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Abstract 

The car body structures of modern trains are often formed of extruded aluminium panels. Their 
acoustic properties, particularly the sound transmission loss, have an important influence on the 
interior acoustic environment. In order to study the acoustic performance of extruded panels, their 
Sound Transmission Loss (STL) is studied using the coupled Wavenumber Finite Element method 
(WFE) and Wavenumber Boundary Element method (WBE). The damping of a typical structure is 
first measured in the laboratory to give suitable input values for the model. The predicted STL is 
compared with corresponding measurements of the sample panel, with good agreement above 400 
Hz. Based on the validated model, an extensive parametric study is carried out to investigate the 
effect of different reinforcement rib styles on the STL. The effect of using extruded panels with 
rectangular, triangular and trapezoidal truss-core sections is studied in detail. Among the parameters 
studied, the number of bays in a given width has a great influence on the sound insulation. 
Considering practical use, both the mass and stiffness of each case are also considered. To give 
increased understanding of the STL behaviour, the dispersion curves are also studied. It is found 
that structures with better STL usually have fewer free wavenumbers below the acoustic 
wavenumber. For the same number of structural bays, a panel with triangular stiffening has the 
highest strength but also the largest mass, whereas a structure with rectangular stiffening has the 
least strength and lowest mass. In the evaluation, the weighted STL Rw and the spectral adaptation 
term Ctr are considered. The results are also considered relative to a mass law adjustment of the 
STL. It is found that the three cases which give the best results are a triangular rib panel with 4 or 5 
bays in a 1 m width, and a trapezium case with 5 bays and inclination angle 25°. These have an Rw 
that is 2~6 dB better than the reference panel, a smaller mass and a higher stiffness. 
Keywords sound transmission loss; extruded panels; wavenumber finite element; wavenumber 
boundary element; dispersion 
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1 Introduction 
With the increase of train speeds, interior noise has become an important issue to be resolved in 

the further development of high speed trains [1], [2]. Most high-speed trains are constructed from 
truss core extruded aluminium panels as these provide high strength for a low weight. These panels 
play an important role in the transmission of noise to the vehicle interior through both airborne and 
structure-borne paths [3], [4]. Their acoustic performance has been widely studied and is known to 
be relatively poor, giving higher sound transmission than a homogeneous panel of the same mass 
[5].  

Due to the complexity of the rib-stiffened built-up panel structure, a number of different 
methods have been investigated for studying their acoustic performance [6]. Conventional finite 
element methods (FEM) can only be used at relatively low frequencies due to the short bending 
wavelengths in the face plates. Shaw [5] and Xie et al. [7] therefore estimated the sound 
transmission behaviour of extruded panels using statistical energy analysis (SEA). Besides the 
extruded panel, Orrenius [8] also used SEA to evaluate the STL of a train floor, including a floating 
floor assembly. SEA is also effective in predicting the interior noise of the whole railway vehicle at 
middle and high frequencies [9]. However, the SEA method has limitations at low frequencies 
where the modal density and mode count of the structures are low. To overcome these limitations, 
Langley & Bremner [10] introduced a hybrid FEM and SEA method, and Cotoni et al. [11] 
extended it to periodic structures with applications to the STL simulation of various panels. The 
periodic cell method is also an effective way to simulate the STL of large periodic or near periodic 
structures. Kohrs [12]~[14] used the periodic cell method to study the structure-borne noise and 
dispersion characteristics of extruded panels. Cotoni et al. [11] and Orrenius et al. [15] compared 
these various methods for determining the STL loss of extruded railway floor panels and stiffened 
aircraft fuselage structures. Wang et al. [16] calculated the STL of infinite panels with regular 
vertical stiffeners based on a wave method. Lu et al. [17] used a space-harmonic method to study 
the transmission loss of orthogonally rib-stiffened panels with regular vertical reinforcement as 
well as the sound transmission across sandwich structures with periodic corrugated cores. 

The Wavenumber Finite Element and Wavenumber Boundary Element (WFE-WBE) method has 
also been used to calculate the sound insulation of extruded sections. The WFE method uses finite 
elements to simulate the finite-width structure in a two-dimensional (2D) cross-section and uses a 
wave method to simulate the infinite structure in the third direction. Therefore, this method can 
simulate both different boundary conditions and irregular stiffening forms in the 2D cross-section, 
and can also consider the response in the third direction assuming invariant geometry and a long 
length. The number of degrees of freedom and the calculation effort are much reduced compared 
with a fully 3D method. The sound radiation and transmission can be studied by coupling the WFE 
model with WBE. Prasetiyo [18] used this method to calculate the STL of a semi-infinite single 
panel, double panel and a structure with vertical stiffeners as used in lightweight building structures. 
Nilsson et al. [19] and Kim et al. [20] further considered irregularly reinforced structures, and 
established a model of the sound insulation of a section of train floor, which gave good agreement 
with measurements. 

The reinforcement style of a ribbed panel is essential in the structural design of an extruded 
panel. On the basis of this WFE-WBE model [19]~[22], this paper aims to investigate the 
dependence of the sound insulation on the different types of rib style. The sound insulation 
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properties are investigated of extruded panels with regular rectangular, triangular and trapezoidal 
stiffeners in various configurations. Before performing the parameter study, the damping of a 
sample of extruded aluminium panel was first measured, as discussed in section 2. Following this, 
the WFE-WBE model is validated in section 3 by comparing the calculated STL with 
measurements. The parameter study of the effect of different rib styles on the STL is presented in 
section 4. 

2 Measurement of damping loss factor 
The damping loss factor of the structure is an input required by the model. To find practical 

values, the damping of an extruded panel is investigated experimentally. More details of the 
experimental methods are given in Appendix A. 

The measurements have been performed on a sample of an extruded aluminium panel of a train 
floor structure with dimensions of 1.0 × 1.5 × 0.07 m. The cross-section is shown in Figure 1. The 
specimen consists of two face plates and 18 rib plates. The thickness of the various plates has been 
measured as 2.54±0.2 mm. One of the face plates additionally has a 4 mm thick rubber layer 
attached to it. The bare face plate (face plate 1) is divided into six main bays by the stiffening plates, 
while the face plate with the rubber layer (face plate 2) is divided into eight bays, as indicated in 
Figure 1. 

