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Abstract

Particle settling velocity has wide application in sedimentology and engineering. The
ability to predict settling velocity based on fluid and particle properties is essential for
realistic sediment transport models. It is common practice to describe the size and
shape of natural sediment grains with an ellipsoidal model. This paper tests the validity
of the ellipsoidal model for predicting particle settling velocity for siliciclastic and
carbonate sediments. The parameters associated with this model are the ellipsoidal
nominal diameter (D,, = 3\/DSD,‘D,) and Corey shape factor (CSF = Ds/\/ﬁ), calculated
from the short (D,), intermediate (D;), and long (D,) axial diameters. An equation
for the drag coefficient (i.e., nondimensional friction) expressed as a function of
particle Reynolds number (i.e., nondimensional particle size) and Corey shape factor
(i.e., ellipsoidity) was reconstructed for siliciclastic and carbonate grains separately,
based on the largest available compilations of existing datasets (639 siliciclastic and
3666 carbonate grains). The ellipsoidal approximation of grain size yields significant
errors in settling velocity predictions, yet the equation is more accurate for siliciclastic
particles (mean absolute error = 14 %) than for carbonate grains (mean absolute
error = 21%). This difference is explained by the enlarged irregularity of particles
in carbonate compared to siliciclastic sediments, due to enhanced angularity and
surface roughness of skeletal remains. Thus, the ellipsoidal model, using the nominal
diameter and Corey shape factor, is not suitable for describing natural sediments or
predicting their settling velocity, despite its widespread use. A companion paper (Part
2, Slootman et al., 2026) investigates alternative particle size and shape descriptors.
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Plain language summary

The speed at which sediment grains fall through water (settling velocity) reveals how much friction occurs
between the fluid and the grain, which contributes to the understanding of sediment transport dynamics.
Sediment particles are usually modelled as ellipsoids. This paper has compiled datasets containing the settling
velocity, density, size, and ellipsoidity of thousands of sediment grains from the two main groups of sediment
composition: siliciclastic and carbonate. Relationships between these variables were investigated to derive an
equation for predicting settling velocity. The ellipsoidal model cannot accurately predict settling velocity because
natural sediment grains have irregular shapes, such as sharp corners and rough surfaces, causing friction not
captured by the model. However, fall velocity can be predicted more accurately and more precisely for siliciclastic
particles than for carbonate grains as a result of the irregular nature of skeletal remains such as corals and shells
compared to rounder and smoother quartz particles. We conclude that ellipsoids do not offer the best geometric

representation of natural sediments.

1 Introduction

Settling velocity is a fundamental parameter in
sedimentology (Dey et al.,, 2019; Le Roux, 2005),
essential to hydrodynamic modelling of sediment
threshold conditions of bedload and suspended load
transport (Camenen et al., 2006; Collins & Rigler, 1982;
Dey & Ali, 2019). For example, settling velocity has a
control on erosion criteria (see Egiazaroff, 1965; and
Hjulstrém, 1935; in Miedema, 2010). Settling velocity
equations have applications in transport models for
natural sediment grains in lakes and oceans (Ganti
et al., 2014; Lamb et al., 2010; Mulder & Alexander,
20071), rivers (Cassel et al., 2021) and the atmosphere
(Poulidis et al., 2021), but are also relevant to processes
in magma chambers (Martin & Nokes, 1988), mining
engineering (Walsh & Rao, 1988), civil engineering
(Ghoddousi et al., 2014), botany (Zhu et al., 2017),
meteorology (Cheng et al., 2014), food industry (McKay
et al., 1989) and sewage treatment (Polorigni et al.,
2021).

Settling velocity dynamics of spherical particles are
well constrained (Clift & Gauvin, 1971). However,
sediment grains rarely ever are spheres (Barrett,
1980; Griffiths, 1967; Schulz et al., 1954). In particular,
carbonate grains composed of skeletal remains
of organisms commonly possess irregular shapes
(Figure 1A; Braithwaite, 1973; Maiklem, 1968; Musso et
al., 2025; Slootman et al., 2023). An ellipsoidal particle
model, with short, intermediate and long axes (D;, D;,
D,), is commonly applied to approximate non-spherical
grains (Figure 1B; Baba & Komar, 1981; Blott & Pye,
2008; Komar & Reimers, 1978; Krumbein, 1941; Smith
& Cheung, 2003). A particle diameter used to represent
the size of non-spherical grains is the equivalent
diameter (Wadell, 1932), which is the diameter of a

sphere (i.e., the equivalent sphere) with the volume
V of the non-spherical particle: D,, = 3/6V/m. In
the ellipsoidal model, the equivalent diameter is
approximated by the volume of an ellipsoid to calculate
the nominal diameter: D, = 3/D,D;D,.

In addition to particle size, settling velocity equa-
tions for non-spherical grains typically prompt the
introduction of a shape factor to account for the
influence of particle shape, such as the widely applied
Corey (1949) shape factor: CSF = Ds/\/ﬁ. This shape
factor constitutes a measure of ellipsoidity as a first-
order approximation of particle shape (i.e., particle
form). Second-order shape properties (i.e., angularity
or roundness) and third-order shape properties (i.e.,
surface texture) are not accounted for by the Corey
shape factor (Barrett, 1980; Griffiths, 1967). Although
CSF cannot discriminate between ellipsoids in the
flatness-elongation diagram of Zingg (1935) (Figure 1C),
the Corey shape factor does provide a measure of the
particle’s maximum projection area (De Kruijf et al.,
2021, Figure 14). Particles fall perpendicular to their
maximum projection area (Clift et al., 1978; Stringham
et al., 1969), which therefore exerts an influence on the
magnitude of the settling velocity for which CSF thus
offers an indication.

Two companion papers investigate the settling velocity
of natural sediment grains. The aim of this paper
(Part 1) is to examine the validity of the ellipsoidal
particle model in settling velocity problems. The
appropriateness of the widely used nominal diameter
to represent grain size, and the Corey shape factor to
describe grain shape in settling velocity equations is
tested. These parameters are evaluated using the two
most common sediment compositions: siliciclastic and
carbonate. The companion paper (Part 2, Slootman et
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al., 2026) explores alternative measures of particle size
and shape.

