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Abstract 
In this thesis, the dynamics of two plates overlapping and connected by 
three bolts are studied. The data collected in the test are used in modal 
analysis.  The vibrational test and the modal analysis were made using an 
LMS system. Hammer excitation is used for the tests.  

The main purpose of this thesis is to study how the suspensions affect the 
extracted eigenfrequencies and modal dampings. In this thesis, more than 10 
suspensions were examined. Another objective in this thesis work is to build 
an FE-model. This model is made using the software Abaqus. To improve 
the reliability of the FE-model, a set of reliable experimental data is used to 
calibrate the model. The calibrated FE-model, using the measurement data, 
has a dynamic behavior close to the measurement data.  
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1. Introduction 
In industry, many applications of structural dynamics rely on accurate finite 
element (FE) models. Such a model consists of mass and stiffness matrices, 
which can be used for further applications such as prediction of response 
and life of the structure. 

Due to the complexity and uncertainty of a structure, an FE-model is often 
validated using vibrational data. However, it is common to use damping 
extracted from measurement data in the finite element model. Hence, 
damping cannot be validated. Therefore, it is important to find the best way 
to do a vibrational test in order to obtain accurate data.  

1.1 Background 

In order to obtain accurate measurement data, it is necessary to consider the 
excitation, response measurements and suspension of the test object. There 
are two commonly used ways to carry out the excitation of the modal 
testing; using a hammer or a shaker, which can be single-point excitation 
methods (James, G. H., 1995). These two ways of excitation have their own 
advantages. The number of the accelerometers may affect the data, so the 
responses measured using one or more accelerometers will here be 
compared. From the present research by Ashory (Ashory, M. R. 1998), the 
suspension of the plate also may affect the data of the modal parameters. For 
example, suspend the plate by fish lines or support the plate on some foams 
are different ways to suspend the plate. So finding out what affects the data 
is important. To achieve a typical conclusion, a structure which is composed 
of two steel plates assembled by three bolts is chosen as the studying object, 
see Figure 1. 
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Figure 1: Vibration test setup and equipment 

1.2 Aim and Purpose 

The main aim of this thesis work is to study how the experimental set-up 
affects the extracted eigenfrequencies and damping ratios. Another aim is to 
study how to design a vibrational test with different suspensions and extract 
the modal data. Then the accurate data can be used to validate the finite 
element model. 

1.3 Hypothesis and Limitations 

1. Hypothesis: 

The material properties for the plates and bolts are assumed the same. 

Limitation: 

The value of material properties may be different in reality. 

2. Hypothesis: 

The given sensitivity of accelerometers and force transducers are assumed 
correct. 

Limitation: 

The calibration of sensitivity and accuracy of the sensors may be out of data, 
which may lead to some errors. 



3 
Yaolun Wang 

  
 

 
 

3. Hypothesis: 

The impact point is assumed consistent for repeating the measurements 
which is used for averaging. 

Limitation: 

In hammer test, a tester may hit different points when repeating the 
measurement. 

1.4 Reliability, validity and objectivity 

The FE-model is built using Abaqus. This software is reliable in finite 
element analysis. It was widely used in mechanical engineering area. 
Different excitation points will be chosen. 

The exact data in the reliability and validity is crucial to the quality 
standards (Vernon, 1991). In the vibrational test, the effect from the internal 
forces, external force, the added masses, and different suspensions on the 
test object are considered. More than 10 types of suspension are designed to 
ensure the validity. All the data from the test are verified and compared. 
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2. Theory 
In this section, the theoretical and experimental modal analysis are 
introduced. The finite element method is also discussed and the relationship 
between modal analysis and finite element analysis is shown. 

2.1 Modal analysis 

Modal analysis is a method to determine the dynamic characteristics of a 
system. The characteristics include natural frequencies, damping factors and 
mode shapes. The mathematical model can be formulated and the dynamic 
behavior. The modal data can be solved for the ultimate goal of modal 
analysis is to identify the modal parameters of the system (He &Fu, 2001). 
Modal analysis can be used for vibrational fault diagnosis and forecast and 
optimization of the dynamic characteristics design of the structure. 

Modal analysis embraces theoretical modal analysis and experimental modal 
analysis. 

2.1.1 Theoretical modal analysis 

Theoretical modal analysis is a method to provide modal data of the system. 
A dynamic system consists of its mass, stiffness and damping properties. 
The relationship can be writing as an equation (He &Fu, 2001). The solution 
of the equation gives the mode shapes, eigenfrequencies and damping ratios. 
A physical model considers the properties in spatial distributions, which is 
the mass, stiffness and damping matrices.  