 

Figure 1 Sectional view of point mobility measurement of each bay 

Results are obtained for each bay, as shown in Figure 2 and Figure 3 and for the two sides of the 
panel.  
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Figure 2 Damping loss factor of bare face plate based on energy method. (a) P1-1~P1-3, (b) P1-4~P1-6 

face plate 1: P 1-6                     P 1-5                       P 1-4                    P 1-3                       P 1-2                    P 1-1

face plate 2: P 2-8               P 2-7            P 2-6         P 2-5              P 2-4               P 2-3         P 2-2            P 2-1
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Figure 3 Damping loss factor of face plate with attached rubber layer based on energy method. (a) 
P2-1~P2-4, (b) P2-5~P2-8 

The damping loss factor of the bare face plate lies in the range 0.001 to 0.1, while that of the 
face plate with attached rubber layer lies between 0.01 and 1. In addition to the rubber layer, the 
proximity to the stiffeners has a great influence on the damping loss factor of each bay. Thus, for 
example, bays P1-3 and P1-4 have much lower loss factors than P1-2 and P1-5 even though they 
are all on the bare face plate P1. This illustrates that large variations are possible, although it would 
appear that this is related to the particular features of the panel under test. In particular there is a 
joint between the vertical stiffeners between P1-2 and P1-3 and between P1-4 and P1-5 which may 
be a source of additional damping. There is a small separation between the diagonal stiffener and 
the vertical one at the outer edge of P1-3 and P1-4 which appears to isolate them from the influence 
of the joint, leading to lower damping in these strips.  

3 STL of extruded panel 
Extruded panels used in train construction are complex built-up structures. A WFE-WBE model 

of the extruded panel is built and used to study the STL property of the panel through simulations. 
First, the WFE-WBE method is briefly introduced. 

3.1 WFE-WBE theory 
An example of a single panel, infinite in one direction (the x direction), is shown in Figure 4. 

Using the WFE method, each plate element has four degrees of freedom (DOF) at each node. They 
are three displacements u, v, w, in the x, y, z directions respectively, and the rotation φ around the x 
axis [19]~[22]. 

  

Figure 4 Semi-infinite panel and definition of coordinates 
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For a structure excited by a force vector F at angular frequency ω, the equation of motion is: 

( ) ( )
4 2

2
4 2 1 04 2 x x

x x x
ω

 ∂ ∂ ∂
+ + + − = ∂ ∂ ∂ 

K K K M W FΚ     (1) 

where Kj (j =0, 1, 2, 4) are stiffness matrices, M is the mass matrix and W is the displacement 
vector. Applying Fourier transforms with respect to x to both the displacement and force gives 

( ) ( ) ie dxx xκκ
∞

−∞
= ∫W W         (2) 

( ) ( ) ie dxx xκκ
∞

−∞
= ∫F F         (3) 

where κ is the structural wavenumber in the x direction. Applying this to equation (1), the 
wavenumber finite element equation is obtained: 

( ) ( ) ( ) ( ) ( )4 2 2
4 2 1 0i i iκ κ κ ω κ κ − + − − + − = +K K K K M W F      (4) 

which can also be written as: 
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When coupled with the wavenumber boundary element equations this becomes: 
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
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where inP is the acoustic pressure excitation, ρ0 is the density of fluid and C1 denotes the coupling 

matrix between the WFEs and WBEs. H and G are matrices of Green’s functions. Ψ and /∂ ∂Ψ n  

are the velocity potential and the normal velocity at the nodes of the boundary elements. n 
represents the normal directional vector of WBEs. I is an identity matrix and C2 is a matrix 

allocating fluid-coupled DOFs in W . 

By solving equations (7)~(9), the acoustic pressure ( )p κ and fluid particle velocity ( )ν κ at the 

fluid nodes in the wavenumber domain are obtained from: 

0( ) ip κ ωρ= Ψ          (10) 



 6 / 31 

( )ν κ ∂
= −

∂
Ψ
ν
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For an incident plane wave with orientation defined by the angles α and β as shown in Figure 4, the 
incident power Wi and transmitted power Wt can be obtained in the wavenumber domain as [20] 
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The sound transmission coefficient t (α, β) can be calculated as 
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For diffuse incidence, the transmission coefficient td is given by [20] 
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The STL is then given by 

10
d

110log ( )R
τ

=          (16) 

3.2 Model validation 
The STL model of the aluminium extruded panel is illustrated in Figure 5. The structure is 

defined by isotropic plate finite elements. These elements include in-plane extensional and shear 
motion as well as bending. In the tests described in [20] the edges of the panel were attached to a 
stiff frame. These conditions are somewhere between clamped and simply supported but for 
simplicity here the four nodes at the corners of the structure in the model are clamped. The density, 
Poisson’s ratio and Young’s modulus of the aluminium are 2700 kg/m3, 0.3 and 70 GPa respectively. 
The elements shown in blue include the effect of the heavy rubber layer through an increased 
density, based on the density for the rubber layer of 1500 kg/m3 [20]; the bending stiffness of the 
rubber layer is neglected as it is at least one or two orders of magnitude smaller than that of the 
aluminium. 

It is recognised that the fillets at the joints between ribs can introduce some additional stiffening, 
as discussed by Kohrs [14]. However, to include them in the model would require a much more 
detailed model based on solid elements, so they are neglected in the current plate model to keep the 
model size practical. 

For the sake of simplicity, based on the measured damping loss factors shown in Figure 2 and 
Figure 3, the damping loss factor of the aluminium plates in the model is set to 0.005, and the 



 7 / 31 

damping loss factor of the plates with the added rubber layer is set to 0.02. Boundary elements on 
either face of the panel are shown in black. These use the half-space acoustic Green’s function 
allowing the mesh to be truncated at the edges of the structure. The air within the internal spaces is 
neglected in the model as the results of an initial investigation showed that this has a negligible 
influence on the STL. 

