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Comparative analysis of different types of sources on the performance of rigid noise barriers on rigid ground using analytical formulae, a 2.5-D BEM method and scale modelling tests

With the aim of a perfect source model to simulate 2 railway traffic noise within a shorter computational 3 time, this paper compares coherent line, incoherent 4 point and incoherent line sources on the performance 5 of barriers by using an analytical solution, a 2.5-D 6 BEM method and scale modelling tests. The com-7 parison between the analytical solutions and the 2.5-D 8 BEM prediction results shows that the BEM calcula-9 tions for a coherent line source can be used to approx-10 imately show the barrier attenuation spectrum for a 11 one-point source and the single-number rating for an 12 incoherent line source when the barrier is straight on 13 the ground. Then, validations with scale modelling 14 tests were performed outdoors under controlled con-15 ditions. The results obtained by using several loud-16 speakers radiating incoherent sounds simultaneously 17 show good agreement with the 2.5-D BEM prediction 18 results for the one-point source and incoherent point 19 sources, not only for a simple barrier on the ground 20 but also for a double-straight barrier on a viaduct. 21 Based on these agreements, the frequency and lon-22 gitudinal distance dependences on the barrier atten-23 uation for incoherent point sources are discussed to 24 understand the barrier attenuation spectrum for the 25 incoherent line source. 26 Qiutong LI et al., p. 2 performance of a T-shaped absorbing cap with road 82 traffic noise conditions on the ground. They found 83 that the results of cap efficiency for a coherent line 84 source were different from those for an incoherent line 85 source. For the highest frequencies, the efficiency was 86 proportional to the path difference. They also found 87 the slantwise propagation effects on the barrier at-88 tenuation for a point source when the source-receiver 89 distance was not perpendicular to the barrier with a 90 simple analytical formula. However, to date, there 91 has been little research that can clarify the slantwise 92 effects of the distance between the source and receiver 93 along the barrier |z s -z r | (in the third direction per-94 pendicular to the cross-section plane, it will be given 95 as "longitudinal distance" for clarity) on the perfor-96 mance of barriers with arbitrary shapes. 97 To reduce the computational time in 3-D BEM cal-98 culations, D. Duhamel[6, 8] proposed a 2.5-D method 99 in which the results obtained for coherent line sources 100 can be transformed via Fourier-like transformations 101 to those corresponding to incoherent point or line 102 sources. Using this method, many articles have pre-103 dicted the performance of acoustic screens for inco-104 herent point (or line) sources in different applications. 105 Forssen et al.[9] compared the results predicted by a 106 2.5-D BEM method and the results obtained from an 107 in situ measurement, which showed reasonable agree-108 ment. S. Sakamoto et al.[10] and M. Hiroe et al.[11] 109 employed a Fourier-like transformation in a 2-D finite-110 difference time-domain analysis to study the noise 111 shielding effect of eaves/louvres attached on build-112 ing façades and the propagation of sound from sur-113 face railways. The calculation method was validated 114 by the experimental results. Based on the above suc-115 cessful experiences, the present paper continues to use 116 this 2.5-D method to compare the results of different 117 types of sources to predict the performance of urban 118 railway noise barriers. 119 The predictions must be validated by the measure-120 ment results obtained from outdoor in situ[9, 7] or 121 scaled laboratory tests[3, 10, 11, 4]. In situ mea-122 surements may be time-consuming, and it is difficult 123 to find a real environment as simple as the numeri-124 cal model(rigid barrier, rigid flat ground, no reflect-125 ing obstacles, etc.), even if background noise can be 126 rejected using controlled signals(such as ESS, MLS) 127 and the intrinsic characteristics of noise barriers can 128 be measured in situ with a given reproducibility[12]. 129 However, performing large-scale measurements re-130 quires extremely large anechoic laboratories that are 131 not easy to build and run. Hence, only a few 132 studies[13, 14, 15, 16] related to in situ measurements 133 have been published. 134 Because of the difficulties in conducting in situ mea-135 surements discussed above, a measurement method 136 in which small-scale model tests are used instead 137 offers a reliable alternative for predicting perfor-138 mance. Many articles[17, 18, 19] have used the scale 139 2 Comparison with an analyti-208 cal solution 209 In this section, our objective is to seek a much closer 210 approximation to the real solution for the sound field 211 due to an incoherent line source in the vicinity of a 212 sound barrier. For simplicity, the time-dependent fac-213 tor of e -iwt is understood and omitted from the whole 214 computation process. Suppose that the distance be-215 tween the source and receiver is R, and therefore, the 216 acoustic field for a free space is e ikR /4πR assuming 217 the customary source term of -δ(x -x s )[28]. In [28], 218 K.M. Li sorted many different analytical models for 219 calculating the sound diffraction by a thin infinite bar-220 rier. Among these models, we selected one of the fre-221 quently used exact solutions, which was developed by 222 MacDonald[29], for comparison with the results pre-223 dicted by the BEM approach for a one-point source. 224 The expression of the sound field in the shadow zone 225 was recast by Bowman and Senior[30] in the cylindri-226 cal polar system due to the original idea solved using 227 the spherical polar coordinate, given as follows: 946

