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Abstract. Considering the wind barriers induced aerodynamic characteristic variations of both bridge deck and trains, this
paper studies the effects of wind barriers on the safety and stability of trains as they run through an urban rail transit cable-stayed
bridge which tends to be more vulnerable to wind due to its relatively low stiffness and lightweight. For the bridge equipped
with wind barriers of different characteristics, the aerodynamic coefficients of trains and bridge decks are obtained from wind
tunnel test firstly. And then, the space vibration equations of the wind-train-bridge system are established using the
experimentally obtained aerodynamic coefficients. Through solving the dynamic equations, one can calculate the dynamic
responses both the trains and bridge. The results indicate that setting wind barriers can effectively reduce the dynamic responses
of both the trains and bridge, even though more wind forces acting on the bridge are caused by wind barriers. In addition, for
urban rail transit cable-stayed bridges located in strong wind environment, the wind barriers are recommended to be set with
20% porosity and 2.5 m height according to the calculation results of cases with wind barriers porosity and height varying in two
wide ranges, i.e., 10% - 40% and 2.0 m to 4.0 m, respectively.
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1. Introduction

The crosswind has always been a threat to the running
safety of trains, especially for the moving trains on bridges
because the altitude-dependent wind velocity at the bridge
deck level is normally higher than that at the ground level.
Besides, the wind-induced load on the trains is exaggerated
due to the train-bridge aerodynamic interaction, which
further deteriorates running safety of the trains (Dorigatti et
al. 2012, Han et al. 2014). Dynamic analyses of coupled
train and cable-stayed bridge systems under winds indicated
that the dynamic responses of trains passing long-span
bridges are more sensitive to the wind load than those on
other types of bridges due to the relatively low structural
rigidity (Xu et al. 2003, Xu et al. 2004, Xu et al. 2004, Li et
al. 2005). Especially, for a cable-stayed bridge in urban rail
transit as in this study, the wind-induced condition may be
more serious as the bridge is with a long span and the
superstructure is in the form of a steel girder with smaller
height and weight than concrete girder. Thus, it is of great
significance to improve the running safety of the urban rail
transit special cable-stayed bridges located in strong wind
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environments. Fortunately, the wind barriers afford a
possible solution as they can effectively improve the traffic
safety by providing a relatively low wind environment for
the train (Baltaxe et al. 1967, Kwon et al. 2011, Chu ef al.
2013, Santiago et al. 2007). However, even though the
setting of wind barriers on bridge deck reduces the wind
load on the trains, it induces more loads to the bridge and
also changes the aerodynamic characteristics of bridge deck
(Charuvisit et al. 2004, Xiang et al. 2018, Zhang et al. 2018,
Kozmar et al. 2012, Buljac et al. 2017). According to the
existing researches, it was unwise to apply the normally
exploited wind barriers to the bridges with very low
stiffness. Especially for the urban rail transit special cable-
stayed bridge, the stiffness and weight are much smaller
than normal urban rail transit bridges. The wind load
induced by the wind barriers may cause remarkable
deformations and vibrations of the bridge located in a
strong wind environment as the small cross section cannot
provide enough stiffness to resist the wind forces and the
light self-weight of bridge girder cannot provide sufficient
restoring forces to reduce the wind-induced deformation
rapidly. These deformations and vibrations further affect the
running safety of the urban rail transit trains on the bridge.
Therefore, it is essential to account for this combined effect
of wind barriers and the bridge deck and trains on the
aerodynamic characteristics of the corresponding objects.

In this study, wind tunnel tests are conducted on the
train-bridge deck system equipped with wind barriers to
investigate the performance of the wind barriers. The
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performance of the wind barriers includes the influence of
wind barrier on the aerodynamic loading of trains and
bridge decks. In order to measure the dimensionless force
coefficients of both the bridge deck and train in a train-
bridge combination state, this study employs a new
measuring method, where two pairs of force balances are
equipped on the train and bridge deck segment models,
respectively. Thus, the aerodynamic forces of bridge and
train can be obtained concurrently. In other words, the two
forces are measured at the same time. Actually, in previous
studies, the method of obtaining aerodynamic forces of the
bridge deck and trains is a step-by-step measurement by
changing the measuring position of the force balances in a
wind tunnel. That is, two force balances are firstly installed
at both ends of the train segment model for measuring, and
then they are installed at both ends of the bridge segment
model (Li et al. 2004, Han et al. 2013, Guo et al. 2015).
The dynamic similarity in fluid mechanics is the
phenomenon that if two geometrically similar vessels
possess the same boundary conditions together with the
same Reynolds number, the fluid flows in these vessels can
be regarded as identical to each other. Although this method
is feasible based on the dynamic similarity in fluid
mechanics, the measuring errors which are possibly caused
due to changing the position of the force balances are
difficult to be avoided. With the new measuring method in
this study, these errors can be avoided.

