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Abstract 
The effect of the damping addition due to viscoelastic (VE) material on the dynamic behavior of 
aluminum panels is assessed in this work. Dynamic Mechanical Analysis (DMA) tests are carried out, 
aiming at characterizing the rheological behavior of a VE compound. The Time-Temperature 
Superposition Principle (TTSP) is applied and the VE compound master curve is built over a large 
frequency range. As a result, the parameters for both, Generalized Maxwell Model (GMM) and Fractional 
Derivative Model (FDM) are determined. Distributed and local coatings of the VE material are applied to 
aluminum plates and the responses of these sandwich structures are calculated by using finite elements 
method where the VE behavior is modeled either with a GMM or a FDM. As a second step, tests are done 
by reproducing the same modeled configurations with the testing facilities of KULeuven. Numerical vs. 
experimental Frequency Response Functions (FRF) comparisons are done in order to validate the models. 

1 Introduction 

In aeronautical and spatial industries, on-board electronics are carried during flight and such equipment 
must be qualified to withstand the dynamic loads to which it is exposed. With the increasingly stringent 
standards and commercial competition, it is imperative that cabins and cavities achieve in-flight acoustic 
and vibration levels compatible with operational environments. 

Expendable launch vehicles (ELV) usually carry payloads (or satellites) as well as sensible electronics 
inside fairings and bays. Therefore, qualification tests must be specified considering the correct 
operational environments, in order to assure the equipment operational limits and, consequently, a well 
succeeded launch mission. During flight, ELV experience conventional loadings from acoustic noises at 
lift-off, transonic and maximum dynamic pressure flights, vibrations due to propeller operation and 
mechanical shocks generated by pyrotechnical devices during stage separations. The development of 
launchers with test campaigns showed that these loads are characterized as highly intense, random and 
with large spectral content. However, the development and qualification processes of space systems 
present increasing costs if high level environments are demanded. As a result, the intense levels to which 
embedded payloads and electronics are submitted must be suppressed or attenuated. 

The knowledge of the different dynamic aspects of excitations and the behavior of structures, components 
and/or acoustic enclosures are crucial to have assessed, controlled and performing space systems. In this 
framework, the use of virtual prototyping and/or Model Based System Engineering (MBSE) techniques 
supported by vibro-acoustic solutions is a significant tool to be applied to space systems studies. Computer 
Aided Engineering (CAE) has increased dramatically in recent years due to the proven cost benefits 
reflected into projects. Low-frequency deterministic methods such as Finite Element Methods (FEM) [1] 
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and Boundary Element Methods (BEM) [2] have, due to increasing computer speed, been able to run 
deterministic models to higher and higher frequencies, while Statistical Energy Analysis (SEA) [3] has 
become a standard and accepted method for both acoustic and vibration high-frequency analysis. 

The novelty in the structures and materials, on one hand, and the increasing complexity of systems, on the 
other hand, require new and more accurate numerical formulations, as well as experimental validation 
procedures, to study their mechanical characteristics (e.g. static and dynamic properties, Noise, Vibration 
and Harshness (NHV) performances). Although computer models have evolved substantially over the past 
decades, there are still many open issues, which impair design engineers to fully exploit the virtual design 
processes. Nowadays, the demand on numerical simulations is high, in which the numerical modeling of 
multi-layer trim material acoustic and structural damping, are largely used to attenuate noise and vibration. 
Passive damping treatments using viscoelastic (VE) materials are widely applied in the aerospace industry 
and its effects on space system designs must be studied in order to control vibration and noise radiation. 

As previously stated, there is a significant motivation in the space industry to study sandwich structures 
(homogeneous panel + VE material) since these systems present good NVH controlling performances as 
well as cost effective mounting designs. This work will focus on the inclusion of locally positioned and 
distributed VE damping. The characteristics inherent to the material are accounted in numerical models. 

A VE structural damper composed of a VE compound and a constraining layer was used to allow such 
studies, and both modeling techniques and experimental validations are carried out. In order to well 
characterize the frequency dependent shear behavior of such VE materials, measurement procedures using 
DMA and DSC tests are applied [4]. In this way, the master curve of the VE compound was built. 