3-D calculations significantly increases due to the so-38 phisticated matrix computations. Furthermore, be-cause the element size must be less than one-sixth the sound wavelength, the cost for higher frequency calculations is considerably high, even in two dimensions. The calculation time also depends on other parameters, such as the frequency range of interest and the absorptive surface treatments. The long calculation time is the main problem for solving 3-D BEM models, especially for barriers with complicated tops, and the calculations are often conducted using a 2-D BEM approach[1, 2, 3, 4](with coherent line sources). In the early years, D.C. Hothersall et al. [1] discussed the 2-D BEM model of T-profile and associated noise barriers based on the results obtained from experimental modelling and field measurements. They found that the predicted results were not applicable to the incoherent line source, but the relative performances of different barrier shapes would be similar. I. Takashi et al. [2] studied the performance of road traffic noise barriers with various shapes and surface conditions using only a 2-D BEM method. When studying the efficiency of low-height noise reduction devices applied on the roadside, M. Baulac et al. [3] carried out 1:10 scale model measurements to confirm the effectiveness. They found good agreement between the 2D theoretical results and 3D scale model measurements. Moreover, F. Koussa et al. [4] studied the acoustic performance of conventional and low-height gabion noise barriers using a 2-D BEM model and scale model measurements. The agreement of the results between the two methods was satisfactory.

However, using 2-D BEM models for researching railway/road traffic noise was found to be inappropriate because the results obtained for these cases were noticeably different. P. Jean et al. [5] emphasised the importance of source type on the assessment of noise barriers. Using the Fourier-like transformation proposed by [6], they found that the barrier attenuation was overestimated if coherent line sources were considered, whereas the efficiency of a cap on the top of a straight barrier was underestimated with coherent line sources. Later, with the help of a BEM program that they compiled, their team [START_REF] Defrance | Integration of the effi-986 ciency of noise barrier caps in a 3D ray tracing 987 method. Case of a T-shaped diffracting device[END_REF] obtained the real modelling method to understand the propagation of road/railway traffic noise to the surrounding environment, and the scaled measurement method has been widely employed in the study of noise barrier performance [START_REF] Watts | Measured and predicted acoustic performance of vertically louvred noise barriers[END_REF][START_REF] May | Highway noise barriers: new shapes[END_REF][START_REF] Okubo | Procedures for determining the acoustic efficiency of edge-modified noise barriers[END_REF][START_REF] Sergey | Finding optimal geometries for noise barrier tops using scaled experiments[END_REF][START_REF] Yamashita | Scale model experiments for the prediction of road traffic noise and the design of noise control facilities[END_REF][START_REF] Mulholland | The prediction of traffic noise using a scale model[END_REF]. Based on the invariance of the speed of sound in air, the performance of real barriers in the field can be imitated by the results of scale models, which is possible when the measured frequency range is increased by the same scale factor to the typical range of interest for the urban railway traffic noise. The scaled approach is perfectly suited for our research because we focus on comparing different source types to evaluate the performance of a simple barrier on the ground and a double-straight barrier on a viaduct, which are assumed to be rigid throughout. In addition, it is known that the impedance of surfaces must be scaled with complicated computations, not as that of an acoustic rigid surface, which is infinite. Such surfaces with absorbent treatments are not considered in this paper.

Various sound sources, such as air-jet and electroacoustic sources, laser-generated acoustic pulses and electric sparks, have been used during the measurement process, depending on the scale-modelling application. G.R. Watt et al. [START_REF] Watts | Measured and predicted acoustic performance of vertically louvred noise barriers[END_REF] used an air-jet whistle activated by an air supply at 10 atmospheres to simulate an omni-directional point source. Among the different source types that are able to provide these characteristics, spark discharge in air is an interesting solution. Many studies have presented the characteristics of the spark discharge, which can be regarded as an adjustable acoustic source for scale model measurements [START_REF] Picaut | A scale model experiment for the study of sound propagation in urban areas[END_REF][START_REF] Bhuripanyo | Insertion loss spectrums behind straight noise barriers: Scaled experiments[END_REF][START_REF] Sergey | Finding optimal geometries for noise barrier tops using scaled experiments[END_REF]3]. For researching the propagation of explosions and sonic booms conveniently in the laboratory, Q. Qin et al. [START_REF] Qin | Characteristics and application of laser-generated acoustic shock waves in air[END_REF] investigated the characteristics of acoustical shock waves associated with a focused pulsed laser beam. Aiming at modelling incoherent point sources, our approach is to use scaled outdoor experiments and several point sound sources. The sound radiated simultaneously by several miniature loudspeakers with uncorrelated white noises is easily considered to be that of incoherent point sources. This approach can validate the prediction results not only for the one-point source but also for the incoherent point sources, thus providing a new avenue for predicting the results for an incoherent line source.

