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Abstract: In this study, a quasi-stumps group structure was proposed and placed upstream of the
bridge piers to mitigate the scour of the waterflow on the riverbed. Both experiment and numerical
simulations using FLOW 3D were employed to study the protective effect of this structure. The
numerical results were in good agreement with the experimental findings. It was found that the quasi-
stumps group can effectively reduce the flow velocities around the bridge piers, thereby promoting
the deposition of suspended sediment. As a result, there was no erosion around the piers, and instead,
siltation was formed, which contributed to the stability of the piers. The deposition height around
the piers increased as the L (the horizontal distance between the quasi-stumps group and the piers)
decreased and both the P (the height of the quasi-stumps group) and S (the ratio of the area of a
single leaf on the quasi-stumps group to the cross-sectional area of a single pier) increased. As the L,
P, and S increased, the quantity of suspended sediment deposition over the entire riverbed increased.
The optimal combination of the quasi-stumps group’s protective effect was determined to be L = D
(pier diameter), P = H (water depth), and S = 0.148.

Keywords: bridge piers; local scour; quasi-stumps group; numerical simulation; FLOW 3D

1. Introduction

The transportation system serves as the cornerstone of national development, and
bridges are an integral component of this system. As society progresses, there has been
a significant increase in demand for travel and cargo transportation, leading to higher
requirements for bridge quantities and capacities. Bridges spanning rivers are particularly
crucial, as they not only endure the air corrosion on piers but also the destructive impact of
waterflow on pier foundations. Of the two, the latter poses a more significant threat, making
river-crossing bridges more susceptible to damage. When water flows through bridge
piers, the velocity increases, and the turbulence is intensified near the piers, resulting in
backwater upstream of the piers. This creates a pressure gradient from top to bottom, which
generates a downward flow that impacts the riverbed. At the same time, the flow on both
sides of the piers separates significantly, forming a strong vortex system and a horseshoe
vortex with the downward flow. The intense horseshoe vortex generates significant shear
stress on the riverbed, causing severe scouring around the bridge piers, resulting in local
scour holes. This phenomenon is almost inevitable in alluvial riverbeds, and it affects the
stability and safety of bridge piers. Therefore, appropriate measures must be taken during
the design stage to prevent scouring. Suitable protective measures can significantly reduce
local scouring around bridge piers and improve the safety of bridge structures.

Smith [1] counted and analyzed the causes of 143 bridges that had major accidents
from 1847 to 1975 and found that the damage to 70 bridges was caused by the displacement
of piers during flooding. The investigation report by Lagasse et al. [2] showed that about

Water 2023, 15, 2858. https://doi.org/10.3390/w15152858 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w15152858
https://doi.org/10.3390/w15152858
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-7068-8291
https://orcid.org/0000-0003-1474-4222
https://doi.org/10.3390/w15152858
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15152858?type=check_update&version=2


Water 2023, 15, 2858 2 of 29

60% of bridge accidents were caused by scours. The scours on riverbeds around piers
can also pose threats to people’s lives. For example, in April 1987, pier NO. 3 of the
bridge crossing the Schoharie River near Fort Hunter, New York, was damaged due to
excessive local scour caused by a major flood, resulting in the collapse of the bridge’s main
girder and the death of 10 people in the accident. In 1989, a bridge on Highway 51 in
Tennessee collapsed, and eight people fell into the water and died due to excessive local
scour. Although local scours around bridge piers occur all the time, they are particularly
strong during floods. During a flood in 1956, the maximum scour depth around pier NO. 7
of the Zhengzhou Yellow River Bridge reached 8 m, and the maximum scour depth around
pier NO. 11 reached 14 m, with obvious tilting of the piers. Ultimately, the bridge was
destroyed during the catastrophic flood of the Yellow River in 1958. The investigation of
the US Federal Highway Administration showed that local scours are one of the primary
issues to be considered in bridge design and protection [3]. Therefore, in the process of
designing bridge foundations, it is necessary to take some measures to protect the riverbed
around the piers, so as to ensure the safety and stability of the piers.

Based on the protective mechanism of a scour, Chiew [4] classified the protective
measures of pier foundations into the following two categories: (1) reducing the scouring
capacity of a submerged flow and horseshoe vortex in the incoming flow and (2) enhancing
the scour resistance of the riverbed materials around bridge piers. Wang et al. [5] referred to
these two types of protective measures as active protection and passive protection. Active
protective measures include changing the pier shape, collar, slot, sacrificial pile in front
of the pier, threaded pier, a splitter plate downstream pier, etc. Jalal and Hassan [6] used
FLOW 3D software to study the influence of different pier shapes (circular, rectangular,
octagonal, oval, and lenticular) on local scours. The results showed that the scour depth of
the lenticular pier was the minimum, while that of the rectangular pier was the maximum.
The scour depth of lenticular piers is 40% lower than that of other piers, on average.
Jahangirzadeh et al. [7] investigated the effect of different sizes and shapes of collars on
reducing the local scour depths around bridge piers. The study found that a collar size
W = 3.0D~3.5D can best and most economically reduce the scour depth, where W is the
side length of a square collar or the diameter of a circular collar, and D is the pier diameter.
Additionally, the square collar provided better protective effects than the circular collar.
Nazari-Sharabian et al. [8] used FLOW 3D software to simulate the anti-scouring effect of
sacrificial piles with different numbers and different distribution patterns. It was found
that, when a single pile is installed in front of a pier, installing a single pile at a distance
of five times the pier diameter upstream of the pier can more effectively reduce the scour
depth. When three and five piles are installed, the optimal distance for the three piles is six
and four times of the pier diameter, and the optimal distance for the five piles is four, six,
and eight times the pier diameter. Dey et al. [9] spirally wrapped helical wires and cables
on a pier to form a threaded pile. Through experimental studies, it was found that, when
the thread angle was 15◦ and the diameter ratio of the cable to pier was 0.1, the maximum
scour depth of the triple-threaded pile could be reduced by 46.3%. The threaded pile could
weaken the vortex shedding, which was instrumental in inducing a scour. Furthermore,
many researchers have studied the protective effects of active protective measures against
scouring a riverbed [10–12]. Passive protection measures include riprap countermeasures,
foundation expansion, a tetrahedron frame group, etc. Chiew [13] studied the stability of
riprap around piers and identified three different failure modes of riprap: shear failure;
settlement failure, and edge failure; a semi-empirical method was proposed to determine
the size of the rocks to protect the riprap pile. The experimental data showed that, in the
absence of a filter layer, a thicker riprap layer could prevent settlement, and two empirical
relationships were proposed for the influence of riprap layer thickness and coverage on
the stability of the riprap layer. Parola et al. [14] found that the best protective effect was
achieved when the top surface of the expanded foundation was level with the riverbed
surface. As the top surface of the foundation lowered or raised, the protective effect
weakened accordingly. Li et al. [15] found that the tetrahedron frame group could reduce
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the flow velocities around it and dissipate the energy of the waterflow, thus achieving the
effect of preventing erosion and promoting sediment deposition, as well as protecting the
bedload and suppressing the local scour. In addition, many researchers have studied the
passive protective measures [16–18]. The above are the protective measures for the local
scour of bridge piers that have been studied more at present.

