
Citation: Riaz, M.Z.B.; Iqbal, U.; Zain,

H.; Yang, S.-Q.; Sivakumar, M.; Ji, R.;

Anjum, M.N. Influence of Vertical

Force on Shields’ Curve and Its

Extension in Rapidly Varied Flow.

Water 2024, 16, 2960. https://

doi.org/10.3390/w16202960

Academic Editors: Francois Marin

and Nizar Abcha

Received: 3 September 2024

Revised: 10 October 2024

Accepted: 14 October 2024

Published: 17 October 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Influence of Vertical Force on Shields’ Curve and Its Extension in
Rapidly Varied Flow
Muhammad Zain Bin Riaz 1,* , Umair Iqbal 2, Huda Zain 3, Shu-Qing Yang 1 , Muttucumaru Sivakumar 1 ,
Rong Ji 1 and Muhammad Naveed Anjum 4

1 School of Civil, Mining, Environmental and Architectural Engineering (SCMEA), University of Wollongong,
Wollongong, NSW 2522, Australia; shuqing@uow.edu.au (S.-Q.Y.)

2 University of Newcastle, Newcastle, NSW 2308, Australia
3 Department of Chemical Engineering, Faculty of Chemical, Metallurgical & Polymer Engineering, University

of Engineering and Technology, Lahore 54890, Pakistan
4 Department of Land and Water Conservation Engineering, Faculty of Agricultural Engineering and

Technology, PMAS-Arid Agriculture University, Rawalpindi 46000, Pakistan
* Correspondence: mriaz@uow.edu.au

Abstract: Sediment transport is a geophysical phenomenon characterized by the displacement of
sediment particles in both the horizontal and vertical directions due to various forces. Most of the
sediment transport equations currently used include only parameters related to the horizontal direc-
tion. This study measured both instantaneous longitudinal and vertical parameters, i.e., velocities
and forces, and found that the magnitude and direction of the vertical force play an important role
in sediment incipient motion. An innovative experimental system was developed to investigate
the effect of vertical force on incipient motion in rapidly varying flows. A quadrant analysis of the
instantaneous measured forces on the critical shear stress was performed. The research revealed
that upward positive vertical forces enhance particle mobility, whereas downward negative vertical
forces increase particle stability. Novel equations have been developed to represent the influence of
vertical forces on sediment transport. A comprehensive critical Shields stress for sediment transport
was proposed, extending the Classic Shields diagram to encompass the incipient motion in highly
unsteady flows.

Keywords: critical shear stress; tidal bore; dam-break bore; shields diagram; sediment transport;
vertical force

1. Introduction

A comprehensive understanding of the physics underlying fluid–sediment interac-
tions, wave bottom boundary layer dynamics, and their effects on sediment transport is
essential for fully comprehending nearshore coastal processes. Numerous sediment-related
issues, including water quality monitoring, pollution management, wetland restoration,
reservoir maintenance, beach erosion, and stability of coastal areas and infrastructure,
are intrinsically linked to the concept of incipient motion [1]. The concept of incipient
motion is essential for investigating the evolution of deltas, changes in the seabed, shoreline
formation, and the construction of coastal protection infrastructure [2–6].

The critical conditions for triggering sediment movement are generally classified into
two approaches: the critical shear stress approach and critical velocity approach. The shear
stress method often employs the critical Shields number or well-known Shields curve.
This approach was originally developed by Shields [7], who studied the shear forces on a
single grain at the point of movement under steady, uniform flow conditions. Nevertheless,
its application is frequently extended to non-uniform or unsteady flows, as exemplified
by numerical models [8–12] and laboratory data analysis [13–17]. Frank et al. [14] used
the bed shear stress to express the conditions of critical sediment motion. Contrary to
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the expected behavior based on the Shields parameter, sediment motion has been docu-
mented in certain oscillatory flows [18]. Extensive studies have been conducted to explain
this phenomenon [19–22], and some studies have provided a possible reason of pressure
gradient-induced motion [14,18,23,24], and most of them attribute it to experimental errors
and insist that the Shields curve is still valid for expressing incipient sediment motion.

Madsen [24] suggested that breaking and near-breaking waves create horizontal
pressure gradients that can induce bulk instability, thereby leading to shoreward sediment
transport. Foster et al. [18] experimentally confirmed the role of pressure gradients in
initiating sediment motion due to the free-stream velocity gradients in surface gravity
waves. Sleath [25] quantified the effects of these horizontal pressure gradients using
Sleath parameter S, which balances the inertial and gravitational forces acting on the
sediment particles.

Nielsen [26] revised the traditional Shields parameter to include both fluid acceleration
and shear stress. This modified Shields parameter proved to be more accurate in predicting
the transport of coarse sediments under shoaling waves than the original formulation based
solely on shear stress [27]. Terrile et al. [27] also investigated the impact of wavefront accel-
eration on the initiation of sediment motion and, found that the accelerating flow increases
the lift force on particles, making them more likely to move. Their observations showed
that gravel particles with a diameter of 10 mm could move under conditions of high flow
acceleration, even when the shear stresses were well below the critical Shields threshold.

