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Abstract 
In this paper a new approach to predict the particle damping using a frequency based substructuring 
approach is presented. With this linear approach the consideration of particle dampers (PD) is possible 
without modelling its complex dynamic behaviour in detail with e.g. the discrete element method. The 
frequency response of the particle system - as one substructure - is determined experimentally. Finally, with 
a hybrid frequency based assembly, using test (particle damper) and simulation (honeycomb sandwich 
panel) results, is used to determine the dynamic behaviour of the entire system. In the paper the influence 
of the particle mass, the position of the damper, different test set-ups and sandwich panels with different 
composite lay-ups are investigated and compared to test results. 

1 Introduction 

The reduction of vibrations or noise plays an important role for the design of many applications. Especially 
lightweight structures are prone to strong vibrations disturbances. Particle damping was found to be an 
efficient way to reduce vibrations of lightweight structures since not much weight has to be added. Particles 
of different shape, size or material are used to fill cavities with a certain filling ratio. Dissipation of energy 
occurs due to particle-to-wall and particle-to-particle collisions caused by any dynamic excitation. However, 
for particle damping it is difficult to define an efficient modelling technique to predict the dynamic 
behaviour of a mechanical structure. Either simplified equivalent models or detailed simulation models but 
with higher computational time (e.g. using the Discrete Element Method) are used. Additionally, in both 
cases extensive experimental testing is required. Firstly, due to the non-linear behaviour of particle damping, 
depending on e.g. excitation amplitude, frequency or damper design. But still a validity of equivalent models 
is not given for a generalized simulation. Secondly, for a valid design approach for systems with dynamic 
loadings it is necessary to carry out tests on the final product design, which are possibly large and complex 
assemblies, because damping mechanisms can still not be determined from specimens of smaller scales. In 
this paper a new approach to predict the influence of particle damping on lightweight structures using 
Frequency Based Substructuring (FBS) is presented. Moreover, the aim is to set up a design approach in 
order to find not only the optimal placement, but also the best filling ratio, area of application and possible 
weight savings for the base structure and to allow at the same time an engineering design at an affordable 
level. 
The investigated system consists of a sandwich structure of glass fibre prepregs and a Nomex© honeycomb 
core, as it is used especially for aircraft cabin interior. Particle cavities are glued to the sandwich panel to 
apply the damping. The FBS modelling is carried out according to the dual coupling approach. For the 
simulation of the honeycomb sandwich panel a finite element (FE) model is used and frequency response 
functions (FRF) are calculated with a commercial FE-solver. Substructure FRFs of the particle cavity are 
determined experimentally. The modelling approach is analysed with respect to a nonlinear particle damping 
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behaviour. Moreover, the damping efficiency of various particle cavities on the assembled system is 
investigated using FBS-coupling and compared to experimental results. 

2 State of the Art 

When it comes to resonance of lightweight structures as a result of stationary dynamic loading, damping 
can play a major role to reduce vibration and noise amplifications [1]. However, the consideration of 
damping in product design is difficult. Despite the increasing accuracy of the constitutive models and the 
constant enhancement of the computational tools they do not solve the problem of identifying the dynamic 
model parameters and the uncertainties associated with their estimation for dynamic models [2]. Methods 
like the FEM are only capable of predicting dynamic properties such as eigenfrequencies and mode shapes 
to a certain degree. However, damping is often modelled by global structural damping parameters despite 
the presence of different dissipation sources [3]. Therefore, still a lot of experimental testing is necessary to 
determine dynamic characteristics like damping. In order to reduce the testing effort for the design of these 
structures and its associated costs and development time, the industry generally shifts to virtual design and 
simulation. 
Generally, damping is defined as the phenomenon in which the mechanical vibration energy is dissipated 
and converted into other forms, e.g. internal thermal energy, in dynamic systems [8]. Damping dissipation 
is essentially a nonlinear and still not fully modeled and understood phenomenon [4].  

 
Figure 1 Damping effect on the magnification at resonance [5] 

For the consideration of damping or even to design damping properties trial-and-error is still a common 
way. On the other hand linear modelling, can be used to approximate the structural dynamics of especially 
large structures, for which testing is very time consuming and expensive [6]. A FBS approach using the 
advantages of modular product structures is presented in [7]. For the particle damping the applicability of 
such a linear approach is investigated in this paper. 