The above measures are effective in preventing scouring of the riverbed when the
flow is clear, but when the water carries silt, these measures cannot effectively cause the
suspended sediment in the water to deposit. Therefore, in the case of muddy water, it
is necessary to reduce the erosion of the riverbed and also try to make the suspended
sediment settle near the bridge piers to fill in the scour holes. At present, most studies on
the local scour of piers focus on clean water, while only a few scholars have studied the
influence of muddy water on the local scour of piers. For a clear water scour, the sediment
is removed from the scour hole but not supplemented by the approach flow. The maximum
scouring depth is gradually approached when the flow is no longer capable of removing
the bed sediment from the hole. However, for a muddy water scour, the scour hole is
continuously provided with sediment by the approach flow. The maximum scouring depth
is reached when the average amount of sediment transported into the scour hole by the
approach flow is equal to the average amount of sediment removed from the hole due to
the local scour. Therefore, the maximum scouring depth fluctuates periodically about a
mean value [19].

For erosion in muddy water, the current methods to reduce the scour depth include
installing plants and thin cylinders, etc. upstream of piers, and the main research methods
are experiments and numerical simulations. Abt et al. [20] studied the sediment deposition
and retention capacity in vegetated riverbeds. The results showed that the presence of
vegetation not only promotes the deposition of suspended sediment but also causes some
suspended sediment to adhere to the vegetation. Ultimately, vegetation can retain 30~70%
of suspended sediment, and it was found that the amount of sediment siltation is mainly
related to the flow and the length of the plant leaves. Sun et al. [21] studied the effect of
tall and short submerged plants on suspended sediment deposition in a turbid water tank.
It was found that the siltation was seven times greater when tall and short plants were
mixed than when no plants were present, the effect of promoting sediment deposition
was the next most effective when only tall plants were present, and the effect gradually
increased with the decrease in plant spacing. Nabaei et al. [22] studied the influence
of vegetation on the flow structure and turbulence anisotropy around a semi-elliptical
abutment. They found that the presence of vegetation in the channel significantly reduced
the primary vortex. The tangential and radial velocities decreased with the vegetation
in the channel bed, and the Reynolds shear stress in the channel decreased obviously.
Amir et al. [23] studied the impact of vegetation coverage on local scours around bridge
piers. The results indicated that the depth of the local scour around bridge piers in a water
tank with vegetation was only half of that without vegetation, and the scour equilibrium
time was reduced by 42% compared to that without vegetation. Wang et al. [24] studied
the influence of the arrangement density, water depth, and sediment particle size on the
sediment starting velocity by installing flexible rubber cylinders parallel in a water tank.
The experimental results showed that the starting velocity of the sediment increased with
the decrease in the arrangement density and the increase in the water depth and sediment
particle size, and the corresponding equation of the starting velocity of the sediment was
derived. Tang et al. [25] set up stainless steel fine cylinders with different arrangement
densities and diameters in still water and measured the sediment settling velocities of
particles with diameters ranging from 0.1 cm to 0.45 cm. The study found that, within the
experimental particle size range, the settling velocity of the sediment in the presence of
slender cylinders decreased with the increase of the cylinder density and sediment particle
size. They also derived a sediment settling velocity formula that took into account the
density and diameter of the slender cylinders. Zhao at al. [26] investigated the influence of
the submerged vegetation density λ on the turbulent flow characteristics of an open channel.
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The results showed that, for 0.04 < λ < 0.1, the turbulent statistical profiles exhibited similar
characteristics to the bed shear flow and free shear flow. When λ = 1.44, the turbulent
statistics above the vegetation top exhibited features of a boundary shear flow. Xiong
et al. [27] proposed and verified a three-dimensional simulation model for a live bed pier
scour considering suspended sediment loads, which could simulate the dynamic balance
of inputs and outputs of sediment around the piers in a reliable and computationally
efficient manner. Yu at al. [28] employed six different RANS turbulence models to simulate
the flow structure in an open channel with a developed vegetation patch and compared
the results with the experimental data. They concluded that CFD is an effective research
method and also observed that different turbulence models exhibited varying simulation
performances. Chen et al. [29] used FLOW 3D software to conduct numerical simulations of
the hydraulic characteristics of rigid submerged plants. They modified the Shields number
from the perspective of turbulent kinetic energy and improved the sediment module, so
that the FLOW 3D software could simulate the flow field and sediment movement more
accurately, and the results of the numerical simulation were in good agreement with the
experimental data. Compared with a single pier, a group of piers are increasingly used
in bridge constructions. A group of piers is shown in Figure 1. Therefore, many scholars
have studied the local scours around groups of piers in riverbeds through experiments
and numerical simulations. They have found that the waterflow between groups of piers
is obviously discontinuous and nonlinear, and the scouring process in riverbeds has also
become more complex [30–34]. Studying the sediment movement around groups of piers
in rivers has more reference value for practical engineering.
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Figure 1. A group of bridge piers.

Based on the above content, a quasi-stumps group structure placed upstream of bridge
piers was proposed in this study. This structure can effectively lower the flow velocities
around bridge piers, impede the transportation of bedload sediment, and intercept sus-
pended sediment, so as to achieve the purpose of reducing the local scour. Additionally,
it can provide protection against floating objects upstream colliding with bridge piers.
The group of piers used in this study was obtained by proportionally reducing the actual
engineering and consisted of six circular piers. In this paper, the protective effect of the
quasi-stumps group on the riverbed around the bridge piers was studied by experiment and
numerical simulations. The effects of three factors (the distance between the quasi-stumps
group and the bridge pier, the height of the quasi-stumps group, and the leaves area of the
quasi-stumps group) of this structure on the protective effect were also analyzed. Based
on the analysis results, the combination of a quasi-stumps group with the best protective
effect was proposed.

2. Materials and Methods
2.1. Structure of Quasi-Stumps Group

The quasi-stumps group structure placed upstream of the piers was proposed to reduce
the local scour in the riverbed around the piers. The quasi-stumps group is composed
of nine quasi-stumps. A single quasi-stump of 8 cm high (one-third the water depth)
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contains twelve leaves. The top view and side view of the quasi-stumps group are shown
in Figure 2 (D is the pier diameter). The structure not only reduces the flow velocities
reaching the piers, thus reducing the erosion of the riverbed by the flow, but also promotes
the suspended sediment in the water to be deposited around the piers to replenish the
scour holes.
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2.2. Experimental Setup

The experiments were carried out in the hydraulic laboratory at Zhengzhou Univer-
sity’s School of Water Conservancy and Civil Engineering. The experimental platform
consists of a rectangular channel made of glass with dimensions of 72 cm (width) × 50 cm
(height) and a length of 12 m, two water tanks, a pumping station, a circulating pipe, an
electromagnetic flowmeter, a valve, a sand mixing pool, the group of bridge piers, and the
quasi-stumps group installed in the sink, as shown in Figure 3. In order to achieve flow
stability, a channel measuring 4.3 m in length was positioned at the forefront of the group
of piers. The water in the experiment was a silt-carrying flow with a sediment content of
2.7 kg/m3, meaning that each cubic meter of water and sand mixture contained 2.7 kg of
sediment. The median grain size of the sediment in the inlet flow was 0.063 mm. In the
experiment, the median grain size (d50) of the sediment in the riverbed was 0.34 mm, and
the sediment particle size ranged from 0.15 mm to 0.41 mm in diameter. The median grain
size of the sediment in the riverbed used in this study was referenced from the experiments
of Jahangirzadeh et al. [35] and Obied et al. [36]. The median particle size and sediment
content of the suspended sediment in the inlet flow were from the study of Debnath and
Chaudhuri [37]. The thickness of the sediment was 10 cm (in the preliminary experiment, the
scour depth of the riverbed was much smaller than 10 cm). The density of the sediment was
2650 kg/m3. The underwater angles of repose for the sediment in the riverbed and inlet flow
were 32◦ and 30◦, respectively. Each experiment lasted for the duration of one hour, which
matched the duration of the numerical simulation. Prior to each experiment, the flume was
gradually filled with water to ensure saturation of the riverbed material. Measurements
of the water depth, scour depth, deposit depth, and velocities were taken using a needle
water level gauge and a flow velocity meter, respectively. To minimize the wall effects on
the scour rate, the flume width was maintained at a minimum of 10 times the diameter of
the pier [38], which was set to 6 cm based on the dimensions of the experimental flume.
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Figure 3. The experimental facilities.