The main purpose of the present work is to determine whether the assumption of coherent line sources is acceptable for predicting the performance of rigid noise barriers on rigid ground. Section 2 preliminarily examines the effects of different source types on a simple straight barrier on the rigid ground, with three configurations of source and receiver positions, using a 2.5-D BEM method and an analytical solution. This analysis can provide a preliminary explanation for the comparison of different source types. In Section 3, a scale model technique is developed with measurements is presented with a short description of 199 the set-up; the results and comparisons between the 

p D = ik sgn(ζ 1 ) 4π ∞ |ζ1| H (1) 1 (kR 1 + s 2 ) √ s 2 + 2kR 1 ds + ik sgn(ζ 2 ) 4π ∞ |ζ2| H (1) 1 (kR 2 + s 2 ) √ s 2 + 2kR 2 ds ( 1 
)
where i is the imaginary number, k is the wave number 

ζ 1,2 = sgn (|θ s -θ r | -π) k (R -R 1,2 ) (2)
where R 1 and R 2 are determined by

R 1,2 = r 2 s + r 2 r -2r s r r cos (θ s ∓ θ r ) + (y s -y r ) 2 (3) 
Moreover, the shortest source-edge-receiver path can 234 be determined by

235 R = (r s + r r ) 2 + (y s -y r ) 2 (4) 
where (r s , θ s , y s ) and (r r , θ r , y r ) are the cylindrical 236 coordinates of the source and receiver, respectively.

237

Note the lack of consideration of the sound reflection induced by the ground because the solution was deduced starting from the assumption of a semi-infinite screen. Generally, sound reflection by the rigid ground or a rigid viaduct is tacitly included in the performance of a sound barrier for road/rail traffic systems.

Based on the pertinent theory, the sound reflecting from the surface of the rigid ground or a rigid viaduct can be considered to radiate in terms of an image source located symmetrically with the infinite plane.

Likewise, the effect on the receiver side can be described as an image receiver. Consequently, the total sound field influenced by the barrier's diffraction together with the ground's reflection is the summation of four diffracted paths when the surface is fully reflective. This symmetrical method is introduced in the post process of the calculation to allow the solution to approximate that for the case where the noise barrier is on the rigid ground in outdoor situations but is not exactly the same because the barrier is semi-infinite in the analysis, whereas it is of finite height in reality.

In the present study, using a 2.5-D BEM approach to model the sound field generated from coherent line and incoherent point and line sources, the existing program SAMRAY developed by Duhamel[6,[START_REF] Duhamel | Sound propaga-990 tion over noise barriers with absorbing ground[END_REF] was introduced. The solution for a coherent line source is generally known as a 2-D BEM result that can easily be calculated. Then, via a Fourier-type integration, the solution for a one-point source can possibly be obtained from a series of 2-D results when all the boundaries are assumed to be acoustically rigid [6]. The calculations for incoherent line sources can also be made by 2-D solutions, which have been discussed in [6]. Note that the solution for an incoherent line source is represented by the density of acoustic potential energy because the source is modelled as a line of uncorrelated point sources perpendicular to the cross-section of the barrier. Based on these discussions, the existing program allows calculating the radiation and the diffraction of sound fields for general 2-D and 2.5-D structures for coherent line, point and incoherent line sources. Considering the totally reflective ground effect, the comparison of predictions calculated by SAMRAY with the analytical solution is described here for three cases:

1. A source and a receiver located on the totally reflective ground.

2. A source located on the ground, and a receiver 1.0 m above the totally reflective ground.

3. A source 1.0 m above the ground, and a receiver 1.5 m above the totally reflective ground.

Figure 1 shows diagrams of the three configurations and the 2-D coordinates of the source and the receiver.

The straight barrier was assumed to be totally reflective as well, with a height of 1.85m and a thickness of 0.17m. To compare the analytical solutions for a one-point source with the BEM results for a coherent line source, a one-point source and an incoherent line source, the barrier attenuation Att b , which is the sound pressure difference between the site without a barrier and the site with a barrier was introduced and is given by

Att b (f ) = 10 log p 2 wo (f ) p 2 w (f ) (5) 
where p wo (f ) and p w (f ) denote the sound pressure at the given receiver position in the case of the models without and with a barrier, respectively. Because the result for the one-point source is gener-360 ated by the Fourier-like transformation of that for the 361 coherent line source, it is not surprising to obtain this 362 conclusion. For this reason, when considering a one-363 point source in further studies, the calculations for a 364 coherent line source can serve as the alternative to 365 reduce the computational time. In addition, it is also 366 indicated that the totally reflective ground effect had 367 little influence on the comparison of these sources.

