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Urethane foam mattresses are commonly used as cushioning when placing panel 
ooring on the 
oor
slab of a building. Urethane foam consists of elastic �bres with pores. Both elements can a�ect the
performance of the insulation against impact sounds. However, these e�ects have not yet been detailed,
and they may change if the material properties or constitution of the �bres and pores in the cushioning
change. In this paper, we propose an analytical model for use in evaluating the performance of insulation
against 
oor impact sound. This model was used to examine the contribution of the pores versus the elastic
�bres to wave transmissions from the 
ooring surface to the slab. The results reveal that the constitution
of the foam (either open or closed cells of pores) and the thickness and hardness of the cushion layer
strongly a�ect the sound insulation performance of the 
oor.

Keywords: urethane foam; direct pasted 
ooring; 
oor impact sound; sound pressure level; sound insu-
lation performance.

1. Introduction

Building quality is a�ected by several elements such
as the design, safety, and residential amenities. Sound
insulation is an important criterion for evaluating res-
idential amenities. Many studies have attempted to
improve the sound insulation performance in build-
ings. Typical problems related to sound insulation
in buildings are sound transmission by windows and
walls, 
oor impact sounds, and general structure-borne
sounds arising from vibrations induced by equipment
and machinery. The main physical manifestations of
these problems are believed to be vibrating building
elements and acoustic coupling with the surrounding
air. A basic measure to improve sound transmission
problems with a homogeneous single partition is to in-
crease the mass and thickness. However, this approach
is limited and outdated. Therefore, inhibiting sound
transmission using a double-plate system with vari-
ous constituents has been studied. Sound transmission
through double plates enclosing an air cavity is the
simplest case.

A typical example was presented by London
(1950), and several studies have been reported since
then. Sound transmission problems for double plates
with an absorptive layer have also been the subject
of numerous papers; the absorptive layer is treated as
a wave propagation medium with resistance dissipa-
tion. Kropp and Rebillard (1999) examined a sand-
wich construction composed of double plates with an
elastic solid core modelled to exhibit locally reactive
elasticity (Winkler-type material). Ford et al. (1967)
developed a more rigorous model for the core based
on the general elastic theory. A double-plate struc-
ture with studs was designed as a lightweight con-
struction material. These studs have an e�ect of short-
circuit transmissions and provide cavity boundaries.
Studies on this problem have been devoted to the ef-
fects of studs with an air layer (Lin, Garrelick, 1977;
Wang et al., 2005; Brunskog 2005) or an absorptive
layer (Bradley, Birta, 2001a; 2001b; Brunskog,
Davidsson, 2004). Hongisto (2006) reviewed these
works to compare prediction models. The structure
treated here uses two plates bounded to the elastic
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core (urethane foam). In this case, the core a�ects wave
transmission via the frame elasticity and wave propa-
gation medium of the pores. Wave propagation theory
in such a porous elastic material was established by
Biot (1956) and discussed by Allard (1993). Ex-
amples using such a core in a double-plate system
for sound transmission problems were presented by
Bolton et al. (1996) and Sgard et al. (2000).

The aim of the present study was to clarify the
fundamental mechanism of wave transmission through
the core, especially the contribution of the urethane
foam frame versus its pores for cushioning 
oor im-
pact sounds. The frame was modelled as a Winkler-
type frame, and the pores were characterized as a wave
propagation medium with dissipation. The model was
used to compare the reductions in 
oor impact sounds
and the relative contribution of the pores versus the
elastic �bres for wave transmission from the 
ooring
surface to the slab. The e�ect of the layer material on
the sound insulation performance of the 
oor was also
investigated.

2. Analysis

Figure 1 introduces the analytical model used to
investigate the reduction in 
oor impact sound due to
the 
ooring system. Here, a 
ooring system composed
of the 
ooring panel and cushion is directly connected
to a 
oor slab. This model considers the multilayer
structure to have simply supported edges set in an in-
�nite rectangular duct of size a�b (m2) on an x�y co-
ordinate axis. From the source side, the 
ooring panel
located at z = 0 is excited by a point force, Q0e�i!t, at
(x0, y0). The second layer is a urethane foam cushion
with a thickness of L. The inner surface of the duct is
assumed to be rigid. Both sides of this structure and
the pores of the urethane foam cushion are considered
to be �lled with the same 
uid (air). Additionally, the
time factor is in the steady state, exp(�i!t), where !
is the angular frequency; k represents the wave number
of air, and i is an imaginary unit.

Fig. 1. Analytical model for a slab with panel 
ooring
excited by a point force Q0.

