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ABSTRACT 
Double layer impervious membranes are commonly used as building materials. This paper provides results of ex-

periments that show the effect on sound transmission loss associated with the incorporation of a microperforated 

membrane (MPM) layer. Four types of MPMs with different perforation ratios are considered inserted between the 

two impervious membranes and the effects of the perforation ratio on the sound transmission loss of the combined 

system are investigated. The measurements employ two reverberation chambers and are conducted in accordance 

with the AS/NZS ISO 717.1 standard (2004). The test results show that an internal MPM is able to significantly in-

crease the sound insulation of double layer impervious membranes. This double layer structure with an internal MPM 

is suitable for lightweight sound barriers and is promising and worthy of further study. 

INTRODUCTION 

Double layer membranes have been available for decades as 

building materials. They are highly valued for their light 

weight, their low carbon footprint as far as the environment is 

concerned, and their convenience for transportation and stor-

age when not inflated. Although in practice portable double 

layer membrane structures are generally inflated, the mem-

branes examined in this paper were not inflated. 

When the acoustic environment is of interest in a building 

which consists of membrane structures, an understanding of 

the acoustic properties of these membrane structures becomes 

crucial. There are many publications on the acoustic proper-

ties of membrane structures (Bosmans et al. 1999; Guigou-

Carter & Villot 2004; Kiyama et al. 1998), in particular their 

sound absorption and sound insulation. The latter is of par-

ticular interest in this paper. The experimental work of Mehra 

(2002) has demonstrated that, although pressurised inflatable 

membranes have effective sound insulation, their sound 

transmission losses are commonly lower than those of the 

more massive building materials which are used as traditional 

sound barriers.  

Therefore, efforts have been made to enhance the sound insu-

lation of membrane structures. Adding small weights to the 

membrane surfaces has been considered an effective method. 

Hashimoto et al. (1996; 1991) found that the sound insulation 

was improved by this strategy, especially in the low fre-

quency range. Similarly, Yang et al. (2008) placed a small 

mass at the centre of a membrane-type acoustic meta-

material. It has been indicated that the performance of this 

configuration could exceed the mass law and increase the 

sound insulation significantly in the low frequency range 

from 100 Hz to 1000 Hz. Zhang et al. (2012) furthered Yang 

et al.'s work by investigating the sound transmission losses of 

the same materials with different attached mass locations. 

The experiments and predictions demonstrated that the at-

tached mass strongly affected the first transmission loss val-

ley and peak in the sound transmission loss vs. frequency 

plot, while the second transmission loss valley depended on 

the properties of the membrane itself. However, adding addi-

tional small weights on the membranes, no matter if the 

membranes are common materials or meta-materials, in-

creases the overall weight of the membrane structures. 

 

Besides additional small weights, adding porous materials in 

the cavity between the double membrane layers is another 

way to improve the sound insulation of membrane structures. 

Porous materials are widely used as sound absorbing materi-

als and can provide efficient sound absorption with low cost. 

In Vries’s (2011) master thesis, various absorption materials, 

including mineral wool, foams, wood wool and glass wool, 

filled the cavities of triple layer membrane structures. From 

the experimental results, it can be concluded that filling the 

cavities between the membranes with porous materials could 

improve the sound insulation. These porous materials need to 

be sufficiently thick to maintain effective sound absorption, 

particularly in the low frequency range. Therefore, the overall 

thicknesses of the membrane structures are increased in addi-

tion to their mass. This detracts from the advantages of the 

membrane structures being lightweight and convenient for 

transportation and storage. 

The microperforated panel (MPP) offers an alternative choice 

as a sound absorbing material. It is a thin panel (typically 

made of wood, plastic or metal) perforated with millions of 

holes with sub millimetre diameter. An MPP absorber (MPA) 

consists of an MPP, an acoustically rigid backing wall and an 

air cavity between them. The detailed research on MPPs 

(Maa 1975, 1998) indicates that microperforation provides 

high acoustic resistance and consequently MPAs can provide 

effective acoustic absorption, especially in the frequency 

range near their resonance frequency. However, traditional 

MPPs are rigid, therefore unsuitable for the membrane struc-

tures which are the focus of this paper. 

