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Abstract: Understanding the motion thresholds of shells is important, as shell motion allows the
analysis of beach profiles, prevents excessive erosion of the coastline, and helps to resource the use of
discarded shells, providing new ideas for the protection of beaches. In this study, the orientational
motions and motion thresholds of two types of typical molluscan shells, bivalve and gastropod
shells, were investigated by means of flume experiments. The final orientations with the statistically
highest number of occurrences during the orientational motions of each shell were used as the initial
orientations for the respective threshold flow velocity measurements. The critical Shields parameter
and the incipient mean velocity of the flow were used to represent the critical threshold of the motion.
The critical Shields parameters for bivalve shells in the convex upward position were overall higher
on average than those for gastropod shells. The experimental data showed that the incipient mean
flow velocities of bivalve shells in the convex upward position were about 1.4-2.8 times larger than
those in the convex downward position. The incipient mean velocity data were regressed to obtain the
motion threshold equations applicable to bivalve shells in the convex upward and convex downward
positions as well as gastropod shells under different final orientations.

Keywords: bivalve shells; gastropod shells; final orientation; incipient mean velocity; motion thresholds

1. Introduction

Since the formulation of the Shields curve by Shields [1], a large number of studies have
investigated the entrainment thresholds of sediment particles in flume experiments [2—4].
Changes in beach profiles under various hydrodynamic conditions have been extensively
studied [5-7]. For coral sandy shores, shells are an important component, providing shelter
for organisms such as hermit crabs, and some of the shells in a stable state may also provide
attachment surfaces for coral larvae. Shells are numerous and vary in size. The shape of
a beach or bank profile can therefore be determined by the transport properties of shells
in the water [8], while shells can also protect the shoreline from excessive erosion [9,10].
Dey [8] mentions that the left and right shells of living bivalves are basically in a mirror
image relationship, joined by a tip known as the umbo, and then separated when the
shells die, through the action of water currents. The bivalve shells and gastropod shells
selected in this paper are more common and widely distributed in large numbers, and are
distributed in both tropical and subtropical regions, which can be divided into shell species
specific to coral sandy coasts or shell species specific (fishery by-products) to non-coral
sandy coasts of two categories. Moreover, factors such as ocean acidification [11], which is
indirectly caused by rising CO, levels, and overfishing of shells have led to a decline in
shellfish, interfering with the natural process of beach erosion and protection. Kumagai
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et al. [12] mentioned that shells have been considered for activities such as beach protection
and creation of tidal flats /shallow bottoms. Adding scallop shells (a fisheries by-product)
to the sandy and rocky seabed at specific locations had increased richness and diversity
of the local species [13]. The direction of water flow can be obtained by observing the
orientation of the top of the shell on the horizontal sand bed, and the convex upward
and convex downward positions of the shell can indicate changes in the flow pattern [14].
Therefore, linking the mode of movement of the shells with the movement threshold of the
shells, which helps to establish the depositional pattern of the shells, provides an important
reference for the subsequent conservation of coral sandy shores.

The locomotor properties of univalves, bivalves and gastropod shells are inextrica-
bly linked to beach changes. Under the action of water flow, convex downward, umbo
upstream, and convex upward, umbo downstream conditions were taken as the incipient
motion directions of the experimental bivalve shells, and a mathematical model for calcu-
lating the critical shear stress was obtained by measuring the incipient motion flow velocity
of the bivalve shells [8,15]. At the same time, Dey [16] used the measured threshold flow
velocity data from shell motion to fit the equation. A strain gauge was used to experimen-
tally measure the drag and lift of some shells and to infer the lift and drag coefficients for
each type of shell, and then the model proposed by Dey [8] was optimized and refined [17].
Some studies have looked at factors involving shell shape and other factors to illustrate the
effect these have on the movement threshold flow velocities [14,18]. In addition to those,
Menard et al. [19] measured the incipient motion flow velocity of cylindrical brachiopod
shells and pebbles of the same size by flume experiments, and finally obtained that the
incipient motion flow velocity required for cylindrical brachiopod shells was only one-
tenth of that required for pebbles. Mollusk shells are inevitably fragmented by oceanic
transport after death, and some scholars have attempted to link shell fragment settling
velocities and motion initiation thresholds, providing important insights into the study of
shell fragments [20-22]. Due to the oblate nature of shell fragments, the effect of oblateness
on the increase in the wave and current resistance was investigated by varying the oblate
shape [12]. These shell depositional studies can provide appropriate comparisons and
references for future movements of shells with these different hydrodynamic characteristics.

In addition to investigating the motion characteristics of shells in currents, some
research focused on the process of wave variability in shallow waters, with physical
simulations of coastal environments carried out in the laboratory, three shell concentration
dynamics were observed: reworking, winnowing, and dynamic bypassing, demonstrating
the specific dynamics through which each wave controlled the shell concentrations during
the transformation process [23]. Fick et al. [24] first investigated the motion thresholds of
non-fragmented mollusk shells in oscillatory flow and determined that bivalve shells have
higher motion thresholds than gastropod shells.

Numerous researchers in the study of intact shells have also expressed significant
interest in issues concerning shell orientations during motion. For example, Brenchley
et al. [25] looked at the final orientations of shells in medium sand and mud and concluded
that most shells take up a preferred final orientation of longest axes across the current.
Because of the effect of shell shape, the direction of shell orientation summarized in different
studies may vary. Shell orientation experiments carried out by Nagle [26] under conditions
with a current and wave action showed that more than two-thirds of the elongated conical
or plate-shaped shells were oriented with or away from the orientation of the current,
in shoaling, non-swash waves, the longest axes of the same form were aligned parallel
to the crest or wave scar. Futterer [27] observed stable orientations of two gastropod
shells in flume experiments. At the same time, Futterer [28] found that the occurrence
of a second stable orientation of the shell involved higher current velocities. In addition
to the orientation studies on shells, Kelling et al. [29] compared the orientation of pebble
clusters with two types of shells and found that the mean angular response of the reoriented
pebbles and shells were related to the flow velocities. Therefore, the connection between the
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different final stable orientations and the incipient mean flow velocities under unidirectional
flow, was examined in this study.

