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Abstract: The rapid development of highway traffic has gradually deteriorated the acoustic 6 

environment along highways. Sonic crystal theory provides new ideas for traffic noise control. 7 

However, current road noise reduction methods based on sonic crystals are still at the theoretical 8 

analysis stage, and the lack of reliable calculation models and field test verifications has restricted 9 

the promotion and application of sonic crystal acoustic barriers (SCABs). Based on the acoustic 10 

performance design of SCABs, in this study, a field test was conducted to study the noise reduction 11 

characteristics of SCABs; the corresponding 3D finite element method (FEM) model was 12 

established and validated; and three types of optimization measures for noise reduction performance 13 

were explored. The main conclusions were as follows: Compared with traditional acoustic barriers 14 

along highways, SCABs are more targeted for noise reduction, and the noise reduction performance 15 

in the band gap is improved by 0.3-8.8 dB(A). Moreover, as the distance increases behind the 16 

acoustic barriers, the noise reduction effect decreases more slowly. The 3D FEM model can 17 

accurately describe the spatial characteristics of the sound field and shows agreement with the field 18 

test results, with an error of less than 3 dB(A). Compared with the 2D FEM model, the 3D FEM 19 

model can accurately calculate the noise reduction performance of an SCAB with resonant elements. 20 

Additionally, the gradient combination of scatterers, the filling of porous sound-absorbing materials 21 

and the use of microperforated plates can effectively improve the SCAB noise reduction 22 

performance. The results provide scientific and reliable experimental support and design guidance 23 

for the popularization and application of SCABs in traffic noise control. 24 

Keywords: traffic noise; sonic crystal; acoustic barrier; field test; finite element method 25 

1 Introduction 26 

The traffic noise generated by vehicle operation accounts for 90% of noise pollution 27 

(Fredianelli et al.2019), and the installation of acoustic barriers (ABs) is a commonly utilized way 28 

to control traffic noise (Kurze et al.1971;Yu et al.2013;Pinsonnault-Skvarenina et 29 

al.2021).Traditional ABs tend to have a greater visual impact on drivers due to their tall and 30 

continuous screens. In addition, closed ABs are often affected by the continuous pulsating wind 31 

pressure of vehicles. In areas with heavy wind loads, safety and stability issues and sound leakage 32 

problems often occur. Additionally, due to the different leading factors of diverse types of traffic 33 

noise, the resulting noise spectrum is also different, but traditional ABs have always lacked targeted 34 

noise reduction designs(Oltean-Dumbrava et al. 2016; Ohiduzzaman et al. 2016; Redondo et al. 35 

2021; Bull et al. 2017) . 36 

As an artificial periodic composite material, a sonic crystal (SC) can effectively control sound 37 

waves in a specific frequency range. According to the dominant mechanism, the frequency range 38 
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can be divided into Bragg and local resonances. SCs have been widely employed in the vibration 39 

reduction and noise reduction of precision instruments, sound focusing, filters, etc.(Romero-Garcí40 

a et al. 2013; Radosz 2019; Morandi et al. 2016 ) . The use of SCs in traffic ABs provides a new 41 

technology for preventing and controlling traffic noise pollution; this technology is referred to as a 42 

sonic crystal acoustic barrier (SCAB). Compared with traditional ABs, SCABs have more targeted 43 

noise reduction and the advantages of ventilation and excellent visual effects. Many investigations 44 

have been carried out on SCABs globally, and SCABs for different types of noise from roads, 45 

railways, and generator sets (Radosz 2019; Cai et al. 2019; Negahdari et al. 2019; Minelli et al. 46 

2021; Cavalieri et al.2019) have been designed, achieved satisfactory noise reduction effects and 47 

broken the mass-density law. However, notably, the abovementioned studies are based on the results 48 

of laboratory tests. Although conducting experiments indoors can effectively eliminate outside 49 

adverse effects, improve the accuracy of the tests, and reduce costs(Radosz 2019; Morandi et 50 

al.2016; García-Chocano et al.2013; Castiñeira-Ibáñez et al.2012) , significant differences still exist 51 

among actual application scenarios. For example, the widths of ABs are limited, and the 52 

characteristics of sound sources differ (highways and railways are mostly regarded as linear sound 53 

sources, but most indoor tests use point sound sources, which can simulate only a single car or small 54 

traffic flow). How to successfully move from laboratory research to practical applications is the 55 

main bottleneck of current SCAB research. 56 

To date, multiple scattering theories (MSTs), the finite element method (FEM), and the 57 

boundary element method (BEM) have been employed to predict the noise reduction performance 58 

of SCABs, with mainly 2D models rather than 3D models (Lagarrigue et al. 2013; Amado-Mendes 59 

et al. 2019; Castiñeira-Ibañez et al. 2015; Godinho et al. 2019; M. Karimi et al. 2016).Research has 60 

shown that the calculation results using a 2D model can accurately meet the band gap range, with a 61 

high calculation efficiency and small memory occupation(Morandi et al. 2016; Castiñeira-Ibañez et 62 

al. 2015; Godinho et al. 2019).However, the height of the SCAB scatterer is limited, and the 2D 63 

plane model disregards height. Both the top diffraction and ground reflection will affect the AB's 64 

actual noise reduction effect. The 2D model cannot accurately describe the distribution 65 

characteristics of the spatial sound field. In previous studies comparing simulation and experimental 66 

results, the SCABs consist of mostly Bragg scattering-type crystals (an example is shown in Fig. 67 

