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Abstract

Laboratory experiments were performed to study the impact of the relative particle protrusion P/D (P is the protrusion height

and D is the diameter of the target particle) on the mechanism of entrainment of sediment particles from a spherical rough bed.

The target particle to be entrained was instrumented with electronic sensors, which can measure the tri-axis linear acceleration,

and consequently the inertial hydrodynamic forces, during the entrainment process. The velocity field was obtained using the

two-dimensional Particle Image Velocimetry (PTV) technique and the velocity data were synchronised with the force data

relative to the entrainment time. Experimental results show that the magnitudes of inertial drag force and lift force have a

decreasing trend as particle protrusion increases. The ratio of inertial lift force to drag force reveal that drag force slightly

dominates the entrainment process at P/D > 0.7 while lift force slightly dominates at P/D < 0.62. Also, the inertial drag and

lift coefficients were computed by the force data and velocity data. The inertial drag coefficient was found to be independent

of P/D when P/D < 0.62 but declined with increasing P/D for P/D > 0.62. Similarly, the variation of inertial lift coefficient

with P/D reversed at P/D = 0.7. This variation of force coefficients with P/D is consistent with the independence of inertial

forces with respect to P/D when P/D > 0.62-0.7. In summary, the inertial forces demonstrate that the impact of protrusion

on the particle entrainment becomes less important when P/D > 0.62-0.7.
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Abstract  20 

Laboratory experiments were performed to study the impact of the relative particle protrusion P/D (P 21 

is the protrusion height and D is the diameter of the target particle) on the mechanism of entrainment 22 

of sediment particles from a spherical rough bed. The target particle to be entrained was instrumented 23 

with electronic sensors, which can measure the tri-axis linear acceleration, and consequently the inertial 24 

hydrodynamic forces, during the entrainment process. The velocity field was obtained using the two-25 

dimensional Particle Image Velocimetry (PTV) technique and the velocity data were synchronised with 26 

the force data relative to the entrainment time. Experimental results show that the magnitudes of inertial 27 

drag force and lift force have a decreasing trend as particle protrusion increases. The ratio of inertial lift 28 

force to drag force reveal that drag force slightly dominates the entrainment process at P/D > 0.7 while 29 

lift force slightly dominates at P/D < 0.62.  Also, the inertial drag and lift coefficients were computed 30 

by the force data and velocity data. The inertial drag coefficient was found to be independent of P/D 31 

when P/D < 0.62 but declined with increasing  P/D for P/D > 0.62. Similarly, the variation of inertial 32 

lift coefficient with P/D reversed at P/D = 0.7. This variation of force coefficients with P/D is consistent 33 

with the independence of inertial forces with respect to P/D when P/D > 0.62-0.7. In summary, the 34 

inertial forces demonstrate that the impact of protrusion on the particle entrainment becomes less 35 

important when P/D > 0.62-0.7.  36 

Key words: Inertial drag force; inertial lift force; entrainment; relative protrusion;  37 

1 Introduction 38 

Through the erosion and deposition process, sediment transport contributes significantly to 39 

the natural evolution of river bed morphology (Recking et al., 2015) and also affects the aquatic habitat 40 

(Riebe et al., 2014). Sediment transport is a widely considered issue in water resources engineering and 41 

is a crucial consideration in areas such as the drainage of sediment deposition in a reservoir (Rahmani 42 

et al., 2018), erosion of the foundation of a hydraulic structure (Wang et al., 2018; Yang et al., 2019), 43 

and channel stability (Turowski et al., 2009). To address these issues, the critical condition for the initial 44 

movement of sediment particles is fundamentally important. 45 

 Generally, the critical condition of initial sediment movement can be determined using either 46 

deterministic (Zanke, 2003; Ali & Dey, 2016) or stochastic (Wu & Chou, 2003; Bose & Dey, 2013) 47 

approaches. Among the numerous studies on this topic, the classic work comprising the Shields 48 

parameter (Shields, 1936) has been widely used due to its simplicity of application and the apparent 49 

physical definition of the parameter. The critical Shields parameter θc is calculated by the following 50 

equation: 51 

                                            θc = u*
2/[(ρ

s
/ρ-1)gD]                                                                    (1)  52 
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where u* is the shear velocity, ρs is the sediment density, ρ is the fluid density, g is the gravitational 53 

acceleration, and D is the sediment diameter. θc is plotted against the particle Reynolds number Re* (Re* 54 

= u*D/v, where v is the fluid viscosity) in the original Shields diagram with the experimental data. The 55 

Shields diagram is widely used as a standard method to obtain the threshold condition of sediment 56 

motion, and considerable efforts have been made to explain the data scatter in the diagram (Buffington 57 

and Montgomery, 1997; Paphitis, 2001). However, the single Shields number is not suitable for 58 

predicting the wide range of threshold conditions for particle motion, even for an idealised particle. 59 

Many complex variables (bed irregularity, turbulence, etc.) need to be taken into account (Wiberg and 60 

Smith, 1987; Wilcock et al., 2003; Lamb et al., 2008; Dey & Ali, 2017). It is hard to consider a universal 61 

criterion of entrainment for all circumstances. In this study, the impact of particle protrusion on the 62 

initial particle movement is studied. 63 

Bed irregularity may result in different protrusion heights of the sediment particles and affect 64 

the movability of equivalent particles. Fenton and Abbott (1977) pointed out that the original 65 

experiments used for the proposal of the Shields diagram were established on a relatively flat bed where 66 

no prominent protrusions can be observed. Therefore, they performed experiments in which the target 67 

particle was placed on a vertical rod and was extended into the water with various protrusion heights, 68 

thereby allowing investigation of the critical Shields number at different particle protrusion heights. 69 

Their experimental results indicate that the protrusion height has a significant impact on the critical 70 

Shields number. They also reported a critical value of 0.01 for a high protruding particle, which is 71 

considerably smaller than the commonly used Shields value, i.e. 0.03 – 0.06. Following the research of 72 

Fenton and Abbott (1977), Chin (1985) improved the experimental method and verified the importance 73 

of particle protrusion on the initial particle movement. Fenton and Abbott (1977) suggested that the 74 

Shields parameter has the minimum value of 0.01 at relative protrusion P/D = 0.82. The ratio P/D = 75 

0.82 (P is the particle protrusion height and D is the diameter of the entrained particle) is the highest 76 

protrusion the target particle can reach when seated on the roughness particles with the same diameters 77 

(calculated from the local geometry relationship, assuming that the particles have spherical shape). Chin 78 