Conventionally, instantaneous shear stresses and Shields parameters are based on the
average free stream velocity, i.e., the Shields parameter is directly proportional to the square
of the horizontal velocity, which is a quasi-steady approach. However, Myrhaug et al. [28]
observed sediment transport near the seabed and discovered that the maximum sediment
concentration occurred at the lowest velocities (U ≈ 0), whereas the greatest longitudi-
nal velocity consistently corresponded with lower sediment concentrations. Recently,
Riaz et al. [29] observed and demonstrated this phenomenon by directly measuring forces
in a laboratory flume for a range of tidal waves. They explained that the Shields parameter
is not always proportional to the square of the longitudinal velocity component and that
sediment transport can occur below the critical Shields parameter because of the reduction
in shear stress caused by the vertical force. Evidently, the shear stress approach does not
account for parameters that reflect the vertical parameters, such as the vertical pressure
force or lift force induced by the sudden impact of bores. Many researchers ascribe the
limited range of applicability of the Shields diagram to complex flows subject to vertical
parameters, such as [16,17,29–33]. Additionally, incipient motion caused by vertical pa-
rameters may explain the variability observed in the Shields diagram and inconsistencies
in Shields values at the onset of sediment movement [29,32,34] in conjunction with hori-
zontal pressure gradients [18,23]. Additionally, it is well-established that vertical pressure
gradients play a crucial role in destabilizing the bed [35,36].

In wave-dominated environments, the vertical pressure gradient primarily results
from changes in water depth. However, how sudden shifts in water depth affect shear
stress remains a topic that requires further investigation [31]. The non-hydrostatic pressure
generated by the bores at the water surface can induce uplift forces. Various researchers
have proposed modifications to the Shields number and have explored the factors affecting
the buoyancy force in fluid dynamics. Francalanci et al. [30] introduced the concept of
“apparent density of the fluid”, while Yang [32] put forth the idea of “apparent density of
the sediment particle” to adjust the Shields number. In a related study, ref. [37] suggested
that non-hydrostatic pressure could influence both the direction and strength of the buoyancy
force. Moreover, previous studies on wave conditions have utilized average lift forces [38,39].

In the literature, no study used instantaneous lift and drag force to verify these assump-
tions in unsteady flows; however, refs. [40–42] showed the importance of instantaneous
forces during steady flow. Substantial research efforts have been directed toward examining
the impact of tsunamis and dam-break waves on structures in coastal areas and idealized
settings [43–46]. Numerous investigations have employed both experimental and numeri-
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cal methods to study alterations in bed morphology resulting from dam-break waves over
granular surfaces [47–50]. In a recent investigation, Xu et al. [51] utilized a shear plate to
quantify the bed shear stresses near the front edge of dam-break waves propagating across
a rough surface.

To the best of our knowledge, no prior research has investigated instantaneous three-
dimensional hydrodynamic forces to explain the fundamental assumptions and mecha-
nisms of sediment incipient motion during dam-break or tsunami bores. Previous studies
have primarily focused on characterizing incipient motion through measurements of the
flow velocity, bed evolution, and horizontal pressure gradients. A more comprehensive in
situ investigation is necessary to obtain a complete understanding of the actual phenomena
of incipient motion as the wavefront breaks.

To comprehensively examine the limited applicability of the Shields curve for pre-
dicting sediment initiation, additional laboratory experiments were conducted in rapidly
varying flows. This investigation quantitatively elucidates the influence of instantaneous
changes in the vertical force on the Shields number and explicates the occasional failure
of the Shields curve to accurately estimate the critical shear stress. To address this issue,
novel equations have been developed and validated using both direct force measurements
and published data. These new formulations are expected to enhance future models of
sediment transport for large-scale coastal phenomena.

2. Theoretical Consideration

Sediment transport is influenced by longitudinal and vertical water forces on particles.
Researchers have aimed to improve sediment transport models, addressing phase lag and
bedform challenges. Francalanci et al. [30] highlighted pressure fluctuations as a major
issue, suggesting the incorporation of pressure variations through apparent fluid density.
Yang [32,52] introduced sediment apparent density based on the parameter Y (=V/ω).
Potential factors for characterizing the vertical driving force include pressure (P) [30],
vertical velocity (V) [52], vertical hydraulic gradient (i) [53], and lift force [16,17,29]. It is
evident that all sediment transport equations become invalid when a particle experiences
significant vertical motion [32]. Francalanci et al. [30] elucidated this combined effect by
reformulating the definition of the dimensionless Shields shear number as the ratio of
forces in the longitudinal and vertical directions, as follows:

τ∗(0) =
4
3

τc(0)
1
2 π

(
d
2

)2

4
3 (ρs − ρ)gπ

(
d
2

)3 =
τc(0)

(ρs − ρ)gd
(1)

where τc(0) = critical shear stress, d = particle diameter, ρs and ρ are particle and fluid
densities, respectively. They argued that the numerator denotes the longitudinal friction
force, and the denominator represents the vertical force, i.e., the effective submerged force
of the particle.

In this study, a simpler model, as illustrated in Figure 1, was used, similar to Fran-
calanci et al.’s [30] approach. Here, the instantaneous vertical force (F v) induced by waves
is chosen to represent vertical motion instead of the pressure gradient force. This choice
is made because the vertical force is more straightforward and convenient compared to
other parameters, such as the pressure gradient force or hydraulic gradient in the sediment
layer. The model depicts a permeable bed composed of uniform spherical particles of

diameter d. In quantity, the value of the average vertical force
↼
Fv in steady and uniform

flows is much less than shear force, but it may be significant and plays an important role
for sediment transport in non-uniform and unsteady flows because it alters the submerged
force [54], and flow resistance [29]. In addition, its impact on mass transport needs to be
clearly defined.
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Figure 1. Schematic of longitudinal and vertical forces during wave conditions.