For irregular shell deposits, many of the theories from past studies may not be applica-
ble, involving density, surface roughness, flattening, and having different final orientation
directions under current. In this study, a two-part flume experiment was conducted using
different species of shells placed on a bed of coral sand particles of an appropriate size,
coral sand particles were used to simulate the surface roughness of the sand bed. In the first
part, orientational motion experiments on selected sample shells were conducted, and the
final orientational directions with the highest number of occurrences in repeated directional
motion experiments were used as the initial orientations in the second part. In the second
part, measurements of the flow velocities of the incipient motions for these shells were
performed. The fitted shell motion threshold flow velocities equations differ from previous
studies in that the present study takes into account the shell thickness, the basal projected
area of the shell, and the frontal projected area of the shell in the direction of the water flow
to obtain motion threshold flow velocities equations that are more applicable to various
species of shells with different final orientation directions.

2. Experimental Setup and Shape Parameters of Shells
2.1. Experimental Setup

The experiments were conducted in a flume at Changsha University of Science and
Technology, measuring 50.0 m in length, 0.5 m in width, and 0.8 m in height. The two sides
of the flume were composed of toughened glass, which was convenient for observing the
incipient motion of the shells. The experimental area was located in the middle section
of the flume, the coral sand particles of an appropriate size was selected to be laid in the
sand box at the bottom of the flume in order to simulate the roughness of the sand bed,
with the surface of the sand bed and the bottom of the flume in the same horizontal plane.
Before the shells start the initial motion on the sand bed, in order to ensure that the bed
surface of coral sand in the experimental section does not produce deformation, after a
number of experiments and comparisons, the median sieve diameter of the coral sand was
finally selected to be 3.600 mm, and the required sand box dimensions were a length of
0.5 m, width of 0.38 m, and depth of 0.02 m. The measurement setup to threshold flow
velocity is shown in Figure 1, where the acoustic doppler velocimetry (ADV) was used to
measure the velocity profile of the shell as it began to move. The resolution of this acoustic
doppler velocimetry (ADV) was up to 1 mm, and the sampling frequency could reach a
maximum of 100 Hz, which was able to measure the flow velocity of the profile within a
range of 30 mm. This experiment was carried out with a sampling frequency of 25 Hz for
the acquisition of flow velocity, and the quality of the currently acquired data can be judged
according to the correlation (COR) and signal to noise ratio (SNR) during the acquisition
process, in which the COR is not less than 80% and the SNR is not less than 20 dB. The
saved data were outputted as a MATLAB format file, and the low-pass filtering method
was utilized for the processing of the saved data. In order to better observe the shell motion
process, a 150 W tri-color soft-light lamp was placed on the side of the flume to illuminate
the experimental section. In the experiment observing the orientational motion of the shell,
the ADV in Figure 1a was replaced by a camera, which was used to record the shell motion
process. The camera device used in this experiment was an iPhone 13 with iOS version
17.1.2, which has a resolution of 1920 x 1080 pixels, and the raw images were recorded at
30 frames per second.
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Figure 1. (a) Schematic diagram of experimental flume used in experiment. (b) Photograph of
placement of probe of acoustic doppler velocimetry (ADV) and relative positions of shells.

Prior to commencing the shell orientation motion experiments on a coral sand bed,
the flume was filled to the predetermined water depth of 0.32 m, with the level of the
coral sand bed consistently maintained for each trial. The bivalve shells were placed in
four orientations: umbo upstream (orientation 1), umbo on the left (orientation 2), umbo
downstream (orientation 3), and umbo on the right (orientation 4). The other orientations
were regarded equivalently as one of the four orientations, and apexes of the shells for the
gastropod shells were similarly placed according to the above four orientations. Umbo of
bivalve shells and apexes of gastropod shells rotated or slid into one of the four orientations
to become the shell’s final orientation. Care was taken to ensure that no air was trapped
underneath or around the shells. The velocity of the flow in the flume was then increased
by controlling the flow-making system, and the process of orientational motion of the shell
was filmed for five repetitions.

In this experiment, ten kinds of shells were used, including five kinds of bivalve
shells: Ruditapes philippinarum (Adams et Reeve, 1850), Anadara crebricostata (Reeve, 1844),
Trachycardium flavum (Linnaeus, 1758), Antigona lamellaris Schumacher, 1817, and Mimach-
lamys nobilis (Reeve, 1853), and five kinds of gastropod shells: Strombus vittatus vittatus
Linnaeus, 1758, Glossaulax didyma (Roding, 1798), Babylonia areolata (Link, 1807), Turritella
bacillum Kiener, 1845, and Trochus maculates Linnaeus, 1758. The shells of each type were
divided was four size groups, and the front and top views of each experimental sample
shell were photographed to obtain the longest, intermediate, and shortest axes lengths,
which are denoted by 4, b, and ¢, respectively, taking into account factors such as shell
surface roughness. The thickness of each shell was expressed through an average thickness
value, using computer image recognition techniques (i.e., digital image pixels of each shell).
The frontal projected area A, of the shells in the direction of the water flow under the
final orientation and the basal projected area As were calculated. The specific parameters
are shown in Figures 2 and 3, as well as in Tables 1 and 2. The shell abbreviations in the
tables and figures are indicated by the initial letters of the first two words of the shell name,
defined as R.P, A.C,T.F, AL, M.N, S.V, G.D, B.A, T.B, and T.M. The shells of each species
were labelled 1#, 2#, 3#, or 4#, based on the size, from smallest to largest. The frontal
projected areas of the convex upward (C.U) and convex downward (C.D) positions of M.N
varied based on the final shell orientation.
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Figure 2. Pictures of bivalve shells of experimental samples of different species sizes.
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Figure 3. Pictures of gastropod shells of experimental samples of different species sizes.
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Table 1. Summary of parameter characteristics of five different sizes of bivalve shells in threshold
motion velocity measurement experiments.

