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In order to improve the sound absorption performance of the light-frame 
timber construction wall, this paper combined the aperture embedded wall 
unit structure with the actual building wall structure based on the Helmholtz 
resonance structure principle to design and fabricate two sets of wall 
structures: a new aperture embedded Helmholtz resonance structure 
(experimental group) and a conventional structure (control group). The 
sound absorption coefficients of the two wall structures were measured by 
the reverberation chamber test, and related analysis was carried out. The 
results showed that the aperture embedded Helmholtz resonance wall 
structure exhibited good sound absorption performance in the low frequency 
range; in particular, a perfect sound absorption effect was basically achieved 
at a frequency of 100 Hz. Compared with the conventional wall structure, the 
sound absorption performance of the aperture embedded Helmholtz 
resonance wall structure in the test frequency range was enhanced greatly. 
While the value of the sound absorption coefficient was increased in the low 
frequency range, the bandwidth of sound absorption frequency was 
expanded to a certain extent, and the average sound absorption coefficient 
and noise reduction coefficient were both improved. This paper explored the 
applicability of Helmholtz resonance structure in practical wall structure. The 
research results could provide reference for reducing indoor noise pollution 
and creating a better living environment. 
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INTRODUCTION 
 

Among the building materials used in the structural element, wood is a natural 

resource with renewable characteristics that can be used efficiently after being processed 

into engineered wood (He et al. 2020; Ponzo et al. 2021; Tudor et al. 2021; Tan et al. 

2022). The application of engineered wood is of great significance for energy saving, 

emission reduction, and sustainable development of the construction industry 

(Thelandersson 2003; Pajchrowski et al. 2014; Li et al. 2021; Yang et al. 2021). As a 

typical representative of modern timber constructions, light-frame timber construction is 

characterized by short construction time, prefabricated assembly, good thermal insulation, 

earthquake resistance, energy saving, and good environmental performance, which meets 

the current requirements for the development of energy-saving and environmentally-

friendly housing (Wang et al. 2014; Alinoor et al. 2020; Liang et al. 2021; Niederwestberg 
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et al. 2021). Some progress has been made in researching the mechanical, thermal, and 

acoustic properties of engineered wood used in light-frame timber constructions (Wang et 

al. 2015, 2016; Caniato et al. 2021; Wang and Ghanem 2021). However, timber 

construction is still in the development stage, and the problem of its poor acoustic 

performance needs to be solved (Fu et al. 2021; Huang et al. 2021). Common methods to 

improve the sound absorption performance of the timber structural walls mainly include 

the following: The internal materials of the wall can be changed by using high-absorbing 

sound performance composites, such as porous materials (Fukuta et al. 2017; Peng 2018). 

The internal structure of the wall can be changed, such as stud spacing, specifications, etc. 

(Liu et al. 2018). These methods and measures only improve the noise reduction of the 

walls to a limited extent. It was demonstrated that sound absorbing materials within timber 

frame structures have a limited influence and especially using a thickness of at about 10 

cm is enough for acoustics (Brunskog and Hammer 2003; Caniato et al. 2017). 

Furthermore, the noise absorption is difficult to regulate, and control of large broadband 

noise cannot be achieved.  

In the current engineering application, the improvement in the sound absorption 

performance of the wall is mainly based on the two main categories of the sound absorption 

principle (Sakagami et al. 2011; Geng and Li 2012; Ning and Zhao 2016). One is the sound-

absorbing material composed of porous materials, such as sound-absorbing cotton, where 

most of the sound waves gradually consume sound energy by friction with the material. 

The other is the resonant sound absorption structure, which uses the incident sound wave 

to create a resonance in the structure. The resonance converts the sound energy into other 

energy, such as heat energy, so that a large amount of sound energy is dissipated. In general, 

the porous sound-absorbing materials are characterized by better sound absorption 

performance at high frequencies than at low frequencies, so they are often used to absorb 

medium and high frequency noise. The resonant sound absorption structure mainly uses 

the resonance effect to achieve the sound absorption effect, which has a certain frequency 

band limit. It is generally suitable for low frequencies, especially when the noise spectrum 

has a clear peak in the low frequency range. 