(1985) verified this value but suggested that a smaller value may be obtained at a higher protrusion 79 

height. Coleman et al. (2003) investigated the influence of particle protrusion on initial particle 80 

movement for crushed rock particles. In their experiments, square-shaped particles with various lengths 81 

and heights were used. They used similar experimental procedures to Fenton and Abbott (1977) and 82 

found that the critical Shields number of cuboid particles is smaller than that of spherical particles at 83 

the same protrusion, and also has a decreasing trend as the protrusion height increases. 84 

 Comparison of the results of  Coleman et al. (2003), Fenton and Abbott (1977) and Chin 85 

(1985) reveals the vital role of particle protrusion in the initial particle movement for spherical particles 86 

and also for cuboid particles. In addition to experimental research on the protrusion effect, some 87 

analytical methods also involve the protrusion height effect. Dwivedi et al.( 2012) proposed a new 88 
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Shields-type parameter to quantify the threshold flow condition, in which a modified factor is used to 89 

represent the protrusion height effect. In general, high protrusion not only contributes to the stronger 90 

movability of single grains but also affects the total bed sediment flux (Masteller and Finnegan, 2017; 91 

McKie et al., 2021). A highly protruding sediment grain provides a shelter region for the nearby 92 

sediment particles by preventing the shear region from approaching the bed surface (Raus et al., 2019). 93 

However, after removing the high protruding grain, the nearby stabilised sediment particles are more 94 

exposed and susceptible to erosion. Using flume experiments, Masteller and Finnegan (2017) 95 

highlighted a significant correlation between the fraction of highly protruding particles (determined 96 

from the variation of sediment elevation) and the total sediment transport rate. Overall, the influence of 97 

particle protrusion on sediment transport is significant from the grain scale to the macro fluvial reach 98 

scale.  99 

As summarised, scientific works have been conducted to clarify the importance of particle 100 

protrusion in the initial sediment movement. However, most experimental studies have focused on 101 

investigating the flow characteristics rather than measuring the hydrodynamic forces acting on the 102 

particles with different protrusion heights. Analysis of the disequilibrium of the forces applied to a 103 

particle is the basis of determining the critical condition, especially for the establishment of theoretical 104 

models (Vollmer and Kleinhans, 2007; Ali and Dey, 2016). Therefore, some researchers have attempted 105 

to measure the hydrodynamic forces acting on a sediment particle under various circumstances (Fischer 106 

et al., 2002; Cameron et al., 2019; Bin Riaz et al., 2021) and tried to link them to the turbulent flow 107 

(Schmeeckle et al., 2007; Dwivedi et al., 2010a) or the averaged flow characteristics (Lamb et al., 2017). 108 

However, there remain limitations regarding the force measurement methods. Load cells or pressure 109 

sensors are commonly employed to investigate the hydrodynamic forces. The target particle is fixed to 110 

a mechanical sensor. Because the particle movement is restricted, the load cell can only record the force 111 

data until the particle is dislodged.  112 

In recent years, advanced electronic techniques have brought a new possibility for sediment 113 

transport research. Some researchers placed accelerometers inside artificial or natural sediment particles 114 

(Kularatna et al., 2005; Abeywardana et al., 2009; Frank et al., 2014a) to investigate particle entrainment. 115 

Once the assembled particle moves, the embedded sensors can start recording the acceleration data. The 116 

acceleration data are transformed to the exerted forces by multiplying the particle mass. This new 117 

approach has been applied to impact force measurement (Spreitzer et al., 2019; Shafiei et al., 2016), 118 

monitoring river bed scour and sediment transport (Gendaszek et al., 2013; Olinde and P.L.Johnson, 119 

2015; Stephenson and Abazović, 2016; Radchenko, 2017), and initial particle motion (Frank et al., 120 

2014b; Maniatis et al., 2017; Maniatis et al., 2020). The concept of using instrumented accelerometers 121 

to measure the hydrodynamic forces exerted on the target particle has a distinct difference from the 122 

previously invasive methods. Since the accelerometers are instrumented inside the target particle, the 123 

flow in the vicinity of the target particle is not disturbed, and the actual entrainment condition is 124 
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provided. Without requiring the restriction of movement, the recorded acceleration can directly reflect 125 

the particle dynamics during the entrainment process. Compared with previous research, this method 126 

provides precious information for the particle entrainment mechanism and direct measurement of the 127 

applied force during the movement process.  128 

The main objective of this study is to investigate the impact of particle protrusion on the 129 

entrainment process using instrumented sensors. The sensors can directly measure the inertial forces 130 

acting on the destabilised particle and, monitor the instantaneous dynamic features after entrainment. 131 

The present study not only helps to strengthen the understanding of entrainment mechanism but also 132 

provides a new insight on data acquisition and analysis.  133 

2 Experimental apparatus 134 

2.1 Flume and particle protrusion setup 135 

Experiments were conducted in a 12 m long and 0.44 m wide recirculating tilting flume. A 136 

grid-shaped guide vane and straightener were installed to reduce the water surface undulation at the 137 

inlet of the flume. The flume has glass sidewalls that make the observation of the sediment particle 138 

movement clear and convenient (Figure 1a). The slope of the flume can be adjusted through the in-built 139 

jacking system with a maximum slope of 1%. The adjustment of the flume slope ensures a uniform flow 140 

condition during the experiments, with a range of approximately 0.04 – 0.08%. A pavement layer of 141 

plastic spheres was used to create a rough bed in a close hexagonal-packed pattern. The interstice 142 

formed by three adjacent packed particles provided the pocket for the target particle's placement (as 143 

shown in Figure 1b). The term "target particle" is used to refer to the spherical particle that is entrained 144 

in the experiments. The spherical roughness layer has a length of 4.5 m which ensures the full 145 

development of the flow structure. A 1.2 m long transition region composed of 2 – 3 cm natural coarse 146 

pebbles was installed upstream and downstream of the roughness layer. The deployment of the 147 

transition region aimed to reduce extra disturbance resulting from the abrupt change of the bed geometry. 148 

The test area was 4.7 m downstream of the entrance of the complete roughness layer. Four tape rulers 149 

(with a measurement accuracy of 0.5 mm) were attached to the sidewall of the flume with a space of 150 

0.5 cm upstream of the target particle. The measured flow depths confirmed uniform flow conditions.  151 
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 152 

Figure 1. Flume setup, the blue arrow indicates the main flow direction. (a) Location of the light box and the 153 

camera; (b) target particle setting on the bed roughness particles. 154 

The velocity field was measured using two-dimensional Particle Tracking Velocimetry (PTV). 155 

Tracer particles were fed into the recirculated flow and illuminated by the light-box. The light-box is a 156 

light source comprising an LED light array and fixing boards. Two boards are fixed together with screw 157 

systems, resulting in a small slit (5 mm) from which the lights are focused into a thin strip. The 158 

illuminated microparticles are neutrally buoyant and move in the flow direction. Their paths are 159 

captured by the camera located at the left side of the flume at a 1.2 m distance from the flume side wall. 160 

