ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE

ENGINEERING AND TECHNOLOGY

IDENTIFICATION, MODELLING AND OPTIMISATION OF
STRUCTURES WITH PASSIVE DAMPING TREATMENTS

Ph.D. THESIS

Hasan KORUK

Department of Mechanical Engineering

Mechanical Engineering Programme

JUNE 2013






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE

ENGINEERING AND TECHNOLOGY

IDENTIFICATION, MODELLING AND OPTIMISATION OF
STRUCTURES WITH PASSIVE DAMPING TREATMENTS

Ph.D. THESIS

Hasan KORUK
(503082009)

Department of Mechanical Engineering

Mechanical Engineering Programme

Thesis Advisor: Prof. Dr. Kenan Y. SANLITURK

JUNE 2013






ISTANBUL TEKNIiK UNIiVERSITESI * FEN BIiLIMLERI ENSTITUSU

PASIF SONUMLU YAPILARIN
KARAKTERIZASYONU, MODELLENMESI VE OPTIMIZASYONU

DOKTORA TEZi

Hasan KORUK
(503082009)

Makine Miihendisligi Anabilim Dah

Makine Miihendisligi Program

Tez Danmismani: Prof. Dr. Kenan Y. SANLITURK

HAZIRAN 2013






Hasan Koriik, a Ph.D. student of ITU Graduate School of Science Engineering
and Technology student ID 503082009, successfully defended the dissertation
entitled “IDENTIFICATION, MODELLING AND OPTIMISATION OF
STRUCTURES WITH PASSIVE DAMPING TREATMENTS”, which he
prepared after fulfilling the requirements specified in the associated legislations,
before the jury whose signatures are below.

Thesis Advisor :  Prof. Dr. Kenan Y. SANLITURK ~ .....ccoooviiviicee,
Istanbul Technical University

Jury Members : Prof. Dr. H. Temel BELEK s
Istanbul Technical University

Prof. Dr. A. Riistem ASLAN ...,
Istanbul Technical University

Prof. Dr. Yavuz YAMAN
Middle East Technical University

Associate Prof. Dr. ipek BASDOGAN ..o,
Kog University

Date of Submission : 24 April 2013
Date of Defense : 10 June 2013



Vi



To my wife and mother,

vii



viii



FOREWORD

I would like to thank and express my deepest gratitude to my supervisor, Prof. Kenan
Y. Sanlitiirk, for his invaluable guidance and suggestions, and intimate support. His
scientific knowledge and creative thinking always strike me with admiration.

I would like to thank to the thesis jury members, Prof. H. Temel Belek and Prof. A.
Riistem Aslan for their supports and encouragements. Also, | would like to thank to
all the members of the Machine Theory Group of the Mechanical Engineering
Department at ITU.

I would like to specially thank to Prof. Rajendra Singh from The Ohio State
University for providing me the opportunity to do research in the Acoustics and
Dynamic Laboratory at the Department of Mechanical and Aerospace Engineering
and his continual guidance during my research there. | want also thank to Dr. Jason
T. Dreyer, Dr. O. Taha Sen and all the people from the Acoustics and Dynamic
Laboratory for their help and encouragement.

I also would like to thank to ITU Rectorship and Tingel Kiiltiir Vakfi for their

financial supports to do research at The Ohio State University.

Lastly, I would like to thank to my wife and my family for their love.

June 2013 Hasan KORUK
(Mechanical Engineer)






TABLE OF CONTENTS

Page

FOREWORD ..ottt sttt sttt et saestenneeneene e iX
TABLE OF CONTENTS ...ttt et Xi
ABBREVIATIONS ..ottt st XV
LIST OF TABLES ... XVii
LIST OF FIGURES ......coooioiie ettt XiX
SUMMARY et ne s XXl
(072 3 NPT XXVii
1. INTRODUCTION. ...ttt sttt 1
I 1] o] 1= o USRS 1
1.2 LItErature REVIEW .....c.eiuiiiieiieieiie ittt sttt bbb 3
1.2.1 MAterial tESTING .....ooveiviieieiiiieee e 3
1.2.1.1 Material testing methods.............cccocveviiiieii e 3
1.2.1.2 Oberst beam method ..........ccooiiiiiei e 4

1.2.2 Experimental identification of damping levels of structures ...................... 5
1.2.3 Damping PrediCtioN.........cccoviieierieie st 7
1.2.4 Quantification of non-proportional damping ..........ccccceevevvieiiieieicie e 9
1.2.5 OPLIMISALION ..ottt 10
1.2.5.1 Optimisation teChNIQUES.........cecveiieiiec e 10

1.2.5.2 Damping OPtIMISALION ........ccveiviiiiriirieriesiieieee e 11

1.3 Objectives 0f The TheSIS......c.cciiiiieeice e 12
1.4, OUtline Of The TRESIS....ccveiieiecieeeee et 13

2. IDENTIFICATION OF DAMPING MATERIALS ......coooo it 15
P20 A 15 0o [ od 1 o] USSP 15
2.2 Damping MaterialS ..........ocveiieiiiie e 16
2.2.1 VISCOBIASTICITY ...ttt 16
2.2.2 Vibration damping .........cccoceeiiiiieiieeie e 17
2.2.2.1 HYSEEIESIS 100D ....ouviviiiieieiieeee et e 17
2.2.2.2 ComplexX MOAUIUS ........ccciveiiiicceee et 19

2.2.3 Effects of environmental factors...........ccooevviieiieenie e 20
2.2.4 Passive damping treatmentsS..........ccoceiiieieeiiiiee e 21
2.2.5 Material testing MetNOGS ..........ccviiiiiieic e 22

2.3 Oberst Beam Method (OBM).........ooveiiiiiiieiece e 22
2.3.1 Determination of mechanical properties of materials............c.ccoovvvennnen. 25
2.3.1.1 Bending vibration of an Oberst beam: Theory.........c.cccccevviiieinnnne. 25

2.3.1.2 Extraction of material properties..........ccocvvveveieneneneneseseeeees 28

2.4 Preparation of The Test Rig: Assessment of Oberst Rig Parameters............... 29
2.5 ElectromagnetiCc EffECt ..o 34
2.5.1 INEFOAUCTION ...t 34
2.5.2 EXperimental STUAY .........cocvoiiiiiiiiee e 36
2.5.3 Theoretical modelling of electromagnetic effect ............ccccoevvviiieiinnne. 42

Xi



2.5 RESUIES ..ottt e e e e e e e 48

2.5.5 Removing the adverse effects of electromagnetic excitations................... 53

2.6 Determination of Mechanical Properties of Sample Materials ........................ 59
2.7 ConCluding REMAIKS .......ccoiiiiiieieieee e 61
3. IDENTIFICATION OF DAMPING UNCERTAINTY ..ot 63
20 A 115 0o 1 od 1 o ISR UTTURTRRR 63
3.2 Theoretical BaCKgrouNnd ............ccooviieiieiiiie e 64
3.2.1 Frequency response function estimations ............ccccceverereneniniesisieenenns 64
3.2.2 SigNnal t0 NOISE FALI0......ceeiiieieiieie e 67
3.2.3 System 1dentifiCatiON.........coveiiiiiie e 67
3.2.3.1 Half-power method ...........cccooveiiiiiieece e 67
3.2.3.2 Circle-fit Method .......ccooiiieiee e 68
3.2.3.3 LINe-fit MethOd.........cciiiiiiieieiee s 70

3.3 Damping Uncertainty Due to Noise: Numerical Simulation.............cccccccceeuee. 72
3.4 Damping Uncertainty Due to Exponential Windowing: Experimental Study .80
3.4.1 Numerical damping due to exponential windowing and its removal........ 80
3.4.2 FRF MEASUIEIMENTS ......eeiiieiiieiiie ettt 82
B3 RESUILS ..ot 85

3.5 Concluding REMAIKS ........cciuiiieiicie e 89
4., MODELLING DAMPED STRUCTURES........c.coeiiieieiecese e 91
o I 10T (3 Tox o] TSRS P TR TRPRURPRTR 91
4.2 A Damping Prediction Approach Based on The MSE Method ....................... 92
4.3 Formulation of A Composite FE with Damping Capability ..............ccccveneenne. 94
4.4 Comparisons and Experimental Validation............ccoceveiiniiiiiiiiieen, 99
4.4.1 Test case I: Undamped Shell............coooveiiiiicieee e, 99
4.4.2 Test case 1I: Completely damped beams...........cccooeveiiiininenesinseeenn 102
4.4.3 Test case 1I: Partially damped beam ............cccccoovevviiciiece e 104
4.4.4 Test case 1V: Damped U-plate ... 105

4.5 Assessment of The Damping Prediction Procedure Based on MSE Method. 108
4.6 ConCluding REMAIKS ........oouiiiiiiiiiieiee e 117
5. QUANTIFICATION OF MODE SHAPE COMPLEXITY ......ccccevvrinnnn. 119
T8 A 11 0o 1 od 1 o] USSR 119
5.2 Existing Parameters: State-0f-The-Art.........c.ccccovveiiiiiiecccc e, 120
5.3 A Novel Parameter for Quantification of Mode Shape Complexity .............. 122
5.4 Comparisons and Validation ............cccccceveeiiiiciicce e 126
5.4.1 Proportionally damped SYStEM ..........cceiveiiiiiiiieie e 128
5.4.2 Non-proportionally lightly damped SyStem ..........ccccooeviiininiiienicienn, 129
5.4.3 Non-proportionally highly damped system..........ccccceevvevecieieececienen, 131

5.5 Concluding REMAIKS .........oiiiiiiiiiieie s 135
6. PASSIVE DAMPING OPTIMISATION .....ccccoiiiiiiiiieeee e, 137
G T0 A 11 oo [ od 1 o] USSR 137
6.2 Optimisation ProCEAUIE .........ccveiieieee e 138
6.2.1 Statement of the optimisation problem ..., 138
6.2.2 Selection of the optimisation method............ccccevieiiiiiie i, 139
6.2.3 The Big Bang-Big Crunch (BB-BC) method..........cccccooceiiiiniiiniiienn, 140

6.3 RESUILS ...ttt 142
6.3.1 Damping optimisation for a single Mode ...........ccccooerininenininincenn 143
6.3.2 Damping optimisation for multiple modes...........cccoovveviiiviciieciic e, 146

6.4 ConCluding REMAIKS ........ccoiiiiiiiiiieie s 148
7. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK ............ 149

Xii



7.1 Conclusions............

7.2 Suggestions fOr FULUIE WOTK .........cccoeiiiiiiiieeeeeee e

REFERENCES...............