The Helmholtz resonance structure consists of a closed cavity and a perforated 

plate, one end of which is connected to the cavity and the other end of which is connected 

to the tube. The perforated plate and the cavity form an elastic vibration system. When the 

acoustic frequency of the fluid matches the natural frequency of the cavity vibration 

system, the vibration system will have a strong resonance, so that the motion velocity of 

the fluid column with a certain mass in the short pipe is accelerated. The frictional 

resistance is increased, and a large amount of sound energy is converted into heat energy 

and consumed to achieve the purpose of sound attenuation (Bedout et al. 1997; Everest 

2001; He et al. 2007; Yuan 2007).  

There have been numerous studies on the Helmholtz resonance structure. Guan et 

al. (2015) studied the existence of a low-frequency band gap in the Helmholtz resonance 

structure and calculated the energy band structure and transmission spectrum using finite 

element method. It was found that there are three band gaps and two adjacent partial band 

gaps in the range of 0 to 4000 hz, and the geometrical parameters affecting the width of the 

band gap or the width and length of the inlet were analyzed. Assouar et al. (2018) outlined 

the main design of the acoustic element surface, including an element surface design based 

on the curvature space, the Helmholtz resonance structure, and the membrane structure. 

and discussed their applications, such as beam focusing, asymmetric transmission and self-

bending beam. Langfeldt et al. (2020) established a new analytical model using the 
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effective material parameters (bulk modulus and density) of the fluid volume of Helmholtz 

resonance structure to describe the acoustic behavior of the double wall vibration with 

Helmholtz resonance structure. The relevant design parameters were determined through 

parameter research and the transmission loss of the Helmholtz resonator was optimized. 

The acoustic super-structured surface technology represented by the Helmholtz resonance 

structure is undoubtedly a research focus for improving the acoustic performance of 

structures. 

In view of the poor sound absorption performance of light-framed timber 

construction walls and the lack of introduction of acoustic superstructure surface 

technology in relevant research, the Helmholtz resonance structure with ultra-thin and 

efficient adjustment of acoustic characteristics was used in the design and application of 

the wall structure. In previous research (Fu 2021), the indoor environmental noise of 

buildings was investigated. It was found that the equipment noise represented by air 

conditioning mainly affects the medium and low frequency band, especially the indoor 

environmental noise near 200 Hz and 1000 to 2000 Hz. The sound absorption principle of 

a Helmholtz wall unit structure was described, and the wall unit structure was designed 

according to the specimen requirements of impedance tube test method and the basic form 

of light wood wall structure. The acoustic performance of wall unit structure was studied 

by impedance tube test method, and the test piece was simulated and verified by multi 

physical field COMSOL MULTIPHYSICS. 

In order to improve the acoustic performance of light-frame construction wall and 

reduce the low-frequency noise pollution in indoor environment, this paper applied the 

Helmholtz resonance principles to a practical wall structure. The test specimens of the test 

group (Helmholtz resonance wall structure with embedded aperture) and the control group 

were designed and manufactured. The sound absorption coefficients of two groups of 

composite wall structures were measured in the reverberation chamber to verify the 

feasibility of the application of aperture embedded structures in engineering practice. 

 

 

EXPERIMENTAL 
 
Design and Fabrication of Wall Structure 

A large-size aperture embedded Helmholtz resonance sound-absorbing layer was 

designed in combination with the wall structure, and the corresponding wall cell structure 

is shown in Fig. 1. The wall structure studied in this paper was divided into two groups: 

the conventional structure (control group) and the aperture embedded Helmholtz structure 

(experimental group). The conventional structure was designed based on GJBT-1303 

(2015). The cross-section of the wall structure is shown in Fig. 2. The acoustic performance 

of the two wall structures was compared. 

