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The sound transmission loss characteristics of plywood based sandwich panels were 

investigated. Measurements were made of the sound transmission loss of a range of materials 

and used as a baseline for comparison while a sound transmission loss optimisation method 

was developed. A unique test rig was built and calibrated to determine selected mechanical 

properties of materials of interest. The results of sound transmission loss and material 

properties measurements were used to select an appropriate prediction model, which was 

then used in conjunction with a mathematical optimisation model to determine combinations 

of materials and panel parameters which result in improved sound transmission loss. An 

effort was made to reproduce these predictions in experimental testing by constructing 

several prototype panels. 
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Summary 

The background and objectives of the project are 

presented. A literature review was conducted which 

provided background information on the theory and 

measurement of sound transmission loss. The literature 

review also highlighted current and previous work in 

sound transmission loss optimisation, tailoring of 

material properties, and sound transmission loss 

prediction methods. 
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Exposure to noise is a widespread problem and noise sources are extremely varied in type, 

location, and nature. Typical sources include automotive vehicles, aircraft, marine craft, 

industrial plant and machinery, public performances and events, rain and wind, or speech.  

Scientific research indicates that exposure to noise can induce hearing loss, problems of the 

heart and cardiovascular system, sleep disturbance, and annoyance [1]. Also important and 

interesting to note is the fact that noise annoyance (commonly defined as the effects of 

disturbance and discomfort as a result of exposure to noise [2]) is a function of not only the 

level and nature of the noise source, but also on psychological and situational characteristics 

of the affected person [2-4]. These variables not related to the noise itself can include fear of 

danger from the noise source, perception of its importance and preventability, and the 

environment in which noise exposure is being experienced (e.g. public place vs. home). 

It is obvious then that an important part of noise control is education and information to 

alter the perception of those affected. However, treatment of the noise source can prevent 

noise problems from arising in the first place. Good design, use of high quality materials, and 

preventative maintenance tend to be the best methods, and can decrease the running costs 

and wear of machinery. Noise treatment is another method where isolation of the noise 

source and treatment of the receiving environment can lessen the detrimental effects of 

noise. 

The marine industry has noise issues due to engine noise, wave slap, and speech among 

others. In the environments of interest for this project (the interior of yachts and cruise 

ships), noise perception is less of an issue due to the affected person’s conscious decision in 

placing themselves in the environment. However, these environments are typically intended 

to be of high quality, focused on the experience of the passenger, so creating an acoustically 

high performance space is of great importance.  

Current solutions to noise issues in this industry are provided by companies which offer 

products to attenuate noise between areas, and/or absorb it at the source. These include 

foam and fibrous absorption, sandwich panels incorporating metal, wood, and polymer 

materials, and damping treatment (paints and emulsions).  
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The motivation for the project was to improve upon the acoustic performance of one range 

of products, being sandwich panels incorporating plywood face sheets with polymer and/or 

cork cores. 

 

An existing range of plywood based sandwich panels manufactured by Pyrotek Noise 

Control were considered. The objective of the project was to improve their sound 

attenuation by: 

– Gaining an understanding of the physical mechanisms of sound transmission through 

panels. 

– Investigating the influence of constrained damping layers. 

– Developing a method for predicting the sound transmission loss (STL) of panels to 

aid in development. 

– Developing improved sandwich panel designs. 
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The nature of direct sound transmission through thin panels depends on several mechanical 

properties, predominantly mass, stiffness, and damping. Figure 1-1 below shows a simplified 

summary of the relationship between these properties and the sound transmission loss 

(henceforth referred to as STL) of a panel.  

 

Figure 1-1 – Typical STL profile of a panel 

 

Cremer and Heckl state (p117, Structure borne sound) that a plate can be described by the 

thin plate theory equations for in and out of plane motion as long as the wavelength for pure 

bending waves in the structure is larger than six times the thickness of the plate.  

As shown in Figure 1-1 there are several frequency ranges in which the STL of a panel is 

reduced due to various mechanisms which are described below. 

According to Fahy and Gardonio [5], the STL at low frequencies in the stiffness controlled 

region depends primarily on the elastic stiffness of the panel mounting, and is insensitive to 

mass and damping. The STL decreases at approximately 6dB per octave. 

The first STL reduction of a finite panel occurs due to resonance and depends on the 

dimensions of the panel, and the speed of sound in the material. At the fundamental 

resonant frequency, STL will be reduced due to higher efficiency in excitation of the panel 

and radiation of sound. This effect occurs at multiples of the fundamental resonant 

frequency with diminishing effect.  



22          Chapter 1 - Introduction and Literature Review    

Pilkey [6] gives equations for the fundamental resonant frequencies of isotropic rectangular 

plates. For a simply supported plate: 

   
   

    
 √

   

         
     [Hz]    Equation 1-1 

where: 

            , 

  
  

  
, 

   and    are the width and height of the panel respectively,   is the Young’s modulus of the 

panel,   is its thickness,   is its volumetric density, and   is its Poisson’s ratio. 

Alternatively, for a plate with clamped edges such as a plate clamped in a frame: 

   
  

    
 √

   

         
     [Hz]    Equation 1-2 

where                                  

Above the fundamental resonance, the STL is controlled by the mass per unit area of the 

panel, and increases by 6dB per octave, and 6dB per doubling of mass.  

The second STL reduction occurs due to coincidence of incident sound waves and bending 

waves in the panel. It occurs first at the frequency at which the trace wavelength, the 

component of the incident wavelength which is parallel to the panel surface, is equal to the 

free flexural wavelength of the panel. This is where the wave speed of incident waves and 

bending waves in the panel are equal, and is known as the coincidence frequency. It can be 

calculated by: 

   
  

   
√

         

 
     [Hz]   Equation 1-3 

where   is the speed of sound in air. 

A further effect which sandwich panels are prone to, and which is not shown in Figure 1-1, 

is a third STL reduction due to thickness-resonance. This occurs when the frequency of the 

sound field at a certain incidence angle coincides with the thickness-resonance frequency of 

the sandwich panel, resulting in low STL. This effect is also known as dilatational resonance. 
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The particular frequency of the thickness-resonance is controlled by the mass of the face 

sheets, and the stiffness and thickness of the core according to [7]: 

   
 

  
√

          

       
     [Hz]   Equation 1-4 

where     is the surface density of each face sheet,              [kg/m2], 

and   is its index number,       

Transmission of sound through panels at each of these frequencies is more efficient due to 

the frequency coupling of incident sound waves and of waves in the panel. Therefore, the 

STL will be correspondingly lower.   

Much work has been done on investigating the interrelationships of physical and mechanical 

properties and their effect on the sound transmission characteristics of panels [8-13]. These 

properties and their use in STL optimisation is discussed in further detail in the following 

sections. 

 

ISO15186-1 [14] describes the procedures which are to be followed for laboratory 

measurement of sound insulation of building elements in a laboratory environment. It is an 

evolutionary alternative to parts of the ISO 140 series. Measurement is made by the intensity 

method, using data acquisition equipment with phase matched microphones.  

Sound pressure level (SPL) is defined as ten times the logarithm to the base ten of the ratio of 

the space and time average of the sound pressure squared to the square of the reference 

sound pressure. 

Sound intensity is defined as the time averaged flow of sound energy per unit area oriented 

normal to the local particle velocity. Normal sound intensity at the sample surface is: 

    
 

 
∫              

 

 
     [W/m2]   Equation 1-5 

where      is the instantaneous sound pressure [Pa],       is the instantaneous particle 

velocity normal to the measurement surface [ms-1], and   is the averaging time [s]. 
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Sound intensity level (SIL) is calculated as follows: 

        
  

  
     [dB]    Equation 1-6 

where          [W/m2] 

The surface pressure-intensity indicator is used for qualification of the measurement surface, and is 

calculated by: 

              Equation 1-7 

where    is the sound pressure level [dB]. 

The test method involves mounting the test sample in an opening between two adjacent 

rooms; a sound source room, and a receiving room. A sound field is generated in the source 

room using loudspeakers while the average sound pressure level is measured in the source 

room and the average sound intensity level is measured at the panel surface in the receiving 

room. The requirements of the rooms, generation of the sound field, and measurement of 

the source room sound pressure level are stipulated in parts 1 and 3 of the ISO 140 series 

[15, 16]. 

ISO 15186-1 states that the source room and opening for mounting the test sample must 

meet the requirements of ISO 140-1, while the receiving room must have satisfactory 

background noise and field indicator (FpI) levels. The background noise must be at least 10dB 

lower than both the source room SPL and the receiving room SIL, and background noise 

must be at least 15dB below the SPL in all one third octave frequency bands in the receiving 

room. ISO 140-1 states that the volume of the source room shall be at least 50 m3, that the 

reverberation time should not be excessively long, and that the sound field in the source 

room should be diffuse. ISO 140-1 states that the size of the test opening should be 

approximately 10 m2. And while this area may be reduced, the results will become more 

sensitive to edge constraint mounting conditions and local variations in the sound field. 

The test specimen shall meet the requirements of ISO 140-3 or, for small building elements, 

ISO 140-10.  

The sound field generated in the source room should be steady, and white noise is 

recommended. It must also be as diffuse as possible, to minimize direct radiation on the test 
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sample. The sound field spectrum should not differ in level between adjacent one third 

octave bands by more than 6 dB. 

 

Weighted sound reduction index (RW) 

AS/NZS ISO 717-1 [17] gives guidance on the calculation of the single number rating RW 

which quantifies the sound insulation of partitions.  

The single number rating is derived by applying a reference contour to the STL curve, and 

moving the contour until deviations from the STL curve are minimised. The single number 

rating is then the value of the reference curve at 500 Hz. There are some other requirements 

also, which are described below.  

 

Figure 1-2 – Reference curve for calculating single number ratings of STL values 

measured in 1/3 octave bands 

The reference curve shown in Figure 1-2 above is compared to the STL measurement values 

between and including the frequencies 100 Hz and 3150 Hz. The reference curve is moved 

down until the sum of deviations is less than 32 dB. Only deviations whereby the 

measurement value in the one third octave band is less than the reference curve value should 

be considered. The RW value is then the value of the reference curve at 500 Hz. 
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In addition to the Rw single number rating, ISO 717-1 describes a methodology to calculate 

other Rw based single number ratings which incorporate adaption terms. They are Rw+C, and 

Rw+Ctr.  

Rw+C is similar to Rw but uses the adaption term C to account for noise sources such as a 

pink noise spectrum. The adaption term in Rw+Ctr accounts for traffic noise as a source. The 

adaption terms are calculated respectively by using an A-weighted pink noise spectrum or an 

A-weighted traffic noise spectrum. The adaption terms are also intended to adjust the 

weighted sound reduction index (RW) for STL curves with particularly low values in a single 

frequency band. 

Sound transmission class (STC) 

STC is calculated in a very similar fashion to RW. The key differences are that the frequency 

range of measurements and the reference curve is 100 Hz to 4000 Hz (extended by one 

upper one third octave band), the STL values are rounded to the nearest integer, the sum of 

deviations should be less than or equal to 32 dB, and the measurement may not deviate by 

more than 8 dB from the reference curve in any one third octave band. 

 

When dealing with isotropic and semi-isotropic panels, several different approaches can be 

used for prediction of the transmission of airborne sound; the classical approach, statistical 

energy analysis, or numerical models. 

The classical approach was used by Davy for predicting the STL of single leaf walls [18]. 

Davy’s model is based on Cremer’s model which is most useful at frequencies greater than 

twice the panel critical frequency. Davy adapted Cremer’s model, allowing it to be applied 

down to the coincidence frequency, by replacing the approximation of infinite single sided 

radiation efficiency (of unity) with more precise finite single sided radiation efficiency theory. 

This allows this part of the theory to be applied down to the critical frequency of the panel, 

and below the critical frequency the same approach was used with a fixed coincidence angle 

of 90°. Davy also used a shear wave correction factor to account for bending to shear wave 

transition at high frequencies.   

Figure 1-3 below shows comparisons of the Davy model with experimental data measured by 

the National Research Council of Canada (NRCC) for 13mm gypsum plasterboard. The 

model agrees well over the mass law region, and in the location of the panel coincidence dip. 
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Figure 1-3 – STL of 13mm gypsum plasterboard without studs, and on studs with 

spacing of 400mm and 600mm on centres.  

Wang et al extended the classical approach in [19, 20] by adding equations for dilatational 

thickness-stretch symmetric vibration modes, and calling it higher-order sandwich plate 

theory (HSAPT). A basic indication that the core of a sandwich panel is compressible and 

susceptible to dilatational vibration modes is when the ratio of Young’s moduli of the face 

sheets and core is between 500 and 1000. ‘Predicting the Sound Transmission Loss of 

Sandwich Panels by Statistical Energy Analysis Approach’ [20] used SEA in combination 

with HSAPT to predict the transmission loss of sandwich panels. Equations for transverse 

velocities of the face and core of panels were used to derive STL. The equations allow for 

symmetric and antisymmetric modes of vibration, where the antisymmetric modes are simple 

bending, and the symmetric modes are associated with higher frequencies causing 

dilation/contraction of the sandwich panel thickness. Wang et al explain that the impedances 

of the symmetric and antisymmetric vibration modes have a partially inverse relationship, 

and when equal, will result in cancellation phenomenon in the outer face sheet which 

corresponds to a peak in STL at that frequency. The results from the combined classical and 

SEA approach agreed well with experiment, as shown in Figure 1-4 below. 
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Figure 1-4 – SEA compared to experimental results where ‘Present’ is the SEA 

analysis 

Wang states in [21] that the classic models with HSAPT are more appropriate for STL 

prediction of sandwich panels than the SEA model. This was attributed to the fact that the 

SEA model is based on the simplified equivalent layer sandwich panel model which does not 

account for dilatational vibration modes.  

Anders investigated the sound propagation properties of sandwich panels in [22], but 

assumed that all individual panels under consideration behaved isotropically. Anders’ 

sandwich structures were PVC foam core with double biased E-glass cloth face sheets, of 

overall thickness 14mm and 42mm. Anders built a combined finite element and coupled 

finite element/ boundary element simulation, using the software LMS Virtual Lab, to 

calculate the STL of the panels. Anders also used a commercial prediction modelling 

software, Insul, to predict the STL of his panels for comparative purposes. No material 

damping was considered in the FEM model and he concluded that the lack of damping, as 

well as the assumption that the panels behave isotropically, was the fault that caused poor 

agreement between the two prediction methods and experiment. A comparison of Anders’ 

results for the thinner of his two panels is shown in Figure 1-5 below. 
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Figure 1-5 – Comparison of Anders’ predictions and experiment 

The three different STL curves are only comparable in their respective mass law regions. 

Anders also stated that the Insul analytical algorithms do not account for resonance 

phenomena to explain the lack of agreement about the first STL dip. Overall, Anders 

concluded that models using thin isotropic plates fail to account for the complex nature of 

sound transmission through the type sandwich panels in his research. 

The material properties required to numerically or analytically model the transmission loss of 

materials are not often readily available. Anders used an impact measurement test to excite 

the Eigen frequencies of a sample and find the corresponding Young’s modulus of his 

sandwich panels, an approach which is described in the following sections.  

 

Dym and Lang’s improved classical model [10] was used to investigate the behaviour of 

sandwich panels with elastic isotropic face sheets and elastic orthotropic cores. The 

theoretical investigation included varying the ratio of face sheet thicknesses. While the total 

thickness (t1 + t2) was kept constant to avoid mass law effects, increasing the thickness ratio 

raised the critical frequency, as well as lowering the average STL above the critical frequency.  

‘Optimization of Anisotropic Sandwich Beams for Higher Sound Transmission Loss’ [12] 

had a similar objective to work described in this thesis. Though only numerical panel models 

were used, the effects of the thickness of face and core layers, and the material properties of 

the core on STL were investigated. Asymmetrical face thicknesses, of 1mm on the incident 

side and 9mm on the reflected side, had a significant STL advantage over symmetrical face 

thicknesses. Additionally, anisotropic properties in the core material achieved increased 

sound transmission loss.  
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An approach used by Anders [22] in order to obtain the necessary properties of his panels to 

model their acoustic performance was to measure the dynamic response and physical 

properties of small beams of materials. ASTM E756 describes a standardised test method for 

this process.  

 

ASTM E756 [23] specifies procedures for measuring the properties of materials such as 

damping loss factor, Young’s modulus, and shear modulus. The method gives guidance on 

the preparation of cantilever beam samples, which are then dynamically excited while 

measuring their response to allow calculation of the desired metrics.  

The method allows for the measurement of single materials, or of materials in combination 

(such as sandwich constructions, or free layer damping) using the beam formats shown in 

Figure 1-6 below.  

 

Figure 1-6 – Form of beam samples for measurement by ASTM E756 

The discrete properties of damping materials (applied as a free-layer or a constrained-layer 

damper) are determined by measuring a base beam, and then an oberst beam. 

A free-layer damper is defined as a surface treatment to a structure to reduce vibration by 

energy dissipation through cyclic tension-compression deformation. 
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A constrained-layer damper is defined as a bonded layer between a structure and an outer 

constraining layer to reduce vibration by energy dissipation through cyclic shear deformation.  

The test beam is clamped in a fixture which is placed in an environmental chamber. The text 

fixture securely holds the beam in a cantilever configuration, and also holds two transducers; 

one of which excites the beam, while the other measures its response. The typical 

experimental setup is shown in Figure 1-7 below. 

 

Figure 1-7 – Typical material properties measurement test setup 

It is stated that non-contact transducers are recommended for excitation and measurement 

of the beam to avoid adding damping and mass to the system by attaching equipment to the 

beam. A sinusoidal or random noise sample can be used to excite the beam.  

The environmental chamber should monitor and stabilise the temperature of the test 

environment. It may also control other variables such as humidity and pressure. The 

temperature is incremented in steps of 5 °C or 10 °C, and at each temperature the beam is 

excited and its impulse response measured. It is recommended that four or more resonant 

modes are measured in the impulse response (shown in Figure 1-8 below). 



32          Chapter 1 - Introduction and Literature Review    

 

Figure 1-8 – Typical impulse response of a beam 

Using the resonant frequencies measured, the Young’s modulus and damping loss factor of 

the material can be calculated.  

The Young’s modulus is calculated at each resonant frequency using: 

  
        

  

     
  

     Equation 1-8 

where   is the density of the beam, l is its unsupported, fn is the resonant frequency, t is the 

beam thickness, and for the beam’s first five resonant modes:  

                                       

The damping loss factor is calculated at each resonant frequency (  ) by: 

   
   

  
    Equation 1-9 

where    , the half power bandwidth of the beam, is calculated by finding the frequencies 

above and below the resonant frequency (  ) whose amplitude is 3 dB below the value at   . 

This is also known as the half power bandwidth. 

 

It is well documented that the material properties of sandwich panels are frequency 

dependent, particularly bending stiffness and damping loss factor. Fahy [5] described the 

behaviour of transverse wave propagation in a sandwich beam (of construction where the 

stiffness of the core material is low compared to the face sheet stiffness) as being controlled 
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by the overall beam bending stiffness at low frequencies, by the central layer shear stiffness at 

mid frequencies, and by the face sheet bending stiffness at high frequencies. 