1)(Morandi et al. 2016; Negahdari et al. 2019; Castiñeira-Ibáñez et al. 2012; M. Karimi et al. 68 

2016),so the suitability of the calculation model for SCABs with resonant elements needs to be 69 

verified. 70 

On the other hand, the small number of band gaps with narrow widths also limits SCAB 71 

applications, especially for some broadband noises. To overcome this shortcoming, researchers have 72 

combined Bragg scattering and local resonance to design SCABs (Shen et al. 2018; Jiménez et al. 73 

2016; Nateghi et al. 2017; Jiménez et al. 2017).The results show that the sound insulation effect of 74 

the SCAB with the resonant element has been further improved and that the geometric size has been 75 

further reduced. Although the sound insulation effect of SCABs is considerably better than that of 76 

traditional ABs, the further optimization of SCABs with a higher efficiency, greater applicability, 77 

and lower cost is still a controversial topic for researchers. 78 

In this study, an SCAB with resonant elements was designed for highway noise. The full text 79 

is organized as follows: In section 2, the noise spectrum of the selected sound-sensitive points is 80 

measured in situ to determine the target noise frequency band. In section 3, the scatterer form is 81 

explicitly designed, and the corresponding band structure and transmission loss are calculated. In 82 



section 4, a field test of the noise reduction performance of the SCAB is carried out, and the effect 83 

is compared with concrete acoustic barriers (CABs) and Morandi's SCAB. In section 5, a 3D FEM 84 

model is established and verified with the field test results. Simultaneously, the difference between 85 

the calculation results and the 2D FEM model is compared, and three optimizations are explored. 86 

The measures include the gradient arrangement of the scatterers, the filling of porous sound-87 

absorbing media, and microperforated plates on the noise reduction performance of the SCAB. 88 

Section 6 summarizes the conclusions of the full text. 89 

 90 

Fig. 1. (a) Lateral view, (b) Plan view, and (c) Bragg scattering-type SCAB（Castiñeira-Ibañez et 91 

al.2015). 92 

2 Highway noise spectrum characteristics 93 

Relying on Changjiu Highway, the test site was located in the Gongqingcheng Section of 94 

Jiujiang city, Jiangxi Province. According to EN1793-3, the highway noise spectrum was measured 95 

in situ, the traffic flow was recorded simultaneously, and the statistics were classified according to 96 

large (above 5 t), medium (2-5 t), and small cars (below 2 t). The monitoring point, located at the 97 

shoulder of the highway, was 7.5 m from the centerline of the lane at a height of 1.2 m, with open 98 

and flat terrain, and far from the residential industrial area. During the test, the wind speed was less 99 

than 5 m/s, and the temperature ranged from 25-32°C. A BSWA801 sound level measuring 100 

instrument (BSWA TECH., Beijing, CHN) was selected for 24 h continuous monitoring, and the 101 

average of the three tests was obtained; the continuous, equivalent, A-weighted, sound pressure 102 

level was utilized as the evaluation quantity. The noise 1/3-octave-frequency spectrum diagram is 103 

shown in Fig. 1. A 101921 radar speedometer (Bushnell, Overland Park, USA) was employed to 104 

measure vehicle speeds. The vehicle speed and traffic volume data are shown in Table 1. 105 



  106 

Fig. 2. Highway traffic noise spectrum 107 

Fig. 2 shows that the highway noise has local peaks at 400 Hz and 1000 Hz, and the maximum 108 

sound pressure level is 76.2 dB(A). From the synthesis of the sound levels (Equation 1), when the 109 

difference between the two sound pressure levels is relatively large, the combined total sound 110 

pressure is approximately equal to the larger of the two sound pressure levels. In contrast, the 111 

smaller sound pressure level can be disregarded, so when the difference between the two sound 112 

pressure levels is greater than 15 dB, the added value after synthesis is negligible. Thus, the 113 

frequency band below the sound pressure level 61.2 dB(A) is disregarded. Thus, the main noise 114 

frequency bands of the highway are 315-500 Hz and 800-1250 Hz, and the middle- and high-115 

frequency band ranges are consistent with those in previous work by Sandberg(2003), but the low-116 

frequency band range has increased. Table 1 shows that the Changjiu highway is composed mainly 117 

of fast small vehicles, followed by large vehicles, regardless of day or night, so it can be concluded 118 

that highway noise is composed mainly of vehicle-tire noise and large vehicle engine noise. 119 

Table 1 Traffic volumes and vehicle speeds 120 

 Traffic volume (veh/h)  

Type Day1 Night1 Day2 Night2 Day3 Night3 Average speed (km/h) 

Small 810 314 930 278 1051 337 106 

Medium 45 5 51 14 69 18 93 

Large 240 130 282 122 216 100 90 

Total 1095 449 1263 414 1336 455 - 
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where LP1 and LP2 are the sound pressure levels of the two sound sources at a certain point in 123 



the sound field, where LP1>LP2, and ∆L is the additional value of the sound pressure level. 124 