Consider, for example, a spherical particle of diameter “d” shown in Figure 1. The ori-
gin of the term (ρs − ρ) in Equation (1) is the assumption that the downward gravitational
force Fg corresponding to the weight of an immersed particle, given as

Fg = ρsg
4
3

π

(
d
2

)3
(2)

is partially counterbalanced by the buoyant force Fb corresponding to the weight of the
displaced fluid, given as

Fb = ρg
4
3

π

(
d
2

)3
(3)

So that the effective submerged force Fs of the particle is given as

Fs = Fg − Fb = (ρs − ρ)gπ
d3

6
(4)

The term above appears specifically in the denominator of Equation (1), in which the
most important and questionable assumption is that the vertical force Fs is constant and
independent of sudden changes in the water surface and unsteadiness owing to unsteady
flow. A special experiment is required to test whether this assumption is correct.

In an environment wherein the motion of the surrounding fluid can generate an
upward force of lift Fv, the net effective submerged force becomes Fs − Fv, where Fs is the
effective submerged force and Fv is the instantaneous vertical force. This variation was
directly measured. From a mathematical perspective, the reduction in the effective force
experienced during submersion can be accounted for by modifying the density from ρs to
ρ′s, provided that the particle size remains constant. The equation for the submerged force
can subsequently be expressed in a format analogous to Equation (4) as follows:

Fns = (ρs − ρ)gπ
d3

6
− Fv (5)

alternatively,

Fns =
(
ρ′s − ρ

)
gπ

d3

6
(6)
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where Fv is the vertical force induced by unsteady flows, Fns is the net submerged force in a
moving fluid. From Equations (5) and (6), one can derive the following relationship

ρ′s − ρ

ρs − ρ
=

Fs+Fv

Fs
(7)

or
ρ′s − ρ

ρs − ρ
= 1 +

Fv

Fs
(8)

In contrast to Francalanci et al.’s [30] approach, which modified fluid density to account
for pressure effects, Equation (8) introduces the concept of “apparent particle density” ρ′s.
This equation suggests that the impact of non-hydrostatic pressure can be represented by
changes in the sediment density [32]. According to Equation (8), if an upward vertical force
(Fv > 0) is present, ρ′s will be less than ρs, making the sediment behave like a lighter material.
Conversely, if a downward vertical force (Fv < 0) is applied, ρ′s increases, indicating that the
sediment behaves more like a heavier material. Thus, Equation (8) shows that an upward
vertical force enhances particle mobility by making them “lighter”, while a downward
vertical force increases particle stability by making them “heavier”.

Critical Shear Stress Subject to Fv

It would be interesting to explore how waves influence the onset of sediment move-
ment. For unsteady flows, the traditional Shields diagram may have limited applicability
in expressing the threshold for sediment motion [32], due to the presence of vertical forces
induced by waves. When the apparent sediment density is incorporated into the Shields
number, it takes the following form:

τ′
∗(Y) =

τ′
c(Y)

(ρ′s − ρ)gd
(9)

where τ′
c(Y) is the critical shear stress with effect of vertical force. Comparing Equation (9)

with Equation (1), one may find that in conventional sediment transport theory, it is
impossible to have a zero denominator, but Equation (9) shows that the denominator is a
variable and possibly zero.

Equation (9) predicts that, with the Shields number held constant, the critical shear
stress observed in a flow with an upward vertical force (Fv) should be lower compared to
that in steady and uniform flows. Conversely, a downward vertical force (Fv) requires a
higher shear stress to initiate the particle movement. This is because, while the Shields
number remains unchanged with the addition of vertical force (Fv), the only variable
affecting the particle motion is the required critical shear stress. This can be observed by
inserting Equation (7) into Equation (9):

τ′
∗(Y) =

τ′
c(Y)

(ρs − ρ)gd

(
Fs

Fs−Fv

)
=

τc(0)

(ρs − ρ)gd
(10)

If the cases with and without including vertical force are compared, the critical shear
stress τc(0) and τ′

c(Y) have the following relationship:

τ′
c(Y)

τc(0)
=

(
1 − Fv

Fs

)
(11)

Using Equation (1), (10) and (11) can be rewritten as follows:

τ′
c(Y)

(ρs − ρ)gd(1 − F)
=

τc(0)

(ρs − ρ)gd
(12)
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or
τ′

c(Y)

τc(0)
= 1 − F (13)

where F = Fv
Fs

.
Equation (9) incorporates the impact of the vertical force, illustrating that an upward

vertical force decreases the apparent density of the particles, which, in turn, lowers the
critical shear stress required for sediment movement. Conversely, a downward vertical
force increases the apparent density, thereby increasing the required critical shear stress.
Equations (10) and (12) describe the relationship between the modified Shields number
τ′
∗(Y) and the original Shields number τ∗(0) . These equations suggest that the presence of

a vertical force Fv can cause the original Shields number to significantly deviate from the
predicted Shields curve.

3. Experimental Setup and Method

The investigation was conducted in a large glass-walled recirculating flume situated at
the University of Wollongong’s School of Civil, Mining, Environmental, and Architectural
Engineering (SCMEA) in Australia. Riaz et al. [29] provided a comprehensive description
of the methodology. This section briefly outlines the experimental setup and protocol. All
experiments were performed in a flume with dimensions of 10.5 m in length, 0.4 m in
depth, and 0.3 m in width. A pump with a capacity of up to 50 L per second propelled the
flow within the flume, connected to a head tank measuring 2.5 m long, 1.8 m deep, and
2 m wide. The flume was equipped with two gates to produce various types of tidal and
dam-break bores. Dam-break bores were generated by rapidly opening the sliding sluice
gate at the main channel inlet (x = 0 m), resulting in an almost instantaneous release of water.
Furthermore, a fast-closing, fully obstructing Tainter gate was installed downstream of the
channel (at x = 10 m). Tidal bores were created by rapidly closing the downstream Tainter
gate, with gate openings ranging from 0 to 120 mm, progressing from the downstream end
towards the upstream inlet.

