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Abstract: In order to ensure the safety of temporary piers during bridge construction, it is necessary
to analyze the water flow effects on temporary piers during flood periods. Based on the practical
engineering of a new bridge in Jiangxi province, a three-dimensional numerical model was estab-
lished using the Reynolds Time Average Navier–Stokes equation (RANS) and SST k-ω turbulence
model to simulate the flow force on three-column temporary piers in series. The stress state of the
temporary pier was obtained under different flow velocities and submergence depths. The distri-
bution characteristics of the flow field around the temporary pier and the flow force characteristics
acting on the temporary pier were analyzed and compared with the monitoring measurement data
and the Morison equation calculation data. The results indicate that the local flow was accelerated on
both sides of the temporary pier, but the local acceleration effect along the river flow direction was
weakened. The flow velocity of the water around the temporary pier decreases with the increasing of
river depth. The pressure on the outer surface of the temporary pier is basically negative pressure,
except for the positive pressure on the upstream side. The absolute value of the negative pressure on
both sides is much greater than the positive pressure on the upstream side. As the submergence depth
and flow velocity increase, the pressure in each area gradually increases. The pressure distribution
of the upstream pier is basically symmetrical, while the pressure distribution of the middle and
downstream piers is asymmetric due to the influence of the vortex shedding from the front pier,
resulting in a change in the water flow incidence point. The turbulence intensity in each region of the
flow field shows a trend of first increasing and then decreasing with the depth of the water flow. The
drag coefficient and lateral force coefficient of the temporary pier are basically not affected by the
inflow velocity, but the resistance and lateral force increase with the increase in submergence depth
and inflow velocity.

Keywords: highway bridges; temporary pier; field measurement; numerical simulation; water flow
force; water flow velocity; surface pressure; turbulence intensity

1. Introduction

With the rapid development of bridge construction technology, in order to ensure that
the construction period does not affect existing traffic, incremental launching construction
technology has been widely adopted. During the incremental launching construction of
long-span bridges, the spacing between main piers is large. In order to ensure construction
safety, temporary piers need to be set between the main piers. When water flows through
the pier columns, flow separation, vortex shedding and other phenomena will occur, which
will lead to an increase in the force on the temporary piers. When the water flow speed is
high, the resulting water flow force may become an important component of force on the
temporary piers. The fatigue failure of the temporary piers caused by the bypass flow may
also lead to instability and collapse of the bridge.

In previous studies, scholars conducted relevant research on the hydraulic characteris-
tics of engineering structures such as cofferdam structures [1,2], bridge substructures [3]
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and toothed-component mixed embankment overturning [4]. The difference in the three-
dimensional wake between square and circular sections was examined by Agbaglah et al. [5].
In the study of flow around cylinders [6–9], through the numerical simulation of tandem
double cylinders, it is found that the spacing ratio has a significant effect on the shedding
flow pattern, the lift drag coefficient and the Strouhal number. Deng et al. [10] carried out a
cylindrical flow tank experiment, and obtained the effect of the spacing ratio on the near
wall tandem double cylinders. Zhou et al. [11] verified the existence of critical spacing.
Zou et al. [12] studied the flow characteristics of tandem double corrugated cylinders. For
the study of parallel double cylinders, the influence of the spacing ratio on wake vortices,
cylinder hydrodynamic coefficients, double cylinder interaction effects and flow field char-
acteristics was analyzed via numerical and experimental research [13–17]. Ma et al. [18] ob-
tained the energy distribution of the wake field around two parallel cylinders. Harichandan
and Roy [19] pointed out the frequency of the cylinder and the flow field. Tan et al. [20] and
Tu et al. [21] analyzed the characteristics of three series columns. Yang et al. [22] studied
the critical spacing of three cylinders in series. Zhang et al. [23] studied the vortex-induced
vibration of three consecutive cylinders with different spacing ratios.

In the design of temporary pier structure, according to the “General Code for Design
of Highway Bridges and Culverts” [24], the flow force of a single pile column can be simply
calculated. However, there is no stipulated calculation method for the flow effect of series
three-column temporary pier structures, and the code does not consider the lateral force
caused by vortex shedding and the lifting effect on the structure under the action of water
flow. The API [25] specification in the United States uses the Morison equation to calculate
water flow force. The Morison equation itself is a semi-empirical formula, which is not
convenient for direct application. The value of the parameters in the Morison equation
directly determines the accuracy of the calculation, and there are some limitations in the
current method of parameter selection.

