Contents

Partl Introduction

1

Motivation ... .. ..o
R. Lammering, S. Duczek, and U. Gabbert

1.1
1.2
1.3
1.4

Why Structural Health Monitoring?.............coocoeeiiiiiiio...

What is the Foundation of the SHM Research Presented? .........
What Are the Challenges? ..........ooooiiiiiiiiiiiiiiiiiiie...

R OIENCES .. i

OB JECtIVES . . ...ttt e,
R. Lammering, S. Duczek, and U. Gabbert

PartII Foundations

3

Wave Propagation in Elastic Solids: An Analytical Approach ........
N. Rauter, B. Hennings, M.N. Neumann, A. Asmus,
and R. Lammering

3.1
32

33

34

INtroduCtion ... ...vviiiii e
Isotropic SOLdS .......coviiiiii i
3.2.1 Lamé-Navier Equations ..................coooiiiiena.
3.2.2  Waves in Infinite Solids .....................ooL L,
3.2.3  Waves in Thin-Walled Solids ..............................
Anisotropic SOldS ...
3.3.1 General Fundamentals..........................oo L
3.3.2  Wave Propagation Without Decoupling of Lamb

Waves and Shear Horizontal Waves .......................
3.3.3  Wave Propagation with Decoupling of Lamb

Waves and Shear Horizontal Waves .......................
Layered Anisotropic Solids ...............ccooiiiiiiiiiii..
3.4.1 Transfer-Matrix Method ....................oiL L,

O 0 WL W W

11

vii



viii

Contents
342 Global-Matrix Method ................ooooiiiii. 47
3.4.3  Stiffness-Matrix Method ... 49
Appendix 1: Characteristic Polynomial of the Christoffel Equation ...... 54
Appendix 2: Summary of Stresses and Displacements of a Single
Anisotropic Layer in a System of Equations........................ 55
Appendix 3: Separated Dispersion Relations for the Symmetric
and Antisymmetric Wave Modes ..............ooceiiiiiiiiiii 58
References........ooiuiii 61
Fundamental Principles of the Finite Element Method ................ 63
S. Duczek and U. Gabbert
4.1  Governing EQUations ...........ooviiiiiiiiiiiiiiiiiiiiiiieeen, 63
4.2 Constitutive EQUAtiONS .........ooiiiiiiiiiiiiiiiiiii e, 65
4.3  Weak Form of the Equations of Motion....................ccooo..e. 66
4.4  Finite Element Equations ..............ccciiiiiiiiiiiiiiiiiienn. 68
4.5  h-Version of the Finite Element Method ............................ 75
4.6  Time-Integration Methods .............ccoiiiiiiiiiiiiiiiiiiinn. 76
4.6.1  Explicit Time Integration: Central Difference Method ... 77
4.6.2  Implicit Time Integration: Newmark Method ............. 79
4.6.3  Mass Lumping Techniques..............ooceeviiiiio... 82
477  Geometry AppProXimation.............eeeeeeiiiieeeeniniiiieeeeennn. 84
4.7.1  Subparametric Mapping..........cccovviiiiieeiniiininee... 85
472  Isoparametric Mapping..........c.cceeevviiiieeennnnnnen... 86
4.7.3  Superparametric Mapping........cc.coovvveeieeeniiinnnee... 87
References........ooiuiiii 89
Experimental Methods ..................cooiiiiiiiiiiiiiiiiiiiiiiiiia 91
F. Raddatz, A. Szewieczek, and M. Sinapius
5.1 Requirements for a Measurement System
for High-Resolution Wave Field Recording of Lamb Waves ...... 91
5.1.1  Measurement Principle ..o 92
5.1.2  Flexibility ..oovviiiiiiiiiiii 93
5.1.3 0 Speed ..occiiii 93
5.2 Ultrasonic Scanning Technique..............ooceviiiiiiiiiiiin. 93
5.3  Imaging Methods.........cooviiiiiiiiiiiiiiii s 95
54 3D Laser VIDrometry .......ooviuuuiieieiiiee e eanias 97
5.4.1 Description of the Measurement Platform................. 97
5.4.2  Determining the Three-Dimensional Displacement ...... 100
5.4.3  Sensitivity of In-Plane Displacement Measurements ..... 103
5.5 ConCIUSION ....eiuuiit it 110

R OIENCES .. et 111



Contents

Part III Efficient Numerical Methods for Wave Propagation

Analysis
R OIENCES .. et

Higher Order Finite Element Methods ...........................oooo0.
S. Duczek, C. Willberg, and U. Gabbert
6.1  Higher Order Finite Element Methods: One-Dimensional Case....

