to study hydraulically rough flow environments 

with bed surfaces comprising coarse bed material. However, using the 

instrumented particle for studying entrainment of fine bed material, silt, 

or clay, in hydraulically smooth flows could potentially be still achieved if 

dedicated experiments are conducted to relate the response of the 

instrumented particle to the incipient motion conditions corresponding to 

the fine material in that bed surface. In designing such experiments, one 

needs to pay specific attention to: 

a) The distinct entrainment dynamics of coarse bed material versus 

fine bed material. 
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b) Using a proper definition for identifying the threshold of 

entrainment for the fine material, which is an open research topic 

on its own. 

c) Having a range of comprehensive experiments to conclude a 

distinct relationship between the instrumented particle's response 

and the assessed incipient motion conditions corresponding to a 

range of sizes of fine bed material. 

In summary, the instrumented particle could detect the risk of 

destabilization of a bed surface that comprises fine material, silt, or clay. 

However, for such application, carefully designed and dedicated 

experiments are needed to provide calibration charts that relate the 

response of the instrumented particle to PE and Ps of fine bed material, 

like clay or silt, for different flow conditions. Such charts provide a distinct 

relationship between the instrumented particle's response and PE and Ps 

of clay and silt of certain sizes and shapes, providing a probabilistic 

estimation of the risk of destabilization of a riverbed that comprises such 

fine material.  

As it has been discussed previously, further miniaturization of the 

instrumented particle in addition to a plethora of characteristic 

enhancements have been achieved by the group (Al-Obaidi et al., 2020; 

Al-Obaidi and Valyrakis, 2021) with successful testing in lab settings of 

the miniaturized instrumented particles in studying scour and sediment 

entrainment. The question regarding the size of the instrumented particle 

for field studies that arises is: having instrumented particles of 3 different 
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sizes, i.e., less than the d50 of bed surface material, equals the d50 of bed 

surface material and bigger than the d50 of bed surface material, as 

shown in Figure 13 below, which of the 3 is the best to be used to assess 

PE, which provides a probabilistic estimation of the risk of destabilization 

of riverbed material? 

 

For the case of a small-sized instrumented particle, particle a shown in 

Figure 13, or specifically, if the size of the instrumented particle is less 

than the d50 of the bed surface material it rests on, the particle is hidden 

within the laminar sublayer. A particle of this size will have a very high 

resistance to entrainment and be exposed to very small hydrodynamic 

forcing. Therefore, PE estimated using the readings of this particle will be 

less than PE of the bed surface particles. As for the case of a medium-

sized instrumented particle, particle b shown in Figure 13, or specifically, 

if the size of the instrumented particle is the same as the d50 of the bed 

surface material it rests on, PE estimated using the readings of the 

instrumented particle is the same as PE of the bed surface particles, if the 

instrumented particle and the bed surface particles have the same 

properties. Thus, the best size of an instrumented particle that could be 

used to assess the risk of destabilization of a riverbed that comprises 

particles is the d50 of these particles. As for the case of a large-sized 

instrumented particle, particle c shown in Figure 13, or specifically, if the 

size of the instrumented particle is bigger than the d50 of the bed surface 

material it rests on, the particle will generally have less resistance to 

entrainment, and it will be exposed to higher hydrodynamic forcing in 
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comparison to the bed surface particles of sizes equal to the d50. For 

example, in the experiment of this work, the instrumented particle 

protrudes well in the logarithmic layer, which corresponds to a proportion 

of the flow depth ranging from 0.22D to 0.62D, where D is the 

instrumented particle's diameter. Thus, during the runs of the experiment 

of this work, the instrumented particle has been exposed to the macro-

scale turbulence of the stream (Cameron et al., 2020) in addition to the 

auto-generated boundary-layer turbulence (Valyrakis et al., 2010), similar 

to the case of particle c shown in Figure 13. Therefore, PE estimated using 

the readings of the instrumented particle is higher than PE of the bed 

surface material. However, the difference between the two values is not 

expected to be pronounced because the instrumented particle is slightly 

lighter than the quartz particles of a typical riverbed bed surface. 

