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Abstract: The damping is an important design consideration for vibrating structures. In 
this paper, damping ratio in layered & bolted sandwich structure is determined by 
conducting sweep sine test and half power bandwidth method to Frequency Response 
Function (FRF). Simple beam [1] is taken as reference point and the methodology is 
extended for determining the damping ratio in layered and bolted sandwich structure. 
These structures are excited using an Electro-Dynamic Shaker excitation technique for 
their fundamental mode. The effect of three major parameters on structural damping is 
investigated by using Design of Experiment analysis. Analysis of Variance and Signal to 
Noise ratios analysis is also performed. The results have shown that the number of layers 
in sandwich construction significantly affects the damping ratio and validated using 
regression equations. The design concept evolved from this paper using layered structures 
with bolted joints can be efficiently employed in applications where higher damping is 
required. 

Keywords: Damping Ratio, Electro-Dynamic Shaker, Optimization, Sandwich 
Structure, bolted structures 

Notation 
AL   Acceleration Level (g) 
FRF  Frequency response functions 
NL  No of layers in sandwich structure (No) 
TT   Tightening Torque (Nm) 
ξ   Damping ratio 
ωo   Resonant frequency (rad/s) 
Δω   Frequency difference (rad/s) 

1. Introduction  

The study of damping mechanism in layered structure is significant in controlling the 
undesired effects of vibration and improvement in its damping capacity. The damping 
energy is dissipated from the system through heat energy. The elastic stress- strain plots 
for a material is different under loading and for unloading processes i.e. a completely 
reversible cyclic loading. The loading makes a hysteresis loop/graph on the stress strain 
plots and the area of this loop/graph is the energy dissipated per unit volume per cycle. It 
is well known that all materials have small amount of material damping [2-4]. The energy 
dissipation caused by the material damping depends on many factors like amplitude of 
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stress, number of cycles, porosity, grain size, temperature and geometry [5]. While in 
layered and bolted sandwich structure, the damping also depends on many other factors 
e.g. intensity of interface pressure, diameter of the bolt, washers, number of layers in the 
sandwich construction, kinematic coefficient of friction at the interfaces, frequency and 
amplitude of excitation [6-8]. Among the non-ferrous metals, the Aluminium (Al) is a 
widely used in the manufacturing of different engineering and commercial products as it 
has good strength to weight ratio in comparison to Iron. Because of this reason, the 
Aluminium material is selected for the study of its damping characteristics by various 
means. 

Nanda [6] has studied the mechanism of damping in layered and jointed structure and 
established the authenticity of the theory developed. Damisaa et. al. [7] has analyzed the 
slip damping mechanism for dissipating noise and vibration energy in aerodynamic and 
machine structures. Such slips in layered structures are simulated by applying pressure to 
hold the members together at the interface. Nanda et al. [8] has studied the mechanism of 
damping with a number of equispaced connecting bolts and it has resulted in uniform 
distribution of pressure at the interfaces. It has been established that the damping capacity 
of structures jointed with connecting bolts are found be improved substantially with an 
increase in number of layers maintaining uniform intensity of pressure distribution. 
Gounaris et.al [9] observed that the damping is examined as an engineering property used 
in analysis and design of structure and machines. The materials damping as a function of 
the stress of the structure, has an important role to play and ignoring the damping the 
calculated stresses are far from reality. The nonlinearity here is due to the dependence of 
the hysteretic damping on the stress of the structure. 

The experimental modal analysis is a non-destructive testing strategy based on 
vibration responses of the structures. It has become an important tool in simulating & 
study of the dynamic behaviour of a system. In Forced vibration, the energy supplied by 
the excitation balances the energy loss by the system. This is significant when the system 
is close to its resonating frequency under excitation. Hence, it is really necessary to 
predict the damping behaviour of such systems under operating conditions to prevent its 
catastrophic failure due to resonance. In this paper damping ratio is determined by sweep 
sine test and half power bandwidth method on layered, jointed and & structure of required 
size. The structure is excited on Electro-Dynamic Shaker over the frequency range of 5-
100 Hz. The effect of three major parameters on structural damping is investigated. The 
Design of Experiment is performed to find the parameters combination which gives the 
optimum damping ratio. ANOVA and S/N ratios analysis is also performed. The results 
have shown that the number of layers in sandwich construction significantly affects the 
damping ratio and found to be in good agreement with the regression equations and 
experimental observations. The work in this paper will be very useful in predicating 
optimum damping ratio of the layered and jointed structure. 

