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Steel arch bridges with inclined arch ribs under strong wind fields are prone to fatigue damage due to the stress concentration at
the position of hanger connections. Therefore, it is essential to perform the wind-induced response analysis for specified shape
hangers, such as inclined hangers, to determine the stress distribution and corresponding influencing factors. In this study, wind-
induced response analysis for a fatigue-prone asymmetric steel arch bridge with inclined arch ribs is performed by the numerical
simulation approach. The investigated bridge hangers’ models are established by using the COMSOL Multiphysics software. The
wind-induced stress of the bridge hangers under different wind directions is obtained based on the finite element method. The
influential factor of the stress distribution of the bridge hangers on both the windward side and the leeward side is discussed. In
addition, the stress peaks of the long hanger and short hanger are achieved for further fatigue analysis. This paper provides a
reference for determining the critical fatigue-prone position of an asymmetric steel arch bridge with inclined arch ribs.

1. Introduction

The long-span steel bridges under the conditions of heavy
traffic and harsh environment are vulnerable to fatigue
damage and failure [1-3]. The wind resistance performance
of long-span bridge structures under the cyclic action of
wind has become a major concern during the periods of
design, construction, and operation [4-6]. Especially, stress
concentration generated by long-term cyclic wind loading
may cause fatigue damage to long-span arch bridges with
hangers. For specified shape hangers, such as inclined
hangers, it is essential to perform the wind-induced response
analysis to determine the stress distribution and corre-
sponding influence factor including the wind speed and
wind direction.

Many research efforts have been devoted to the influence
of the wind speed and wind direction variability on civil
structures [7-9]. Generally, the wind speed directly deter-
mines the size of the wind load [10]. Wang et al. [11] used the
improved multirate fusion method to correct the monitoring
data for accurate modeling of the wind speed. Zhang et al.
[12] presented a quantitative analysis of the wind-induced

postcritical performance of bridge decks to highlight the
underlying wind-resistant capacity after critical wind speeds.
Hu et al. [13] investigated the wind characteristics as well as
the flutter performance of a long-span suspension bridge
located in a deep-cutting gorge terrain. Especially, the mean
wind speed, turbulence intensity, wind angle of attack, wind
speed power spectral density, and wind speed coherence
varying along the bridge girder were measured and analyzed.

In addition, the wind direction determines the change of
wind field environment [14]. Zhang et al. [15] studied the
influence effect of the wind direction on the wind field
characteristic parameters, and the results show that the wind
field characteristic parameters vary greatly among direc-
tions. Ye et al. [16] pointed out that the probabilistic
modeling of the wind speed and direction can effectively
characterize the stochastic properties of the wind field and
then presented an extended parameters estimation algo-
rithm for modeling the joint distribution of the wind speed
and direction by von Mises distribution based on the Rebmix
algorithm. Bao et al. [17] proposed a novel framework for
analyzing the dynamic responses of suspended monorail
vehicles running over curved bridges under cross winds. The
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results show that the wind direction has a great effect on the
lateral dynamic response of curved bridges, the lateral force
of the guiding tire, and the vertical force of the running tire.

Obviously, the wind speed and direction have a signif-
icant impact on the structural dynamic response. However,
it is difficult to calculate the stress response of the structure
when the wind speed and direction are known by the an-
alytical methods [18-21]. Nowadays, there are a lot of
models, such as standard k-¢, realizable k-¢, standard k-w,
and shear-stress-transport (SST) k-w, to describe the tur-
bulence in computational fluid dynamics (CFD) numerical
simulation [22]. Shimada et al. [23] examined the standard
k-e¢ model for various types of aerodynamic instability by
comparison with experiments and then discussed the ap-
plicability of an unsteady two-dimensional k-e¢ model to the
prediction of these instabilities based on the experimental
results. Haque et al. [24] carried out the numerical calcu-
lations for the airflow by solving the Reynolds-averaged
Navier-Stokes equations coupled with the realizable k-¢
turbulence model equation. Sun et al. [25] concerned with
the question of an appropriate turbulence model for the
computational modeling of bridge deck aeroelasticity, and
the result showed that the two-equation standard k-w tur-
bulence model strikes the right balance between computa-
tional efficiency and accuracy in simulating the flow regime.
Xu et al. [26] used the k-w SST model as the turbulence
closure for the equations to capture the turbulence effects in
the bridge deck-wave interaction. Furthermore, in order to
directly identify indicial responses on a bridge, the dynamic
nonlinear response of the bridge should be simultaneously
considered in CFD, that is, fluid-structure coupling, which
considers a motionless solid region immersed in the fluid
domain [27]. Gliick et al. [28] presented a partitioned
coupling approach for fluid-structure interactions and then
applied to structures with large displacements. Santo et al.
[29] used transient fluid-structure interaction simulations to
analyze the dynamic load and stress of structures. Wu et al.
[30] simulated one-way fluid-solid coupling interaction
based on the fluid flow and static structural modules of the
ANSYS finite element software. Thus, these turbulence
models are used to calculate the wind field, and the dynamic
response model is used to calculate the stress based on the
one-way fluid-solid coupling method in this study.

