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Experimental evaluation and numerical interpretation of
various noise mitigation strategies for in-service elevated
suburban rail

Abstract: This research evaluates the efficiency of five noise mitigation measures
including rubber floating slab track, straight noise barrier, track acoustic absorber, track-
side noise barrier, semi-closed noise barrier, and a combined strategy on an elevated
railway through in-situ measurements. In-situ experiments were conducted by
sequentially installing various mitigation measures for comparative evaluation. A
numerical model was then developed to interpret the noise control characteristics of the
mitigation measures. The experimental results indicate that the rubber floating slab track
can mitigate bridge-borne noise by0-4 dB sound pressure level (SPL); the track acoustic
absorber can mitigate the railway noise by 3-5 dB(A) and its combination with track-side
noise barrier boosts the insertion losses of SPL by 2-7 dB(A). The combined control
strategy shows overall better performance than individual mitigation measures within the
efficient noise reduction regions. The experimental and numerical results can serve as a

guide on the design of noise control strategies for elevated railways.
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interpretation; noise barrier; rolling noise; bridge-borne noise.

Introduction

Suburban rail on elevated bridges is a relatively economic and environment-friendly
type of rapid rail transit. Compared with underground railways, its construction unit cost
can be greatly reduced [1]; moreover, the working environment for maintenance and
structural condition evaluation is much more accessible. On the other hand, however, the
elevated suburban rail is more susceptible to noise because it will inevitably pass through
those noise-sensitive areas, such as schools, hospitals, and residential regions. As reported
in [2], persistent high-level noise exposure leads to the impairment of human’s spirit and
reduction of working and studying efficiency, and will also potentially harm vibration-
sensitive precision instruments. Thus, adequate noise and vibration control strategies

must be implemented without sacrificing economic efficiency.



Train-induced noise and vibration have been an important research field due to the
complexity of railway-related acoustic mechanisms and the coupled dynamic behaviors
among train, track, bridge and subgrade [3]. According to [4], railway noise sources can
be in general categorized into wheel-rail rolling noise [5,6], wheel-rail squeal noise [7—
10], structure-borne noise [11,12], aerodynamic noise [13], and ground-borne vibration
and noise [14-16]. Among them, wheel-rail rolling noise and structure-borne noise tend
to be predominant for general elevated rail transit operating at speeds below 150 km/h
[4]. The rolling noise consists of a relatively high frequency component ranging between
500 Hz and 2000 Hz [17] and is mainly caused by the rolling contact between the wheel
and the rail. Rail surface roughness was found to be one of the paramount excitation
sources of rolling noise [18]. In terms of the noise contribution, both wheel and rail were
reported to be equally important in radiating the rolling noise above 1250 Hz, while the
rail tends to be a more predominant source for frequencies below 1250 Hz [19]. These
characteristics suggest that the design of rolling noise mitigation measures should be in
connection with the frequency range. Mitigation measures such as rail damper, wheel
damping layer, noise barrier, bogie shroud, etc., have been proposed for this target by
considering the frequency properties [20]. The structure-borne noise or more specifically,
the bridge-borne noise, on the contrary, contains overall lower frequency components
than the rolling noise. Predominant frequency bands were reported below 1000 Hz for
steel bridges [21-23] and between 20 Hz to 200 Hz for concrete bridges [24-26].
Mitigation measures, such as additional damping layer of bridges [27], rail dampers [22],
soft rail pads [28], and resilient fasteners [29], etc., were reported to be effective in

mitigating the bridge-borne noise.

While a wide range of noise mitigation measures have been proposed and applied in
engineering practice in the light of various circumstances, such as rail dampers for rolling
noise below 1000 Hz [20], and resilient fasteners isolating vibration for reduction of
bridge-borne noise [29], it is highly desirable to compare the performance of diverse noise
control strategies under same operating conditions and to validate the efficiency of the

implemented noise control measures through in-situ experiments. Apart from fully taking



account of the complexity and variability of a railway acoustic system in practical
application, in-situ experiments can also remedy the weakness in design stage stemming
from simplified models and ignored factors. Conducting railway acoustic measurements
by deploying a large number of sensors and monitoring instruments in consideration of
various mitigation measures is the most straightforward way to evaluate the effectiveness
of the implemented noise control measures. However, it is rarely a general noise control
workflow because of being highly expensive and time-consuming when applied to a
suburban rail line typically with dozens of kilometers. In view of this, selecting several
representative test sections and calibrating numerical models for the tested sections would
be more feasible for developing noise radiation and control prediction models which can
be generalized to the whole rail line for guiding the selection/implementation of noise
mitigation measures to achieve the targeted control efficiency. The commonly used
simulation strategies to develop numerical models for this purpose include the boundary
element method (BEM) [30] for low frequency bridge-borne noise [31,32] and the
statistical energy analysis (SEA) [33] for high frequency rolling noise and steel bridge
noise [11,34]. A hybrid simulation strategy, where the BEM is used for bridge-borne
noise while the SEA is used for wheel-rail rolling noise, will be employed in this study

to achieve versatility and adaptability in numerical modelling.

The primary goal of this study is to comparatively evaluate the efficiency and
adaptability of five typical noise and vibration mitigation measures, including rubber
floating slab track, track acoustic absorber, straight noise barrier, track-side noise barrier,
semi-closed noise barrier, and a combined control strategy, by successively deploying
them on an in-service elevated suburban rail and conducting experimental verification.
Well-controlled in-situ experiments with the same model of trains travelling on the rail
are conducted to ensure consistency in the operating conditions and comparability of
measurement results. Based on the measurements, numerical models for the tested
sections are established and calibrated. The calibrated models are then applied to carry
out component-by-component analysis for each noise and vibration mitigation measure

and to interpret the efficiency of individual and combined control strategies. The major



contributions of this investigation include:

® Recommendations on how to select/implement efficient noise mitigation
measures, and the corresponding experimental and numerical justifications;

® An insight into the noise reduction characterizations of different noise mitigation
measures under in-service conditions; and

® A guide on the selection of adequate noise control strategies for new elevated

railways with similar structural properties.

