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Sound Transmission Loss Enhancement in an Inorganic-
Organic Laminated Wall Panel Using Multifunctional
Low-Density Nanoporous Polyurea Aerogels: Experiment
and Modeling
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Suzie Ghidei, Fen Wang, Qun Lu, Huiyang Luo, Ning Xiang, Chariklia Sotiriou-
Leventis, Nicholas Leventis, and Hongbing Lu*
Recently, the authors have reported an exceptional normal incidence sound
transmission loss characteristic for a class of low density, highly porous, and
mechanically strong polyurea aerogels. Herein, a laminated composite compris-
ing the organic low-density aerogels bonded with an inorganic compound (e.g.,
gypsum materials) is considered to investigate the constrained damping effects
of the aerogels on the airborne sound insulation behavior of the composite using
the standard chamber-based diffuse sound field measurements. Huge improve-
ment in the sound transmission loss is obtained due to the use of aerogel
without a significant increase in the overall weight and thickness of the
composite panel (e.g., more than 10dB increase by reaching 40dB sound
transmission loss at 2 kHz after the implementation of only two 5mm-thick
aerogel layers at bulk densities 0.15 and 0.25 g cm�3). This uncommon behavior
breaks the empirical “Mass Law” nature of the most conventional acoustic
materials. In addition, an exact analytical time-harmonic plane-strain solution for
the diffused wave propagation through the multilayered structure is provided
using theories of linear elasticity and Biot’s dynamic poroelasticity. The theoretical
results are well supported by the experiments which can be utilized for the design
of the future light-weight multifunctional composite structures.
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1. Introduction

Multifunctional composites play a pivotal
role in the pursuit of simultaneous
improvements in various materials proper-
ties such as ductility, vibro-acoustical
damping, load-bearing capacity, fracture
toughness, and thermal conductivity.[1,2]

For instance, fiber/nanotube-reinforced
polymer and ceramic-matrix composites
have been widely used in load-bearing
applicy ations.[3] That combination of
materials tries to address the typical
conflicting engineering requirement en-
countered in numerous circu mstances
(e.g., light structure engineering applica-
tions, aeronautical, and aerospace technol-
ogies), which are lightweight and
mechanical strength.[4] Aerogels are multi-
functional low-density, highly porousmate-
rials with the potential to be the ultimate
approach to the optimal combination of
lightweight and strength.[5]

Conventionally, aerogels were associated

with silica and they were produced by drying wet silica gels by
converting their pore filling liquid into a supercritical fluid.[5,6]

Owing to their extremely low thermal conductivity and relatively
low speed of sound,[7] silica aerogels have been implemented
successfully in thermal insulation.[8,9] However, silica aerogels
are also fragile materials and unsuitable for handling as required
by most applications. That limitation has been addressed by
introducing polymer cross-linked silica aerogels (known as X-
aerogels), whereas a nano-thin polymer coating covered
conformally the entire skeletal framework of conventional silica
aerogels. The density increased by only a factor of 2–3 (still very
lightweight materials), but the ultimate strength increased by a
factor of 300.[10] Subsequently, it was reasoned that since the
exceptional mechanical strength of X-aerogels was attributed to
the polymer coating, purely polymeric aerogels with the same
nanostructure and interparticle connectivity of X-aerogels would
have similar mechanical properties.[11] That hypothesis has been
confirmed with purely polymeric aerogels from all major
polymeric classes such as polyureas,[12] polyurethanes,[13]
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polyimides,[14] and polyamides (KevlarTM-like).[15] Indeed, new
applications that were previously unrelated to aerogels, as in
ballistic protection (armor), have now become feasible.[16]

Focusing on polyurea (PUA) aerogels, from a reaction of
isocyanate and water, our co-author could conveniently prepare
the PUA aerogels at high porosity (up to 98.6% v/v) and low
density (0.016–0.55 g cm�3).[12] The Young’s modulus, ultimate
stress, and strain for the PUA aerogels were up to 300MPa,
631MPa, and 88%, respectively, at densities lower than
0.5 g cm�3 which indicate a high level of ductility and load-
bearing capacity for these low-density materials.[12] Recently, we
also discovered exceptionally high normal incidence sound
transmission loss (STL) properties for these PUA aerogels.[17,18]

The STL values were reached up to 40 dB, in contrast to
traditional acoustics materials, such as polyurethane foam,
which can only reach up to 5 dB.[18] Furthermore, despite most
passive materials (e.g., open-celled materials), which have weak
acoustic performance in sonic absorption at low frequency range
(i.e., less than 5 kHz),[19] the aerogels showed remarkably high
acoustic absorption and attenuation over the entire low
frequency range. Such a great attribute originates from the
random multiscale heterogeneous structural elements and
hierarchical porosities of the aerogels which provide highly
tortuous flow streams for air molecules. All these synergistic
dynamic mechanisms would eventually yield to a broadband
acoustic attenuation which make the aerogels unique for sound
proofing applications. Due to these vast and various interesting
behaviors and characteristics, we can outline the PUA aerogels to
be named as a truly “Multifunctional Material”.