Moreover, using the measured aerodynamic coefficients,
this study analyzes the effects of key factors of wind barrier
on the aerodynamic characteristics of the bridge deck and
trains for the urban rail transit special cable-stayed bridge.
According to the findings presented in (Su ef al. 2017, He et
al. 2016, Simiu et al. 1996, Gandemer 1981, Judd et al.
1996), various factors affect the aerodynamic characteristics
of the wind barrier. Based on the references, porous barriers
have been proved to be more efficient than solid barriers in
wind protection (Lee ef al. 1998), and porosity is identified
as one critical parameter determining the performance of
the wind barriers (Heisler et al. 1988; Lee et al. 1999,
Kwon et al. 2011). Additionally, height is also one key
factor affecting the aerodynamic characteristics of wind
barriers according to the existing results (Cornelis et al.
2005, Chu et al. 2013, Kozmar et al. 2014). It is generally
accepted that the optimum height of the wind barrier needs
to consider the height of the vehicles, whereas different
vehicles may have very different dimensions. Hence, the
conclusions of the previous studies cannot be directly used
(Chu et al. 2013). In addition, the height and porosity of the
wind barrier on bridges need to be adjusted according to the
train and bridge type to achieve the best wind protection
(Kozmar et al. 2014). However, these studies reveal the
interdependent between porosity and height of wind barriers
on the bridge only from the perspective of aerodynamic
analysis. Under the combined action of train-induced load
and wind-induced load, the low stiffness and lightweight
bridge will produce large deformation and vibration, and
this coupled vibration will affect the running safety of the
train. Therefore, it is necessary to study wind barrier
influence mechanism from the perspective of aerodynamic
analysis but also the perspective of wind-train-bridge

coupled vibration analysis when the bridge has low stiffness
and lightweight. Furthermore, compared with high-speed
trains, urban rail transit trains have larger geometric
dimensions and a lighter weight, which means more wind
forces will be applied on the trains and the restoring force
from the self-weight may be insufficient. Thus, more
attentions should be paid on the running safety of the urban
rail transit trains, especially under a strong crosswind
environment. This also indicates that the contributions of
the previous studies on wind barrier for high-speed railway
bridge are not fully applicable to urban rail transit special
cable-stayed bridge. In order to obtain the optimal value of
porosity and height of wind barrier on urban rail transit
special cable-stayed bridge, the following research is
carried out.

Taking the first urban rail transit special cable-stayed
steel box girder bridge (Gaojiahuayuan Bridge) of China as
the engineering background, this paper studies influence
mechanism of wind barrier on urban rail transit trains
running safety not only from the perspective of
aerodynamic analysis but also from the perspective of wind-
train-bridge coupled vibration analysis. Hence, the research
is completed in two steps. In the first step, the aerodynamic
coefficients of the trains and the bridge beams are obtained
from wind tunnel experiments on the bridge beams
equipped with wind barriers of various porosities and
heights. The second step is to establish and solve the
coupled vibration equation of the train-bridge system
subjected to fluctuating wind loads. In this step, a modified
spectral representation method is used to generate the
spanwise stochastic wind field, and then the aerodynamic
coefficient obtained in the first step is adopted to realize the
simulation of the wind-induced load of the train-bridge
system. The coupled vibration equation of the train-bridge
system subjected to wind-induced load is established to
study the influence mechanism of wind barrier factors on
the running safety of urban rail transit cable-stayed bridge.
Moreover, using the established coupled vibration model,
the relation between the characteristics of wind barriers
including the porosity and height and the dynamic
responses of bridge and trains including acceleration
histories, rate of wheel load reduction and derailment
coefficients are obtained as the trains run through the urban
rail transit cable-stayed bridge with different speeds and
under different wind speeds environments. With these
relations, one can have a clear image of the effects of
setting wind barriers on the running safety and urban rail
trains on the cable-stayed bridge. Additionally, these
relations can provide references for the wind barrier setting
on the other urban rail transit cable-stayed bridge.
Furthermore, to facilitate application, a recommendation on
the parameter values of the wind barriers is suggested for
this bridge under strong wind conditions.

2. Wind tunnel tests
The wind tunnel tests in this paper are carried out in the

high-speed railway wind tunnel at Central South University.
It is a closed-circuit atmospheric boundary layer wind
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Fig. 3 Photograph of 1/40 scaled model of wind barriers

tunnel with two test sections: the low- and high-speed
sections. In order to reduce the effects of turbulence and
obtain the aerodynamic forces more accurately, the section
model is tested in the high-speed section of the wind tunnel
which can provide a low turbulence level. For the wind
tunnel test of bridge, dynamic similarity exists when the
model and the prototype have the same length scale ratio.
The train and bridge girder (including the wind barrier) are
modeled as rigid bodies with a geometrical scale of 1: 40 in
the wind tunnel tests to obtain aerodynamic forces of train
and bridge. However, due to failure to achieve Reynolds
number similarity, Reynolds number effects in the flow
around a bluff and sharp edged bridge girder cross section
exist in the most wind tunnel test of scale model (Schewe et
al. 1998). Although it is impossible to achieve the same
Reynolds number in the model and the prototype, one can
reduce Reynolds number effects. One common approach is
designing the wind tunnel test to have a Reynolds number

