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Abstract

Particle settling velocity is a fundamental property for sediment hydrodynamics with
implications for sedimentology and engineering. Settling velocity depends on fluid
properties and the density and dimensions of sediment grains. However, it is not
self-evident what length variable should be chosen to represent particle size and
shape in settling velocity equations. A companion paper (Part 1, Slootman et al., 2026)
demonstrated that the ellipsoidal model as defined by the nominal diameter and a

shape factor are unsuitable for the description of natural sediment particle dimensions.

Mathematical derivation from the balance of forces between particle weight and
fluid friction reveals that terminal settling velocity should be a function of particle
volume and its maximum projection area. In this paper (Part 2) several candidates
for a parameter representing particle dimensions in the settling problem are tested,
including the diameters of the nominal and equivalent spheres, and the volume/area
ratios of the bounding-box ellipsoidal model and the realistic particle model. The
latter is obtained from high-resolution micro-computed tomography for 203 irregular
skeletal carbonate grains, providing accurate ratios of particle volume over maximum
projection area. This ratio predicts settling velocity more accurately than the other
tested variables of particle size. Thus, the volume/area ratio captures both particle
size and shape, which are usually modelled separately. This study proposes a new
framework for accurate hydrodynamic characterisation of sediment particles.
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Plain language summary

Sediment particles accelerate when released in water due to the pull of gravity exceeding the friction between the
particle and the fluid. As the particle picks up speed, the force due to fluid resistance increases until it balances
with the weight of the particle. At this moment, the particle has reached terminal settling velocity. Because this
parameter reveals insights into the friction between particles and water, settling velocity is an important variable
in the hydrodynamic modelling of natural sediments. Prediction of particle settling velocity depends on the
accurate description of particle size and shape, several candidates of which are tested in this paper. Our results
demonstrate that the ratio of particle volume over its maximum projection area best captures the size and shape
of sediment grains for the prediction of settling velocity.

1 Introduction

Sediment transport dynamics is key to understanding
the distribution of sediments on Earth's surface (Hayes
et al.,, 2021; Li et al., 2020) and potential preservation
in the geological record (Anders et al., 1987; Brown
et al., 2009). Aqueous flows are responsible for
significant transfer of sediment particles along natural
depositional environments (C. Wang et al., 2015),
human-designed habitats (Fennessey & Jarrett, 1994;
Yim, 1994) and infrastructures (Kondolf et al., 2014;
Schleiss et al., 2016). Knowledge on the mechanisms
of sediment erosion, transport, and deposition are
therefore essential to numerous aspects of society
(Parrinello & Kondolf, 2021). A fundamental parameter
in sediment transport modelling is settling velocity
(Dey et al., 2019; Le Roux, 2005), providing insights
into the hydrodynamic properties of sediments such as
transport modes (Camenen et al., 2006; Collins & Rigler,
1982; Dey & Ali, 2019) and the thresholds of sediment
erosion (see Egiazaroff, 1965; and Hjulstrom, 1935;
in Miedema, 2010), although their dependency on
settling velocity is obscured for sediments comprising
irregular particle shapes (e.g., Bian et al., 2023; Paphitis
etal., 2002; Prager et al., 1996; Rieux et al., 2019; Smith
& Cheung, 2004; Weill et al., 2010).

Terminal settling velocity represents the balance
between the force of gravity acting on the sediment
particle, and friction between the particle and the fluid
(Clift & Gauvin, 1971; Stokes, 1850; Wadell, 1934). In
terms of length parameters, gravity force depends
on particle volume, and friction is controlled by
maximum projection area. When this balance is solved
for settling velocity, volume and area appear as a
ratio (e.g., Riazi & Turker, 2019). Typically, the ratio
of volume (L3) over area (L?) is reduced to a single
length parameter (L). This simplification has led to the
common assumption that settling velocity is a function
of grain size alone, thereby overlooking the size

and shape information captured by the volume/area
ratio. As a consequence, attempting to find empirical
relationships between settling velocity and grain
size requires the introduction of shape descriptors
(Dietrich, 1982; Slootman et al., 2026), such as the Corey
(1949) shape factor, Powers (1953) roundness (Williams,
1966), sediment-specific constants (e.g., Ferguson &
Church, 2004), or modification of a shape descriptor
(e.g., Gogus et al.,, 2001), all of which complicate
predictive settling velocity models, in particular for
irregular particles such as skeletal carbonates and
volcaniclastics (see review in De Kruijf et al., 2021).
A companion paper (Part 1, Slootman et al., 2026)
evaluated the suitability of the nominal diameter and
Corey shape factor, concluding that these parameters
do not sufficiently describe particle size and shape of
sediment grains in settling velocity models.

This study (Part 2) investigates the performance of
fundamental settling velocity equations based on
a simple linear relationship between dimensionless
friction and dimensionless grain size, which are
calculated using several length parameters. These
length parameters are derived from the volume/area
ratios obtained from the most common sediment
particle models, including the bounding-box ellipsoid
(Krumbein, 1941), equivalent sphere (Gibbs et al.,
1971), and nominal sphere (Flemming, 1965). Their
performance is contrasted with the volume/area ratio
of a realistic particle model, generated with high-
resolution micro-computed tomography (i.e., micro-
CT). The different methods are tested on a sediment
population composed of highly irregular skeletal
carbonate grains. For sand-sized sediment grains,
we show that volume/area ratio obtained from the
realistic micro-CT particle model predicts settling
velocity much better than any of the length parameters
of the other models. The implications of these findings
might be that micro-CT characterisation of (complex)
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sediment grains is a necessary step in constraining the
hydrodynamic properties of natural sediment.

2 Building a settling velocity model

2.1 Dimensional analysis

In the settling problem (Middleton & Southard, 1984),
the two forces working on the particle and fluid are
the submerged particle weight (i.e., the force of gravity
minus the buoyant force) and the drag force caused

by friction between the particle and the fluid (Figure 1).

Submerged particle weight is straightforward to derive
from the particle’'s volume and its density contrast with
the fluid. The drag force, on the other hand, increases
as the particle accelerates when falling through the
fluid, until a balance of forces is attained and the
particle has reached terminal settling velocity. The
dependent variables of the drag force are the terminal
settling velocity of the particle w,, a length parameter L
related to the dimensions of the particle, and the fluid's
dynamic viscosity u and density p, (Table 1). Because
the drag force is a function of settling velocity, once
the balance of forces is achieved the equation can
be solved for terminal settling velocity. To reduce the
number of experiments required to derive an equation
for settling velocity, the drag force and the combined
dependent variables are made dimensionless. Then,
only the variation between these two dimensionless
parameters must be tested, rather than the effect of

each dependent variable on the drag force separately.

In addition, a dimensionless equation accounts for
scaling effects, ensuring that the forces and motions
in a scale model are physically similar to the real-world
system (e.g., Paola et al., 2009).

