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Abstract: This research explores the effects of different spans of two columns of tandem piers on
the characteristics of x-velocity near the river bed based on computational fluid dynamics (CFD)
simulations. With a span shorter than 27.5D (D is the diameter of piers), the shape and the lateral
range of the x-velocity increases with the increase of distance downwards the x-direction. For the
area between the tandem piers and the wall, the VRi/VR1 (the ratio of the x-velocity at the i-th row to
the x-velocity of the first row in each model) near the wall increases up to 1.26. For the area between
the two columns of tandem piers, the profile of VRi/VR1 changes from a “∩-shape” to an “M-shape”
in each model. RAVC (average velocity change ratio) of different spans increases gradually and tends
to be stable with the increases of the span. The largest RAVC is about −17.66% with a span of 0.52 m.
The RMV (the ratio of the maximum x-velocity among piers in each row in different models to the
maximum x-velocity of the two piers arranged side by side) of piers in the first row of different
models is around 0.95. The RMV becomes 0.82 at the second pier in each model when the span is
shorter than 27.5D, and increases to 0.91 if the span is longer than 27.5D. If the span is longer than
27.5D, the RMV of different piers are close to each other from the 2nd pier to the last one.

Keywords: two columns of tandem piers; longitudinal bridge; velocity field; Computational
Fluid Dynamics

1. Introduction

In the past two decades, many highways have been constructed in China, especially in the western
mountainous areas. To minimize the effects of highway infrastructures on the local environment
and biological systems, longitudinal bridges are more frequently adopted. Unlike the conventional
bridges that are cross over the river, the longitudinal bridges are built in the river and extended
along the river. This eliminates building embankment and tunnels that cause significant effects on
the local environment. For example, the Xi’an-Hanzhong highway of China contained nearly 10 km
of longitudinal bridges as shown in Figure 1. However, tandem piers of longitudinal bridges are
distributed in the riverbed, which significantly disturbs river flow fields and causes soil erosion and
scour. For example, half a year after the Xi’an-Hanzhong highway was opened to the public on
September 2007, many longitudinal bridges of the Xi’an-Hanzhong highway have found severe scour
issues as shown in Figure 2, which affected the foundation safety of bridges.

Fluids 2020, 5, 32; doi:10.3390/fluids5010032 www.mdpi.com/journal/fluids

http://www.mdpi.com/journal/fluids
http://www.mdpi.com
https://orcid.org/0000-0002-5169-0879
https://orcid.org/0000-0001-9428-3969
https://orcid.org/0000-0002-4368-1761
http://dx.doi.org/10.3390/fluids5010032
http://www.mdpi.com/journal/fluids
https://www.mdpi.com/2311-5521/5/1/32?type=check_update&version=2


Fluids 2020, 5, 32 2 of 18

Fluids 2020, 5, x FOR PEER REVIEW 2 of 18 

 

Figure 1. Longitudinal bridge piers in 
valleys. 

Figure 2. Local scour near longitudinal 
bridge piers. 
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interference between two circular cylinders at supercritical Reynolds number. Sumner et al. [10] 47 
studied the flow-pattern identification for two staggered circular cylinders in cross-flow. Meneghini 48 
et al. [11] studied the flow interference between two circular cylinders in tandem and side-by-side 49 
configurations. Li et al. [12] measured the average velocity, vertical velocity, and distribution of the 50 
velocity of a variety of different pile groups in a rectangular open channel. Ataie-Ashtiani et al. [13] 51 
studied the velocity field around side-by-side piers with and without a scour hole. Yan et al. [14] 52 
studied the velocity distribution of bridge piers with different intersection angles between bridge 53 
axle and flow direction. 54 

For piers arranged in tandem, researchers have investigated the effects of pile space on the 55 
vortex shedding frequencies. Igarashi [15] studied the characteristics of the flow around two circular 56 
cylinders arranged in tandem. Mahbub et al. [16] studied the relationship between strouhal numbers, 57 
forces, flow structures around two tandem cylinders, and the diameters. Ataie-Ashtiani et al. [17] 58 
performed experiments to investigate the flow pattern around tandem piers in a flat fixed moderately 59 
rough using an Acoustic Doppler Velocimeter under clear water conditions. The results showed that 60 
the presence of the downstream pier changes the flow structure greatly, particularly in the near wake 61 
region. Reynolds number, bed roughness, and pier spacing can influence the type of flow regime of 62 
the tandem piers. Wang et al. [18] studied the local scouring around three piers in a tandem 63 
arrangement in clear water conditions. Chavan et al. [19] studied the flow and scour characteristics 64 
around tandem piers in sandy channels with downward seepage. Beg et al. [20] studied the scour 65 
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Figure 2. Local scour near longitudinal bridge piers.