Nilsson [11, 24, 25] investigated sandwich panels with thick (25-75 mm) lightweight cores 

with thin (3-6 mm) stiff face sheets, while assuming that the core and face sheets behaved 

isotropically. The equations used to model the deflection of the core account for bending, 

shear, and rotation, as well as longitudinal deflection. He stated that bending stiffness of a 

sandwich plate decreases with increasing frequency and attributed this to shear and rotation 

effects in the core. Nilsson gave an equation for a first approximation of the bending 

stiffness of a plate based on the mechanical properties of its constituent materials, as below: 

            
  

                
  

 
       

   Equation 1-10 

where Ei is Young’s modulus, the neutral axis for an asymmetric plate    
       

   

 
 

             
, 

and the thicknesses of the constituent components are described as in Figure 1-9 below: 

 

Figure 1-9 – Geometric parameters for calculating bending stiffness of plates 

Nilsson used the set of equations to derive a model for the sound transmission loss of 

panels, whose predictions were compared to some measurements. The accuracy of the 

predictions of the variation of bending stiffness and damping loss factor was also tested by 

measurement. The agreement between prediction and measurement was close, as shown in 

Figure 1-10 and Figure 1-11 below. The measurements of bending stiffness and damping loss 

factor were made by cutting 1.4m x 10cm beam samples out of the sandwich plates, 

horizontally suspending these by threads to simulate free-free boundary conditions, and 

measuring their impulse response with accelerometers mounted at the ends of the beams. 
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The half-power bandwidth method was used for determining the damping loss factors of the 

beams. 

 

Figure 1-10 – Frequency dependence of bending stiffness and equivalent Young’s 

modulus, where ‘–’ is predicted, and ‘o’ is measured.   

Nilsson stated that when only shear effects in the core were considered in the equations, the 

predicted bending stiffness differed from measurement by approximately 50% in the mid 

frequency region.  

 

Figure 1-11 – Frequency dependence of damping loss factor, where ‘–’ is predicted, 

and ‘o’ is measured.   

Nilsson concluded that the damping loss factor of a sandwich construction is controlled by 

the loss factors of the face sheets in the low and high frequency ranges. And in the mid 

frequency range, the overall loss factor is dominated by shear and rotational effects in the 

core. 
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Figure 1-12 – Comparison of predictions by Nilsson model and measured results, 

where ‘–––’ is predicted sandwich plate, ‘o o o’ is measured sandwich plate, ‘− ∙ −’ is 

predicted laminate, ‘x x x’ is measured laminate, and ‘- - -’ is sandwich plate mass 

law. 
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Summary 

Methodologies for the analysis and prediction of the 

STL of panels and the determination of material 

properties are described. Descriptions of the facilities, 

equipment, and materials used are provided.  
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A range of materials were investigated through both measurement and prediction of their 

STL. The primary focus was on constrained layer sandwich panels, which included plywood 

and gypsum plasterboard systems, but some additions such as limp noise barriers and 

isotropic materials were included. While some materials were orthotropic in nature, none 

were highly orthotropic. Ratios of Young’s modulus measured parallel to the wood grain to 

those measured perpendicular to the grain all fall below 2.5. For prediction modelling, all 

materials were assumed to be isotropic, according to the requirements explained in section 

1.2.3. 

As such, single numbers are presented in the following sections for properties of semi-

orthotropic materials (predominantly plywood based sandwich constructions) which may in 

fact be directional. A full set of measurements are presented in Appendix A. 

 

Experimental determination of STL was the important first stage in quantifying the relative 

performance of the range of materials and gaining an understanding of the primary 

mechanisms which govern their STL. The testing was carried out in the Department of 

Mechanical Engineering’s STL suite at the University of Canterbury. The experimental 

methodology used was based on the procedures described in ISO 15186-1, but does not fully 

comply with the method due to some departures which are described in the following 

sections. 

 

The sound transmission loss suite consists of a reverberation room adjacently connected to a 

semi anechoic room by a test opening which contains a frame for quick mounting of panels 

by clamping their perimeter.  

The frame opening is 1550 mm x 950 mm and panels butt up against a lip with a seal. The 

dimensions of the lip are such that the dimensions of the exposed panel are 1500 mm x 900 

mm.  

The reverberation room has a right-angled trapezoidal plan with diffusers, as shown in 

Figure 2-1 and Figure 2-3 below.  
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Figure 2-1 – Transmission loss suite layout (all dimensions in mm) 

The receiving semi anechoic room has sound absorption material covering all surfaces to 

reduce reflection of transmitted sound, as specified by ISO 15186-1. 

No two dimensions in the reverberation room are equal or in the ratio of small whole 

numbers.  The volume of the room is 216.8 m3. The total surface area of the reverberation 

room boundaries, including diffusing elements, is 299.3 m2.  

 

Table 2-1 – Equipment used for measurements 

Description Manufacturer Model Serial # 

Analyser Brüel & Kjær 
PULSE C Frame with 7539 5 
Chanel Module 

2483932 

Handheld Analyser Brüel & Kjær 2260 1894145 

Intensity Probe Brüel & Kjær  3595 2680306 

Acoustic Calibrator Brüel & Kjær 4231 1934296 

Dodecahedron Loudspeaker Brüel & Kjær OmniPower 4296 2071500 

Dodecahedron Amplifier Brüel & Kjær 2716 2301358 

Microphones Brüel & Kjær 4189-L 

2573559 
2573560 
2573561 
2573562 
2573563 
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Generation of the sound field 

The sound field in the source room, a pink noise spectrum with a 12.8 kHz low pass filter 

was generated by Brüel & Kjær Pulse software and a Brüel & Kjær Pulse 3560-C data 

acquisition unit. The signal was amplified by a Brüel & Kjær 2716 unit and fed to a Brüel & 

Kjær 4296 omnidirectional speaker located in the reverberation room.  

Measurement of the sound field 

The sound pressure level in the source (reverberation) room was measured according to ISO 

15186-1 using 5 Brüel & Kjær 4189 free field microphones connected to the Brüel & Kjær 

Pulse 3560-C Pulse data acquisition unit in the control room. Microphones were placed at 

locations in accordance with ISO 15186-1 with minimum distances from surrounding 

surfaces of 1m.    

In the receiving (semi anechoic) room, the surface of each test sample was scanned 

according to the method described in ISO 15186-1 using a Brüel & Kjær 2260 Investigator 

running Brüel & Kjær BZ7205 sound intensity software and a Brüel & Kjær 3595 sound 

intensity probe kit. A set of 3 separate intensity measurements were taken for each test 

sample, each consisting of 4 scans of the surface (two horizontal and two vertical) which 

were averaged in real time by the 2260. During scanning the probe was held at a distance of 

100mm – 150mm from the sample surface. The measurement data was exported to a 

personal computer in the form of pressure and intensity levels for further analysis and 

calculation of the STL. 

 

15186-1 was used as a guide for the measurements and deviations from its requirements are 

described below, as well as measures that were taken to conform to the requirements 

described in ISO15186-1. A brief summary of the contents of ISO15186-1 is provided in 

section 1.2.1. 

According to the sub requirements of ISO 140-3, the test opening and specimen should have 

a surface area greater than 10 m2, and the shortest edge should not be less than 2.3 m.  

The test opening in the facilities at the University of Canterbury is 0.95 m wide by 1.55 m 

high. While this is outside of the recommendation of ISO 140-3, historical test data has 
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shown good agreement with measurements made in other laboratory facilities with much 

larger systems. 

 
Figure 2-2 – Test opening 

The sub-requirements of ISO 140-1 state that the volume of the source (reverberation) room 

should be greater than the 50 m3 and that the sound field should be diffuse. The volume of 

the source room is 216.8 m3. In the source room, creation of a diffuse sound field is aided by 

use of five diffuser panels. Each of the five steel faced diffusers has a surface area of 2.88 m2 

and are suspended at random locations and angles in the room, as shown in Figure 2-3 

below. 

 
Figure 2-3 – Diffusers in the source (reverberation) room 

The Schroeder, or crossover frequency of a room is the frequency above which the sound 

field can be considered diffuse [26]. Using the equation below, we can calculate the 

Schroeder frequency of the room. 
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       √
 

 
      Equation 2-1 

where    is the Schroeder frequency,   is a linear average of the reverberation times of the 

empty room over the frequency range of interest, and   is the volume of the room.  

Table 2-2 below shows averages of reverberation time measurements made in the empty 

room on two different dates in June 2011.  

Table 2-2 – Average empty room reverberation times 

⅓ Octave Band Centre 
Frequency [Hz] 

Reverberation 
Time [s] 

100 5.19 

125 4.99 

160 5.16 

200 5.75 

250 6.70 

315 7.06 

400 7.23 

500 6.94 

630 5.94 

800 5.62 

1000 5.34 

1250 4.71 

1600 4.03 

2000 3.84 

2500 3.54 

3150 3.10 

4000 2.67 

5000 2.18 

6300 1.66 

8000 1.27 

10000 0.97 
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Using         , and         , in the equation above,          . This suggests 

that above 302 Hz the sound field in the reverberation room is acceptably diffuse.  

Scanning to measure sound intensity in the receiving room was done with the intensity probe 

normal to, and approximately 100 mm away from the measurement surface at all times. For 

each measurement, the surface was scanned in vertical and horizontal grid patterns as 

specified by ISO 15186-1, and repeated. This time averaged intensity measurement was then 

repeated, and the results averaged to give single STL spectrum for the material. The scanning 

grid pattern is shown in Figure 2-4 below. 

 

Figure 2-4 – Scanning pattern for measurement surface of test material 

 

Gypsum plasterboard systems 

A range of gypsum plasterboard panels were tested singly and in sandwich constructions 

with two types of glue. The gypsum plasterboard panels were 10mm Gib® Standard and 16 

mm Gib Fyreline® by Winstone Wallboards. The two bonding agents were Noiseproofing 

Compound by Green Glue, and ISR 70-03 glue by Simson. The Noiseproofing Compound is 

a viscoelastic water based adhesive, while the Simson ISR glue is a moisture curing synthetic 

polymer adhesive. 
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Table 2-3 – Properties of gypsum plasterboard panels and sandwich panels  

The two glues for the gypsum sandwich panels were applied in different fashions as shown 

in Figure 2-5. The Noiseproofing Compound was applied in a random fashion as per the 

manufacturer’s instructions, and the Simson ISR glue was applied in a spot gluing fashion at 

approximately 250 mm on centres.  

 

Figure 2-5 – Application patterns of Green Glue Noiseproofing Compound (left) and 

Simson ISR glue (right) 

Plywood sandwich panels 

A range of Subdue® panels, of plywood and constrained-layer sandwich construction and 

made by Pyrotek NC, was tested. The face sheets of the sandwich construction are marine 

grade Okoumé plywood (trade name ‘Gaboon’) ranging between three and seven plies per 

side. The core materials consist of a range of densities of mass loaded polymers, crumbed 

cork, and a crumbed cork and rubber combination. Figure 2-6 below shows a range of ply 

Material # Thickness [mm] Bonding Agent (volume) 

2-1 10 N/A 

2-2 16 N/A 

2-3 16 x 2 N/A 

2-4 16 x 2 
Noiseproofing Compound 
(830 mL) 

2-5 16 x 2 Simson ISR glue (87 mL) 
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thicknesses and core types (cork, cork and crumbed rubber, and polymer in left to right 

direction).  

 

Figure 2-6 – A range of Subdue® beam samples; L14/250 (left), L14/650 (centre), 

and X24/2200 (right) 

The mass loaded polymer core is a polyvinyl chloride impregnated with barium powder, 

known as Vibradamp FDF®. Two thicknesses of marine grade plywood of the same timber 

as used in Subdue® products were also tested.  

Table 2-4 – Properties of plywood panels and sandwich panels 

Material 
# 

Product 
Code 

Core 
Material 

Nominal 
thickness 

(ply/core/ply) 
[mm] 

Measured 
thickness 

(total) [mm] 

Measured 
surface density 

[kg/m2] 

2-6 
9 mm 
plywood 

N/A N/A 9.5 5.24 

2-7 
12 mm 
plywood 

N/A N/A 13.4 5.46 

2-8 
18 mm 
plywood 

N/A N/A 18.5 11.3 

2-9 
Subdue 
L14/250 

Cork  4 / 6 / 4  14 6.94 

2-10 
Subdue 
L24/250 

Cork  9 / 6 / 9 24.9 14.4 

2-11 
Subdue 
L14/650 

Cork & 
shredded 
rubber  

4 / 6 / 4  12.9 7.30 

2-12 
Subdue 
L24/650 

Cork & 
shredded 
rubber 

9 / 6 / 9  24 13.6 

2-13 
Subdue 
M14/1500 

Vibradamp 
FDF  

6 / 1.7 / 6 15.2 10.8 
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Limp noise barriers 

Wavebar® is an almost identical material to the Vibradamp FDF® used in Subdue®, but 

with a fabric backing on one side only rather than both sides, and is used as a limp acoustic 

barrier. One sample of 10kgm-2 Wavebar Quadzero® was tested, which is identical to 

Wavebar but with a foil facing in addition to the fabric backing. 

The range of variations of Wavebar® tested is shown in Table 2-5 below. 

Table 2-5 – Properties of Wavebar® tested 

2-14 
Subdue 
M20/1500 

Vibradamp 
FDF  

9 / 1.7 / 9 19.5 10.2 

2-15 
Subdue 
M14/1800 

Vibradamp 
FDF  

6 / 2 / 6 15.8 13.3 

2-16 
Subdue 
M20/1800 

Vibradamp 
FDF  

9 / 2 / 9 21.3 17.3 

2-17 
Subdue 
X12/2000 

Vibradamp 
FDF  

4 / 4 / 4 11.7 11.8 

2-18 
Subdue 
X22/2000 

Vibradamp 
FDF  

9 / 4 / 9 22.3 19.1 

2-19 
Subdue 
X17/2200 

Vibradamp 
FDF  

6 / 5 / 6 18.2 18.6 

2-20 
Subdue 
X18/2200 

Vibradamp 
FDF  

6 / 6 / 6 20.2 23.7 

2-21 
Subdue 
X24/2200 

Vibradamp 
FDF  

9 / 6 / 9 25.5 25.1 

Material 
# 

Nominal surface 
density [ kg/m2] 

Measured surface 
density [kg/m2] 

2-22 2 2.13 

2-23 4 3.89 

2-24 6 5.44 

2-25 8 8.02 

2-26 10 (‘Quadzero’) 10.3 
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The need for a methodology to determine the mechanical properties of materials arose from 

use of prediction models such as the Davy model, ENC, and Insul. The databases of material 

properties contained in the models and software are limited, especially for timber based 

materials.  

The required mechanical properties were obtained by measuring the impulse response of 

small cantilever beam samples of panel materials in a purpose built test rig. The method is 

based on the standard ASTM E756, which is described in section 1.3.1, and is designed for 

measuring the vibration damping properties of materials; typically metals, ceramics, enamels, 

rubbers, plastics, or woods. The method was calibrated by making measurements of the 

impulse response of steel beams with simulated free-free support conditions, as well as three-

point bend tests. 

 

Sound transmission loss 

The STL of a panel depends primarily on three factors; the mass of the panel, its bending 

stiffness, and its damping loss factor, as shown in Figure 1-1, and described in section 0. 

Viscoelastic materials can be used in a sandwich construction in panels to increase STL 

through dissipation of vibrational energy by hysteresis. This damping loss is generally 

effective at high frequencies, in the coincidence controlled STL region, as is shown in Figure 

1-1.  

Mechanical properties of statically loaded beams 

The Young’s modulus of a beam in a three-point bend test can be calculated by the equation: 

  
   

    
     Equation 2-2 

where L is the beam support span, m is the gradient of the linear portion of the load vs. 

deflection curve, b is the beam width, and t is the beam thickness. 
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Mechanical properties of dynamically excited cantilever beams 

The Young’s modulus of a beam which is supported in a fixed-free boundary condition 

configuration and excited by an impact impulse can be calculated at a certain frequency by: 

   
        

  

  
    

     Equation 2-3 

where   is the mass per unit length,   is the unsupported beam length,    is the resonant 

frequency,   is the beam thickness,   is its width, and for the beam’s first five resonant 

modes:  

                                                            

Equation 2-3 above is an alternative form of Equation 1-7 in section 1.3.1. 

Equation 1-8 from section 1.3.1 was used to calculate the damping loss factor at each 

resonant frequency (  ). It is repeated below. 

   
   

  
    Equation 1-8 

where Δfn is the half power bandwidth of the beam.  

Mechanical properties of dynamically excited freely supported beams 

The Young’s modulus and damping loss factor of a freely supported beam can be calculated 

at a certain frequency using the equations above, but where: 

                                                             

 

Three-point bend tests 

Three-point bend tests were conducted when the Young’s modulus of steel beams measured 

by the cantilever beam method did not agree well with commonly cited values for steel.  

The three-point bend tests were conducted using a MTS810 Servo-hydraulic load frame. The 

beams were supported on the lower measurement head with a frame simulating simple 

supports. A load was applied by the top head at the centre point of the beam at a rate of less 

than 0.1 mm/s. The deformation of the beams was measured through part of their linear 
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elastic response region and their stiffnesses calculated using the slope of the measured stress-

strain curves. 

 

Figure 2-7 – Load frame used for three point bend tests. 

Table 2-6 – Properties of beams used in three point bend tests 

Measurement of the impulse response of cantilever beams 

The material properties of the sandwich panels which are required for STL prediction are: 

 Young’s modulus 

 Damping loss factor 

These material properties were measured using a rig designed and built specifically for the 

task. 

Material # Material 
Dimensions  

(l x w x t) [mm] 
Span Length 

(L) [mm] 

Max. 
Displacement 

[mm] 

Density 
[kg/m3] 

2-27 Mild steel 350 x 14.9 x 2.6 150 6 7449 

2-28 Aluminium 350 x 14.9 x 2.6 150 3 2700 



Chapter 2 - Methodology for Sandwich Panel STL Analysis          51 

ASTM E756 (see section 1.3.1) specifies testing procedures for obtaining the material 

properties listed above. The method which was adopted is based on ASTM E756, but 

departs in from the methodology in the following areas for the reasons stated: 

– Temperature control – Tests are to be conducted inside an environmental chamber 

which controls temperature, and possibly other variables such as humidity and 

pressure. This was deemed unrealistic as the beams in consideration were much 

larger than the recommended beam size of the standard (approximately 250mm x 

10mm x 3mm).  

– Beam excitation – The standard strongly recommends the use of non-contact 

transducers to excite and measure the response of the beam. Transducers of this 

type powerful enough to excite the beams samples were not readily available, so 

were substituted by a miniature accelerometer and excitation by an impact hammer. 

– Beam geometry – Metal beams are recommended as a base in the standard, and are 

required to have a well-defined ‘root section’ (a block of material on the clamping 

end of the beam). This was unrealistic due to the nature of the materials being 

tested. The same aspect ratio as recommended for beam sizes was retained, but 

overall beam size was scaled up to account for the thickness of the sandwich panels. 

The test rig was designed and built to securely hold test samples and measure their dynamic 

properties in as close a manner as possible to ASTM E756. This was achieved through 

vibratory excitation of beam samples and measurement of the response spectrum. The high 

mass of the headstock simulates fixed-free boundary conditions. The headstock has a 

floating top block to allow three degrees of rotational freedom and the application of an 

even clamping force. 

The beam samples were clamped in the headstock, which was tightened to a consistent 

torque for each test. A miniature accelerometer was secured to the beam in one of three 

approximate positions; three, five, or six eighths of the unsupported beam length from the 

headstock. These positions were chosen to avoid obvious vibration nodes in the beam. In 

each of the accelerometer positions, the beams were excited using an impact hammer and 

their response recorded using a National Instruments (NI) data acquisition system. The 

experimental setup is shown in Figure 2-8 below. 
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Figure 2-8 – Test rig with a plywood sandwich panel beam and accelerometer 

mounted. 

The accelerometer was connected via a BNC connector to the NI module which relayed the 

signal to a PC running NI Labview. Custom Labview code allows beam resonances to be 

read from an FFT of the beam’s response, and for the beam’s Young’s modulus and 

damping loss factor to be calculated. The interface of the Labview code is shown in Figure 

2-9 below.  

 

Figure 2-9 – Labview program interface 
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Originally, a Brüel & Kjær Pulse unit was used as the DAQ, but was delivering noisy 

accelerometer readings. The change to using a NI/Labview data acquisition system resolved 

this issue, as shown in the comparison of typical impulse response readings in Figure 2-12 

below.   