Like MPPs, a microperforated membrane (MPM) is a thin 

membrane on which millions of holes with sub millimetre 

diameter are perforated. This material provides a significant 

advantage over microperforated panels due to the flexibility 

of the membrane. Kang & Fuchs (1999) derived expressions 

to predict the sound absorption of an MPM and found that 

they can absorb sound effectively. In Geetre’s (2011) re-

search, the sound insulation of MPMs was investigated. Ex-

perimental results confirmed their effectiveness in providing 

sound insulation in the high frequency range. However, the 

flexibility of the MPM also leads to its fragility. It is difficult 

to use an MPM as the surface material of a sound absorbing 
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or sound insulating structure where the surface is likely to be 

abraded. 

This study aims to explore a realistic structure to improve the 

sound insulation of double layer membranes which

the advantages of being lightweight, flexible and

store. A double layer impervious membrane structure with an 

internal microperforated membrane is proposed. 

posed structure is able to maintain all the advantages of 

membrane structures, owing to the flexibility of the 

The MPM is assumed to act as a sound absorbing material in 

the cavity and to contribute to the enhancement of the sound 

insulation. This assumption is confirmed by the measur

ments of the sound transmission loss of the proposed s

ture. The details of this design and the measurements will be 

described in the following sections.  

DOUBLE LAYER IMPERVIOUS MEMBRANE 
WITH AN INTERNAL MICROPERFORATED 
MEMBRANE 

To create a membrane-type structure with enhanced sound 

insulation, an MPM was inserted into the cavity between 

impervious membrane layers, instead of conventional porous 

materials. An MPM is able to absorb sound energy effe

tively, as is the case with the MPP. The experimental and 

analytical work of Kang and Fuchs (1999) on the sound a

sorption of microperforated membranes indi

impedance of the MPM depends on the impedance caused by 

the microperforation and the acoustic impedance of the 

membrane itself without perforation. Therefore, it is reaso

able to presume that the internal MPM contributes 

sound insulation of membrane structures. The geometry of 

the model of the proposed structure is shown in Figure 1

Figure 1. Geometry of the model of double layer impervious 

membranes with an internal microperforated membrane

Variable �� denotes the depth of the cavity between the i

pervious membrane on the incidence side and the �� the depth of the cavity between the MPM 

vious membrane on the receiver side. In this study, �� � 70 mm. 

In previous research on both MPP and MPMs, it is clear that 

the sound absorption abilities of MPP and 

pendent on the parameters that characterise

such as the hole diameter, the thickness of the panel or me

brane and the perforation ratio. Four types of 

ised in this study and their parameters are listed in Table

The measurements and the experimental results are

in the following sections. 
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structure where the surface is likely to be 

This study aims to explore a realistic structure to improve the 

f double layer membranes which maintain 

of being lightweight, flexible and easy to 

. A double layer impervious membrane structure with an 

internal microperforated membrane is proposed. This pro-

posed structure is able to maintain all the advantages of 

he flexibility of the MPM. 

is assumed to act as a sound absorbing material in 

contribute to the enhancement of the sound 

insulation. This assumption is confirmed by the measure-

the sound transmission loss of the proposed struc-

this design and the measurements will be 

OUS MEMBRANE 
ROPERFORATED 

type structure with enhanced sound 

ed into the cavity between two 

membrane layers, instead of conventional porous 

is able to absorb sound energy effec-

. The experimental and 

on the sound ab-

sorption of microperforated membranes indicates that the 

depends on the impedance caused by 

the microperforation and the acoustic impedance of the 

rforation. Therefore, it is reason-

contributes to the 

sound insulation of membrane structures. The geometry of 

in Figure 1. 

 
odel of double layer impervious 

membranes with an internal microperforated membrane. 

denotes the depth of the cavity between the im-

the incidence side and the MPM and 

 and the imper-

In this study, �� �
s, it is clear that 

the sound absorption abilities of MPP and MPMs are de-

that characterise the structure, 

diameter, the thickness of the panel or mem-

oration ratio. Four types of MPMs are util-

ed in this study and their parameters are listed in Table 1. 