The position of the camera and the light-box are shown in Fig. 1a. Apart from the light-box, other indoor 161 

lights would be turned off during experiments. Also, the light-box was covered by black plastic cloth, 162 

which avoided extra ambient light from the outside environment. The camera operates at a frequency 163 

of 100 Hz, as is the sampling frequency of the acceleration measurement (described in the next section). 164 

The captured images are analysed for generating the flow field information by Streams, a software 165 

developed by Dr Nokes from the University of Canterbury, New Zealand. More information can be 166 

found in Nokes (2019). 167 

As mentioned above, the spherical target particle was placed in the pocket formed by three 168 

adjacent spherical particles. From the known diameter sizes, the protrusion height P of the target particle 169 

above the top of surrounding roughness spheres can be computed. Two sizes of target particles with 170 

diameters of 30 mm and 40 mm, and two sizes of roughness spheres with diameters of 40 mm and 27 171 

mm were used, resulting in four protrusion heights P = 21.3 mm (30 mm target particle over 40 mm 172 

roughness spheres), 25.4 mm (30 mm target particle over 27 mm roughness spheres), 32.6 mm (40 mm 173 

target particle over 40 mm roughness spheres), and 36.2 mm (40 mm target particle over 27 mm 174 

roughness spheres). Additionally, some specially designed three-dimensional models were employed 175 

to increase the target particle protrusion range. The schematic design for the three-dimensional model 176 

supporting the 30 mm target particle at P = 16 mm is shown in Figure 2. The top part of the model has 177 

a spherical shape, and the bottom part is a cylinder. With this design, the downstream face of the target 178 

particle is supported by two adjacent roughness spheres. The upstream face of the target particle is 179 
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supported by the top sphere connected to the cylinder. This design maintains the geometry consistency 180 

(comparing Figure 1b and Figure 2a) and reduces the gap between the target particle and bed roughness 181 

caused by the particle protrusion. By this method, three absolute particle protrusions (P = 16, 18, and 182 

20 mm) were achieved for the target particle of 30 mm on the 40 mm bed spheres. Another two absolute 183 

particle protrusions (P = 25, 30 mm) were achieved for the target particle of 40 mm on the 40 mm bed 184 

spheres. Overall, nine absolute protrusions were used, resulting in nine relative particle protrusions P/D 185 

(D is the diameter of the target particle). 186 

 187 

Figure 2. Particle protrusion setup design, take the example of P = 16 mm. (a) plan view; (b) side 188 

view; the blue arrow denotes the main flow direction. 189 

During an entrainment experiment, the flow rate is slowly increased until initial particle 190 

movement is triggered. After each adjustment, the flow rate remained constant for 10 seconds to check 191 

whether the entrainment occurred. Preliminary experiments were conducted prior to the formal 192 

entrainment experiments. The preliminary experiments were used to decide the appropriate flow range 193 

for the particle entrainment at a specific particle protrusion. Then, the formal entrainment experiments 194 

were started at a close-to-threshold condition flow rate. The flow depth was measured from the 195 

theoretical bed elevation Z0. There is no standard definition of the theoretical bed elevation for a rough 196 

bed, although it should be in the range of 0 – ks, where ks is the roughness height which can be taken as 197 

the diameter of the roughness spheres when the bed is made of regular spherical elements (Dong et al., 198 

1991). The value used varies amongst the data from different sources (Nezu and Nakagawa, 1993). In 199 

this study, the theoretical bed level where the velocity equals zero is defined as 0.2 d (d is the diameter 200 

of the spherical roughness elements). The value 0.2 d follows previous research  (Cameron, 2006; 201 

Dwivedi, 2014), which used a similar experimental setup to the present study, and is in the range of 202 

0.15 – 0.3 ks, as suggested by Nezu and Nakagawa (1993). A flow depth of 203 mm was used for all 203 

experiment series, measured from the theoretical bed level. The coordinate system of measurement 204 

adopted the right-hand rule, with the positive X-axis along the mainstream direction and the positive Z-205 

axis pointing to the flow surface. Since the target particle was always placed at the flume centre line, 206 

the origin of the coordinate system was at the flume centre line (Y = 0), 0.2 d below the roughness top 207 



Page | 8 

 

(Z = 0), and the target particle centre line (X = 0). The experimental setup and flow conditions are 208 

summarised in Table 1. 209 

Table 1. Summary of the case conditions 210 

Case number 
Q 

(l/s) 

H 

(mm) 

D 

(mm) 

d 

(mm) 

P 

(mm) 

P/D 

(-) 

Uavg 

(m/s) 

Re 

103 (-) 

Fr 

(-) 

Case 1 27.7 203 30 40 16 0.53 0.31 25.4 0.34 

Case 2 24 203 30 40 18 0.6 0.268 21.9 0.30 

Case 3 21.7 203 30 40 20 0.67 0.243 19.9 0.27 

Case 4 18.9 203 30 40 21.3 0.71 0.212 17.4 0.24 

Case 5 18.6 203 30 27 25.4 0.85 0.209 17.1 0.23 

Case 6 30.8 203 40 40 25 0.62 0.344 28.2 0.38 

Case 7 25.4 203 40 40 30 0.75 0.285 23.3 0.32 

Case 8 20.8 203 40 40 32.6 0.82 0.232 19.0 0.26 

Case 9 20.5 203 40 27 36.2 0.9 0.23 18.8 0.26 

Note: Q denotes flow rate; H is flow depth from the 0.2 d below the roughness elements; D is the diameter of the 211 

target particle; d is the diameter of the roughness spheres; P is the absolute protrusion height of the target particle 212 

from the roughness top; P/D is defined as the relative protrusion height; Uavg is the cross-sectional velocity 213 

calculated by the flow rate; Re is Reynolds number, and Fr is Froude number, calculated with the Uavg. 214 

2.2 Measurement of the inertial hydrodynamic force on the entrained particle 215 

The target particle was instrumented with an electronic board, including a tri-axis 216 

accelerometer, tri-axis gyroscope, and tri-axis magnetometer. With the instrumented sensors, the linear 217 

acceleration of the target particle is known during the dislodgement process. The plan and side view of 218 

the electronic units are shown in Figure 3. The coordinate system of measurement is deployed at the 219 

top left corner in Figure 3a and Figure 3b. The electronic board is a commercial product from the 220 

Mbientlab Company (San Francisco, CA, USA), which can be used for multi-purpose motion tracking. 221 