Additionally, this configuration can be preferable when using such a tool 

in practical cases since it offers an early warning for the risk of riverbed 

destabilization. 

 

5. Conclusions 

In this work, an instrumented particle of 7cm in diameter is used to 

investigate the incipient entrainment of a coarse particle resting on a bed 

surface. The sensors of the instrumented particle are calibrated using 

simple and easy to validate theoretically physical motions to quantify the 

uncertainties in their readings. Specifically, a freefall experiment and a 

pure rolling down an inclined plane experiment are used to estimate the 
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uncertainties in the accelerometer and the gyroscope readings, 

respectively. The input of an appropriate inertial sensor fusion filter, 

which is used to reduce the uncertainties in the sensors' readings, is 

changed based on the results of the calibration experiments. The two 

calibration experiments are repeated to test the performance of the 

inertial sensor fusion process. Uncertainty reduction has been achieved 

with an error of only 1.1% in the acceleration and the angular velocity 

data after the inertial sensor fusion of the logged readings, which is 

considered infinitesimal. The instrumented particle is then used to assess 

the incipient entrainment of a coarse particle resting on a bed surface for 

a range of flowrate near the threshold of motion. The normalized roll 

results of the inertial sensor fusion of the logged readings of the 

instrumented particle are selected to investigate the entrainment of the 

instrumented particle since they have shown a better match to the full 

entrainment events recorded by the side-camera than the normalized 

total acceleration and the normalized total angular velocity results. The 

normalized roll results indicate that the instrumented particle can detect 

different phases of motion: full entrainment, vibration, and no 

entrainment accurately. 

The normalized roll results of the inertial sensor fusion of the logged 

readings of the instrumented particle are used to drive metrics that could 

be used to estimate the probability of entrainment of an individual 

sediment particle (PE) and the probability of survival from entrainment of 

an individual sediment particle (Ps), or the probability of a particle found 
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at its resting position. PE and Ps provide a probabilistic estimation of the 

risk of destabilization of riverbed material. Specifically, six metrics are 

estimated using the logged readings of the instrumented particle, which 

are the frequency of entrainment (fe), the ratio of the total duration of a 

particle's entrainment to the entire duration of its exposure to flow (TE), 

the ratio of the total resting duration of a particle to the entire duration of 

its exposure to flow (TR), the total number of full entrainment events of a 

particle per its total resting duration (fER), the ratio of the total 

entrainment duration of a particle to its total resting duration (TER) and 

the ratio of the total resting duration of a particle to its total entrainment 

duration (RWR). Between fe and TE, fe could be used to estimate PE for low 

flowrate cases or basically if the entrainment events are short-lived. On 

the other hand, RE is a better metric to estimate PE using RE=PE for high 

flowrate cases or basically if the total duration of a particle's entrainment 

is significant compared to the total duration of its exposure flow. As for Ps, 

RR could be used to estimate Ps using RR=Ps. The relationship between RR 

and RE is RE+RR=1, and the relationship between PE and Ps is PE+Ps=1. 

Using fER to estimate PE and estimating PE using TER=PE work for low 

flowrate cases since the total entrainment durations are small for such 

cases while estimating Ps using RWR=Ps works for high flowrate cases since 

the total resting durations are small for such cases. 

The results of the experiment of this work indicate an increasing trend 

between fe and the particle Reynolds number and between RE the particle 

Reynolds number, i.e., PE increases with the increase in the particle 
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Reynolds number or the flowrate. Additionally, the results indicate a 

decreasing trend between RR and the particle Reynolds number, i.e., Ps 

decreases with the increase in the particle Reynolds number or the 

flowrate. This conclusion is as expected since the number of the turbulent 

flow events with impulses above a critical impulse, i.e., can result in 

entraining a particle fully, increases with the increase in the particle 

Reynolds number or the flowrate. 