The calculated diffuse incidence STL is shown in Figure 6; the measured results from [20] are 
shown for comparison. The simulation result is not exactly the same as that presented in [20], 
especially at frequencies around 100 Hz. Although both studies made use of the same software and 
are based on the same physical panel, they were carried out independently. The differences in the 
results may be because of small differences in the measured geometry. The angles α and β 
considered in Eq. (15) both cover the range from 2° to 90° in steps of 8°. It was verified that this 
was sufficient to obtain a converged result. The range of frequency is from 44~5620 Hz which 
covers the one-third octave bands of 50~5000 Hz with at least three frequency points per band. It is 
linear spaced from 44 up to 1208 Hz in steps of 4 Hz, and it is log spaced from 1210 Hz to 5620 Hz 
with 160 frequencies. The STL results are given both in narrow bands and averaged into one-third 
octave bands. It can be seen that above 400 Hz the calculated STL agrees well with the measured 
one, although the STL is about 5 dB larger than the measured values in the 2500 and 3150 Hz 
frequency bands. In the range from 125 Hz to 315 Hz, the STL based on the WFE-WBE method is 
5~10 dB lower than the measured value, dropping to a minimum at 125 Hz which corresponds to 
the cut-on frequency of the first waves in the infinite panel. The value of Rw according to ISO 
717-1 [23] obtained from the simulations is 1.8 dB lower than the measured one. This difference is 
expected to be mainly due to the difference between the short length of the test specimen (1.5 m) 
and the infinitely long simulation model. In practice, although the comparison is made here with a 
short test specimen, it may be noted that the actual cabin of a high-speed train is about 25 m long, 
and the infinite model is expected to be a more reasonable representation of this than the short test 
specimen. 

 

Figure 5 Model of extruded panel with rubber layer 
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(a)                                   (b) 
Figure 6 Diffuse incidence STL calculated in one-third octave bands and narrow band frequency steps, 

including comparison with measurements [20]. (a) One-third octave, (b) narrow band 

3.3 Influence of rubber layer on the STL 
In order to study the effect of the rubber layer on the STL, the STL property of a bare extruded 

panel is determined by removing the rubber layer from the model in Figure 5 (i.e. setting the 
density and loss factor to be equal to those on the other plates). The results are shown in Figure 7 in 
the form of the both one-third octave STL for diffuse incidence and narrow-band results for normal 
incidence. Normal incidence results are shown as this allows the response at discrete frequencies to 
be identified more easily. From this it can be seen that the rubber layer has a significant influence 
on the STL, giving a higher STL than when it is omitted over almost the whole frequency range. 
This reflects the effect of the added mass of the rubber layer as well as the higher loss factor. In 
particular at high frequency, above 1200 Hz, the dips in the STL are greatly improved.  
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(a)                                   (b) 
Figure 7 Comparison of STL of extruded panel with and without rubber layer. (a) One-third octave for 

diffuse incidence, (b) narrow band for normal incidence 

The response is extracted at two close frequencies corresponding to dips of the normal incidence 
STL from the two models, 1254 Hz in the model with the rubber layer and 1364 Hz in the bare 
model. The displacements are shown in Figure 8 to the same magnification, from which it can be 
seen that the vibration shape and amplitudes of the incident plate (upper face plate) are similar for 
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the two structures, whereas the amplitude of the displacement on the transmission surface with 
attached rubber layer is much smaller than that of the bare structure. 

 

Figure 8 Comparison of the displacements at similar frequency for the models with and without rubber 
layer excited by normal incidence 

In order to evaluate the separate effects of the mass and damping of the rubber layer, the STL of 
the structure only considering its added mass or damping are determined. The results are shown in 
Figure 9.  
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Figure 9 Comparison of the effect of mass and damping of rubber layer on diffuse incidence STL of 
extruded panel 

Compared with the bare panel, simply increasing the damping loss factor of the face plate with 
the rubber layer from 0.005 to 0.02, the STL is improved by 1~2dB above 315 Hz and the 
corresponding Rw is improved by only 0.2 dB. If instead the mass is increased to allow for the 
rubber layer and the damping loss factor is kept as 0.005, the STL increases at frequencies of 
315~630 Hz and 1250~5000 Hz by up to 10 dB and the corresponding Rw is improved by 1.8 dB. 
Since the added mass of the rubber layer is roughly the same as that of the bare face plate, this extra 
mass dominates the improvement of the STL of the extruded panel. Conversely the added damping 
corresponds to an increase by a factor of 4 of the damping of one side of the panel, but the overall 
damping of the panel is increased by much less than this.  

4 Parameter study 
Having established that the WFE-WBE model gives a reasonable match to the measured STL, in 

this section the effect of changing several parameters is considered. The parameters considered are 
the thickness of the various plates and the arrangement of the stiffeners. In addition to the STL, the 
corresponding static stiffness of the panel is determined. This is used as an indication of the 
load-bearing capacity of the panel in comparison with the baseline structure. The location chosen in 
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each case to determine the stiffness is at a position on the face plate where it is connected to a rib 
plate, at or near the middle of the panel. These positions are chosen to reflect the overall panel 
stiffness as the stiffness is always greater at the ribs than between them. The overall mass per unit 
area is also determined. 

The effect on the STL of changing the thickness of the various plates, as well as the overall 
thickness of the structure, is studied in Section 4.1 and the results are also compared with the bare 
reference extruded structure considered above, as shown in Figure 5 (but without the rubber layer). 
Various configurations of rectangular, triangular and trapezoidal stiffeners are then studied in 
Sections 4.2~4.4 in terms of their STL, overall mass and stiffness. For ease of comparison, all these 
regular structures have the same height (0.07 m) and plate thickness (2.54 mm) as the bare structure 
shown in Figure 5. The panel width is kept as 1 m in each case and the boundary condition is 
always clamped. Although the actual train floor is wider than this, the 1 m width is used to avoid 
excessive computation times. The effect of panel width is considered in Appendix B. The angles of 
incidence considered are same as before. To save calculation time, the frequency range is reduced 
except for the thickness study cases, for which it is same as before. The frequency range of the 
remaining cases is linear spaced up to 600 Hz with steps of 6 Hz, and log spaced from 610 to 5600 
Hz with 100 frequencies. This covers the one-third octave bands 80~5000 Hz with at least three 
frequencies per band. All the STL results are calculated for diffuse field excitation. 