Constrained-layer damping treatments, consisting of a 0.001373m VE material layer and a 127µm 
aluminum constraining layer are applied to aluminum panels of dimensions 0.42m x 0.594m x 0.003m. 
Three configurations are considered and modeled using FE methods: bare panel, distributed and locally 
coated panels. The Generalized Maxwell Model and Fractional Derivative Model are used to describe the 
shear behavior of the viscoelastic compound. The parameters of these models are identified from the 
DMA tests. 

In order to validate the numerical models, dynamic tests were performed on the bare and treated panels, 
using hammer excitation. Frequency response functions (FRF) were measured at the same observation 
points than those generated in the numerical models. Numerical vs. experimental comparisons are done by 
comparing the measured and computed FRF. A comparison in terms of computational time was also made 
between the two VE modeling approaches.  

2 Viscoelastic material 

Viscoelastic material (VEM) treatment is well established and widespread around different areas as 
automotive, aerospace and naval, becoming a mean of passively controlling structural vibrations and/or 
noise radiation. The practical use in aerospace industry is to apply weight-efficient forms of VEM 
assemblage configurations as shown in figure 1. These materials are constituted by long-range molecular 
order and exhibit a rheological behavior between that of a crystalline solid and a simple liquid [5]. Of 
particular importance is the dependency of both stiffness and damping on frequency and temperature [6]. 

Unconstrained damping layer is the simplest form of vibration damping, and consists in attaching or 
bonding a VE layer to an elastic structure. The extension and compression of the material under flexural 
stress from the elastic structure causes the cyclic deformation of the VE layer. As a consequence, the 
energy transferred to the core layer is dissipated to the exterior as heat (figures 1 and 2). The dissipative 
capacity of the VE is associated to its capacity of storing deformation energy. This unconstrained VE layer 
may be in the form of spray or sheets. In the case of constrained-layer damping arrangement, the 
viscoelastic layer is constrained between the elastic structure and a constraining layer, and shear strain is 
induced in the VEM during flexural vibrations of the elastic structure. Other techniques involving the use 
of VEM may be used to attenuate vibrations: multilayer arrangements, tuned dampers or supports of 
elastic structure (like shafts). 
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Figure 1. (a) Unconstrained, (b) constrained,  
(c) tuned damper, (d) support damper. 

Figure 2. Free-layer or unconstrained 
configuration. 

Many studies have been devoted to model efficiently and accurately the addition of VEM on elastic 
structures. Ungar [7] assessed the definition of the loss factor in terms of energy quantities, particularly as 
it applies to composite viscoelastic systems. Bert [5] reviews material damping and presents the various 
measures of damping proposed for homogeneous materials. Furthermore, the two-parameter Maxwell and 
Kelvin-Voigt models are described as the starting point for derivations of more realistic models such as 
Generalized Maxwell, Kelvin chain and Biot models. The Generalized Maxwell model is the one usually 
implemented in commercial FE codes. 

Linear viscoelasticity assumes the existence of a general relation between stress and strain based on the 
Boltzmann’s principle. Assuming that the stress and strain histories can be represented by continuous and 
differentiable functions, the one-dimensional stress-strain constitutive relationship for small strains is 
given by a convolution integral according to the theory of linear viscoelasticity. Assuming 
that 0)()( == tt εσ , for t < 0, and applying a strain step at    t = 0, such that )()( 0 tHt εε = , where 0ε
and )(tH are respectively the amplitude of the applied strain step and the Heaviside function, the stress-
strain relationship is written as: 

∫ −=
t

o

dttEt τετσ )()()( &  (1) 

( )tσ and )(tε  are, respectively, the stress and strain at time t, and )(tE is the stress relaxation modulus,
defined as the ratio of stress to strain at constant deformation. 

