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Abstract 
 

During aircraft development, the impact of vibrations is examined and how this affects the 

aircraft structure under different conditions. Those vibrations can damage electronic 

equipment that are installed within the fuselage and can even lead to material fatigue within 

the structure. To reduce vibrations there are two approaches that are preferred to use, 

installing vibration insulators attached between the structure and the electrical component or 

change the design of the structure to a stiffer one. Those methods are easiest to implement in 

an early stage of the development but in later stages, when vibration problems usually are 

detected, it is too difficult and expensive to do major changes of the structure and there is lack 

of space to implement vibration insulators. A third method is then to apply passive damping 

in form of damper mats to surfaces on structures where critical vibrations occurs.     

The effects on the structural behavior when damper mats are applied to a certain structure are 

studied in this thesis work. The purpose is to get deeper knowledge about how damper mats 

can be used to reduce vibrations in aircraft structures. The type of damper mat that is studied 

is known as Constrained Layer Damping, CLD, which is a sandwich of a visco-elastic 

material layer and a stiffer constraining material layer.  

Modelling and simulation methods that are based on commercial FE-software have been 

developed. The analysis method is based on doing a modal analysis with structural damping 

taken into account. This makes it possible to predict the overall global damping at each 

structural mode. The models for damper mats have in this project been verified with 

experimental testing using typical damper mats. The methodology can be used to predict the 

behavior of damped structures in order to obtain an effective and lightweight passive damping 

solution.  

 

Keywords: Vibrations, Damper Mat, FE-Model, Constrained Layer Damping 
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Sammanfattning 
 

Under utvecklingen av flygplan undersöks hur vibrationer påverkar flygplansstrukturen under 

olika förutsättningar. Dessa vibrationer kan skada elektronisk utrustning som är monterad i 

flygplanskroppen och kan även göra så att materialutmattning uppstår i flygplansstrukturen. 

För att motverka vibrationer finns det två metoder som är att föredra, antingen att montera 

vibrationsisolatorer mellan de elektroniska utrustningarna och strukturen eller att ändra 

designen på strukturer till en styvare. Dessa metoder är enkla att implementera i ett tidigt steg 

i utvecklingsprocessen men i senare steg, då vibrationsproblem ofta upptäcks, så är det för 

komplicerat och för dyrt att göra större ändringar på strukturen och så är det ont om plats för 

att kunna installera vibrations isolatorer. En tredje metod är istället att implementera passiv 

dämpning i form av dämpningsmattor på ytor av strukturen där kritiska vibrationer uppstår.  

Effekterna av det strukturella uppförandet när dämpningsmattor är applicerade på en viss 

struktur har studerats i det här examensarbetet. Syftet är att få en fördjupad kunskap om hur 

dämpningsmattor kan användas för att reducera vibrationer i flygplan strukturer. Den typ av 

dämpningsmatta som har studerats är känd som Constrained Layer Damping, CLD, vilken är 

en sandwich av ett visko-elastiskt lager samt ett styvare lager.   

Modellerings och simuleringsmetoder som är baserade på kommersiella FE-mjukvaror har 

utvecklats. Analysmetoderna är baserade på att utföra modalanalys tillsammans med 

strukturell dämpning. Detta möjliggör att förutse den övergripande dämpningen vid varje 

strukturell mod. Modellerna för dämpningsmattorna har i det här projektet verifierats med 

experimental testning av typiska dämpningsmattor. Metodiken kan användas till att prediktera 

beteendet av dämpade strukturer för att uppnå en effektiv och lättviktig passiv 

dämpningslösning.  

 

Nyckelord: Vibrationer, Dämpningsmatta, FE-Modell, Constrained Layer Damping 
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Nomenclature  
 

 

Notations 

Symbol Description 

 
𝐸 

 

Young’s Modulus (Pa) 

 

𝐸∗ Complex Young’s Modulus (Pa) 

 

𝑓 Resonance Frequency (Hz) 

 

𝑓𝑐  Center Frequency of Frequency Band (Hz) 

 

𝑓𝑙  Lower Frequency of Frequency Band (Hz) 

 

𝑓𝑟 Resonance Frequency (Hz) 

 

𝑓𝑢 Upper Frequency of Frequency Band (Hz) 

 

𝐺 Shear Modulus (Pa) 

 

𝐺∗ Complex Shear Modulus (Pa) 

 

[𝐻(𝜔)] FRF Matrix 

 

[𝐼] Identity Matrix 

 

[𝐾] Stiffness Matrix (N/m) 

 

[𝐾𝐶] Complex Stiffness (N/m) 

 

𝑘 Stiffness (N/m) 

 

[𝑀] Mass Matrix (kg) 

 

𝑚 Mass (kg) 

 

𝑟 Number of Resonance Frequency 

 

𝑇 Temperature (˚C) 

 

𝑡 Time (s) 

 

[𝑉(𝜔)] Complex Stiffness Matrix with Visco-elastic Properties 

 

𝑋(𝜔) Force Input  

 



 

x 
 

𝑌(𝜔) Response 

 

[𝑍] Dynamic Stiffness Matrix 

 

𝜂 Loss Factor 

 

[Θ] Modal Matrix, Unity Modal Mass 

 

𝜆 Eigenvalue 

 

𝜈 Poisson’s Ratio 

 

𝜌 Density (kg/m3) 

 

[Ψ] Modal Matrix, Arbitrary Scaling 

 

{𝜓} Mode Vector, Arbitrary Scaling 

 

ω Resonance Frequency (rad/s) 

 

 

Acronyms  
 

CLD 
 

Constrained Layer Damping 

 
DOF Degree of Freedom 

 

FEM Finite Element Method 

 

FRF Frequency Response Function 

 

MDOF Multi Degrees of Freedom 

 

SDOF Single Degree of Freedom 
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1 INTRODUCTION 
 

This chapter gives an understanding of the background and purpose of this project with 

relation to the objectives that the company expects from this project. Also an overall 

explanation of the approach is described here.  

 

1.1 Introduction 
 

At the section for environmental engineering at SAAB Aerodynamics one part of the main 

objectives is to protect electronic equipment from vibrations and also material fatigue in 

aircraft structures. Methods that are most common, and preferably used, to reduce vibrations 

are to use insulators which is attached between the electronic equipment and the structure or 

by increase the stiffness of the aircraft construction. Those methods are easy to implement in 

an early phase in the development process. In later stages of the process, when discovery of 

unwanted vibrations is made, it is hard to implement those methods since there is often a lack 

of space to install new insulators and it is too late to change the construction of the structure. 

Then there is a final alternative, to implement damper mats to the structure. This method is 

easy to apply and takes up little space as it can save weight.  

In earlier developed aircraft the structures were assembled with rivets, screws and bolts which 

made the structural damping high due to friction between the fasteners and the structures. 

Today, for the next generation of aircrafts the structures will be constructed mainly by milling 

parts in larger pieces to reduce the weight and the number of components. This results in 

structures with lower internal damping within the aircraft. [2]  

During the 1980’s dimensioning tools for damper mats was developed at the company with a 

damping software which was based on analytic methods and was only used for simplified 

structures as beams and plates. Calculations for selecting suitable damping mats were done 

with this software during the development of the first versions of the JAS 39 Gripen aircraft. 

This old software is now obsolete and there is an interest at SAAB to develop new methods to 

simulate and calculate the damper mats applied to the aircraft structure which contains more 

complex structures than plates and beams by using FE-software.  
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1.2 Aim and Scope 
 

The aim of this work is to predict the behavior of damping when damper mats are applied to a 

certain structure by using FE-models. With those models it should also be possible to 

determine where and how much damper mats that should be applied to receive the necessary 

damping.     

The work is limited to develop FE-models of plates to reduce the uncertainties that comes 

with more complex structures.  

The main purpose of this project is to gain a deeper understanding of calculation methods for 

damper mats. The desired outcome from this project have been listed below. 

1. A number of MATLAB functions with different analysis methods suitable for lumped 

systems.  

 

2. FE-models where modelling and analysis is demonstrated for a number of typical 

cases.  

 

3. An evaluation of specific damper mats and the effectiveness of these. This is done 

during experimental testing.  

 

4. A test rig that can be used for future evaluation of alternative damper mat.  

 

5. Verifying and validation of FE-modelling and analysis. This is done during 

experimental testing.  

 

6. Documentation of theory and workflow, which is included in the report writing.  
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1.3 Method 
 

The process for developing simulation models for damper mats will basically been done with 

the three main steps in the flowchart.   

 

Figure 1.1. Flowchart of the process 

1. Lumped Models 

The theory to preform different analyzes on the models is developed, tested and 

evaluated in this step. MATLAB will be the main tool for preforming the calculations 

on lumped models.  

 

2. FE-Models 

FE-models are created in HyperMesh, which is used as a preprocessor. Analyzes are 

then performed on several models using Abaqus with the same theory that was used 

and developed in the previous step.  

 

3. Experimental Testing 

Experimental testing of structures corresponding to the FE-models are performed to 

verify and validate the theoretical models. The testing is carried out with an LMS 

measuring system.  

The result of this process is a verified methodology and a test rig that can be used for 

future evaluation of new and alternative damper mats. This can then be used to predict 

how to damp structures effectively while the weight of the damper mat is minimized. 