4.1 Thickness 

The effect on the STL of changing the thickness of the various plates of the bare structure shown 
in Figure 5 is studied in this section. The thickness of the plate on the incident side h1, on the 
transmitting side h2, on both faces h1 and h2 , and of the intermediate ribs h3 are varied separately. 
Each is used in a range from 0.5h0 to 1.5h0 in steps of 0.25h0, where h0 (= 2.54 mm) is the plate 
thickness of the reference panel. The overall thickness of extruded panel H is similarly varied from 
0.7H0 to 1.2H0 in steps of 0.1H0, where H0 (= 0.07 m) is the thickness of the reference structure. As 
well as the STL in one-third octave frequency bands, the weighted STL, Rw, is determined 
according to ISO 717-1 [23]. This is determined from the STL values in the frequency bands from 
100 Hz to 3150 Hz. In addition the spectral adaptation term Ctr (based on a source weighting 
representative of A-weighted traffic noise) is determined according to ISO 717-1 [23] and the 
alternative single number STL RA2 = Rw+Ctr is evaluated from it. Including both parameters helps to 
ensure that any conclusions based on the single numbers are not skewed by the particular definition 
of a single parameter. Contrary to the standard, these single number STL values are evaluated to the 
nearest 0.1 dB. In order to allow for the dependence of the STL on the panel mass, the results are 
compared with the weighted STL of the bare extruded reference panel corrected by the panel mass, 
given by: 

 Rw,m = 20.log10(m/m0) + Rw0                    (17) 

m is the mass per unit area, m0 (=24.9 kg/m2) is the mass per unit area of the bare reference panel as 
calculated from the FE geometry and Rw0 (= 26.9 dB) is the weighted STL of the bare reference 
panel. When Rw lies above this mass line, it means a better weighted STL is obtained for a 
particular mass than the reference structure. A similar mass correction is applied for RA2 of the bare 
extruded reference panel 

RA2, m = 20.log10(m/m0) + RA2,0                     (18) 
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The weighted STL, in both the form of Rw and RA2, and the panel stiffness are given in Figure 10. 
It can be seen that an increase of the panel mass due to the change of the thickness always leads to 
an increase in the stiffness of the structure, while the same trend is not found for Rw or RA2. When 
the thickness of the panel on the transmitting side (h2) is increased from the reference value, Rw 
increases according to the mass law, while if the other three parameters are increased values of Rw 
are obtained below the reference value. When each of the plate thicknesses is reduced to half their 
original values, Rw is greater than the mass line. However, the stiffness is reduced to just over half 
the original value. Changing the overall structure thickness appears the least promising of the 
parameter changes considered here. In each case similar results are found for RA2 as the values of 
Ctr are mostly between -4 and -6 dB. 
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Figure 10 Weighted STL and stiffness for different thicknesses, plotted against panel mass per unit 
length. (a) Rw, (b) RA2 and (c) stiffness 

   The frequency-dependent STL for the three cases with plate thickness 0.5h0 are compared with 
the reference result in Figure 11. It can be seen that the thinner structures have a higher STL than 
the reference structure at most frequencies above 315 Hz. It can be noted that changes to h1 and h2 
produce different effects as the panel geometry is not symmetric, as seen in Figure 5, whereas for a 
symmetric panel the effects would be identical. To help interpret these results, Figure 12 shows the 
dispersion curves for these four cases, obtained by solving Eq. (7) as an eigenvalue problem for 
frequency at given wavenumbers. The acoustic wavenumber is also shown for comparison; 
wavenumbers above the acoustic wavenumber will not radiate sound into the far field. The three 
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cases with reduced thickness all have many more wavenumbers above the acoustic wavenumber 
which may be the reason for increased STL. 
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Figure 11 STL for reduced plate thickness of different plates  

   
(a)          (b) 

    
(c)          (d) 

Figure 12 Dispersion characteristics for different thicknesses. (a) h1=h2=h3=h0, (b) h2=h3=h0, h1=0.5 h0, 
(c) h1=h3=h0, h2=0.5 h0 and (d) h1=h2=h0, h3=0.5 h0 

4.2 Regular rectangular rib extruded panel 
Regular rectangular stiffened panels are considered in this section, the structure of which can be 

specified by a single parameter, the number of bays in the 1 m width. Three examples are shown in 
Figure 13. The weighted sound reduction is investigated for 12 cases with between 2 and 24 bays 
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with a step size of 2. The STL results are shown in Figure 14. All the cases studied have smaller 
mass than the reference panel while some of them have a higher STL. The stiffness increases with 
the mass but is much lower than the reference panel, even for a mass similar to the reference panel. 

 
Figure 13 Examples of rectangular rib structures with 4, 10 and 20 bays 
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(c) 
Figure 14 Weighted STL and stiffness of rectangular rib structures. (a) Rw, (b) RA2 and (c) stiffness 

As the number of bays is increased, the weighted STL first decreases, reaching a minimum 
value at N=10 bays. As the number is further increased, the weighted STL grows again, reaching a 
maximum at N=22 in Rw or RA2. In order to explain this phenomenon, three structures are selected, 
two with similar sound insulation, i.e., those with 4 and 20 bays, and the configuration with the 
minimum STL, that with 10 bays (see Figure 13). The mass, stiffness, first cut-on frequency and 
weighted sound insulation Rw and RA2 of the three structures are shown in Table 1.  

