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1.  Notations 

iς         Damping ratio for ith mode  

α         Mass proportional  

β         Stiffness proportional  

of        Resonance frequency  

lf         Lower frequency  

uf         Upper frequency 

iω         Natural frequency for ith mode 

V          Full set of displacements 

q           Reduced set of displacements 

H          Transformation matrix relating to two sets of co-ordinates 

[C]        Damping matrix of physical system 

[M]       Mass matrix of physical system  

[K]       Stiffness matrix  

 

Abbreviations 

FEDEM  Finite Element Dynamics in Elastic Mechanisms 

FRF         Frequency Response Function 

FFT         Fast Fourier Transform 

CMS       Component Mode Synthesis 

DOF        Degrees of Freedom 

MDOF    Multi Degrees of Freedom 
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2.  Introduction 

2.1 Background 

In most of the analysis problems, analyst assumes constant damping ratio 
for each mode of the structure. This assumption is totally based on his 
previous experience or on standard literature. But the fact is quiet 
different. Damping for structure varies mode to mode. Modal mass 
participation decreases with increase in modes. 

About 100% mass participation is achieved with first few modes which 
are called as significant modes [1]. 

Though it is quiet hard to calculate damping ratio for each mode, it is 
quiet unrealistic to assume constant damping ratio for all modes. 

 

2.2 Aim and Scope 

The main theme of this work is to study the effect of actual damping of 
individual damping ratio for each mode on computed response of flexible 
structures. Thesis work consists of numerical and experimental study of 
some test models for different damping models. Simulation tool used for 
modal and structural analysis is FEDEM. 

 

2.3 Method 

Some test structures are created by continuous Modal updating from 
experiments and Modal analysis in FEDEM. Validated models then 
simulated into FEDEM to see the effect of different damping models on 
response. Conclusions are made from these computed responses. 
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3. Dynamic Simulation of Flexible 
Mechanisms 

Dynamic simulation of flexible mechanisms and optimization are 
conducted to evaluate the responses of the forces and torques and the 
overall behaviour of the product and its subsystems. The simulations 
should be used iteratively to update the design towards an optimum 
economy and safety. Component mode synthesis (CMS) is one of the 
tools to facilitate the simulations and analysis of the structures. 

 

3.1 Basic Theory 

To study the theory behind the dynamic simulation, it is necessary to see 
some basic definitions [2]. 

●Simulation: Simulation is nothing but imitation of certain properties of 
mathematical computational model. 

●Mechanism: A Mechanism is device which transforms motion to 
desirable pattern. It is assembly of links where at least two links have 
relative motion. The links may be connected to each other by joints that 
constrain their relative motion. 

●Dynamic Simulation: It refers to calculations of motion in mechanical 
system on computers where forces constrain and forces necessary to drive 
the system are taken into account. 

● Aims of Simulation: 

  i) To understand the behaviour of proposed product. 

 ii) To predict dynamic response of the product. 

iii) To predict dynamic flexibility of product regarding safety. 

iv)  Provides basis for further analysis such as fatigue analysis. 

● Advantages of Simulation: 

  i)   To appraise and compare different design concepts. 

 ii)  To improve system properties. 

iii) To control dynamic properties. 
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iv) To reduce production cost. 

v) To check the influence of certain parameters on response of system.  

vi) To reduce product development time. 

● Steps in Simulation: 
Design of a system is an iterative process. First simulation models are 
rather simple. The objectives of such simple models to increase designers 
knowledge and investigate possibilities. During design process simulation 
models will be made more and more accurate, see figure 3.1. This is 
unlike to conventional approach where lot of time and effort is needed to 
update and exchange files and data. 