Many experimental and numerical studies have investigated flow fields around a bridge pier and
pier groups [1–3]. Lin et al. [4] investigate the flow field around two cylinders. Tian et al. [5] studied
the flow characteristics around a cylinder pier. He et al. [6] studied the effects of piers on the flow field.
Li et al. [7] studied the influence of pier configuration on the field around the bridge. Kim et al. [8]
investigated the flow between a pair of cylinders in the flopping region. Gu [9] studied the interference
between two circular cylinders at supercritical Reynolds number. Sumner et al. [10] studied the
flow-pattern identification for two staggered circular cylinders in cross-flow. Meneghini et al. [11]
studied the flow interference between two circular cylinders in tandem and side-by-side configurations.
Li et al. [12] measured the average velocity, vertical velocity, and distribution of the velocity of a variety
of different pile groups in a rectangular open channel. Ataie-Ashtiani et al. [13] studied the velocity
field around side-by-side piers with and without a scour hole. Yan et al. [14] studied the velocity
distribution of bridge piers with different intersection angles between bridge axle and flow direction.

For piers arranged in tandem, researchers have investigated the effects of pile space on the vortex
shedding frequencies. Igarashi [15] studied the characteristics of the flow around two circular cylinders
arranged in tandem. Mahbub et al. [16] studied the relationship between strouhal numbers, forces,
flow structures around two tandem cylinders, and the diameters. Ataie-Ashtiani et al. [17] performed
experiments to investigate the flow pattern around tandem piers in a flat fixed moderately rough using
an Acoustic Doppler Velocimeter under clear water conditions. The results showed that the presence of
the downstream pier changes the flow structure greatly, particularly in the near wake region. Reynolds
number, bed roughness, and pier spacing can influence the type of flow regime of the tandem piers.
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Wang et al. [18] studied the local scouring around three piers in a tandem arrangement in clear water
conditions. Chavan et al. [19] studied the flow and scour characteristics around tandem piers in sandy
channels with downward seepage. Beg et al. [20] studied the scour characteristics of two unequal size
bridge piers in tandem arrangement. The relevant research results are shown in Table 1.

Table 1. Relevant research results of the flow field characteristics around tandem piers.

Source Arrangements of Piers Results

Ataie-Ashtiani
et al. [17]

Two circular piers
arranged in tandem

1. The presence of downstream pier changes the flow structure
to a great extent, particularly in the near wake region.

2. Near the bed, the velocity of flow approaching the
downstream pier decreases to 0.2–0.3 times of the approach
mean velocity due to the sheltering effect of the
upstream pier.

3. In the wake of the downstream pier, the flow structure is
completely different from the one in the wake of a single pier.

4. In comparison with the single pier, the values of turbulence
kinetic energy and turbulence intensities decrease around
the tandem piers.

Wang et al.
[18]

Three piers arranged in
tandem under steady

clear-water conditions.

1. The scour-hole depth around the upstream pier was the
same as that for single piers and independent of
pier spacing.

2. When the spacing was larger than 11 times the diameter of a
pier, the scour depths of the three-pier configuration were
the same as for the single piers.

With the development of computer science, numerical simulations based on Computational
Fluid Dynamics (CFD) codes (e.g., Flow-3D(Three-Dimensional), Fluent) have been wildly used.
The simulation results have been proved to be consistent with experimental results [21–30]. For tandem
piers, Palau-Salvador et al. [31] conducted numerical simulations around two submerged tandem piers
and presented flow streamlines at different planes. Mohamed [32] studied the flow and local scour at
two submerged-emergent tandem cylindrical piers by numerical simulation.

