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General Introduction

The process of implementing a damage detectioteglydor engineering structure is referred
to as Structural Health Monitoring (SHM). The puwspoof structural health monitoring
systems is to provide information about the condif a structure in terms of reliability and
safety before the damage threatens the integritheftructure. The improvement of safety
seems to be a strong motivation, in particularrasi@me spectacular accidents due to: i)
unsatisfactory maintenance, for example, in theorsmutic field, the accident of Aloha
Airlines (see Fig 1a) or, in the civil engineeriingld, the collapse of the Mianus River bridge;
iN) ill-controlled manufacturing process, for exaephe Injak bridge collapse (see Fig 1b).

Figure 1 Spectacular accidents have motivated the commtmityprove safety: a) the Aloha
Airlines flight 243, April 29, 1988, due to corrosiinsufficiently controlled by maintenance;
b) the Injaka bridge collapse, July 1998, due tmoarly controlled construction process

So the diagnosis of the damage in structural systequires an identification of the location
and type of damage, as well as the quantificaticth@ degree of damage. The SHM process
involves the observation of a system over time gisperiodically sampled response



measurements from an array of sensors. The extnacfi damage sensitive features from
these measurements and the statistical analyiiesé features are then used to determine the
current state of system health. SHM essentiallplves the embedding of a Non-Destructive
Evaluation (NDE) into a structure to allow contimgoremote monitoring for damage. There
are several advantages to using a SHM system oae@itional inspection cycles, such as
reduced down time, elimination of component teawmlonspections and the potential
prevention of failure during operation. Structunablth monitoring is a very vast domain and
consists of five major steps:

» detection of damage in a structure

* localization of damage

» classification of the damage type

* quantification of damage severity

» prediction of the remaining service life of theusture

Due to the vastness of this subject, it is veryidift in a thesis to work on all the above
mentioned five aspects. The scope of the work pteden this thesis concerns the first two
steps of SHM i.e., detection and localization omdge. However we can approximately
guantify and classify damage with equivalent s&ffe changes by updating a damage model.

The thesis presents an experimental study coupidfinite element analysis on the effects
of multi-site damage on the vibration response ahihated composite and composite
sandwich beams. Vibrational modal analysis has lbheeen as the non-destructive technique
for detecting damage in the beam-type specimenzalfon tests have been carried out by
using burst random (broadband excitation) and sinell (single frequency excitation)
excitations. The various types of test specimeng haen impacted around tBarely Visible
Impact Damage(BVID) limit by drop weight tests. The effectives® of vibration-based
damage detection is in case of those damagessibtevby naked eye but reduce significantly
the stiffness of the structure. The variation ofdaloparameters i.e., natural frequency,
damping and mode shapes in the presence of impawgk is then studied.

The aim is to find that which of the parameters agnatural frequency and damping ratios
are more sensitive to impact damage in composienktes and composite sandwich beams.
The effect of mode shapes on impact damage istadiesl as we have carried out vibration
tests with a poor spatial resolution; our aim igxtract relatively reliable mode shapes for the
purpose of identification of the type of mode ilgending mode or torsion mode. Based on
this information damage detection algorithms sbellbuilt in future to monitor damage in
composite specimens. Furthermore, statistical amalgased on design of experiments is
performed on the experimentally obtained modal petars to find out the most significant
design parameters. In the course of this thesishmaovative sandwich known as entangled
sandwich material has also been developed. Thendgnaerformance and impact toughness
of entangled sandwich beams is evaluated and cewparth standard sandwiches with
honeycomb and foam cores. Finally finite elementlet® are built to simulate the vibration
tests in order to correlate the experimental resulimerically. Impact damage in composite
laminates and composite sandwiches is modeledducieg the mechanical properties at the
impacted zones, based on c-scan and radiographiystes



Objectives of the Thesis

The main objectives of the presented thesis are

Detection of low velocity impact damage in compesiaminate and composite
sandwich beams with the help of modal analysis iserves the purpose of a non-
destructive technique for damage detection by takito account a reliable baseline
FE model

Inducing damage in the test-beams by drop weigsts taround the barely visible
impact damage (BVID) so those damage that cannotldiected through visual
inspection are made detectable by vibration testing

Study the shift in modal parameters (natural fregyeand damping) in the presence
of impact damage, by studying several levels of alzan

Highlight the most sensitive modal parameter to aotpdamage among natural
frequency and damping ratio in composite laminaie$ composite sandwich beams
which shall help in future to built damage detettadgorithms to monitor damage in
composites

Find the design parameter (for example impact gnang density of damage) that has
the most significant effect on the experimentallytained natural frequencies and
damping ratios based on design of experiments

Develop a new sandwich known as entangled sandwiaterial with an aim to
enhance the damping capabilities and impact towghred composite sandwich
structures

Perform vibration tests on sandwich beams with bwthadband (burst random) and
single frequency (sine-dwell) based testing to @ai@ their effectiveness in the
estimation of damping in the presence of damage

Develop a Finite Element models that represent dachacomposite beams in
vibrations. These simplified damage models giva degradation factor that can serve
as a warning regarding structure safety

Localize structural damage in composite beams pgltgy optimization

Based on the works of this thesis, the author bdarssucceeded in publishing the following

works:

International peer-reviewed journals (accepted):

Shahdin A, Morlier J, Gourinat Y. Correlating lownexgy impact damage with
changes in modal parameters: A preliminary studycamposite beamsStructural
Health Monitoring 2009, doi:10.1177/1475921709341007.



Shahdin A, Mezeix L, Bouvet C, Morlier J, Gourinat Fabrication and mechanical
testing of a new sandwich structure with carborerfimetwork coreJournal of
Sandwich Structures and Materials2009,doi: 10.1177/1099636208106070.