The measurements and the experimental results are discussed 

 

 

Table 1. Structural parameters of 

Membranes 

tested 

Material Surface 

density 

(g m2⁄ ) 

MP membranes

A 10 PVC 243.6 

A 20 PVC 250.3 

A 30 PVC 244.8 

A 40 PVC 250.6 

Impervious membrane

Source side PVC 485 

Receiver 

side 

PVC 485 

MEASUREMENTS OF SOUN
LOSS 

To quantify the level of sound insul

loss (STL) or sound reduction index 

��� � 10 log�� ���� �
where � is the sound transmission coefficient, 

sound intensity and �t the transmitted sound intensity. All the 

sound transmission experiments have been done in the two 

reverberation rooms at the University of Adelaide 

sion shown in Table 2. The sound pressure levels (SPLs) 

the source room and the receiver room we

three minutes at the centre frequencies of one

frequency bands from 50 Hz to 10 

STLs was in accordance with the standard AS/NZS ISO 

717.1 (2004). The analysis of the collected data 

in the Experimental Results section.

Table 2. Dimension of the reverberation rooms

Rooms Length 

(m) 

Width 

(m) 

Height 

(m)

Source 

room 

6.085 5.175 3.355

Receiver 

room 

6.840 5.565 4.720

Test 

window 

1.510 1.005 N/A

EXPERIMENTAL RESULTS

Figure 2 shows the sound insulation properties of double 

layer impervious membranes with and without the MPM 

present. Commonly, STL is used to quantify the sound redu

tion of structures. When the experiments are conducted in 

reverberation rooms as the case is in this paper, there are 

errors caused by the effects of the opening in which the test 

samples are mounted. Theoretically, the sound transmission 

loss of an open window is assumed to be zero.  However, 

Martin (2008) found that the sound transmission loss of a 

finite open window is not zero in practice, but has small finite 

value varying with frequency. This is especially problematic 

when small apertures are used. Therefore, the measured STL 

of a test sample mounted in a finite window is the sum of the 

test-sample STL and the open-window STL and errors occur. 

To avoid these errors, sound insertion loss (IL) is utilised 

instead of sound transmission loss (STL). Sound insertion 
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parameters of MPMs tested 

Thick-

ness 

(mm) 

Perfo-

ration 

ratio 

(%) 

Hole 

diame-

ter 

(mm) 

membranes 0.17 1.4 0.1 

0.17 2.5 0.15 0.17 4.4 0.2 0.17 0.8 0.5 

Impervious membranes 

0.42 N/A N/A 

0.42 N/A N/A 

MEASUREMENTS OF SOUND TRANSMISSION 

the level of sound insulation, sound transmission 

or sound reduction index is defined as 

� � 10 log�� ��i�t�,                  (1) 
is the sound transmission coefficient, �i the incident 

the transmitted sound intensity. All the 

sound transmission experiments have been done in the two 

at the University of Adelaide of dimen-

sound pressure levels (SPLs) of 

the source room and the receiver room were averaged over 

frequencies of one-third octave 

frequency bands from 50 Hz to 10 kHz. The calculation of 

the standard AS/NZS ISO 

. The analysis of the collected data is presented 

ection. 

Dimension of the reverberation rooms 

Height 

(m) 

Surface 

area (m�) 

Volume 

(m$) 

3.355 135.5 105.6 

4.720 193.2 179.7 

N/A 1.52 N/A 

EXPERIMENTAL RESULTS 

Figure 2 shows the sound insulation properties of double 

layer impervious membranes with and without the MPM 

present. Commonly, STL is used to quantify the sound reduc-

tion of structures. When the experiments are conducted in 

reverberation rooms as the case is in this paper, there are 

errors caused by the effects of the opening in which the test 

samples are mounted. Theoretically, the sound transmission 

indow is assumed to be zero.  However, 

found that the sound transmission loss of a 

finite open window is not zero in practice, but has small finite 

value varying with frequency. This is especially problematic 

when small apertures are used. Therefore, the measured STL 

test sample mounted in a finite window is the sum of the 

window STL and errors occur. 

To avoid these errors, sound insertion loss (IL) is utilised 

instead of sound transmission loss (STL). Sound insertion 
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loss (IL) is defined (Ingard 1994) as the difference of the 

sound pressure levels with and without the partition at a fixed 

position in the receiver side. In this study, the sound insertion 

loss (IL) is considered as the difference of the sound trans-

mission loss with and without test samples. Therefore, the 

utilisation of the sound insertion loss (IL) here can remove 

the effect of the open window on the test results and increase 

their accuracy and reliability. 

 
Figure 2. Sound insertion loss of double layer membrane 

structure with and without MPM. The blue solid curve is the 

sound insertion loss of double layer membrane structure 

without MPM; the green, red, cyan and purple solid curves 

are those with MPM A10, A20, A30 and A40, respectively.  