Bridge piers affect the characteristics of the flow field, such as the velocity. The effects of tandem
piers on the flow field are more complicated. The goal of this study is to investigate the flow field
around the tandem piers and explore the effects of the different spans of tandem piers on the velocity
characteristics based on Flow-3D. This may provide the characteristics of the velocity field near-bed
region around two columns of tandem piers of the longitudinal bridge.

2. Model Setup

Flow-3D employs numerical techniques to solve the fluid motion equations to obtain transient
three-dimensional solutions to multi-scale, multi-physics flow problems [33–36]. FLOW-3D contains
a simple, fast, yet powerful meshing capability through the Fractional Area/Volume Obstacle
Representation (FAVOR), which is used to illustrate the complex boundaries of the solution domain.
Flow-3D also allows several turbulences closure schemes to be incorporated and tested. These closure
schemes include simple eddy viscosity, one-dimensional Prandtl mixing length, two-equation k-e,
large-eddy, and four-equation Re-Normalized Group (RNG) models. Flow-3D focuses on the free
surface and multi-phase applications, serving a broad range of industries including open channel
hydraulics, water civil infrastructure, microfluidics, and bio-medical devices [37–39]. The Volume
of Fluid (VOF) is a typical model to track the water surface for solving the nonlinear Navier-Stokes
equation in Flow-3D, and especially for applying on the liquid motion. Furthermore, it was used to
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investigate the vortex in a box test to calculate the volume tracking algorithm. In addition, the FAVOR
method is used to compute the zone of flow obstacles and demonstrate the boundaries of the domain.

2.1. Governing Equations in the Hydrodynamic Model

Fluid motion equations include the continuity equation and momentum equations. Continuity
equation, momentum equations, and the Volume of the Fluid equation in the Cartesian coordinate
system are shown as follows:

Continuity VF
∂ρ
∂t

+
∂
∂x

(ρuAx) + R
∂
∂y

(ρvAy) +
∂
∂z

(ρwAz) = RSOR (1)

X−momentum
∂u
∂t

+
1

VF

(
uAx

∂u
∂x

+ vAyR
∂u
∂y

+ wAz
∂u
∂z

)
− ξ

Ayv2

xVF
= −

1
ρ
∂ρ
∂x

+ Gx + fx (2)

Y−momentum
∂v
∂t

+
1

VF

(
uAx

∂v
∂x

+ vAyR
∂v
∂y

+ wAz
∂v
∂z

)
− ξ

Ayuv
xVF

= −
R
ρ
∂ρ
∂y

+ Gy + fy (3)

Z−momentum
∂w
∂t

+
1

VF

(
uAx

∂w
∂x

+ vAyR
∂w
∂y

+ wAz
∂w
∂z

)
= −

1
ρ
∂ρ
∂z

+ Gz + fz − bz (4)

VF
∂F
∂t

+∇(AUF) = 0 (5)

where VF is the open volume ratio to flow, ρ is the fluid density, (u, v, w) is the velocity components
in x, y, and z direction, respectively, RSOR is the source function, (Ax, Ay, Az) is the fractional areas,
(Gx, Gy, Gz) is the gravitational force, (fx, fy, fz) is the viscosity acceleration, and (bx, by, bz) is the flow
losses in porous media in x, y, z directions, respectively. The right side of equations 2 to 4 show mass
injection when the velocity is 0. In equation 5, A is the average of area flow, U is the average velocity in
(x, y, z) direction, and F is volume fluid function. When the cell is full of fluid, the F is one, and F is
zero when the cell is empty. In FLOW-3D, two methods are used for simulation. The first method
is called the Volume of Fluid (VOF) that is used to simulate the fluid at the free surface. The second
method is the Fractional Area-Volume Obstacle Representation (FAVOR) method, which is a program
used for surface modeling and rigid volumes such as geometric borders.

2.2. Model Setup without Piers

There are many factors that influence the flow fields around tandem piers in the longitudinal
bridge sections. These factors can be divided into two types: river characteristics and longitudinal
bridge characteristics. Based on the field investigation, river channel pattern, the plane of the bridge,
the span of piers, layout of piers, and position of piers in the river are selected as the influence factors
of longitudinal bridge velocity fields.