1P PL L L                         (2) 125 

where LP is the total sound pressure level after synthesis. 126 

3 Acoustic structure design of the SCAB 127 

3.1 SCAB model 128 

A hollow steel cylinder was selected as the scatterer, and air served as the matrix to construct 129 

a 2D SCAB. The steel cylinder had a radius of R=0.08 m, a wall thickness of t=0.01 m, and a height 130 

of h=3 m. Due to the large impedance difference between steel and air, the elastic behavior of steel 131 

is not considered here. The peaks at 400 Hz and 1000 Hz in the noise spectrum were utilized as the 132 

design center frequencies of the complete band gap. A 400 Hz resonant band gap control and a 1000 133 

Hz Bragg band gap control were adopted. The scatterers were arranged in a square lattice. According 134 

to the Bragg scattering law (Equation 3), the corresponding lattice constant a=0.1715 m was 135 

calculated. Considering the convenience of construction, the lattice constant was set to a=0.2 m. 136 

Simultaneously, the scatterer was opened to form a Helmholtz resonant cavity to control low-137 

frequency noise. The central angle of the opening was β=60°. The calculation of the center 138 

frequency of the resonant band gap is shown in Equation 4. The cross-section of the scatterer is 139 

shown in Fig. 3(a). The material parameters employed in the model are shown in Table 2. 140 

 141 

Fig. 3. (a) Air-steel, open absorbing unit cell and (b) first Brillouin zone 142 
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where fBragg is the center frequency of Bragg's complete band gap, c is the sound propagation 144 

velocity in air at 20°C, a is the lattice constant, and n is the order. 145 
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where fHR is the Helmholtz resonance frequency, c is the sound propagation velocity in air at 147 

20°C, e is the opening size of the resonant cavity, r is the inner radius, leq=t+0.85e is the equivalent 148 

opening size, and t is the wall thickness. For thin-walled structures, e=2rsinα. 149 

Table 2 Material parameter table 150 

Material Sound velocity (m/s) Density (kg/m3) Elasticity modulus (N/m2) Poisson’s ratio 

Air 344 1.21 — — 

Steel 5189 7800 2.1e11 0.3 

3.2 Extraction of band structures 151 

For a 2D SC, according to the Bloch theorem of wave propagation in a periodic structure, the 152 

displacement field u(r) can be written as: 153 

( )( ) ( )i k r

ku r e u r g
                       (5) 154 

where uk (r) is a periodic vector function with the same periodicity as the SC; k = (kx, ky) is the 155 

wave vector and is limited to the first Brillouin region; and r = (x, y) is the position vector. 156 

Due to the periodicity of the structure, calculations can be performed in a representative unit 157 

cell, where the unit cell is divided into a finite number of units connected by nodes. The discrete 158 

form of the characteristic equation in a single unit cell is shown as follows: 159 

2( ) 0K M U                    (6) 160 

where U is the nodal displacement, K is the stiffness matrix and M is the mass matrix. 161 

If the Bloch boundary condition can be satisfied in a single unit cell, then it can be guaranteed 162 

that the Bloch condition can be satisfied on the entire periodic structure. Therefore, Equation 4 can 163 

be applied to the boundary of a single unit cell along the periodic direction, and the displacement U 164 

(r) on the boundary satisfies the following equation: 165 

( )( ) ( )i k a
U r a e U r  g

                 (7) 166 

where α is the lattice constant and r is the position vector of the nodes on the boundary. 167 

Combined with the displacement boundary conditions (7), the eigenvalue equation (Wu and Chen 168 

2011)represented by Equation 6 can be directly solved by COMSOL Multiphysics 5.4© (COMSOL 169 

Inc., Stockholm, SWE), and the corresponding band structure can be drawn using the calculated 170 

eigenvalues. In this study, the pressure acoustics module was utilized to analyze the band structure. 171 

For the corresponding unit cell, the band structure calculation was based on the Bloch-Floquet 172 



theory along the three high symmetry directions of the first irreducible Brillouin zone ΓΧ, ΧΜ, ΜΓ 173 

(Fig. 3(b)), and the scanning frequency range was 0-2500 Hz. The model size and boundary settings 174 

are shown in Fig. 3(a). The band structure calculation results are shown in Fig. 4; there are two 175 

complete band gaps located from 380-580 Hz and from 935-1110 Hz, and four band gaps exist in 176 

the ГХ direction. The first complete band gap was mainly generated by cavity resonance. The sharp 177 

changes in the sound pressure inside and outside of the cavity caused the sound wave to resonate in 178 

the cavity, thereby consuming energy (the boundary mode is shown at point A). The second 179 

complete band gap was mainly produced by Bragg scattering, and the periodicity of the structure 180 

caused sound wave destructive interference to occur between them (the boundary modes are shown 181 

at points B and C). The relative error between the band gap center frequency calculated by Equations 182 