In summary, the current research on the flow around these cylinders has reference
value for us to calculate the water flow force on temporary piers. However, in practical
engineering, the value of water flow force is related to various parameters of the bridge
(cross section type, column spacing, etc.), so the water flow force acting on a specific
structure is worth studying. However, there is currently very little research on the water
flow effect on temporary piers; the existing design specifications do not fully consider the
water flow force effect of temporary piers. During the construction stage, it is necessary to
accurately calculate the water force acting on the temporary pier to guarantee construction
safety. On the other hand, previous studies have mostly focused on the dynamic response
of the structure under water flow, and have not studied the hydrodynamic characteristics of
the three-dimensional flow field around the structure and the mechanism of local scour in
detail. At present, there are few studies on the flow around a cylinder under conditions of
high Reynolds numbers. In practical engineering, the cylinder is large-scale and has a high
Reynolds number; therefore, in order to ensure the construction safety of large bridges and
the navigation safety of ships when the flow rate is high in the flood period, it is necessary
to conduct numerical simulation and analysis of the characteristics of the surrounding flow
field as well its effect on the mechanical behaviors of temporary piers in practical projects.

In previous studies, a large number of scholars have used the LES and RANS methods
to conduct numerical simulations on the fluid [26]. Francesco et al. [27] used the LES
method to deal with high Reynolds and Mach number flow with adverse pressure gradient
conditions. Yang et al. [28] studied the applications in transient flows and gas turbine
combiner flows of the LES method. Chipongo et al. [29] studied the robustness and accuracy
of the RANS model in complex turbulence in open channels subjected to lateral inflow and
proved that the RANS model agrees well with the experimental water surface profile, which
is superior to current theoretical methods used for design purposes. Hanjalic et al. [30]
also confirmed the important role of RANS, especially in industrial and environmental
computing. Lamberti et al. [31] believe that RANS solvers, especially those based on
standard eddy current viscosity models (such as K-ε, K-ω, S-A and K-ω SST), are expected
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to be the main approach of flow CFDs with high Reynolds number for decades. Because
LES requires higher simulation complexity and greater computational costs, it may even
produce less accurate and less reliable results than RANS. In the present study, firstly, the
numerical model of the temporary pier subjected to flow force during the bridge jacking
construction was established considering the effects of Renault time mean and SST k-ω
turbulence. then the flow field and flow force characteristics around the temporary pier
were analyzed and finally the simulated results were compared and validated with those
obtained via existing specifications.

2. Project Overview

The researched bridge crosses the Ganjiang River, which is located in the north of
Ganzhou. The superstructure of the main bridge is a four span continuous steel truss with
a total length of 1543 m. According to the navigation investigation (Class II waterway),
the water flow speed during the flood period is 4 m/s, and the elevation of the flood
level for a 20-year return period is 102.45 m. The lowest and normal elevation of the
riverbed at the location of the temporary pier is 83.6 m and 94.11 m, respectively. Due to the
constraints of navigation requirements and on-site construction conditions, an incremental
launching construction method for the main girder of the bridge is adopted. During
the launching construction stage, temporary piers need to be set up between the bridge
piers; thus, construction platforms and launching equipment can be arranged above the
temporary piers.

The temporary pier is composed of steel pipe pile foundations and the corresponding
longitudinal and transverse distribution beams. The structural form is shown in Figure 1.
Three rows of steel columns are arranged along the transverse direction of the bridge. The
steel columns of the temporary pier are made of steel pipes with a diameter of 1200 mm
and a wall thickness of 16 mm.
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3. Numerical Simulation
3.1. Theoretical Model

The Navier–Stokes equation of incompressible viscous fluid under the Arbitrary
Lagrange–Euler (ALE) description is used and expressed as follows:

∂uj

∂xj
= 0 (1)

∂ρui
∂t

+
∂ρuiuj

∂xj
= − ∂ρ

∂xi
+

∂

∂xij

[
µ + µr

(
∂ui
∂xj

+
∂uj

∂xi

)]
(2)

where ui and uj are velocity components and ρ is fluid density.
To solve these equations, a turbulence model was introduced. Because the SST k-