2.1 Particle Damping 

Particle damping is a passive technology to reduce vibrations. Especially for lightweight structures particle 
damping can be a good measure since the added mass can be very small compared to the overall mass of 
the system [8]. Particle dampers are usually cavities partially filled with small particle of variable material. 
They are directly filled into existing enclosures of the base structure or they can be attached to a vibrating 
structure at a location with high displacement amplitudes [9]. For the design of particle dampers exist 
numerous studies over the last decades. A few of them are presented here, which cover working principles, 
modelling and experimental testing. 
For particle damping, a few physical damping mechanisms are relevant to describe the overall dissipation. 
In the first place there are non-elastic particle-particle and particle-wall collisions that induce damping, as 
indicated in Figure 2. Furthermore, friction between particles and particle-wall friction adds more 
dissipation. But all these physical mechanism at such small scale are the reason that the dissipation 
behaviour of granular materials is still not fully understood [10]. 
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Figure 2: Particle damping – working principle and dissipation mechanism 

For particle there are some qualitative findings that are stated in literature. First of all the damping behaviour 
of granular materials is a highly nonlinear due to impacts and sliding between the particles [11,12]. A few 
research papers state that for typical particles (e.g. metal and sand) the damping performance of particle 
dampers is independent on the environmental conditions, like temperature. In comparison to viscoelastic 
dampers in many applications this can be an advantage. It is found that particle dampers with properly 
selected mass ratios and space of movement can effectively attenuating several modes with one damper 
design over a wide frequency range [9,13]. 
However, the modelling of particle damping is still difficult [8]. Initially, Sun et al. (1986) used a static 
energy analysis to calculate the transmission loss of sand-filled structures. Whereas others developed 
equivalent SDOF models to predict the damping behaviour [9,13,14]. For the simplified parametric models, 
the problem so far is the high number of design parameters for particle damping compared to the number of 
variables exiting for this type of modelling approach [15]. Another approach to predict particle damping 
follows a hydrodynamic approach based on the similarities of molecular or gas liquid behavior to particle 
movement. However, the approach greatly varies with the choice of identification system (box-division) to 
estimate the flow field values and is therefore still very uncertain [15]. Today the three dimensional (3-D) 
discrete element method is focused by many researchers to exactly model single particle behaviour [16]. 
However, this method is limited by e.g. the number of particles, because of the increasing computing effort. 
Therefore, it is not yet an efficient tool for vibration problems and especially not for design optimisation 
since this requires multiple runs of different particle damper configurations. Furthermore, Pourtavakoli et 
al. 2016 [10] remarked recently that the dissipative properties of granular materials are still poorly 
understood. Consequently, besides the modelling investigations trial-and-error experimental studies to 
optimize the particle damping design are still very common [8,9,17]. Fowler et al. [12] present a list of basic 
“rules-of-thumb” for the design of particle dampers, including mass, material coefficient of friction, gravity 
and excitation frequency.  
For the proposed models, except from DEM, the validity is only given for a restricted range of operating 
conditions, although the PD performance varies with changing operating conditions. Therefore, using the 
models for engineering decision making either the amount of information is limited, the computational time 
is so high that optimization is not feasible or an extensive amount of experimental work for dynamic 
characterization at the final product stage must be done. 
Only a few papers so far investigated the potential of damping honeycomb structures with particle damping. 
Liu 2011 [8] studied experimentally the effect of particle damping in comparison to other damping methods 
and with respect to its weight gain. There, particle damping was proven to be an efficient measure to damp 
lightweight structures. Michon et al. 2013 [9] demonstrated the damping potential of particles within 
metallic honeycomb structures. Specifically, they investigated the optimal filling ratio of the honeycomb 
cells and their placement. For that they proposed a simplified equivalent viscous damping model, which was 
derived by least square approximation of test data. Recently, Koch et al. 2017 [18] proved the potential of 
defined partial fillings of a honeycomb structure by granular materials of an oil pan bottom of an engine in 
order to reduce sound emissions. 
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2.2 Frequency Based Substructuring 