Several models exist to describe the time (or frequency) dependence of viscoelastic properties, such as: 

- The Standard Mechanical Model (SMM), composed of springs and dashpots, which leads to the 
Generalized Maxwell Model (GMM). This model consists of spring and mass Maxwell units 
connected in parallel, representing the viscoelastic material, as shown by [5] and [6]. A series 
combination of spring and dashpot constitutes a Maxwell unit. The frequency dependent modulus 
derived from the generalized Maxwell model is: 
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eE , iE and iρ are all positive constants representing the relaxed (rubbery) modulus, relaxation strengths 
and relaxation times, respectively. The relaxation time of the ith Maxwell unit is defined by iii E/ηρ = , 
where iη is the viscosity of the unit. A typical term under the summation symbol in equation (2) is often 
referred to as Prony series. 

- The Fractional Derivative Model (FDM) which describes the frequency dependent modulus in the 
broadband rheological behavior of the material: 
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eE : rubbery or long time modulus; gE is the glassy modulus; ρ  is the relaxation time, α is a constant 
related to the peak widening of loss factor. 

In this work, special attention is given to GMM and FDM due to practical modeling procedures in 
COMSOL. The GMM is already implemented in COMSOL, where the frequency dependent 
storage )(' ωE  and loss )('' ωE  moduli are described as: 
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Therefore, the complex modulus can be expressed in the frequency domain as: 

)()()( '''* ωωω jEEE += , in direct or uniaxial strain (6a) 

)()()( '''* ωωω jGGG += , for shear strain conditions (6b) 

The loss factor )(ωη  may be defined as the non-dimensional quantity relating the imaginary and the real 
part of the complex modulus as: 
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As for the FDM, it can be easily implemented in COMSOL by using the equation (3). The shear modulus 
is then represented by the long time modulus, the glassy modulus; the relaxation time and the constant 
related to the peak widening of loss factor. 

The parameters of both the GMM and the FDM can be identified from experimental master curves. 
However, the parameters constituting the FDM are usually more easily determined than those of the 
GMM. Section 3 describes the VEM characterization procedure using DMA tests to determine the master 
curves of the viscoelastic compound. 

3 Viscoelastic material characterization using DMA tests 

In dynamic mechanical analysis (DMA) tests, a sinusoidal strain or stress is applied to the material and the 
resultant sinusoidal strain (or stress) is measured as well as the phase difference, δ, between two sine 
waves. For purely elastic materials, the phase angle will be 0˚, whereas for purely viscous materials, the 
phase angle will be 90˚. Intermediate phase differences characterize VEM behaviors (0˚ < δ < 90˚). The 
complex modulus, E* or G*, can be calculated by the stress/strain ratio and, considering the phase 
difference δ, the storage modulus 'E  and the loss modulus ''E are calculated. Finally, the tangent of the 
phase difference, δtan , yields the measured damping loss factor, η, another significant parameter that 
provides information on the relationship between the elastic and inelastic components. Equations (8) give 
these expressions for the frequency dependent parameters. 
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In the context of this study, the VEM to be characterized is a self-adhesive synthetic rubber whose 
frequency dependent shear storage and loss moduli are determined by means of oscillatory tests. The 
DMA Q800 tester, available at the Department of Metallurgy and Material Engineering of KULeuven, 
was used to perform such DMA tests. 

The frequency range of interest for the dynamical analysis of coated panels goes up to 1,000Hz, so the 
frequency-dependent properties of the provided viscoelastic compound should be characterized at least up 
to 1,000Hz. However, the DMA Q800 is able to perform tests only up to 200Hz. Although the frequency 
range of interest is not reached through direct measurements, the Time-Temperature Superposition 
Principle (TTSP) can be applied in order to extrapolate the viscoelastic properties on a broader frequency 
range. The TTSP [4, 9] states that the data measured at different temperatures can be shifted vertically and 
horizontally to obtain the material master curve in broadband, at a chosen (reference) temperature. In this 
way, the low-temperature measurements allow determining the high-frequency properties, while the high-
temperature measurements yield the low-frequency properties. In general, this principle only considers the 
horizontal shifting coefficient ( Ta ) and gives equivalence between the mechanical properties measured at 
frequency f and temperature T and the correspondent mechanical properties at the reduced frequency fr at 
the reference temperature T0. However, for certain materials, it is necessary to also apply vertical shifting 
coefficient (bT). The TTSP is written in its general form as: 