CURRICULUM VITAE

Xiii



Xiv



ABBREVIATIONS

BB-BC
BC
CE
DFR
DFT
DM
DOF
FE
FT
FRF
GA
MCC
MCF
MDOF
MIMO
MP
MPC
MPD
MSC
MSE
OBM
RDT
SDOF
SE
SIMO
SNR
STFT
WT

: Big Bang-Big Crunch

: Boundary Condition

: Complex Eigenvalue

: Direct Frequency Response

: Discrete Fourier Transform

: Damping Material

: Degree of Freedom

: Finite Element

: Fourier Transform

: Frequency Response Function
: Genetic Algorithm

: Modal Correlation Coefficient
: Mode Complexity Factor

: Multi Degree of Freedom

: Multi Input Multi Output

: Mean Phase

: Modal Phase Collinearity

: Mean Phase Deviation

: Mode Shape Complexity

: Modal Strain Energy

: Oberst Beam Method

: Random Decrement Technique
: Single Degree of Freedom

: Strain Energy

: Single Input Multi Output

: Signal to Noise Ratio

: Short-Time Fourier Transform
: Wavelet Transform

XV



XVi



LIST OF TABLES

Table 2.1 :
Table 2.2 :
Table 2.3 :
Table 2.4 :
Table 2.5 :
Table 2.6 :

Table 2.7 :

Table 2.8 :

Table 2.9 :

Table 2.10

Table 2.11

Table 2.12

Table 2.13

Table 2.14

Table 3.1:
Table 3.2 :

Table 3.3 :

Table 3.4 :
Table 3.5:
Table 3.6 :
Table 4.1 :
Table 4.2 :
Table 4.3 :
Table 4.4 :

Table 4.5 :
Table 4.6 :
Table 4.7 :
Table 4.8 :

Page
THE Bl VAIUES. ... 27
THE Cry VAIUES. <. et ee s 28

The expressions for material identification based on ASTM E 756....... 29
Natural frequencies and loss factors for various excitation force levels. 32

Identified natural frequencies using repeated mounting cases................ 34
Natural frequencies and estimated Young’s modulus of a steel beam
of L= 220 mm exposed to different levels of magnetic field. ................. 39
Correct values of the natural frequencies of a steel bare beam of
L= 220 mm with fiXed-free BCS. ........cceoiveriiiiiiiee e 41
The errors in natural frequencies and Young’s modulus of a steel bare
beam of L= 220 mm exposed to different levels of magnetic field. ....... 41
Estimated natural frequencies and corresponding loss factor values
using the measured FRFs on two different Oberst beams.............c......... 44
: Spring stiffness k and the corresponding f values used in the

ANAIYSES. .ot 45

- Natural frequencies, estimated Young’s modulus and corresponding
errors for a steel beam (L= 220 mm) for various values of k (N/m). .... 46
- Results of the proposed approach based on linear extrapolation for a

steel bare beam (L= 220 MM)......cccooiiiiiiiniiieeee e 59
: Results of the proposed approach based on non-linear extrapolation

for a steel bare beam (L= 220 MM). ......coooiiiiiiiiiieeeseeeee, 59
: Identified Young’s moduli (E and E™) and loss factors (i and ™)

for steel and damping (viscoelastic) materials using OBM. ................. 60
Numerical values of parameters used in the model. .............c..ccoevvvennene. 74
Natural frequencies and loss factors: Exact values and values
determined using the noise-free FRF. ..........ccccoov i, 75
Estimated loss factor (minimum and maximum) values using noisy

FRFs for arange of SNR........ccccooiiiiiii e 79
Uncertainty values in estimated loss factors for a range of SNR............ 79
Data acquiSition Parameters. ........cccoveeeieece i 84
Actual modal damping values (obtained without applying windowing). 86
Material properties of the plate structure. ...........cccooevveveiieiiccecen, 100
Predicted natural frequencies of the plate for very fine mesh............... 100
Predicted natural frequencies of the plate for various mesh sizes. ....... 101
Measured and predicted natural frequencies of a steel beam

(L= 220 MIM). ettt 103

Measured and predicted results of a fully damped beam with DM-1... 104
Measured and predicted results of a fully damped beam with DM-2... 104
Measured and predicted results of a fully damped beam with DM-3... 104
Measured and predicted results of a partially damped beam. ............... 105

Xvii



Table 4.9 :
Table 4.10
Table 4.11

Table 4.12 :

Table 4.13 :

Table 4.14 :

Table 4.15 :

Table 4.16 :

Table 4.17 :

Table 4.18
Table5.1:

Table 5.2 :

Table 5.3 :

Table5.4 :

Materials and dimensions of the damping patches used in the U-plate.106
: Material properties used in the FE models of the damped U-plate..... 107
: Measured and predicted natural frequencies and loss factors of the

damped U-PIate. ........coiiiiiiieeeeee e 107
Geometric and material properties of the each layer of the
non-proportionally damped Structure. ..........cccccooeverenenineneeeeee, 109

Natural frequencies (w) of the non-proportionally damped structure
predicted via MSE method and the corresponding errors in natural
frequencies for various damping levels of damping material (). ..... 110
Loss factors of the non-proportionally damped structure (#s)

predicted via the MSE method and the corresponding errors (¢) in
damping levels for various damping levels of damping material (7,).110
Loss factors of the proportionally damped structure (#s) predicted

via the MSE method and the corresponding errors (¢) for various

VAIUES OF 77m.ceveeeieiecce et 111
The MPDs for various damping levels of damping material (7m) for
both the proportionally and non-proportionally damped structures. ... 112
Predicted natural frequencies and loss factors of the plates damped

one side and both sides using the composite FE-based CE method

(FINES) and the FE-based MSE method and the MPDs. ................... 115
: The MPDs of the damped beams. .........cccccvevieiiiiciicc e 116
Material properties of the regions of the beam analysed for various
aMPING CASES. ....vveiveeieeie ittt re e sae e re e re e 127
Predicted natural frequencies and associated modal damping levels
for various damping CaSES. ......cccveverieieerieiie e 128
Calculated MSC, MP, MPD, MPC and MCC values for
non-proportionally lightly damped system.........ccccoccevvveviiiciiciecieen, 130
Calculated MSC, MP, MPD, MPC and MCC values for the
non-proportional highly damped system. ..., 133

Xviii



LIST OF FIGURES

Figure 2.1 :
Figure 2.2 :
Figure 2.3 :
Figure 2.4 :

Figure 2.5 :
Figure 2.6 :

Figure 2.7 :

Figure 2.8 :
Figure 2.9 :

Figure 2.10 :
Figure 2.11 :
Figure 2.12 :
Figure 2.13 :
Figure 2.14 :
Figure 2.15:
Figure 2.16 :
Figure 2.17 :
Figure 2.18 :
Figure 2.19 :

Figure 2.20 :
Figure 2.21 :

Figure 2.22 :
Figure 2.23 :
Figure 2.24 :

Figure 2.25 :
Figure 2.26 :

Page
Cyclic stress-strain curve vs. time for elastic (left), viscous (middle)
and viscoelastic (right) materials (Key: --- &(t) and — o(t)). ...cccvveneee. 17
Hysteresis loop for a viscoelastic material under harmonic loading..... 18
Hysteretic model or complex modulus approach. .........ccccocevvevviiennn, 20
Variation of complex modulus with temperature (constant frequency)
for a typical viscoelastic material............c.ccccooviievieeiiiie i, 21
Free and constrained layer damping treatments. ..........cc.ccoovvvrivneninennn, 22
Configurations of uniform, single-sided and double-sided damped
and sandwiched cantilever beams used in Oberst beam method. ......... 23
Experimental test setup including Oberst test rig for identification
Of damping MALerialS. ........cccveiiiiiie e 24
Illustration of a typical FRF measurement using an Oberst test rig. ..... 24
FRFs for various numbers of averages (5, 10 and 50 averages). .......... 31
Comparison of FRFs for random and sine sweep excitations. ............ 31
FRFs measured for various forcing levels (low, medium and high). .. 32
A stopper for assuring repeatability. .........c.ccccooeiiiiiiiciic e, 33
FRF measurements for various mounting changes. ...........ccccecvevennen. 34
Non-contact excitation system in OBM. ..........cccccceevviveiieie e, 36
Positioning of the test sample in an Oberst test rig. .......c.ccoevvervrennnen, 38
Estimated Young’s moduli for all the modes except the first one
against the gap Parameter, 0. .......ccvvreerierrireerieereesee e 40
Estimated Young’s moduli against the gap parameter, o for
1st (a), 2nd (b), 3rd (c), and 4th (d) Modes. ........cccevvevvriieneer e, 40
Electromagnetic field around the free end of the beam (left)
and two parallel springs at the free end of the beam (right). ............... 44
Errors in natural frequencies against spring stiffness, k for
1st (a), 2nd (b), 3rd (c), and 4th (d) MOdeS. ......ccevereiiiiiiririeee, 47

Young’s modulus for various levels of magnetic field (J values)....... 48
Errors in natural frequencies (left) and Young’s moduli (right) for
various levels of magnetic field (for various o values). ...................... 49

Errors in natural frequencies (left) and Young’s moduli (right) for

various level of magnetic field (6 values) excluding the first mode. .. 49
Sensitivities of natural frequencies to stiffness modification

atthe tip of thebeam. ..o, 49
Errors in natural frequencies (left) and Young’s modulus (right)
against the levels of magnetic field (for various o values). ................. 50
Corresponding k values for ¢ values for each mode.............cccccoevnen. 51