The group of piers in the experiment consists of six piers, and the piers are numbered as
shown in Figure 4. The model of the group of piers is obtained by proportionally reducing
the piers of the Yellow River Super Major Bridge of Yangxin Expressway from Puyang City
to Hubei Province, and the scale is 100:3. In the experiment, the flow velocity upstream of
the piers is controlled at 0.48 m/s, which is obtained by converting the flow velocity in the
actual project to the model experiment. The scale of the flow velocity is

√
100/3.
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2.3. Numerical Simulation

FLOW 3D uses the RNG k−ε turbulence model to solve Reynolds-averaged Navier–
Stokes equations. It is an improved version of the k-ε turbulence model, where RNG stands
for “renormalization group”. It is a method that utilizes the theory of a renormalization
group from statistical physics to model turbulence. k is the turbulent kinetic energy, and it
refers to the intensity or energy of the vortical motion in a turbulent flow field. In turbulence,
the fluid contains vortices of various scales that continuously interact and exchange energy.
Turbulent kinetic energy quantifies the strength of these vortices and is described in the
turbulent model by an equation governing its evolution. ε is the turbulent dissipation rate,
and it represents the rate at which turbulent kinetic energy is transformed or dissipated.
Turbulence is a process of continuous energy conversion, where kinetic energy is converted
into internal energy, and there is also a process of internal energy returning to kinetic energy.
The turbulent dissipation rate describes the rate of this energy conversion or dissipation
and is described in the model by an equation governing its evolution.
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The hydrodynamics solver employed in this study is fully coupled with the sediment
transport module, enabling the combined use of semi-empirical formulas and hydraulic
principles to predict the riverbed evolution. The equilibrium states of the scour are deter-
mined by analyzing changes in the riverbed and calculating the flow field.

The turbulent flow in this study is governed by the continuity equation, which can be
mathematically expressed as follows:

VF
∂ρ

∂t
+

∂

∂x
(ρuAx) + R

∂

∂y
(
ρvAy

)
+

∂

∂z
(ρwAz) + ξ

ρuAx

x
= RDIF + RSOR (1)

where VF is the fractional volume open to flow; ρ is the fluid density; (u, v, and w) are
the velocity components in the (x, y, and z) directions, respectively; (Ax, Ay, and Az)
are the portion of area open to flow in the (x, y, and z) directions, respectively; RDIF is
the turbulent diffusion term; RSOR is the mass source; R is a coefficient that depends on
the chosen coordinate system; and ξ is related to the compressibility of the fluid. In this
numerical simulation, water is an incompressible fluid, and the Cartesian coordinate system
is used, so R = 1 and ξ = 0. x is the coordinate value along the x-axis.

The equations of motion for the fluid velocity components (u, v, and w) in the three
coordinate directions are Navier–Stokes equations with some additional terms:

∂u
∂t

+
1

VF

(
uAx

∂u
∂x

+ vAy
∂u
∂y

+ wAz
∂u
∂z

)
= −1

ρ

∂p
∂x

+ Gx + fx − bx −
RSOR
ρVF

(u− uw − δus) (2)

∂v
∂t

+
1

VF

(
uAx

∂v
∂x

+ vAy
∂v
∂y

+ wAz
∂v
∂z

)
= −1

ρ

∂p
∂y

+ Gy + fy − by −
RSOR
ρVF

(v− vw − δvs) (3)

∂w
∂t

+
1

VF

(
uAx

∂w
∂x

+ vAy
∂w
∂y

+ wAz
∂w
∂z

)
= −1

ρ

∂p
∂z

+ Gz + fz − bz −
RSOR
ρVF

(w− ww − δws) (4)

where (Gx, Gy, and Gz) are the body accelerations in the (x, y, and z) directions; (bx, by,
and bz) are the flow losses through porous media in the (x, y, and z) directions; and ( fx, fy,
and fz) are the viscous accelerations in the (x, y, and z) directions, respectively. Viscous
acceleration describes the acceleration experienced by a moving object in fluid due to the
influence of viscous forces. When an object moving in fluid changes its velocity or direction,
the surrounding fluid’s viscous forces cause the object to undergo an additional acceleration
exerted by the fluid, and this acceleration is known as the viscous acceleration. (uw, vw, and
ww) are the speeds of the source components, they are used in simulations to represent the
velocities of the source component of an external input or perturbation. The velocities can
be used to simulate injection, withdrawal, agitation, or other external influences in the fluid.
t is the time, and p is the pressure. The determination of the δ value is related to the type of
the source. When the source is the stagnation pressure type, δ = 0. When the source is the
static pressure type, δ = 1. δ = 1 in this study. (us, vs, and ws) are the velocities of the fluid
relative to the source at its surface, and they represent the relative relationships between
the velocities of the fluid on the surface of the source and the movements of the source
itself. In FLOW 3D, to accurately simulate sediment erosion, it is necessary to consider
the relative motion of the flow and sediment particles, as well as their shape and velocity
distribution, in order to better simulate the interaction between the flow and sediment. In
this numerical simulation, the sources are the waterflow and the sediment in the inlet flow.

The properties of various non-cohesive sediments can be set in the sediment scour
model, including the grain size, mass density, angle of repose, critical shear stress, and
parameters for entrainment and transport. In FLOW 3D, sediment has two states of
existence: suspended and packed sediment. The sediment movement is estimated through
the prediction of the sediment erosion, advection, and deposition processes.

Due to the impracticality of computing the flow dynamics for individual sediment
grains, an empirical model is employed. In FLOW 3D, the model utilized is based on the
work of Mastbergen and van den Berg [39]. The critical Shields parameter is calculated
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using the Soulsby–Whitehouse equation [40]. The first step in calculating the critical Shields
parameters is to compute the dimensionless parameters d∗,i:

d*,i = di

ρ f

(
ρi − ρ f

)
‖g‖

µ2
f

1/3

(5)

where i represents the ith type of sediment, as multiple sediments with different charac-
teristics can be defined in FLOW 3D; di is the sediment diameter; ρ f is the fluid density;
ρi is the sediment density; ‖g‖ is the magnitude of the acceleration of gravity g; and µ f
is the dynamic viscosity of the fluid. The dimensionless critical Shields parameter θcr,i is
computed using the Soulsby–Whitehouse equation [40]:

θcr,i =
0.3

1 + 1.2d*,i
+ 0.055[1− exp(−0.02d*,i)] (6)

The modification is applied to the dimensionless critical Shields parameter of sediment
on the slope θ′cr,i [40]:

θ′cr,i = θcr,i
cosαsinβ +

√
cos2βtan2 ϕ− sin2αsin2β

tanϕ
(7)

where α represents the angle between the upslope direction and flow direction, while β
denotes the angle of the bed slope, and ϕ indicates the user-defined angle of repose of the
sediment.