The electronic board is powered by a replaceable lithium coin battery installed on the backside of the 222 

board (Figure 3b). The manufacturer provides software for remote controlling the manipulation and 223 

data transmission, and the measured data were stored onboard temporarily and downloaded after the 224 

experiment was finished. The storage space of the memory unit allows a consistent measure time of up 225 

to four minutes with a 100 Hz sampling frequency.  226 
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 227 

Figure 3. The embedded electronic board in the target particle: (a) plan view; (b) side view 228 

The spherical enclosures were specially designed to house the electronic units and protect 229 

them from water damage. Two different sizes of spherical enclosure were designed, with an outside 230 

diameter of 30 mm and 40 mm, respectively. The 30 mm enclosure is shown in Figure 4a - 4b, and 231 

Figure 4c – 4d demonstrates the 40 mm enclosure. Both enclosures comprised two hollow hemispheres, 232 

which can be screwed together at the centre plane. The bottom hemisphere of the enclosure was 233 

designed to keep the electronic board stable and on the centre plane. The junction of the two 234 

hemispheres was filled with a thin layer of silicon glue to prevent water leakage. The materials of the 235 

two enclosures are carbon fibre for the 30 mm target particle and aluminium for the 40 mm target 236 

particle. The enclosure material requires good waterproofing capacity and data transmission 237 

performance. For the 30 mm target particle enclosure, three-dimensional printing technology was 238 

employed for the manufacturing. However, the carbon fibre material is too light for the 40 mm particle 239 

enclosure to maintain the density consistency. Therefore, aluminium was chosen to manufacture the 40 240 

mm particle enclosure. Both particle enclosures have a smooth surface and are painted with a black 241 

colour to reduce light reflection. The complete particles had almost the same density of 1136.37 kg/m3 242 

and 1136.72 kg/m3, respectively.  243 

 244 
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Figure 4. Enclosure and package of the target particle (TP): (a) the bottom part of the enclosure of TP-1; (b) the 245 

top part of the enclosure of TP-1; (c) the bottom part of the enclosure of TP-2; (d) the top part of the enclosure 246 

of the TP-2; (e) the assembled TP-1 and its dimension; (f) the assembled TP-2 and its dimension. 247 

As mentioned previously, the velocity measurement frequency was set to 100 Hz to maintain 248 

synchronisation with the force measurement. Two sets of measurement data were synchronised at the 249 

particle entrainment time. The entrainment time was determined by inspecting the elevation change of 250 

the target particle among all the images. The entrainment time can also be determined from the time 251 

history of the acceleration data. The target particle is assumed to be entrained when its acceleration 252 

magnitude continuously surpasses the threshold noise level of the accelerometers (0.03 m/s2). The 253 

threshold noise level is considered as the standard deviation of the acceleration when the accelerometer 254 

is kept stationary. Electronic sensors have signal noise even with the most accurate manufacturing 255 

techniques (Kok et al., 2017). In spite of the inevitable noise, accelerometers still have good 256 

performance and potential for capturing the particle dynamics during the movement process (Maniatis 257 

et al., 2017; Maniatis et al., 2020). After determining the exact entrainment time, the two sets of the 258 

measured data were synchronised. The tri-axis acceleration was then transformed to force data by 259 

multiplying by the target particle mass. The transformed force directly reflects the particle dynamics 260 

and is termed the inertial hydrodynamic force herein. 261 

3 Inertial forces acting on the target particle 262 

3.1 Tri-acceleration time histories for various particle protrusions 263 

The tri-axis linear acceleration during a very short time (0.15 s) was investigated. The period 264 

of 0.15 s was chosen for two reasons. First, the linear acceleration measurement accuracy could be 265 

maintained for only a short time, and secondly, the acceleration during this time reflects directly the 266 

dynamic response of the particle at the instant of the entrainment event. Considering the main objective 267 

of this paper is focused on the particle response at the instant of entrainment, analysing the tri-axis linear 268 

acceleration during that short period is appropriate. Figure 5 shows the time series of tri-axis linear 269 

acceleration at different particle protrusions, from 0.1 seconds, before the particle entrainment, to 0.15 270 

seconds after the particle entrainment. In Figure 5, ax, ay and az represent the linear accelerations for X, 271 

Y, and Z axis direction, respectively. The vertical dotted lines in these graphs represent the entrainment 272 

time t = 0. For each case, the entrainment time has been set to zero, which makes the comparison 273 

between different cases easier.  274 
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 275 

Figure 5. Tri-axis acceleration of the target particle before and after the entrainment for different P/D. (a) – (e) 276 

show the acceleration of 30 mm particle and, (f) – (i) show the acceleration of 40 mm particle. 277 

Before t = 0, the target particle remains stationary. The fluctuations in the acceleration data 278 

before t = 0 are at the level of the signal noise (rather than being particle vibration), which was verified 279 

by inspecting the captured images. After t = 0, the variation of the acceleration magnitude exceeds the 280 

noise threshold indicating that the target particle starts moving. In Figure 5, it is apparent that the Y-281 

axis acceleration magnitude is small for all protrusions relative to the X-axis and Z-axis accelerations. 282 

The Y-axis acceleration magnitude tended to remain at the level of background noise. The relatively 283 

small value of the Y-axis acceleration indicates that the target particle has no or minimal lateral 284 

movement during the entrainment process. Generally, the X-axis and Z-axis accelerations have 285 

comparable magnitudes at each time instant (except sometimes ax exceeded az or vice versa) for all 286 

protrusion heights. The peak magnitude of the X-axis and Z-axis accelerations decrease from about 0.09 287 

m/s2 at P/D = 0.53, 0.62 to about 0.04 m/s2 at P/D = 0.85, 0.9. The obvious drop of acceleration 288 

magnitude shows that particle protrusion has a significant influence on the hydrodynamic forces 289 

required for particle entrainment. It is also apparent that the peak magnitude of the acceleration is not 290 

solely dependent on the relative particle protrusion. For example, the peak acceleration at P/D = 0.6 291 