Shahdin A, Mezeix L, Bouvet C, Morlier J, Gourirtat Fabrication and mechanical
testing of glass fiber entangled sandwich beamsoiparison with honeycomb and
foam sandwich beam€&omposite Structures2009;90(4):404-412.

Shahdin A, Mezeix L, Bouvet C, Morlier J, Gourinét Monitoring the effects of
impact damages in carbon fiber entangled sandweamis.Engineering Structures
2009, doi:10.1016/j.engstruct.2009.07.008.

International peer-reviewed journals (submitted):

Shahdin A, Morlier J, Gourinat Y. Damage monitgrin sandwich beams by modal
parameter shifts: A comparative study of burst candand sine-dwell testing.
Submitted February 2009 dournal of Sound and Vibration.

Niemann H, Morlier J, Shahdin A, Gourinat Y. Damagecalization using
Experimental Modal Parameters and Topology Optitianra Submitted July 2009 to
Mechanical Systems and Signal Processing

International conferences with proceedings:

Shahdin A, Morlier J, Gourinat Y. Significance aw energy impact damage on
modal parameters of composite beams by designpEregrents. Open access on-line
Journal of Physics Conference Series (MPSVA 2009dbn).

Shahdin A, Mezeix L, Bouvet C, Morlier J, Gourinat Diagnosis of the fabrication
process of a sandwich structure with fiber netwadre by vibration testing
(Composites 2009, London).

Shahdin A, Mezeix L, Bouvet C, Morlier J, Gourinat Static and dynamic testing of
glass fiber entangled sandwich beams: a compangtin honeycomb and foam
sandwich beams (ICCS 15 Porto).

Significance of the Research Work

This thesis which correlates impact damage with ah@arameters in composite laminates
and composite sandwich materials has several stiege and novels aspects that are
discussed separately below:

The vibration tests have been performed by attachkiael masses at the ends of the
composite beams in order to enhance the modal p#eanshifts between the
undamaged and the damaged test specimens.

A novel damage detection tool known as Damage Iridartroduced to study the
changes in the modal parameters before and affgmatnDamage index is based on
the integral of the amplitudes of the frequencyoese functions (FRF) and therefore
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estimates the phenomenon of dissipation in thesjgstimens. Therefore the aim of
the damage index is to verify the damping ratialtssestimated by the curve-fitting
algorithms. As damping is a parameter difficuliegiimate, so damage index gives us
an additional tool for understanding the dampingaweor of damaged composite
beams.

* Vibration tests have been carried out with bothsbtandom and sine dwell testing in
order to find out that which of testing method gi\ebetter estimation of damping in
the presence of damage.

» Sine dwell testing which takes into account thee@f of non-linearity unlike
broadband excitation based testing, is done in bpttards and downwards frequency
directions in order to detect structural non-liniges due to accumulation of damage
in the test beams.

* A novel method using topology optimization desigrused to localize damage in the
composite laminate test beams. The aim is to veuiiyerically the c-scan results on
the beams. Material is removed in the precise zafethe FE model in order to
minimize the error between the experimental and erigcal frequency response
functions (FRFs), this way an equivalent damagemisdeled. Thus topology
optimization is a diagnostic tool (for all types wifaterials) and requires only the
undamaged state for localization of damages.

Organization of the Thesis

The presented thesis is organized in six chapters.

Thefirst chapter gives a brief introduction about the ever growfigdd of structural health
monitoring emphasizing on the vibration-based damdgtection methods to monitor the
health of a structure. A comprehensive literat@ngaw is provided on the experimental and
numerical damage detection methods based on madaineter shifts. Damage in composites
along with innovations concerning damping enhancegnamd impact toughness are also
highlighted.

The second chaptergives the basics of mechanical vibrations focusimgthe flexural
vibration of beams. Damping and its measurementhodst are discussed. Theoretical
background on experimental modal analysis is th& ramphasis of this chapter. Types of
excitations, types of test set-ups for vibratiostitey and types of estimation methods are
highlighted as well. Finally correlation tools adlescussed used for updating a numerical
model with respect to experimental results.

In the third chapter, vibration tests are carried out on damaged ardhmaged laminate

composite beams in order to study the effects gdach damage through shifts in modal
parameters. The composite beams have been implagtedoosing two different boundary
conditions i.e., by clamping them at two ends amdclamping them at all four ends, by
keeping in view the BVID limit. Design of experintsns also carried out on the calculated
natural frequencies to highlight the actor havihg most significant effect on the modal
parameters.
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Thefourth chapter deals with the monitoring of two different typelsdamages i.e., impact
damage and core-only damage, in honeycomb sand@eams with the help of modal
parameters shifts.

Thefifth chapter concerns a relatively new sandwich material kneswrentangled sandwich
material. As this material is a newer one, so fifsall static and dynamic characterization of
entangled sandwich materials is performed, followgdnonitoring of impact damage. Their
mechanical behavior and impact toughness (unigo@bed on decrease in natural frequency)
is compared with standard sandwiches with honeycand foam cores. Design of
experiments is also carried out to validate anthéurclarify the experimental results.

The sixth chapter deal with the Finite Element based updating andadge detection and is
grouped in two parts. In the first part, FE modate developed that represent damaged
composite beams in vibrations. The numerical resale compared with those obtained
experimentally (Chapters 3 and 4) on the same hedpdating is performed on the damaged
zone in the FE models by reducing the material emogs in order to improve the
experimental/numerical correlation of the frequemegponse functions. These simplified
damage models give us a degradation factor thaseare as a warning regarding structure
safety. In the second part, a damage localizatiwh based on topology optimization is
developed in order to locate damage accuratelyomposite laminate beams in order to
correlate with the C-Scan results.