 

 
3D CAD FE mesh

MultiBody 
Control and 
str. simulation

Consistent 
Simulation 
Results 

 
Figure 3.1. Steps in Simulation 

 

3.2 Model Reduction by CMS 

To reduce the cost of dynamic simulation CMS model reduction and 
super element technique is used. It reduces the cost of simulation by 
reducing the no. of DOFs used. The basic assumption is that lower 
frequency modes of vibration are most important; on the other hand the 
higher frequency modes of vibration are less significant in dynamic 
analysis. Also for any numerical model especially for FE model high 
frequency modes are less accurate. The no. of mode controls no. of DOFs 
in model. So mesh size affects results of simulation. For example we are 
interested in displacement or first few modes, coarse mesh is fine. But for 
stress analysis fine mesh is necessary. 

All reduction methods are based on same principle to reduce effective no. 
of DOFs to reduce computational cost. 

Reduction technique can be classified as [3]:  

i) Modal Reduction: In this method small no. of possible modes are used 
in dynamic analysis. 



 9

ii) Static Condensing: This method of reducing DOFs is entirely based 
on static considerations. In static reduction DOFs split into master and 
slave DOFs. Only master DOFs are retained after reduction. 

iii) Dynamic Condensing: This method of reducing effective no. of 
DOFs is based on both static and dynamic considerations. 

iv) Dynamic Sub structuring: In this method, complete structure is 
formed by establishing reduced set of equations for set of components or 
substructure that comprises total structure of mechanism. One of the 
above techniques is used for the reduction. 

All reduction methods can be written in terms of co-ordinate 
transformation of form, 

   V=Hq, 

   V= full set of displacement of size m, 

   q= reduced set of displacements of size n, 

where m>n. H is transformation matrix relating to two sets of co-
ordinates. 

There are many ways to define transformation matrix H. Various factors 
must be considered. Important considerations are that dynamic behaviour 
is largely controlled by lowest static and component vibration modes. 

So lowest vibration mode should be recovered with smaller error than 
higher ones. Secondly higher vibration modes still contribute to dynamic 
response, as shown in figure 3.2. 

 
Figure 3.2. Contribution of modes to dynamic response 
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FEDEM uses dynamic condensing method and same method is used for 
present study. CMS combines static and fixed interface normal modes. 
CMS method is well suited to flexible mechanism analysis because it 
preserves effective masses and inertias. 

To summarise, FE models consists of large no. of nodes. These nodes are 
divided into external and internal nodes. The external nodes are defined 
during mechanism modelling as connection points for joints, springs, 
dampers, external loads and so on. These nodes are retained after 
reduction so called as super nodes. 

 

3.3 Damping Models 

Damping is nothing but energy dissipation mechanism that causes 
vibration to diminish over time and eventually stop. Amount of damping 
depends on material, velocity of direction and mainly frequency of 
vibration [4]. 

Damping can be classified as 

i) Viscous damping 

ii) Hysterisis damping 

 

3.3.1 Rayleigh Damping 

Rayleigh damping can be proved as effective way of considering damping 
for analysis of structures. 

Rayleigh damping is given by [5], 

   [C] = α [M] + β [K]                                                                           (3.1)  

Where, 

   [C] = Damping matrix of physical system 

   [M] = Mass matrix of physical system 

   [K] = Stiffness matrix 

α  andβ  are predefined constants. These are also called as Mass 
proportional and Stiffness proportional respectively. 
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Rayleigh damping is effective for MDOF. A structure having large no. of 
degrees of freedom is reduced to n no. of uncoupled equations by 
orthogonal transformation. It is quiet hard to get the exact value of 
α and β  for structures having large no. of DOF. In most of the analysis 
problems analyst makes assumptions in selecting damping based on his 
experience. 

Modal mass participation of the structure decreases with increase in no. of 
modes .e.g. 45% for 1st mode, 20% for 2nd mode, 10% for 3rd one and so 
on. 

Thus 100% mass participation is achieved. The no. of modes up to which 
about 95% mass participation takes place is the significant modes for that 
structure. The no. of significant modes varies from structure to structure. 
But mostly it ranges from 3 to 15. 