The Frequency Based Substructuring (FBS) is a frequency domain method to solve linear vibration problems 
by decomposing a structure into several smaller parts, the so-called substructures. FBS theory was already 
published in the 1960s-1980s [19]. The FBS assumes that a reduced number of DoF are sufficient to describe 
the dynamic behaviour of a system. Each substructure can individually be characterized by its frequency 
response functions (FRF), that can be determined via simulation or experimental testing. This so-called 
experimental substructuring is one of the major advantages of this approach if experiments are carried out 
appropriately. Thus, real (non-linear, frequency dependant) physical effects, that cannot be modelled in an 
appropriate manner, can be incorporated into a frequency based assembled system response. However, only 
in 2006 De Klerk et al. [20] published a new systematic notation, called dual assembly, that facilitates the 
handling for numerical calculation. Following the dual assembly according to [20], the overall frequency 
response function matrix can be derived from the general equation of motion of subsystems Eq. 1 in the 
time domain. The interface compatibility is defined in Eq. 2 with the boolean matrix B and the equilibrium 
of connection forces in Eq. 3 with the Boolean localization matrix L [20]. 
 𝐌𝐌�̈�𝐮 + 𝐂𝐂�̇�𝐮 + 𝐊𝐊𝐮𝐮 

𝐁𝐁𝐮𝐮 
𝐋𝐋𝑇𝑇𝐠𝐠 

=  𝐟𝐟 + 𝐠𝐠 
=  𝟎𝟎 
=  𝟎𝟎 

(Local Equilibrium) 

(Interface compatibility) 

(Equilibrium of connecting forces) 

(1) 
(2) 
(3) 

With the Structural Impedance Matrix 
            𝐙𝐙(𝑗𝑗𝑗𝑗) ≜ −𝑗𝑗²𝐌𝐌+ 𝑗𝑗𝑗𝑗𝐂𝐂 + 𝐊𝐊 

the transformation to the frequency domain is carried out to 
 𝐙𝐙(w)𝐮𝐮(𝑗𝑗𝑗𝑗) 

𝐁𝐁𝐮𝐮(𝑗𝑗) 

𝐋𝐋𝐓𝐓𝐠𝐠(𝑗𝑗) 

=  𝐟𝐟(𝑗𝑗) + 𝐠𝐠(𝑗𝑗) 
=  𝟎𝟎 
=  𝟎𝟎. 

(4) 
(5) 
(6) 

Introducing the Lagrange Mutliplier 𝛌𝛌 such that 𝐠𝐠 = −𝐁𝐁𝑇𝑇𝛌𝛌, one gets the so-called dual assembly in matrix 
form as following. 

�𝐙𝐙 𝐁𝐁𝑇𝑇
𝐁𝐁 𝟎𝟎

� �𝐮𝐮𝛌𝛌� 
= �𝐟𝐟𝟎𝟎� 

(7) 
 

The Lagrange mutliplier λ respectively represents the internal connection forces. Solving the first equation 
for u with 𝐙𝐙−1 = 𝐘𝐘 yields  

𝐮𝐮 =  𝐘𝐘(𝐟𝐟 − 𝐁𝐁𝑇𝑇𝛌𝛌)      (8) 

𝐘𝐘 is the uncoupled admittance matrix of the whole mechanical system in block diagonal form. Inserting 
Eq.8 in Eq. 7 one finds 

𝐁𝐁(𝐘𝐘𝐟𝐟 − 𝐘𝐘𝐁𝐁𝑇𝑇𝛌𝛌) =  𝟎𝟎   (9) 

⇒  𝛌𝛌  =  (𝐁𝐁𝐘𝐘𝐁𝐁𝑇𝑇)−1𝐁𝐁𝐘𝐘𝐟𝐟  

Which leads to the coupled transfer function matrix 𝐘𝐘𝑪𝑪(𝑗𝑗) 

𝐮𝐮 =  𝐘𝐘𝐟𝐟 − 𝐘𝐘𝐁𝐁𝐓𝐓�𝐁𝐁𝐘𝐘𝐁𝐁𝐓𝐓�−𝟏𝟏𝐁𝐁𝐘𝐘𝐟𝐟  

𝐮𝐮 = (𝐘𝐘 − 𝐘𝐘𝐁𝐁𝑇𝑇(𝐁𝐁𝐘𝐘𝐁𝐁𝑇𝑇)−1𝐁𝐁𝐘𝐘)�����������������𝐟𝐟 (10) 

                    𝐘𝐘𝑪𝑪(𝑗𝑗)  

Using the FBS approach the particle damping is predicted for the described sandwich structure and shall 
also be applied to lager structures, where trial-and-error testing is not possible or too expensive. The 
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consideration of particle dampers without modelling its complex dynamic behavior in detail shall be 
investigated. With this first step, the design of particle dampers is facilitated because a reduced number and 
smaller tests are needed to determine a damper design. 