368

The red curves presented in Figure 2 represent 369 the analytical solutions for the one-point source used 370 to validate the numerical predictions calculated by 371 SAMRAY. Clearly, the analytical solutions have good 372 The single-number rating is often called "insertion loss"(IL), which can be given by IL = 10 log

fmax fmin p 2 wo (f ) df fmax fmin p 2 w (f ) df (6) 
where f min and f max are the lower and upper limits of the frequency range, respectively.

According to the norm ISO 10847:1997 [START_REF]1 Noise. Acoustics -In-situ determination of insertion loss of outdoor noise barriers of all types[END_REF], the frequency range for the railway traffic noise is recommended to range from 50 Hz to 5000 Hz. To compare the single-number ratings for the one-point source between the two calculation methods, we find from Table 1 that the results predicted by the 2.5-D BEM were 2-3 dB higher than those obtained from the analytical solutions, which were the results of the assumed thin barriers in the analytical model. Notably, by comparing the insertion losses predicted by the 2.5-D BEM program for different source types, the results for the coherent line source are in good agreement with those for the incoherent line source but are much lower than those predicted for the one-point source. This result is why many studies considered the sound field radiated by a coherent line source as that for an incoherent line source, although the results observed in the frequency spectrum are completely contrary to each other. Hence, it is indicated that the insertion loss for the coherent line source can be used to estimate the value for the incoherent line source to reduce the computational time.

Comparison with scale modelling tests

With the assumption of the actual thicknesses of barriers, the 2.5-D BEM prediction results must be much closer to the actual values compared with the analytical solutions. However, the predictions for the three cases need to be validated using the scale modelling the experiment site, the scales of cases 1-3 were determined to be 1:10, whereas that of case 4 was 1:20.

Test setup

The tests for the one-point source were performed in the four abovementioned cases. For the first three, the solid plane barrier remained unchanged at 18.5 cm high and 1.7 cm wide. The site was an open field on unknown asphalt. To ensure good acoustic reflection to simulate rigid surface conditions, a wood plank with an area of 1.2 × 1.8m 2 was placed on the asphalt (as shown in Figure 4), which was sufficiently large to offer an approximate rigid ground in our scale model test. 

483

To evaluate the performance of the barriers, it was 484 necessary to prepare the configurations without bar-485 riers. For the first three cases only, the straight bar-486 rier was removed, and for case 4, the double-straight 487 barrier was removed(as shown in Figure 5(c)). The 488 positions of the loudspeakers and microphones were 489 unchanged. To describe the positions of the sources 490 and receivers for each case, the horizontal distance to 491 the surface of the barrier was denoted by x, the ver-492 tical distance to the ground was denoted by y, and 493 the longitudinal distance to the microphone along the 494 barrier was denoted by z. Figures 1 and5 show the 495 coordinates for each real model while Table 2 illus-496 trates the coordinates for both the real and the scale 497 models. The tests for a one-point source, where the 498 perpendicular from the source to the receiver meets 499 the barrier(z r = z s = 0), were performed first. Then, 500 the tests for incoherent point sources were conducted 501 with the number of sources increased for cases 3 and 502 4, with other coordinates of loudspeakers and micro-503 phones remaining constant. Note that in each case, 504 the height of the receiver was less than that of the 505 barrier, which is a result of the need to keep the re-506 ceiver well within the shadow zone.

507

The BEM model assumes omni-directional inco-508 herent point sources, which were achieved in prac-509 tice by using miniature loudspeakers (produced by 510 RS PRO, RS stock code: 1176047), activated by am-511 All the tests were conducted in the same place. The tests of each case with and without the barrier were 540 carried successively at the site, lasting for approxi-541 mately one hour in total. In the duration of the test 542 for each configuration, the effect of humidity and tem-543 perature on air absorption of high frequencies was 544 considered unchanged. Since the attenuation of the 545 straight or double-straight barrier that was of our in-546 terest was the difference in level between the sites with 547 and without barriers, the effect of humidity and tem-548 perature could be ignored. Nevertheless, the temper-549 ature during the tests was measured, as presented in 550 Table 3. where p wo (f, z si ) and p w (f, z si ) denote the sound pressure at the given receiver position radiated from the source located at z si in the case of the models without and with the barrier, respectively. N denotes the number of incoherent point sources. The barrier attenuations at one-third-octave band frequencies from 50 Hz to 2000 Hz were calculated to be compared for the first three tested cases, whereas those from 50 Hz to 1000 Hz were calculated for case 4.