Error in Young’s modulus with respect to gap parameter for various
beam lengths (L) calculated using the second mode of the beam. ...... 52

XiX



Figure 2.27 :
Figure 2.28 :
Figure 2.29 :

Figure 2.30 :

Figure 3.1 :
Figure 3.2 :
Figure 3.3 :
Figure 3.4 :
Figure 3.5 :
Figure 3.6 :

Figure 3.7 :
Figure 3.8 :

Figure 3.9 :
Figure 3.10

Figure 3.11 :

Figure 3.12 :
Figure 3.13:
Figure 3.14 :
Figure 3.15:
Figure 3.16 :
Figure 3.17 :

Figure 3.18
Figure 3.19
Figure 4.1 :
Figure 4.2 :
Figure 4.3 :
Figure 4.4 :
Figure 4.5 :

Figure 4.6 :
Figure 4.7 :
Figure 4.8 :
Figure 4.9 :
Figure 4.10
Figure 4.11

Figure 4.12

Error in Young’s modulus with respect to spring stiffness for various
beam lengths calculated using the second mode of the beam. ............ 53
Natural frequencies against the gap parameter, ¢ for 1st (a),
2nd (b), 3rd (c) and 4th (d) MOdES. .......cceerieriiieiieere e 54
Determined natural frequencies against the squared gap
parameter, 5% for 1st (a), 2nd (b), 3rd (c), and 4th (d) modes.............. 55
Determination of the “correct” natural frequencies via linear
extrapolation (left) and non-linear extrapolation (right)..................... 58
Frequency and angle definitions in circle-fit procedure. ....................... 70
Damping estimation using line-fit algorithm..............c.cccoiiiiienes, 72
A MaASS-SPIING SYSIEIM. ...vviveeiieiecie st eee e ans 73
AYPICAl FRF. ..o 75
Sample generated FRFs with additive NOISE...........cccevvevecieiieiecien, 75
Typical analyses for damping estimation using the noise-free FRF
for 1st (a), 2nd (b) and 3rd (C) MOUES. ........ecvveieeieiie e 76
Typical analyses for damping estimation using the noisy FRF for
1st (@), 2nd (b) and 3rd (C) MOUES. ......ecvveereeieciece e 77
Estimated damping values using noisy FRFs with SNRgg= 10 (a),
15 (b), 20 (c), 25 (d), 30 () and 40 (). ..eccvrverrrieerere e, 78
Damping uncertainty versus SNR value............cccccconnnnininien, 79
: An example of original signal (left), exponential window function
(middle) and windowed signal (rght). .........ccoceeieiineneneieeeeee, 80
Exponential windowing with different levels of numerical damping
applied to SDOF (left) and MDOF (right) Systems. ..........ccocceevvvenne 81
Experimental set-up for the case study...........cccovveveiiecicieiic e, 83
Time domain signals with and without windowing.............cccceevenee. 84
Typical measured FRFs: with and without exponential windowing. .. 84
A typical FRF and coherence function. .........cccccceeeienininennnnceee, 86
Uncertainty values for two different methods. ...........cccccoooviieinenne. 87

Uncertainties in modal damping values with respect to decay rate:
(@) 1st-4.4 Hz, (b) 2nd-12.5 Hz, (c) 3rd-24.2 Hz, (d) 4th-40 Hz

00 2SS 87
: Damping uncertainty versus decay rate...........cccoceeveveereerieseeseenene 88
: Damping uncertainty versus added numerical damping...................... 88
Quadrilateral flat shell element with 6 DOFs per node. ............cc.coe..... 95
Connectivity and geometry definition of the 4-node composite FE...... 96
Geometric definition of the layers. ..., 97

Undamped plate structure (thickness = 1 mm) used in the analyses. ....99
Errors in natural frequencies of the plate for fine-5 mm (left),
medium-10 mm (centre) and coarse-20 mm (right) mesh sizes.......... 101
Comparisons of the actual natural frequencies of the plate with the
predicted results for 2nd (left), 4th (centre) and 7th (right) modes. .... 101
Completely damped (Oberst) beam. .........ccccovvviiiiiineniineseees 103
Partially damped beam. ... 105
FE model of the damped U-plate prepared using FINES program. ....105

: Experimental setup for measurement of FRFs on the damped
U-PIALE. o 106
: Measured and predicted natural frequencies (up) and loss factors
(below) of the damped U-plate. ..........ccovrerieiiiineneeceee, 108
- Non-proportionally damped Structure. .........ccccovvveviieiieeviie e 109

XX



Figure 4.13 :

Figure 4.14 :

Figure 4.15 :

Figure 4.16

Figure 4.17 :

Figure 4.18 :

Figure 5.1 :
Figure 5.2 :
Figure 5.3 :
Figure 5.4 :
Figure 5.5 :
Figure 5.6 :
Figure 5.7 :
Figure 5.8 :
Figure 5.9 :
Figure 5.10
Figure 5.11
Figure 5.12

Figure 6.1 :
Figure 6.2 :

Figure 6.3 :
Figure 6.4 :
Figure 6.5 :

Figure 6.6 :
Figure 6.7 :
Figure 6.8 :

Figure 6.9 :

2nd (a), 4th (b), 6th (c) and 8th (d) mode shapes of proportionally

(up) and non-proportionally (bottom) damped structures

(Re-IM PIANE). ..o s 112
The average values of MPD (a) and the errors in the predicted

damping levels (b) as a function of the average damping levels of

STTUCTUTES. ittt e e 113

The average values of the errors in the predicted damping levels

as a function of the average MPD values. ..........cccccoveiiiinieiinnenn, 114
: Plates damped one side (left) and both sides (right)............ccccoveneeee. 115

Natural frequencies (left) and modal loss factors (right) of the

plate damped 0Ne SIAE. ......ccviieiieie e 115

Natural frequencies (left) and modal loss factors (right) of the

plate damped both Sides. ........cccevveiiiiie 116
A completely real mode shape: standing Wave. ...........c.ccoovvvrineennn 123
A completely complex mode shape: travelling wave..............c............ 124

Strain energy as a function of time: completely real (left),
completely complex (middle) and typical complex (right) modes. .... 125
Damped structure used in simulations (L=2.0 m, b=5 mm, h=4 mm). 127

Non-proportionally damped beam.............c.cccoeveiiieiieiie s, 127
Normalised strain energy (SE) of 8th (left), 14th (middle) and 16th
(right) modes for the proportionally damped case (77peam =0.4)........... 129
4th (left), 7th (middle) and 11th (right) modes for the proportionally
damped €ase (77beam=0.4).....ccrueiieieiieie e 129
4th (left), 7th (middle) and 11th (right) modes for the
non-proportionally lightly damped system. ........c.ccccoveviieveicincenee, 131

Normalised strain energy (SE) of 8th (left), 14th (middle) and 16th
(right) modes for the non-proportionally highly damped system........ 133
- 4th (left), 11th (middle) and 17th (right) modes of the

non-proportionally highly damped system. ..........ccccccovveviiieivecnenne. 133
: MSC with respect to MPD and MPC for non-proportionally highly
damped STTUCLUIE. .....cveiieiece e 134

: Comparison of MSC and normalised MPC and MPD for
non-proportionally lightly (left) and highly (right) damped
structures (O MSC, > MPC and O MPD)........cccoevrnenenenrinienen, 134
Flowchart of damping optimisation algorithm based on BB-BC........ 142
Damping optimisation for the first mode of the beam:
Distribution of the damping material between damping patches

at SOMe Iteration SLEPS. ....cviiveiicece e 144
Strain energy distributions of the structure for the first mode. ........... 144
The results for maximisation of the loss factors of the 1st mode........ 145

Damping optimisation for the 2nd mode of the beam:

Distribution of the damping material between damping patches

at SOME TTEraAtiON STEPS. ...evervievieiieieie ettt 145
Strain energy distributions of the structure for the second mode........ 146
The results for maximisation of the loss factors of the 2nd mode....... 146
Damping optimisation for the average loss factor of the first

two modes of the beam: Distribution of the damping material

between damping patches at some iteration Steps. .........cccevevvveiieennnns 147
Results for maximisation of the average loss factors of the first two
modes of the structure (Key: O Mode 1, [1 Mode 2 and A Average). 148

XXi



xXxii



IDENTIFICATION, MODELLING AND OPTIMISATION OF
STRUCTURES WITH PASSIVE DAMPING TREATMENTS

SUMMARY

Damping materials are used in many fields of engineering including automotive,
aeronautics, aerospace, acoustics and domestic appliances in order to minimise
undesirable vibrations and radiated noise as well as for eliminating the risk of high
cycle fatigue failures of critical components. This is usually done by coating various
parts of a structure using the so-called viscoelastic materials so as to provide
additional damping. However, as the use of damping materials brings additional cost
and additional weight to a structure, there is a strong need for designing and
optimising those treatments for maximum benefit using minimum amount of
material. This is still a difficult optimisation problem, mainly due to the difficulties
associated with damping predictions of general structures and solving the
optimisation problems. Furthermore, this process requires establishing reliable
methods for the determination of the properties of damping materials and for the
prediction of damping in structures. However, damping materials generally exhibit
non-linear behaviour and the accurate predictions of the dynamic properties of
composite structures, especially the damping levels, are quite difficult because of
inherent coupling between nonlinear material behaviour. This thesis aims to improve
and propose methods for the identification, modelling and optimisation of structures
with passive damping treatments and presents new analytical, numerical and
experimental studies on these topics.