3 and 4 and the FEM calculation was less than 5% (857.5 Hz/455.9 Hz), and the results show 183 

agreement. Combining Bragg scattering and cavity resonance can effectively expand the range of 184 

the band gap; a scatterer design is applied in this study to make the two work at middle frequency 185 

and low frequency. Notably, Bragg scattering and cavity resonance can also be designed to act on 186 

the same or adjacent frequency range, a Bragg resonance coupling band gap is produced, and the 187 

coupling effect between them is discussed in Wang [25]. 188 

 189 

Fig. 4. Band structure analysis (the dark gray rectangle is the complete band gap, and the light 190 

gray rectangle is the ΓΧ directional band gap) 191 

3.3 Transmission characteristics 192 

The COMSOL Multiphysics 5.4© pressure acoustics module was also applied to calculate the 193 

transmission characteristics. The four rows of scatterers were periodically arranged in a rectangular 194 

waveguide according to a square lattice, and the upper and lower periodic boundaries were 195 

employed. The incident wave on the left side of the waveguide was a vertical incident plane wave 196 



that does not consider vehicle movement. The amplitude was set to 1 Pa at approximately 90 dB 197 

(A). Perfect matching layers (PMLs) were set on the waveguide's left and right ends to avoid 198 

reflection interference. Radiation boundaries were set on the waveguide's left and right sides to 199 

consider Sommerfeld radiation conditions to simulate free space. The model layout and size are 200 

shown in Fig. 5. The surrounding grid of the scatterer was divided, and LFEmax≤λ/6; the background 201 

pressure field and the perfect matching layer were divided by mapping. The transmission loss (TL) 202 

was chosen to describe the sound transmission characteristics of the SC (Equation 8) 203 

 1020log out

in

P
TL dB

P
          (8) 204 

where Pin is the direct sound pressure level and Pout is the sound pressure level after 205 

interference. 206 

 207 

Fig. 5. Transmission model 208 

The calculation results of the transmission characteristics are shown in Fig. 6. The model 209 

produces an effective attenuation in the band gap range, and the attenuation curve shows agreement 210 

with the band gap range. At target frequencies of 400 Hz and 1000 Hz, the TL is 55.3 dB (A) and 211 

14.2 dB (A), respectively. From the height expression in Fig. 7, effective peak clipping is produced 212 

in the band gap, and there is basically no noise reduction effect outside the band gap. A comparison 213 

of the band structure and transmission characteristics of SCs can be beneficial for mutual 214 

verification and has been widely utilized in previous studies(Morandi et al. 2016; Godinho et al. 215 

2019; Gupta et al. 2015; Montiel et al. 2017). 216 



 217 

Fig. 6. Transmission loss 218 

 
 

(a) 400 Hz (b) 1000 Hz 

 

 

(c)1800 Hz (d)2000 Hz 

dB(A) 

Fig. 7. Expression of the sound pressure level height 219 



4 Field test 220 

4.1 Field test method and equipment 221 

 222 

Fig. 8. (a) Single scatterer, (b) field test, and (c) sonic crystal acoustic barrier 223 

According to ISO10847-1997, a field test of the SCAB noise reduction performance was 224 

conducted. Using an indirect measurement method, to ensure the equivalence of the sound source, 225 

a reference point was set 1.5 m above the AB, and the model verification point was set, as shown in 226 

Fig. 9(a) (d=0.25 m, 1 m, and the height of the verification points are 1.2 m and 1.5 m). The distance 227 

of the measuring point was d=10 m, 20 m, and 30 m behind AB, and the height of the measuring 228 

point was 1.5 m. The layout of the measuring points is shown in Fig. 9(b). Equidistant measurement 229 

points were set at AB widths of L=40 m, 80 m, and 120 m. The adjacent equivalent open area was 230 

selected for the noise reduction performance tests of the SCAB. The CAB was set to the same 231 

distance. The height of the control point at each point was measured three times. The average value 232 



was taken, and each measurement time was 20 min. Simultaneous measurements were performed 233 

at different control points. The insertion loss calculation of the indirect measurement method is 234 

shown in Equation 9, and for the noise barrier, for performance comparison, the average insertion 235 

loss was employed, and the natural conditions and background noise in the field test met the 236 

requirements of the specification (ISO 10847-1997). Since the highway noise was mainly distributed 237 

below 2500 Hz (Ohiduzzaman et al. 2016), to simplify the analysis, only 100-2500 Hz was selected 238 

to evaluate the noise reduction performance of the AB. 239 

   , , , ,ref a ref b r a r bIL L L L L             (9) 240 

where Lref,a is the A-weighted equivalent sound pressure level at the reference point after AB 241 

is installed, Lref,b is the A-weighted equivalent sound pressure level at the reference point in the 242 

equivalent place, Lr,a is the A-weighted equivalent sound pressure level at the measurement point 243 

after AB is installed, and Lr,b is the A-weighted equivalent sound pressure level at the control point 244 

of the equivalent place. 245 

 246 

(a) 247 

 248 

(b) 249 

Fig. 9. (a) Verification point and (b) measuring point. 250 



4.2 Test results and discussion 251 

 252 

Fig. 10. Spectrum diagram of the noise reduction effect of ABs 253 

When d=10 m, the field test spectra are shown in Fig. 10. The SCAB exhibits significant band 254 

gap characteristics, which shows agreement with the band gap range of section 3.2, especially at the 255 

central design frequencies of 400 Hz and 1000 Hz. The average insertion loss reached 7.6 dB (A) 256 

and 8.4 dB (A). Compared with the test results of the CABs, when the SCAB is 315-500 Hz and 257 