Nearly all types of natural sediment grains are non-
spherical (Barrett, 1980; Griffiths, 1967; Schulz et
al., 1954). However, only a small number of the
giant pool of published settling velocity experiments
document the ortho-axial dimensions of the tested
particles, which are required for the computation of
the ellipsoidal nominal diameter and Corey shape
factor. The scarcity of reported shape data is notable,
given the abundance of literature on the topic of
settling velocity. The available datasets that do contain
shape information, however, have limited ranges of
investigated particle size, and may be exclusive to
sediment in a specific environment. For the first time,
all datasets available from the literature are here
combined into the two largest compilations to date
of experimental settling results of individual sediment
grains with known principal axes. The siliciclastic
compilation contains 13 datasets with 639 particles,
and the carbonate compilation comprises 7 datasets
with 3666 particles. These are used to test the validity
of the nominal diameter and Corey shape factor, i.e.,
the ellipsoidal particle model, as descriptors of particle
size and shape to predict settling velocity.

2 Nondimensional settling velocity equations

Nondimensionalisation of settling velocity equations,
i.e., the removal of physical dimensions and their units,
intends to make equations independent of quantita-
tive measurements (e.g., Middleton & Southard, 1984,
Southard, 2006). A nondimensional equation is equally
applicable to different compositions and shapes. If
that is not the case, then one or more of these
parameters are either inappropriate or incomplete.
The parameters relevant to the settling velocity of
a sediment grain falling vertically through a fluid
follow from a consideration of the forces acting on the
particle (see course notes by Middleton & Southard,
1984; and Southard, 2006). The downward force is
the submerged weight F;” of the particle, i.e., the net
force between the downward force of gravity and the
upward buoyant force equal to the weight of displaced
water:

Fs' =9(p,-ps)V ()

where g is gravitational acceleration, p, and p; are
densities of the particle and fluid, and V is particle
volume. The submerged weight causes the particle
to accelerate once it starts sinking upon release into

the fluid. The opposing force is the drag force that
results from friction between the particle and the
fluid. There is no drag force if the particle is not
moving. At low speeds, the drag force is dominated by
skin friction, caused by adhesive forces between the
particle surface and the fluid. In the case of laminar
flow, the drag force for spheres is given by the law
of Stokes (1850). Particles that fall faster generate
fluid turbulence resulting in a pressure drop behind
the particle, which acts on the particle as an upward
resisting force. The drag force is usually formulated
as a function of the dimensionless drag coefficient
Cp, fluid density py, characteristic area A, and settling
velocity w:

1
Fo=5Copy AW @)

With increasing fall velocity, the friction becomes
progressively dominated by pressure drag (form
drag). As the particle accelerates, the combination of
skin friction and pressure drag grows until it equals
submerged particle weight. At this point, there no
longer is a resultant downward force to accelerate
the particle, and terminal settling velocity w, has been
reached. Solving F;" = F,, for terminal settling velocity
of a particle with nominal diameter D, yields:

2D g(Pe_1) L
wt—\'3Dng(pf )c,, 3)

However, the drag coefficient is not constant and is a
function of the particle Reynolds number Re,,:

Co = f(Re,) (4)

The particle Reynolds number is a dimensionless
length scale that represents the ratio of inertia to
viscous fluid forces acting on the particle:

_Dyw,

Rep 5

()

where & is kinematic fluid viscosity (& = u/p; where
W is dynamic fluid viscosity, a measure of how ‘thick’
the fluid is). The two regimes (Figure 2), i.e., the
regime dominated by skin-friction and the regime
in which pressure drag is dominant, are respectively
referred to as laminar or Stokesian (fluid flow in
parallel layers) and turbulent or Newtonian (chaotic
changes in pressure and velocity). These end-member
regimes are separated by a transitional regime, in
which a combination of skin friction and pressure
forces operates.
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Figure 1 - (A) The size and shape of sediment particles is approximated with an ellipsoidal model. (B) The three principal axes
of the ellipsoid are used to calculate nominal diameter and Corey shape factor. (C) The Zingg (1935) diagram is a common
visualisation method for ellipsoidity. Corey Shape Factor isolines are shown. Adapted from Slootman et al. (2023).
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Table 1 - Datasets in the compilations of (A) carbonate and (B) siliciclastic settling experiments of individual sediment grains.