  
Fig. 1. Aperture embedded Helmholtz resonant wall-cell structure 
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(a) Conventional structure    (b) Aperture embedded Helmholtz structure 
 
Fig. 2. Section of light-framed timber construction wall structure 
 

Design of Wall Structure 
The hole diameter of the plug-in used in the aperture embedded Helmholtz 

resonance wall structure was 10 mm, and the hole length was 20 mm. The structural design 

of the walls of the experimental group and the control group is shown in Fig. 3. 

Figure 3 shows that the two groups of wall structures mainly consisted of the upper 

OSB panel - SPF stud (filled with sound absorbing cotton and grid partition) - lower OSB 

panel. Because the specimens in this study should be suitable for building walls, the 

specimen size was large. Therefore, it was necessary to combine the requirements of sound 

absorption test for reverberation chamber and the requirements for the design of 

lightweight wooden wall in the design. The main work was as follows: 

(1) To ensure the consistency of structural sound volume, the specimens were divided 

twice during construction. The plane dimension of the whole wall member was 3 m × 3 m. 

The frame was divided into nine 1 m × 1 m individual specimens for the first time; for the 

second time, the interior of the individual specimen was divided into 110 mm × 110 mm 

cells in the form of a grid insert plate. 

(2) To ensure the integrity of the structure, the upper panel was arranged 

symmetrically and spliced with OSB of three specifications (Fig. 3 (a)), with the gap 

between adjacent OSB panels not exceeding 1mm and the reserved joint located above the 

stud. 

(3) To facilitate the installation and enhance structural stability, the internal grid 

partition of the single test piece was connected with tenon and mortise. 

(4) The single test piece was connected by toothed plate, and the connection between 

the panel and the stud was nailed and supplemented by glue. 

 

Fabrication of Wall Structure 
The processing and fabrication of the wall structure of the experimental group were 

carried out according to Fig. 3. The main process was: material preparation → assembly of 

a single test piece (stud frame assembly and internal grid partition assembly) → assembly 

of the wall frame → drilling of the upper panel → installation of the embedded plug-ins 

→ filling of the sound-absorbing cotton → assembly of panels and frame. The basic 

parameters and number of components are listed in Table 1. 
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(a) 

 

 (b) 

 

 (c) 

 

Fig. 3. Structural design of the walls of the experimental group and the control group. (a) upper 

panel combination, (b) internal frame, (c) single test piece (experimental group) 
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Table 1. Basic Parameters and Quantity of Components 

Component Size (mm) 
Quantity 

(piece) 
Density(kg/m3) 

Moisture 

Content(%) 

SPF stud 
924×38×89 27 480 10.5 

1000×38×89 18 480 10.5 

OSB upper panel 

(group a/b/c) 

c: 1500×1020×15 2 610 9 

b: 1500×1000×15 2 610 9 

a: 1500×980×15 2 610 9 

OSB upper panel 

(group A/B/C) 

 (with perforation, 

10mm in diameter 

and 20mm in 

length) 

C: 1500*1020×15 2 610 9 

B: 1500×1000×15 2 610 9 

A: 1500×980×15 2 610 9 

OSB lower panel 1000×1000×15 9 610 9 

OSB grid 
443×9×89 126 650 9 

924×9×89 54 650 9 

Note: the gap distance of the perforated panel (group A/B/C) is normally symmetrical. 
 

Test Object and Device 
According to the ISO 354 (2003), the specimens in this test adopted the form of 

splicing combination, with an area of 3 m × 3 m and a thickness of 119 mm, and each 

specimen was composed of 9 single pieces with the same structure of 1 m × 1 m.  

The relevant information of the test device is as follows: 

(1) Reverberation chamber: its dimensions were 7.7 m × 6.10 m × 4.85 m. The 

volume was 228 m3. A rotating diffuser was provided, which was made of asymmetric 

partial cones and installed indoors to improve sound field diffusion, and distribute the 

characteristic frequency of the simple harmonic vibration mode uniformly in the low-

frequency range. The test site was the reverberation room of the Institute of Acoustics of 

Nanjing University. 