This article is organized as follows. Section 2 presents the details of in-situ
experiments. The efficiency of five noise and vibration mitigation measures and a
combined strategy is comparatively evaluated. Model development and calibration
procedures are described in section 3. Section 4 provides the simulation results in line
with the measurement conditions, and compares the numerical and experimental results.
Section 5 summarizes the experimental evaluation and numerical interpretation and

draws conclusions.

In-situ experiments

This section describes the design of in-situ experiments on an in-service suburban
rail. Three unmodified test sections and one controlled test section with several noise
control strategies were included. The three unmodified test sections are a standard section
without any noise and vibration control measure, a straight barrier section with a single-
side noise barrier and rubber floating slab track, and a noise-sensitive section with semi-
closed noise barrier and rubber floating slab track. The controlled test section was initially
equipped with rubber floating slab track; track acoustic absorber and track-side noise
barrier were then sequentially installed to form combined noise control strategies. A total
of seven measurements were carried out during the passage of the same model of train
vehicles, and tests under various running speeds were specifically conducted for the

controlled test section and the standard section. The measurement results are analyzed to



2.1.

make a comparative experimental evaluation on the vibration control performance of the

rubber floating slab track, and the noise control efficiency of the other measures.

Experiment setup
2.1.1. Noise and vibration mitigation measures

Five noise and mitigation measures are included in this in-situ experiment, which
are rubber floating slab track, straight barrier, semi-closed barrier, track-side barrier, and

track acoustic absorber.

Noise barrier is a widely used railway noise control method [35]. It blocks the direct
path of noise waves from railway noise sources to the nearby receivers. Rubber seals are
installed between unit plates of noise barriers to maintain a good sealing condition.
Spatially designed barrier surfaces will further help reduce noise wave propagation [36].
Figure 1(a) is the straight barrier section. This barrier is 3.73 m high from the rail head
plane, and 3.17 m away from the adjacent track central line; Figure 1(b) is the semi-closed
barrier section. The total height of the semi-closed barrier is 7.3 m from the rail head
plane, and the lateral length of top rubber plate is 6.38 m, which has fully covered one
side of the double-track railway line. The barrier is also installed 3.17 m away from the
adjacent track central line; Figure 1(c) is the track-side barrier. This kind of barrier is
lower but closer to the train vehicle. The track-side barrier is 0.94 m high from the rail
head plane, and 1.95 m away from the adjacent track central line. The thickness of each

unit plate of the above noise barriers is around 150 mm,

Figure 2(a) is the rubber floating slab track section. The rubber floating slab track is
mainly designed to mitigate lower frequency vibration of the bridge structure and ground
by installing a rubber layer inside the track plate [37]. The rubber layer has much lower

stiffness and thus isolates the vibration energy from the rail [38-40]. However, the



isolated energy will not disappear, instead, it maintains in the rail and wheel. As a result,
the use of rubber floating slab track in general will accompany some other noise
mitigation measures to reduce the increased wheel-rail noise component. Figure 2(b) is
the track acoustic absorber. The absorber is made of a porous material that traps acoustic
waves. Figure 2(c) is the combined strategy of rubber floating slab track, track acoustic
absorber, and track-side noise barrier. This combined strategy can theoretically make
benefits from different noise mitigation measures. A higher noise reduction performance

Is expected.

(@) (b) ()
Figure 1 Site conditions of (a) Straight barrier section, (b) Semi-closed barrier section

for unmodified test section, and (c) Track-side barrier at controlled test section

Track acoustic absorber

Figure 2 (a) Rubber floating slab track (b) Track acoustic absorber (¢) Combined

rubber floating slab track, absorber and track-side barrier
2.1.2. Test condition and sensor arrangement
The standard section serves as a baseline to evaluate the vibration control
performance of the rubber floating slab track, and the noise mitigation efficiency of

straight barrier and semi-closed noise barrier. The controlled test section is equipped with



rubber floating slab track, which is regarded as the initial state for this section. Then, track
acoustic absorber and track-side barrier are subsequently installed on the section. Cross
comparison between the standard section and the controlled test section under its initial
state is considered as a reference for assessing the performance of rubber floating slab

track in mitigating the bridge vibration and bridge-borne noise.

The measurement sections and train operating conditions are summarized in Table
1. It should be noted that the operating speeds at the unmodified test sections except for
the standard section, follow the in-service operating train speeds. Measurements were
conducted on normal train passages in the afternoon. Data of more than 5 train passages
was collected for each section. The controlled test section was conducted at speeds of 40
km/h and 60 km/h, while the standard section was tested at speeds of 40 km/h, 60 km/h,
and 100 km/h, both using a single train vehicle specifically selected for the tests at
midnight. All speed-controlled tests were carried out with three repetitive runs to ensure
data reliability. The train used in this study is a Chinese Type D model with four cars.
Each car is 22 meters in length and 3.3 meters in width. The traction motor is located on
the second and third cars. During the measurement period for the unmodified test sections
(except for the standard section), only a small number of passengers were on board. For

the speed-controlled test sections, there were no passengers on board.