The calculation of the local Shields parameter θi is as follows:

θi =
τ

‖g‖di

(
ρi − ρ f

) (8)

where τ is local bed shear stress.
The calculation for the entrainment lift velocity uli f t,i is as follows [39]:

uli f t,i = αinsd0.3
*
(
θi − θ′cr,i

)1.5

√√√√‖g‖di

(
ρi − ρ f

)
ρ f

(9)

where αi represents the entrainment parameter, while ns denotes the outward-pointing
normal line at the packed bed interface.

The equation proposed by Soulsby [40] to calculate the settling velocity of sediment
usettling,i is used:

usettling,i =
v f

di

[(
10.362 + 1.049d3

*

)0.5
− 10.36

]
(10)

where v f is the kinematic viscosity of fluids. The assumption is made that the settling
motion occurs aligned with the force of gravity:

usettling,i = usettling,i
g
‖g‖ (11)

To describe the interactions between particles, the settling velocity is determined using
the Richardson-Zaki correlation:

u*
settling = usettling,i[1−min(0.5, cs)]

ζ (12)
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where cs represents the volumetric fraction that accounts for the total amount of suspended
sediment. ζ is computed as

ζ = ζuserζ0 (13)

where ζuser is the Richardson-Zaki coefficient multiplier, and ζ0 represents the Richardson-
Zaki coefficient.

By utilizing Equation (14), the dimensionless bedload transport rate Φi [41] was deter-
mined, while Equation (15) was employed to calculate the volumetric bedload transport
rate qb,i:

Φi = βi

(
θi − θ′cr,i

)1.5Cb,i (14)

qb,i = Φi

[
‖g‖

(
ρi − ρ f

ρ f

)
d3

i

]1/2

(15)

where the coefficient βi typically equals 8.0, while Cb,i represents the volume fraction of the
sediment.

2.4. Computational Domain

Based on the experimental conditions, the dimensions of the simulation region were
270 cm in length, 72 cm in width (12D), and 44 cm in height. The distance between pier NO.
1 and the inlet was 76 cm (12.6D), and the distance between pier NO. 6 and the outlet was
108 cm (18D). The initial riverbed had a sediment thickness of 10 cm, while each individual
pier had a diameter of 6 cm. The median particle size of the sediment was 0.34 mm. The
water depth was 24 cm (4D). Moreover, in order to prevent the initial scouring, baffles with
a height matching that of the riverbed were positioned at both the inlet and outlet locations,
as shown in Figure 5a. For the boundary conditions, the inlet was specified as a velocity
inlet, while the outlet was set as the outflow. The boundaries on both sides were defined
as walls. The top mesh was assigned a symmetric boundary condition, and there was an
8 cm high air space between the water surface and the top mesh, as shown in Figure 5b.
A structured orthogonal grid was implemented across all the computing domains. The
main body utilized a grid size of 0.012 m × 0.012 m × 0.012 m, while the grid size in
the area of the quasi-stumps group was 0.0036 m × 0.0036 m × 0.0036 m. The sediment
concentration of the inlet flow was 2.7 kg/m3, and the median particle size of the sediment
was 0.063 mm. The sediment in the riverbed had a critical Shields number of 0.061, an
entrainment coefficient of 0.018, and a bedload coefficient of 8. Regarding the suspended
sediment, its critical Shields number was 0.043, the entrainment coefficient was 0.02, and
the bedload coefficient was 9.3. The RNG k-ε turbulence model was used in this numerical
simulation, and the free surface of the flow was tracked using the Tru VOF method.

The grid is the basis of the numerical simulation. The degree of discretization of
the equations is determined by the grid partition, while the accuracy and stability of the
calculations depend on the size of the grid partition. Therefore, a sensitivity analysis of the
grid size is required, as shown in Table 1. Taking the scouring of the piers group without
the quasi-stumps group as an example, dm is the maximum scouring depth, and da is the
average scouring depth in Table 1. Ten points are selected in the scour pit, and their scour
depths are measured, and the average scour depth is obtained by calculating their average
value. The sensitivity analysis shows that, while the grid size decreased to 0.012 m, the
mean error tended to be stable and less than 5%; when size decreased to 0.010 m, the mean
error only decreased by 0.3%; however the number of grids increased by 364,185, which
made the calculation time twice as long as the original one. Therefore, taking into account
the error and computational time, a grid size of 0.012 m was determined as the optimal
choice for the numerical simulation.

Prior to conducting the actual experiments, the pre-experiment and its corresponding
numerical simulations of the scour in the riverbed around the bridge piers without the quasi-
stumps group were performed. According to the criterion of Chiew [4], the experiment’s
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duration was determined based on the point at which the change in the scour depth
remained below 1 mm for a continuous period of eight hours, indicating that the scour
reached its equilibrium state and maximum depth. In the pre-experiment, it took 62 h to
attain scour equilibrium. The scouring area is the sum of the areas where the scour depth
exceeds 1 mm. The variation in the maximum scouring depth and scouring area with
time are shown in Figure 6. After one hour, the increase in the maximum scouring depth
and scouring area became very small. The maximum scour depth and scour area of the
simulation reached 97.1% and 96.0% of the maximum value, respectively, and the results of
the experiment attained 96.4% and 95.8% of the maximum value, respectively. Therefore,
the experimental duration and simulated time were both configured for a period of 3600 s.
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Table 1. The sensitivity analysis of the mesh size.

Test
Number

Mesh
Size (m)

Mesh
Number

Numerical Simulation Laboratory Experiment Mean
Errordm da dm da

1 0.016 216,384 0.0178 0.0153

0.0159 0.0134

13.1%
2 0.014 305,133 0.0171 0.0145 7.9%
3 0.012 491,175 0.0166 0.0141 4.8%
4 0.010 855,360 0.0166 0.0140 4.5%
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2.5. Experimental Variables and Working Conditions

A total of 12 groups of experiments were set up in this study, among which the
experiment NO. 0 did not include the quasi-stumps group. It was used to compare with
the experiments involving the quasi-stumps group in order to analyze the protective effect
of the quasi-stumps group on the riverbed scour around the bridge piers. In addition,
the influence of different quasi-stumps groups on the protective effect was also studied.
Three factors were set for the quasi-stumps group: the distance between the quasi-stumps
group and bridge piers, the height of the quasi-stumps group, and the area of leaves on
the quasi-stump. There were five different values for the distance and leaves area and
three different values for the height, which were used to analyze the degree of influence of
different factors on the protective effect. The experimental working conditions were set
up as shown in Table 2. In Table 2, V is the average flow velocity upstream of pier NO. 1,
H is the water depth, S is the ratio of the area of a single leaf to the cross-sectional area
of a single pier, P is the height of the stumps group in the water, and L is the horizontal
distance between the downstream edge of the stumps group and the upstream edge of pier
NO. 1. The meanings of L, P, and S are shown in Figure 7. The meanings of these symbols
are added to Appendix A.

Table 2. The experimental working conditions.