Excitingly enough, it is natural now to investigate the aerogels
in a composite arrangement (e.g., a laminated composite
configuration) to have further analysis towards more advanced
engineering application purposes. Accordingly, aerogel materi-
als (i.e., in the form of thin sheets) were synthesized at different
dimensions, bulk densities, and porosities. The thin aerogel
sheets were then integrated between two gypsum wallboards
which are used commonly in sound proofing applications.
Standard field acoustic measurements were carried out to study
the effects of aerogel constraint properties on the airborne sound
insulation characteristics of the sandwich structures. Finally, the
experimental results were further studied by comparing with
theoretical predictions obtained from an exact analytical wave
propagation approach based on Biot’s dynamic poroelasticity
and linear elasticity.
2. Experimental Section

2.1. Preparation and Characterization of PUA Aerogels

Here, the PUA aerogels were prepared according to the previous
procedures published by the co-authors.[12] For this study, aerogels
were synthesized at two different bulk densities (ρb) at 0.15 and
0.25 g cm�3,whichweremeasured from themass and thephysical
dimensions of the samples. Skeletal densities (ρs) were considered
equal to 1.24 g cm�3 at all bulk densities.[12] The aerogel porosities
(h) were estimated using h ¼ 100� ρs � ρb

� �
=ρs

� �
to be approxi-

mately 88 and 80% at bulk densities of 0.15 and 0.25 g cm�3,
respectively. Themorphology of the aerogels was determinedwith
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SEM images taken fromAu-coated samples on aHitachimodel S-
4700 field emission microscope.
2.2. Preparation of Laminated Composites

The general layer-by-layer approach was used for the preparation
of the composite samples. The polyurea gel panels were dried in
ambient conditions to form 5mm-thick aerogel sheets (using a
drum sander, the surface of all PUA aerogel samples were sanded
in order to obtain a flat panel with a uniform 5mm thickness
across the entire area). Two aerogel materials with different
densities were then bonded together and the combination were
later integrated between two gypsum wallboards of uniform
thickness of 10mm. The bulk density of the gypsummaterial was
1 g cm�3. All layerswere glued together using a thin layer of green
glue material (The Green Glue Company). The acoustical
properties of this arrangement were compared with a reference
sample including only two similar gypsum wallboards of same
thickness anddensity, bonded togetherusing thesamegreenglue.
Two sets of samples were prepared at two different dimensions.
The first and second sample sets were prepared with incidence
areas of 1 and 10m2, respectively. The larger samples were
prepared by consolidating of the smaller sized samples (see
Figure 1). In order to minimize the possible ageing effects on the
preparation of the large sample, the aerogels were prepared in a
parallel manner under controlled environmental condition
(temperature below 27 �C, and the relative humidity below
70%.). The longest ageing time difference between the samples
was only in the order of a few days.
2.3. Airborne Sound Transmission Loss Measurements

The measurements were carried out in compliance with ASTM
standard E90[20] (similar to ISO 140[21]). In this experiment, the
test sample is placed at the opening of two adjacent reverberation
rooms. The sample is excited by a diffuse incident sound field
from one side and the radiated sound pressure levels in the other
room are measured. The airborne sound transmission loss is
then calculated based on the sound pressure levels in both
rooms, the sound absorption in the receiving room and the
incidence area of the sample. Themeasurement frequency range
was set to 100–5000Hz. The experiments were arranged in a way
that the main sound transmission path is through the test
samples. Therefore, in the case of 1m2 test sample, the rooms
were only connected with an open window area where the test
sample was located. While, for the 10m2 test sample, the rooms
were separated by the test sample itself generating a wall
between the two rooms. Figure 1a–f show the process of
experimental sample and setup preparations.
3. Analytical Modeling

The 3D coupled structural-acoustic problem can be simplified
with a 2D plane strain problem in order to construct an analytical
framework for the STL characteristics of the layered structure.
Therefore, in this section, the required essential core
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)

http://www.advancedsciencenews.com
http://www.aem-journal.com


Figure 1. a) A view from the connecting window of the ASTM E90 test chamber prepared for a
1m2 test specimen; b) 1m2 test sample installation using sample frame holders in compliance
with ASTM E90; c) A view from an aerogel panel sprayed with green glue before bonding to the
another layer; d) An schematic for the final configuration of the composite sample including
two gypsum skin layers (shown in yellow color) accompanied with two core aerogel layers
(shown in white color); e) 10m2 composite sample preparation by consolidating several
smaller aerogel samples using double sided tapes and green glue; f) A view from a 10m2

aerogel layer.
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formulations in the context of the standard theoretical acoustics
coupled with the theories of linear elasticity and Biot’s dynamic

poroelasticity will be summarized.