Although the Oberst beam method is widely used for the measurement of the
mechanical properties of viscoelastic or damping materials, the effects of
measurement parameters including the adverse effects of non-contact excitation
system used in this method, its modelling and minimisation are not explored
elsewhere. Therefore, the effects of various parameters, such as the amplitude of the
excitation, mounting conditions, input excitation type and the length of the test
sample on measured data using an Oberst test rig are examined in an attempt to
improve the accuracy of the estimated material properties. After that, the adverse
electromagnetic effects due to non-contact exciters are investigated. For this purpose,
extensive tests are carried out so as to determine the undesirable effects of
electromagnetic excitation experimentally. Based on experimental evidence,
electromagnetic field around the free end of the Oberst beam is modelled by some
stiffness elements. Furthermore, a method is proposed for removing the adverse
effects of the electromagnetic excitation in order to obtain more accurate material
properties for uniform as well as composite beams. After this improvement, damping
and elastic properties of the materials to be used in the theoretical models of
structures with passive damping treatments are determined using the Oberst beam
method.
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In some circumstances, the approach used for the determination of damping levels of
structures using measured data may not yield reliable answers in the sense that the
identified damping levels may exhibit high level of uncertainty in practice. A
systematic study on damping uncertainty is performed in this thesis. Damping
uncertainty in the frequency domain estimation is explored when the data are
contaminated by noise and when numerical damping via exponential windowing is
introduced during the signal processing phase of the spectrum estimation. Some
numerical simulations are performed first in order to assess the adverse effects of
noise on damping estimations and resulting damping uncertainty is examined as a
function of noise level in the data. Then, damping uncertainty due to the use of
exponential windowing is investigated using experimental data. A relationship
between damping uncertainty and the level of added numerical damping is presented
when the so-called line-fit method is used for damping estimation from measured
Frequency Response Functions (FRFs).

A Finite Element (FE) procedure based on the Modal Strain Energy (MSE) is
presented for the purpose of modelling damped structures. Also, the theoretical
background of a composite FE with damping capability is summarised and it is
validated in this thesis. The damping capability validated here is based on a
composite shell element with physical drilling degrees of freedom, where the
structural damping is represented by means of complex element stiffness matrix of
the individual layers. Such formulation allows modelling damped structures and
performing modal analysis of the resulting complex eigenvalue problem. Then, some
test cases are prepared and FRFs are measured in order to validate the procedure
based on the MSE method and the composite FE. The material properties used in the
models of the sample structures are identified experimentally using the Oberst beam
method. The results obtained from the MSE method and the composite FE are
compared with experimental results and the accuracy of both methods is assessed.
Furthermore, the accuracy of the MSE method is examined as a function of damping
level and mode shape complexity arising from non-proportional distribution of
damping in structures. It is noted during this process that there is no universally
accepted parameter for the quantification of mode shape complexity in the literature.
A novel approach is proposed in this thesis in order to quantify mode shape
complexity for general structures to overcome this void. The proposed new
parameter is based on conservation of energy principle when a structure is vibrating
at a specific mode during a period of vibration. The levels of complexity of the
individual mode shapes of a sample structure are quantified using the proposed new
parameter and the validity and the generality of the new parameter are demonstrated
by comparing the results with those obtained by using other parameters available in
the literature.

Finally, in order to meet the need for a cost-effective optimisation methodology, an
efficient approach based on the Big Bang- Big Crunch (BB-BC) optimisation method
is proposed. First, the BB-BC method is summarised and an optimisation
methodology based on the BB-BC technique coupled with the damping prediction
approach using the MSE method is introduced. After that, for the purpose of
validating, the proposed optimisation methodology is used to maximise modal
damping of a single mode of a structure whose optimised configurations are known
for the individual modes. Then, the performance of the proposed optimisation
procedure is demonstrated for the maximisation of damping levels for multiple
modes at the same time. The optimisation methodology given in this thesis is a
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heuristic population-based evolutionary (global) optimisation method and the
convergence speed of this method is quite high. Overall, it is shown that the BB-BC
technique coupled with the damping prediction approach based on the MSE method
can be used effectively for optimisation of passive damping treatments applied to
general structures in practice.
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PASIF SONUMLU YAPILARIN KARAKTERIZASYONU,
MODELLENMESI VE OPTIMIZASYONU

OZET

Soniim malzemeleri, yapilarin istenmeyen titresimlerini ve yapilardan yayilan
giiriiltiiyli azaltmak ve kritik parcalarin yorulmalarint 6nlemek i¢in otomotiv,
havacilik, uzay, akustik ve ev esyalar1 gibi pek ¢ok alanda kullanilirlar. Bu durum,
yapilarin gesitli kisimlarina uygulanan ve genelde viskoelastik malzeme diye bilinen
malzemelerin sagladigi ek soniim ile saglanmaktadir. Ancak, soniim malzemelerinin
kullanim1 yapiya ek agirlik ve maliyet getirdiginden, bu uygulamalarin minimum
malzeme miktar1 ile maksimum fayda saglayacak sekilde optimize edilmesi
gerekmektedir. Ote yandan, (genel) yapilarin soniim degerlerinin tahmini ve
optimizasyonu ile ilgili zorluklardan dolay1 s6z konusu optimizasyon halen olduk¢a
zor bir problemdir. Dahasi, yapilarin soniim seviyelerinin optimizasyonu islemi,
soniim malzemelerinin 6zelliklerinin belirlenmesi ve genel olarak yapilarin séniim
degerlerinin tahmin edilmesi i¢in giivenilir metodlarin kullanilmasini gerektirir.
Ancak, kompozit yapilarin dinamik 6zelliklerinin, 6zellikle de soniim degerlerinin,
dogru sekilde tahmini, soniim malzemelerinin dogasindan kaynaklanan lineer
olmayan davranislardan dolay1 oldukg¢a zordur. Tiim bu problem ve gereksinimleri
dikkate alarak, bu tez pasif soniim uygulamali yapilarin karakterizasyonu,
modellenmesi ve optimizasyonu ile ilgili metodlarin gelistirilmesini ve onerilmesini
ve bu konular iizerinde analitik, sayisal ve deneysel yeni caligmalar sunmayi
amaclamaktadir.

Viskoelastik veya soniim malzemelerinin mekanik o6zelliklerinin deneysel yoldan
belirlenmesi i¢in Oberst kiris metodu yaygin olarak kullanilmasma ragmen, bu
metodda kullanilan temassiz tahrik sisteminin istenmeyen etkilerinin ortaya
konulmasi, modellenmesi ve azaltilmasi dahil olmak {izere 6l¢iim parametrelerinin
etkileri literatiirdeki mevcut ¢alismalarda incelenmemistir. Bu ylizden, tahmin edilen
malzeme Ozelliklerinin dogrulugunun seviyesini artirmak amaciyla bir Oberst test
diizenegi kullanilmis, Olciilen veriler lizerinde tahrik genligi, baglanti sartlari, tahrik
tiirii ve test numunelerinin uzunlugu gibi parametrelerin etkileri incelenmistir. Daha
sonra, Oberst test diizenegindeki temassiz sarsicinin istenmeyen elektromagnetik
etkileri literatiirde ilk defa bu tez kapsaminda deneysel ve teorik olarak
arastirilmistir. Bu amagcla, ¢ok sayida test gerceklestirilerek elektromagnetik tahrik
sisteminin istenmeyen etkileri ortaya konulmustur. Deneysel bulgular sonucunda,
Oberst kirisinin serbest ucu etrafindaki istenmeyen elektromagnetik etki yay
elemanlar kullanilarak modellenmistir. Elektromagnetik etkiden kaynaklanan hatalar
ortaya konulmus, bu etkinin frekansa ve test numunelerinin uzunluguna bagli olarak
degisimi de tezde sunulmustur. Sonugta, Oberst test diizenegindeki Olgiim
parametrelerinin optimize edilmesi gerektigi, Oberst kirisinin serbest ucu etrafindaki
elektromagnetik etkinin sisteme ek bir kisit getirdigi ve bu kisitin yay elemanlarla
modellenebilecegi ortaya konulmustur. Oberst ¢ubugunun ilk titresim modunun
elektromagnetik etkiden en fazla etkilendigi ve frekans (mod numarasi) artikca
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elektromagnetik etkinin (dolayisiyla malzeme o6zelliklerindeki hatanin) azaldig
deneysel ve teorik olarak tespit edilmistir. Ayrica, kisa test numunelerinin
kullanilmast durumunda malzeme o6zelliklerindeki hatalarin azalacagi ortaya
konulmustur. Elektromagnetik sarsicinin istenmeyen etkisini (dolayisiyla malzeme
Ozelliklerindeki hatay1) azaltmak igin, test numunesinin elektromagnetik etki
altindaki kisminin kisa olmasit gerekmektedir. Test numunesinin elektromagnetik etki
altindaki kisminin kisa tutulamamasi durumunda, daha dogru malzeme ozellikleri
elde etmek icin elektromagnetik tahrikin istenmeyen etkilerini kaldirmaya yonelik
hem homojen hem de kompozit kirisler i¢in kullanilabilecek bir metod 6nerilmistir.
Tiim iyilestirmelerden sonra, pasif soniim uygulamali yapilarin teorik modellerinde
kullanilacak malzemelerin soniim ve elastik Ozellikleri Oberst kiris metodu
kullanilarak belirlenmistir.

