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Abstract: Ice cover is a natural phenomenon unique to rivers in cold regions, and its existence is
one of the reasons for the collapse of structural foundations of bridge piers across rivers. In order
to understand the influence of different scouring environments on the hydrodynamics and sand
bed morphology in the local scour holes around bridge pier foundations, this paper simulates the
dynamic evolution process of the local scouring of tandem combination piers under open-flow and
ice-cover environments, based on a turbulence model using the Reynolds-averaged Navier Stokes
(RANS) method and a sediment transport model considering the slope collapse effect, respectively.
This study also takes the vortex flow and shear stress distribution at different characteristic moments
of the pier perimeter section as the penetration point to analyze the effect of the influence law of
the scouring environment on the morphology and relative time scale of the scour hole, and makes a
detailed comparison with the results of the indoor flume test. The results of this study show that: for
local scouring in open-flow conditions, sediment initiation is doubly inhibited and the hydrodynamic
forces in the scouring hole are weakened; the local scouring caused by ice cover contributes to the
total scouring of the submerged pier within its coverage area, which significantly increases the depth
and range of the local scouring hole; and, although the interaction of turbulent eddies and shear
stress on the pier side is the main dynamic mechanism of the scouring generated around the pier,
the two have a strong correlation. The results of this study, obtained by accurately quantifying the
amount of eddies and shear stress around the pier, are the basis for the reasonable estimation of the
maximum local scouring depth, which can provide a reference for the study of the evolution of the
riverbed around submerged structures in cold areas and is essential to avoid structural damage to
the piers and reduce the economic loss of traffic..

Keywords: local scour; numerical simulation; tandem bridge piers; ice cover; scour depth

1. Introduction

Local scour due to water flow around submerged structures is one of the leading
factors causing their degradation and is the result of the synergistic effect of the riverbed
structure and the flow field of the fluid and the sediment particles. While bed shear
stress and the vortex system structure are the fundamental driving forces for scour around
column buildings [1–3], in view of the complexity regarding multiscale transport during the
movement of both, empirical formulas are mostly used to predict the scour depth around
submerged buildings in practical engineering [4,5]. Therefore, an in-depth study of bed
shear stress and the vortex system structure, as well as of other characteristic quantities near
the piers, can help us to understand the scouring process, explain the scouring mechanism,
and provide a reliable reference for the engineering design of scouring depth.

Numerous scholars carrying out pier vicinity local scour research mainly base their
studies on the hydraulic model test, as the physical model test is restricted by the scale
effect and similar criterion; in addition, the research based on numerical simulations has
received much attention [6–8]. Most of the refined simulations of natural riverbeds use
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Reynolds time-averaged methods to construct dynamic-bed simulation models and explore
the influence of each turbulence model on the boundary layer flow field region, vortex
system structure, and other characteristic quantities, among which the renormalized group
(RNG) model, based on the RANS method, considers the multiple scales of vortices and
has certain advantages for capturing turbulent motion with a high strain rate. Compared
to the standard κ − ε and κ − ω models, they are characterized by a high computational
accuracy, good solution stability, and fast solution speed [9–11].

The current knowledge on the local scour mechanism around bridge piers is in a
transitional stage. Many scholars [12–14] have studied equilibrium scour around piers
using numerical simulations, focusing on the evolution of the scour depth over time under
open-flow conditions, whereas relatively few studies have been performed under ice-cover
conditions. The presence of river ice alters the flow characteristics, which in turn, can have
a potential impact on submerged sediment transport [15]. Roulund et al. [16] simulated the
development and evolution of scour holes around cylindrical piers based on the k–w model
and analyzed the influence of horseshoe eddies on scour in front of piers; Burkow et al. [17]
performed scour simulations under open-flow conditions considering the bed-load factor,
while Dixen et al. [18] made an enhanced correction for bed turbulent shear stress on the
basis of Burkow and explored the contribution of bed load to scour; and Sui et al. [19]
focused on the effect of changes in ice cover on the flow velocity distribution and turbulence
characteristics and showed that ice cover has a large influence on the submerged bed shear
stress and the sediment transport rate.

In order to study the scouring characteristics of the submerged pier circumference,
this paper takes the Yellow River Special Bridge in Tuoketuo County, Inner Mongolia,
a tandem equal-diameter pier (see Figure 1), as the prototype, and conducts numerical
simulation studies under open-flow conditions and ice-cover conditions using the RNG
turbulence model. The transient shear stress of the bed surface and the vorticity of the
cross-section were selected to study the evolution of the scour topography characteristics
around the piers and the structural characteristics of the scour holes, to construct the scour
depth as a function of time development, and to verify the applicability of the numerical
simulation by combining the scaled model test, with the aim of clarifying the foundation
scour mechanism around the piers. There is a lack of numerical simulation studies on
bridge pier scour applicable to an ice-cover environment, and the simulation results of this
paper are good and can supplement the research gaps in related fields.

Sustainability 2023, 15, x FOR PEER REVIEW 3 of 23 
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The remainder of this article is structured as follows: Section 2 presents the types
of architectures of the studied numerical model; Section 3 presents the validation of the
applicability of the model; Section 4 presents the analysis of the studied characteristic
quantities, which are further discussed in Section 5. Finally, the conclusions stemming from
this study are presented.