The finite element method (FEM) provides the discretization of most linear 
dynamic structures.  

2.1.1.1 Introduction of SDOF system 

Sometimes, a dynamic system can be idealized as a single-degree-of-
freedom, SDOF, (Ewins, 2000). Though, in most situations it should be an 
MDOF system, an SDOF system can also explain the vibration of the 
dynamic system. An example of a mass-damper-spring system is shown in 
the Figure 2.1.  
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Figure 2.1: A damped SDOF dynamic system (Ewins, 2000). 

 

The equation of motion of an SDOF system can be represented as follow: 
𝑚�̈� + 𝑐�̇� + 𝑘𝑢 = 𝑝(𝑡)                                                    (1) 

In which 

𝑚: Mass  

𝑐: Damping  

𝑘: Stiffness  

𝑝(𝑡): Force  

𝑢: Displacement response  

 

The general displacement for an SDOF system can be written as: 

𝑢(𝑡) = 𝑒−𝜁𝑤𝑛𝑡(𝐴𝑠𝑠𝑠𝑤𝑑𝑡 +𝐵 𝑐𝑐𝑠𝑤𝑑𝑡)                              (2) 

In this equation (2): 

𝐴 𝑎𝑠𝑎 𝐵 𝑎𝑎𝑒 𝑐𝑐𝑠𝑠𝑡𝑎𝑠𝑡𝑠.  

 ζ  is the damping ratio. 

𝜁 = 𝐶
𝐶𝐶𝐶

                                                                          (3) 

𝐶𝐶𝐶 is critically damping. 

wd is the damped circular natural frequency 

 wn is the undamped natural frequency. 
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𝑤𝑑 = 𝑤𝑛�1− 𝜁2                                                          (4) 

In this project, the data which are collected in the test are important for the 
modal analysis. The damped circular natural frequency which is studied in 
the SDOF can also be obtained in a vibrational test. The damping ratio is 
also an important property. In the SDOF system study, what the damping 
ratio is and where the damping ratio comes from are shown. 

2.1.1.2 Modal characteristics 

Frequency response function 

A frequency response function is a complex function, which describes the 
dynamic characteristics of the system in the frequency domain (Adams, 
1999).  

An SDOF system with a harmonic excitation is shown in Figure 2.1.With a 
harmonic excitation, equation (1) can be rewritten as 

𝑚�̈� + 𝑐�̇� + 𝑘𝑢 = 𝑝0𝑒𝑖𝜔𝑡                                                  (5) 

where ω is the forcing frequency (rad/s), which is varied over the frequency 
range of interest in the test (Roy R, 2006). 

In steady-state, the response of the displacement is:  

𝑢(𝑡) = 𝑝0 𝑘⁄
(1−𝐶2)+𝑖(2𝜁𝐶)

𝑒𝑖𝜔𝑡                                                   (6) 

In this equation  r = ω
ωn

  and 

ωn = �k
m

  : The natural frequency of the system.   

The corresponding frequency response is  

𝐻𝑢 𝑝⁄ (𝑓) = 1 𝑘⁄
(1−𝐶2)+𝑖(2𝜁𝐶)

                                                   (7) 

with 𝑢(𝑡) = 𝑈𝑒𝑖𝜔𝑡, the acceleration is  

𝑎(𝑡) = −𝜔2𝑈𝑒𝑖𝜔𝑡                                                           (8) 

So the accelerance is  

𝐻𝑎 𝑝⁄ (𝑓) = −𝜔2 1 𝑘⁄
(1−𝐶2)+𝑖(2𝜁𝐶)

                                          (9) 

Most sensors in vibrational test measure acceleration. 

Damping 
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Damping refers the kinetic energy with heat or other dissipative energies. 
Figure 2.2 shows the displacement of the underdamped system. The 
vibration of the system decays because of the damping. 

 
Figure 2.2: The under damping vibrational (Roy R, 2006) 

Damping helps to reduce resonance amplitude of a mechanical structure and 
to reduce mechanical noise. In a vibrational test, limitations can lead to 
damping changes. Examples are pre-load on bolts and boundary conditions 
from the suspension. 

The viscous damping can be denoted as matrix[C] in the N-DOFs system. 
For the free vibration system, the equation of motion is: 

[𝑀]�̈� + [𝐶]�̇� + [𝐾]𝑢 = 0                                             (10) 

The viscous damping matrix [C] can be modeled as Rayleigh damping 
which is proportional to mass and stiffness matrices. The damping matrix 
can be written as: 

[𝐶] = 𝛼[𝑀] + 𝛽[𝐾]                                                    (11) 

In which α and β are real positive constants. 