ω model proposed by Menter is a combined turbulence model with k-ε and k-ω, the
SST k-ω turbulence model adopts the k-ω turbulence model in the near-wall area, and
the k-ε turbulence model in the expected free shear layer in the external wake region.
Nguyen et al. [32] compared the k-ε, k-ω and k-ω SST methods and found that the SST
k-ω model was more suitable for studying the turbulent flow state around the cylinder.
Therefore, the SST k-ωmodel is used to simulate the cylindrical winding flow condition,
which is presented as follows:

∂ρk
∂t

+
∂ρujk

∂xi
=

∂

∂xj

[
(µ + σkµr)

∂k
∂xj

]
+ τij

∂ui
∂xi
− β∗ρkω (3)

∂ρω

∂t
+

∂ρuiω

∂xj
=

∂

∂xj

[
(µ + σmµr)

∂ω

∂xj

]
+

γ

νr
τij

∂ui
∂xi
− βω2 + 2ρ(1− F1)

σω2∂k∂ω

ω∂xi∂xj
(4)

where F1 is the mixed function; depending on the meshing of the model, it can be calculated
as follows:

F1 = tanh(γ4
1) (5)

γ1 = Min[Max(

√
k

β∗ωy
,

500ν

y2ω
),

4ρσω2k
CDkωy2 ] (6)

CDkω = Max(2ρσω2
1
ω

∂k
∂xj

∂ω

∂xj
, 10−10) (7)

where σω1 = 2.00, σω2 = 1.186 and β∗ = 0.09.

3.2. Numerical Model

The calculation domain of the numerical model is shown in Figure 2. The speed is
used as the inlet boundary condition of the model, and the pressure is used as the outlet
boundary condition of the model. The non-slip wall surface is used as the boundary
condition between the surface of the temporary pier and the bottom wall and the top, the
left and the right surfaces are set as symmetric boundary conditions. The spacing between
the centers of adjacent temporary piers is 3D; D is taken as 1.2 m; the distance between the
center of the temporary pier and the symmetrical boundary is 10D; the distance between
the center of the upstream/downstream temporary pier and the entrance/exit boundary is
10D/25D, respectively. The flow rate considers a total of five flow rates: 2, 2.5, 3, 3.5, 4 m/s;
three typical depths of 10, 15 and 20 m were selected for the submerged depth; in total,
there were 15 working conditions.
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Figure 2. Calculation domain and grid division.

The calculation model takes the center of the upstream pier as the coordinate origin,
the downstream direction is the x-axis direction, the y-axis direction is perpendicular to
the flow direction and the flow depth direction is the z-axis direction. A hexahedral-
structured grid with a size of 0.2 mm was used to mesh the model. The grid around the
cylinder and the wake area are refined to improve the accuracy of the numerical calculation.
For example, the grid of 0.5 times the spacing between columns around the cylinder is
refined, the gradient rate of the grid in the refined area is 1.07 and the first layer of the grid
perpendicular to the wall is y+ = 1.

3.3. Parameter Selection and Model Correctness Verification

The Reynolds number represents the relationship between inertial force and viscous
force, and is the main factor determining the state of the fluid flow. Inertial force plays a
primary role at a high Reynolds number; viscous force plays a major role at a low Reynolds
number. The expression is:

Re =
ρuD

µ
=

uD
ν

(8)

ρ is fluid density, u is fluid velocity, D is the diameter of the circular cylinder and ν and
µ are the kinematic viscosity and the dynamic viscosity of the fluid, respectively, u = µ/ρ.
The fluid is set to water with a density ρ = 1000 kg/m3, and a dynamic viscosity coefficient
µ = 0.001003 kg/(m·s).

The Strouhal number St represents the relationship between the cylindrical diameter,
the frequency of vortex shedding and the fluid velocity. The expression is

St =
f D
u

(9)

where

f is the frequency of vortex shedding and D is the diameter of the cylinder.
Cl and Cd are the lift coefficient and the drag coefficient, respectively, whose value depends
on the characteristics of the cylinder surface and the Reynolds number. The expression is

Cl =
2Fl

ρU2S
(10)

Cd =
2Fd

ρU2S
(11)

where U is the fluid velocity; ρ is the fluid density; S is the downstream projection area of
the submerged part of the temporary pier; Fl and Fd are resistance perpendicular to the
flow direction and resistance in the downstream direction, respectively, namely the lift and
resistance of the cylinder.