2. Numerical Model

The reliability of the computational fluid dynamics (CFD) simulation of scour is
limited by the current characteristics of the flow field around the submerged bridge piers
and the effective estimation of sediment transport. Therefore, the reasonable selection of
a turbulence model is the key to capturing the flow field characteristics, and the accurate
application of the sediment transport equation is the main point for carrying out the scour
depth calculation.

2.1. Hydraulics Model
2.1.1. Governing Equation

The hydrodynamic calculations use the continuity equations for incompressible New-
tonian fluids based on the Sabbagh-Yazdi assumptions as well as the equations of motion,
both of which confine the flow motion, and the area and volume parameter terms are
introduced in the two types of equations that simulate the fluid motion through the soft-
ware’s built-in fractional area/volume obstacle representation (FAVOR) grid technology.
The governing equation expressions [20] are as follows:

div(V) = 0 (1)

∂u
∂t

+ div(uV) =
1
ρ

[
−∂P
∂x

+ div(µ grad u)
]

(2)

∂v
∂t

+ div(vV) =
1
ρ

[
−∂P
∂y

+ div(µ grad v)
]

(3)

∂w
∂t

+ div(wV) =
1
ρ

[
−∂P

∂z
+ div(µ grad w)

]
(4)

where V is the velocity field; ρ is the mass density of the fluid; P is the pressure; t
is the time; µ is the dynamic viscosity; u, v, and w are the coordinates of the velocity
vector(field), respectively.

2.1.2. Turbulence Model

In CFD, a unique discretization method is usually used to discretize the Navier–Stokes
(N-S) equations on the computational grid to obtain an approximation of the flow field
parameters at spatially discrete points; since the N-S equations are not closed and the
simulation solution process is averaged on the spatio-temporal scale, which leads to their
non-closure, a turbulence model is needed to simulate the complex boundary field, which
is then solved to obtain the discrete equations [21].

In the riverbed scour problem, influenced by the coupling of many factors, the base
scour of submerged structures is involved in a dynamic evolution process with a high
Reynolds number, and most of the flow field is turbulent. The use of turbulence models in
different problems dealing with energetic water flow is highly important, has been the topic
of a great number of studies, and has received the attention of researchers over last decade,
as discussed by Tavakoli et al. [22]; thus, an accurate simulation of the turbulence character-
istics of the flow field domain is the key to calculating the scour depth. Currently, the main
turbulence simulations can be broadly classified as a direct numerical simulation (DNS),
large eddy simulation (LES), and Reynolds average numerical simulation (RANS) [23–25].
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In order to finely capture the development process of scour holes around the bridge
piers and obtain the non-constant characteristics of the circumferential flow around the
piers, the RNG model based on the RANS equation is chosen in this paper. Compared with
other models, the RNG model has lower computational cost and higher computational
efficiency. Its control equation [26] is as follows:

∂k
∂t

+ uj
∂k
∂xj

=
∂

∂xj

[
ακν

∂k
∂xj

+ 2νtSij − ε

]
(5)

∂ε

∂t
+ uj

∂ε

∂xj
=

∂

∂xj

[
αεν

∂ε

∂xj

]
+ 2c1νtSij

ε

k
− R− c2

ε2

k
(6)

where k is the Reynolds average kinetic energy; ε is the turbulent kinetic energy dissipation
rate; v is the fluid viscosity coefficient; vt is the vortex viscosity coefficient; S is the strain
rate tensor; and c1 and c2 are model coefficients.

2.2. Riverbed Deformation Model
2.2.1. Sediment Incipient Motion

Sediment initiation is usually determined using shear stress and flow rate discriminant
criteria. The local Shields number on the horizontal bed is solved with the dimensionless
form of the bottom shear stress as follows [26]:

θs =
τ(

ρs − ρ f

)
gds

(7)

where τ is the bottom shear stress; ρs and ρ f are the sediment and fluid density, respectively;
ds is the sediment particle size; and g is the gravitational acceleration.

With the development of local scour, the change in bed slope affects the bed-load
transport, which in turn, affects the critical sediment starting conditions and bed shear
stress; thus, the critical shear stress relationship when considering the change in slope is
expressed by introducing a coefficient as follows [27]:

τcr = rτ0 (8)

r =
1

(1− η tan φ) tan φ


−
(

cos β sin θ + sin β sin α + η tan2 φ
√

cos2 θ − sin2 α
)
+[ (

cos β sin θ + sin β sin α + η tan2 φ
√

cos2 θ − sin2 α
)2

+(
1− η2 tan2 φ

)
×
(
cos2 θ tan2 φ− sin2 α tan2 φ− sin2 θ − sin2 α

)
]0.5

 (9)

where τcr and τ0 are the critical shear stress in the sloping bed and the critical shear stress
in the flat bed, respectively; r is the correction factor; θ is the longitudinal slope; α is the
transverse slope; β is the angle of inclination of flow with respect to the longitudinal axis of
the channel; η is the ratio of lift force to drag force; and φ is the sediment repose angle.

The calculation of the critical Shields number θcs for sediment particles is then deter-
mined by solving for the dimensionless particle size [26]:

d∗,s = ds

[
ρ f ‖ g ‖/µ2

f

]1/3
(10)

where d∗,s is dimensionless particle size of the sediment; ds is sediment particle size; µ f
is the hydrodynamic viscosity coefficient; and ‖g‖ is the magnitude of the acceleration
of gravity.