Inserting equation (11) into equation (10), the new equation of motion for 
the system can be written as: 

[𝑀]�̈� + {𝛼[𝑀] + 𝛽[𝐾]}�̇� + [𝐾]𝑢 = 0                           (12) 

The equation of the damping ratio is  

𝜁 = 𝛼
2𝜔

+ 𝛽𝜔
2

                                                             (13) 

2.1.2 Experimental modal analysis 

Experiment modal analysis is a technique which is used to extract the modal 
model of a vibrating system (He & Fu, 2001). Experimental modal analysis 
can be divided into three steps: test preparation, measurements and modal 
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parameter identification. Test preparation includes: selecting the excitation 
and response points, type of excitation and type of suspension. In frequency 
response measurements, the excitation and response time signals are record 
in the software and fast Fourier transform can be applied to obtain the FRF 
data. The data can be analyzed to identify modal parameters of the dynamic 
structure. 

2.1.2.1Measurement systems  

LMS is a system that can be used to do modal testing. This system is made 
by the company which was founded in Belgium. The measurement system 
consists of several parts: the software with computer, the data acquisition 
system, accelerometers and, in this case, an impact hammer.  

Hammer 

The impact hammer measures the input force (impulse force) transferred to 
the object under test. Using a built-in force sensor. The impact hammer used 
in this work is shown in Figure 2.3. 

 
Figure 2.3: Impact hammer 

Accelerometer 

The accelerometers are used for recording the accelerations at the 
measurement points. An example of the accelerometers used is shown in 
Figure 2.4. By carrying out signal processing, the displacement amplitude at 
the measurement point can be collected. Every sensor can electronically 
transmit information to the LMS software, and 15 sensors are here attached 
to the test object. 
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Figure 2.4: Accelerometer 

2.1.1.2Fourier analysis 

Fourier analysis is used to analyze the measurement data. 

Fourier transform is a method of signal analysis (He & Fu, 2001). In 
experimental modal analysis, Fourier transform is used to convert data in 
time domain to frequency domain.  The following equations show the 
Fourier transformation. 

Let 𝑥(𝑡)  be a time domain function with period T: 
𝑋(𝑡) = 𝑋(𝑡 + 𝑁𝑁)                                                      (14) 

The fundamental frequency f is dictated by the period such as f = 1
T
. The 

contribution to 𝑥(𝑡) by a sinusoid with frequency fk is  

𝑋(𝑓𝑘) = 1
𝑇 ∫ 𝑋(𝑡)𝑒

−𝑗2𝜋𝑘𝑘
𝑇 𝑎𝑡

𝑇
2
−𝑇2

                                         (15) 

When the period approaches infinity, x(t) becomes a non-periodic signal. 
The Fourier series defined in equations becoming the Fourier transform: 

 
𝑋(𝑓) = ∫ 𝑋(𝑡)𝑒−𝑗2𝜋𝑓𝑡𝑎𝑡+∞

−∞                                           (16) 

2.1.2.2 The process of measurement 

Build a geometric model like the object in LMS software, and point out the 
sensor’s locations on the geometry. Afterwards, set the channels about the 
inputs and outputs (the hammer and the sensors). 

Two notes need to be mentioned: 
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1. Each point will be hit five times. Try to make the force adjust in the 
scope range and make sure every hit has the same force. Though it is 
impossible, the forces in the test should be as similar as possible. 

2. The hits by the impact hammer should not be double hits. Double 
hits will usually produce inconsistent, uneven force spectrum. 

Sometimes double-hits are still inevitable. Two examples of the double hits 
are shown in Figure 2.5. Usually, for small damping structures, the structural 
response often results in double hits. Many double hits are caused by 
inexperienced testers.  

 

Figure 2.5: examples of double hits (Ewins, 2001) 

The data will only be collected after five good hits. The location of 
eigenfrequencies can be seen in the FRF graph. The range of the frequency 
interested in the test is from 0 to 500 Hz. To find the first lowest mode, that 
is the first bending mode and then the other bending and torsion modes. 

2.2 Finite element analysis 

2.2.1 Finite element method 

Finite element method (FEM) is a useful mathematic technique (Sukumar, 
2000). The finite element model divides a large area into many small simple 
areas. The solution is an approximative solution because it uses many simple 
elements. If every element is small enough, they can give high accuracy in 
the total situation. Because the finite element method can be used for a lot of 
complex shapes, it has become a popular engineering analysis tool (Ottosen, 
Petersson 1992). 