As shown in Table 1, the weighted STL of both the 4 and 20 bay extruded panels is around 27.5 
dB which lies above the mass line. The corresponding frequency-dependent sound insulation is 

4 bays

10 bays

20 bays
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shown in Figure 15. It can be seen that the main difference between the STL affecting the value of 
Rw in Table 1 of the three structures is between the 200 and 2000 Hz frequency bands. The first 
cut-on frequency increases with the number of bays, corresponding to the increase in stiffness seen 
in Figure 15(c). Although the weighted STL of the 4 and 20 bay structures are quite similar, the 
STL of the 20-bay structure varies much less with frequency than that of the 4-bay structure. 
Consequently RA2 for the 20-bay structure is higher than for the 4-bay one. 

Table 1 Details of rectangular rib structure with 4, 10 and 20 bays 
Number of bays 

(N) 
Mass per unit 
area (kg/m2) 

Stiffness 
(N/m) 

First cut-on 
frequency (Hz) 

Rw (dB) RA2 (dB) 

4 15.1 6.35×105 23 27.3 20.3 
10 17.9 1.46×106 41 22.0 19.0 
20 22.5 2.58×106 56 27.5 23.5 

Reference panel 24.9 1.38×107 137 26.9 22.7 
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(a)          (b) 

Figure 15 STL of rectangular rib structures with 4, 10 and 20 bays for diffuse incidence. (a) One-third 
octave, (b) narrow band 

The dispersion characteristics of these three structures are shown in Figure 16. It can be seen 
that the regions where the 4-bay structure has a much higher STL, at about 350 and 850 Hz, 
correspond to a region where there are no cut-on frequencies and most of the dispersion curves 
around these two frequencies are above the corresponding acoustic wave. Conversely the dips in 
the STL at around 200, 630 and 1250 Hz, correspond to the cut-on of several waves which rapidly 
approach the acoustic wavenumber. In fact, for the 4-bay structure, each cluster of waves consists 
of 8 new waves, which is the number of identical face plates (see also [14]). The 20-bay structure 
has many waves that cut on but these do not approach the acoustic wavenumber until higher 
frequencies. 

When considering the 10-bay structure, which has the worst STL, it can be seen that the reason 
this structure has a much smaller Rw is due to its relatively low STL between 800 and 1600 Hz. 
From the dispersion curves in Figure 16, it can be seen that there are many waves in this region 
with wavenumbers that approach the acoustic wavenumber. 
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(a)          (b) 

 

 (c) 
Figure 16 Dispersion characteristics of rectangular rib structures with bays of 4, 10 and 20. (a) 4 bays, 

(b) 10 bays and (c) 20 bays 

4.3 Regular triangular rib extruded panels 
Similar to the investigation for the rectangular stiffened structure, the weighted STL and 

stiffness of structures with triangular stiffening ribs are investigated for different numbers of bays. 
A total of 12 cases are considered with between 4 and 15 bays. Examples are shown in Figure 17. 
The results are shown in Figure 18. Unlike the rectangular cases studied above, all the triangular 
cases studied have a larger stiffness than the reference panel. The masses of the triangular rib plates 
with 10 or more bays are higher than that of the reference panel. Similar to the rectangular stiffened 
plates, with the increase of the number of bays, the weighted STL first decreases, reaching a 
minimum for the 10-bay case, and then increases with further increases in the number of bays.  

Compared with Rw in Figure 18(a), RA2 shown in Figure 18(b) is distributed slightly differently. 
Firstly, RA2 is always above the mass law adjustment of RA2,0. Secondly, the minimum value of RA2 
is for the 8 bay panel rather than the 10 bay panel. Thirdly, for both the 5 and 14 bay panels Rw is 
similar at around 28.5 dB, while RA2 is 23.5 dB for the 5 bay panel and 29.3 dB for the 14 bay one, 
which means the 14 bay extruded panel has much better sound insulation for this source spectrum. 

Detailed results are presented for three cases. These are the case with minimum Rw, with 10 bays, 
and two other structures with 5 bays and 14 bays which both have weighted STL of about 28.5 dB. 
The details of the three structures are shown in Table 2. 
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Figure 17 Examples of triangular rib structures with 5, 10 and 14 bays 

The frequency-dependent STL and dispersion characteristics of these three particular cases are 
given in Figure 19 and Figure 20. The STL of the 5 bay case is lower than that of the 14 bay panel 
below 400 Hz and in the 630~1250 Hz frequency bands, while it is higher in the remaining 
frequency bands. The 10 bay structure has much lower STL between 1000~1600 Hz. This can be 
explained by the dispersion curves in Figure 20(b). Above 1000 Hz there are many waves with 
wavenumbers just below the acoustic wavenumber, which is similar to the case of the 10 bay 
rectangular rib panel in Figure 16(b) in the range 800-1600 Hz. Similarly the 14 bay case has many 
such waves at 2 kHz where the STL drops. The clusters of waves seen for the rectangular stiffened 
panels are again found here although there are also waves associated with the diagonal stiffeners. It 
can also be noted from Figure 20 that the cut-on frequency of the first waves occurs around 
250-400 Hz. This causes the STL to be stiffness-controlled below this frequency. If the panel width 
is increased these cut-on frequencies will be reduced, lowering the weighted STL, see Appendix B. 
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(c) 
Figure 18 Weighted STL and stiffness of triangular rib structures. (a) Rw, (b) RA2 and (c) stiffness 

Table 2 Details of triangular rib structure with 5, 10 and 14 bays 
Number of Bays 

(N) 
Mass per unit 
area (kg/m2) 

Stiffness 
(N/m) 

First cut-on 
frequency (Hz) 

Rw (dB) 
RA2 (dB) 

5 22.0 3.34×107 251 28.5 23.5 
10 25.2 4.30×107 403 24.7 23.7 
14 28.4 4.58×107 385 28.3 29.3 

Reference panel 24.9 1.38×107 137 26.9 22.7 
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(a)          (b) 
Figure 19 Frequency STL of triangular rib structures with 5, 10 and 14 bays. (a) one-third octave, (b) 

narrow band 
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(a)          (b) 

 
(c) 

Figure 20 Dispersion characteristics of triangular rib structures with 5, 10 and 14 bays. (a) 5 bays, (b) 
10 bays and (c) 14 bays 

4.4 Regular trapezium rib extruded panel 
In this section, trapezoidal geometry is considered, as shown in Figure 21. The trapezoidal 

reinforcement can be defined by two parameters, the number of bays and the inclination angle. The 
total width of the section is again fixed to 1 m, and different numbers of bays and different 
inclination angles are studied. The specific cases studied are listed in Table 3.  