Yapilarin teorik modellerinin dogrulanmasinda kullanilmas1 basta olmak iizere,
yapilarin soniim seviyelerinin deneysel yoldan tespit edilmesi sik¢a gerekmektedir.
Ote yandan, bazi durumlarda, yapilarin soniim degerlerinin belirlenmesi igin
kullanilan yontemler tespit edilen soniim degerlerinin yiiksek diizeyde belirsizlik
icermesi acisindan giivenli olmayan cevaplar verebilirler. Bu tez kapsaminda,
yapilarin soniim belirsizligi lizerine sistematik bir calisma gerceklestirilmistir. Daha
acik olarak, analizi yapilan verilerdeki giiriiltiiniin ve spektrum hesaplamasinda
sinyallere uygulanan {istel pencereleme fonksiyonunun sayisal soniimiiniin tespit
edilen soniim degerleri lizerindeki etkisi literatlirde ilk defa bu tez kapsaminda
incelenmistir. Oncelikle, giiriiltiiniin soniim tahmini iizerindeki istenmeyen etkilerini
degerlendirmek i¢in gok serbestlik dereceli (soniimlii) bir sistem ele alinmis ve bu
sayisal sistem igin ¢esitli gilriilti seviyelerinde frekans tepki fonksiyonlar
retilmistir. Giiriiltii iceren frekans tepki fonksiyonlar1 analiz edilerek ilgili modlarin
sontim degerleri tespit edilmistir. Neticede, soniim belirsizligi verideki giiriilti
diizeyinin fonksiyonu olarak ortaya konmustur. Daha sonra, iistel pencereleme
fonksiyonundan kaynaklanan soniim belirsizligini incelemek icin 6rnek bir yapi
tizerinden g¢esitli diizeylerde sayisal soniim iceren ¢ok sayida frekans tepki
fonksiyonu 6lgiilmiistiir. Olgiilen frekans tepki fonksiyonlar1 analiz edilerek yapmin
toplam modal soniim degerleri belirlenmis ve pencereleme fonksiyonundan
kaynaklanan sayisal soniimiin ¢ikartilmasiyla gergek modal soniim degerleri
hesaplanmistir. Tahmin edilen soniim degerleri ger¢ek soniim degerleriyle
karsilastirilarak, soniim belirsizligi ile iistel pencereleme fonksiyonu dolayisiyla
eklenen sayisal soniim arasinda bir iligki sunulmustur. Sonugta, {istel pencereleme
fonksiyonu dolayisiyla eklenen sayisal sonliim degerinin sistemin ger¢ek sonlimiine
esit ve daha fazla olmasi1 durumunda, soniimdeki belirsizligin 6nemli seviyelere
ulagtigr goriilmiistiir. Burada frekans tepki fonksiyonlar1 {izerinden soniim tespiti
dogrusal ¢izgi ve egri uydurma yontemleri kullanilarak yapilmis ve dogrusal ¢izgi
uydurma yonteminin daha diisiik belirsizlik degerleri verdigi goriilmiistiir.

Bu tezde soOniimlii yapilarin modellenmesi ile ilgili olarak iki farkli yontem
onerilmistir. Oncelikle, modal (gerinim) enerji metoduna dayali genel yapilari
modellemeye uygun ve olduk¢a verimli bir prosediir sunulmustur. Daha sonra,
sOniim kabiliyetine sahip bir kompozit sonlu elemanin teorisi verilerek, bu elemanin
formiilasyonu sistematik bir yolla bu tez kapsaminda dogrulanmistir. Kompozit
kabuk eleman, fiziksel anlamda yiizeyine dik yonde donme serbestlik derecesine
sahip homojen kabuk elemanlarin st iiste yigilmasiyla olusturulmustur. Soniim
kabiliyeti de kompleks direngenlik matrisi vasitasiyla saglanmistir. Boyle bir
formiilasyon, soniimlii yapilarin modellenmesini ve kompleks 6zdeger probleminin
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¢oziilmesiyle yapilarin dogal frekanslarinin, séntim degerlerinin ve kompleks titresim
bicimlerinin elde edilmesini saglamaktadir. Modal enerji metoduna dayali prosediirii
ve kompozit eleman formiilasyonunu dogrulamak i¢in bazi test numuneleri
hazirlanmis ve test numuneleri iizerinde frekans tepki fonksiyonlart Slgiilmiistiir.
Test numunelerinin hazirlanmasinda kullanilan séniim malzemelerinin 6zellikleri
Oberst kiris metodu kullanilarak belirlenmis, modal enerji metoduna dayali soniim
tahmini yonteminden ve kompozit eleman formiilasyonundan elde edilen sonuglar
deneysel verilerle karsilagtirilarak, iki yontemin kabiliyetleri degerlendirilmistir.
Sonugta, hem modal enerji metodunun hem de kompozit eleman formiilasyonunun
pasif soniimli yapilarin soniim degerlerini yiiksek hassasiyetle tahmin ettigi
gorilmistiir. Dahasi, modal enerji metodunun dogrulugu, soniim seviyesinin ve
yaptya uygulanan orantisal olmayan soniim uygulamasindan kaynaklanan mod sekli
komplekslik diizeyinin fonksiyonu olarak ilk defa bu tez kapsaminda incelenmistir.

Modal enerji metodu mod sekli komplekslik diizeyinin fonksiyonu olarak
incelenirken, literatiirde heniiz mod sekli komplekslik diizeyini glivenilir bir sekilde
Olcebilen ve literatiirde genel olarak kabul goérmiis tatmin edici bir yontemin veya
parametrenin olmadig1 goriilmiistiir. Literatiirdeki bu boslugu doldurmak maksadiyla
bu tez kapsaminda mod sekli komplekslik diizeyini 6lgmek icin yeni ve 6zgiin bir
yaklasim ©6nerilmistir. Onerilen yeni parametre, enerjinin korunumu ilkesine
dayanmakta olup, sistemin direngenlik ve modal 6zelliklerini dikkate alarak
hesaplanmaktadir. Ornek bir yapmin mod sekillerinin komplekslik degerleri gesitli
modlar ic¢in hesaplanmis, sonuglar literatiirdeki diger parametrelerin iirettigi
sonuclarla karsilastirilmis ve yeni parametrenin gegerliligi ve {istlinliigii ortaya
konulmustur.

Son olarak, etkin ve verimli bir optimizasyon metodolojisi ihtiyacin1 kargilamak
tizere Big Bang-Big Crunch (BB-BC) optimizasyon metoduna dayali bir
optimizasyon ydéntemi sunulmustur. Once, BB-BC optimizasyon metodunun teorik
alt yapist verilmis, BB-BC optimizasyon metodu ve modal enerji séniim tahmini
yontemine dayali bir optimizasyon yontemi bu tez kapsaminda ortaya konulmustur.
Daha sonra, onerilen optimizasyon yontemi dogrulanmistir. Bunun igin, belli modlar
da optimum konfigiirasyonlart belli olan bir yap1 ele alinarak, o modlar i¢in teker
teker optimizasyon islemi gerceklestirilmistir. Takibinde, Onerilen optimizasyon
yontemi birden fazla modun sOniimiiniin aym1 anda maksimize edilmesi igin
kullanilmistir. Optimize edilen konfiglirasyonlarin soniim degerlerinin, soniim
malzemesinin yapitya uniform kaplanmasi durumundaki soniim degerlerinden
oldukca yliksek oldugu goriilmiistiir. Burada onerilen optimizasyon prosediirii global
bir metod olup, yakinsama hiz1 oldukga yiiksektir. Sonu¢ olarak, modal enerji
metoduna dayali BB-BC optimizasyon tekniginin pratikte pasif sonim
uygulamalarinin optimizasyonunda etkin bir sekilde kullanilabilecegi gosterilmistir.
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1. INTRODUCTION

Vibration and acoustic behaviour of machines are becoming increasingly more
important as these properties are usually linked with the quality and customer
satisfaction of many commercial products. Furthermore, the current trend in the
design of machines is to provide more functionality, comfort and higher efficiency
while reducing the cost. As a result, optimisation during the design stage is becoming

increasingly more important in order to produce competitive products.

Passive damping materials such as viscoelastic materials are widely used in many
industries including automotive, aerospace, aeronautics and domestic appliances as a
means of reducing excessive vibration and structure borne noise. This is usually done
by coating various parts of a structure using such materials so as to provide
additional damping. However, using damping materials also brings their drawbacks
as added weight and additional cost. Additional weight may also mean higher fuel
consumption and more pollution in some applications. Therefore, there is a strong
need for designing and optimising passive damping treatments for maximum benefit
using minimum amount of material. It should be noted that this process also requires
establishing reliable methods for determination of the properties of damping
materials as well as for damping prediction of structures treated with damping

materials.

1.1 Problem

Design parameters such as the locations, the amount of damping treatments and the
material type determine the effectiveness of the passive damping application. Trial
and error approaches are widely used as a traditional way of optimising these design
parameters, usually using experimental prototypes for general structures. However,
optimisation via trial and error fashion can easily become cumbersome, very time
consuming and prohibitively expensive as this approach requires building many
prototypes due to there being so many alternative combinations of damping

materials, damping treatment locations and the amount of material that can be used.



As an alternative to trial and error approaches, engineering structures are sometimes
treated with damping materials using the information obtained from modal properties
of the untreated or undamped structures in practice. However, this does not usually
provide the optimised condition since the dynamic properties of the damped structure
usually differ from those of the undamped structure. Therefore, a cost-effective
theoretical or numerical methodology is required in order to be able to model and
optimise damping treatments of structures in an efficient way. In practice, the

emphasis is usually on optimising the locations and sizes of damping treatments.

Although mass and stiffness optimisations of undamped or lightly damped structures
are quite common, studies on modelling structures with passive damping treatments
and optimisation of passive damping treatments in the literature are relatively rare.
Furthermore, the studies on modelling and optimisation of damping treatments in the
literature are mainly related to systems with special geometries. One of the reasons
for this is due to the difficulty in modelling the highly nonlinear damping materials
in damping predictions and optimisations. One other difficulty in using known global
optimisation methods is related to unacceptable computational time required to
optimise damping treatments applied to structures with large number of degrees of
freedom. Another difficulty is related to systems with non-proportional damping
treatments which result in complex mode shapes, a situation that leads to further

difficulties in modelling, analysis and optimisation of such systems.

Accurate damping and elastic properties of viscoelastic materials are required to
develop theoretical models of structures with passive damping treatments for the
purposes of damping prediction and optimisation. As damping materials generally
exhibit non-linear behaviour and their mechanical properties (Young’s modulus, loss
factor) also depend on both frequency and temperature, special experimental
procedures are needed to determine the mechanical properties of such materials.
Although there are some standard methods including Oberst beam method for
identification of damping materials, it is still difficult to determine material
properties with high accuracy due to the adverse effects of sensors and measurement
parameters. Experimental identification of the damping levels of structures is often
required for many purposes including validation of damping models in structural
analysis. It is worth stating here that there is also some difficulty in identification of

damping levels of structures using experimental data in the sense that the identified



damping levels may exhibit high level of uncertainty due to noise and signal
processing parameters.

