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PREDICTION AND ANALYSIS OF STRUCTURAL NOISE FROM
A U-BEAM USING THE FE-SEA HYBRID METHOD

ABSTRACT

With urban rail transit noise becoming an increasing-
ly serious issue, accurate and quick analysis of the low to
medium frequency spectral characteristics of this noise
has become important. Based on the FE-SEA (Finite Ele-
ment - Statistical Energy Analysis) hybrid method, a vibra-
tion prediction model of a U-beam was established using a
frequency-dividing strategy. The frequency domain and spa-
tial characteristics of the vibration and structural noise of
the U-beam within the 1.25-500 Hz frequency range, when
subjected to vertical wheel-rail interaction forces, were an-
alyzed. Compared with other methods described in the lit-
erature, the proposed FE-SEA hybrid method improves the
calculation efficiency while ensuring better accuracy for a
wide frequency range of structural noise and vibration. It
was found that the excitation frequencies of the wheel-rail
force dominate the spectra of the vibration and structural
noise of the U-beam. Therefore, the frequency band contain-
ing the excitation frequencies should be the target for noise
and vibration reduction when implementing strategies. The
results show that the bottom plate contributes the most to
the sound pressure level at all prediction points, and there-
fore should be the focus for noise and vibration reduction.
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1. INTRODUCTION

Urban rail transit bridge structural noise is a rela-
tively low-frequency noise. It can easily penetrate walls
and other obstacles, which will negatively affect human
attention, response time, and language recognition

ability [1]. Due to its low structural height, lightweight
properties, shape, and noise isolation properties (the
web plates can serve as obstructions to the trans-
mission of noise from the wheel-rail), the U-beam rail
carriage construction shape is widely used in urban
rail transit vehicles. However, there is still insufficient
research on local vibration and structural noise radi-
ation from this type of structure. In addition, the prob-
lem of bridge structural noise involves a wide range
of research objects, and the interactions among these
objects are complex. Therefore, it is difficult to ana-
lyze the noise field of the typical bridge structure by
analytical methods. Schulte-Werning et al. [2] and Al-
ten and Flesch [3] presented measurement evidence
confirming that large peaks in bridge acceleration
and the associated bridge-borne noise usually occur
at frequencies around 70 Hz. Thompson [4] provided
some examples of measured noise level spectra from
steel railway bridges. Significant peaks at frequencies
around 40 Hz could be observed in the spectra, re-
gardless of the train speed. Nevertheless, the cause
of the low-frequency vibration and noise was not iden-
tified in the subsequent high-frequency-oriented sta-
tistical energy analysis. Bewes and Thompson [5] es-
tablished a computational model to simulate the noise
radiation from a railway bridge structure using the
Statistical Energy Analysis (SEA) method. Compared
with the experimental results, the proposed model can
yield a comparatively accurate result in the 40-100 Hz
frequency range. Li et al. [6] studied the vibration and
noise of a railway box girder using a three-dimension-
al boundary element method and experimental verifi-
cation. It was found that using the plate elements to
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analyze the dynamics of the railway structures can bet-
ter reflect their local vibration characteristics. It was
also noted that the noise from the railway structure
has the widest radiation region and slowest attenua-
tion rate at 63 Hz. Han et al. [7] analyzed the effects of
plate thickness and stiffening on the noise of U-beam
construction using the modal superposition method.
They pointed out that the bottom plates of the U-beam
construction have a larger influence on the structure
noise in the far field than its web plates, and increas-
ing the thickness of the bottom plate is more effective
in reducing the noise than increasing the thickness
of the web plates. Li et al. [8] researched the acous-
tic radiation characteristics of the structural noise
from a 32 m long simply-supported U-shaped girder
bridge on a high-speed railway. Their results showed
that the simply-supported trench-shaped beam has a
small torsional rigidity, and its structure-borne noise
is significantly affected by its local vibration. Li and
Wu [9] carried out a numerical simulation and field
measurement of low frequency structural noise of a
concrete bridge. The analysis results indicated that
the proposed numerical method can better predict the
low-frequency structural noise radiated from the prac-
tical concrete railway bridge under the excitation of the
vehicles. Song et al. [10] predicted the low frequency
noise of a U-beam of rail transit concrete based on
the 2.5-dimensional infinite element method. Com-
pared with calculation results using the 3-dimensional
boundary element method, the proposed method can
quickly predict the structural noise of bridge without
losing much accuracy.