It is clear in Figure 2 that the MPP insertion is able to en-

hance the sound insulation properties of double layer imper-

vious membrane structures in the middle and high frequency 

range. In the low frequency range from 50 Hz to 500 Hz, all 

the curves are approximately equal. This implies that all four 

internal MPMs do not affect the sound insulation of the dou-

ble layer membrane structure at low frequencies. From 630 

Hz to 1 kHz, the insertion losses of the double layer struc-

tures with A10 (green curve) and A20 (red curve) are lower 

than those with no MPM (blue curve), while those with A30 

(cyan curve) and A40 (purple curve) are close to those with 

no MPM (blue curve). The enhancement of MPP insertion 

starts from 1250 Hz.  

 
Figure 3. Increase of sound insertion loss. The blue curve is ��noMPP ( ��noMPP; the green curve is ��10 ( ��noMPP; the red 

curve is ��20 ( ��noMPP; the cyan curve is ��30 ( ��noMPP; 

the purple curve is ��40 ( ��noMPP; where ��noMPP denotes 

the sound insertion loss of double layer membrane structure 

without MPM insertion and ��10, ��20, ��30 and ��40 are 

those with MPM A10, A20, A30 and A40, respectively. 

Figure 3 presents the differences of the ILs without the MPM 

and those with A10, A20, A30 and A40 membranes, respec-

tively. From 1250 Hz to 10 kHz, the MPM A30, which has 

the highest perforation ratio, demonstrates the most signifi-

cant enhancement of IL among all four MPMs. The maxi-

mum increase in IL from the A30 membrane is 6.6 dB at 4 

kHz. In the same frequency range, the curve of A40 peaks at 

3.8 dB of 1600. The curves of A10 and A20 share a similar 

upward trend but the increase of A10 is greater than that of 

A20 from 1250 Hz to 5 kHz. The enhancement of A20 is 

more effective than that of A10 from 6300 Hz to 10 kHz.  

It is concluded from the experimental results that the effec-

tiveness of the proposed MPM insertion on the sound insula-

tion of the double layer impervious membranes has been 

validated by the experimental results. The main effects of the 

MPM insertion consists of two aspects: 1) the enhancement 

of the MPM insertion occurs from 1250 Hz to 10 kHz; 2) the 

MPM with the highest perforation ratio provides the most 

significant increase of the IL among all MPMs considered. 

DISCUSSION 

This section focuses on the causes of the two effects of the 

MPM insertion on the sound insulation of the double imper-

vious membranes. The effects of the membrane surface den-

sities, the cavity between the double impervious layers and 

the MPM structural parameters are discussed. 

Effect of the membrane surface densities 

The surface densities of materials usually play a crucial part 

in their sound insulation properties. Based on the well-known 

mass law, the STL with normal  incidence ���n is expressed 

as (Fahy 1985) 

���n � 10 log�� )1 * ��+,-.� /010 ��2,               (2) 
where 3 is the surface density of the membrane, 4 is the 

frequency, 5� is the density of air and 6� is the speed of 

sound in air. The STL with random incidence is given by 

(Fahy 1985) 

���r � ���n ( 10 log10(0.23 - ���n),        (3) 

The ���r is only valid when it is over 15 dB (Ver & Beranek 

2005). If there are several layers of completely decoupled 

materials, the overall STL is 

���all � 10 log�� 9�1i�1t  �2i�2t  … �ni�nt;,               (4)    
where �1i to �ni denote the incident sound intensities of each 

layer and �1t to �nt the transmitted sound intensities of each 

layer. According to Equation (1), Equation (4) is rewritten as 

���all � ���1 * ���2 * < * ���n,               (5)    
where ���1 to ���n are the sound transmission losses of 

each decoupled layer. 

Therefore, the STLs of the double layer impervious mem-

branes with normal incidence can be predicted in two ways. 

Firstly, when the double layer structure is assumed to act like 

one layer with doubled mass, the STL is given by 

���DMM(mass law) � 10 log�� )1 * ��+,-�-.� /010 ��2.       (6) 

This model is named as the doubled mass model (DMM). 