1.2 Literature Review

In this section, a literature survey is performed on the methods for the determination
of the dynamic properties of damping/viscoelastic materials (Section 1.2.1);
experimental identification of damping levels of structures including damping
uncertainty (Section 1.2.2); damping prediction methods for structures with passive
damping (Section 1.2.3); quantification of mode shape complexity due to non-
proportional  damping  treatments  (Section 1.2.4); and  optimisation

methods/methodologies including damping optimisation (Section 1.2.5).

1.2.1 Material testing

1.2.1.1 Material testing methods

Materials used for passive damping treatments generally exhibit non-linear behaviour
and their mechanical properties (Young’s modulus, loss factor) also depend on
frequency and temperature. Therefore, special experimental procedures are needed to
determine the mechanical properties of these materials. There are standard methods
for characterisation of both thin-layered damping materials and viscoelastic supports

in practice.

The Oberst Beam Method (OBM) described in ASTM E 756 [1] and SAE J 1637 [2]
standards and the Geiger plate test defined in SAE J 671 standard [3] are the main
standard methods that can be used to measure dynamic properties of thin-layered
damping materials. OBM is accepted as the classical method for the characterisation
of damping materials based on Frequency Response Function (FRF) measurements
on some typical beams described in ASTM E 756 standard [1]. This method is often
used for testing various materials including metals, enamels, ceramics, rubbers,
plastics, reinforced epoxy matrices and woods. On the other hand, a steel plate is
used and damping of the structure is determined by measuring the system’s decay

rate in the Geiger plate test [3].



The so-called direct, indirect and driving point methods defined in 1ISO 10846-2 [4],
-3 [5] and -5 [6] standards, respectively, are used to determine the dynamic
properties of viscoelastic supports. Also, ISO 4664-2 standard [7] specifies methods
for the determination of dynamic properties of vulcanized or thermoplastic rubbers
in shear over a wide temperature range at low frequencies and at comparatively low
strains while ASTM D 945 standard [8] covers the use of the so-called Yerzley
mechanical oscillograph for measuring mechanical properties, such as resilience,
dynamic modulus, static modulus, kinetic energy and creep of rubber vulcanizates

when the deformations are considered small.

1.2.1.2 Oberst beam method

The first important work on measurements and identification of damping levels (loss
factors) of composite structures is published by Oberst in 1952 [9]. He derived a set
of equations for free-layer damping treatment. Although some other associated works
are done by Gross [10], Ross et al. [11], Kerwin [12] and DiTaranto [13], mainly the
procedure suggested by Oberst are used in OBM.

The use of contacting transducers and shakers is not recommended in OBM as they
introduce artificial mass loading and damping, significantly reducing the quality of
the results in OBM [14]. Therefore, it is strongly recommended in the literature that
non-contact response transducers and non-contact electromagnetic excitation should
be used in OBM [1-2, 14]. If a non-ferromagnetic material is used as the material of
the base beam, it is necessary to glue a small piece of ferromagnetic material for
providing magnetic excitation. Although the OBM is referenced in some standards
[1-2] and it is widely used in many scientific studies [15-33], detailed information in

the literature on how to perform a successful Oberst beam experiment is very limited.

The drawbacks of the classical Oberst beam technique are discussed in some studies
[14, 34] and some new modified Oberst methods are also suggested. Wojtowicki et
al. [14] proposed a method to increase the precision of the measurement. Mainly,
they replaced the classical cantilever Oberst beam by a double sized free-free beam
of twice the length excited at its midpoint thereby allowing half of the beam to be
modelled with clamped-free boundary conditions. The analysis is based on an FRF
measured between the imposed velocity at the centre (measured with an

accelerometer) and an arbitrary point on the beam (measured with a laser



vibrometer). Liao and Wells [34] proposed a modified Oberst beam technique (for
non-stiff materials) with some advantages over the conventional Oberst beam
technique: the layer properties can be evaluated at any frequency; the base beam can
be partially covered; and it does not require the complex modulus of the base beam
to be fairly constant around the resonance frequencies analysed to yield accurate

results.

1.2.2 Experimental identification of damping levels of structures

There are various methods for the determination of damping levels of structures
using experimental data [16, 35-43]. These methods can be broadly divided in three
main groups: (i) time-domain decay-rate methods, (ii) frequency-domain modal
analysis curve-fitting methods and (iii) other methods based on energy and wave
propagation [42, 44]. Logarithmic decrement and step-response methods are two
examples from group (i), magnification factor, the half-power bandwidth, the circle-
fit and the line-fit methods are some of the well-known frequency-domain methods

from group (ii) whereas power input method is an example from group (iii).

Not surprisingly, the amount of published work on damping identification in the
literature is huge. In frequency domain, for example, there are methods based on
Single Degree of Freedom (SDOF) modal analysis methods such as circle-fit [36]
and line-fit [37] and Multi Degree of Freedom (MDOF) modal analysis methods [35,
38, 45]. These methods can estimate modal damping levels using a single FRF.
Single Input Multi Output (SIMO) methods [46] and Multi Input Multi Output
(MIMO) methods [35] that are based on multi FRFs are also developed, studied and
widely used in the literature for damping identification. The frequency domain
methods mentioned above are also called Frequency Response Methods as they are
utilising spectrums or FRFs obtained by transforming the time-domain data via
Discrete Fourier Transform-DFT [16, 35, 47]. It is known that the DFT is commonly
suitable and has good accuracy for analysing stationary signals. However, the
frequency domain methods based on DFT have some drawbacks [48-52] for non-
stationary signals. Short-Time Fourier Transform (STFT), on the other hand, is used
to eliminate some of the limitations of DFT related to non-stationary signals by
dividing the signal into blocks and computing the spectrum of those blocks with the

help of a sliding window [50-53]. More advanced approach, Wavelet Transform



(WT), is used in an attempt to overcome the weaknesses of the methods based on
Fourier Transform [52, 54-57]. WT is an approach based on decomposing a time
signal into its constituent parts. The shape and magnitude of these components
depends on the selected wavelet [52, 58]. Damping identification methods based on
WT are also proposed in the literature [55, 57]. For determination of modal
parameters of a structure subjected to the ambient loading, WT method is generally
applied in conjunction with the so-called Random Decrement Technique (RDT) to
identify the modal parameters [44, 59]. As far as the WT is concerned, the time and
frequency resolutions of the WT may have huge effects on the identification
accuracy [48]. Also, there are some modified WT methods to reduce the so-called

end-effect [60-61] and some WT methods are very resistant to noise [62-63].

Time-domain identification approaches are also used in the literature, especially for
those cases where no input but only response measurements are available. However,
it is known that the noise levels of the response data may have significant adverse
effects on the accuracy of the identified damping levels. Also, the time domain
approaches are generally accepted to be computationally expensive compared to the
alternative [48]. On the other hand, time-domain decay-rate methods, such as
logarithmic decrement method, are known to be effective if a single mode of
vibration can be isolated from others. Similarly, the power input method is quite
effective for obtaining frequency-averaged damping levels of structures under steady
state vibration [42].

The frequency response based methods, including circle-fit [36] and line-fit [37]
methods, are widely used in practice for damping identification from measured
FRFs. These methods have high accuracy in identification of damping levels of
structures when measurements are made properly. However, when the FRFs are to be
measured under impact excitation, the oscillations created by an impact may not
decay to negligible level within the measurement period, especially for the lightly
damped structures. In such cases, an exponential window often needs to be applied
so as to minimise the leakage effects [64]. However, applying an exponential
window to transient signals inevitably introduces the so-called numerical damping.
Although, this numerical damping can be removed later, it can introduce high level
of damping uncertainty especially when the numerical damping is significantly

higher than that of the actual damping level.



Available literature on damping uncertainty associated with damping identification is
very limited and the majority of the available work on damping uncertainty is mainly
concerned with the effect of damping uncertainty on system response so as to
establish more realistic prediction bounds [65-68]. It should be noted, however, that
quantifying the damping uncertainty itself is a topic which has not attracted the
required attention in spite of the fact that there is a real need for such information in
practice. Uncertainties associated with damping estimation is especially important
for lightly damped structures as the error introduced by various sources can be very
significant compared to the actual level of damping. A few existing approaches on
damping uncertainty broadly deal with estimation of damping uncertainty based on
deviation of the raw data used in the analyses from the expected trend [38]. Although
it is not directly related to damping uncertainty, Jokinen et al. [69] dealt with the
problems associated with windowing and uncertainty in computing the power
spectral density estimates of a signal. Also, Yan et al. [48] proposed an identification
method based on wavelet transform to consider the uncertainty effect on modal
parameters. Associated with uncertainty, De Troyer et al. [70] proposed an approach
to determine the variances on the resonance frequencies and damping ratios. They
calculated uncertainties of the resonance frequencies and damping ratios for some
noise levels. Pintelon et al. [71] presented a numerical method for determination of

the uncertainty on the modal parameters in operational modal analysis.

1.2.3 Damping prediction

Accurate predictions of the dynamic properties of composite structures, especially
the damping levels, are quite difficult because of inherent coupling between
nonlinear material behaviour and other nonlinear effects [47, 72-75]. Although there
are some rheological models such as Maxwell, Kelvin-Voigt and the standard linear
solid models for viscoelastic materials where springs and dampers are arranged in
series and/or parallel in order to determine their stress or strain interactions [76-78],
computational methods [74, 79-81] are widely used for modelling damped
structures. On the other hand, although Statistical Energy Analysis-SEA [80-81] can
be used for creating structural models for the purpose of vibration and acoustic
analyses of structures, Finite Element (FE) methods [74, 79] are widely used to

predict damping levels of structures in practice.