Parameter a (mm) b (mm) ¢ (mm) D¢ (mm) Ay (mm?) A, (mm?) M (g) B
(@) R.P ps = 2525.9 kg/m3
1# 25.389 18.722 7.611 1.230 130.543 357.840 1.0 0.549
24 29.611 21.611 8.500 1.440 176.985 487.525 1.7 0.530
3# 34.944 24.389 9.556 1.325 229.309 641.923 22 0.563
a# 39.500 26.500 9.667 1.428 258.349 793.417 24 0.509
(b) A.C ps = 2723.5 kg/m3
1# 43.500 30.500 12.222 1.365 406.148 1020.948 33 0.602
2# 46.611 32.389 13.444 1.480 475.411 1166.503 4.2 0.622
3# 50.333 35.111 14.778 1.558 569.506 1373.309 5.1 0.637
a# 55.278 38.556 16.167 1.620 679.340 1637.463 6.6 0.647
(c) T.F ps = 2673.2 kg/m3
1# 35.556 31.333 14.333 1.943 393.207 809.583 4.1 0.670
24 39.111 34.056 15.389 2.120 454.907 995.787 5.3 0.661
3# 42.944 38.056 17.333 2.263 594.340 1215.244 7.4 0.688
4# 49.278 42.389 20.889 2.285 769.287 1525.176 11.2 0.781
(d) A.L ps = 2627.0 kg/m>
1# 37.278 30.222 13.000 2.173 341.077 804.904 4.6 0.589
21 41.667 32.833 15.778 2.490 476.340 978.392 7.1 0.645
3# 46.056 36.389 16.333 2378 552.664 1174.528 7.4 0.627
a# 49.833 38.556 18.500 2.985 662.173 1374.296 10.5 0.626
(e) ML.N ps = 2609.5 kg/m3
1#(C.U) 258.769
1#(C.D) 44.333 40.944 8.333 1.123 320,519 1327.102 3.1 0.387
2#(C.U) 360.679
2#(C.D) 51.222 45.778 11.833 0.958 108219 1733.367 3.7 0.537
3#(C.U) 488.130
3#(C.D) 55.111 51.667 12.111 1.140 518,349 2100.716 5.5 0.489
4#(C.U) 527.821
4#(C.D) 63.333 57.333 11.278 1.170 584707 2631.272 7.0 0.415

During repetitive experiments, a consistent trend was observed where the same
shell tended to exhibit the same final orientation. In Figure 2, it can be seen that the
right shells (1# and 4#) and the left shells (2# and 3#) of M.N were not mirror images
from the perspective of their shapes, therefore, they needed to be oriented separately for
observation, so 11 additional experimental samples of shells selected in the orientational
motion experiment were counted. The parameters are shown in Table 3.

For the shell incipient threshold flow velocity measurement experiments, the consider-
ations were essentially the same as in the directional motion experiments, with the initial
position of the shells placed according to the final direction observed in the orientational
motion experiments. In order to improve the efficiency of the experiments, two shells of
the same species were placed at the same time for measurement without affecting the flow
velocity measurements, and the probe of the ADV was placed in the middle of the two
shells, as shown in Figure 1b. The probe was 65 mm from the bed.

The controller of the flow-making system slowly increased the flow velocity in the
flume, and the flow velocity was recorded with the ADV until the shell began to move
horizontally along the downstream orientation on the coral sand bed, whose motion was
then considered to be the incipient motion. We recorded the time from when the ADV
saved the flow velocity data to when the shell began its incipient motion, and used this
time as a reference to obtain the flow velocity data corresponding to when the shell started
incipient motion from the saved file. The experimental water depth was set to 0.20, 0.24,
0.28, 0.32, or 0.36 m, and three sets of replicates were conducted sequentially. The flow
velocity data was subsequently processed to ensure the accuracy of the data by computing
average cross-sectional flow velocity within 4 s after the incipient motion of the shell,
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which was taken as the threshold velocity of the incipient motion of the shell. i.e., the
incipient mean velocity of the shell. The incipient mean velocity was defined here by
calculating the distribution of mean flow velocity profiles over a 4 s period, then summing
the flow velocity values for each cross-section on the flow velocity profile, dividing by the
corresponding total number of sections, and taking the final average value obtained as the
incipient mean velocity.

Table 2. Summary of parameter characteristics of five different sizes of gastropod shells in threshold

motion velocity measurement experiments.

Parameter a (mm) b (mm) ¢ (mm) D; (mm) A, (mm?) As (mm?) M (g) B
(a) S.V ps = 2742.0 kg/m?
1# 57.667 22333 16.111 1.673 577.892 680.290 43 0.792
2# 65.778 24.611 18.667 2.320 773.969 883.429 6.6 0.781
3# 69.278 24.667 21.000 2.147 884.546 971.719 7.7 0.894
a# 79.333 28.889 22.556 1.960 1090.216 1230.605 11.4 0.775
(b) G.D ps = 2604.3 kg/m?
1#(0.D) 329.204 387.975
1#O.U) 25.222 19.333 16.000 0.727 300,192 1457 694 2.5 1.200
2#(0.D) 466.781 570.583
24(0.U) 30.278 24.222 20.167 1.360 1429270 612127 43 1.182
3#(0.D) 644.898 791.278
34(0.U) 35.444 27.944 22.056 0.867 605.907 939.330 4.7 1.232
4#(0.D) 827.142 1032.099
4#0.U) 39.889 32.167 26.222 1.153 88.189 1179 068 8.7 1.187
(c) B.A pg = 2655.8 kg/m3
1# 21.333 13.833 11.333 0.633 173.565 186.151 0.9 1.012
24 28.778 18.056 14.778 0.780 301.432 319.565 1.6 1.082
3# 39.333 24.889 21.000 0.893 576.627 597.426 4.0 1.135
a# 49.389 33.111 28.167 0.847 1020.784 1025.228 7.4 1.234
(d) T.B ps = 2154.5 kg/m?
1# 30.889 9.111 8.833 0.480 62.463 157.105 0.9 0.729
2# 37.778 11.667 11.333 0.653 103.531 259.858 1.4 0.799
3# 46.056 12.667 12.556 0.627 122.574 310.380 1.8 0.792
a# 51.111 14.389 13.944 0.633 155.889 419.040 3.1 0.755
(e) T.M ps = 1747.8 kg/m®
1# 30.167 29.333 23.500 0.927 442.982 688.179 4.0 1.216
2# 32.111 31.056 24222 1.120 511.194 768.222 5.3 1.165
3# 36.000 34.889 30.333 1.627 774.753 999.790 9.5 1.203
a# 39.778 38.556 32.444 1.613 848.167 1185.034 8.8 1.269

Table 3. The longest axis, middle axis, shortest axes, and masses of six bivalve shells and five

gastropod shells in the final orientation experiment.

Species a (mm) b (mm) ¢ (mm) M (g)
R.P 33.730 22.703 8.811 1.8
A.C 48.973 31.892 13.568 4.0
T.F 43.730 39.189 18.649 9.3
A.L 52.000 42.486 19.405 13.5

M.N (Right) 59.027 50.919 10.919 5.1
M.N (Left) 57.838 52.054 14.216 51
SV 85.730 27.189 23.027 10.7
G.D 38.108 32.054 25.189 6.4
B.A 63.297 37.784 34.973 15.0
T.B 59.405 16.432 16.108 45
M 33.514 32.162 30.649 6.9
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2.2. Shape Parameters of Shells

In order to better study the motion properties of shells, some of the studies used
uniform sand as the bed surface in the experimental area [8,15-17,30]. This paper also
refers to this method to select uniform coral sand as the bed surface. Sieving classifies
particles by intermediate diameter, which is the most used descriptor of particle size [31,32].