The problem geometry is depicted in
Figure 2 where the Cartesian coordinate
system is {o, x, y, z}. A semi-infinite multilay-
ered plate is submerged in an unbounded
inviscid acoustic medium and y-axis is normal
to the plate boundary. The multilayered plate
contains two isotropic linear elastic layers at
the top and the bottom, and two poroelastic
interlayers in between. Here, it is assumed
that all layers are perfectly bonded together
and a time-harmonic incident plane acoustic
wave at an angle θ with respect to y-axis is
impinging to the plate. The time dependency
term (i.e., eiωt) is suppressed throughout for
the simplicity.
Figure 2. Schematic diagram for the laminated composite lay-up and sound transmission
problem model.
3.1. Acoustic Fluid Medium

Using standard acoustic field equations, the
normal fluid velocity and the acoustic pressure
in the fluid mediums 1 and 2 can be expressed
in terms of the incident, reflected, and
transmitted acoustic wave amplitudes (i.e.,
II, IR, and IT, respectively), as follows[22]:
Adv. Eng. Mater. 2018, 1700937 1700937 (3 of 10)
vðF1Þ
y ¼ ikye�ikxx IIe�ikyy � IReikyy

� �
; ð1Þ

vF2y ¼ ikyITe
�i kxxþkyyð Þ; ð2Þ

and

p F1ð Þ ¼ iωρFe
�ikxx IIe�ikyy þ IReikyy

� �
; ð3Þ

p F2ð Þ ¼ iωρFITe
�i kxxþkyyð Þ; ð4Þ

where vðF1Þy and vðF2Þ
y are the normal fluid

velocities, pðF1Þ and pðF2Þ are the acoustic
pressures in the fluid mediums 1 and 2,
respectively, ρF is the fluid density, kx¼ k sinθ
and ky¼ k cosθ are the wave numbers in x-and
y-directions, k¼ω/c0 is the acoustic wave
number, ω is the circular frequency, and c0 is
the speed of sound in the fluid mediums.
3.2. Isotropic Linear Elastic Medium

Using elastic wave potential technique follow-
ing from the Helmholtz theorem, the wave
propagation in homogenous isotropic linear
elastic mediums can be analytically character-
ized.[23] In this context, considering the plane
strain condition, the displacements (i.e.,
uðEÞx anduðEÞy ) and stresses (i.e., σðEÞyy andσ
ðEÞ
xy ) for an isotropic linear

elastic medium can be written in terms of the propagated P- and
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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S- wavenumbers along the y-direction (i.e., KðEÞ
P and KðEÞ

S )[23]:

uðEÞx ¼ ie�ikxx �kx CðEÞ
1 eiK

ðEÞ
p y þ CðEÞ

2 e�iKðEÞ
P y

� �h
þKðEÞ

S CðEÞ
3 eiK

ðEÞ
S y � CðEÞ

4 e�iKðEÞ
S y

� �i
ð5Þ

uðEÞy ¼ ie�ikxx KðEÞ
P CðEÞ

1 e�iKðEÞ
P y þ CðEÞ

2 e�iKðEÞ
P y

� �h
þKx CðEÞ

3 eiK
ðEÞ
S y � CðEÞ

4 e�iKðEÞ
S y

� �i
; ð6Þ

and

σðEÞyy ¼ �e�ikxx 2μðEÞkxK
ðEÞ
S CðEÞ

3 eiK
ðEÞ
S y � CðEÞ

4 e�iKðEÞ
S y

� �h
þ λðEÞk2x þ λðEÞ þ 2μðEÞ

� �
KðEÞ
P

� �2� 	
� CðEÞ

1 eiK
ðEÞ
P y þ CðEÞ

2 e�iKðEÞ
P y

� �i
; ð7Þ

σðEÞxy ¼ μðEÞe�ikxx kxð Þ2 � KðEÞ
P

� �2� 	

CðEÞ
3 eiK

ðEÞ
S y þ CðEÞ

4 e�iKðEÞ
S y

� �
� 2kxK

ðEÞ
P CðEÞ

1 eiK
ðEÞ
P y � CðEÞ

2 e�iKðEÞ
P y

� �i
; ð8Þ

in which λ(E) and m(E) are the Lam�e constant and shear modulus

of the elastic medium, respectively, KðEÞ
P ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω=cðEÞP

� �
� k2x;

r

KðEÞ
S ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω=cðEÞS

� �
� k2x

r
, cðEÞP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðEÞ þ 2μðEÞ=ρðEÞ

q
, and cðEÞS ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

μðEÞ=ρðEÞ
p

are the wavenumbers and velocities of primary
and secondary waves, respectively, ρ(E) is the elastic solidmaterial
density and C1

(E) to C4
(E) are the elastic unknown coefficients.