Authors Publication  Sediment Specification Grain measurement method Data availability Data Settling  Three principal Particle  Volume Particle Fluid Viscosity Measured
year type points velocity  axes reported mass density density maximum
projection
area
(A) Siliciclastic (N = 13, n = 639)
Corey 1949 Fluvial' River bed material Microscope, fluid displacement Paper® 49 Yes? Yes Yes Yes Single Yes Single No
(quartz, feldspar) value value
Corey 1949 Fluvial? River bed material Microscope, fluid displacement Paper® 50 Yes? Yes Yes Yes Single Yes Single No
(quartz, feldspar) value value
Wilde 1952 Fluvial River bed material Microscope, fluid displacement Paper® 50 Yes? Yes No Yes Single Yes Single No
(quartz, feldspar)© value value
Schulz 1954 Fluvial River bed material Microscope, fluid displacement Paper® 40 Yes? Yes No Yes Single Yes Single No
(quartz, chalcedony, value value
feldpar)
Corey 1949 Aeolian Wind-blown sand dune Microscope, fluid displacement Paper® 62 Yes Yes Yes Yes Yes Single Yes Yes
(quartz, feldspar) value
Wilde 1952 Glacial Lateral moraine (quartz, Microscope, fluid displacement Paper? 50 Yes Yes No Yes Yes Single Yes Yes
feldspar)* value
Wilde 1952 Gravel Unspecified source Microscope, fluid displacement Paper? 39 Yes Yes No Yes Yes Single Yes Yes
stockpile (quartz, feldspar)° value
Corey 1949 Rock crusher  Unspecified source Microscope, fluid displacement Paper? 39 Yes Yes Yes Yes Yes Single Yes Yes
(quartz, feldspar) value
Wilde 1952 Rock crusher  Unspecified source Microscope, fluid displacement Paper? 87 Yes Yes No Yes Yes Single Yes No
(quartz, feldspar)° value
Schulz 1954 Rock crusher Unspecified source Microscope, fluid displacement Paper? 28 Yes Yes No Yes Yes Single Yes No
(quartz) value
Schulz 1954 Rock crusher  Unspecified source Microscope, fluid displacement Paper? 13 Yes Yes No Yes Yes Single Yes No
(feldspar) value
Goossens 1987a Not specified Unspecified source Microscope, mass conversion Paper 92 Yes Yes Yes? Yes Single Single Single Yes
(quartz) to obtain volume value® value® value®
Riazi & Turker ~ 2019 Not specified Unspecified source Pseudo 3D stereographs Paper 40 Yes Yes No No Yes Yes No No
(B) Carbonate (N =7, n = 3666)
Smith & 2003 Tropical Beach (swash zone) Microscope Not published 998 Yes Yes No No Single Single Single No
Cheung value value value
Alcérrecaetal. 2013 Tropical Beach (multiple zones)  Micropscope, image analysis Not published’ 1557 Yes Yes No No Multiple  Single Single Yes
single value value
values
Wang et al. 2018 Tropical Reef Stereomicroscope, image Not published 17 Yes Yes Yes Yes Yes Yes Yes No
analysis
Lietal. 2019 Tropical Lagoon Digital image analysis, caliper ~ Supplementary 320 Yes Yes Yes Yesd Single Single Single Yes
materials value value value
Mao et al. 2023 Tropical Aquarium sand Image analysis of two faces Supplementary 272 Yes Yes No Unclear Two Single Single Yes
materials single value value
values
Tropical Coral debris Image analysis of two faces Supplementary 199 Yes Yes No Unclear Yes” Single Single Yes
materials value value
Slootman etal. 2023 Cool-water Subaqueous dunes Micro-CT Supplementary 203 Yes Yes Yes Yes Yes Yes Yes Yes
materials

‘e 19 uewnool|s

Cache la Poudre River, near Bellevue, Colorado, USA. 2Middle Loop River, Dunning, Nebraska, USA.
Thesis results: compiled in Schulz et al., (1954). °Calculated from reported particle Reynolds number. “Not specified, but reported densities correspond with quartz and feldspar composition. “Measured, but not reported. ¢Assumed a single value
based on text; actual value not reported. /Provided by authors. 9Calculated from mass and particle density. "Calculated from reported particle-fluid density contrast.
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Settling velocity experiments essentially aim to find
a solution to the drag coefficient as a function of
particle Reynolds number (Equation 4, red curve in
Figure 2). This equation can be solved analytically
for low particle Reynolds numbers in the laminar
regime, for spheres known as Stokes' Law: C, =
24/Re, (Stokes, 1850). However, for more turbulent
conditions at higher particle Reynolds numbers, this
equation must be solved empirically (Wadell, 1934). A
widely accepted equation for spheres settling in the
transitional regime is the equation of Clift & Gauvin
(1971) (Equation A1 in Appendix A). Several studies
looked into these relationships for non-spherical
particles from a variety of depositional environments,
with sediment types including siliciclastics, carbonates,
volcaniclastics, heavy minerals, and plastics (e.g., Alger,
1964; Allen, 1984; Briggs et al., 1962; Francalanci et
al., 2021; Goossens, 19873a; Joshi et al., 2014; Komar &
Reimers, 1978; Li et al., 2020; Mao et al., 2023; Olivera
& Wood, 1997, Riazi & Turker, 2019; Rouse, 1949; Smith
& Cheung, 2003).

These equations are nondimensional, i.e., they are
independent of the quantitative measurements of the
system, enabling the results from settling experiments
to be applied to settling problems with particles of
different size, density and shape than tested in the
experiments. Nondimensionalisation of relationships
between settling velocity, and particle and fluid
properties thus makes experimental results more
generally applicable, rather than being limited to a
single grain population from a specific depositional
setting or composition. This also implies that fluids
other than water may be used in experiments (e.g., ol
or glycerine; Fan et al., 2022; Komar, 1980; Komar &
Reimers, 1978; Stringham et al., 1969; Wang et al., 2018;
Wilde, 1952). However, the success of nondimensional
equations depends on the ability of parameters
to properly capture the relevant particle properties
of size, density and shape, as evaluated in this

paper.
3 Compilations

3.1 Datasets

An extensive literature survey yields the most complete
compilations of experimental results of siliciclastic
and carbonate settling velocity to date (Table 1).
Prerequisites for data to be incorporated into the
compilations include reporting of settling velocity,
the individual short, intermediate and long particle

axes, grain density, and fluid density and viscosity. For
fluid properties in particular, several studies report a
single value, which may reflect constant laboratory
conditions (e.g., dependent on temperature, and
whether fresh or salt water was used). More
experiments than reported here have been performed,
however some of these could not be included in
the compilations because the short, intermediate,
and long axial dimensions were measured but not
documented (e.g., Baba & Komar, 1981).

It must be stressed that these datasets do not
necessarily represent natural sample populations,
as most grains have been selected to represent a
broad range of particle properties. This selection
bias, however, is not relevant to the objectives of the
present study, which aims to collect an as wide as
possible range of particle properties of siliciclastic and
carbonate composition. There is extreme variation in
the number of investigated grains between datasets,
ranging from about 40 to several hundreds, and in
two cases about a thousand or more. For a visual
overview of the distributions of grain size, density,
shape and settling velocity, normal gamma probability
density functions (Vaz & Fortes, 1988), grouped by
composition, are shown in Figure 3.