Figure 3 shows the tested suburban train, synchronized data acquisition system,
setup of one single microphone array at the measurement site, and the accelerometer and
microphone installed under the bridge. Figure 4 shows the measuring points that were
arranged consistently in all test sections. A total of twelve free-field microphones (Type
4939, B&K Ltd., M1-M12), named distributed microphone array, were deployed within
one cross-section to capture the radiated railway noise. Two more microphones (MB1,

MB2) and two accelerometers (VB1, VB2) were installed under the bridge, aiming to



capture both bridge vibration and bridge-borne noise. Both the acoustic and acceleration
measurement data were collected using a 16-Channel datalogger (SIRIUS DAQ,

Dewesoft, d.0.0.) to ensure data synchronization.

In the presented set of in-situ experiments, efforts have been taken to ensure general
consistency in terms of measuring source-to-sensor distances and devices, structural
parameters (such as bridge type as 35 m simply supported bridge, sleeper type), train
parameters (same train vehicle type), weather condition (without raining). However, it is
also important to acknowledge that noise level differences caused by different track
locations due to uncertainties are likely to exist for unmodified measurement sections and
cannot be fully eliminated [41]. Different track locations may slightly influence the
resultant insertion losses for several mitigation measures, while such a condition also
reflects the most realistic in-service performances of various measures, which cannot be
realized in a fully controlled laboratory benchmark test. Therefore, the direct comparisons
among different sections and the resulting insertion losses from different strategies hold
enough guiding significance for the railway industry. Moreover, the comparisons made
on the controlled test section with step-by-step additions of mitigation measures at a
single track location are considered to be more straightforward. In light of this, we have
classified the two sets of sections as "unmodified test section™ and "controlled test

section" to point out this setup difference.
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Figure 3. (a) Suburban train (b) Data acquisition system (c) Setup of one microphone
array, and (d) Setup of microphone and accelerometer under the bridge.
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Figure 4. Implementation locations of the measurement system.

Table 1 Measurement sections and operating conditions

35 m simply supported box-girder bridge

Section Speed (km/h)
Unmodified test section
Standard 40, 60, 100
Straight barrier 100
Semi-closed barrier 60
Controlled test section
Rubber floating slab track 40, 60
Track acoustic absorber 40, 60
Track-side barrier 40, 60
Absorber and barrier 40, 60

2.2. Measurements and evaluations
Two direct comparisons are conducted: one is on the unmodified test sections and
the other on the controlled test section. To avoid redundant presentation for measuring
points with similar values, data collected by microphones located at the array boundaries

(M1, M4, M9, M12) are selected for the direct comparisons. An additional cross
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comparison between the standard section and the controlled test section with only rubber
floating slab track is carried out as an extra reference for evaluating the performance of
the rubber floating slab track in mitigating the bridge vibration and bridge-borne noise.
To eliminate the influence of train speed, the evaluation for straight barrier and semi-
closed barrier is made with operating speeds of 100 km/h and 60 km/h, respectively. A
detailed comparison is conducted on the controlled test section, where the evaluation is
processed at two operating speeds of 40 km/h and 60 km/h. A cross comparison between

the two sections is presented at last with operating speeds of 40 km/h and 60 km/h.

Figure 5(a) shows the noise mitigation efficiency of the straight barrier (3.5 m height
and 3.2 m away from the track center). Intuitively, the most efficient noise mitigation area
of a straight barrier should not exceed the barrier height. In the measurement, the highest
insertion loss is 14 dB(A), which is found at the measuring point M1. The measurement
points M4 and M9 above the straight barrier show worse mitigation efficiency with
insertion loss of around 5 dB(A). Figure 5(b) provides the comparison results between
the standard section and the semi-closed barrier section under 60 km/h. Similar to the
noise mitigation feature of the straight barrier, larger insertion losses are found at the
lower region (M1, M9) as 11 dB(A) and 14 dB(A), respectively. As for the measuring
points at 7.5 m above the track plane (M4, M12), insertion losses become 7 dB(A) and 6
dB(A), which do not show much better performance than the straight barrier does. This
similar performance may be attributed to the limited height of sensors’ deployment. Also,
a question arises as to whether the semi-closed noise barrier holds enough capacity in
mitigating railway noise for elevated rail in the vicinity of high-rise buildings when
considering its extremely high construction and maintenance costs. If not, the semi-closed
noise barrier will not be preferable due to its similar performance as the straight noise

barrier.
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Figure 6 and Figure 7 show the linear sound pressure level (SPL(L)) and vibration
acceleration level (VAL) between the standard section and the rubber floating slab track
section, aiming to evaluate the performance of rubber floating slab track in mitigating the
bridge vibration and noise. It is observed that the rubber floating slab track shows a
moderate mitigation efficiency for both bridge vibration and bridge-borne noise, with
insertion losses as 1-5 dB VAL and 0-4 dB(L) SPL. A better mitigation efficiency is

found at higher operating speeds.

Comparisons among the controlled test section with different mitigation measures
are presented in Figure 8 to Figure 10. The rubber floating slab track scenario is regarded
as a baseline for evaluation. In Figure 8, due to the site limitation during the experiments,
only two measuring points (M1, M4) were arranged and thus the noise mitigation
efficiency of track acoustic absorber can only be roughly estimated from the two sensors.
The track acoustic absorber is found to provide a 5 dB(A) insertion loss at 40 km/h and 3
dB(A) at 60 km/h. The mitigation efficiency estimated from the different sensors seems

consistent, though more evidence is needed.