800-1000 Hz, the insertion loss increases by 0.5-2.1 dB(A), and the noise reduction effect is 258 

improved. Concrete is a traditional engineering material that follows the law of "mass density." The 259 

noise reduction effect gradually increases with an increase in frequency. However, the energy of 260 

traffic noise is concentrated in the middle and low-frequency bands. Therefore, traditional ABs 261 

often have performance redundancy at high frequencies and the problem of limited effects at low 262 

frequencies. Although the SCAB exhibits prominent band gap characteristics in the target range 263 

from 315-500 Hz and from 800-1000 Hz, problems with limited noise reduction and a very narrow 264 

control range still exist. Therefore, it is necessary to further improve its noise reduction effect. The 265 

possible reinforcement measures are shown in section 5.4. 266 

Compared with the previous Bragg SCAB designed by Morandi(2016), the improvement effect 267 

ranges from 0.3-8.8 dB(A), especially in the low-frequency range below 500 Hz. The noise 268 

reduction effect is the most obvious, and the combination of cavity resonance and Bragg scattering 269 

is conducive to the expansion of the control range and enhances the applicability of the SCAB. 270 



 271 

Fig. 11. Comparison of the noise reduction effects at different distances 272 

The total insertion loss of the ABs at different distances is shown in Fig. 11. The noise 273 

reduction performance of the CAB in the shadow zone is better than that of the SCAB by 0.9-5.3 274 

dB(A). However, as the distance increases, this difference is gradually reduced, and the attenuation 275 

of the noise reduction performance of the SCAB also decreases. The SCAB is a discontinuous 276 

structure, and the gap between two scatterers will reduce the acoustic diffraction points and weaken 277 

the top diffraction effect, which may be beneficial for the expansion of the shadow zone. 278 

As an artificial periodic structure, the SCAB has significant band gap characteristics, which 279 

can control noise at different characteristic frequencies. The band gap range can be changed and 280 

expanded by changing the geometric size and combining different noise reduction mechanisms. 281 

Using different control principles for different noise frequency bands to achieve the tunable type is 282 

a significant advantage, but a sufficient number of scatterers are required to form a band gap. The 283 

high material cost and large occupied area limit its promotion and application. Presently, certain 284 

scholars (Qin et al. 2020) recycle the waste guardrails generated in reconstruction and expansion 285 

projects to build SCABs, which effectively solves the problem of material cost. The placement of 286 

SCABs also needs to be adapted to local conditions, excluding narrow areas such as bridges and 287 

tunnels, and roadbed sections with high landscape requirements can be arranged in a targeted 288 

manner. 289 

 290 

 291 

 292 

 293 



5 Numerical model of the SCAB 294 

5.1 Model settings 295 

 296 

Fig. 12. 3D FEM model 297 

The 3D FEM model established based on the highway site is shown in Fig. 12. The distance 298 

between the emergency lane and AB is D1=2.5 m, the scatterers are arranged in four rows with a 299 

square lattice, the lattice constant a=0.2 m, and the height of the scatterers h= 3 m. The plane wave 300 

background pressure field was adopted without considering the vehicle turbulence, the amplitude 301 

P0=1 Pa, and the PML was arranged on the top,  front and back of the model to prevent echo 302 

interference. Considering the Sommerfield boundary conditions, the model adopts periodic 303 

boundaries on the left and right sides to simulate the long-distance arrangement of the SCABs. Since 304 

the ground acoustic impedance is much greater than that of air, a rigid boundary can be utilized at 305 

the bottom of the model. For the receiving line distance D2=0.25 m, 1 m, and 1.5 m above the ground, 306 

the calculation area was meshed with a free quadrilateral; the maximum size LFEmax≤λ/6 and the 307 

maximum number of grids was 5.94 million. 308 

 309 

 310 
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5.2 Model verification 312 

 313 

Fig. 13. Comparison of the 3D FEM model results and field test results (a) D2=0.25 m; (b) D2=1 314 

m. 315 

A comparison of the numerical results and field test results is shown in Fig. 13, and the change 316 

in the insertion loss between the two showed agreement. However, in the low-frequency range 317 

(<250 Hz), the field test results exhibit fluctuations. This fluctuation range is from 0.5-2.8 dB(A); 318 

in the medium- and high-frequency ranges (> 250 Hz), the average FEM results and field test results 319 

differ between 0.1 and 2.9 dB(A), and the FEM result is generally large, especially within the band 320 

gap range. There are three reasons for the difference. First, the increase in the arrangement spacing 321 

of the scatterers during the on-site implementation will cause a decrease in the lattice filling rate, 322 

weaken the destructive interference among the scatterers, and narrow the Bragg band gap width. 323 