fTTaf Tr ),( 0= (9a) 
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However, TTSP applies only to materials said thermo-rheologically simple [9]. The wicket and Cole-Cole 
plots are two ways of assessing the thermo-rheological simplicity of materials. The wicket plot represents 
the evolution of the loss modulus )('' ωG as a function of the storage modulus )(' ωG . On the other hand, 
the Cole-Cole plot shows the phase angle )(ωφ as a function of the absolute value of the complex 

modulus )(* ωG . One necessary condition for the TTSP to apply is that isotherms yield to a smooth 

curve. If parallel isotherms are observed, vertical shifting may be necessary. 

The amount of shifting along the horizontal (frequency) axis required to align the isotherms of 
experimental data points into the master curve is generally described using the Williams-Landel-Ferry 
(WLF) equation (10): 
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where ),( 0TTaT  describes the dependence of the relaxation times with temperature and C1 and C2 are 
empirical constants (whose order of magnitude are about 10 and 100 respectively). 

LIGHTWEIGHT STRUCTURES AND MATERIALS 2169



Equation (10) is valid near the glass transition region (Tg < T < Tg + 100, according to [9]). This equation 
is based on the assumption that, above the glass transition temperature (Tg), the fractional free volume 
increases linearly with respect to temperature. The model also assumes that as the free volume of the 
material increases, its viscosity rapidly decreases. 
The vertical shifting coefficient bT is related to thermal expansion effects and their temperature 
dependence is usually less significant than the horizontal shifting coefficients.  

3.1 Building the master curves and identifying VE model’s parameters 

In order to specify the temperature range of investigation for the DMA tests, the glass transition 
temperature (Tg) of the viscoelastic material is determined. The Tg refers to the temperature at which the 
rheological behavior of the material goes from a zone where the macromolecular chains are fixed (T<Tg) 
to a zone where the chains become mobile (T>Tg). In addition, the Tg is an important characteristic that 
indicates the material functional temperature range. The Differential Scan Calorimetry (DSC) technique 
was used to determine the Tg of the referred material. The Tg of two VE samples of 1.5mm and 2.2mm 
thickness were found to be at -60.3˚C and -58.8˚C, respectively. However, the glass transition temperature 
is more a region, and different values may be obtained depending on the kind of test performed [9]. The 
operational temperature region of the VE material can then be estimated as [-70 < T < 40] ˚C. 
Once the operational zone of the VEM is determined, the DMA tests can be specified. As the frequency 
band of interest in this work is up to 1,000 Hz, the material master curve shall be built using the TTSP, so 
that the broadband frequency dependent storage and loss moduli of the compounds can be determined. By 
considering the rheological characteristics of the tested material and the operational band of the DMA 
Q800 device, one can define the DMA test frequency and temperature parameters variations as: 

- Frequency: 1, 5, 8, 10, 20, 30, 40, 50, 60, 80, 100, 120, 150, 170 and 200 Hz; 

- Temperature: -70 to 40˚C; Isothermal for 5.00 min, Ramp 2.00 °C/min; 

Samples of dimensions 10.00 x 10.00 mm were installed in the Q800 DMA in order to be submitted to 
shear tests. The validity of the TTSP is assessed with the Cole-Cole and the Wicket plots. For the 
application of the TTSP, only the points within the temperature range [-35, 30] ˚C and frequency range 
[1, 60] Hz, which form a neat single curve for the Cole-Cole and the wicket plots (Figures 3), are 
considered. 
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Figure 3a. Wicket plot – VE compound. 
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Figure 3b. Cole-Cole plot – VE compound. 