Secondly, if the double membrane layers are assumed to be 

completely decoupled (CDM), two models are developed 

based on Equation (5). Let ���single(mass law)n denote the 

prediction of the sound transmission of the single layer im-

pervious membrane with normal incidence. Equation (5) 

could be rewritten as 
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���ABC(mass law)1 � 2 - ���single(mass law
� 20 - log�� )1 *

Equation (7) is the prediction of the STL with norm

dence and for the random incidence correction

to utilise Equation (3). Alternatively, we could obtain the 

STL of the single layer impervious membrane with random 

incidence ���single(mass law)r directly by using Equation

and (3). Then the STL of the double layer structure is given 

by 

���ABC(mass law)2 � 2 - ���single(
where  

���single(mass law)r � ���single(mass law)n ( 10���single(mass law)n

Figure 4. Prediction of the sound transmission loss of the 

double layer impervious membranes based on mass law

dom incidence). The blue dotted curve is the 

results of the sound insertion loss of double layer membran

structure without MPM; the green, red, cyan and p

ted curves are those with MPM A10, A20, A30 and A40, 

respectively. The blue solid curve presents the DMM predi

tion of the sound transmission loss of double layer imperv

ous membranes. The green and red solid curve

dictions using the two CDM method

 

Figure 5. Sound field of the double layer impervious me

branes without the MPMs. 

Figure 4 presents the STL prediction of the double layer i

pervious membranes using the DMM method and the two 

CDM methods. As can be seen in Figure 4, with

MPM present, in the middle and high frequency range the 

double layer membrane structure approaches the theoretically 

maximum IL offered by the two completely decoupled single 

layer membranes. The prediction results of the second CDM 

method have a great agreement with the experimental results 
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mass law)n 

* ��+,-.� /010 ��2. (7) 

) is the prediction of the STL with normal inci-

dence and for the random incidence correction it is necessary 

we could obtain the 

the single layer impervious membrane with random 

directly by using Equations (2) 

). Then the STL of the double layer structure is given 

(mass law)r ,     (8) 

10 log10D0.23 -single(mass law)n.                (9) 

 
sound transmission loss of the 

based on mass law (ran-

curve is the experimental 

sound insertion loss of double layer membrane 

; the green, red, cyan and purple dot-

A10, A20, A30 and A40, 

The blue solid curve presents the DMM predic-

tion of the sound transmission loss of double layer impervi-

solid curves are the pre-

CDM methods. 

 
of the double layer impervious mem-

Figure 4 presents the STL prediction of the double layer im-

pervious membranes using the DMM method and the two 

CDM methods. As can be seen in Figure 4, with the A30 

MPM present, in the middle and high frequency range the 

double layer membrane structure approaches the theoretically 

maximum IL offered by the two completely decoupled single 

layer membranes. The prediction results of the second CDM 

great agreement with the experimental results 

from 1250 Hz to 6300 Hz. This implies that the two imperv

ous membranes act like two completely decoupled me

branes in a diffuse field above 1250 Hz. As shown in Figure 

5, without the MPMs the transmitted sound

first impervious membrane could be considered as

incident upon the surface of the second impervious me

brane. 

When the MPMs are considered,

STL of the double layer impervious membranes with the 

internal MPMs could be done using the DMM and CDM 

method. However, all four of the MPM

have almost the same surface densities. 

surface densities of the MPMs to those of the impervious 

membranes is shown in Table 2.  

ties of the MPMs are almost ide

sults show different STL enhance

different MPM insertions. MPM 

nificant enhancement of IL among

implies that the enhancement of the sound ins

the differences in the perforation ratio

Effect of the impedance of the impervious me
branes 

The sound transmission through 

acoustic impedance. The sound transmission coefficient of 

the membrane is expressed as (Kinsler et al. 1999

� � �t�i �
where F is the normalised acoustic impedance of the mat

rial. Hence, the STL can be predicted according to the defin

tion of the STL and Equation (1) and is 

��� � 10 log10
Note that this STL is for normal incidence and the STL with 

random incidence can be obtained by Equation (

For a tension-free impervious mem

normalised acoustic impedance is given by 

1999) 