In the formulation of Rayleigh damping orthogonal transformation of 
damping matrix reduces to matrix [C] to form the equation, 

   2 2
iii βωαως +=  

On simplification it gives, 

   
22

i

i
i

βω
ω
ας +=                                                                               (3.2) 

From the above equation it can be observed that damping ratio is 
proportional to natural frequencies of the system. Equation (3.2) can be 
plotted as shown in figure 3.3 [5]. 

There is no need to calculate nς i.e. damping ratio for nth mode, where n is 
the no. of modes for the structure. It is quiet impossible to calculate value 
of damping ratio for all the modes. Also first few modes up to which 
about 100% mass participation is achieved are important here. Beyond 
these modes damping is of no practical importance. Let system has 200 
modes and 100% mass participation is achieved in first 10 modes (say), 
instead of starting with 5% constant damping we can assign 2% damping 
to the first mode to 5% damping for 10th mode, which will be in our zone 
of relevance. 
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Figure 3.3. Damping ratio Vs Natural frequency 

 

From the equation (3.2) it can be concluded that when frequency ω  will 

be the small, term 
ω
α
2

 will dominate, and as ω  will increase the term 

βω  will start dominating and 
ω
α
2

 will approach to zero. This can be 

studied with help of below figure 3.4. 

 

 
Figure 3.4. α  and β  damping contribution. 

From this we can say that low fundamental frequency structure will show 
nonlinear damping properties in beginning with respect to frequency and 
will converge to linear proportionality with frequency as Eigen values 
increases with each subsequent mode. 
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For large DOF systems it is only few modes which contribute to 
significant dynamic behaviour. Generally for most of engineering 
structures no. of significant modes is 3 to 15 where about 95% mass 
participation takes place. Based on Eigen value solution and modal mass 
participation results no. of significant modes can be 
obtained.  

Rayleigh damping can be assigned in two different ways. 

 

3.3.2 Mode Dependent Rayleigh Damping 

As stated above damping of the structure varies mode to mode. We can 
apply different damping for each mode. For this type of Rayleigh 
damping the values of mass proportional and stiffness proportional i.e. 
alpha and beta will not be the same for whole structure. 

 

3.3.3 Constant Coefficient Rayleigh Damping 

FEDEM uses this type of damping, where values of α and β  i.e. mass 
proportional and stiffness proportional respectively have assumed values 
0 and 0.005. These values can be edited. Generally this type of damping is 
assigned to structure because it is quiet hard to calculate mode dependent 
Rayleigh damping. Constant relative damping can be expressed in this 
format. 
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4. Modal Analysis 

This chapter gives of the overall idea of modal analysis. Chapter focuses 
on extraction of modal parameter from experiments. 

 

4.1 Theory 

Modal analysis is the process to determine dynamic properties of the 
structure. Damping ratios, Mode shapes, Natural frequencies of each 
mode are known as dynamic properties of structure. 

Natural frequencies can be used to know the effect of excitation force on 
structure. Understanding the mode shapes leads to realising structure 
behaviour in vibration. This aspect is useful while designing the better 
structure. Damping has also effects on response of the structure. Thus 
dynamic properties of the structure can be used for design of all type of 
structures. 

 

4.2 Experimental Modal Analysis 

Dynamic properties of the structure i.e. Natural frequencies, mode shapes, 
damping ratios can be determined by performing experiments on 
structure. These experiments are preformed to get frequency response 
function (FRF) of the structure. FRF is nothing but the ratio of output 
response of the structure due to applied force. The response can be 
measured as displacement, velocity or acceleration. Obtained FRS’s are 
called as Compliance, Mobility Accelerance respectively. Measured time 
data is transformed from time domain to frequency domain using FFT 
algorithm found in any signal processing analyser. This transformed 
function is in the form of complex numbers. The function contains real 
and imaginary components [6]. 