2.2 Drag coefficient

The first step towards finding an equation for
terminal settling velocity is to make the drag force
Fp, dimensionless by dividing it by a combination of
dependent variables that together have the unit of
force (Table 1). The dimensionless drag force is called
the drag coefficient:

F
ooelm) o

Equation 1 is not aimed at returning the magnitude
of the drag force as a function of its dependent
variables, but only serves to non-dimensionalise the
drag force (Middleton & Southard, 1984). Hence, not all
dependent variables need to appear in Equation 1(e.qg.,

dynamic fluid viscosity is not included). By convention,
the drag coefficient in Equation 1 is written as:
Fp

CD =
A
3 PyWe

(2)

where A is a characteristic area representing the parti-
cle. The typically used area is the maximum projection
area as particles commonly fall perpendicular to this
surface (Clift et al., 1978; Stringham et al., 1969). Also,
Equation 2 only cancels the dimensions of the drag
force, the value of which is still undetermined. The
equation that returns the magnitude of the drag
coefficient (and thus indirectly the magnitude of the
drag force) should be a function of all dependent
variables:

Co = f(we L 1, py) 3)

2.3 Particle Reynolds number

The second step in constructing a settling velocity
model is to find the relationship between the drag
coefficient and the dependent variables (Equation 3).
Because a dimensionless relationship is sought, the
dependent variables are combined into another
dimensionless variable (Table 1):

_ psw, L

Re
P

(4)
Parameters of this form are referred to as Reynolds
numbers (Reynolds, 1883). Reynolds numbers are a
family of dimensionless numbers that are useful in
describing the physical behaviour of systems dealing
with fluid flow (Rott, 1990). More specifically, Reynolds
numbers predict flow patterns (Figure 2; Fornberg,
1988; Peregrine, 1985), by indicating the momentum
exchange per volume of the fluid in motion. On the
one hand, fluid resists deformation due to molecular
attraction between fluid particles in the form of viscous
forces, represented by kinematic fluid viscosity (u/py).
On the other hand, the flowing fluid resists changes
in velocity by exerting inertial forces, which depend
on a velocity and a length scale. In laminar flow,
in which fluid particles move in parallel flow lines,
viscous forces are dominant. In turbulent flow, fluid
particles move randomly causing chaotic changes
in pressure and velocity, and hence inertial forces
are dominant. Reynolds numbers thus predict flow
patterns by computing the ratio between inertial
forces and viscous forces (Figure 2).
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Fixed particle Accelerating particle : Settling at terminal velocity

w#0

— ! - | Balance of forces
‘ L
Fg'=Fp

Buoyancy force

/ A
FD = CDEpf w?

Particle Drag force A
density (bp=Pr) gV = Cp 5 py we*
E, = V ’ '
9=PpI7 Fy' = (pp=pp) gV L
Weight of partlcle_J» ------------------ > Submerged weight : A
Difference equals ’ l Fp =Cp Epf w2
Terminal drag force
B G
Solving for terminal settling velocity b 4
’ h N
pf > Fluid densit w ng (pp > 1 St
: =-> Fluid density ¢ = —g|—- — .
A pr CD Submerged weight

Figure 1 - (A) For a particle held under water, the weight is the downward force of gravity, and the upward buoyancy force
equals the weight of the displaced water. (B) Submerged weight is the difference between weight and buoyancy force. Upon
release, the movement of the particle through the fluid causes a resisting force (skin friction and form drag). For as long as
the submerged weight exceeds this drag force, the particle accelerates. (C) Once a balance of forces is achieved (i.e., terminal
drag force equals submerged weight), the particle falls with terminal settling velocity. For symbols see Appendix A and text.

Table 1 - Dimensional analysis of the settling problem.

Variable Symbol/Equation Dimensions in exponents Units

Mass (kg)  Length (m) Time (s)

Drag force Fp 1 1 -2 N=kg-m-s2
Terminal settling velocity W, 0 1 -1 m-s™
Length parameter L 0 1 0 m
Dynamic viscosity U 1 -1 -1 kg-m™.s7
Fluid density Ps 1 -3 0 kg-m3
-1 1
Drag coefficient Cp= F—Dzz 0 0 0 kg-m-s 1
py-we-L (kg-m=3)-(m-s1)* - m2
L-wy- Am-s M- (kg -m=3
Particle Reynolds number Re, = - We Py 0 0 0 m-(m-s™) (kg m ) i
H kg-m-1-s1

There are two types of systems in which Reynolds problem, the Reynolds number should represent the

number are useful: (1) systems in which the fluid moves properties of the fluid and capture the dependency of
through a confinement, and (2) systems in which fluid flow patterns on a characteristic length scale and the
flows past an object (Middleton & Southard, 1984). In settling velocity of the particle. This Reynolds number
channel or pipe flows, the obvious length scale is the is called the particle Reynolds number, Re,,.

channel depth or the diameter of the pipe, and the
velocity is that of the fluid flow. In the particle settling
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Figure 2 - Particle hydrodynamics as a function of two nondimensional parameters: (1) : particle Reynolds number, a
dimensionless length scale obtained by the ratio of inertial forces to viscous forces, and (2) : 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, = 1071 (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 in blue are modified from MIT OpenCourseWare in

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

Settling velocity models essentially aim to solve the
relationship between the drag coefficient and the
particle Reynolds number:

Co = f(Re,) (5)

Solutions to Equation 5 have the form of the red
curve in Figure 2. For the viscous laminar regime (low
particle Reynolds numbers), this equation was solved
analytically by Stokes (1850). At larger particle Reynolds
numbers (typical for sand grains from fine to medium
sand size onwards; Southard, 2006), turbulent flow
separation becomes important with the development
of a wake behind the particle. Analytical solutions for
turbulent flows only exist for conditions in which the
flow is fully turbulent (DallaValle, 1948; Schlichting,
1975). However, most natural sedimentation processes
take place in the transitional regime for which
solutions to Equation 5 can only be solved empirically
(e.g., Ahrens, 2003; Camenen, 2007; Cheng, 1997,

Dietrich, 1982; Zhiyao et al., 2008). The relationship
between the drag coefficient and the particle Reynolds
number in the transitional regime is approximately
linear at a double-logarithmic scale (Figure 2), as
further employed later in this paper.

2.4 Alength parameter for settling velocity

The terminal settling velocity of a sediment particle can
thus be obtained from the balance of forces between
submerged particle weight and terminal drag force
(Figure 1). The constant magnitude of the submerged
particle weight is given by:

Fy=(p,-ps) gV 6)

where g is gravitational acceleration, and p, and p;
the densities of the particle and fluid. The dimensional
form of the terminal drag force is found by rewriting

Equation 2:

A
FD=CDEhWt2 (7)
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For as long as there is no balance of forces, the
net difference between F; and F, is the force that
causes the particle to accelerate as predicted by
Newton's second law of motion. Acceleration halts
once the forces balance, and the particle falls at its
terminal velocity, w,. By equating submerged weight
and terminal drag force (Table 2A), a general equation
for terminal settling velocity is obtained:

Vv (P, 1
c=12=g( 22 -1 )= 8
w, JAg(pf )CD (8)

It thus follows that the characteristic length scale
L in the settling velocity problem is the particle’s
volume/area ratio. This finding shines new light on
the particle Reynolds number in Equation 4, in which
the length parameter should thus be replaced with
V/A.

There are several models to approximate the spatial
distribution (i.e., the size and shape) of sediment
particles. If a high-definition scan is available, e.g., as
obtained using micro-CT, the measured volume and
area are very close to the actual dimensions of the
particle (Figure 3A). Other measurement techniques
(e.g., caliper measurement or image analysis) provide
the dimensions of a bounding box that circumscribes
the particle (Blott & Pye, 2008; Krumbein, 1941). The
long, intermediate, and short axes of the bounding
box are then used to construct an ellipsoid as
a representation of the particle’s size and shape
(Figure 3B). The volume/area ratio of an ellipsoid is a
function solely of its short diameter (Table 2B).