 

 

 

 

 

 

https://www.lucidchart.com/documents/edit/cda731ee-aeaf-44d4-ab19-bbe2c7cebd15/0?callback=close&v=83&s=595.4399999999999
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2 Theoretical Modelling 
 

In this chapter, the theory for handling modal analysis is described together with how visco-

elastic material behavior is handled in theory. Different approaches have been developed for 

solving the problems as computationally efficient as possible. Finally, the theory will in this 

chapter be evaluated and verified with a lumped model. 

 

2.1 Constrained Layer Damping 
 

The Constrained Layer Damping (CLD) method is a passive damping method where a 

structure is applied with a damper mat. As seen in figure 2.1 the damper mats are assembled 

as a sandwich, which is attached to the structure with adhesive. The sandwich consists of one 

or several layers of visco-elastic material, which is made of a certain type of polymer 

depending of which damping properties the structure should have. The constraining layer is 

made from thin plates of aluminum.  

 

Figure 2.1. CLD sandwich 

When the structure applied with CLD is deforming the visco-elastic material absorbs shear 

energy when a shearing effect occur between the structure and the constraining layer. Visco-

elastic material properties are in general depending on frequency and temperature and will 

therefore have different damping characteristics because of this. [5-8]. 
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Figure 2.2. Deformation of structure applied with CLD 

In Figure 2.2 the red lines describes how the shear occurs in the visco-elastic layer between 

the structure and the constraining layer. Depending of the amount of shear deformation within 

the CLD mat the effectiveness will vary. When a structure is vibrating different patterns, 

mode shapes, will occur at different frequencies. Some of those mode shapes will have a 

larger deformation of the structure, which leads to a larger shear deformation in the visco-

elastic layer which results in a higher damping.  

The CLD mat can consists of several layers of visco-elastic materials with different materials 

to receive more effective damping for a wider span of frequencies at different temperatures. 

Thickness of the constraining layer and the visco-elastic layer is important factors that affects 

the damping properties if the mat is active within the optimal temperature and frequency 

region [1, 3]. 
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2.2 Modal Analysis for Structural Damping Model 
 

Normally modal analysis is performed on undamped mechanical systems where only the mass 

and stiffness is included. The damping is the applied to the modes at the response analyses. 

But in when damping is added to the mechanical system there is in interest to determine the 

amount of damping at each mode. Therefore, damping has to be modelled in the system of 

equations.  

The theory for modal analysis with a structural damping model is described next.  

The Structural Damping Model is described by the following equation of motion for a multi 

degree of freedom (MDOF) system with 𝑁 degrees of freedom:  

[𝑀] ∙ {�̈�(𝑡)} + [𝐾𝐶] ∙ {𝑦(𝑡)} = {𝑥(𝑡)} (2.1) 

[𝑀] is the mass matrix and [𝐾𝐶] is the complex stiffness matrix and the both have the size 

(𝑁𝑥𝑁). 𝑥(𝑡) is the load, 𝑦(𝑡) is the displacement and �̈�(𝑡) is the acceleration, all at time 

instant 𝑡.  The complex stiffness matrix [Kc] can be written as: 

[𝐾𝐶] = [𝐾] + 𝑗[𝐻] (2.2) 

  

Here [𝐾] is the real stiffness matrix and [𝐻] is the structural damping matrix where j denotes 

the imaginary unit.  

By assuming the general solution, {𝑧(𝑡)} = {𝑍} ∙ 𝑒𝑗𝜆𝑡, a complex eigenvalue problem is 

obtained:  

([𝐾𝑐] − 𝜆2 ∙ [𝑀]) ∙ {𝑍} = {0} (2.3) 

 

An eigenvalue matrix [∙ 𝜆𝑟
2 . ] and a mode shape matrix [Ψ], both with size (𝑁𝑥𝑁), will be 

obtained from the solution. For the mode shape matrix, each column is a mode shape vector, 

e.g.:  

[Ψ] = [{𝜓}1    {𝜓}2   ⋯ {𝜓}𝑁] (2.4) 

  

{𝜓}𝑟 describes the mode shape vector for mode 𝑟 and have a size of (𝑁𝑥1).  

The eigenvalue matrix [∙ 𝜆𝑟
2 . ]is a diagonal matrix and have eigenvalues for mode 𝑟 for each 

diagonal element 𝑟: 

[∙ 𝜆𝑟
2 . ] =

[
 
 
 
𝜆1

2 0 0 0

0 𝜆2
2 0 0

0 0 ⋱ 0
0 0 0 𝜆𝑟

2]
 
 
 
 

 

(2.5) 
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The eigenvalues are defined by the following equation:  

𝜆𝑟
2 = 𝜔𝑟

2 ∙ (1 + 𝑗𝜂𝑟) (2.6) 

𝜂𝑟 is the modal loss factor and 𝜔𝑟 is the resonance frequency for mode r. 

The modes, which was defined in equation 2.4, can decouple the original system of equations 

and create a new set of N uncoupled equations. This is based on the orthogonal properties of 

mode shapes. This property can be written as follows:  

[Ψ]𝑇 ∙ [𝑀] ∙ [Ψ] = [∙ 𝑚𝑟 . ] (2.7) 

[Ψ]𝑇 ∙ [𝐾𝐶] ∙ [Ψ] = [∙ 𝑘𝑟 . ] (2.8) 

 [∙ 𝑚𝑟 . ] and [∙ 𝑘𝑟 . ]  are both diagonal matrices and contains the modal mass and the modal 

stiffness, respectively. 

Mode shapes can be arbitrarily scaled and this scaling of mode shapes affects the values of the 

modal mass and modal stiffness. A new set of mode shapes can be defined that is scaled so 

that the mass is equal to one for all modes. This is done by first calculate the modal mass, 

from equation 2.7, and then by using the arbitrary scaled mode shapes [Ψ] as following: 

[Θ] = [∙ 𝑚𝑟 . ]
0.5 ∙ [Ψ] (2.9) 

[Θ] are the mass-normalized mode shapes, this matrix has the following properties:  

[Θ]𝑇 ∙ [𝑀] ∙ [Θ] = [𝐼] (2.10) 

[Θ]𝑇 ∙ [𝐾𝐶] ∙ [Θ] = [∙ 𝜆𝑟
2 . ] (2.11) 

Here, [𝐼] is the unitary matrix and [∙ 𝜆𝑟
2 . ] is the eigenvalue matrix, which was obtained from 

equation 2.4.  

The mode shape will be of real values if all terms in the damping matrix [𝐻]are zero, which is 

the undamped case or if  [𝐻] is proportional to mass and stiffness as follows:  

[𝐻] = 𝑎[𝑀] + 𝑏[𝐾] (2.12) 

In equation 2.12 𝑎 and 𝑏 denotes constants. Mode shapes with real values means that all 

DOF’s will be either in phase, 0˚, or completely out of phase, 180˚, during the motion of the 

mode. 

If the condition in equation 2.12 is not satisfied the system is of non-proportional structural 

damping. In this case, the mode shapes are of complex quantities and the phase between the 

DOF’s is completely arbitrary. This means that the damping affects the shape of the mode.  

To completely define the system of motions, equation 1, the eigenvalue matrix [∙ 𝜆𝑟
2 . ] and the 

mass-normalized mode shape matrix [Θ], must be defined. These parameters are referred to as 

modal parameters. From those modal parameters all other response parameters can be 

derived. 

If a modal matrix is arbitrarily scaled, [Ψ], the modal mass matrix [∙ 𝑚𝑟 . ] is needed for 

determine how each mode is scaled.   
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2.3 FRF Calculation  
 

To be able to visualize and calculate the damping of each mode within a mechanical system 

frequency response functions (FRF’s) have to be calculated. 

The calculation of the FRF’s have been done by two approaches, first with the direct method, 

then with the modal method.  

Calculating the frequency response function is normally done using Laplace’s transform 

formulas where the response, Y, is divided by the input force, F. In frequency domain, a 

single FRF 𝐻𝑚𝑛 is defined by:  

𝐻𝑚𝑛(𝜔) =
𝑌𝑚(𝜔)

𝑋𝑛(𝜔)
 

(2.13) 

 

Here 𝑌𝑚(𝜔) is the response spectrum measured at DOF 𝑚 and 𝑋𝑛(𝜔) is the input force 

spectrum at DOF 𝑛. 