(0.08 m/s2) is smaller than that at P/D = 0.62 (0.09 m/s2), and the peak acceleration at P/D = 0.71 (0.05 292 
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m/s2) is smaller than that at P/D = 0.75 (0.06 m/s2). The values of P/D = 0.6, 0.71 apply to the 30 mm 293 

target particle, while the values of P/D = 0.62, 0.75 apply to the 40 mm target particle. This difference 294 

implies that the particle size itself also affects the magnitude of the accelerations since a stronger force 295 

is required to "lift" a heavier object. However, this effect of particle size becomes less prominent for 296 

higher particle protrusions (P/D = 0.82, 0.85, and 0.9). The magnitude of tri-axis accelerations at these 297 

high protrusions are relatively similar.  298 

3.2 Averaged inertial force during entrainment  299 

In this section, the mean inertial force data, obtained by averaging the acceleration data over 300 

the time period of 0.15 s following particle entrainment, are discussed. The mean inertial force acting 301 

on the particle during the 0.15 s time period is determined as 302 

                                                   0

0.15

t

i

i

a t
F m


=


                                                                        (2) 303 

where m is the mass of the target particle, with a unit of kg; Δt is the time interval of the measurement 304 

data = 0.01 s; ai is the measured acceleration at each time instant; and t is the time period = 0.15 s. The 305 

computed mean forces in the X, Y and Z directions are plotted against the relative particle protrusions 306 

in Figure 6a – 6c. Also, the resultant inertial forces F̅iR , calculated on the basis of the tri-axis 307 

accelerations (shown in equation 2), are plotted in Figure 6d.  308 

                                                       
2 2 2( ) ( ) ( )iR ix iy izF F F F= + +                                                  (3) 309 

The data in the figures are grouped by the target particle size. Following the findings from 310 

Figure 5, the role of the Y-axis inertial force F̅iy appears to be negligible compared with that of the other 311 

force components. For the current setup, the principal direction of movement of the entrained target 312 

particle is along with the X-axis and Z-axis directions. This result shows the entrainment path of the 313 

target particle is similar for different protrusion heights as expected because of the method of setting 314 

the protrusion heights, as discussed in Section 2. The geometrical set-up facilitates a focus on protrusion 315 

effects alone, eliminating other issues associated with the complexity of the overall entrainment process. 316 

The decreasing trends indicate that both F̅ix  and F̅iz  are inversely related to the relative particle 317 

protrusion height.  318 
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Figure 6. Averaged inertial (a) longitudinal, (b) lateral, (c) vertical, and (d) resultant forces for 320 

different P/D.  321 

As pointed out in Figure 5, the particle size also impacts the magnitude of inertial forces. From 322 

Figure 6a, 6c, and 6d, the magnitudes of longitudinal, vertical and resultant inertial forces acting on the 323 

40 mm target particle are always more significant than those on the 30 mm target particle at the same 324 

P/D value. The results for the 30 mm target particle show a 4.710-4 N reduction in  F̅ix and a 5.410-4 325 

N reduction in F̅iz, from P/D = 0.53 to 0.85. The results for the 40 mm target particle show an 11.710-326 

4 N reduction in F̅ix and a 15.410-4 N reduction in F̅iz, from P/D = 0.62 to 0.9. These results show that 327 

the force decreases at a higher rate with increasing protrusion for the 40 mm particle, compared to that 328 

for the 30 mm particle. This is due to the protrusion increase having a more significant impact on the 329 

decrease of the acting force for coarser particles. The contribution of each axial force component to the 330 

resultant force is expressed as a percentage and is plotted against relative protrusion for each case in 331 

Figure 7. The percentage fluctuation of F̅ix and F̅iy varies slightly with particle protrusion for both target 332 

particle sizes and appears to do so independently of particle protrusion. The F̅ix component fluctuates 333 

in a range of 40% - 50%, while F̅iy varied between 0 – 20%. However, the F̅iz component shows a slight 334 

decrease (from 50% - 40%) as the protrusion height increases. 335 
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Figure 7. Percentage of tri-axial inertial forces for (a) 30 mm target particle and (b) 40 mm target 337 

particle at different P/D. 338 

 As discussed above,  F̅iY  is relatively small compared to F̅iX  and F̅iZ  , i.e., the force 339 

components exerted on the X-Z plane. This is because the present experimental setup limits the particle 340 

motion direction allowing focus on the protrusion effect on entrainment. In the present study, the inertial 341 

drag force F̅iD can be obtained as follows:  342 

                                                      
2 2

iD iX iYF F F= +                                                               (4) 343 

The inertial lift force F̅iL is represented by F̅iZ. The inertial drag and lift forces for both sizes of the 344 

target particles, normalised using the submerged weight of each target particle FW, are plotted as a 345 

function of P/D in Fig. 8a and 8b, respectively. Normalisation using the submerged weight of each 346 

target particle means that the effect of the different particle sizes is included in the plot. Here,  F̅iD  and 347 

F̅iL data at P/D = 0.4 and 0.47 are added in Figure 8 and Figure 9. The experiments for the inertia forces 348 

measurement at P/D = 0.4 and 0.47 are not listed in Table. 1, because the synchronised velocity data 349 

were not measured. Therefore, the force data at P/D = 0.4 and 0.47 are only plotted in Figure 8 and 350 

Figure 9 as additional information, to better demonstrate the variation trend. The dashed lines (power 351 

functions), which demonstrate an inverse relationship between force and relative protrusion, are good 352 

fits to the data for the normalised inertial drag force (R2 = 0.9) and lift force (R2 = 0.8) within the range 353 

P/D = 0.53 to 0.9.  354 
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Figure 8. Normalised (a) drag force and (b) lift force for different particle protrusions 356 

In general,  F̅iL/FW and F̅iD/FW have similar magnitudes, but Figure 8a and 8b do not allow 357 

their individual effects on particle entrainment to be defined. For further analaysis, the ratio of F̅iL to 358 

F̅iD is computed at each P/D value. The variation of F̅iL F̅iD⁄  with P/D is presented in Figure 9, in which 359 

the horizontal line represents the value of F̅iL F̅iD⁄  = 1, i.e., the drag and lift components are equal. It is 360 

apparent that  F̅iL F̅iD⁄  > 1 occurs for P/D < 0.62 and F̅iL F̅iD⁄  < 1 for P/D > 0.67. This result implies 361 

that a transition region exists between P/D = 0.62 and 0.67. The vertical line in the graph at P/D = 0.65 362 

represents the transition region. The grey regions in Figure 9 encompass the two regions.  They are 363 

defined by the ranges   P/D < 0.62 and  F̅iL F̅iD⁄   0.8 – 1.5, and P/D > 0.67 and  F̅iL F̅iD⁄   0.7 – 1. It is 364 

clear that the inertial drag force commonly dominates in the entrainment process at high protrusion, 365 

while the inertial lift force becomes important at lower protrusions.  366 
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Figure 9. The ratio of inertial lift force to drag force 368 

The averaged F̅iL F̅iD⁄  is about 0.9 for 0.67 < P/D < 0.9, and about 1.1 for 0.53 < P/D < 0.62. 369 