Currently, numerical methods for the noise anal-
ysis of urban rail transit include finite element meth-
od (FE), boundary element method (BEM), statistical
energy method (SEA), and infinite element method.
The FE method is suitable for the structural vibration
response analysis in the middle and low frequency
bands. However, for complex dynamic systems, the
computational efficiency is not satisfactory. The com-
putation time of BEM increases rapidly with the in-
crease of the degree of freedom considered. Besides,
it will be time-consuming for high frequency analysis.
SEA has poor prediction accuracy for low frequency
analysis, possibly due to insufficient number of bend-
ing modes considered. Therefore, how to accurately
and efficiently predict the vibration and noise trans-
mission characteristics of the U-beam to allow effec-
tive investigation of vibration and noise reduction is
still a problem worthy of further study.

In this paper, a vehicle-rail coupling model is estab-
lished using the SIMPACK software to obtain the verti-
cal wheel-rail interaction force. According to the modal
density of the U-beam plates, FE and FE-SEA bridge
models are established respectively for plates having
lower modal density (lower than 5) and plates having
higher modal density (higher than 5) by using the VA

One software for the analysis of different frequency
bands (frequency-dividing strategy). The local vibration
and the structural noise characteristics of the U-beam
section under the action of the vertical wheel-rail inter-
action force are analyzed in the 1/3 octave frequency
domain. On this basis, the contribution of the sound
pressure, the vibration energy, and U-beam vibration
power loss are calculated and compared with the nu-
merical results and measured results provided in the
literature.

2. PREDICTIVE MODEL AND RELATED
THEORY

2.1 The basic theory of hybrid method

Langley and Cordioli [11] defined the boundary in
their FE-SEA model with known physical properties as
the deterministic boundary, whereas the boundary
with unknown physical properties was defined as the
random boundary. In addition, according to the bound-
ary condition, the displacement field at the boundary
was classified as the direct field and the reverberation
field. For the FE-SEA model, the elastic wave is reflect-
ed at the coupling boundary between the FE subsys-
tem and the SEA subsystem, and the FE subsystem is
subjected to the additional force of the reverberation
field. Thus, the displacement response of the deter-
ministic FE subsystem is:

N
D.q=f+ ) ff (1)
k=1
where D, is the overall stiffness matrix of the subsys-
tem; q is the generalized coordinate of the response
for the subsystem; fe is the external excitation; ff is the
force sensed by the k-th random subsystem in the re-
verberation field.
Based on the reciprocal relationship of the diffu-
sion field, the following equation can be obtained [8]:

B[40 ] = 32 m[ D} ] (2)
where E[1] is the population mean function; H is the
matrix operation notation representing the conjugate
transpose of a matrix; n, is the modal density of the
k-th random subsystem; w is the circular frequency; £,
is the energy of the k-th random subsystem; Im[-] is the
imaginary part of a complex variable; D; is the dynam-
ic stiffness matrix for the direct field.

The expression of the cross-spectral matrix can be
obtained based on Equations 1 and 2 [11]:

N
sf,-+k§1( 4L >Im[D§]]D;H 3)

Sqq:E[qu]:DZI wni 7T

where Sqq is the displacement cross-spectrum matrix;
Sffis the excitation cross-spectrum matrix.
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For random subsystems, the energy response is:

w(nj+na)E;+ Z wn,knj< T g}’:) P+ Piny (4)
where n, is the internal loss factor of the j-th stochas-
tic subsystem Ny is the coupling loss factor for the
mixture consisting of the d-th deterministic subsystem
and the j-th stochastic subsystem; o is the effective
coupling loss factor between the j-th and &-th stochas-
tic subsystem; and Pe"’ is the input power of the j-th
subsystem due to the external excitation, and P . is
the input power due to other factors.

After obtaining the energy of the random subsys-
tem through Equation 4 and the displacement response
of the deterministic subsystem through Equation 3, the
physical quantities (such as the speed and accelera-
tion) of the subsystem can be acquired. Based on this,
the sound pressure at any point can be obtained by
the acoustic radiation theory.

