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Abstract

The acoustic performance of a nearly-enclosed prototype meant to attenuate urban rail transit (URT) noise

was measured in situ on an existing line. The prototype is constructed on a viaduct on Line 1, Ningbo,

China, with a 2-meter-wide opening at the top. A series of measurements while trains passed by were

carried out with twelve receiver positions at the site without and with the prototype. Train speeds were

measured using a piezoelectric acceleration sensor located on a rail foot. By correcting pass-by levels for

train speed, the measured results show that the nearly-enclosed prototype provides an attenuation with a

maximum of 17 dB(A), and a minimum of 6 dB(A). One-third octave band spectrum analysis shows that

the insertion loss specific to rolling noise yields on average more than 15 dB. Furthermore, comparisons

between measured and predicted results by using 2.5-D boundary element method (2.5-D BEM) show that

both of the employed PC and PMMA sheets could not provide sufficient transmission loss for the prototype

in a real situation. Nevertheless, the nearly-enclosed prototype is effective against rolling noise for the URT

system.

Keywords: Noise barrier, Urban rail transit, In situ measurement, Boundary element method

1. Introduction1

Due to the rapid urbanization in China, Urban rail transit (URT) systems have entered a phase of rapid2

expansion. However, because of their exposure to the environment, vibration and noise pollution generated3

by elevated lines has become an urgent and serious problem. If this cannot be sufficiently solved, the4

development and use of the land space along the lines will be severely affected [1, 2]. To tackle this noise5

pollution, one of the effective ways is noise barrier [3–6]. Basically, there are three types on the existing lines6

in China: conventional straight barrier, half-enclosed barrier and fully-enclosed barrier. Among them, fully-7

enclosed barriers are the most effective at reducing URT noise. For fire safety, an opening is designed at the8
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top of fully-enclosed barrier. Hence in this work we call it the ”nearly-enclosed” barrier. A nearly-enclosed9

barrier constructed on a viaduct can contain almost all sound energy inside the barrier, and therefore is able10

to acoustically isolate residential buildings and industries from URT noise.11

Previous studies [7–11] on nearly-enclosed barriers mostly used numerical modeling methods to evaluate12

the efficiency. Most are ray tracing method with software Cadna/A and statistical energy analysis (SEA)13

with software VA One, although boundary element method (BEM) is widely used in the prediction of14

barrier efficiency [6, 12–14]. Since the insertion losses were predicted typically over 20 dB(A), nearly-15

enclosed barriers are applicable to many urban lines in different cities. However, little is known about16

nearly-enclosed barriers through in-situ measurements. Coincidentally a fully-enclosed barrier was built on17

the Shenzhen-Maoming Railway line for the first time in China. X. Wu et al.[15] measured insertion loss18

of the fully-enclosed barrier by using indirect measurement method according to the norm ISO 10847-1997.19

The results showed that when the train speed was not higher than 132 km/h, the insertion loss generated20

by the concrete barrier could be on average 16-18 dB. However, for assessing the actual performance on21

reducing URT noise, it seems necessary to carry out in-situ measurements in a real situation.22

In urban environments along URT lines, many sources of noise coexist during a train pass-by, including23

wheel/rail rolling noise, as well as vehicle noise and pantograph noise. It is generally believed that rolling24

noise generated by wheel/rail interaction is the predominant source in URT systems, with a feature of25

incoherent line source. However, many studies [6, 16–18] used one or two coherent line sources as an26

alternative in 2-D numerical models. A few types of sound source have already been studied [19, 20], and27

it has been emphasized that the coherent line source overestimated the efficiency and therefore to find a28

numerical method using incoherent line source but saving computation time seems critical in this context.29

A 2.5-D BEM approach, proposed by Duhamel [21, 22], is appropriate for this purpose. The main idea of30

this approach is to solve the sound pressure fields created by point or incoherent line sources by using a31

Fourier-type formulation to transform the 2-D BEM results. With the help of the 2.5-D BEM method, the32

insertion losses of a barrier for URT noise can be predicted though with large computational cost.33

In this work, the performance of a nearly-enclosed barrier prototype meant to attenuate URT noise for34

the surroundings is measured in situ on an existing line. The selection of the measurement sites and the35

design of the prototype are introduced at first. Then the measurement method and the implementation are36

presented. The measured results are analyzed in relation to train speed in order to evaluate exactly the37

insertion loss. Comparisons with 2.5-D boundary element method (2.5-D BEM) predictions are made to38

reasonably explain the in-situ acoustic performance of the nearly-enclosed prototype.39
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2. Preparatory work40

2.1. Selection of measurement sites41

The measured prototype is a typical nearly-enclosed barrier with a length of 420 m. The measurement42

site was selected close to the midpoint of the length of the barrier. The measured line is next to a four-lane43

road which separates the highly protected area from the lines (see Figure 1), with many cars and trucks44

passing by. On the other side there is a river between factories and the measured lines. In terms of the45

acoustic nature of the ground, the surface of ground is asphalt, and therefore it was assumed as acoustic46

rigid surface. Green vegetation covered the ground under the bridge and therefore the SPL at receiver47