Both values indicate that the inertial drag and lift force have comparable impacts on the particle 370 

entrainment. The mode of movement of the target particle is also important and accounts for some of 371 

the difference in the force ratio values at entrainment. There are three modes of movement of sediment 372 
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particles: sliding, rolling, and saltation (Ancey et al., 2002; Ancey et al., 2003). A saltating particle 373 

begins moving with a vertical jump from the setting pocket, and the lift force may be dominant at the 374 

instant of entrainment. Compared with a saltating particle, a sliding/rolling particle has less strong 375 

vertical motion. A rolling particle rotates initially such that both drag and lift forces are important during 376 

entrainment. In this study, entrainment occurred due to rolling motion, which partly explains the similar 377 

magnitude of the measured inertial drag and lift forces. In the following section, the synchronised 378 

velocity data are presented and their link with inertial force is discussed. 379 

4 Velocity and inertial forces 380 

4.1 Double-averaged velocities at 0.15D above the target particle 381 

A protruding target particle leads to heterogenous spatial distribution of velocity in the near 382 

bed region (Raus et al., 2019). Therefore, the double-averaged (both in time and space) velocity is 383 

considered appropriate to analyse its link with the mean inertial forces. The double-averaged concept is 384 

used by many researchers for the study of flow over a rough bed (Nikora et al., 2001; Dwivedi, 2014; 385 

Raus et al., 2019). It consists of average computation in the time domain, and spatial averaging along 386 

the horizontal plane parallel to the bed surface.  In the double-averaged methodology, the time-averaged 387 

velocity can be decomposed into double-averaged and spatial averaged components, as follows: 388 

                                                U U U= +                                                                         (5) 389 

where the overbar and bracket denote the time average and spatial average, respectively, and the wave 390 

overline represents the spatial fluctuation. The average time period is 10 seconds prior to the particle 391 

entrainment. The spatially averaged window in this study is from 2d upstream to 2d downstream of the 392 

target particle centre (d is the diameter of the target particle). This averaging window is a compromise 393 

between ensuring enough length to include the velocity variation, while limiting the length of the 394 

window. Additionally, the double-averaged velocity is extracted from the measurement field at 0.15D 395 

above the target particle centroid. The vertical location of the specific velocity analysis is at Zm = 0.2d 396 

+ P + 0.15D from the theoretical bed level. This location was chosen because Dwivedi et al. (2010b) 397 

found a maximum correlation between the instantaneous velocity and drag force at this height, and they 398 

used a similar experimental setup to the present study. In summary, the double-averaged longitudinal 399 

velocity <U̅0.15D> and vertical velocity <V̅0.15D> at Zm are extracted from velocity field. The double 400 

averaged longitudinal and vertical velocity are plotted against the P/D in Figure 10a and 10b, 401 

respectively. 402 
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Figure 10. Double-averaged velocity at the height of 0.15 D above the target particle. (a) Longitudinal velocity; 404 

(b) vertical velocity.  405 

Both <U̅0.15D> and <V̅0.15D> are inversely related to P/D, which is similar to the relationship 406 

between the inertial forces and P/D. The <U̅0.15D> value for the target particle with 30 mm diameter is 407 

0.243 m/s at P/D = 0.53, and drops to 0.154 m/s at P/D = 0.85. Interestingly, the lowest value <U̅0.15D> 408 

= 0.146 m/s was found at P/D = 0.71. This suggests that the effect of particle protrusion becomes 409 

minimal when P/D > 0.71. The flow strength required for particle entrainment varies slightly between 410 

P/D = 0.71 and P/D = 0.85. Conversely, the value of <U̅0.15D> decreased continually from 0.265 m/s 411 

to 0.153 m/s for the 40 mm target particle, with an obvious drop from P/D = 0.82 to 0.9. The value of 412 

<V̅0.15D> decreased from 0.012 to 0.0045 m/s for the 30 mm target particle, and from 0.013 to 0.009 413 

m/s for the 40 mm target particle.  414 

4.2 Relationship between inertial forces and velocity 415 

In this section, we further discuss the relationship between the inertial hydrodynamic forces 416 

and the velocities at different particle protrusion heights. The results could provide more information 417 

for developing a theoretical model to predict the threshold condition of particle entrainment. The inertial 418 

drag force FiD and lift force FiL exerted on the sediment particle are generally expressed in the following 419 

forms: 420 

                                                  
2

0.150.5iD iD DF C U A=                                                       (6a) 421 

                                                  
2

0.150.5iL iL DF C U A=                                                       (6b) 422 

in which CiD is the inertial drag coefficient, CiL is the inertial lift coefficient, and A is the cross-sectional 423 

area of the target particle projected on the transverse plane of the flow above the bed roughness (related 424 

to the particle protrusion P). In order to simplify the calculation process, the cross-sectional area above 425 

the top of the surrounding bed roughness is used for the coefficient computation, following the research 426 

of Cameron (2006). The schematic graph of exposed area A at the absolute particle protrusion P is 427 
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shown in Figure 11, together with the computed results of A versus P/D. Equation 7a and 7b show the 428 

calculation of the exposed area, the results are summarised in Table 2. 429 

                                                               
1 2

2cos ( )
2

P D

D
 − −

=                                                          (7a) 430 

                                                          ( )
2

1 2
2 4 4

D D
A P D

 



 
= − + − 

 
                                         (7b)                       431 

where   is the radian of the obstructed area of the target particle (shown in Figure 11), and π is the 432 

mathematic constant. 433 

Table 2. Summarised exposed area and the inertial drag and lift coefficients 434 

 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 

A (10-4 m2) 1.99 2.43 2.86 3.11 3.75 4.62 5.92 6.46 6.92 

CiD (-) 0.134 0.127 0.128 0.121 0.072 0.124 0.084 0.092 0.107 

CiL (-) 0.138 0.136 0.106 0.108 0.061 0.148 0.077 0.076 0.106 

 435 

 436 

Figure 11. Schematic graph of the exposed area calculation and the computed results of A versus P/D 437 

From Figure 11, it is seen that the exposed area of the target particle gradually increases with 438 

increasing P/D. The measured forces and the calculated values of 0.5ρ<𝑈̅0.15D>
2
A are plotted in Figure 439 

12a and Figure 12b. Also, the value of 0.5ρ<𝑉̅0.15D >
2
A is calculated and plotted against the measured 440 

forces in Figure 12c and 12d, to demonstrate their correlation. From Figure 12a, it is apparent that both 441 

the inertial drag and lift forces are positively related to <U̅0.15D>. Also, the inertial drag and lift forces 442 

are positively related to <V̅0.15D> (Figure 12b).  443 

 444 
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Figure 12. The relationship between the (a) F̅iD and 0.5ρ<𝑈̅0.15D>
2
A; (b) F̅iD and 0.5ρ<𝑈̅0.15D>