In theseventh and last chapteran overall conclusion of the thesis is providkshg with the
propositions for the future work.
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Chapter 1 : Introduction and Literature Review of
Structural Health Monitoring (SHM) in Composites

1.1 Introduction to Structural Health Monitoring

Structural Health Monitoring (SHM) aims to give, eery moment during the life of a
structure, a diagnosis of the “state” of the cdustit materials, of the different parts, and of
the full assembly of these parts constituting tinecture as a whole. The state of the structure
must remain in the domain specified in the desathough this can be altered by normal
aging due to usage, by the action of the environjraemd by accidental events. Thanks to the
time-dimension of monitoring, which makes it po$sito consider the full history database of
the structure, and with the help of Usage Monigyiit can also provide a prognosis
(evolution of damage, residual life, etc.).

If we consider only the first function, the diagigsve could estimate that Structural Health
Monitoring is a new and improved way to make a Nmstructive Evaluation. This is
partially true, but SHM is much more. It involvdsetintegration of sensors, possibly smart
materials, data transmission, computational powasrgd processing ability inside the
structures. It makes it possible to reconsider design of the structure and the full
management of the structure itself and of the tiracconsidered as a part of wider systems.
This is schematically presented in Fig 1.1.

Monitored physical
phenomenon, depending on
the damage

\ Integrity Monitoring system, Diagnosis
defined by a sensed physical Structural
phenomenon and an adapted Health
data reduction ‘ Monitoring

| :

\ | Sensors Sensors
| Damage | multiplexing fusion

: : Usage
and networking ¥ Monitoring
onltored .
structure Prognosis
Monitoring of usage conditions . Health and Usage

‘J Monitoring
Data cumulative |, | Maintenance organlﬁon

recording Health Management
of the structure

Damage and
behavior laws 4 Health Management
of the full system (fleet, plant..)

Figure 1.1Principle and organization of a SHM system

In Figure 1.1, the organization of a typical SHMt&yn is given in detail. The first part of the
system, which corresponds to the structural intggnionitoring function, can be defined by:
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* the type of physical phenomenon, closely relatethéodamage, which is monitored
by the sensor

» the type of physical phenomenon that is used bys#wsor to produce a signal
(generally electric) sent to the acquisition aradaje sub-system

Several sensors of the same type, constitutinghaomnie, can be multiplexed and their data
merged with those from other types of sensors. iBlgssother sensors, monitoring the
environmental conditions, make it possible to penfdhe usage monitoring function. The
signal delivered by the integrity monitoring sulstgm, in parallel with the previously
registered data, is used by the controller to eraatiagnostic.

Mixing the information of the integrity monitoringub-system with that of the usage
monitoring sub-system and with the knowledge bamedlamage mechanics and behavior
laws makes it possible to determine the prognessdual life) and the health management of
the structure (organization of maintenance, repaérations, etc.).

Finally, similar structure management systems edldab other structures which constitute a
type of super system (a fleet of aircraft, a gradigpower stations, etc.) make possible the
health management of the super system. Of courskkalbie systems can be set up even if
they are not as comprehensive as described here.

According to Farrar and Worden [1] and many othesearchers too, structural damage
detection can be divided into five levels:

1. detection of damage existence in a structure (isad@ present ?)

2. localization of damage (Where is the damage ?)

3. classification of the damage type (What kind of dgmis this ?)

4. quantification of damage severity (How much damagg occurred ?)

5. prediction of the remaining service life of theusture (When will damage occur) ?

The “holy grail” of SHM may be thought of as thétilevel in the hierarchy, that of damage
prognosis. There is a very limited amount of sdientiterature available in this field.
Damage prognosis is defined as the estimate ohgmeered system’s remaining useful life
[2]. This estimate is based on the output of modtledd develop behavioral predictions: by
coupling information from usage monitoring; SHM;spacurrent and anticipated future
environmental and operational conditions; the aagidesign assumptions regarding loading
and operational environments; and previous comporaemd system level testing and
maintenance. Also, ‘softer’ information such asrugeel’ for how the system is responding
will be used to the greatest extent possible whareldping damage prognosis solutions. In
other words, damage prognosis attempts to foregatem performance by measuring the
current state of the system (i.e. SHM), estimatimg future loading environments for that
system, and then predicting through simulation past experience the remaining useful life
of the system. It is important therefore to distiisty between usage monitoring and health
monitoring.
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Knowing the integrity of in-service structures oncantinuous real-time basis is a very
important objective for manufacturers, end-usesraaintenance teams. In effect, SHM:

» allows an optimal use of the structure, a minimidegvntime, and the avoidance of
catastrophic failures

» gives the constructor an improvement in his prosluct

» drastically changes the work organization of maiatee services
The economic motivation is stronger, principally @nd-users. In effect, for structures with
SHM systems, the envisaged benefits are constantenance costs and reliability, instead of

increasing maintenance costs and decreasing teidir classical structures without SHM
as seen in Fig 1.2.
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Figure 1.2Benefit of SHM for end-users

1.2 Structural Health Monitoring in Smart Materials and
Structures (Composite Materials)

Since the end of the 1980s, the concept of smanitelligent materials and structures has
become more and more present in the minds of eegin&hese new ideas were particularly
welcome in the fields of aerospace and civil engiimg. In fact, the concept is presently one
of the driving forces for innovation in all domaifhe concept of Smart Materials/Structures
(SMS) can be considered as a step in the genepalten of man-made objects as shown in
Fig 1.3. There is a continuous trend from simpledmplex in human production, starting
from the use of homogeneous materials, supplieddiyire and accepted with their natural
properties, followed by multi-materials (in parti@y composite materials) allowing us to
create structures with properties adapted to gpegffes. In fact, composite materials and
multi-materials are replacing homogeneous materalsore and more structures. This is
particularly true in the aeronautic domain.
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Figure 1.3 General evolution of materials/structures used bgpde, and the place of smart
structures, including structures with SHM

For instance, composite parts are now currentlg aseenvisaged for modern aircraft (see for
instance in Fig 1.4, Boeing’'s 787 Dream-liner pcbjevhich has 50% of its structures made
of composites). It is worth noting that this aiftia the first one in which it is clearly planned
to embed SHM systems, in particular systems foraichgetection.