The sound pressure, p, in each region of this struc-
ture and the displacement of the 
ooring panel and


oor slab, w, can be expressed using a series of expan-
sions for each eigenfunction with unknown coe�cients
Amn, Bmn, Cmn, Dmn, and WjMN (Mu, 2011):
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Here, qmn is a variable limited by Refqmng � 0
and Imfqmng � 0; 
 is the propagation constant for
the urethane foam. The 
ooring panel and 
oor slab
are identi�ed by the subscript j(= 1; 2). The eigen-
functions are ’mn = cos(m�x=a) cos(n�y=b) (m;n =
0; 1; 2; : : :),  MN = sin(M�x=a) sin(N�y=b) (M;N =
1; 2; 3: : :). The function ’mn satis�es the following or-
thogonal condition:
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Notably, the eigenfunction for air in the x�y plane
di�ers from the eigenfunction for the panels. Solving
these simultaneous linear equations requires a direct
correlation between the two eigenfunctions ’mn and
	MN . The relation is written below:
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The e�ect of the 
ooring cushion is divided into two
individual parts in the calculation: the e�ect of the
elastic �bres and the e�ect of the pores. w1 is the dis-
placement of the 
ooring panel, and w2 is the displace-
ment of the 
oor slab. � is the stress on the 
ooring
cushion. The force relation of the elastic �bres can be
expressed as follows:

� = E� + C
@�
@t
; (16)

� =
w1 � w2

L
: (17)

Here, Young’s modulus, E (N/m2), is directly related
to the hardness. C and � are the damping coe�cient
and strain, respectively. The stress can be written from
the two equations above as follows:

� =
E�(w1 � w2)

L
; (18)

where
E� = E(1 � i�): (19)

E� represents the complex Young modulus, and � is
the loss factor.

After accounting for the e�ects of the elastic �bres
and pores on the cushion, the equations of motion for
the panel displacements, w1(x; y) and w2(x; y), can be
expressed as follows:

D1r4w1 � �1h1!2w1 = p1jz=0 � p2jz=0

�
E(w1 � w2)

L
+ q0�(x� x0)�(y � y0); (20)

D2r4w2 � �2h2!2w2 = p2jz=L � p3jz=L

+
E(w1 � w2)

L
; (21)

where r4 = (@2=@x2 +@2=@y2)2, D and � are the 
ex-
ural rigidity (Nm) and density (kg/m3), respectively;
hj (j = 1; 2) is the panel thickness (m); � represents
the delta function. The second term on the right-hand
side of Eq. (20) is the e�ect of the pores. The third
term is the e�ect of the elastic �bres.

The boundary conditions at the interface of each
layer can be expressed by the particle velocities, v1
and v2, and the panel displacements, w1 and w2, as
follows:

v1 jz=0 = v2 jz=0 ; (22)

v1 jz=0 = �i!w1; (23)

v2 jz=L = v3 jz=L ; (24)

v3 jz=L = �i!w2: (25)

Substituting the expanded sound pressure, particle
velocity, and displacement for the panel into Eqs. (20),
(21) and coupling with the boundary condition yields
simultaneous equations for unknown coe�cients Amn,
Bmn, Cmn, Dmn, and Wjmn (j = 1; 2), which can be
solved numerically. The acoustic power, P , radiated
from this structure into the transmitted side can be
calculated as follows:

P =
Z

S

1
2

Re fp3(x; y; L) � v�
3(x; y; L)g dS

=
ab

8�0c0

X

mn

"m"n jDmnj2 �mn: (26)

Here, � represents the complex conjugate and S is
taken over the area a�b. �0 and C0 are the air density
and sound speed in air, respectively. The sound insu-
lation performance of the 
oor structure is evaluated
based on the di�erence in power level with and without
the 
ooring system.

3. Discussion of the layer model

To investigate the reduction in 
oor impact sound
due to the 
ooring system, experiments were con-
ducted using a simpli�ed method to measure the 
oor
impact sound with a light impact source. Figure 2
shows the measurement system. The 
ooring system
was installed over a 930 � 905 mm2 area. A 9-mm-
thick 
ooring panel was connected to a 150-mm slab
in a reverberation room via a urethane foam cushion.
The urethane foam was 4 mm thick. A standard tap-
ping machine on the specimen was used as the impact