2. Damping Measurement 

Time domain approach and frequency domain approach are the procedures mostly used in 
the experimental work [2, 10 &11]. In the time domain approach, the fundamental 
principle is the energy lost from the oscillatory system which results in a logarithmic 
decay of amplitude of the oscillation. Free vibration analysis technique is the most 
established method used to evaluate damping ratio in the time domain. But unlike time 
domain analysis, frequency domain analysis is not based on any time history data. The 



Optimization of Parameters for Damping in Sandwich Structures 205 

time domain analysis does not contain any multiple frequency based information which 
may be important to describe the dynamic response of a system. Forced vibration is the 
main concept behind frequency domain analysis. The frequency response function can be 
determined experimentally. By applying a constant force and sweeping the frequency, one 
can measure the resulting vibration and calculates the frequency response functions; hence 
this characterizes the system. Some of the popular experiments in the frequency domain 
analysis are impulse test method and sweep sine test method. The name sweep sine arises 
due to the fact that the system is made to respond between two frequency limits. The 
supposed natural frequency must lie in between these two set frequency limits. When the 
input frequency approaches to the natural frequency of the system; then the amplitude 
level increases extensively. This is known as resonance peaks and is clearly noticeable in 
the frequency response curve. As soon as the sweeping frequency crosses over the 
resonant frequency, the system vibrating amplitude keeps on reducing. In this way, to 
study the damping characteristics, resonant frequency response amplitude becomes very 
important. When the input force is constant during excitation, the output can still be 
viewed as Frequency Response Function (FRF). This output will be used for calculation 
of damping ratio. The FRF for a typical single degree of freedom (SDOF) system is 
shown in Figure 1. 

The half-power bandwidth method is employed for quantitative measurement of the 
damping ratio. In this method, the damping ratio of the given structure is determined as 
the ratio of Δω and 2ωo. It is given as 

oω
ωξ

2
∆

=

      

(1) 

where ξ is the damping ratio, ωo is resonant frequency and Δω is frequency 
difference corresponding to a 0.707 drop from the peak of the response curve [12 & 13]. 

 

 

Figure 1: Frequency Response Function 
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3. Validation of Experimental Process for Layered and Bolted Sandwich 
Structure 

Reference has been drawn from [1] that the natural frequencies as found out for 
Aluminium’s simple cantilever beam by various methods. The authors have prepared 
Aluminium beams of required size and are excited using an Electro-Dynamic Shaker 
excitation technique over the frequency range of 5-500 Hz. The modal analysis of the 
beam has shown a good concurrence for natural frequency with ANSYS and theoretical 
modelling [1]. Based on these experimental validations, the procedure for capturing and 
analysis of the resonance conditions and associated damping ratio can be said to have 
established. So, the methodology is extended for determining the damping ratio in the 
layered & bolted sandwich structures and for determining its damping ratio. 

4. Experimental Set Up and Procedures to Determine the Damping Ratio 

The experimental setup consists of an electro dynamic shaker, PCBTM-ICP accelerometer, 
8 channel vibration controllers and data acquisition system. The optimized data of simple 
beam material as arrived in paper [1] are further analyzed in the form of sandwich 
structures. Other parameters are selected based on the critical literature survey [6, 8&14]. 
The parameters and their level are shown in Table 1 & 2. In this method, one end of a 
long, slender, material (beam) is excited and acceleration response at the opposite (free) 
end is measured. Assuming negligible losses due to air loading, the resonance peak of the 
transfer function are used to determine material damping by half power band width 
method. The method is based on the assumption that modal damping ratio is small enough 
to allow the half power points to be clearly identified within the measured data [11]. 

Table 1: The Parameter and their Range for Experiments on Layered and Jointed 
Construction by Bolt M6 

Parameters Unit Symbol Level Lower Limit Middle Value Upper Limit 

Tightening Torque Nm TT 3 6 9 12 

Number of layers 
in sandwich Nos NL 3 00 01 02 

Acceleration Level g AL 3 0.1 0.2 0.3 

Table 2: The Parameter and their Range for Experiments on Layered and Jointed 
Construction by Bolt M8 