Alternatively, there are two popular spherical models:
the equivalent and nominal spheres, which yield
length parameters here called equivalent diameter
and nominal diameter. Because these terms are
not always used as originally intended they may
cause confusion. Wadell (1934) introduced a nominal
sphere that has the same volume as the actual
particle. However, Flemming (1965) noted that the
actual particle volume is difficult to obtain and
suggested that the approximate ellipsoidal volume
can be used instead to obtain the nominal diameter.
The approximate nominal diameter of Flemming
(1965) is often just called nominal diameter, which
is the term adopted in this study. The spherical
diameter of Wadell (1934) is referred to as the true
nominal diameter, sometimes named the diameter
of the volume-equivalent sphere (e.g., Y. Wang et al.,
2018). Here, this length parameter is called equivalent

diameter. Volume-equivalent spherical diameter is not
to be confused with the equivalent sedimentation
diameter of Gibbs et al. (1971), where it is used as
the diameter of a sphere of quartz composition that
attains the same settling velocity as the particle under
investigation. Thus, the equivalent sphere has the
same volume as the actual particle (Figure 3C; Wadell,
1934), and the nominal sphere has the volume of
the bounding-box ellipsoid (Figure 3D; Flemming,
1965).

Spherical models do not capture particle shape, but
only provide a measure of grain size. The visual
overview in Figure 3 demonstrates that for irregular
sediment grains there are large differences between
models in representing the particle volume and
maximum projection area. If the characteristic length
parameter in the settling problem is V/A (Table 2B),
then the choice of particle model will have significant
implications for the performance of the settling
velocity model.

3 Dataset

A dataset containing the terminal settling velocities of
highly irregular, skeletal carbonate sediment particles
was selected to test the performance of the different
particle models in the settling velocity problem
(Figure 4). These particles originate from a cool-
water carbonate factory (sensu Reijmer, 2021; Schlager,
2003) and include the skeletal remains of red algae,
bivalves, bryozoans, benthic foraminifers, echinoids,
serpulids, and barnacles (Slootman et al., 2019). The
dataset contains 203 particles of dominantly coarse
and very coarse sand size, which were scanned
at 10pym resolution using a FEI Heliscan micro-
CT (Thermo Fisher Scientific, Waltham, MA, USA)
at the Center for Integrative Petroleum Research
at King Fahd University in Dhahran, Saudi Arabia
(see Slootman et al., 2023 for a detailed analytical
description). The digital models thus obtained provide
the volume (including intra-particle porosity) and
maximum projection area of each particle. In addition,
the ‘maximum’ bounding box (i.e., the box for which
the longest particle axis and longest box axis are
aligned; see Bagheri et al., 2015) was determined,
providing the long, intermediate, and short axes of
the bounding-box ellipsoid. Axial dimensions were
used to calculate shape distribution through the Corey
shape factor. A visual overview of the spread in shape
is shown in the flatness-elongation diagram of Zingg
(1935) (Figure 4B). Shape is widely distributed among
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Voxel-model
approximating the
spatial dimensions
of the particle
(e.g., micro-CT).

Realistic particle model

Measured particle
parameters

Computation

Length parameter
representing
volume/area

Particle volume Vineas Measured volume/area
. . %4
Particle maximum A (_)
projection area meas A/ meas
Bounding-box ellipsoid Ellipsoid with
the same axial
dimensions as the
bounding box.
Short diameter Dy Short diameter
2
3 b
Dy
= Calculated volume/area
()
A calc
Equivalent sphere Sphere with the
same volume as
the particle.
Particle volume Vineas Equivalent diameter Equivalent diameter
2
36 —D
Deq = ;Vmeas 37
Nominal sphere Sphere with the
same volume as
IE the bounding-box
ellipsoid.
Long diameter D, Nominal diameter Nominal diameter
Intermediate diameter D, D, = \3/ Dy D; Dy ; D,
Dy .
Short diameter Dy

Figure 3 - Particle models. (A) Realistic particle models as acquired using micro-CT provide non-approximated volume and
area yielding a more truthful V/A ratio. This is especially relevant for irregular sediment particles like skeletal carbonate grains
such as the bivalve fragment shown here. (B) V/A ratio of an ellipsoid with the diameters of the bounding box is 2/3 of the
short diameter. (C) V/A ratio of the equivalent-sphere model returns 2/3 of the equivalent diameter, i.e. the diameter of a
sphere with a volume equal to the measured volume of the particle. (D) V/A ratio of the nominal-sphere model is 2/3 of the

nominal diameter, calculated as the cubic root of the product of the bounding-box dimensions.
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Table 2 - Characteristic length parameters in the settling velocity problem. See Appendix A for symbols.

[A]

General Equations

Submerged particle weight

Terminal drag force

Terminal settling velocity

Fe=9(pp-ps)V

A
Fp =CD§Pth2

v (P 1
[0

(Fé = Fp)
[B] General particles Ellipsoidal particles Spherical particles
Particle volume v V= gDIDIDs V= go,f
Maximum projection area A A= EDIDi A= ED,,Z
4 4
Volume/area ratio v v - ZD v - ZD
A A 37 A 37"

Terminal settling velocity W, = \)2!9(& _ 1)1_

the particles, which makes the dataset suitable for
testing the influence of the choice of particle model
on the performance of settling velocity equations. The
mass of each individual particle was determined on
an accurate balance with 0.01mg precision, which
was then used to determine particle density (i.e.,
the density of the solid mineral and water-filled
porosity, see De Kruijf et al., 2021 for a discussion
on carbonate particle densities). In addition to the

dimensional properties and density, Slootman et al.

(2023) measured the terminal settling velocity of each
particle, as well as density and dynamic viscosity of
the water in a 200 cm tall settling column. Hence, all
dependent variables are available for each particle in
the dataset (see supplementary materials).

4 Methods

4.1 Alinear equation for C, = f(Re,)

Settling velocity models were constructed for the
different length parameters representing volume/area
ratio to evaluate the suitability of each of the particle
models (Figure 3). For each particle, the measured
dependent variables were used to calculate particle
Reynolds number with Equation 4, and experimental

drag coefficient by rewriting Equation 8 into:

CD,exp=2Lg<%_1> L (9)

2
f Wt,exp

where L is the tested length parameter (see Figure 3),
and w, ., is the terminal settling velocity as found in
experiments. Particle Reynolds numbers in the dataset
(n = 203) occur over the range 5 < Re, < 360, i.e,
in the transitional regime between laminar and fully
turbulent flow conditions (e.g., Dey et al., 2019). The
relationship C, = f(Re,) is approximately linear in
this domain when plotted on double-logarithmic scale
(Figure 2). Hence, linear regression can be applied to
find the relationship between log,  (Re,) and log,, (C,)-
As a demonstration of the methodology, the Re,—C, .,
data points for the measured V/A ratio as length
parameter are plotted at both linear and logarithmic
axes in Figure 5. At linear scale, the best-fitting curve
through the data points is a power function of the
form:

Cp = 10°Re,* (10)

At logarithmic scale, the best-fitting curve through the
same data points is a linear function:

log,,(Co)=a Iog10(ReP)+b (11

SEDIMENTOLOGIKA - 2026 | Volume 4, Issue 1
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Figure 4 - Particle models. (A) Properties of 203 irregular skeletal carbonate sand particles in the dataset used in this study.
Grain-size distribution varies greatly with the chosen particle model. Distribution of particle shape is expressed with Corey
shape factor (CSF). Particle flatness versus elongation is plotted in the Zingg (1935) diagram. Probability density functions are
normal-gamma distributions (Vaz & Fortes, 1988). Data from Slootman et al. (2023). (B) Distribution of ellipsoidity in the Zingg
diagram with CSF-isolines. (C) See Slootman et al. (2023) for details on particle composition.
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The scalars a and b in Equation 11 have the
same values as those in Equation 10, because
both equations represent the same relationship
between the plotted combinations of drag coefficient
and particle Reynolds number. Therefore, also the
coefficients of determination (R?) are identical for
both fitted functions. Hence, linear regression can be
applied to find the relationship C, = f(Re,).