This study established the models of river and tandem piers according to the geometry of the
longitudinal bridge in Figure 1a. In the field, the diameter of the piers is 1.0 m with a span of 25.0 m.
The river was simulated by a normal fixed-bed model. In order to reduce the size of the model,
the model scale was set at 1:25. Therefore, the diameter of the bridge pier in the model was 0.04 m.
According to the results of Sarker [40] and Breuer [41], in order to reduce the influence of parameters
such as calculation domain size and water depth on the calculation results, the width of the calculation
domain in this study was considered as 20D (D is the pier diameter) and the initial water depth was set
to 4D. Parameters of the model are shown in Table 2.
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Table 2. Parameters of the model.

Item Width of
Channel (m)

Height of
Channel (m)

Average Velocity
of Cross-Section

(m/s)

Initial Flow
Depth (m) Pier Diameter (m) Shape of

Cross-Section

Parameters 20D (0.8) 6D (0.24) 0.5 4D (0.16) 0.04 Rectangle

A numerical model with these parameters was built in FLOW-3D. The water was considered as an
incompressible fluid. The viscosity of the water was 0.001 kg/m/s, and the Renormalized Group (RNG)
model was utilized. Mesh sizes have great impacts on the accuracy of the results. D/20 (0.2 cm) was
set as the grid size based on the suggestions of Sarker [40]. In order to be consistent with the actual
situation, the boundary conditions of upstream for calculating must be fully developed. In this study,
the flow through a 50-m long channel without a pier was simulated based on the model parameters in
Table 1. The boundary conditions of the model are shown in Table 3. As an initial condition, the average
velocity was 0.5 m/s.

Table 3. Boundary conditions of the model.

Item Xmin (Upstream) Xmax (Downstream) Ymin Ymax Zmin Zmax

Boundary
conditions velocity (0.5 m/s) outflow wall wall wall pressure

Simulations showed that the flow rate will be stabilized within 400 s, and the residual (Epsi)
of the result meets the requirement (residual is less than 1 × 10−2%) and remain stable. Therefore,
the calculation time is set as 400 s in this study. The flow field in X-Y at z = 12.75 cm and t = 400 s
without a pier is shown in Figure 3. It can be seen that after the water enters the calculation domain,
the flow velocity reduces rapidly near the boundaries because of the influence of the wall, where
the boundary layer was formed. On the other hand, the flow field in the middle of the channel is
almost unaffected. As the flow continues to develop, the influence of the boundary layer becomes
more prominent, and the thickness of the boundary layer also increases. Eventually, the velocity in the
y direction at a certain cross-section will not change after the flow has fully developed.
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The x-velocity at the flow surface in the y direction at different cross-sections in the channel
without a pier is shown in Figure 4. The x-velocity distribution in different cross-sections at the flow
surface is not changed when x is larger than 49 m as shown in Figure 4a, which indicates that the flow
is fully developed in the domain. Therefore, the velocity distribution at x = 50 m (shown in Figure 4b)
is used as the boundary conditions of the inlet of the model with piers.
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2.3. Model Setup with Piers

2.3.1. Parameters of the Model with Piers

The Xi’an-Hanzhong highway is a four-lane dual carriageway. Some sections of the longitudinal
bridges were designed as a separated carriageway, which has two piers with a diameter of 1.0 m,
and the lateral distance between the center of piers is 10.50 m. In this study, the span of piers was
selected according to the standard span of pier within 50 m specified in the General Specifications for
Design of Highway Bridge and Culverts (JTG D60-2015) in China. In addition, the position of the model
in the river was indicated by the distance between the centerline of the model and the channel bank.
The position of the model in the river is 0.4 m in this study, which means that the center of the model is
also the center of the channel. Parameters of the model with piers are shown in Table 4.

Table 4. Parameters of the model with pier.