6.1.1  p-Version of the Finite Element Method ..................
6.1.2  The Spectral Element Method .............................
6.1.3  The Isogeometric Analysis..........cooeeeeiiiiiieeeennnn.
6.2  Comparison of the Properties of Different Higher Order
Finite Element Approaches ..............coooiiiiiiiiiiiiiiiiiee...
6.2.1  Hierarchic Basis Functions........................ooo.
6.2.2  Nodal Basis Functions.................cooiiiiie.n.
6.3 Multivariate Basis Functions ...
6.4  Benchmark Problems .................cooooiiii
6.4.1 p-FEM: Modal Analysis of a Three-Dimensional
Piezoelectric DiscC.........cooviiiiiiiiiiiiii i
6.4.2  Spectral Element Method: Wave Propagation
Analysis in a Two-Dimensional Porous Plate .............
6.4.3 Isogeometric Analysis: Wave Propagation Analysis
in a Three-Dimensional Perforated Plate ..................
6.5  Convergence StUAIes ........oovuuuiiiieeiii i
6.5.1 Numerical Model ...
6.5.2  Signal Analysis ......cooviiiiiiiiiiiiiiii
6.5.3 Polynomial Degree in xj .........ccooviveiiiiiiiiiiiinn.
6.5.4  Polynomial Degree in xy ........ccooovviiiiiiiiiiiieaan.
6.6  Industrial Applications .........ouuuieiiiiiiiiii i
6.6.1  Stiffened Composite Plate....................oooeeeiiain.
6.6.2  Rotor Blade of a Wind Turbine ............................
References. ... ...ooiuii i

Hybrid Simulation Methods: Combining Finite Element

Methods and Analytical Solutions ........................cciiiiiiin

S. Duczek, Z.A.B. Ahmad, J.M. Vivar-Perez, and U. Gabbert

7.1  The Semi-Analytical Finite Element Method .......................
7.1.1 0 MOtIVation .....eeeiieiiii e
7.1.2  Theoretical Principles ...........ccoooiiiiiiiiiiiiiiian.
7.1.3  Plate with Infinite Dimensions .............................
7.1.4  Dispersion Curves for Undamped Media..................
7.1.5 Interaction of Guided Waves with Perturbations ..........
7.1.6  Force Response AnalysiS........c..oovieeeiiiiiiiieeennnn.
T1T SUMMATY .ot

7.2 Coupling of Analytical Solutions and the Spectral Element
Method in the Frequency Domain ..................coooiiiiio...

721 MOtIVALION ...ttt iieees

ix



10

Contents

7.2.2  Definition of the Problem .........................oooll.

7.2.3  Analytical Solution to the Wave Propagation
Problem in Isotropic Plates................coooiiiiiioe.t.
7.2.4  Coupling Boundary Conditions ...............cooeeeeen.nn.
7.2.5 Numerical Results ............ccooiiiiiiiiiiiiiiiii.
RefeIeNCeS .. .. coiii e

Damping Boundary Conditions for a Reduced Solution Domain
Size and Effective Numerical Analysis of Heterogeneous

WavegUIAES .........outtt s

S. Duczek, S.M.H. Hosseini, and U. Gabbert

Bl OBJECHIVE ...t e ettt ettt e

8.2  Non-reflecting Boundary Conditions...............ooeeeiiiiinnn..
8.2.1  Basic Principles..........ccoeiiiiiiiiiiiiiiiiii
8.2.2  Numerical Example ..........c.oooiiiiiiiiiiiiiiiii,

8.3  Parametric Studies of Wave Propagation in Cellular Materials ....
8.3.1  Sandwich Panel with a Foam Core ........................
8.3.2  Sandwich Panel with a Honeycomb Core .................