(b) The side view

Fig. 4 Photograph of aerodynamic force testing device of
train-bridge system

falling in a range which makes the Reynolds number effect
not obvious. As reported in wind tunnel tests (Larsen et al.
1998, Matsuda et al. 2001, Guo et al. 2015), 10* to 10°
could be an appropriate and acceptable range for
aerodynamic force measurement of bridge girders. Wind
tunnel tests considered the combined effects of wind
barriers on the aerodynamic characteristics of the bridge
deck and trains. Measured with four force balances, the
aerodynamic forces of trains and bridge decks were
obtained in the train-bridge combination state concurrently
as shown in Fig. 1. Compared to previous measurements
with two force balances, the measurement error caused by
changing the position of the force balances can be avoided
in this study. The four force balances were mounted on both
ends of the train and bridge deck section models.

2.1 Test model

The tested section model includes the bridge deck
section model, the train section model, and the detachable
wind barrier model. The train section model is based on the
A-type rail transit passenger train (GB50157-2013), which
is currently used in most urban rail transit transits in China.
The size of the cross-section of the A-type rail transit
passenger train is 3.38 m wide, and 3.50 m high, which is
much larger than the size of the cross-section of the high-
speed train. Thiscauses the A-type rail transit passenger
train's body to be subjected to greater lateral wind-induced
load in the crosswind. The bridge deck section model is
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based on the bridge deck of Gaojiahuayuan Bridge. As there
are only two lanes on this urban rail transit special bridge
deck, the size of the cross-section of the bridge deck which
is 19.60 m wide and 3.00 m high is much smaller than the
road-rail bridge deck. Fig. 2 shows the cross-section of the
bridge deck. As the catenary mast can hardly affect the
aerodynamic characteristics of the train and bridge, it is not
included in the test section model. For the 3.50 m height of
the urban train, 2.5 m, 3.0 m, 3.5 m, 4.0 m are selected as
the height of the wind barriers. Moreover, 10%, 20%, 30%,
40% are selected as the porosity of the wind barriers and the
wind barrier model is scaled down on these bases.

In the current wind tunnel experiment, the scale ratio
between the test model and the real structure was chosen to
be 1:40 for all tested models. Accordingly, the dimensions
of the train model are 2000 mm long, 110 mm high and 89
mm wide, and the length (L), height (H), and width (/) of
the bridge deck model are 2000 mm, 75 mm, and 490 mm,
respectively. On both sides of the bridge deck, wind barrier
models with different porosities and heights are set up at a
distance of 189 mm away from the centreline of the bridge
deck. According to previous researches, it is well known
that the pore size and form of the wind barrier can affect the
performance of the wind barrier (Dong et al. 2007, Xiang et
al. 2014, Xiang et al. 2015). In order to make all the results
comparable, all wind barriers are equipped with the same
pore size and form which adopts evenly distributed
rectangular holes of dimensions §x8 mm in this experiment
as shown in Fig. 3. All of these wind barrier models are
detachable, so in each test case, only the wind barrier
models need to be changed, while the train and bridge deck
model and the force balances are maintained as they are.

2.2 Test conditions and data processing

All test cases were conducted with a uniform oncoming
flow in the high-speed test section. The oncoming flow
velocity U is 10 m/s, corresponding to a Reynolds number
of 1.23x10% based on U and H (the height of the train-
bridge system model). The wind barrier models were
installed on the bridge deck model, and the train model and
the bridge deck model were separated. Fig. 4 shows the
photo of the experimental setup for this wind tunnel test. To
measure the aerodynamic forces on the train model and the
bridge deck model, a couple of force six-component
balances (NITTA, Inc., Jap.) was set on the two ends of
either the train model or the bridge model in the flow.
Hence, the aerodynamic forces acting on both models can
be measured separately but simultaneously accounting for
the influences due to the existence of each other. With four
force balances, the measurement method in this study can
avoid the measurement error caused by changing the
position of the force balances. At each end of the segment
model, six components including the three forces (lift, drag,
and side) and the three moments (pitch, roll, and yaw) can
be measured with the balance. The measurement ranges of
each component sensor are lift force and drag force: +100N,
side force: £200N, moments of pitch, roll, and yaw:
+11IN-m. As the geometry scale of the segment model and
the wind speed scale are selected to be 1/40 and 1/2
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Fig. 5 Diagram of the body axis system