We will get the peaks in FRF which occur at frequencies where time 
response was observed to have maximum response corresponding to the 
rate of oscillation of input excitation. Thus resonance frequencies can be 
obtained for each mode of structure from FRF. 
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4.3 Calculating Modal Damping 

As stated before FRF can be measured on displacement, velocity and 
acceleration i.e. compliance, mobility, accelerance respectively. As we 
are using accelerometer to get the response we will get accelerance FRF. 

There are several methods to calculate damping ratios from FRFs. In the 
present work the 3dB bandwidth method [6] is used.  

According to this method 

   
f

ff lu

0

22

2

−
=ς  

Where, =ς damping ratio 

  f u
=upper frequency 

  f l
= lower frequency 

  f 0
=resonance freq. (peak in FRF) 

By applying above equation to each mode, we can get the value of 
damping ratio for that mode. 
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5. FEDEM Simulation Software 

Tool used for the simulation in the thesis work is FEDEM software. This 
chapter enable us to give idea about FEDEM simulation software. 
Mechanism modelling within the FEDEM and applying damping 
parameters to the structure is also explained in the chapter [3]. 

 

5.1 General 

FEDEM, Finite Element Dynamics in Elastic Mechanisms is virtual 
testing tool for the complex mechanical assemblies. Using FEDEM we 
can create, solve and post process the model in 3D graphical environment. 
Dynamic results can be seen in the form of Animations and Graphs during 
as well as after model solution. Fast and numerically stable FEDEM 
solvers facilitate analysis process with shortened turnaround time and 
quick access to simulation results, which enables clear understanding of 
the physical behaviour of the model. Using FEDEM we can perform full 
stress analysis, eigenmode solutions, strain gage solutions and fatigue 
analysis for selected time steps. Thus FEDEM represents 
multidisciplinary mechanical analysis. 

In many multi body applications like suspension system, high speed 
mechatronic system etc. some of the elements can experience large 
deflections as compared to the whole structure. We can analyse such parts 
individually in FEDEM considering mutual dependencies between all 
parts of the structure. Mechanical assembly to be simulated consists of 
parts each represented by linear elastic finite element model or simplified 
stiffness description and coupled together with linear or nonlinear joints. 
After DOF reduction of each finite element part based on dynamic super 
element formulation, the system equations are assembled and solved with 
respect to finite element degrees of freedom, allowing large translations 
and rotations due to co-rotated theory. 

 

5.1.1 Basic Terms in FEDEM 

●DOF: Number of co-ordinated required defining the system is known as 
degrees of freedom. For the mechanism DOF is usually translational or 
rotational. 
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●Triad: It is nothing but node with displacement DOFs. It is used for 
better description of the modelling entity which results in a node in 
computational model. 

●Link: It is sub element of the model. Regarding numerical algorithms 
link is a super element. Element is linear within its co rotated coordinate 
system. 

●Model: A model is defined as a more or less simplified representation of 
a system. The model must represent the properties of the system being 
studied, as accurate as possible. 

●Simulation: Extraction of certain properties of a mechanical system in a 
computational model. Kinematics simulation refers to calculations motion 
in a system with no reference forces and torques necessary to achieve the 
motion. While in dynamic simulation we consider constraint forces as 
well as driving force to calculate the motion. 

●Multi discipline dynamic simulation: In this type of simulation overall 
system is modelled as mechanism, the parts are modelled as Finite 
element substructures and combined with possible control system; 
everything is integrated in the same simulation model. 

 

5.2 Mechanism Modelling 

This is the coupling of different links in space by means of joints to get 
the assembled position of mechanism. For kinematics analysis of 
mechanisms only orientation and position of joints are of importance. 
While the link shapes are unimportant except for relative position of 
joints. For dynamic analysis especially for flexible body dynamics, the 
geometry and properties of the links are vital for simulation. 

Links can be attached to each other by means of following type of joints: 

i) Rigid joint                                    ii) Ball joint 

iii) Axial joint                                 iv) Universal joint 

v)  Prismatic joint                           vi)  Cam joint. 

vii) Revolute joint.                        viii) Free joint. 

ix)  Cylindrical joint. 