Sustainability 2023, 15, 7171 5 of 23

Most of the software modules use the dimensionless critical Shields number as a
condition for judging sediment initiation (default value is 0.05), and in this paper, the
critical Shields number is calculated based on the Soulsby–Whitehouse equation [28].

θcr,s =
0.3

1 + 1.2d∗,s
+ 0.055[1− exp(−0.02d∗,s)] (11)

Considering that the settling of sediment particles on the bed is influenced by the
slope and is prone to a down-slope motion under the interaction of water flow, the slope
correction of Equation (11) is made according to the repose angle of sediment particles as
follows [25]:

θ′cr,s = θcr,s

[
cos ψ sin β +

√
cos2 β tan2 φ− sin2 ψ sin2 β

]
/tan φ (12)

where β and ψ are the angle of the slope of the river bed and the angle between the direction
of water movement on the sloping bed and the reverse slope direction, respectively, and φ
is the sediment repose angle (the default value of 32◦ is taken in this paper).

2.2.2. Sediment Transport

In the process of the local scouring of bridge piers, the movement of sediment particles
around the piers occurs in two forms, suspended sand and sedimentary sand, and the
relative importance of the two is influenced by the non-uniformity of the sediment particles,
the riverbed structure, and the water flow conditions. For the complex water and sand
conditions of a natural riverbed, the movement of sediment particles is bounded by the
critical particle size: when the particle size exceeds a certain limit, the sediment transport
form is dominated by the bed load, and when it is below this limit, it is dominated by the
suspended load. The expression is [29]:

Dc = U2/360g (13)

where U is the mean approach flow velocity, and g is the acceleration of gravity.
In the calculation domain of this model, the average current velocity is 0.30 m/s, and

the sediment particle size chosen for the hydraulic model test is 0.65 mm, which is much
larger than the critical particle size of 0.026 mm; thus, the main form focused on in this
research is the bed load, and the influence of the suspended load is not considered for the
time being.

2.2.3. Sediment Scour Model

The suspension, sedimentation, and transport of sediment is a complete system, and
the sediment starting suspension, as the initial condition and basic link, is the key to
exploring the coupled transport movement of water and sand, where Figure 2 illustrate the
calculation process of the numerical model.
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1. Sediment entrainment and sedimentation calculation

The turbulent diffusion of water flow leads to the entrainment and sedimentation
movement of submerged sediment particles. A sediment entrainment and sedimentation
calculation model was constructed based on the theoretical framework proposed by Mast-
bergen [30], and Zhang [31] used this model to simulate the scouring of three arrangements
of upright cylindrical pier circumferences, achieving better results. Therefore, this model
is selected for the calculation of sediment entrainment and settlement in this paper, in
which the lifting velocity of the sediment particles held by the water is calculated with the
following equation [30]:

ur = αinsd0.3
∗,s
(
θs − θ′cr,s

)1.5
√

d50(ρs − ρ) ‖ g ‖/ρ (14)

where d∗,s is dimensionless particle size of the sediment; d50 is the median sediment grain
size; ρs is the density of the sediment species; ρ is the fluid density; αi is the entrainment
coefficient of sediment particles (the default value in this paper is 0.018); and ns is the outer
normal vector of the bed-load surface.

The sedimentation and entrainment of sediment particles are two relative processes,
which are often synchronous. In this paper, the settlement velocity calculation formula of
Soulsby [28] is adopted:

ud = v
[(

10.362 + 1.049d3
∗,s

)0.5
− 10.36

]/
d50 (15)

where v is the kinematic viscosity coefficient of the fluid.

2. Bed-load transport equation

The strong stochasticity, multi-scalability, and polymorphism of the bed-load transport
process lead to high-frequency coupling between the water flow and sediment particles
near the bottom bed, which significantly affects the transport process of the bed-load
sediment. Therefore, the key to considering the sediment transport characteristics is to
calculate the bed-load sediment transport rate. The scour module in this paper adopts the
Meyer-Peter [32] bed-load sediment transport rate equation:

Φs = qb
/(
∇gd3

) 0.5
= Bs(θs − θcs)

1.5 (16)

where Φs is the dimensionless sediment transport intensity; Bs is the bed-load coefficient
(the default value in this paper is 8.0); qb is the volume transfer rate per unit width of the
bed surface; and ∇ = (ρs − ρ)/ρ, that is, the relative density of bed sand.

The thickness of the bed-load transport layer is estimated with the van Rijn [33] formula:

δs = 0.3dsd0.7
∗,s [(θs − θcr,s)/θcr,s]

0.5 (17)

To solve the movement of sediment particles on the bed surface per unit volume, the
bed-load flow rate is converted using the following formula [33]:

ub,s = qb/δs fscb,s (18)

where fs is the critical accumulation percentage of the bed load, and cb,s is the volume
percentage of particles on the bed surface.