The second reason is the error of the model processing size; the error of the model opening angle 324 

will cause the deviation in the cavity resonance frequency. As shown in [35], as the opening angle 325 

decreases, the resonance band gap width decreases and shifts to low frequencies. Therefore, the 326 

layout and processing errors are the main reasons for the weakening of the actual use effect of the 327 

SCAB in the middle- and high-frequency band gaps. Third, the indirect test method is utilized on 328 

the spot. Even if the measurement site can be approximated as equivalent, there is still a slight 329 

difference in the terrain and ground or traffic flow, which is the main reason for the difference in 330 

the noise reduction effect of the low-frequency diffraction zone. 331 

 332 

 333 

 334 

 335 



Table 3 Comparison of the field test results and numerical results 336 

Configuration 
IL100-2500[dB(A)] 

Measurement 3D FEM calculation 

(0.25, 1.2) m 7.8 9.6 

(0.25, 1.5) m 8.4 10.9 

(1, 1.2) m 6.7 8.8 

(1, 1.5) m 6.9 9.5 

 337 

Furthermore, we can use the measured spectrum to evaluate the predicted total insertion loss 338 

of the 3D FEM model (Jolibois et al. 2015), as shown in Equation 10: 339 

, ,( /10) ( /10) ( /10)

100 2500 =10log( 10 / 10 10 )
in w
A n A n n

L L IL

n n

IL


           (10) 340 

where 𝐿𝐴,𝑛𝑖𝑛  are the A-weighted third-octave levels in the band of index n without the barrier 341 

and 𝐿𝐴,𝑛𝑤  are the A-weighted third-octave levels in the band of index n with the barrier. The 342 

comparison in Table 3 shows that the 3D FEM model constructed in this paper can effectively 343 

predict the field use effect of the SCAB, and the prediction error is less than 3 dB(A). Previously, 344 

research on the noise reduction effect of SCABs has mostly employed a combination of 2D FEM 345 

models and laboratory experiments(Morandi et al. 2016; Cavalieri et al. 2019; Godinho et al. 346 

2019).Although the noise reduction effect can be effectively fitted, problems with the limited 347 

arrangement period of the AB still existed, and the height of the scatterer was not considered. The 348 

combination of the 3D FEM model and the field test effectively overcomes the abovementioned 349 

limitations and has more practical significance. 350 

5.3 Model comparison 351 

 352 

Fig. 14. Comparison of different numerical models 353 



 354 

The insertion loss results of the 3D FEM model are compared with the 2D FEM model in 355 

section 3.2; the results are shown in Fig. 14. With a gradual increase in the scatterer height, the noise 356 

reduction effect in the resonant band gap gradually improves, while the Bragg band gap noise 357 

reduction effect is unchanged. The noise reduction effect difference between the two models is 358 

mainly produced in the frequency band below 500 Hz. Within the resonance band gap, the difference 359 

between the two models is 9.1-50.5 dB(A), and the difference between the two models is 0.7-4.7 360 

dB(A) outside the band gap. The main reason for the difference is the height of the scatterer. As the 361 

height increases, the lengthening resonant cavity leads to an enhanced noise reduction effect in the 362 

resonant band gap, while the height of the scatterer is regarded as infinite in the 2D FEM model, 363 

which produces a large difference. The 2D FEM model disregards the diffraction from the top of 364 

the AB and the ground reflection, which explains the difference outside the low-frequency band 365 

gap. The 2D model can express the SC's best noise reduction effect in an ideal state, but for an 366 

SCAB that has a limited height and contains a resonance mechanism, the 2D model is less practical. 367 

Furthermore, a PML is added to the bottom of the 3D FEM model to consider the impact of 368 

ground reflection on the noise reduction effect of the SCAB. Comparing the results before and after 369 

adding the PML, it can be seen that the insertion loss curves of the two show agreement. The only 370 

difference exists when the ground is set to the rigid sound boundary at 630 Hz. The noise reduction 371 

effect is better, which is increased by 4.64 dB (A). Notably, 630 Hz is outside the band gap range, 372 

so ground reflection improves the noise reduction effect outside the SCAB band gap range. 373 

5.4 Design optimization 374 

Although the SCAB coupled with Bragg scattering and Helmholtz resonance has produced the 375 

expected noise reduction effect within the target range, the improvement is limited, and it is 376 

necessary to further optimize its noise reduction effect. To date, the most commonly employed 377 

optimization measure has been to increase the number of rows(Morandi et al. 2016),but this 378 

approach will significantly increase the floor area and material cost, which is not consistent with 379 

most application scenarios. Therefore, increasing the scatterer height and combining other noise 380 

reduction mechanisms are the preferred optimization measures. 381 

 382 
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5.4.1 Height gradient combination of the scatterers 397 

 398 

Fig. 15. Noise reduction effect with different height combinations 399 

The periodic array arrangement of the SCAB provides the possibility for the gradient 400 

combination of scatterers of different heights. In this study, four gradient combinations, namely, 401 

(3.3, 3.3, 3.3, 3.3) m, (3, 3.2, 3.4, 3.6) m, (3.6, 3.4, 3.2, 3) m, and (3.2, 3.4, 3.4, 3.2) m, were 402 

established based on the total length of the scatterers in each column of 1.2 m. 403 