Only horizontal shifting was considered since neither the wicket plot nor the Cole-Cole plot of Figures 3 
evidence a need for vertical shifting. The obtained master curves at a reference temperature of 20 ˚C are 
shown in Figures 4. The application of the TTSP to DMA measurements covering the temperature range 
[-30, 30] ˚C and the frequency range [1, 60]Hz leads to the knowledge of the VE material properties up to 
106Hz, which is sufficient for the numerical analysis of coated panels. 
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The storage modulus varies from 0.2MPa to 61MPa, and the peak of loss factor is observed around 30Hz. 
A good fit with the WLF equation (Eq. (11)) was obtained with the following parameters: 111 =C  and 

KC 1662 = , which is consistent with previous works and gives confidence in the built master curves. 

The parameters of a GMM were identified from the master curves of material compound, using the 
enclosing curve method [5, 8]. This graphical method consists in plotting two enclosing curves above and 

below the experimental modulus’ amplitude, here: 05.0** 10)()( ×=
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Then the two enclosing curves are linked alternatively by two types of curves: constant ones and linear 
one with unitary slope. The zeros are given by the angular frequency where the linear segments cross the 
bottom curve and the poles are given by the angular frequency where the linear segments cross the top 
curve. The closer the enclosing curves are to the experimental master curves, the more it requires poles-
zeros couples and the better the model fits the experimental master curves. In this work, 12 poles-zeros 
couples have been identified. The parameters of the GMM identified on the master curves for the 
viscoelastic compound are given in Table 1. 

Relaxed modulus eG
0.20 MPa 

Series i Relaxation 
strength iG

Relaxation 
time iρ

Series i Relaxation 
strength iG

Relaxation 
time iρ

1 0.041 MPa 3.90e-1 s 7 6.852 MPa 5.68e-4 s 
2 0.106 MPa 1.14e-1 s 8 10.05 MPa 2.27e-4 s 
3 0.225 MPa 5.27e-2 s 9 12.69 MPa 8.84e-5 s 
4  0.554 MPa 1.43e-2 s 10 17.83 MPa 2.94e-5 s 
5 1.065 MPa 5.00e-3 s 11 15.48 MPa 5.27e-6 s 
6 2.954 MPa 1.70e-3 s 12 16.99 MPa 1.85e-6 s 

Table 1. GMM parameters. 

The parameters of a FDM were identified from the master curves, using a nonlinear least square method to 
fit the model. The optimized parameters are given in Table 2. It is worth to highlight that this model gives 
an accurate representation of the VE properties with only four parameters. 

Relaxed modulus 
eG

Unrelaxed modulus 
gG

Relaxation time  
ρ  

Order of derivation 
α  

9.87e4 Pa 6.06e7 Pa  9.85e-5 s 0.70 

Table 2. FDM parameters. 
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4 Modeling lightweight sandwich panels 

Three configurations are considered in this study: 
- Bare aluminum panel; 
- Aluminum plate + constrained viscoelastic material (distributed coating); 
- Aluminum plate + constrained viscoelastic material (localized coating); 

Finite element models are built to allow the calculation of the frequency response for each configuration 
up to 1,000 Hz. The modeling of sandwich structures is challenging: due to the strong variations of in-
plane strains through the thickness of the core layer, shell elements cannot be used to model the 
viscoelastic layer. A classical approach is to consider classical shell elements for the stiff layers (i.e. the 
base plate and the constraining layer) and solid elements for the core layer of VE material. 
Two viscoelastic models are considered to account for the frequency dependence of the VE shear storage 
and loss moduli: the Generalized Maxwell Model (GMM) and the Fractional Derivative model (FDM). 
The GMM, which is available in COMSOL when using solid elements, requires inputting values for the 
viscoelastic Prony series constants (shear moduli and relaxation times). Those parameters have been 
evaluated from experimental DMA measurements (Table 1). The FDM is not an available option in 
COMSOL, but can be easily introduced through an analytic expression (equation (3)). The four parameters 
describing the frequency dependent shear modulus (relaxed and unrelaxed moduli, relaxation time and 
order of derivation) have been determined from experimental master curves (Table 2).  