3 Experimental Study 

For the experimental tests a sandwich panel is clamped at one end and excited with classical base point 
excitation at different excitation levels. It is the same system as investigated in [21]. The testing is carried 
out with and without particle damper. The investigated system in this paper consists of a typical honeycomb 
sandwich panel typically used in the aircraft cabin for mostly all lightweight structures like lavatories, 
galleys and lining component etc. The vibration testing is carried out as impedance sweep tests on a 
hydraulic shaker. The test set-up is shown in Figure 3. Vibration tests are carried out as a frequency sweep 
at constant 0.35 g (3,4335 m/s2) within a frequency range of 5 - 25 Hz. The sweep velocity is 0.5 octave/min.  
The panel is clamped with an aluminum fixture at one end and freely vibrating at the top. The acceleration 
is measured as input and output signal by triaxial ICP acceleration sensors. The input signal is measured on 
the fixture at the bottom of the panel. The acceleration output is measured at the top of the panel. The 
excitation load is also measured at the fixture by a 5kN 6D load cell. All measurements are done with a 
sampling rate of 600 Hz. The evaluation of the test data is done in the frequency domain in the out of plane 
direction of the panel to calculate the resonance frequency and the acceleration amplification as well as to 
determine the damping factor for FE-simulation via half-power-bandwidth method. 

   
Figure 3: Test set-up for vibration testing of honeycomb sandwich panel 

3.1 Honeycomb Sandwich 

A sandwich panel design is chosen, as shown in Figure 3, in order to have the first resonance frequency 
within the defined frequency range. The size of the panel is 950 x 190 x 19 mm. The investigated material 
is a typical aircraft interior sandwich panel consisting of glass fibre fabric reinforced phenolic resin prepreg 
face sheets (PHG600-68-50/44) and a Nomex honeycomb core (cell size 3.2 mm, density 48 kg/m³). Two 
sandwich panels are tested with 1 and 2 prepreg layers in order to have different level of acceleration at the 
coupling point. The so-called panel with 1 layer has a thin cover layer, the PHG600-68-44, with 0.09 mm 
thickness on top, because this is necessary for the surface finish for cabin interior due to of the telegraphing 
effect. Nonetheless, for simplicity, the investigated layups are differentiated as 1 and 2 prepreg lay-ups. 
Furthermore, it can be shown that a simple stiffening of a panel does not shift the frequency considerably 
higher than with 1 layer, as shown in Figure 4. Based on these test results a structural damping ratio is 
determined via half-power-bandwidth method from 3 tests of each panel, because still today modelling the 
dynamic behavior requires an experimentally derived damping value. For this reason, additionally a moving 
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average smooth with an averaging interval of 100 steps is also shown, since this is the underlying FRF for 
the determination of the structural damping coefficients 

 

  
 Structural damping D 
 Prepreg layer Dmean [%] 
 1 layer 1,52 
 2 layer 1,33 
   
   

Figure 4: FRF derived from vibration test of honeycomb sandwich panels with 1 and 2 prepreg layers and 
evaluation of damping coefficient via half-power-bandwidth method 

3.2 Particle Damped Honeycomb Panel 

Different particle dampers are then mounted to honeycomb sandwich panels with 1 and 2 prepreg layers and 
the same frequency sweep is carried out, as described above. For the particle damper 3 sizes are used, small, 
medium and large size cavities with 4 mm drill holes distributed equally in excitation direction. The area 
orthogonal to the excitation direction doubles with increasing dimensions. The cavities are 3D-printed. The 
particle used is commercial quartz sand with defined particle size of 0.1 - 0.4 mm. A filling ratio of 50 % is 
realized for every PD. To close the particle cavity strong adhesive tape is used. This certainly influences the 
damping performance - it lowers the particle damping - but it should not be important for the qualitative 
research presented in this paper. 

