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Abstract 
Lightweight composite structures are progressively replacing traditional materials like steel structures in the 

shipbuilding industry for their light weight and good mechanical characteristics. However, a lightweight 

composite structure has generally poor acoustic properties and is not suitable to shield noise. In this case 

some comfort issues may arise on board. Ships are also a source of underwater noise, which can seriously 

pollute the aquatic environment if a suitable form of shielding is not envisaged. It is therefore essential that 

some acoustic features are predicted and optimised. The paper presents the measurements carried out on 

two different types of bulkhead: a homogeneous ribbed fibreglass partition and a sandwich structure with 

two symmetrical fibreglass leaves plus a balsa core. The optimisation of such structures can be carried out 

following the simulations performed by using a code based on the wave propagation approach theory.  

1 Introduction 

Sound insulation is a relevant topic in the shipbuilding industry, involving safety of crew members, the 

comfort of passengers and the protection of marine ecosystems. Some applications where an accurate 

acoustic design is required are the attenuation of propeller and hydrodynamic noise transmission from the 

outside to the inside of the ship [1], the reduction of noise impact on the biological environment [2], and the 

insulation of critical bays, such as the engine room, with respect to cabins [3]. 

A key factor in the acoustical optimisation of ship interior is the accurate design of bulkheads, whose 

construction is conceived to ensure lightness, robustness and resilience, to fit limited space and to perfectly 

integrate with the surrounding structure and equipment. Bulkheads can be realised in a variety of materials, 

ranging from metals to wood and, in high-end applications, composites and resins. Their laboratory acoustic 

characterisation is often impossible due to their large size, and in-situ traditional measurements based on 

the use of sound sources are a challenging task because of the high flanking transmission due to the massive 

presence of connections, openings, hatches and pipes. Structural methods can be an alternative in this case. 

The bending stiffness of a homogeneous or of a composite structure can be effectively used to describe the 

acoustic behaviour of an assembly [4]. For a homogeneous material the bending stiffness can be defined 

analytically based on the Young’s modulus and the moment of inertia of the construction. If the structure 

has been already manufactured, the bending stiffness can be determined by means of simple measurements 

of the resonance frequencies on beams [5] or, in the field, through point mobility measurements [6]. In the 

following section, the basics of such theory will be explained. Subsequently, the application of the method 

to the acoustic characterisation of two types of ship bulkheads, corresponding to classical sandwich panels 

and to ribbed fibreglass panels, will be presented. 
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2 Theoretical background 

Consider a homogeneous thin plate surrounded by air, Figure 1. A plane sound wave incident to one side of 

the plate causes the propagation of a bending wave. The bending wave excites a transmitted sound pressure 

wave on the other side of the plate in the receiving room. The ratio between the transmitted sound power 

over the incident sound power, the sound transmission coefficient , is a measure of the plate’s ability to 

prevent sound transmission. Assume the plate is infinite and the incident plane sound pressure wave 

propagates in the x-y plane. The plate bending wave equation can then be expressed in terms of the total 

sound pressure acting on its sides as [7]:  

 (−𝜇′′𝜔2 + 𝐷𝑝
𝜕

𝜕𝑦4
)𝒗𝑥 = 𝑖𝜔[(𝒑𝑖 + 𝒑𝑟) − 𝒑𝑡] (1) 

where µ″ is the mass per unit area of the plate and Dp is the plate bending stiffness. 