The FRF’s can be derived by staring with the equation of motion as repeated below:  

[𝑀] ∙ {�̈�(𝑡)} + [𝐾𝐶] ∙ {𝑦(𝑡)} = {𝑥(𝑡)} (2.14) 

 

If the force excitation is assumed to be a general periodic function with fundamental 

frequency 𝜔 it can then be written as:  

{𝑥(𝑡)} = {𝑋(𝜔)} ∙ 𝑒𝑗𝜔𝑡 (2.15) 

  

The displacement vector can then also be written as a general periodic function:  

{𝑦(𝑡)} = {𝑌(𝜔)} ∙ 𝑒𝑗𝜔𝑡 (2.16) 

 

By differentiate equation 2.16 twice, the following equation is obtained:  

{�̈�(𝑡)} = −𝜔2{𝑌(𝜔)} ∙ 𝑒𝑗𝜔𝑡 (2.17) 

 

Inserting equation 2.15-2.17 in 2.14 gives the equations of motion in frequency domain:  

(−𝜔2[𝑀] + 𝐾𝐶) ∙ {𝑌(𝜔)} = {𝑋(𝜔)} (2.18) 

 

The mass matrix and the complex stiffness matrix can be combined to a dynamic stiffness 

matric, e.g.:  

[𝑍(𝜔)] = (−𝜔2[𝑀] + [𝐾𝐶]) (2.19) 

 

Equation 2.18 can then be written as:  

[𝑍(𝜔)] ∙ {𝑌(𝜔)} = {𝑋(𝜔)} (2.20) 

 

The FRF matrix is defined as the inverse of the dynamic stiffness matrix:  

[𝐻(𝜔)] = [𝑍(𝜔)]−1 (2.21) 
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Both sides of equation 2.20 is multiplied with equation 2.21:  

{𝑌(𝜔)} = [𝐻(𝜔)] ∙ {𝑋(𝜔)} (2.22) 

 

Shown by equation 2.19 and 2.21, the FRF matrix can be calculated from the mass- and 

complex stiffness matrices and this method is called the direct method. The advantage of this 

method is that the parameters can be frequency dependent since the mass and stiffness 

matrices are inverted at each frequency step. Besides this gives a very accurate solution. The 

main problem with this method is that the computational time increases dramatically for 

larger systems. [9] 

The frequency response function can also be solved with the modal parameters, which was 

derived in equation 2.10 and 2.11. From this, the mass matrix and stiffness matrix can be 

calculated:  

[𝑀] = ([Θ]𝑇)−1 ∙ [𝐼] ∙ [Θ]−1 
 

(2.23) 

[𝐾𝐶] = ([Θ]𝑇)−1 ∙ [∙ 𝜆𝑟
2 . ] ∙ [Θ]−1 (2.24) 

 

Inserting the equations above in equation 2.21 the following equation is obtained:  

[𝐻(𝜔)] = [Θ] ∙ ([𝜆𝑟
2] − 𝜔2[𝐼])−1 ∙ [Θ]𝑇 (2.25) 

 

 

The approach based on equation 2.25 is called the modal method. Extraction of the modal 

parameters have to be done with constant mass and stiffness matrices since this is how the 

eigenvalue problem is defined. This means that all the material parameters must be constant. 

The advantage with this method is that it is more computational efficient compared to the 

direct method because it is simple to extract certain modes for the FRF calculation based on 

the modal parameters [9].  

The 2-DOF system in Figure 2.3 is used as an illustrative example. The FRF H22 is solved 

with the direct method and the modal method with the structural damping model. The 

parameters of the system are given in Table 2.1.  

  

                                

Figure 2.3. 2-DOF system used as an example to demonstrate FRF calculation  

  

x1(ω) 

f1 

x2(ω) 

f2 

m1 m2 

k1 k2 
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The mass- and structural damping constants within the system are shown in Table 2.1.   

Table 2.1. Mass and structural damping constants used in the 2-DOF system 

𝑛 𝑚𝑛 [kg] 𝑘𝑛 [N/m] 

1 0.3 40 · 103 + j0.1 

2 0.1 15 · 103 + j0.2 

 

The mass and stiffness matrices for this system are: 

[𝑀] = [
𝑚1 0
0 𝑚2

] 

 

(2.26) 

[𝐾𝐶] = [
𝑘1 + 𝑘2 −𝑘2

−𝑘2 𝑘2
] 

(2.27) 

 

 

Figure 2.4. Comparison between direct method and modal method  

As Figure 2.4 illustrates the modal method have exact the same solution as the direct method 

when parameters are not frequency dependent. However, as will be seen later, visco-elastic 

material ate described with frequency dependent properties, which means that the modal 

method will generally not produce the same result as the direct method.  
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2.4 Linear Visco-elastic Model 
 

Visco-elastic materials have a stress-strain relationship that is generally time dependent. 

When a load is applied and then removed to the material it dissipates energy in form of heat. 

Compared to elastic materials this phenomenon does not occur. Typically for visco-elastic 

materials is that the energy is strain rate and temperature dependent. In the linear elastic 

theory, the Young’s modulus and the shear modulus are well known, but for visco-elastic 

materials these are of complex quantities:  

𝐸∗ = 𝐸(1 + 𝑗𝜂𝐸) (2.28) 

𝐺∗ = 𝐺(1 + 𝑗𝜂𝐺) (2.29) 

 𝐸 is the real Young’s modulus and 𝐺 is the real shear modulus. 𝜂𝐸  and 𝜂𝐺  are the loss factors 

of the material. By describing the quantities as complex, we can mathematically describe a 

phase delay between the stress and the strain. Since these quantities depends on temperature, 

𝑇, and frequency, 𝜔, this behavior should be taken in account in the model, e.g.:  

𝐸∗(𝜔, 𝑇) = 𝐸(𝜔, 𝑇) ∙ (1 + 𝑗𝜂𝐸(𝜔, 𝑇)) (2.30) 

𝐺∗(𝜔, 𝑇) = 𝐺(𝜔, 𝑇) ∙ (1 + 𝑗𝜂𝐺(𝜔, 𝑇)) (2.31) 

The generally behavior of the visco-elastic material properties, modulus and loss factor, with 

the influence of temperature and frequency is illustrated in Figure 2.5 [6].  

 

Figure 2.5. Temperature and frequency effects on the visco-elastic material properties  
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As seen in Figure 2.5, within the glassy area the modulus decreases slowly when the 

temperature is increasing or when the frequency of excitation is decreasing. Within the 

transition area the modulus decreases fast while the loss factor reaches its maximum. For the 

rubbery region, where either the temperature is high or the frequencies are low, both the 

modulus and loss factor gains low values [1, 3, 6]. 

Material properties for a typical visco-elastic material, in this case dyad601 at temperature 

20˚C, is shown in Figure 2.6 [10]. The material data have been measured within a frequency 

range from 0.1 to 10000 Hz.  

 

Figure 2.6. Example of material data (loss factor and shear modulus) for varying frequency 

By considering the temperature and frequency dependency, a more general form of the 

complex damping matric, 𝐾𝐶, from the structural damping model can defined. As seen in 

equation 2.31, the visco-elastic shear modulus is complex valued for visco-elastic materials. 

Hence, a complex stiffness matrix with temperature and frequency dependency is obtained 

and therefore the linear visco-elastic model can be written as: 

[𝑀] ∙ {�̈�(𝑡)} + [𝐾𝑐(𝜔, 𝑇)]{𝑦(𝑡)} = {𝑥(𝑡)} (2.32) 
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2.5 Analysis Procedure for Structures with CLD 
 

This section describes the adjustments made to the modal approach so that frequency 

dependent material properties can be handled in the analysis. 

The process to calculate FRF’s of MDOF systems applied with visco-elastic damping the 

direct method and modal method are described in Figure 2.7. The direct method gives a 

correct solution and verifies the modal solutions that have been calculated with estimated 

constants for the visco-elastic material properties. Also the loss factors of the modes are 

calculated and compared between the different solutions to determine if the damping is 

accurate in the modal approaches. In the direct method the loss factors are estimated with the 

3dB method and in the modal method the loss factors are calculated.  

 

Figure 2.7. Flowcharts of analysis procedures 

As mentioned, to calculate FRF with the modal method the material parameters of the visco-

elastic materials must be constant. Therefore, three different approaches have been developed 

to obtain constants from the material functions. Those approaches have been illustrated with 

the same material function for the loss factor as in Figure 2.6. 

 

 

https://www.lucidchart.com/documents/edit/f0013613-1ef6-43b2-81f6-cc65479e07d6/0?callback=close&v=435&s=595.4399999999999
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The first approach is to ignore the frequency dependence and only use the mean value of the 

loss factor and shear modulus. The process of this approach is described in Figure 2.8 and the 

mean value is illustrated in Figure 2.9 where the red line represents the mean value of the loss 

factor. The mean value of the shear modulus is determined in the same way. Since the data of 

the loss factor and the shear modulus is over a wide frequency range it is important to 

determine within which frequency range the mean value should be calculated for depending 

on which modes that is of interest to damp.  

 

Figure 2.8. Flowchart of modal method with mean value approach 

 

Figure 2.9. Mean value of the loss factor  

 

 

 

 

 

https://www.lucidchart.com/documents/edit/4fd62434-30d5-457b-be97-cf28e65ffd7c/0?callback=close&v=412&s=595.4399999999999
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The second approach is to determine constants for loss factor and shear modulus is to first 

find the natural frequencies of the system without passive damping, which is done by finding 

those with the direct method. Then the material constants can be determined at each natural 

frequency as described in the flowchart in Figure 2.9. In Figure 2.10 the procedure of 

determine local values of the loss factor is described where the red circles marks the local data 

at the resonance frequency. The local shear modulus data is extracted in the same way. A 

modal analysis with damping is then carried out at each natural frequency.  

 

Figure 2.9. Flowchart of modal method with local approach 

 

Figure 2.10. Local constants of the loss factor 

 

 

 

https://www.lucidchart.com/documents/edit/a94a43a2-b192-4d20-a611-4f14509a6b95/0?callback=close&v=642&s=595.4399999999999
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The last approach that have been developed is the octave band method. The process is 

described with the flowchart in Figure 2.11. The data is divided into octave bands and for 

each octave band the average is calculated. If there are one or several modes within an octave 

band those are damped with the mean value of the damping properties that is calculated for 

that band. But if there is no mode within an octave band this octave band is then neglected. 