Mitigation efficiency of track-side barrier (0.94 m height) is presented in Figure 9.
This kind of noise barrier is deployed much closer to the wheel and rail (1.9 m from the
nearest track central line) than a regular straight barrier does (3.2 m from the nearest track
central line), and therefore, may provide a larger efficient noise reduction region. At 40
km/h, insertion losses for all measuring points were above 10 dB(A); and at 60 km/h, the
insertion losses reduce slightly, where at least 7 dB(A) is achieved. The three kinds of
noise barriers are found to have similar performance at the lowest measuring point (M1),
even though this point has exceeded the height of track-side barrier. The track-side barrier
shows a larger efficient noise mitigation region than the straight barrier for near field

locations and is competitive with the semi-closed barrier when the noise reception height

12



is below 7.5 m from the track plane. Measurement results in the case of simultaneous
deployment of track-side noise barrier and track acoustic absorber is shown in Figure 10.
The combined effect is quite positive. An insertion loss of 21 dB(A) is found at the point
M1 under 40 km/h. Around 2-7 dB(A) boosts on insertion losses are found at different
measuring points by comparison with the solely track-side noise barrier scenario. An

improvement in mitigation efficiency from the combined strategy is observed.
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Figure 5. SPL comparisons of standard section with (a) straight barrier at 100 km/h
and (b) semi-closed barrier at 60 km/h. (std: standard section; stt: straight barrier
section; semi: semi-closed barrier section)
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Figure 6. SPL (linear) comparisons of standard section with rubber floating slab
track at (a) 40 km/h and (b) 60 km/h. (std: standard section; rfs: rubber floating
slab track section)

T T T T T T T T T 105 110
_ 100} o 100 _ P~ 1o
g oo}
< o5t 95 s T
4 e e S 2 e 100
5 9} =T Sy *.\ 90 K] / e
g 2 D | / T
= 8F 7 R 85 = /] \, 90
5 £ \ 3 / / \-\
o - / . 53 3
g 80 : : y 80 B gl i 'y ©
< 75k —6— VBlstd VBIrfs 75 < —&— VBIstd VBIrfs
VB2std —-+-—VB2rfs VB2std —-+-— VB2rfs
70 ‘ 70 70 70
16 20 25 315 40 50 63 80 100 Peak Overall 16 20 25 31.5 40 50 63 80 100 Peak  Overall

One-Third Octabve Frequency Band (Hz) One-Third Octabve Frequency Band (Hz)
(@) (b)
Figure 7. VAL comparisons of standard section with rubber floating slab track at
(@) 40 km/h and (b) 60 km/h. (std: standard section; rfs: rubber floating slab track
section)

13



=
S

Sound Pressure Level (dB(A))

©
S

\O h}\f; [N NP\ \QQB ’L“QQ b@““ %QQ“ Peak  Overall

(@)

T 90
R s Zsof Q 80
G +\ Fg G *\
prein . 0 Fnf et 0
# > S J )
/;éﬂ b N 60 oot ¥ N 60
9 N q |
) ot 4 ree 8

¥ S so0  Esof ¥ PR 50

/ﬁﬁe”@ 59 = /ﬁﬁ@’@ 3
L |—©— Mlrfs Mlabsb ¥ 40 E 40 k|—e—Mlrfs MIabsb M 40

Mdrfs —-+-—M4absb 2] Mdrfs —-+-—M4absb

4 i i i i 3 i i i i 30

\o 3\5 [ \qf; qf:“ ;JQQ \QQQ ’)B@ D(Q““ %@Q Peak  Overall

(b)

Figure 8. SPL comparisons of rubber floating slab track with track acoustic
absorber at controlled test section: (a) 40 km/h; (b) 60 km/h. (rfs: rubber floating
slab track section; absh: track acoustic absorber)
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Figure 9. SPL comparisons of rubber floating slab track with track-side barrier at
controlled test section: (a) 40 km/h; (b) 60 km/h. (rfs: rubber floating slab track
section; barr: track-side noise barrier)
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Figure 10. SPL comparisons of rubber floating slab track with track absorber
combined with track-side barrier at controlled test section: (a) 40 km/h; (b) 60
km/h. (rfst: rubber floating slab track section; abshb+barr: track acoustic absorber
combined with track-side noise barrier)

Table 2 Summary of measurements and evaluation results

Overall SPL

Peak SPL (dB(A) for M1, (dB(A) for M1,

Insertion loss :
SPL (dB(A) for

Section Speed Measuring M4, M9 M12 and dB for an'\élfj’BMfngI\I/}él M1, M4, M9, M12
(km/h)  points MB1, MB2)/ MB2)/ " and dB for MB1,
Peak VAL (dB) for VB Peak VAL (dB) MB2)/
for VB VAL (dB) for VB
Standard gg M1 78@(630 Hz, 60 km/h)  81@60 km/h; /

80@ (500 Hz, 100 km/h)