[l cFrP
[ ] CFRP sandwich
[] cFrP

D Al, steel and Ti for the motor pylons

Figure 1.4 Example of the increasing importance of compositesivil aircraft: the 787
Dream-liner has 50% of its structure made of conitpssFor this aircraft, impact detection
monitoring systems are envisaged for outer panels

The aim of using composites is to increase thénsst and specific strength and to reduce the
weight so it is advantageous to employ them in g@oe applications where the challenge is
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to produce structures lighter and lighter. Safe d&mactional effectiveness of stressed
composite structures can often depend on the reteof integrity of each of the different
materials used in its manufacture. However damagéease structures may negate many of
the benefits of sandwich construction. These malteare very different from metals with
respect to their particular failure modes.

» composite laminates are susceptible to damage &ovide variety of sources which
include fabrication stress, environmental cycliadmg, handling damage and foreign
object impact damage. This may lead to the seveggadation of the mechanical
behavior of structures due to loss of structuredgnty.

» composite sandwiches are also prone to varioustgpdamages. The face-sheets can
be damaged through delamination and fiber breakhgdace-sheet and core interface
region can be debonded and the core can be danthgmdih crushing and shear
failure mechanisms.

Due to the complex nature of the composition of posites and composite sandwich
materials, the damage is sometimes not visuallym=gmp on the surface which is found to be
quite detrimental to the load bearing capacitiesasfdwich structures underscoring the need
for reliable damage detection techniques for cont@adructures. This is where structural
health monitoring (SHM) comes into play. Usuallyndage introduces non-linearity in
structures. The sources of non-linearity can begmized as follows:

* material (small scale)
* geometric or constraint (medium and large scale)
» connectivity (all scales)

» damage inception and evolution (all scales)

In the scope of structural health monitoring (SHRDn-linearity can be exploited as follows:
» detection / characterization of non-linearity
* interrogation with non-linearity
» control / mitigation of non-linearity

At present, using non-destructive examination (NDiEgthod to detect damage status of
engineering structures has become a hotspot afiduttiissue. Recently, NDE technique is
widely applied in industries, such as astronautwsation, space vehicle, power plant
equipment, architecture, metallurgy and mechameahufacture, etc. Generally, structural
damage detection can be classified as local-dantgection [3] and global-damage
detection.

Local-damage detection techniques refer to norqaleste testing (NDT) as CT scanning and
ultrasonic, etc., because it is mainly used to adeliecal damage in structures, and it can
determine damage existence and its location. Ldaalage detection methods utilize only
data obtained from the damaged structure. Baselata and theoretical models of the
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undamaged structure are not used. These are timeataantages of local damage detection.
For small and regular structures, such as pressssels, local damage detection is very
effective. However, for the large and complicateuctures in invisible or closed
environments, it is very difficult to detect damaggng local damage detection method. The
engineers have to make on-site structural damagetd®n. Therefore, local damage detection
methodology can only be used to detect some spamiaponents of a structure.

In order to detect damage throughout the whol&gire, especially some large, complicated
structures, a methodology called global vibratiasdd structural damage detection has been
proposed.

1.3 Vibration-based Damage Detection Methods

In recent years, structural health monitoring (SHMing vibration based damage detection
has been rapidly expanding and has shown to bas&ébfe approach for detecting and locating
damage. One way of damage detection is with the dielibration testing, as the presence of
damage effect the vibration characteristics ofracttire (e.g., natural frequency, damping
ratio and mode shape). The main idea behind tlisnique is that modal parameters i.e.,
frequencies, damping ratios and mode shapes chamngealetectable manner due to loss of
stiffness and mass. Comprehensive reviews on vpriiased damage detection methods
have been presented by Zou et al. [4] on the madeeéndent delamination identification
methods for composite structures, and by Yan ¢bhlDoebling et al. [6], Sohn et al. [7] and
Carden et al. [8] on general vibration-based dantiagection methods.

The basic principle of vibration based damage dietecan be explained as follows. Any

structure can be considered as a dynamic system stiffness, mass and damping. Once
some damages emerge in the structures, the saluqtarameters will change, and the
frequency response functions and modal parametehe structural system will also change.

This change of modal parameters can be taken asghal of early damage occurrence in the
structural system. Although vibration-based strtaltdamage detection is a newly emergent
research topic, its development can still be didigeo traditional- and modern- type.

The traditional-type refers to detection method $&bvuctural damage by using only the

structural characteristics, such as natural fregesn modal damping, mode shapes, etc.
These methods are among the earliest and most copprnocipally because they are simple

to implement on any size structure. Structureshmexcited by ambient energy, an external
shaker or embedded actuators. Accelerometers ard Véorometers can be used to monitor
the structural dynamic responses. A variety of #baamd excitation signals have been
developed for making shaker measurements with Ffélyaers e.g., burst random, burst
chirp etc. Since the FFT provides a spectrum ovdraadband of frequencies, using a
broadband excitation signal makes the measuremebtoadband spectral measurements
much faster than using sine dwell or swept sinéa&tans [9]. Despite the fact that sine dwell

or swept sine modal testing requires large acgomsitimes, but they have the capability of

detecting non linear structural dynamic behavidikerthe broadband excitations [10].