 
Figure 21 Diagram of regular trapezium rib extruded panel 

Table 3 Summary of trapezium condition investigation 
Cases Number of bays Inclination studied (°) Number of cases 

T1 5 25, 30, 35, … 90 14 
T2 7 35, 40, 45, … 90 12 
T3 9 40, 45, 50, … 90 11 

The number of bays considered, N, is set to 5, 7, and 9. For each of these numbers, different 

θθ θ

Bay 1  Bay 2       …        Bay m Bay m+1               Bay N

l2 l1

1 m

l1 l2
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inclination angles are investigated from the minimum inclination angle of the structure to 90° in 
steps of 5°. The minimum inclinations are 25°, 35° and 40° respectively for the structures with 5, 7 
and 9 bays; these configurations are close to triangular arrangements. In each case 90° corresponds 
to a rectangular rib configuration. 

Figure 22 gives the weighted STL and panel stiffness for the 37 cases of Table 3. The green 
rectangle, the pink hexagon, and the dark yellow pentagon represent the cases with 5, 7 and 9 bays, 
respectively. For each number of bays, the smaller the inclination angle is, the larger the mass 
becomes.  

As shown in Figure 22, firstly, all the cases studied have much smaller mass than the reference 
panel, as this additionally has vertical stiffeners as well as inclined ones (see Figure 6). In most 
cases Rw and RA2 are above the mass line, particularly for small inclination angles. Compared with 
Rw in Figure 22(a), the trend of RA2 is similar. However, RA2 for N=7 is not so sensitive to the mass 
as Rw in Figure 22(a). The stiffness also increases with reducing inclination angle and there are two 
cases, namely N=5, θ=25° and N=9, θ=40°, which have a higher stiffness than the reference panel. 
The case N=5, θ=25° gives the best results, since it has a 6 dB higher Rw than the reference panel, 
with a smaller mass and slightly higher stiffness. The numbers of bays also affects the STL. The 
weighted STL of panel with 5 bays is greater than that of panel with 7 bays, which is greater than 
that of those with 9 bays. Cases with 11, 13 and 15 bays have also been tested (not shown here) but 
they all had weighted STL lower than the mass line. 
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(c) 
Figure 22 Weighted STL and stiffness of trapezoidal rib structures. (a) Rw, (b) RA2 and (c) stiffness 

Results from three cases with similar mass are compared in terms of their frequency-dependent 
STL. As indicated in Figure 22, three structures are chosen around 19 kg/m2. Their specific 
cross-sections are shown in Figure 23, and their mass and weighted STL are given in Table 4. The 
corresponding frequency-dependent STL and dispersion curves are shown in Figure 24 and Figure 25 
respectively.  

 
Figure 23 Examples of trapezium rib structures (see Table 4) 
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Table 4 Details of chosen trapezoidal rib structures with 5, 7 and 9 bays 
No. of bays 

 (N) 
Inclination of 

ribs θ (°) 
Mass per unit 
area (kg/m2) 

Stiffness 
 (N/m) 

First cut-on 
frequency (Hz) 

Rw  
(dB) 

RA2 

 (dB) 
5 35 18.5 2.01×106 48 29.8 24.8 
7 50 18.6 1.67×106 51 25.9 19.9 
9 65 18.8 1.95×106 49 23.7 20.7 
Reference panel 24.9 1.38×107 137 26.9 22.7 

As can be seen from Figure 24, the largest differences between the STL of the three trapezoidal 
structures with similar mass occurs between the 100 and 1000 Hz frequency bands. The case with 
only five bays has the greatest STL in this region. All three have a similar first cut-on frequency in 
the 50 Hz band as they have similar panel stiffnesses. These results can be further explained by 
inspecting the dispersion characteristics of each structure, shown in Figure 25. 
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(a)          (b) 
Figure 24 STL of example trapezoidal rib structures with 5, 7 and 9 bays. (a) one-third octave, (b) 

narrow band 
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(a)          (b) 

 

(c) 
Figure 25 Dispersion characteristics of trapezoidal rib structures with bays of 5, 7 and 9. (a) N=5, 

θ=35°, (b) N=7, θ=50° and (c) N=9, θ=65° 
The dispersion curves in Figure 25 show clusters of waves, with the same number of waves in 

each cluster as the number of bays (see also [14]). Moreover the case with N=5 has more waves 
above the corresponding wavenumber of sound in air, which results in improved STL. The STL 
usually has high values in frequency bands in which there is no cut-on frequency and no waves just 
below the wavenumber in air. Nevertheless, it is not always possible to judge qualitative 
performance from only the dispersion plots. 

4.5 Discussion 
In the regular rib cases studied above, there are three cases which have much smaller mass, but 

larger stiffness and higher Rw than the reference panel. As shown in Table 5, they are 4 and 5 bays 
regular triangular rib panel, and 5 bays trapezium rib panel with inclination angle θ=25°. The STL 
is plotted against frequency in Figure 26. Of these, the trapezium rib panel has the highest weighted 
STL. The improvement relative to the reference panel ranges from 2 to 6 dB for Rw and 1 to 3 dB 
for RA2. It is clear from these results that there are still some frequency bands with low STL; these 
could possibly be improved by combining these panels with added damping.  
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Table 5 Cases better than the reference panel 

Rib type 
No. of bays 

(N) 
Mass per unit area 

(kg/m2) 
Stiffness 

(N/m) 
Rw 

(dB) 

RA2 

(dB) 

triangular rib 
4 21.5 2.60×107 31.5 24.5 
5 22.0 3.34×107 28.5 23.5 

trapezium rib 5 (Inclination : 25°) 20.3 1.83×107 32.7 25.7 
Reference panel 24.9 1.38×107 26.9 22.9 
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Figure 26 STL of reference panel and three better cases 

For all the parameters investigated above, the boundaries are clamped and the width of the 
model is kept as 1 m. The effect of varying the boundary condition and the model width is 
investigated for selected cases in Appendix B. This shows that the main influence of both the 
boundary conditions and the width is limited to the low frequency region, especially near and 
below the first cut-on frequency. The trapezium rib panel is relatively unaffected by the width 
whereas the benefit of the triangular rib panel is reduced when the panel width is increased.  