Experimental
Number V (m/s) H (m) S P L

0

0.48 0.24

Without quasi-stumps group

1 0.088 H/3 D

2 0.088 H/3 2D

3 0.088 H/3 3D

4 0.088 H/3 4D

5 0.088 H/3 5D

6 0.088 2H/3 D

7 0.088 H D

8 0.103 H/3 D

9 0.118 H/3 D

10 0.133 H/3 D

11 0.148 H/3 D
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2.6. Grid and User-Defined Parameters

The mesh is a structured finite-difference mesh featuring rectangular prism-shaped
cells, which ensures an efficient computational performance and few cumulative numerical
errors. In contrast to the typical body-fitting mesh, the mesh of FLOW 3D is less accurate in
describing complex geometric shapes. Therefore, in order to ensure that all structures are
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identified, it is necessary to perform local mesh encryption in areas with small geometry
dimensions. It is important to maintain a size ratio of no more than 5 between neighboring
grids and also that the particle size of the sediment is less than one-tenth of the grid size.
It is very important to find a suitable mesh size; if the size is too big, it will not be able
to accurately capture the outline of the piers and quasi-stumps group, which will affect
the accuracy of the calculations; if it is too small, it will increase the time required for
the calculations. Consequently, it is crucial to strike a balance between precision and
computational resources when determining an appropriate mesh size. Figure 8 presents
the top-down perspective of the computed meshes surrounding the quasi-stumps group
and piers. Figure 9 illustrates the outline of the quasi-stumps group and piers captured by
the grid. The most suitable grid size for this numerical simulation was found by trying.
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The effect of user-defined parameters on sediment movement was studied before
conducting the actual experiment. The user-defined parameters include the underwater
angle of repose ϕ, maximum packing fraction CV , entrainment coefficient α, and bedload
coefficient β. The maximum packing factor CV of the sediment is the highest density
of sediment particles packed on the riverbed. When the maximum packing factor is
reached, the gap between sediment particles is the smallest, and the most compact state
of accumulation is reached. (1) The underwater angle of repose ϕ of the sediment in
the numerical simulation is the same as that of the sediment used in the experiment.
(2) As the maximum packing fraction CV increases within the range of (0,1), there is a
small reduction in the diffusion height of the suspended sediment. It is observed that the
maximum scouring depth at CV = 0.1 is only 5.8% higher compared to CV = 0.9. Therefore,
the variation of CV has little influence on the depths of the scour holes. CV is set to 0.64.
(3) The depths of the scour holes are significantly influenced by the entrainment coefficient
α. A higher value of α leads to a greater amount of sediment being carried away by the
flow, resulting in accelerated erosion of the riverbed. At α = 0.018 and α = 0.4, the depth
of the scour hole is 2.5 and 5.1 times greater, respectively, compared to α = 0.001. The α
of the bedload sediment and suspended sediment are set to 0.018 and 0.02, respectively.
(4) The magnitude of sediment transport along the riverbed increases with an increase in
the bedload coefficient β. The scouring depth is 1.5 times higher at β = 13 compared to
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β = 0.058, indicating that the effect of the β value on the scour depth is small. The β values
of the bedload sediment and suspended sediment are set to 8.0 and 9.3, respectively.

3. Results
3.1. Validation

In experiment NO. 3, the experimental and simulated siltation are shown in Figure 10.
It is evident that the simulated outcomes are in close agreement with the experimental
results. The regions that cause siltation are approximately the same in the experiment
and simulation. The relative error between the simulated and experimental results of the
maximum siltation height was only 5.7% by measurement.
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Figure 10. The comparison of the simulated (a) and experimental (b) results of the silted riverbed for
experiment NO. 3. (a) The results of the numerical simulation. (b) The results of the experiment.

The flow velocity is the primary factor causing erosion and deposition in riverbeds, so
before verifying the three-dimensional topography of the sedimentation, it is necessary to
compare the agreement between the experimental and numerical simulation flow fields.
Five measurement points were selected around the bridge piers, as shown in Figure 11.
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Validation was conducted on experiments NO. 0, NO. 5, and NO. 10, with all points
located at one-fourth of the water depth. The flow velocities and relative errors for each
point in the experiment and numerical simulation are presented in Table 3. The relative
error is calculated as follows:

Relativ eerror =
Simulated value− Experimental value

Experimental value
× 100% (16)



Water 2023, 15, 2858 14 of 29

Table 3. Relative errors between the numerical simulated and experimental flow velocity (m/s) at
each point for experiments NO. 0, 5, and 10.

Points

Relative Error Experiment NO. 0
Relative

Error

Experiment NO. 5
Relative

Error

Experiment NO. 10
Relative

ErrorExperiment Numerical
Simulation Experiment Numerical

Simulation Experiment Numerical
Simulation

Point A 0.341 0.332 −2.64% 0.233 0.253 8.58% 0.044 0.045 2.27%

Point B 0.447 0.423 −5.37% 0.338 0.354 4.73% 0.221 0.219 −0.90%

Point C 0.438 0.411 −6.16% 0.334 0.347 3.89% 0.229 0.225 −1.75%

Point D 0.147 0.144 −2.04% 0.121 0.123 1.65% 0.082 0.085 3.66%

Point E 0.253 0.254 0.40% 0.205 0.206 0.49% 0.147 0.148 0.68%

From Table 3, it can be observed that the relative errors between the numerical simula-
tion and experiment flow velocities ranged from −6.16% to 8.58%, with the highest relative
error occurring at point A of experiment NO. 5. This indicates a good agreement between
the numerical simulated and experimental flow fields.

The simulated results of the dimensionless maximum deposition height dh/D and
deposition area Ah/AD are compared with the experimental results to validate the accuracy
of the simulated results obtained using FLOW 3D, where dh is the maximum deposition
height, Ah is the deposition area on the riverbed, and AD represents the cross-sectional area
of a single pier: AD = πD2/4. The meanings of these symbols are added to Appendix A.
Figure 12 shows a comparison between the experimental and simulated results of dh/D
and Ah/AD at 60 min. The data in Figure 12 are from experiments NO. 1 to 11. Formula (16)
was used to calculate the relative errors. The boundary lines in Figure 12 are the straight
lines passing through the origin point and the point of the maximum relative error. The
relative error of the dimensionless deposition height (Figure 12a) ranged from −9.44% to
4.87%, respectively, and the dimensionless deposition area (Figure 12b) ranged from−7.76%
to 12.33%, respectively. Under various conditions, the simulated results demonstrated
a maximum relative error of 12.33% in comparison to the experimental findings, which
indicated that the numerical simulation and the experiment were in good agreement.
Therefore, FLOW 3D software can be used to study the erosion and sedimentation around
bridge piers with a quasi-stumps group.
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Although there is good agreement between the numerical simulated and experimental
results regarding the maximum deposition height and deposition area, this does not neces-
sarily imply that the deposition patterns in the numerical simulations and experiments are
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identical. Therefore, it is also necessary to compare the location generating the maximum
deposition height and the distribution of the deposition areas. By selecting experiments
NO. 2, NO. 4, NO. 6, NO. 8, and NO. 10, the locations generating the maximum deposition
height in both the experiments and simulations were compared. Their spatial distribution
is illustrated in Figure 13a. Through measurements and calculations, it was found that the
average distance between the highest deposition points in the experiments and simulations
was 6.34 cm (1.06D). This indicates that the positions generating the maximum deposition
in the experiments and simulations were relatively close. Experiments NO. 3, NO. 5, and
NO. 9 were selected to compare the deposition distributions between the experiments and
simulations. The comparison for experiment NO. 9 is illustrated in Figure 13b. Through
measurements and calculations, it was found that the overlapping deposition area ac-
counted for 82.25% of the total experimental area on average. Therefore, the distribution of
deposition areas in the simulations closely approximated that of the experiments.
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Figure 13. A comparison between the locations generating the maximum deposition height (a) and
the distribution of the deposition areas (b) in the experiments and simulations. (a) The locations
generating the maximum deposition height in the experiments and numerical simulations. (b) The
distribution of the deposition areas in the numerical simulation and experiment for experiment NO. 9.
The first column of the table indicates the number of the experiment, for example, NO. 2 represents
experiment No. 2. Yellow represents the overlapping deposition areas between the simulation
and experiment, red represents the deposition areas unique to the numerical simulation, and blue
represents the deposition areas unique to the experiment.