References. ... ...ooiuiii

The Finite Cell Method: A Higher Order Fictitious Domain
Approach for Wave Propagation Analysis in Heterogeneous
SEUCEUTES . . . oot
S. Duczek and U. Gabbert

9.1 MOtIVAtION ...ttt
9.2 Fictitious Domain Concept ..........ccoevviuiiiiiiiiiiiieeeennnnnn.
9.3  Finite Cell EQUations ..........oouuiiiiiiiiiiiiiiiiiiiiie s
9.4  Numerical Integration ...............ccoiiiiiiiiiiiiiiiiiiinii.
9.4.1 Adaptive Quadrature Scheme .................cooeeeeenan.
9.4.2  Improved Integration Algorithms ..........................
9.5 Geometry Description.........oouuuieieeiiniiiiiiiiiiie s
9.5.1 Implicit Functions ............cccoiiiiiiiiiiiiiiiiieenn.
9.5.2  Boundary Representation (B-Rep).........................
053  CT-SCaN ..ooiiiiiiiii i
9.6  Numerical Results: Wave Propagation Analysis
in a Two-Dimensional Porous Plate ........................oooo.
9.7  Note on the Extension to Unstructured Discretizations ............
References........ooiuiiii

A Minimal Model for Fast Approximation of Lamb Wave

Propagation in Complex Aircraft Parts..................................

C. Heinze, S. Duczek, and M. Sinapius

10.1 Lamb Wave Simulation and Its Applications .......................

10.2 Minimal Model ......... ..o
10.2.1 Interaction of Lamb Waves with Discontinuities..........
1022 Ray Tracing ...........ooiiiiiiiiiiiiiiiiiii i,



Contents

10.2.3  Signal Synthesis ........ccooviiiiiiiiiiiiiiiiiiiiiiiie..
10.3 Experimental Results and Comparison.................oooeeeeenn..
10.3.1 AluminumPlate ...
10.3.2 Aluminum Plate with Cutout...............................
10.4  DiSCUSSION ...ttt
10.5 ConClUSION ...ttt
R ereNCeS .. o

PartIV Continuous Mode Conversion

11 Continuous Mode Conversion in Experimental Observations.........
M.N. Neumann and R. Lammering
11.1 Mode Conversion in Polymer Composites ..........................
11.2  Occurrence and Characteristics of Continuous Mode
CONVEISION .. ..ttt
11.2.1 CFRP Plates Made of Unidirectional Layers..............
11.2.2 CFRP Plates Made of Woven Layers ......................
11.3 Physical Reasons of Continuous Mode Conversion
in Woven Layers..........uuuiiiiiiiiiiiiiiiiiiiiiiii e
11.3.1 Experimental Tensile Tests..................coooiiiii...
11.3.2 Finite Element Modeling ......................o.ooe e,
11.3.3 Numerical Tensile Tests ...,
11.3.4 Lamb Wave Simulation....................ooooiiii...
11.3.5 Frequency Dependence of Coupling-Induced Mode
CONVEISION ..ottt
11.4  ConClUSION .....uiiiit i
References......oooiniii i

12 Material Modeling of Polymer Composites for Numerical
Investigations of Continuous Mode Conversion.........................
B. Hennings and R. Lammering
12.1 Analysis of the Wave Behavior in Simplified Models

with Reference to the Continuous Mode Conversion...............
12.1.1 Aluminum Plates with Changes in Cross Section.........
12.1.2 Conventional Material Modeling of CFRP ...............
12.1.3 Fiber—Matrix Models ..............ccooiiiiiiiiiiii i
12.1.4 Intermediate ResultS...............cooiiiiiiiiiiniin....
12.2 Numerical Realization of the Continuous Mode Conversion
Effect. .
12.2.1 Enhanced FE-Material Modeling of UD-Layers..........
12.2.2 Wave Propagation in UD-Layers Using the
Enhanced FE-Material Modeling ..................oooot
123 ConCIUSION ..ottt ettt et e
References. ... ...oviiii

xi



xii Contents

Part V Signal Processing

13 Localization of Damaging Events and Damage in Anisotropic
Plates by Migration Technique...........................iiii
A. Ungethiim and R. Lammering