 

Figure 2-10 – Typical impulse response readings from Pulse DAQ (left) and 

NI/Labview DAQ (right) 

The Labview code interface requires several input parameters and some user interaction to 

save a results file of material properties. Firstly, the geometric properties of the beam 

(thickness, width, and its unsupported/cantilever length) and its density must be entered. 

The user can then start the measurement. When the impulse response is recorded, the user 

stops the measurement and must select the individual resonance peaks using the upper right 

plot. For each of these peaks (when the correct peak number index is used), the Young’s 

modulus and damping loss factors can be stored. Once this is done for five resonance peaks, 

the user can store the results file in a location of their choice. The Labview code is presented 

in Appendix B. 

Table 2-7 below describes the properties of the beams which were measured by the 

cantilever beam method. For all plywood based materials, two beams were measured; one 

with the grain direction of the face sheets parallel to the beam length direction; and one with 

the grain direction perpendicular to the length. For further description of the materials listed, 

see the relevant sub-sections of section 2.1.4. 
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Table 2-7 – Properties of cantilever beams used in material properties test rig 

* Two beam lengths are presented, for parallel and perpendicular grain direction beams 

respectively. 

Material # 
Dimensions  

(l x w x t) [mm] 
Unsupported Length 

(L) [mm] * 

2-27 (Mild steel) 350 x 14.9 x 2.6 150 

2-2 (16 mm gypsum plasterboard) 899.5 x 50.1 x 16.2 772.5 

2-4 (Noiseproofing Compound sandwich panel) 899.5 x 49.8 x 32.5 772 

2-5 (Simson ISR glue sandwich panel) 899.5 x 50 x 33 772.5 

2-7 (13 mm plywood) 400.5 x 52.2 x 13.4 301, 302.5 

2-8 (18 mm plywood) 509.5 x 52 x 18.5 380.5, 380.5 

2-9 (Subdue L14/250) 509.5 x 52 x 14 380, 380 

2-10 (Subdue L24/250) 509.5 x 52 x 24.9 380, 380 

2-11 (Subdue L14/650) 509.5 x 52 x 12.9 380, 380 

2-12 (Subdue L24/650)  509.5 x 52 x 24 380, 380 

2-13 (Subdue M14/1500) 509.5 x 52 x 15.2 380.5, 380.5 

2-14 (Subdue M20/1500) 509.5 x 52 x 19.5 379.5, 379.5 

2-15 (Subdue M14/1800) 509.5 x 52 x 15.8 380, 380 

2-16 (Subdue M20/1800) 509.5 x 52 x 21.3 380, 380 

2-17 (Subdue X12/2000) 509.5 x 52 x 11.7 381, 380 

2-18 (Subdue X22/2000) 509.5 x 52 x 22.3 380, 380 

2-19 (Subdue X17/2200) 509.5 x 52 x 18.2 380, 380 

2-20 (Subdue X18/2200) 509.5 x 52 x 20.2 380, 380.5 

2-21 (Subdue X24/2200) 509.5 x 52 x 25.5 380, 380 
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During the development of the cantilever beam measurement system, the frequency at which 

the Young’s modulus and damping loss factor should be determined was considered. In fact, 

the mechanical properties of the beams are dependent not only on physical parameters, but 

on the frequency of excitation as well.  

A simple modification was made to the measurement method whereby more resonant 

frequencies of the beam were measured. Approximately twenty resonances were measured 

for each beam, by measuring five frequencies at a given cantilever beam length, and altering 

the beam length to measure new resonant frequencies. The Young’s modulus and damping 

loss factor were then calculated at each of these frequencies, giving a trend which could be 

extrapolated over the frequency range of a typical STL measurement. 

Due to the labour intensive nature of this method, it was only employed for a couple of the 

original plywood sandwich materials, as shown in Table 2-8 below. These were two of the 

materials whose STL predictions had the least agreement with measurement. 

Table 2-8 – Properties of beams measured according to frequency dependent material 

properties method 

Figure 2-11 below shows a comparison of the measured STL of Materials 2-6 and 2-12, and 

the predicted STL which uses static material properties. It is apparent that the prediction 

model is calculating the coincidence critical frequency at almost an octave below the 

measured location. See section 3.3.2 for results of the prediction model using frequency 

dependent material properties. 

Material # 
Dimensions  

(l x w x t) [mm] 
Unsupported Length (L) [mm] 

2-10 (Subdue L24/250) 509.5 x 52 x 24.9 Many. See Appendix A 

2-15 (Subdue M14/1800) 509.5 x 52 x 15.8 Many. See Appendix A 
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Figure 2-11 – Comparison of measured and predicted STL for two materials 

Once sufficient measurements were obtained for each material, the Young’s modulus and 

damping loss factor data was collated for each beam and trend lines were applied in order to 

extrapolate the frequency range. During this stage, any extreme outliers were removed from 

the dataset, as shown in Figure 2-12 below. 

 

Figure 2-12 – Typical Young’s modulus measurement curve fitting for a plywood 

sandwich construction cantilever beam; with (left) and without (right) outliers. 

A power trend line was the best fit for the Young’s modulus data, while a straight line 

(logarithmic scale) was chosen for damping loss measurements due to large variability of 

results of up to 50% relative standard deviation from the trend line. A typical damping loss 

measurement set is shown in Figure 2-13 below. 
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Figure 2-13 – Typical frequency dependent damping loss factor measurements of a 

plywood sandwich construction cantilever beam. 

The variability at higher frequencies is typical of the measurements.  

Measurement of the impulse response of freely supported beams 

The impulse response of the beam samples can be measured using simulated free-free 

support conditions as an alternative to the cantilever beam method. The methodology is 

similar but for different sample mounting and equations used (see section 2.2.2). 

Measurements with freely supported beams were made to establish the level of agreement 

with cantilever beam measurements and three-point bend tests, and to establish the level of 

influence of the support conditions of the beams, and whether a perfect fixed end condition 

was achieved in the cantilever beam method. 

Samples were hung vertically by a thin thread, and an accelerometer mounted near the low 

hanging end of the beam. 

The methodology described in the section above (Measurement of the impulse response of 

cantilever beams) was followed for acquiring and processing data, but different resonant 

mode coefficients (  ) were used (see section 2.2.2). 

The properties of the freely supported beams tested are shown in Table 2-9 below. 
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Table 2-9 – Properties of freely supported beams 

Instrumentation 

The instrumentation used for the two variations of resonance testing is listed in Table 2-10 

below. 

Table 2-10 – Measurement Instrumentation 

 

 

Material # Dimensions (l x w x t) [mm] 

2-27 (mild steel) 350 x 14.9 x 2.6 

2-8 (18 mm plywood) 509.5 x 52 x 18.5 

2-17 (Subdue X12/2000) 510 x 52.2 x 11.7 

Description Manufacturer Model Serial No. 

Accelerometer Brüel & Kjær 4519 4519-003 53413 

DAQ Chassis National Instruments cDAQ-9172 123B7F6 

DAQ Module National Instruments 9234 153CC17 

Impact Hammer PCB Piezotronics T086C01 24883 
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Figure 2-14 – A comparison between measurements and predictions for several 

different models (using measured material properties) for 16 mm gypsum 

plasterboard. 

The classical approach was chosen for predicting STL due to its low computational cost, 

availability of a variety of different models and formats, and transparency in terms of the 

classical equations used. Several different software packages were available utilizing different 

forms of the classical equations. 

Insul® supplied by Marshall Day Acoustics can be used to calculate the STL of single panels, 

multi leaf partitions, and other materials. It calculates the STL of single panels using mass law 

and critical frequency formulae, and custom materials can be included using several 

parameters such as Young’s modulus, damping, and density. 

ENC is an accompaniment to Engineering Noise Control [27] and the formulae it utilises are 

described and derived in the text. ENC contains models derived by Sharp and Davy, both of 

which use equations for mass law behaviour between the first panel resonances and the 

critical frequency, and damping based equations above the critical frequency. 

Sharp’s model in the mass law range uses a constant value for angle of incidence of 

approximately 78°. Sharp’s mass law equations also assume that the panel is limp, so 

thick/stiff panels may deviate from the predicted performance. 
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Both models contain adjustment factors derived by comparing agreement with measured 

results. The Davy model is generally more accurate at low frequencies while the Sharp model 

performs better around the panel’s critical frequency[27]. 

The Davy model was chosen due to good agreement with measurement, particularly in the 

mass law region, and ease of use. A spreadsheet form of the model was supplied following 

personal correspondence with John Davy.  

The model was ported to Matlab to increase ease of use and ease batch processing of 

material properties results. The associated code is included in Appendix B. 

 

The material properties measurement results files are read by the Davy model Matlab code 

(see Appendix B), which calculates the STL of the material, single number ratings, and 

average material properties.  

The two beam measurements for each material are linearly averaged after the Young’s 

moduli and damping loss factors are calculated to provide single ‘isotropic’ metrics for each 

material. However, the STL is calculated for each individual beam (parallel and perpendicular 

grain directions), and the STL of the two are then logarithmically averaged according to the 

general equation below.  

               
   
  

      
   
  

            
   
  

    Equation 2-4 

where     are the levels to be averaged, and    is the corresponding average level. 

This provides a single STL profile for the material, but widens the coincidence dip and 

accounts somewhat for the effect of the dual stiffnesses of the panel. 

Predictions were performed following measurements by the impulse response of cantilever 

beams method for the materials shown in Table 2-7. 
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Summary 

Analysis of the STL of a range of materials provided 

insight on the controlling mechanisms and how these 

might be manipulated to enhance the STL. Mass loaded 

PVC core sandwich panels were found to have higher 

STL and damping than most other constructions. 

Measurement of material properties allowed the 

prediction of STL with relatively good agreement with 

the measured STL. Measuring frequency dependent 

material properties and using them in the prediction 

model produced better results but was significantly more 

labour intensive. 
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Using methodology for the measurement of STL (outlined in section 2.1) in dedicated 

laboratory facilities, the STL of materials potentially suitable for use in sandwich panel 

constructions was quantified. The results and analysis are presented in the following sub-

sections. 

 

Gypsum plasterboard is a relatively good sound insulator. It has little inherent damping and 

its high mass provides good sound attenuation. As shown in Figure 3-1 below, it has a 

slightly higher coincidence critical frequency than a similar thickness plywood panel due to 

its lower Young’s modulus. However, plywood’s durability, strength, and aesthetics can make 

it a more attractive building material. It is worth noting that the STL profile of the plywood 

panel resembles very closely that of the isotropic gypsum plasterboard. This supports the 

assumption used in prediction modelling that the plywood materials behave isotropically. 

 

Figure 3-1 – Comparison of measured STL of plasterboard and plywood panels 

Figure 3-2 below shows a comparison of the STL of different gypsum plasterboard based 

panel systems. The one third octave band STL values measured are presented in Table 3-1 

below, and further description of the materials listed is presented in the relevant sub-sections 

of section 2.1.4. 
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Figure 3-2 – Measured STL of gypsum plasterboard systems 

The Noisproofing Compound had the highest STL of the gypsum plasterboard sandwich 

panel systems tested, but did not provide as large an improvement as hoped. While the 

increase in STL above the critical frequency is due to the damping of the constrained layer, 

the additional STL points below the critical frequency of the panel are unlikely to be due to 

damping effects. Different amounts of adhesive were used for the two bonded systems (87 

mL Simson glue, 830 mL Noiseproofing Compound) so the additional STL is likely to be 

due to the additional mass.  
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Table 3-1 – Measured STL of gypsum plasterboard panels and sandwich panels 

 

  

⅓ Octave 
Band 

Centre 
Frequenc

y [Hz] 

STL [dB] 

2-1 (10 mm 
gypsum 

plasterboard
) 

2-2 (16 mm 
gypsum 

plasterboard
) 

2-3 (16 
mm 

sandwic
h panel) 

2-4 
(Noiseproofing 

Compound 
sandwich panel) 

2-5 (Simson 
ISR glue 
sandwich 

panel) 

100 13.4 17.6 21.6 20.8 19.5 

125 14.0 20.0 24.4 24.2 24.2 

160 17.4 23.3 30.3 32.0 31.1 

200 17.3 23.2 28.2 31.9 29.9 

250 21.4 26.7 30.7 33.0 32.2 

315 22.2 27.0 31.4 33.3 32.0 

400 23.6 29.1 33.3 34.9 32.9 

500 25.8 31.0 32.8 35.9 33.7 

630 26.6 31.4 32.2 36.4 33.6 

800 28.9 33.3 33.3 38.1 33.9 

1000 30.5 34.2 35.7 39.8 35.3 

1250 31.6 34.4 37.2 40.6 37.2 

1600 33.2 30.3 35.4 39.4 37.0 

2000 33.3 26.8 32.4 37.7 34.2 

2500 31.8 29.3 34.9 39.6 35.5 

3150 24.7 33.7 40.2 43.9 39.4 

4000 25.6 37.6 43.9 47.7 42.3 

5000 31.2 40.7 46.5 51.1 45.2 

6300 35.0 43.4 48.7 54.2 47.8 

8000 38.6 46.3 51.3 57.0 50.8 

10000 41.3 48.6 54.6 59.4 53.0 

STC [dB] 28 31 35 39 36 

Rw [dB] 29 31 35 39 35 
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Sixteen variations of plywood based panels and sandwich panels were tested, which are 

further described in section 2.1.4. Figure 3-3 through Figure 3-5 below show the measured 

STL, while Table 3-2 and Table 3-3 present the one third octave band data. 

 

Figure 3-3 – Measured STL of plywood and light-weight plywood sandwich panels 

 

Figure 3-4 – Measured STL of mid-weight plywood sandwich panels 
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Figure 3-5 – Measured STL of heavy-weight plywood sandwich panels 

Many of the STL measurements exhibit a peak in the 160 Hz one third octave band. This 

was initially thought to be a one quarter wavelength resonance problem in the receiving 

(semi-anechoic) room. As shown in the equation below, the one quarter wavelength 

corresponding to a frequency of 160 Hz is 0.54 m. 

  
 

 
 

   

   
      [m]   Equation 3-1 

where   is wavelength,    is the speed of sound in air, and   is frequency. 

The nearest distance from the test opening to a wall in the receiving room is approximately 

1.5 m, so it is unlikely that there is a reflection node at a wall causing reflected sound energy 

to affect the sound intensity measurements at the scanning surface. Additionally, as can be 

seen in Figure 2-1, there are no walls parallel to the test opening, which reduces the 

likelihood of transmitted sound waves reflecting from walls back to the scanning surface. 

A more likely explanation is that the fundamental resonances of bending waves in the test 

panel occur at approximately 160 Hz, thus affecting the radiation efficiency of the panel. The 

equations below show the approximate fundamental frequency of bending waves in the 

panel in two directions; across its height (1.5 m); and across its width (0.90 m). It is assumed 

that the edges of the panel are vibration nodes.  
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     [Hz]   Equation 3-2 

   
 

 
 

   

        
     [Hz]   Equation 3-3 

   and   are in the one third octave bands above and below the 160 Hz one third octave 

band. Therefore, the apparent peak at 160 Hz may rather be a dip in the one third octave 

bands above and below that frequency due to increased radiation efficiency of the test panel. 

It became obvious from STL measurement results that some of the plywood sandwich 

panels have a characteristic pronounced coincidence frequency dip in the most sensitive 

range of human hearing. Figure 3-6 below shows an A-weighting curve which is broadly 

indicative of the sensitivity of human hearing. 

 

Figure 3-6 – A-weighting curve for sound levels 

Such panels include the cork cored L series Subdue panels, which have a higher Young’s 

modulus due to the cork core which allows less shear strain than a polymer core, and the 

polymer cored panels with thicker face sheets which increase the Young’s modulus.  

100 200 400 800 1600 3150 6300
-20

-15

-10

-5

0

5

1/
3
 Octave Band Centre Frequency [Hz]

L
e
v
e
l 
W

e
ig

h
ti
n
g
 [

d
B

]



Chapter 3 - Results of Sandwich Panel STL Analysis          69 

Table 3-2 – Measured STL of light-weight and mid-weight plywood sandwich panels 

 

⅓ Octave 
Band 

Centre 
Frequenc

y [Hz] 

STL [dB] 

2-6  
(9 mm 

plywood
) 

2-7  
(12 mm 
plywood

) 

2-8  
(18 mm 
plywood

) 

2-9 
(Subdu
e L14/ 
250) 

2-10 
(Subdu
e L24/ 
250) 

2-11 
(Subdu
e L14/ 
650) 

2-12 
(Subdu
e L24/ 
650) 

2-13 
(Subdu
e M14/ 
1500) 

100 12.9 6.7 19.1 11.9 18.6 20.6 20.6 14.9 

125 12.7 15.8 21.5 17.8 23.1 22.1 22.1 20.9 

160 15.1 18.7 23.5 20.2 24.9 25.1 25.1 22.6 

200 16.6 17.7 23.9 19.1 25.4 25.3 25.3 22.5 

250 17.3 19.3 23.5 20.4 25.7 25.4 25.4 23.9 

315 20 19.4 26.2 21.3 28.1 27.7 27.7 25.7 

400 21.8 22.0 27.5 23.9 28.9 28.7 28.7 27.4 

500 23.2 23.1 28.7 24.9 29.7 30.2 30.2 28.9 

630 24.7 24.6 28.7 26.4 31.4 31.5 31.5 30.2 

800 26.1 25.7 27.3 27.8 32.5 32.4 32.4 31.1 

1000 28.2 27.6 27.2 30.4 34 34.8 34.8 33.5 

1250 29 26.6 25.8 32.0 34.2 35.5 35.5 34.8 

1600 29.4 22.8 25.1 33.1 32.2 35.9 35.9 36.0 

2000 26.8 20.5 27.2 33.8 29.8 32.8 32.8 36.0 

2500 21.6 20.6 29.4 33.6 29.9 29.5 29.5 35.0 

3150 21.2 23.7 32.7 33.9 31.4 29.5 29.5 34.1 

4000 25.1 28.4 35.8 32.7 35.5 33.4 33.4 32.6 

5000 29.3 31.9 38.9 32.3 39.4 38.6 38.6 33.3 

6300 33.3 35.1 41.6 33.9 42.1 38.8 42.4 37.3 

8000 36.5 37.4 44 35.3 44.6 37.8 45.3 41.8 

10000 39.1 39.4 45.8 36.3 47.1 38.2 48.5 45.8 

STC [dB] 25 24 28 29 32 30 32 32 

RW [dB] 25 24 28 29 32 30 32 32 
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Table 3-3 – Measured STL of mid-weight and heavy-weight plywood sandwich panels 

 

⅓ Octave 
Band 

Centre 
Frequenc

y [Hz] 

STL [dB] 

2-14 
(Subdue 
M20/ 
1500) 

2-15 
(Subdue 
M14/ 
1800) 

2-16 
(Subdue 
M20/ 
1800) 

2-17 
(Subdue 

X12/ 
2000) 

2-18 
(Subdue 

X22/ 
2000) 

2-19 
(Subdue 

X17/ 
2200) 

2-20 
(Subdue 

X18/ 
2200) 

2-21 
(Subdue 

X24/ 
2200) 

100 17.4 18 22.2 18.4 22.4 22.1 22.8 24.8 

125 18.0 22 22.7 19.5 24 23.0 24.8 26.5 

160 22.5 25.5 27.6 23.1 28.7 26.8 28.1 30.7 

200 22.1 24.7 27.9 24.4 28.5 27.2 29.2 30.5 

250 24.0 25.8 27.2 24.8 28.2 28.7 30.5 30.8 

315 24.5 27.9 29.0 26.6 30.8 30.1 32.2 33.1 

400 26.1 29.8 30.4 28.5 32.2 31.8 33.8 34.5 

500 26.9 30.9 31.6 29.8 33.5 33.0 35 35.8 

630 28.3 32.1 33.1 31.4 34.9 34.6 36.6 37 

800 29.3 33.1 34.0 32.9 35.9 35.6 37.3 37.4 

1000 30.8 35 36.3 35.3 37.8 38.1 39.2 39.5 

1250 31.0 36.4 36.9 36.9 39.1 39.5 40.8 41 

1600 29.5 37.7 36.1 39.1 40.4 41.6 42.8 42.9 

2000 27.4 37.5 34.4 40.2 40 42.3 43.4 43.4 

2500 26.8 35.7 33.5 40.7 38.2 42.1 43 43.5 

3150 29.5 34.6 34.4 42.1 37.3 43.0 43.5 44.4 

4000 33.3 35.4 37.9 43.7 38.2 44.2 45.2 46.7 

5000 36.8 38.1 42.3 45.6 41.9 45.8 49.2 50.4 

6300 40.5 42.9 46.6 47.9 47.4 49.4 54.3 54.4 

8000 43.3 47 49.8 49.5 52.3 53.4 58.3 58.3 

10000 46.3 50.3 52.9 51.6 56.8 57.4 62.3 62.9 

STC [dB] 29 34 34 35 36 38 39 40 

RW [dB] 29 34 34 34 37 38 39 40 
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Five variations of polymer based materials were tested, which are further described in section 

2.1.4. Figure 3-7 below shows the measured STL, while Table 3-4 presents the one third 

octave band data. 