 

Figure 1: Transmission of a sound wave through a thin single leaf wall 

Writing the velocities and the pressures at x = 0 as phasors, 

 𝒑𝛼 = �̂�𝛼𝑒
𝑗(𝜔𝑡−𝑘𝑦𝑦) and 𝒗𝑥 = �̂�𝑥𝑒

𝑗(𝜔𝑡−𝑘𝑦𝑦) (2) 

the previous relation (1) can be written as 

 (−𝑖𝜔𝜇′′ + 𝐷𝑝
𝑘𝑦
4

𝑖𝜔
) �̂�𝑥 = [(�̂�𝑖 + �̂�𝑟) − �̂�𝑡] (3) 

where ky = k sin θ. Since the normal velocities of all the fields at the plate are equal and considering that for 

a plane wave the particle velocity is identical to the pressure divided by the air impedance, one can write 

 (�̂�𝑖 − �̂�𝑟) = �̂�𝑡 (4) 

and, as a consequence, 

 (−𝑖𝜔𝜇′′ + 𝐷𝑝
𝑘𝑦
4

𝑖𝜔
)
�̂�𝑡𝑐𝑜𝑠𝜃

𝜌0𝑐
= 2(�̂�𝑖 − �̂�𝑡) (5) 

From this equation the transmission coefficient can be derived as 

 𝜏(𝜃) =
1

1+(
𝜔𝜇′′cos𝜃

2𝜌0𝑐
)
2

[1−(
𝜔sin2 𝜃

𝜔𝑐
)
2

]

2             𝜔𝑐 = 2𝜋𝑓𝑐 = 𝑐
2√

𝜇′′

𝐷𝑝
 (6) 

Here, fc is the critical frequency, that is, the frequency at which the bending waves propagate in the structure 

with the sound speed in the surrounding medium, c. Equation (6) shows that the transmission coefficient is 

1, and all the incident sound power is transmitted, at a frequency f = fc/sin2θ. 
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2.1 Determination of the bending stiffness: homogeneous ribbed panels 

If structural characteristics must be guaranteed, the core or one part of the plate structure can be “ribbed”, 

giving higher stiffness to the overall assembly. For certain types of composite ribbed plates, the acoustic 

properties can be very poor. The analysis of complex structures can be considerably simplified taking 

advantage of the concepts of impedance and mobility.  

The vibration behaviour of finite structures can be derived from that of infinite plates. In an infinite plate, 

the bending waves excited by a point force can propagate indefinitely in the specimen. In a finite plate, the 

same bending waves reach the boundaries of the plate and are then reflected back. If a point force acts at a 

certain position of the plate, its velocity response depends upon the plate geometry and on boundary 

conditions, thus the point mobility will change with position and frequency. However, a space- and 

frequency-average of the real part of the point mobility for a finite structure is, in the mid- and high-

frequency regions, equal to the real part of the point mobility of an infinite structure of the same material 

and thickness: 

 𝑅𝑒〈�̅�(𝜔)〉 = 𝑅𝑒 𝑌∞(𝜔) (7) 

Consequently, the power input, injected in a finite panel by a force acting randomly in time and space, can 

be calculated as if the structure were infinite and excited by a point force with a power spectral density equal 

to the sum of the power spectral densities of all the sources acting on the finite structure. This assumption 

is valid if the modal density within a band is independent of boundary conditions, which is true for the 

medium and high frequency bands. To extend this assertion to the low-frequency range, a certain number 

of modes have to be included within each frequency band. It can be shown that the number of modes within 

a band should be at least 5 to have a fair accuracy. The mobility must be measured over a sufficiently large 

number of points, randomly distributed over the surface of the panel, in order to obtain a space average 

Re〈𝑌〉 of the mobility which is representative of the dynamic behaviour of the entire panel.  

It can be demonstrated that, for a finite plate, far from the edges of the specimen, the point mobility is  

 𝑅𝑒〈𝑌〉 =
1

8√𝐷𝑝𝜇
′′

 (8) 

This relation can be used to estimate the bending stiffness Dp of a plate starting from point mobility 

measurements. Using an average of the point mobility function measured on the panel surface over several 

measurement positions, the high stiffness of the points close to the ribs is averaged with the low stiffness of 

the central part of the sub-plates delimited by the ribs. In this way, the space- and frequency-average of the 

bending stiffness provides a good representation of the overall behaviour of the panel. 