However, traditional-type methods generally reqeix@erimental modal analysis or transfer
function measure, and this is very not convenientohline detection of structures in service
because these experimental measures often neefanuis instrument or manual operation.
They have three obvious disadvantages:
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they tend to depend more on experiments, espedr@lyneasurement of mode shape
and damping. Thus, it is time-consuming and expensind these factors will not be
adaptive to online damage detection for servicingctures

when using traditional-type method to detect thealimn of structural damage, it is
difficult to establish a universal methodology fearious structures, and is more
dependant on the properties of individual strucioebe detected

the traditional-type method is generally not seéwsitto initial tiny damage in
structures

The basics of traditional-type vibration based rodthare illustrated in Fig 1.5.
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Figure 1.5 Methodology of traditional-type damage detectionthnds based on natural
frequency shifts, mode shape changes, curvaturegegsaalong with update procedure of
modal parameters

Several modern techniques e.g., statistical processol, neural networks, advanced signal
processing, genetic algorithm, wavelet analysis, dtave been researched for detecting
damage in composite materials, many of them shottiagffectiveness of dynamic response
measurements in monitoring the health of engingestructures [11-21]. These methods are
generally classified as modern-type methods foratgrdetection. Of course, there are still
several problems to be investigated and solvedamtodern-type method, such as:

this method has to rely on the environment exaitato the structures to be detected

the measured signals are possibly contaminatedisg 130 that information from tiny
damage in structures may be covered by the noise

the selection and construction of the feature indéxstructural damage are very
flexible and variable
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The basic problems for structural damage dete@rerhow to ascertain emergence, location
and severity of structural damage using the giveasured structural dynamic responses. In
order to detect structural damage from structuyaladchic response signals, the first problem
is to select damage feature index to be construdikd physical variable used to identify
damage may be a global one, but the physical Variaded to determine damage location is
better to be a local one, and it should meet thevitng two requirements [23]:

» the variable must be sensitive to structural lazahage
« the variable must be monotone function of the locatoordinate

Generally, determination of structural damage locais equivalent to determining a region,
where the structural stiffness and loading capatgiyreases using a measurable quantity. The
key factor of vibration based damage detectioroigdtablish the calculation model and to
estimate the vibration parameter to be measurgoedily, the selection and sensitivity of
the structural damage feature index will affect fimal results and accuracy of structural
damage detection [24].

1.4 Damage in Composite Materials

The use of composites and composite sandwich rakgem structural components has
increased dramatically in recent years by offeramprmous potential and benefits to the
aerospace industry and many other sectors. Thisaego their specific properties like superior
bending stiffness, low weight, excellent thermakulation, acoustic damping, ease of
machining, ease of forming, etc. An excellent ower composite materials and their
applications has been provided by Gay and Hua [ITR%¢re has been considerable research
on the impact performance and damage developmerarbon fiber composite materials and
sandwich composite materials; see for example ertems [25-29]. As the composite
materials are fabricated from different type of enals having different fiber orientations,
therefore different type of damages and defectlmidentified. The classification of these
damages can be found in the scientific literat@e32]. The damages are generally classified
in two major types

» Damage due to fabrication

* In-service damages
Damages due to fabrication are due to porosity,ravicacks, cutting of edges, surface
scratches, external contaminations etc. The reasbrihese damages can be machining
problems, use of bad tools, dropping of tools dyffiabrication etc. In-service damages in
composites are due to fatigue, environmental effectd impacts. The different types of
impact damages classified by their appearanceeautface

» Surface damages e.g., scratches (Fig 1.6 a)

* Deep delamination followed by fissuration of matard rupture of fibers that can

have a very considerable length that can be visdallected on the surface length (Fig
1.6 b-c-d)
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 Damage penetrating the thickness e.g., fissurds and without delamination (Fig
1.6e) and holes containing delamination and diffefissures on the edges (Fig 1.6 f)
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Figure 1.6 Classification of impact damage in composite mater{a) Surface Damages
(b,c,d) Deep delamination followed by fissuratidmmatrix and rupture of fibers (e,f) holes
with and without delamination [32]

For aeronautical structures, a field where thidfem has been quite studied, the components
have to undergo (i) low energy impacts caused lpppmid tools or mishandling during
assembly and maintenance, (ii) medium energy inspeatised in-service by foreign objects
such as stones or birds, and (iii) in military eaft, high energy impacts caused by weaponry
projectiles. In a low energy impact (but high enoug produce damage), only a very small
indentation will be seen on the impact surfacesTavel of damage is often referred to as
barely visible impact damage (BVID).

BVID corresponds to the formation of an indentatmnthe surface of the structure that can
be detected by detailed visual inspection and ead ko high damage. In the aeronautical
domain, BVID corresponds to an indentation of 018 after relaxation, aging etc (according
to Airbus certifications). In this study, it is déed to take 0.6-0.8 mm of penetration depth as
detectability criterion just after the impact [23]3All the test specimens in this thesis have
been damaged by drop weight impacts around the BiviD.
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Lastly, we shall put in evidence the different mmausms of damage in composites due to
impact. But first of all a brief synopsis of theffdrent impact test methods present in
scientific literature is given. The impact testheiques are divided in two parts depending
upon the impact velocity.
* Low velocity impacts (\< 10m/s) that can be due to dropping of tools canarged
out by drop weight tests [27,33]

* Medium and high velocity impacts (¥ 10m/s) that can be due to bird and ice impact
etc, can be carried out by a Hopkinson bar or grachgun [29].