13.1 Impact Localization .............oovuiiiiiiiiiiiiiii e
13.1.1 Migration Method for Isotropic Materials.................
13.1.2  Enhanced Migration Method for Anisotropic
Materials .....o.vveiniiiii
13.1.3  Solution Procedure ..............ccoiiiiiiiiiiiii ...
13.2 Damage Localization.............oooiiiiiiiiiiiiiiiiiiiiiieen.
13.3  Experimental Verification...............ccooiiiiiiiiiiiiiiiin.
13.3.1 Impact Localization .............ccooviiiiiiiiiniiiinee...
13.3.2 Defect Localization................ccoooiiiiiii ...
References........ooiuiii
14 Time-of-Flight Calculation in Complex Structures.....................
F. Raddatz and M. Sinapius
14.1 Requirements for Time-of-Flight Calculation ......................
14.2  Algorithms for Time-of-Flight Calculation .........................
14.2.1 RayraCing......ooeuuieetiiii e
14.2.2 Dijkstra Algorithm .............cccoiiiiiiiiiiiiiiii...
14.2.3 Path Calculation in Segmented Areas .....................
14.2.4 Bellman-Ford Algorithm ...,
14.2.5 Floyd-Warshall Algorithm ..............oooooiiiiiiioe...
14.2.6 Front Propagation Algorithms ............................
14.3 Time-of-Flight Calculation for Lamb Waves in Complex
SHIUCTUIES ...ttt e
14.3.1 Discretization of the Structure .....................oooeel.
14.3.2 Considerations for the Algorithm
for the Time-of-Flight Calculation.........................
14.3.3  Algorithm for Time-of-Flight Calculation.................
14.4 Influences on the Time-of-Flight Calculation.......................
14.4.1 DISCIetization ..........ccovuuiiiiiiiiiinieiiiienieeenane..

14.4.2 Non-isotropic Material Properties Inside the Elements...
14.4.3 Non-convex Velocity Distributions Inside
the Elements ..o
14.4.4 Subsequent Determination of Fastest Paths ...............
References........ovuiii

15 The Determination of Dispersion Curves from Measurements
by the Matrix Pencil Method ...l
T. Schuster and F. Schopfer
15.1  INtrodUuCtion ... .........e
15.2 Dispersion Relations via Mode Decomposition
in the Wavenumber Domain ............coooiiiiiiiiiiiiiiiiiiinne



Contents

16

15.3 The Matrix Pencil Method ...................cooiiiiiiii ..
15.4 Experimental SEtUP .........coiiiiiiiiiiiiiiiiiii e
15.5 From Laser Vibrometer Data to Matrix Pencil Data................
15.6 Numerical Results and Detection of Backward

Propagating Waves ..........c..oeiiiiiiiiiiii e
15.7 ConcClUSIONS ...ttt e
R ereNCeS .. o

Damage Identification by Dynamic Load Monitoring..................
T. Schuster and F. Schopfer

16.1  INtroducCtion .........oouuuueieeeiii e
16.2 Dynamic Load Monitoring as a Minimization Problem............
16.3 Numerical Solution of the Tikhonov Minimization Problem ......
16.4 Numerical Results...........ccooiiiiiiiiiiiiii e
RefEIeNCES ... ceiii e

Part VI SHM: Systems

17

18

Mode Selective Actuator-Sensor-Systems.......................ceevunee.
D. Schmidt and M. Sinapius
17.1  INtroducCtion..........ooouueiiiiiiiii i
17.2 Analytical Model for Mode Selective
AcCtuator-Sensor-SYSIEIMS .. .....oeeirnuiieeteeiiieeeeeiieeee.
17.2.1 Mode Tuning: 2D Problem.............cccooinne
17.2.2  Acoustic Wave Field: 3D Problem.........................
17.3 Experimental Verification of Mode Selective
AcCtuator-Sensor-SYSIEIMS . ......oeeirnuiiieteeiieeeeneeen.
17.3.1 Manufacturing Technologies of Mode Selective
Transducers ..........ooiiiiiiiii
17.3.2 Experimental Setup...............coviiiiiiiiiiiiiin...
17.3.3 Experimental Results Regarding Mode Tuning ...........
17.3.4 Experimental Results Regarding Acoustic Wave Field ...
APPENAIX ..
References......oooni i
Virtual Sensors for SHM..............coiiiiiiiiii
A. Szewieczek and M. Sinapius
18.1 INtroducCtion..........ooouueiiiiiiiii i
18.2 Leaky Guided Waves.........c.cooiiiiiiiiiiiiiiiii e
18.3 Displacement Ratios ...,
18.4 Adaption of Wave Radiation.....................oooo
18.5 SensorModel.......coooiiiiiiiiiii
18.6 Experimental Validation .....................ii
References......ooonuiii i