For the top elastic layer, the superscript (E) will be changed to (E1)
and for the bottom one to (E2).
3.3. Linear Poroelastic Medium

Elastic wave propagations in porous media are here analyzed
using Biot’s theory of dynamic poroelasticity.[24–26] According to
this theory, the porous material is considered as a macroscop-
ically homogeneous and isotropic two-phase solid/fluidmaterial.
The dilatational wave propagation in the solid phase can be
expressed by a fourth order wave equation in terms of solid
volumetric strain (i.e., e(P)) as[27,28]:

54eðPÞ þ AðPÞ
1 52eðPÞ þ AðPÞ

2 eðPÞ ¼ 0; ð9Þ

where

AðPÞ
1 ¼ ω2 ρ

�ðPÞ
11 RðPÞ � 2ρ�ðPÞ12 QðPÞ þ ρ

�ðPÞ
22 PðPÞ

� �
= PðPÞRðPÞ � ðQðPÞÞ2
� �

;

ð9aÞ

AðPÞ
2 ¼ ω4 ρ�ðPÞ11 ρ22

�ðPÞ � ρ�ðPÞ12

� �2� 	
= PðPÞRðPÞ � ðQðPÞÞ2
� �

; ð9bÞ
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PðPÞ ¼ AðPÞ þ 2NðPÞ; ð9cÞ

ρ
�ðPÞ
11 ¼ ρ

ðPÞ
1 þ ρðPÞa þ bðPÞ=iω; ð9dÞ

ρ�ðPÞ12 ¼ �ρðPÞa � bðPÞ=iω; ð9eÞ

ρ�ðPÞ22 ¼ ρðPÞ2 þ ρðPÞa þ bðPÞ=iω; ð9fÞ

in which A(P) and N(P) are the bulk in-vacuo Lam�e constant and
the shear modulus of the solid phase, respectively,

QðPÞ ¼ 1� hðPÞ
� �

EðPÞ
2 , is the coupling between fluid and solid

phases, h(P) is thematerial porosity, and E2
(P) is the bulkmodulus

of elasticity for the fluid in the pores. R(P), here is assumed to be
h(P) E2

(P) and b(P) is a viscous coupling factor related to the
macroscopic flow resistivity of the porous material, ρ1

(P) and
ρ2

(P)¼ h(P) ρ0
(P) are the bulk densities of the solid and fluid

phases, respectively, and ρðPÞa ¼ ρ
ðPÞ
2 e0ð ÞðPÞ � 1
h i

is the inertial

coupling parameter between the fluid and solid phases. For

cylindrical pores, the coefficient b(P) can be expressed as bðPÞ
0 ¼

iωeðPÞ
0
ρðPÞ2

ρ
�ðPÞ
c

ρ
ðPÞ
0

� 1

� 	
in which ρc

�(P) can be defined as[28]:

ρ�ðPÞc ¼ ρ
ðPÞ
0 1� 2J1 λðPÞc

ffiffiffiffiffiffi�i
p� �

λðPÞc

ffiffiffiffiffiffiffiffiffi�iJ0
p

λðPÞc

ffiffiffiffiffiffi�i
p� �

" #�1

: ð10Þ

where λðPÞc

� �2 ¼ 8ωρðPÞ0 e0ð ÞðPÞ
hðPÞσðPÞ

; J0 and J1 are the first kind Bessel

functions of zero and first orders, respectively. Also (e0)(P) is the
geometrical structure factor and σ(P) is the steady state
macroscopic flow resistivity of the porous material.

Two plane harmonic solutions for the Equation (9) can be
obtained associated with the wavenumbers given by

kðPÞ1;2

� �2
¼ AðPÞ

1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AðPÞ
1

� �2
� 4AðPÞ

2

r !
=2. The rotational wave

in the solid phase can be also expressed by another wave
equation in terms of solid rotational strain (i.e., ω(P)) as[27,28]:

52ωðPÞ þ kðPÞt

� �2
ωðPÞ ¼ 0; ð11Þ

where the wavenumber kðPÞt

� �2
¼ ω2=NðPÞ� �

= ρ�ðPÞ11 � ðρ�ðPÞ12 Þ2
�

=ρ�ðPÞ22

�
. In Biot’s theory, the volumetric and rotational strains in

the fluid phase of the porousmedium are determined in terms of
the volumetric and rotational strains in the solid phase and,
therefore, by solving wave equations, Equations 9 and 11, the
strain fields in the fluid and solid phases both can be obtained
(formore details, check[27,28]). Consequently, by having the strain
fields, the plane strain displacements for the solid (i.e., ux

(P) and
uy

(P)) and fluid (i.e., Ux
(P) and Uy

(P)) phases can be obtained as
follows[28,29]:
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uðPÞx ¼ ikxe�ikxx CðPÞ
1

kðPÞ1

� �2 e�ikðPÞ1y y þ CðPÞ
2

kðPÞ1

� �2 e�ikðPÞ1y y þ CðPÞ
3

kðPÞ2

� �2 e�ikðPÞ2y y

2
64
þ CðPÞ

4

kðPÞ2

� �2 e�ikðPÞ2y y

#
� i

kðPÞty

kðPÞt

� �2 e�ikxx

CðPÞ
5 eik

ðPÞ
ty y � CðPÞ

6 eik
ðPÞ
ty y

� �
ð12-1Þ

uðPÞy ¼ ie�ikxx
kðPÞ1y

ðkðPÞ1 Þ2
CðPÞ
1 e�ikðPÞ1y y � kðPÞ1y

ðkðPÞ1 Þ2
CðPÞ
2 eik

ðPÞ
1y y

"