The verified 3D FEM model was used to explore the difference in the noise reduction 404 

performance; the results are shown in Fig. 15. The four combinations all show significant band gap 405 

characteristics. The gradient combination does not affect the band gap center frequency and range, 406 

but it can effectively increase the noise reduction effect in the low- and mid-frequency bands below 407 

500 Hz, especially in the resonance band gap range. As shown in Fig. 16, the noise reduction effect 408 

in the shadow zone after AB is significantly improved. Furthermore, the improvement effect of 409 

laying from high to low (3.6, 3.4, 3.2, 3) m is the most obvious because the low-frequency noise is 410 

diffracted in advance, while the noise reduction effect of the four combination methods at a high 411 

frequency is not much different. In the Bragg band gap range, the noise reduction effect of (3, 3.2, 412 

3.4, 3.6) m and (3.2, 3.4, 3.4, 3.2) m is not as good as that the scatterer is not heightened. The 413 

increase in the height of the scatterer improves the noise reduction effect in the resonant band gap 414 

better than that in the Bragg band gap, which indicates that the gradient combination measures have 415 

a more significant impact on the resonant characteristics of the scatterer. The structural periodicity 416 

is also less affected. In the high-speed section where the proportion of large and medium vehicles 417 

increases, the engine's low-frequency noise components will significantly increase so that the SCAB 418 

can be optimized in the form of a high- to low-gradient layout. 419 



  

(a) (3, 3, 3, 3) m (b) (3.6, 3.4, 3.2, 3) m (c) (3, 3.2, 3.4, 3.6) m 

 

(d) (3.2, 3.4, 3.4, 3.2) m (e) (3.3, 3.3, 3.3, 3.3) m  

Fig. 16. Contour map of the 400 Hz sound pressure level 420 
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5.4.2 Influence of the flow resistance rate of porous sound-absorbing materials 432 

 433 

Fig. 17. Noise reduction effect with different flow resistances 434 

The cavity of the scatterer was filled with porous sound-absorbing cotton. The radius of the 435 

sound-absorbing cotton column r=0.07 m, and the height h=3 m. The sound absorption mechanism 436 

was added to strengthen it, as shown in Fig. 17. Using COMSOL's built-in Delany-Bazley model, 437 

the flow resistance was selected as 5000, 10000, and 23000 Pa.s.m-2, which covers commonly 438 

utilized porous sound-absorbing materials. After adding the sound-absorbing cotton column, except 439 

for some low frequencies, the noise reduction performance of the whole frequency range is 440 

improved to a certain extent, especially after 250 Hz, the improvement effect exceeds 5 dB(A), and 441 

the control range is increased. From 200-800 Hz, with an increase in flow resistance, the noise 442 

reduction effect gradually improves. However, after 800 Hz, the noise reduction effect does not 443 

change significantly, and the frequency spectrum in which the sound absorption effect is introduced 444 

is more uniform. However, the SCAB has an effective peak clipping effect for highway noise. 445 

SCABs with sound-absorbing materials have more advantages than SCABs without sound-446 

absorbing materials. In a study by Castiñeira, the porous sound-absorbing material was wrapped on 447 

the surface of the scatterer(Castiñeira-Ibañez et al. 2015); although it also has a good optimization 448 

role, the porous sound-absorbing material may be more susceptible to moisture and aging when 449 

exposed to the outside, and the noise reduction effect decays quickly over time. Therefore, the 450 

sound-absorbing cotton column filled in the cavity can be wrapped with nonwoven fabric, and the 451 

top of the scatterer can be sealed. 452 

5.4.3 Microperforated plate 453 

The basic principle of microperforation sound absorption was proposed by Ma(Maa 1998)and 454 

established based on an equivalent circuit model. The microperforated plate is an excellent 455 

substitute for the traditional porous sound-absorbing medium. The plate is lightweight, has a 456 

wide application range, has a beautiful appearance, and is clean and pollution-free(García-457 

Chocano et al. 2012). While ensuring a particular strength, the plate can also have an influential 458 



sound absorption role and is widely employed for low-frequency mechanical vibration and 459 

noise reduction. Replacing the rigid wall of the SCAB with a microperforated wall may 460 

improve noise reduction to a certain extent. 461 

 

               (a) (b) 

Fig. 18. (a) Schematic of microperforated plate and (b) microperforated scatterer wall 

 462 

5.4.3.1 Impact of the perforation rate 463 

 464 

 465 

Fig. 19. Noise reduction effect at different perforation rates 466 

The microperforated plate is a thin plate composed of many microholes with the diameter d≤1 467 

mm. The equivalent acoustic impedance model of the microperforated plate is shown in 468 