Fimpervious
where J is the acoustic resistance 

conditions of the membrane as well as its construction

the angular frequency and equal to 

face density is easily determined, the acoustic resistance o

fered by the impervious membrane is dependent on both the 

fabric construction and mounting arrangement therefore must 

be experimentally determined. For the 

tested, this was found to be 1500 Pa·s
The STL prediction of the double layer impervious me

branes can be calculated using the DMM and CDM meth

as is the case with the STL prediction using the mass law

the DMM prediction, Equation (12

Fdouble impervious �
Therefore, the STL using the DMM method is expressed as

���DMM(impedance) � 10 log
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from 1250 Hz to 6300 Hz. This implies that the two impervi-

ous membranes act like two completely decoupled mem-

branes in a diffuse field above 1250 Hz. As shown in Figure 

5, without the MPMs the transmitted sound wave from the 

could be considered as randomly 

incident upon the surface of the second impervious mem-

When the MPMs are considered, a similar prediction of the 

TL of the double layer impervious membranes with the 

MPMs could be done using the DMM and CDM 

ll four of the MPMs are lightweight and 

have almost the same surface densities. A comparison of the 

surface densities of the MPMs to those of the impervious 

 Although the surface densi-

lmost identical, the experimental re-

ement of the structure with 

 A30 provides the most sig-

cant enhancement of IL amongst all four MPMs. This 

of the sound insulation is due to 

perforation ratios of the MPMs. 

Effect of the impedance of the impervious mem-

 a material is related to its 

The sound transmission coefficient of 

Kinsler et al. 1999) 

O P(�QP)R,                           (10) 

is the normalised acoustic impedance of the mate-

Hence, the STL can be predicted according to the defini-

tion of the STL and Equation (1) and is given by 

10 9(�QS)RO S ;.                      (11) 

normal incidence and the STL with 

be obtained by Equation (3). 

membrane of infinite size, the 

acoustic impedance is given by (Kang & Fuchs 

impervious � TQU V ./010 ,                  (12) 

is the acoustic resistance depends on the mounting 

as well as its construction, W is 

quency and equal to 2 X 4. Although the sur-

face density is easily determined, the acoustic resistance of-

fered by the impervious membrane is dependent on both the 

ounting arrangement therefore must 

be experimentally determined. For the impervious membrane Pa·s/m$ (see Appendix).  

he STL prediction of the double layer impervious mem-

be calculated using the DMM and CDM methods, 

with the STL prediction using the mass law. In 

2) becomes 

� 2 �TQU V ./010 �.               (13) 

the DMM method is expressed as 

log10 Z[�Q� �\]^ _ `a0b0 �cR
d �\]^ _ `a0b0 � e.   (14) 
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Equation (3) is also used to obtain the random incidence

rection. 

Based on the CDM method, the sound transmission 

single layer impervious membrane is given by

���single(impedance)n � 10 log10 f�

As is the case when the mass law is considered, there are also 

two ways to calculate the STL of the double layer structures 

based on the CDM method. Letting the ���
Equation (7) be ���single(impedance)n and the STL using CDM 

method is obtained as 

���CDM(impedance)1 � 20 log10 f��O
Note that this prediction result is the STL

dence and to obtain that with random incidence,

is utilised as the last step. The other possibility

the STL of the single layer impervious membrane with ra

dom incidence and to double the calculation results. The 

prediction result is expressed as 

���CDM(impedance)2 � 2 - ���single
where  

���single(impedance)r � ���single(impedance
10 log10D0.23 - ���single(impedance

Figure 6. Prediction of the sound transmission loss of the 

double layer impervious membranes using the membrane 

impedance (random incidence). The blue 

experimental results of the sound insertion loss of double 

layer membrane structure without MPM; the green, red, cyan 

and purple dotted curves are those with MPM 

and A40, respectively. The blue, green and red solid

present the DMM and CDM predictions of the sound tran

mission loss of double layer impervious membrane

the mass law. The blue, green and red dashed 

those predictions using the membrane impedance.