M1-1 was partly absorbed by the green vegetation. Due to the totally reflective surface of bridge piers, the48

measurements were conducted in the middle of a bridge stride, between two piers. When measuring, cars49

and trucks were prevented from passing through the measured sites to reduce the influence of traffic noise.50

Given the complexity of the environment, it is essential to pay attention to the interference of background51

noise.52

In addition to background noise, track structures also have a major influence on the emission of URT

Figure 1: The configuration of the site with the nearly-enclosed prototype ( Twelve red circles: receiver positions; blue triangles:

recommended positions stated in the ISO and European norms)

53

noise, and therefore would bias the acoustic performance evaluation of a barrier. On the selected site,54

floating slab tracks (FSTs) have been constructed on the viaduct. It is theoretically and experimentally55

proved that FSTs effectively reduced structure-borne noise radiated from the viaduct [23–25]. With the56

low-frequency characteristics of the structural noise, the measured insertion losses at low frequencies must57

be overestimated compared with those for the prototype itself. On the other hand, since most of the rail58

vibration energy is isolated by the FSTs, it may react on the rail vibration. And therefore it will make some59

contributions to the emission of rolling noise. As a consequence, the influence of the FSTs is worthy of great60

attention.61

Another measurement site was required and determined where there is no barrier but several similar62

environmental factors as well as the train speed being almost identical to the aforementioned one. To63
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distinguish these two sites, we use ”a site without a barrier” and ”a site with a barrier” to describe them64

afterwards. Figure 2 displays these two sites. At the site without a barrier (see Figure 2(b)), the receiver

Figure 2: The scenes of the measurement sites: (a) receiver column M1- at the site with a barrier; (b) receiver column M1-

at the site without a barrier; (c) receiver column M2- at the site with a barrier; (d) receiver column M2- at the site without a

barrier.

65

M1-1 was partly covered by the green vegetation, as well as that for the site with a barrier (see Figure 2(a)).66

Furthermore, at both sites, the pole with receiver column M2- was tied to the lamppost (see Figure 2(c) &67

(d)) , whereas that with receiver column M3- was tied to the distant one. The surfaces of ground close to68

M2- & M3- are also asphalt, and the green plants close to the lamppost also located at both sites. Figure 369

illustrates locations of these two sites on the flat map. It can be seen that both measured sites are on the

Figure 3: The locations of two measurement sites on the flat map.

70

same road close to the line, and the distance between them is less than 1 kilometer. Consequently, there is71

no barrier at the equivalent site, but several similar environmental factors are almost identical to the site72

where there is a nearly-enclosed barrier. Note that there is no presence of FST on the site without a barrier.73

It means that on the site with no barrier, the structural-borne noise of the viaduct cannot be reduced by74

the FST. Hence the measured insertion losses in our case would be the combination effect of the prototype75
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and the floating slab tracks.76

2.2. The design of the prototype77

A schematic cross section of the prototype is shown in Figure 4, composed of several parts: one-side

Figure 4: A cross section of the prototype

78

open-cell Aluminum panels located on the inner surface of two flanges, two-side open-cell Aluminum panels79

on the central T-shape passageway, and arched parts fixed on two sides of the viaduct. Each arched part is80

an assembly of two sound absorption panels, a PMMA sheet, a PC sheet and welded steel frameworks. The81

absorption panels, jagged and filled with 48kg/m3 glass wool, have a thickness of 60 mm. The transparent82

PMMA sheet with a thickness of 15 mm is designed for reducing drivers’ fatigue, while the 6.5-mm-thick83

PC sheet is utilized to offer more flexibility for the shape and efficient sound insulation capability. The84

open-cell Aluminum panels are adopted for absorbing rolling noise, each made up of a 4-mm-thick open-cell85

aluminum foam panel, a 50-mm-thick cavity and a 1.5-mm-thick backboard.86

2.3. Measurement method87

2.3.1. Arrangement of receiver positions88

As stated in the ISO and European norms [26, 27], the measured receiver positions are recommended89

to be forming a grid (marked by blue triangles in Figure 1), so as to present the acoustic performance of a90

barrier on the bright zone, transition zone, and shadow zone behind it, respectively. One of our previous91

studies [28] showed that this gridded measurement technique enabled a good visualization of the acoustic92
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performance. However in this case, the bright and transition zone behind the nearly-enclosed prototype were93

too high to reach and the highly protected areas are mostly in its shadow zone. Moreover, the microphones94

could not be fixed stably since disturbances were frequent and unavoidable at the top of such a high support.95

Thus, as a compromise, some of the receivers were positioned below the height of the track instead. The96

furthest receiver column (M3-) was considered to be placed much closer to the highly protected area than97

the recommended position (see Figure 1, the blue triangle 30 meters away from the source), since the nearly-98

enclosed barrier was designed for protecting this area from the urban rail noise.99