There are basically three approaches for damping modelling in finite element
applications [79], namely; Direct Frequency Response (DFR), Modal Strain Energy
(MSE) and Complex Eigenvalue (CE) methods. In the DFR method [82], FRF matrix
is obtained by inversion of the dynamic stiffness matrix. Then, damping values can
be determined by analysing the FRFs. The DFR method is very costly in terms of
computation time as it requires computation of the FRF matrix at individual
frequencies. Rastogi [82] in his paper evaluated the capabilities and limitations of the
DFR method and modal frequency response analysis using a FE program. In the
MSE method [79], the eigenvalue problem of the actual (damped) system is not
solved. Instead, the so-called Normal Modal Analysis [79] of the undamped system
is performed to compute the strain energy ratios for individual modes in order to
estimate the modal damping levels. During this process, it is assumed that the mode
shapes of the damped system are the same as those of the undamped system. In the
CE method [83-84], on the other hand, the complex eigenvalue problem is needed to
be solved without simplifying assumption. Although the CE method is a known
approach for the predictions of damping levels of structures, it is computationally

more expensive the MSE method.

In the literature, it is seen that damping levels of structures in general are either
determined by the MSE method [79, 85-86] or other formulations that are
specifically designed for special structures such as beams and plates. For example,
Rao et al. [85] in their paper used the MSE method together with the FE approach
and estimated the modal parameters of simply supported damped beams. Zhang and
Chen [86] used a FE procedure based on the MSE method for predicting the modal
loss factor of composite beams. Cortés and Elejabarrieta [87] formulated a
homogenised model for the flexural stiffness to investigate structural vibration of
flexural beams. Moreira and Rodrigues [88] developed a model to simulate the
dynamic response of composite plates. Plagianakos and Saravanos [89] presented a
FE based formulation for predicting modal damping and natural frequencies of
curvilinear composite shell structures while modal loss factors are calculated using

the energy (dissipation) method.



1.2.4 Quantification of non-proportional damping

Non-proportional damping distribution within a structure causing non-uniform
energy dissipation results in complex mode shapes [90-98]. It is known that complex
modes can also arise from gyroscopic effects, aerodynamic effects, wave propagation
and non-linear structural behaviour [96, 99-102]. There are many situations where
the level of mode shape complexity is to be quantified. For example, there are
various methods in structural dynamics that are based on the assumption that the
mode shapes are normal (real) or close to being normal. These methods are mainly
those dealing with applications of modal analysis such as the transformation of
complex modes into real ones, response computation and damping estimation [35,
103-108]. These methods are being used in practice even though the actual mode
shapes are not normal or may not be close to being normal. It is known that the
reliability and the accuracy of these methods are adversely affected as the mode
shapes become more and more complex. Therefore, there is a need for the
quantification of mode shape complexity in order to establish the reliability and the
accuracy of such methods as a function of the level of mode shape complexity.
Quantification of mode shape complexity is also needed in other applications, for
example, correlation and comparison studies where the similarity of mode shapes

from different models are to be determined.

Several parameters have been proposed in the literature to quantify the level of mode
shape complexity although they are not derived from the fundamental definition of a
mode shape being complex. The main parameters utilised to measure the mode shape
complexity in the literature are: Mean Phase Deviation (MPD), Modal Correlation
Coefficient (MCC), Modal Phase Collinearity (MPC), Mode Complexity Factor 1, 2
and 3 (MCF1, MCF2 and MCF3). MPD [105-106, 109] is actually an indicator of
phase scatter of a mode shape rather than being a direct parameter to quantify the
level of complexity of a mode shape. Similarly, MCC [99] is only a correlation
function between two vectors (the real and imaginary parts of the eigenvector) while
MPC [49, 98, 105, 109-112] is associated with the correlation of phase angles. Also,
as stated by Ewins [35], MCF1, MCF2 and MCF3 [35, 38, 101] are not established
as the universally-accepted indicators.

There are also some other parameters suggested in the literature for quantifying the

non-proportional damping in a structure [113-120], noting that mode shape



complexity is attributed to the non-proportional damping. Those parameters are
based on relative magnitudes of coupling terms in the modal damping matrix and
system response, the difference between the optimal complex modes and their
corresponding normal modes, the minimum and the maximum of the eigenvalues of
the modal damping matrix, etc. [96, 97, 102, 108, 113-120]. These parameters are
mainly used to determine the validity of a proportional damping assumption. In
general, the parameters suggested in the literature for quantifying the level of non-

proportional damping yield different values for the same mode of a system.

1.2.5 Optimisation

1.2.5.1 Optimisation techniques

Optimisation can be defined as the process of obtaining the best result under given
constraints [121]. There is no unique optimisation method applicable to all problems.
Depending on the problem, appropriate optimisation technique is selected and the
problem is adapted to the optimisation method selected. Optimisation problem can be
classified in various ways [121-125]. Depending on whether constraints exist or not,
any optimisation problem can be classified as constrained or unconstrained. One
other classification of optimisation problems is based on the nature of expressions for
objective function and constrains. If the objective function and constraints are linear
functions of design variables, in this case the optimisation problem is called linear
optimisation or linear programming. If any of the functions among the objective and
constraints is nonlinear then the optimisation problem is known as nonlinear
optimisation problem. Also, optimisation can be local or global. In the case of global
optimisation problems [125], global extremes are searched. That is, global
optimisation requires the arrival to the best possible decision in any given set of

circumstances [126].

In the literature, there are many unconstrained and constrained optimisation methods
[121-125]. The unconstrained minimization methods are iterative in nature, i.e., they
start from an initial trial solution and proceed toward the minimum point in a
sequential manner. The unconstrained optimisation methods can be divided into two
broad categories according to whether the derivatives of the function are required:
direct search and descent methods [121, 122]. The direct search methods such as

10



random and grid search methods require only the objective function values but not
the partial derivatives of the function in order to find the minimum; hence they are
often called the non-gradient methods. On the other hand, the descent techniques
such as steepest descent and Newton's methods require, in addition to the function
values, the first and in some cases the second derivatives of the objective function.
The constrained optimisation problem can be classified into two broad categories as
direct methods and indirect methods [122]. In the direct methods, the constraints are
handled in an explicit manner; on the other hand, in most of the indirect methods, the
constrained problem is solved as a sequence of unconstrained minimisation
problems. It should be noted that most of the constrained and unconstrained

optimisation methods in the literature are suitable for finding local minimums.

Nature is usually considered as the main source of ideas for proposing global
optimisation methods. Genetic algorithms, simulated annealing, particle swarm
optimisation method, ant colony optimisation method, TABU search optimisation
method, brunch and bound, clustering methods, Big Bang-Big Crunch search and
stochastic global optimisation methods (Kushner’s and Stuckman’s methods and
controlled random search) are the main global optimisation methods in the literature
[121-127]. Among these methods, genetic algorithms are widely used to tackle hard
search and optimisation problems. These methods are random search techniques that
basically model the basic principles and mechanisms of Mendelian genetics and
mechanisms of natural evolution theory along with population genetics. On the other
hand, Kushner’s method is only for one-dimensional problems while Stuckman’s
method is an extension of Kushner’s method and it is for multi-dimensional

problems.

1.2.5.2 Damping optimisation

As stated before, passive damping materials such as viscoelastic materials are widely
used in many industries as a means of reducing excessive noise and vibrations [16,
72, 128-130]. Although mass and stiffness optimisations of structures are quite
common, damping optimisation studies in the literature are relatively rare.
Furthermore, the studies on optimisation of damping treatments in the literature are
mainly related to systems with special geometries. For example, Hajela and Lin

[131] and Trindade [132] studied optimisation of damping treatments on beams using
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genetic algorithms. Ro and Baz [133] studied optimisation of the position of active
constrained damping layers on a plate using steepest descend method. On the other
hand, Subramanian et al. in their study [134] applied damping treatments to different
regions of vehicle panels by simply considering the modal strain energy of untreated
structure to determine the optimal parameters. Recently, Chia et al. [135] used the
so-called cellular automata method to obtain an optimal coverage of constrained
layer treatments on structures. It is seen that although some methodologies seem to
be applicable for relatively simple structures, it is still difficult to utilise them for
damping optimisation of general structures. One of the reasons for this is due to the
difficulty in modelling the highly nonlinear damping materials in damping
predictions and optimisations. One other difficulty in using conventional global
optimisation methods such as genetic algorithms is related to unacceptable
computational time required to optimise damping treatments applied to structures
with large number of degrees of freedom.

Although the genetic algorithm [127] appears to be one of the widely used global
optimisation approaches to solve various optimisation problems, they may suffer
from premature convergence, convergence speed and execution time problems. On
the other hand, recently introduced Big Bang-Big Crunch (BB-BC) method [126] for
global optimisation seems to be effective and faster than others. Like genetic
algorithm, this method is a random search method and its superiority has been
demonstrated over other heuristic population-based search techniques when
employed to perform global optimisation tasks [For example, 126, 136-138].

1.3 Objectives of The Thesis

The main objectives of this thesis are to improve, develop and propose
methods/approaches in order to identify, model and finally optimise structures with
passive damping treatments. The specific objectives of this thesis can be summarised

as:

i) Assessment of the available methods for the estimation of dynamic properties of

damping materials,

i) Improve the method or methods so as to obtain dynamic properties of materials

(damping and elasticity modulus) with better accuracy,
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iii) Identify and quantify the levels of uncertainty due to noise and signal processing

parameters in measured damping levels of structures,

iv) Present damping prediction methods for modelling structures with passive
damping treatments in an effective way and validate the methods using experimental

data,

V) Propose an approach for quantification of mode shape complexity due to non-

proportional damping of passive damping treatments, and

vi) Propose an effective methodology to optimise passive damping treatments for

general structures.

1.4. Outline of The Thesis

After a brief introduction of the subject, the problem is stated, a literature survey is
presented and the objectives of the thesis are outlined in Chapter 1. Chapter 2 is
devoted to the identification of the dynamic properties of damping materials. The
effects of various parameters, such as the mounting conditions and the length of the
test sample on measured data using an Oberst test rig are examined. The
electromagnetic effects created by non-contact exciters are studied experimentally
and the electromagnetic field around the free end of the Oberst beam is modelled. A
method is proposed to remove the adverse effects of the electromagnetic excitation.
The material properties of some commercially available materials are determined
using the improved test rig.