4.2 Iteration process

Each of the settling velocity models (i.e., one for
every particle model) essentially consists of the fitted
function C, = f(Re,), as represented in Equation 10
and Figure 5. The purpose of a settling velocity model
is that with the measured particle and fluid properties,
a drag coefficient can be obtained that is then used
to calculate the settling velocity of that particle as
predicted by the model. However, the calculation of
C, is based on a particle Reynolds number, which is
itself a function of settling velocity. The calculation of
terminal settling velocity as predicted by the model,
therefore, requires an iteration process (Figure 6).
An estimated Re, that falls within the range of
experimental particle Reynolds numbers (e.g., Re, =
100) is used to calculate a drag coefficient with
the fitted function in Equation 10. This calculated
drag coefficient is inserted into the general settling
velocity equation (Equation 8), together with the
fluid properties and particle length parameter and
density. A more accurate Re, is computed with the
newly calculated settling velocity, which is then used
to repeat the iteration. The absolute error between
successive iterations of calculated settling velocity
is determined (Figure 6). Once the error falls below
the tolerance, here set at 1%, the calculated terminal
settling velocity for that specific particle has been
found (typically within four to five iterations). The
iteration process was performed for each particle
individually.

4.3 Error analysis

Error analysis was used for the drag coefficient
obtained using the fitted function (Equation 10, see
also Figure 5) and terminal settling velocity using
the iteration process. Relative error ¢ is determined
through:

<ca|cu|ated value

— 0,
measured value 1) 100% (12)

for which positive and negative outcomes are possible.
Error analysis involves the calculation of relative error
for each particle separately, which enables evaluating
the performance of each settling velocity model as
an error distribution. Normal-gamma distributions
(Vaz & Fortes, 1988) are used to obtain probability
density functions of relative error distribution, because
it allows for an asymmetrical probability distribution
around the mean. The mean u of the relative error
distribution represents the accuracy of the model
(i.e., the closeness of the calculated values to the
experimental values). The standard deviation o of the
relative error distribution is a measure of the precision
of the model (i.e., the spread in the difference between
calculated and experimental values). Error analysis
can also be captured with the mean absolute error
(MAE): :

MAE = — 3 abs(e) (13)

which returns a single parameter indicating the degree
of scatter of the data points from the 1:1 relationship,
on which the calculated values exactly match the
experimental values.

5 Settling velocity is a function of
volume/area ratio

Terminal settling velocity is a function of the
volume/area ratio of the sediment particle as shown
in Equation 8. The chosen particle model determines
the length parameter representing volume/area ratio
(Figure 3). A realistic particle model as obtained
from micro-CT provides the most accurate ratio:
(V/A) meas- Volume/area ratios from other models are
not measured directly but are calculated (Figure 3).
The only other model that is based on measured
volume is the equivalent sphere. Spherical models
return a diameter multiplied by a factor % to represent
volume/area ratio (Figure 3; Table 2B). Other models
are based on an ellipsoid with the axial dimensions
of the bounding box that circumscribes the particle,
where the volume/area ratio of ellipsoids is a function
of the short diameter of the ellipsoid multiplied by a
factor § (Figure 3B). Another length parameter that
was tested is the ‘maximum projection diameter’ of

the ellipsoid: 3,/D,D;.

The performance of these five length parameters was
evaluated by building a settling velocity model for
each of the length parameters using the dataset of
irregular skeletal carbonate grains. Particle Reynolds
numbers and experimental drag coefficients were
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Figure 5 - (A) Logarithmic curve-fitting at linear scale. (B) Linear curve-fitting at logarithmic scale. Identical data have been
used in both plots, hence the same R? is found for both functions, which are thus essentially the same.

obtained through Equations 4 and 9. Settling velocity
models were constructed using linear regression (i.e.,
Equation 11 represented by functions f(x) in Figure 7A),
which were then used to calculate drag coefficients
through Equation 10 (Figure 7B). Performance of the
settling velocity models in predicting C, was evaluated

through the distribution of relative errors (Figure 7C).

Using the iteration processes, calculated terminal
settling velocities were obtained and compared

against known experimental values (Figure 7D).

Relative error distributions of calculated settling
velocity were generated for each of the tested length
parameters (Figure 7E).

The best-performing particle length parameter for the
prediction of terminal settling velocity is the measured
volume/area ratio as obtained from the realistic

particle models created using micro-CT (Figure 7).

Despite a low goodness of fit (R* = 0.4662) for
the constructed Re, - C, relationship for (V/A)meas
(Figure 7A), the accuracy and precision of the relative
errors and the mean absolute error of this length
parameter ratio demonstrate much better ability
to predict drag coefficients than any of the other
particle models (Figure 7B, C). This outperformance
is reflected in the predicted settling velocities using
measured volume/area ratio, showing an excellent fit
to measured values (R? = 0.8884) and lower errors
(Figure 7D, E). All other particle models overpredict

the mean settling velocity and generate much wider
(i.e., less precise) distributions in predicted values.
Thus, the best particle model for predicting settling
velocity is the realistic particle model as obtained
from micro-CT. Second best is the bounding-box
ellipsoid particle model, followed by the equivalent
spherical model, and then the nominal spherical
model. The maximum projection diameter of the
ellipsoid performs the poorest in representing a
characteristic length parameter of sediment particles
in the settling velocity model.

The ability of the realistic particle model in predicting
terminal settling velocity of sediment particles is
further analysed in Figure 8. Data points are colour-
coded by Corey shape factor, which provides a measure
of particle ellipsoidity through CSF = DS/M (see
isolines in the Zingg diagram in Figure 4B). Density
differences between particles did not contribute to
the error between predicted and measured settling
velocity, because the density of individual particles
as determined by micro-CT was used as input in the
predictions. Inspection of shape differences, however,
reveals that for similar grain sizes, particles with
higher sphericity reach higher settling velocities than
flatter or more elongated particles (see Corey shape
distribution in Figure 8; see also Slootman et al.,
2023). Yet, the scatter of CSF-values across the 1:1
relationship indicates that ellipsoidity does not explain
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Figure 6 - Iteration process for the calculation of terminal settling velocity using particle and fluid properties. Using an
estimated particle Reynolds number in the range of experimental values (e.g., Re, = 100), a value for the terminal drag
coefficient is calculated using the function found through curve-fitting (Equation 10, Figure 5). This Cp ¢, is then used as input
variable, together with the experimentally determined particle and fluid properties, to calculate terminal settling velocity using
the general equation (Equation 8). Variable L represents the particle length parameter as obtained from the chosen particle
model (Figure 3). For the first iteration i = 1, W, ¢4 is used to obtain a more accurate Re, with Equation 4, which is then used
to recalculate a more accurate Cp (5. FOr subsequent iterations, calculated terminal settling velocity is compared with the
value obtained from the previous iteration by computing the absolute error (absolute value of relative error in Equation 12). If
the absolute error exceeds the tolerance of 1%, then the iteration is repeated. If the absolute error is acceptable, then the
final calculated terminal settling velocity has been found for that specific particle. This iteration process is carried out for each
particle individually.