By using those averages there will be one modal analysis for each octave band. To calculate 

each octave band, the following equations have been used: 

𝑓𝑑 = √2 (2.33) 

 

𝑓𝑙 =
𝑓𝑐
𝑓𝑑

 
(2.34) 

  

𝑓𝑢 = 𝑓𝑐 ∙ 𝑓𝑑 (2.35) 

 

The octave band is dependent of the first center frequency, 𝑓𝑐, and should be chosen so the 

first octave band starts at a low frequency at 𝑓𝑙 , which should be close to zero. For example, 5 

Hz is chosen to be the center of the first octave since it produced reasonable octave bands for 

the lower frequency region. The number of octave bands that will be used is dependent of the 

frequency range of the FRF that will be calculated. An advantage to use this approach is that 

the lower frequency regions are divided into several bands where the loss factor and shear 

modulus varies fast over frequency. In Table 2.2 the standardized frequency regions of each 

octave band are given and Figure 2.12 illustrates how the octave band divides the frequency 

regions of the loss factor.  

 

Figure 2.11. Flowchart of modal method with octave band approach 

 

 

 

https://www.lucidchart.com/documents/edit/1a707729-b2bd-44d9-bbd7-43dd83d8dcfa/0?callback=close&v=771&s=595.4399999999999
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Table 2.2. Standardized frequency bands for Octave Band 

Number of 

Octave Band 

Lower 

Frequency 

𝑓𝑙 [Hz] 

Center 

Frequency 

𝑓𝑐 [Hz] 

Upper 

Frequency 

𝑓𝑢 [Hz] 

1 3.5 5 7 

2 7 9.9 14 

3 14 19.8 28 

4 28 39.6 56 

5 56 76.2 112 

6 112 158.4 224 

7 224 316.8 448 

8 448 633.6 896 

9 896 1267.1 1792 

10 1792 2534.3 3584 

 

 

Figure 2.12. Loss factor divided into octave bands 

The great advantage with the modal method is that the damping, loss factors, of each mode is 

calculated and gives an accurate damping for the system. But when a system is solved with 

the direct method the loss factors are unknown and have to be estimated. This can be done by 

using the 3dB method as described in Appendix A.1.  
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2.6 Verification with a Lumped Model  
 

To verify the theory, a lumped model has been simulated in MATLAB. The main objectives 

for the lumped model are to apply, test and evaluate the theory so the best approach can be 

developed for solving the more complex and computational heavy FE-models. 

The model that have is used as a demonstrative example is a 5-DOF system with suitable 

parameters that describes the behavior of the lumped model in a way that should be 

comparable to real life systems.  

 

Figure 2.13. The demonstrative 5-DOF system  

The system consists of masses [𝑀], structural damping with complex stiffness [𝐾𝐶] and visco-

elastic damping [𝑉(𝜔)]. The visco-elastic damping is implemented as a function of frequency 

or as estimates constants depending of which method that will be used for calculate the FRF. 

In this example, the location of the visco-elastic dampers have been chosen so that not all 

modes gets a high damping.  

The mass- and structural damping constants within the system are shown in Table 2.3.   

Table 2.3. Mass and structural damping constants used in the 5-DOF system. A small amount 

of damping is added to the underlying structure.  

𝑛 𝑚𝑛 [kg] 𝑘𝑛 [N/m] 

1 0.05 0.7 · 106 + j0.007 

2 0.03 0.35 · 106  + j0.0035 

3 0.05 0.35 · 106  + j0.0035 

4 0.02 0.6 · 106  + j0.0065 

5 0.02 0.75 · 106  + j0.0075 
 

The material that have been used in this example is named dyad601 and the material data is 

obtained for 20 ˚C, which is the same material that was used in the previous sections.   
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The mass and stiffness matrices for this system are: 

[𝑀] =

[
 
 
 
 
𝑀1 0 0 0 0
0 𝑀2 0 0 0
0 0 𝑀3 0 0
0 0 0 𝑀4 0
0 0 0 0 𝑀5]

 
 
 
 

 

 

 

(2.38) 

  

[𝐾𝑐] =

[
 
 
 
 
𝑘1 + 𝑘2 −𝑘2 0 0 0

−𝑘2 𝑘2 + 𝑘3 −𝑘3 0 0
0 −𝑘3 𝑘3 + 𝑘4 −𝑘4 0
0 0 −𝑘4 𝑘4 + 𝑘5 −𝑘5

0 0 0 −𝑘5 𝑘5 ]
 
 
 
 

 

 

 

(2.39) 

 

[𝑉(𝜔)] =  

[
 
 
 
 

𝑣 0 0 0 −𝑣
0 𝑣 −𝑣 0 0
0 −𝑣 𝑣 0 0
0 0 0 0 0

−𝑣 0 0 0 𝑣 ]
 
 
 
 

 

 

 

(2.40) 

 

The FRF have been examined in the driving point at DOF 2 (response at DOF 2 and force in 

DOF 2) for this system. The FRF for the system without visco-elastic damping have been 

plotted in Figure 2.14. The FRF have been calculated with the direct method. This FRF 

contains the resonance frequencies listed in Table 2.7.  

 

Figure 2.14. Frequency response function of the driving point in DOF 2 for the system 

without visco-elastic damping 
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Table 2.7. Identified resonance frequencies for the system without visco-elastic damping  

𝒓 𝒇𝒓 [Hz] 

1 180.9 

2 574.2 

3 780.6 

4 941.1 

5 1579.6 

 

Frequency range from 0 to 2000 Hz will be examined since the resonance frequencies are 

obtained within this region. 

For the modal methods, material data for the three approaches are shown in Table 2.4 to Table 

2.6.  

Table 2.4. Mean values of loss factor and shear modulus 

𝜂 [%] 0.8875 

𝐺 [Pa] 1.7319 ∙ 107 

 

Table 2.5. Local values of loss factor and shear modulus 

𝑓𝑟  [Hz] 𝜂 [%] 𝐺[Pa] 

180.9 0.9460 4.1156 ∙ 106 

574.2 0.9844 1.0560 ∙ 107 

780.6 0.9421 1.4330 ∙ 107 

941.1 0.9090 1.7082 ∙ 107 

1579.6 0.8229 2.6496 ∙ 107 

 

 

Table 2.6. Loss factor and shear modulus estimated with octave band 

Number of 

Octave Band 

Lower 

Frequency 

𝑓𝑙 [Hz] 

Center 

Frequency 

𝑓𝑐 [Hz] 

Upper 

Frequency 

𝑓𝑢 [Hz] 

𝜂 [%] 𝐺[Pa] 

1 3.5 5 7 0.4409 7.7383 ∙ 105 

2 7 9.9 14 0.5542 1.0014 ∙ 106 

3 14 19.8 28 0.6773 1.1821 ∙ 106 

4 28 39.6 56 0.8010 1.4511 ∙ 106 

5 56 76.2 112 0.8820 2.3412 ∙ 106 

6 112 158.4 224 0.9385 3.8890 ∙ 106 

7 224 316.8 448 0.9905 6.5103 ∙ 106 

8 448 633.6 896 0.9632 1.2345 ∙ 107 

9 896 1267.1 1792 0.8548 2.3004 ∙ 107 

10 1792 2534.3 3584 0.6975 4.0583 ∙ 107 
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Solving the FRF for the system with visco-elastic damping with the direct method gives the 

correct solution and the modal methods will be compared to this result. The comparison can 

be seen in Figure 2.15.  

 

Figure 2.15. Comparison of FRF’s calculated with different methods 

To check how good the modal methods are compared to the direct method when it is hard to 

see how good the fit is between the FRF’s the loss factors can also be compared, which have 

been done in Table 2.8.   

Table 2.8. Loss factor comparison 

𝑛 𝜂𝐷𝑖𝑟𝑒𝑐𝑡 𝜂𝑀𝑒𝑎𝑛 𝑉𝑎𝑙𝑢𝑒  𝜂𝐿𝑜𝑐𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 𝜂𝑂𝑐𝑡𝑎𝑣𝑒 𝐵𝑎𝑛𝑑 

1 0.1768 0.0294 0.1730 0.1466 

2 0.0134 0.0109 0.0145 0.0139 

3 - 0.0799 0.5074 0.3584 

4 - 0.4997 0.4546 0.4531 

5 - 0.4990 0.4038 0.4729 

 

2.7 Conclusion 
 

In the results from the lumped system the loss factor of only the first two modes where able to 

be estimated with the 3dB method since the third and fourth modes have to high damping. 

The conclusion from those results is that the local value and octave band approaches gave 

good results compared to the direct method, which means that the modal method will be 

excellent for calculating the damping of each mode instead of estimating the damping with 

the 3dB method. The mean value approach gave not so good results compared to the direct 

method. Concerning the local value approach, this is dependent on the direct method to 

determine the natural frequencies which makes this approach pointless if only the modal 

method shall be used.  
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3 FE-Modelling  
 

The theory that was verified and evaluated with the lumped models are in this chapter applied 

to FE-models. Structures, basically plates, have been modelled with and without passive 

damping treatment to compare the effects of the damper mats. The modeling is done in 

HyperMesh, which is used as a pre-processor. This generates a file with mesh, material 

properties and boundaries describing the model by the use of Abaqus keywords. This data is 

then processed in Abaqus which runs the simulation of the model and solving with different 

analysis methods, as used for the lumped models, are tested in Abaqus in order to verify that 

those approaches also works for the FE-models.  

 

3.1 Modelling of Structures with CLD 
 

Creating models that are built up from different layers with different materials can be done by 

different approaches. In this work, the visco-elastic layer is described by solid elements since 

the effect of shear can best be modelled by this type of element. Types of elements that have 

been used is shell elements and solid elements, those are named S4R and C3D83 respectively 

in Abaqus. The simplest approach is to model each layer as solid elements as in Figure 3.1. 