In the present work rigid and free joints are used to form test structures. 
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5.3 Applying Damping to the Structure 

It is not possible to assign the value of damping constant directly into the 
FEDEM. We need to calculate Rayleigh damping constants, α  andβ . 
These values can be specified to each link or each mode of the structure. 
We need to enter these values in FEDEM editor panel. However it is 
possible to specify individual Rayleigh damping factors for each 
component modes using following commands: 

#Alpha<c1><c2><c3>………so on for mass proportional damping 
factors for component modes. 

#Alpha2<c1><c2><c3>…………so on for stiffness proportional damping 
factors for component modes.(alpha2 is mentioned as beta in this report) 

Thus <c1> is damping factor applied to first component mode, <c2> for 
second component mode and so on. The last value entered will be 
applicable for remaining modes. These commands are not yet available in 
the public release of Fedem but are implemented as a beta feature for this 
study only. 
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6.  Test Structures 

Description in the chapter below includes continuous and iterative modal 
updating process. This updating of different test structures is obtained by 
simultaneous experimental and numerical modal analysis with FEDEM. 

This was the most important task within thesis work. The method to select 
the structures was continuous and iterative. Following points were kept in 
mind while selecting the structure: 

i) Structure should have certain number of modes to study damping 
effect on individual mode. 

ii) Modal density of the structure should be high. 

iii) Structure should be easy to construct. 

iv) It should be easy to locate excitation point and response point on 
structure. 

v) It should not be difficult to construct FE model as there will be 
continuous updating of model take place. 

 

6.1 Procedure 

Selection of test structure was iterative process of performing experiments 
on some structure and modal analysis on same model in FEDEM 
simultaneously. 

While updating the model following things were done: 

i) Frequency range for structure is checked from FE models for structures. 

ii) Different excitation points were used. 

iii) Response is obtained for different points. Nodal points are obtained 
from modal analysis in FEDEM. These nodal points avoided to calculate 
the response. 

iv) Joint stiffness is changed by loosening or tightening them. 

v) Different boundary conditions tried for modal analysis as well as for 
experiments. 
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6.2 Modelling of Basic Links 

Different types of plates as shown below in figure 6.1 are modelled in 
IDEAS software. Meshing of the plates is done by quadratic shell element 
to get exact effect of the holes and thickness of the link. RBE3 elements 
are used to connect the nodes on the circumference of each hole to a 
reference node in the centre of the hole, that is used as connection points 
for the joints and external loads, accelerometers. 

 

  
Figure 6.1. Meshed link short plate. 

 

6.3 Finite Element Models 

The plates in the real structure were joined by means of bolts. While 
modelling the structure in FEDEM, basic links loaded were one by one, 
into the modeller. Each plate positioned by assigning X, Y, Z co-ordinates 
and rotations with X, Y, Z axes. As the bolted joints in real structure are 
tightened so joint in FE model assigned by rigid joint. Triads attached to 
necessary to attach the masses of accelerometer and bolts. 

By using above two steps modal updating achieved. Simultaneous 
feedbacks were taken from experiments and FE modal analysis, which 
were used to get better results. 
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After performing several iterations the following relations were obtained 
for resonance frequencies in experiments and FE model for the two 
developed test structures shown in figures 6.2 and 6.3. 

 
Figure 6.2. FE model of test structure 1. 

 

 
Figure 6.3. FE model of test structure 2. 
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6.4 Experiments performed on test structures 

Experiments on the test structures were conducted in four ways: 

i) Initially, some selected models were created by bolting the plates. 

ii) By giving some boundary conditions to structure. FRF’s for structure 
were obtained for different excitation and response points. 

iii) Nodal points from FE model are strictly avoided to calculate response. 
As possibility to miss significant mode is large. 

iv) Frequency range for experiments decided from natural frequencies 
obtained from FE model. 