Based on these considerations, the receiver positions were eventually determined and are marked by red100

circles in Figure 1. The name of each receiver begins with ”M”. The first number represents the column101

number which is smaller as the receiver gets closer to the source, whereas the second number indicates the102

row number which is smaller as the receiver gets closer to the ground. A symbol like ”M1-” ”M-1” which103

will be seen in later sections designates, for example, all the receivers in the first column or the first row,104

respectively. In summary, we have twenty-four different configurations of measurements depending on twelve105

receiver positions at sites with and without a barrier.106

Sound pressure signals were recorded by four B&K microphones (Type 4189, the corresponding response107

frequency ranges from 20 Hz to 20 kHz). They were omnidirectional and protected by windscreens, as108

shown in Figure 5(a). The signals were sampled at 51.2 kHz to avoid message distortion. In addition, the109

microphones were mounted in the grazing position on the standing poles due to signal contamination caused110

by the microphone safety grid [29].111

2.3.2. Speed measurement from vibration signals112

Train speed is one of the important parameters that influences the pass-by sound pressure level. It113

is well known that train speed can be measured by the length of a train and the duration of its pass-by.114

However, due to the presence of barriers the general method to measure speed is worthless. One approach,115

as detailed in [30], is to use an extra microphone close to the track to calculate speed by the formula116

v = d/∆t with ∆t the time intervals between the passage of the first and the last bogie, and d the distances117

between the corresponding bogies. In this measurement, train speeds were calculated from measuring the118

time histories of vertical acceleration level of the rail (ALeq,T ). The acceleration signals were recorded by119

a piezoelectric acceleration sensor (range: 500g) shown in Figure 5(b). The signals were sampled at 5120120

Hz based on the Nyquist Theorem. The records were started automatically two seconds ahead of a trig-121

ger from the bump generated by the first bogie pass-by, in sync with the recordings of sound pressure signals.122

123
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(a) The microphones (b) The piezoelectric acceleration sensor

Figure 5: The apparatus used at the site with the prototype

2.4. Implementation124

The measurements at the sites without and with a barrier were conducted on sunny days six days125

apart. The wind direction was southeast whereas the wind speed went to less than 5.4m/s for both two126

measurement days. The percentage of wind speed in sound speed was just about 1.5% and thus the effect of127

wind speed to the sound could be ignored. The temperature for the first day differed by only 1− 2 ◦C from128

that for the second day. There was no rain so that the humidity was relatively low. Thus, the meteorological129

conditions were not significantly different between the two measurement days. Due to a limitation on the130

number of apparatuses, four microphones were fixed on a long upright pole to simultaneously measure sound131

pressure at the same horizontal distance from the source but different vertical distances, e.g., at the same132

time measuring sound pressure at receiver M1-4, M1-3, M1-2 and M1-1 (shown in Figure 5(a)). Then this133

pole was moved further from the source, to record sound at the other two horizontal distances. All the134

measurements were performed only for the duration of trains passing through the measured cross-section.135

At each horizontal distance (e.g., M1-), the measurement was repeated 10 times or more to ensure the136

statistical representativeness of the sample. When measuring, cars and trucks were prevented from passing137

through the measured sites to reduce the influence of traffic noise. For each microphone, the background138

noise was measured at each position when there was no train in the measured section. The background139

noise was measured for 30 seconds. In addition, all the apparatus including acoustic amplifiers, electrical140

charge amplifiers, sound pressure collecting equipment and A/D data collection cards met the requirements141

of EN 61672-1 and the microphones complied with IEC 61672 class 1.142

3. Measured results and discussion143

During the measurement, trains passed through the two measured sections with different speeds. There-144

fore, the speed dependence of rail vertical vibration and sound pressure at each receiver position was discussed145
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at the beginning of this section. Then, by using the dependence curves, the measured sound pressure signals146

were speed-corrected to analyze the spatial distribution and the spectrum, in order to present a compre-147

hensive view of the measured noise characteristics. The acoustic performance of the barrier prototype was148

eventually investigated.149

3.1. Train speed dependence150

3.1.1. Train speed dependence of rail vertical acceleration151

The train speed for each record was calculated through the measured time histories of rail vibration152

acceleration level ALeq,T. To identify the pass-by of every bogie, the recorded signals were averaged at 100153

ms intervals. Figure 6 shows two examples of the time histories for ALeq,T. It can be seen that the acceler-

(a) At the site without a barrier (b) At the site with a barrier

Figure 6: Examples of time histories for the rail vertical accelerationALeq,T

(Red circles: peaks caused by the pass-by of bogies.)