For stable flow conditions, water level measurements were obtained utilizing pointer
gauges mounted on rails. In the case of unstable flows, two Microsonic™ Mic + 25/IU/TC
ultrasonic displacement meters (UDMs) were positioned above the channel to monitor
water depths. The UDMs were calibrated under steady flow conditions using pointer
gauges, achieving an accuracy of ±1% with built-in temperature drift compensation. The
experimental apparatus was designed to operate under hydraulically rough flow conditions
(Rk∗ > 3 × 102) using Rk∗ = ksu∗/ν assuming ks= D, where D is the particle diameter and
flows with Rk∗ ≥ 70 are classified as hydraulically rough [55]. Details of tidal bores with
varying Froude numbers (calculated using, Fr = (V0 + Ux)/

√
gh0) are provided in Table 1.

Table 1. Experimental flow condition during tidal bore propagation.

Q (m3/s) Gate Opening (mm) h0 (m) Fr

0.04 0, 10, 20, 40 & 60 0.155 1.17–1.45

0.033 0, 10, 20, 40 & 60 0.140 1.17–1.45

0.026 0, 10, 20, 40 & 60 0.125 1.17–1.45
Notes: h0; initial flow depth, Fr; bore Froude number, Q; initial flow discharge.

For the dam-break experiments, the reservoir tank was filled to various depths ranging
from 250 to 400 mm, with increments of 50 mm. The sliding sluice gate was positioned
at either 200 mm or fully open (400 mm). To determine the propagation speed of the
dam-break bore tip, Ux, researchers have employed the time-of-flight technique. This
method involved calculating the time required for the bore to traverse the distance between
two ultrasonic displacement meters (UDM1 and UDM2) and dividing the distance between
these meters by that time. This approach, which was previously utilized by [51,56] to
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estimate tsunami bore front velocity, was implemented in this investigation. The Froude
number of the dam-break bore is defined as Frd = Ux√

ghd
, where hd is the maximum dam-

break bore depth at the test location. In the experiments, dam-break bore velocities varied
from 1.33 to 2.05 m/s, and Frd values ranged from 1.4 to 1.7. Table 2 provides detailed
information on the dam-break bores. For further details on the bed configurations and their
effects, see [29].

Table 2. Experimental flow condition during dam-break bore propagation.

Case WL (mm) GO (mm) Ux (m/s) Frd

1 250 400 1.32 1.40

2 300 400 1.49 1.51

3 350 200 1.65 1.57

4 350 400 1.78 1.62

5 400 200 1.94 1.67

6 400 400 2.06 1.71
Notes: WL; reservoir water level, GO; sluice gate opening.

A waterproof three-axis force sensor was positioned 6 m from the upstream inlet of the
channel (Figure 2) to measure the load on the metal foil strain gauges. The sensor’s signals
were transmitted via cable to an external amplifier and signal processing system, where
they were amplified and converted into force measurements. The apparatus exhibited
a sensitivity of 0.88 mN in both the downstream (x) and upward (z) directions, with the
latter perpendicular to the flume bed. The cross-axis interference between the x and z
axes is negligible, with less than 0.5% and 1% of full scale, respectively. Throughout all
experiments, the force sensor operated at a 200 Hz frequency to acquire data.
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Instantaneous velocity and turbulence were measured utilizing a dual-component
laser Doppler anemometer (LDA), as illustrated in Figure 2. The velocity components and
free surface measurements were simultaneously recorded along the channel centerline at
x = 6 m. The LDA was positioned at various elevations above the rough bed, ranging from
5 < z < 101 mm. A two-axis traverse system was employed to adjust and measure the
vertical position z above the target particle. The downstream direction was denoted by
positive Vx (longitudinal velocity), while positive Vz (vertical velocity) indicated upward
movement, both perpendicular to the bed.

Throughout the experiments, velocity and force measurements were obtained at
x = 6 m, while free water surface measurements were recorded at x = 6 and 6.5 m. A
Zoom™ handy camera (60 fps) was utilized to capture video recordings between x = 6
and 7 m. To ensure data integrity, separate computers were employed for recording LDA
data and force sensor and UDM data. The synchronization of all recordings was essential.
The LDA system transmits an analog pulse signal to the NI-DAQ system to initiate the
force sensor and UDM data collection. Manual synchronization of the camera with the
LDA was achieved by introducing green light into the camera frame. All instruments were
synchronized within ±0.5 ms.

4. Experimental Results
4.1. Instantaneous Velocity and Free Surface Measurements

The data revealed consistent patterns across all flow conditions beneath the tidal bores.
Figure 3 presents the median ensemble average (EA) velocity, water level, and forces com-
ponent on top of the target particle for a range of Froude numbers (Fr = 1.17–1.45). A rapid
deceleration in the longitudinal velocity component Vx was observed, accompanied by an
initial acceleration and followed by a deceleration in the vertical velocity component Vz
during bore passage. The longitudinal velocity (Vx) exhibits an abrupt decrease at T ≈ 500,
attributed to the impact of the breaking bore front (Figure 3a, Fr = 1.45), which generates
turbulence and disrupts the flow around the particle. Subsequent to this initial reduction,
Vx gradually increases, indicating the particle’s acceleration as the effects of the bore dissi-
pate. Concurrently, the vertical velocity (Vz) demonstrates a rapid increase, suggesting a
strong upward force exerted by the bore, which is consistent with the elevated water depth
observed during this phase. The substantial rise in water depth reflects a significant increase
in the free surface due to the bore’s momentum. Figure 3b (Fr = 1.38) presents a trend in
Vx that indicates a less pronounced initial decrease compared to Figure 3a, suggesting
that the breaking bore’s impact is attenuated. This observation is corroborated by a more
modest rise in Vz, indicating a reduced upward force acting on the particle. The changes in
water depth also demonstrate a smaller increase than in Figure 3a, emphasizing the bore’s
diminished intensity at this Froude number. The initial deceleration of Vx is further reduced
(Figure 3c), reflecting an even milder impact from the bore. Notably, Vz exhibits a less
pronounced increase and may remain negative during certain phases, potentially indicating
a more stable flow condition. A continued trend of oscillatory behaviour in Vx indicates
weaker bores with less significant impacts on sediment transport (Figure 3d,e). The vertical
velocity fluctuations become more pronounced, suggesting complex interactions between
the particle and the flow, with minimal changes in water depth across both Froude numbers
1.21 and 1.17. The gradual decline in bore intensity is evident, highlighting the critical
role that the Froude number plays in determining the dynamics of sediment transport and
hydrodynamic forces.