Table 1 analyzes the influence of the grid size, the influence of the time step on the
resistance coefficient and the influence of the Strouhal number when flowing around a
single cylinder. The results Cd and St with a grid size of 0.5 mm are slightly larger than
those with grid sizes of 0.2 mm and 0.1 mm. Furthermore, the results of 0.2 mm and
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0.1 mm are close to each other and close to the results of Ouvard et al., and Meyers et al.
Considering the precision and efficiency, a grid size of 0.2 mm and a time step of 0.001 s
were chosen for subsequent numerical simulations. By comparing with the existing data
in the literature, we find that the average resistance coefficient of the calculated value and
number are close to the calculated values of Ouvard [33] and Meyers [34].

Table 1. Grid independence and model correctness verification.

Case Reynolds Number/103 Grid Size/mm Dimensional Time Step ∆t/s Cd St

C1 20
0.5

0.01 1.08 0.231
C1 20 0.001 1.07 0.229
C2 20 0.2 0.01 1.06 0.216
C2 20 0.001 1.05 0.215
C3 20 0.1 0.01 1.04 0.215
C3 20 0.001 1.05 0.213

Ouvard et al. [33] 1.03 0.219
Meyers et al. [34] 1.05 0.210

According to Hu’s [35] research, the root mean square (RMS) of the lift coefficient is
sensitive to numerical methods, turbulence models and grids, and can be used to capture
the periodic characteristics and force action of vortex shedding. As shown in Figure 3,
in order to further verify the model correctness, the flow rate range is expanded and
compared with the existing literature [36,37] results to discuss the variation of the order
cylinder winding flow at different Reynolds numbers. Due to the direct integral relationship
between the lift coefficient and the pressure coefficient, the two dimensionless quantities
can be directly verified to obtain a consistent change trend, which shows that the model
can simulate the lift situation well with the Reynolds number. As shown in Figure 4, this
paper compared the St numbers obtained using the method presented in this article with
those obtained through experiments conducted by Norberg et al., and studied the vortex
shedding phenomenon of a cylinder in water. It was found that the two sets of data were
in good agreement, further verifying the reliability of the method used in this paper.
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4. Comparison between Numerical Simulation and Analytical Methods

Based on the established numerical model, the current theories for calculating water
pressure can refer to the “Load Code for Harbour Engineering” [38], “Technical Specifica-
tions for Construction of Highway Bridges and Culverts” [39] and the Morison equation.
Luo et al. [40] have proven that the water pressure calculated via the Morison equation is
on the safe side and reliable in high-flow-velocity regions. Therefore, this article uses the
Morison equation to calculate the water pressure of three column piers.

4.1. The Morison Equation Is Used by Calculating the Water Pressure

The Morison equation is one of the most commonly used methods for analyzing the
forces on small-diameter rigid columns under the action of water flow. It assumes that
the structure has no elastic deformation under the action of water flow, so the water flow
force on rigid structures is only related to the incoming water flow. The Morison equation
was applied to theoretically calculate the water pressure acting on temporary piers. The
Morison equation assumes that the water pressure at any height of the structure consists of
two parts: drag force fD and inertia force ft:

F = fD + ft =
1
2

CDρA(ux − ut)|ux − ut|+ CMρV0(
dux

dt
− dut

dt
) (12)

where ux is the water flow velocity, dux
dt is the water flow acceleration, ut is the structural

velocity and dut
dt is the structural acceleration.

In this study, the water flow is assumed to be uniform, and the vibration velocity of
the temporary pier under the impact of water flow is negligible in comparison with the
water flow velocity. Therefore, the first item is mainly considered, where the water flow
force is 1

2 CDρA(ux)|ux|. CD is the drag force coefficient, CM is the inertia force coefficient
and the values of CD and CM are clearly specified and explained in national regulations.

According to the Morison equation, the formula for calculating the flow pressure is
f = 1

2 CDρ(ux)|ux|, where CD is taken as 0.65 according to the American API specification,
and the shielding factor is taken as 0.75.