The instrumented particle provides a direct and consistent method for 

determining the conditions that can result in sediment entrainment. PE 

and Ps, which provide a probabilistic estimation of the risk of 

destabilization of riverbed material, can be estimated directly using the 

readings of the instrumented particle rather than inferred using near-bed 

flow diagnostics. Hence, the instrumented particle eliminates the 

uncertainties in determining the conditions that can result in sediment 

entrainment using the indirect methods of assessing flow metrics like flow 

velocity to estimate parameters like shear stress, which could be linked 

indirectly to sediment entrainment using criteria like the Shields diagram. 

The uncertainties in using these indirect methods can accumulate due to 

the uncertainties in the measurements of the tools used to gather the 

data, like flow velocity, and the methods used for estimating the 

parameters, like shear stress.  

The instrumented particle provides a viable alternative solution to 

investigate the entrainment of sediment particles in complicated flows and 
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in high turbidity environments where the visibility is restricted. It provides 

a direct, non-intrusive, low-cost, and accessible method for assessing 

sediment entrainment, which eliminates the need for expensive laboratory 

experiments and reactive field visits. The instrumented particle combined 

with the framework presented in this work could have a wide range of 

applications around the fields of eco-hydraulics, environmental monitoring 

like riverbank destabilization and riverbed destabilization, and 

infrastructures like scour. Additionally, experimentation with instrumented 

particles, as shown in this work in this work can produce an extensive 

range of datasets, which can be used to benefit the numerical modeling of 

solids transport processes via validating Lagrangian particle transport 

models, including benefiting discrete element modeling (DEM), also 

coupled with computational fluid dynamics (CFD-DEM) studies. 
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Appendix 1: The Sensor's Calibration 

The calibration process has consisted of simple and easy to validate 

theoretically physical motions to quantify the uncertainties in the 

accelerometer and the gyroscope separately. For calibrating the 

accelerometer, the sensor is dropped in freefall from two different heights 

of 70cm and 58cm, measured from the center of the accelerometer to the 

location of impact. To ensure the repeatability of the experiment and 

minimize the experimental errors, a submillimeter accuracy ruler is used 

for the height measurement, and the sensor is dropped to the same 

position each time, as illustrated in Figure A1. The inclination of both 

surfaces, i.e., the surfaces of drop and impact, are measured and 

confirmed to be zero before the freefall experiment is performed. 

When the sensor falls under the sole influence of gravity, the x, y, and 

z readings of the accelerometer should be zero if it does not change its 

orientation during the freefall since the sensor is moving with an 

acceleration equals to the gravitational acceleration and they cancel one 

another. The height of a freefall of an object could be estimated 

theoretically using Newton's law of linear motion as shown in equation 

EA1: 

 y = yo + vot −
1

2
g t2  (EA1) 

where y is the final height of fall, vo is the initial velocity, g is the 

gravitational acceleration, yo is the initial height of fall and t is the fall 

time. Since the height is measured with respect to the impact location on 
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the underlying ground, y is zero. Additionally, since the sensor is dropped 

from rest in a freefall, vo is zero. Thus, equation EA1 reduces to yo =
1

2
g t2. 

For each of the two heights of the freefall experiment, three runs are 

performed, and the average heights, estimated using the accelerometer 

readings, are 72.53cm and 59.7cm, respectively. The accelerometer 

readings in the x, y, and z directions are used to estimate the total 

acceleration using aT = √ax
2 + ay

2 + az
2. The total acceleration results of one 

of the runs of the freefall experiment are shown in Figure A2. As shown in 

Figure A2, the total acceleration is about 9.81m/s2, which is the value of 

the gravitational acceleration when the sensor has been at rest, as 

expected. The total acceleration has then declined to zero during the 

freefall. Then, there is a sharp increase in the total acceleration due to the 

impact between the sensors and the ground, followed by attenuation. 