Generally. a rapid deceleration in the longitudinal velocity component Vx was ob-
served, accompanied by an initial acceleration followed by a deceleration in the vertical
velocity component Vz during bore passage. The longitudinal velocity decreased sig-
nificantly as the breaking bore advanced (Figure 3a–c), while the deceleration was less
pronounced in the undular bore (Figure 3d,e). Upon the bore front’s arrival at the sampling
location (x = 6 m), a gradual increase in water depth occurred, resulting in a corresponding
deceleration in Vx associated with a progressive rise in the free surface. A rapid reduction
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in Vx coincided with a steep increase in the free surface. The vertical velocity Vz increased
as the free surface increased but began to decelerate at the point of free surface curvature
change, subsequently stabilizing at zero after the breaking bore passed (Figure 3a–c). For
undular bores, both velocity components exhibited quasi-periodic fluctuations as wave
undulations propagated through, with peak velocity values generally aligned with free
surface elevation troughs, indicating an out-of-phase oscillation (Figure 3d,e).
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number 1.17.

When the gate was fully closed, transient recirculation and negative longitudinal ve-
locities, Vx, were observed near the channel invert during the breaking bore with secondary
waves. In contrast, no negative longitudinal velocities were detected during the undular
bore, as illustrated in Figure 3. This transient recirculation was observed for z/h0 < 0.39
beyond the rough bed, beyond, which the longitudinal velocity component generally
remained positive throughout the bore passage. Typically, this transient recirculation is
observed in close proximity to the channel bed with z/h0 < 0.3–0.5 [57]. These findings
indicate an unsteady recirculation pattern associated with significant turbulent stresses in
the water column, which potentially influences sediment processes in natural systems.

4.2. Sediment Motion and Forces on Target Particle

The instantaneous force components were recorded at x = 6 m from the upstream
inlet of the channel for various Froude numbers under both the tidal and dam-break
bores (Figure 2). Visual observations indicated that no pebble movement occurred prior
to bore passage under steady flow conditions and constant static tailwater for both the
tidal and dam-break bores. During the tidal undular bore, only a limited number of
particles exhibited rotational movement from their initial positions. In contrast, under
tidal-breaking and dam-break bore conditions, the majority of particle movements involved
both rotation and translation. Additionally, minimal sediment saltation was observed near
the bed beneath the tidal breaking bore, whereas significant sediment saltation was noted



Water 2024, 16, 2960 11 of 21

as a consequence of the initial impact of dam-break bores. Overall, pebble motion was
categorized into three basic modes based on visual analysis as shown in Figure 4:

(1) Rotation in which the particle only changed its initial orientation without dislodge-
ment mostly occurred in the undular and immediate before the arrival of the breaking
bore, in both the upstream and downstream directions.

(2) Rolling where the particle dislodged from its initial position as it continuously rolled
over adjacent pebbles for a few particles in breaking and dam-break bores.

(3) Saltating particle movement upstream along the breaking bore and downstream along
the dam-break bore without touching the other pebbles.
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Figure 4. Modes of pebble motion.

During the tidal bore events, distinct sediment transport patterns were observed
through visual assessment. Immediately prior to and concurrent with the passage of the
roller toe, the pebbles predominantly exhibited upstream rolling and saltation. Conversely,
downstream pebble rotation coincided with a gradual increase in water surface elevation.
The majority of particles initiated upstream movement immediately following the passage
of the roller toe. However, a small proportion of particles commenced downstream move-
ment prior to the arrival of the roller toe. This feature was previously observed by [39], but
they were unable to explain this phenomenon, which is well explained here based on the
measured forces. However, during the passage of dam-break bores, visual observations
demonstrated that the pebbles rolled and saltated downstream along the bore. The initial
impact of the dam-break bore induced the majority of the pebbles to undergo displacement
through rolling and saltation mechanisms.

4.2.1. Stages of Particle Motion Beneath Tidal Bore

Two distinct stages of particle motion were observed due to the continuous variation
in forces for Fr ≥ 1.3 − 1.45 (Figure 3a–c). Stage 1 encompassed the transition from the
smooth rise of the free surface (point 1) to the roller toe (point 2), whereas Stage 2 extended
from the roller toe to the peak of the first wave crest (point 3) (see Figures 2b and 5). In
Stage 1, a limited number of particles exhibited rotation and rolling towards downstream,
a phenomenon associated with an increase in upward vertical force Fv, which is correlated
with a decelerating flow. During this stage, Fv was approximately 0.85 of the submerged
weight of the target sphere utilized in this study. This upward vertical force generally
reduces the friction between particles, thereby decreasing the intergranular force and
resulting in minimal particle displacement.

In stage 2, a transient sheet flow occurred in the rolling and saltating modes towards
upstream. The pebble upstream motion occurred due to the flow reversal, which gen-
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erated a large drag force in the upstream direction, while Fv was still above 0.35 of the
submerged weight.