For the one-point source that was perpendicular to the receiver, Figure 6 shows plots of the measured and predicted barrier attenuations by the one-third-octave band spectrum for all four cases. The frequency range of the measured spectrum was adjusted in the analysis to be identical to the predicted results. Hence, the frequencies will be given in full scale for clarity. As expected, there are good agreements between the measured results obtained in the scale model tests and those predicted by the 2.5-D BEM approach. However, the measured barrier attenuations are slightly higher than those predicted by the BEM, particularly for high frequencies. This result was considered to be normal and permissible due to the sound absorption of the wood panels and the non-idealised point source in the scale test.

In Figure 7, the results for different numbers of 

Frequency dependence

The frequency dependence for case 3 was discussed in section 2. The barrier attenuation varies as a combination of two different periodic variations in the frequency spectrum, and the period is mainly dependent on the path difference between the direction way and the reflection way governed by the height of the source and the receiver above the ground. For case 4, Figure 8 shows the predictions of the barrier attenuations in the spectrum of 50-2000 Hz. Unlike the results for the simple straight barrier on the totally reflective ground, the barrier attenuation for the onepoint source violently fluctuates regardless of sound frequency, as does that for the coherent line source. As discussed in [START_REF] Cheng | A mechanism study of sound wave-trapping barriers[END_REF], a reflecting barrier fixed on the source side could result in the deterioration of barrier performance due to the acoustic resonance effect. Hence, the resonance effect can be a reasonable explanation of the valleys illustrated in Figure 8. Nevertheless, there are indistinct valleys at the resonant frequencies in the configuration with four-point and twelve-point sources and even no visible valleys in the configuration with the incoherent line source. Considering that the resonance effect did not disappear upon changing the longitudinal distance, these smoother trends must have a relationship with the calculated barrier attenuation for incoherent point sources.

From Eq (7), it appears that the barrier attenuation, the ratio of the whole sound power of the model without and with the barrier, is the average of the results for all the uncorrelated point sources. Then, our focus is shifted to the frequency spectrum for each incoherent point source. Figure 8(c) shows the one-third-octave spectrum for part of twelve point sources in case 4, where |z si -z r | denotes the longitudinal distance for the ith point source. As shown, with a change in the longitudinal distance, the barrier attenuation spectrum performed significantly differently along the sound frequency. When the whole sound power for such calculated point sources was obtained, the averaged characteristics must result in the decrease of peaks and valleys in the spectrum. The decreasing trend is more evident as the number of sources or the longitudinal distance increases. Assuming that the incoherent line source is a line of such incoherent point sources with an extremely small distance between each two sources along the line that is infinitely long perpendicular to the cross-section, the averaged characteristics lead to the smoothest barrier attenuation, as shown by the purple curve in Figure 8(b). However, for the coherent line source, there is almost no change in the frequency spectrum in terms of the different longitudinal distances in the assumption, and therefore, the frequency spectrum corresponding to the coherent line source performed almost the same as that for the one-point source. In Figure 8(b), there is good agreement for the one-third-octave spectrum the insertion loss is between the one-point source and the coherent line source. The former is higher than the latter at approximately 6 dB for both cases, although their frequency spectra were almost the same, as mentioned above. Then, the single ratings for the coherent line source and the incoherent line source manifest similarly, with the former being higher than the latter by only 2 dB, embodying the "line" intrinsic feature of the assumption of the coherent line source.

In conclusion, the results for a coherent line source have presented not only a frequency spectrum that is approximate to that for the one-point source but also a single-number rating that is approximate to that for the incoherent line source.

Longitudinal distance dependence

As explained above, the change in longitudinal distance of the point source results in significant differences in the barrier attenuation spectrum. Because the incoherent line source was considered a line of such point sources, according to Eq [START_REF] Defrance | Integration of the effi-986 ciency of noise barrier caps in a 3D ray tracing 987 method. Case of a T-shaped diffracting device[END_REF], the average of such a spectrum for each distance can be the resulting spectrum for the incoherent line source, which is notable because of its smoothness and slow growth with frequency. Hence, studying the longitudinal distance dependence is of great importance. To clarify the relationship between the longitudinal distance of the point source and the barrier attenuation, the spectra of the barrier attenuation in both cases 3 and 4 for each incoherent point source with different longitudinal distances were calculated. Figure 9 shows the predicted barrier attenuation spectra with filled contours when the longitudinal distance is within 100 meters. The x axis denotes the longitudinal distance, and the y axis denotes the sound frequency on a log scale. For comparison, the contours for both cases 3 and 4 use the same colour map.