 

      

 Height 
[mm] 

Dimensions 
[mm] 

Drill hole 
[mm] 

Particle mass -  
50 % filling ratio [g] 

Mass of particle 
cavity [g] 

 26 72.5 49 4 24 60 

 26 102.5 69,3 4 46 116 
 26 145 98 4 99 236 

       
Figure 5: Dimensions of the particle damper including the filling ratio and the associated mass 

For the evaluation of the measurement results the magnitude of the transmissibility, the amplification, is 
shown in Figure 6 for all PDs compared to the panel without damping treatment. In all FRFs a large decrease 
of amplification of up to 30 % of the reference tests can be seen. With increasing particle damper and particle 
mass the amplification can be reduced more, as expected and already stated in literature. The effect is a little 
bit less for the sandwich panel with 2 layers since this system is much stiffer, but still extraordinary high. In 
the first place, however, the comparison of two different sandwich facesheets shall demonstrate that the FBS 
approach can be suitable for particle damping predictions on structures with different mechanical properties 
in the following paragraphs. The frequency shift mainly due to the mass increase towards a lower resonance 
frequency is about 7-8 Hz from 16 Hz to a minimum of 9 Hz for 1 layer panel and from 17 Hz to 11 Hz for 
the 2 layer panel. One of the main reasons for the large frequency shift is the amount of mass only added by 
the empty particle cavity. However only the mass of the cavity does not lower the amplification a lot – only 
from 58 to 53 for the 1 layer panel, so that the particle can be accounted for the damping effect. 
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Figure 6: Test results for particle damping at panel top 

4 Experimental Substructuring for Particle Damping  

For the FBS-substructuring the system is partitioned into the two main components (Figure 7). The sandwich 
panel plus its fixture are one substructure and the particle damper - the particle cavity plus the particle filling 
- the other. In this way it is possible to exchange the particle damper easily to estimate the FRF for a variety 
of different damper configurations.  

Substructure  
Particle Damper + Substructure 

Sandwich Panel =    Coupled System 

 

 

              

 

    
Figure 7: Substructuring approach for particle damping 

The frequency response of the sandwich panel is derived from a linear FE-model. The frequency response 
of the particle system - as one substructure - is determined experimentally. Finally, with a hybrid frequency 
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based assembly using test (particle cavity) and simulation (lightweight structure) results is used to determine 
the dynamic behaviour of the entire system. In this way the consideration of particle dampers is possible 
without modelling its complex dynamic behaviour in detail. 
For the coupling of the particle damper to the panel a rigid multipoint connection is used, via interpolation 
constraint elements (RBE2) in the FE-model. In this way, the particle damper is only linked to the FE-model 
at one single node, the master node of the rigid connection. The interface definition is shown in Figure 8. 
There also the 4 dof of the coupled system are indicated in the Figure with respect to the acceleration outputs 
in Eq. 15.  

     
Figure 8: Interface definition between sandwich panel and particle damper via rigid link with interpolation 

constraint elements 
For the interface definition it is assumed that the particle damper can be represented through a 1D frequency 
response in the direction of main particle movement, along the thin drilling holes. Following this approach, 
the uncoupled FRF matrix Y can be written as 

Y = �YPanel 0
0 YPD

� = �

Y11
Y21
Y31
0

Y12
Y22
Y32
0

Y13
Y23
Y33
0

0
0
0

YPD

�     , Y ∈ ℝ4𝑥𝑥4 (11) 

where YPD is the measured FRF of the particle damper. For the coupling matrix B follows 
B = [0 0 1 −1]. (12) 

The coupled FRF-matrix Y𝐶𝐶  can be calculated with Eq. 10 
Y𝐶𝐶 = Y − YB𝑇𝑇(BYB𝑇𝑇)−1BY (13) 

Inserting Y and B leads to 

Y𝐶𝐶 = �

Y11
Y21
Y31
0

Y12
Y22
Y32
0

Y13
Y23
Y33
0

0
0
0

YPD

� −
1

Y33 + YPD
�

Y13Y31
Y23Y31
Y33Y31
−YPDY31

Y13Y32
Y23Y32
Y33Y32
−YPDY32

Y13Y33
Y23Y33
Y33Y33
−YPDYPD

−Y13YPD
−Y23YPD
−Y33YPD
YPDYPD

�. 