References(EN 1793-3; Sandberg U 2003). The diameter of the circular hole is d=1 mm. The 469 

material parameters are shown in Table 2. The influence of different perforation rates on the noise 470 

reduction effect of the SCAB is shown in Fig. 19. Compared with the nonperforated wall, the SCAB 471 

using microperforated plates has significantly improved noise reduction effects in the mid- and low-472 

frequency bands, especially at 125-250 Hz and 630-1250 Hz. With a gradual increase in the 473 

perforation rate, the noise reduction effect of the medium- and low-frequency bands is gradually 474 

enhanced. The noise reduction effect is increased by 4.7 dB(A) at 250 Hz and increased by 11.4 475 

d

t

R

r



dB(A) at 1000 Hz. Notably, the SCAB with a microperforated wall can improve the noise reduction 476 

effect while still maintaining significant band gap characteristics. The microperforated plate can be 477 

combined with the cavity behind the plate to form a resonant sound-absorbing structure. In a specific 478 

aperture, a larger perforation rate should be selected to improve the noise reduction effect. 479 

 480 

5.4.3.2 Aperture size influence 481 

 482 

Fig. 20. Noise reduction effect with different apertures 483 

In the case of a perforation rate of 1%, the improvement in the SCAB noise reduction effect 484 

with different apertures is shown in Fig. 20. In the low-frequency band, as the aperture gradually 485 

decreases, the noise reduction effect gradually increases at 250 Hz. When the aperture d=0.6 mm, 486 

the noise reduction effect is increased by 4.9 dB(A). In the middle- and high-frequency bands, the 487 

difference in the noise reduction effect between the different apertures is slight. Compared with the 488 

case of no perforation, the noise reduction effect is effectively improved by 1.8-11.1 dB(A). A 489 

smaller aperture should be utilized for low-frequency noise in the case of a specific perforation rate. 490 

The smaller the aperture is, the stronger the vicious loss of air in the micropores and the better the 491 

low-frequency sound absorption effect (Maa 1998). 492 

In general, the combination of SCABs and microperforated plates can effectively improve the 493 

noise reduction effect. Microperforated plates are generally prepared by stamping methods. The 494 

pursuit of larger perforation rates and smaller apertures may have particular requirements for 495 

processing technology. When perforating the plate, it is necessary to balance the contradiction 496 

between the noise reduction effect and the processing difficulty and cost according to the actual 497 

noise reduction needs. 498 

 499 

 500 



6 Conclusion 501 

SCABs that rely on a single mechanism are generally referred to as first generation, and SCABs 502 

that rely on a combination of multiple noise reduction mechanisms are referred to as second 503 

generation. Different mechanisms control different frequency bands. The realization of tunability is 504 

a basic feature of second-generation SCABs. The SCAB combined with the Bragg scattering-505 

resonance-sound absorption mechanism has more robust adaptability. The traffic flow and road 506 

surface conditions of highways in various regions are different, and the resulting highway noise 507 

spectrum characteristics also differ. A tunable SCAB can be adjusted in terms of geometry and 508 

materials according to the corresponding situation, and the band gap characteristics can be changed 509 

to meet different noise reduction requirements. The design is more targeted and flexible, which is 510 

convenient for promotion in different road scenes. 511 

Based on the SCAB acoustic performance design, in this study, a field section was established 512 

to test the actual noise reduction performance of barriers, and the results from the SCAB were 513 

compared with those of a traditional CAB. On this basis, the corresponding 3D FEM numerical 514 

model was proposed and verified through field test results. Simultaneously, the gradient 515 

combination of the scatterers' optimization effect and the addition of porous sound-absorbing media 516 

or microperforated plates on the SCAB were investigated. The main conclusions are listed as 517 

follows: (a) The average insertion loss of the SCAB is 7.6 dB(A) and 8.4 dB(A) at the design peaks 518 

of 400 Hz and 1000 Hz, respectively. Compared with the CAB, the insertion loss of the SCAB is 519 

increased by 0.5-2.1 dB(A) in the 315-500 Hz and 800-1000 Hz frequency bands, and as the distance 520 

behind the AB increases, the attenuation of the SCAB’s noise reduction effect decreases. Compared 521 

with the previous design of the SCAB by Morandi, the lifting effect ranges from 0.3-8.8 dB(A), and 522 

the low-frequency control range is significantly increased because of the added resonant elements. 523 

(b) The 3D FEM model based on the experimental section can effectively predict the actual use 524 

effect of the SCAB. The insertion loss curve changes show agreement with the field test results, and 525 

the error between the two is less than 3 dB (A). Compared with the 2D FEM model, the 3D FEM 526 

model can effectively reduce the error within the resonant band gap by more than 9.1 dB(A). (c) 527 

The gradient combination improves the noise reduction effect in the resonant band gap compared 528 

with the Bragg band gap, among which the (3.6, 3.4, 3.2, 3) m is the most obvious. The frequency 529 

spectrum of the SCAB with the introduction of porous sound-absorbing materials is more uniform 530 

but still retains prominent band gap characteristics. Except for some low frequencies, the noise 531 

reduction performance of almost all frequency bands is improved by more than 5 dB (A). The 532 

scatterer wall surface can be replaced with a microperforated plate, and increasing the perforation 533 

rate and reducing the aperture can effectively improve the noise reduction effect outside the band 534 

gap. The combination of field tests and 3D numerical models is helpful for the popularization and 535 

application of SCABs. However, 3D calculations also have the disadvantages of large memory 536 

usage and a long calculation time. Therefore, a more computationally efficient model needs to be 537 

considered in future studies. 538 
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