Finally, the total acceleration has declined to 9.81m/s2, which is the value 

of the gravitational acceleration, when it has returned to rest. Although 

the sensor is dropped vertically to ensure no change in its orientation 

during the freefall, there are slight changes in its orientation during some 

runs, as evident from the total angular velocity estimated using the 

gyroscope readings (Figure A3). The average error of the three runs of 

the freefall experiment 1 (drop from a height of 70cm) is 3.61%, and the 

average error of the three runs of the freefall experiment 2 (drop from a 

height of 58cm) is 2.93%. The average error of the two experiments is 

3.27%. Given that the freefall experiments are performed by hand, there 
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is a slight change in the orientation of the sensor at the beginning of 

some runs, which has resulted in some experimental error, and the fact 

that the air resistance is not accounted for by Newton's law of linear 

motion, the uncertainty in the accelerometer readings is deemed 

acceptable. 

 

As for calibrating the gyroscope, the instrumented particle is let to roll 

down two inclined planes of 5cm and 10cm in height starting from rest 

after inserting the sensors inside it, as illustrated in Figure A4. To ensure 

the repeatability of the experiment and minimize the experimental error, 

a thread is attached to the starting position of the roll to ensure starting 

each run from the same position. Additionally, a hard surface is placed at 

the end of the inclined plane to ensure ending each run at the same 

position. Also, the planes are fixed well to the ground using strong glue to 

keep them in the exact location. 

For a pure rolling of an object down an inclined plane, the conservation 

of energy could be used to estimate the angular velocity down the plane 

since the potential energy lost by the drop in height should equal the gain 

in the kinetic energy down the plane, assuming that there is no friction 

between the rolling object and the plane surface, as shown in equation 

EA2: 

 mgh =
1

2
mv2 +

1

2
Iω2   (EA2) 
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where m is the mass, h is the height of the inclined plane, v is the linear 

velocity, I is the moment of inertia, and ω is the angular velocity. The 

moment of inertia of a filled sphere depends only on its radius and could 

be estimated using I =
2

5
mr2 where r the radius of the sphere. Additionally, 

the linear velocity could be related to the angular velocity using ω =  
v

r
 . 

Therefore, for the pure rolling of a filled sphere down an inclined plane, 

equation EA2 reduces to v = √
10

7
gh where h is the height of the inclined 

plane. Thus, for pure rolling down an inclined plane, the linear velocity of 

a sphere rolling down an inclined plane depends only on the height of the 

inclined plane. On the other hand, the angular velocity of a sphere rolling 

down an inclined plane depends on the height of the inclined plane and 

the radius of the sphere. Hence, the theoretical angular velocities of a 

filled sphere of 7cm in diameter, which has purely rolled down inclines of 

5cm and 10cm in height when it has reached the bottoms of these 

inclines, are 23.92rad/s and 33.82rad/s, respectively. Three runs are 

performed for each of the two heights of the pure rolling down an inclined 

plane experiment. The total angular velocity of the sphere during each 

run of the experiment is calculated using the gyroscope logged readings. 

Specifically, the total angular velocity is estimated using ωt =

√ωx
2 + ωy

2 + ωz
2 where ωx, ωy, and ωz are the angular velocity readings of 

the gyroscope in the x, y, and z directions. As shown in Figure A5 for one 

of the runs of the pure rolling down an inclined plane experiment, the 

total angular velocity starts from zero, since the sphere is let to roll down 
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the incline from rest, and then it increases in value, with the highest total 

angular velocity is at the bottom of the inclined plane. This result is 

expected since the linear and the angular velocities are directly 

proportional to the height of the inclined plane. Additionally, it can be 

noticed from Figure A5 that there is a sharp decline in the total angular 

velocity after it has reached a maximum value due to the impact between 

the sphere and the hard surface that is placed at the end of the plane. For 

each of the two heights of the pure rolling down an inclined plane 

experiment, three runs are performed, and the average total angular 

velocities, estimated using the gyroscope readings, are 23.4rad/s and 

33.21rad/s, respectively. The average error of the three runs of the pure 

rolling down an inclined plane experiment 1 (the pure rolling down an 

inclined plane of 5cm in height) is 2.2%, and the average error of the 

three runs of the pure rolling down an inclined plane experiment 2 (the 

pure rolling down an inclined plane of 10cm in height) is 1.8%. The 

average error of the two experiments is 2%. Given that the pure rolling 

down inclined plane experiments are performed by hand and the fact that 

EA2 assumes that there is no friction between the rolling object and the 

plane surface, the uncertainty in the gyroscope readings is deemed 

acceptable. 