If the space-average is computed inside a specific frequency band, the bending stiffness per unit width of 

the panel at the central frequency of each band is obtained as 

 𝐷𝑝 =
1

64 𝜇′′ [𝑅𝑒〈�̅�〉]2
 (9) 

For modes (m,n) having m = 0 or n = 0, and then for the modes in the low frequency range, it can be shown 

that 

 𝑅𝑒〈�̅�〉 =
2

8√𝐷𝑝𝜇
′′

 (10) 

This means that, for the first natural frequencies corresponding to such modes, the measured mobility should 

be divided by a factor 2. 

2.2 Determination of the bending stiffness: sandwich panels 

A sandwich panel cannot be considered a homogeneous or ribbed wall. For this reason, a different scheme 

must be applied in this case. 
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The static and dynamic performances of a panel can be greatly improved using sandwich constructions. For 

sandwich panels the bending stiffness is not constant, but it is rather frequency-dependent, ranging from a 

“static” bending stiffness in the low frequency region to the bending stiffness of the two laminates in the 

high frequency range. Let us consider a beam for which the width is b, mass per unit length µ′ and mass per 

unit area ″. The typical dimensions of the structure and its material parameters are indicated in Figure 2. It 

can be shown [8] that the bending stiffness per unit width D′b of a sandwich beam is the real solution to the 

equation: 

 
𝐴

𝑓
𝐷𝑏
′ 3/2 −

𝐵

𝑓
𝐷𝑏
′ 1/2 + 𝐷𝑏

′ − 𝐶 = 0 (11) 

 

 

Figure 2: Sandwich structure made of laminates and core 

Coefficients A, B and C in equation (11) can be computed analytically on the basis of some material 

parameters through the following equations: 

 𝐴 =
𝐺𝑐𝑆

(√𝜇′2𝜋𝐷1
′)
;   𝐵 =

𝐺𝑐𝑆

(√𝜇′2𝜋)
;   𝐶 = 2𝐷2

′  (12) 

where S is the area of the cross section and D′1 and D′2 are the static bending stiffness of the entire beam 

and of a single laminate, respectively. Therefore, the coefficients can be calculated directly if the materials 

properties are known. 

In case the parameters of the materials making the structure are not known, some measurements can be 

performed in order to compute the A, B and C parameters applying the least square method to a set of 

frequencies describing the normal modes of the specimen, according to the procedure described in [9].  

If the bending stiffness D′b for a beam, width b, is measured or estimated, then Dp = D′b/b. As shown in the 

next section, the knowledge of Dp allows to calculate the sound transmission coefficient and, therefore, the 

sound reduction index of the structure.  

2.3 Transmission coefficient and sound reduction index  

Irrespective of the nature of the partition (ribbed or sandwich), the sound transmission coefficient can be 

computed in an accurate way according to the equations given in this section.  

Cremer [10] derived the sound transmission coefficient 𝜏(𝜃) for a thin homogeneous plate as a function of 

the angle of incidence 𝜃 of the acoustic wave, see Figure 1. By introducing the definition of critical 

frequency, equation (6), in this expression, the transmission coefficient is obtained as: 

 𝜏(𝜃) =

{
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−1

 (13) 

The parameters in equation (13) are: μ″ total mass per unit area of plate, f frequency, ω angular frequency, 

θ angle of incidence of acoustic wave, ρc wave impedance of the surrounding medium at room temperature, 
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and ηtot total loss factor of the structure. The sound reduction index R in decibels for a plate is −10 log τd, 

where τd is the sound transmission coefficient for diffuse incidence, defined as 

 𝜏𝑑 = 2∫ 𝜏(𝜃) cos 𝜃 sin 𝜃 𝑑𝜃
𝜋/2

0
 (14) 

A numerical integration of equation (13) gives the sound transmission coefficient and thus the sound 

reduction index R for a sandwich panel assuming a diffuse incident field.  