Due to impact generally matrix breaks firsts crggtnicro-cracks in the structure followed by
delamination between the plies. The different damagechanisms in composites are
explained in detail by Arbate [29], and are classdlifas

» Fissuration of matrix : includes the breakage fimatrix that appears parallel to the
fibers as a result of traction, compression an@ishe

» Delamination : appears at the interfaces due &y-laminar shear (Fig 1.6 b,c,d)

* Rupture of fibers: it occurs in traction, it is tsendard rupture, or in compression
which is due to buckling (Fig 1.6 €)

1.5 Damage Detection in Composites due to Change in Mad
Parameters

The need to be able to detect damage in complextstes like composites has led to the
development of a vast range of techniques, of whiaehy are based upon structural vibration
analysis. The presence of fissuration, delaminationupture of fibers affects the vibration
characteristics of a structure e.g., natural freagyedamping ratio and mode shape. There is
an abundance of works in scientific literature tlgmatrelated to damage detection through
changes in modal parameters of composite structamably works of Kessler et al. [34],
Della and Shu [35] and Yam et al. [36] give a dethbverview on the recent developments
occurring in this subject. In addition, Montalvabag. [37] reviewed the latest advances in
structural health monitoring and damage detectigdh an emphasis on composite structures
on the grounds that this class of materials cuyehds a wide range of engineering
applications. The damage detection methods basedatsral frequency, damping, mode
shapes along with finite element and updating aggres are discussed separately below.
Generally for diagnostic and monitoring purposes, often need a reference, a base-line
model. Therefore in this thesis, identification dédmage is carried out by using the
undamaged models (baseline models) for all thebiesms.

1.5.1 Damage Detection Methods based on Frequency Changes

Scientific literature is replete with damage detectmethods based on natural frequency
changes. A few of these references in relation tiththesis are explained briefly as follows:

Adams and Cawley [38] described a method of notrdets/ely assessing the integrity of
structures using measurements of the structurakaldrequencies. Experiments were carried
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out on an aluminum plate and a cross-ply carboeribinforced plastic plate. It was shown
that how measurements made at a single point isttheture can be used to detect and locate
damage. Results show an excellent agreement betWweeredicted and actual damage sites
and a useful indication of the magnitude of theedefs obtained.

Kim and Hwang [39] studied the behavior of naturaljuencies of honeycomb sandwich
beams having debonding or delamination embeddedeket the face-layer laminates and
honeycomb core. They compared these changes withse-line (undamaged) model. By
investigating the effect of the debonding extent@auction in the flexural bending stiffness
and on the natural frequencies, they concluded thateasing face-layer debonding
progressively reduces the flexural bending stiffnefsthe beams.

Lestari and Qiao [40] carried out structural healtbnitoring on composite sandwich beams
that are made of E-glass fiber and polyester resid,the core consists of corrugated cells in a
sinusoidal configuration (as seen in Fig 1.7). Dgenaentification was estimated from
comparison of dynamic responses of healthy and dach&RP sandwich beams. Atrtificial
damage is created between the interface of corefau®l plate. Using piezo-electric smart
sensors, dynamic response data is collected andyth@mic characteristics of a sandwich
structure are extracted in order to evaluate tbation and magnitude of the damage.

(a) (b)

Figure 1.7 (a) Composite sandwich beams that are made of &diaer and polyester resin,
and the core consists of corrugated cells in a simdial configuration (b) Vibration test set-
up with the help of an impact hammer [40]

Yam and Cheng [41] conducted a study on the usaaafal parameter analysis for damage
detection in composite structures. Numerical angkarmental investigation into the damage-
induced changes of physical parameters has begedcaut for multi-layer composites. The
results showed that with the increase in delanonasize the natural frequency decreases, by
artificially creating a crack and then vibrating¢ging) the structure by placing an embedded
actuator.

Arkaduiz [42] analyzed a laminated composite beath & single closing delamination. The
results showed that the presence of delaminatidnces the natural frequencies of the beam.
However, these changes are very small for shoaingieations. Furthermore, it was found that
delamination also influences the transverse digpt@nts of the beam affecting their sizes
and slopes. These changes are very sensitive ttetamination location and length.

Giannoccaro [43] discussed an experimental teclendype to which fatigue strength can be
correlated with modal parameters in composite specs. The specimens were subjected to a
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tensile fatigue load and a frequency of 10Hz. Téslts are shown in Fig 1.8. It can be seen
that for all the six specimens there is a conslaerahift towards the left in case of natural

frequencies for around 50% of fatigue life and wiltle increase in damage (90% of fatigue
life) there is a decrease in amplitude as well.
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Figure 1.8 Shift in FRF towards the left coupled with a desean amplitude with an
increase in damage [43]

Tracy and Pardoen [44] studied the effect ppéscribed delamination on the natural
frequencies of laminatdebam specimens. Experimental modal analysis was tosmeasure
the effect of delamination length on the first fdtequencieof the simply supported test
specimens. The experimental reswexe correlated with detailed finite element modsds
well as with simplified beam theory models. It is seat delamination which covered one-
third of the specimelength had a 20% effect on any of the first flvaquencies. This kind of
information is very important for damage detection.

Khoo et al. [45] employed different vibration tedures for detecting the presence and
monitoring the presence of damage in structuresy fresented a modal analysis technique
by evaluating damage-sensitive parameters suclkesmant pole shifts and mode shapes,
residue and stiffness changes. They used resooted (s-plane) to identify the modes that
exhibit relatively large pole shifts are believedoe affected by damage. The damaged region
was identified by visual comparison of the defororaimode shapes before and after damage.