4.1 Bare panel 

An aluminum (AL 5754) plate of dimensions 0.443 x 0.617 x 0.003 m was modeled by using the Finite 
Element Method. Note that the dimensions of the modeled bare panel are not the same as the nominal A2 
footprint configuration. An updated model was built in order to consider the clamping effects generated in 
the experimental assemblage. The Shell module was used to build up the model and do the calculations 
from 0 to 1,000 Hz. Table 3 describes the main aluminum characteristics, assigned as material properties. 

Aluminum AL5754 

Density  2700 Kg/m3 
Young’s Modulus  70E9 N/m2 
Poisson’s Ratio 0.33 

Table 3. Al 5754 material characteristics. 

In order to describe the bare panel’s nodal displacements, at least six elements by wavelength were 
considered. In this way, the fine mesh option was chosen, which yielded 50,691 tetrahedral elements. 
Clamped boundary conditions were applied at all edges of the panel and 5 observation points were 
generated along the structural panel. A unit point load was applied in the middle of the plate, and the 
transfer functions were calculated at the observation points. The modal superposition principle was used to 
calculate the FRF up to 1,000 Hz, with a modal data basis considering the first 200 natural frequencies. 

4.2 Composite aluminum plate + constrained VE material (distributed coating) 

The sandwich plate considered in this study is represented in figure 5. It is composed of a base aluminum 
plate of dimensions 0.443m x 0.617m x 0.003m, a VE core layer of dimensions 0.420m x 0.594m x 
0.001373m whose properties have been characterized in Section 3, and a constraining layer in aluminum 
of dimensions 0.420m x 0.594m x 0.000127m. 
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(a) Sandwich plate studied (b) Finite element model of the sandwich plate

Figure 5. Description and modeling of the studied sandwich plate. 
In view of characterizing the coated panel and having reasonable computational costs, at least six elements 
by wavelength are used to discretize this composite structure. Equations (11) were used to calculate the 
admissible element sizes by taking into account the frequency of analysis (i.e. the wavelength) [10]. 
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πλ 2

= (11a) 
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λ , ω , :k wavelength, frequency of analysis and wavenumber; 

D, ρ , t, E and ν : flexural rigidity, material density, thickness, Elasticity modulus and Poison’s Modulus 

The extremely fine meshing option is chosen to generate the meshes with triangular elements (element 
sizes from 1.23e-04 to 1.23e-02 m), which yielded 176,999 DOF. Figures 6a and 6b illustrate the mesh of 
this sandwich structure as well as a zoomed picture of the referred panel + VE + constraining layer. 

Figure 6a. Sandwich structure mesh. Figure 6b. Base plate and constraining layer 
(gray) and VE material (blue). 

The same mesh was used for both VE modeling approaches. Table 4 describes the solution times for 
GMM as well as for the FDM. All the calculations were done on a laptop iCore 3, 4MB RAM. 

Method NDOF Calculation time
GMM 176,799 10h 21m 5s
FDM 176,799 10h 5m 39s

Table 4: Calculation times – GMM and FDM. 

4.3 Composite aluminum plate + constrained VE material (localized coating) 

The sandwich plate considered in this modeling is represented in Figures 7. It is composed of an 
aluminum base plate of dimensions 0.443m x 0.617m x 0.003m, and three patches of VE layers of 
dimensions 0.08m x 0.15m x 0.001373m, constrained by aluminum layers of dimensions 0.08m x 0.15m x 
0.000127m. In the same way as described in sections 4.2, shell elements are used to model the base plate 
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and the constraining layers, while the damping core layers are modeled with solid elements. The 
extremely fine mesh option was chosen to generate the meshes with triangular elements (element sizes 
from 1.23e-04 to 1.23e-02 m), which yielded 75,825 DOF. Figures 5 show the panel mesh as well as zoomed 
picture of the aluminum base plate, the constraining layers and the VE compound. 

Figure 7a. Sandwich structure mesh for the 
local coating configuration. 

Figure 7b. Base plate and constraining layers 
(gray) and local VEM (blue). 

The same mesh was used for both VE modeling approaches. Table 5 describes the solution times for 
GMM as well as for the FDM. All the calculations were done on a laptop iCore 3, 4MB RAM. 