Both drag and lift forces acted on the particle in the negative direction due to flow
reversal from transient recirculation and the abrupt rise in the free water surface with the
onset of the breaking bore. Consequently, the positive upward lift force plays a crucial
role in saltation and facilitated pebble rolling. The peak force measurements generally
corresponded to the troughs in the free surface elevation, indicating an out-of-phase oscilla-
tion (Figure 3). Furthermore, the lift and drag forces exhibit an out-of-phase relationship
following the initial peak of the wave crest. Nearly all particles ceased motion when the
maximum lift force was reached, approximately 0.4 s after the roller toe, while, during that
period, the drag force began to increase in the positive direction. At that point, the lift force
was negative (directed towards the bed) and was three times greater than the drag force,
causing all particle movement to abruptly cease. This phenomenon was corroborated by
visual observations.

Contrarily, for Fr < 1.3 − 1.17 (Figure 3d,e), only a few pebbles experienced rotation
mode, where the pebble did not slide or roll over the surrounding contacting particles.
They either retained the initial longitudinal orientation or changed the original orientation
with less than one particle size movement. This motion was not a contribution to either
the downstream or upstream sediment transport. At the arrival of the bore, around
T(g/h0)

0.5 ≈ 515 and 510 for Fr 1.21 and 1.17, respectively, Figure 3d,e showed that the
drag and lift forces changed direction; however, the negative lift force is almost double
compared to the drag force, which contributed to stabilising the particle. Directly measured
force data also coincide with the visual observation. For these Froude numbers, measured
forces have not shown significant positive upward Fv at the arrival of the bore (Figure 3d,e).
However, beneath the initial peak of the wave crest, a negative downward lift force was
observed to be twice the magnitude of the drag force. It is important to note that the
restriction in particle movement was also influenced by the phase synchronization of drag
and lift forces during the undular bore. Table 3 shows a comparison between Fv/Fs for
undular and breaking bores.

Table 3. Comparison of the ratio of vertical to submerged force for undular and breaking bore.

Bore Type Froude No.
Fv/Fs Particle Movement Direction

Stage 1 Stage 2 Stage 1 Stage 2

Breaking 1.45 0.5 to 0.85 0.85 to -3.25 ↑ & ↓ ↑
Breaking 1.38 0.5 to 0.7 0.7 to -3.1 ↑ & ↓ ↑
Breaking 1.30 0.25 to 0.55 0.125 ↑ ↑
Undular 1.21 0 to −0.25 −0.25 to −2.9 - -

Undular 1.17 0 to −0.15 −0.15 to −0.28 - -
Notes: Fv, measured vertical force; Fs, submerged force of target sphere; ↓, downstream particle movement; ↑,
upstream particle movement.

For all flow conditions, the transverse force exhibited significant fluctuations upon the
arrival of the bore and subsequently diminished to near-zero levels after the first crest. The
fluctuation is more pronounced for higher Froude numbers, as shown in Figure 3a–c, where
the transverse force served as an additional facilitator for upstream pebble motion at the
bore’s arrival. The fluctuation is less pronounced for smaller Froude numbers (Figure 3d,e).
The majority of particle entrainment events occurred within the region between the bore
roller toe and the first crest.

4.2.2. Stages of Particle Motion Beneath Dam-Break Bore

Figure 5 illustrates the time-varying forces exerted on a target sphere during dam-
break bore impacts for three different scenarios: weak, moderate, and strong bores. The
diagram shows the stream-wise (FD), lateral (FY), and vertical (FL) force components. The
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intensity of the bore, determined by its height and velocity, correlates positively with the
magnitude of these forces, as shown in Figure 5a for weak, Figure 5b for moderate, and
Figure 5c for strong bores, respectively. When the dam-break bore collides with the sphere,
there is a swift increase in the longitudinal force, primarily due to the high-speed flow
and the resulting hydrostatic pressure imbalance. During this initial impact, substantial
sediment movement was observed, including pebbles rolling and bouncing along the bore,
particularly during the strong bore (Figure 5c). The rapid increase in force occurred prior
to the complete formation of quasi-steady forces, a phenomenon that transpired in less
than one (1) second within the experimental context. Subsequent to the initial impact and
full development of the bore flow, the horizontal forces gradually decreased, while the
vertical force exhibited a sudden downward shift following its initial rise, as illustrated in
Figure 5. The swift surge in horizontal force due to the initial impact, preceding the fully
developed dam-break bore, emphasized the significance of the momentary uplift force
in particle suspension (Figure 5c). This uplift force was found to diminish the effective
stress, thereby promoting particle suspension in conjunction with the initial increase in
horizontal force. A comparable effect was observed by Amicarelli et al. [50], who utilized
three-dimensional numerical modelling to determine that sediment particles elevate around
the dam-break front due to deviations in mean stress from equilibrium. Notably, as the
bore height increased, fluctuations in both the horizontal and vertical hydrodynamic force
magnitudes intensified following the initial bore impact.
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The time series plots in Figure 5 demonstrate a gradual initial increase in the vertical
uplift force applied to the target sphere as the bore approaches. This early rise is commonly
referred to as a hydrodynamic uplift force [58]. Subsequently, the vertical force exhibits
an abrupt decrease (toward the bed) until the peak water depth of the dam-break bore
is attained; after which, it transitions into a quasi-steady hydrodynamic state. Once the
dam-break bore was fully developed, pebble movement became negligible. The results
indicate that, while the contribution of the lateral force increased with the strength of the
dam-break bore, it remained comparatively insignificant relative to the horizontal and
vertical forces.