Frequency response functions (FRF’s) obtained for the structures are 
shown in figures 6.4 and 6.5.  

 
Figure 6.4: FRF for test structure 1. 
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Figure 6.5. FRF for test structure 2. 

 

 

6.5 Frequency comparison for verified test 
structures 

Frequency relations obtained in experiments and FE models are shown for 
comparison in table 6.1 and 6.2, and also in figures 6.6 and 6.7.  

Some modes are missing in experiments which are present in FE model. 
If we see the mode shapes in FE model we can get the reason of their 
absence. These modes are in transverse direction as that of accelerance we 
are measuring. So the modes can not be seen in experiments. To get the 
damping parameters to such mode we can extrapolate damping curve, so 
that we can get damping ratio for that mode. 

 

 



 24

Table 6.1 Eigenfrequencies for test structure 1. 

Mode No. Freq. from FE model Freq. from Exp. Hz 

1 28.56 27.2 

2 39.65 38.8 

3 43.91 Missing 

4 147.22 147.76 

5 353.95 Missing 

6 454.175 458.4 

 

 
Figure 6.6: Frequency comparison for test structure 1 
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Table 6.2. Eigenfrequencies for test structure 2. 

Mode No. Freq. from FE model Freq.from Exp. Hz 

1 17.91 18.42 

2 47.34 45.07 

3 100.03 97.59 

4 156.95 Missing 

5 161.12 158.69 

6 missing 226.04 

7 284.05 Missing 

8 354.6 360.97 

9 488.18 483.2 

10 573.07 567.3 

 

 
Figure 6.7. Frequency comparison for structure 2. 
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7. Rayleigh Damping Parameters 
Extraction 

We have to extract damping for each mode from FRF obtained in the 
experiments. By using 3 dB bandwidth method we can get damping 
constant for each mode. Also damping for each mode can be obtained in 
two formats. One in which we can get one set of α andβ  values by curve 
fit method. In other method we can get individualα andβ  for each mode. 

 

7.1 Damping Parameters from Experiments 

According to 3 dB method 

We have, 
f

ff lu

0

22

2

−
=ς                                                                     (7.1) 

Where, =ς damping ratio 

f u
=upper frequency 

f l
= lower frequency 

f 0
=resonance freq. (peak in FRF) 

To calculate Mass proportional and stiffness proportional for Rayleigh 
damping i.e. α andβ  

Orthogonal transformation of MDOF system leads to equation 

  
22

i

i
i

βω
ω
ας +=                                                                                (7.2) 

Where, iς  is damping ratio for ith mode. 

α and β  are mass and stiffness proportional respectively. 

wi is frequency for ith mode. 
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From equations (7.1) and (7.2) we can find the values of damping 
constant and then mass and stiffness proportional. 

On solving the equations (7.1) and (7.2) using MATLAB, following 
values of α and β  were obtained. Also values of damping constant Vs 
Frequency plotted using MATLAB. 

Following two methods used to calculate Rayleigh damping parameters 
for selected structures: 

i)  Sub range method 

ii) Curve fit method 

 

7.1.1 Sub Range Method 

Using the sub range method we can calculate Rayleigh damping 
parameters for selected structures. Every successive mode pair’s 
frequency is considered as frequency range. Means if we are calculating 
alpha and beta for 1st mode we will take 1 freq. pair. While for second 
mode we will consider the frequencies (and damping ratios) from mode 1, 
2 and 3 i.e. freq. range 1 and 2. For last mode we will consider last 
frequency range. Then using above equation (7.2) values of α and β   can 
be calculated for each pair. Same procedure is applied for all modes of 
both structures [7]. 

After performing calculations values presented in tables 7.1 and 7.2 are 
obtained. The relative damping is also shown in figures 7.1 and 7.2. 

 

Table 7.1. Damping for test structure 1. 