Fig. 2. Con�guration of the measurement system (coupled
reverberation rooms and test specimen of 
ooring with

a tapping machine).
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source. The sound pressure level in the receiving room
was measured at �ve positions across the 1/1 octave
band and averaged; this value is denoted as LF (dB).
The SPL without 
ooring was measured as the refer-
ence level LR (dB). The reduction in impact sound,
�L (dB), due to the 
ooring was de�ned as the di�er-
ence with and without the 
ooring system. The panel
size does not signi�cantly a�ect �L for limp panels
with a soft urethane foam cushion. The corresponding
calculations were performed under these measurement
conditions using a 3 � 4 m2 double-plate system (a =
3 m, b = 4 m). The excitation point in the calculation
was taken at an o�-centre point (3a/8, 3b/8) to enable
many modes to be involved. Any size beyond this as
well as changes in the excitation point were con�rmed
to have less e�ect on �L when averaged in the 1/1 oc-
tave band. The properties of the 
ooring layer materi-
als are presented in Table 1. The hardness of the ure-
thane foam was measured following JIS K6400 (2004).

Table 1. Material properties of the 
ooring layer.

Layer
Young’s
modulus
[N/m2]

Density
[kg/m3]

Poisson
ratio

Loss
factor

plywood panel 5.4 � 109 600 0.3 0.01

urethane foam 60 N
(hardness)

{ { 0.1

concrete 2.7 � 1010 2300 0.2 0.005

The experimental results were compared using an-
alytical calculations to examine the role the elastic �-
bres and pores have as wave transmission elements. In
the calculation, �ve simple cases were considered to
determine the e�ect of the pores.

The �rst case only considered the elastic �bres in
the calculation. In other words, the e�ect of the pores
was neglected, which is an extreme case. Figure 3
shows the calculated result for the sound power level

Fig. 3. Comparison of the power levels with and without
the 
ooring system (elastic �bres only).

(Lw) on the transmitted side caused by a 1 N force.
The blue (-4-) and black (-+-) lines represent the re-
sults for the slab alone, and the green (-
-) and red
(solid) lines show the results for the case with the 
oor-
ing system. The blue and green lines are the raw data,
and the black and red lines are the moving average for
the 1/1-octave band interval.

The second case only considers wave transmission
due to pores. In other words, the e�ect of the elastic
�bres was neglected, and the e�ects of the pores were
considered to be sound waves propagating in air, which
is another extreme case. The purpose of this case was
to compare the di�erences between the di�erent mod-
els and investigate the e�ects of pores. Figure 4 shows
the calculated results with and without the 
ooring
system.

Fig. 4. Comparison of the power levels with and without
the 
ooring system (pores only).

In the third case, both elements were considered
equally. The calculated results are shown in Fig. 5.
This model investigated the e�ect of the pores on the
calculations for the porous materials.

Fig. 5. Comparison of the power levels with and without
a 
ooring system (elastic �bres and pores are equal).
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In the fourth case, the wave propagation model of
pores was replaced with an equivalent spring model.
The pores were treated as a spring without energy loss.
The equivalent spring model is shown in Fig. 6. The
variation in pore volumes is considered to be the spring
variation under this assumption.

Fig. 6. Equivalent spring model.

Under these conditions, the equivalent spring equa-
tion can be expressed as follows:

p = �K
V 0 � V
V

=
K
L

(w1 � w2) =
�c2

L
(w1 � w2): (27)

Figure 7 compares the calculated results for the
fourth case.

Fig. 7. Comparison of the power level with and without the

ooring system (equivalent spring model instead of wave

propagation model of pores).

Figure 8 compares the �L for the calculated and
experimental results. The green line (-�-) is the cal-
culated result of the �rst case, the black dotted line
(� � � ) is the calculated result of the second case, the
black solid line is the experimental result. While the
calculated result of the third case is the red line (-�-),
the blue line (-N-) presents the calculated result of the
fourth case.

The calculated results were similar for the second
through fourth cases but very di�erent in the �rst

Fig. 8. Comparison of the theoretical and experimental
values of �L.

case (elastic �bres alone). The deviation between the
green line (-�-) and black solid lines (the �rst case)
was approximately 10 dB for the frequencies from 200
to 1000 Hz. However, the deviation for the cases two
through four was over 13 dB. The max deviation was
approximately 25 dB for the second and third cases,
whereas the max deviation in the fourth case reached
approximately 30 dB. Because the �rst case did not in-
clude pore e�ects, the calculated results are closer to
the experimental results. These results indicate that
pores strongly a�ect the calculations for porous mate-
rials. In other words, the pores play a more important
role than the elastic �bres when calculating the e�ect
of a porous material.