154

ation level increases gradually in the first 3 seconds, then raises sharply for about 6 seconds, and finally the155

acceleration level decreases back to the level as high as the beginning. This variation trend presents a vivid156

description of a train approaching the measured section, passing through and leaving.157

Figure 6 also presents twelve sharp peaks during a train pass-by. Since each standard train on this line158

has twelve bogies fixed, it is reasonable to suppose that these peaks were caused by the pass-by of bogies.159

As the distance between the pass-by of the first and last bogie is d = 107.6m, the train speed for each record160

can be calculated by the formula V = d/∆t with the time history of ALeq,T, assuming it is constant. ∆t161

denotes the time period from the first peak to the last one (e.g. see Figure 6).162

By averaging twelve peak values of ALeq,T for each record, the mean ALeq,Ts were plotted as a function163

of the logarithm of the corresponding train speed, as shown in Figure 7. It displays that the train speed164

varies between 55 km/h and 75 km/h at both sites, and the ALeq,T increases with train speed. The slopes165

between the acceleration level and the logarithm of train speed are 32 and 31 for the site without a barrier166

and with a barrier, respectively, and the coefficients of correlation are 0.84 and 0.73, respectively. Besides,167

train speeds at the site without a barrier are concentrated in a range above 70 km/h, whereas most of those168
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Figure 7: The relationship between ALeq,T and train speed at both sites

(Red circles: the mean ALeq,T at the site without a barrier, blue crosses: the mean ALeq,T at the site with a barrier, red

curve: the regression curve for the site without a barrier, blue curve: the regression curve for the site with a barrier.)

at the site with a barrier are less than 65 km/h. This is due to the blockage of the nearly-enclosed barrier169

which caused the rail traffic to slow.170

By using the least squares estimation method, two linear regression models were obtained for the rela-171

tionship between ALeq,T and train speed at both sites, and are represented by dotted curves in Figure 7.172

Obviously, with the same speed, the blue dotted curve is slightly higher than the red dotted curve. The dif-173

ference between these two curves could be attributed to the influence of the floating slab track as introduced174

in Section 2.1. However, the influence could be negligible since the differences are always less than 0.5 dB.175

Thus, there is no need to pay attention to the influence of the FSTs on rolling noise. In addition, those176

significant deviations between the regression curves and the measured results are probably due to wheel177

defects, rail defects and the variation of train load.178

3.1.2. Train speed dependence of measured noise179

Figure 8 presents time histories of A-weighted sound pressure level for receiver M1-4 at both sites, which180

were recorded in sync with the examples of ALeq,T in Figure 6. It can be seen that the pass-by level increases181

considerably when a train was passing through the measured section at the site without a barrier, whereas182

at the site with a barrier there is a small increase. These increases are almost synchronous with those for183

the rail vibration acceleration levels, which can be explained appropriately by a train pass-by. Thus, the184

measurement technique to measure rail accelerations for determining the time period of a train pass-by and185

the train speed is accurate and reasonable, which can be generalized to the in-situ measurements.186

The equivalent continuous A-weighted sound pressure level during the train passing by LAeq,pass is187

introduced to estimate the measured noise [26, 27], as given by188

LAeq,pass = 10 log10

[
1
Tp

∫ t2
t1

p2
A(t)

p2
0

dt
]
= 10 log10

[
1
N

∑N
n=1

p2
A(n)

p2
0

]
(1)
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(a) At the site without a barrier (b) At the site with a barrier

Figure 8: Examples of time histories for A-weighted level measured at M1-4, which were recorded in sync with the examples for

ALeq,T shown in Figure 4 (The two dotted vertical lines in each sub-figure represent the starting point and the ending point,

respectively.)

where Tp denotes the duration of a train passing through, t1 is the starting time when the first car head enters189

the measured cross-section whereas t2 is the ending time when the last car tail leaves. pA (t) denotes A-190

weighted instantaneous sound pressure at t second, and p0 is the reference sound pressure (usually 20µPa).191

The last term is a discretization, where N denotes the sampling points. This discretization term was192

employed for the measurement analysis to handle the measured data.193

Figure 8 marks the LAeq,pass by red horizontal lines. The LAeq,pass provides the mean characteristics of194

the pass-by level in the time history, which can be a good indicator to describe the measured noise. Figure195

9 illustrates the relationship between train speed and LAeq,pass for M1-4 at both sites. Their relationship is

Figure 9: The relationship between LAeq,pass for M1-4 and train speed (Red circles: the LAeq,pass at the site without a barrier,

blue crosses: the LAeq,pass at the site with a barrier, red curve: the regression curve for the site without a barrier)

196

properly performed by a linear regression model, given as,197

LAeq,pass (V ) = α log10 (V/Vref) + LAeq,pass (Vref) (2)

where Vref denotes the reference speed and LAeq,pass (Vref) is the corresponding reference level. Assuming198

that the reference speed equals to 65 km/h, the calculated results for the reference level LAeq,pass (Vref),199
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the slope α and their uncertainties for each receiver at the site without and with a barrier, are calculated200

and given in Table 1. It is noteworthy that the slope α for all the receivers at the site without a barrier

Table 1: The reference level LAeq,pass (Vref), the slope α and their uncertainties for each receiver at the site without and with

a barrier (Vref = 65km/h), and the speed-corrected insertion loss for each receiver(unit: dB(A))

