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Architectural Acoustics Design and Subjective and Objective

Acoustic evaluation of Wuxi Grand Theater
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Abstract: Wuxi grand theater with 1700-seat audience located in Wuxi, Jiangsu province is a complex theater for
performance of opera, symphony, modern drama, drama, dance drama, large-scale variety show and ballet. The
requirements of acoustic contain enough sound loudness in the auditorium, appropriate reverberation, uniform
sound field, good diffusion, enough early reflection sound and lateral reflection sound, and deficiency of sound
effect such as sound focus, echo and flutter echo should be avoided. This is the first theater in mainland which
interior material of metope and floor of auditorium and armrest and back of seat are high-density ferula, and also
the first one whose main stage, side stage and back stage contain five stages and whose diffusion and reflection
ceiling is a center permeable huge disk.
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Tuned Mass Damper for
Rail Noise and Corrugation Control
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(Wilson Acoustics Limited, Unit 601, Block A, Shatin Industrial Centre, Yuen Shun Circuit, Shatin, Hong Kong SAR)

Abstract: A shear type tuned mass damper has been developed to reduce rail noise radiation and rail corrugation.
The oscillation masses in the rail damper are designed to vibrate along the shear direction of resilient layers such
that they absorb rail vibration in both vertical and lateral directions. Rail damper design parameters were
optimized for rail vibration reduction for frequency range of 300-4000Hz. For critical low frequency
(300-1000Hz), damping is provided by tuned mass damping using multiple oscillation masses. For high
frequency (1000-4000Hz), damping is provided by viscous layers. The mechanical loss factor of resilient
materials are chosen such that each oscillation mass provide effective vibration absorption for a frequency
bandwidth of 25 — 35%. The rail dampers were installed in operational railway lines in Hong Kong to test the
noise and vibration reduction performance. Rail vibration was reduced by ~10dB while noise level was reduced
by 3 to 4 dB(A). Rail corrugation growth was slowed down by ~45%.

Key words: Rail damper; Rail Noise and Vibration Control; Rail Corrugation Control
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1 INTRODUCTION

Railway noise and vibration control becomes a critical concern in environmental impact assessment when
many new residential developments are built close to railway lines as a result of Transit Oriented Development in
Hong Kong. Conventionally noise barriers and enclosures are used to mitigate noise impact along its transmission
path. However erection of noise barriers in existing railway is usually restricted in many cases owning to
structural loading, ventilation, aesthetic concerns, etc. In the past two decades, rail dampers are being extensively
investigated to control rail noise at source |'>***.

On the other hand, rail corrugation leads to exceptional annoying noise levels at many curve locations. It
significantly increases wheel/rail interaction noise at a particular frequency band corresponding to the corrugation
wavelength. Frequent rail grinding would control rail corrugation and reduce rail noise emission, but reduces
rail service life and increases maintenance costs. In this decade, use of rail dampers to control rail corrugation
has been studied theoretically by various researchers '*”*.  However there is very limited on-site verification of
the theory. An investigation project at operational metro railway was launched to examine the effect of rail
dampers on noise reduction and corrugation growth slowing down.
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2 DAMPER DESIGN

The rail dampers installed at the test site were of a shear oscillation type Tuned Mass Damper developed by
Wilson Acoustics Limited. A sample is shown in Figure 1. Every damper comprises multiple oscillation masses
sandwiched between resilient layers. For rail vibration in the frequency range of 300-1000Hz, a tuned mass
damping mechanism is employed. The shear stiffness and mechanical loss factors of the resilient layers are
selected such that each oscillating mass covers a resonance bandwidth of 20-40% depending on frequency. As
bending waves propagate along the rail, most of the vibration energy is transferred to the damper and dissipated
by hysteresis in the resilient layers. For high frequency rail vibration above 1000Hz, a viscous damping layer is
employed for broadband vibration absorption.