Parameters Unit Symbol Level Lower Limit Middle Value Upper Limit 

Tightening Torque Nm TT 3 10 15 20 
Number of layers 

in sandwich Nos NL 3 00 01 02 

Acceleration Level g AL 3 0.1 0.2 0.3 

Forced vibration sine sweep is induced in the test specimens to obtain its dynamic 
characteristics. The beam is clamped on the armature of 3500 kgf electro-dynamic shaker 
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that provides an external (transverse to the axis of the beam) sinusoidal excitation at the 
base of the beam. The excitation is applied at the root of the beam (test specimen) 
mounted horizontally by the clamping device. The specimen’s response in the ±y direction 
is measured by the accelerometer placed at the driven end (base) of the specimen as 
shown in Figure 2. Another accelerometer has been positioned to measure the response at 
the free end of specimen. These data is normalized to give the transfer function. The 
function is the ratio of the specimen’s free end acceleration to driven end acceleration. A 
graph is plotted between response (transfer function & acceleration) and frequency. One 
gets local maxima at the free end of the specimen. The damping ratio is calculated from 
the measured data via half power band width method [11&12] using Equation 1. A data 
acquisition system is used to store the experimental data and transfer it to the PC for 
further post-processing. The Frequency response functions (FRFs) is obtained using 
DactronTM vibration analyzer. The FRFs were processed using vibration analysis packages 
to identify natural frequencies, damping ratio and mode shapes of the beams. The process 
is repeated for each cantilever beam structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 2: Experimental Setup used to measure Damping Ratio 

While setting the swept-sine parameter in the system, one must ensure that the time 
duration of the vibration measurement software should be greater than the total time of 
excitation. The sine sweep rate can be as low as 0.05 Hz/sec. The Figure 3a shows the 
FRF for the layered structure jointed by M6 bolt (Experiment No.1 of Table 3) under 
acceleration of 0.1g. The damping ratio for this experiment is determined using Equation 
1 and comes out to be 0.01278. Similarly for the layered structure jointed by M8 bolt, the 
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damping ratio is evaluated as 0.01420 (Experiment No.1 of Table 4) under acceleration of 
0.1g which is shown in the Figure 3b. 

5. Design of Experiment as Applied to Damping Ratio 

To optimize the damping ratio of the structure, the design of experiment concept is 
used. For conducting and acquiring the experiment data in a control manner, Taguchi 
methodology is employed. The advantage of the methodology is that it reduces 
experimental time, number of experiments in a scientific manner and thus reduces its cost 
and saves besides the effort in conducting the experiments. It also determines the 
significant factors quickly [16 & 17]. 

  

(a) M6 Bolted Construction (b) M8 Bolted Construction 

Figure 3: Frequency Response Function 

The signal to noise ratio and analysis of variance (ANOVA) statistical tool is also 
employed to point out the significance of input process parameters on its output response 
i.e. damping ratio. The steps for the Taguchi methodology of optimization are as follows: 

• Select the quality characteristics 
• Select control parameters/factors 
• Select suitable Taguchi orthogonal array (L9 OA) 
• Conduct experiments of determination of response parameter(damping ratio) 
• Analysis results through S/N ratio and ANOVA 
• Predict optimum performance 
• Conduct the confirmation experiment 

The quality characteristics and control parameters/factors are determined based on 
literature survey and are tightening Torque, number of layer in sandwich and acceleration 
level. Based on these parameters and also the levels taken (Tables 1 & 2), Taguchi 
orthogonal array L9 Array is selected. The experiments for determination of the modes and 
damping ratio of the structure for these experiments are conducted. The response 
parameter of the system i.e. damping ratio is shown in Tables 3 & 4 for M6 and M8 bolted 
structures respectively. 
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6. Discussion of the Results 

Damping ratio of layered beam bolted by M6 has been determined by experimentally as 
stated in above sections through FRF. Table 3 represents the results obtained for the 
damping ratio (response parameter of the system) and are shown in the fifth column of the 
Table. After completing all the experiments for M6 samples, the hole size of the samples 
is increased to M8. The same procedure is applied for all these samples and the results are 
shown in Table 4. 

Table 3: Design Matrix and Experimental Observations for M6 Bolted Construction 

Exp
.No 

Tightening 
Torque TT 

(Nm) 

No of layers 
in sandwich 

NL (Nos) 

Acceleration 
Level  AL 

 (g) 

(M6) 
Damping 

Ratio 
S/N Ratio 

1 6 0 0.1 0.01278 -37.8694 
2 6 1 0.2 0.01311 -37.6479 
3 6 2 0.3 0.01351 -37.3869 
4 9 0 0.2 0.01235 -38.1667 
5 9 1 0.3 0.01243 -38.1106 
6 9 2 0.1 0.01396 -37.1023 
7 12 0 0.3 0.01205 -38.3803 
8 12 1 0.1 0.01320 -37.5885 
9 12 2 0.2 0.01328 -37.5360 

 
 

Table 4: Design Matrix and Experimental Observations for M8 Bolted Construction 

Exp
No 

Tightening 
Torque TT 

(Nm) 

No of layers 
in sandwich 

NL (Nos) 

Acceleration 
Level AL 

( g) 

(M8) 