 

Figure 3-7 – Measured STL of Wavebar® 

As with the measurements of plywood based materials (section 3.1.2), a peak in the STL in 

the 160 Hz one third octave band was observed in many of the measurements. See the text 

of section 3.1.2 for possible explanations of this effect. 
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Table 3-4 – Measured STL of Wavebar® 

 

⅓ Octave 
Band 

Centre 
Frequenc

y [Hz] 

STL [dB] 

2-14 
(Subdue 
M20/ 
1500) 

2-15 
(Subdue 
M14/ 
1800) 

2-16 
(Subdue 
M20/ 
1800) 

2-17 
(Subdue 

X12/ 
2000) 

2-18 
(Subdue 

X22/ 
2000) 

2-19 
(Subdue 

X17/ 
2200) 

100 3.8 6.7 10.6 13.3 13.1 18.9 

125 6.4 10.8 13.3 16.2 16.2 19.3 

160 10.2 14.7 19.4 22.6 18.8 22.6 

200 9.8 14.1 17.3 20.5 18.9 23.4 

250 12.0 16.0 19.0 22.3 21.9 25.2 

315 13.2 17.9 20.2 23.2 23.1 26.1 

400 14.8 19.7 21.8 25.0 25.2 28.1 

500 15.8 20.6 23.1 26.0 25.6 29.3 

630 17.8 22.6 25.7 28.6 27.6 30.5 

800 20.0 25.0 27.2 30.1 29.5 32.3 

1000 21.7 26.6 29.6 32.7 31.7 34.9 

1250 22.7 27.6 30.3 33.4 32.8 35.7 

1600 23.9 28.5 31.1 34.1 33.8 36.4 

2000 25.6 30.4 32.9 35.9 35.2 38.4 

2500 27.7 32.1 34.8 37.6 36.9 40.4 

3150 29.9 34.3 37.0 39.7 38.9 42.7 

4000 32.2 36.7 39.3 42.1 40.9 45.7 

5000 34.6 39.0 41.9 45.0 43.8 48.7 

6300 37.4 41.9 44.6 47.7 47.1 51.7 

8000 40.0 44.7 47.2 50.2 49.6 54.6 

10000 41.6 46.6 49.4 52.6 51.6 57.4 

STC [dB] 21 26 28 31 31 34 

RW [dB] 21 25 28 31 31 34 
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A summary of the material properties which were measured and calculated according to the 

procedures described in section 2.2.3 are presented below. A complete record, including 

measured resonant frequencies and measurements made in both parallel and perpendicular 

grain directions, is provided in Appendix A. 

 

Table 3-5 – Beam stiffness determined by three-point bend test 

The Young’s modulus of steel measured by three-point bend test was higher than 

measurements made by impulse response methods, but still significantly lower than the 

expected value of 210 GPa. However this may be attributed to the particular composition of 

the steel used, as the stress strain curve from the test exhibits a strong linear nature, and care 

was taken not to deform the material past its elastic limit. 

 

Figure 3-8 – Load curve from steel beam three-point bend test 
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Static Young’s modulus and damping loss factor 

Table 3-6 – Material properties of cantilever beams 

* RSD = Relative standard deviation = 100*(σ/µ) 

** DLF = damping loss factor 

The Young’s modulus result for the steel beam, used for calibration is significantly lower 

than the value measured by three-point bend test. Unfortunately, a frequency dependent 

measurement for the steel beam was not made. This would be interesting, as the Young’s 

Material #  
Mean (E) 

[GPa] 
RSD (E) * 

Mean 
(DLF **) 

RSD  
(DLF **) * 

2-27 (Mild steel) 175 1.54 % 0.004 47.8 % 

2-2 (Gypsum plasterboard) 3.88 1.7 % 0.009 N/A 

2-4 (Noiseproofing Compound sandwich panel) 1.60 17.8 % 0.388 N/A 

2-5 (Simson ISR glue sandwich panel) 1.20 18.4 % 0.062 N/A 

2-8 (18 mm plywood) 5.11 15.9 % 0.033 46.5 % 

2-9 (Subdue L14/250) 2.04 53.7 % 0.067 10.5 % 

2-10 (Subdue L24/250) 1.65 48.5 % 0.058 32.8 % 

2-11 (Subdue L14/650) 2.15 49.4 % 0.081 18.4 % 

2-12 (Subdue L24/650) 1.51 43.1 % 0.059 22.3 % 

2-13 (Subdue M14/1500) 3.67 42.2 % 0.160 28.3 % 

2-14 (Subdue M20/1500) 2.73 23.5 % 0.071 33.4 % 

2-15 (Subdue M14/1800) 4.05 31.1 % 0.130 29.8 % 

2-16 (Subdue M20/1800) 3.36 31.5 % 0.109 28.3 % 

2-17 (Subdue X12/2000) 2.00 36.3 % 0.222 24.8 % 

2-18 (Subdue X22/2000) 2.41 34.0 % 0.143 30.0 % 

2-19 (Subdue X17/2200) 1.57 48.0 % 0.170 23.5 % 

2-20 (Subdue X18/2200) 1.20 60.1 % 0.196 50.6 % 

2-21 (Subdue X24/2200) 1.22 54.5 % 0.143 36.5 % 
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modulus of the freely supported beam, shown in section 3.2.3 below, lies between the two 

aforementioned measurements. The freely supported beam is longer and has a 

correspondingly lower fundamental resonance. The measurements indicate that there may be 

a frequency dependence of Young’s modulus for the steel used. 

Frequency dependent Young’s modulus and damping loss factor 

Figure 3-9 through Figure 3-12 below show the frequency dependent material properties 

measurements which were made for materials 2-10 and 2-13.  

Measurement values which have a relative standard deviation from the best fit curve of 

greater than 20% were removed. 

 

Figure 3-9 – Material properties of parallel grain Subdue L14/250 

 

Figure 3-10 – Material properties of perpendicular grain Subdue L14/250 
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Figure 3-11 – Material properties of parallel grain Subdue M14/1800 

 

Figure 3-12 – Material properties of perpendicular grain Subdue M14/1800 

Some difficulty was encountered in measuring the resonant modes of beams at higher 

frequencies (above approximately 1000 Hz). Some form of noise became prevalent in the 

impulse response above this frequency, making it difficult to pick out features of the 

resonant modes to calculate material properties. 

The material properties of each prototype were calculated using the formulae presented in 

Table 3-7 below. The Young’s modulus and damping loss factor were calculated at each one 

third octave band centre frequency in the range 50 Hz to 10 kHz.  
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Table 3-7 – Frequency dependent Young’s moduli and damping loss factor formulae 

 

The results of measurements that were made with freely supported beams in order to 

validate parts of the methodology are shown in Table 3-8 below. The Young’s modulus of 

steel attained with this method is closer to the widely accepted value of 210 GPa than that 

obtained through measurement of a cantilever beam. This suggests that the rig used for 

cantilever beam testing did not perfectly simulate fixed-free boundary conditions. 

Table 3-8 – Material properties of freely supported beams 

* RSD = Relative standard deviation = 100*(σ/µ) 

** DLF = damping loss factor 

Material # 
Young’s Modulus 

(E) [GPa] 
Damping Loss Factor 

(DLF) 

2-9 (Subdue L14/250,  
parallel grain) 

                               

2-9 (Subdue L14/250,  
perpendicular grain) 

              
            
        

2-15 (Subdue M14/1800,  
parallel grain) 

                                

2-15 (Subdue M14/1800,  
perpendicular grain) 

                                

Material # 
Mean (E) 

[GPa] 
RSD (E) * 

Mean 
(DLF**) 

RSD 
(DLF**) * 

2-27 (Mild steel) 188.4 0.9 % 0.0038 72.7 % 

2-8 (18 mm plywood ) 5.23 34.4 % 0.0080 30.3 % 

2-17 (Subdue X12/2000)  2.47 30.0 % 0.0871 50.6 % 
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Using the measured material properties presented in section 3.2.2 and the adapted Davy 

model, STL predictions were made for various panels which are presented below. 

Steel and gypsum plasterboard systems 

 

Figure 3-13 – Predicted STL of steel panel and gypsum plasterboard systems. 
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Table 3-9 – Predicted STL of steel panel and gypsum plasterboard systems. 

 

  

⅓ Octave 
Band 

Centre 
Frequency 

[Hz] 

STL [dB] 

2-27  
(Mild steel) 

2-2  
(16 mm gypsum 

plasterboard) 

2-4 (Noiseproofing 
Compound 

sandwich panel) 

2-5  
(Simson ISR glue 
sandwich panel) 

50 22 19 25 25 

63 22 19 25 25 

80 23 20 26 26 

100 24 21 27 27 

125 25 22 28 28 

160 26 23 29 29 

200 28 25 31 31 

250 29 26 32 32 

315 30 27 33 33 

400 32 29 35 35 

500 33 30 36 36 

630 35 32 37 37 

800 36 33 39 39 

1000 38 34 40 40 

1250 39 35 40 40 

1600 41 34 39 32 

2000 42 20 43 32 

2500 43 24 47 37 

3150 44 28 51 41 

4000 43 32 54 45 

5000 26 35 57 48 

6300 30 38 60 51 
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Plywood sandwich panels 

The results of the STL predictions made using the Davy model (see section 2.3) are 

presented below, separated into three classes of low, mid, and high mass panels. 

 

Figure 3-14 – Predicted STL of light-weight plywood sandwich panels 

 

Figure 3-15 – Predicted STL of mid-weight plywood sandwich panels 
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Figure 3-16 – Predicted STL of mid-weight plywood sandwich panels 

The STL predictions show that the plywood panels which are truly semi-orthotropic behave 

essentially as isotropic materials. This was further validated by comparison of predicted and 

tested STL profiles, which exhibit good agreement. As can be seen in Figure 3-17 below, the 

location of the coincidence is well predicted. The coincidence dip exhibited in the measured 

STL is considerably wider than that of the prediction, perhaps due to damping effects which 

are not completely accounted for in the model. The STL predictions using frequency 

dependent material properties data (see section 3.3.2) tend to have wider coincidence dips. 

 
Figure 3-17 – Comparison of measured and predicted STL of 18 mm plywood 
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For over half of the materials, the predicted STL has a coincidence frequency dip which is 

one or two one third octave bands below the measured value. This effect is somewhat 

mitigated by using the frequency dependent material property measurements, as shown in 

section 3.3.2 below, whereby the coincidence critical frequency is moved and the coincidence 

dip is widened.  
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Table 3-10 – Predicted STL of light-weight and mid-weight plywood sandwich panels 

 

  

⅓ Octave 
Band 

Centre 
Frequency 

[Hz] 

STL [dB] 

2-7  
(13 mm 

plywood) 

2-8  
(18 mm 

plywood) 

2-9 
(Subdue 

L14/ 
250) 

2-10 
(Subdue 

L24/ 
250) 

2-11 
(Subdue 

L14/ 
650) 

2-12 
(Subdue 

L24/ 
650) 

2-13 
(Subdue 
M14/ 
1500) 

50 14.4 17.4 13.1 19.4 13.5 18.9 16.9 

63 14.7 17.7 13.4 19.7 13.8 19.2 17.2 

80 15.2 18.2 13.9 20.2 14.3 19.7 17.7 

100 16.0 18.9 14.6 21.0 15.0 20.5 18.5 

125 17.0 19.9 15.6 22.0 16.1 21.5 19.5 

160 18.4 21.3 17.0 23.3 17.4 22.9 20.9 

200 19.8 22.7 18.4 24.7 18.9 24.3 22.3 

250 21.2 24.2 19.9 26.2 20.3 25.7 23.7 

315 22.6 25.5 21.2 27.5 21.7 27.0 25.1 

400 24.0 26.8 22.7 28.9 23.1 28.5 26.5 

500 25.3 28.1 24.0 30.3 24.5 29.8 27.8 

630 26.7 29.4 25.5 31.6 25.9 31.2 29.2 

800 28.1 30.3 26.9 32.9 27.4 32.5 30.6 

1000 29.1 28.6 28.2 33.6 28.7 33.4 31.7 

1250 29.5 22.4 29.2 32.0 29.9 33.6 32.3 

1600 25.6 23.3 29.7 27.1 30.8 26.9 31.0 

2000 20.8 27.5 26.9 28.1 30.5 26.8 31.4 

2500 25.1 31.2 23.4 32.7 24.4 31.7 32.2 

3150 29.1 34.6 27.5 36.6 27.1 35.7 36.4 

4000 32.8 38.0 32.0 40.2 32.2 39.4 40.6 

5000 36.1 41.0 35.6 43.3 36.1 42.5 44.1 

6300 39.3 44.1 39.1 46.3 39.6 45.5 47.5 
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Table 3-11 – Predicted STL of mid-weight and heavy-weight plywood sandwich 

panels 

 

⅓ Octave 
Band 

Centre 
Frequenc

y [Hz] 

STL [dB] 

2-14 
(Subdue 
M20/ 
1500) 

2-15 
(Subdue 
M14/ 
1800) 

2-16 
(Subdue 
M20/ 
1800) 

2-17 
(Subdue 

X12/ 
2000) 

2-18 
(Subdue 

X22/ 
2000) 

2-19 
(Subdue 

X17/ 
2200) 

2-20 
(Subdue 

X18/ 
2200) 

2-21 
(Subdue 

X24/ 
2200) 

50 16.4 18.7 21.0 17.6 21.8 21.6 23.7 24.2 

63 16.7 19.0 21.3 17.9 22.1 21.9 24.0 24.5 

80 17.2 19.5 21.8 18.5 22.7 22.5 24.6 25.0 

100 18.0 20.2 22.6 19.2 23.4 23.2 25.3 25.8 

125 19.0 21.3 23.6 20.2 24.4 24.2 26.3 26.8 

160 20.4 22.6 24.9 21.6 25.8 25.6 27.7 28.2 

200 21.8 24.0 26.3 23.0 27.2 27.0 29.1 29.6 

250 23.2 25.5 27.8 24.5 28.7 28.5 30.6 31.1 

315 24.5 26.8 29.1 25.9 30.0 29.8 31.9 32.4 

400 26.0 28.3 30.5 27.3 31.4 31.3 33.4 33.8 

500 27.3 29.6 31.9 28.7 32.8 32.7 34.8 35.2 

630 28.6 31.0 33.2 30.2 34.1 34.1 36.2 36.6 

800 29.8 32.4 34.4 31.7 35.5 35.6 37.7 38.0 

1000 30.5 33.5 35.2 33.1 36.5 36.9 39.0 39.3 

1250 28.8 34.2 33.8 34.4 36.9 38.1 40.3 40.3 

1600 22.6 32.6 30.3 35.8 34.5 39.1 41.4 40.7 

2000 27.5 29.5 32.9 36.8 33.4 39.3 42.0 38.4 

2500 31.7 33.5 37.4 37.4 37.8 37.7 40.7 36.3 

3150 35.4 38.1 41.3 36.3 42.0 38.2 40.4 40.8 

4000 39.0 42.1 45.0 36.0 45.8 40.5 41.7 45.2 

5000 42.1 45.5 48.1 39.2 49.0 45.0 46.3 48.6 

6300 45.2 48.8 51.2 44.1 52.1 48.7 50.1 51.7 
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Figure 3-18 below shows the difference in STL predictions achieved by using frequency 

dependent material properties.  

 
Figure 3-18 – Comparison of frequency dependent and independent (material 

properties) prediction methods 

Figure 3-19 below shows the agreement between measured and predicted STL. The 

reduction of Young’s modulus at higher frequencies accounts for the increase of the 

coincidence critical frequency by treating the panel as a limper mass in that frequency range. 
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Figure 3-19 – Comparison of measured and predicted STL (with frequency dependent 

properties) of two plywood sandwich panels 
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Table 3-12 – Predicted STL with frequency dependent material properties 

⅓ Octave Band 
Centre Frequency 

[Hz] 

STL [dB] 

2-9 (Subdue 
L14/250) 

2-15 (Subdue 
M14/1800) 

50 13.1 18.7 

63 13.4 19.0 

80 13.9 19.5 

100 14.6 20.3 

125 15.6 21.3 

160 17.0 22.6 

200 18.4 24.1 

250 19.9 25.5 

315 21.2 26.9 

400 22.7 28.3 

500 24.1 29.7 

630 25.5 31.1 

800 27.0 32.6 

1000 28.3 33.9 

1250 29.6 35.1 

1600 30.8 36.3 

2000 31.6 36.8 

2500 31.7 36.0 

3150 28.7 35.6 

4000 25.1 37.4 

5000 29.2 41.4 

6300 33.2 45.2 

8000 36.6 48.6 

10000 39.3 51.3 
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Summary 

A methodology for the optimisation of sandwich panel 

parameters is presented which makes use of heuristic 

algorithms. The design and construction process for 

prototypes is described, and the prototype materials 

selected for construction and testing are presented. 
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The results of STL measurements of a range of panels and different materials (see Chapter 3) 

highlighted the key parameters which control the transmission loss of panels. Typically, for 

the type of plywood sandwich panels which were considered in this research, the STL is 

controlled by their material properties as follows: 

– Surface density controls STL linearly for approximately the first two thirds of the 

frequency range (on a logarithmic scale), where the frequency range of interest for 

this research is 100 Hz to 10 kHz. 

– Young’s modulus controls the location of the coincidence critical frequency dip, 

which is between 2 and 3 kHz. Lower Young’s modulus corresponds to a 

coincidence dip at higher frequency. 

– Damping loss factor controls the STL above the coincidence critical frequency dip; 

higher damping equates to a higher STL. High damping can also reduce the depth of 

the coincidence dip. 

However, this analysis is subjective, and there would be value in quantitatively analysing the 

relative effect of these parameters, and whether there are limits in manipulating them to 

optimise the STL of panels.  

Given the relatively good agreement between the predictions made using the Davy model 

and measurements, it was assumed that optimising the model within a certain domain would 

produce similar results in experimental testing. Even if experimental testing didn’t produce 

exactly the same gains as predicted by the model, model optimisation is still a valuable tool in 

guiding panel design.  

The optimisation method used was a multi-objective stochastic global optimisation, using an 

algorithm from a software package called CARToptimizer [28]. A stochastic optimisation 

was chosen as it does not require mathematical derivatives of the objective function to be 

formed, which would prove very difficult. 
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The CARToptimizer software package contains a set of heuristic algorithms based on a 

CARToptimizer algorithm and a Hooke and Jeeves - CARTopt hybrid algorithm, and is for 

solving non-smooth optimisation problems. The four types of optimisation are: 

– Local optimisation with no constraints 

– Local optimisation with bound constraints 

– Local optimisation with general constraints 

– Global optimisation with bound constraints 

The fourth algorithm was used in this methodology in order to establish the global maximum 

of the Davy model. 