5 Conclusions 
The STL of a practical extruded panel has been investigated using the WFE-WBE method and a 

parameter study has been carried out to compare different thickness and regular stiffening 
arrangements. 

The damping loss factor has been investigated experimentally for positions on the two sides of 
the panel. From calculations of STL it is shown that the rubber layer also gives an improvement in 
the STL of the panel, especially at frequencies above about 1250 Hz, where the improvement 
reaches about 10 dB at the dips of the STL. Most of this improvement is due to its added mass 
since the extra mass of the thick rubber layer is roughly the same as of the bare face structure. 

Changing the thickness of the incident or transmitted face plates to half their original values, it 
was found that the weighted STL of the structure did not decrease. However, the stiffness of the 
panel was reduced to just over half of its original value. Changing the overall thickness of the 
structure appeared the least promising of the parameter changes involving the thickness. 

Compared with the reference panel, among the regular rib cases studied only three cases are 
found which have smaller mass but larger stiffness and higher Rw at the same time. They are a 
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regular triangular rib panel with 4 and 5 bays in a 1 m width, and a trapezium rib panel with 5 bays 
and inclination angle θ=25° which is quite similar to the triangular rib panel. It can be concluded 
that, considering the practical stiffness of the structure, a triangular rib panel gives the best results 
for the given boundary conditions and based on the choice of rib thickness and overall panel width. 
The results show that, the number of rib plates should be considered carefully to avoid worst cases.  

Among the different structures studied, the structures with better STL usually have a small 
number of waves with wavenumber below the acoustic wavenumber, especially in the region just 
below the acoustic wavenumber and more above the acoustic wavenumber. The relative results 
presented here also provide a method of systematic evaluation and practical analysis for combined 
low noise and lightweight design of extruded panels. A fuller optimization could consider the 
thickness of the strips and of the panel to be variables simultaneously with the geometrical 
arrangement, and this should also be based on a more realistic panel width. Such a study would 
require considerable computational resources. 
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Appendix A. Measurement of damping loss factor 
The damping loss factor is determined from measured frequency response functions using two 

methods. The conventional low frequency method is to determine the modal damping from the 
bandwidth of each resonance peak, for example using the Nyquist circle fitting method [24]. 
However, at high frequencies where the modal density and modal overlap increase, an energy 
method can be used to calculate the loss factor in one-third octave bands [25]. The results from 
these two methods are compared for one measurement point before using the energy method for the 
remaining points. 

A.1 Experimental setup 
To obtain the damping loss factor, the frequency response functions of the structure are required. 

To measure the Frequency Response Function (FRF) of this extruded panel, it was first freely 
suspended on elastic ropes and the point mobility of each bay was measured by using an 
instrumented impact hammer and an accelerometer. As shown in Figure A.1, the measurement 
positions for the point mobility are located at about 1/5 of panel length and mid-way across the 
width of each bay, see points P1-1 to P1-6 in Figure A.1(a) and P2-1 to P2-8 in Figure A.1(b). 

In addition, transfer mobilities were measured in each bay by keeping the accelerometer fixed 
and varying the impact point along the bay. A total of 50 excitation points were used in each bay, 
randomly distributed over the bay to obtain the spatial average. 

            

(a)                      (b) 
Figure A.1 Schematic view of point mobility measurement of each bay. (a) bays on bare face plate, (b) 

bays on face plate with added rubber layer 

A.2 Result of damping loss factor 
The damping loss factor is estimated from the energy method [25]. From the definition of the 

loss factor, assuming there are many modes in a frequency band, the dissipated power can be 
estimated from the product of the loss factor η, angular frequency ω, the mass m and the 

spatially-averaged mean square velocity 2ν  as: 

2
dissW mηω ν=           (A.1) 
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Equating this to the input power and normalising to a unit mean square input force, the loss factor 
can be written as: 

( )
2

Re
= in

t

Y

m Y
η

ω
              (A.2) 

where Yin is the driving point mobility and 
2

t
Y  is the spatially-averaged squared transfer 

mobility. Both quantities are measured using the impact hammer to excite the structure. 
The damping loss factor calculated from the energy method is first compared with results from 

the Nyquist circle method [24] for a single excitation point. Taking point P1-3 as an example (see 
Figure 1(a)), the damping loss factor results are given in Figure A.2. It can be seen that the damping 
loss factor calculated through the two methods has the same trend, with good agreement above 800 
Hz, and especially above 3000 Hz. Due to the amount of effort required to use the Nyquist circle 
method, only the energy method is used for other locations, the results of which are given in 
Figures 2 and 3. 
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Figure A.2 Damping loss factor at measurement position P1-3 

Appendix B. Influence of boundary conditions and panel width on 

STL 
In all the results presented in the paper, the boundaries are clamped at both edges and the width 

of the model is limited to 1 m. Here, selected results are presented to investigate whether the results 
are affected by these restrictions.  

B.1 Influence of boundary conditions on STL 
In this section, two other boundary conditions are considered for the bare reference panel for 

comparison with the clamped boundaries considered in the paper. They are simply supported and 
free boundary conditions.  