Damping 
Ratio 

S/N Ratio 

1 10 0 0.1 0.01420 -36.9542 
2 10 1 0.2 0.01467 -36.6714 
3 10 2 0.3 0.01512 -36.4090 
4 15 0 0.2 0.01398 -37.0899 
5 15 1 0.3 0.01408 -37.0279 
6 15 2 0.1 0.01549 -36.1990 
7 20 0 0.3 0.01359 -37.3356 
8 20 1 0.1 0.01469 -36.6596 
9 20 2 0.2 0.01484 -36.5713 
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Figure 4: S/N Ratio Plot for (a) M6 Bolted Construction and (b) M8 Bolted Construction 

Signal-to-noise (S/N) ratio is derived from the experimental damping ratio as 
determined above. With the S/N and ANOVA analyses, the combination of the parameters 
can be predicted which gives the optimum values of the damping. There are three types of 
S/N ratios depending upon the type of characteristics required for the response parameter 
i.e. Lower is the better (LB), nominal is the better (NB), and higher is the better (HB). The 
damping ratio must take the higher value for the better dynamic control of the system and 
so higher is the better concept is adopted in signal to noise ratio calculation [17]. The 
required S/N ratios are computed as follows 

∑
=

−=
n

i iyn
RatioN

S
1

2
11log10     (2)

 
where n is the number of repetitions/observations and yi is the observed data. The 

computed values are recorded in the sixth column of the Tables 3 & 4 for the structures 
bolted by M6 and M8 bolts respectively. The measured responses for S/N ratio is further 
analyzed using a standard commercial statistical software MINITABTM16 package [18] 
and the respective plots are shown in Figure 4a for M6 bolted construction and Figure 4b 
for M8 bolted construction. 

Similar pattern of results are seen for M6 and M8 layered sandwich constructions. 
An increase in the tightening torque causes higher interface pressure, which in turn 
decreases the dynamic slip. It ultimately results in less damping. This feature of damping 
is proved in Fig. 4a & 4b. From the Fig. 4a & 4b, it can be observed that with an increase 
in the number of layers in a layered and jointed structure, the damping ratio increases. It is 
due to an increase in the interface friction between the layers. It also causes an increase in 
the energy loss due to interface friction.From the Fig. 4a & 4b, it can be also being 
observed that the damping ratio of a layered and jointed structure decreases with an 
increase in amplitude of excitation. It is due to the introduction of higher energy into the 
system compared to that of the dissipated energy (interface frictional energy). Although, 
the dynamic slip ratio increases with an increase in amplitude of excitation, but the energy 
introduced in to the system is more as compared to the increase in dissipated energy (due 
to interface friction) and the net effect is a decrease in the damping ratio. From the Figure 
4a, optimum parameters for the highest damping ratio can be deduced. The parameters 
giving the optimum damping ratio for layered and jointed structure of M6 are TT = 6 Nm, 
NL = 2 nos, AL = 0.1g. Similarly, From the Figure 4b, optimum parameters for the 
highest damping ratio of M8 are TT = 10 Nm, NL = 2 nos, AL = 0.1g. 
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Table 5: ANOVA for Damping Ratio at M6 Bolted Construction 

Source DF Seq SS & 
 Adj SS Adj MS F %age 

Contribution P 

Model 6 2.92×10-7 4.86×10-8 12.06 - 0.078 
TT 2 1.37×10-8 6.87×10-9 1.70 4.57 0.370 
NL 2 2.13×10-7 1.067×10-7 26.49 71.22 0.036 
AL 2 6.45×10-8 3.23×10-8 8.00 21.51 0.111 

Error 2 8.06×10-8 4.03×10-9    
Total 8 3.00×10-7     

S = 0.000200749 R-Sq=97.31 % R-Sq (Adj)=89.25% 
F0.25,2,2 = 3.0; F0.1,2,2 = 9.0; F0.05,2,2 = 19.0; F0.025,2,2 = 39.0; F0.01,2,2 = 99.0 

Table 6: ANOVA for Damping Ratio at M8 Bolted Construction 

Source DF Seq SS &   
Adj SS Adj MS F %age 

Contribution P 

Model 6 2.81×10-6 4.69×10-7 9.96 - 0.094 
TT 2 1.26×10-7 6.31×10-8 1.34 4.34 0.427 
NL 2 2.26×10-6 1.132×10-6 24.04 77.85 0.040 
AL 2 4.23×10-7 2.11×10-7 4.50 14.57 0.182 

Error 2 9.41×10-8 4.71×10-8    
Total 8 2.91×10-6     

S = 0.000216974  R-Sq = 96.76%  R-Sq(adj) = 87.04% 
F0.25,2,2 = 3.0; F0.1,2,2 = 9.0; F0.05,2,2 = 19.0; F0.025,2,2 = 39.0; F0.01,2,2 = 99.0 