Local optimisation with bound constraints 

Global optimisation uses the CARTopt algorithm to search for function (f) minima over a 

defined finite region. The CARTopt algorithm begins by randomly generating a set of 

candidate solutions from the optimisation region. The points are graded and divided into sets 

with high and low f values. This initial set of points is called the training data set and is used 

to form a partition on the optimisation region on which f is presumed to be low. This is 

achieved by use of classification and regression trees (CART). The algorithm iterates this 

process and draws new sets of candidate points from the low sub-regions of the training 

data. The algorithm searches within the sub-regions, but also searches the high regions to an 

extent defined by the user to prevent it becoming stuck around a local minimum. Eventually 

this process results in a global minimiser of f. 

The CARToptimizer software package is freely distributed from the author’s website [29]. 

 

Preparation of the prediction model 

While heuristic methods and algorithms do not require derivatives of the objective function, 

they require a function of a specific form. Each algorithm requires an objective function 

which is to be minimised, and has the following characteristics:  

– Accepts a vector which is the length of the number of input variables 

– Returns a scalar value 
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The Davy model objective function was written in Matlab, where a number of calculations 

were performed before passing values to the back end of the Davy model. 

First, the limits of the four input variables were set. The global optimisation is conducted on 

the [0,1]n hypercube, i.e. each of the input variables is optimised on the scale of 0 to 1, so 

scaling of this to the desired limits of each variable must be computed inside the objective 

function file, outside of the CARToptimizer algorithm. The scaling is computed using the 

following equation 

                               Equation 4-1 

where      and     are the limits of each input variable, and   is the point on the [0,1]n 

hypercube. 

The limits of the inputs were chosen based on what was considered achievable in building 

prototypes, while still inside the realms of practicality. E.g. it would not be practical to 

construct a plywood sandwich panel with a 0.1 GPa Young’s modulus as the plywood face 

sheets would be too thin, and the panel would have no structural integrity.  

Two sets of limits were chosen; a narrow range to represent the limitations of practicality and 

feasibility in constructing prototypes, and a wide range to test the outer bounds of the model. 

The limits chosen are shown in Table 4-1 below. 

Table 4-1 – Limits of input parameters 

As the algorithms minimise their objective functions, the objective value (RW, RW+Copt, etc.) 

was made negative after its calculation. 

The calculation of RW values had to be altered to give finer definition than that specified by 

ISO 717. ISO 717 specifies (see section 1.2.2) that the reference curve for RW should be 

shifted downwards towards the measurement values in steps of 1 dB. However, when RW is 

Parameter 
Narrow range Wide range 

Low value High value Low value High value 

Young’s modulus [GPa] 0.5 10 0.1 100 

Density [kg/m3] 500 2000 500 5000 

Damping loss factor 0.01 0.5 0.01 0.5 

Thickness [mm] 6 30 6 100 
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calculated in this fashion and plotted as a function of two variables as shown in Figure 4-1 

below, it is clearly unsuitable for optimisation. 

 

Figure 4-1 – RW of a panel, calculated according to standard procedures, over the 

domain of Young’s modulus and damping loss factor 

By adjusting the RW calculations to shift the reference curve in steps of 0.1 dB and present 

unrounded results, much better resolution is obtained, as shown in Figure 4-2 below. 

 

Figure 4-2 – RW of a panel, calculated with high resolution, over the domain of 

Young’s modulus and damping loss factor 
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Preparation of the CARToptimizer 

Table 4-2 below shows the parameter settings which were used in the software package. 

Table 4-2 – CARToptimizer GUI parameters for optimisation 

 

 

Parameter Value 

Dimension 4 

Max # f evals 10,000 

High region sampling Halton 

Batch size 20 

# low points 18 

Fraction of samples in high region 0.3 

Minimum sub-region size 1e-16 

Maximum training data size 20,000 

1norm restart 1e-6 

-inf norm restart 1e-14 
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The design approach was heavily focused on applications for the prototype materials in order 

to maximize their practicality and ability to be implemented into the existing product range. 

Throughout the design process, the foremost considerations were: 

– Acoustic performance 

 Overall performance (RW, RW+C etc.) 

 Speech privacy 

– Cost 

– Durability (with respect to use in a marine environment) 

– Mechanical properties 

Based on the results of section 4.1, the objective prototype material properties were low 

Young’s modulus, high density, high damping, and high thickness.  

Young’s modulus could be tuned by altering the thickness of the panel, particularly its face 

sheets. The addition of constrained layers which allow shear strain would lower the Young’s 

modulus and bending stiffness of the material.  

Density could be altered by material selection. The most effective way of increasing the 

overall surface density is through the core material, particularly when selection of face sheet 

materials is restricted due to other considerations. 

The damping loss factor of a sandwich panel could be tuned by material selection or addition 

of damping layers. In the case of Pyrotek Subdue®, the combination of plywood and the 

PVC core (see section 2.1.4) introduces quite high damping into the system due to the 

inherent damping of the polymer core. Energy is dissipated in the core through hysteresis. 

Thin foam layers were also selected for investigation due to their potential to act as a 

decoupling layer between the core and face sheets. 

Subsequent to STL testing, the high and low performing materials in the Pyrotek Subdue® 

range were identified as candidates for optimisation. The cork based core products are 

particularly popular due to their low density. While their low density decreases their acoustic 
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performance, it could be improved by the addition of damping layer/s. Among the poorer 

performing lightweight materials the following were selected for treatment: 

– Subdue L14/250, L24/250, L14/650, and L24/650. The cork, and cork and 

shredded rubber cored materials 

– 12 mm plywood  

In the heavy weight Subdue® X range, X12/2000 is a popular product, and the results 

presented in section 3.1.2 show that its performance is among the best of the range. This 

made it worthwhile to investigate whether any further improvements could be made. 

 

The materials used for construction of prototype beams are listed below along with some of 

their properties. 

– Plywood – marine grade Shorea (trade name ‘Gaboon’). Measured thicknesses were: 

 4 mm nominal thickness – 3.5 mm (3 plies) 

 6 mm nominal thickness – 5.7 mm (5 plies) 

 9 mm nominal thickness – 8.7 mm (7 plies) 

– Wavebar® (see section 2.1.4) in 4 mm nominal thickness and 7.8 kg/m2 

– Viscoelastic tape – A double sided high shear tape by Tesa® 

– Noiseproofing Compound (NC) by Green Glue (see section 2.1.4) 

– Foam – Two thicknesses of open cell foam 

 4.7 mm 

 2 mm 

– Fibreglass (sometimes notated ‘FG’) 

– Cork – shredded cork in 6 mm nominal thickness 

– Shredded rubber (SR) in 4.9 mm thickness 

The materials listed above were used to construct the range prototype materials presented in 

Table 4-3 below. Wavebar® was used as opposed to the Vibradamp FDF® used in 

construction of Subdue products due to ease of supply and very close correspondence to 

Vibradamp FDF®. 
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Table 4-3 – Construction and properties of prototype materials 

* Based on thicknesses or materials of face and core sheets, and materials of sub-layers. 

 

Material # Name* Construction 
Density 
[kg/m2] 

4-29 4/4/6 4 mm plywood, 4 mm Wavebar, 6 mm plywood 14.3 

4-30 4/foam/4 4 mm plywood, 4.7 mm foam, 4 mm plywood 4.45 

4-31 4/foam/4/foam/4 
4 mm plywood, 2 mm foam, 4 mm Wavebar, 2 mm 
foam, 4 mm plywood 

13.9 

4-32 4/NC/4/NC/4 
4 mm plywood, Noiseproofing Compound, 4 mm 
Wavebar, Noiseproofing Compound, 4 mm 
plywood 

11.9 

4-33 4/SR/4 4 mm plywood, shredded rubber, 4 mm plywood 8.24 

4-34 4/tape/4/4 
4 mm plywood, viscoelastic tape, 4 mm Wavebar, 4 
mm plywood 

12.7 

4-35 4/tape/4/tape/4 
4 mm plywood, viscoelastic tape, 4 mm Wavebar, 
viscoelastic tape, 4mm plywood 

12.7 

4-36 4/tape/6/tape/4 
4 mm plywood, viscoelastic tape, 6 mm cork, 
viscoelastic tape, 4 mm plywood 

6.31 

4-37 6/tape/4/tape/6 
6 mm plywood, viscoelastic tape, 4 mm Wavebar, 
viscoelastic tape, 6 mm plywood 

16.4 

4-38 6/tape/6 6 mm plywood, viscoelastic tape, 6 mm plywood 5.39 

4-39 9/tape/6/tape/9 
9 mm plywood, viscoelastic tape, 6 mm cork and 
crumbed rubber, viscoelastic tape, 9 mm plywood 

10.3 

4-40 FG/4/FG Fibreglass, 4 mm Wavebar, fibreglass 14.5 

4-41 FG/6/4/4 
Fibreglass, 6 mm cork, 4 mm Wavebar, 4 mm 
plywood 

16.1 
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STL predictions were conducted using the Davy model according to the procedures 

described in section 2.3.2. 

Table 4-4 below shows the properties of beams which were constructed from the prototype 

materials which were used in conjunction with the methodology described in section 2.2.3 to 

determine their material properties.  

Table 4-4 – Properties of cantilever beams of prototype materials used in material 

properties test rig 

** For some materials, two values are presented; for parallel and perpendicular grain 

direction beams respectively. 

Material # 
Dimensions (l x w x t) 

[mm] ** 
Unsupported Length (L) 

[mm] ** 

4-29 (Prototype 4/4/6) 399.5 x 51.8 x 14.2 301, 302 

4-30 (Prototype 4/foam/4) 400.8 x 52.1 x 10.9 300.5, 300.5 

4-31 (Prototype 4/foam/4/foam/4) 
394 x 37 x 13.1, 
393 x 46 x 13.4 

300.5, 296.5 

4-32 (Prototype 4/NC/4/NC/4) 400.3 x 52 x 10.9 304.5, 300.5 

4-33 (Prototype 4/SR/4) 400 x 52.2 x 12.2 301, 305 

4-34 (Prototype 4/tape/4/4) 400 x 52 x 11.3 301.5, 300 

4-35 (Prototype 4/tape/4/tape/4) 399 x 52.3 x 11.5 305.5, 303.5 

4-36 (Prototype 4/tape/6/tape/4) 399.8 x 52.3 x 13.8 306, 310 

4-37 (Prototype 6/tape/4/tape/6) 400.3 x 52.2 x 17.5 309, 307 

4-38 (Prototype 6/tape/6) 400 x 52.1 x 13.6 302, 305.5 

4-40 (Prototype FG/4/FG) 483 x 50.2 x 7.6 353.5 

4-41 (Prototype FG/6/4/4) 400.3 x 52.1 x 15.5 305, 307.5 
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Some of the prototype materials were also measured according to the frequency dependent 

method which is described in section 2.2.3. These materials and settings for testing are 

described in Table 4-5 below. 

Table 4-5 – Properties of cantilever beams of prototype materials measured according 

to frequency dependent material properties method 

 

The most promising of the prototype materials were constructed as panels and tested in the 

STL suite to close the loop in the optimisation and panel design process. The three 

prototype material panels were: 

1) Material #4-35 (‘4/tape/4/tape/4') – Constrained layer viscoelastic damping tape 

sandwich panel with mass loaded PVC core. 

2) Material #4-38 (‘6/tape/6’) – Constrained layer viscoelastic damping tape sandwich 

panel 

3) Material #4-39 (‘9/tape/6/tape/9’) – Constrained layer viscoelastic damping tape 

sandwich panel with crumbed cork and rubber core. 

The first was chosen due to its high predicted STL. The second prototype was selected due 

to its potential for a relatively easy gain in STL with the addition of a single constrained layer. 

The third prototype was selected as an attempt to improve the STL of the cork cored 

sandwich panels. 

Material # 
Dimensions (l x w x t) 

[mm] 
Unsupported Length (L) 

[mm] 

4-35 (Prototype 4/tape/4/tape/4) 399 x 52.3 x 11.5 Many 

4-36 (Prototype 4/tape/6/tape/4) 399.8 x 52.3 x 13.8 Many 

4-38 (Prototype 6/tape/6) 400 x 52.1 x 13.6 Many 

4-39 (Prototype 9/tape/6/tape/9) 510 x 52.3 x 22.6 Many 
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Summary 

The results of optimisation of the panel parameters 

using the prediction model are presented. It was found 

that when optimised within a realistic range of material 

parameters, maximum STL is predicted by the model 

with thick, dense, limp panels with high damping loss 

factors. The predicted and measured STL of a range of 

prototype materials are presented. 
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The results of the CARToptimizer simulations are shown in Table 5-1 below. 

Table 5-1 – Davy model parameters optimised by CARToptimizer 

In both cases, the model converged to extremes in each of the parameters of the specified 

range. Plots similar to those in Figure 5-1 below show that the model is smooth over its 

domain, probably more so than the type of functions which CARToptimizer is built to 

analyse. They also make it clear that there are multiple solutions which are in close proximity 

to each other in terms of single number ratings. The only part of the domain which produces 

particularly low single number ratings is that part corresponding to low damping loss factor 

and high Young’s modulus.  

 

Figure 5-1 – Predicted RW of a panel, over the extended domain of Young’s modulus 

and damping loss factor 
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Parameter 
Result 

Narrow range Wide range 

Young’s modulus [GPa] 0.5 100 

Density [kg/m3] 2000 5000 

Damping loss factor 0.5 0.5 

Thickness [mm] 30 100 

Maximum (RW) 35.7 58.7 
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While the convergence of the model towards high stiffness when given a larger domain of 

input parameters is interesting, it is not particularly relevant to the objectives of the project, 

or within the limitations of prototype construction. The combination of high stiffness and 

high damping would be difficult to achieve in a form factor suitable for marine applications 

and using cost effective and otherwise suitable materials. Bending waves are the dominant 

form of sound transmission, so to damp these; a damping layer in the sandwich construction 

is required. A layer between the face sheets would lower the stiffness of the construction, 

and the addition of damping layers on the outside of the face sheets is outside of the scope 

of this work. 

Based on the results presented above, the prototype design approach discussed in section 

4.2.1 was followed. 
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The properties of the prototype materials which were measured and calculated according to 

the procedures described in section 2.2.3, and which are necessary for predicting the panel 

STL, are presented below. A complete list of all of the measurements is provided in 

Appendix A. 

Static Young’s modulus and damping loss factor 

Table 5-2 – Material properties of cantilever beams of prototype materials 

* RSD = Relative standard deviation = 100*(σ/µ) 

** DLF = damping loss factor 

  

Material #  Mean (E) [GPa] RSD (E) * 
Mean  

(DLF **) 
RSD  

(DLF **) * 

4-29 (Prototype 4/4/6) 1.76 33.3 % 0.1504 40.5 % 

4-30 (Prototype 4/foam/4) 0.475 41.3 % 0.0731 72.3 % 

4-31 (Prototype 4/foam/4/foam/4) 1.46 56.3 % 0.1417 45.1 % 

4-32 (Prototype 4/NC/4/NC/4) 3.18 54.6 % 0.2853 30.9 % 

4-33 (Prototype 4/SR/4) 3.03 60.0 % 0.1113 25.2 % 

4-34 (Prototype 4/tape/4/4) 3.70 47.1 % 0.2172 31.4 % 

4-35 (Prototype 4/tape/4/tape/4) 0.995 36.5 % 0.3487 30.9 % 

4-36 (Prototype 4/tape/6/tape/4) 3.68 86.1 % 0.1689 11.3 % 

4-37 (Prototype 6/tape/4/tape/6) 0.991 45.2 % 0.2300 43.7 % 

4-38 (Prototype 6/tape/6) 4.22 12.9 % 0.1607 40.3 % 

4-40 (Prototype FG/4/FG) 5.85 26.1 % 0.2111 28.3 % 

4-41 (Prototype FG/6/4/4) 1.17 48.9 % 0.2463 44.8 % 
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Frequency dependent Young’s modulus and damping loss factor 

The material properties of three of the prototype beams which were measured according to 

the ‘frequency dependent’ part of the procedures outlined in section 2.2.3 are presented 

below. The trends in the measured values were then extrapolated and used to calculate the 

Young’s moduli and damping loss factors of the materials over the entire frequency range of 

interest. The formulae for the two metrics are shown in Table 5-3. 

 
Figure 5-2 – Material properties of parallel grain prototype beam 4-35 

(4/tape/4/tape/4) 

 
Figure 5-3 – Material properties of perpendicular grain prototype beam 4-35 

(4/tape/4/tape/4) 
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Figure 5-4 – Material properties of parallel grain prototype beam 4-36 

(4/tape/6/tape/4) 

 
Figure 5-5 – Material properties of perpendicular grain prototype beam 4-36 

(4/tape/6/tape/4) 

 
Figure 5-6 – Material properties of parallel grain prototype beam 4-38 (6/tape/6) 
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Figure 5-7 – Material properties of perpendicular grain prototype beam 4-38 

(6/tape/6) 

 

Figure 5-8 – Material properties of parallel grain prototype beam 4-39 

(9/tape/6/tape/9) 

 
Figure 5-9 – Material properties of perpendicular grain prototype beam 4-39 

(9/tape/6/tape/9) 
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The material properties of each prototype were calculated using the formulae presented in 

Table 5-3 below. The Young’s modulus and damping loss factor were calculated at each one 

third octave band centre frequency in the range 50 Hz to 10 kHz.  

Table 5-3 – Frequency dependent Young’s moduli and damping loss factor formulae 

 

Material # 
Young’s Modulus 

(E) [GPa] 
Damping Loss Factor 

(DLF) 

4-35 (Prototype beam 
4/tape/4/tape/4, parallel grain) 

                              

4-35 ( Prototype beam 
4/tape/4/tape/4, perpendicular 
grain) 

                              

4-36 ( Prototype beam 
4/tape/6/tape/4, parallel grain) 

                               

4-36 ( Prototype beam 
4/tape/6/tape/4, perpendicular 
grain) 

                               

4-38 ( Prototype beam  
6/tape/6, parallel grain) 

              
          
        

4-38 ( Prototype beam  
6/tape/6, perpendicular grain) 

                               

4-39 ( Prototype beam 
9/tape/6/tape/9, parallel grain) 

                               

4-39 ( Prototype beam 
9/tape/6/tape/9, perpendicular 
grain) 
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The STL of each of the prototype materials was calculated according to the procedures 

described in section 2.3.2, and subsequent to calculating their material properties. 