2.3.4 Limiting angle of integration 

The transmission coefficient can be estimated through equation (14) as the average over all the angles of 

incidence, thus including the so called “grazing angles” at which, in practical circumstances, sound is 

unlikely to reach the surface. Several researches examined what could be the best angle of integration for 

effectively modelling sound transmission in real cases. The existing sound insulation theories for infinite 

panels do not provide satisfactory predictions when the sound radiates at grazing angles. The radiation 

efficiency of an infinite flat panel, radiating a plane wave into half space, can be shown to be equal to the 

inverse of the cosine of the angle between the direction of propagation of the plane wave and the normal to 

the panel. The fact that this radiation efficiency tends to infinity as the angle tends to 90° causes 

discrepancies between the predictions carried out using simple theories of sound insulation and experimental 

results. Moreover, in real situations, sound waves are unlikely to reach the panel with grazing incidence. To 

simulate real situations, it has been shown that the angle of incidence must be limited to values between 85° 

and 78° [11]. 

2.3.5 Flanking transmission  

The results of the simulations carried out according to the theory are valid if no flanking transmission takes 

place. Flanking transmission is the leakage of sound energy that occurs when two or more structures are 

coupled together. An example of the possible transmission paths due to the transmission of structure-borne 

sound is represented in Figure 3. 

 

Figure 3: Transmission paths for structure borne sound in real structures 

While in sound transmission suites the only possible transmission path is Dd (Direct-direct), in real cases 

the flanking transmissions must be added to consider also the other propagation paths through the joined 

structures (Direct-flanking, Df; Flanking-direct, Fd; Flanking-flanking, Ff). The overall sound reduction 

index is denoted by R′, the prime superscript indicating that the flanking transmissions are considered. It is 

possible to simplify the analysis considering the overall weighted sound reduction index R′W, that can be 

estimated using the following formula:  

 𝑅𝑊
′ = −10 log(10

−𝑅𝐷𝑑,𝑊
10 + ∑ 10

−𝑅𝐹𝑓,𝑊

10 +𝑛
𝐹=𝑓=1 ∑ 10

−𝑅𝐷𝑓,𝑊

10 +𝑛
𝑓=1 ∑ 10

−𝑅𝐹𝑑,𝑊
10𝑛

𝐹=1 ) (15) 
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where RDd,W is the weighted sound reduction index of the main partition (obtained through laboratory tests) 

and the remaining terms are the weighted sound reduction indices associated to the other transmission paths, 

which depend on the ratio between the masses per unit area of the walls involved in the propagation path, 

the type of connection, the presence of resilient layers and the presence of additional layers on the floor or 

on the ceiling. The effect of the flanking transmissions can be described by the following formula: 

 𝑅𝑊
′ = 𝑅𝑊 − 𝑎 (16) 

indicating that the laboratory value of the weighted sound reduction index must be reduced by a factor a, 

whose value depends on the characteristics and coupling degree of the structures 

• a > 5 dB for strong flanking transmissions, as in the case of a heavy wall surrounded by lightweight 

structures; 

• 2 < a ≤ 5 dB for medium flanking transmissions, as in the case of structures having the same mass 

per unit area; 

• a ≤ 2 dB for weak flanking transmissions, when the structures are decoupled from each other by 

means of resilient mountings. 

In practice, formula (16) cannot be used except to have an estimation of R′w because there is no direct method 

to obtain a. A solution is generally to follow the standards of the series ISO 12354 [12] to calculate R′w. 

These standards have been specifically implemented to include the effect of the flanking transmissions. 

2.4 Materials and methods 

2.4.1 Instrumentation 

The instrumentation needed to carry out mobility measurements consists of an FFT analyser, an impedance 

hammer and an accelerometer. Since mobility is essentially a transfer function between the vibration 

velocity response and the force excitation, the measurement system must be able to compute cross functions. 