The above results showed that the results calcu-
lated using the proposed analytical model without
any change to the contribution ratio of the wave
transmission of pores to the elastic �bres do not agree
well with the experimental results. However, changing
the contribution ratio from the pores to 2% caused
the calculated results to align with the experimental
results. The calculated results and �L between the
theoretical and experimental results for this �fth case
are shown in Figs. 9 and 10, respectively. A contribu-
tion ratio of 2% means that the second term on the
right-hand side of Eq. (20) and the �rst term on the
right-hand side of Eq. (21) are multiplied by 0.02. The
disparity between the theoretical and experimental
values, �L, increased as the contribution ratio of
pores increased when comparing all cases for �L. For
the equivalent spring model, in which the pores were
modelled as isolated cells, the disparity between the
theoretical and experimental results was the highest;
however, the wave propagation model showed similar
results. Thus, treating the pores as a wave propagation
medium is almost the same as treating them equiv-
alently to springs when the thickness of the porous
layer is smaller than the wavelength. When pores are
considered as the only contributor, the theoretical
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Fig. 9. Comparison of the power level with and without the

ooring system (pore contribution = 2%).

Fig. 10. Comparison of the theoretical and experimental
values of �L (pore contribution = 2%).

and experimental values do not agree. This di�erence
may imply that some additional e�ect reduces the
wave transmission in such thin wave transmission
medium layers. Although a 2% contribution pore ratio
was used for the calculation, this assumption requires
clari�cation to establish an e�ective analytical model,
which will be examined in future work. In the follow-
ing section, the e�ect of the cushion is evaluated using
a contribution ratio of 2% from pores.

4. E�ect of the layer material

The e�ects of varying the thickness and hardness of
the cushion were investigated. Figures 11 and 12 show
the calculated results. The 
oor impact sound was
reduced signi�cantly by increasing the cushion thick-
ness. In contrast, a less signi�cant change was observed
when the cushion hardness was varied. This result in-
dicates that the sound insulation performance can be
improved by softening or thickening the cushion.

Fig. 11. E�ects of varying cushion thickness on �L.

Fig. 12. E�ects of varying cushion hardness on �L.

The e�ect of varying the thickness and hardness
on the feeling of walking over the 
oor was also con-
sidered; the reduced 
oor impact sound was examined
for a constant hardness-to-thickness ratio. Figure 13

Fig. 13. E�ect of changing both the hardness and thickness
of the cushion at a constant ratio on �L.
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shows the results, which were similar to the thickness
results. The �L shifted to the safe side when both
the thickness and hardness of the cushion increased at
a constant ratio.

Figure 14 shows the e�ect of 
ow resistance. In-
creasing the 
ow resistance somewhat diminished the
sound insulation performance at low frequencies de-
spite the �L becoming larger across the range from
80 to 1000 Hz. There was no signi�cant change in �L
from 80 to 1000 Hz when the 
ow resistance exceeded
a certain value. In this case, the value was approxi-
mately 5000 Ns/m4. In addition, the e�ect of the loss
factor was investigated, as shown in Fig. 15. There was
no signi�cant change upon increasing the loss factor;
all the lines nearly overlapped. Therefore, the loss fac-
tor can be neglected.

Fig. 14. E�ects of varying the 
ow resistance of the cushion
on �L.

Fig. 15. E�ects of varying the loss factor on �L.

5. Conclusions

This study examined four hypothetical cases to in-
vestigate the e�ect of porous materials on the sound
insulation performance of a slab with panel 
ooring

for lightweight impact sound by comparing modelling
results with the measured data. This investigation
showed that the pores of the wave propagation medium
strongly a�ect the calculations for porous materials.
In other words, the pores play a more important role
than the elastic �bres when calculating the e�ects of
porous materials on sound insulation. The concept of
a contribution ratio for the pores was introduced to
evaluate the sound insulation performance using the
proposed analytical model for lightweight 
oor impact
sounds. The contribution ratio of pores to elastic �-
bres in wave transmissions from the 
ooring surface to
the slab was investigated to compare the di�erence in

oor impact sound reduction between the experimen-
tal and calculated results. The results calculated using
a 2% contribution from the pores agreed well with the
experimental results.

Furthermore, the e�ects of the material properties
(thickness, hardness, 
ow resistance, and loss factor)
of the porous material on the insulation performance
of the 
oor were studied assuming a pore contribution
ratio of 2% relative to the elastic �bres. A parametric
survey of the changes in the properties of the urethane
foam cushion indicated that the sound insulation per-
formance can be improved by softening or thickening
the cushion. Changing both the hardness and thickness
at a constant ratio provides an e�ective improvement.
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