In Figure 9(a), increasing the longitudinal distance generally results in the shift of the spectrum to higher frequencies, approximately following a linear relationship. Then, the spectrum for every nonzero longitudinal distance is therefore divided into two components by frequencies: the relatively lower values at low frequencies and the spectrum for the previous distance at mid and high frequencies(e.g., for the longitudinal distance of 40 m, the barrier attenuations at 200-2000 Hz have the same trend as those in the whole frequency range for 10 m, whereas the barrier attenuations below 200 Hz are lower). In addition, there are closed contours periodically in the relationship between the spectrum and longitudinal distance(e.g., orange closed contours), which cannot be identified in the spectrum only for the one-point source or the coherent line source. With the help of the longitudinal distance dependence, the barrier attenuation for the incoherent line source can be presented thoroughly. 

The filled contour in

791

In general, the longitudinal distance dependence for a specific case must be analysed specifically due to the significant difference between these two contours.

To explain the different effects of the number of the incoherent point sources on the barrier attenuation results between cases 3 and 4, the barrier attenuation spectra for those incoherent point sources tested in the scale experiments are marked by red dashed lines, as shown in Figure 9. Because the red lines are densely packed together for case 3, the part including all the red lines is zoomed in and shown by a small picture in Figure 9 (a). It can be seen that the barrier attenuation spectra in case 3 for each tested point source are almost the same because the distances between each point source along the barrier in case 3 are too short to cover the entire area of the longitudinal distance dependence. For this reason, the calculations for case 3 must result in the identity of the results for one-point, three-point and twelve-point sources, which is in accordance with the experimental results shown in Figure 8(a) and Table 4. However, in case 4, the more complex relationship between the distance and the barrier attenuation spectrum causes the results for each point source to be more diverse than those in other studies. Consequently, the results for each tested point source are considerably different, as marked by red dashed lines shown in Figure 8(b). As a result, as the number of incoherent point sources increases, the spectrum for case 4 clearly changes. In conclusion, the study on the longitudinal distance dependence of barrier attenuation through 2.5-D BEM modelling provides a reasonable explanation for the experimental results.

Conclusion

In this paper, the attenuations of a rigid straight barrier on the rigid ground and a double-straight barrier on a rigid viaduct generated from different types of sources have been investigated. A first comparison has been achieved by the analytical solution proposed by MacDonald and the 2.5-D BEM predictions by SAMRAY, able to obtain the similarities and differences among the one-point source, coherent line source and incoherent line source. Then, a measurement procedure using several loudspeakers radiating incoherent sounds simultaneously with two scale models has been presented to verify the 2.5-D BEM calculations for different numbers of incoherent point sources. From the 2.5-D BEM results, it has been possible to determine the frequency and longitudinal distance dependence of the barrier attenuation spectrum for incoherent point sources to introduce it into modelling the spectrum for an incoherent line source. In addition, the single-number rating for the frequency range of interest has also been analysed for all configurations.

The following conclusions can be drawn from the predictions and measurements: 5. The presented scale modelling test results validate the 2.5-D BEM calculations for incoherent point sources of a simple model, as well as a com-894 plex model that is typical of urban railway transit 895 configurations. Hence, the BEM approach gener-896 alised to predict the attenuation of rigid barriers 897 on rigid ground for an incoherent line source can 898 be reliable, even for a more sophisticated rigid 899 barrier model on rigid ground. 7. An increased number of incoherent point sources 907 can result in the barrier attenuation spectrum be-908 coming smoother and lower and lead to a clear 909 decrease in single-number ratings for the whole 910 frequency range of interest. Nevertheless, the 911 barrier attenuation still increases with frequency 912 with a lower growth rate. 8. Using the 2.5-D BEM method, the source-914 receiver direction was introduced. Unlike the in-915 variance under translation in the distance of the 916 spectrum for a coherent line source, the spectrum 917 for an incoherent point source shifts to higher 918 frequencies with increasing longitudinal distance, 919 and the barrier attenuations at low frequencies 920 generally decrease with increasing longitudinal 921 distance.

922

9. The smoother and lower barrier attenuation spec-923 tra for the incoherent line source can be explained 924 by the dependence on the longitudinal distance 925 of the incoherent point source. As the incoherent 926 line source is assumed to be a line of incoherent 927 point sources, the barrier attenuation spectrum 928 for the incoherent line source can be solved by the 929 ratio of the whole sound energy integral of inco-930 herent point sources along the line for the model 931 without and with a barrier. With the average 932 characteristics, the spectrum becomes smoother 933 and lower. 934 10. In this way, the testing of a new barrier employed 935 on an urban railway transit can be performed by 936 means of scale model measurements for incoher-937 ent point sources, as well as 2.5-D BEM calcula-938 tions. However, the barrier performance in real-939 ity under the metro operating conditions should 940 be obtained through 2.5-D BEM calculations for 941 incoherent line sources. For a preliminary crude 942 investigation, the single-number rating obtained 943 for a coherent line source can be used to predict 944 the real performance of the barrier.