The bed-load sediment movement is more active in the near-bottom riverbed area
around the pier, and the interaction between water and sediment is judged by calculating
the mass concentration of the bed-load sediment.

cb,s = ub,s/ρs (19)
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3. Model Validation
3.1. Verification Conditions

In this paper, the numerical simulation results were selected to verify the indoor
dynamic-bed scouring test. The dynamic-bed test was carried out in the hydraulic model
laboratory of Inner Mongolia Agricultural University, and the test flume was arranged as
shown in Figure 3. The straight-walled measuring flume was 2500 cm long, 120 cm wide
and 65 cm deep, of which the central dynamic-bed test section was 1000 cm long and 21 cm
deep, and the front and rear fixed-bed test sections were 600 cm long so that the approach
flow could be smoothly transitioned to the front of the pier.
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The model of the bridge pier in the dynamic-bed test section for the field measurements
was based on the combination of equal-diameter piers, according to the 1:150 scaled-down
model; the model pier diameter width D was 4.8 cm, the front and rear pier spacing
was 8.6 cm, and the overall pier length was 24.3 cm, as shown in Figure 4. The non-
homogeneous sand with a median particle size of 0.51 mm and 0.63 mm (geometric
standard deviation [34] greater than 1.2) was laid at the bottom of the test section to
simulate the riverbed conditions; the test was conducted under open-flow conditions and
ice-cover conditions for scour simulation, and under ice-cover conditions, polystyrene
foam sheets (with a thickness of 3 cm) were used at the top of the test section to simulate
the fixed ice cover. and the maximum scour depth around the pier during the test run. If
the increase rate does not exceed 5% of the pier diameter width in 24 h, the local scour of
the pier is considered to have reached a quasi-equilibrium state [35].

3.2. Computational Domain and Grid Information

Considering the timeliness and accuracy of the numerical model calculation, the
corresponding three-dimensional turbulence model was constructed in this paper with
reference to the modeling method of Farooq [36] (see Figure 5). The test piers were kept
dimensionally consistent between the numerical model and the physical model, where
the X-axis length was 24.3 cm, the Y-axis width was 4.8 cm, and the Z-axis height was
60 cm. The overall geometric model was divided into computational domains based on
the hierarchical architecture, where the bed sand domain z = −21–0 cm, the water domain
z = 0–34 cm, the air domain (open-flow conditions) z = 34–44 cm, and the ice-cover domain
(ice-cover conditions) z = 31–34 cm. For the fixed-bed or dynamic-bed numerical model
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tests, the size of the entire computational domain was limited by the diameter of the
model piers; the computational domain established in this study fully accounted for the
hydrodynamic characteristics, with a total longitudinal length of 29D, a distance of 8D
from the inlet boundary to the front pier and a distance of 16D from the outlet boundary
to the rear pier, allowing for the water flow in the area in front of and behind the pier to
fully develop and the flow pattern to not be disturbed. The pier was located in the center
of the computational domain, and the total transverse width was 13D; the flow pattern in
the pier-side area was not affected by the side wall contraction effect. In order to avoid the
sand bed at the entrance/exit boundary from being scoured by the approach flow, the high
and wide scour prevention plates of equal height were laid in the front and rear sections of
the model sand bed as the bed fixing area, and their surface roughness was consistent with
that of the sand bed.
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Figure 5. Three-dimensional numerical model: (a) open-flow condition; (b) ice-cover condition.

The quality of the grid division is directly related to the identification of the turbulent
vortex strength and the accuracy of the shear layer feature extraction. In this paper, a
structured grid was used for the non-constant calculation of local scour, in which the
finite volume method was used for spatial discretization and the second-order implicit
function was used for temporal discretization. The nested grid form (see Figure 6) was
used for local encryption of the pier circumference, which not only effectively compresses
the number of grids to improve the convergence speed, but also finely simulates the flow
pattern changes and sediment transport process. The entire grid area was divided into
two layers symmetrically along the longitudinal axis of the bridge pier, and the ratio of
the inner-layer to outer-layer grid size was 1:2, where the inner-layer encrypted area side
length was 21D × 8D × 9D and the grid size was 0.08D. According to the two-stage design
operation, in the first stage of pure flow turbulence development, the total number of grids
in the area was 900,000; in the second stage of the bridge pier local scour, the total number
of inner-layer and outer-layer grids was 1.51 million, of which the number of inner-layer
nested grids was 1.35 million.
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3.3. Numerical Solutions and Boundary Conditions

The strategy for numerical solution is to discretize the grid nodes in the computational
domain in time and space by resolving their strain relations; in this study, the finite
difference method was chosen to discretize the algebraic equations, and the system of
control equations with specific boundary conditions was solved by expanding the Taylor
series to retain the higher-order difference terms. The specific expansion [37] is as follows:
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A suitable domain boundary can simulate the realistic flow field around the pier. In
order to make the turbulent flow in the inlet boundary layer reach the steady state after
sufficient development, the grid-covered boundary was chosen to solve the problem in this
paper, as it characteristically allows for the results of the flow operation in the previous
stage to be assigned to the domain boundary in the current stage [38]. Therefore, the
dynamic-bed scour simulation in this study was based on the fixed-bed bypass simulation
for the continuation calculation, whose inlet boundary was the grid-covered boundary,
the outlet boundary was the free outflow boundary, the top boundary was the pressure
boundary and the other boundary was the no-slip boundary (see Figure 5).