4.3. Observational Verification of Vertical Force Effect on Incipient Motion

The directly measured data showed the importance of vertical force during the bore-
induced sediment incipient motion. Figure 6 illustrates a representative example of the
dynamic force patterns that occur during various phases of particle movement as tidal and
dam-break bores progress. In the case of tidal bores, the initial phase is characterized by a
gradual increase in the water surface elevation until it reaches the roller toe. The subsequent
phase extends from the roller toe to the apex of the initial wave crest (for further details on
these phases, refer to [29]). Recent investigations by Riaz et al. [29] revealed comparable
trends, noting that the critical Shields number significantly deviates from Shields’ original
prediction. They posited that this variation is attributable to the oscillating forces present
during different stages of the tidal bore, resulting in a variable critical Shields parameter
rather than a constant value.

This can be further clarified by dividing the measured forces into four quadrants:
quadrant 1 (Q1) with positive downstream shear (longitudinal) and vertical upward (nor-
mal to bed) force, Q2 with positive upward vertical force and negative (towards upstream)
shear force, Q3 with negative (towards bed) vertical force and negative (upstream) shear
force, and Q4 with positive shear force and negative vertical force.
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Figure 6. Median EA water depth and force component. (a) Tidal breaking bore. (b) Dam-break bore
for all stages of particle movement. Q1, Q2, Q3, and, Q4 represent the quadrant of measured forces
during particle incipient motion.

A comparison of Equation (13) with directly measured forces is shown in Figure 7,
which shows a plot τ′

c(Y)/τc(0) versus Fv/Fs, where τ′
c(Y) and τc(0) is critical shear stress with

and without vertical force, and Fv and Fs are the measured vertical force and submerged
force, respectively. Force measurements during tidal and dam-break bores revealed that
the forces could be categorized into four distinct quadrants, each representing different
stages of initial sediment movement. The early phase of tidal bores exhibited an increasing
trend in both horizontal and vertical forces. This phenomenon was particularly evident in
tidal breaking bores with bubbles, which facilitated downstream particle movement and
reduced pebble stability. As the tidal bore approached the measurement site, the water
level began to rise, resulting in upward forces recorded between 490 < T(g/h0)0.5 < 495.5
(Figure 6). This vertical force induced downstream movement in some pebbles. During
this period, measured forces showed that forces fall in the first quadrant (Q1), where both
vertical and horizontal forces were positive upward and along the initial flow, respectively.
One can infer from Figure 6 that, when the lift to submerged force ratio is higher, a small
shear force is enough to move the particle in the downstream direction, whereas more
longitudinal force will be required when the ratio of lift to submerged force is smaller. It is
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essential to emphasize that the primary factor driving particle movement is the enhanced
lift force rather than the increased shear stress.
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Fr and Frd represents Froude numbers of the tidal bore and dam-break bore, respectively.

During the tidal bore’s second stage, the upward force began to decrease, while the drag
force experienced a significant reduction. As the flow direction changed, the vertical force
became crucial in initiating particle motion. During the period of 495.5 < T(g/h0)0.5 < 497
(Figure 5), the bore transported pebbles upstream, and the recorded data indicated that
forces were positioned in the second quadrant (Q2). With time, Fv becomes zero and the
drag force is double the submerged force, which is enough for pebbles movement along the
bore. During stage 2 when the Fv changed the direction downward into the bed, particles
were still moving upstream in the third quadrant (Q3). When the particles experienced the
maximum negative vertical force beneath the apex of the initial wave crest, they ceased
motion instantaneously.

During the dam-break bores, all the observed particle moved along the bore. At the
initial impact of dam-break bore, both horizontal and vertical forces were positive and
falls in first quadrant (Q1). After the initial impact of dam-break bore, the Fv changed the
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direction downward into the bed, while the drag force was almost at its peak and particles
were moved downstream along the bore. The measured data showed that forces fall in the
fourth quadrant (Q4). The initiation of particle movement was significantly influenced by
drag force at the critical moment. From the current experiments, more than 300 particles
were analysed during tidal and dam-break bores. From Figure 7, it can be concluded that a
minimal value of F = Fv/Fs can substantially influence the critical shear stress.

5. Discussion on Forces Induced by Unsteadiness and Its Effects

Sediment transport in rivers and oceans is significantly influenced by the dynamic
nature of flow, particularly during flood or tidal events. Equations derived from steady-state
conditions often prove inadequate when applied to unsteady flows, resulting in diminished
accuracy. Research, including studies by Graf [59], has consistently demonstrated that the
actual rate of sediment transport in unsteady flows exceeds the predictions made using
these equations. This paper considers why the observed critical threshold condition of
sediment transport is not valid in spatially varied flows. Furthermore, the investigation
demonstrates that the vertical force exerts a significant influence on constraining the
applicability of the Shields curve. Typically, drag and lift forces are calculated using the
formulas FD = 0.5 · CD · ρw · A · Vx

2 and Fv = 0.5 · CL · ρw · A · Vx
2, respectively, where

Vx is the streamwise velocity, A is the cross-sectional area of the particle facing the flow,
and CD and CL are the drag and lift coefficients, respectively. Research by Yang [32]
and Lamb et al. [37] demonstrated that vertical forces can originate from sources beyond
groundwater seepage, including the non-uniformity and unsteadiness of the primary flow.
These forces can exert either upward or downward pressure, independent of the streamwise
velocity Vx. These findings challenge conventional sediment transport theory, which posits
that lift force is exclusively generated by longitudinal velocity, invariably acting upward,
and only ceases when the longitudinal velocity reaches zero.