S.G. Mattson et al. [46] carried out damage detachased on residuals and discussed the
phenomenon of false negatives. According to theatsef negatives give no indication of
damage when damage is present. Advantage of uki@gchange of structural natural
frequency to detect damage is its convenient measamt and high accuracy. Various
methods of damage detection that use natural freyu@formation are reported in detail by
Salawu in the reference [47]. The natural frequea®ften not sensitive enough to the initial
damage in structures. Usually, this method can asbertain existence of large damage, but
may not be able to give the damage location becthusestructural damage in different
location may cause the same frequency change.der ¢o have an idea of the sensitivity of
the experimental design factors on the modal paiensiénatural frequency and damping), we
have carried out design of experiments on the @xjgatal results in this thesis.
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Our works are principally derived from these abmferences. Vibration tests on pristine and
damaged composite beams have been carried outirny lusrst random excitation [48]. The
composite beams are impacted symmetrically with tiep of a drop weight system by
keeping in view the BVID limit. Results showed théth the accumulation of damage in the
specimens, there is a decrease in natural frequéfigy1.9). It was also seen that the
difference in natural frequencies between the dathagd the undamaged states is greater in
case of the higher modes. A statistical analyssetban design of experiments is carried out
on the experimentally obtained modal parameters;twshowed the energy of impact as the
design parameter having the most significant efbecthe modal parameters.
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Figure 1.9 Decrease of natural frequency with an increase amédge in composite beams
impacted at different energies [48]

1.5.2 Damage Detection Methods based on Damping Changes

In structures made of composite materials therensde be a tendency to use damping as a
damage indicator tool, as it tends to be more seadb damage than the stiffness variations,
mainly when delamination is concerned. A part of work in this thesis is to justify this
tendency. The introduction of damage into a mdtegemerally results in an increase of
damping, which is related to energy dissipationirdurdynamic excitation. When a
delamination or debonding failure mode is concernettion between the interacting
surfaces may occur for small bending deformatioks.friction is an energy dissipation
mechanism, it is reasonable to assume that dammpaygbe used for SHM, when this type of
damage is concerned. The main sources of intemm@lpthg in a composite material arise
from micro-plastic and viscoelastic phenomena ia thatrix together with the interface
effects between the matrix and the reinforcemef}. [Bumming up the above discussion, it
can be said that damping due to damage is mairtiyotypes.

* Frictional damping due to slip in the unbound regidetween fiber and matrix
interface or delaminations

 Damping due to energy dissipation in the area ofrimma&racks, broken fibers etc.
Increase in damping due to matrix-fiber interfalge is reported to be very significant
[50] and is more sensitive to damage than stifffigts
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Therefore, damping has also been proposed as atiadife sensitive and attractive damage
indicator though research works related to dampirggfar fewer in number than those on
natural frequency because experimentally it is earpater difficult to measure. A few
experimental investigations on the effect of damagecomposite damping are discussed
briefly:

Saravanos and Hopkins [52] investigated the effeftdelaminations on the dynamic
characteristics of composite laminates especialgmpming, both experimentally and
analytically. They developed a laminate theory mali the unknown kinematic perturbations
induced by a delamination crack are treated agiaddl degrees of freedom. Based on this
generalized laminate theory, an exact methodology @eveloped for predicting and relating
the modal parameters with the delamination dama@gese formulations were then encoded
and integrated with micromechanical models to pteva unified computer code for the
analysis of delaminated composite beams. Expetsneere conducted on composite beams
with a single delamination, and measured naturadjencies and modal damping were
reported. The effect of delamination on the dynaahiaracteristics is very dependent on the
laminate configuration. It was found that naturagéguencies are rather insensitive to
interfacial friction and for large delamination cka, interfacial friction damping appears
more important than natural frequency. Results gibthat modal damping increases as the
delamination grows bigger in the composite beancispens (Fig. 1.10).
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Figure 1.10 Increase in modal damping with an increase in tleéachination length of a
composite cantilever beam [52]

Montalvao et al. [53] proposed a novel method ffer localization of delamination damage in
guasi-isotropic in composite fiber reinforced pl@sCFRP plates. They used the modal
damping factor variation from a reference states¢dine undamaged model) to a damaged
state as feature. They also made use of the madah shapes, described by mode shape
function tool to spatially describe the local sémgy to damage. The damage location was
assessed by a Damping Damage Indicator Index, wirichided a geometrical probability
indication of the damage location. Damping varigiavere found to be more sensitive than
stiffness variations for the CFRP plates as seéiigri.11.
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Figure 1.11 Natural frequency and modal damping factor shiftee do the presence of
damage in CFRP plates, showing that damping vammeti are far more important than
stiffness changes [53]

Gibson [54] discussed the use of modal vibraticspoase measurements to characterize
accurately the mechanical properties of fiber-i@icéd composite materials and structures.
He carried out impulse/frequency response testsdar to carryout on-line evaluation of full-
scale composite components. Damage was induceovbgpgeed speed barrier crash tests of
vehicles on which the hood-closure panels were f@olnt was concluded that damage
generally causes the mean values of modal dampictgré to change more than the modal
frequencies as shown by the results in Fig 1.12.
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Figure 1.12 Comparison of (a) modal frequencies and (b) modahping loss factors of
composite automotive hood-closure panels with aitlabwt crash-induced damage [54]

Kyriazoglou et al. [55] explored the use of theafe damping capacity (SDC) for damage

detection and localization in composite laminatBesults show SDC to be a sensitive
technique for the detection of cracks in compoaitd woven laminates. Furthermore, the
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resonant frequency, or value of dynamic flexurablmas, may be a useful technique to detect
cracks in glass fiber reinforced laminates, althguthe reduction may be quite small.

However, for carbon fiber reinforced laminates, detectable changes in the values of
resonant frequency were found, whereas high chandggSC were found.

Colakoglu [56] proposed a damping monitoring metliodt estimates damping factor by
vibration excitations. By using this method, themgiéng factor as a function of stress
amplitude and the number of fatigue cycles wasrdeted experimentally in two different
low carbon steels. It was found that the dampimgofaincreased with the number of fatigue
cycles. Furthermore, Zhang and Hartwig [57] recomdeel damping in the evaluation of
damage process which seemed more sensitive thamaheal frequencies. Similarly,
Richardson and Mannan [58] found that the losstiffhess in a structure corresponds to a
decrease in natural frequency combined with arease in damping.