4.2. Data Comparison

As shown in Figure 5, A1, B1 and C1 represent the upstream, middle and downstream
piers, respectively. The data obtained from the filed measurement, the numerical simulation
and the calculation are compared. Except for the flow force along the incoming direction,
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the lateral and back force of the temporary pier are negative due to the action of the
lateral flow and the rear vortex, and the pressure increases on increasing the flow velocity.
Compared with the resistant and lateral force, the absolute negative pressure on the side of
these three piers is greater than the positive pressure against the incoming surface; thus,
more attention should be paid to the structural design process. There is little difference
between the measurement and numerical results, and the change pattern is basically similar.
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Figure 5. Comparison of water pressure.

The average errors of water pressure on the temporary pier among the measurement
results and those obtained via numerical simulation and the Morison equation for A1 are
10.2% and 36.3%, respectively, as shown in Table 2. The average errors for B1 are 7.9%
and 20.0%, respectively. Due to the lack of detailed regulations on the shielding coefficient
of three column piers in the specifications, the comparison with the Morison equation
for the C1 pier is not provided. The numerical simulation results agree well with the
measured ones for A1 and B1, indicating that the numerical method can accurately predict
the water pressure.
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Table 2. Average error of current research method and measured data of temporary pier.

Mean Error (%) A1 B1 C1

Numerical simulation 10.2% 7.9% 10.5%
Morison equation 36.3% 20.0% -

5. Numerical Results and Discussions
5.1. Water Force of Temporary Pier

The force of the temporary pier under the action of water flow can be divided into
resistant and lateral force, respectively. The resistance is the force of the piers in the forward
flow, and the lateral force is the force perpendicular to the flow acting on the temporary
piers, which is expressed as Fd and Fl . Cl and Cd are the lift coefficient and the drag
coefficient, respectively, whose values depend on the characteristics of the column surface
and the Reynolds number.

Figure 6 shows the calculated lateral force and resistance, as well its coefficient of the
upstream pier. The variation of the incoming flow speed and the depth of the temporary
pier basically do not affect the lateral- and resistant-force coefficient. Under the same depth
conditions, the lateral force and resistance increase with increasing flow velocity, and the
greater the submerged depth, the more obvious this phenomenon is. At the same flow
rate, the lateral force and resistance gradually increase with the submerged depth of the
temporary pier.
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5.2. Surface Pressure of the Temporary Pier

When the river flow’s speed is 4 m/s, the surface pressure distribution and flow field
trace of temporary piers under different depths are shown in Figure 7. With the increase in
the submerged depth of the temporary pier, the maximum positive pressure area on the
outer surface of the upstream temporary pier gradually moves down, and the surrounding
pressure is basically symmetrically distributed. According to the flow field characteristics,
it can be seen that although there is a vortex after the upstream pier, this area has little
influence on the pressure of the upstream pier, so the pressure around the upstream pier
column is still symmetrically distributed along the central axis. Due to the small spacing
among the three temporary piers, the flow will form a vortex behind the former pier, and
the average flow rate in the vortex area is much less than the upstream flow rate of the
temporary pier.

5.3. Speed and Pressure Field

Figures 8 and 9 compare the speed field and pressure field of the temporary pier under
the submerged depths of 10 m and 20 m, respectively. There is a local acceleration area near
the temporary pier, and the maximum speed appears on both sides of the temporary pier.
The deeper the water, the weaker the local acceleration effect. The flows generated by the
three piers basically do not affect each other, and the velocity field around the three-column
pier is basically consistent with that of a single column. When the water depth is 8 m,
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the flow is affected by the bottom wall of the river and the pile column; thus, the flow
changes from a two-dimensional distribution in front of the temporary pier to a three-
dimensional distribution behind the pile column. With the decrease in the water depth,
this three-dimensional disturbance is gradually weakened. The pressure field around the
temporary pier remains basically unchanged in different water depths; the maximum
positive pressure area appears on the side of the upstream pier. The range of the positive
pressure area decreases, but the range of the negative pressure area is increased. Except for
the upstream pier, the pressure field of other pier columns is disturbed to different degrees,
but the form of the negative pressure in front of the pier and on both sides of the pier is
basically unchanged.
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Figure 7. Surface pressure and trace distribution around temporary pier.
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Figure 8. Speed field and pressure field (submerged depth of 10 m).
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5.4. Surface Pressure Distribution