The difficulties in the identification of the damping levels of structures in the
frequency domain estimation methods are examined in Chapter 3. Some numerical
simulations are performed in order to assess the adverse effects of noise on damping
estimations and the resulting damping uncertainty is examined as a function of noise
level in the data. Then, damping uncertainty due to the use of exponential windowing
is investigated using experimental data. A relationship between damping uncertainty

and the level of added numerical damping is presented.

Chapter 4 is devoted to damping prediction. A FE procedure based on the MSE
method is presented for the purpose of modelling damped structures. Also, the
theoretical background of a composite FE with damping capability is summarised.

The method based on the MSE method and the composite FE formulation are
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validated by comparing the theoretical predictions with experimentally identified
natural frequencies and the associated damping levels using a few test structures.
Also, the accuracy of the MSE method is examined as a function of damping level
and mode shape complexity arising from non-proportional distribution of damping in
structures. Furthermore, a novel approach is proposed in order to quantify mode
shape complexity due to passive damping treatments after reviewing the existing

methods for quantification of mode shape complexity in Chapter 5.

An approach for optimisation of passive damping treatments that can be applied to
general structures is presented in Chapter 6. For this purpose, an optimisation
methodology based on the BB-BC technique coupled with the damping prediction
approach using the MSE method is introduced. The performance of the proposed
optimisation procedure is demonstrated for the maximisation of damping levels for
single and multiple modes and its effectiveness for damping optimisation is assessed.
After all, some concluding remarks and suggestions for future work are given in
Chapter 7.
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2. IDENTIFICATION OF DAMPING MATERIALS

2.1 Introduction

Designing and optimisation of passive damping treatments require establishing
reliable methods for the determination of the properties (damping level and elasticity
modulus) of damping materials to be used for the prediction of damping levels of
structures. However, damping materials generally exhibit non-linear behaviour [16]
and the accurate predictions of the dynamic properties of composite structures,
especially the damping levels, are quite difficult because of inherent coupling
between nonlinear material behaviour. Therefore, special experimental procedures
are needed to determine the mechanical properties of these materials. The Oberst
Beam Method (OBM) is widely used for this purpose in practice [1]. However,
detailed information about how to perform a successful Oberst beam experiment is
quite limited in the literature. In this chapter, it is aimed to suggest a methodology to
improve OBM for the identification of damping materials with good accuracy. Then,
the damping and the elastic properties of materials to be used in the theoretical
models of the test structures with passive damping treatments are determined using
OBM.

This chapter is organized as follows. After a brief theoretical background for
damping materials and the damping mechanism is presented, OBM is described.
Then, the effects of various parameters, such as the amplitude of the excitation,
mounting conditions, input excitation type and the length of the test sample on
measured data using an Oberst test rig are examined in an attempt to improve the
accuracy of the estimated material properties. Then, electromagnetic effects created
by non-contact exciters are studied. For this purpose, extensive tests are carried out
so as to determine the adverse effects of electromagnetic excitation experimentally.
Based on experimental evidence, electromagnetic field around the free end of the
Oberst beam is modelled by some stiffness elements. Furthermore, a method is
proposed for removing the adverse effects of the electromagnetic excitation in order
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to obtain more accurate material properties for uniform as well as composite beams.
After this improvement, damping and elastic properties of materials to be used in the
theoretical models of structures with passive damping treatments are determined
using OBM.

2.2 Damping Materials

Damping can be described as the conversion of mechanical energy of a structure into
thermal energy, i.e., the amount of energy dissipation is a measure of the damping
level of a structure [16, 139-140]. There are many forms of damping such as
Coulomb friction, joint damping, fluid viscosity, air damping, particle damping,
magnetic hysteresis and piezoelectric damping. The most common form of damping
utilised to solve noise and vibration related problems is material or viscoelastic
damping, usually applied as passive damping treatments to structures [1, 16, 139-
140].

Damping or viscoelastic materials are used in many applications including domestic
appliances and vehicles in order to reduce structureborne vibrations [72, 75].
Amorphous polymers, semi crystalline polymers, biopolymers, metals at very high
temperatures and bitumen materials are some examples of viscoelastic materials.
Polymeric materials have long molecular chains and carbon atoms join strongly
together. Long chains can be linked strongly or weakly according to composition and
processing of the polymer. Damping arises from relaxion and recovery of the
polymer network after it has been deformed. It is noted that temperature and
frequency have strong effects on the properties of viscoelastic materials [16, 76-77,
139, 141].

2.2.1 Viscoelasticity

Most materials used in engineering are assumed to behave according to Hooke’s
linear elasticity theory under small deformations, i.e., there is a linear relationship
between stress and strain as c=Ee where 6, ¢ and E are stress, strain and
modulus of elasticity, respectively. Such materials are called elastic materials, and
these materials strain instantaneously when stretched and just as quickly return to
their original state once the stress is removed. Overall, a purely elastic material can

be defined as the material in which all the energy stored in the sample during loading
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is returned when the load is removed. On the other hand, in contrast to an elastic
material, a purely viscous material (no stiffness component) does not store energy.

All the energy is dissipated as pure damping once the load is removed. In this case,
the stress is proportional to the rate of the strain as o =p(de/dt) where p is the

viscosity. Viscoelastic materials have both elastic and viscous properties and, as
such, exhibit time dependent strain. Some of the energy stored in a viscoelastic
system is recovered upon removal of the load, and the remaining energy is dissipated
in the form of heat [76-77, 139, 141].

Cyclic stress-strain curves vs. time for typical elastic, viscous and viscoelastic
materials are given in Figure 2.1. The stress and strain curves for elastic materials
move completely in phase while there is w2 radian phase difference between stress
and strain in the case of viscous material. On the other hand, with cyclic stress at
frequency w, there is a phase ¢ between stress and strain in the case of the
viscoelastic material where ¢ is between 0 and w2 [139-140]. This phase angle is

also a measure of damping in the material [72] as explained in the next section.
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Figure 2.1 : Cyclic stress-strain curve vs. time for elastic (left), viscous (middle) and
viscoelastic (right) materials (Key: --- &(t) and — o(t)).

2.2.2 Vibration damping

2.2.2.1 Hysteresis loop

Under cyclic loading at constant frequency  and amplitude oy (referring to Figure

2.1), the stress for a viscoelastic material can be expressed as follow.

o (t) =0, 2.1)
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The resulting strain for the viscoelastic material will be
S(t) = goej(wtim (22)

where o,and ¢, are the amplitudes of the stress and strain and j=v-1. The

hysteresis of the material can be defined by plotting the input stress o(t) versus
responding resulting strain ¢(t) for one cycle of motion as in Figure 2.2. The elliptical
shape shown in Figure 2.2 is defined as the hysteresis loop. The area captured within
the hysteresis loop, AU is equal to the dissipated energy per cycle of harmonic
motion by the material while U here represents the maximum stored energy [139]. It
should be noted that the stress-strain curve of a purely elastic material (or spring) is a
line where AU=0.

&(t)

Figure 2.2 : Hysteresis loop for a viscoelastic material under harmonic loading.

For reasonable levels of damping, the relationship between the structural damping

ratio (or material damping) and associated energy terms in Figure 2.2 is given as [74]

_tA
=%z U (2:3)
where 7 is also known as loss factor. This relation can also be written as follow.
(JSO'dS
n= ——, (2.9)
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2.2.2.2 Complex modulus

Modulus of a viscoelastic material can be represented by a complex (or dynamic)
quantity, possessing both the stored and dissipative energy components. Complex

stress and strain can be written as follows
o(t)=0,e"" =0, (cos(at)+ jsin(at)) (2.5)
g(t) =" =g, (cos(at —¢) + jsin(at—¢)) (2.6)
Complex modulus of the material can be written as follows

. ot o o, . .
E=—0__-=-20 —Lsin(¢)=E'+ JE"

N cos(¢)+ - (#)=E'+] @.7)
where E” is the complex modulus, E' and E” are known as the storage and the loss
modulus, respectively [16, 142]. The real part of this complex term, storage modulus,
relates to the elastic behaviour of the material. The imaginary component (loss
modulus) relates to the viscous behaviour of the material, and it is related to the

energy dissipation ability of the material. Complex modulus also can be written as

. , CE"Y )
E =E (1+ jEj— E'(1+ jn) 2.8)

where 7 is the loss factor as defined before. The loss factor is also related to the

phase angle, ¢ via 7 =tan(¢) as can be seen from Equations 2.7 and 2.8. The

complex modulus indicates that the stiffness and damping properties of a material
can be represented by single degree of freedom hysteretic model as in Figure 2.3
where k™ and m are complex stiffness and mass, respectively, and f(t) and x(t)
represent time varying force and displacement. Also, the complex modulus can be
defined as a function of temperature and frequency. Provided that the motion is
harmonic, the hysteretic model is preferred when modelling structures with passive
damping treatments as the hysteretic model has a better representation of the actual
behaviour of viscoelastic materials in which damping is proportional to strain and is
independent of rate [74, 139-140].
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Figure 2.3 : Hysteretic model or complex modulus approach.

2.2.3 Effects of environmental factors

Effective noise and vibration control requires good understanding of the variation of
damping properties with environment [16]. Properties of viscoelastic materials are
influenced by many parameters, such as temperature, frequency, dynamic strain rate,
static preload, time effects (creep and relaxion), aging, oil exposure, high
temperature exposure, vacuum and pressure. The viscoelastic damping arises from
the polymer network after it has been deformed as stated before. Both temperature
and frequency effects have a large bearing on the molecular motion and hence on the
damping characteristics [47]. As a result, a viscoelastic material can be in various
phases over the broad temperature and frequency ranges in which it is used.

Changes in storage modulus, loss modulus and loss factor a typical viscoelastic
material at constant frequency are given in Figure 2.4. In the glassy region, the
polymer chains are rigidly ordered and crystalline in nature, hence possessing glass-
like behaviour. Storage modulus is at its highest level for the material 