The formula for the median sieve diameter is:

Dy + Dy

st = > ’

(1)
where D; and D, are the opening diameters of the upper and lower sieves, respectively.

The shell sample size was measured on the longest, intermediate, and shortest axes. To
quantify the shapes of irregular particles, the Corey shape factor SF is commonly used [33],
which is defined as follows: c

V/ab

where 4, b, and ¢, are the dimensions of a particle in the longest, intermediate and shortest
mutually perpendicular axes, respectively.

Alger et al. [34] proposed a new shape parameter § in order to take into account the
surface and volume distributions of differently shaped particles, calculated as follows:

Ds

ﬁ:SFHn,

®)
where D; is the area diameter, i.e., the diameter of a sphere with the same surface area, and
D,, is the nominal diameter, i.e., the diameter of a sphere with the same volume.

This paper describes gastropod shells with the opening facing upwards as opening
upwards and those with the opening facing downwards as opening downwards. Notably,
G.D exhibited different frontal and basal projected areas for the opening upward (O.U) and
opening downward (O.D) positions due to variations in the final orientation. Measurements
of shell motion threshold flow velocities were made with the shells in a steady state, so
the longest, intermediate, and shortest axes of gastropod shells were measured with shells
placed in a steady state to ensure that the measured longest, intermediate, and shortest axes
were practically significant for shell motion. Figure 4a shows a simplified shape of bivalve
shell, using the umbo as a reference point, where the longest axes 4, intermediate axes b
may be different for different bivalve shells (such as A.C and T.F). Because of the diverse
shapes of gastropod shells, these shells cannot be represented uniformly by a simplified
shape diagram. Figure 4b,c shows the longest axes g, intermediate axes b, and shortest axes
c of two bivalves A.C 4# and T.F 4#, five gastropods S.V 4#, G.D 4#, B.A 4#, T.B 4#, and TM
4#. It is worth mentioning that R.P and A.L share the same method of measurement for
the longest, intermediate, and shortest axes as A.C, while M.N shares the same method of
measurement as T.F.

The specific formulas for the area diameter Ds, nominal diameter D,,, surface area S’
of bivalves, and surface area S” (T.B and T.M can be approximated as cones) of cones are
given as follows:

S 1/2
p-(2)", @
6V \1/3
D, = (ﬂ) , )
, 2V

S" = mtrl 4+ mr?, (7)
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where S is total surface area of the shell, V is the volume of the shell, Dy is the thickness of
the shell, I is the length of the generatrix of the cone, and r is the radius of the bottom circle
of the cone.

Umbo

Figure 4. Longest, intermediate, and shortest axes of shells. (a) Simplified schematic of the shape of
bivalve shells. (b) Schematic diagram of the longest, intermediate, and shortest axes of bivalve shells.
(c) Schematic diagram of the longest, intermediate, and shortest axes of gastropod shells.
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The surface areas of gastropod shells T.B and T.M were calculated by treating them
as cones, and Equation (7) was employed to compute the surface area S”. Conversely, the
surface areas of the remaining three gastropod shells were determined using a method
involving the application of small-sized stickers to the shell surface, followed by computer
vision techniques to calculate the area of each sticker. These areas were then sequentially
summed to obtain the total surface area.

The value of B for each shell was calculated using Equations (2)—(5). As can be seen in
Figure 5, the single mean values of B for all the gastropod shells were larger than those of
the bivalve shells due to the irregularity of the shapes of the gastropod shells, and there
was little difference in the values of B due to the similarity in the direct shapes of shells of
the same species. The value of B of M.N was slightly smaller than those of the other four
bivalve shells.

2.0 T T T T T T T T T T
RP O SV Coquina (Dey, 2003)
A.C © G.D 0 Chione (Dey, 2003)
1.6 TF O BA Ponderous Ark (Dey, 2003)
“ll 0 4L @ TB i
MN O T.M
12 o) Q)OCS) (<S4 ©
Q o °©
@)
0.8 |- o (OJN@) o o o @] ]
0.4 .
0'0 L | L 1 " | L | L 1 L 1

5 10 15 20 25 30 35 40
D (mm)

Figure 5. Relationship between shape parameter and area diameter, where measurements of three
experimental sample shells, Coquina, Chione and Ponderous Ark, were obtained from Dey [8].

3. Analysis of Experimental Velocity Data
3.1. The Calculation of Critical Shields Parameter

Shells species and final orientation are important for threshold flow velocity analyses,
at the same time, the critical Shields parameters also can provide a visual demonstration
of how easy it is for each species of shell to reach the motion threshold. Smaller Shields
parameters means smaller shear stresses and shells easily reach the motion threshold.
Therefore, it is necessary to calculate the critical Shields parameters.

The incipient motions of the shells in the rectangular flume were subjected to sidewall
friction, and the sidewall correction method of Vanoni [35], which was used to eliminate
the sidewall effect, was used in this experiment, as was done by Dey [8] and Diedericks
et al. [17]. The specific formula for the bed friction coefficient is

B 4UA R,p,\ 2
fr= O.316Rh( b, Py ) , ®)
and the Colebrook-White equation [8] is
1 2.51 ksU
—= = —0.8610 + , 9
Vo g<Rb\/fb 37va> ©)
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where Ry, is the Reynolds number and f; is the friction factor associated with the bed, both of
which can be solved for numerically using Equations (8) and (9). v is the kinematic viscosity
of water, which was 0.865 x 10~® m?/s in this experiment, P is the wetted perimeter, and
ks is the roughness of the coral sand bed.

The bed shear stress equation is as follows:

Tb = %Pwuzz (10)

where U is the average flow velocity of the section, p, is the density of water, and
Pw =1 X 103 kg/ m? in this experiment. Furthermore, U = U,, where U, is the incipi-
ent mean velocity.
The critical shear stress 1y, is related to the fluid density p,, and the shear velocity u-
as follows:
Ty = pwu*z, (11)

The theoretical velocity profile in the lowest part of the turbulent boundary layer had
a logarithmic structure, because closer to the bottom of the sediment interface, the effect
of friction was more pronounced. Therefore, the velocity above the sediment bed can be

defined as:
u(z) = e ln(z), (12)

K Z(

where « is the von Kdrmdn constant, x = 0.41 [36], and u(z) is the velocity at height z (m)
above the bed. Experiments have shown that the horizontal height of zero velocity in
flow with hydrodynamic roughness is 0.033 times the diameter of the sand grains. Thus,
zo = 0.033k; [37]. In the tests conducted by Nikuradse [38] using uniform sand, the rough-
ness size ks was equal to the sediment grain size. Similarly, Dey [8] and Wiberg et al. [39]
assumed ks to be the same as the mean sand diameter in their respective experiments.
Because this study considers sieved coral sediment to be homogeneous sand, the bed
roughness k; is assumed to be equal to the median sieve diameter Ds,. ks = D, = 3.600 mm.