3.4. Validation Results

The reliability and accuracy of the scour model calculation results were verified based
on the dynamic-bed scour test of the numerical and physical models under the open-
flow conditions, and Figure 7 shows the comparison of the scour hole shape at the scour
equilibrium. It can be seen visually that the final scour hole shape obtained from the
numerical simulation of this paper is almost the same as that of the physical model test. The
scour holes around the upstream and downstream piers have a whole shape and do not
keep their own independent scour holes, but only form a small scour volume separation
zone between the front and rear piers. The topography along both sides of the scour holes
around the piers is flat, and sand dunes at the end of the downstream piers obviously
accumulate and are “tail fin shaped”. Overall, the distribution trends of the model piers
are basically consistent, and the simulation results can be an approximate substitute for the
measured results.
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Figure 7. Schematic diagram of the comparison of scour hole morphology around the pier:
(a) numerical results; (b) experimental results.

Figure 8 shows a schematic diagram of the topographic contours of the pier surround-
ing the scour based on the numerical simulation and physical test results in this paper. The
results show that the overall scour geomorphology of both is similar and the core area
of the scour is basically the same, despite the development of scour holes in front of the
upstream pier being limited by the simulation results, which is a difficult problem faced
by the current simulation scour field [39]. The maximum value of the scour zone appears
at the location of point b on the upstream pier side, and the maximum depth of scour
predicted by the model is 4.9 cm, with a relative error of 9.3% compared with the maximum
depth of scour measured by the experiment of 5.4 cm. The maximum value of the siltation
zone appears at the location of point j on the downstream pier end, and the maximum
height of siltation predicted by the model is 1.7 cm, with a relative error of 19.1% compared
with the maximum height of siltation measured by the experiment of 2.1 cm. The model
prediction results are slightly lower than the test measurement results, which proves the
applicability of the simulation, meaning that we can predict the bypass scour of the bridge
pier more accurately.
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around the bridge pier).

To further verify the reasonableness of the simulation results, the time-dependent
curve of scour development can be used to quantify the analysis. Define the extreme value
of the pier surrounding the scour depth with the time development defined as dt, the time
increment defined as the horizontal coordinate, and dimensionless scour depth dt/dt60
defined as the vertical coordinate; the trend of the scour depth over 60 min is plotted in
Figure 9. As can be seen from the figure, after 1 h of scour, stable local scour holes developed
around the piers under both model calculations; the scour holes of the physical model
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developed more rapidly before the t1 moment compared with the simulation model, and
the growth rate of the scour depth of both slowed down from the t2 to ti moments, which
was less than 5% of the pier width and basically reached a stable state [35]. The results of
the numerical and physical models agreed well, as judged from the scour ephemeral curve.
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4. Characteristic Quantity Analysis

In the two-phase flow model, both sediment and flow are classified as Eulerian
continuous phases, and the Euler method is applied to solve for the coupled water–sand
motion; the characteristic quantities, such as vortex kinetic energy and shear stress, between
the two phases are derived from the control equations of each phase in the grid [40,41]. Due
to the complexity of the turbulent vortex around the pier and the large difference in bed
shear stress increments, it is difficult to solve the model and not easy to capture accurately;
therefore, this paper focuses on the kinematic characteristics for systematic study, such as
the annular strength of the vortex around the pier and the shear strength of the bed shear
stress under two types of scouring conditions.

4.1. Pier-Side Vortex Effect

The turbulence effect of fluid interacts with the transport motion of sediment, and
whether the fluid motion produces vortices is directly related to the motion state of the
sediment particles; thus, from the perspective of the sub-microstructure, turbulence is
formed by the superposition and aggregation of vortices of different scales. Additionally,
the process of vortex formation, development and decay is accompanied by the material
exchange with the boundary layer, and the evolution area of the internal vortex with the
flow field is used to quantitatively analyze the vortex’s apparent physical characteristics
and volume intensity changes.

In this paper, based on the vortex identification method, the vortex core line is used to
characterize the eddy characteristics and structural changes, and the vortex quantity is used
to measure the intensity of the vortex, which together, build a turbulent vortex structure
that can accurately describe the influence of the vortex characteristics on the scour holes
around the pier. Therefore, the Q criterion, which is widely used at present, is selected for
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the vortex identification study, and is combined with the simulation test observation to
qualitatively assess the impact of local scour on the bridge pier.

Q = 0.5
(
‖ B ‖2 − ‖ A ‖2

)
(22)

A = 0.5
(
∇v +∇vT

)
(23)

B = 0.5
(
∇v−∇vT

)
(24)

Here, ∇v is the velocity gradient tensor, and A and B are the Helmholtz velocity
decomposition of the velocity gradient tensor, as usually there is turbulent vortex motion
in the region of Q > 0.

By defining the vortex scale as the vortex intensity and the vortex kernel line as a
circular curve tangent to the vortex vector, it can be described specifically through the
characteristic equation as follows:

ωi =
∂uj

∂xk
− ∂uk

∂xj
(25)

|ω| =
√

ω2
i (26)

where |ω| is the absolute value of the vortex volume. When it is greater than a certain
threshold value, the region can be identified as a vortex.