The STL results are shown in Figure 6 and 

the three predictions based on the mass law. As can be seen 

in Figure 6, the prediction of the STL using the

method with the membrane impedance has

with the experimental result of the IL of the double layer 

impervious membranes. This probably 

transmitted sound wave from the first impervious membrane

could be constrained by the MPMs (due to the perforation) 

and be normally incident on the surface of the second impe

vious membrane. Figure 7 presents the sound field of this 
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ed to obtain the random incidence cor-

the sound transmission loss of a 

is given by 

f��Q\]^ _ `a0b0 �R
O �\]^ _ `a0b0 � h.      (15) 

As is the case when the mass law is considered, there are also 

two ways to calculate the STL of the double layer structures ���single(mass law)n in 

and the STL using CDM 

f��Q\]^ _ `a0b0 �R
O �\]^ _ `a0b0 � h .      (16) 

the STL with normal inci-

with random incidence, Equation (3) 

The other possibility is to calculate 

the STL of the single layer impervious membrane with ran-

dom incidence and to double the calculation results. The 

single(impedance)r,     (17) 

impedance)n ( 

impedance)ni.      (18) 

 
sound transmission loss of the 

using the membrane 

The blue dotted curve is the 

sound insertion loss of double 

; the green, red, cyan 

MPM A10, A20, A30 

and red solid curves 

of the sound trans-

mission loss of double layer impervious membranes based on 

, green and red dashed curves are 

membrane impedance. 

and are compared to 

predictions based on the mass law. As can be seen 

, the prediction of the STL using the first CDM 

ith the membrane impedance has good agreement 

the experimental result of the IL of the double layer 

probably indicates that the 

impervious membrane 

(due to the perforation) 

incident on the surface of the second imper-

Figure 7 presents the sound field of this 

model. This result is similar to that observed for double layer 

walls with fibrous absorber in the wall space, where 

effect of the sound absorbing ma

in refraction of the oblique-incidence sound toward the no

mal” (Beranek & Ver 1992, p302

Figure 7. Sound field of the double layer impervious me

branes with the internal microperforated membrane

Effect of the cavity depth
pervious membrane layers

Note that the cavity depth ���� � ��. The frequency of the fundamental acoustic cavity 

mode 4cavity is expressed as 

4cavity � �
where 6� is the speed of sound in air. For the configuration 

tested, 4cavity � 1225 Hz which is exactly the frequency 

where the IL shown in Figure

improvement due to the presence of the MPMs

that the improvement with the

mental acoustic frequency of the cavities between

vious membranes. Therefore, the benefit delivered by the 

MPM is associated with damping 

exist between the two impervious membranes.

Effect of the MPM structural

As mentioned previously, both the perforation and

bility of the MPM contribute to its sound absorption. When 

the flexibility is included, the impedance of the MPM can be 

as (Kang & Fuchs 1999) 

FMPM � SS
where FM � J * m W 3., 3.
MPM and FMPP denotes the normalised acoustic impedance

related to the perforation. The variable 

ered as the normalised acoustic impedance of 

has the same structural parameters with the MPM.

malised acoustic impedance of MP

(1975) is 

FMPP � √�opqr * UV/0q 0.85s
where t � u�v5�W/w (i.e. the MPP constant), 

dius of the hole, x� is the Bessel function of the zeroth 

and x� the Bessel function of the first order,

of the panel or membrane, y denotes the perforation ratio and 
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This result is similar to that observed for double layer 

with fibrous absorber in the wall space, where “the 

effect of the sound absorbing material in the airspace results 

incidence sound toward the nor-

302). 

 
of the double layer impervious mem-

internal microperforated membrane. 

depth between the double im-
membrane layers 

� * �� is equal to 140 mm and 

. The frequency of the fundamental acoustic cavity 

10�-(z{QzR),                             (19) 

is the speed of sound in air. For the configuration 

which is exactly the frequency 

where the IL shown in Figures 2 to 3 shows a significant 

improvement due to the presence of the MPMs. This implies 

that the improvement with the MPM starts from the funda-

mental acoustic frequency of the cavities between the imper-

vious membranes. Therefore, the benefit delivered by the 

MPM is associated with damping of the cavity modes that 

exist between the two impervious membranes. 

structural parameters 

As mentioned previously, both the perforation and the flexi-

bility of the MPM contribute to its sound absorption. When 

the flexibility is included, the impedance of the MPM can be 

SMPP-SMSMPPQSM,                                (20) 

. is the surface density of the 

denotes the normalised acoustic impedance 

related to the perforation. The variable FMPP could be consid-

ered as the normalised acoustic impedance of the MPP which 

has the same structural parameters with the MPM. The nor-

impedance of MPP developed by Maa 

s * UV/0|q )1 ( �pv}U ~{Dpv}Ui~0Dpv}Ui2}�, (21) 
the MPP constant), u� is the ra-

is the Bessel function of the zeroth order 

the Bessel function of the first order, � is the thickness 

denotes the perforation ratio and 
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w is the air viscosity coefficient. The predictions of the MPM 

acoustic impedances are shown in Figure 8. The MPM A30 

has the lowest resistance and reactance above 1250 Hz 

among the four MPMs considered here. 