2.2 Acoustic radiation of a bridge structure

The U-beam structure can be considered as a sys-
tem consisting of multiple rectangular plates with the
same size (subsystems), whose width and length are
a and b, respectively. Then, the radiated sound power
can be expressed as [12]:

W[:paCaO-iSi(;fz) (5)

where p_ is the air density (kg/m?3), ¢, is the noise ve-
locity in the air (m/s), O, is the radiation efficiency of
the i-th subsystem, S is the superficial area of the i-th
subsystem (m/s2), and is the mean square value of
the velocity ((m/s)?).

Suppose the vertical distance from point Q to the
center of a rectangular plate is », when 1<a/7, the
noise source emits a plane wave whose magnitude
does not attenuate with its traveling distance. The
mean square value of the sound pressure at point Q
radiated from the i-th subsystem is:

(p7) = Egee ©)

When a/7t<r<b/7, the noise source can be approx-
imated as an infinite line noise source, then:

TtPaca Wi

—
(Pi )M = 4br

When r>b/ 7, the noise source can be simplified as
a point noise source, then:

—_— 7[ anWi
(p2)y =000

47172
The linear superposition principle can be used to
obtain the total sound pressure of the U-beam at point
Q based on the individual sound pressure of each
plate (p,) at that point.

(7)

(8)

To analyze the contribution of each plate vibration
on the total sound pressure of a certain point, the

sound pressure contribution coefficient D, is intro-
duced [7]:
P.P
D.=Re 9
<|P|2> ©)

where Re() is the real part of a complex number, P is
the total sound pressure at a certain point, P is con-
jugate with P, and P_is the sound pressure radiated
from each subsystem at a certain point.

2.3 Simulation analysis process

The simulation process is shown in Figure 1. First,
through the SIMPACK rail coupling model, the time do-
main vertical wheel force signal is calculated. Then,
after FFT analysis and 1/3 octave conversion in MAT-
LAB, the equivalent wheel-rail interaction forces corre-
sponding to the center frequencies of the 1/3 octave
bands can be obtained. After that, according to the
modal density of U-beam plates, FE (if modal density
is lower than 5) and SEA (if modal density is higher
than 5) U-beam models are built for analysis in the low
and high frequency ranges, respectively. The vibration
response of the U-beam is obtained by applying the
equivalent wheel-rail interaction forces in the 1/3 oc-
tave frequency domain on the mid-point of the bridge
in a most unfavorable loading way according to the
track and the vehicle sizes. Based on this, the struc-
tural noise and vibration energy of the U-beam are pre-
dicted and analyzed.

3. MODEL AND VALIDATION

3.1 Vehicle-rail coupling model

A vehicle-rail coupling model is established us-
ing the SIMPACK software for a passenger carriage
of A-type subway train, as shown in Figure 2. The to-
tal mass of the carriage (car body) is 48,835 kg. The
mass of each bogie is 3,970 kg. The mass of each
wheel is 1,654 kg. The vertical stiffness (rigidity) and
damping of the first suspension are 1.26x10® N/m
and 10,626 Ns/m, respectively. The vertical stiffness
and damping of the second suspension are 4.9x10°
N/m and 20,590 Ns/m, respectively. The German high
disturbance roughness spectrum is adopted when
considering the track irregularity [13-15], which as-
sumes the wavelength of irregularity as 0.25 m to 30
m. The train speed is about 70 km/h. By defining the
geometric relationship of the wheel-rail contact, the
hinge of the subsystem, and the setting of the force el-
ement and other parameters, the time-domain vertical
wheel-rail interaction force can be obtained. The bogie
is hinged with six degrees of freedom, and the body is
hinged with five degrees of freedom. The rail type is

Promet - Traffic&Transportation, Vol. 30, 2018, No. 3, 333-342

335




Luo W, Cheng L, Tong L, Yu W, Mechefske CK. Prediction and Analysis of Structural Noise from a U-beam Using the FE-SEA Hybrid Method

___________________

Track Orbit

Wheel and subsystem

rail coupIiAng/ /
A\

1
1
1
1
1
1
1
1
1
uneven !
1
1
1
1
1
1
1
1

Time domain :|

Wheel-rail force in

wheel-rail force

1
1
1
Bridge |
vibration
response !