(2) Test equipment: 2 loudspeakers, 1 set of B&K Pulse 3610 (Nærum, Denmark), 

1 set of TS5871 power amplifier (Shanghai, China), 1 B&K 4165 microphone (Nærum, 

Denmark) and 1 HS6288 sound level meter (Shanghai, China). 

(3) Supporting equipment: computer and measurement software. 

 

Test Principle and Method 
Test principle 

The length of the reverberation time is related to the efficiency of sound absorption 

and the volume of the room. Namely, the former determines the sound energy absorbed at 

each reflection and the latter determines the number of reflections of sound waves per 

second. Therefore, for a fixed room size, the reverberation time is only related to the sound 

absorption capacity of the room, so the sound absorption coefficient of sound absorbing 

materials or objects can be measured by reverberation time in the reverberation room. 

At the beginning, the reverberation time T1 (s) was measured from 100 to 5000 hz 

in the empty chamber, then the reverberation time Tn (s) was measured for each frequency 

after the sample under test was placed. Equation 2 can be derived from Eq. 1, as follows, 
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𝐴 =
55.3𝑉

𝑐𝑇
− 4𝑚𝑉 (1) 

𝐴n − 𝐴1 = 55.3𝑉 (
1

𝑐n𝑇n
−

1

𝑐1𝑇1
) − 4(𝑚n − 𝑚1)𝑉

 

(2) 

where A is the sound absorption of the room (m2); V is the volume of the reverberation 

chamber (m3); c1 and cn are the sound velocity during two measurements (m/s); and m1 and 

mn are the sound intensity absorption coefficients during two measurements. If the 

difference between the room temperature and humidity during two measurements is very 

small, c1 = cn = c0, mn = m1, then the expression can be obtained as follows, 

∆𝐴 = 𝐴n − 𝐴1 =
55.3𝑉

𝑐0
 (

1

𝑇n
−

1

𝑇1
) (3) 

∆𝐴 = 𝑎S𝑆1

 

(4) 

where aS is the random incidence sound absorption coefficient of the specimen; S1 is the 

area of the tested specimen (m2). For the three parameters Tn, cn and mn, note that n = 2 

means that the tested specimen is a conventional structural wall (control group); n = 3 

means that the tested specimen is a aperture embedded Helmholtz structure wall 

(experimental group). 

 

Test method 

The test was carried out according to ISO 354 (2003). The distance between the 

specimen and any edge of any partition interface in the room should not be less than 1 m. 

Two loudspeakers were located in the two corners of the room facing the main diagonal. 

The distance between the microphone and the corner was in accordance with the standard 

requirement. The arrangement of the measurement points is shown in Fig. 4. The main test 

steps are: 

1) Preparation phase: The tested specimen was laid out flat according to the 

standard specifications, and the test system was connected and checked. The connection of 

the system is shown in Fig. 5. The sound level meter was the main device used to monitor 

the sound level in environments. In order to measure the reverberation time more 

accurately, the sound level of the instrument was adjusted to more than 100 dB. The 

temperature and humidity during the test were set as 24 ℃ and 67%, respectively. 

2) Measurement of empty chamber reverberation time T1: The reverberation time 

was measured using the interrupted sound source method. The sound source and 

microphone were placed at position 1 as required, and the measurement software was used 

for testing. After the test results were saved and recorded, position of the sound source and 

microphone were changed and placed at measuring points 2, 3, and 4, respectively, to 

perform the tests. Then the average value of the test results was obtained. 

3) Measurement of reverberation time T2 after putting in the conventional specimen 

(control group): The test process was the same as the measurement of reverberation time 

in the empty chamber. 

4) Measurement of reverberation time T3 after putting in the aperture embedded 

Helmholtz specimen (experimental group): The test process was the same as the 

measurement of reverberation time in the empty chamber.  

5) Data processing: The random incident sound absorption coefficient was 

calculated using Eqs. 1 through 4.  
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(a) Layout plan of measuring points (b) 3D rendering of reverberation room test 
 

Fig. 4. Schematic diagram of reverberation room test 

 

 
Fig. 5. Connection diagram of reverberation chamber method measurement system 
 

 
RESULTS AND DISCUSSION 
 
Test Results 

The reverberation time T1, T2, and T3 in the frequency range of 100 to 5000 Hz were 

obtained, as shown in Table 2. The corresponding sound absorption coefficients were 

obtained by substituting the data in Table 2 into Eqs. 1 through 4, as shown in Table 3. 