84@100 km/h
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100 M4 78@(630 Hz, 60 km/h) 79@60 km/h; /
76@(630 Hz, 100 km/h)  82@100 km/h
M9 73@(630 Hz, 60 km/n)  76@60 km/h; /
73@(630 Hz, 100 km/h)  79@(100 km/h)
M12 68@(630 Hz, 60 km/n)  72@60 km/h; /
71@(630 Hz, 100 km/h)  75@100 km/h
MBL 79@(80 Hz, 40 km/h)  85@40 km/h /
83@(50 Hz, 60 km/h) 88@ 60 km/h
MB2 74@(63 Hz, 40 km/h)  80@40 km/h /
80@(31 Hz, 60 km/h) 85@ 60 km/h
VB1 102@(50 Hz, 40 km/h) 106@40km/h /
106@(40 Hz, 60 km/h) 111@60km/h
VB2 99@(63 Hz, 40 km/h) 102@40 km/h /
103@(31 Hz, 60 km/h) 107@60 km/h
M1 65@630 Hz 70 14
Straight 100 M4 73@630 Hz 78 4
barrier M9 65@630 Hz 70 9
M12 64@630 Hz 70 5
. M1 67@1000 Hz 70 11
Semi- M4 68@1000 Hz 72 7
closed 60
barrier M9 57@1000Hz 62 14
M12 61@1000Hz 66 6
M1 81@(800 Hz, 40 km/h)  83@40 km/h /
81@(800 Hz, 60 km/h) 84@60 km/h
M4 81@(800 Hz, 40 km/h)  84@40 km/h /
82@(800 Hz, 60 km/h) 86@60 km/h
M9 70@(800 Hz, 40 km/h) 73@40 km/h /
71@(630 Hz, 60 km/h)  75@60 km/h
71@(800 Hz, 40 km/h)  75@40 km/h;
ﬁg:t?ﬁé 0 M2 258800 Hz 60kmh)  77@60 km/h /
slab track 60 MB1 79@(50 Hz, 40 km/h) 83@ 40 km/h 2@40 km/h
80@(50 Hz, 60 km/h)  84@ 60 km/h 4@60 km/h
MB?2 75@(63 Hz, 40 km/h) 80@ 40 km/h 0@40 km/h
75@(63 Hz, 60 km/h) 82@ 60 km/h 3@60 km/h
VB1 104@(63 Hz, 40 km/h) 105@40 km/h 1@40km/h
104@(63 Hz, 60 km/h) 106@60 km/h 5@60 km/h
VB2 93@(50 Hz, 40 km/h) 99@40 km/h 3@40 km/h
97@(31 Hz, 60 km/h) 102@60 km/h 5@60 km/h
Track M1 70@(1250 Hz, 40 km/h) 78@40 km/h 5@40 km/h
acoustic 40 75@(630 Hz, 60 km/h) 81@60 km/h 3@60 km/h
absorber 60 M4 73@(800 Hz, 40 km/h) 79@40 km/h 5@40 km/h
78@(800 Hz, 60 km/h) 83@60 km/h 3@60 km/h
M1 63@(500 Hz, 40 km/h) 69@40 km/h 14@40 km/h
72@(800 Hz, 60 km/h) 74@60 km/h 10@60 km/h
Track- M4 67@(500 Hz, 40 km/h) 71@40 km/h 13@40 km/h
side 40 75@(800 Hz, 60 km/h) 77@60 km/h 9@60 km/h
barrier 60 MO 58@(800 Hz, 40 km/h) 62@40 km/h 11@40 km/h
65@(800 Hz, 60 km/h) 68@60 km/h 7@60 km/h
M12 54@(800 Hz, 40 km/h) 59@40 km/h 16@40 km/h
62@(800 Hz, 60 km/h)  66@70 km/h 11@60 km/h
Acoustic M1 57@(500 Hz, 40 km/h) 62@40 km/h 21@40 km/h
absorber 40 65@(800 Hz, 60 km/h) 70@60 km/h 14@60 km/h
combined 60 M4 66@(800 Hz, 40 km/h) 68@40 km/h 16@40 km/h
with 76@(800 Hz, 60 km/h) 72@60 km/h 13@60 km/h
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track-side M9 52@(800 Hz, 40 km/h) 57@40 km/h 16@40 km/h
barrier 60@(800 Hz, 60 km/h) 64@60 km/h 10@60 km/h

M12 54@(800 Hz, 40 km/h) 59@40 km/h 16@40 km/h
64@ (800 Hz, 60 km/h) 67@60 km/h 9@60 km/h

Measurements supporting the above discussions are summarized in Table 2. Several

preliminary speculations and questions are raised for further discussions:

® Intuitively, semi-closed barrier used for elevated railway is supposed to have a
better noise mitigation efficiency for nearby high-rise buildings than straight barrier and
track-side barrier, but the measurement results do not coincide with this intuition. Are
there any situations where the semi-closed barrier can outperform the other two types?

® The measurement results in the case of track acoustic absorber show a uniform
noise mitigation performance from all the measuring points. However, a full picture
describing how track acoustic absorber hinders the noise radiation at larger distances is
expected.

® The track-side noise barrier seems to have a larger efficient noise reduction region
than the straight noise barrier does. Thus the following question arises: Does the track-

side barrier outperform the straight noise barrier in general?

In the next section, a numerical model will be developed with an attempt to
address the above issues, and the numerical results will be used to interpret the noise
reduction characteristics of the control strategies studied above. Furthermore, the
numerical model, after calibrated with in-situ measurement data, will provide a reference
that could help answer the following question important in practice: what kind of noise

mitigation measure shall be used for a specific elevated suburban railway?
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3. Numerical model

In the model developed for this study, wheel-rail rolling noise and bridge-borne
noise are considered as the predominant noise sources of the elevated suburban rail. The
track irregularities have been concluded as the primary excitation for these two kinds of
noise sources [21,42—-44]. Therefore, a superposition procedure is employed to calculate
the combined train-induced noise, as shown in Figure 11. Wheel-rail rolling noise is
simulated through a SEA model with the interaction force spectrum as system inputs. The
structure-borne noise, including the bridge-borne noise and barrier-borne noise, is
calculated through a BEM model with the same interaction force spectrum. The train-
track interaction model takes the rail irregularities as input to generate the force spectrum.
At last, the calculated wheel-rail noise and structure-borne noise are summed together as

the overall train-induced noise output.
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Figure 11. Numerical simulation procedures of train-induced noise.

3.1. Model development
3.1.1. Train-track interaction model
Although extensive investigations have been carried out on developing advanced
train-track rolling contact models [45-49], the effectiveness of basic Hertz contact theory
has been well demonstrated in predicting the steady-state wheel-rail rolling noise [42,50—
52]. As a result, the train-track interaction model based on the dynamic receptance

method [42] takes the rail roughness, wheel, rail and contact receptance as model inputs

R(w)

Ry P ¥

where R(w) denotes rail roughnesses, A,,, Ag and A, are the receptances of wheel,
rail and contact spring. Rail roughnesses refer to the 1SO 3095 (2005) standard [53],

holding a relation with the irregularity wavelength, written as [54]

R =
20log (_) _ {18.45 log(A) +27.0 =20 1>0.01m

2
0 -9.70 A<0.01m @

where 7, is the reference rail roughness whose value is 107 m, and 1 is the
wavelength of the rail roughness. The relevant model parameters are listed in Table 3.