þ kðPÞ2y

ðkðPÞ2 Þ2
CðPÞ
3 e�ikðPÞ2y y � kðPÞ2y

ðkðPÞ2 Þ2
CðPÞ
4 eik

ðPÞ
2y y

#

þ i
kx

kðPÞt

� �2 e�ikxx CðPÞ
5 e�ikðPÞty y þ CðPÞ

6 eik
ðPÞ
ty y

� �
; ð12-2Þ

UðPÞ
x ¼ ikxe�ikxx bðPÞ1 CðPÞ

1

kðPÞ1

� �2 e�ikðPÞ1y y þ bðPÞ1 CðPÞ
2

kðPÞ1

� �2 eikðPÞ1y y þ bðPÞ2 CðPÞ
3

kðPÞ2

� �2 e�ikðPÞ2y y

2
64

þ bðPÞ2 CðPÞ
4

kðPÞ2

� �2 eikðPÞ2y y

#
� igðPÞ

kðPÞty

kðPÞt

� �2 e�ikxx

CðPÞ
5 e�ikðPÞty y � CðPÞ

6 eik
ðPÞ
ty y

� �
; ð12-3Þ

UðPÞ
y ¼ ie�ikxx

bðPÞ1 kðPÞ1y C
ðPÞ
1

kðPÞ1

� �2 e�ikðPÞ1y y � bðPÞ1 kðPÞ1y C
ðPÞ
2

kðPÞ1

� �2 eik
ðPÞ
1y y

2
64

þ bðPÞ2 kðPÞ2y C
ðPÞ
3

kðPÞ2

� �2 e�ikðPÞ2y y � bðPÞ2 kðPÞ2y C
ðPÞ
4

kðPÞ2

� �2 eik
ðPÞ
2y y

#

þ igðPÞ
kx

kðPÞt

� �2 e�ikxx CðPÞ
5 e�ikðPÞty y þ CðPÞ

6 eik
ðPÞ
ty y

� �
; ð12-4Þ

where

kðPÞ1;2y

� �2
¼ kðPÞ1;2

� �2
� k2x ; ð12aÞ

kðPÞty

� �2
¼ kðPÞt

� �2
� k2x; ð12bÞ

bðPÞ1;2 ¼ aðPÞ1 � aðPÞ2 kðPÞ1;2

� �2
; ð12cÞ

aðPÞ1 ¼ ρ�ðPÞ11 RðPÞ � ρ�ðPÞ12 QðPÞ
� �

= ρ�ðPÞ22 QðPÞ � ρ�ðPÞ12 RðPÞ
� �

; ð12dÞ

aðPÞ2 ¼ PðPÞRðPÞ � QðPÞ
� �2� 	

= ω2 ρ
�ðPÞ
22 QðPÞ � ρ

�ðPÞ
12 RðPÞ

h i� �
;

ð12eÞ
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gðPÞ ¼ �ρ�ðPÞ12 =ρ�ðPÞ22 ; ð12fÞ

and C1
(P) to C6

(P) are the unknown coefficients. The plain-
strain stress components in the solid phase (i.e., σyy

(P) and σxy
(P))

and the fluid pressure (i.e., s(P)) in the fluid phase of the porous
medium can be obtained from the Biot’s stress-strain relation-
ships as[28,29]:

σðPÞyy ¼ e�ikxx 2NðPÞ
kðPÞ1y

� �2
kðPÞ1

� �2 þ AðPÞ þ bðPÞ1 QðPÞ

0
B@

1
CA

2
64
CðPÞ
1 e�ikðPÞ1y y þ CðPÞ

2 eik
ðPÞ
1y y

� �

þ 2NðPÞ
kðPÞ2y

� �2
kðPÞ2

� �2 þ AðPÞ þ bðPÞ2 QðPÞ

0
B@

1
CA

CðPÞ
3 e�ikðPÞ2y y þ CðPÞ

4 eik
ðPÞ
2y y

� �#

þ 2NðPÞ
kxkty

ðPÞ
� �2

kðPÞ1

� �2 CðPÞ
5 e�ikðPÞty y þ CðPÞ

6 eik
ðPÞ
ty y

� �
;

ð13-1Þ

σðPÞxy ¼ e�ikxxNðPÞ 2kxk
ðPÞ
1y

kðPÞ1

� �2 CðPÞ
1 e�ikðPÞ1y y � CðPÞ

2 eik
ðPÞ
1y y

� �
þ 2kxk

ðPÞ
2y

kðPÞ2

� �2
2
64

ðPÞ ðPÞ� �# k2x � kðPÞty

� �2� 	

CðPÞ
3 e�ik2y y � CðPÞ

4 eik2y y þ
kðPÞt

� �2
CðPÞ
5 e�ikðPÞty y þ CðPÞ

6 eik
ðPÞ
ty y

� �
; ð13-2Þ

sðPÞ ¼ e�ikxx QðPÞ þ bðPÞ1 RðPÞ
� �

CðPÞ
1 e�ikðPÞ1y y þ CðPÞ

2 eik
ðPÞ
1y y

� �h
þ QðPÞ þ bðPÞ2 RðPÞ
� �

CðPÞ
3 e�ikðPÞ2y y þ CðPÞ

4 eik
ðPÞ
2y y

� �
�: ð13-3Þ

Similar to the elastic layers, the superscript (P) will be changed
to (P1) for the top porous layer, and to (P2) for the bottom one.
3.4. Boundary Conditions