Materials with static properties 

 
Figure 5-10 - Predicted STL of prototype materials 4-29 through 4-34 

 
Figure 5-11 – Predicted STL of prototype materials 4-35 through 4-41 
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While the performance of the sandwich panel prototype using Green Glue Noiseproofing 

Compound (4-NC-4-NC-4) was relatively good, it was disregarded as the adhesive has very 

little bonding strength, being insufficient to even bond the plywood and PVC core materials 

properly. The prototype using a constrained layer viscoelastic damping tape (4-tape-4-tape-4) 

instead exhibited slightly better performance, and was extremely easy to construct due to the 

elimination of the need for adhesives to bond the layers.  
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Table 5-4 – Predicted STL of prototype beams 4-29 through 4-34 

⅓ Octave 
Band 

Centre 
Frequenc

y [Hz] 

STL [dB] 

4-29 
(Prototype 

4/4/6) 

4-30 
(Prototype 
4/foam/4) 

4-31 
(Prototype 
4/foam/4 
/foam/4) 

4-32 
(Prototype 
4/NC/4 
/NC/4) 

4-33 
(Prototype 
4/SR/4) 

4-34 
(Prototype 
4/tape/4/

4) 

50 19.3 9.2 19.1 17.7 14.4 18.3 

63 19.6 9.5 19.4 18.0 14.7 18.6 

80 20.2 10.0 19.9 18.6 15.2 19.1 

100 20.9 10.8 20.6 19.3 16.0 19.9 

125 21.9 11.8 21.6 20.3 17.0 20.9 

160 23.3 13.2 23.0 21.7 18.4 22.3 

200 24.7 14.6 24.4 23.1 19.8 23.7 

250 26.2 16.1 25.9 24.6 21.2 25.2 

315 27.5 17.4 27.3 25.9 22.6 26.5 

400 29.0 18.9 28.7 27.4 24.0 27.9 

500 30.4 20.3 30.1 28.8 25.4 29.3 

630 31.8 21.8 31.6 30.3 26.8 30.8 

800 33.3 23.3 33.1 31.8 28.3 32.3 

1000 34.7 24.7 34.5 33.2 29.6 33.7 

1250 36.0 26.1 35.9 34.5 30.7 35.0 

1600 37.3 27.6 37.2 35.8 31.5 36.2 

2000 38.1 28.8 38.3 36.7 30.4 36.9 

2500 38.0 29.8 38.9 36.9 29.3 36.3 

3150 36.0 30.4 37.9 35.8 29.6 35.9 

4000 36.4 29.4 37.1 37.6 34.6 37.8 

5000 40.6 28.0 37.8 42.4 38.5 42.6 

6300 44.9 27.5 42.4 46.7 42.1 46.7 
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Table 5-5 – Predicted STL of prototype beams 4-35 through 4-41 

⅓ Octave 
Band 

Centre 
Frequenc

y [Hz] 

STL [dB] 

4-35 
(Prototype 
4/tape/4 
/tape/4) 

4-36 
(Prototype 
4/tape/6 
/tape/4) 

4-37 
(Prototype 
6/tape/4 
/tape/6) 

4-38 
(Prototyp

e 
6/tape/6) 

4-40 
(Prototype 
FG/4/FG

) 

4-41 
(Prototype 
FG/6/4/4) 

50 18.3 12.2 20.5 14.7 19.5 20.4 

63 18.6 12.5 20.8 15.0 19.8 20.7 

80 19.1 13.0 21.4 15.5 20.3 21.2 

100 19.8 13.8 22.1 16.2 21.0 21.9 

125 20.8 14.8 23.1 17.2 22.0 23.0 

160 22.2 16.2 24.5 18.6 23.4 24.3 

200 23.7 17.6 25.9 20.0 24.8 25.8 

250 25.1 19.1 27.4 21.5 26.3 27.2 

315 26.5 20.4 28.7 22.8 27.7 28.6 

400 27.9 21.8 30.2 24.2 29.1 30.0 

500 29.4 23.2 31.6 25.6 30.5 31.4 

630 30.8 24.5 33.0 27.0 32.0 32.9 

800 32.4 25.9 34.5 28.4 33.6 34.4 

1000 33.8 26.9 35.9 29.5 35.0 35.8 

1250 35.2 27.2 37.2 30.1 36.4 37.1 

1600 36.7 25.2 38.5 28.9 37.8 38.5 

2000 38.0 25.1 39.4 26.6 39.0 39.5 

2500 39.1 29.9 39.5 31.2 40.0 40.1 

3150 39.9 34.0 37.8 35.6 40.5 39.5 

4000 40.1 37.8 38.5 39.5 39.6 37.4 

5000 39.4 41.2 42.9 42.9 37.7 42.5 

6300 41.4 44.4 47.1 46.2 44.0 47.0 
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Materials with frequency dependent properties 

 

Figure 5-12 – Predicted STL of prototype materials with frequency dependent 

properties 
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Table 5-6 – Predicted STL of prototype beams 4-35 through 4-38 with frequency 

dependent properties 

⅓ Octave 
Band 

Centre 
Frequenc

y [Hz] 

STL [dB] 

4-35  
(Prototype 
4/tape/4 
/tape/4) 

4-36  
(Prototype 
4/tape/6 
/tape/4) 

4-38 
(Prototype 
6/tape/6) 

4-39 
(Prototype 
9/tape/6 
/tape/9) 

50 18.3 12.5 14.7 16.5 

63 18.6 12.8 15.0 16.8 

80 19.1 13.3 15.5 17.3 

100 19.8 14.1 16.2 18.0 

125 20.9 15.1 17.2 19.0 

160 22.2 16.5 18.6 20.4 

200 23.7 17.9 20.0 21.8 

250 25.1 19.3 21.5 23.3 

315 26.5 20.7 22.8 24.5 

400 27.9 22.1 24.2 25.9 

500 29.3 23.5 25.6 27.1 

630 30.8 25.0 27.0 28.0 

800 32.4 26.5 28.3 27.5 

1000 33.8 27.9 29.4 28.1 

1250 35.2 29.2 30.0 29.8 

1600 36.8 30.6 29.1 31.6 

2000 38.1 31.7 27.5 32.8 

2500 39.3 32.5 31.6 33.3 

3150 40.3 32.8 35.9 30.9 

4000 41.2 30.6 39.8 31.2 

5000 41.6 29.9 43.2 29.7 

6300 41.4 29.0 46.5 31.2 

8000 40.2 29.4 49.7 31.5 

10000 38.0 32.3 52.6 31.3 
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The three prototype material which were constructed as full panels and tested in the STL 

suite are shown in Figure 5-13 through Figure 5-15 below in comparisons of the original, 

predicted, and measured STL. 

See section 4.3.2 for a description of the prototype materials which were constructed as 

panels, and Table 2-4 for a description of the panels which they are compared to below. 

 
Figure 5-13 – Comparison of the STL of prototype material 4-35 and Subdue 

X12/2000 

Little improvement can be seen in the comparison above through the addition of a 

constrained damping layer. Subdue X12/2000 has a measured RW value of 34 dB, while 

prototype material 4-35 (4/tape/4/tape/4) has a measured value of 35 dB, the slight increase 

due to the higher STL in the 1600 Hz to 6000 Hz range. The lack of change with the 

addition of extra damping to the panel can be attributed to the already high damping loss 

factor of the Subdue X12/2000 (0.222, compared to 0.349 for the prototype material). 
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Figure 5-14 – Comparison of the STL of prototype material 4-38 and 12 mm plywood 

Figure 5-14 above shows that a significant gain was made in the STL of 12 mm plywood in 

the coincidence frequency region by the addition of a constrained damping layer. The 

measured RW of the prototype material 4-38 (6/tape/6) is 26 dB, compared to 24 dB for 12 

mm plywood. 

 
Figure 5-15 – Comparison of the STL of prototype material 4-39 and Subdue L24/650 

Figure 5-15 above shows that the STL of the prototype material 4-39 (9/tape/6/tape/9) lags 

that of Subdue L24/650 over most of the frequency range. Both of the materials have the 

same measured RW of 32 dB. 
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However, a problem was encountered during prototype material construction whereby the 

density of the supplied Gaboon plywood had lower density than that used in the original 

Subdue product. Whether this is due to difference in the wood type, thickness of the plies, or 

other is unknown. The density of the prototype material 4-39 (9/tape/6/tape/9) is 10.3 

kg/m2, while the density of the Subdue L24/650 is 13.6 kg/m2. Figure 5-16 below shows a 

comparison where the measured STL of the prototype material has been adjusted so that the 

mass law regions of the two profiles coincide, assuming that the panels would produce 

identical STL in this region if both had identical density. The adjusted comparison shows the 

additional STL at and above the coincidence frequency region which would be expected with 

the addition of constrained damping layers. 

 
Figure 5-16 – Adjusted comparison of the measured STL of prototype material 4-39 

and Subdue L24/650 

Table 5-7 below shows the measured STL of all prototype materials measured in one third 

octave bands. 
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Table 5-7 – Measured STL of prototype sandwich panels 

⅓ Octave 
Band 

Centre 
Frequency 

[Hz] 

STL [dB] 

4-35 
(Prototype 
4/tape/4 
/tape/4) 

4-38 
(Prototype 
6/tape/6) 

4-39 
(Prototype 
9/tape/6 
/tape/9) 

100 17.1 10.3 14.5 

125 20 15.6 18.9 

160 24.1 17.9 24.7 

200 23.8 17.3 23.7 

250 26.9 20 24.8 

315 27.1 20.1 26.0 

400 28.7 22 26.9 

500 30.4 23.6 28.9 

630 31.7 25.1 30.2 

800 33.6 26.4 31.6 

1000 35.6 28.3 32.8 

1250 37.1 28.8 33.8 

1600 38.2 27.7 33.9 

2000 39.5 26.3 33.7 

2500 40.5 25.2 32.9 

3150 41.7 26.2 31.6 

4000 42.9 29.8 32.2 

5000 44.6 33.6 35.9 

6300 47 36.9 41.9 

8000 49.2 39.4 47.0 

10000 52.2 41.6 50.7 

STC [dB] 35 26 31 

RW [dB] 35 26 32 
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Summary 

The findings of the project are summarized, and future 

work suggested. The findings are related to constrained 

damping layers, the measurement of material properties, 

prediction of STL, and optimisation modelling. Future 

work would be worthwhile in improving the material 

properties measurement method, further analysing the 

prediction model, and applying the method to a wider 

range of systems. 
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In the investigation of constrained damping layers, a product which is touted to have great 

beneficial effect on the acoustic performance was measured against alternative products in 

different systems.  

The Noiseproofing Compound (a viscoelastic water based adhesive by Green Glue) was 

measured and compared to Simson ISR glue in gypsum plasterboard sandwich panel 

systems. While the Noiseproofing Compound sandwich panel had higher transmission loss 

than the Simson ISR glue system, it did not produce results as high as the manufacturer’s 

claims. The respective RW values were 39 dB and 35 dB, and the RW of a sandwich panel with 

no adhesive layer was 35 dB also.  

The Noiseproofing Compound was also used in plywood sandwich panel beams whose 

material properties were measured. Identical sandwich beams, one using the Noiseproofing 

Compound and one Tesa viscoelastic double sided tape, produced average damping loss 

factors of 0.285 and 0.349 respectively. The predicted STL for these systems had identical 

RW values of 33 dB. It was also noted that the bonding strength of the Noiseproofing 

Compound is much lower than the viscoelastic tape, and likely to be insufficient for most 

sandwich panel applications. 

 

A material properties test method was developed from a standard method (ASTM E756, 

Standard Test Method for Measuring Vibration-Damping Properties of Materials). The 

method facilitates the derivation of Young’s modulus and damping loss factor from 

measurements of the resonance of beam samples of a material.  

 

The Davy model can accurately predict the STL of thin (10 – 30 mm) plywood sandwich 

panels, given accurate material properties. The best results are obtained when the frequency 

dependence of the Young’s modulus and damping loss factor of materials is taken into 

account. 
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The Davy model was implemented in Matlab programming language such that results files 

generated by the material properties testing method can be automatically loaded, read, and 

compared. 

 

A mathematical stochastic optimisation software was used to optimise the Davy model, the 

results of which were maximum RW at low Young’s modulus, and high density, thickness, 

and damping loss factor (for the input parameter range which was considered achievable). 

These findings coincide with observations from experimental STL testing. 
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Refinements could be made to the material properties measurement method to increase the 

accuracy and ease of conducting measurements. An investigation into data acquisition 

methods may reveal different hardware and/or setup which negates the problems which 

were experienced with high frequency accelerometer readings (as described in section 3.2.2). 

It may be possible, with different measurement hardware or methodology to reduce the 

number of separate measurements of beam samples which are required to record and 

calculate their dynamic response and material properties. Ultimately the method should be 

reduced so that it is possible to measure the response of just one beam length and have 

sufficient data to calculate the frequency dependent material properties at enough 

frequencies to reliably extrapolate over the entire frequency range. This would significantly 

reduce the labour of obtaining measurements, and data processing complications. 

 

The mathematical optimisation of the STL prediction model (see sections 4.1 and 5.1) which 

was carried out was valuable in determining the optimal location (for high STL) within the 

bounded domain of input parameters, but did not provide any information on the relative 

importance of the input parameters. Further analysis of the prediction model could provide 

clarity on the process of material optimisation.  

A full or fractional factorial design using the outputs of the STL prediction model and/or 

experiment, and inputs of at least four of the material parameters (Young’s modulus, 

damping loss factor, density, and thickness) would illuminate their relative importance and 

level of interaction. Practically, this would provide information on which material parameters 

should be manipulated to the desired level (defined by the mathematical optimisation), and 

where the most cost efficient gains can be made. 

 

The results of the mathematical optimisation of the STL prediction model could be applied 

to a wider range of materials. In this project, the initial analysis and prototypes were 

restricted to readily available materials which are mostly used in existing products. However, 
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use of a wider range of novel damping materials and sandwich constructions which tailor 

stiffness and geometry may provide greater gains than observed in this project. 
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Additional results obtained from material properties testing are shown below.  

Materials with two sets of listed values correspond to plywood based panels for which two 

measurements were made. The first listed measurement is for measurements taken with the 

grain direction parallel to the beam length, and the other for the grain direction 

perpendicular to the beam length. 

For further description of the materials listed, see the relevant sub-sections of section 2.1.4. 

Dynamically excited cantilever beams 

Table A-1 – Measured natural frequencies of cantilever beams 

Material # 
fn [Hz] 

f1 f2 f3 f4 f5 

2-27 (Mild steel) 40.4 250.0 713.0 1388 2270 

2-2 (16 mm gypsum plasterboard) 9.2 57.8 161.2 318.6 521.0 

2-4 (Noiseproofing Compound sandwich panel) 13.4 73.4 197.9 429.1  - 

2-5 (Simson ISR glue sandwich panel) 15.0 75.4 189.7 338.7 551.7 

2-7 (13 mm plywood) 
76.7 464.2 1214.6 2157.5 4287.4 

63.4 400.6 1025.4 1908.7 - 

2-8 (18 mm plywood) 
68.9 422.0 1040.1 - - 

57.4 346.2 903.3 1633.8 - 

2-9 (Subdue L14/250) 
46.2 238.3 534.8 874.5 1687.1 

40.2 175.8 458.2 720.6 1302.5 

2-10 (Subdue L24/250) 
66.8 376.2 854.5 1442.7 2155.7 

55.4 273.9 606.9 1037.1 2118.3 

2-11 (Subdue L14/650) 
37.6 188.3 441.6 731.4 1453.1 

38.4 170.6 375.9 816.1 1411.5 
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2-12 (Subdue L24/650)  
56.8 314.3 713.2 1208.9 2428.5 

55.4 282.4 618.5 1051.4 2146.4 

2-13 (Subdue M14/1500) 
51.8 279.9 659.2 1628.0 - 

40.4 155.7 378.6 982.3 - 

2-14 (Subdue M20/1500) 
53.6 309.7 747.1 - - 

56.6 321.3 772.5 - - 

2-15 (Subdue M14/1800) 
46.6 238.2 571.9 1487.5 2612.3 

44.2 202.6 484.4 1204.5 2133.1 

2-16 (Subdue M20/1800) 
62.9 328.5 763.4 1959.1 2732.7 

52.8 243.8 577.2 1463.5 2591.5 

2-17 (Subdue X12/2000) 
24.4 120.6 292.8 713.4 1221.8 

21.0 93.5 208.0 503.9 846.5 

2-18 (Subdue X22/2000) 
54.2 274.9 664.7 1648.6 2342.6 

48.6 230.9 522.9 1330.5 1867.4 

2-19 (Subdue X17/2200) 
40.8 185.7 440.0 759.2 1524.4 

26.0 127.6 298.0 532.8 1073.8 

2-20 (Subdue X18/2200) 
39.2 156.1 372.8 657.4 1326.6 

25.4 109.4 271.1 482.5 989.1 

2-21 (Subdue X24/2200) 
46.2 218.7 522.0 917.8 1790.6 

40.6 159.0 387.9 671.3 1764.6 

4-29 (Prototype 4/4/6) 
45.0 212.2 541.1 1443.2 2034.2 

33.4 161.6 379.9 965.0 - 

4-30 (Prototype 4/foam/4) 
30.6 159.4 408.1 771.7 1253.4 

22.7 105.5 247.0 468.9 750.6 

4-31(Prototype 4/foam/4/foam/4) 
25.1 282.4 521.2 877.1 - 

19.5 191.2 343.8 729.8 - 

4-32 (Prototype 4/NC/4/NC/4) 
29.1 302.0 606.1 - 1645.4 

24.1 228.5 402.2 - - 

4-33 (Prototype 4/SR/4) 
39.4 422.1 830.2 - - 

30.6 310.2 513.3 - - 
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Table A-2 – Measured Young’s moduli of cantilever beams 

4-34 (Prototype 4/tape/4/4) 
32.0 342.6 659.9 1262.9 - 

25.1 224.4 394.7 1146.5 - 

4-35 (Prototype 4/tape/4/tape/4) 
24.7 123.0 307.3 817.8 - 

19.5 87.1 216.5 518.6 - 

4-36 (Prototype 4/tape/6/tape/4) 
57.6 685.8 1097.4 1645.4 - 

48.6 587.8 880.9 1587.7 2010.3 

4-37 (Prototype 6/tape/4/tape/6) 
43.8 - 572.2 1001.0 1591.9 

35.1 157.2 362.3 767.4 1587.9 

4-38 (Prototype 6/tape/6) 
68.8 - 1196.9 2133.0 - 

58.7 373.0 977.9 1820.8 3656.1 

4-40 (Prototype FG/4/FG) 15.9 - 261.3 685.6 1001.9 

4-41 (Prototype FG/6/4/4) 
36.7 184.7 362.3 - - 

31.7 176.5 334.4 - - 

Material # 
Young’s Modulus (E) [GPa] 

f1 f2 f3 f4 f5 

2-27 (Mild steel) 177 172 179 176 173 

2-2 (16 mm gypsum plasterboard) 3.80 3.84 3.81 3.88 3.79 

2-4 (Noiseproofing Compound sandwich panel) 2.01 1.54 1.42 1.74 1.72 

2-5 (Simson ISR glue sandwich panel) 2.41 1.54 1.25 1.03 1.00 

2-7 (13 mm plywood) 
6.22 5.80 5.06 4.16 6.01 

4.37 4.44 3.71 3.35 - 

2-8 (18 mm plywood) 
6.87 6.56 5.08 - - 

4.75 4.39 3.81 3.25 - 

2-9 (Subdue L14/250) 
4.32 2.92 1.88 1.31 1.78 

3.27 1.59 1.38 0.89 1.06 

2-10 (Subdue L24/250) 3.33 2.69 1.77 1.31 1.07 
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2.29 1.42 0.89 0.68 1.04 

2-11 (Subdue L14/650) 
3.84 2.45 1.72 1.23 1.77 

4.00 2.01 1.25 1.53 1.67 

2-12 (Subdue L24/650)  
2.55 1.98 1.30 0.97 1.44 

2.42 1.60 0.98 0.74 1.12 

2-13 (Subdue M14/1500) 
6.64 4.93 3.49 5.54 - 

4.04 1.53 1.15 2.02 - 

2-14 (Subdue M20/1500) 
3.15 2.68 1.99 - - 

3.52 2.88 2.13 - - 

2-15 (Subdue M14/1800) 
5.84 3.88 2.86 5.03 5.68 

5.26 2.81 2.05 3.30 3.79 

2-16 (Subdue M20/1800) 
5.67 3.94 2.71 4.65 3.31 

4.00 2.17 1.55 2.60 2.98 

2-17 (Subdue X12/2000) 
3.52 2.20 1.65 2.56 2.75 

2.58 1.31 0.83 1.26 1.30 

2-18 (Subdue X22/2000) 
4.05 2.65 1.98 3.16 2.34 

3.25 1.87 1.22 2.06 1.49 

2-19 (Subdue X17/2200) 
4.13 2.17 1.56 1.21 1.78 

1.67 1.03 0.71 0.59 0.88 

2-20 (Subdue X18/2200) 
3.54 1.43 1.04 0.84 1.25 

1.49 0.70 0.55 0.46 0.70 

2-21 (Subdue X24/2200) 
2.59 1.48 1.07 0.86 1.20 

2.00 0.78 0.59 0.46 1.17 

4-29 (Prototype 4/4/6) 
3.34 1.89 1.57 2.91 2.12 

1.69 1.01 0.71 1.20  - 

4-30 (Prototype 4/foam/4) 
0.98 0.68 0.56 0.53 0.51 

0.57 0.31 0.22 0.21 0.19 

4-31(Prototype 4/foam/4/foam/4) 
1.20 3.87 1.68 1.24  - 

0.66 1.60 0.66 0.78  - 

4-32 (Prototype 4/NC/4/NC/4) 2.70 7.38 3.79  - 2.66 
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Table A-3 – Measured damping loss factors of cantilever beams 