 
(a) Normalised resistance of MPMs 

 
(b) Normalised reactance of MPMs 

Figure 8. Normalised resistance and reactance of MPMs. The 

green, red, cyan and purple curves present the normalised 

resistances and reactance of MPM A10, A20, A30 and A40, 

respectively. 

Using the completely decoupled model, the STLs of the dou-

ble layer impervious membranes with the MPM insertion are 

predicted. Figure 9 presents the comparison between the 

experimental results and the prediction of the CDM method 

with Equation (20). Although the predictions are slightly 

lower than the experimental results, their main trends are 

very similar. The differences between the predictions and the 

experiments are caused by several aspects. The size of both 

the impervious membranes and the MPMs is assumed to be 

infinite when calculating the acoustic impedances. The stiff-

ness of all the membranes is also neglected, as are the reso-

nances of the enclosed cavities between the membranes. 

These will be investigated in the future research. 

 

(a) With the internal MPM A10 

 
(b) With the internal MPM A20 

 
(c) With the internal MPM A30 

 
(d) With the internal MPM A40 

Figure 9. Prediction of the STL of the double layer impervi-

ous membranes with the internal MPMs using the membrane 

impedance and the CDM method (random incidence). 

In general, the insertion of MPMs can increase the sound 

insulation properties of the double layer impervious mem-

branes above the fundamental acoustic cavity mode, from 

1250 Hz to 10 kHz. The surface densities and the sound ab-

sorption abilities of the MPMs  contribute to the enhance-

ment of the sound insulation. The improvement in the sound 

insulation of the double impervious membranes with the 

MPM insertion is related to the structural parameters of the 

MPMs, especially the perforation ratio. With the advantages 

mentioned previously of being lightweight, flexible and easy 

to store, the proposed double layer membrane structure in-

corporating an internal MPM is promising and worthy of 

further study. 

CONCLUSIONS 

A design of double layer impervious membranes with an 

internal MPM is proposed in this study to enhance the sound 

insulation of the double layer structure. Based on the previ-

ous research, it is assumed that the MPM could act as an 

internal sound absorbing layer and enhance the sound insula-
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tion of the double layer structure. This assumption is vali-

dated by the test results. It is shown that the MPM contributes 

little to the transmission loss below the fundamental cavity 

mode (formed between the two impervious membranes). 

However, above the fundamental acoustic mode of the cavity, 

the transmission loss is increased significantly and remains 

enhanced over the frequency range tested. The mechanism 

for the enhancement is likely to be due to the increased 

damping of the acoustic modes within the cavity associated 

with the acoustic resistance across the inserted MPM. The 

proposed structure meets the needs of lightweight sound bar-

riers. Further studies will be done on the detailed effects of 

the parameters of the MPM on the sound insulation of double 

layer impervious membrane structures. 
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APPENDIX: CALCULATION OF ACOUSTIC 
RESISTANCE OF THE MEMBRANES 

The variable J in Equation (12) denotes the acoustic resis-

tance of the membrane and is dependent on the mounting 

conditions. Since it is difficult to measure J in the STL ex-

periments, the prediction of the STL of the single layer im-

pervious membrane is utilised to determine its value. Figure 

10 is the prediction for the STL of the single layer impervi-

ous membrane using its acoustic impedance. Three different 

values of J were used and J equal to 1500 provided the best 

agreement between the predicted and experimental results. 

Additionally, when the value of J is varied, only the low 

frequency response is affected. This trend is realistic because 

the boundary conditions should mainly affect the STL in the 

low frequency range. Therefore, since the mounting condi-

tions of all the impervious membranes and the MPMs are 

consistent, J is assumed to be 1500 Pa·s/m$ in all the calcu-

lation methods presented. 

 
Figure 10. Comparison of the prediction and the experimental 

results of the STLs of the single layer impervious membrane. 

The dashed curve is the experimental result, the blue solid 

curve is the prediction based on the membrane impedance 

when J is equal to 1500 Pa·s/m$. The green and red solid 

curves are those when J are equal to 1000 Pa·s/m$ and 

2000 Pa·s/m$, respectively. 
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