An example, explaining how the finite element method works, is shown 
below. Figure 2.6 shows the arbitrary body equilibrium for linear elasticity.  
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The arbitrary body forces are traction vector t over the boundary S. In the 
region V, the body force is b.  

 
Figure 2.6: Arbitrary body equilibrium sketch (Ottosen, Petersson 1992) 

For three dimensional elasticity problems we have in the interior of the 
region: 

                   𝛻�𝜎 + 𝑏 = 0      (𝐸𝐸𝑢𝑠𝐸𝑠𝑏𝑎𝑠𝑢𝑚) 

𝑡 = 𝑆𝑠 = ℎ        on  𝑆ℎ                                                                                 (17) 

                    𝑢 = 𝑔                on 𝑆𝑔 

By the equation (17), we have: 

𝛻�𝑇 =

⎣
⎢
⎢
⎢
⎡
𝜕
𝜕𝜕

0 0

0 𝜕
𝜕𝜕

0

0 0 𝜕
𝜕𝜕

𝜕
𝜕𝜕

𝜕
𝜕𝜕

0

0 𝜕
𝜕𝜕

𝜕
𝜕𝜕

0 𝜕
𝜕𝜕

𝜕
𝜕𝜕⎦
⎥
⎥
⎥
⎤

                                   (18) 

𝜎 =

⎩
⎪
⎨

⎪
⎧
𝜎𝜕𝜕
𝜎𝜕𝜕
𝜎𝜕𝜕
𝜎𝜕𝜕
𝜎𝜕𝜕
𝜎𝜕𝜕

                                                                      (19) 

𝜐 = �
𝜐𝜕
𝜐𝜕
𝜐𝜕

 ,                𝑏 = �
𝑏𝜕
𝑏𝜕
𝑏𝜕

                  𝑡 = �
𝑡𝜕
𝑡𝜕
𝑡𝜕

                          (20) 

The weak form of the equilibrium equations 

∫ (𝛻�𝜐)𝑇𝜎𝑎𝜎 = ∫ 𝜐𝑇𝑡𝑎𝑆𝑆 + ∫ 𝜐𝑇𝑏𝑎𝜎𝑉𝑉                               (21) 
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In the finite element method, the real model will be divided into some 
numbers of elements. Then, the shape function can be used for every single 
element. 

Introduction of the approximations for both u and 𝜈, u is the shape function 
𝑢 = 𝑁𝑎;     𝜈 = 𝑁𝑐                                                        (22) 

Since ν is arbitrary, the c  vector is arbitrary. Moreover, we have 

𝛻� = 𝐵𝑐                                                                    (23) 

So the FE formulation is: 

∫ 𝐵𝑇𝜎𝑎𝜎 = ∫ 𝑁𝑇𝑡𝑎𝑆𝑆 + ∫ 𝑁𝑇𝑏𝑎𝜎𝑉𝑣                                  (24) 

This formulation is suited for every element. In the global model, all 
elements are assembled. 

2.2.2 Finite element analysis 

Finite element analysis is a method to build a simulation model to represent 
a real physical system. This simulation model can be used to make dynamic 
analyses. 

Usually, finite element models are built by software such as ABAQUS. 
ABAQUS is often used to simulate complex models and deals with highly 
nonlinear problems (Dassault Systemes, 2008).  

2.3 Relationship between modal analysis and finite element analysis  

The modal analysis and the finite element analysis have the follow relations: 

1. The measuring points, excitation points, support points (suspension 
points) in the modal test can be determined according to the model 
which is built using finite elements. 

2. The data from the modal test can be used to calibrate the finite 
element model. That can make the finite element model agree better 
with the real situation. 
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3. Method 
In this section, several test set-ups have been designed to study the effects on 
the damping ratio in the vibrational test. Data from vibrational tests are used 
to validate the analytical model. In this thesis, a hammer excitation and one 
or 15 sensors are used. 

3.1 Experimental testing 

3.1.1 Structure under test 

The structure tested consists of two steel plates which are connected by three 
M16 bolts. The material of this plate is steel and the density is 7800 kg/m3. 
The structure is shown in Figures 3.1 and 3.2. The properties are shown in 
Table 3.1. 

 

 
Figure 3.1: 2D design picture of the two steel plates joined by three M16 bolts. The dimensions are 

given in[cm]. 
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Figure 3.2: Two plates and the bolts 

Table3. 1: The properties of the structure 

 long plate short plate each bolt 

Mass (g) 1430.4 992.9 87.7 

Length (cm) 44.0 30  

M16 Width (cm) 14.5 14.5 

Depth (cm) 0.3 0.3 
 

3.1.2 Experimental setup 

The experiments were made using an LMS system and a hammer excitation. 
In most of the measurements, 16 channels (15 for accelerometers and 1 for 
the force transducer) were used. A sampling frequency of 4096Hz was used 
in all measurements. 