Whether the sediment has reached the incipient motion threshold under hydrody-
namic conditions is generally judged by the dimensionless parameter 6., proposed by
Shields [1], which is related to the dimensionless particle Reynolds number, Re,. These
parameters are calculated as follows:

Ty
Op = ————, (13)
(ps — pw)gd
_ u«Ds
Re, = — (14)

where ps is the sediment density, d is the sediment particle diameter, Dsj is the median
diameter of the sediment. In this paper, d = D;, and the dimensionless grain Reynolds
number was calculated using Ds, instead of Ds, as was done by Bian et al. [5].

Using the above-mentioned method of calculating the critical Shields parameters,
which is a further analysis of the incipient mean flow velocity, comparing the critical
Shields parameters of different types of shells provides a deeper understanding of the
motion properties of the shells.

3.2. Incipient Mean Velocity Data Fitting

Given the irregular shapes of both bivalve and gastropod shells, as well as the influence
of initial steady state, it becomes imperative to derive an effective formula for calculating
the incipient mean velocities of these shells. In this experiment, due to the permeability of
an actual sediment environment, coral sand was directly laid at the bottom of the flume. In
order to be able to calculate the flow velocity equations for the incipient motions of shells
under different unidirectional flow conditions with simple shell-related parameters, the
flow velocity equations presented by Dey et al. [16] were used with some modifications.
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Ultimately, mean flow velocity equations suitable for the incipient motions of the various
shells under with different final orientations were obtained. Subsequently, the measured
threshold velocity was utilized to compute the critical bed shear stress of the shells using
Equation (10). The critical bed shear stress equation was determined through fitting in a
similar manner.
The incipient mean velocity equation for the convex downward position of bivalve
shells is as follows:
l:lc — 0,311&0'2757’\10'193 SFO.54/ (15)

The incipient mean velocity equation for the convex upward position of bivalve shells
is as follows:
(L, = 0.40730397j;0159 g p0.342. (16)

In these equations, U, = Uc/(Agks)O'S, a=ua/ks, h=h/ks,and A = (ps/pw —1). The

R? values for the incipient mean flow velocity measurements and the predicted values for

the convex downward and convex upward positions of the bivalve shells were 0.420 and
0.431, respectively.

The critical shear stress equation for the convex downward position of the bivalve
shells is as follows:

fb —_ 0.001ﬁ0'637f10'151 SF1.223, (17)

The critical shear stress equation for the convex upward position of bivalve shells is
as follows:
fb _ 0.002ﬁ0'836h0'114SF0’732, (18)

In these equations, ¥, = T,/ (Apwgks). The R? values for the measured and predicted
critical shear stresses for the convex downward and convex upward positions of the bivalve
shells were 0.430 and 0.393, respectively.

By fitting the experimental data, it was found that the R? values for the equations
obtained with simple parameters for the bivalve shells were low, and that there were no
results to perform data fitting for the gastropods using the same parameters (g, i1, and SF) as
those used for the bivalve shells. Therefore, the frontal projected and basal projected areas
of the shells were taken into consideration, and the following dimensionless equations
were obtained.

The incipient mean velocity equation for the convex downward position of the bivalve
shells is as follows:

ac — 0‘621145—0.303A;OEZSD51.632]f10.177‘80.174’ (19)

The incipient mean velocity equation for the convex upward position of the bivalve
shells is as follows:

ac — 0.341A;0'322A;0'401ﬁ1'653f10'158'3_0'005, (20)

In these equations, A, = AS/(th), Ap = A/ (ksz). The R? for the incipient mean
velocity measurements and the predicted values for the convex downward position of the
bivalve shells was 0.729. Replacing the area diameter D, with the longest axes a greatly
improved the correlation coefficient (R? = 0.867) for the equation of the incipient mean
velocity for the convex upward positions.

The critical shear stress equation for the convex downward positions of the bivalve
shells is as follows:

2, = 0.003A7 0557 AI;OJOS [25947,0.1420125 1)
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The critical stress equation for the convex upward positions of the bivalve shells is
as follows:

T = 0.001AS—O.621A;0.725ﬁ3.117]?10.10913—0.059 (22)
where the R? values for the measured and predicted critical shear stresses for the convex
downward and convex upward positions of the bivalve shells were 0.720 and 0.881, re-
spectively. Figure 6 shows the relationship between the measured and predicted values of
the incipient mean velocity and critical shear stress for the convex downward and convex
upward positions.

0.7 T T . r T — 1.6 I : T T T T
O Bivalve shells: convex upward S O Bivalve shells: convex upward ,l/'/ ,.
2_ 7 2 2 4 4
0.6 R*=0.867 RV 1.4 1 R"=0.881 o7 A
: Bivalve shells: convex downward A Bivalve shells: convex downward Ay
R*=0.729 e 1 1oL R=0720 R i
0.5 7 4 : . T
an —~
E S100 ]
< 0.4F . b
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S 03F 4 ~g
N p L 0.6+ .
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7 .
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Figure 6. Comparison between measured and predicted values for bivalve shells. (a) Comparison be-
tween measured and predicted values of incipient mean velocity. (b) Comparison between measured
and predicted values of critical shear stress.

The incipient mean velocity equation for the gastropod shells is as follows:

{0, = 0.361 A;0.829 (2208013151175 (23)
The critical shear stress equation for the gastropod shells is as follows:
% = 0_001/‘;1.68164.514ﬁ0.088ﬁ—2.423, (24)

In these equations, ¢ = c/ks. The R? for the measured and predicted values of the
incipient mean velocity and critical shear stress for gastropod shells were 0.875 and 0.899,
respectively. Figure 7 shows the relationship between the measured and predicted values
of the incipient mean velocity and critical shear stress.
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Figure 7. Comparison between measured and predicted values for gastropod shells. (a) Compari-
son between measured and predicted values of incipient mean velocity. (b) Comparison between
measured and predicted values of critical shear stress.