Table 3 Model parameters of the train, rail, and bridge

Component Parameter Unit Value
Mass of bogie t 2.43
Mass of wheel-set t 1.744
Stiffness of primary suspension KN/m 1252
Length between bogie centers mm 15700
Train Wheel_base mm 2500
Wheel diameter mm 860
Wheel density kg/m?3 7850
Young’s modulus of wheel N/m? 2.06x10%
Poisson’s ratio of wheel / 0.3
Loss factor of wheel / 0.0001
Cross-section area of rail mm? 7745
Rail Rail density kg/m?3 7850
Young’s modulus of rail N/m? 2.06>101
Poisson’s ratio of rail / 0.3
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Loss factor of rail / 0.01

Fastener stiffness MN/m 60
Fastener spacing m 0.625
Height of box-girder m 2.15
Width of bridge deck m 10.9
Width of bridge bottom m 54
Bridge Bridge density kg/m? 2420
Young’s modulus of bridge N/m? 3.45x10%°
Poisson’s ratio of bridge / 0.2
Loss factor of bridge / 0.02

3.1.2. Wheel-rail rolling noise prediction model

Finite element (FE) models of wheel and rail are established with the commercial
software ANSYS to obtain the interaction-induced vibration of both wheel and rail. The
obtained vibration will later be input to a vibroacoustic software (VA one, statistical

energy analysis) for noise radiation analysis.

Eight-node solid element is utilized to formulate both wheel and rail FE models. A
total of 11260 elements with mesh size no more than 0.0675 m are generated for the wheel.
The rail is meshed along its cross-section and then extruded along the longitudinal
direction. 132 elements with 0.01 m mesh size are generated for the planar cross-section.

The longitudinal extruding also adopts the 0.01 m mesh size.

In the SEA model, simulated wheel and rail vibration responses are transferred as
acoustic boundary condition and then input into the SEA model to calculate the noise
radiation. The noise absorption and reflection of ground, bridge and sound barrier are
considered, thus being capable of capturing the noise radiation pattern of different noise
barriers. The noise insulation effect of train body is also considered by eliminating the

acoustic cavity in the train operating region.

3.1.3. Bridge-borne noise model
The bridge structure is established as a FE model to obtain the vibration response
under the train-track interaction force. Considering the inefficiency of SEA in acoustic

radiation analysis for lower frequency components, BEM is utilized for acoustic radiation
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3.2.

analysis based on the generated vibration response. Four-node shell elements are used to
model the box girder with a mesh size no more than 0.25 m, and a total of 12900 elements

are generated.

3.1.4. Overall noise

The overall noise is obtained through a superposition of wheel-rail noise and bridge-
borne noise. The sound energy of wheel-rail noise is mainly concentrated in medium- and
high-frequency bands of 500 to 2000 Hz [5,42] while the sound energy of bridge-borne
noise is mainly concentrated in the low-frequency band below 200 Hz [11,27,55,56].
Therefore, taking 200 Hz as a boundary, the wheel-rail noise model is used to predict the
noise in the frequency band of 200 to 5000 Hz; meanwhile, the bridge-borne noise is used

to predict the noise in the frequency band below 200 Hz [57].

Model calibration

The numerical model is calibrated with measurement data from the standard section.
Measurements with a train speed of 94 km/h, which is the median value among the
measured three repetitive runs under the 100 km/h nominal speed, are utilized. Four
measuring points (M1, M2, M9, M10) are chosen for the calibration in line with the
measuring locations recommended in relevant standard [53]. Recall that the proposed
model is to evaluate the efficiency of various noise mitigation measures, and therefore, it
is crucial to calibrate the numerical model to the baseline measurement, ensuring its
prediction capability in terms of both the amplitudes of sound pressure level and the
corresponding spectrum characteristics. Figure 12 presents the calibration results, a
satisfactory agreement is achieved in terms of both SPL amplitudes and spectrum
characteristics. Based on the calibrated baseline model, the noise mitigation measures
will be incorporated in the calibrated model, with the same speed, aiming to provide

information with the intent of explaining the findings from measurements and to
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determine preferred noise mitigation strategies by considering both mitigation efficiency

and cost-effectiveness.
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Figure 12. Model calibration based on measurements from standard section at 94
km/h: (a) M1; (b) M2; (c) M9; (d) M10. (std: standard section; sim: simulated result)
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4. Numerical interpretation and discussion

The noise mitigation measures presented in section 2 are simulated by the calibrated
model to figure out the noise mitigation features of track acoustic absorber, and the
efficient noise reduction regions of straight barrier, track-side barrier, and semi-closed
barrier. Their performance margins will be compared based on the relative percentage of
insertion losses (taking the location of the measuring point M1 as a baseline value), and
the efficient noise reduction regions versus different barrier types will be obtained. With
the comparative experimental evaluation and numerical interpretation, recommendations

on the choice of barrier types will be provided at the end of this section.

Figure 13 shows the modelling setup of the standard section and the corresponding

measurement site condition. The sound reflection effects of both bridge and ground are
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taken into account. The sound absorption coefficient of ground is determined by

measurement [58].