In order to study the effect of the vortex on the depth of the scour holes around the
pier, the internal vortex distribution was analyzed by capturing the scour hole profiles at
different characteristic moments (see Figures 10 and 11) at the upstream pier headwater in
the 1-1 section (see Figure 6). The vortex volume can represent the swirling and sucking
of sediment particles around the pier caused by the vortex. From Figure 10, it can be seen
that under the state of open flow, with the diffusion of the vortex scale around the pier in
the cross-section, the scale of the scouring hole keeps expanding the brush depth and the
scouring flux keeps increasing. It can be observed from Figure 11 that under the ice-cover
condition, the existence of ice cover leads to the high vortex area on both sides of the pier’s
surrounding boundary, and the positive and negative vortex areas change alternately along
the vertical displacement. With the dynamic evolution of the flow solid-phase coupling
transport process, the vortex extreme area at the bottom of the scour hole gradually shifts
to the edge, and the vortex kinetic energy exchange between the positive and negative
vortices is intense. Overall, comparing the same characteristic moments of the two types of
scour conditions, the sediment transport rate on the pier side under the ice-cover condition
is more significant than that under the open-flow condition, and the depth of the scour
hole formed under the ice-cover condition is deeper and wider in scale until the scour
equilibrium stage is reached (60 min moment).

4.2. Bed Surface Shear Stress

Due to the blocking effect of the submerged combined piers, the vortex generated
around their piers will cause the flow field area to change, and any change in the flow
field domain will lead to a subsequent change in bed shear stress. In essence, the con-
tinuous increase in shear stress around the pier is the main cause of local scour. There-
fore, the local scour around the pier is quantitatively analyzed by profiling the bed shear
stress distribution.
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The specific expression for the stream shear stress [42] is:

τ0 = ρwλu2/8 (27)

where ρw is the fluid density; u is the mean flow velocity; and λ is the friction coefficient.
In the dynamic-bed scour simulation process, with the development of scour holes,

the increase in the slope of the pit affects the starting shear stress; thus, the correction factor
introduced by Dey was chosen to consider the effect of slope, and the critical shear stress
was expressed [27] as:

τcr = rτ0 (28)

where τcr and τ0 are the critical shear stress in the sloping bed and the critical shear stress
in the flat bed, respectively, and r is the correction factor.

The distribution of water flow shear stress determines the evolution of the section
shape of the scour hole around the pier, and the faster development of the section shape is
often due to a larger value of shear stress. This paper captures the process of changing shear
stresses on the sand bed surface under two types of scour conditions (see Figures 12 and 13).
Comparing the two scouring conditions, it can be observed that the development trend of
shear stress is generally consistent, and the maximum shear stress area (red area) initially
appears at the location of point b (see Figure 8) on the waterward side of the upstream pier.
It gradually shifts to the location of point i (see Figure 8) at the end of the downstream
pier, where the maximum shear stress is approximately 4.3 Pa in Figure 12 and 4.6 Pa in
Figure 13, and the increase in shear stress in the latter is 6.9%; at the same characteristic
moment, the local shear stress of the additional ice cover is higher and the scouring area is
wider. The local scouring of the additional ice cover at the same characteristic time has a
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greater intensity of the undercutting flow compared with that in the open-flow condition,
and it has a stronger impact on the sand bed and a wider scouring range. This study shows
that the emergence of ice cover has a greater impact on sediment particle initiation, which
significantly increases the shear stress on the bed surface around the pier. The development
of the scour hole depends on the undercutting force of the water flow and the collapse
adjustment of the inner wall of the hole; thus, the relationship between the scour hole scales
is specifically analyzed below.
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Since most studies focus on the effect of the vorticity or bed shear stress on scouring,
this paper addresses the relationship between these two characteristic quantities. Pier
circumferential-section vortex kinetic energy and bed shear stress changes are closely re-
lated. According to the above calculation of the section vortex and shear stress distribution,
we analyzed the quantitative relationship between the two, as shown in Figure 14, where
the selected vertical position of point b (see Figure 8) is in the vortex influence area. As
can be seen from the figure, the correlation between vorticity and shear stress under the
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two scouring conditions is basically the same, and both show a positive correlation; under
the ice-cover scouring conditions, the average maximum vorticity in the vertical line is
approximately 38s−1, whereas the maximum average vorticity in the vertical line under
the open-flow conditions is 32s−1. The increase ratio is 18.7%, and the increase ratio of
the maximum shear stress is 6.9% at the same time, which indicates that the ice cover has
a significant influence on both, meaning that the contribution of the sediment transport
rate around the pier value is larger. This study shows that the local scour of the bridge
pier mainly originates from the interaction between the vortex system and the shear stress,
whereas the turbulent vortex leads to a strong transient flow field around the pier, and the
bed shear stress is gradually enhanced with the sharp change in the flow field; thus, there
is a strong correlation between the two.
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5. Example Analysis
5.1. Scouring Terrain Feature Pattern

In order to reasonably predict the development pattern of local scour holes of bridge
piers and elucidate the influence of different scour conditions on the morphological char-
acteristics of the holes, this study conducted a qualitative analysis by simulating the
three-dimensional morphological map of bed scour.

From Figures 15 and 16, we can observe the evolution of the scour hole shape over
time. Its development process goes through three stages, including the initial, development,
and equilibrium stages, in which the development of scour holes under the action of water
flow is mainly concentrated in the development stage. Each stage shows the following
characteristics: (1) For the initial stage of scouring, as seen in Figures 15 and 16a,b, it can
be found that due to the tip-shaped structure of the waterfront pier diversion, there was
separation of the front boundary layer. Thus, the location of the pier side first appeared in
the scouring holes and gradually expanded (blue area). At the end of the pier, due to the
enrichment of the wake vortex, the negative pressure area gradually formed a “figure-of-
eight” dune (red area). (2) For the scour development stage, as seen in Figures 15 and 16b,c,
it can be found that the sediment transport and deposition rate under ice-cover conditions
is significantly faster than that of open-flow scour, and the overall sand bed area around
the pier is in a flowing state. (3) In the equilibrium stage of scouring, when comparing