4. Results
4.1. Observations of Orientational Motion of Shells

T.B and T.M, although they did not distinguish between opening orientations, were
placed in a group of gastropods in the opening downward position during the directional
motion observation. The final orientation statistics of the bivalve shells in the convex
upward position and gastropods in the opening downward position are shown in Figure 8.

The final orientation statistics of the bivalve shells with convex downward positions
and gastropod shells with opening upward positions are shown in Figure 9. There were
three cases of oriented motion for the convex downward bivalve shells. In the first case, the
convex downward position was immediately flipped to the convex upward position. In the
second case, the shell reached the final orientation and slid all the way in this orientation.
In the third case, the shell slid in the initial orientation for a certain distance and flipped
over. The orientation direction observed in the second case, and that in the third case prior
to the occurrence of the flipping motion was considered to be the final orientation direction
of the convex downward motion of the bivalve shells.

The final orientations of the individual shells in the orientational motion experiment
can be seen in Figures 8 and 9. For R.P, the final orientation was: convex upward position
with umbo upstream and convex downward position with umbo upstream. For A.C,
the convex downward and convex upward positions agreed with the results obtained by
Dey [15], Dey [8], and Dey et al. [16], the final orientation was the convex upward position
with the umbo downstream and convex downward position with the umbo upstream. The
final orientation for T.F was convex upward position with the umbo in orientation 4 and
convex downward position with the in orientation 2. The final orientation for A.L was
convex downward position with the umbo upstream, the final orientation repetition was
not very satisfactory under convex upward position, and the umbo position was ultimately
chosen to be downstream. The final orientation of M.N was convex upward position with
the umbo upstream and convex downward with the umbo in orientation 2 or 4. In the
convex downward positions, some of the bivalve shells with initial orientations flipped
immediately and then returned to the convex upward position during the orientational
motion. In this paper, T.F with convex upward was selected as an example, and placed the
umbo in orientations 1, 2, 3, and 4 to demonstrate the process of the orientational motion of
bivalve shells under a unidirectional current, as shown in Figure 10.



J. Mar. Sci. Eng. 2024, 12, 820

16 of 27

Number of orientations

(=}

Number of orientations

(=)

[ S R L =)

—_—
L

Initial position of umbo (apex): orientation 1

Initial position of umbo (apex): orientation 2

[ S S L e

—_—
L

1[___]Final orientation 1 [[__] Final orientation 2 [[__] Final orientation 3 » 61 [_Final orientation 1 [[__] Final orientation 2 [ Final orientation 3
[ Final orientation 4 [ Shells apex facing upward £ | [ Final orientation 4 [ Shells apex facing upward
I I B
- - 2 =4
3 3 2
— LS 34 4 4
5 5 5 5 5 5 o 5 5 5 5 5 5 5 5 5
4 — | 4 - E 21
1 3
S 2 g 14 S p S
I Z 1|1
T T T T T T T T T T T () T T T T T T T T T T T
& N & N
e S
W
Mollusc species Mollusc species
Initial position of umbo (apex): orientation 3 Initial position of umbo (apex): orientation 4
1[___]Final orientation 1 [[__]Final orientation 2 [[__] Final orientation 3 " 61 [ Final orientation 1 [[__] Final orientation 2 [ Final orientation 3
|E_JFinal orientation 4 | Shells apex facing upward _ __ § 5 |E_JFinal orientation 4 | Shells apex facing upward _ _
1 B i
- =} 4, S [
3 I 2 I
— (4 4 4 O 31 —
5 5 5 5 5 5 ) 5 5 5 5 5 5 5 5 5
— B 21 4
I 3 < 3
] T R
1 1 1 1 Z
T T T T T T T T T T T 0 T T T T T T T T T T T
& &
S i
W
Mollusc species Mollusc species

Figure 8. Final orientation statistics for shells in convex upward and opening downward positions.

Observing the final orientation of B.A through the orientation motion experiment, B.A
was found to only be considered in the opening downward position. B.A with the opening
upward reached the incipient motion threshold then rolled directly about the longest axes,
in the process of rolling, it may be returned to the opening downward state again, there
are no openings facing upward to carry out movement. In contrast, the B.A with opening
downward position and S.V with the opening upward and opening downward positions
were both finally oriented with the longest axes perpendicular to the orientation of the
water flow, i.e., the shell apexes were in either orientation 2 or 4, and the motion alternated
between sliding with the final orientation and rolling. Due to its shape factor, when the
opening of G.D was facing up (i.e., the apex of the shell was facing down), the shell mouth
of G.D was placed at the position of orientation 1, 2, 3, and 4, and it was observed that the
G.D would roll with a high probability when it reached the movement threshold. Lower
probability would first slide in orientation 4 and would roll after sliding for some distance,
therefore, orientation 4 was taken as the final orientation of G.D opening upwards in this
experiment. Influenced by the shape, the G.D opening faced downward with the shell
apex facing downstream (i.e., orientation 3) as the final orientation. T.B was ultimately
oriented with the longest axes following the direction of the current and the apex of the
shell in the upstream position. The T.M shells were oriented with the center of gravity at
the bottom due to their nearly conical shapes and were ultimately oriented with the apex
of the shell facing up. For the same shell there could be an umbo or apex finally oriented in
orientation 2 or 4. These two final orientations had no effect on the motion threshold, so
the orientations 2 and 4 could be referred to as sideways positions.
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Figure 9. Final orientation statistics for shells in convex downward and opening upward positions.

4.2. Critical Shields Parameters

Ramsdell et al. [10] discussed the Shields parameters for cases where particles with
certain characteristic diameters were located on a bed with different roughness diameters
and obtained the Shields plot of the non-uniform particle distribution as shown in Figure 11.
It was also mentioned that for shells, the Shields parameter is the shear stress divided
by the normal stress and in the case of shells, the normal stress depends on the average
thickness of the shell and not the size of the shell.

For cases with a non-uniform distribution of particles, the characteristic diameter of
the sediment particles on the bed is used in Equation (13), while the median sieve diameter
of the bed is used in Equation (14). In this experiment, the shell thickness was also used
as the characteristic diameter i.e., d = D;, the Shields parameters of bivalve shells and
gastropod shells on the coral sand bed were calculated using Equations (10)—(14). The
results are shown in Figure 12.