 

Based on the uncertainties in the accelerometer and the gyroscope 

readings estimated using the calibration experiments, the input of an 

appropriate fusion filter that uses the nine-axis Kalman filter structure 
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(Kalman, 1960) has been changed. The principle behind an inertial sensor 

fusion process is using the readings of one of the sensors, like the 

accelerometer, for correcting the readings of the other, like the 

gyroscope. Hence, the process results in reducing the uncertainties in the 

readings of both sensors. For the filter's input, variances of accelerometer 

and gyroscope signal noises of 0.00374(m/s2)2 and 8.7x10-4(rad/s)2 are 

used. Finally, a variance of the magnetometer signal noise of 0.1 µT2, the 

built-in filter value, is used. 

The two calibration experiments are repeated to test the performance 

of the inertial sensor fusion process. Uncertainty reduction has been 

achieved with an error of only 1.1% in the acceleration and the angular 

velocity data after the inertial sensor fusion of the logged readings, which 

is considered infinitesimal. The sensor is then inserted in the 

instrumented particle, which is used to conduct the flume experiment. 
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Figure 1. The experimental setup (top view of the flume and the test section). 

  



 

 
This article is protected by copyright. All rights reserved. 

 

 

Figure 2. (a) a top-view of the IMU unit (b) a side-view the instrumented particle 

resting on the 3D-printed local bed-topography outside the flume (c) a side-view the 

instrumented particle resting on the 3D-printed local bed-topography in the test section 

before starting the experiment (d) a side-view the instrumented particle during one of 

the runs of the experiment. 
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Figure 3. The flow velocity (u) profile and the turbulent kinetic energy 

(k) profile for Run4. The data points in red represent the flow velocity 

measurements made within the log-law region. The instrumented particle 

resting on the local bed-topography is shown next to the profiles for 

comparison reasons. 
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Figure 4. Samples of the time series of the normalized total acceleration and the 

normalized total angular velocity results for 3 runs of the experiment. 
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Figure 5. Illustrations of how the time series of a) the normalized total acceleration and 

b) the normalized total angular velocity could be used to detect the different phases of 

motion: full entrainment, vibration/twitching, and no entrainment. The thick red lines 

represent the threshold values. 
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Figure 6. The different phases of motion, which have been detected using the 

normalized roll results of the inertial sensor fusion of the logged readings of the 

instrumented particle during one of the runs of the experiment. 
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Figure 7. Samples of the time series of the normalized roll results of 3 runs of the 

experiment. 
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Figure 8. An illustration of the entrainment duration of an event and the waiting time 

between two successive full entrainment events based on the normalized roll results of 

the inertial sensor fusion of the instrumented particle's logged readings where te is the 

duration of a full entrainment event, tw is the waiting time between two successive full 

entrainment events and i is an event number. 
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Figure 9. The variation of frequency of entrainment (entrainment per minute) with 

particle Reynolds number for the six runs of the experiment. 
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Figure 10. The change of ratio of the total duration of the instrumented particle's 

entrainment to the entire duration of its exposure to the flow with particle Reynolds 

number for the six runs of the experiment. 
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Figure 11. The ratio of the total resting duration of the instrumented particle to the 

entire duration of its exposure to the flow against the particle Reynolds number for the 

six runs of the experiment. 
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Figure 12. The change of the frequency of entrainment (entrainment/minute) with the 