respectively, the sampling duration is chosen20 swith
respect to the duration of crossing the prototype bridge of
40s (Yoshie et al. 1997). On the basis of the measured data,
the aerodynamic coefficients of the bridge and the train
were calculated respectively.
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Aerodynamic coefficients, including the drag force
coefficient Cpy, lift force coefficient Cry, and pitching
moment coefficient Cyyy, can be obtained with Egs. (1), (2),
and (3), where Fp, Fi, and M are the drag force, lift force,
and pitching moment acting on the model in the body axis
system (Fig. 5), respectively, which can be measured by the
force six-component balances; U., is the test wind speed; L
is the length of model; B is the width of model; p is the air
density; H is the height of model. When calculating the
train aerodynamic coefficient, H is assumed equal to the
height of the train. In terms of the calculation of the
aerodynamic coefficients of bridge deck, H is the sum of
the heights of deck and barrier. The pitching moment, M, is
calculated with respect to the sectional centroid of the
model. For the wind-train-bridge coupling vibration
analysis, aerodynamic coefficients are generally used to
determine the wind-induced load of train and bridge deck at
different wind velocities (Li ef al. 2005, Li et al. 2013,
Zhang et al. 2018). However, for train-bridge systems,
especially those with wind barriers, the complex turbulent
field behind the wind barriers makes the measured force
unsteady in the wind tunnel. Considering the complexity of
unsteady analysis, a unitary value for the admittance
function of both the bridge deck and the train has been
assumed in this study.

2.3 Wind tunnel test results

According to the time history of force coefficients, the
mean coefficients can be obtained by time-averaged. In
wind tunnel test, the study focuses not only on the
aerodynamic loading of trains, but also on the aerodynamic
loading of bridge decks. The recorded experimental results
are presented to analyse the influence of wind barriers on
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the aerodynamic forces of the bridge and the train, as shown
in Figs. 6,7, 8 and 9.

By comparing the aerodynamic coefficients of the cases
with and without wind barrier, it can be seen that the wind
barrier reduces the wind-induced load on the train while
bringing more wind-induced load to the bridge deck. The
degree of this effect varies depending on the height and
porosity of the wind barrier. Figs. 6 and 7 illustrate the
change of aerodynamic coefficients with the wind barrier’s
porosity from 10% to 40% when the wind barrier’s height is
3.0 m. As the responses of the bridge and the train depend
on the magnitude of the aerodynamic coefficients, this
paper compares the absolute values of the data. As shown in
Fig. 6, with the increase of the wind barrier’s porosity from
10% to 40%, Cp of the bridge decrease by 35% and C of
the bridge decrease by 41%. On the contrary, with the
increased porosity Cp of the train increase by 621% and C;.
of the train increase by 54%. Fig. 7 shows the effect of wind
barrier’s porosity on Cp and C; of the bridge and the train
when the train runs on the leeward lane. The aerodynamic
coefficients of windward cases and leeward cases have the
same variation tendency. Nevertheless, it can be seen that
the wind barrier’s porosity has more effect on the
aerodynamic coefficients for both the train and the bridge
when the train runs on the windward lane. The reason is that
the windproof effect of the wind barrier is related to the
distance between the train and the wind barrier (Kwon et al.
2011, Cornelis et al. 2005). Compared with the leeward
condition, when the train is on the windward lane, the train
is closer to the wind barrier on the windward side, and the
change of the wind barrier porosity has a more significant
effect on the wind speed in the vicinity of the wind barrier.
Figs. 8 and 9 show the change of aerodynamic coefficients

Wind velocity (m/s)

0 5 10 15 20 25 30 35 40 45 50
Time (s)

Fig. 12 Time histories of the turbulent horizontal
component at mid-span of bridge deck

with wind barrier’s height ranging from 2.5 m to 4.0 m
when the wind barrier’s porosity is 30%. As shown in Figs.
8(a) and 9(a), in the case of windward and leeward, the Cp
of the bridge increases by 55% and 37% respectively, and
the Cp of the train reduces by 40% and 38% respectively.
On the other hand, the effect of the wind barrier’s height on
the C; of bridge and train is different, as shown in Figs. 8(b)
and 9(b). In thecases of windward and leeward, the C;
of the bridge reduces by 41% and 35% respectively,
the Cp of the train increases by 7% and 4%
respectively. This indicates that the effects of wind
barrier’s height on Cp and C; of the train and Cp of
the bridge is more significant than on C; of bridge as
the height varies from 2.5 m to 4.0 m. This is because
the change in wind barrier height does not
significantly change the wind pressure difference
between the above and below surfaces of the bridge
deck when the train is on the bridge.

The results of wind tunnel tests indicate that reducing
porosity and increasing the height of the wind barrier can
effectively reduce the wind-induced load of the train in the
crosswind environment, but it will also bring more wind-
induced load to the bridge deck. Especially when the wind
barrier porosity is reduced from 40% to 10% and the wind
barrier height is increased from 2.5 m to 4.0 m, the wind-
induced drag force on the bridge deck is increased by 35%
and 55% respectively. For urban rail transit special cable-
stayed bridge, the wind-induced load acting on the bridge
deck can cause large deformation and vibration. This is
expected to deteriorate the running safety of the bridge.
Therefore, the aerodynamic analysis of wind barriers for
urban rail transit special cable-stayed bridge is not enough,
it is necessary to study the wind barrier influence
mechanism from the perspective of wind-train-bridge
coupled vibration analysis.