Sustainability 2023, 15, 7171 16 of 23

Figures 15d and 16d, it can be seen that the shapes of the scour holes formed under the
two scouring conditions are roughly the same, but the depth and range of the scour holes
due to ice-cover scouring are large, whereas the bed surface due to open-flow scouring is
relatively flat. Qualitative analysis shows that the evolution of scour holes under open-flow
conditions significantly lags behind that of scour formed under ice-cover conditions at the
same characteristic time, which originates from the wider width of the turbulent zone and
the stronger turbulence on the pier side under ice-cover conditions.
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Figure 16. Three-dimensional morphology of bed scouring and silting under ice-cover conditions
(unit: cm).

To quantify the scour hole scale, the elevation distribution along the scour equilibrium
moment was plotted, where the x-z profile of the pier centerline was taken in the down-
stream flow direction, and the b-b′ profile and g-g′ profile of the scour hole were taken in
the vertical flow direction (see Figure 8) to quantitatively analyze the differences in scour
patterns under ice-cover and open-flow conditions.
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Comparing Figure 17a,b, it can be found that the maximum local scour depth of the
bridge pier occurs at point b (see Figure 8) on the pier side of the upstream pier under both
types of scour conditions, and the scour depth at this location is significantly greater than
the scour depth in front of the pier; among them, the relative equilibrium scour depths at
the locations of the scour hole b-b′ and g-g′ profiles under ice-cover conditions are 1.2D
and 0.8D, respectively, and the relative equilibrium scour depths at the locations of the
scour hole b-b′ and g-g′ profiles are 2.8D and 2.6D, respectively. The relative equilibrium
depths at the b-b′ and g-g′ profiles are 1.2D and 0.8D, and the relative scour hole radii are
2.8D and 2.6D, respectively; the relative equilibrium depths at the b-b′ and g-g′ profiles are
1.0D and 0.6D, and the relative scour hole radii are 2.4D and 2.3D, respectively, under the
open-flow condition. The existence of ice cover makes the maximum relative equilibrium
scour depth of the front and rear piers brush deeper by 18.4% and 32.4%, respectively, and
the relative scour hole radius widens by 18.1% and 14.3%, respectively, which is caused
by the ice-covered river section reducing the scour resistance of the sediment particles at
the bottom of the bed, resulting in the loss of bed sediment stability and making it more
prone to start, as well as leading to the intermittent collapse of sediment in the scour hole,
resulting in a larger fluctuation of the scour hole. Quantitative analysis shows that the
presence of ice cover contributes to the development of a local scour hole around the pier
and contributes more to the sediment transport around the pier.
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As the bridge pier foundation and substructure are influenced by the scouring envi-
ronment, the ice-cover environment contributes to the durability damage (e.g., increased
erosion) and force damage (e.g., shear stress) caused by the bridge pier foundation. The
research in this paper can further improve the safety assurance and evaluation technology
system for the bridge pier foundation across the river, which can provide technical support
and theoretical experience for the design and construction of the bridge across the river.

5.2. Scale Relationship of the Scour Hole Structure

Ettema et al. [7] pointed out that pier circumferential scour belongs to the category of
a local large deformation, and throughout the bypass scour process, whenever the inner
wall slope of the scour hole reaches the threshold value of the submerged sediment rest
angle, the inner wall sediment particles will slow down the local slope by collapsing, and
then reach a new dynamic equilibrium. In order to study the different changes in the scour
hole structure scale in different scouring environments, the x-z profile of the centerline
of the pier column in the downstream flow direction and the b-b′ profile in the vertical
flow direction were selected to compare and analyze the influence of two types of scouring
conditions on the slope of the scour hole.
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Figure 18 shows the comparison of scour hole slopes for two types of scouring condi-
tions. Under the open-flow scouring condition, the scour hole slope in front of the upstream
pier (A1B1 dip angle in the figure) is approximately 29◦, and the scour hole slope at point b
(see Figure 8) on the pier side (C1D1 dip angle in the figure) is approximately 30◦; under
the ice-cover scouring condition, the scour hole slope in front of the upstream pier (A2B2
dip angle in the figure) is approximately 26◦, and the scour hole slope at point b on the
pier side (C2D2 dip angle in the figure) is approximately 28◦. Through calculation, it was
found that the longitudinal-section and transverse-section equivalent slopes of all scour
holes are basically the same. The slope of all scour holes is basically the same, indicating
that when the scouring enters the equilibrium stage, the bed surface around the submerged
pier and the sediment particles inside the wall of the scour hole are no longer moving and
transporting, and the shape of the scour hole tends to be relatively stable.
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The research shows that (1) the equilibrium scour hole slope obtained from the simu-
lation is smaller than the underwater sediment repose angle because the sediment particles
are susceptible to shear stress and eddy currents in the dynamic water environment,
whereas the underwater repose angle is not disturbed based on the static water condition
measurement; and (2) the equivalent slope of the scour hole under the ice-cover condition
is slightly slower than the slope under the open-current condition, indicating that its scour
hole side slope extends to the periphery and that the scouring range is significantly affected
by the shear stress.
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5.3. Time Scale of Scouring Characteristics

According to the experiment results of the local scouring of bridge piers in two
types of scouring environments, it can be determined that the maximum stable scouring
depth of a bridge pier foundation under the action of a unidirectional constant flow
depends on the geometric characteristics of bridge piers, water flow, sediment movement
characteristics parameters, etc. Therefore, the following equation is listed to describe the
local scouring problem:

F(D, H, v, vc, ds, g, ρi, te) = 0 (29)

where D is the water-blocking width of the bridge pier; H is the water depth; ρi is the
density parameter; g is the gravitational acceleration; v is the flow velocity; vc is the critical
flow velocity; ds is the scouring depth; and te is the duration.