1 Introduction 27

 27 Noise barriers are widely used in traffic systems to re-28 duce exposure to traffic noise in surrounding residen-29 tial and commercial areas. The railway noise source 30 is typically assumed to be an incoherent line source, 31 but to predict the barrier performance within an ac-32 ceptable computational time, a coherent line source 33 (2-D BEM) or a one-point source facing the receiver 34 (3-D BEM) is always considered as the alternative in 35 the numerical calculations. Compared with the com-36 putational cost of 2-D BEM calculations, the cost for
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  measured and predicted results are then discussed. 201 Section 4 is devoted to the frequency dependence and 202 longitudinal distance dependence of the barrier atten-203 uation for the incoherent point sources, which better 204 characterises the barrier performance in the case of in-205 coherent point or line sources. Some conclusions are 206 then presented in Section 5.

Figure 1 :

 1 Figure 2(c), with the source and the receiver at different heights above the ground, the barrier attenuation varies irregularly like a combination of two different periodic variations. Compared with the results for the coherent line source and the one-point source, those for the incoherent line source (yellow curves) are distinctly different. The sound pressure levels for the incoherent line source were calculated by the energy density for an infinite line of incoherent point sources such that the corresponding barrier attenuation at each frequency could be considered as the averaged results for the uncorrelated point sources with different longitudinal distances. Section 4.2 will elaborate the effect of the longitudinal distance on the attenuation of barriers. Hence, the trend for the incoherent line source shown in Figure 2 is in accordance with the average characteristic that the barrier attenuation increases with frequency much more slowly than the other results. For this reason, the curve of the one-third-octave spectrum can be used to more precisely describe the fre-

Figure 2 :

 2 Figure 2: Barrier attenuation spectra for the three configurations calculated in the comparison

Figure 3 :

 3 Figure 3: The analytical solution for case 1 compared with the 2.5-D BEM results of the barrier with different thicknesses (units: m)

  method. In addition to the three cases for a one-point source discussed in Section 2, a case with a doublestraight barrier installed on a box girder viaduct(case 4) was introduced to more realistically study the railway noise barrier system. Nevertheless, it remains quite difficult to model the incoherent line source that is commonly used to more closely reflect the traffic noise. Because the incoherent line source can be considered an infinite line of uncorrelated point sources perpendicular to the cross-section, several incoherent point sources were introduced into the test and performed for cases 3 and 4. Consequently, the scale model measurement with several point sources was made to not only validate the 2.5-D BEM prediction results for the one-point source but also for the incoherent point sources. Due to the size limitation of

  Figure 4 also shows that a layer of sand was inserted to fill the air gap between the plank and the asphalt to eliminate the influence of vibration of the panel and the air cavity resonance effect under the plank surface.For case 4, the barriers and the viaducts were made of 9-mm-thick wood panels. The scale model was based on a real prototype and is shown in Figure5(a), with a length of 6 m. Double-straight barriers with a height of 2.4 cm were located on the box girder viaduct, which was 50 cm above the ground supported by discontinuous piers, with the gap between each two being 1 m. The receiver was positioned towards the centre of the model where there was no pier.

Figure

  

Figure 4 :

 4 Figure 4: The scenes of the scale model tests for the former three cases

  plifiers (Viston, AMP 2.2 LN, Art. No. 7102) and a power supply (EA-PS 2042-10B). The sound radiated from the speakers was generated by a signal output module (NI 9263) installed in a NI DAQ system (CDAQ-9174). The effective maximum frequency of the miniature loudspeaker was up to 20 kHz in the one-third octave band. Together with the frequency range of railway traffic noise recommended in ISO 10847:1997(50-5000 Hz), the measured frequency ranges in cases 1-3 were determined to be 500 Hz to 20 kHz, and that in case 4 was 1000 Hz to 20 kHz. Hence, the measured results can simulate a 50-2000 Hz emission for cases 1-3 and a 50-1000 Hz emission for case 4 in the real-size problem.During the measurement, one or more loudspeakers simultaneously emitted random white noise in the same one-third octave band for 10 seconds from the signal output module. Meanwhile, sound pressure signals were received by microphones and transferred to the signal input module. The ten-second random white noise was based on continuous integrated sound pressure levels, so the barrier end effects had to be limited. To limit the end effects, the receiver was positioned towards the centre of the barrier, and both barrier ends were filled with mineral wool to absorb the sound diffracted by the ends. Each test was repeated five times.

Figure 5 :

 5 Figure 5: Configurations of case 4

Figure 6 :

 6 Figure 6: Measured and predicted barrier attenuations for the one-point source

Figure 7 :

 7 Figure 7: Measured and predicted barrier attenuations for incoherent point sources
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Figure 8 :

 8 Figure 8: The spectra of barrier attenuations for case 4 calculated by the 2.5-D BEM approach

  Figure 9(b) is excessively com-Table 4: Single ratings for different types of sources IL / dB Predicted results by the 2.5-D BEM Case 3 One-point Three-point Twelve-point Coherent line Incoherent line (Case 3, the straight barrier on the ground, source-receiver distance perpendicular to the barrier: 2.67 m (b) Case 4, the double-straight barrier on the viaduct, source-receiver distance perpendicular to the barrier: 4.415 m

Figure 9 :

 9 Figure 9: The relationships between the longitudinal distance and the barrier attenuation spectrum

1.