Receiver Site type LAeq,pass (Vref) coefficient α The estimate for the insertion loss

M1-4
Without a barrier 83.39±0.20 31.60±4.95

16.69±0.40
With a barrier 66.70±0.20 18.84±3.72

M1-3
Without a barrier 72.90±0.25 29.21±5.57

9.84±0.47
With a barrier 63.06±0.22 18.34±4.17

M1-2
Without a barrier 73.04±0.39 28.54±6.77

8.35±0.60
With a barrier 64.69±0.20 18.84±3.72

M1-1
Without a barrier 67.85±0.20 27.10±8.17

6.33±0.67
With a barrier 61.51±0.12 18.72±3.13

M2-4
Without a barrier 73.45±0.63 29.18±8.48

12.70±0.96
With a barrier 60.75±0.33 19.54±5.19

M2-3
Without a barrier 67.45±0.59 27.51±7.90

9.79±0.95
With a barrier 57.67±0.36 21.46±5.72

M2-2
Without a barrier 70.61±0.57 30.56±8.08

8.88±0.85
With a barrier 61.73±0.28 21.87±4.86

M2-1
Without a barrier 71.62±0.49 26.98±6.95

9.16±0.84
With a barrier 62.46±0.35 20.23±5.48

M3-4
Without a barrier 69.57±0.53 28.34±9.47

8.68±0.69
With a barrier 60.89±0.16 17.15±3.00

M3-3
Without a barrier 64.17±0.50 27.54±9.07

8.03±0.95
With a barrier 56.14±0.45 18.22±5.63

M3-2
Without a barrier 68.35±0.40 26.59±7.67

7.64±0.85
With a barrier 60.72±0.45 19.66±5.75

M3-1
Without a barrier 73.03±0.47 30.69±8.91

12.07±0.72
With a barrier 60.95±0.25 18.53±3.86

201

are close to the value of 30 that is commonly used in the prediction formula for rolling noise[31]. The202

regression model for M1-4 at the site without a barrier is also plotted by a red dotted curve in Figure 9.203

The correlation coefficient R2 between the measured (the red circles) and predicted results (the red dotted204

curve) equals 0.85, which suggests that the measured noise was indeed radiated mostly from rolling noise.205

At the site with a barrier, the slope α for all the receivers are nearly 20, which indicates that the presence206

of the nearly-enclosed barrier can directly affect the relationship between train speed and the LAeq,pass in207

the surroundings, reducing the speed dependence but maintaining linear characteristics.208

11



3.2. Background noise209

Background noise may have a serious interference on URT noise, particularly for the receivers far from210

the lines. In this measurement, the distances between source and receiver for the receivers in M3- are over211

55 meters, much larger than those for other receivers. Hence the measured LAeq,pass for the receivers in M3-212

could be relatively less affected by the train pass-by, but influenced more seriously by background noise.213

To make it clear, we made a comparison between the measured LAeq,pass and the background noise LAeq,bg214

for the receivers in M3- at the sites without and with a barrier, respectively, listed in Table 2. One can215

notice that the differences for each receiver at the site with a barrier are much smaller than those at the site216

without a barrier. Among all the differences listed, the minimum is 12.36 dB(A) for M3-3 at the site with a

Table 2: LAeq,passs, LAeq,bgs and their differences for the receivers in M3- (unit: dB(A))

Site Receiver LAeq,pass LAeq,bg Difference

Without a barrier

M3-4 71.47 50.76 20.71

M3-3 66.04 44.99 21.05

M3-2 69.65 48.56 21.09

M3-1 75.07 48.84 26.23

With a barrier

M3-4 60.91 47.16 13.75

M3-3 56.71 44.35 12.36

M3-2 60.94 47.72 13.22

M3-1 60.16 46.84 13.32

217

barrier. ISO 10847-1997 [26] states that the level of background noise should be 10 dB or more below those218

obtained from measured signals. Calculated by A. Jolibois et al. in [30], the minimum difference in level219

was 9 dB when the error on the insertion loss was less than 0.5 dB. Therefore, in our case, the interference220

of background noise for the receivers in M3- is less than 0.5 dB, which is sufficient for the purpose of this221

work. Since background noise has much smaller influence on other measured receivers, we can conclude that222

the influence of background noise could be neglected in the following analysis.223

The spectra of background noise and the measured noise for M3-1 were also compared at the site without224

and with a barrier, respectively. As shown in Figure 10(a), the SPL in each one-third octave band for M3-1225

is higher than that for background noise except from the band of 20 Hz. While at the site with a barrier,226

the SPL for M3-1 are all higher than the background noise. The frequency range stated in the ISO standard227

10847-1997 is recommended from 50 Hz to 50 kHz [26], within which the differences between the measured228

results and the background noise are all over 10 dB. Hence, the error for the insertion loss will be less than229

0.5 dB and it is acceptable to carry out the one-third octave analysis within the range of 50 Hz-5000 Hz.230
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Figure 10: Sound pressure spectra for M3-1 in the frequency range of 20Hz-20kHz (upper: at the site without a barrier; lower:

at the site with a barrier)

3.3. Measured noise characteristics231

3.3.1. Spatial distribution232

The speed-corrected LAeq,pass for each receiver at both sites are arranged according to the receiver233

positions in reality, as shown in Figure 11. The source is assumed to be located on the left of this figure.234

For the receivers at the site without a barrier (black bars), the maximum LAeq,pass is 83 dB(A) for

Figure 11: The speed-corrected LAeq,pass for each receiver (black bars: at the site without a barrier, white bars: at the site

with a barrier). The source is assumed to be located on the left of this figure.