For bivalve shells, the average thicknesses of same species shells were as follows: R.P:
1.356 mm, A.C: 1.506 mm, T.F: 2.153 mm, A.L: 2.507 mm, M.N: 1.098 mm. For gastropod
shells, S.V: 2.025 mm, G.D: 1.027 mm, B.A: 0.788 mm, T.B: 0.598 mm, T.M: 1.322 mm.
Based on the analysis of Figure 12a, the slope of the Shields parameter curve of bivalve
shells in the shell size range considered in the experiments was larger than the slope of
the corresponding non-uniform particle Shields curve. Moreover, the incipient motion
thresholds of the five bivalve experimental samples shells under the same conditions
followed this order: M.N > R.P > A.C > T.F > A.L. This sequence suggests that A.L and
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T.F, characterized by rough shell textures on their surfaces, were subjected to greater drag
effects compared to A.C.
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Figure 10. Final orientation movement process of T.F.
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Figure 11. Shields curve of non-uniform particle distribution [10].
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Figure 12. Comparison of measured Shields parameters of shells with Shields curve of the non-
uniform particle distribution. (a) Shields parameters for convex upward and convex downward
positions of bivalve shells. (b) Shields parameters for opening upward and opening downward
positions of gastropod shells.

Based on the analysis of Figure 12b, the critical Shields parameters of T.B increased
with the increase in the particle Reynolds number, Re,, and did not conform to the trend of
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the non-uniform particle Shields curve. At the same time, T.M does not conform to the law
that a larger D;/ks corresponds to a smaller critical Shields parameter. Ramsdell et al. [10]
mentioned that the normal stress depended on the average thickness of the shell rather
than the size of the shell. Therefore, based on the effect of the shapes of T.B and T.M in
these experiments, obtaining the shell thicknesses of the two may not be applicable for
calculating the critical Shields parameters.

Bivalve shells were more likely to reach the incipient motion threshold with con-
vex downward position than with the convex upward position under the same cur-
rent conditions. The critical Shields parameters for opening upward versus opening
downward positions were essentially the same for gastropod shells with distinguishable
opening orientations.

4.3. Incipient Mean Velocity

By determining the incipient mean flow velocity of each shell, it was found that the
overall change in the mean flow velocity of the incipient motion of the shells, although
not significant, showed an increasing tendency with the increase in the water depth.
Figure 13 shows two special cases where the incipient mean flow velocities of the 4# shells
of both B.A and T.M were less than those of the 3# shells. For B.A, the frontal projected
area of the 4# shell that was exposed to the water flow under the condition with the
steady-state orientation utilized as the initial orientation for the incipient motion tests may
have experienced a substantial increase compared to that of the 3# shell, resulting in an
augmented drag force. Consequently, it reached the threshold of motion earlier than the
3# shell. Regarding T.M, the discrepancy in the velocity diagram was attributed to the fact
that the 4# shell was less dense than the 3# shell, as there was not much difference in the
frontal projected areas of the two shells.
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Figure 13. Variation of incipient mean velocity with water depth. (a) Variation of incipient mean
velocity of B.A with water depth. (b) Variation of incipient mean velocity of T.M with water depth.

For the bivalve shells, a certain ratio range existed between the mean flow velocity
for incipient motion in the convex upward position and that in the convex downward
position, as depicted in Figure 14. Upon analyzing the flow velocity data at water depths
of 0.20, 0.24, 0.28, 0.32, and 0.36 m, it was determined that the mean flow velocities for
incipient motion in the convex upward position were approximately 1.4-2.8 times higher
than those in the convex downward position, with the following ranges: R.P: 1.5-2.1 times,
A.C:1.7-2.7 times, T.F: 1.4-1.9 times, A.L: 1.7-2.4 times, and M.N: 1.8-2.8 times. It is clear
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that the ratio ranges for the two shells, R.P and T.F, were smaller, which may have been
related to the starting steady states and the roughness of the shell surfaces. Furthermore,
Figure 15, shows the incipient mean flow velocities of gastropod shells. And the incipient
mean flow velocities of the two shells, S.V and G.D, in the opening downward positions

were about 1.0-1.2 times of those in the opening upward positions.
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Figure 14. (a) Variation of mean incipient velocities with nominal diameter for bivalve shells in
convex downward positions at water depths of 0.20, 0.24, 0.28, 0.32, and 0.36 m. (b) Variation of mean
incipient velocities with nominal diameter for bivalve shells in convex upward positions at water

depths of 0.20, 0.24, 0.28, 0.32, and 0.36 m.
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Figure 15. Variations of mean incipient velocities with nominal diameter for gastropod shells at water
depths of 0.20, 0.24, 0.28, 0.32, and 0.36 m.

5. Discussion

The description of the shape of single-particle sediment generally uses the shape
parameter SF [40—42], and in order to better take into account the different hydrodynamic
characteristics due to the surface area and volume factors of the particles, a new shape
parameter  was proposed [34] and has been applied to shell studies [8,15-17]. A total
of 20 bivalve shells and 20 gastropod shells were measured and counted in this study.
Comparisons with the shape parameters measured and calculated by Dey [8] revealed that
the values of B for the same species with different sizes were predominantly consistent
(Figure 5), indicating insignificant shape differences. Conversely, unlike shells, research
by Chen et al. [43] observed that the shape of coral sand particles tends to approach a
sphere as the particle size decreases. The final statistics unveiled that the values of § for the
experimental samples of gastropod shells surpassed those of bivalve shells overall.

Dey [15], Dey [8], and Diedericks et al. [17] observed the motion process of bivalve
shells and found that all these shells have two final orientations which were convex upward
with umbo in the downstream position and convex downward with umbo in the upstream
position. However, our observations in this study revealed that the final orientation of
shells is not necessarily confined to these two stable orientations. Analysis of experimental
statistics demonstrated that the final orientations of certain shells varied across repeated
experiments, attributable to the shape factor of the shells. Consequently, the theoretical
frameworks proposed for shell motion in prior studies may not be universally applicable
to shells exhibiting different final orientations.

The Shields diagram obtained in this study was based on the Shields diagram used
by Miedema et al. [9] and Ramsdell et al. [10], where individual bivalve shells had a
higher threshold for motion in the convex upward position than in the convex downward
position (Figure 12a). Previous studies [8,14,15,17] have summarized the same conclusion
by comparing the motion threshold flow velocities. By comparison, bivalve shells were
found to have slightly higher overall Shields parameters in the convex upward position
than the gastropod shells. For gastropod shells with an approximate conical shape (e.g., T.B
and T.M), the trend of the critical Shields parameters does not satisfy the rule of change
of the Shields curve (Figure 12b), so using the thickness as the characteristic diameter of
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this kind of gastropod shells to calculate the critical Shields parameters is not a desirable
method, and it has certain limitations. In this paper, the use of direct velocity measurements
to assess bed shear stress provided more accurate results. However, Dey [15], Dey [8], and
Diedericks et al. [17] estimated the critical flow velocities by utilizing equations relating flow
to flow cross-section area, which may underestimate the critical value of bed shear stress.