  The solutions of the analytical formulae show good agreement with the 2.5-D BEM calculations (for a one-point source) both in the spectrum and the single-number rating. This result validates the 2.5-D BEM calculation program, but to calculate the barrier attenuation for a onepoint source, it is better to use the BEM approach rather than the analytical formulae due to the concretization of the barrier thickness. With increasing simple barrier thickness, the barrier attenuation increases more obviously at higher frequencies. 2. As expected, there is good agreement of the barrier attenuation spectrum at a given receiver position between a one-point source (2.5-D BEM) and the corresponding coherent line source (2-D BEM). Hence, from the perspective of saving time, the 2-D BEM method can be directly used to estimate the attenuation spectrum of the barrier for a one-point source. However, the singlenumber rating for a coherent line source (2-D BEM) seriously underestimates that for a onepoint source, the former being lower than the latter by 6-10 dB, which cannot be directly used for the estimation of a one-point source. 3. With the characteristics of "line", the singlenumber rating results for a coherent line source are close to the calculations for an incoherent line source (within an error of 3 dB), although the barrier attenuation spectra between them are noticeably different. Hence, the single-number rating for a coherent line source (2-D BEM) can be used to estimate that for an incoherent line source. 4. By using several loudspeakers radiating incoherent sounds simultaneously, the scale modelling test results show good agreements with the 2.5-D BEM calculations for both the configurations of the straight barrier on the ground and the double-straight barrier on a viaduct. The presented scale modelling test method can be used for the certification of incoherent point sources in a laboratory and in situ.

900 6 .

 6 The results of the double-straight barrier ob-901 tained for a coherent line source or a one-point 902 source facing the receiver fluctuate violently, 903 mainly depending on the acoustic resonance in-904 duced by the multiple reflections between the two 905 parallel barriers.
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Table 1 :

 1 Insertion losses for three configurations for different types of sources (frequency range: 50-5000 Hz)

	IL / dB	Analytical solution	Predicted results by BEM
		One-point	One-point	Coherent line	Incoherent line
	Case 1	19.7	22.9	11.7	14.2
	Case 2	21.3	24.1	14.8	15.2
	Case 3	17.7	19.7	13.4	13.0

Table 2 :

 2 Positions of the loudspeakers and microphones in three coordinates(m)

						(a) For a one-point source				
		Real model	Microphone Loudspeaker xr yr xr yr	Scale model	Microphone xr yr	Loudspeaker xr yr
		Case 1	1.6	0.0	0.9	0.0	Case 1	0.16	0.00	0.09	0.00
		Case 2	1.6	1.0	0.9	1.0	Case 2	0.16	0.10	0.09	0.10
		Case 3	1.6	1.5	0.9	1.0	Case 3	0.16	0.15	0.09	0.10
		Case 4	2.0	16.1	2.42	12.4	Case 4	0.10 0.805 0.121	0.62
						(b) For incoherent point sources			
	Real model	Num						Loudspeaker zs				
		1								0.00			
	Case 3	3							-0.35 0.00	0.35		
		12	-2.10	-1.75	-1.40	-1.05	-0.70	-0.35 0.00	0.35	0.70	1.05	1.40	1.75
		1								0.00			
	Case 4	4						-19.78 -7.18 0.00 12.60		
		12	-59.34	46.74	-39.56 -26.96 -19.78 -7.18 0.00 12.60 19.78 32.38 39.56 52.16
	Scale model	Num						Loudspeaker zs				
		1								0.0			
	Case 3	3							-3.5	0.0	3.5		
		12	-21.0	-17.5	-14.0	-10.5	-7.0	-3.5	0.0	3.5	7.0	10.5	14.0	17.5
		1								0.0			
	Case 4	4						-98.9	-35.9	0.0	63.0		
		12	-296.7 -233.7 -197.8 -134.8	-98.9	-35.9	0.0	63.0	98.9	161.9 197.8 260.8

Table 3 :

 3 Temperature of tests( • C)

		Number of	Configurations	
		loudspeakers Without a barrier With a barrier
	Case 1	1	22.1	21.8
	Case 2	1	21.9	22.0
		1	22.3	22.2
	Case 3	3	22.2	22.2
		12	22.3	22.5
		1	17.8	17.6
	Case 4	4	17.7	17.5
		12	17.8	17.9
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much higher levels than those in Figure 9