Figure 14 illustrates the spatial distribution of noise for the standard section. The
discussions below will be based on this baseline contour map. The spatial region holds a
lateral distance range from 0 and 120 m to the track central line and a vertical distance
range between 0 and 50 m to the ground. The bridge bottom plate and track plane are set
as 10 m and 12.5 m away from the ground level, respectively. This 120 m x 50 m spatial
region is large enough to cover most of the concerned spaces in relation to railway noise

mitigation.
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Figure 13. Standard section as a baseline: (a) modelling setup and sound absorption

coefficient (SAC) spectrum of ground; (b) site condition.
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Figure 14. Noise distribution map of standard section.
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4.1. Noise reduction feature of track acoustic absorber
The track acoustic absorber (Figure 15) is modelled by adjusted sound absorption
coefficient (SAC) around the track region. The SAC of track acoustic absorber is obtained

through a series of laboratory experiments, and the obtained spectrum is plotted inside

Figure 15(a).
[ Track acoustic absorber
! o : Track plate

LI E ]

[ ] s 10

1l Acoustic absorbe .

I o o o [

(a) (b)

Figure 15. Track acoustic absorber: (a) modelling setup and sound absorption
coefficient of absorber (SAC); (b) site condition.

Figure 16 shows the noise distribution map and noise reduction map of track acoustic
absorber. In comparison with the simulation results of the standard section (Figure 14), it
is found that the track acoustic absorber does not change the noise radiation feature. Its
noise mitigation efficiency map is also uniformly distributed along with both the vertical
and lateral distances. The simulation results agree favorably with the field observation,
concluding that the track acoustic absorber holds uniform noise mitigation efficiency
when the noise reception point is more than 7.5 m away from the track central line. At
the measuring point M1, the track acoustic absorber possesses an insertion loss of 4.4

dB(A).
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Figure 16. Simulation results of track acoustic absorber: (a) noise distribution map;
(b) insertion loss map

Efficient noise reduction regions

The modelling setup for straight noise barrier, track-side noise barrier, semi-closed
noise barrier, and track-side noise barrier in combination with track acoustic absorber are
presented in Figure 17 to Figure 20. The straight barrier and semi-closed noise barrier are
installed 3.2 m away from the nearest track center, while the distance for the track-side
noise barrier reduces to 1.9 m. The acoustic insulation performance of noise barrier is
also simulated with SAC that was measured through laboratory experiments, and the SAC

spectra are plotted inside the corresponding modelling setup figures.
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Figure 18. Track-side noise barrier: (a) modelling setup and sound absorption
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Figure 19. Semi-closed noise barrier: (a) modelling setup and sound absorption
coefficient (SAC); (b) site condition.
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Figure 20. Track-side noise barrier combined with track acoustic absorber: (a)
modelling setup and sound absorption coefficient (SAC); (b) site condition.
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The noise distribution map, insertion loss map, and ratio of insertion loss for the
three types of noise barriers are presented in Figure 21 to Figure 23. To describe the
spatial deterioration of insertion loss of different noise mitigation strategies, the insertion
loss at measuring point M1 is used as one baseline insertion loss (baseline performance)
for further comparison. In Figure 21(b), the largest insertion loss of straight barrier is
found at locations between 2 m to 8 m laterally away from the track central line, and
below the track plane (12.5 m). The height of straight barrier is 3.5 m, and thus this barrier
structure ranges from 12.5 m to 16 m vertically. The insertion loss decreases rapidly with
height, and can only achieve 50% of its performance when the reception point is higher
than 14 m and near the barrier, indicating that the straight barrier is not efficient in
mitigating noise for nearby and high reception points. Having said that, this kind of
decrease slows down with increasing lateral distance. The straight barrier is found to have
at least 60% of its baseline performance for the reception point that is more than 40 m
laterally away from the track center. Practically speaking, straight noise barrier is less
effective for buildings that are higher than 20 m and are located within 20 m laterally
away from the track central line. In other words, it is inappropriate to choose the straight

barrier as a potential noise mitigation measure to neighboring high-rise buildings.
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Figure 21. Simulation results of straight barrier: (a) noise distribution map; (b)

N
S
S

insertion loss ma

The track-side barrier holds very similar noise mitigation features as the straight
barrier does (Figure 22(b)). Slightly better performance than the straight barrier is found
in the far-field point that is more than 40 m laterally away from the track central line. The
insertion loss of the track-side barrier is still rapidly decreasing with lifting reception
point, showing its noise reduction inefficiency when applied for nearby high-rise
buildings. Nevertheless, considering its very limited structure height (0.94 m) and slightly
better performance than the straight barrier (especially for far-field points), the track-side
noise barrier is a good alternative to the straight noise barrier because of achieving

identical performance while saving construction material.
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Figure 22. Simulation results of track-side barrier: (a) noise distribution map; (b)

insertion loss map

The semi-closed noise barrier, in general, is one of the most effective noise
mitigation measures among all railway noise control measures. In the numerical model,
the semi-closed noise barrier is found to be much more efficient than the other two kinds
of barriers. In Figure 23(b), at the baseline point (M1), the insertion loss can reach about
20 dB(A), and the insertion loss does not rapidly deteriorate with the increasing height
once the measuring point is 4 m away from the track center. The semi-closed barrier is
found to have at least 70% of its baseline performance in nearly the whole simulation
field. The above numerical results indicate appealing noise reduction performance from
the semi-closed noise barrier, which, however, does not coincide with the in-situ
measurements. Such numerical overestimation can be attributed to the perfect sealing
condition in the numerical model, which will inevitably deteriorate over time in
engineering practice [59]. The randomly distributed gaps or apertures on the noise barrier
cannot be reasonably modelled by the current numerical techniques. As a result, the
numerical model generates different results from in-situ measurements, and the actual
performance of semi-closed noise barrier seems to be more related to the barrier integrity