For siliciclastics, a total of thirteen datasets with
639 particles were collected from a number of studies
(Corey, 1949; Schulz, 1954; Wilde, 1952, as compiled in
Schulz et al., 1954). Note that for some particles not
all parameters were measured, hence total dataset
size (N in figures) may differ between analyses. The
siliciclastic compilation contains a variety of natural
sediments collected from a range of depositional
environments (fluvial, aeolian, glacial). To mimic
conditions of freshly fragmented sediment, rock
crusher products were included in the compilation
of Schulz et al. (1954). In some of these datasets,
individual mineral grains were specified. Riazi & Turker
(2019) provide the only recent siliciclastic dataset that
meets the requirements, covering an extreme range of
particle densities from 1.56 to 4.43mgmm~3, but did
not specify sediment source or composition.

For carbonates, a total of seven datasets with
3666 particles were collected from six studies, all
published in the twenty-first century. Two studies
together comprise more than half of the data
points. The carbonate datasets comprise a number
of depositional environments, yet most grains were
produced in tropical factories (sensu Schlager, 2003;

SEDIMENTOLOGIKA - 2026 | Volume 4, Issue 1
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Figure 2 - Particle hydrodynamics as function of two nondimensional parameters: (1) Re,,: particle Reynolds number, a
dimensionless length scale obtained by the ratio of inertial forces to viscous forces, and (2) Cp: drag coefficient, the ratio of
drag force to dynamic pressure forces. Viscous forces dominate in laminar flow in the Stokesian realm. Inertial forces control
turbulent flow in the Newtonian realm. The upper boundary of the laminar regime is placed at Re, = 107" (e.g., Bagheri &
Bonadonna, 2016) to Re, = 10° (e.g., Dey et al., 2019). Most sedimentary processes occur in the transitional regime up to
Re, = 103, proposed to be stretched to larger particle Reynolds numbers for irregular grain shapes (Smith & Cheung, 2003).
The displayed Re,, - C curve is from (Fornberg, 1988). Flow patterns are modified from MIT OpenCourseWare in (Southard,

2006). Figure adapted from De Kruijf et al. (2021).

as used in Reijmer, 2021). About half the data have not
been published previously but were obtained from the
authors upon request. Several of the carbonate studies
report single values for particle density, which is
peculiar given the wide range of published carbonate
particle densities (see compilation in De Kruijf et al.,
2021).

3.2 Parameters

In this section, the parameters required for calculation
of the particle Reynolds number and drag coefficient
are discussed (Figure 3). Some general, and remark-
able, characteristics of the datasets are mentioned
here.

3.2.1 Grain size

The nominal diameter was calculated using the
reported short, intermediate and long particle axes,
according to the ellipsoidal model: D, = 3/D,D;D,. The

classical datasets utilized microscopes to determine
particle axes, as did some of the modern studies
(Table 1). Other methods include three-dimensional
stereographical techniques. However, digital image
analysis is used most frequently. Only one study
obtained particle dimensions from digital models
constructed from micro-CT scans. The width of
the grain-size distributions of the siliciclastic and
carbonate compilations is approximately eight phi
units (Krumbein, 1938; Wentworth, 1922). Yet, the
siliciclastic compilation (medium sand to very coarse
pebbles) contains particles that are up to two phi units
coarser than in the carbonate compilation (very fine
sand to medium pebbles).

3.2.2 Particle density

It is the density of the grain including fluid-filled
macro-porosity that is relevant to the settling problem.
Thus, it is not the solid material density that is

SEDIMENTOLOGIKA + 2026 | Volume 4, Issue 1
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of interest here (see De Kruijf et al., 2021 for a
discussion and review of carbonate particle densities).
Siliciclastic particles can be assumed to be void
of intraparticle macro-porosity. Siliciclastic particle
volume is classically determined by submerging an
individual grain into a serological pipette containing
a known fluid volume (Corey, 1949; Schulz et al,,
1954; Wilde, 1952). The volume displaced within the
pipette equals the siliciclastic particle volume. In
combination with the measurement of particle mass
on an accurate and precise balance, particle density
is then determined for siliciclastic grains. For the
quartz and feldspar grains collected from riverbeds,
single values for the well-constrained mineral densities
were reported. For carbonate particles, the pipette
method only works if carbonate grains do not contain
intraparticle macro-porosity, such as bivalve fragments
(Li et al., 2020). Yet, due to organism-specific micro-
porosity in the crystal structure of carbonate skeletons
(see Caromel et al., 2014; Yordanova & Hohenegger,
2007), it may be problematic to apply a single value for
the density of the carbonate mineral (e.g., aragonite or
calcite). For the datasets of Mao et al. (2023) it is unclear
how fluid-filled macro-porosity was compensated
for. An alternative approach to determine particle
density of carbonate particles with fluid-filled macro-
porosity is the method of Slootman et al. (2023),
which separates the convex hull volume into the
volumes of the intraparticle pore space and the solid
material using micro-CT data, and then proportionally
attributes the densities of respectively the fluid and the
carbonate mineral (obtained from X-ray attenuation)
to these volumes.

3.2.3 Particle shape

Particle shape is parameterized using the Corey shape
factor (Blott & Pye, 2008; Corey, 1949), based on
the short, intermediate and long diameters of the
grain: CSF = D,//D;D,. Both siliciclastic and carbonate
datasets attain broad shape distributions. Perhaps
counterintuitively, the siliciclastic datasets contain very
non-spheroidal particles, likely as a result of selection
bias. The bivalve fragments from Li et al. (2020) are
extremely flat. The wide distribution of particle shapeiis
apparent when data points are plotted in the flatness-
elongation diagram of Zingg (1935) (Figure 3, see also
Figure 1C).

3.2.4 Settling velocity

Reported settling velocities were obtained from
experiments by releasing sediment particles in
transparent tubes, and averaging the ratios of a known
vertical distance between markers over the recorded
times needed to pass those markers. Several fluids
were used in the experiments; however, Figure 3
displays only the settling velocity of grains in water.
At first glance, there is a clear dependency of settling
velocity on grain size (e.g., Alcérreca et al., 2013),
although extreme particle densities markedly affect
the settling-velocity distribution as well (e.g., Mao et
al., 2023). Settling velocities in the dataset range from
as slow as 0.003ms™ to as fast as 0.81ms™, with a
median of 0.19 ms™ for siliciclastics and 0.074 ms™ for
carbonates.