 

(14) 

For a linear system with a unit load the acceleration output can be computed with  

⎣
⎢
⎢
⎢
⎡𝑎𝑎1

𝐶𝐶

𝑎𝑎2𝐶𝐶

𝑎𝑎3𝐶𝐶

𝑎𝑎4𝐶𝐶⎦
⎥
⎥
⎥
⎤

= (Y𝐶𝐶) �
0
1
0
0

�, (15) 

so that the acceleration transmissibility T of the coupled system from the input to the output acceleration 
can be derived 

TPanel+PD  =
𝑎𝑎2𝐶𝐶

𝑎𝑎1𝐶𝐶
. (16) 

RBE2

Interface definition 
for substructuring

𝑎𝑎3

𝑎𝑎1

𝑎𝑎2
𝐹4, 𝑎𝑎4

Finite Element 
RBE2-coupling 

RBE2 

Particle 
Damper 

Sandwich 
Panel 

Fixture 

4056 PROCEEDINGS OF ISMA2018 AND USD2018



4.1 FE-Modelling of Honeycomb Sandwich Structure 

As the vibration tests the simulations are carried out for a frequency range of 5 - 25 Hz with harmonic 
excitation derived from typical aircraft cabin dynamics. The FE-simulation is carried out with MSC.Nastran 
Sol 108, to recieve the direct frequency response. The sandwich panel is modelled with 1805 2D CQUAD4 
shell elements. The element size is 10 mm. The clamping at the bottom is realized with single point 
constraint elements. The macroscopic elastic material properties of the honeycomb core are given by the 
manufacturer and where slightly adjusted by experimental modal analysis in a previous study [21]. 

Face sheet Honeycomb core FE-model 

E1 [MPa] 24000 E [MPa] 200 

 
2D-shell elements 

E2 [MPa] 22000 G [MPa] 83 

G12 [MPa] 7500 ν 0.2 

G1T [MPa] 2900   

G2T [MPa] 3700 Thickness 
[mm] 

18.5 

ν 12 0.2 

 
Table 1: Simulation of base point excitation for the panel design 

 
Using the material parameters in Table 1, the FRF of the sandwich panels with 1 and 2 prepreg layers are 
shown in Figure 9. There is a good agreement between simulation and test results. However, the resonance 
frequency of the 2 layer panel slightly deviates from the test results, but the deviations are less than 5 % 
with the simple 2D-shell model. Therefor the model is assumed to be valid and taken for the FBS. 

 

   

  Panel with 1 
layer 

Panel with 2 
layers 

 FEM Test FEM Test 

Resonance 
Frequency [Hz] 15.2 15.6 16.6 16.7 

Amplification 49 51 58 59 

   

 

 

 

Figure 9: Comparison between simulation and test results for sandwich panel without damping 
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4.2 Experimental Characterisation of Particle Damper 

The test set up for the experimental determination of the FRF of the particle damper is depicted in Figure 
10. The test was also carried out as frequency sweep with constant acceleration in the same frequency range. 
The interface load is measured by a 1D-100N load cell and the acceleration is measured with a lightweight 
(0.8 g) 50g-ICP acceleration sensor. 

 
Figure 10: Test set-up for experimental substructure characterization of the particle damper. 

  
The measured time signals are transformed into the frequency domain. An excerpt of the results - the 
accelerance -  is shown in Figure 11 in a detailed view. The amplitude is nearly constant in the whole 
frequency range, whereas the phase is slightly decreasing. Furthermore, the results are depicted with a 
moving average smooth (intervals: 100 and 1000). The amplitude of the raw measurement data is not 
considerably different to the moving average smooth 100. In the raw data of the phase, however, there are 
some spurious peaks. But, with the reduced data set, that is necessary for the coupling with the FE-model, 
because of the lower frequency step than the measurement sampling rate, these peaks are eliminated.  

 
Figure 11: Reduction of measurement data of medium particle damper – Comparison of smoothed and 

reduced data set for coupling 
The results of all three particle dampers used in this study are shown in Figure 12, for the small medium and 
large particle damper in the reduced data set format, which is used for the coupling with the FE-model. Each 
particle damper was tested with 3 different sweep excitations of 0.5 g, 1 g and 2 g. As expected the amplitude 
decreases with increasing particle mass and the trend for all dampers is very similar. Therefore, a strong 
nonlinearity cannot be seen at this stage. However, the 2 g result is always slightly higher than the other 
two. The phase differences are more obvious. For 2 g excitation the phase angle is in every case more than 
30 % higher. However, the phase seems to be independent of the filling ratio since there are no obvious 
differences between the 3 dampers. 
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Figure 12: Experimentally determined substructure FRFs (accelerance) of particle damper in reduced data 

set format 

5 Results and Discussion 

For the coupling, the FE-model of the honeycomb sandwich panel (Figure 9) and the experimentally 
determined FRF for the particle damper (Figure 12) are coupled according to the interface definition and 
the derived equation 14. Besides the 3 different particle dampers with increasing particle mass at 50 % filling 
ratio of quartz sand, the influence of different composite layups, accelerations sensors, sweep excitations 
and positions of the PD are investigated. Using the measured PD-FRFs with different sweep excitations, the 
FBS-coupling is shown in Figure 13 for a sandwich panel with 1 and 2 layers. Between the FE-models the 
only difference is the structural damping coefficient which is determined by experimental testing of the 
panels without damping treatment (Figure 4).  