3. Dynamic model for wind-train-bridge system

3.1 Simulation of turbulent wind field

To simulate the fluctuating wind force acting on the
train and bridge, a modified spectral representation method
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Fig. 13 Mechanical model of the carriage

is used to generate the spanwise turbulence wind field
(Scanlan et al. 1990, Shinozuka et al. 1990). This method is
based on the original spectral representation method under
the assumption that the wind field is homogeneous along
the spanwise direction of the bridge (Yang et al. 1997).
Considering m wind turbulence processes u;(?) (i = 1, 2,...,
m) of locations along the spanwise direction of a bridge
(Fig. 10), and assuming that all the locations are on the
same clevation, the spectral density matrix for these m
processes can be written as

I Sy S Si Sim

Sy Sy Sy 2m
S=|S; Sz Sg Sam 4

L Sml sz Sm3 Smm

According to the previous research (Xu et al., 2004),
because the bridge is a longitudinal structure along the
spanwise direction, only horizontal and vertical fluctuating
wind components are considered in simulation of turbulent
wind field for bridges.Wind turbulence characteristics of
locations along the spanwise direction of the bridge are
presented by the Kaimal wind spectrum (Kaimal et al.,
1972; Simiu et al., 1996). So the horizontal and vertical
auto-spectral density functions of the wind turbulence,
ui(t)andwi(t)(i =1, 2,..., m) can be expressed as

200 fu?
S{n)=———— 5
() n(1+50f )" ®

3.36 fu?

S =0 =
u(0) n(1+10f)"° ©

where S, is the auto-spectra of wind turbulence w;(?) ,and S,
is the auto-spectra of wind turbulence w;(?); f= nz;/U; is the
non-dimensional Monin coordinate; U; is the mean wind
velocity in m/s at altitude z;; u+ is the shear velocity of the

wind flow in m/s; n is the frequency in Hz.

The total length of the bridge is 583 m with a main span
of 340 m as shown in Fig. 11. The number of locations for
simulating wind velocities is 29. The longitudinal distance
between the two adjoin locations is 20 m. The wind speed
simulation between adjoin locations is obtained following
the Linear Interpolation Algorithm (LIA). In previous
studies on the wind-train-bridge coupled vibration analysis
(Xu et al. 1996, Wang et al. 1996), the sampling frequency
normally varies in a range from 10Hz to20Hz in simulations
of wind field. Besides, the main frequency of the bridge is
calculated as 0.4187 Hz. Thus, it is decided to use a
sampling frequency of 10 Hz which is broad enough
corresponding to the main frequency of the bridge. For a 50
s of sampling duration, the number of computational steps
is 500 in total. Typical time-history of the turbulent
horizontal component with the mean wind velocity U=25
m/s is shown in Fig. 12.

3.2 Dynamic models for the train and the bridge

The train model consists of eight carriages. Each

carriage is composed of seven rigid components, i.e., one
body, two bogies, four wheel-sets. As shown in Fig. 13, the
bogies are connected with the body and wheel-sets using
the spring (K) and damping (C) elements.
To simplify the analysis, it is assumed that the body, bogies,
and wheel-sets in each carriage are regarded as rigid
components. Each of the body and bogies both has five
DOFs (Degrees of freedom): transverse and vertical
displacements y, z; rolling ¢; pitching 8; and yawing ¥ at
the centre of gravity. Each wheel-set has two DOFs:
transverse displacement y; and yawing ¥ at the center of
gravity. In total, a carriage has 23 DOFs.

The case study concerns Gaojiahuayuan Bridge, a
streamlined steel-box-girder cable-stayed bridge crossing
the Yangtze River in Chongqing, China. The bridge has a
main span of 340 m and the height of the tower is 120 m.
As a rail transit special cable-stayed bridge, the bridge deck
only has two tracks for trains, and the bridge girder adopts a
steel box structure. The general information of the bridge is
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Fig. 15 Time histories of vertical displacements of the mid-span of the bridge deck

shown in Fig. 11.

In this paper, assume that there is no relative movement
between the track and bridge deck, a multi-degree of
freedom finite element model is adopted. The beam
elements are used for bridge girder, tower, and pier. The
link element is used for stay cable. The constraint condition
between pier and girder is handled by a master-slave node.
The girder and the stay-cable are joined by the rigid arm.
By adopting this method, a finite element model (FEM) of
the bridge is established using a finite element analysis
software which was developed by Central South University
based on Fortran.

3.3 The space vibration equation of wind-train-
bridge system

With D'Alembert's principle applied and the damping
force considered, a dynamic problem of an elastic system
turns into a problem of dynamic equilibrium. When the
train is on the bridge, the total potential energy of the
bridge-train elastic dynamic system at time t can be
expressed as

Uu,=U+U,+U, @)

where U, is the potential energy of the bridge; U; is the

potential energy of the train; U,, is the potential energy of
the wind-induced force.