The accelerations were recorded using accelerometers. They are uniformly 
distributed on the structure which can be seen in Figure 3.3.  

 
Figure 3.3: The position of sensors shown on the structure tested. 
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Using the accelerometer at point 1 as a reference point, the coordinates of 
other accelerometers given in [cm] are shown in Table 3.2. 

Table 3.2: The coordinates of the accelerometers given as (Δx, Δy) in relation to accelerometer 1. 

Sensor No.  coordinates Sensor No. coordinates 

1 (0, 0) 9 (35, 14.5) 

2 (0, 7.25) 10 (51.5, 0) 

3 (0, 14.5) 11 (51.5,7.25) 

4 (18.5, 0) 12 (51.5, 1.5) 

5 (18.5, 7.25) 13 (70, 0) 

6 (18.5, 14.5) 14 (70, 7.25) 

7 (35, 0) 15 (70, 14.5) 

8 (35, 7.25)   
 

3.1.3 Experimental case studies  

Obtaining correct data is the most important task in modal analysis and 
correct data can be used to improve FE-models. Different experimental 
setups lead to different results. In this work, 10 different suspensions 
attempted to give close to free-free conditions, were examined, see section 
3.1.3.1. Two different tests with different numbers of accelerometers are 
also made, which is explained in section 3.1.3.2. To study the effect of 
loosening bolts, a comparison between tight and loose bolts is shown in 
section 3.1.3.3. 

3.1.3.1 Different suspensions plans 

Different types of suspension add different boundary conditions to the 
structure. 

The ten different suspensions have been designed and the data have been 
compared to find the best suspension. Table 3.3 and Figure 3.4 show the 
different designs. The pictures of the suspension are attached in the 
appendixes.  
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Figure 3.4: The ten suspensions examined. 

 

Table 3.3: The ten different suspensions plans 

Test 
No. 

Hanging 
orientaions 

Suspension descriptions 

1 vertical 1 fish line, suspension in point 2 

2 vertical 2 fish lines, suspension in point 1 and 3 

3 horizontal 2 fish lines, suspension in point 4 and point 10 

4 vertical 2 fish lines and 10 rubber bands, suspension in point 2 

5 vertical 2 fish lines and 20 rubber bands, suspension in point 2 

6 horizontal 2 fish lines and 10 rubber bands, suspension in point 4 and 10 

7 horizontal 2 belts, suspension in two sides with the plate vertically 
arranged 

8 horizontal 2 belts, suspension in two sides with the plate horizontally 
arranged 

9 horizontal 4 balls, support the plate at four corners 

10 horizontal 3 pieces of foams, support the plate 

 

 



17 
Yaolun Wang 

  
 

 
 

3.1.3.2 One sensor vs. 15 sensors 

In ideal conditions, the system should be free-free. However, it is impossible 
to have a real free-free system. The reason is that sensors are connected by 
wires and these wires will limit the movement of the plate. The added mass 
of the sensors may also affect the damping. 

Different measurements can be carried out. One way is to put 15 sensors on 
the plates, and hit one point to get the FRFs. The data are collected from all 
sensors. The other way is using one sensor on a suitable point (that gives 
enough response at every point), and to hit one measurement point. Put the 
sensor to another measurement point and repeat this measurement 15 times 
to ensure every measurement point has been tested. The data are collected. 
Figure 3.5 shows the different setups. 

 
Figure 3.5: 1 sensor vs. 15 sensors 

3.1.3.3 High preload on bolts vs. low preload on bolts 

With the high preload on bolts, the two plates will be connected tightly. 
With low pre-force, the damping may increase.  

3.2 Finite element analysis 

3.2.1 FE model built 

To conduct finite element analyses of the jointed plates that are tested, an 
FE-model was built using Abaqus. The FE-model should have the same 
properties as the real structure. The model consists of shell (CQUAD) 
elements which are joined by rigid elements. The pre-load situation is not 
included in this task. In the FE-model the bolts are replaced by three point 
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masses. The model is shown in Figure 3.6.  The density of plates and bolts 
were calculated using equation (26) 

𝜌 = 𝑚
𝑉

                                                                        (26) 

Where ρ is density, m is mass and the V is the volume of all parts. In this 
model, the density is 7621Kg/m3. 

 
Figure 3.6: The FE-model 

The model has been meshed and it has been divided into equal squares with 
side lengths equal to one centimeter. Every measurement point can be found 
on the node of the mesh lines. The meshed model is shown in Figure 3.7. 