In this paper, the main contributions of this work are as
follows: (1) the investigated bridge hangers’ models are
established by using the COMSOL Multiphysics software,
which can calculate one-way fluid-solid coupling and (2) the
influence of the wind direction for the bridge hangers is in-
vestigated by case studies. The stress distribution of the in-
vestigated bridge hangers’ stress is obtained based on the
dynamic response model. The rest of the paper is organized as
follows. In Section 2, the turbulence model, that is, standard k-
¢, and the dynamic response model of computational solid
mechanics (CSM) are described. In Section 3, the results of the
influence of the wind direction are introduced. Finally, Section
4 ends with some conclusions drawn from this study.
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2. Methodology

2.1. Computational Fluid Dynamics. Wind load is one of the
key parameters in the design of long-span bridges because of
its relative low stiffness and damping. The wind tunnel test is
usually used to analyze the dynamic characteristics of long-
span bridges under wind excitation. In the past two decades,
CFD has received increasing attention due to its widespread
application in the bridge design as a low-cost complement
and supplement to the wind tunnel test. In general, fluids are
considered incompressible in the case of aerodynamic loads
induced by the wind on long-span bridges. The continuity
equation and momentum equation for incompressible fluid
can be written as [31]

an
ox,
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where p is the density of air, v is the kinematic viscosity, P is
the pressure, S;; is the velocity strain rate tensor,
Sij = 1/2(0U;/0x; + 0U ;/0x;), §;; is the Kronecker delta, U;
is the mean velocity components, and 7;; is the Reynolds
stress terms, which represents the diffusive transport of the
momentum by turbulent motion.

The turbulent Reynolds stresses and mean velocity
gradients were related by turbulent viscosity based on the
Boussinesq approximation, which can be expressed by [31]

ou; dU;\ 2
Tij = Ut(axj +axl) _gk(sij, (2)

where k is the turbulent kinetic energy.

If the flow field has a vortex or the number of Reynolds
exceeds a certain critical value or the fluid has irregular
movement, that is, turbulent flow phenomenon, then it can
be solved by turbulence models such as standard k-e¢ model.
For the standard k-¢ model, the transport equation of k can
be expressed by [32]
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The transport equation for ¢ can be expressed by [32, 33]
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where P, is the production of turbulent kinetic energy,
P.=0v8% 8= 1/23,-]43,-]-, and other constants are C, = 0.09,
o,=13,0,=10,C, =144, and C, = 1.92.
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2.2. Computational Solid Mechanics. The wind pressure
acting on the surface of the bridge is equivalent to the
concentrated force and concentrated moment acting on the
center of mass of the bridge. The dynamic equations can be
established by the D’Alembert theory, which can be
expressed by [34]

MX +CX+KX =F, (5)

where M is the mass matrix, C is the damping matrix
representing the inner or structural damping of the struc-
ture, K is the stiffness matrix, F characterizes the load acting
on the structure caused by the fluid, X is the displacement, X
is the velocity, and X is the acceleration.

In light of the displacement-based finite element
method, which is a systematic procedure for approximating
continuous functions as discrete models, the stress and
strain can be solved by [35]

1 .
& = E(X,-j +X;) 0 j=1,2,3),

0;; = Megey; + 2ue;; (i jok = 1,2,3),
P L (6)
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where o;; is the stress, ¢;; is the strain, E is the elasticity

modulus, and v is Poisson’s ratio.

3. Calculation and Analysis

COMSOL Multiphysics is a finite element software for
analysis of CFD, solid mechanics, one-way fluid-solid cou-
pling, etc. [36, 37]. An asymmetric steel arch bridge with
inclined arch ribs in [38] is selected to carry out wind-induced
stress response analysis, as shown in Figure 1. The simplified
model of bridge hangers is divided based on the COMSOL
software, as shown in Figure 2. In the bridge hanger model,
there is a circular cross-sectional area of 0.0017 m” for interior
hangers and 0.00042m? for exterior hangers. Young’s
modulus is 2.06 x 10° MPa, and Poisson’s ratio is 0.3. The top
and bottom of the bridge hangers are fixed. In this case study,
the wind speed is set as 20 m/s. 7 case studies in this paper are
carried out to obtain the distributions of the bridge hanger’s
wind field and stress field for different wind directions and
different turbulence models.