4 Results

4.1 Settling velocity is a function of grain size and
shape

The hydrodynamic behaviour of the tested sediment
grains in the compilations is expressed by two
dimensionless numbers: (i) particle Reynolds number
(Re,, Equation 5), and (ii) experimental drag coefficient,
obtained by rewriting Equation 3:

_4 Pe 1)
CD,exp - 3 Dn g<pf ) Wt,expz (6)

where w, ., is the terminal settling velocity observed
in experiments. The Re, - C, relationships for the
experimental results are shown for each compilation
individually in Figure 4A. The patchwork appearance of
the data reflects the broad spread in grain size, density
and shape between datasets. Most data points plot
well above the equation for spherical particles, with
the rare exception of some of the medium carbonate
sand grains of Alcérreca et al. (2013), which reach
down to the curve for spheres of Clift & Gauvin (1971).
Best-fit second-order polynomial curves are calculated
through the data points using the MATLAB curve fitting
tool (Figure 4A).

The scattered nature of the data suggests a depen-
dency of the Re, - C, relationship on an additional
parameter. When the combined data points are
grouped by composition and colour-coded by CSF, it
becomes apparent that the drag coefficient for a given
particle Reynolds number increases with decreasing
Corey shape factor (Figure 4B). Therefore, rather than

SEDIMENTOLOGIKA - 2026 | Volume 4, Issue 1

8



Slootman et al.

Settling velocity: Natural sediment particles are not ellipsoids

SILICICLASTICS

Grain size (mm)
025 1 4 8 16

CARBONATES

Grain size (mm)
025 1 4 8 16

15 T
>
‘@ SILICICLASTICS N = 604
q) 1 ] - 1 1 1 1 1
©
g River sediment
§ 05 ’ Corey (1949) n=46 gtz fsp sand
2 ) [ | Corey (1949) n=48  qtz, fsp sand
2 2 0 2 4 -6 4 2 0 =2 -4 6 Wilde (1952) n =44 qtz, fsp gravel
Grain size (phi) Grain size (phi) Schulz (1954) n =387 qgtz, fsp, chd sand
o Aeolian sand
D 8 Corey (1949) n=37 gtz fsp sand
S 6]
2 Glacial sediment
= 4
§ Wilde (1952) n =36 qtz, fsp gravel
o 24
e, —) i\ /\J Rock crusher
1‘5' 2 2'.5 3 3'53 1'5. 2 25 3 3'53 Corey (1949) n =40 qtz, fsp fragments
Particle density (mg/mm?®) Particle density (mg/mm?®) Wilde (1952) n=35 qtz, fsp fragments
o 4 Schulz (1954) n=13 fsp fragments
'§ 3 Schulz (1954) n=28 gtz fragments
3
2z 2 " Other
§ . ,’\ ‘ Wilde (1952) n =58 qtz, fsp fragments
E \ Goossens (1987) n=92 gtz sand
0 \ . . . = .
5 o055 05 ovs 1 0 ops 05 ovs 1 Riazi & Turker (2019) n =40 unspecified
Corey Shape Factor (-)  Corey Shape Factor (-)
1
-~ CARBONATES N = 3666
= 23]
-% Tropical
g 1/3 4 Smith & Cheung (2003) n=998 beach sand
i Alcérreca et al. (2013) n=1557 beach sand
0 . . ! ; — Wang et al. (2018) n=117 reef sediment
0 13 203 1 0 13 23 1
M t al. (2023 =272 | debri
Flatness (-) Flatness (-) aoetal.( ) : f:ora .e r:s
Mao et al. (2023) n=199 ‘aquarium’sand
20
% Cool-water
15
é Slootman et al. (2023) n =203 shallow-water
2 10 (Pleistocene)
§ Bivalve fragments
8 °1 I\ [ Li et al. (2019) n=320 lagoon bivalve
a !! 5; § fragments
0 _

0 0.25 0.75
Settling velocity (m/s)

0.25 0.75
Settllng velomty (m/s)

Figure 3 - Particle properties of sediment grains in the siliciclastic and carbonate datasets in the compilations of settling
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of particle Reynolds numbers. The settling velocity is displayed only for particles falling through water. Abbreviations: gtz =
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a Re, - C, curve, the data are likely to define a
surface in the Re, - C, - CSF parameter space. The
coefficients of a second-order polynomial surface are
calculated using the MATLAB curve fitting tool (Figure
S1 in supplementary materials). The function C, =
f(Re,. CSF) is expressed in logarithms with a base of
10 of €, and Re,, and is of the form:

log,, (Cp) =poo+
P1o-109,, (ReP)+
p01 * CSF+
‘log., (Re,)- CSF %
P10, (Re, ) CSF+

Do - [Iog10(Rep)]2+
Poz - CSF2

N

for which the coefficients are as specified in Table 2
(see Equation A2 in Appendix A for non-logarithmic
form). The surfaces are plotted in Figure 5. Datapoints
are grouped in CSF bins of 0.1 width and plotted
on the CSF isoplane on the midpoints. Continuous
curves represent the intersection of the surface with
the CSF isoplanes. The dashed curves are shown
for comparison with the other composition. The
grey curves indicate Stokes’ Law (stippled) and the
Re, - C, relationship for spheres (dashed). The function
Co = f(Re,. CSF) has a coefficient of determination
of R? = 0.7538 for siliciclastics and R? = 0.8590 for
carbonates.

Table 2 - Coefficients to the second-order polynomial
function for Cp = f(Re,, CSF) in Equation 7.