the distribution in relative error between calculated

6 Comparison of settling velocity models
and experimental settling velocity. Other factors that

influence settling velocity of sediment particles include
the angularity of particle corners and the roughness
of the particle surface, in addition to asymmetry in
particle shape (see review in De Kruijf et al., 2021). The
volume/area ratios tested in this study, either obtained
through direct measurement or by computing axial
ratios of the bounding box, thus, do not account
for all the factors that influence terminal settling
velocity. However, as a first-order estimate, these
variables provide an acceptable approximation of
particle size and shape required to predict settling
velocity, especially given that the dataset is composed
of heterogeneous carbonate grains.

6.1 Settling velocity models for irregular
carbonate particles

Several equations for the settling velocity of complex
sediment particles of carbonate composition have
been proposed previously; most notably Alcérreca
et al. (2013), Y. Wang et al. (2018), and Riazi et al.
(2020). These three studies use three different particle
datasets documenting the principal axes of each
particle (see Slootman et al., 2026 for a summary of
these datasets).

Alcérreca et al. (2013) collected an original dataset
of tropical carbonate sediment from the Gulf of
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Figure 7 - Hydrodynamic parameters and error distributions for evaluated particle length parameters. (A) Particle Reynolds
number (Equation 4) versus experimental drag coefficient (Equation 9). Solid black line is function f(x) that represents
the constructed settling velocity model in Equation 11. Dashed lines are the curves of the other models. (B) Experimental
versus calculated drag coefficient. Solid line is f(X) representing the function of linear regression forced through the origin.
(C) Distribution of relative error for experimental versus calculated drag coefficient (Equation 12). (D) Experimental versus
calculated terminal settling velocity. Solid line is f(X) representing the function of linear regression forced through the origin.
(E) Distribution of relative error for experimental versus calculated terminal settling velocity (Equation 12). Performance of
settling velocity models increases towards the right in the figure. MAE is mean absolute error (Equation 13). Probability density
functions are normal-gamma distributions (Vaz & Fortes, 1988) for which mean u (model accuracy) and standard deviation o
(model precision) are shown. Dashed line is the 1:1 relationship on which the calculated values exactly match the experimental

values.
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Figure 8 - Close-up of plot in Figure 7D, showing experimental versus calculated terminal settling velocity for measured
volume/area ratio as obtained from micro-CT (realistic particle model). Data points are colour-coded by Corey shape factor

as a measure of particle ellipsoidity (CSF = Ds/,/D,D;, see also Figure 4B). Particle photos are shown for several data points.
This plot demonstrates that particle ellipsoidity cannot explain all the dependency that particle shape has on settling velocity.
Other factors influencing settling velocity include particle angularity and surface roughness, as well as asymmetry in particle
shape, which are not accounted for by axial ratios as tested in this study. Solid line is f(x) representing the function of linear
regression forced through the origin. Dashed line is the 1:1 relationship on which the calculated values exactly match the
experimental values. MAE is mean absolute error (Equation 13).

Mexico, using the long, intermediate, and short axes
of 1557 particles, obtained using a photographic
technique involving shadows and trigonometry, to
calculate nominal diameters in the range of 0.125 to
1mm Based on measured settling velocity, nominal

diameter, and density of each particle, Alcérreca et al.

(2013) proposed:

3/2
Re, = ( 22+113D.2 - 4.67) (14)

where D, is a dimensionless particle diameter defined

as.
(P (P
D, =D =P 15
\K#)g(m ) 1)

A more sophisticated approach was adopted by Y.

Wang et al. (2018) based on multiple experiments
with 13 spherical glass beads of 2.5 to 12mm in
diameter, and 133 carbonate particles of 2.9 t0 9.7 mm

of equivalent spherical diameter collected from a
tropical reef in the South China Sea. The long,
intermediate, and short axes were obatained using
digital image analysis, and particle densities were
measured individually. For calculation of the drag
coefficient, Y. Wang et al. (2018) proposed:

CD,sphere ~0.01
W Rep (1 6)

C, = 0.945

where the drag coefficient for spheres is taken from
Clift & Gauvin (1971):

24 0.42
CD,sphere = R_ (1 +0.1 5R€p0’687) + (17)

e 42500
P (1 + 1.16 )
Rep

and where ¥ is a complicated shape factor based
on particle form and roundness, defined as the ratio
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between sphericity @ and inverse circularity X:

® (M)
Aparticle
W=7=?§m§
Peg-circle
where sphericity is the ratio of the surface area of
the equivalent sphere and the surface area of the
particle, and inverse circularity is the ratio of the
perimeter of the maximum projection area and the
perimeter of a circle with the surface area of the
maximum projection area. Because the surface area
of the particle (note: not the maximum projection
area) is very difficult to determine in absence of micro-
CT analysis, Y. Wang et al. (2018) approximated this

parameter by taking the surface area of the bounding-
box ellipsoid instead.

(18)

Finally, Riazi et al. (2020) split the drag coefficient into
a’‘laminar’ and a ‘turbulent’ drag coefficient to account
separately for frictional drag:

2.92
9.50u
CD,f= <m +076> (19)
and pressure drag:
Cop = | 22ATH 402 - (20)
bp — Dn1.5pﬂ/§ :

Using the tropical carbonate dataset from Hawaii
collected by Smith & Cheung (2003), they derived the
following equation as the best fit:

- H & _ ; 2/3
Wt—\’15D,,g(pf 1) CD,,«+CD,,,CSF 1)

where CSF is Corey shape factor, and C,; is the
frictional drag coefficient in the laminar regime, and
Cp,p is the pressure drag coefficient in the turbulent
regime.

6.2 Settling velocity using realistic particle models

In this section, the performance of previously
proposed settling velocity equations for complex
sediment particles of carbonate composition is tested.
These equations were derived through the analysis of
carbonate datasets comparable to the dataset used in
this study. As input for the variables prompted by the
equations of Alcérreca et al. (2013), Y. Wang et al. (2018),
and Riazi et al. (2020), parameters obtained from the
realistic particle models as measured by micro-CT in

this study were used (Table 3). The quality of these
settling velocity models is evaluated by inspecting
the distribution of relative error between the settling
velocity as predicted by the proposed equations and
the value as observed in experiments.

The model of Alcérreca et al. (2013) prompts the
nominal diameter (D, = 3/D,D,D;; see Figure 3D) as the
only dimensional variable. To test the performance
of the equation using realistic particle models, the
equivalent diameter (D,, = /(6/m) V.. seeFigure 30)
derived from measured particle volume was used.
The model of Alcérreca et al. (2013) overestimates the
settling velocity of most complex carbonate particlesin
the dataset of this study with much variation, as shown
by the broad scatter of data points and large errors
(Figure 9A). Although the prediction of the settling
velocity of spheroidal particles is more accurate,
modelled settling velocity increasingly exceeds the
observed value as particles become more ellipsoidal
(see trend in data points colour-coded with CSF in
Figure 9A), causing an asymmetric distribution of
relative errors. This indicates that the settling velocity
model of Alcérreca et al. (2013) does not account for
particle shape.