Uy is only a function of displacements u of an elastic
dynamic system at time . When D'Alembert's principle is
applied and the time ¢ is fixed transiently, the dynamic
equilibrium of wind-excited bridge-train system with n
generalized coordinates requires that is to be

", QU
ou, =0 8
le o0 (®)

Arranging these equations in i =1,2, ---,n order and
writing that in matrix form, one obtains

Mb X{, + C,’J + (,1',”;) + Ci'm C]:r .Xﬂ,
M t X t (".'h ("r + C1H X t

i K,+K,,+K, K, X, _ P.+P,
K K+K,||x | | P

th w

where M, and M, are mass matrixes of the train and the
bridge, respectively; C» and C; are damping matrixes of the
train and the bridge, respectively; Cp» and Cy, are damping
matrixes of train-bridge system caused by the bridge
vibration; Cp; and Cy are damping matrixes of train-bridge
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system caused by the train vibration; Cp,, is damping matrix
of bridge caused by the fluctuating wind load; Pp. is the
dead load of train on the bridge; Py, and Py, are the wind
load on the train-bridge system; K is stiffness matrix of
train-bridge system, the meaning of the subscript is similar
to that of the damping matrix. As the second-order linear
non-homogeneous differential equation with time-varying
coefficients, Eq. (9) can be solved using the Wilson-0
implicit integral algorithm

4. Results and discussion
4.1 Analysis of the time history of dynamic response

In order to study the influence of wind barriers on the
time history of dynamic responses of bridge and trains, the
dynamic response time history under two conditions,
including with and without wind barriers, was analyzed
respectively. The calculation was processed under the
following conditions: the wind speed at 30 m/s, and the
train speed at 80 km/h. Moreover, the porosity of the wind
barrier is 30% and the height of the wind barriers is 3.0 m in
the calculation. In order to consider the most critical
conditions, the train quality needs to be minimal, and the

train is in a no-load condition without passengers.

4.1.1 Time history of bridge dynamic response

Fig. 14 and 15 illustrate the time histories of horizontal
and vertical displacements of the mid-span of the bridge
deck. When the train moves to the mid-span of the bridge,
the amplitude of displacement dynamic response curve of
the bridge deck at the mid-span increases obviously. By
comparing the results of windward and leeward cases, the
peak value of the horizontal displacement curve of the
bridge deck at the mid-span is larger when the train runs on
the windward side of the bridge deck. This is because that
on the one hand, as the train moves on either the windward
track or the leeward track, the train-induced load produces
not only a downward displacement but also a rotation
around the center of the cross-section. This rotation may
induce a horizontal displacement of the bridge deck.
Geometrically, the rotation-related horizontal displacement
is in the same direction as the crosswind in terms of the
windward cases, whereas the direction is opposite to the
crosswind in the leeward cases, as shown in Fig. 16. And on
the other hand, the train in the windward cases bear a
greater wind-induced load which is transmitted to the bridge
deck through the track. Moreover, the effect of the wind
barrier on the dynamic response of the bridge deck
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Table 1 Description of calculation cases

Case Wind speed  Height of wind Porosity of wind
number (m/s) barrier (m) barrier (%)
1~4 20 2.5 10, 20, 30, 40
5~8 20 3.0 10, 20, 30, 40
9~12 20 3.5 10, 20, 30, 40
13~16 20 4.0 10, 20, 30, 40
17~20 25 2.5 10, 20, 30, 40
21~24 25 3.0 10, 20, 30, 40
25~28 25 3.5 10, 20, 30, 40
29~32 25 4.0 10, 20, 30, 40
33~36 30 2.5 10, 20, 30, 40
37~40 30 3.0 10, 20, 30, 40
41~44 30 3.5 10, 20, 30, 40
45~48 30 4.0 10, 20, 30, 40
49~52 35 2.5 10, 20, 30, 40
53~56 35 3.0 10, 20, 30, 40
57~60 35 3.5 10, 20, 30, 40
61~64 35 4.0 10, 20, 30, 40

displacement is obvious. As shown in Fig. 14(a), after the
wind barrier is set on the bridge deck, the maximum
horizontal displacement of the bridge deck at the mid-span
reduces by 37%. Compared with the bridge deck equipped
with wind barriers, the peak value of the displacement curve
of the bridge deck at the mid-span is larger when there is no
wind barrier on the bridge deck according to Figs. 14 and
15. The reason is that the wind barrier reduces the influence
of the train on the dynamic response of the bridge deck in
the crosswind environment. When the train travels to the
mid-span of the bridge, the dynamic response of the mid-
span bridge deck is mainly affected by the train. After the
installation of the wind barrier, the wind-induced load on
the train is significantly reduced. The calculation results of
wind-train-bridge coupled vibration show that, although the
wind barrier brings wind-induced loads to the bridge girder,
considering the reduced wind-induced load of the train, the
maximum displacement of the bridge deck with the wind

barrier is smaller than that without the wind barrier.