Factors
Levels

1 2 3 4 5 6

Plane of river straight
Plane of bridge straight
Span of pier (m) 0.52 0.64 0.80 1.20 1.60 2.00

Position in the river (Distance between the centerline of
the model and the channel bank) (m) 0.4

2.3.2. Layout of the Model with Piers

According to the research results of Sarker [40], in order to reduce the influence of parameters
such as calculation domain size and water depth on the calculation results, the distance between the
inlet and the first pier must be longer than 5D. The length of the domain in the flow direction (L as
shown in Figure 5) varies with the span of the piers. This ensures that there are at least four piers in
the model. The layout and the boundary conditions of the model with piers are shown in Figure 5.
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3. Results and Discussion

3.1. Simulation of each Model

3.1.1. The X-Velocity Field abound Two Piers Arranged Side by Side

In order to verify the accuracy of the simulation results, the velocity field characteristics with two
piers arranged side by side were simulated. The layout and the boundary conditions of the model
were the same as the model shown in Figure 5, and the piers were located at (x = 50.3 m, y = 0.19 m)
and (x = 50.3 m, y = 0.61 m).

The simulation results showed that the flow became stable within 50 s in the calculation domain,
and the residuals met the requirement (residual must be less than 1 × 10−2%) and remain stable.
Therefore, this study used 50 s as the calculation time. The simulation results are analyzed in Figure 6,
Figure 7, and Figure 8.

Figure 6a shows the x-velocity in the x-y plane at z = 0.002 m and t = 50 s. The Kármán vortex
street is formed when the water flows around the pier, which causes the velocity to change rapidly
within a certain length after the pier. As the water flows away from the pier, the influence of the
vortex on the velocity reduces and water eventually becomes stable. Figure 6b shows the x-velocity at
y = 0.19 m and y = 0.61 m, z = 0.002 m, and t = 50 s. The area affected by the Kármán Vortex Street
start from x = 50.3 m to x = 50.74 m, with a length of 0.44 m (11D), followed by a recovery area (or
stabilization area) from x = 50.74 m to x = 51.40 m with a length of 0.7 m (16.5D), followed by a stable
area after x = 51.40 m (longer than 27.5D).

Roulund [42] pointed out that the flow field around a vertical pile fixed on the bed mainly included
the following flow characteristics: the formation of the bottom boundary layer; the formation of the
horseshoe vortex in front of the cylinder; the formation of a new boundary layer in front of the cylinder
due to the falling flow; the separation of the flow on the side of the cylinder; and the formation of the
wake vortex. These characteristics can be observed in Figures 7 and 8 in this study. This validates the
effectiveness and accuracy of this simulation methodology in this study.

Figure 7a,b show the zoomed flow field around the pier. We can observe the following
characteristics: the horseshoe vortex in front of the pier, the bottom boundary layer, the lateral velocity
field, a flow separation on both sides of the pier, and a wake vortex behind the pier. In Figure 7b,
the flow separates at about 95◦ on both sides from the pier, and a weak vortex is formed within 1D
behind the pier. Figure 8 shows the excess shear stress field on the river bed surface. It shows the
maximum excess shear stress occurs at around 45◦–70◦ (the angle is measured from the main flow
direction, as shown in the sector) on the pier side. Referring to the results of Roulund et al. [43],
the position of the maximum excess shear stress is where the erosion begins.
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3.1.2. The X-Velocity Field around Two Columns of Tandem Piers of the Longitudinal Bridge

Seven pairs of tandem piers with a span of 0.52 m were built based on the layout and boundary
conditions in the river model shown in Figure 5. The same parameter setups were used here.
The x-velocity of the riverbed surface (z = 0.002 m) at different times were analyzed in Figure 9a–c.
The riverbed was analyzed because the erosion, scour, and siltation occurred at the riverbed, which is
critical to the local scour of bridge piers.
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At the beginning (t = 4 s), the flow patterns and characteristics around each pier developed
individually. Initially, the velocity in front of the pier reduced due to the blocking of water by each
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pier. The same observation was made when simulating a single pier. When the flow bypassed the
pier, the velocity on both sides of the pier increased rapidly, which caused the velocity reaches the
maximum value. Many vortices were generated around the pier, which caused a sharp change in
velocity. Subsequently, as time increased, a Kármán Vortex Street developed at each pier in turn
as shown in Figure 9a. Finally, each of the Kármán Vortex Streets fully developed. The sheltering
effect from the upstream piers became stronger. This caused an accumulative effect on the value and
distribution of the velocity, except for the velocity near the first pier. Therefore, the size of vortices
increases downwards x-direction and becomes stable at t = 50 s as shown in Figure 9b,c. The presence
of downstream piers caused an accumulative effect on the flow structure. The velocity decreased in the
gap between two piers due to the sheltering effect of the upstream pier. The same observation has
been reported by Ataie-Ashtiani et al. [17].