frequency domain

1

1

i Modal density
! analysis
1

Figure 1 - Simulation flowchart of the vibration and noise analysis for a U-beam structure

A-type subway train car body

Wheel set Bogie

Figure 2 - Vehicle-rail coupling model

700
600
500
400
300
200
100

ou

Wheel-rail force amplitude [N]

1 1 1 1 1 1
N 0 o o O
N O o0

125
315
2
200 [
315
500 [

1

o}
by
%)

1,25

1/3 octave center frequency [Hz]

Figure 3 - Amplitude spectrum of wheel-rail interaction
force

UICB0, and the wheel-rail contact is single-constraint.
In order to accurately describe the wheel-rail contact
relationship, the track, wheel reference, wheel profile
reference, rail profile reference, wheel contact, and rail
contact are introduced in the wheel-rail modeling to
describe the relative movement of each rigid body of
the rail and vehicle. After FFT analysis and 1/3 octave
conversion, the effective wheel-rail interaction forces
corresponding the center frequencies of the 1/3 oc-
tave bands can be obtained. As shown in Figure 3, the
maximum-amplitude frequency of the wheel-rail inter-
action force is 63 Hz. There are also peaks at about 5
Hz to 6 Hz and about 160 Hz.

3.2 U-beam model

A 30 m single-line simply supported U-beam of a
rail transit project is established by the VA-one soft-
ware. The cross section of the U-beam is shown in
Figure 4. The thicknesses of the left and right wing
plates of the U-beam are 0.425 m and 0.31 m, respec-
tively. The height of the beam is 1.8 m. The thickness-
es of the web plates and the bottom plate are all 0.28
m. The width of the bottom plate is about 3.6 m. The
radii of the left and right web plates differ slightly. The
material of the U-beam is C55 concrete, with elastic
modulus of 34.5 GPa, shear modulus of 14.38 GPa,
density of 2650 kg/m3, Poisson's ratio of 0.2, and loss
factor of 0.04. The simply supported boundary condi-
tion is simulated using a point constraint [16].
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Figure 4 - Cross section of the U-beam [m]

For an A-type subway car, there are 2 bogies. Given
the actual geometries of the car body and the bridge,
the most unfavorable loading diagram is shown in
Figure 5. There are simultaneously 2 car bodies on the
30 m long bridge, while each has only one bogije on the
track (Point A or D), whose distance to the correspond-
ing end of the bridge is 10.2 m. The distance between
the two wheel sets of a bogie (AB or CD) is 2.5 m, and
the minimum wheel distance between adjacent car
bodies is 4.6 m (BC).

First car body

Bogie Bogie
Wheelset Wheelset
10.2 10.2 ,

A B

U-beam
I 30 |

1 1

Second car body

Figure 5 - The most unfavorable loading diagram [m]

The vibration and acoustic radiation of the U-beam
are analyzed in the frequency range of 1.25 Hz to 500
Hz. The plate and shell elements are used when build-

102
= The bottom plate
v The left web plate .
. 4 The right web plate I
10' - <« The right wing plate e
» - The left wing plate R A
> " * >
= - * < 4
g 10 . R
o " - P o "
T = e »
S - P
§ 10* =" - « x * !

<
1024« % % » » x %
S S S

: i
o O
0 0

20 o

: —
L N WL 0 WY To) Tol =BT N )
Q -~ o o a4 S d o
- ™ - ™ - N ™M 10

1/3 octave frequency [Hz]

Figure 6 - Relationship between the bending mode density
and frequency of each section of U-beam

In the low frequency range of 1.25 Hz to 125 Hz,
the U-beam plate does not meet the requirement for
establishing a SEA model. Therefore, a whole FE struc-
ture is established in this frequency band, and the size
of the elements is 0.15 m, which satisfies the preci-
sion requirement. In the 125 Hz to 250 Hz frequency
range, the bending mode density of the bottom plate
is higher than 5, so the SEA subsystem is established.
The web plates and the wing plates are still FE subsys-
tems. In the 250 Hz to 500 Hz frequency range, only
the wing plates modal density is lower than 5, so it is
built as FE subsystem. The bottom and web plates are
still SEA subsystems. The overall model of the U-beam
is shown in Figure 7. Each plate of the U beam is clas-
sified into different subsystems in different frequency
bands as shown in Table 2.