Figure 10 shows the distribution of the circumferential pressure coefficient on the
surface at different sections along the water depth when the temporary pier is submerged
at a depth of 20 m. The pressure around the upstream pier is symmetrically distributed
with respect to x = 0◦. According to the flow field characteristics of the upstream pier,
although there is a vortex behind the upstream pier, this area has little influence on the
pressure of the upstream pier. Therefore, the pressure around the upstream pier column
is still distributed symmetrically along the central axis, and the pressure in the negative
pressure area on both sides of the upstream pier and behind the pier does not change
much. For the midstream pier, due to the influence of the vortex shedding behind the
upstream pier column, the incident point of the water flow on the midstream pier changes,
resulting in the maximum positive pressure appearing around −140◦ (left front) of the pier
column. For the downstream pier, the position of the maximum positive pressure is near
−150◦ (left front), where the pressure is not much different to the maximum pressure at
the middle pier. In addition, the pressure of the downstream pier is less than that of the
midstream pier, so that the resistance of the downstream pier is greater than that of the
midstream pier. From Figure 10b,c, it can be seen that the pressure fluctuations around
the middle and downstream piers are more obvious than those around the upstream
piers, mainly due to the regular vortex shedding generated by the front pier columns.
The circumferential pressure coefficient of the midstream pier in the section at d = 8 m
fluctuated significantly, which is due to the influence of the bottom boundary on the fluid,
resulting in uneven distribution of flow velocity along the water depth, leading to different
shedding situations of the vortex at different depths. Therefore, the circumferential pressure
coefficient distribution of the midstream pier varies significantly along the water depth.

5.5. Turbulence Intensity

In Figure 11, taking a flow speed of 4 m/s as an example, the turbulent intensity
distribution of the plane section at a depth of 2 m and the vertical section along the central
axis of the temporary pier was depicted. When the submergence depth is 10 m, the
turbulence intensity near the temporary pier is higher than that away from the temporary
pier, and the maximum turbulence intensity occurs in the wake area of the downstream
pier. As the depth of the flow increases, the overall turbulence intensity is first increasing
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and then decreasing. When the temporary pier is submerged at a depth of 20 m, the
overall turbulence intensity gradually decreases along the flow direction. The maximum
turbulence intensity between the upper and middle stream pier is significantly enhanced
in comparison with the temporary pier at the submerged depth of 10 m. This may be due
to slow flow at the bottom of the temporary pier, which enhances the energy input of the
main flow to the vortex shedding at the wake of the upstream pier.
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6. Conclusions

This article takes the temporary pier of a truss bridge in Jiangxi as the research object;
a three-dimensional model was established using the software Fluent (version 2022 R1) to
investigate the interaction between water flow and the temporary pier, and the following
conclusions were obtained:

1. The water flow characteristics of the temporary pier during the flood period were
obtained through numerical simulation. When the water flows through the temporary
pier, the vortex was generated behind it. This affects the distribution of water flow
force around these three piers.

2. The water pressure obtained from a numerical analysis was smaller than that from
measurement, but the overall difference is not significant. By comparing the numer-
ical simulation, the filed measurement and the results of the Morison equation, we
found that the numerical simulation results are closer to the measured value and the
numerical simulation method is more reliable than the semi-empirical method; thus,
numerical simulation can be used as an important tool for studying water flow forces.

3. The side of the temporary pier is subjected to significant negative pressure, which
should be taken seriously in the structural design process.

4. The circumferential pressure of the upstream pier is approximately symmetrically
distributed around 0◦, while vortex shedding occurs at the midstream pier. The
maximum positive pressure position of the midstream and downstream pier appears
near −140◦ (left front) and −150◦ (left front), respectively.

5. The area with the highest turbulence intensity occurs between the upstream and
midstream piers, and the turbulence intensity is affected by the flood depth.

6. Except for the positive pressure on the upstream side, the surface of the temporary
pier is subjected to negative pressure, and the lift and drag coefficient are not affected
by the flow velocity and submergence depth of the temporary pier.
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