The type of transducers depends on the weight of the structure under investigation and the frequency range 

of interest. Even if the final result is the mobility in one-third octave bands, the direct use of a CPB analysis 

is not applicable because of the corrections needed on the mobility values in the modal frequency range for 

the (n,0), (0,m) modes. In fact, it would be impossible to perform such corrections estimating the mobility 

values from a one-third octave band analysis. 

2.4.2 Specimens under test 

The partitions tested are of two types: a Glass Reinforced Plastic (GRP) panel with ribs, and a sandwich 

panel with 25.4-mm balsa core. 

For the GRP panel, the collection of the required data is not straightforward, since the specimens are not 

homogeneous. This means that some information, like the mass per unit area and the moment of inertia, 

depends on the portion of the panel considered. Moreover, the thickness of the base structure varies with the 

position. For this reason, the uncertainty in the determination of the sound reduction index is expected to be 

higher for this type of panel than for the sandwich panel with balsa core. The nominal data considered for 

the simulations are relative to the small sample tested into the sound transmission suites, consisting in a flat 

15-mm thick part of GRP and 2 ribs: 

- E = 14 GPa 

- µ″ = 23 kg/m2 

- I = 4∙10−7 kg m2 
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The data characterizing the sandwich panels with balsa core and used as an input for the simulation software 

have been determined from the beam specimens tested at KTH and from literature data. They are listed in 

the following Table 1. 

 

Quantity Meas. unit Laminates Core 

h m 0.0015 0.0225 

ρ kg/m3 2700 200 

E GPa 70 3.7 

G GPa - 0.12 

Table 1: Geometric and material data for the sandwich specimen 

2.5 Measurement results 

2.5.1 In-situ measurements on GRP bulkheads 

The GPR panel was tested both in-situ and in sound transmission rooms. The type of bulkhead which could 

be tested in-situ during the assembly stage was the GRP panel. In this case it was chosen to verify the 

dynamic and acoustic performances of the watertight bulkhead of Figure 4. The different hatches indicate 

that different thicknesses of GRP have been used during manufacturing (12.5 mm, 15.5 mm and 20 mm). 

The response of the bulkhead is obviously different depending on the boundary conditions. For this reason, 

the following conditions were considered: 

- Free-free boundary conditions: in this case only mobility measurements have been performed since 

it was not possible to measure the sound reduction index according to the ISO 16283-1; 

- Real fastening conditions of the edges: in this case three types of measurements have been carried 

out, consisting in mobility measurements, structural reverberation time measurements and sound 

reduction index measurements according to the ISO 16283-1 standard. 

 

Figure 4: Schematic of the watertight GRP bulkhead under investigation 

2.5.2 Mobility measurements on suspended bulkhead 

The mobility measurements on the suspended bulkhead have been carried out by determining the average 

bending stiffness of the entire specimen. The bulkhead dimensions are approximately 10 m × 7 m and the 

thicknesses used are different depending on the distance from the bottom. For this reason, 30 measurement 

positions have been randomly distributed over the surface of the bulkhead, some of which inside the cavities 
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of the ribs, others between the ribs, and others on the lower flat surface of the bulkhead. After checking the 

frequency response function and the auto-spectra of the force and the velocity, a steel tip has been adopted 

to excite the panel. The accelerometer has been attached to the bulkhead surface by using cyanoacrylate 

glue. Once the bulkhead has been suspended, the accelerometer has been placed in the different positions 

and the mobility function has been acquired. It was found that the mobility is considerably lower on the ribs 

than on the panel. The resulting measured space-average of the bending stiffness is shown in Figure 5. 

 

Figure 5: Measured point mobility function and apparent bending stiffness for the suspended bulkhead 

It can be noted that the bending stiffness is relatively flat in the frequency range going from 100 Hz to 4 kHz. 