Table 2 - Classification of subsystems

ing the model with the consideration of calculation ac- ':22;%:3 Suii};tem Plate name

curacy and computational efficiency. The relationship

between the bending mode density and the center fre- FE The bottom Plate' the web

1.25-125 plates, the wing plates

quency of each 1/3 octave band of the beam under SEA \

the wheel-rail interaction force is shown in Figure 6 and

Table 1. The modeling strategy, where different types FE The web plates, the wing

of models (FE and SEA models) are built on different 125-250 plates

frequency bands (frequency-dividing strategy) for dif- SEA The bottom plate

ferent plates, is carried out according to whether the FE The wing plates

bending mode density under the wide band excitation 250-500 SEA | The bottom plate, the web

is higher than 5 or not [17-18]. plates

Table 1 - Bending mode density

Frequency [Hz] 125.0 160.0 200.0 250.0 315.0 400.0 500.0

The bottom plate 5.4 6.8 8.5 10.7 13.5 17.0 21.3
The left web plate \ \ \ 5.3 9.6 9.8 111
The right web plate \ \ \ 5.6 9.7 9.7 11.2
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FE subsystem

Wheel-rail force

a) 1.25-125 Hz FE model

Wheel-rail force
FE subsystem

SEA subsystem

b) 125-250 Hz FE-SEA hybrid model
Figure 7 -

3.3 Validation

The U-beam model and the vehicle loading param-
eters are nearly the same as those used in [9]. The ref-
erence acceleration is Re=1x108 m/s2. The simulation
value based on the proposed model for the total verti-
cal acceleration level of the mid bottom plate is 114.9
dB, which is almost the same as the measured value
114.8 dB when the train is running on a 30 m sin-
gle-line simply supported U-beam at the speed of 70
km/h [9]. Because the proposed model only considers
a single-hole U-beam and neglects the influence of the
parameters relating to the backing plates and piers,
adopting a theoretical instead of practical wavelength
range of the track irregularity, the simulation value of
the sound pressure level at the point 2 m under the
bridge is slightly lower than the measured value in [9].
However, the frequency corresponding to the peak val-
ue (maximum-amplitude frequency) and the trend are
generally consistent, as shown in Figure 8. The overall
sound pressure level at the far-field point is 70.5 dB.
This value is close to the simulation value of the linear

Table 3 - Comparison between calculation methods

Wheel-rail force

FE subsystem

SEA subsystem

¢) 250-500 Hz FE-SEA hybrid model

U-beam model

90 v =
vy x
— Taa [ ] Ay,
80 LR S
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Figure 8 - Comparison of sound pressure levels between
the calculated results in this paper and the results in [9]

sound pressure level 70.6 dB at the 3™ far-field point
of the 2" model in [7], which proves the reliability of
the proposed model.

Table 3 compares the computation cost for each
method. Compared with the methods in [10], the
proposed model improves the computation efficiency
while keeping the computation accuracy.

Computer Calculation time Result file size
Method Model requirements [hour] [gigabyte]
Proposed method 3D (1.25-500 Hz) low <0.5 <1
2.5D IFE 2D (20-200 Hz) low 2-3 1
3D BEM 3D (20-200 Hz) high 22-24 20
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4. VIBRATION RESPONSES

Using the U-beam model, the vertical acceleration
level at the midpoint of the U-beam is obtained as
shown in Figure 9. It can be seen from Figure 9 that the
acceleration level of the U-beam (global vibration) has
its peak at about 4 Hz to 5 Hz in the frequency range
below 6.3 Hz. The frequency responses of the left and
right web plates are almost the same in the frequency
range below 20 Hz. In addition, the acceleration level
of each plate (local vibration) has peaks at 40 Hz, 63
Hz, and 160 Hz, respectively. The maximum-amplitude
frequency of the acceleration levels for all plates (the
bottom plate, the web plates, and the wing plates) are
all at 63 Hz. The maximum acceleration levels of the
left and right wing plates, the left and right web plates,
and the bottom plates are 92.6 dB, 92.2 dB, 90.1 dB,
86.9 dB, and 91.4 dB, respectively. Under 63 Hz, the
wing plates have the maximum acceleration level,
whereas above 63 Hz, the bottom plate has the max-
imum. The dominant frequency band of the accelera-
tion levels is mainly between 40 Hz and 80 Hz. Thus,
this frequency band should be the focus for vibration
reduction.