Siliciclastic Carbonate
Poo = 1.8045 Poo = 2.3694
P10 =-0.6334 P =-0.8715
Por = —0.8066 Por =-2.7092
pq, = -0.0758 pq1 =-0.03161
P2 = 0.09047 pa =0.1237
Poy = 0.2434 Doz = 2.1614

Comparison of the siliciclastic and carbonate curves
in Figure 5 reveals that for lower values of the
particle Reynolds number (Re, = p, p € [10,100]),
the predicted drag coefficient for carbonate grains
always exceeds that of siliciclastic particles. In contrast,
for higher values of the particle Reynolds number
(Re, = p, p € [10,100]), at which most sedimentary
processes involving sand-sized grains operate, the
predicted drag coefficient for siliciclastics is higher

than for carbonates for non-spheroidal grains (CSF <
0.7). However, for spheroidal grains (CSF > 0.8),
the drag coefficient for carbonates exceeds that of
siliciclastics. The modelled function C, = f(Re,, CSF)
tends to fall below Stokes' Law for very low particle
Reynolds numbers for siliciclastics. However, due
to a lack of data at the lowest particle Reynolds
numbers in the siliciclastic compilation, the curves
are less reliable in this domain. Predicted drag
coefficients for carbonate grains always remain well
above Stokes' Law, which, however, may not be realistic
either. In other words, the reconstructed surfaces are
not reliable for low values of the particle Reynolds
number (e.g., Re, < 5). Upper limits of validity of
Equation 7 are controlled by the largest particle
Reynolds numbers in the compilations. Equation 7 is
not valid for Re, exceeding 10* for carbonates and 10°
for siliciclastics.

4.2 Error in predicted settling velocity

Calculation of the terminal settling velocity w, .. from
C» = f(Re,, CSF) in Equation 7 requires an iteration
process, because both Re, and C, are functions of
w,. The iteration process (Figure 6) is performed
for each grain individually, for which the particle
properties as recorded in the experiments are used
as input parameters. The first iteration starts with
an estimate of the particle Reynolds number (e.g.,
Re, = 100), which is inserted into Equation 7 to obtain
a calculated value of the drag coefficient. The first
calculated terminal settling velocity is then computed
using Equation 3. A new particle Reynolds number
is obtained using this w, ., through Equation 5.
The second iteration starts with using the new
particle Reynolds number to calculate a refined drag
coefficient, with which a more accurate settling velocity
is obtained. The relative error between the first and
the second calculated settling velocity is evaluated.
If the error is larger than the tolerance of 1%, then
the iteration is repeated until the error falls below
the tolerance value. Five iterations were performed
here (see Figure S2 in supplementary materials for
intermediate steps).

For each grain, the calculated terminal settling velocity
obtained from the final iteration is compared with the
terminal settling velocity observed in experiment by
calculating the relative error:

e=<M—1>-100% (8)
Wt exp
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Figure 4 - Hydrodynamics of siliciclastic and carbonate sediment grains in the parameter space of particle Reynolds number
and drag coefficient. (A) Displayed by dataset. The red and blue dashed curves display the best-fit second-order polynomial
function f(x), where f(x) represents C, and x represents Re,,. The coefficients for siliciclastics are p1 = 0.0957, p2 = -0.7103,
and p3 = 1.4580. The coefficients for carbonates are p1 = 0.1042, p2 = -0.7652, and p3 = 1.4928. Datasets are coloured as in
Figure 3. (B) Displayed by Corey shape factor. As CSF decreases, C, for a given Re, increases. Stokes’ Law and the curve for

spheres (Clift & Gauvin, 1971) are shown for reference.

The results of the final iteration and the corresponding
error distribution for the siliciclastic and carbonate
compilations are shown in Figure 7. The mean absolute
error MAE indicates the degree of scatter of the data
from the 1:1 relationship, on which the calculated
settling velocities exactly match the experimental
settling velocities:

MAE = % > abs(e) 9)

Error analysis helps evaluating the performance of
the function C, = f(Re,, CSF) in Equation 7 for
the prediction of particle settling velocity. Since the
function utilizes the nominal diameter and Corey
shape factor, the error analysis provides insights into

the validity of these parameters as grain descriptors
in the ellipsoidal particle model.

The data points in the carbonate compilation display
a higher degree of scatter than in the siliciclastic
compilation (Figure 7). The majority of observed
versus predicted settling velocities plot within the
25% error envelope. For siliciclastics, 82% plots
within the error envelope, 12% above, and 6%
below. For carbonates, more data points than for
siliciclastics plot outside the envelope: 66% plots
within, 19 % above, and 15 % below. Also when analysed
individually, siliciclastic datasets maintain narrower
error distributions than carbonate datasets (see
Figures S3 and S4 in supplementary materials). The
higher degree of scatter for carbonates is reflected
by the larger mean absolute error in comparison to
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the MAE of siliciclastics. (Although, mean absolute
errors improved from using the equations for drag
coefficient that do not depend on Corey shape
factor to the CSF-dependent equations, from 33 %
to 14 % for siliciclastics and from 45% to 21% for
carbonates.)

The mean u of the error distribution measures the
accuracy of the predictive settling velocity model,
whereas the precision of the model is indicated by the
standard deviation o. For siliciclastics, the combination
of the low mean (us0, = 1.7 %) and the approximately
symmetrical distribution of the error around the mean,
demonstrate that the predicted settling velocities for
siliciclastic particles have a relatively high accuracy and
are not skewed towards higher or lower values, but are
symmetrically scattered around the 1:1 relationship for
observed versus predicted velocities. The carbonate
model has a comparable, yet slightly lower, accuracy
as indicated by the mean (Uc,co, = 4.4 %). However, the
precision of the model is much lower for carbonates
(Ocaco, = 32 %) than for siliciclastics (050, = 19 %), in line
with the higher degree of scatter in the experimental
versus calculated settling velocities in the carbonate
compilation. In addition, the error distribution of
the carbonate model is positively skewed towards
higher values. This asymmetry implies that the
carbonate compilation contains more particles for
which the settling velocity has been overestimated
than in the siliciclastic compilation. This is due to
genetic differences between carbonate and siliciclastic
sediment grains, as further explored in the next
section.