3.2. Protective Effect of the Quasi-Stumps Group

The three-dimensional riverbed topography after being scoured and silted at 3600 s
without (experiment NO. 0) and with (experiment NO. 3) the quasi-stumps group is shown
in Figure 14. In the absence of the quasi-stumps group, the riverbed around piers NO. 1 and
NO. 2 was seriously scoured, which threatened the stability of the piers. In the presence of
the quasi-stumps group, the riverbed around the piers was not scoured; instead, a large
amount of sediment was deposited upstream of pier NO. 1, and the height and extent of
siltation downstream of pier NO. 6 also increased significantly. These findings indicate
that the presence of the quasi-stumps group was highly beneficial for the stability of the
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bridge piers. The main reason why the quasi-stumps group could change the erosion and
deposition patterns around the piers was that this structure could effectively reduce its
downstream flow velocities, so that the suspended sediment originally moving with the
flow could be deposited on the riverbed. Meanwhile, the shear stress of the flow on the
riverbed was decreased due to the decrease in the flow velocities, thus weakening the
scouring effect on the riverbed. Therefore, under the dual effect of promoting siltation and
weakening scouring, the riverbed around the piers gradually formed siltation.
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quasi-stumps group. (b) With the protection of the quasi-stumps group.

During the whole experiment, the quantities of suspended sediment deposition in
experiment NO. 0 (without quasi-stumps group) and experiment NO. 3 (with quasi-stumps
group) were 3.69 kg and 9.16 kg, respectively. The latter was 2.48 times more than the
former, indicating that the quasi-stumps group effectively promoted the deposition of
suspended sediment. In experiments NO. 0 and NO. 3, the quantities of sediment scoured
from the riverbed were 8.25 kg and 1.75 kg, respectively. It was observed that the former
was 4.71 times greater than the latter. This indicates that the quasi-stumps group effectively
weakens the erosion on the riverbed.

The increase in suspended sediment deposition and the decrease in sediment scoured
from the riverbed were mainly attributed to the quasi-stumps group that could effectively
lower the flow velocities around piers. Measurements of the flow velocities around the
piers were taken, and the locations of the measurement points are shown in Figure 11.
The flow velocity at each point both without (experiment NO. 0) and with (experiment
NO. 3) the quasi-stumps group is shown in Figure 15, and all the points are located at
one-fourth the water depth. Based on Figure 15, it is evident that the flow velocities around
the piers with the quasi-stumps group were significantly lower than those without the
quasi-stumps group.
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At the same L, the deposition height away from the pier is greater than that near the pier. 
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those farther away from the pier. From Figure 17, it can be observed that there are irregu-
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Figure 15. Comparison of the flow velocity at each point around the piers with and without the
quasi-stumps group.

3.3. The effect of Horizontal Distance L on Siltation Characteristics

The distance between the quasi-stumps group and the piers significantly impacted the
sediment deposition around the piers. After each experiment, the bed topographic elevation
along the centerline of the piers was measured using a needle water level gauge. Figure 16
shows the longitudinal section of the riverbed topography along the centerline (along the
flow direction) of the piers group at different distances L. At the initial time, the height of the
riverbed was 0.12 m. As the value of L increased, the siltation height of both the upstream
and downstream areas of the piers decreased gradually. Additionally, the reduction in flow
velocities around the piers became less significant as the quasi-stumps group moved farther
away from the piers. As a result, the deposition of the suspended sediment decreased. There
was no erosion around the piers. Starting from pier NO. 1, the deposition height gradually
decreased with the increasing X. The average deposition height for L = 5D, 4D, 3D, and 2D
were 0.824, 0.878, 0.920, and 0.966 times that for L = D, respectively.
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Figure 17 shows the siltation on the left side along the centerline of pier NO. 1 (per-
pendicular to the flow direction) at different distances L. As the value of L increases, the
siltation height on both sides of pier NO. 1 gradually decreases, and the degree of change
near the pier (Y = 0.03–0.18 m) is greater than that away from the pier (Y = 0.18–0.36 m).
At the same L, the deposition height away from the pier is greater than that near the pier.
This is due to the velocities and fluctuations of the flow near the pier that are higher than
those farther away from the pier. From Figure 17, it can be observed that there are irregular
variations in the sedimentation height in the areas far from the bridge piers. This is mainly
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because the quasi-stumps group has less influence on the flow velocities and sediment
movements in the area away from the pier compared to the area near the pier.
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sediment deposition during the experiment vary with the distance L, as shown in Figure 
19, and the duration of the experiment is one hour. From Figure 19, it is evident that the 
quantity of suspended sediment deposition is significantly greater than the quantity of 
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Figure 17. A cross-section of the riverbed along the centerline of pier NO. 1 on the left side at different L.

Figure 18 shows the variations in the dimensionless maximum deposition height dh/D
and deposition area Ah/AD with the distance L. With the increase of L, the maximum de-
position height decreases slowly, and the deposition area increases gradually. The average
growth rates of the maximum deposition height and deposition area are −1.79% and 6.43%,
respectively. The influence of L on the maximum deposition height is insignificant. The
closer the quasi-stumps group is situated to the inlet, the greater the range of downstream
velocity reduced by it, resulting in an increased deposition of the suspended sediment in
the downstream area. Consequently, the deposition area also increases, albeit within a
relatively small range of change.
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The quantity of sediment scoured from the riverbed and the quantity of suspended
sediment deposition during the experiment vary with the distance L, as shown in Figure 19,
and the duration of the experiment is one hour. From Figure 19, it is evident that the quantity of
suspended sediment deposition is significantly greater than the quantity of sediment scoured
from the riverbed. As the distance L increases, the quantity of suspended sediment deposition
increases gradually, the quantity of sediment scoured from the riverbed decreases gradually,
and their average growth rates are 9.69% and −4.01%, respectively. The total sediment in the
riverbed increases with an increase in L, which is consistent with the previously observed
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variation of siltation area with L. On average, the quantity of suspended sediment deposition
is 5.25 times greater than the quantity of sediment scoured from the riverbed.
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Figure 19. The variation in sediment scoured from the riverbed, and the deposition of suspended
sediment with L.

The primary cause for alterations in the deposition height, deposition area, and
sediment quantity is attributed to the changes in the flow velocities around the piers.
Therefore, the flow velocities at various points around the piers under different distances L
were measured. All points are situated at one-fourth the water depth. The changes in the
flow velocity at each point concerning L are shown in Figure 20. Based on Figure 20, it is
evident that the flow velocity of each point increases with an increase in L, and the change
at point A is the largest. Points B and C have similar velocities, which are the highest among
the five points. Points D and E are less affected by the changes in L. From Figures 19–21, it
can be observed that, as L increases, the flow velocities at points A, B, C, D, and E gradually
increase. However, at the same time, the deposition area and the deposited sediment also
increase. This is mainly due to the change in location of the quasi-stumps group. The
sedimentation is more significantly influenced by the position of the quasi-stumps group.
As L increases, the closer the quasi-stumps group is to the flow inlet, and the larger the area
in the flume where the flow velocities are reduced due to the presence of the quasi-stumps
group; therefore, more sediment is deposited. Although the flow velocity at each point
increases with the increase in L, all the flow velocities are reduced relative to the inlet flow
velocity of 0.48 m/s.