 1 prepreg layer 2 prepreg layers 

  
Figure 13: FBS-coupling with PD-FRFs at panel top from different sweep excitations 
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Figure 14: Rel. deviations of resonance frequency and amplification dependent on the acceleration sensor 

For the 1 g excitation the results match very good with the test results (see Figure 13 and Figure 14). There 
is, however, an influence of the acceleration level of the sweep tests, as expected, since particle damping is 
amplitude dependent. For 0.5 g the amplification is overestimated by 20 % and on the other side for 2 g the 
deviation is underestimated with more than 20 %. But few more aspects must be considered. For 0.5 g the 
particle movement might not be high enough to result in sufficient interface load acting on the sandwich 
panel. For the 2 g excitation the measurement data of the sweep test was noisier than the others and the 
magnitude compared to the two other tests was higher. Furthermore, using a larger acceleration sensor leads 
to increasing deviations from the reference tests as indicated in Figure 14. The mass increase 1.8 g to 10 g 
can be the reason as well as the inertia of a non-centred additional mass with respect to the moving direction. 
Generally, it must be concluded that the coupling is very sensitive to measurement errors, because only the 
slight inaccuracies lead to larger deviations. But only considering the amplitude reduction with respect to 
the undamped system the linear predictions deviate not more than 12 % from the test results. 
 

1 prepreg layer 2 prepreg layers 

  

  
Figure 15: Coupling results for particle dampers at top and mid position 

                              
In this study, the PD-FRF determined at 1 g was further taken to analyze the coupling in more detail. The 
amplification of the FBS-coupling for the particle damper at top and mid position of the panel dependent on 
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the composite lay-up is shown in Figure 15. For these configuration, the prediction of the particle damping 
is very good. The amplitudes and the resonance frequency for the top position are within 5 % deviation to 
test results for both positions. For the sandwich with 2 layers the amplitudes deviate slightly more within 7 
% compared to test results. The frequency deviations are only within 9 %. That can also be reduced with 
improved material data for the composite lay-up and above all with the mass decoupling of the mounting 
screw from the experimentally determined damper FRF, since the frequency predictions are below the test 
results. As expected the influence of the particle at the panel mid position damper on the amplification is 
not very strong but the damping predictions are still accurate. The deviations in percentage become larger 
with increasing particle mass due to the decrease in reference amplification, but the absolute deviations are 
smaller than in every other case. 

6 Conclusion and Outlook 

In this paper a new approach to predict the particle damping using a frequency based substructuring 
approach. In this way the consideration of particle dampers (PD) is possible without modelling its complex 
dynamic behaviour in detail as with e.g. the discrete element method. The frequency response of the particle 
system - as one substructure - is determined experimentally. Finally, with a hybrid frequency based 
assembly, using test (particle damper) and simulation (honeycomb sandwich panel) results, is used to 
determine the dynamic behaviour of the entire system. In the paper the influence of the particle mass, the 
position of the damper, different test set-ups and two sandwich panels with different stiffness are 
investigated. 
Generally, despite of the nonlinear behavior of particle damping the predictions using the frequency based 
substructuring approach are within a reasonable amount of deviations for the investigated system. Moreover, 
the trend of all results matched the experimental tests. Therefor using a linear approximation to predict the 
damping can be a valid approach for other problems especially if the effort for testing of large structures 
can be reduced in this way. For small structures and cases where more particle material is added to a structure 
than in this case it might be not feasible to measure interface forces, or the damping nonlinearity is too high 
for accurate linear predictions. Moreover, the experimental characterization of the particle is very sensitive 
to the test set-up and the testing must be carried out with care. In the future this study shall be expanded to 
more parameters, to find out more about the validity of the approach. Besides, the aim is to set up an 
optimization in order to find not only the optimal placement, but also the best filling ratio, area of application 
and possible weight savings for the base structure to allow an engineering design at an affordable level. 
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