Xiv Contents
19 Lamb Wave Generation, Propagation, and Interactions
INCFRPPIates ... 443
G. Mook, J. Pohl, and Y. Simonin
19.1 Experimental SEtUP ........cooiiiiiiiiiiiiiiiiii e 443
19.2 Characterization of Piezo-Actuators and Their Wave Fields........ 444
19.3  Velocity and Attenuation Measurement of Lamb Waves........... 448
19.3.1 Methods of Dispersion Curves Determination ............ 448
19.3.2 Comparison of Lamb Wave Velocities in Different
PIates . ....ooeiii 449
19.4  Attenuation of Lamb Waves ............ccooiiiiiiiiiiiiin 451
19.5 Interactions with Inhomogeneities................cccooiiiiiiiean. 453
19.5.1 Non-Mode Converting Inhomogeneities .................. 453
19.5.2 Mode Converting Inhomogeneities ........................ 453
19.6  CONCIUSION ...ttt e e e 459
RefeIeNCeS ... covii e 460
20 Structural Health Monitoring on the SARISTU Full Scale
Door Surround Structure.................oooiiiiiiiiiii 463
M. Moix-Bonet, D. Schmidt, and P. Wierach
20.1 INtroduCtion...........eueeeeeiii et 463
20.2 Integration of a SHM Network in the Structure..................... 464
20.3 A Probability-Based Diagnostic Imaging Approach ............... 466
20.4 Damage ASSESSIENL .....coeennnuittteetneeeaaeeeanaaae 467
20.5 CONCIUSION ...ttt ettt 471
RefeIeNCeS .. .. coiii e 472
Index ... oo 475



2 Springer
http://www.springer.com/978-3-319-49714-3

Lamb-Wave Based Structural Health Monitoring in
Polymer Composites

Lammering, R.; Gabbert, U.; Sinapius, M.; Schuster, Th.;
Wierach, P. (Eds.)

2018, XM, 479 p. 286 illus., 201 illus. in color.,
Hardcover

ISBEMN: 978-3-315-49714-3



	Preface
	Contents
	Part I Introduction
	Motivation
	Objectives

	Part II Foundations
	Wave Propagation in Elastic Solids: An Analytical Approach
	Fundamental Principles of the Finite Element Method
	Experimental Methods

	Part III Efficient Numerical Methods for Wave Propagation Analysis
	Higher Order Finite Element Methods
	Hybrid Simulation Methods: Combining Finite Element Methods and Analytical Solutions
	Damping Boundary Conditions for a Reduced Solution Domain Size and Effective Numerical Analysis of HeterogeneousWaveguides
	The Finite Cell Method: A Higher Order Fictitious Domain Approach for Wave Propagation Analysis in Heterogeneous Structures
	A Minimal Model for Fast Approximation of Lamb Wave Propagation in Complex Aircraft Parts

	Part IV Continuous Mode Conversion
	Continuous Mode Conversion in Experimental Observations
	Material Modeling of Polymer Composites for Numerical Investigations of Continuous Mode Conversion

	Part V Signal Processing
	Localization of Damaging Events and Damage in Anisotropic Plates by Migration Technique
	Time-of-Flight Calculation in Complex Structures
	The Determination of Dispersion Curves from Measurements by the Matrix Pencil Method
	Damage Identification by Dynamic Load Monitoring

	Part VI SHM: Systems
	Mode Selective Actuator-Sensor-Systems
	Virtual Sensors for SHM
	Lamb Wave Generation, Propagation, and Interactions in CFRP Plates
	Structural Health Monitoring on the SARISTU Full Scale Door Surround Structure

	Index