= The bottom plate
100 . ¥ - The left web plate
& 4 The right web plate
IS 90 . <« - Therightwing plate , #
6 > - The left wing plate !,‘!
3 X + L= ]
Joy 80 - y /AN [} .
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& 70 ' I V [
m b 3
S, 60 - "
f— L ]
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[$] . 5 : i E E s i : 3
€ 200 4 0w B®WBWOW OO W’ O IO
3] - N GO o d S d o
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1/3 octave frequency [Hz]

Figure 9 - 1/3 octave frequency spectrum of the vertical
acceleration level of each plate in the middle section of the
U-beam

5. STRUCTURAL NOISE

5.1 Near-field sound pressure level

To analyze the acoustic radiation of the structure,
the sound pressure level of each plate in the near-field
zone (0.3 m away the central surface of each plate) is
calculated by Equations 6 and 7. The results are shown
in Figure 10.

It can be seen from Figure 10 that the frequency
corresponding to the peak values of the sound pres-
sure levels of all plates in the near-field zone are at
63 Hz, which is consistent with the conclusion in [7]
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v - The left web plate
100 - The right web plate
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Figure 10 - Sound pressure level of each plate in the near-
field zone (0.3 m from the center surface)

that the frequency corresponding to the peak value
of linear sound pressure level of the U-beam structur-
al noise is between 40 Hz and 80 Hz. Similar to the
acceleration level, the dominant frequency band of
the structural noise in the near-field zone is mainly
between 40 Hz and 80 Hz. In the near-field zone, the
sound pressure level of the bottom plate is the highest
among all plates, followed by the web plates. The wing
plates have the minimum sound pressure level. As
the frequency increases, the difference in the sound
pressure level between the bottom plate and the web
plates is gradually decreasing.

The maximum amplitudes of the sound pressure
levels of the left and right web plates are 80.9 dB and
79.2 dB, respectively. The sound pressure levels of the
left web plate and the right web plate are close at each
frequency. However, in the 20 Hz to 63 Hz range and
the 250 Hz to 500 Hz range, the sound pressure level
of the left web plate is higher, whereas that of the right
web plate is higher in the other bands. The maximum
amplitudes of the sound pressure levels of the left and
right wing plates are 66.5 dB and 69.3 dB, respective-
ly. In the whole frequency range considered, the sound
pressure level of the right wing plate is slightly higher
than that of the left wing plate. This is because the
right wing plate is wider and thinner than the left wing
plate. Although the wing plates have higher acceler-
ation levels, they have lower structural noise due to
their smaller sizes.

5.2 Sound pressure contribution

To analyze the contribution to the sound pressure
in the under-the-bridge zone and the far-field zone from
each plate of the U-beam, so that effective noise re-
duction strategies can be established, two sound pres-
sure prediction points were set. The point P (under-the-
bridge zone) was set 2.25 m vertically away from the
mid-point of the span plate. The point M (far-field) was
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set 4.4 m vertically and 30 m horizontally away from
the mid-point of the span plate, which is similar to the
position of building windows at the ground floor level.
The sound pressure levels at point P due to all plates
(beam) and due to each plate can be calculated by
Equation 7. The results are shown in Figure 11. The sound
pressure levels at point M due to all plates and due to
each plate can be calculated by Equation 8. The results
are shown in Figure 12. Consistent with the acceleration
levels, as well as the sound pressure level in the near-
field zone, the dominant frequencies of the structural
noise at the far-field point and the under-the-bridge point
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Figure 11 - Sound pressure level due to each plate and the
U-beam at point P
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Figure 12 - Sound pressure level due to each plate and the
U-beam at point M

are mainly concentrated within the 40 Hz to 80 Hz fre-
quency range. Therefore, this frequency band should
also be the focus for noise reduction.