Method NDOF Calculation times
GMM 75,825 2h 58m 58s 
FDM 75,825 2h 47m 27s 

Table 5. Calculation times – GMM and FDM. 

5 Experimental model 

In order to validate the numerical models built in section 4, experimental tests were performed on 
lightweight panels. The same modeled configuration set ups were assembled to obtain the measured FRF 
at different points of the panels, located at the same geometrical positions as the observation points 
generated in the FE models. In all configurations, homogeneous aluminum panels with the dimensions 
shown in figure 8 were used. Once assembled in the rigid closing frame, the clamped panels’ geometries 
are nominally identical to an A2 footprint area, of 420mm width and 594mm length and the added 
distributed coating has the dimensions of the A2 footprint area. 

Figure 8. Aluminum panel - experimental tests. Figure 9. Distributed coating. 

Figure 9 shows the application of the distributed VE material on the aluminum panel. Figure 10 shows the 
localized coated aluminum panel, where three equidistant rectangular patches (15.0 mm x 8.0 mm) of 
VEM are applied. 
Aiming at determining the modal parameters of the bare panel, experimental modal analysis was 
performed. A measurement grid of 06 and 09 rectangles of 7.0 x 6.6 mm was generated in the directions X 
and Y of the A2 footprint area, respectively, as shown in figure 11. Each point of the grid was excited by 
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an impact hammer, equipped with a force transducer, while one accelerometer captured the structural 
responses. As a result, a total of 70 transfer functions were considered as the data basis to determine the 
bare panel natural frequencies, mode shapes and damping, in a bandwidth of interest up to 1,000 Hz. 
As a second step, the structural FRF were measured in all the configuration test set ups. The structural 
excitation was done by the impact hammer in the middle of the panel and the transient input signals were 
measured. The panels were instrumented with five accelerometers positioned as illustrated in figure 11, 
which captured the structural responses and allowed calculating the transfer functions between structural 
responses and excitations. 

Figure 10. Localized coating. Figure 11. Modal analysis measurement grid 
and FRF acquisition points. 

6 Results and comparisons 

The numerical and experimental results concerning the studied configurations are presented in this section. 
Firstly, the bare panel natural frequencies, calculated by numerical and experimental modal analysis are 
presented. Table 6 presents the numerical vs. experimental frequency comparisons, while the figures 12a 
and 12b show the vibration modes corresponding to the natural frequencies of 172 Hz and 418 Hz, 
respectively. A good agreement of the resonance frequencies in the numerical vs. experimental 
comparisons can be noticed. 

Experimental Numerical 

Mode ½ λ 
Frequency 

(Hz) 
Frequency 

(Hz) Error (%) 
1 (1,1) 104.75 106.03 1.20 
2 (1,2) 171.90 172.43 0.30 
3 (2,1) 248.08 253.36 2.10 
4 (1,3) 284.95 282.70 0.70 
5 (2,2) 315.62 314.70 0.30 
6 (2,3) 418.40 418.61 0.05 
7 (1,4) 433.12 433.77 0.15 
8 (3,1) 481.11 476.60 0.90 
9 (3,2) 540.29 536.00 0.80 

10 (2,4) 564.67 564.51 0.03 
11 (1,5) 626.78 624.10 0.40 
12 (3,3) 638.02 636.24 0.30 
13 (2,5) 748.98 751.06 0.30 
14 (3,4) 782,51 774.07 1.00 

Table 6. Numerical vs. experimental frequency comparisons. 