Qscillation Mass E

Oscillation Mass D1 & D2

Oscillation Mass C

Oscillation Mass B

Oscillation Mass A o~~~

Resilient Layers

= " : l«'.:— :-~'-

Figure 1 — (a) Rail damper isometric view, (b) dampers installed at the testing site

3 SALOON NOISE REDUCTION

In-saloon noise measurement was conducted at the trailer car of a non-passenger control train with a
microphone installed at 1.2m above floor level. PA was switched off throughout the measurement. The
dB(A) noise level reduction is depicted in Figure 1, each measurement is the average of 3 train pass-bys.
Saloon noise level time history is shown in Figure 2.

Table 1 — Average saloon noise level

Measurement Date | Time after Damper Installation | Months from Last Grinding | Noise Reduction, dB(A)
22/07/2010 Before Installation 4 months N/A
26/07/2010 1 Day 4 months 2.7
11/08/2010 2 Weeks 4 months 2.8
25/01/2011 6 Months 2 months 2.5
24/06/2011 11 Months 7 months 1.7
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Before Damper Installation (4 months after grinding)
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Time from Train Start (s)
Figure 2 — Saloon noise level time history

Except the measurement in the 11 month after damper installation, which was affected by rail
corrugation, the saloon noise level was reduced by around 3dB(A) at the middle of damper installed
section as comparing to that before damper installation. Due to highly reverberant environment inside the
tunnel, noise level in the middle of the damper section was significantly affected by the noise outside the
damper section. With a sufficiently long section of rail dampers, saloon noise reduction is anticipated to
be around 4dB(A).

Figure 3 plots the saloon noise spectrum averaged over 0.5s when the control car passes through the
middle of the damper section. The major reduction is at mid frequency (600-1200Hz). In the 6th month,
the noise levels between 125 and 315Hz were 3—8dB lower than before. In the 11th month, the noise levels
at 250-400Hz frequency band were higher than others by 2-6dB. It was due to the rail corrugation
growth found on the rail with wavelengths of 50-80mm, corresponding to 250-400Hz for 72km/h running
speed.
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INS \
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—— 1 Day after Damper Installation (4 months after grinding)
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31.5 63 125 250 500 1000 2000 4000 8000 16000 dB(A)
1/3 Octave Band Frequency, Hz

Figure 3 — In-saloon noise spectrum Lq .55 during passage of the middle damper section
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4 VIBRATION REDUCTION

Figure 4(a) shows the rail vibration spectrum. Each set of measurement data includes about 20 train
passages. Overall vertical and lateral vibration levels were reduced by 7dB(A) and 10dB(A) respectively.
Sleeper vibration spectrum is shown in Figure 4(b). The sleeper block has a resonance peak at 300Hz
which contributes to significant noise radiation at that frequency. The rail damper has little effect on the
sleeper resonance.

The vertical vibration time history at 800Hz, the vertical pinned-pinned resonance, is given in Figure
5. Due to higher track decay rate after damper installation, the rail vibration level drops by 40-50dB
between two bogies. The rail becomes localized point sources at the wheel contact points.
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Figure 4 — (a) Average vibration level at high rail, (b) Vibration level at sleeper block
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Figure 5 — Vertical vibration time history at 800Hz
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5 RAIL CORRUGATION CONTROL

Figure 6 shows the rail roughness at approximately 7 months after grinding at the damper section and
the control section without rail dampers. ! Low rail has significant corrugation at wavelengths of
50-80mm, which corresponds to frequencies of 250-400Hz at 72km/h train speed. Rail roughness at the
damper section is found lower than that at the control section, particularly at the corrugation wavelengths
of 80mm, 63mm and 50mm, where corrugation was reduced by 72%, 41% and 10% respectively. The
overall corrugation growth rate was reduced by 45%, as shown in Table 3 below. Figure 7 illustrates the
roughness changed against time to determine the corrugation growth rate at critical frequencies of
50-80mm wavelengths. From 25/01/2011 to 10/06/2011, roughness at 50-80mm wavelengths steadily
increased as corrugation developed.
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Figure 6 — 1/3 Octave band roughness 7 months after grinding
(frequency in x-axis corresponds to train speed 72km/h)
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Figure 7 — Roughness at wavelengths of 50mm, 63mm and 80mm from 4/11/2010 to 10/6/2011
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