It can also be seen from Figures 11 and 12 that the
trends of the sound pressure levels at point P and
M due to all plates are almost identical to those due
to only the bottom plate. In fact, the sound pressure
levels of the bottom plate play a major role at each
frequency band and are much higher than the sum
of the sound pressure levels of the remaining plates,
which indicates that the main contribution source to
the U-beam structural noise comes from the vibration
of the bottom plate.

Taking the point M as an example, at the main ex-
citation frequency (63 Hz), the actual percentage con-
tribution to the total sound pressure of the U-beam at
point M from the individual sound pressure of each
plate at that point can be calculated by Equation 9. The
results are shown in Table 4. The contribution of the
bottom plate reaches 85%. The web plates have insig-
nificant influence on the sound pressure level at point
M, whereas the wing plates have negligible influence.
The contributions to the total sound pressure level at
point M from the web plates and the wing plates in
the low frequency range are negative; the contribution
from the left web plate is larger than that from the right
web plate.

5.3 Vibration power level and energy level
analysis

The input vibration power level, output vibration
power level as well as the vibration power level loss
(difference between the input and output vibration
power level) of the U-beam in the frequency domain
are shown in Figure 13. It can be seen from Figure 13
that the vibration power level loss of the beam is about
15.4 dB to 34.5 dB.

The vibration power level loss decreases with the
increase of frequency in the frequency range below 63
Hz and gradually increases with the increase of fre-
quency within the range of 63 Hz to 500 Hz, meaning
that the vibration power level loss reaches minimum
at the main excitation frequency of the wheel-rail force
(63 Hz).

The vibration energy level of the U-beam is shown
in Figure 14. It can be seen from Figure 14 that the vari-
ations of the vibration energy level at each plate of the
U-beam are nearly consistent with those of the sound
pressure level of each plate (near-field), that is, the

Table 4 - Percentage contribution of each plate at 63 Hz (Point M)

The bottom The right The right wing The left The left
Overall ’
plate web plate plate wing plate web plate
Point M 65.9 54.9 44.8 40.7 55.4
66.7
[dB] 85% 6.6% 0.7% 0.3% 7.4%
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vibration level and sound level of the bottom plate are
the highest, seconded by those of the web plates, and
then the wing plates.

The modal analysis of the U-beam is also per-
formed as shown in Figure 15. The color (from blue to
red) represents the severity of the vibration (from low

First order
f=4.32 Hz

Thirtieth order
f=62,18 Hz

to high). Based on the mode shapes provided for sev-
eral orders, the maximum-amplitude frequency for the
global vibration is within 4 Hz to 5 Hz, and within 50 Hz
to 63 Hz for the local vibration. Besides, the maximum
amplitudes for global vibration and local vibration are
close. By comparing the 30-order and 81-order mode
shapes, the local vibration of the bottom plate and the
web plates at 160 Hz is obviously lower than that at
63 Hz, which is consistent with the results shown in
Figure 13.

6. CONCLUSIONS

In this paper, the FE-SEA hybrid method was used
to establish the local vibration simulation model of a
U-beam structure of a rail transit system under the ac-
tion of vertical wheel-rail interaction forces. The local
vibration and the structural noise of the U-beam are
quantitatively analyzed from O Hz to 500 Hz. Accord-
ing to the modal density of the U-beam, the system is
divided into FE and SEA sub-systems. This modeling
strategy avoids the significant amount of calculation
related to the FE model in the high frequency range
and the poor performance related to the SEA model
in the low frequency range. The contradiction between
the computational efficiency and accuracy is solved,
which extends the frequency range when analyzing the
U-beam local vibration and improves the prediction ac-
curacy while keeping the calculation efficiency.

The local vibration response and structural noise of
the 30 m single-line simply supported U-beam reach
maximum at the frequency which coincides with the
main excitation frequency of the wheel-rail force (63
Hz). The dominant frequency band (40-80 Hz) of the
vibration acceleration level and the structural noise
in the near-field zone, farfield zone, and under-the-
bridge zone of the U-beam is the same as that of the
wheel-rail interaction force. Therefore, the frequency

Second order
f=4.42 Hz

Eighty-first
order

Figure 15 - U-beam vibration modes
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band containing the excitation frequencies should be
the target when implementing strategies to reduce the
vibration and structural noise of the U-beam.
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