Table B.1 gives the first cut-on frequency, and the weighted diffuse field STL. It can be seen 
that the values of Rw obtained for different boundary condition are within about 1.5 dB of one 
another. The spectral characteristics of the diffuse STL are shown in Figure B.1. It can be seen that 
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the effect of the boundary condition is mainly restricted to low frequencies, especially near and 
below the first cut-on frequency. 

Table B.1 Influence of boundary conditions on STL of reference panel 

Boundary condition First cut-on frequency (Hz) Rw (dB) RA2 (dB) 

Clamped 138  26.9 22.9 
Simply supported 90 26.1 21.1 

Free 0 27.3 23.3 
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Figure B.1 Influence of boundary conditions on diffuse STL of reference panel. 

B.2 Influence of panel width on STL 
In order to investigate the effect of the width of the structure on the STL, the results for the bare 

reference section, and the triangular rib panels with 5 bays and trapezium rib panels with 5 bays at 
the inclination of 25° are studied for different widths. Again the diffuse field STL is considered. 

The size effect of reference panel is firstly studied. Figure B.2 shows the sections of three 
different sizes which have widths 1.0 m, 1.72 m and 3.09 m. The details are given in Table B.2 
including the first cut-on frequency, mass per unit area and the weighted diffuse field STL. It can be 
seen that the values of Rw obtained for different widths are within about 1.5 dB of one another; 
especially when the width is enlarged from 1.72 m to 3.09 m, the difference in Rw is only 0.6 dB. 

The spectral characteristics of the diffuse STL are shown in Figure B.3 for these three different 
widths. Similar to the influence of the boundary conditions on the STL, the effect of the width is 
also mainly restricted to low frequencies, especially near and below the first cut-on frequency.  

 
Figure B.2 Diagram of reference extruded panel in different widths 

Case 1-1
Case 1-2
Case 1-3
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Table B.2 Influence of width on STL of reference panel 

Cases 
Width 

(m) 
First cut-on 

frequency (Hz) 
Mass per unit area 

(kg/m2) 
Rw (dB) RA2 (dB) 

1-1 1.0 136 24.9 26.9 22.9 
1-2 1.72 116 24.6 25.9 20.9 
1-3 3.09 44 24.6 25.3 21.3 
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Figure B.3 Effect of width on diffuse field STL of reference panel. 

Since, in the parameter study in Section 4, the 5 bay triangular rib panel and 5 bay trapezium rib 
panel with rib inclination of 25° were found to give the best results for the 1 m width, the effect of 
the panel width is also studied for these two examples, as shown in Figure B.4 and Figure B.5 
respectively. The cases considered are summarised in Table B.3 and Table B.4 including their width, 
number of bays, first cut-on frequency and weighted diffuse field STL.  

For cases 2-1~2-3, it can be seen that as the width is increased the value of Rw decreases. This 
can also be explained by the spectral characteristics of the STL in Figure B.6. Similar to the result 
for the reference panel, the width mainly influences the STL near and below the first cut-on 
frequency. However, the values of Rw of the triangle rib plates are more sensitive to the width; the 
result reduces by 2.2 dB when it is increased from 1.0 m to 1.4 m. This is mainly because the 
stiffness-controlled region of the STL occurs in the frequency bands considered for the weighted 
STL (100~3150 Hz). 

For cases 3-1~3-3, it can be seen that when the width is increased from 0.71 m to 1 m the value 
of Rw decreases. However, when the width is increased from 1.00 m to 1.34 m, the Rw has almost no 
change. This can also be explained by the spectral characteristics of the diffuse field STL in Figure 
B.7. The width not only influences the STL near and below the first cut-on frequency but also the 
STL around 200 Hz. However, the result for case 3-2 and 3-3 are not sensitive to width. This is 
mainly because the STL above the first cut-on frequency does not change much anymore when the 
width is larger than 1.0 m and the stiffness-controlled region of STL does not occur in the 
frequency bands considered for the weighted STL (100~3150 Hz), which is different from cases 2-2 
and 2-3. 

This also implies that, among the best cases studied and discussed in section 4, the 5 bay 
trapezium rib panel with rib inclination of 25° is the best and most stable case, the weighted STL of 
which does not change much even if its width is enlarged, whereas the triangular rib cases are more 
sensitive to the width. 



 30 / 31 

  
Figure B.4 Diagram of 5 bays in 1 m triangular extruded panel in different widths 

 
Figure B.5 Diagram of 5 bays in 1 m trapezium extruded panel (Inclination: 25°) in different widths 

Table B.3 Influence of width on STL of case 2-1~2-3 

cases 
width 
(m) 

Number of 
bays (N) 

First cut-on 
frequency (Hz) 

Mass per unit area 
(kg/m2) 

Rw (dB) RA2 (dB) 

2-1 0.8 4 312 
22.0 

30.1 24.1 
2-2 1.0 5 282 28.5 23.5 
2-3 1.4 7 204 26.3 21.3 

Table B.4 Influence of width on STL of case 3-1~3-3 

cases 
width 
(m) 

Number of 
bays (N) 

First cut-on 
frequency (Hz) 

Mass per unit area 
(kg/m2) 

Rw (dB) RA2 (dB) 

3-1 0.71 3 96 
20.3 

34.3 24.3 
3-2 1.00 5 84 32.7 25.7 
3-3 1.34 7 78 32.4 25.4 
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Figure B.6 Effect of width on diffuse field STL of cases 2-1~2-3 
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Case 2-2
Case 2-3

Case 3-1
Case 3-2
Case 3-3



 31 / 31 

80 160 315 630 1250 2500 5000

5

15

25

35

45

55

65

                        Rw(dB)
 Case 3-1  34.3 
 Case 3-2  32.7
 Case 3-3  32.4

Frequency, Hz

ST
L,

 d
B

 
Figure B.7 Effect of width on diffuse field STL of cases 3-1~3-3 

B.3 Discussion 
In conclusion, both the boundary conditions and the width have an influence on the STL, 

mainly affecting the results near and below the first cut-on frequency. This can result in differences 
in the weighted STL, particularly if the stiffness-controlled region falls within the frequency bands 
100~3150 Hz.  
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