For bivalves, Futterer [27] provided generalized tables showing that the entrainment
threshold velocities for bivalve shells in the convex upward positions were overall 2-3 times
greater than those in the convex downward positions. However, factors such as the
roughness of the shell surface and different final orientations could cause this ratio to
vary. These influences were also taken into account in the selection of the experimental
shells in this study, which ultimately yielded incipient mean velocities that were about
1.4-2.8 times larger in the convex upward position than in the convex downward position.
Olivera et al. [18] suggested that shells with large projected and frontal areas were more
easily transported. In this study, B.A 4# had lower incipient motion thresholds than 3#, but
the overall incipient motion thresholds of 2# were still higher than those of 1# (Figure 13a).
Therefore, it is necessary to propose the conditions for shells to first reach the motion
threshold, which are not only related to the projected area and frontal area but also the
effect of the shell’s shape and mass. Due to the irregular shape of the shells, the transport
mechanism of the shells was different from that of quartz and coral sands, and therefore
the incipient mean velocities of the shells could not be calculated using the traditional
sediment motion threshold flow velocities equations. However, previous studies [8,15-17]
have only considered a single final orientation direction, and the relevant motion threshold
equations obtained may not be applicable to shells with different final orientations. The
application of the basal projected area as well as the frontal projected area as relevant
parameters describing the final orientation direction to the motion threshold flow velocities
equations will greatly improve the applicability to all types of shells. It provides important
significance for the coral sand coastal protection and evolution studies as well as to the
study of the motion of shell sediment. However, for some coastal areas, shells are the main
sediment. The direction of subsequent experimental research can focus on the movement
threshold pattern of multiple shells, and propose a parameter that can measure the surface
roughness of shells (such as T.F and A.L), this parameter can be used to further improve
the formula for calculating the incipient mean velocity.

In addition to these, the characterization of shell motion under current is only an
early study in this field, whereas in coastal environments, waves and currents can occur
simultaneously, which can lead to more complex current conditions. As Zhang et al. [44]
mentioned, the logarithmic mean velocity profile is altered when waves are superimposed
onto a turbulent current. When waves are propagating with (against) the current, velocities
increase (decrease) in the vicinity of the bed and decrease (increase) near the free surface,
and these hydraulic conditions may lead to a larger change in the way shells move com-
pared to the present study. In combination with the wave-current interactions mentioned
in the paper by Marino et al. [45], conditions such as waves following and opposing the
current direction, in the presence of nonlinear waves and in the presence of rough beds or
fixed bedforms can also occur. Placing shells under these conditions separately will yield
more useful information, which provides an important reference for subsequent studies on
the motion characteristics of shells under wave-current coexistence conditions.

6. Conclusions

In the first part of the experiment, four initial orientational motions were observed
in six bivalve shells and five gastropod shells at a 0.32 m water depth, and five sets of
repeated experiments were carried out for each shell’s initial orientational motion, for a
total of 400 sets of experiments. In the second part of the experiment, 510 unidirectional
constant-current tests were conducted on five bivalve shells, divided into four sizes, and five
gastropod shells, divided into four sizes, under five experimental water depth conditions
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to obtain 1020 sets of experimental data. The following conclusions can be drawn from
the analysis:

(1) During the repetitive orientation movements of the experimental shells, it was found
that shells of the same species had the same final orientation as a high probability
event, and the counting of the number of orientations yielded that not all species of
shells had the same orientation.

(2) From the graph of the shape coefficient  versus the area diameter, it was determined
that the range of variations of 8 between shells of the same species were not very
large. It was also determined that the § values of the experimental samples of the
gastropod shells were higher than those of the bivalve shells as a whole.

(38) The incipient mean velocities of the bivalve shells were about 1.4-2.8 times greater in
the convex upward position than in the convex downward position. For gastropod
shells with distinguishable opening orientations, the incipient mean velocities of the
shells with opening downward positions were about 1.0-1.2 times greater than those
with opening upward positions. At the same time, for some gastropod shells, it may
not be a good method to calculate the Shields parameters by using the shell thickness
as a measure of its size characteristics. The overall average Shields parameters of the
bivalve shells in the convex upward positions were slightly larger than those of the
gastropod shells.

(4) The final orientations observed in the first part of the experiment were taken as the
initial orientations for the motions of the shells in the second part of the experiment.
By considering the frontal projection area and the basal projection area in the process
of fitting the velocity data, incipient mean velocity and critical shear stress equations
were obtained, which were able to better describe the process of the incipient motion
of the shells of both bivalves and gastropods.

In this paper, the motion thresholds of different types of shells under the action of
water currents at different water depths were investigated. In the future, consideration
should be given to the shell surface roughness factor in the motion velocity threshold
equations, and an in-depth study should be conducted on the hydrodynamic mechanism
of how the final orientation occurs in the motion of shells.
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Abbreviations

The following symbols are used in this paper:

A flow area of flume
Ap frontal projected area of shell with the final orientation condition
A, Ap = Ap/ (k)
As basal projected area of shell
As As = As/(DtZ)
a longest shell dimension
a a=a/kg
b intermediate shell dimension
c shortest shell dimension
é é=c/ks
Dsg median diameter
Dgy median sieve diameter
D, diameter of upper sieve
D, diameter of lower sieve
d grain diameter
Dy nominal diameter
Dy area diameter
Dy thickness of shell
fo bed friction factor
g gravitational acceleration
h depth of flow
h h=h/ks
ks equivalent grain roughness
) length of generatrix of cone
M mass of shell
P wetted perimeter
Re Reynolds number
Re grain Reynolds number
r radius of bottom circle of cone
s’ surface area of bivalve
s" surface area of cone
S total surface area of each shell
SF Corey shape factor
u mean velocity of flow
U incipient mean velocity
U, U, = U/ (Agks)®
U shear/friction velocity
\%4 total volume of shell
Z0 zero velocity level
z z-axis of channel, perpendicular to shell base
B shape parameter
Ocr Shields parameter
von Karman constant
v kinematic viscosity of water
Pw mass density of water
0s mass density of shell
A A= (ps/pw—1)
Ty bed shear stress
) T = T/ (Apwgks)
Subscripts
b quantities associated with bed

w quantities associated with walls
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