From earlier work this approach has turned out to be computationally heavy. [5]  

                              

Figure 3.1. Whole sandwich described by solid elements 

 

 

 

 

 

C3D83 
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Another approach which has proved to work computationally efficient is by describing the 

structure and constraining layer as shell elements and have an offset relative to the visco-

elastic layer which is described as solid elements which is described in Figure 3.2. [5,11] 

                           

Figure 3.2. The structure and constraining layer are described by shell elements and the 

visco-elastic layer is described by solid elements.  

For the second modelling approach the elements of each layer should be fixed to each other in 

some way that the model behaves as one united piece since there is no connection between the 

layers. This have been done with the Abaqus keyword TIE that binds the elements together. 

Thr TIE constraint makes translational and rotational motion equal at the connection points 

for a pair of surfaces. [9] 

To define a model in HyperMesh with this approach the first thing that have to be done is to 

generate a mesh for the structure layer with shell elements. Then the solid layer of the visco-

elastic material is generated by the element offset function in HyperMesh which creates an 

offset of the first elements that was defined in the first layer. The last layer, the constraining 

layer, is then also generated with element offset but with shell elements. To fix the layers to 

each other the Abaqus function TIE is implemented. In this function the surfaces of the 

elements in the layers are connected to each other by defining them as master and slave which 

have to been done in two steps for this type of model. First the surface of the solid elements 

that are facing the structure layer is connected with the structure elements by defining the 

surface of the solid elements as Master and the structure elements as Slave. This is done in the 

same way for the surface of the solid elements that are facing the constraining layer elements. 

Figure 3.3 illustrates the TIE function for the visco-elastic elements and the constrain 

elements. The pink squares represent the master surfaces and the green squares represents the 

slave surfaces. Now the nodes at the shell elements will have the same movement as the top 

nodes of the solid elements when the structure is deflecting. 

C3D8R 

S4R 

S4R 

OFFSET 

OFFSET 
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Figure 3.3. TIE function active on model between visco-elastic layer and constraining layer  

When the model is done the thickness of the shell layers have to be defined. Finally, material 

parameters, boundary conditions and loads are defined for the model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

25 
 

3.2 Workflow with HyperMesh/Abaqus 
 

When the input file of the model is generated different analyzing methods can be used in 

Abaqus. The types of analyses that have been carried out for the FE-models are:  

 Modal 

Mode shapes is extracted and visualized in HyperView for understanding of how the 

model behaves at different natural frequencies. 

 

 Complexmodes 

Runs an real eigenvalue analysis together with a complex eigenvalue analysis that 

takes damping into account.  

 

 FRF Direct 

Calculates the FRF for a model with the direct method. 

 

 FRF Modal 

Calculates the FRF from modal parameters with the modal method.  

Those analysis methods is defined in separate input files. As for the lumped system the direct 

method gives the right solution of the FRF and verifies the FRF’s obtained with the modal 

methods. The FRF’s that are obtained with the different methods are then visualized and 

compared in HyperView and MATLAB.  

To run simulations that involves damper mats the visco-elastic material parameters have to be 

defined in a material input file. This file is then included in the model input file, containing 

the visco-elastic material parameters. Data for the material input file is calculated using 

MATLAB.  

The input file for the modal method with the octave band approach defines one modal 

analysis for each octave band. The material data is divided into octave bands as well in the 

process.  

For reducing the computational time, the FRF calculations is done for a limited amount of 

response nodes which is defined in the analysis input files. 
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3.3 Verification 
 

A simple plate, shown in Figure 3.6, have been modeled and verified with the different 

analysis procedures that was developed for the lumped models. This plate has the dimensions 

of 300 x 200 x 0.5 millimeters. The material parameters that have been used for the structure 

and the constraining layer are as follows: 𝐸= 69 GPa, 𝜐 = 0.33 and 𝜌 = 2770 kg/m3 which is 

typical for aluminum. Also structural damping is added to the plates and is assumed to be 𝜂 = 

0.002, to get a small modal damping of 0.1% [12]. The visco-elastic material that is applied to 

the damped plate is named dyad609 and the material data is measured at a temperature of 

60˚C [10]. The thickness of the visco-elastic layer is 1.4 millimeters and the thickness of the 

constraining layer is 0.25 millimeters. The FRF’s are obtained within a frequency range from 

0 to 600 Hz at the driving point 644 which is shown in Figure 3.5.  

The empty spaces in Table 3.1 are missing resonance frequencies and loss factors that could 

not be estimated with the 3db method. In Figure 3.7 the undamped FRF solved with the direct 

method is plotted and in Figure 3.8 the damped FRF’s solved with the different approaches is 

plotted and compared. 

 

Figure 3.4. Material data for dyad609 at temperature 60˚C 
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Figure 3.5. Simple plate, location of driving point 644 

 

Figure 3.6. Simple plate applied with CLD 
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Figure 3.7. FRF of Simple plate, undamped 

 

 

Figure 3.8. Damped Simple plate, comparison of FRF’s solved with different approaches 
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Table 3.1. Comparison of resonance frequencies and loss factors, Simple plate 

𝑚𝑜𝑑𝑒 𝑛 𝑓𝐷𝑖𝑟𝑒𝑐𝑡 𝑓𝑀𝑒𝑎𝑛 𝑉𝑎𝑙𝑢𝑒  𝑓𝑂𝑐𝑡𝑎𝑣𝑒 𝐵𝑎𝑛𝑑 𝜂𝐷𝑖𝑟𝑒𝑐𝑡 𝜂𝑀𝑒𝑎𝑛 𝑉𝑎𝑙𝑢𝑒  𝜂𝑂𝑐𝑡𝑎𝑣𝑒 𝐵𝑎𝑛𝑑 

1 - 42.2  37.3 - 0.0689 0.1352 

2 39.4 47.3 40.9 - 0.0752 0.1709 

3 - 98.4 91.2 - 0.0477 0.3808 

4 93.3 119.3 93.5 0.0856 0.198 0.0924 

5 127.2 143.3 129.6 0.2823 0.1696 0.2754 

6 - 177 159.2 - 0.1373 0.371 

7 - 182.4 163.1 - 0.2037 0.2366 

8 183 196.5 184.2 0.1744 0.1152 0.1648 

9 210.9 213.3 200.1 - 0.0399 0.3633 

10 - 230.9 224.1 - 0.2104 0.2632 

11 - 249.5 242.7 - 0.1654 0.1885 

12 274.8 286.6 278.6 - 0.1663 0.1914 

13 - 307.7 304.2 - 0.156 0.1702 

14 - 370.4 358.2 - 0.337 0.3582 

15 - 385.3 379.5 - 0.1279 0.3515 

16 - 390.4 383.7 - 0.3147 0.1452 

17 396.5 396.6 396.5 0.0201 0.0210 0.0214 

18 - 428.1 486.9 - 0.3072 0.1538 

19 - 454.1 504.4 - 0.4675 0.0630 

20 582 482.3 585.3 0.0583 0.0989 0.0497 

21 - 522.3 588.7 - 0.2070 0.1555 

22 - 534.8 598.8 - 0.4143 0.2931 

23 - 546.2 - - 0.3377 - 

24 - 547.7 - - 0.2267 - 

25 - 571.2 - - 0.0880 - 

 

3.4 Conclusion 
 

In the comparison of the FRF’s the modal method with the octave band approach is very 

accurate compared to the FRF solved with the direct method. Since this plate highly damped 

it was hard to estimate the modes with the 3dB method. Those modes that could be estimated 

showed good agreement with octave band approach. The modal method solved with the mean 

value approach had a bad fit to the FRF solved with the direct method since the frequency 

dependency is not taken into account.  

The advantage with the modal approach methods were clearly seen in this example since 

these methods produce a list of loss factors for each mode and are not depending on the 3dB 

method. 

In Appendix A.2 the difference in how a coarse mesh compared to finer mesh affects the 

results have been studied. It turned out that there where a minor difference which means that 

computational time can be saved by using a coarse mesh. 
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4 Pre-Test Planning 
 

This chapter describes the activities that have been carried out as a preparation for 

experimental testing. FE-models of intended test structure have been modeled and analyzed 

using the methods described in the previous chapter.  

Three different plates, referred to as Type0, Type1 and Type2, have been modeled and 

verified with different analysis approaches. Type1 and Type2 are plates with skin-stringer 

structure. This type of structure is commonly used in aircraft constructions to reduce weight 

[2]. Those plates are assumed to be complex enough for being comparable with real case 

structures. The FRF’s for a certain node have been extracted together with resonance 

frequencies and loss factor for each mode within the frequency range from 0 to 1024 Hz. 

The damper mat that has been used at SAAB is referred to as vibraflex22 and the material 

data is measured at 20 ˚C. The material data for this damped mat is given in Appendix A.3. 

The thickness of the visco-elastic layer is 1.3 millimeters and the thickness of the constraining 

layer is 0.3 millimeters. The material parameters that initially have been used for the structure 

and the constraining layer are as follow: 𝐸= 69 GPa, 𝜐 = 0.33 and 𝜌 = 2770 kg/m3. Also an 

assumed structural damping of 𝜂 = 0.002 is added to the plates.  