The model of Y. Wang et al. (2018) is better at
predicting settling velocity based on measured particle
dimensions and fluid properties. Their complicated
shape factor was calculated using the areas and
perimeters as measured with micro-CT. High accuracy
of the model is demonstrated by a close-to-zero mean
u of relative errors. However, the standard deviation o
of the relative errors is significant (Figure 9A). Although
the distribution of relative error is symmetrical, Y.
Wang et al. (2018) underestimate the settling velocity
of spheroidal particles and overestimate the settling
velocity of more ellipsoidal particles (see data points
colour-coded with CSF in Figure 9A). Thus, also the
model of Y. Wang et al. (2018) is not very capable
of accounting for particle shape using measured
parameters from the realistic particle model, despite
its complicated shape factor.

Riazi et al. (2020) proposed an equation that with
the parameters from the realistic model produces
a narrower distribution of relative error, which is
independent of particle ellipsoidity (i.e., there is no
trend in relative error versus CSFas indicated by colour-
coded data points in Figure 9A). The equation prompts
the nominal diameter (D,), which was substituted here
with the equivalent diameter (D,,) obtained from the
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Figure 9 - Comparison of settling velocity equations for complex carbonate sediment particles. (A) Top row: Predicted

settling veloc

ities using dimensional parameters derived from realistic particle models obtained from micro-CT. Bottom

row: Distribution of relative error for experimental versus calculated terminal settling velocity (Equation 12). (B) Top row:
Predicted settling velocities using dimensional parameters derived from bounding-box ellipsoid particle models. Bottom
row: Distribution of relative error for experimental versus calculated terminal settling velocity (Equation 12). Solid line is

f(x) represen

ting the function of linear regression forced through the origin. Dashed line is the 1:1 relationship on which

the calculated values exactly match the experimental values. MAE is mean absolute error (Equation 13). Probability density

functions are

normal-gamma distributions (Vaz & Fortes, 1988) for which mean u (model accuracy) and standard deviation o

(model precision) are shown.
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Table 3 - Dimensional variables applied in the calculation of settling velocity.

Study Realistic particle model

Bounding-box ellipsoidal model

Alcérreca et al. (2013)
Y. Wang et al. (2018)

Particle surface area®

Riazi et al. (2020)
Particle volume (V)

Maximum projection area (A)

This study Particle volume (V)

Equivalent diameter (D)

Equivalent diameter (Deq)
Maximum projection area (A)

Equivalent diameter (D)

Nominal diameter (D)

Nominal diameter (D,)
Long, intermediate, and short diameters
(DSI Dir Dl)byc

Nominal diameter (D,)
Long, intermediate, and short diameters
(Dy, D;, Dg)*

Short diameter (D;)®

Maximum projection area (A)

9This parameter is the surface area of the convex hull of the realistic particle model. Note that this parameter is different

from the maximum projection area.

bshort, intermediate, and long diameters of the bounding-box ellipsoid are used to approximate the surface area of the

ellipsoid.

¢ Intermediate and long diameters of the bounding-box ellipsoid are used to approximate the maximum projection area of

the ellipsoid.

9Short, intermediate, and long diameters of the bounding-box ellipsoid are used to calculate Corey shape factor.
€ Settling velocity is computed using calculated volume/area ratio of the bounding-box ellipsoid, which equals the short

diameter multiplied by a factor % (Table 2B).

realistic particle model, and CSF was calculated with
the three particle axes. However, Riazi et al. (2020)
overpredict settling velocity as reflected by the mean of
the relative error distribution, which is shifted towards
higher values.

Lastly, the simple settling velocity model generated
in this study used the measured volume/area ratio
as obtained from micro-CT (i.e., this is the same plot
as in Figure 8). This study’'s model is slightly more
precise compared to the settling velocity model of
Riazi et al. (2020) and is characterised by a smaller
standard deviation of relative error, indicating a lower
degree of the scatter in data points. This study’s
model is also more accurate than any of the other
models. In addition, there is no dependency of the
error on particle shape, or more precisely: there is no
dependency of the error on particle form, which is the
first-order shape descriptor (i.e., second-order shape
of particle angularity, and third-order shape of surface
texture are not considered here; Griffiths, 1967; Barrett,
1980; see review in De Kruijf et al., 2021).

In conclusion, the model of Y. Wang et al. (2018) is
accurate but not very precise (4 = -0.6%, 0 = 19 %),
whereas the model of Riazi et al. (2020) is more precise
but not very accurate (u = 11%, 0 = 11%). The
Alcérreca et al. (2013) model performs poorly for the
complex shapes of carbonate particles in the dataset
of this study, as it solely relies on the nominal diameter
to describe particle dimensions. The simple model
constructed in this study has the accuracy of the

model of Y. Wang et al. (2018) and the precision of
the Riazi et al. (2020) model. Admittedly, the model
in this study is generated with the same dataset
that is used to evaluate its accuracy and precision.
However, there currently exists no other dataset that
provides the measured variables of complex sediment
particles as prompted by the tested equations, for
which also settling velocity was measured. The models
of Alcérreca et al. (2013), Y. Wang et al. (2018), and
Riazi et al. (2020) were built based on approximated
parameters as obtained from ellipsoidal or spherical
models rather than from measurements using realistic
particle models. The effect of applying approximated
values for particle dimensions is explored in the next
section.

6.3 Settling velocity using bounding-box ellipsoids

In the previous section, the performance of existing
settling velocity equations for complex carbonate
particles was tested and compared using parameters
derived from realistic particle models. In this section,
the accuracy and precision of the settling velocity
equations of Alcérreca et al. (2013), Y. Wang et
al. (2018), and Riazi et al. (2020) are assessed by
applying parameters derived from ellipsoidal particle
models, based on which these equations were
originally derived. Performance is evaluated from the
distribution of relative error between the predicted
and observed settling velocities (Figure 9B). The
dimensional parameters obtained from the bounding-
box ellipsoidal model are the approximated long,
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intermediate, and short diameters of the particle (see
Figure 3). The equations of Alcérreca et al. (2013),
Y. Wang et al. (2018), and Riazi et al. (2020) all
use the nominal diameter (i.e., the diameter of the
nominal sphere, see Figure 3D) to perform part of the
computation predicting the settling velocity. Y. Wang
et al. (2018) and Riazi et al. (2020) also use the long,
intermediate, and short particle axes to approximate
areas and perimeters, and the Corey shape factor,
respectively.

All these equations, including the equation modelled
in this study, perform worse in predicting settling
velocity of the sediment particles in the dataset
based on dimensions extracted from the ellipsoidal
model, compared to predictions based on dimensions
derived from realistic particle models obtained from
micro-CT. All equations return larger values of
settling velocity than observed in experiments, which
implies that particle weight (gravity force) in the
equations is overrepresented and/or that friction is
underrepresented in the settling velocity models. In
other words, modelled particle volume is too large
(see also Goossens, 1987) and/or modelled maximum
projection area is too small. The significant deviations
in the performance of settling velocity equations
between measured and approximated dimensional
particle parameters thus lie in the ability of the
chosen particle model to represent volume/area
ratio. However, if the mismatch between the true
volume/area ratio and the volume/area ratio as
returned by the ellipsoidal model is predictable, then,
a correction factor could potentially be applied to
ellipsoid dimensions. Volume/area ratios of natural
sediment particles are further investigated in the next
section.