4.1.2 Time history of train dynamic response

Figs. 17 and 18 show the time histories of horizontal
acceleration responses of the first carriage under the
influence of the wind barrier when the train runs on the
windward side and the leeward side of the bridge. It can be
seen that the influence of the wind barrier on the
acceleration time history of the carriage is mainly reflected
in the time period when the carriage is running on the first
side span of the bridge. The reason is that the wind-induced
load of the train has a sharp change at the beginning of the
train running on the bridge. In the simulation of the wind-
train-bridge coupled vibration, the bridge is in a spanwise
strong wind field. This is also in line with the actual
situation, because the urban rail transit train is surrounded
by buildings before it enters the bridge, and is almost in a
windless environment. Thus, the wind environment of the
urban rail transit train changes from almost windless to
strong at the moment of it moves onto the bridge deck.
Fortunately, the wind barrier can effectively reduce the
wind-induced load on the train at the initial stage of the
train running on the bridge. Moreover, the time history of
carriage dynamic response indicates that setting up the wind
barrier on the bridge deck can effectively reduce the peak
value of the horizontal and vertical acceleration of the
carriage when the train runs across the bridge under strong
crosswind. When the mean wind speed is 30 m/s in the case
of windward and leeward, the wind barrier reduces 13% and
4% of the peak value of the horizontal acceleration of the
carriage respectively and reduces 32% and 29% of the peak
value of the wvertical acceleration of the carriage
respectively. Compared with the train running on the
windward side of the bridge deck, the peak value of the
horizontal and vertical acceleration of the carriage is
obviously smaller when the train is running on the leeward
side of the bridge deck.

4.2 Analysis of the maximum dynamic response of
train

Previous findings indicate that when the train is running
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Fig. 20 Maximum vertical accelerations of the train with different heights and porosities wind barriers under the application
of crosswind

on the windward side of the bridge, the dynamic response
of the train is greater than that on the leeward side of the
bridge. Accordingly, the influence of the wind barrier on the
train dynamic response is studied only when the train is
running on the windward side of the bridge in the following
study.

According to previous studies, the main factors
influencing the windbreak performance of wind barriers are
their porosity and height. Considering the mean wind
speeds in the range of 20-35 m/s, the train safety index is
calculated under different height and porosity wind barriers
to study the influence mechanism of wind barrier’s porosity
and height on the running safety of urban rail transit cable-
stayed bridge. In light of the working conditions arranged as
in Table 1, this paper works out the train-bridge dynamic
response with a total of 64 cases under the application of

crosswind. The calculation of all 64 cases is processed
under the following conditions: the deck wind speed from
20 m/s to 35 m/s, the train speed at 80 km/h, wind barrier’s

porosity from 10% to 40%, and wind barrier’s height from
2.5mto 4.0 m.

4.2.1 Maximum accelerations of the train

Fig. 19 shows the maximum horizontal accelerations of
the train when the strain runs through the bridge equipped
with different heights and porosities of wind barriers under
the attack of crosswind. It can be seen that when the mean
lateral wind speed is 20 m/s, the change of wind barrier

height and porosity has very little influence on the
maximum horizontal acceleration of the train. However,
when the mean lateral wind speed is greater than 25 m/s, the
maximum horizontal acceleration of the train is apparently
influenced by the change of the wind barrier’s height and
the change of the wind barrier’s porosity. It also can be seen
that when the mean lateral wind speed is less than 25 m/s,
the horizontal acceleration of the train increases slightly
with the decrease of wind barrier porosity. This is because
the decrease of porosity of the wind barrier increases the
lateral wind load of the bridge deck in the crosswind. Under
the condition of low lateral wind speed, the influence of the
bridge on the horizontal dynamic response of train is greater
than that of wind load on train horizontal dynamic response.
With the increase of wind barrier’s porosity and the
decrease of the wind barrier’s height, the maximum
horizontal acceleration of the train increases significantly.
When wind barrier is set with 40% porosity and 2.5 m
height, the maximum horizontal acceleration of the train is
close to the case without wind barrier. It can also be
observed that when the porosity of the wind barrier is less
than 20%, the horizontal acceleration of the train does not
change obviously with the height of the wind barrier
increasing from 2.5 m to4.0 m.