According to ISO 354 (2003), for the test frequency range of 100 to 5000 Hz, the 

average sound absorption coefficient of the specimen was obtained after averaging the 

sound absorption coefficient in this frequency range, as shown in Eq. 5. According to the 

results in Table 3 and Eq. 5, the average sound absorption coefficients of the two groups 

were calculated, as shown in Table 4. 

Average sound absorption coefficient =
 (𝛼100𝐻𝑧 + 𝛼120𝐻𝑧 + ⋯ + 𝛼5000𝐻𝑧) 18⁄   (5) 

 

The noise reduction coefficient (NRC) is a comprehensive evaluation index to 

measure the sound absorption capacity of materials and structures in an enclosed space. 

For the test frequency range of 100 to 5000 Hz, the NRC value is the arithmetic mean of 

the sound absorption coefficient of the test frequencies of 250, 500, 1000, and 2000 Hz, as 

shown in Eq. 6. It should be noted that the value was accurate to two decimal places, and 

the last digit was 0 or 5. The NRCs of the two sample structures of the control group and 

the test group were calculated based on the results in Table 3 and Eq. 6, as shown in Table 

5. 
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NRC =  (𝛼250𝐻𝑧 + 𝛼500𝐻𝑧 + 𝛼1000𝐻𝑧 + 𝛼2000𝐻𝑧) 4⁄  (6) 

 

Table 2. Reverberation Time Test Results 

f (HZ) T1 (s) T2 (s) T3 (s) 

100 6.25 2.83 2.49 

125 6.22 3.43 3.14 

160 5.86 4.84 3.74 

200 6.13 5.33 4.56 

250 6.02 5.35 5.21 

318 5.43 5.15 4.85 

400 5.15 4.54 4.40 

500 5.33 4.90 4.81 

630 5.51 5.20 4.85 

800 4.89 4.64 4.56 

1000 4.85 4.48 4.56 

1250 4.31 4.19 4.07 

1600 4.13 3.90 3.85 

2000 4.01 3.77 3.70 

2500 3.72 3.48 3.41 

3150 3.36 3.10 3.05 

4000 2.99 2.79 2.73 

5000 2.50 2.40 2.36 

 

Table 3. Sound Absorption Coefficients of Two Groups at Different Frequency 

f (HZ) α (control group) α (experimental group) 

100 0.79 0.99 

125 0.53 0.64 

160 0.15 0.39 

200 0.10 0.23 

250 0.08 0.11 

318 0.04 0.09 

400 0.11 0.14 

500 0.09 0.08 

630 0.04 0.10 

800 0.05 0.06 

1000 0.07 0.05 

1250 0.03 0.06 

1600 0.06 0.07 

2000 0.06 0.09 

2500 0.07 0.10 

3150 0.10 0.12 

4000 0.10 0.13 

5000 0.10 0.10 

 

Table 4. Average Sound Absorption Coefficients of Two Groups 

Test object Average sound absorption coefficient 

Control group 0.14 

Experimental group 0.20 

Variation (percentage increase%) 0.06 (42.9%) 
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Table 5. Noise Reduction Coefficients of Two Groups 

Test object Noise reduction coefficient (NRC) 

Control group 0.05 

Experimental group 0.10 

Variation (percentage increase%) 0.05 (100%) 

 

Results Analysis 
According to the test results in Table 3, the curves of the sound absorption 

coefficients of the specimens of the control group and the test group with frequency are 

shown in Fig. 6.  