3.4. The Effect of the Height P of the Quasi-Stumps Group on Siltation Characteristics

The movement of the sediment around the piers will be influenced by the height P of the
quasi-stumps group. Figure 21 shows the longitudinal section of the riverbed topography at
different heights P along the centerline of the piers group. With the increase in height P, the
siltation height gradually increases. This is due to the enhanced ability of the quasi-stumps
group to reduce the flow velocities and intercept the suspended sediment, leading to more
suspended sediment being deposited downstream. The maximum siltation height occurs in
the region between the quasi-stumps group and pier NO. 1. The average siltation height for P
= 2H/3 and P = H is 1.081 and 1.166 times higher than that for P = H/3, respectively.

Figure 22 shows the siltation height along the left side of the centerline of pier NO. 1
at different heights P. The siltation height gradually increases with the increase in P, and
the changes in the area (Y = 0.03–0.12 m) near the pier are greater.
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The dimensionless maximum siltation height dh/D and siltation area Ah/AD vary
with the height P, as shown in Figure 23. It is observed that both the maximum siltation
height and siltation area gradually increase with the increase in P, and their average
growth rates are 6.77% and 18.55%, respectively. Notably, the siltation area appears to be
more significantly influenced by the height of the quasi-stumps group than the maximum
siltation height.
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Figure 23. The change in the dimensionless maximum siltation height (a) and siltation area (b) with
the P. (a) Maximum siltation height. (b) Siltation area.

During the experiment, the quantity of sediment scoured from the riverbed and the
quantity of suspended sediment deposition vary with the height P, as shown in Figure 24.
With the increase in height P, the quantity of sediment scoured from the riverbed gradually
decreases, the quantity of suspended sediment deposition gradually increases, and their
average growth rates are −6.18% and 24.59%, respectively. The height P has a significant
impact on both, especially the deposition of the suspended sediment. On average, the
quantity of the suspended sediment deposition is 5.39 times greater than the quantity of
sediment scoured from the riverbed. Therefore, the ability of the quasi-stumps group to
promote the deposition of the suspended sediment is significantly impacted by its height.
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The flow velocities of points around the bridge piers under different heights P were
measured, and all points were located at half the depth of the water. The selection of half of
the water depth was to better demonstrate the influence of the height of the quasi-stumps
group on the flow velocities, as the heights of the quasi-stumps group were one-third of the
water depth, two-thirds of the water depth, and equal to the water depth. The variations
in the flow velocity at each point with L are shown in Figure 25. The flow velocity at
each point decreases with the increase in height P, but the degree in decrease is different.
Among them, the changes of points D and E are the smallest, and the flow velocities of
points B and C are similar. When P is increased from H/3 to 2H/3, there is a significant
decrease in the flow velocities observed at point A. This is due to the fact that the height of
the quasi-stumps group changes from being below point A to being above it during this
process. As the height P increases, the flow velocity decreases at various points around
the piers, leading to a gradual increase in the maximum siltation height, siltation area,
and quantity of the sediment deposition. This outcome is rational and in accordance with
expected trends.
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3.5. The Effect of the Ratio S between the Single Leaf Area and the Cross-Sectional Area of Single
Pier on the Siltation Characteristics

The siltation around the bridge piers is influenced by the area of leaves in the quasi-
stumps group. S represents the ratio of the area of a single leaf to the cross-sectional area
of a single pier. Figure 26 shows the riverbed topography along the centerline of the piers
group in a longitudinal section at different S. The siltation heights both upstream and
downstream of the piers gradually increase with the increase in S. This indicates that, the
larger the single leaf area, the stronger the ability of this structure to promote sediment
deposition. The locations of the highest siltation points are nearly identical for different
values of S. The average deposition heights for S = 0.148, 0.133, 0.118, and 0.103 are 1.156,
1.124, 1.079, and 1.034 times higher than S = 0.088, respectively.
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Figure 26. The longitudinal section of the riverbed along the centerline of the piers group at different S.

The data in Figure 27 demonstrate the height of siltation along the left side of the
centerline of pier NO. 1 at different ratios S. The siltation height gradually increases with
the increase in S. The deposition height of the riverbed close to the pier (Y = 0.03–0.15 m) is
comparatively lower than that of the riverbed farther away from the pier (Y = 0.15–0.36 m).
When S = 0.148, the siltation height at each point along the left side of the pier is approxi-
mately equal.
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Figure 27. The cross-section of the riverbed along the centerline of pier NO. 1 on the left side at
different S.

Figure 28 shows the variations of the dimensionless maximum siltation height dh/D
and siltation area Ah/AD with the S. The results indicate that both the maximum siltation
height and siltation area gradually increase with the increase in S. Their average growth
rates are 2.66% and 10.0%, respectively. The effect of the single leaf area on the maximum
siltation height is very small.

The quantity of sediment scoured from the riverbed and the quantity of suspended
sediment deposition during the experiment vary with the ratio S, as shown in Figure 29.
As the value of S increases, the quantity of sediment scoured from the riverbed decreases
gradually, and the quantity of the suspended sediment deposition increases gradually.
Their average growth rates are −7.58% and 10.22%, respectively. Furthermore, the mass
of the suspended sediment deposition is, on average, 5.77 times greater than the mass of
sediment scoured from the riverbed.
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Figure 29. The variations in the sediment scoured from the riverbed and the deposition of the
suspended sediment with the S.

During the experiment, the flow velocities around the piers were measured, and the
measurement point locations are illustrated in Figure 11, where each point is posited at
one-fourth the water depth. Figure 30 illustrates the variations in the the flow velocity at
each point with the S. As the S increases, the flow velocities of all the points decrease. The
most significant change is observed at point A, and the smallest change is noted at points D
and E. These findings are consistent with the results of the variations in the siltation height,
siltation area, and mass of the sediment on the riverbed with the S.
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4. Discussion

The shapes of the scour holes around the piers are shown in Figure 14a, and they are
different from the shapes of the scour holes obtained by Daneshfaraz et al. [42] and Kim
et al. [43] through experiments, who believed that the riverbed upstream of the first pier
should be scoured. However, as can be seen from Figure 14a, the riverbed upstream of
the first pier was not scoured, but a small amount of sediment siltation was formed. This
was mainly due to the RNG k-ε turbulence model used in the numerical simulation of this
study, and the inlet flow was the carrying flow with a sediment content of 2.7 kg/m3. The
cross-section of the riverbed at the Y = 0 plane is shown in Figure 31, where the solid black
line represents the original riverbed surface. It can be observed from the figure that the
riverbed upstream of pier NO. 1 was not all silted up, and the scour pit was formed within a
range 2.3 cm upstream of this pier. The scour pit is shown in the red dotted box in Figure 31.
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The Reynolds-averaged Navier–Stokes equation model (RANS) cannot effectively
capture the high-energy turbulent eddies at the junction between the upstream face of
the bridge pier and the riverbed, which will cause the riverbed erosion upstream of the
pier to be less than the actual situation [44]. The RNG k-ε turbulence model used in this
study, as a kind of Reynolds-averaged Navier–Stokes model, also has this problem. Many
simulation results based on RANS models exhibit this same phenomenon as well. For
instance, Wang et al. [45] calculated the scour holes around a pier using the RNG k-ε
turbulence model, as shown in Figure 32a. Li et al. [46] obtained the scour holes at a flow
velocity of 0.4 m/s using the k-ω turbulence model, as shown in Figure 32b. ω is also the
turbulence dissipation rate, which represents the rate of energy dissipation in a turbulent
flow. In a turbulent flow, vortices are continuously generated and dissipated, leading to



Water 2023, 15, 2858 26 of 29

energy conversion and dissipation during this process. Compared to the k-ε turbulence
model, the k-ω turbulence model solves for a specific rateω of kinetic energy dissipation,
and it is a low Reynolds number model. Its nonlinearity is greater, making it more difficult
to converge, and it is quite sensitive to the initial guess of the solution. The k-ε turbulence
model performs well in many common turbulent flow fields, while the k-ω turbulence
model is more suitable for simulating rotational flows. Wang et al. [44] obtained the scour
hole using the realizable k-ε turbulence model, as shown in Figure 32c.