 

4.1 Test Cases 
 

In the first example a simple plate, Type0, with the dimensions of 362x230x2 mm, have been 

examined. The model of this plate is shown in Figure 4.1. The driving-point FRF is simulated 

at node 247, as illustrated in Figure 4.1.  

 

Figure 4.1. Plate Type0 applied with CLD  

 

 

 

N247 
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The second example, Type1, have the dimensions of 300 x 400 mm and have four 

compartments with the dimensions of 120 x 170 mm and a thickness of 1 mm. The stringers 

have a thickness of 4 mm and the width of 20 mm. The driving-point FRF is simulated at 

node 4194, as illustrated in Figure 4.2.  

 

Figure 4.2. Plate Type1 applied with damper mat in one compartment 

For the third example plate, Type2, the plate has the dimensions of 300 x 400 mm and have 

three compartments. Two of them with the dimensions of 120 x 170 mm and a bigger one 

have the dimension 170x260 mm. The thickness of the compartments is 1.5 mm. The stringers 

have a thickness of 4 mm and a width of 20 mm. The driving-point FRF is simulated at node 

2511, as illustrated in Figure 4.3.  

 

Figure 4.3. Plate Type1 applied with damper mat in one compartment 

N4294 

N2511 
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4.1 Results 
 

Results of plate Type0 are shown in the following plots and the resonance frequencies and 

loss factors from the different approaches are compared in Table 4.1. Figure 4.4 shows the 

simulated FRF with no damper mat, and Figure 4.5 is the simulated FRF with damper mat. 

The empty spaces in the tables are missing resonance frequencies and loss factors that could 

not be estimated with the 3dB method. 

 

 

Figure 4.4. FRF of plate Type0, undamped 

 
Figure 4.5. Damped plate Type0, comparison of FRF’s solved with different approaches 
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Table 4.1. Comparison of resonance frequencies and loss factors, Type0 

𝑚𝑜𝑑𝑒 𝑛 𝑓𝐷𝑖𝑟𝑒𝑐𝑡 𝑓𝑀𝑒𝑎𝑛 𝑉𝑎𝑙𝑢𝑒  𝑓𝑂𝑐𝑡𝑎𝑣𝑒 𝐵𝑎𝑛𝑑 𝜂𝐷𝑖𝑟𝑒𝑐𝑡 𝜂𝑀𝑒𝑎𝑛 𝑉𝑎𝑙𝑢𝑒  𝜂𝑂𝑐𝑡𝑎𝑣𝑒 𝐵𝑎𝑛𝑑 

1 76.1 76.7 76.3 - 0.022 0.019 

2 78.1 78.6 78.3 - 0.016 0.015 

3 174.2 174.3 173.9 0.017 0.016 0.015 

4 208.2 208.6 208.3 0.019 0.020 0.028 

5 - 212.8 210.1 - 0.039 0.036 

6 264.3 263.9 263.7 0.023 0.022 0.023 

7 312.3 312.0 312.1 0.013 0.010 0.011 

8 382.4 381.8  381.7 0.021 0.019 0.021 

9 441.4 441.1 441.2 - 0.004 0.004 

10 520.5 521.8 522.9 - 0.012 0.013 

11 552.5 551.5 552.8 0.018 0.015 0.016 

12 572.6 569.3 572.9 0.028 0.029 0.031 

13 606.6 603.5 604.7 0.017 0.011 0.014 

14 720.7 720.2 721.4 0.009 0.008 0.009 

15 742.3 738.6 740.8 0.016 0.015 0.017 

16 800.8 796.5 798.4 - 0.012 0.014 

17 - 809.8 811.3 - 0.009 0.011 

18 924.9 921.4 924.0 0.017 0.015 0.018 
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Results for plate Type1 are shown in Figure 4.6 (undamped) and Figure 4.7 (damped). The 

resonance frequencies and loss factors from the different approaches are compared in Table 

4.2. 

 

 

Figure 4.6. FRF of plate Type1 without passive damping 

 

 

Figure 4.7. Damped plate Type1, comparison of FRF’s solved with different approaches 
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Table 4.2. Comparison of resonance frequencies and loss factors Type1 

𝑚𝑜𝑑𝑒 𝑛 𝑓𝐷𝑖𝑟𝑒𝑐𝑡 𝑓𝑀𝑒𝑎𝑛 𝑉𝑎𝑙𝑢𝑒  𝑓𝑂𝑐𝑡𝑎𝑣𝑒 𝐵𝑎𝑛𝑑 𝜂𝐷𝑖𝑟𝑒𝑐𝑡 𝜂𝑀𝑒𝑎𝑛 𝑉𝑎𝑙𝑢𝑒  𝜂𝑂𝑐𝑡𝑎𝑣𝑒 𝐵𝑎𝑛𝑑 

1 70.4 70.5 70.3 0.056 0.121 0.011 

2 95.8 96.4 96.3 0.041 0.006 0.006 

3 140.8 141.9 141.8 0.028 0.009 0.086 

4 168.2 170.3 169.9 0.093 0.010 0.009 

5 199.5 200.7 199.8 0.069 0.010 0.009 

6 260.5 260.9 261.0 0.030 0.025 0.025 

7 334.5 335.1 335.7 0.041 0.044 0.044 

8 - 341.7 341.7 - 0.009 0.009 

9 352.1 349.6 349.8 0.017 0.016 0.017 

10 404.9 402.9 403.5 0.034 0.033 0.035 

11 420.6 418.7 418.8 0.019 0.013 0.014 

12 489.0 487.8 490.8 0.024 0.025 0.026 

13 504.7 502.6 504.2 0.019 0.017 0.018 

14 526.2 521.9 527.3 0.033 0.039 0.041 

15 545.7 541.9 542.9 0.018 0.013 0.017 

16 - 573.2 584.3 - 0.069 0.081 

17 - 628.7 629.4 - 0.008 0.009 

18 651.4 651.3 652.2 0.009 0.008 0.008 

19 706.1 705.3 708.9 0.028 0.023 0.025 

20 731.6 726.6 730.9 0.021 0.023 0.026 

21 - 756.1 759.9 - 0.021 0.024 

22 792.2 787.9 791.2 0.025 0.018 0.022 

23 813.7 812.9 817.1 0.022 0.022 0.026 

24 882.2 879.9 885.6 0.038 0.027 0.032 

25 929.1 916.9 927.7 0.046 0.041 0.047 

26 - 932.7 941.6 - 0.038 0.039 

27 - 947.3 948.6 - 0.009 0.012 

28 - 1009.4 1016.9 - 0.033 0.043 
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Results of plate Type2 are shown in Figure 4.8 (undamped) and Figure 4.9 (damped). The 

resonance frequencies and loss factors from the different approaches are compared in Table 

4.3. 

 

 

Figure 4.8. FRF of plate Type2 without passive damping 

 

Figure 4.9. Damped plate Type2, comparison of FRF’s solved with different approaches 
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Table 4.3. Comparison of resonance frequencies and loss factors Type2 

𝑚𝑜𝑑𝑒 𝑛 𝑓𝐷𝑖𝑟𝑒𝑐𝑡 𝑓𝑀𝑒𝑎𝑛 𝑉𝑎𝑙𝑢𝑒  𝑓𝑂𝑐𝑡𝑎𝑣𝑒 𝐵𝑎𝑛𝑑 𝜂𝐷𝑖𝑟𝑒𝑐𝑡 𝜂𝑀𝑒𝑎𝑛 𝑉𝑎𝑙𝑢𝑒  𝜂𝑂𝑐𝑡𝑎𝑣𝑒 𝐵𝑎𝑛𝑑 

1 68.1 67.9 67.8 0.059 0.012 0.011 

2 84.1 84.2 84.1 - 0.006 0.006 

3 146.1 147.2 146.9 - 0.009 0.009 

4 166.2 167.3 167.0 - 0.011 0.010 

5 210.2 210.7 210.5 - 0.009 0.008 

6 232.2 232.8 232.8 0.172 0.015 0.015 

7 330.3 331.4 331.4 - 0.010 0.011 

8 346.3 346.5 346.5 0.012 0.009 0.010 

9 376.4 376.0 376.4 0.021 0.024 0.024 

10 404.4 403.3 403.3 0.009 0.012 0.013 

11 450.4 448.3 449.7 0.018 0.015 0.017 

12 - 497.5 498.4 - 0.009 0.016 

13 546.5 545.7 547.6 0.018 0.016 0.018 

14 628.6 627.3 629.6 0.019 0.016 0.019 

15 - 637.1 639.8 - 0.019 0.019 

16 - 659.1 660.2 - 0.009 0.011 

17 722.7 719.5 721.8 0.017 0.014 0.017 

18 746.7 740.5 743.3 0.021 0.017 0.019 

19 - 762.3 762.8 - 0.005 0.005 

20 826.8 824.2 826.4 0.015 0.013 0.015 

21 886.9 886.5 889.0 0.016 0.013 0.016 

22 912.9 908.9 911.7 0.015 0.014 0.016 

23 1016.9 1016.3 1019.5 0.016 0.014 0.016 

 

 

4.2 Conclusion 
 

The simulation results show that all three plate configurations are suitable for the 

experimental test. The increase in damping when a damper mat is applied is clearly seen. 

However, there are still distinct resonances for the damped system, which is important for the 

experimental verification.  

The modal method solved with the mean value approach will have correct solutions of the 

FRF’s at the frequencies where the loss factor and shear modulus are approximately equal to 

the mean value.  