The fact that the apparent bending stiffness tends to increase at higher frequencies is arguably related to the 

increasing difficulty in injecting energy into the panel, due to the impedance difference between the tip of 

the hammer and the panel surface, rather than to a real change in the mobility of the bulkhead. 

2.5.3 Mobility measurements on already mounted bulkhead 

Using the same technique and the same instrumentation adopted for the measurements on the suspended 

bulkhead, a mobility measurement session has been performed on an already mounted panel. In this case, 

12 measurement positions have been randomly distributed on a partition (dimensions 9 m × 2.7 m) dividing 

two rooms. Figure 6 represents the apparent bending stiffness computed on the basis of the point mobility 

space-average.  

 

Figure 6: Equivalent bending stiffness for the already mounted bulkhead 
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It can be noted that the bending stiffness curve does not look flat anymore in the frequency range of interest, 

due to the modal behaviour of the bulkhead. Moreover, once it is mounted, the bulkhead undertakes a certain 

curvature and the stiffness in the low frequency range is shifted to higher values (below 1000 Hz). As already 

mentioned for the suspended panel, above 4000 Hz the apparent bending stiffness tends to increase with 

frequency as a consequence of an increasing difficulty in injecting energy into the panel.  

2.5.4 Loss factor 

The loss factor of a structure plays an important role on the sound reduction index at and above the 

coincidence frequency. Its determination is very important and must be carried out in real mounting 

conditions. If the loss factor is not correctly determined, the predicted sound reduction index in the high 

frequency range can be considerably different from the one measured according to ISO 16283. Since a panel 

has a strong modal overlap in the medium/high frequency range, it is not possible to apply the half-power 

bandwidth method on the mobility function and it is necessary to adopt the structural reverberation time 

method. For this reason, during the mobility measurements the time signals were recorded for both channels. 

The signal from the accelerometer was post-processed to determine the reverberation time and then the loss 

factor. In the case of the suspended panel, the loss factor derived from the measurements corresponds to the 

sum of the internal losses and the radiation losses. For the mounted panel the contribution of the adjoining 

structures is included. Figure 7 shows the loss factor curves for the suspended panel and for the mounted 

partition. It is evident that the losses due to the adjoining structures are particularly important below 500 Hz. 

 

Figure 7: Loss factor measured for the suspended panel (solid line) and for the already mounted partition 

(dashed line) 

2.5.5 Sound reduction index from mobility measurements 

The real part of the space- and frequency-average of the point mobility function can be used to compute the 

apparent bending stiffness of the bulkhead. Together with the mass per unit area and the measured total 

losses, these data can be used to predict the sound reduction index of the bulkhead. The dashed line in 

Figure 8 represents the predicted sound reduction index derived from the mobility data measured on the 

suspended bulkhead. The coincidence region has a minimum at a frequency of 1250 Hz. The slope at 

frequencies above the coincidence dip is strongly influenced by the value of the total losses. 
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2.5.6 Sound insulation using pressure method (ISO 16283) 

For a first comparison, some measurements have been carried out on board. The considered bulkhead was 

the same represented in Figure 4. The measurements have been carried out on the GRP bulkhead, without 

any additional layer. The compartments used for the tests are divided by a fibreglass partition with 

dimensions 9.62 m × 2.3 m. The volume of the receiving room is 86 m3. The reverberation time of the 

receiving room was measured by post processing the impulse response of the room. The excitation was 

made by using a blank cartridge gunshot. To avoid sound leakages, all the openings have been closed by 

wooden frames both in the emitting and in the receiving rooms. An omnidirectional sound source generating 

pink noise has been placed in the bigger room. The resulting sound pressure level in the receiving room has 

been measured and corrected accounting for the dimensions of the partition and the sound absorption area 

of the receiving room. The in-opera sound reduction index is computed applying the following formula: 