235

M1-4 due to the location higher than the top of the flange and at the closest horizontal distance among the236

receivers examined. The second maximum LAeq,pass is approximately 73 dB(A) for both M2-4 and M3-1.237

Attributed to the same height as M1-4, the LAeq,pass for M2-4 is relatively higher. Receiver M3-1 was also238

affected significantly by the URT noise, although it was located at the farthest vertical and horizontal source-239

receiver distance. Since the interference of background noise to the LAeq,pass for M3-1 could be ignored and240

receiver M3-1 was located the closest to the highly protected area, it is notable that the URT noise had241
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sufficient energy to transmit to the highly protected area. There are two reasons for the high level obtained242

at receiver M3-1. One is the barrier effect of the viaduct, and the other is the acoustic rigid road surface.243

Compared with other receivers in the row M-1, the barrier effect of the viaduct structure had less influence244

on the SPL at M3-1. Thus, the SPL at M3-1 was higher than those at M1-1 & M2-1. Compared with245

other receivers in the column M3-, the reflection effect of the road surface had more influence on the SPL246

at M3-1. Thus, the SPL at M3-1 was higher than those at M3-4, M3-3, M3-2 & M3-1. As these values are247

much higher than the limit value (70 dB(A)) stated on the Chinese norm GB 3096-2008 [32], it is absolutely248

necessary to reduce noise by effective measures.249

For the receivers at the site with a barrier, the speed-corrected LAeq,passs are all acceptable since they250

are lower than the limit value 70 dB(A). As observed from the white bars in Figure 11, there is a similar251

pattern to the black bars that the speed-corrected LAeq,pass in each row (M-2, M-3 and M-4) decreases with252

horizontal distance increasing from the source. However, the LAeq,passs for the receivers in row M-1 remain253

at a level around 61 dB(A) with little difference. This variation trend differs completely from the change law254

in row M-1 at the site without a barrier, from which it can be deduced that the prototype had an effective255

influence on the LAeq,pass for the places close to the ground, reducing the second maximum level for M3-1256

at the site without a barrier to the same as that for M1-1. Hence, the prototype was effective in preventing257

the URT noise from transmitting to the highly protected area.258

3.3.2. Spectrum analysis259

One-third octave spectra for each receiver at the site without a barrier are shown in Figure 12. Each260

sub-figure presents three curves for the receivers in the same row. It can be seen that the measured noise261

has a significant low and mid- frequency characteristics. In the range below 200 Hz, SPL decreases with the262

increased frequency. From 200 Hz to 315 Hz, SPL remains on a high level. Then in the mid- frequency range263

of 315-1000 Hz, SPL at each receiver rises considerably with frequency, reaching to the global maximum at264

500 Hz. In the range of 1000-2000 Hz, SPL decreases significantly with frequency. Finally at high frequencies265

(2000-5000 Hz), SPL at each receiver increases first and then decreases, with a local maximum at 2500 Hz.266

Note that the level in this range remains on a relatively lower level.267

The high levels of measured noise at 50-200 Hz were attributed to the structural noise of the viaduct268

generated by trains passing by. Since the low-frequency noise attenuates slower than the high frequencies269

in air and thus transmits over longer distances, the SPLs at low frequencies were even higher than those of270

the mid frequencies at the receivers located farther from the source (the receivers in M3-). Besides, there271

are also high levels of measured noise at 315-1000 Hz and 2000-4000 Hz, with the global maximums at 500272

Hz and local maximums at 2500 Hz. These frequency ranges were in good agreement with those of peaks273

measured by Javad S. and Araz H. for rolling noise of the train TM3-51 [33].274

Figure 13 describes the one-third octave spectra for each receiver at the site with a barrier. The SPL275
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(a) Height: above the source of 1.5 m (M-4) (b) Height: on the height of source (M-3)

(c) Height: below the source of 1.5 m (M-2) (d) Height: 1.2 m above the ground (M-1)