 
Figure 3.7: The mesh seeds for the FE-model 

The meshed model had a lot of nodes. The nodes corresponding to the 
measured points, in the experiments, are shown in Table 3.4. This FE-model 
simulates the suspension design 1, so the boundary condition is the 
limitation on the Y direction of point 64. The assumed critical damping 
(equal to 1%) has been applied to the FE-model. 
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Table 3.4: Corresponding nodes in FE-model compare with measurement points. 

Measurement  point direction Abaqus node 

1 +Z 67 

2 +Z 64 

3 +Z 59 

4 +Z 53 

5 +Z 65 

6 +Z 60 

7 +Z 19 

8 +Z 30 

9 +Z 25 

10 +Z 3 

11 +Z 8 

12 +Z 10 

13 +Z 2 

14 +Z 7 

15 +Z 9 
 

3.2.2 The Analysis process 

After the FE-model is built, the next step is to select the types of analysis. 
The first step is selecting ‘Frequency’ to get the eigenvalues in Abaqus. The 
next step is choosing the Linear Perturbation to obtain the eigenvalues and 
select ‘Steady-state dynamics modal’ to get FRF. A unit force is applied at 
node 53, node 60 and node 25 in order to be close to the experiment. After 
running this task, the FRF can be found.  

3.3 Model calibration 

The FE-model is used for simulating the real situation in the experiment, and 
calculating the modal properties. To make the FE-model close to the 
experimental model is important. In order to get a better FE-model, the 
model calibration should be done according to the test data.  

In this thesis, the modal damping from the vibrational test is used in the FE-
model. The modal damping from the test is the only property that can be 
applied to the FE-model.  
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4. Results and Analysis 

4.1 Results and Analysis of the different suspensions 

The frequency and damping ratio of each of the different suspensions tested 
are shown in Tables 4.1and 4.2. Most of the results are similar and reliable. 
However, when it comes to the suspensions of bubbles and balls, the results 
are not reasonable because the damping ratios are very large. 

Table 4.1: Natural frequencies for the ten different suspension plans  

Mode no. natural frequency  f (Hz) 

Suspension 
type No.  

1  2  3  4  5  6  7  8  9  10  

Mode 1 30.61 30.73 30.33 30.57 30.57 30.35 30.25 30.17 36.58 38.50 

Mode 2  84.29 84.43 84.30 84.05 84.67 84.33 84.20 84.14 89.37 87.01 

Mode 3  99.46 99.42 99.52 99.30 99.13 99.43 99.42 99.29 108.94 101.47 

Mode 4  166.89 166.76 166.75 166.66 166.61 166.65 166.55 166.92 171.22 167.09 

Mode 5  192.99 192.93 193.14 192.85 192.84 192.28 193.24 193.66 196.41 194.38 

Mode 6  270.91 270.52 270.62 270.36 270.44 270.74 270.76 270.93 273.64 270.42 

Mode 7  299.82 299.91 300.08 299.55 299.95 300.34 300.28 300.81 304.88 300.06 

Mode 8  418.87 418.65 418.54 418.87 418.81 418.82 418.27 419.24 424.07 416.27 

Mode 9  439.99 439.79 440.22 440.18 440.33 440.11 439.45 442.08 451.26 439.64 

 

Table 4.2: Damping ratios for the ten different suspension plans  

Mode no. Damping ratio  [%] 

Suspension 
type No.  

1  2  3  4  5  6  7  8  9  10  

Mode 1 0.80 0.68 0.53 0.70 0.64 0.38 0.38 0.30 1.23 1.14 

Mode 2  0.38 0.35 029. 0.41 0.07 0.37 0.37 0.33 3.41 2.45 

Mode 3  0.31 0.22 0.39 0.26 0.31 0.42 0.43 0.82 2.91 1.94 

Mode 4  0.26 0.2 0.26 0.33 0.26 0.32 0.32 0.40 0.68 0.53 

Mode 5  0.17 0.15 0.19 0.16 0.33 0.44 0.61 0.52 0.63 0.68 

Mode 6  0.19 0.28 0.19 0.14 0.27 0.09 0.10 0.20 1.87 1.51 

Mode 7  0.22 0.17 0.26 0.29 0.27 0.19 0.30 0.38 0.28 0.40 

Mode 8  0.25 0.20 0.19 0.24 0.19 0.14 0.14 0.16 0.86 0.41 

Mode 9  0.21 0.20 0.44 0.17 0.46 0.33 0.34 0.45 0.37 0.45 

 

The FRF curves for the different excitation points are shown in Figure 4.1.  
From the figure, exciting point 9 gives the most comprehensive peaks (mode 
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shapes). From the curve for excitation at point 6, it is hard to see the third 
bending moment. That is mainly because excitation point is a nodal point of 
that mode. 