For the plate configurations that have been examined the mean value and octave band 

approaches for the modal method is approximately the same and this is caused by that the 

visco-elastic material parameters for vibraflex22 do not varying that much within the 

frequency region of 10-1000 Hz. 

Since the modal method solved with the octave band approach gives the most accurate results 

this method will be used for calculating the loss factors in the experimental testing when the 

FE-models are compared to the experimental measured plates. 
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5 Experimental Testing 
 

The purpose with the experimental part of this work is to verify and validate the FE-models. 

Corresponding geometries to the FE-models described in Chapter 4 have been tested.  

 

5.1 Method 
A grid is drawn on the plates and measuring points of the plates are determined and 

accelerometers are attached to those points. Force is then applied with an impact hammer to 

the points and the LMS Acquisition System receives and processes the signals that are 

received by the accelerometers and the impact hammer. This is controlled by LMS software 

on a laptop. Results are saved to files that then is imported to MATLAB for further 

examination. The experimental setup is shown in Figure 5.1.  

 

Figure 5.1. Experimental setup 

Before the damper mats were applied to the structure the surface of the structure was prepared 

with the use of sandpaper and then cleaned with alcohol to get a good attachment surface. 

When the damper mats are attached to the structure it is hard to remove it and the risk of 

deforming the aluminum structure is high. 
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The following figures illustrates plate Type0. It was first tested without damper mats and then 

tested with damper mats. Table 5.1 shows the corresponding response points between the FE-

model and the experimental plate. Figure 5.2 illustrates the response points on the test plate.  

Table 5.1. Type0, corresponding response points between the test plate and the FE-model 

Point Node in FE-model Position in x and y directions [mm] 

r1 1365 331.8 , 76.67 

r2 247 120.67 , 153.34 

11 1103 241.34 , 153.34 

 

 

Figure 5.2. Layout of response points on plate Type0  

 

Figure 5.3. Type0 without damper mat  



 

40 
 

 

Figure 5.4. Type0 with damper mat 

 

 

Figure 5.5. Type0 with damper mat 
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Plate Type1 is shown in the following figures. In Table 5.2 the corresponding measuring 

points between the FE-model and the experimental plate are shown and Figure 5.6 illustrates 

the response points on the plate. The accelerometers are attached at point 7, 12 and 19 while 

the input force is applied to all points. 

Table 5.2. Type1, corresponding response points between the test plate and the FE-model 

Point Node in FE-model Position in x and y directions [mm] 

7 2676 105 , 80  

12 1096 105 , 150 

13 1321 200 , 150 

18 1488 200 , 220 

19 4194 295 , 220 

 

 

Figure 5.6. Layout of response points on plate Type1 

 

Figure 5.7. Type1 with free-free suspension  
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Figure 5.8. Type1 without damper mat 

 

 

Figure 5.9. Type1 with damper mat in one compartment  
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In the following figures plate Type2 is shown. In Table 5.3 the corresponding measuring 

points between the FE-model and the experimental plate are shown and Figure 5.10 illustrates 

the response points of the plate. The accelerometers are attached at point 8, 12 and 19 while 

the input force is applied to all points. 

 

Table 5.3. Type2, corresponding response points between the test plate and the FE-model 

Point Node in FE-model Position in x and y directions [mm] 

8 1103 200 , 80 

12 3275 105 , 150 

13 1261 200 , 150  

18 1391 200 , 220 

19 2511 295 , 220 

 

 

Figure 5.10. Layout of response points on plate Type2 
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Figure 5.11. Type2 without damper mat 

 

 

Figure 5.12. Type2 with damper mat in one compartment 
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The coherence function quantifies the amount of contaminating noise. It was used to select a 

suitable tip for the impact hammer. Typical coherence functions of the measurements are 

shown in the following figures.  

 

Figure 5.13. Plate Type1 damped, comparison of coherence of measurements with rubber and 

nylon tip of the impact hammer 

In Figure 5.13, coherence of measurements of damped plate Type1 are shown. The nylon tip 

of the impact hammer gave less noise in the measurements than when a rubber tip was used. 
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Figure 5.14. Plate Type0 undamped, coherence of measurement with rubber tip of the impact 

hammer 

 

Figure 5.15. Plate Type2 undamped, coherence of measurement with nylon tip of the impact 

hammer 

The undamped plate Type0 was measured with a rubber tip on the impact hammer and there 

was a lot of noise in the coherence in Figure 5.14 compared to the coherence of the undamped 

plate Type2 in Figure 5.15 which was measured with a nylon tip on the impact hammer.  
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5.2 Results 
 

The FRF’s of the undamped plates and the damped plates from the testing have been 

compared to the FRF’s calculated for the FE-models. The FRF’s for the FE-models have been 

solved with the direct method and the loss factors are calculated with the modal method using 

the octave band approach. For the measured FRF’s the resonance frequencies and loss factors 

are estimated with the 3dB method. The empty spaces in the tables are missing loss factors 

that could not be estimated with the 3dB method. 

When the results from the FE-model will be compared with the corresponding results from 

the experimental test cases the relative error between the resonance frequencies and loss 

factors will be calculated with equation 5.1. 

% 𝑒𝑟𝑟𝑜𝑟 = |
𝑥𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑥𝐹𝐸−𝑚𝑜𝑑𝑒𝑠

𝑥𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
| ∙ 100 

(5.1) 

 

The results for plate Type0 are shown in Figure 5.16 and 5.17.  

 

 

Figure 5.16. Measured and simulated FRF’s for undamped plate Type0  
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Figure 5.17. Measured and simulated FRF’s for damped plate Type0 

 

The first sixteen loss factors and resonance frequencies of the damped plate Type0 are 

compared in Table 5.2. The loss factors are estimated with the 3dB method. The relative 

errors have been calculated with more decimals for the resonance frequencies and loss factors 

than are shown in the table.  

Table 5.4. Comparison of resonance frequencies and loss factors for Type0 at Hr2,r2 

𝑟 𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 
[Hz] 

𝑓𝐹𝐸−𝑚𝑜𝑑𝑒𝑙 
[Hz] 

Relative 

error, f  

[%] 

𝜂𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝜂𝐹𝐸−𝑚𝑜𝑑𝑒𝑙 Relative 

error, 𝜂 

[%] 

1 76.3 76.3 0.06 0.019 0.019 5.32 

2 78.6 78.3 0.44 0.014 0.015 6.47 

3 174.6 173.9 0.40 0.016 0.015 7.65 

4 - 208.3 - - 0.028 - 

5 211.6 210.1 0.71 0.024 0.036 53.90 

6 265.1 263.7 0.53 0.026 0.023 11.49 

7 315.5 312.1 1.07 0.012 0.011 12.25 

8 385.9 381.7 1.08 0.24 0.021 91.27 

9 445.0 441.2 0.86 0.004 0.004 5.75 

10 524.0 522.9 0.19 0.027 0.013 52.28 

11 559.5 552.8 1.21 0.022 0.016 27.45 

12 576.3 572.9 0.59 0.025 0.031 25.47 

13 608.4 604.7 0.61 0.022 0.014 34.73 

14 725.9 721.4 0.61 0.011 0.009 13.29 

15 746.1 740.8 0.72 0.021 0.017 17.42 

16 - 798.4 - - 0.014 - 
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Results for plate Type1 are demonstrated next. 

 

Figure 5.18. FRF in H19,19 undamped plate Type1 with unadjusted E-modulus 

To get a better fit between the FRF from the FE-model and the measured FRF the E-modulus 

have been adjusted on the FE-model and the result of this is shown in Figure 5.19. The 

stringers of the plate have an E-modulus of 74 GPa and the plate have an E-modulus of 67 

GPa. Also the density of the plate has been changed. This was done by weighing the test plate 

and then calculate the volume of the corresponding FE-model. The adjusted density is 𝜌 = 

2849 kg/m3. The following FRF’s obtained from the FE-models are modelled with the 

adjusted E-modulus and density. Measured and simulated FRF’s for Type1 with damper mat 

are illustrated in Figure 5.20 to 5.22. 
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Figure 5.19. FRF in H19,19 undamped plate Type1 with adjusted E-modulus on the FE-model 

to make a good fit to the measured FRF 

 

Figure 5.20. FRF in H19,19 damped plate Type1 
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Figure 5.21. FRF in H7,7 damped plate Type1 

 

Figure 5.22. FRF in H19,7 damped plate Type1 
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Table 5.5. Comparison of loss factor and resonance frequencies for Type1 at H19,19 

𝑟 𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 
[Hz] 

𝑓𝐹𝐸−𝑚𝑜𝑑𝑒𝑙 
[Hz] 

Relative error, 

𝑓 [%] 
𝜂𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝜂𝐹𝐸−𝑚𝑜𝑑𝑒𝑙 Relative error, 

𝜂 [%] 

1 70.8 70.3 0.63 0.011 0.011 4.42 

2 98.3 96.3 1.98 0.005 0.006 9.28 

3 145.5 141.8 2.51 0.014 0.086 5.29 

4 - 169.9 - - 0.009 - 

5 203.0 199.8 1.58 0.085 0.009 88.89 

6 265.3 261.0 1.60 0.028 0.025 10.58 

7 - 335.7 - - 0.044 - 

8 340.5 341.7 0.36 0.033 0.009 71.61 

9 352.5 349.8 0.76 0.029 0.017 43.93 

10 409.5 403.5 1.47 0.048 0.035 28.34 

11 423.0 418.8 0.99 0.028 0.014 50.25 

12 - 490.8 - - 0.026 - 

13 503.3 504.2 0.19 0.026 0.018 33.05 

14 512.3 527.3 2.94 0.018 0.041 1.36 

15 557.0 542.9 2.52 0.087 0.017 80.44 

16 - 584.3 - - 0.081 - 
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Finally, results for plate Type2 is demonstrated in Figure 5.24 to 5.28. 