and site conditions instead of the structure characteristic itself.
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Figure 23. Simulation results of semi-closed barrier: (a) noise distribution map; (b)

insertion loss map

Figure 24(b) shows the combined effect of track acoustic absorber and track-side
barrier. In comparison with Figure 22(b), approximately 3-5 dB(A) boost on the insertion
loss is achieved by this combined strategy, which agrees well with the measurements.
This combined control strategy essentially makes benefit of two kinds of separate
mitigation measures without sacrificing their individual performance. The obtained
insertion loss is basically identical to the linear sum of two separate measures. This
strategy shows a better noise mitigation efficiency in nearby and high regions than the
track-side noise barrier alone, and, according to the measurement results, it will be
practically more efficient than the semi-closed noise barrier for noise mitigation even at
the locations below the height of 20 m and within 20 m laterally away from the track

central line.
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Figure 25 summarizes the insertion losses at measuring point M1 based on both
experimental measurements and simulation results. Although the train speed considered
in the numerical model is somehow different from the measurements, the predictions
overall capture the trends of various noise mitigation strategies, except for the semi-
closed barrier. As a result, these simulated noise distribution maps and insertion loss maps
presented in this subsection, especially the far-field predictions, can partially compensate
for the limitations of in-situ experimental evaluations and offer valuable insights for

parties concerned with radiated far-field noise.
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Figure 25. A summary of insertion losses at measuring points M1. Numerical results
at 94 km/h versus experimental results at their highest available speeds (correspond to
Table 2).

The above numerical simulation results can help to answer the questions raised in

section 2.2:

® The numerical models show that semi-closed noise barrier has a much greater
performance than straight noise barrier and track-side noise barrier for all measuring
points, which however is contradictory to the in-situ measurements. Comprehensively
considering the numerical and measurement results, the well-maintained semi-closed
noise barrier can outperform the other two types of noise barrier in their rapidly
deteriorating region, which is about 2.5 m above the track plane and within the 20 m away
from the track center. Once these areas become noise sensitive, a semi-closed noise
barrier should be applied, and careful maintenance after implementation is necessary;

® Track acoustic absorber shows consistent noise mitigation efficiency for all
measuring points, and the numerical modelling results coincide well with the
measurements. Track acoustic absorber is demonstrated to be a good supplementary noise

mitigation measure that can be adopted in a combined noise control strategy;
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® Track-side noise barrier and straight noise barrier hold nearly the same spatial
distribution characteristics on their insertion losses, and the former shows overall better
performance and should be more widely applied. Taking 60% of reduction efficiency as
an indicator of ineffective region, Figure 21, Figure 22 and Figure 24 clearly show the
margins, and a combined track acoustic absorber and track-side noise barrier can

effectively improve the efficient noise reduction region.

The above investigations have revealed the characteristics of various noise
mitigation measures considered, which can be directly referred to when making decisions
on selection/implementation of noise control measures for similar rail transit structures.
As regards the question “what kind of noise mitigation measure shall be used?” raised
before, the recommendation is that, for buildings with heights above 20 m and
approximately 20 m away from the track center, the well-maintained semi-closed noise
barrier is the only available option that could provide higher insertion losses. Otherwise,
combining track-side noise barrier and track acoustic absorber will be the most suitable
combined noise control strategy, which simultaneously ensures cost-effectiveness and
noise mitigation efficiency. Besides, without using the track acoustic absorber, the track-
side barrier can slightly outperform the straight barrier, which therefore should be more

widely applied in engineering practice.

Conclusions

Experimental evaluation of a series of noise and vibration mitigation strategies was
conducted in this study. Numerical interpretation on top of the experimental evaluation
was then presented to further illustrate the noise reduction features of different control
strategies. The results obtained from the combined investigation of measurements and

numerical modelling can serve as a guide for selecting appropriate noise control strategies
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in engineering practice. Major findings of this study are summarized as follows:

(1) Rubber floating slab track is experimentally found to be effective in mitigating
the bridge vibration and the corresponding bridge-borne noise by 1-5 dB VAL and 0-4
dB(L) SPL. It is more efficient when the train is travelling in a higher speed. This
mitigation measure should be utilized jointly with other measures when both bridge-borne
noise and bridge vibration are concerned;

(2) Track-side noise barrier and straight noise barrier hold very similar performance.
Their insertion losses deteriorate rapidly in the neighboring and high regions; and
therefore, both kinds of noise barriers should not be adopted when the noise sensitivity
region is at their worst performance region, which is within 20 m away from the track
center and 2.5 m above the track plane;

(3) Track acoustic absorber is a good supplementary measure that provides noise
reduction for all measuring points. A combined application of track-side noise barrier and
track acoustic absorber can achieve a boost on insertion loss for 2-5 dB(A). It can also
effectively improve the efficient noise reduction region;

(4) Semi-closed noise barrier is numerically and intuitively the most efficient
measure in train-induced noise reduction, but its performance will be diminished by the
deteriorated sealing performance. Timely maintenance is necessary to keep a good
performance of semi-closed noise barrier. It should be applied only for noise mitigation
of nearby regions (<20 m from the track center) and high-rise buildings (>2.5 m from the

track plane).

In this paper, the main conflict is found between the numerical and experimental
results in the case of semi-closed noise barrier. The discrepancy is attributed to the
structural sealing deterioration [18] that can be induced by train-induced vibration and
airflows [60-62]. A monitoring strategy detecting the sealing status of semi-closed noise
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barrier is thus demanding. Also, a more powerful modelling technique taking into account
the sealing deterioration is expected. It is worth mentioning that the conclusions drawn
for various mitigation measures in this study are adaptive to cases where the wheel-rail

rolling noise is predominant.
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