 

 
Figure 4.1: The FRF curve for excitation at point 6 and 9 

4.2 Results and analysis of testing using different number of 
accelerometers 

Different numbers of sensors lead to different FRFs and damping ratios. 
Table 4.2 shows the natural frequencies and damping ratios for 15 sensors vs. 
1 sensor. Figure 4.2 shows the corresponding FRF curves.  

The curve of one sensor shows all modes clearly, see Figure 4.2. The 
displacement for the case with 15 sensors is smaller than the case with 1 
sensor, see Table 4.2. The damping obtained from the test with 1 sensor is 
much smaller than for the test where 15 sensors are used. While the natural 
frequency of each mode is larger in the one sensor’s experiment. The reason 
for the results is that the sensors add mass to the model and the cables on the 
sensors limit the movement and vibration of the model. However, it was 
pretty hard to make a good hit when there was only one accelerometer in the 
measurement.  
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Figure 4.2: The FRFs for 15sensors vs.1sensors 

 

Table 4.2: 1 sensor vs. 15 sensors in the same suspension case 

 
15 sensor 1 sensor 

 

Mode no. 
f 

[Hz] 

Damping ratio 

[%] 

f 

[Hz] 

Damping ratio 

[%] 
Mode shape 

Mode 1 30.68 0.80 31.19 0.04 First bending mode around x 

Mode 2 84.30 0.38 85.70 0.03 Second bending mode around x 

Mode 3 99.46 0.31 100.11 0.03 First torsion mode 

Mode 4 166.90 0.26 169.77 0.03 Third bending mode around x 

Mode 5 192.99 0.17 196.41 0.01 Second torsion mode 

Mode 6 270.92 0.19 273.54 0.04 Fourth bending mode around x 

Mode 7 299.83 0.22 305.14 0.03 Third torsion mode 

Mode 8 418.87 0.25 424.88 0.02 Fifth bending mode around x 

Mode 9 440.00 0.21 451.61 0.06 Fourth torsion mode 

 

4.3 Results and analysis of the influence of pre-loads on bolts 

The results for natural frequencies and damping ratios for the tight and loose 
bolts cases are shown in Table 4.3. The FRF curves are shown in Figure 4.3. 

The damping ratios in the loose bolts case are much bigger than the tight 
bolts case. The natural frequencies in the loose bolts case are smaller than 
the tight bolts case. In Figure 4.3, the curve for the loose bolts case shows a 
lot of noise. The reason for the results is that the low pre-load case has 
nonlinear effects. The two plates have relative movement when the bolts are 
loose.  

 
Figure 4.3: The FRF for low pre-load bolts and high pre-load bolts  
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Table 4.3: High pre-load vs. low pre-load on bolts in the same suspension case 

 
High pre-load(6Nm) Low pre-load 

 

Mode no. 
frequency 

[Hz] 

Damping 
ratio 

[%] 

frequency 

[Hz] 

Damping 
ratio 

[%] 
Mode shape 

Mode 1 31.19 0.04% 24.80 1.82% First bending mode 

Mode 2 85.70 0.03% 78.13 0.57% Second bending mode  

Mode 3 101.11 0.03% 93.89 0.17% First torsion mode 

Mode 4 169.77 0.03% 158.14 0.73% Third bending mode  

Mode 5 196.41 0.01% 186.58 0.25% Second torsion mode 

Mode 6 273.54 0.04% 232.40 1.56% Fourth bending mode  

Mode 7 305.14 0.03% 293.55 1.38% Third torsion mode 

Mode 8 424.88 0.02% 372.12 1.69% Fifth bending mode  

Mode 9 451.61 0.06% 425.53 0.08% Fourth torsion mode 

 

4.4 Result and analysis of the nominal and calibrated FE-models  

4.4.1 The nominal FE-model 

The eigenfrequencies for some modes stemming from the nominal model 
with the assumed relative damping 0.01 and the Young’s modulus 2.1 ×
1011 , and experimental data are shown in Table 4.4. The data show that 
there are big differences. An example of an FRF stemming from the nominal 
FE-model is shown in Figure 4.4. The main reason is the property of the 
model in ABAQUS. That was not fit to the real model. This is the aim of 
this thesis –apply the measurement data on FE-model. 
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Figure 4.4: An example of FRF stemming from the nominal FE-model 