In Case 1, the wind field changes of bridge hangers at
different heights under the wind direction angle of 0°/180°
are calculated based on the COMSOL finite element soft-
ware, as shown in Figure 3. Obviously, the maximum and
minimum wind speeds are not the same at different heights
of bridge hangers. Specifically, when the height z is 10 m, the
maximum wind speed is 20.8 m/s and the minimum wind
speed is 15.3 m/s. When the height z is 5m, the maximum
wind speed is 21.0m/s and the minimum wind speed is
14.0m/s. When the height z is 3m, the maximum wind
speed is 21.1 m/s and the minimum wind speed is 9.3 m/s.

When the height z is 1.0m, the maximum wind speed is
21.1 m/s and the minimum wind speed is 6.39 m/s. It can be
seen from Figure 3 that the wind field varies with heights
under the same wind speed.

Furthermore, the von Mises stress change of the bridge
hanger under the wind field is calculated based on the
structural dynamic model. Especially, the fixed end of the top
of the bridge hanger is selected as the reference point, and the
von Mises stress changes between different hangers are
compared, as shown in Figure 4. It can be found that the
greater stress is observed at the fixed end of the longer hanger.
Specifically, the maximum von Mises stress of the long hanger
is 12.321 MPa and the minimum von Mises stress is 0.017 MPa.
The maximum von Mises stress of the short hanger is
0.813 MPa and the minimum von Mises stress is 0.001 MPa.

For case study 2, the wind field changes of bridge hangers
at different heights under the wind direction angle 30°/150°
are calculated, as shown in Figure 5. As can be seen from
Figure 5, the maximum and minimum wind speeds are also
different at different heights. Specifically, when the height z
is 10m, the maximum wind speed is 20.5m/s and the
minimum wind speed is 17.2 m/s; when the height z is 5m,
the maximum wind speed is 20.7 m/s and the minimum
wind speed is 16 m/s; when the height zis 3 m, the maximum
wind speed is 20.8 m/s and the minimum wind speed is
15.9 m/s; and when the height z is 1 m, the maximum wind
speed is 20.7 m/s and the minimum wind speed is 15.1 m/s.

Especially, the fixed end of the top hanger is selected as
the reference point and the von Mises stress changes be-
tween different hangers are compared, which can be seen in
Figure 6. The maximum von Mises stress of the long hanger
is 8.187 MPa and the minimum is 0.136 MPa; the maximum
von Mises stress of the short hanger is 0.931 MPa and the
minimum is 0.003 MPa.

For case study 3 (the wind direction angle is 60°/120°), as
can be seen from Figure 7, when the height z is 10 m, the
maximum wind speed is 20.4 m/s and the minimum wind
speed is 16.8 m/s; when the height z is 5m, the maximum
wind speed is 20.5m/s and the minimum wind speed is
15.9 m/s; when the height z is 3 m, the maximum wind speed
is 20.4 m/s and the minimum wind speed is 15.1 m/s; when
the height zis 1 m, the maximum wind speed is 20.4 m/s and
the minimum wind speed is 14.6 m/s.

Likewise, the fixed end of the top of the bridge hanger is
selected as the reference point. The maximum von Mises
stress of the long hanger is 7.768 MPa and the minimum von
Mises stress is 0.088 MPa; the maximum von Mises stress of
the short hanger is 1.144 MPa and the minimum von Mises
stress is 0.018 MPa, as shown in Figure 8.

The wind field changes of bridge hangers at different
heights under the wind direction angle 90° are calculated as
case study 4. As can be seen from Figure 9, when the height z
is 10m, the maximum wind speed is 20.5m/s and the
minimum wind speed is 11.9 m/s; when the height z is 5m,
the maximum wind speed is 20.5 m/s and the minimum wind
speed is 13.3m/s; when the height z is 3 m, the maximum
wind speed is 20.6m/s and the minimum wind speed is
13.9m/s; and when the height z is 1 m, the maximum wind
speed is 20.5m/s and the minimum wind speed is 13.5m/s.
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FIGURE 1: Details of the investigated bridge [38]. (a) Elevation. (b) Deck cross section at the center span.
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FiGure 2: Finite element model. (a) Wind field simulation. (b) Calculation mesh.



Advances in Materials Science and Engineering

Wind speed (m/s)

Wind speed (m/s)

(a)
Wind speed (m/s)

m/s
A2l1

20
18
16
14
12

y 10
v9.3

(b)
Wind speed (m/s)

v 6.39

(d)

F1GURE 3: Influence of height for wind field (wind direction =0°/180). (a) 0°/180°, z=10m. (b) 0°/180°, z=5m. (c) 0°/180°, z=3m. (d) 07/

180°, z=1m.

/

von Mises

¥ 1.74x107*

()

von Mises stress (MPa)

14 T T T T T
. L 0.8
10 L 06 &
=)
8 1 2
]
L 04 &
Az
=
4_
L 02 g
g
2 4
o L 0.0
T T T T

T
10 15
Number of hanger

20 25

—=— Long hanger
—u— Short hanger

()

FIGURE 4: Stress distribution of hangers (wind direction =0°/180°).