The spans between piers were increased from 0.52 m to 0.64 m, 0.80 m, 1.20 m, 1.60 m, and 2.00 m.
The simulations were repeated for each span. Profiles of the x-velocity with different spans in x-y at
z = 0.002 m and t = 50 s are shown in Figure 10.

The accumulative influence of the superposition of the Kármán Vortex Streets on the x-velocity
was observed when the span was shorter than 27.5D, as shown in Figure 10a,b. Evidently, the shorter
span exaggerated the accumulative effects of the superposition of Kármán Vortex Streets. When the
span was longer than 27.5D, the accumulative effects were reduced and the x-velocity visually became
independent of each other, especially when the span was longer than 2.0 m. That is because if the span
was shorter than 27.5D, each pier was located in the recovery area of the Kármán Vortex Street of the
previous one. Therefore, the Kármán Vortex Street generated by the previous one had a large influence
on the latter pier. If the span was longer than 27.5D, each pier was located in the stable area of the
Kármán Vortex Street of the previous pier. Thus, the Kármán Vortex Street generated by the previous
one had less or even no influence on the latter pier. As a result, the flow pattern after each pier was
independent of each other.
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3.2. The X-Velocity of Cross-Sections in the Y-Direction

In order to obtain the characteristics of the x-velocity fields as a function of the span of piers,
cross-sections at the center of each row in the x direction were selected and normalized with the
velocity at the first cross-sections of each row in the different models. The normalization can show the
difference of velocity affected by different spans between cross-sections. The profiles of VRi/VR1 (VRi is
the x-velocity of the i-th cross-section, and VR1 is the x-velocity of the first cross-section) are plotted in
Figure 11.
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From the above figures, the region and the value of x-velocity in the area between the piers and the
wall changed significantly compared with that of the first cross-section in each condition. The VRi/VR1

near the wall increased up to 1.26. If the span was shorter than 27.5D, the largest VRi/VR1 was around
1.17–1.26, and it was about 1.10 when the span was between 27.5D and 40D. When the span was 50D,
the largest VRi/VR1 was around 1.20. In each condition, the largest VRi/VR1 at the latter piers was
greater than the largest VRi/VR1 at the front piers, which reflected the accumulative influence of the
superposition of Kármán Vortex Streets on the velocity. In addition, the further the location away from
the first cross-section was, the more obvious the superposition of Kármán Vortex Streets on the velocity
was. The increases in velocity in this area may have a negative effect on the stability of the river bank.
Near each pier, the VRi/VR1 decreased. The shorter the span was, the larger the decreased region and
the value of x-velocity were. For the area between the piers, the distribution shape of the VRi/VR1

changed from a “∩-shape” to an “M-shape” in each model, which indicates the value of x-velocity in
the middle of each model became smaller in the x direction.

3.3. The Relationship between X-Velocity and the Span of the Pier

In order to analyze the influence of different pier spans on the x-velocity quantitatively, an average
velocity change ratio (RAVC) is defined as:

RAVC = 100(V2 − V1)/V1 (6)

where V2 is the average x-velocity of the flow domain from x = 50 m to 27.5D downwards the last pier
at z = 0.002 m and t = 50 s; V1 is the average x-velocity at x = 50 m, z = 0.002, and t = 400 s without
bridge piers. RAVC of each span is shown in Table 5. RAVC values were negative, which means the
x-velocities without piers were larger than these with piers. As the span increases, RAVC increased
gradually and tended to be stable. The largest RAVC was about −17.66% with a span of 0.52 m, and that
tended to be stable at about −11% when the span was longer than 40D. The shorter the span was,
the larger the absolute value of RAVC was. With the increase of span, the RAVC of each condition became
close to that of two piers gradually.

Table 5. RAVC of each span.