2
A; (c) F̅iD 446 

and 0.5ρ<V̅0.15D>
2
A; (d) ) F̅iD and 0.5ρ<V̅0.15D>

2
A .The error bars indicate the standard deviation of the 447 

repeated experiments.  448 

In Figure 12, the dotted lines are plotted using regression analysis and indicate the linear 449 

relationship between the forces and 0.5ρ<𝑈̅0.15D>
2
A (or 0.5ρ<𝑉̅0.15D >

2
A) values. The scatter in the 450 

data, especially at higher inertial force values, is due to a number of factors, including the simplified 451 

method adopted to define the exposed areas, the variation of the inertial drag and lift coefficients, the 452 

calculation of the velocity at a specific location, and the velocity fluctuations. These simplifications 453 

facilitate the variation of the inertial drag and lift coefficients with the relative particle protrusion P/D 454 

being the focus of the analysis. Using Equation 4a and 4b, the inertial drag coefficient CiD and lift 455 

coefficient CiD are calculated and plotted in Figure 13a and 13b as functions of P/D. The calculated 456 

results are summarised in Table 2. 457 
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Figure 13. Inertial (a) drag coefficients and (b) lift coefficients at different P/D. 459 

The inertial drag coefficient CiD ranged from 0.08 to 0.13, and the lift coefficient CiL ranged 460 

from 0.06 to 0.14, indicating that is they have similar values over the range of P/D values investigated. 461 

The inertial lift coefficient has a slightly higher value than the inertial drag coefficient for lower 462 

protrusion cases (see Table 2: Case 1, 2, and 6), but a smaller value for the higher protrusion cases (see 463 

Table 2: Case 3, 4, 5, 7, 8 and 9). Both the drag coefficient and the lift coefficient are relatively constant 464 

at lower P/D (0.5-0.7) and decrease for P/D ≥ 0.7. The particle protrusion affects the values of both the 465 

inertial drag and lift coefficients for P/D ≥ 0.7. In this range, the exposed frontal area of the target 466 

particle increased (Figure 11b) but the inertial forces and <U̅0.15D>  values remained approximately 467 

constant (Figure 8 and Figure 10a). According to Equation 4a and 4b, the force coefficients are 468 

determined by A, <U̅0.15D> ,FiD, andFiL. When the values of <U̅0.15D> ,FiD, andFiL remained 469 

constant, the increased value of A results in a decrease of the force coefficients. In other words, the 470 

turning points of the inertial coefficients with P/D are correlated to those of the inertial forces with P/D. 471 

Here we noticed that the threshold P/D is 0.7 for drag coefficient variation (Figure 13a) and 0.62 for 472 

lift coefficient (Figure 13b). As discussed above, this difference indicates that the inertial drag force 473 

becomes stable when P/D > 0.7 and, inertial lift force approaches to be constant when P/D > 0.62 474 

(Figure 8).  475 

5 Critical Shields number  476 

In this section, the critical Shields numbers θc (defined in Equation 1) for different particle 477 

protrusions are investigated to clarify the particle protrusion effect. θc is calculated on the basis of shear 478 

velocity U*. There are many methods for the shear velocity calculation (Biron et al., 2004). In the 479 

research of Nikora et al. (2001), the ratio of H/ks (H is the flow depth and ks is the roughness height) is 480 

used to define the flow type. In the present study, H/ks is 5.1 for flow over the 40 mm roughness bed, 481 

which is classified as Type Ⅱ flow. For Type Ⅱ flow, the Reynolds shear stress profile seems to be the 482 

most appropriate method to calculate the shear velocity since the formation of the logarithmic region is 483 
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uncertain in this flow type. Specifically, the double-averaged Reynolds shear stress profile is 484 

extrapolated to the bed for obtaining the shear stress and computing the shear velocity. The calculated 485 

U* and θc value are listed in Table 3 and plotted in Figure 14a.  486 

Table 3. Shear velocity and critical Shields number 487 

 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 

U* (cm/s) 3.26 2.49 1.99 1.50 1.32 3.00 2.43 2.15 1.54 

θc (-) 0.028 0.016 0.010 0.006 0.004 0.018 0.012 0.009 0.005 

As expected, the effect of relative particle protrusion on the critical Shields number is 488 

significant. When P/D increased from 0.53 to 0.9, θc decreased from 0.03 to 0.005. It is also noticed 489 

that θc has a slower decrease rate starting from P/D = 0.65 and gradually becomes approximately 490 

constant for P/D ≥ 0.85. The decreasing trend of θc with P/D is consistent with the variation of inertial 491 

forces (Figure 8) and mean velocities (Figure 10) with P/D. For comparison, the present experimental 492 

results are plotted together with previous research results (Fenton and Abbott, 1977; Chin, 1985; 493 

Cameron, 2006;  Dwivedi et al., 2012) in Figure 14b. The present experimental data agree well with the 494 

previous results. Coleman et al. (2003) propose a best-fit expression to describe the relationship between 495 

θc and the protrusion of spherical particles, as follows: 496 

                                       ( ) ( )
1

0.002 0.016c P D
−

− =                                                         (8) 497 

For this equation, the constant 0.002 is adopted as the lower bound of the critical Shields number. As 498 

shown in Figure 14a, the lower bound of the Shields parameter, based on the present data, is about 499 

0.005, larger than that suggested by Coleman et al. (2003). Using the present data, combined with the 500 

results from the relevant literature, an alternative expression is derived (Equation 9). The correlation 501 

factor for this relationship is about 0.88, indicating a good match with the measured data. 502 

                                        3.267( )( 0.005) 0.1392 P D

c e −− =                                                  (9) 503 
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Figure 14. Shields number at different P/D. (a) present results; (b) comparison with previous research. 505 
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Fenton and Abbott (1977) suggested that the critical Shields number has a minimum value of 506 

0.01 at P/D = 0.82. The value P/D = 0.82 represents the protrusion when the spherical target particle 507 

stays at the interstice formed by three densely packed spherical roughness particles with the same 508 

diameter. In the present study, θc has a value of 0.009 for P/D = 0.82 (representing the 40 mm target 509 

particle on the 40 mm bed), matching the results from Fenton and Abbott (1977). However, as pointed 510 

out previously, the lowest value of θc in the present study is 0.005 for P/D = 0.85 and 0.9, which is 511 

clearly smaller than 0.01. The difference is due to the different procedures used for the entrainment 512 

experiments. In the experiments of Fenton and Abbott (1977), the target particle was attached to the top 513 

of a rod that was installed on the flume bed. Under a predetermined flow condition, the rod was extended 514 

into the flow at a slow speed until the initial movement of the target particle occurred. After the 515 

entrainment experiment, the elevation of the rod was recorded and used to calculate the particle 516 

protrusion. Fenton and Abbott (1977) suggested that this procedure did not ensure a reasonable period 517 

of flow acting on the target particle and tended to overestimate the θc. This limitation was also 518 

mentioned by Coleman et al. (2003), who conducted experiments to study the entrainment condition of 519 

a protruded prismatic square. The lower values of θc may also be related to the lower particle density. 520 