As can be seen from Figure 10, the maximum von Mises
stress of the long hanger is 15.844 MPa and the minimum
von Mises stress is 0.091 MPa; and the maximum von Mises
stress of the short hanger is 1.319 MPa and the minimum
von Mises stress is 0.016 MPa.

For case 5 (the wind direction angle is 210°/330°), as can
be seen from Figure 11, when the height z is 10 m, the
maximum wind speed is 20.5 m/s and the minimum wind

speed is 16.8 m/s; when the height z is 5m, the maximum
wind speed is 20.5m/s and the minimum wind speed is
16.1 m/s; when the height z is 3m, the maximum wind
speed is 20.5 m/s and the minimum wind speed is 15.2 m/s;
and when the height z is 1 m, the maximum wind speed is
20.6 m/s and the minimum wind speed is 14.6 m/s.

The maximum von Mises stress of the long hanger is
8.263 MPa and the minimum von Mises stress is 0.084 MPa;
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FIGURE 6: Stress distribution of hangers (wind direction = 30°/150°).

the maximum von Mises stress of the short hanger is
1.156 MPa and the minimum von Mises stress is 0.016 MPa,
as shown in Figure 12.

For case 6 (the wind direction angle is 240°/300°), as can
be seen from Figure 13, when the height z is 10m, the
maximum wind speed is 20.6 m/s and the minimum wind

speed is 16.7 m/s; when the height z is 5m, the maximum
wind speed is 20.5m/s and the minimum wind speed is
16 m/s; when the height zis 3 m, the maximum wind speed is
20.6 m/s and the minimum wind speed is 15.2 m/s; and when
the height z is 1 m, the maximum wind speed is 20.7 m/s and
the minimum wind speed is 13.6 m/s.
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FIGURE 8: Stress distribution of hangers (wind direction = 60°/120°).

The maximum von Mises stress of the long hanger is
7.073 MPa and the minimum von Mises stress is 0.213 MPa;
and the maximum von Mises stress of the short hanger is
1.358 MPa and the minimum von Mises stress is 0.007 MPa,
as shown in Figure 14.

For case study 7 (the wind direction angle is 270%), as can
be seen from Figure 15, when the height z is 10m, the

maximum wind speed is 20.5m/s and the minimum wind
speed is 14.9 m/s; when the height z is 5m, the maximum
wind speed is 20.8 m/s and the minimum wind speed is
13.6 m/s; when the height z is 3 m, the maximum wind speed
is 21 m/s and the minimum wind speed is 12.1 m/s; and when
the height z is 1 m, the maximum wind speed is 21 m/s and
the minimum wind speed is 13.7 m/s.
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The maximum von Mises stress of the long hanger is
15967 MPa and the minimum von Mises stress is
0.239 MPa; and the maximum von Mises stress of the short
hanger is 1.83 MPa and the minimum von Mises stress is
0.035 MPa, as shown in Figure 16.

It can be seen from case studies 1-7, the maximum and
minimum wind speeds are not the same at different heights.
The greater stress is observed at the fixed end of the longer
hanger when the fixed end of the top of the bridge hanger is
selected as the reference point. Case studies 1-7 follow the
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F1GURE 13: Influence of height for wind field (wind direction = 240°/300°). (a) 240°/300°, z= 10 m. (b) 240°/300°, z =5 m. (c) 240°/300°, z=3 m.
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FIGURE 16: Stress distribution of hangers (wind direction =270°).

same laws for determining the critical fatigue-prone position
of the asymmetric steel arch bridge with inclined arch ribs.

4. Conclusions

In this study, a numerical simulation approach is performed
to analyze the wind response of a fatigue-prone asymmetric
steel arch bridge with inclined arch ribs. The model of the

bridge hanger investigated is established by using the
COMSOL Multiphysics software. The bridge hangers with
different wind directions are obtained based on the finite
element method considering the influencing factors of the
stress distribution of both windward and leeward bridge
hangers. In addition, the stress peaks of long and short
hangers are checked for further analysis. The influence of the
wind direction for the wind field of bridge hangers are
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investigated by using seven cases, and the von Mises stress of
bridge hangers is calculated based on fluid-solid coupling.
The main conclusions drawn from this study are summa-
rized as follows:

(1) The maximum stress of the hangers is observed at the
top of the long hanger under different wind direc-
tions. That is, the critical fatigue-prone position of
the asymmetric steel arch bridge with inclined arch
ribs is at the top of the long hanger.

(2) The stress of the bridge hangers on the windward
side is greater than that on the leeward side; it is
necessary to pay close attention to the fatigue
analysis of long hangers on the windward side.
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