 Frequency Damp. Const.(ς ) α  β  

27.2         0.0163 1.0123 0.0002 

39.65         0.0094 0.7289 0.0002 

43.1         0.0093 0.7499 0.000066 

147.76         0.005 1.2037 0 

353.75         0.0043 1.4362 0 

454.175         0.0048 1.7971 0 



 28

 
Figure 7.1. Relative damping ratio vs frequency for test structure 1. 

 

Table 7.2. Damping for test structure 2 

Frequency Damp. Ratio(ς )    α    β  

18.42 0.0196 0.7101 0.0001 

45.07 0.0065 0.423 0.00015 

97.59 0.0116 0.9245 0.000133 

156.95 0.0117 1.5416 0.0001 

161.12 0.0118 1.9842 0.0001 

284.05 0.0127 3.5495 0.000033 

354.6 0.0133 4.4294 0 

488.18 0.014 5.02665 0 

573.07 0.0182 5.3530 0 
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Figure 7.2. Relative damping ratio vs frequency for test structure 2. 

 

7.1.2 Curve Fit Method 

Some equivalent curves can be obtained for above curves using 
MATLAB. Also it is possible to obtain α  and β  for curve fit. 

22
i

i
i

βω
ω
ας +=  will satisfy for the curve obtained for experimental 

values while MATLAB will give α and β  for equivalent curve obtained 
by curve fit method [7]. 

Fitted curves obtained for selected structures using MATLAB curve fit 
toolbox are shown in figures 7.3 and 7.4. The corresponding α  and β  
values are shown in table 7.3. 
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Figure 7.3. Rayleigh damping curve  fitted to test structure 1. 

 

 
Figure 7.4. Rayleigh damping curve  fitted to test structure 2. 
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Table 7.3. Curve fitted parameters. 

 Structure 1 Structure 2 

α  0.2013 0.1708 

β  0.00008 0.00016 

 

 

7.2 Constant Coefficient Rayleigh Damping 

FEDEM comes with assumed values for Rayleigh damping, in which 
mass proportional and stiffness proportional i.e. α andβ  are constant for 
each mode of each link. Assumed values for α  and β  are 0 and 0.005 
respectively. These values can be edited as per convenience [3]. 

By applying constant relative damping to all modes of the structure we 
can obtain equivalent values ofα andβ . To obtain such values one should 
know number of significant mode of the structure. Number of significant 
mode varies from structure and they are based on modewise mass 
participation of the structure. Generally the number of significant modes 
varies from 3 to 15.We will assume number. of significant modes equal to 
6 and 10 for structure one and two respectively. 

Using the equation  

  
22

i

i
i

βω
ω
ας +=  

for frequency range of the structure we will obtain values forα andβ . 
Frequency range of structure is nothing but frequencies of 1st and nth 

mode, where ‘n’ is the number of significant modes for the structure. Also 
for bolted metallic structures generally damping varies from 3% to 6%. 
These values can be obtained by some standard tables [1], as shown in 
table 7.4.  
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Table 7.4. Damping ratios for various systems [1]. 

 
 

After performing calculations for 3% and 5% relative damping, values of 
α  andβ  shown in tables 7.5 and 7.6 were obtained: 

 

Table 7.5. 3% relative damping. 

 Structure 1 Structure 2 

Freq. range 27.2-454.175 18.42 -573.07 

α  1.6007 1.0413 

β  0.0001 0.0001 

 

Table 7.6. 5% relative damping. 

 Structure 1 Structure 2 

Freq. range 27.2-454.175 18.42 -573.07 

α  2.6678 1.7355 

β  0.0002 0.0002 
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8.    Stress Response Analysis 

Responses are obtained for different damping models for same part of the 
structure under same loading condition. In the present study von Mises 
stress vs time is selected for comparison because such quantities are 
normally what is used for engineering judgments. They are also sensitive 
to model accuracy more than deflections, etc., since they are spatial 
derivatives of the primary variables. 
 