1.59 3.64 1.44  -  - 

4-33 (Prototype 4/SR/4) 
2.26 6.63 3.27  -  - 

1.33 3.48 1.22  -  - 

4-34 (Prototype 4/tape/4/4) 
3.08 9.02 4.27 4.07  - 

1.64 3.32 1.31 2.88  - 

4-35 (Prototype 4/tape/4/tape/4) 
1.81 1.14 0.91 1.68  - 

0.97 0.49 0.39 0.58  - 

4-36 (Prototype 4/tape/6/tape/4) 
2.77 10.02 3.27 1.92  - 

1.98 7.38 2.11 1.79 1.05 

4-37 (Prototype 6/tape/4/tape/6) 
2.06  - 1.14 0.91 0.84 

1.29 0.66 0.44 0.52 0.81 

4-38 (Prototype 6/tape/6) 
5.01  - 4.92 4.07  - 

3.81 3.93 3.44 3.11 4.58 

4-40 (Prototype FG/4/FG) 5.01  - 4.39 7.87 6.15 

4-41 (Prototype FG/6/4/4) 
1.98 1.27 0.62  -  - 

1.47 1.15 0.53  -  - 

Material # 
Damping Loss Factor 

f1 f2 f3 f4 f5 

2-27 (Mild steel) 0.002 0.006 0.003 0.006 0.006 

2-2 (16 mm gypsum plasterboard) 0.013 0.020 0.007 0.005 0.005 

2-4 (Noiseproofing Compound sandwich 
panel) 

0.061 0.063 0.055 0.067 0.109 

2-5 (Simson ISR glue sandwich panel) 0.019 0.024 0.018 0.011 0.040 

2-7 (13 mm plywood) 
0.039 0.035 0.039 0.030 0.027 

0.029 0.043 0.020 0.019 - 

2-8 (18 mm plywood) 
0.038 0.075 0.019 - - 

0.030 0.017 0.017 0.020 - 
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2-9 (Subdue L14/250) 
0.055 0.048 0.060 0.062 0.048 

0.073 0.086 0.070 0.077 0.085 

2-10 (Subdue L24/250) 
0.074 0.068 0.051 0.037 0.041 

0.064 0.098 0.055 0.055 0.038 

2-11 (Subdue L14/650) 
0.110 0.084 0.067 0.074 0.055 

0.088 0.074 0.090 0.090 0.074 

2-12 (Subdue L24/650)  
0.067 0.057 0.058 0.041 0.040 

0.080 0.074 0.066 0.066 0.041 

2-13 (Subdue M14/1500) 
0.076 0.129 0.131 0.108 - 

0.173 0.304 0.212 0.143 - 

2-14 (Subdue M20/1500) 
0.044 0.087 0.090 - - 

0.046 0.069 0.088 - - 

2-15 (Subdue M14/1800) 
0.062 0.113 0.141 0.120 0.145 

0.071 0.155 0.185 0.168 0.137 

2-16 (Subdue M20/1800) 
0.071 0.101 0.114 0.099 0.108 

0.039 0.155 0.154 0.119 0.131 

2-17 (Subdue X12/2000) 
0.127 0.140 0.189 0.167 0.230 

0.151 0.294 0.293 0.334 0.293 

2-18 (Subdue X22/2000) 
0.076 0.178 0.170 0.108 0.137 

0.121 0.218 0.168 0.114 0.136 

2-19 (Subdue X17/2200) 
0.099 0.154 0.154 0.115 0.104 

0.213 0.304 0.220 0.162 0.177 

2-20 (Subdue X18/2200) 
0.111 0.265 0.117 0.104 0.122 

0.174 0.472 0.226 0.250 0.124 

2-21 (Subdue X24/2200) 
0.114 0.175 0.109 0.101 0.099 

0.135 0.300 0.166 0.120 0.109 

4-29 (Prototype 4/4/6) 
0.110 0.248 0.138 0.061 0.043 

0.149 0.186 0.210 0.178  - 

4-30 (Prototype 4/foam/4) 
0.185 0.058 0.033 0.026 0.036 

0.080 0.140 0.066 0.048 0.059 
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4-31(Prototype 4/foam/4/foam/4) 
0.211 0.101 0.068 0.127  - 

0.247 0.163 0.105 0.111  - 

4-32 (Prototype 4/NC/4/NC/4) 
0.160 0.324 0.212  - 0.149 

0.276 0.448 0.355  -  - 

4-33 (Prototype 4/SR/4) 
0.158 0.118 0.060  -  - 

0.111 0.117 0.103  -  - 

4-34 (Prototype 4/tape/4/4) 
0.162 0.288 0.179 0.090  - 

0.222 0.317 0.256 0.223  - 

4-35 (Prototype 4/tape/4/tape/4) 
0.260 0.270 0.425 0.124  - 

0.416 0.477 0.483 0.334  - 

4-36 (Prototype 4/tape/6/tape/4) 
0.165 0.125 0.141 0.155  - 

0.211 0.201 0.156 0.195 0.194 

4-37 (Prototype 6/tape/4/tape/6) 
0.280  - 0.193 0.116 0.116 

0.281 0.280 0.481 0.221 0.155 

4-38 (Prototype 6/tape/6) 
0.301  - 0.145 0.138  - 

0.196 0.110 0.136 0.099 0.091 

4-40 (Prototype FG/4/FG) 0.143  - 0.287 0.218 0.196 

4-41 (Prototype FG/6/4/4) 
0.118 0.511 0.380  -  - 

0.130 0.129 0.210  -  - 
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Dynamically excited cantilever beams with frequency dependent properties 

For each material, the two sets of reported metrics are respectively for parallel and 

perpendicular grain direction beams. 

Table A-4 – Frequency dependent measured material properties of Material # 2-9 

(Subdue L14/250) 

Frequency [Hz] Young’s Modulus Damping Loss Factor 

37.7 33.7 3.85 3.11 0.102 0.067 

49.6 43.7 3.96 3.31 0.091 0.071 

74.4 59.4 4.07 3.00 0.094 0.047 

216.5 202.0 3.22 2.83 0.078 0.124 

267.0 238.6 2.92 2.51 0.078 0.068 

362.2 307.8 2.45 2.05 0.069 0.091 

471.4 417.7 1.95 1.55 0.120 0.061 

585.8 502.9 1.80 1.42 0.077 0.065 

784.1 637.8 1.47 1.12 0.085 0.086 

807.7 670.4 1.49 1.04 0.102 0.067 

978.1 795.0 1.30 0.93 0.063 0.070 

1184.5 991.6 1.17 0.71 0.087 0.070 

1286.3 1413.4 1.03 1.07 0.062 0.065 

1376.7 - 0.95 - 0.056 - 

 

Table A-5 – Frequency dependent measured material properties of Material # 2-15 

(Subdue M14/1800) 

Frequency [Hz] Young’s Modulus Damping Loss Factor 

38.0 36.0 5.33 4.83 0.076 0.072 

50.3 52.0 5.10 4.51 0.112 0.119 

67.4 56.8 5.07 4.23 0.201 0.078 

86.2 70.6 4.66 4.49 0.101 0.044 

199.2 165.1 3.74 2.59 0.139 0.183 

268.0 224.5 3.68 2.15 0.324 0.212 

421.2 313.8 2.83 2.26 0.109 0.146 

505.9 407.2 3.07 2.01 0.157 0.210 

631.7 560.3 2.61 1.71 0.192 0.310 
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800.7 612.3 2.32 1.60 0.124 0.203 

894.6 714.3 2.50 1.61 0.139 0.210 

1013.9 976.4 2.09 1.35 0.169 0.191 

1108.3 1103.3 2.09 1.35 0.145 0.189 

1432.6 1295.7 1.94 1.28 0.156 0.135 

2267.9 - 1.78 - 0.170 - 

 

Table A-6 – Frequency dependent measured material properties of Material # 4-35 

(Prototype 4/tape/4/tape/4) 

Frequency [Hz] Young’s Modulus Damping Loss Factor 

21.1 13.7 1.39 0.51 0.174 0.327 

26.7 15.1 1.31 0.57 0.287 0.264 

31.7 20.4 1.03 0.65 0.231 0.220 

47.4 24.0 1.44 0.56 0.290 0.179 

102.3 29.7 0.83 0.47 0.166 0.226 

136.1 154.3 0.87 0.21 0.287 0.193 

164.2 236.9 0.70 0.29 0.262 0.172 

272.8 281.6 0.75 0.25 0.270 0.259 

354.5 291.1 0.75 0.19 0.152 0.152 

433.4 319.8 0.62 0.21 0.244 0.182 

508.4 356.9 0.68 0.22 0.120 0.245 

576.4 412.5 0.69 0.23 0.297 0.198 

651.2 484.5 0.66 0.20 0.114 0.228 

801.4 525.2 0.55 0.21 0.181 0.187 

1054.4 533.0 0.61 0.23 0.104 0.192 

1250.0 652.2 0.49 0.19 0.146 0.208 

- 677.9 - 0.22 - 0.163 

- 847.3 - 0.22 - 0.184 

- 1070.2 - 0.19 - 0.181 
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Table A-7 – Frequency dependent measured material properties of Material # 4-36 

(Prototype 4/tape/6/tape/4) 

Frequency [Hz] Young’s Modulus Damping Loss Factor 

51.4 45.0 2.32 1.66 0.183 0.319 

75.8 63.4 2.92 2.01 0.289 0.159 

90.4 81.6 2.78 1.96 0.267 0.278 

104.5 102.3 1.84 1.66 0.259 0.269 

1042.2 669.7 0.81 0.73 0.133 0.240 

- 843.0 - 0.49 - 0.282 

- 1092.8 - 0.51 - 0.213 

- 1311.8 - 0.43 - 0.251 

- 1591.1 - 0.34 - 0.192 

 

Table A-8 – Frequency dependent measured material properties of Material # 4-38 

(Prototype 6/tape/6) 

Frequency [Hz] Young’s Modulus Damping Loss Factor 

68.8 58.8 5.07 3.68 0.076 0.161 

96.8 76.2 6.43 4.02 0.142 0.193 

126.8 97.6 6.35 3.89 0.160 0.154 

166.6 125.1 6.11 3.76 0.158 0.161 

558.8 362.2 5.45 3.56 0.187 0.127 

583.9 451.8 1.91 3.59 0.641 0.176 

715.3 744.4 5.14 3.39 0.180 0.164 

1162.0 1007.7 4.70 3.51 0.088 0.121 

1438.6 1234.4 4.61 3.42 0.215 0.152 

1848.1 1574.7 4.38 3.29 0.170 0.154 

- 1998.9 - 3.12 - 0.150 

- 2382.0 - 3.32 - 0.157 

- 2869.2 - 2.84 - 0.131 
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Dynamically excited freely supported beams 

Table A-9 – Measured natural frequencies of freely supported beams 

Material # 
fn [Hz] 

f1 f2 f3 f4 f5 

2-27 (Mild steel) 109.6 303.1 594.1 972.6 1469.5 

2-8 (18 mm plywood) 
286.8 727.6 1278.9 1583.6 1878.8 

219.2 576.8 1075.7 1647.7 2310.2 

2-17 (Subdue X12/2000) 
93.1 194.8 443.8 616.8 972.8 

83.3 158.8 368.5 643.5 747.8 

 

 Table A-10 – Measured Young’s moduli of freely supported beams  

Material # 
Young’s Modulus (E) [GPa] 

f1 f2 f3 f4 f5 

2-27 (Mild steel) 188 189 189 186 190 

2-8 (18 mm plywood) 
9.45 8.00 6.43 3.61 2.28 

5.52 5.03 4.55 3.91 3.44 

2-17 (Subdue X12/2000) 
3.97 2.28 3.09 2.18 2.43 

3.20 1.53 2.15 2.39 1.45 

 

Table A-11 – Measured damping loss factors of freely supported beams 

Material # 
Damping Loss Factor 

f1 f2 f3 f4 f5 

2-27 (Mild steel) 0.006 0.002 0.001 0.002 0.008 

2-8 (18 mm plywood) 
0.006 0.007 0.007 0.009 0.012 

0.006 0.006 0.007 0.010 0.010 

2-17 (Subdue X12/2000) 
0.044 0.080 0.145 0.082 0.094 

0.086 0.153 0.008 0.084 0.095 
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Main file - Free Free.vi 
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Function 1 – 3dB Down.vi 

This function uses the 3 dB down points of each resonance peak to calculate the damping 

loss ratio. See section 2.2.2 for more detail. 

 

Function 2 – E v3.vi 

This function is used to calculate the Young’s modulus at each resonant frequency, using 

equations from section 2.2.2. 
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Function 3 – Create Parameter String.vi 

 

Function 4 – String Array Form.vi 
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Main file – Davy.m 

%% Davy Sound Transmission Loss Model 
% Tim Phillips 24/05/2012 

  
%% Notes 
%   - Text file material properties automatically imported. Cancel 

import to use default properties. 
%   - Text files must be labelled with suffixes 'll' and '+' to indicate 

parallel and perpendicular grain directions e.g. '704 ll.txt' 

  
clear 
clc 

  
c = 343; 
p0 = 1.18; 
ww = 1.3; 
beta = 0.124; 
nn = 2; 
octave = 3; 
averages = 3; 
f = 

[50,63,80,100,125,160,200,250,315,400,500,630,800,1000,1250,1600,2000,25

00,3150,4000,5000,6300]; 

  
%% Default properties 

  
E = 2.54e9; 
damping = 0.17; 
t = 11.7e-3; 
p = 1007.5; 
s_p = p*t; 

  
height = 1.548; 
width = 0.948; 
poisson = 0.3; 

  
%% GUI to select input method 

  
choice = questdlg('How would you like to load material properties 

files?',... 
    'Input Method','Load single file','Load directory','Use default 

properties','Load single file');     % Construct a questdlg with three 

options 

  
switch choice       % Handle dialog response 
    case 'Load single file' 
        datatype = 1; 
    case 'Load directory' 
        datatype = 2; 
    case 'Use default properties' 
        datatype = 0; 
end 
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%% Import properties/ overwrite default properties 

  
if isequal(datatype,1) 
    [FileName1,PathName] = uigetfile('*.txt','Select one of the two 

results text files for the beam','W:\JOB FILES\PYROTEK NOISE 

CONTROL\Material Properties Test Rig\Labview Data\Results\'); 
    addpath(PathName); 
    

[STL,BeamNames,STL_all,FileNames,fc,E_all,E,E_RSD,damping_all,damping,da

mping_RSD,t,p] = 

STL_calculator(FileName1,datatype,f,poisson,width,height,c,p0,ww,beta,nn

,octave,averages); 

     
elseif isequal(datatype,2) 
    PathName = uigetdir;        % Load directory 
    addpath(PathName); 
    files = ls(PathName);       % List all items in the directory 
    j = 1; 
    for i = 1 : length(files(:,1)) 
        filename = cellstr(files(i,:));     % Convert filenames to 

strings 
        if ~isempty(strfind(char(filename),'.txt'))     % Loop to store 

only relevant filenames (txt files) 
            FileNames(j) = filename; 
            j = j + 1; 
        end 
    end 
    FileNames = FileNames'; 
    

[STL,BeamNames,STL_all,FileNames,fc,E_all,E,E_RSD,damping_all,damping,da

mping_RSD,t,p] = 

STL_calculator(FileNames,datatype,f,poisson,width,height,c,p0,ww,beta,nn

,octave,averages); 

     
elseif isequal(datatype,0) 
    STL = zeros(size(f)); 
    for i = 1:length(f) 
        STL(i) = Avsingle_leaf(f(i), p, E, poisson, t, damping, width, 

height, c, p0, ww, beta, nn, octave, averages); 
    end 
end 

  
%% 

  
STC = stctest(STL); 
[Rw,Rw_C,Rw_Ctr,Rw_Csp] = rwtest(STL); 

  
if datatype ~= 0 
    s_p = averager(p,FileNames,0).*averager(t,FileNames,0); 
    t_avg = 1000*averager(t,FileNames,0); 
    E_avg = averager(E,FileNames,0)/(10^9); 
    E_avg_RSD = averager(E_RSD,FileNames,0); 
    damping_avg = averager(damping,FileNames,0); 
    damping_avg_RSD = averager(damping_RSD,FileNames,0); 
end 
SurfaceDensityNormalisedRwCsp = Rw_Csp./s_p; 

  
%% Plot STL 
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if datatype ~= 0 
    CustomColors = distinguishable_colors(length(BeamNames)); 
    set(0,'DefaultAxesColorOrder',CustomColors) 
    markerorder = {'.';'+';'d';'s';'o';'p';'*';'h'}; 
    markersizes = [5; 6; 5; 4; 4; 6; 5; 5]; 
end 

  
figure(1); 
set(figure(1),'Position',[200 200 1000 500]); 
pl = plot(STL'); 

  
for i = 1:size(STL,1); 
    

set(pl(i),'Marker',char(markerorder(i)),'MarkerSize',markersizes(i),'Mar

kerFaceColor',CustomColors(i,:)) 
end 

  
% Measured values 
set(pl,'LineWidth',1,'LineStyle','-') 
labels = 

{'100','','160','','250','','400','','630','','1000','','1600','','2500'

,'','4000','','6300','','10000'}; 
set(gca,'xtick',1:21,'xticklabel',labels,'xlim',[0 22],'ylim',[0 70]) 

  
% Predicted values 
% set(pl,'LineWidth',1,'LineStyle',':') 
% labels = 

{'50','','80','','125','','200','','315','','500','','800','','1250','',

'2000','','3150','','5000','','8000',''}; 
% set(gca,'xtick',1:24,'xticklabel',labels,'xlim',[0 25],'ylim',[0 70]) 

  
legend(BeamNames,'Location','EastOutside') 
% title(['STL of ',num2str(height),'m by ',num2str(width),'m Panel - 

Predicted by Davy Model']) 
xlabel('^1/_3 Octave Band Centre Frequency [Hz]') 
ylabel('Sound Transmission Loss [dB]') 

  
%% Plot STC, Rw, Rw+Csp, and Rw+Csp/p 

  
if size(STL,1) > 1 

     
    figure(2); 

     
    subplot(2,2,1) 
    index = length(STC):-1:1; 
    pl = barh(index,STC,0.6); 
    pl_child = get(pl,'Children'); 
    set(pl_child,'CData',index); 
    colormap(CustomColors); 
    labels = BeamNames(end:-1:1); 
    

set(gca,'XLim',[min(get(gca,'XLim')),1.08*max(STC)],'yticklabel',labels) 

     
    % Annotate values on graph 
    for i = 1:length(STC) 
        

text(STC(i)+0.3,index(i),mat2str(STC(i)),'HorizontalAlignment','left') 
    end 
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    title(['STC of ',num2str(height),'m by ',num2str(width),'m Panel - 

Predicted by Davy Model']) 
    xlabel('STC [dB]') 
    ylabel('Material') 

     
    subplot(2,2,2) 
    index = length(Rw):-1:1; 
    pl = barh(index,Rw,0.6); 
    pl_child = get(pl,'Children'); 
    set(pl_child,'CData',index); 
    colormap(CustomColors); 
    labels = BeamNames(end:-1:1); 
    

set(gca,'XLim',[min(get(gca,'XLim')),1.1*max(Rw)],'yticklabel',labels) 