Figure 12: Sound pressure spectra for the receivers at the site without a barrier

gradually decreases with the increased frequency, with maximums at low frequencies. The high levels at low276

frequencies are observed again because the reduction effect of the prototype was good for noise at mid- and277

high frequencies but bad for low-frequency noise. It is also worthy of note that the two measured increases278

in the range of 315-1000 Hz and 2000-4000 Hz in Figure 12 do not appear in this figure, which indicates that279

the nearly-enclosed prototype was effective in reducing the exposure to the measured rolling noise, though280

there is still a small peak in the band of 630 Hz.281

3.4. Acoustic performance of the prototype282

3.4.1. Spatial distribution283

Figure 14 shows the global insertion losses arranged according to the receiver positions, identical to284

the arrangement for the LAeq,pass in Figure 11. The maximum is over 15 dB(A) for receiver M1-4 where285

the LAeq,pass is also the highest at the site without a barrier. The second maximum is around 12 dB(A)286

for receiver M2-4 and M3-1 where the LAeq,pass are also the second highest at the site without a barrier.287

For other receivers the insertion losses of the nearly-enclosed barrier are less than 10 dB(A). With the288

decreased height above the ground, the insertion loss for the receiver in column M1- deceases significantly.289

The insertion loss for M1-1 is only 6.3 dB(A) since the LAeq,pass was reduced mainly by the barrier effect of290

the viaduct rather than the real noise barrier. As a result, the change law of the global insertion loss along291
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(a) Height: above the source of 1.5 m (M-4) (b) Height: on the height of source (M-3)

(c) Height: below the source of 1.5 m (M-2) (d) Height: 1.2 m above the ground (M-1)

Figure 13: Sound pressure spectra for the receivers at the site with a barrier

Figure 14: The global insertion losses in dB(A) for each receiver of the nearly-enclosed prototype

with the receiver position is almost the same as that of the LAeq,pass at the site without a barrier, which292

suggests that the nearly-enclosed prototype was indeed effective against the URT noise.293

3.4.2. Spectrum analysis294

The one-third octave spectra of the insertion loss for each receiver position are carried out and shown in295

Figure 15.296

Firstly, in view of the structure-borne noise from the viaduct structure, special attention needs to be297

paid to the low-frequency noise. The insertion loss for each receiver is around 5 dB from 50 Hz to 100 Hz.298
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(a) Height: above the source of 1.5 m (M-4) (b) Height: on the height of source (M-3)

(c) Height: below the source of 1.5 m (M-2) (d) Height: 1.2 m above the ground (M-1)

Figure 15: The spectra of insertion losses for all the receivers examined

These remarkable low-frequency insertion losses are mostly attributed to the FST effect, since a conventional299

noise barrier is ineffective against low-frequency noise. In the range of 100-200 Hz, there is a minimum of a300

negative value at 100 Hz. The magnitude of the negative value is less than 5 dB, which indicates that the301

nearly-enclosed prototype had a harmful but not remarkable effect on the low frequencies. As we discussed302

in a previous article [34], the resonance effect caused by the open air cavity inside a nearly-enclosed barrier303

resulted in extremely high levels at the resonance frequencies. And with the help of the absorbent treatment,304

the harmful resonance effect was mitigated solely for the mid- and high frequencies. Hence these negative305

values at 100-200 Hz can be explained by the resonance effect of the nearly-enclosed prototype.306

Secondly, the insertion losses in the frequency range of measured vehicle noise (315Hz-1kHz & 2kHz-307

4kHz) are discussed. As shown in Figure 15, in the range of 315-1000 Hz, the insertion losses for all the308

receivers are sufficiently high, with a maximum value of 20 dB at 500 Hz for M1-4. And the values for the309

receivers in column M1- are over 15 dB, whereas those for M2- and M3- are over 10 dB. To focus on another310

frequency range (2000-4000 Hz), the maximum is also found for M1-4 with the same value of 20 dB but at311

3150 Hz. Unlike those high values in the range of 315-1000 Hz, the values for other receivers are less than312

10 dB, except for M3-1. The high value of the insertion loss for M3-1 is 15 dB at 2500 Hz, due to the barrier313

effect of the viaduct and the acoustic rigid road surface. As a consequence, the nearly-enclosed prototype314

was sufficiently effective in reducing the measured vehicle noise.315
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4. A comparison with a 2.5-D BEM model316

The geometries of 2.5-D BEM models were obtained from the configurations examined in the in-situ317

measurement, with the cross-section of the site without a barrier and the site with the nearly-enclosed318

prototype, respectively. Another model with the double-straight barrier without two top arched parts was319

built as well. Figure 16 shows the cross-sections of these three models. Two incoherent-line sources were

(a) Without barrier (b) Double-straight barrier

(c) Nearly-enclosed barrier

Figure 16: Cross-sections of three 2.5-D BEM models calculated in the comparison with measured results

320

assumed located at the positions of the wheel-rail interactions (red dots in Figure 16). The blue curves321

represent the absorbing panels with glass wool which were modeled by the Delany-Bazley model [35]. The322

sound impedance of the aluminum-foam panels close to the wheel-rail interactions (green curves in Figure323

16) was solved through a model proposed by H. LI [36] for single layer Aluminum-foam panels with a cavity324
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behind. Other boundaries were assumed acoustically rigid, and the ground was assumed totally reflecting325

by applying the image source approach.326

Figure 17 shows the predicted insertion losses in the comparison with the measured results. At low
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Figure 17: A comparison between predicted and measured results(red rectangular lines: predicted results for the nearly-enclosed

barrier; blue circle lines: predicted results for the double-straight barrier; black triangle lines: measured results).