7 Volumes and maximum projection area of

natural sediment particles

The size and shape of natural sediment particles
are fundamental properties in sedimentology and
engineering. Together, particle volume and maximum
projection area capture particle shape (represented
by the first-order shape descriptor of particle form;
see review in De Kruijf et al., 2021). These variables
can be measured directly, for example using micro-CT
and subsequent analysis of the digital models thus
created (Carlson et al., 2003; Cnudde & Boone, 2013;
Houghton et al., 2024; Maroof et al., 2020; Slootman
et al., 2023; Yang et al., 2022). Classically, particle

volume is determined by measuring the displaced
volume of an individual grain submerged into a
graduated volumetric pipette containing a known
fluid volume (Corey, 1949; Schulz, 1954; Wilde, 1952).
Maximum projection area is commonly determined
with digital image analysis (static image analysis: Al-
Rousan et al., 2007; Alcérreca et al., 2013; Buckland
et al., 2021, Buscombe et al.,, 2010; Dioguardi &
Mele, 2015; Mao et al., 2023, or dynamic image
analysis: Patchigolla & Wilkinson, 2009; Zhang et
al., 2021). In any case, the direct measurement of
particle volume and maximum projection area is
rather complicated and laborious (Blott & Pye, 2008).
It is much easier to obtain the axial dimensions of
sediment particles, and then calculate the volume
and maximum projection area of the bounding-box
ellipsoid, as is common practice in literature (Baba &
Komar, 1981; Komar & Reimers, 1978; Smith & Cheung,
2003). However, as demonstrated above, volumes are
larger and/or maximum projection areas are smaller
in the ellipsoidal models than in the realistic particle
models. To evaluate if there exists a predictable
mismatch between modelled and actual dimensional
particle parameters, an extensive literature survey
was conducted compiling publications on sediments
that report realistic particle volumes and maximum
projection areas, and which in addition document the
long, intermediate, and short axes of those particles
to enable the approximation of ellipsoidal volume and
maximum projection area.

The compilation comprises 27 datasets from twelve
studies reporting a total of 3622 particles, including
skeletal carbonates, siliciclastics, volcaniclastics, plas-
tic particles, rock crusher fragments (simulating freshly
weathered siliciclastic particles), and sedimentary gold
grains (Table S2 in supplementary materials). Volume
was measured for most of the datasets, whereas
maximum projection area was measured for only eight
datasets. The large carbonate dataset of Alcérreca
et al. (2013) (1557 grains) has a large control on the
number of particles in the compilation, as it contains
area measurements but lacks volume data. Only six
datasets from three studies document both measured
volume and maximum projection area that allows
for direct comparison of measured versus calculated
volume/area ratios.

Error analysis was carried out for all measured
versus calculated values per dataset (Figure 10, see
also Figures S1-S3 in supplementary materials). The
means and standard deviations of normal-gamma
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distributions of the relative error were determined
(Table S2 in supplementary materials) and are shown
in the bivariate plots in Figure 10. Each dataset is
represented by a circle. The centre of the circle lies at
the combination of the mean and standard deviation,
while the size of the circle indicates the number of
particles in the dataset. The mean of the relative error
represents the accuracy with which the calculated
value approximates the measured value, i.e., the mean
is @ measure of how ‘correct’ the ellipsoidal parameter
is in estimating the actual particle dimensions of
volume, maximum projection area, and volume/area
ratio. The standard deviation of the relative error
reflects the precision of the ellipsoidal approximations,
i.e., standard deviation is a measure of the variability
in the calculated values.

Most of the calculated volumes obtained from
ellipsoidal models are larger than the measured
particle volumes (Figure 10A). Datasets with larger
over-estimations also show broader variations in
relative error between calculated and measured
particle volumes. The three carbonate datasets that
report measured volume are among the datasets
with the highest means of relative error distribution,
implying that the ellipsoidal model is more appropriate
for approximating particle volume for siliciclastic
particles than for carbonate grains. The only carbonate
study that used micro-CT to obtain particle volumes is
this study, which displays the highest relative errors
for calculated versus measured volumes in terms of
both accuracy and precision.

The much smaller compilation of datasets reporting
measured maximum projection areas reveals a trend
opposite to that of volume (Figure 10B). The carbonate
datasets are more accurate than the siliciclastic
datasets and are generally accompanied by higher
precision. This trend is not self-evident, as it is unclear
why ellipsoids would present more accurate and
more precise approximations of actual maximum
projection area for carbonate particles than for
siliciclastics.

Finally, no more than six datasets from three studies
have measured both particle volume and maximum
projection area (Figure 10C). The two carbonate studies
plot close to each other, demonstrating large (c. 75 %)
means of overestimation of particle volume/area
ratios with a broad spread in relative error. The
relative errors of the four siliciclastic datasets have

narrower distributions, and generally underestimate
volume/area ratios.

It is tempting to conclude that ellipsoidal models
largely overestimate particle volume of carbonate
grains, more so than for particles of siliciclastic
composition, and that this trend is opposite for
maximum projection area. However, there might be
large variations between datasets. Even if belonging
to similar compositions in terms of siliciclastic
or carbonate, there exist significant differences
between carbonate depositional environments, and
similarly between siliciclastic ones. In addition, these
compilations are most likely too small for conclusions
on definitive trends based on composition. The
number of studies that measured both particle volume
and maximum projection area is even smaller, and the
number of particles contained in them is low.

Although there are hints that siliciclastic particles
are more accurately represented by ellipsoids than
carbonate grains, large compilations have shown
that natural sediment grains are not well-represented
by ellipsoids (see Part 1, Slootman et al., 2026).
At present, there are insufficient data available
to constrain whether there are predictable trends
between actual volume/area ratios of sediment
particles and ellipsoidal models constructed based on
the long, intermediate, and short particle axes. If there
are correction factors to modify ellipsoid dimensions
to obtain actual particle volume/area ratios, then this
must be demonstrated with large compilations of
significant datasets that cover the broad range of
depositional environments capturing the variations
in particle composition and shape.