 𝑅′(𝑓) = �̅�𝑝1(𝑓) − �̅�𝑝2(𝑓) + 10 log(
𝑆

0.16(
𝑉

𝑇𝑅(𝑓)
)
) (17) 

where �̅�𝑝1 is the space-average of the sound pressure level into the emitting room, �̅�𝑝2 is the space-average 

of the sound pressure level in the receiving room, S is the area of the partition dividing the emitting room 

from the receiving room, V is the volume of the receiving room and TR is the acoustic reverberation time of 

the receiving room. Figure 8 shows a comparison between the sound reduction index values measured by 

applying the two techniques. The graph shows that the trend of the sound reduction index is predicted quite 

correctly, except for a local maximum at 160 Hz. The coincidence region starts from 800 Hz, with a 

minimum value at 1250 Hz.  

 

Figure 8: Comparison between the sound reduction index measured applying two different measurement 

techniques. The resulting value of the single-numbered weighted sound reduction index is 

R′w = 29 dB (−1;−2) 

The local maximum at 160 Hz in the measured curve is most likely due to the curvature the panel is 

undertaking when it is coupled to the hull. Such behaviour is typical for curved structures and, as it will be 

shown in the next section, is less evident for the small flat panels tested in sound transmission rooms. 

2.6 Sound transmission suites measurements 

The measurements have been carried out at the KTH – MWL facilities in Stockholm. The sound 

transmission suites used for the tests consists of a reverberant room coupled with a semi-anechoic room. 
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The samples to be tested have been placed in an opening between the two rooms. The determination of the 

sound reduction index of the panels have been performed with reference to the EN ISO 15186-1:2000 

standard [13]. The sound reduction index, expressed in one-third octave bands, is calculated by using the 

formula 

 𝑅 = �̅�𝑝1 − �̅�𝐼𝑛 − 6 (18) 

where �̅�𝑝1 is the space-averaged sound pressure level in the source room, measured by a rotating 

microphone, and �̅�𝐼𝑛 is the average sound intensity level over the panel surface measured in the receiving 

room by using the scan method (ISO 9614-2:1994 [14]).  

The tests have been carried out over two specimens. The size for all the specimens is about 1810 mm × 

1010 mm. The samples (Figure 9) have been mounted in the opening between the anechoic and the 

reverberation room, taking care to seal the edges using high-density silicone and, in some cases, adding foil 

tape to further improve the insulation. The acoustic excitation has been applied in the reverberation room 

and the intensity measurement has been performed in the anechoic room. The measured sound reduction 

index in one-third octave band is shown in Figure 10.  

  

Figure 9: Pictures of the panels mounted in the sound transmission rooms (left GRP, right sandwich) 

 

Figure 10: Sound reduction indices of the fibre-reinforced panel and of the sandwich panel tested in sound 

transmission rooms 

Based on the described measurements, it is possible to perform a comparison between the sound reduction 

index curves obtained for two very different configurations of GRP panel: for the on-board measurements, 
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the sound reduction index is given by the sound insulation of the main partition and the flanking 

transmissions across the confining structures (bordering walls, ceiling and floor), while in the transmission 

suites the measurement is only relative to the small panel placed between the emitting and the receiving 

volumes. Figure 11 shows the comparison for the basic GRP fibre-reinforced panel measured on board and 

in sound transmission suites. The difference in the value of the weighted sound reduction index is 5 dB. 

With the exception of the local maximum placed at 160 Hz for the on-site measurements, the trend of the 

curves is quite the same for both the conditions, although the in-opera curve looks shifted down due to 

flanking transmissions. 

 

Figure 11: Comparison of the sound reduction indexes for the fibre-reinforced panels tested in sound 

transmission rooms and on-board 

2.7 Validation: effect of the flanking transmissions 

At the end of the experimental campaigns, the availability of results obtained on board and in sound 

transmission suites for the GRP panel allowed a comparison of the measured sound insulation performances 

with the predictions made through a software implementing the standards of the ISO 12354 series. 