Based on Buckingham’s theory [43,44], considering that the principle of dimensional
harmony, D, v, and ρ are chosen as the basic variables, and the other factors are dimension-
lessly simplified, Equation (27) can be expressed as:

F
(

H
D

,
v
vc

,
ds

D
,

ρs

ρw
,

t
te

)
= 0 (30)

Since the scouring of the bridge pier foundation is carried out under fully developed
turbulent conditions, the influence of the Reynolds number on the scouring depth can be
ignored [45]. The flow intensity v/vc takes the value of 0.82 in the scouring test, and the
pier width and water depth and density are constants in the model, and thus, Equation (28)
can be simplified as:

F
(

ds

D
,

t
te

)
= 0 (31)

In the above equation, the relative time scale t/te is a characteristic quantity that mea-
sures the rapidity of the local scouring rate and is obtained by subjecting the characteristic
time scale [46] to a dimensionless process as follows:

t∗ = te

[
(ρs/ρw − 1)gd3

50

]0.5
/D2 (32)

Cardoso [47] improved the empirical formula proposed by Whitehouse [48] to study
the evolution of scour depth over time under clear water scour conditions, and in this
paper, based on the scour prediction formula of Cardoso [47], the relative equilibrium
scour depth formulas applicable to open-flow and ice-cover environments were established
by regression.

Open-flow scouring environment:

ds

D
= 1− exp

[
−0.134

(
t
te

)1.104
]

(33)

Ice-cover scouring environment:

ds

D
= 1− exp

[
−0.369

(
t
te

)0.846
]

(34)

In order to verify the reliability and applicability of the regression formula, Figure 19
gives a comparison between the calculated values of the local scour simulation and the
experimental measured values of the pier column in this paper. From the overall distribu-
tion, it can be seen that the relative errors of both types of scour depth results are limited to
±20%, and the relevant data are in good agreement, indicating that the regression formula
can represent the calculated and measured results and can objectively reflect the evolution
of the scour depth over time; among them, the results of the ice-cover scour depth are larger
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than those of the open-flow scour depth, and they are mostly concentrated on the side of
the indoor test values, further indicating that the existence of ice cover makes a significant
contribution to the local scour depth.
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6. Conclusions

Using numerical simulation methods and comparing them with experimental data,
the characteristic law and scale relationships of local scour around the combined bridge
piers under the influence of different scouring environments, as well as the contribution of
the pier-side vortex and bed shear stress to sediment particles, were investigated, and the
following conclusions were drawn:

(1) The local scouring caused by ice cover contributes to the total scouring around the
submerged pier within its coverage area, significantly increasing the depth and extent
of the local scouring holes. For the local scouring under open-flow conditions, the
sediment initiation is doubly inhibited and the hydrodynamic forces in the scouring
holes are weakened; compared with the two types of scouring environments, the
relative maximum equilibrium scouring depth under ice-cover conditions is 11%
deeper than that under open-flow conditions, and the relative maximum scouring
hole radius is widened by 5%.

(2) The local scour simulation results show that the three-dimensional morphology of
scour holes under two types of scour conditions are symmetrically similar, and the
back row of piers is affected by the shading and reinforcement effect of the front row
of piers. The development of scour holes around the piers lags behind that of the
front row of piers, and the scour holes before and after the equilibrium stage are in
a coherent shape, which is basically consistent with the shape of scour holes in the
physical model test. This proves the reliability of the numerical simulation and the
application of the present research in environmental and engineering aspects.

(3) The transport of sediment particles in the scour hole is the cause of local scouring
around the pier, whereas the interaction between the vortex and shear stress on
the pier side is the main dynamic mechanism of scouring around the pier. The
characteristic quantity analysis shows that the maximum mean vortex increase ratio
of the vertical line is approximately 3% and the maximum shear stress increase ratio
is approximately 6% under the ice-cover condition compared with the open-flow
condition at the same time, and the two have a strong correlation, which helps to
deepen the understanding of the scouring mechanism by quantifying the influence of
the vortex and shear stress on the development of scouring holes.
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(4) The formula for calculating the scour depth is obtained by regression fitting on the
basis of considering different scour environment factors, and is verified by using
hydraulic model test data. This proves its reliability and accuracy and its suitability
for the prediction of local scour depth of bridge piers in wide pier and shallow flow
type riverbeds. It can be used as a reference application for the selected field prototype
bridge piers.

(5) Different scour forms in natural riverbeds often occur simultaneously and affect each
other. This paper only simulated and analyzed the local scour of bridge piers under
flat-bed conditions, and more numerical simulations may be conducted in the future to
provide more solutions for the sustainable development of engineering environment,
and thus, subsequent studies will focus on the coupling relationship between relevant
characteristic quantities under sand-wave-bed scour conditions.
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