8 Discussion

The settling velocity of particles has wide applications
in earth sciences and engineering. A sediment particle
undergoes initial acceleration until a balance of forces
is reached between submerged weight and friction
with the fluid (Wadell, 1934), which are respectively a
function of particle volume and maximum projection
area. Solving this equilibrium for settling velocity
reveals that the dependent length variable in this
problem is the volume/area ratio of the particle
(Table 2). For spheres, the volume/area ratio is
captured by its diameter. Mathematical relationships
between the volume and maximum projection area
of ellipsoids demonstrate that the settling velocity
of an ellipsoid is instead controlled by its shortest
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Figure 10 - Error between calculated and measured dimensional parameters of sediment particles. Calculated parameters
represent approximations using the bounding-box ellipsoidal model based on the long, intermediate, and short axes as
reported in literature. Measured parameters of those same particles were obtained using laboratory techniques by the
referenced authors. (A) Particle volume. (B) Maximum projection area. (C) Volume/area ratio, which was only possible to
determine if both measured volume and area were documented. N and n indicate the number of datasets and combined
number of particles, respectively. Circle sizes are scaled between the plots and correspond to the number of particles in
that dataset. Probability density functions are normal-gamma distributions (Vaz & Fortes, 1988). See Table S2 for overview of
datasets and Figures S1-S3 in the supplementary materials for the values used to perform the error analyses.

diameter (see also Riazi & Turker, 2019). Despite these
fundamental insights - which have long been known -
most studies on settling velocity work with a spherical
diameter (Figure 3, e.g. Cahyono, 2022; Dietrich, 1982;
Ferguson & Church, 2004; Gibbs et al., 1971; Jiménez
& Madsen, 2003; Komar & Reimers, 1978; Wu & Wang,
2006).

shape, the common approach for these particles is
to adapt empirical settling equations for spheres
by the introduction of a shape factor. Upon the
assumption that sediment particles are best described
as ellipsoids (e.g., Riazi et al., 2020; Smith & Cheung,
2003), studies commonly apply the Corey shape factor
as a measure of ellipsoidity in their settling model.
Using spherical diameter to account for size, and Corey
shape factor to specify shape, significant emphasis
is placed on the short diameter of the ellipsoidal
particle model (e.g., in a linear relationship D, CSF =
D,D,D, (Ds/\/ﬁ) = DS \/ﬁ). A reasonable fit
between calculated and experimental settling velocity
is thus found because this method approximates

Analytical solutions for settling velocity exist for
both laminar and fully turbulent flow regimes for
spheres (DallaValle, 1948; Stokes, 1850) and ellipsoids
(Oberbeck, 1876). However, settling velocity equations
for spheres in the transitional regime require an
empirical approach (e.g., Clift & Gauvin, 1971). Since
natural sediments are not of perfect geometric
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the ellipsoidal model by using D, as the length
variable, but not quite so. In addition, the Corey shape
factor cannot discriminate between different ellipsoids
as demonstrated by the crossing of CSF-isolines
through the flatness-elongation diagram of Zingg
(1935) (Figure 4B). However, CSF-isolines are roughly
parallel with isolines of ellipsoidal maximum projection
area (see De Kruijf et al., 2021, Figure 14), which may
explain some of the correlation found when using the
Corey shape factor. To compensate for the mismatch
between the predicted and observed settling velocity
due to employing the Corey shape factor, or a
similar ellipsoidal model, additional coefficients are
inserted into settling velocity equations, such as
particle angularity (e.g., Powers, 1953 roundness;
in Dietrich, 1982) or combined parameters (e.g.,
mass-to-projected area ratio in Duperron et al,
2025) or sediment-specific parameters (e.g., shape
descriptors in Ferguson & Church, 2004; and the alpha-
constant in Riazi & Turker, 2019). However, this added
complexity further removes the settling velocity model
from being universal, which should be the ultimate
objective.

The contribution of this paper is to propose a
universal approach, rather than the discussion of yet
another equation, for the settling velocity of irregular
sediment particles. We acknowledge that the linear
relationship between particle Reynolds number and
drag coefficient on a log-log scale, as used in this
approach, entails limitations to application outside of
the transitional regime. However, this is a shortcoming
that can be solved by fitting the relationship with a
more sophisticated equation. Hence, the universality
of the volume/area ratio as a combined particle size-
shape parameter remains valid. Volume/area ratio
as the dependent length variable in the settling
problem performs better than any method based
on the ellipsoidal model as approximation of particle
size and shape (see Part 1, Slootman et al., 2026).
Perhaps, the mismatch between the ellipsoidal model
and the actual particle dimensions is predictable, with
correction factors that can be applied to sediment
particles from specific depositional environments.
Skeletal remains in biota-specific habitats (e.g.,
Musso et al., 2025) or deposits in carbonate sub-
environments (e.g., reef, fore reef, back reef, and
lagoon) each have their own particle production and
distribution characteristics (e.g., Lokier et al., 2013;
and Purser, 1973 for carbonate ramps; Ginsburg, 1956;
and Reijmer et al., 2009 for flat-topped systems).

Such a facies-specific approach might require better
reconstruction of particle volumes and maximum
projection areas, for example as obtained from micro-
CT. However, there are currently not enough data to
demonstrate this, which opens avenues for future
research. The ability to better predict particle settling
velocity, especially for irregular skeletal carbonate
grains, enables improved understanding of source-
to-sink processes in carbonate platform settings (e.g.,
Morgan & Kench, 2016).

9 Conclusions

Settling velocity of sediment particles is a function
of the ratio between particle volume and maximum
projection area. This length parameter captures both
size and shape of the sediment grain. Because
longest, intermediate, and shortest particle diameters
are relatively easy to obtain, the ellipsoidal model
is a popular representation of sediment grains.
However, ellipsoids offer poor approximations of
natural sediment particles, especially if these are
irregular in nature such as skeletal carbonates.
Hence, as shown here, settling velocity models
that use spherical diameters and an ellipsoidal
shape factor underperform compared to equations
that employ a realistic volume/area ratio. Accurate
determination of particle volume and maximum
projection area requires more advanced techniques
such as micro-computed tomography. There are
currently insufficient data to explore whether the
actual volume/area ratio of sediment particles can be
predicted from their principal axes.
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Appendix A

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

Table AT continued

Symbol  Description

Symbol Description
A Particle maximum projection area
Acalc Calculated particle maximum projection
area

Aeq-sphere  Surface area of the equivalent sphere (Y.
Wang et al. 2018)

Ameas Measured particle maximum projection area
Aparticte ~ Surface area of the particle (Y. Wang et al.
2018)
abs(e) Absolute error
Cp Drag coefficient
Co,exp Experimental drag coefficient
Cof Frictional drag coefficient in the laminar
regime (Riazi et al. 2020)
Cop Pressure drag coefficient in the turbulent

regime (Riazi et al. 2020)
Cosphere  Drag coefficient for spheres
CSF Corey shape factor

Deg Equivalent particle diameter
D; Intermediate particle diameter
D, Long particle diameter
D, Nominal particle diameter
Dy Short particle diameter
D, Dimensionless particle diameter (Alcérreca
et al. 2013)
fa Function of the variable(s) between
parentheses
Fp Buoyant force
Fp Drag force
Fq Weight (force of gravity)
Fg Submerged weight
g Gravitational acceleration
i Index counting iterations
L Particle length parameter
MAE Mean absolute error
n Number of measurements
Peq-circie  Perimeter of a circle with the surface area of
the maximum area (Y. Wang et al. 2018)
Pparticie ~ Perimeter of the maximum projection area
(Y. Wang et al. 2018)
Re, Particle Reynolds number
4 Particle volume
Veale Measured particle volume

Vineas Calculated particle volume

) ; Calculated ratio between particle volume
€ and particle maximum projection area

) Measured ratio between particle volume
M35 and particle maximum projection area

»I<

(
(

i<

w Settling velocity
W, Terminal settling velocity
We,calc Calculated terminal settling velocity

Table AT continues

Table A1 continues
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Table A1 continued

Symbol  Description
We.exp Experimental terminal settling velocity

(observed)

£ Relative error

7 Dynamic fluid viscosity

7 Mean (model accuracy)

Ps Fluid density

Pp Particle density

o Standard deviation (model precision)

() Particle sphericity (Y. Wang et al. 2018)

X Particle inverse circularity (Y. Wang et al.
2018)

4 Shape factor of Y. Wang et al. (2018)
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