The unknown coefficients can be determined from appropriate
boundary conditions imposed at the interfaces of each layer.
These conditions are stated below[28]:
1)
of
Fluid-Solid interfacial interactions at y¼ 0 and y¼ y4:

iωuðE1;2Þ
y ¼ vðF1;2Þy ; ð14� 1Þ

σðE1;2Þ
yy ¼ �pðF1;2Þ; ð14� 2Þ

σðE1;2Þ
xy ¼ 0; ð14� 3Þ
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2)
Adv.
Solid-Porous interfacial interactions at y¼ y1 and y3:

uðE1;2Þ
x ¼ uðP1;2Þ

x ; ð15� 1Þ

uðE1;2Þ
y ¼ uðP1;2Þ

y ; ð15� 2Þ

uðE1;2Þ
y ¼ UðP1;2Þ

y ; ð15� 3Þ

σðE1;2Þ
yy ¼ 1� hðP1;2Þ

� �
σðP1;2Þ
yy � hðP1;2ÞsðP1;2Þ; ð15� 4Þ

σðE1;2Þ
xy ¼ 1� hðP1;2Þ

� �
σðP1;2Þ
xy ; ð15� 5Þ
3)
Table 1. The PUA aerogel material parameters used in the present
calculations.

Bulk density (ρb, g cm
�3) 0.15 0.25
Porous-Porous interfacial interaction at y¼ y2:

uðP1Þ
x ¼ uðP2Þ

x ; ð16� 1Þ

uðP1Þ
y ¼ uðP2Þ

y ; ð16� 2Þ

hðP1Þ uðP1Þ
y �UðP1Þ

y

� �
¼ hðP2Þ uðP2Þ

y �UðP2Þ
y

� �
; ð16� 3Þ

σðP1Þ
yy � sðP1Þ ¼ σðP2Þ

yy � sðP2Þ; ð16� 4Þ

σðP1Þ
xy ¼ σðP2Þ

xy ; ð16� 5Þ

hðP1ÞsðP1Þ ¼ hðP2ÞsðP2Þ: ð16� 6Þ

Equations 14 to 16 can be readily written in a matrix form as:

½M�22�22½X�22�1 ¼ ½B�22�1; ð17Þ

in which

½X�T ¼ ½CðE1Þ
1 :::CðE1Þ

4 CðE2Þ
1 :::CðE2Þ

4 CðP1Þ
1 :::CðP!Þ

6 CðP2Þ
1 :::CðP2Þ

6 IRIT �;
ð17aÞ

where [X]T is the transpose of X. Therefore, the reflected (IR)
and transmitted (IT) sound intensities as a function of
incident angle and frequency can be obtained by solving
Equation 17.
Skeletal density (ρs, g cm
�3) 1.24 1.24

Porosity (h¼ (ρs–ρb)/ρs) 0.88 0.80

Average pore size diameter (Γ, nm) 40.33 40.33

Static Young’s modulus (E1¼ 967.94ρb
2.004, MPa)a) 22.20 61.78

Average Poisson’s ratio (v) 0.22 0.22

Young’s modulus loss factor (η)b) i.e., E1(1þ iη) 0.125 0.125

Geometrical structure factor (e’)b) 1 1

Air flow resistivity (σ¼ 8m/Γ2h, Nsm�4)c) 1.03� 1011 1.13� 1011

a) Refs.[18,33]
b) Ref.[34]
c) Ref.[28]
3.5. Diffuse Sound Transmission Loss

Sound transmission loss is defined as[22]:

STLðdBÞ ¼ 10log10ð1=τÞ; ð18Þ

where the sound transmission coefficient, τ ω; θð Þ ¼ jIT j2=jIIj2; is
the ratio of the transmitted intensity to the incident intensity.
Here the incident sound wave is considered to have a unit
amplitude. In a diffuse field, it is required to consider an angle-
averaged diffuse-field transmission coefficient (i.e., τd), which
Eng. Mater. 2018, 1700937 1700937 (6
the angular characteristics of the incident wave energy are taken
into account, defined as[30]:

τd ¼

Zπ=2
0

G θð Þτ ω;θð Þcosθsinθdθ

Zπ=2
0

G θð Þcosθsinθdθ
; ð19Þ

where G θð Þ ¼ e�βθ2 is the normalized Gaussian weighing
function. For a perfect diffuse field, β¼ 2.[31] The integral
equation in Equation 19 can be numerically evaluated. Here, it
should be noted that the transmission loss cannot be determined
exactly at θ ¼ π=2 due to a singularity in the theory of elasticity.[32]
3.6. Materials Parameterization

A systematic approach for the aerogel material parameterization
has been previously proposed and validated by the authors.[18] In
this approach, all required material parameters for this class of
PUA aerogels are estimated mainly based on the aerogel bulk
density. Some physical characteristics such as skeletal density,
average pore size diameter (Γ) and Poisson’s ratio (v) of the
aerogels are considered to remain unchanged with the variation
of the aerogel bulk density. This assumption is mainly the
outcome of the previous co-author’s investigations on the
physical behavior of the PUA aerogels at different bulk
densities.[12] Table 1 lists the aerogel physical parameters that
were used in this study.