8.1 Procedure 

i) Obtained values of α andβ  are used for response analysis. 

ii) Some constant amount of load is applied on test structures for available 
damping models. 

 iii) Certain part of structure selected for response comparision by 
applying strain rosettes. 

iv) Time Vs Von Misces Stress plot obtained for both damping models for 
selected strain rosette. 

v) Conclusions are made by comparing obtained responses. 

 

8.2 Obtained Responses 

The obtained stress responses for assumed 3% and 5% damping, actual 
damping represented by sub range and curve fit methods, and FEDEM 
standard assumed values are shown in figures 8.1-8.6 for test structure 1 
and figures 8.7-8.12 for test structure 2.  
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Figure 8.1. Structure 1 response for 3% relative damping. 

 

 
Figure 8.2. Structure 1 response for 5% relative damping. 

 



 35

 
Figure 8.3. Structure 1 response for curve fitted damping. 

 

 
Figure 8.4. Structure 1 response for sub range adapted damping. 
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Figure 8.5. Structure 1 response for FEDEM standard assumed damping. 

 

 
Figure 8.6. Structure 1 comparison of response for curve fitted and sub 

range adapted damping. 
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Figure 8.7. Structure 2 response for 3% relative damping. 

 

 
Figure 8.8. Structure 2 response for 5% relative damping. 
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Figure 8.9. Structure 2 response for curve fitted damping. 

 

 
Figure 8.10. Structure 2 response for sub range adapted damping. 
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Figure 8.11. Structure 2 response for FEDEM standard assumed 

damping. 

 

 

 
Figure 8.12. Structure 2 comparison of response for curve fitted and sub 

range adapted damping. 
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9.   Discussion and Conclusions 

In present study the effect of actual damping on response of the structure 
is studied. Each structure is reduced by CMS and solved by using 
FEDEM simulation software. 

Iterative measurements and modelling has been carried out to obtain valid 
data for comparison with FE model simulation results. 

Damping parameters are determined for two test structures and Rayleigh 
damping parameters extracted for obtained damping values. 

The measurements show varying damping over modes. This means it is 
unrealistic to use constant damping ratio for all modes. 

Different approximations of the measured damping are investigated. 
Mode dependent Rayleigh damping is calculated in two ways namely 
Sub-range method and Curve fit method. In first method (Sub range 
method) individual parameters for each mode are calculated by 
considering small frequency range around each mode. In the second 
method (Curve fit) full frequency range for significant number of modes 
are considered. By obtaining Rayleigh damping curve by Curve fit 
method for experimental data damping parameters extracted. 

It is possible to express Rayleigh damping in terms of constant 
coefficients for some constant relative damping ratio for the structure.  

Stress responses for the above type of damping models are calculated and 
show that Sub-range method and Curve fit method shows some 
characteristic similarities in responses. Response obtained for curve fit 
method has about 10% less amplitude as that of Sub range method. But 
both responses are in phase, implying both methods could be used for 
applying proper damping values to a structure. 

If the measured damping characteristic over frequency defers from 
Rayleigh damping, then the Curve fit procedure is likely to produce less 
accurate results. 

For the studied structures the constant coefficient Rayleigh damping    
with 3% relative damping produces responses that resembles the results 
for the above approximations based on actual measured results, while a 
5% relative damping gives a significantly too damped response. This 
implies that a proper guess of frequency range and level of damping may 
lead to good approximations. However, this may not be the case for 
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structures in general. Another structure may have a damping characteristic 
that differ significantly from the studied ones, and could therefore be less 
suited for this approximation type. 

An interesting subject to future work could be to investigate these 
characteristics for different structures. 

The assumed damping values in the FEDEM software give responses that 
appear even more damped than the ones for 5% relative damping. This 
implies that other parameter values should be used for detailed response 
analysis of the studied structures. 

The present work has demonstrated the influence of a selection of 
damping approximations on the transient stress response of two studied 
structures. 

The results form a basis for a procedure to perform more detailed damped 
response analysis of structures. This could be useful for example in 
investigations of noise, harshness and fatigue. 
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