5 Discussion

5.1 Differences between carbonate and siliciclastic
sediments

In the carbonate compilation, the relative error
between predicted and measured settling velocity is
skewed towards positive values (Figure 7). A positive
error implies that the calculated settling velocity
exceeds the measured velocity. This difference results
from the predicted influence of gravity being over-
represented, and/or the under-representation of fluid
drag on the particle in the ellipsoidal model. Predicted
settling velocities exceeding measured values may
be caused by one or more of the following: (i) the
actual grain volume is smaller than that of the ellipsoid
for which the settling velocity was calculated, (ii) the
particle has lower density than modelled, (iii) the grain

experiences more friction than expected from the
elliptical maximum projection area in the ellipsoidal
particle model, (iv) there is more resistance caused by
fluid passing sharp particle corners, (v) rough grain
surfaces cause additional drag that is not accounted
for in the ellipsoidal particle model. Negative errors
also occur, in almost equal proportion, yet with
less extreme values. Both positive and negative
errors also emerge in the siliciclastic compilation,
however siliciclastics errors are smaller and the error
distribution is symmetrical instead. This suggests
that the ellipsoidal model is better suitable for the
description of siliciclastic particles than for carbonate
grains, most likely due to irregularities in first-order
shape (i.e., form as described by ellipsoidity), as well
as second-order (i.e., angularity or roundness) and
third-order (i.e., surface texture) shape properties (see
Barrett, 1980; Griffiths, 1967; as reviewed in De Kruijf et
al., 2021). In addition, asymmetries in the distribution
of shape and/or density may exist for individual grains,
which are unaccounted for in the ellipsoidal particle
model.

5.2 Particle shape dependency in other studies

The number of studies that investigated the effect
of shape quantified as ellipsoidity using Corey shape
factor on the hydrodynamic behaviour of natural
sediments is limited. Notable exceptions include Alger
(1964), who settled a couple dozen siliciclastic gravel-
sized clasts supplemented with regular geometric
shapes, and Smith & Cheung (2003), who tested the
settling of nearly one thousand tropical carbonate
sand grains. These studies reconstructed curves for
the drag coefficient as a function of particle Reynolds
number for several values of the Corey shape factor
based on original data. Only two other studies, utilizing
previously published datasets, proposed C, - Re,
relationships as a function of CSF (Swamee & Ojha,
1991; Wu & Wang, 2006). The curves of these four
studies are shown in Figure 8, together with the
curves representing the intersection between the
Corey shape factor isoplanes and the surfaces found
in this study.

All six sets of curves in Figure 8 indicate decreasing
drag coefficients for increasing particle Reynolds
numbers in the laminar regime (Re, < 10). Fully
turbulent conditions are only reached for particle
Reynolds numbers exceeding Re, = 10° (see Figure 2),
which are achieved by none of the particles in
the compilations. By far, the bulk of the analysed
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Figure 6 - Iteration process for the calculation of terminal settling velocity using particle and fluid properties for the i-th

iteration. See subsection 4.2 for details.

grains settled in the transitional regime (96 % for
siliciclastics, 77% for carbonates). Hydrodynamics
in the transitional regime is complicated and has
not been resolved theoretically, hence requiring

empirical solutions (Allen, 1982; Dey et al., 2019).

However, the general C, - Re, dependency consistently
demonstrates that with particle Reynolds numbers
increasing beyond the laminar regime and into the
transitional regime, the drag coefficient drops further

until a minimum value is reached (Dey et al., 2019).

From this ‘trough’ in the curve, C, again rises for
higher Re, but with a lower rate on double-logarithmic
scale (Figure 2). All curves in Figure 8, including the
solution for spheres of Clift & Gauvin (1971), display the
characteristic trough of the transitional regime. The
equation for spheres halts at a plateau with constant
drag coefficient, a trend mimicked by the siliciclastic
curves of Alger (1964) and Swamee & Ojha (1991), and

to some extent by the curves of Wu & Wang (2006).

The curves for carbonates of Smith & Cheung (2003)

display strong curvature due to the rapid increase in
C, towards higher Re, beyond the trough. However,
the curves of Smith & Cheung (2003), for which no
goodness of fit is reported, are data-limited to support
the continuation of the strong curvature towards
higher particle Reynolds numbers.

Smith & Cheung (2003) remark that for lower CSF
values, the onset of the transitional regime shifts
towards lower Re,. This trend is persistent in all studies,
including the present compilations, as demonstrated
by the migrating position of the troughs in the
curves. The constant drag coefficients reached for the
siliciclastic curves at the higher end of Re,, are not
apparent in the siliciclastic surface reconstructed in
this study. Potentially, this is a result of the choice for
a second-order polynomial function for the C, - Re, -
CSF surface, which never reaches a plateau. Yet,
the reconstructed surfaces attain good fits within
the domain of particle Reynolds numbers in the
compilations (i.e., Re, <= g, g € [10% 10°]). Although
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the previously proposed curves are in accordance with
the trends of the surfaces found in this study, all these
curves plot at lower drag coefficients, i.e., below the
reconstructed surfaces.

There is a striking difference between the siliciclastic
and carbonate surfaces reconstructed in this study. For
a given particle Reynolds number on the siliciclastic
surface, the drag coefficient always increases as
grains become more ellipsoidal with decreasing
CSF. For the reconstructed carbonate surface, this
trend is valid only for Corey shape factors smaller
than CSF = 0.6. Instead, the drag coefficient for
carbonates with a given Re, increases as grains
become more spheroidal as Corey shape factors
increase from CSF = 0.7 onwards. This odd trend in the
reconstructed hydrodynamic behaviour of carbonate

grains is explained by the irregularity of skeletal
particles.

5.3 Influence of carbonate grain irregularity

The distribution of the error in calculated versus
measured settling velocity is not a function of Corey
shape factor, nor of particle size as represented by
particle Reynolds number or nominal diameter (see
Figures S5 and S6 in supplementary materials). This
implies that the C, - Re, relationships reconstructed
in this study (Figure 8A, E) are indeed representative
of the hydrodynamic behaviour of the grains in the
siliciclastic and carbonate compilations. A dependency
of these curves on the Corey shape factor was found.
For siliciclastics, the calculated curves predict that
the drag coefficient for a given particle Reynolds
number decreases as CSF increases. In other words,
less spheroidal shapes (i.e., flatter or more elongated
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intersections between the calculated surfaces and CSF-isoplanes as shown in Figure 5. Corey shape factor dependencies
found in other studies are displayed for (A-D) siliciclastic (red) and (E-F) carbonate grains (blue). Numbers correspond to CSF
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Wilde (1952).

grains) experience more drag than spheroidal ones.