The remaining material parameters are related to the gypsum
and air. The gypsum material parameters and air properties are
listed in Table 2.
4. Results and Discussion

The morphology and the size distribution of the PUA aerogels
are shown in Figure 3. The SEM images reveal a nano-fibrous
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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Table 2. The gypsum and air material parameters used in the present
calculations.

Gypsum bulk density (g cm�3) 1

Gypsum Young’s modulus (GPa) 2

Gypsum Poisson’s ratio 0.33

Air density (ρ0, kgm
�3) 0.909

Speed of sound in air (m s�1) 328.6

Shear viscosity (m, Nsm�2) 1.84� 10�5

Prandtl number of air (Pr) 0.715

Ratio of air specific heats (γ) 1.2
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Figure 4. The effect of PUA aerogels on the airborne STL values of 1m2

samples as a function of frequency.
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structure for both 0.15 g cm�3 (Figure 3a) and 0.25 g cm�3

(Figure 3c) densities. The pore structures are highly random in
both samples. However, the structure for higher bulk density
aerogel is relatively more packed in comparison with the lower
density sample. This leads to a lower porosity for higher bulk
density sample in agreement with our previous porosity
estimations using skeletal and bulk densities. Higher resolution
images are also provided as onsets of the SEM images. The fiber
diameter distributions are also obtained for both samples as
shown in Figure 3b and d. The average diameter for the higher
bulk density sample is lower and more uniformly distributed
over the sample which indicates the consistency of the synthesis
protocol.

The airborne STL values for the two sets of samples at
frequency range of 100–5000Hz are obtained within an ASTM
E90 test chamber. Results for the 1m2 sample set are shown in
Figure 4. A significant increase can be seen over the entire
frequency range, remarkably at 4 kHz with more than 15 dB, due
to the aerogel constraint layers. The dip in the STL values of the
gypsum-only panel at 4 kHz can be explained using thin plate
Figure 3. a) and c) The SEM images of the PUA aerogels at bulk densities 0.15
respectively; b) and d) The fiber diameter size distributions of the PUA aeroge
densities 0.15 and 0.25 g cm�3, respectively.

Adv. Eng. Mater. 2018, 1700937 1700937 (7
theory.[35] According to this theory, for an unbounded flexible
partition, at a certain frequency, the incident wave is coincident
with the bending wave in the partition. This coincidence
frequency (fc) is approximated as[35]:

f c ¼
c20

2πsin2θ

ffiffiffiffiffiffiffiffi
ρt0
D

;

r
ð20Þ

where D ¼ E0t30=12 1� v20
� �

; is the partition’s bending stiffness
with E0, v0, and t0 being the Young’s modulus, the Poisson’s ratio
and the thickness of the partition, respectively. Using Equation
20, the estimated coincidence frequencies for an unbounded
and 0.25 g cm�3,
l networks at bulk

of 10)
gypsum panel at incident angles less than 90�

are entirely above 2000Hz. Consequently, the
dip at 4 kHz in the experimental values of the
STL can be correlated to the lowest coinci-
dence frequency of the gypsum only partition.
Therefore, one can say that the aerogel
implementation not only caused the corre-
sponding coincidence effect to be disappeared,
but also increased the STL values from 30 to
45 dB at this frequency. It should be also
emphasized that this unusual enhancement
was obtained only with 20% increase in the
overall mass of the test sample. According to
the Mass Law, by 20% increase in the mass per
unit area of a partition, we can only expect to
improve the STL values by 1.5 dB while the
aerogel utilization can increase the STL values
by a factor of 10. It should be mentioned that
the STL recovery at the coincidence frequency
is due to the aerogel constraint damping
effects. Such effects might be originated from
the damping property of the aerogel’s solid
phase (loss factor of polyurea) and the viscous
damping property between the fluid and solid
phases (viscous coupling factor between air
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and polyurea). The STL enhancements at different frequencies
as well as the sound transmission classes (STC)[36] are listed in
Table 3. This finding opens a door to various applications where
high STL is required.

In order to further validate and better capture the actual
physical effects of the aerogels, the finite boundary effects
including sample in-place mounting mechanisms and sample
frame holder effects must be minimized. One way to accomplish
this, is to provide a bigger test sample. Therefore, through a
systematically consistent experiment with previous trials,
another experiment was carried out to measure the airborne
STL values of a 10m2 test sample. Since the incidence area of this
set is 10 times bigger than the first set, we can expect that all
boundary effects should be minimized and therefore we can
capture the true core effects and obtain more realistic
environmental test situation. The obtained STL results of the
10m2 gypsum-only and gypsum-aerogel composite samples are
depicted in Figure 5. Interestingly, the results for both 1 and
10m2 test sets are containing very similar trends which proves
the consistency and high reproducibility of the executed material
preparation and acoustic test methods. The size insensitivity of
the STL and/or STC enhancement due to the low-density aerogel
layers confidently provides several potential advanced engineer-
ing applications for these hierarchical class of materials (check
Table 3).