In general, the effect of particle protrusion on the critical entrainment condition is apparent in this study 521 

and consistent with previous results.  522 
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Figure 15. The relationship between normalised inertial (a) lift and (b) drag force and Shields number 524 

The normalised inertial drag force (F̅iD / FW) and lift force (F̅iL / FW) are plotted against the 525 

critical Shields number in Figure 15 to examine their interdependence. From Figure 15, it is clear that 526 

both the inertial drag and lift force are positively related to the critical Shields number. Straight lines 527 

(dotted in the figure) are fitted to the data. The fitted lines show good agreement with the measured data 528 

(R2 = 0.83 for Figure 15a, R2 = 0.71 for Figure 15b). From the best-fit lines,  F̅iD / FW is 0.015 for θc = 529 

0 and 0.05 for θc = 0.03, while F̅iL  /FW is 0.01 for θc = 0 and 0.055 for θc = 0.03. The values of F̅iD / 530 

FW are slightly higher than those for F̅iL / FW at lower θc (relative to higher P/D), and vice-versa at 531 

higher θc (relative to lower P/D).  532 
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6 Summary and Conclusions 533 

Laboratory experiments to study the particle protrusion impact on the entrainment mechanism 534 

are reported. A tri-axial accelerometer was used to measure the inertial forces acting on the target 535 

particle during the entrainment process. The direct measurement of the inertial drag and lift forces at 536 

different particle protrusion heights provides novel insight into the particle entrainment mechanism.  537 

The accelerations are transferred to inertial forces and averaged over the time period of 0.15 538 

s after the particle entrainment. The mean Y-axial inertial force F̅iy  shows similar magnitude for 539 

different P/D. Both mean X-axial inertial force F̅ix and Z-axial inertial force F̅iz are inversely related to 540 

P/D. The F̅ix and F̅iy forces are combined to represent the inertial drag force F̅iD, while F̅iz is regarded 541 

as the inertial lift force F̅iL . Both F̅iD  and F̅iL  decrease as the protrusion height increases. The 542 

normalised F̅iD is 0.045 at P/D = 0.65, then decreases to 0.02 at P/D = 0.9. The normalised lift force 543 

has an equivalent variation range with that of the normalised drag force. The data are also interpreted 544 

in terms of F̅iL F̅iD⁄  which indicates that both F̅iD and F̅iL play essential roles in particle entrainment for 545 

the protrusion range covered by the present data, since the value of F̅iL F̅iD⁄  approaches 1. Nevertheless, 546 

the inertial lift force plays a more significant role in the entrainment process for P/D < 0.65 (F̅iL F̅iD⁄ > 1). 547 

Conversely, the effect of drag force becomes predominant for P/D > 0.65 (F̅iL F̅iD⁄ < 1). This result may 548 

generally be representative of entrainment by particle movement in the rolling mode, which involves 549 

both drag and lift forces. However, more detailed investigation of the effect of the entrainment modes 550 

on the inertial hydrodynamic forces is needed. 551 

The double-averaged velocity at 0.15D above the bed level, in the stream-wise direction 552 

<U̅0.15D> and vertical direction <V̅0.15D>, are found to be inversely related to the protrusion height  F̅iD 553 

and F̅iL are strongly correlated with both <U̅0.15D> and <V̅0.15D>. The inertial drag coefficient CiD and 554 

lift coefficient CiL are computed using <U̅0.15D>. The values of CiL fluctuate around 0.14 for P/D ≤ 0.65, 555 

reducing for higher values of P/D. Values of CiD are relatively constant at about 0.127 for P/D ≤0.7, 556 

decreasing for higher relative protrusion. The variation of CiD and CiL with P/D shows that the particle 557 

entrainment dynamics has two regimes depending on the relative protrusion, with a transition between 558 

regimes at P/D in the range 0.65–0.7.  559 

Critical Shields number θc is computed and compared with previous research results, 560 

confirming the significance of particle protrusion in the entrainment process. The present results show 561 

good agreement with previous researches and extend the data for the medium to high protrusion range. 562 

Equation 9 is used to describe the variation between critical Shields number and protrusion height. Also, 563 

the relationship between the normalised inertial forces and θc is investigated. Generally, both F̅iD / FW 564 

and  F̅iL / FW  are linearly correlated with θc for P/D < 0.65, with lower confidence in this relationship 565 

for higher protrusions.  566 
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Overall, the protrusion height profoundly impacts the acting inertial forces during the 567 

entrainment process, including the magnitude, allocation of force components, and correlation to the 568 

local velocity and critical flow conditions.  569 
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Annotation 578 

P: Particle protrusion over the top of the surrounding roughness particle, mm; 579 

D: Diameter of the target particle, mm; 580 

F̅iL: Mean inertial lift force, N; 581 

F̅iD: Mean inertial drag force, N; 582 

FW: Submerged weight, N; 583 

θc: Critical Shields number; 584 

U*: Shear velocity, cm/s; 585 

ρ
s
: Sediment density, kg/m3; 586 

 : Fluid density, kg/m3; 587 

g: gravitational acceleration, m/s2; 588 

v: fluid viscosity, m2/s; 589 

Z0: theoretical bed level, mm; 590 

ks: roughness height, mm; 591 

Q: flow rate, l/s; 592 

d: diameter of the bed roughness spheres, mm; 593 

H: flow depth, mm; 594 

Uavg: cross section averaged flow velocity, m/s; 595 

Re: flow Reynolds number,-; 596 

Fr: flow Froude number,-; 597 

t: time, s; 598 

m: mass of the target particle, kg; 599 

∆t: time interval, s; 600 

ax, ay, az: acceleration for X, Y, and Z direction, respectively, m2/s; 601 
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F̅ix, F̅iy, F̅iz: mean inertia force for X, Y, and Z direction, respectively, N; 602 

F̅iR: mean resulatant inertial force, N; 603 

<U̅>: double-averaged velocity, m/s; 604 

U̅ : mean velocity, m/s; 605 

Ũ : spatial fluctuation of mean velocity, m/s; 606 

Zm: elevation of velocity measurement location, mm; 607 

<U̅0.15D>: double-averaged stream-wise velocity at 0.15 D above the target particle, m/s; 608 

<V̅0.15D>: double-averaged vertical velocity at 0.15 D above the target particle, m/s; 609 

A: cross-sectional area, m2; 610 

: radian  of the obstructed area of the target particle, rad; 611 

CiD: inertial drag force; 612 

CiL: inertial lift force; 613 

λ: the ratio of the prototype to the model scale; 614 

Re*: particle Reynolds number; 615 
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