327

frequencies the measured results are higher than those predicted by the 2.5-D BEM models, consistent with328

the argument in Section 3.4.2. The values of the predicted insertion losses are almost equal to zero, or even329

negative, which confirms the previous thought that the nearly-enclosed barrier has a negative but small330

effect on low-frequency noise.331

In the range of 125-400 Hz, the predicted insertion losses for the nearly-enclosed barrier overestimate the332

measured results but good agreements are observed between the predictions for the double-straight barrier333

and the measured results. A previous work [34] using scale model experiments and the 2.5-D BEM approach334
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concluded that noise radiated from the source inside the scale model could transmit noise through the top335

PC sheets with a thickness of 6 mm. Since the prototype has 6.5-mm-thick PC sheets at the top, the sound336

insulation property is seemingly not to be sufficient. The predicted transmission loss of the 6.5-mm-thick337

PC sheet from calculation in the diffuse sound field condition was utilized to compare with the predicted338

and measured insertion losses, as shown in Figure 18. It suggests that the PC sheets could not effectively

(a) Compared with transmission loss of PC panels (b) Compared with transmission loss of PMMA panels

Figure 18: One-third octave spectra for a comparison between measured and predicted insertion losses, and transmission loss

of transparent panels (receiver M1-4)

339

insulate the sound since every transmission loss at 125-400 Hz is higher than the predicted insertion loss340

less than 5 dB. Thus, the PC sheets at the top can only play a role on an arch shape with a high flexibility341

and transparency, but have no significant effect on the sound insulation for URT noise, resulting in the342

overestimation of 2.5-D BEM predictions from 125 Hz to 400 Hz.343

In the range of 500-800 Hz, there are good agreements between each two curves for each receiver position.344

However, at frequencies from 1000 Hz to 2500 Hz, there are remarkable differences between the predicted and345

measured results, especially for the receivers at a height close to that of the source (M-2, M-3, M-4). Based346

on the theory of sound insulation, these differences are probably from the coincident effect of the employed347

PMMA sheets. According to Equation (8.3) in [37], the critical frequency for the employed 15-mm-thick348

PMMA sheets was calculated as about 2000 Hz. Therefore, at the frequency of about 2000 Hz, the PMMA349

sheets would be strongly driven by the incident sound, and would radiate a corresponding acoustic wave350

well. Hence the transmission loss of the employed PMMA sheets was markedly reduced in this range (as351

shown in Figure 18(b)) and they can be considered as ”transparent” sheets allowing exposure to URT noise.352

Nevertheless, at frequencies above 2000 Hz, the transmission loss rises again, approaching an extension of353

the original curve, in accordance with good agreements observed in Figure 17 between the predicted and354

measured results at each receiver position.355
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5. Conclusion356

A series of in-situ measurements for a prototype of nearly-enclosed barrier were taken at twelve receiver357

positions. By using a piezoelectric acceleration sensor on a rail foot, the train speed for each pass-by was358

measured and the pass-by A-weighted level was therefore speed-corrected. A comparison of 2.5-D BEM359

predicted and measured results was also made to discuss the noise-reduced characteristics of the prototype.360

The results obtained allow the following conclusions to be drawn:361

1. A positive correlation was found between the pass-by rail vertical acceleration level and train speed,362

and the other train speed dependence was found in the pass-by A-weighted level, in accordance with363

the prediction formula for rolling noise.364

2. Most of the measured noise at the site without a barrier were much higher than the limit value (70365

dB(A)) stated on the Chinese norm. The measured noise had a significant low and mid- frequency366

characteristics, with the structural-borne noise of the viaduct in the range of 50-200 Hz and the vehicle367

noise at 315-1000 Hz and 2000-4000 Hz.368

3. The nearly-enclosed prototype provided the global insertion losses with a maximum of 17 dB(A), and369

a minimum of more than 6 dB(A). The insertion loss in the range of measured vehicle noise yielded on370

average more than 15 dB. But at low frequencies, caused by the resonance effect, the nearly-enclosed371

prototype had a negative but not remarkable effect.372

4. The top PC sheets could not provide sufficient transmission losses, resulting in an overestimation of373

the predicted insertion losses in the range of 125-400 Hz. The employed PMMA sheets with a critical374

frequency of about 2000 Hz caused the coincidence effect, leading to the low measured insertion losses375

at 1000-2000 Hz.376

5. Due to the poor sound insulation properties of the top PC sheets, the only significant gains compared377

with the double-straight barriers could not be obtained. Therefore, the nearly-enclosed barrier is a378

seriously efficient solution for attenuating urban rail traffic noise, but the economic benefits are not379

satisfactory.380
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