The significant parameter influencing the damping ratio in the cantilever beam is 
determined using analysis of variance (ANOVA). The ANOVA tool helps in 
appropriately testing the significance of all the main factors and their interactions by 
evaluating the mean square against an estimate of the experimental errors at specific 
confidence level. The ANOVA results for damping ratio for M6 and M8 bolted 
construction are illustrated in Table 5 and 6 respectively. The higher F value for numbers 
of layer predicts that it has a significant effect on the damping ratio. The ANOVA models 
of damping ratio are found to be significant at 90% confidence level. 

 Percentage contribution to the total sum of square can be used to evaluate the 
importance of a change in the process parameter on these quality characteristics. The 
above mentioned software package has given the regression equations to determine the 
damping ratio (ζ) for the Layered and Jointed Structure by M6 and M8 Allen bolts 
respectively as:  

 ζ = 1.34533×10-2- 4.83333×10-5 TT + 5.95×10-4 NL - 3.25×10-3AL  (3) 

ζ= 1.48694×10-2 - 2.9×10-5 TT + 6.133×10-4 NL - 2.65×10-3AL   (4) 
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where TT = Tightening Torque, NL= No. of layer in sandwich structure and AL = 
Acceleration level. 

Table 7: Comparison of Damping Ratio Evaluated by Mathematical Model with Experimental 
Confirmation Test 

Bolt Damping ratio as predicated by 
Regression analysis 

Damping ratio as 
per confirmation 

Test 

Percentage  
error (%) 

M6 0.0140283 0.01430 1.90 
M8 0.01554 0.01583 1.85 

Using these regression line equations, the optimum damping ratio is calculated for 
the two types of bolt connection vibration and is tabulated in Table 7. In Taguchi’s design 
approach, the final step is the experimental confirmation test to verify its results. The 
optimal conditions are set for the significant factors and selected numbers of experiments 
are run under specified conditions. In this study, the confirmation (optimum) experiment 
is conducted as decided by the Taguchi’s method. The result of the same are also listed in 
Table for both M6 and M8 construction. The percentage error in the results is found to be 
less than 2.0%. These values have thus validated the optimization process for the damping 
ratio of the structure.  

In this work, L9 OA is used and the sample size of experimentation is kept small. 
Because of this, interaction effect is not possible to evaluate. It is proposed to increase the 
levels of the parameters for the future work so that the interaction effect of the 
independent parameters can be studied.  

7. Conclusions 

The damping is an important design consideration for vibrating structures. In this paper, 
natural frequency and damping ratio is determined by sweep sine test and half power 
bandwidth method respectively. Different control factors such as tightening torque, 
number of layers, acceleration are analyzed through ANOVA (analysis of variance) for a 
sandwich structure. On the basis of the experimental results, the following conclusions are 
drawn. 

The ANOVA results has revealed the number of layers is the most significant control 
factor with 71.22% contribution whereas the tightening torque is the least significant 
control factor with 4.57% contribution in M6 bolted structure. The similar pattern has 
been observed for the M8 bolted structure where the number of layers is the most 
significant control factor with contribution 77.85% whereas the tightening torque is the 
least significant control factor with contribution 4.34%. 

These models are significant at 90% confidence interval. Regression model to predict 
the modal damping ratio are found to be in good agreement with experimental results. It is 
concluded that the damping ratio decreases with the increase in the amplitude of 
excitation.  

Gupta & Mangal [1] has  stated that for an 8 mm single thick sample, the damping 
ratio (an objective function in this work) has increased from 0.00425 to 0.01278  when it 
has been replaced by two layered structure comprising of 4 mm thick plate jointed 



Optimization of Parameters for Damping in Sandwich Structures 213 

together. Thus, this parameter has increased by 200.7 percentage. Based on the above 
observation and the work carried out in this paper, the following important design 
guidelines have been derived for suppressing the undesirable effects of vibration and noise 
in beams with bolted joints. 

• Increasing the number of layers of the cantilevers  
• Increasing the diameter of the bolts 
• Increasing the cantilever length 
• Decreasing the initial amplitude of excitation 

The above are the generalised statements based on the optimization, however 
quantitative assessment of the improvement of the objective function with respect to each 
parameter is to be carried out on that specific system.The design concept evolved from 
this research work of using layered structures with bolted joints can be efficiently 
employed in trusses and frames, aircraft and aerospace structures, bridges, machine 
component, robots and many other applications where higher damping is required. 
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