Span 0.52 m 0.64 m 0.80 m 1.20 m 1.60 m 2.00 m 2 Piers

V2 (m/s) 0.275 0.279 0.280 0.289 0.297 0.299 0.302
V1 (m/s) 0.334
RAVC (%) −17.66 −16.47 −16.17 −13.47 −11.08 −10.48 −9.58

The maximum x-velocity in the longitudinal bridge section was located near the piers, and was
related to the span. In order to analyze the influence of different pier spans on the maximum x-velocity
at each pier quantitatively, the ratio of the maximum x-velocity among piers in each row in different
models to the maximum x-velocity of two piers arranged side by side, RMV, is defined as:

RMV =
MVi
MV

(7)

where MVi is the maximum x-velocity among piers in each row in different models and MV is the
maximum x-velocity among piers of the two piers arranged side by side, which is 0.66 m/s in this study.
RMV is plotted in Figure 12.
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The maximum x-velocity of the piers of the first row in each model are close to each other, which
is in agreement with the results reported by Wang et al. [18]. The maximum x-velocity reduced rapidly
from the 1st pier to the 2nd pier in each model, then reduced slowly from the 2nd pier to the last one,
and finally became stable, especially when the span was shorter than 27.5D. If the span was longer
than 27.5D, the maximum x-velocity was close to each other for the 2nd pier and the last pier. Except
for the first pier in each condition, the shorter the span was, the smaller the maximum x-velocity at the
same pier was.

The RMV of the piers in the first row in each model was around 0.95, which means the maximum
x-velocity near the piers of the first row in each model was about 0.95 times that of the two piers
arranged side by side. Then RMV reduced sharply to the second pier in each model, which was around
0.82 when the span was shorter than 27.5D, and the RMV of the second pier was up to 0.91 if the span
was longer than 27.5D. If the span was longer than 27.5D, the RMV was close to each other from the
2nd pier to the last one.

Based on the discussion above, the presence of the upstream piers reduced the maximum x-velocity
near the downstream piers effectively. The superposition of the vortex streets generated by tandem
piers had a significant sheltering effect on the maximum x-velocity near each pier, which caused the
reduction of the maximum x-velocity near each pier. With the increase of the span, the sheltering effect
on the maximum x-velocity decreased gradually.

4. Conclusions

From the results presented above, the following conclusions can be drawn:

1. With a span shorter than 27.5D, the shape and the lateral range of the x-velocity increase with the
increase of distance downwards the x-direction. The accumulative influence of the superposition
of Kármán Vortex Streets is obvious, and the shorter the span is, the more obvious the influence
of the span on the shape and width of the x-velocity is. When the span is longer than 27.5D,
the accumulative effects reduce and x-velocity fields become visually almost independent of
each other.

2. For the area between the piers and the wall, the VRi/VR1 near the wall increases up to 1.26. If the
span is shorter than 27.5D, the largest VRi/VR1 is around 1.17–1.26, and it is about 1.10 when
the span is between 27.5D and 40D. When the span is 50D, the largest VRi/VR1 is around 1.20.
For the area between the two columns of tandem piers, the profile of the VRi/VR1 changes from
a “∩-shape” to a “M-shape” in each model, which indicates that the value of x-velocity in the
middle of each model becomes smaller in the x direction.
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3. RAVC increases gradually and tends to be stable with the increases of the span. The largest RAVC
is about −17.66% with a span of 0.52 m and gets close to that of two piers arranged side by side
gradually with the increase of span.

4. The maximum x-velocity reduces rapidly from the 1st pier to the 3rd pier if the span is shorter
than 27.5D, then slowly reduces from the 4th pier to the last one. If the span is longer than 27.5D,
the maximum x-velocity is close from the 2nd pier and finally becomes stable.

5. The RMV of the piers in the first row of different models is around 0.95, and then reduces sharply
to the second pier in each model, which is around 0.82 when the span is shorter than 27.5D and
up to 0.91 if the span is longer than 27.5D. If the span is longer than 27.5D, the RMV is close to
each other from the 2nd pier to the last one.

This research can provide the characteristics of velocity filed near-bed region abound two columns
of tandem piers of the longitudinal bridge, which could be a reference and guidance for the design of
the longitudinal bridge (mainly the pier span of bridges) in mountain areas. The achievements can
achieve more positive effects through wider promotions and applications.
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