 

 
(a) 

 
(b) 

Fig. 6. Sound absorption coefficients of two groups of specimens at different acoustic frequencies  
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The structures of the experimental group and the control group had a peak sound 

absorption coefficient of 0.99 and 0.79 near 100 Hz, respectively, in the frequency range 

of 100 to 5000 Hz, which means they had good sound absorption performance at low 

frequencies. The peak sound absorption coefficient of the experimental group was 0.99, 

indicating that the aperture embedded Helmholtz structure fabricated in this test basically 

achieved perfect sound absorption at 100 Hz. However, in the medium and high frequency 

range, the sound absorption coefficients of the structures in the two groups did not exceed 

0.1, which means they were basically not sound absorbing. 

The two groups were compared with each other. Within the test frequency range, 

the sound absorption coefficient of the experimental group was significantly higher than 

that of the control group, especially in the low frequency range of 100 to 250 Hz. The 

difference of sound absorption coefficient was 0.2 at 100 Hz and 0.24 at 160 Hz. Compared 

with the control group, the peak frequency bandwidth of the experimental group was wider. 

This shows that the sound absorption performance of the designed experimental group was 

greatly enhanced in the test frequency range. While the sound absorption coefficient was 

improved, the sound absorption bandwidth was also widened to a certain extent, especially 

in the low frequency range. 

According to the average sound absorption coefficient and noise reduction 

coefficient of the specimens shown in Tables 4 and 5, the two performance indices of the 

two groups were compared and analyzed, as shown in Fig. 7. 

 

 
Fig. 7. Comparison of performance indexes of two groups 

 

Table 4, Table 5, and Fig. 7 show that the average sound absorption coefficient and 

NRC of the experimental group were 42.9% and 100% higher than those of the control 

group, respectively. However, according to GB/T 16731 (1997), the material structure has 

sound absorption performance only when NRC ≥ 0.2. Obviously, NRCs of the two groups 

were not satisfied. The main reason was that the sound absorption performance of the tested 

specimen structure was mainly reflected in the range of 250 Hz, and it basically did not 
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have sound absorption performance in the medium and high frequency range, while Eq. 6 

for NRC was calculated from 250 Hz. This result showed that the sound absorption band 

of the structure was narrow and had good sound absorption performance for specific 

frequencies, the overall sound absorption performance still needed to be optimized and 

improved in the future study. 

 

 

CONCLUSIONS  
 
1. In the frequency range of 100 to 5000 Hz, the peak sound absorption coefficients of the 

aperture embedded Helmholtz resonance wall structure (experimental group) and 

conventional wall structure (control group) appeared near 100 Hz, and the peak sound 

absorption coefficient of the experimental group at 100 Hz was 0.99. In the medium 

and high frequency range, the sound absorption coefficients of the two groups of 

structures did not exceed 0.1, which shows that the two groups have good sound 

absorption performance in the low frequency range, especially the experimental group 

has significant sound absorption performance at the frequency of 100 Hz, but the two 

groups of test structures basically did not absorb sound in the medium and high 

frequency range; 

2. Compared with the control group, the sound absorption coefficient of the experimental 

group was significantly improved in the test frequency range, especially in the low 

frequency range of 100 to 250 Hz, and the peak frequency bandwidth of the 

experimental group was wider. Thus, the designed experimental group had strong 

sound absorption performance in the test frequency range. While the sound absorption 

coefficient was improved, the sound absorption bandwidth was also widened to a 

certain extent, which was mainly reflected in the low frequency range; 

3. In the frequency range of 100 to 5000 Hz, the average sound absorption coefficient and 

NRC of the experimental group were improved by 42.9% and 100%, respectively. 

However, the sound absorption band of the structure was narrow and had good sound 

absorption performance for specific frequencies. The overall sound absorption 

performance could not meet the specified requirements and still needed to be optimized 

and improved. 

4. To improve the sound absorption performance of the aperture embedded Helmholtz 

resonance wall structure, the structural design to optimize the diameter and length of 

the embedded aperture will be further carried out in the future. It is expected that the 

sound absorption peak, resonance frequency and sound absorption bandwidth of the 

embedded aperture wall unit structure can be adjusted to a certain extent within a 

certain range of the frequency of the incident sound waves. Furthermore, the possibility 

of using multiple sizes to reduce noise in different frequency ranges will explored. 
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