Shields stress for the six runs of the experiment of this work compared to the 

experimental results of Valyrakis et al. (2011). 
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Figure 13. Demonstration of flow structures of different length scales impinging on 

exposed particles resting on the bed surface: a) hidden within the laminar sublayer b) 

exposed to the logarithmic layer c) fully exposed to the mean flow. 
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Figure A1. Illustration of the freefall experiment for the accelerometer calibration (not 

to scale). 
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Figure A2. The accelerometer readings during Run2 of the freefall experiment 1 (drop 

from a height of 70cm). 
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Figure A3. The gyroscope readings during Run2 of the freefall experiment 1 (drop from 

a height of 70cm). 
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Figure A4. Illustration of rolling the instrumented particle (with the sensor inserted in it) 

down the inclined planes of 5cm and 10cm in height for the gyroscope calibration (not to 

scale). 
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Figure A5. The gyroscope readings during the pure rolling of the sphere (the 

instrumented particle used in this work) down the inclined plane of 10cm in height 

(Run3). 

  



 

 
This article is protected by copyright. All rights reserved. 

Table 1. Description of the results of the six runs of the experiment. 

Run 

name 

Q (x10-2) 

(m3/s) 

𝐮∗  
(m/s) 

𝛕𝐨 = 𝛒𝐮∗
𝟐  

(Pa) 
𝛕∗ =  

𝛕𝐨

(𝛒𝐬 − 𝛒𝐰)𝐠𝐃
 𝐑𝐞∗ =

𝛒𝐮∗𝐃

𝛍
 

Run1 3.55 0.058 3.31 0.0047 4528.20 
Run2 3.58 0.061 3.68 0.0052 4774.57 

Run3 3.64 0.064 4.15 0.0059 5067.38 
Run4 3.77 0.069 4.80 0.0068 5451.77 

Run5 3.80 0.072 5.16 0.0073 5653.32 

Run6 3.85 0.075 5.55 0.0079 5862.61 

 

 
Table 2. The particle Reynolds number, the Shields stress, and the frequency of 

entrainment of the instrumented particle for the six runs of the experiment. 

Run 

name 
𝐑𝐞∗ =

𝛒𝐮∗𝐃

𝛍
 𝛕∗ =  

𝛕𝐨

(𝛒𝐬 − 𝛒𝐰)𝐠𝐃
 fe 

(entrainment/minute) 

Run1 4528.20 0.0047 0.42 
Run2 4774.57 0.0052 0.97 

Run3 5067.38 0.0059 1.21 
Run4 5451.77 0.0068 4.91 

Run5 5653.32 0.0073 5.29 
Run6 5862.61 0.0079 6.12 
 

 

Table 3. The results of RE and RR for the six runs of the experiment. 

Run 

name 

RE RR 

Run1 0.044 0.956 

Run2 0.098 0.902 
Run3 0.178 0.822 

Run4 0.290 0.710 
Run5 0.348 0.652 

Run6 0.358 0.642 
 

 

Table 4. The results of fER, TER, and RWR for the six runs for the experiment. 

Run name fER (entrainment/minute) RER RWR 

Run1 0.44 0.046 21.84 

Run2 1.07 0.109 9.19 
Run3 1.47 0.217 4.62 

Run4 6.92 0.409 2.45 
Run5 8.11 0.534 1.87 

Run6 9.53 0.557 1.79 
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Linking the explicit probability of entrainment of 

instrumented particles to flow hydrodynamics. 

 

In this work, a methodology to derive metrics that could be linked to 

the probability of coarse sediment entrainment, which serves as a 

probabilistic estimation of the risk of destabilization of riverbed surface, is 

presented. A novel, low-cost and accessible device, namely an 

instrumented particle, is used to directly assess the probability of incipient 

motion and link this to near bed surface flow hydrodynamics (assessed 

using detailed flow velocimetry). The framework presented herein can find 

a range of applications, spanning the interface of industrial (multiphase 

transport processes), engineering (i.e. hydraulic infrastructure 

monitoring) and geosciences (e.g. habitat assessment). 
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