The proper prediction of the effect caused by the flanking transmission has been carried out using SuoNus, 

a software implementing the ISO 12354 standard series. As a first step, it is necessary to import the data for 

the sound reduction index of the horizontal and vertical partitions in the simulation software. In this 

simulation it was assumed that the ceiling and the floor have the same sound reduction index of the walls, 

being made of the same material and having a similar ribbed structure. The next step is to define the 

characteristics of the rooms for which the simulation must be carried out. The last step before computing 

the sound reduction index is to give the properties to the nodes connecting the different walls. All the 

junctions have been assigned the “T type” of node. Finally, the sound reduction index of the building system 

plus the flanking transmissions can be computed (Figure 12). 
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Figure 12: Comparison - SRI of the bulkhead measured on board vs simulations 

The predicted value of R′w is 30 dB, while the measured single-valued weighted sound reduction index 

measured in real conditions is 29 dB. Therefore, the comparison between the simulations and the 

measurements carried out on site for the GRP walls without additional layers is good. 

2.7.1 Sandwich panel 

The sandwich panel sound reduction index has been predicted by applying the wave propagation approach 

to a beam specimen and measured by testing the whole panel in sound transmission suites at KTH. A beam 

specimen, length 1.8 m, has been suspended by strings in free-free boundary conditions. An accelerometer 

has been placed at one end and the beam has been hit at the opposite side by using an impact hammer. The 

resulting frequency response function is shown in Figure 13a. For each maximum of the frequency response 

function, it is possible to compute the bending stiffness of the beam. Finally, from the set of the fn, Dxn points 

derived from the measurements it is possible to compute the apparent bending stiffness function and the 

reduction index. Figure 13b shows the comparison between the sound reduction index measured in the 

transmission rooms (bullets) and the sound reduction index computed on the basis of the geometrical and 

material data plus the loss factor measured during the experimental session (solid line). The agreement 

between the two curves is fair, showing only a discrepancy below 160 Hz due to the finite dimensions of 

the tested panel and the baffle effect. 

 

Figure 13: (a) Measured transfer function. (b) Comparison between the sound reduction indices measured 

in sound transmission rooms (solid line) and computed by using the prediction code (bullets) 
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2.8 Optimisation 

Once the applicability of the theory has been demonstrated for the two types of bulkheads considered in this 

paper, it is possible to apply the model by only using the geometrical and materials parameters to predict 

the sound reduction index of bulkheads. 

Considering equation (12), the three coefficients A, B and C can be computed starting from the mass per 

unit area, the cross section, the bending stiffness of the structure, the bending stiffness of a single laminate 

and the shear modulus of the core. Figure 14 shows an example of optimisation study based on a software 

for the prediction of the acoustic performances implemented in MATLAB environment. 

 

Figure 14: Example of reduction index predictions carried out for a GRP panel as a function of the 

thickness (black: 2 mm; blue: 4 mm; red: 8 mm) 

Since the software takes into account the overall behaviour of the panel (low frequency range governed by 

the mass, coincidence region and total losses dominating in the medium high frequency range), different 

configurations can be easily evaluated to identify the most suitable solution. 

3 Conclusions 

This study compares measurements conducted on-site with laboratory measurements based on both 

standardised and innovative methods. It has been shown that, while standardised methods cannot be used 

on large bulkheads, measurements based on innovative methods can give excellent results on sandwich 

partitions and acceptable results on ribbed bulkheads. To obtain results comparable to those on site, the 

laboratory values must be corrected according to the provisions of the ISO 12354 series, in order to take 

into account the flanking transmissions. The resulting predictions are in good agreement with the 

experimental results obtained onboard. 

The methodology allows the acoustic designers to identify “acoustically weak” frequency regions of a 

partition using laboratory and in-situ measurements or simulations, and then to suggest and discuss 

guidelines to improve the sound reduction properties, proposing enhancing treatments such as the use of 

additional absorptive layers. 
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