Under natural conditions, surface and subsurface waters interact, meaning that F is
always non-zero (i.e., F ̸= 0). This interaction creates a discrepancy when comparing the
Shields curve with field data. This investigation demonstrated that the critical Shields
parameter exhibited multiple values for a single D∗ (specifically, 444 and 109), where D∗
represents the dimensionless particle diameter of the target sphere. Figure 8 illustrates the
pebbles with d50 measurements of 36.6 mm and 4 mm, respectively, and compares them
to previously published findings [7,60–65]. The results indicate that the observed critical
Shields number significantly deviates from Shields’ prediction, represented by the solid
line. The lines in Figure 8 are results calculated using different values of F in Equation (13)
(where F = Fv/Fs = 0). We attribute the non-unique values of the critical Shields parameter
to the varying forces at different stages of tidal and dam-break bores. At the initial impact
of the bore, shear stress was reduced due to upward motion (i.e., positive vertical force),
causing the pebbles to move below the critical Shields threshold (τ∗c = 0.045), thereby
increasing particle mobility. This finding aligns with Yang’s [32] results and indicates that
pebble incipient motion was driven by decreasing pressure gradients and an increasing
trend in uplift force.

Classic theory posits that drag force is invariably proportional to the square of velocity,
and lift force consistently acts in an upward direction. However, recent investigations
challenge this assumption, demonstrating that, while drag force is associated with near-
bed velocity, it does not always exhibit a squared relationship with streamwise velocity.
In tidal bore breaking rollers, when Vx reached its minimum, FD was observed to be
twice the value of Fv, with Fv approaching zero. Furthermore, numerous particles were
observed moving upstream along the bore due to drag force, suggesting that this force was
likely induced by a steep pressure gradient rather than longitudinal velocity [14,18,27,37].
Furthermore, direct measurements revealed a significant downward Fv trend subsequent to
the roller toe, presumably attributable to the pressure gradient. The increased negative or
downward vertical force during the breaking roller enhanced particle stability, thereby impeding
movement [32]. Nevertheless, sediment transport persisted if the drag force (FD) attained a
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sufficient magnitude. This observation aligns with previous research [32,37,66,67], indicating
that drag force constituted the primary factor driving upstream pebble movement during
the breaking roller stage. After the first peak of the wave crest in the tidal bore, pebble
movement suddenly ceased, despite shear stress exceeding τ∗c = 0.045, suggesting that the
increased downward lift force likely stabilized the particles. Our investigation demonstrates
that lateral force exerts a significant influence on sediment transport, even in the presence
of opposing gravitational forces. Consequently, direct force measurements indicate that
both longitudinal and perpendicular forces are fundamental to sediment transportation.
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Figure 8. Influence of vertical force on critical shear stress; the solid line is the original Shields curve
(or F = 0), and the other lines are calculated from Equation (13) with different F [60–65].

An investigation into shear stress and the Shields parameter revealed that the highest
critical Shields parameter was below 0.02. Classic theories suggest that sediment transport
should not occur at such low values. Nevertheless, the research found that sediment
movement was possible when upward velocity was present, a phenomenon Yang [32]
termed the “lightened particles” effect. This finding indicates that the uplift force must
be taken into account when studying sediment incipient motion. The fluctuating nature
of the vertical force challenges the applicability of the Shields curve, as its direction can
change. Studies by Yang [32] and Francalanci et al. [30] also highlighted the significance
of the vertical component and the non-hydrostatic vertical pressure gradient within the
sediment layer in determining the limitations of the Shields parameter. Figure 8 illustrates
Shields curves as parallel lines representing different F values derived from Equation (13).
The significant discrepancies observed between the measured critical shear stress and
Shields’ predictions can be attributed to the non-zero F values. These values account for the
deviation of data points from the original Shields curve (F = 0), where F is equivalent to 0.

This study presents a theoretical framework supported by empirical measurements
of fluid dynamic forces during a positive surge. The findings provide quantitative insight
into the initiation, force, and velocity of sediment transport in tidal bores, potentially
elucidating the substantial sediment suspension and bed load phenomena observed in
previous research. Future investigations should focus on establishing a correlation between
these forces and a readily measurable field parameter, such as the velocity of wave orbitals.
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6. Conclusions

This study examines the limitations of current sediment transport models in accurately
predicting the initiation, entrainment, and movement of particles. This study posits that
the inadequacies in existing sediment transport equations can be attributed to multiple
factors, with particular emphasis on the absence of a vertical force component. It is
hypothesized that this vertical force, operating in conjunction with streamwise variables,
is critical for determining the onset of the sediment motion. The incorporation of the
vertical force into these equations could provide a more comprehensive explanation of
the various phenomena observed in both laboratory and field studies. The significance
of the vertical movement should not be underestimated. The research concludes with the
following observations:

Sediment mobility is enhanced by an upward vertical force, while a downward force
into the bed increases its stability. The concept of apparent density can be utilized to
mathematically represent the influence of vertical force on sediment transport. Sediment
experiencing a downward force with a negative vertical component exhibited increased
apparent density, whereas an upward vertical force results in decreased apparent density.
The critical shear stress necessary for sediment transport is also affected by vertical force,
with an upward force reducing it and downward force increasing it. To account for
the critical shear stress in highly unsteady flows, the Shields curve can be extended by
incorporating the concept of the apparent sediment density.

This investigation establishes a foundation for more accurate predictions of sediment
incipient motion during tidal and dam-break bore propagation, potentially resulting in
significant improvements in hydro-sediment modeling frameworks. These enhancements
are crucial for improving the coastal and river management practices. Further research
should investigate the effects of positive surges on bathymetry changes and examine
how artificial intelligence technologies can be employed to address sediment transport
challenges more efficiently and precisely.
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