We have previously showed the feasibility of the Biot’s
dynamic poroelasticity on the modeling of the normal incidence
STL of the single layer PUA aerogels at different bulk
densities.[18] In order to recheck the applicability of the Biot’s
theory on the wave propagation problems including the aerogel
materials, here the modeling methodology was extended to a
multilayered composite material with the help of theory of
elasticity and acoustics field theory. The two-dimensional plane
strain analytical solution along with the experimental airborne
STL values for both 1 and 10m2 layered composite samples are
shown in Figure 6. The analytical results provide an excellent
agreement with the experimental results over the entire
frequency range, reassuring the feasibility of this technique to
model the aerogel-based dynamic systems and structures. It is
worth mentioning that the typical porous material parameter-
izations are rigorously experimentally involved in order to reach
meaningful results in comparison with experiments, However,
Table 3. The STL values and enhancements (STL-E) at different frequencie
aerogel composite panels, all in dB, at different sizes.

Freq. (Hz) STL STL-

1000 30.1 38.8 8.

2000 37.9 46.9 9.

3150 35.5 46.4 10

4000 31.1 46.5 15

5000 34.8 50 15

STCb) 31 36 -

Panel Gypsum (1m2) Composite (1m2) -

a) STL-E¼ STL (Composite) � STL (Gypsum)
b) In compliance with ASTM E413[36]

Adv. Eng. Mater. 2018, 1700937 1700937 (8
in this research, a relatively simple and straightforward material
parameterization approach has been taken into account which
was mainly limited to the bulk density and Young’s modulus
measurements. Therefore, the theory-experiment agreement in
this work on the wave propagation properties of the layered
composites can be considered as a parameter sensitivity analysis
for other material parameterization techniques.

Relying on the predicted analytical results, the effects of
average core bulk density on the insulation properties of the
layered composites was investigated and results are shown in
Figure 7. The bulk density ratio of the two aerogel layers was kept
to 1.5 for all calculations and results are depicted as a function of
frequency at different average aerogel bulk densities. Such
calculation is necessary for the purpose of design and
optimizations. At low frequency range (less than 1 kHz), the
increase in the core density consistently enhances the STL.
However, the coincidence frequency is shifting to the lower
frequencies by increasing the core density. Therefore, the STL
for the heavier panels in contrast with the lighter panels is
starting to decrease at lower frequencies due to the coincidence
s and the sound transmission classes (STC) of gypsum and gypsum-

Ea) STL STL-E

7 27.7 39.9 12.2

0 35.6 47.3 11.7

.9 34.2 45.1 10.9

.4 31.7 44.9 13.2

.2 35.2 47.4 12.2

28 34 -

Gypsum (10m2) Composite (10m2) -

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)

http://www.advancedsciencenews.com
http://www.aem-journal.com


0 1000 2000 3000 4000 5000
15

20

25

30

35

40

45

50

55

S
ou

nd
 T

ra
ns

m
is

si
on

 L
os

s 
(d

B
)

Frequency (Hz)

 Experiment (1 m2 sample)
 Experiment (10 m2 sample)
 Theory (Plane strain solution)

Figure 6. The comparison between the plane strain theoritical solution
with experimental airborne STL values of gypsum-aerogel composite
samples as a function of frequency at different sizes.
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effect. This decrease in the frequency of the coincidence
effect is associated to the increase in the overall bending stiffness
of the composite with increasing the core bulk density, check
Equation 20.
5. Conclusions

In this work, an inorganic-organic layered composite comprising
low-density nanoporous PUA aerogels with gypsum material
was considered. Within two independent sets of experiments,
the chamber-based airborne STL of the composite samples were
measured. The constraint effects of the aerogel layers were
studied in both experiments and the results demonstrated
Adv. Eng. Mater. 2018, 1700937 1700937 (9
consistently a significant increase in the airborne STL of the
layered composite structures. Due to the slight structural weight
change by applying the low-density multifunctional PUA
aerogels, this uncommon STL enhancement clearly breaks
the empirical mass law in sound insulation behavior of
conventional acoustics materials. Owing to their low thermal
conductivity, low-cost and facile molding and machining of this
type of organic aerogel materials, it is envisioned that they will
become attractive at several advanced engineering scenes where
extreme sound and/or heat insulations are required.[17,18]

Finally, a 2D plane strain analytical solution was provided to
model the wave propagations through the layered composite
material. Excellent agreement with the experimental observa-
tions was obtained that shows the applicability of the proposed
methodology for the aim of design and optimization of similar
hierarchical and future low-density aerogel based dynamic
applications and technologies.
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