Figure 12a. Bare panel – mode (1,2) 

Figure 12b. Bare panel – mode (2,3) 

The effect of the damping addition due to viscoelastic material on the dynamic behavior of the panels is 
also a significant issue to be remarked in this work. Figure 13 presents the comparisons of the bare panel 
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vs. treated (fully and partially coated) configurations, measured during the experimental campaign. One 
can see in figure 13 significant reductions in the vibrations of the treated panels with respect to bare panel, 
indicating good attenuation characteristics of the VE material. As expected, the fully distributed coating of 
the panel yields more effective attenuations, when compared with the locally (or partially) coated 
configuration responses. One can also notice in figure 13 that the FRF corresponding to the bare panel 
configuration (black curve) presents sharp resonance peaks in the whole frequency range, with amplitudes 
close to 30 g/N dB. It is associated with the low damping properties of the aluminum, which are typically 
close to 0.5%, as confirmed by the experimental modal analysis. In addition, one may consider higher 
acceleration levels around 500 Hz and 640 Hz. With the fully coated configuration (blue curve), 
remarkable broadband reduction is noticed in the panel response, with smoother peaks due to the damping 
addition. In particular, it is worthy to highlight the high attenuations obtained with the distributed 
treatment in the high-frequency range. As an example, around 640 Hz one has almost 25 g/N dB of 
attenuation in the structural response (notice the frequency shifting due to material addition). 

For the partially treated configuration (red curve), although the damping effect is verified already at 104 
Hz, effective attenuations start from the second natural frequency, with more significant attenuations in 
the high-frequency range as seen around 500 Hz and 640 Hz, respectively. This behavior shows that local 
damping treatments can be useful when passive control techniques with mass alleviation may be 
considered, as in aerospace industry applications. 
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Figure 13. Viscoelastic material coating – experimental. 

The numerical model validations are done by comparing the experimental vs. numerical frequency 
response functions. The paragraphs below present these confrontations for the fully covered and localized 
treatments of the aluminum panels. 

The responses comparisons of panel with distributed coating are shown in Figures 14. It can be seen that 
acceptable agreement is found for the central point (figure 14a) as well as for the central left point (figure 
14b), at least in the low-frequency range. The GMM and FDM numerical calculations presented the same 
results, with slight under estimations of damping in the whole frequency range. 
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Figure 14a. Structural responses–central point 
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Figure 14b. Structural responses–central left point 

Figures 15 present the numerical vs. experimental comparisons concerning the partial treatment of the 
homogeneous aluminum panel with VE patches. One notices the good correlation of the measured FRF 
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with those calculated by FDM and GMM. This better agreement can be attributed to the smaller quantity 
of viscoelastic material added to the aluminum panel. In the same way as for the fully covered 
configuration, FDM and GMM calculations yielded the same numerical results.  
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Figure 15a: Structural responses – central 
point. 
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Figure 15b: Structural responses – central right 
point. 

7 Comments and conclusions 

Numerical models were built aiming at assessing the effect of the damping addition due to VE material on 
the dynamic behavior of lightweight structures. In view of accurately representing the shear behavior of 
the VE compound, DMA tests were carried out and the TTSP was applied to build the compound master 
curve over a frequency range up to 106 Hz. Such data were used to obtain the necessary rheological 
parameters to numerically represent the shear behavior of the VE compound. 
Numerical simulations were done, considering VE distributed and local coatings applied to aluminum 
plates and the FRF were calculated by using FEM, where the VE behavior was modeled either by a GMM 
or a FDM. A test campaign was carried out by reproducing the same modeled configurations. Numerical 
vs. experimental FRF comparisons were done and good agreement was obtained at least in the low-
frequency range. Possible inaccuracies can be attributed to the uncertainty on the position of the excitation 
point when hammering the panel close to the center point. Another source of error could be due to the 
amount of flowed VE material on the panel during the assemblage of the fully coated configuration. 

Quantitatively, GMM and FDM models yielded the same results. Nevertheless, when the processing times 
are accounted, a slight advantage for the FDM is verified (see tables 4 and 5). Furthermore, one can state 
that the rheological input parameters for FDM are easier to determine, since FDM needs only four 
parameters, instead of the Prony series needed for the GMM. On the other hand, one may consider that 
GMM is offered in many commercial codes, such as COMSOL. 
More detailed studies may be done, where topology, covered surface, type and sizes of VEM samples may 
be investigated. Besides, multi-parameter optimization studies can be proposed and optimum design 
studies for a sandwich plate with partially covered constrained damping treatment may be carried out. 
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