However, the curve for the most-spheroidal grains
does not reach down to the solution for spheres
of Clift & Gauvin (1971), demonstrating that these
particles experience more drag than predicted for
perfect spheres. Also for carbonate grains the drag
coefficient for a given particle Reynolds number

decreases as grains become more spheroidal with
increasing CSF, however, only up to a value of CSF =
0.6. For more-spheroidal grains with larger Corey
shape factors, the drag coefficient for a given Re,
increases with about 50% for Corey shape factors
up to CSF = 1. This peculiar observation confirms
that for more-spheroidal grains, ellipsoidity does not
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sufficiently predict grain size and shape. For example,
higher-order shape factors (i.e., angularity and surface
roughness) may become more important as Corey
shape factor increases, or particle asymmetry starts
playing a more significant role for less-elongated and
less-flat grains.

The conclusion that the ellipsoidal model alone
is not sufficient to describe grain shape is not
new. The widely accepted equations for settling
velocity of Dietrich (1982) account for grain shape
by applying both the Corey shape factor and Powers
(1953) roundness, which is a semi-quantitative visual
chart, to account for the influence of second- and
third-order shape properties (see De Kruijf et al.,
2021 for a discussion and review). Due to the
impracticability of determining this combination of
shape descriptors, Dietrich (1982) proposed values
appropriate for “natural sediment particles”, as later
repeated by Ferguson & Church (2004). However,
there are no quantitative data available to evaluate
such standard values, yet these values are commonly

used in literature and engineering applications.

Goossens (1987b) performed theoretical sensitivity
analyses to validate the use of Dietrich's (1982)
combination of shape parameters, finding that for
small particles the influence of grain angularity on

settling velocity decreases as spheroidicity increases.

Strikingly, the opposite holds true for larger particles,
for which settling velocity is increasingly more
influenced by grain angularity as particles become
more spheroidal (Goossens, 1987b). The implications
of these discoveries for the curves reconstructed for
the carbonate compilation in Figure 8E are that in
the domain of higher particle Reynolds numbers,
the increasing drag coefficients for more-spheroidal
grains may be explained by the high degree of
irregularity of the carbonate grains. The influence
of grain irregularity and surface roughness on the
Cp - Re, relationships for larger values of the Corey
shape factor (CSF > 0.7) is perhaps such that curves
are ‘pulled up’ towards higher values of the drag
coefficient.

6 Conclusions on the validity of the ellipsoidal

particle model

This paper set out to test the validity of the

ellipsoidal particle model in settling velocity problems.

Parameters tied to the ellipsoidal model are the
nominal diameter for grain size, and the Corey shape

factor for grain shape. The suitability of these particle
descriptors was evaluated for large compilations of
siliciclastic and carbonate sediments. Equations were
established for the drag coefficient (representing
friction) as a function of particle Reynolds number
(representing particle size in the range 5 < Re, =
g. g € [10%,10°]) and Corey shape factor (representing
ellipsoidity). With these equations, settling velocities
were predicted using reported particle and fluid
properties, which were then compared with the
velocities measured in experiments. Mean absolute
errors of predicted drag coefficients are significantly
reduced when Corey shape factor is considered. This
is reflected by smaller errors in predicted settling
velocity; from 33% to 14% for siliciclastic particles
and from 45 % to 21% for carbonate grains. Although
reduced, these errors imply that the ellipsoidal particle
descriptors, i.e.,, nominal diameter and Corey shape
factor, do not fully capture the size and shape of
natural sediments. In particular, the modelling of
irregular grains such as carbonates as ellipsoids is
problematic. Yet, this is common practice in both
sedimentology and engineering, perhaps based on
the simplistic assumption that tri-axial ellipsoids offer
an appropriate representation of carbonate particles.
Alternative grain-size and shape descriptors exist,
in particular the simple volume/area ratio of grains,
as further explored in the companion paper to this
publication (Part 2, Slootman et al., 2026).
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Appendix A

Table A1 - Symbols and descriptions of parameters used in
in equations, figures and tables in this article in this article.

Symbol Description

A Particle maximum projection area
abs(e) Absolute error

Cp  Drag coefficient
Cpexp Experimental drag coefficient

CSF  Corey shape factor

D.,  Equivalent particle diameter

D;  Intermediate particle diameter

D, Long particle diameter

D, Nominal particle diameter

Dy Short particle diameter

Table AT continues

Table AT continued

Symbol Description

Fp Drag force
Fg Submerged weight
g Gravitational acceleration

i Index counting iterations
MAE Mean absolute error
n Number of measurements

N Number of datasets

poo  Coefficient to the polynomial function in Equation 7
pio  Coefficient to the polynomial function in Equation 7
por  Coefficient to the polynomial function in Equation 7
p11 Coefficient to the polynomial function in Equation 7
poo  Coefficient to the polynomial function in Equation 7
po2  Coefficient to the polynomial function in Equation 7
Re,  Particle Reynolds number

4 Particle volume

w Settling velocity

w,  Terminal settling velocity

W care  Calculated terminal settling velocity
Weexp Experimental terminal settling velocity (observed)

£ Relative error

u Mean (model accuracy)

u Dynamic fluid viscosity

15 Kinematic fluid viscosity

Py Fluid density

Pp Particle density

o Standard deviation (model precision)

Relationship for spherical particles between drag coefficient
and particle Reynolds number by Clift & Gauvin (1971), which
is valid for Re, <3 x 10°:

24 0.42
Co= re (1+0.15Re, %) ¥ 42500 A
P * 14 (1 + m)

Rewritten form of Equation 7:

Cp = 10/\(p00 + P10 x 1 (Rep) + Por x CSF + pagx

g (Re,) x CSF + pao x [|g (Re,,)]2 + Poa X csﬂ) (A2)
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