Table 4.4: the natural frequency from nominal FEM compare with EMA 

 EMA data nominal FEM data 

Mode no. 
frequency 

[Hz] 
Damping ratio 

frequency 

[Hz] 

Damping ratio 

 

Mode 1 31.19 0.04 33.14 0.01 

Mode 2 85.70 0.03 90.42 0.01 

Mode 3 101.11 0.03 105.3 0.01 

Mode 4 169.77 0.03 179.82 0.01 

Mode 5 196.41 0.01 193.93 0.01 

Mode 6 273.54 0.04 295.91 0.01 

Mode 7 305.14 0.03 310.03 0.01 

Mode 8 424.88 0.02 451.18 0.01 

Mode 9 451.61 0.06 477.09 0.01 

4.4.2 The calibrated FE-Model 

The calibrated data with natural frequency which are comparing with the 
EMA data are shown in Table 4.5. In this FE-model, the damping ratios are 
from the EMA instead of the old one (in which every modal damping were 
assumed as 0.01) and the Young’s modulus is fixed to 1.9 × 1011.  After 
these modifications, the calibrated model‘s property is near the experimental 
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data, which can be seen in Table 4.5. An FRF of the calibrated model is 
shown in Figure 4.5. 

 
Figure 4.5: An example of FRF stemming from the calibrated FE-model 

Table4.5: The frequencies compare with the EMA and calibrated FEM 

 EMA data Calibrated FEM data 

Mode 
no.  

f 

[Hz]  

Damping ratio f 

[Hz]  

Damping ratio 

 

Mode 1  31.19 0.04  31.522  0.04  

Mode 2  85.70 0.03  86.009  0.03  

Mode 3  101.11 0.03  100.11  0.03  

Mode 4  169.77 0.03  171.04  0.03  

Mode 5  196.41 0.01  184.46  0.01  

Mode 6  273.54 0.04  281.47  0.04  

Mode 7  305.14 0.03  294.90  0.03  

Mode 8  424.88 0.02  429.16  0.02  

Mode 9  451.61 0.06  453.80  0.06  

 

For the new model, the shape for every mode is shown in Figure 4.6.  
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Figure 4.6: the mode shape for some modes stemming from the FE-model 
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5. Discussion and conclusions 
The results show that the way to suspend the plates has a huge influence for 
the test data. Especially that is for the damping ratios. 

Among the ten suspension cases, some are unsuitable to represent the free-
free condition. For example the jointed plates supported with 4 balls. The 
FRFs have large discrepancy from the FRFs stemming from a free-free 
condition. So it is better to hang the structure with lines in order to make this 
system more like a free-free system.  

The data from the other of suspension designs are similar. From these, the 
number 1 design is the best. In this, the structure is suspended at point 2 by a 
fish line vertically and the excitation is at point 9. This design gives nearly a 
free-free system.  

The number of attached accelerometers has significant influence for the test 
data. That means it needs to be ensured that the sensors and the cables do not 
affect the damping estimates. The damping found using 15 sensors is much 
bigger than these found from the one sensor situation. That is because the 
mass of the sensors affect the model and the cables limit the displacement of 
the test object. The analysis shows that in vibrational tests on a small 
structure, the number of sensors cannot be too many. The way to solve this 
problem is to test the model with one sensor and impact all locations.  

The different pre-load on the bolts lead to big differences in the damping. 
The damping ratio in the tight bolts case is much smaller than the damping 
ratio in the loose bolts case.  

The calibrated FE-model is similar to the experiment. After applying the 
damping ratios from the EMA, the natural frequencies and FRF curves 
between the FE-model and the experiment model agrees better. 
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APPENDIX 1: The project time Schedule 

 
Figure:project time plan 

 

Table 2: time plan 

task name  task time (from April 7 to May 28) 

thesis work  week1 week2 week3 week4 wee5 week6 week7 wee8 Week9 

collect information            

vibrational test             

data analysis             

FEM-model build            

compare the 
different data             

make the 
conclusion             

write the report                   

presentation                   
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APPENDIX 2: Project pictures 

 
Figure A-1: the experimental environment in lab and model suspented by fish lines in horizontal 

 
Figure A-2: Model suspented by two belts in horizontal 

 



 

 
Figure A-3: Model support on 4 balls  

 
Figure A-4: the model with one sensor and excited by hammer 

  



 

 

 
Figure A-5: The FRFs with 15 sensors which are collected by LMS  

 
Figure A-6: The FRFs with 1 sensor which are collected by LMS  

 
Figure A-7: The FRFs with 1 sensor and  the bolts have releasing preload 
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