     
    % Annotate values on graph 
    for i = 1:length(Rw) 
        

text(Rw(i)+0.3,index(i),mat2str(Rw(i)),'HorizontalAlignment','left') 
    end 

     
    title(['R_w of ',num2str(height),'m by ',num2str(width),'m Panel - 

Predicted by Davy Model']) 
    xlabel('R_w [dB]') 
    ylabel('Material') 

     
    subplot(2,2,3) 
    index = length(Rw_Csp):-1:1; 
    pl = barh(index,Rw_Csp,0.6); 
    pl_child = get(pl,'Children'); 
    set(pl_child,'CData',index); 
    colormap(CustomColors); 
    labels = BeamNames(end:-1:1); 
    

set(gca,'XLim',[min(get(gca,'XLim')),1.08*max(Rw_Csp)],'yticklabel',labe

ls) 

     
    % Annotate values on graph 
    for i = 1:length(Rw_Csp) 
        

text(Rw_Csp(i)+0.2,index(i),mat2str(Rw_Csp(i)),'HorizontalAlignment','le

ft') 
    end 

     
    title(['R_w + C_{sp} of ',num2str(height),'m by ',num2str(width),'m 

Panel - Predicted by Davy Model']) 
    xlabel('R_w + C_{sp} [dB]') 
    ylabel('Material') 

     
    subplot(2,2,4) 
    [B,index] = sortrows(SurfaceDensityNormalisedRwCsp); 
    pl = barh(B,0.6); 
    pl_child = get(pl,'Children'); 
    set(pl_child,'CData',index); 
    colormap(CustomColors); 
    labels = BeamNames(index); 
    

set(gca,'XLim',[min(get(gca,'XLim')),1.25*max(SurfaceDensityNormalisedRw

Csp)],'yticklabel',labels) 
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    % Annotate values on graph 
    for i = 1:length(SurfaceDensityNormalisedRwCsp) 
        

text(SurfaceDensityNormalisedRwCsp(index(i))+0.03,i,strcat(mat2str(s_p(i

ndex(i)),3),' kgm^-^2'),'HorizontalAlignment','left') 
    end 

     
    title('R_w + C_{sp} Normalised by Surface Density (+ Annotated 

Surface Densities)') 
    xlabel('(R_w + C_{sp})/\rho [dB/(kgm^{-2})]') 
    ylabel('Material') 

         
end 

  
%% Tabulate Data 

  
figure(3) 

  
ColumnNames = {'BeamNames' 't_avg' 's_p' 'E_avg' 'E_avg_RSD' 

'damping_avg' 'damping_avg_RSD' 'Rw' 'Rw_C' 'Rw_Csp' 'STC'}; 
% ColumnTitles = ColumnNames; 
ColumnTitles = {'Beam Names' 't [mm]' 'p [kg/m^2}]' 'E [GPa]' 'RSD(E) 

[%]' 'damping' 'RSD(damping) [%]' 'Rw' 'Rw_C' 'Rw_Csp' 'STC'}; 
data = cell(length(eval(char(ColumnNames(1)))),length(ColumnNames)); 

  
for i = 1:length(ColumnNames) 
    if isnumeric(eval(char(ColumnNames(i)))) 
        column = eval(char(ColumnNames(i))); 
        for j = 1:length(eval(char(ColumnNames(i)))) 
            data(j,i) = {column(j)}; 
        end 
    elseif iscell(eval(char(ColumnNames(i)))) 
        data(:,i) = eval(char(ColumnNames(i))); 
    end 
end 

  
table = uitable('Data',data); 
set(table,'ColumnName',ColumnTitles); 
fp = get(figure(3),'Position'); 
ts = get(table,'Extent'); 
tp = get(table,'Position'); 
ta = annotation('textbox');  
set(ta,'Units','pixels','Position',[20 20 ts(3) 20],'String','Note: 

values are averages of two beams - parallel grain and perpendicular 

grain'); 
tp = [tp(1) 60 ts(3) ts(4)]; 
set(table,'Position',tp); 
set(figure(3),'Position',[fp(1) fp(2) tp(3)+40 tp(4)+80]); 

  
%% Tabulate STL 

  
figure(4) 

  
data = [f',STL']; 
clear ColumnTitles; 
ColumnTitles(1) = {'1/3 Octave BCF'}; 

  
for i = 1:length(BeamNames) 
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    ColumnTitles(i+1) = BeamNames(i);  
end 

  
table = uitable('Data',data);    %str2double(sprintf('%.2f',data))); 
set(table,'ColumnName',ColumnTitles); 
fp = get(figure(3),'Position'); 
ts = get(table,'Extent'); 
tp = get(table,'Position'); 
tp = [tp(1) tp(2) ts(3) ts(4)]; 
set(table,'Position',tp); 
set(figure(4),'Position',[fp(1) fp(2) tp(3)+40 tp(4)+40]); 

  
%% Print Messages 

  
if sum(E_RSD>50) ~= 0 
    fprintf('Warning, the following beams have stiffness (E) relative 

standard deviation of greater than 50%%\n\n') 
    disp(char(FileNames(E_RSD>50))) 
end 

  
%% Reorder Arrays 

  
[FileNames,index1] = sort(FileNames);       % Get list of indices 
index2a = index1(1:2:end); index2b = index1(2:2:end);       % Odd and 

even indices 
index2 = zeros(length(index1),1); 
index2(1:2:end) = index2b; index2(2:2:end) = index2a;       % Switch 

odds and evens 

  
FileNames = FileNames(index2);      % Reorders so parallel beams are 

first ('ll' then '+' rather than the opposite) 

  
fc = fc(index2,:); 
p = p(index2); 
t = t(index2); 
E_all = E_all(index2,:); 
E = E(index2); 
E_RSD = E_RSD(index2); 
STL_all = STL_all(index2,:); 
damping_all = damping_all(index2,:); 
damping = damping(index2); 
damping_RSD = damping_RSD(index2); 

 

 

Function 1 – STL_calculator.m 

function 

[STL_avg,BeamNames,STL,FileNames,fc,E_all,E,E_RSD,damping_all,damping,da

mping_RSD,t,p] = 

STL_calculator(FileNames,datatype,f,poisson,width,height,c,p0,ww,beta,nn

,octave,averages) 

  
%% Add second filename for beam pairs 

  
if datatype == 1 
    if ~isempty(strfind(char(FileNames),' ll'))       % Check suffix to 

find which of the two beams was imported first 
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        FileNames = {FileNames; regexprep(FileNames, 'll', '+')};        

% Replace suffix to access second beam properties 
    elseif ~isempty(strfind(char(FileNames),' +')) 
        FileNames = {FileNames; regexprep(FileNames, '+', 'll')}; 
    else 
        disp('Warning - data pair not found for one file. Check 

FileNames.') 
    end 
end 

  
%% Calculate STL 

  
[fc,E_all,damping_all] = deal(zeros(length(FileNames),5)); 
[E,E_RSD,damping,damping_RSD,t,p] = deal(zeros(length(FileNames),1)); 
STL = zeros(length(FileNames),length(f)); 

  
for i = 1 : length(FileNames) 
    

[fc(i,:),E_all(i,:),E(i),E_RSD(i),damping_all(i,:),damping(i),damping_RS

D(i),t(i),p(i)] = textsearch(FileNames(i));      % Calls text search 

function for beam 

     
    for j = 1:length(f) 
        STL(i,j) = Avsingle_leaf(f(j), p(i), E(i), poisson, t(i), 

damping(i), width, height, c, p0, ww, beta, nn, octave, averages); 
    end 

     
end 

  
[STL_avg,BeamNames] = averager(STL,FileNames,1); 

 

Function 2 – textsearch.m 

function [fc, E_array, E, E_RSD, damping_array, damping, damping_RSD, t, 

p] = textsearch(FileName) 
%% Text file search routine 

  
fid = fopen(char(FileName)); 

  
fc_array = fscanf(fid,'%*24c %f %f %f %f %f'); 
for i = 1:3 
    fgets(fid);     % fgets scans (skips in this case) a whole line 
end 
damping_array = fscanf(fid,'%*16c %f %f %f %f %f'); 
for i = 1:3 
    fgets(fid); 
end 
E_array = fscanf(fid,'%*23c %f %f %f %f %f')*10^9; 
for i = 1:5 
    fgets(fid); 
end 
t = fscanf(fid,'%*16c %f32')*10^-3; 

  
fgets(fid); 

  
p = fscanf(fid,'%*18c %f32'); 
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fclose(fid); 

  
%% Calculate average values 

  
fc = fc_array; 

  
E = mean(nonzeros(E_array));        % Recalculates mean 
damping = mean(nonzeros(damping_array));       

  
E_dev = 100*(abs(E_array - E)/E);     % Deviation of each element from 

mean [%] 
damping_dev = 100*(abs(damping_array - damping_mean)/damping_mean); 

   
E_RSD = 100*(std(nonzeros(E_array))/E);     %Relative standard deviation 

of each element [%] 
damping_RSD = 100*(std(nonzeros(damping_array))/damping); 

 

Function 3 – Avsingle_leaf 

function [Avsingle_leaf] = Avsingle_leaf(frequency, density, Young, 

Poisson, thickness, lossfactor, width, height, c, p0, ww, beta, nn, 

octave, averages) 

  
critical_frequency = sqrt(12 * density * (1 - Poisson^2) / Young) * c^2 

/ (2 * thickness * pi); 
ratio = frequency / critical_frequency; 
limit = 2 ^ (1 / (2 * octave)); 

  
if ratio < (1 / limit) || ratio > limit 

     
    Avsingle_leaf = single_leaf(frequency, density, Young, Poisson, 

thickness, lossfactor, height, width, c, p0, nn, ww, beta); 

     
else 

     
    Avsingle_leaf = 0; 

     
    for I = 1 : averages 

         
        factor = 2 ^ ((2 * I - 1 - averages) / (2 * averages * octave)); 
        Avsingle_leaf = Avsingle_leaf + 10 ^ (-single_leaf(frequency * 

factor, density, Young, Poisson, thickness, lossfactor, height, width, 

c, p0, nn, ww, beta) / 10); 

                
    end 

     
    Avsingle_leaf = -10 * log10(Avsingle_leaf / averages); 

     
end 

  
end 
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Function 4 – single_leaf 

function [single_leaf] = single_leaf(frequency, density, Young, Poisson, 

thickness, lossfactor, height, width, c, p0, nn, ww, beta) 

  
surface_density = density * thickness; 
critical_frequency = (sqrt(12*density*(1 - 

Poisson^2)/Young)*c^2)/(2*thickness*pi); 
normal = p0 * c / (pi * frequency * surface_density); 
normal2 = normal * normal; 
ratio = frequency / critical_frequency; 
tau1 = 2 * Avsigma(frequency, height, width, c, nn, ww, beta) * normal2; 
r = 1 - 1 / ratio; 

  
if r < 0 

     
    r = 0; 

     
end 

  
G = sqrt(r); 
rad = Sigma(G, frequency, height, width, c, nn, ww, beta); 
rad2 = rad * rad; 
netatotal = lossfactor + rad * normal; 
z = 2 / netatotal; 
y = atan(z) - atan(z * (1 - ratio)); 
tau2 = normal2 * rad2 * y / (netatotal * 2 * ratio); 
tau2 = tau2 * shear(frequency, density, Young, Poisson, thickness); 

  
if frequency < critical_frequency 

     
    tau = tau1 + tau2; 

     
else 

     
    tau = tau2; 

     
end 

  
single_leaf = -10 * log10(tau); 

  
end 

 

Function 5 – Avsigma 

function [Avsigma] = Avsigma(frequency, height, width, c, nn, ww, beta) 

  
S = height * width; 
U = 2 * (height + width); 
twoa = 4 * S / U; 
k = 2 * pi * frequency / c; 
f = ww * sqrt(pi / (k * twoa)); 

  
if f > 1 

     
    f = 1; 
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end 

  
h = 1 / (sqrt(k * twoa / pi) * (2 / 3) - beta); 
q = 2 * pi / (k * k * S); 
alpha = h / f - 1; 

  
if nn == 2 

     
    f2 = f * f; 
    h2 = h * h; 
    q2 = q * q; 
    denom = f + sqrt(f2 + q2); 
    num1 = 1 + sqrt(1 + q2); 
    num2 = h + sqrt(h2 + q2); 

     
else 

     
    denom = f + q; 
    num1 = 1 + q; 
    num2 = h + q; 

     
end 

  
Avsigma = log(num1 / denom) + log(num2 / denom) / alpha; 

  
end 

 

Function 6 – Sigma 

function [Sigma] = Sigma(G, frequency, height, width, c, nn, ww, beta) 

  
S = height * width; 
U = 2 * (height + width); 
twoa = 4 * S / U; 
k = 2 * pi * frequency / c; 
f = ww * sqrt(pi / (k * twoa)); 

  
if f > 1 

     
    f = 1; 

     
end 

  
h = 1 / (sqrt(k * twoa / pi) * (2 / 3) - beta); 
q = 2 * pi / (k * k * S); 
qn = q ^ nn; 

  
if G < f 

     
    alpha = h / f - 1; 
    xn = (h - alpha * G) ^ nn; 

     
else 
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    xn = G ^ nn; 

     
end 

  
Sigma = (xn + qn) ^ (-1 / nn); 

  
end 

 

Function 7 – shear.m 

function [shear] = shear(frequency, density, Young, Poisson, thickness) 

  
omega = 2 * pi * frequency; 
chi = (1 + Poisson) / (0.87 + 1.12 * Poisson); 
chi = chi * chi; 
X = thickness * thickness / 12; 
QP = Young / (1 - Poisson * Poisson); 
C = -omega * omega; 
B = C * (1 + 2 * chi / (1 - Poisson)) * X; 
A = X * QP / density; 
kbcor2 = (-B + sqrt(B * B - 4 * A * C)) / (2 * A); 
kb2 = sqrt(-C / A); 
G = Young / (2 * (1 + Poisson)); 
kT2 = -C * density * chi / G; 
kL2 = -C * density / QP; 
kS2 = kT2 + kL2; 
ASI = 1 + X * (kbcor2 * kT2 / kL2 - kT2); 
ASI = ASI * ASI; 
BSI = 1 - X * kT2 + kbcor2 * kS2 / (kb2 * kb2); 
CSI = sqrt(1 - X * kT2 + kS2 * kS2 / (4 * kb2 * kb2)); 
shear = ASI / (BSI * CSI); 

  
end 

 

Function 8 – averager.m 

function [metric_avg,BeamNames] = 

averager(metric,FileNames,logarithmicflag) 

  
k = 1; 
datapairflag = 0; 
datapairindex = 0; 

  
for i = 1 : length(FileNames) - 1 
    if sum(datapairindex==i)==0 
        if ~isempty(strfind(char(FileNames(i)),'+')) 
            a = '+'; 
            b = 'll'; 
        elseif ~isempty(strfind(char(FileNames(i)),'ll')) 
            a = 'll'; 
            b = '+'; 
        end 

         
        for j = 1 : length(FileNames) 
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            if strfind(char(regexprep(FileNames(i), a, 

b)),char(FileNames(j)))        % Search all filenames for data pair 
                datapairflag = 1; 
                datapairindex(i) = j; 
            end 
        end 

         
        if datapairflag == 1 
            BeamNames(k) = 

deblank(regexprep(regexprep(FileNames(i),a,''),'.txt','')); 
            if logarithmicflag 
                metric_avg(k,:) = 10*log10(((sqrt(10.^((metric(i,:) - 

94)/10)) + sqrt(10.^((metric(datapairindex(i),:) - 94)/10))).^2)/4) + 

94;      % Logarithmic average metric for two beams 
            else 
                metric_avg(k,:) = (metric(i,:) + 

metric(datapairindex(i),:))/2;      % Arithmetic average metric for two 

beams 
            end 
            datapairflag = 0;       % Reset datapair flag 
            k = k + 1; 
        else 
            BeamNames(k) = regexprep(FileNames(i),'.txt',''); 
            metric_avg(k,:) = metric(i,:); 
            k = k + 1; 
        end 
    end 
end 

  
BeamNames = BeamNames'; 

 

Function 9 – stctest.m 

function STC = stctest(STL) 

  
STC = zeros(size(STL,1),1); 

  
for i = 1:size(STL,1) 
%     STL_stc = STL(i,5:20);    % STL values unrounded 
    STL_stc = round(STL(i,5:20));   % STL values rounded to 0dp 

     
    STC_contour = [0 3 6 9 12 15 16 17 18 19 20 20 20 20 20 20]; 
    STC_contour = STC_contour - (STC_contour(7) - STL_stc(7)) + 9; % 

Shift STC contour to just above the 8dB rule 

     
    for j = 0:-1:-50 

         
        STC_j = STC_contour + j; 
        dev = STC_j - STL_stc; 

         
        if all(dev) <= 8 && sum(dev(dev == abs(dev))) <= 32 
            STC(i) = STC_j(7); 
            break 
        elseif j == -50 
            disp('error - STC not calculated') 
        end 
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    end 
end 

 

Function 10 – rwtest.m 

function [Rw,Rw_C,Rw_Ctr,Rw_Copt] = rwtest(STL) 

  
[Rw,Rw_C,Rw_Ctr,Rw_Copt] = deal(zeros(size(STL,1),1)); 

  
for i = 1:size(STL,1) 
%     STL_rw = STL(4:19);   % STL values unrounded 
    STL_rw = 0.1*round(10*STL(i,4:19));   % STL values rounded to 1dp 

(ISO717) 

     
    Rw_contour = [100 103 106 109 112 115 118 119 120 121 122 123 123 

123 123 123]; 
    dev1 = Rw_contour - STL_rw; 
    Rw_contour = Rw_contour - 0.1*round(10*((sum(dev1(dev1 == 

abs(dev1))) - 33)/length(Rw_contour))); % Shift the Rw contour as close 

as possible to the STL contour 
%     Rw_contour = Rw_contour - (sum(dev1(dev1 == abs(dev1))) - 

33)/length(Rw_contour); % Shift the Rw contour as close as possible to 

the STL contour - unrounded 
    C_contour = [-41 -37 -34 -30 -27 -24 -22 -20 -18 -16 -14 -13 -12 -11 

-10 -10 -10 -10 -10 -10 -10]; 
    Ctr_contour = [-25 -23 -21 -20 -20 -18 -16 -15 -14 -13 -12 -11 -9 -8 

-9 -10 -11 -13 -15 -16 -18]; 
    Copt_contour = [-50 -50 -50 -50 -50 -8 0 0 0 0 0 0 0 0 0 -3 -50 -

50]; 

     
    for j = 0:-1:-50     % The standard (ISO717) step size is 1 dB 

         
        Rw_j = Rw_contour + j; 
        dev = Rw_j - STL_rw; 

         
        if sum(dev(dev == abs(dev))) <= 32 

             
            Rw(i) = Rw_j(8); 
            break 
        end 

         
    end 

     
    C = -10*log10(sum(10.^((C_contour - STL(i,1:21))/10))) - Rw(i); 
    Ctr = -10*log10(sum(10.^((Ctr_contour - STL(i,1:21))/10))) - Rw(i); 
    Copt = -10*log10(sum(10.^((Copt_contour - STL(i,4:21))/10))) - 

Rw(i); 

     
    % Rw_C = Rw + C;  % Calculate unrounded adjusted Rw 
    Rw_C(i) = round(Rw(i) + C);  % Calculate adjusted Rw 
    % Rw_Ctr = Rw + Ctr;  % Calculate unrounded traffic adjusted Rw 
    Rw_Ctr(i) = round(Rw(i) + Ctr);  % Calculate traffic adjusted Rw 
%     Rw_Copt = Rw + Copt;  % Calculate unrounded speech adjusted Rw 
    Rw_Copt(i) = round(Rw(i) + Copt);  % Calculate speech adjusted Rw 
end 
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