 

Figure 5.23. FRF in H19,19 undamped plate Type2 with unadjusted E-modulus 

 

As for plate Type1 the E-modulus have been adjusted on the FE-model to get a better fit 

between the FRF from the FE-model and measured FRF. The result of this for Type2 is 

shown in Figure 5.24. For this plate it was only necessary to adjust the E-modulus for the 

stringers to get a good fit between the FRF’s. The stringers of the plate have an E-modulus of 

76 GPa. The density was also changed in the same way as for Type1 and the new density is 𝜌 

= 2841 kg/m3. The following FRF’s of FE-models are modelled with the adjusted E-modulus 

and density. 
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Figure 5.24. FRF in H19,19 undamped plate Type2 with adjusted E-modulus on the FE-model 

to make a good fit to the measured FRF 

Measured and simulated FRF’s for Type2 with damper mat are illustrated in Figure 2.25 to 

5.28. 

 

Figure 5.25. FRF in H19,19 damped plate Type2 
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Figure 5.26. FRF in H12,12 damped plate Type2 

 

Figure 5.27. FRF in H19,12 damped plate Type2 
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Table 5.6. Comparison of loss factor and resonance frequencies for Type2 at H19,19 

𝑟 𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 
[Hz] 

𝑓𝐹𝐸−𝑚𝑜𝑑𝑒𝑙 
[Hz] 

Relative 

error, 𝑓 

[%] 

𝜂𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝜂𝐹𝐸−𝑚𝑜𝑑𝑒𝑙 Relative error, 

𝜂 [%] 

1 68.6 67.8 1.24 0.009 0.011 20.94 

2 84.4 84.1 0.37 - 0.006 - 

3 - 146.9 - - 0.009 - 

4 153.6 167.0 8.72 0.011 0.010 2.24 

5 215.4 210.5 2.28 - 0.008 - 

6 236.0 232.8 1.36 0.015 0.015 1.49 

7 231.5 331.4 0.03 0.030 0.011 64.19 

8 351.0 346.5 1.28 0.012 0.010 18.42 

9 387.9 376.4 2.95 0.028 0.024 14.11 

10 409.4 403.3 1.49 0.015 0.013 16.07 

11 457.9 449.7 1.79 0.019 0.017 12.72 

12 502.5 498.4 0.82 0.013 0.016 18.69 

13 553.3 547.6 1.03 0.019 0.018 7.82 

14 - 629.6 - - 0.019 - 

15 640.4 639.8 0.08 0.029 0.019 32.23 

16 - 660.2 - - 0.011 - 

 

 

5.3 Conclusion  
 

Overall, the FRF’s from the FE-models and the loss factors agrees well to the measured 

FRF’s. The FRF’s of the FE-model for Type0 corresponded best to the measured FRF’s 

compared to the results from Type1 and Type2. The differences are probably due to 

divergence in material parameters in the test plates that occurred in the manufacturing 

process. 
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6 Conclusion 
 

The theory that have been developed proved to work as it was applied to the un-damped and 

damped lumped systems by the use of MATLAB. First, in the examination of damped 

systems where the visco-elastic parameters were constant, the modal method was compared 

with the direct method and the FRF’s fitted exactly to each other. Then, by estimating visco-

elastic material constants for the modal method with different approaches (local value, mean 

value and octave band) the results from the FRF’s agreed well to the FRF’s calculated with 

the direct method for systems with frequency dependent viscoelastic material parameters. The 

local value- and octave band approach gave the best results compared to the mean value 

approach. This means that the modal method can be used to calculate the damping of a system 

instead of the direct method and the 3dB method.  

For the FE-models different modelling approaches was studied to find the most computational 

efficient approach to define the structure. It turned out to be by describing the structure and 

constraining layer by shell elements and the visco-elastic layer as solid elements and then use 

the Abaqus TIE function to bind the elements together. The same theory that was evaluated 

with the lumped model was then applied to the FE-models. The results followed the same 

pattern and proved to work well. In the demonstrative example the modal method with the 

octave band approach gave the best results that agreed well to the direct method compared to 

the mean value approach. It is clearly seen that the modal approach has a great advantage to 

calculate the damping of the modes instead of using the direct method and estimate the 

damping with the 3dB method. It was also clearly seen that a higher damping was obtained 

when a damper mat was applied to the structure of the FE-model. 

From the pre-test planning it was clear that the selected plate configurations are suitable for 

experimental testing. For the selected damper mat, vibraflex22, it is seen that the material 

parameters do not vary much within the frequency region of 10 to 1000 Hz which means that 

the results solved with the mean value and the octave band approaches for the modal method 

are close to each other. But generally the octave band approach gave the most accurate results 

and therefore this method was chosen for calculating the loss factors that will be compared 

with the estimated loss factors in the results from the experimental testing.      

 

Finally, the FRF’s from the experimental testing was compared to the corresponding FRF’s 

from the FE-models and those had a good agreement to each other. The best results were for 

the simplest model but when the structure becomes more complex the uncertainties becomes 

higher.  

This procedure that have been developed and used to verify and validate damper mats with 

FE-models can be used as a basis for future evaluation of alternative damper mats.  
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7 Recommendations and Future Work 
 

Following things to examine and further develop are: 

 Modelling of more complex structures and verify those with and without damper 

mats. 

 

 Modelling of damper mats with several layers of visco-elastic materials. The 

thickness of the different layers should also be considered.  

 

 Simulation and measurement of structures applied with damper mats could be done 

for different temperatures to examine the temperature behavior of the damping 

parameters.  

 

 Deeper study of how the damper mats should be placed in order to maximize the 

damping of the structures. This is of interest to minimize the added weight of the 

applied damping treatment. 
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Appendix A 
 

A.1 3dB Method 
 

In the 3dB method the following formula is used to estimate the damping of the modes: 

𝜂𝑟 =
𝑓𝑢 − 𝑓𝑙

𝑓𝑐
 

 

(A.1) 

𝑓𝑙 is the lower frequency and 𝑓𝑢 is the upper frequency of the bandwidth, 𝐵𝑟. 𝑓𝑟 is the 

resonance frequency of mode 𝑟 [4]. In Figure A.1, the principle of this method is described.  

 

Figure A.1. 3dB method  

The main problem with the 3dB method is that it is not accurate enough if the damping of the 

modes is too high. To evaluate the 3dB method a 2-DOF system, illustrated in Figure A.2, 

have been used with complex stiffness where the loss factor has been calculated with a modal 

method and then estimated with the 3dB method for different values of the second spring in 

the system. The estimated loss factor should have a relative error of less than 10%. 

 



 

 
 

                                   

Figure A.2. 2-DOF system  

The material properties for the system in Figure A.2 are listed in Table A.1.  

Table A.1. Mass and structural damping constants used in the 2-DOF system 

𝑛 𝑚𝑛 [kg] 𝑘𝑛 [N/m] 

1 0.3 40 · 103 + j0.1 

2 0.1 15 · 103 + j𝜂 

 

The loss factor for the structural damping in the second spring have been tested for 0.4, 0.35, 

0.3 and 0.29.   

 

Figure A.3. FRF’s with different damping on the second spring 
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Figure A.4. 2nd mode in close look  

Table A.2. Relative error for loss factor for different values of damping 

𝑘2 𝜂𝑚𝑜𝑑𝑎𝑙 𝜂3𝑑𝐵 error [%] 

0.4 0.3274 0.2803 16.8 

0.35 0.2881 0.2539 13.5 

0.3 0.2496 0.2267 10.4 

0.29 0.2419 0.2201 9.92 

 

The conclusion from this is that a damping of maximum 30% is acceptable if the 3dB method 

should be accurate enough, e.g. the relative error between the true loss factor and the 

estimated loss factor is less than 10%.  

 

 

 

 

 

 

 

 

 



 

 
 

A.2 Impact of Mesh Size in FE-Model   
 

The plate shown in the figure below have been meshed with a coarse and a finer mesh to 

compare how the calculated FRF’s are affected by the impact of the mesh size. The plate has 

the dimensions 300 x 200 x 0.5 millimeters.  

 

Figure A.5. Coarse mesh to the left and finer mesh to the right 

The coarse elements have the size of 10x10 mm and the finer elements have the size 5x5 mm. 

The force input and response is calculated for node 644 for the coarse mesh which is the 

corresponding node 2461 in the finer mesh.  

In Figure A.6 the FRF’s of the two models have been plotted and compared. 

 

Figure A.6. FRF’s compared of the model with coarse mesh with finer mesh 

The difference between the two FRF’s is small enough which means that the impact of the 

mesh size should not have a significant impact on the result. This means also that the 

computational time can be reduced by using a coarse mesh.



 

 
 

A.3 Material Data for vibraflex22    
 

The total thickness of the damper mat is 1.6 millimeters and the density is 2.0 kg/m3. The 

thickness of the constraining layer is 0.3 millimeters and is made of aluminum. The thickness 

of the visco-ealstic layer is 1.3 millimeters. 

 

Figure A.7. Material data for vibraflex22 at 20˚C. 

 

Figure A.8. Close look at the CLD mat 
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