Fig. 20 illustrates a comparison of the maximum vertical
accelerations of the train when the train runs through the
bridge equipped with different heights and porosities wind
barriers under the attack of crosswind. It can be seen that
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4.2.2 Rate of wheel load reduction

Wheel load reduction refers to a phenomenon that the
wheel weight is lower under the action of a dynamic load
than that under the action of the static load. The rate of
wheel load reduction is the ratio of wheel load reduction to
the average load of the left and right wheels. It can be
obtained with Eq. (10), where P; and P, are left and right
wheel weights respectively, and AP is the wheel load

reduction, and P is the average load of the left and right
wheels.

|5=1(P1+P2)
21 (10)
AP:E(Pz_Pl)

Fig. 21 presents a comparison of the maximum rate of
wheel load reduction of the rail transit trains after installing
wind barriers with different heights and porosities. The rate
of wheel load reduction of the train decreases obviously
after installing wind barriers. As shown in Fig. 21, in the
case of high wind speed, the change of the height and
porosity of the wind barrier has a more obvious influence
on the maximum rate of wheel load reduction of the train.
On the other hand, compared with the increase of the height
of the wind barrier, the decrease of the wind porosity of the
barrier can effectively control the maximum value of the

rate of wheel load reduction when the train is crossing the
bridge. When wind barrier porosity reduced from 40% to
20%, the decrease in the maximum rate of wheel load
reduction of the train is particularly obvious.

4.2.3 Derailment coefficient

The derailment coefficient is the key index to evaluate
the running stability of the train. The derailment coefficient
is defined as the ratio (Q/P) of the lateral pressure of the
wheel (Q) to the weight of the wheel (P). In this study, the
derailment coefficient can be obtained directly according to
the physical meaning with the results of the lateral pressure
of the wheel and the weight of the wheel from dynamic
analysis.

Fig. 22 illustrates the effect of the wind barrier’s height
and porosity on the maximum derailment coefficients of the
rail transit train. It can be seen that the wind barrier can
effectively reduce the derailment coefficient, especially in
strong crosswind with wind speed higher than 30m/s. The
maximum derailment coefficients of the rail transit train
reduce with the decrease of wind barrier’s porosity and the
increase of wind barrier’s height. It can also be observed
that the influence of the change of porosity on the
derailment coefficients of the rail transit train is much
greater than that of the change of the height of the wind

barrier. The results indicate that when the wind barrier’s
porosity is40% and the wind barrier’s height is less than 3.0
m, the maximum derailment coefficients of the rail transit
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train does not meet the requirement of train running safety
in the case of high lateral wind speed.

5. Conclusions

Taking the first urban rail transit cable-stayed bridge of
China as the engineering background, this paper studies the
mechanism of the effect of wind barrier on the running
safety of trains from the perspective of aerodynamic
analysis and wind-train-bridge coupled vibration analysis.
Because the urban rail transit cable-stayed bridge tends to
be more vulnerable to wind due to its relatively low
stiffness and lightweight, the aerodynamic analysis
considered the combined effects of wind barriers on the
aerodynamic characteristics of the bridge deck and trains.
The measurement method in this study is improved to
obtain the aerodynamic force of the section model of the
bridge deck and trains concurrently in a wind tunnel.
Moreover, the aerodynamic coefficients of the bridge deck
and trains from the wind tunnel tests are adopted to realize
the simulation of the wind-induced load of the train-bridge
system. Furthermore, this study reveals the interdependent
relationship between porosity and height of wind barrier on
the urban rail transit cable-stayed bridge through the wind-
train-bridge coupled vibration analysis. Based on the
analytical results of the bridge and trains for the bridge
equipped with wind barriers of different characteristics, the

major conclusions are summarized as follows.
e The results of wind tunnel tests indicate that, for the
urban rail transit cable-stayed bridge, the extent of the
wind barrier effect on the wind-induced load of the train
and bridge deck is different from other types of bridges
and trains. Specifically, as the wind barrier porosity is
reduced from 40% to 10% and the wind barrier height is
increased from 2.5 m to 4.0 m, the wind-induced drag
force on the bridge deck is increased by 35% and 55%
respectively. These additional large forces may induce
unexpected vibrations especially for structural types
with relatively low rigidity and mass. Thus, reducing
porosity and increasing height of the wind barrier are
not always the best choice for the targeted urban rail
transit cable-stayed bridges.
* Even though more wind forces acting on the bridge are
caused by the setting of wind barriers, it is found that
the displacement dynamic response of the bridge deck
decreases obviously when the train runs through the
bridge after the wind barrier is set on the urban rail
transit special cable-stayed bridge deck. This indicates
that setting the wind barrier on the bridge deck can
effectively reduce the dynamic responses of both the
trains and bridge, which is a favorable phenomenon
attributed to the wind barriers. The influence of the wind
barrier on the acceleration time history of the carriage is
mainly observed in the time period when the train is
running on the first side span of the bridge.
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* In comparison with the increase of the height of the
wind barrier, the decrease of the porosity of the wind
barrier can effectively control the maximum value of the
derailment coefficient and rate of wheel load reduction
when the train is crossing the urban rail transit cable-
stayed bridge. This is because, compared to the change

in height, the change of the wind barrier porosity has a

greater influence on the train's aerodynamic coefficient

as observed in the wind tunnel tests.

Based on the obtained results, the wind barrier is
recommended to be set with 20% porosity and 2.5 m height
for the urban rail transit cable-stayed bridge when the train
crosses it under the crosswind of 35 m/s mean wind speed.
This conclusion can provide a reference for the wind barrier
setting on the other urban rail transit cable-stayed bridge.
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