Water 2023, 15, x FOR PEER REVIEW 26 of 30 
 

 

model, as shown in Figure 32a. Li et al. [46] obtained the scour holes at a flow velocity of 
0.4 m/s using the k-ω turbulence model, as shown in Figure 32b. ω is also the turbulence 
dissipation rate, which represents the rate of energy dissipation in a turbulent flow. In a 
turbulent flow, vortices are continuously generated and dissipated, leading to energy con-
version and dissipation during this process. Compared to the k-ε turbulence model, the 
k-ω turbulence model solves for a specific rate ω of kinetic energy dissipation, and it is a 
low Reynolds number model. Its nonlinearity is greater, making it more difficult to con-
verge, and it is quite sensitive to the initial guess of the solution. The k-ε turbulence model 
performs well in many common turbulent flow fields, while the k-ω turbulence model is 
more suitable for simulating rotational flows. Wang et al. [44] obtained the scour hole us-
ing the realizable k-ε turbulence model, as shown in Figure 32c. 

 
Figure 32. The scour pits obtained by other researchers: (a) Ref. [45]; (b) Ref. [46]; (c) Ref. [44]. 

The streamlines around the first and second piers of experiment NO. 0 are shown in 
Figure 33, which are similar to the streamlines of the longitudinal section obtained by Li 
et al. [47]. It can be observed from the figure that the streamlines upstream of the first pier 
are smoother, so the erosion effect of the flow on the riverbed is small. Figure 34 shows 
the velocity nephogram on the plane of Z = 0.15 m. The flow velocities in the area upstream 
of the first pier are reduced, as shown in the red box in Figure 34, which allows some of 
the suspended sediment located at the bottom of the flow to be deposited there. 

 
Figure 33. The streamlines around the piers in experiment NO. 0. 

 
Figure 34. The velocity nephogram of experiment NO. 0 on the plane of Z = 0.15 m. 

For experiments NO. 1 to 11 with the protection of the quasi-stumps group, the main 
reason for the significant accumulation of sediment around the piers is that the quasi-
stumps group can effectively reduce the downstream flow velocities, thus weakening the 
shear stress of the flow on the riverbed and promoting the deposition of more suspended 
sediment around the piers. Additionally, the sediment concentration in the water down-
stream of the quasi-stumps group is higher than that of the inlet flow due to the decrease 

Figure 32. The scour pits obtained by other researchers: (a) Ref. [45]; (b) Ref. [46]; (c) Ref. [44].

The streamlines around the first and second piers of experiment NO. 0 are shown in
Figure 33, which are similar to the streamlines of the longitudinal section obtained by Li
et al. [47]. It can be observed from the figure that the streamlines upstream of the first pier
are smoother, so the erosion effect of the flow on the riverbed is small. Figure 34 shows the
velocity nephogram on the plane of Z = 0.15 m. The flow velocities in the area upstream of
the first pier are reduced, as shown in the red box in Figure 34, which allows some of the
suspended sediment located at the bottom of the flow to be deposited there.
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For experiments NO. 1 to 11 with the protection of the quasi-stumps group, the main
reason for the significant accumulation of sediment around the piers is that the quasi-
stumps group can effectively reduce the downstream flow velocities, thus weakening the
shear stress of the flow on the riverbed and promoting the deposition of more suspended
sediment around the piers. Additionally, the sediment concentration in the water down-
stream of the quasi-stumps group is higher than that of the inlet flow due to the decrease in
the flow velocities. The presence of suspended sediment in the flow will reduce the shear
stress on the riverbed and diminish the turbulence within the flow [48] and further reduce
the erosion of the riverbed by the flow.
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The flow field and scour around the group of bridge piers are very complex and
influenced by numerous factors, such as the flow velocity, sediment particle size and
gradation, distance between piers, angle between the piers group and the flow direction,
water depth, and more. The current study in this paper is very limited and only investigates
the effects of the quasi-stumps group and its L, P, and S on the siltation characteristics
around the piers group. Many of the initial conditions in this study are predefined and
remain unchanged. In future research, the initial conditions can be modified, and the effects
of these initial conditions on the scour and siltation can be analyzed to better understand
the scour mechanism of a riverbed around bridge piers.

5. Conclusions

In this study, both experiments and numerical simulations using FLOW 3D were
employed to examine the protective effect of a quasi-stumps group on the local scour
of bridge piers. Specifically, the scour and deposition of the riverbed around the piers,
as well as the flow velocities, were compared under two conditions: with and without
the quasi-stumps group. Three factors affecting the protective effect of the quasi-stumps
group were studied: the horizontal distance L between the quasi-stump group and the
pier, the height P of the quasi-stumps group, and the ratio S of the area of a single leaf on
the quasi-stumps group to the cross-sectional area of a single pier. The effects of various
factors on the siltation height at the centerline of the piers, the maximum siltation height,
the siltation area, the change in quantity of the bedload sediment and suspended sediment,
and the flow velocities around the piers were analyzed. The results are as follows:

(1) The results of the numerical simulations using FLOW 3D are in good agreement with
the experimental results.

(2) The presence of the quasi-stumps group can effectively lower the flow velocities
around the piers, promote the deposition of suspended sediment, and reduce the
sediment scoured from the riverbed. It does not only help safeguard the riverbed
around the piers against scouring but also forms siltation, which is beneficial to the
stability of the bridge piers.

(3) As the distance L increases, the siltation height at the centerline of the piers group
decreases gradually. However, the siltation area and the quantity of the suspended
sediment deposition on the entire riverbed gradually increase.

(4) With the increase in the height P and ratio S, the siltation height at the centerline of
the piers group, the maximum siltation height, the siltation area, and the quantity
of the suspended sediment deposition gradually increase, while the flow velocities
around the piers gradually decrease.

(5) The quantity of sediment scoured from the riverbed is less influenced by the L, P, and
S.

(6) In this study, the combination of the quasi-stumps group with the best protective
effect is P = H, S = 0.148, and L = D.
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The meanings of the symbols used in this paper are as follows:
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Symbol Meaning

D Pier diameter

V Average velocity upstream of the pier

H Water depth

dm Maximum scouring depth

da Average scouring depth

dh Maximum deposition height

Ah Deposition area

AD Cross-sectional area of a single pier

S Ratio of the area of a single leaf to the cross-sectional area of a single pier

P Height of the stumps group in the water

L Horizontal distance between the downstream edge of the stumps group and the upstream edge of Pier NO. 1

RANS Abbreviation of the Reynolds-averaged Navier–Stokes equation model

RNG Abbreviation of renormalization group

k Turbulent kinetic energy of the turbulence model

ε Turbulent dissipation rate of the k-ε turbulence model

ω Turbulent dissipation rate of the k-ω turbulence model

X, Y, Z Coordinate values in the x, y, and z directions of the coordinate axes are shown in Figure 5a
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