In this thesis, based on shifts in damping, we psegwo applications:

We propose to study the variations of modal pararsetith impact damage in composite
beams [59] with the help of changes in naturaldeswy, damping ratio and a novel damage
detection parameter damage index (to be explainedkeiail later on). Results showed that
with the accumulation of damage, a decrease irradrequency accompanied by an increase
in the damping ratio was observed in the s-plamng 1FA.3). Damage index was also used as a
damage indicator tool, which is based on the irtlegf the amplitudes of the frequency
response functions (FRF) and therefore estimaeghienomenon of dissipation in composite
beams. It was seen that damage index increasedhtimcrease of damage and was used to
verify the damping ratio results estimated by theve-fitting algorithm, and served as an
additional tool for understanding the damping bébtraef damaged composite beams.
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Figure 1.13Variation of modal parameters in the complex s-plamowing a decrease in
natural frequency coupled with an increase in dargms the density of damage increases in
the composite beams [55]. UD is undamaged stateisidamage at 4 impact points and D2
is damage at 8 impact points.

We tested damaged honeycomb sandwich beams by randdm and sine dwell vibration
testing [60], in order to compare that which tegtmethod gives a more logical estimation of
damping in the presence of damage, in terms ofthkeretical shift in the s-plane. The
honeycomb sandwich beams were damaged by two efiffevays i.e., by drop weight
impacts and by piercing a hole all along the widtthe honeycomb core (core-only damage).
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Results showed that damping increased with an aseren impact damage (friction zone),
whereas the effect of core-only damage on dampiag megligible, as compared to impact
damage. Furthermore, damping seemed to be mordtigen® damage than the natural
frequency. Design of experiments showed that simeldexcitation based modal testing gives
more reliable estimation of damping in the presesfcgamage as compared to burst random
testing because it takes into account the effdcdractural non-linearity.

1.5.3 Damage Detection Methods based on Mode Shape Chaage

Another way to correlate damage with change in dyogarameters is to use mode shapes.
In the presented thesis, damage monitoring is ipatly based on shifts in natural frequency

and damping. Variation of mode shapes in the presehdamage has not been dealt with in
detail. However in order to give a detailed ovemwin the vibration-based damage detection,
it has been thought necessary to provide a biteybture review concerning mode shapes.

Works of Pandey et al. [61] can be cited as a feitrence in this context. They proposed a
parameter called curvature mode shape to idemiflylacate damage in a structure. By using
a central difference approximation, curvature matepes were calculated from the
displacement mode shapes. With the help of caetil@end a simply supported analytical
beam models, they showed that the absolute chaingése curvature mode shapes are
localized in the region of damage and hence thaybeaused to detect damage in a structure.
The changes in the curvature mode shape incredlsehgiincreasing size of damage and this
information can be used to obtain the amount of afganin the structure. The absolute
differences between the curvature mode shapeseointact and the damaged (element 13)
cantilever beams are plotted in Figure 1.14. Theimam difference for each curvature mode
shape occurs in the damaged region, which is betwemt 13 and 14 for this case.
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Figure 1.14 Absolute difference between the curvature modeeshégr the intact and the
damaged (element 13) cantilever [61] - Maximumedé&hce occurs in the damaged region,
which is between point 13 and 14
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Kim et al. [62] also proposed a methodology to destructively locate and estimate the size
of damage in structures using a few natural freqesn First, a frequency-based damage
detection (FBDD) method is outlined. A damage-lazdion algorithm to locate damage
from changes in natural frequencies and a damagegsalgorithm to estimate crack-size
from natural frequency perturbation are formulatétext, a mode-shape-based damage
detection (MBDD) method is outlined. A damage in@égorithm to localize and estimate the
severity of damage from monitoring changes in matiain energy is formulated. The FBDD
method and the MBDD method are evaluated for sédaraage scenarios. The result of the
analyses indicates that the FBDD method and the BiBBethod correctly localize the
damage and accurately estimate the sizes of tbkscsamulated in the test beam.

Salawu and Williams [63] evaluated the performanicéne curvature mode shape method and
the mode shape relative difference method. Thepdaihat their performance when using
experimental data was not very satisfactory. Trsallte showed that the procedures were
unsatisfactory in predicting the most severe dantape, and were unable to satisfactorily
differentiate between damage cases with close degreseverity.

Dong et al. [64] carried out a systematic analytarad experimental study to correlate the
crack of a beam with changes in its modal pararsefére sensitivity to both crack location
and crack size was developed for each modal paeamidtey examined a parameter which is
based on the change in the strain mode shape asttiearone that depends on natural
frequency. The reason to use the strain modesite felement model updating is that the
sensitivity of the strain mode shapes is largentthee sensitivity of the displacement mode
shapes. Strain based equation of motion is needlethltulate strain mode shapes from
analytical model. The authors showed that therseajen-parameter is more sensitive to the
size of the crack than the frequency eigen-paramete

1.5.4 Damage Detection Methods based on Finite Element Mel

As physical testing usually demands a high findrenma time effort, it is nowadays desirable
to run numerical simulations prior to experimenéating as much as possible. In this context
finite element analysis always plays a major rélerthermore, most industrial used finite
element codes already contain reliable algoritharsniodal parameter estimation and give
reliable results depending on a suitable modelirthe@ physical problem.

Numerical simulations by the finite element methbdse been used in most of the literature
review presented in the preceding sections. Chamgesgibration parameters, such as
frequencies and mode shapes of beams, plates, ratteer complicated truss and bridge
structures, were investigated for different typgses, and locations of structural defects by
finite element vibration analysis. Conclusive psifitbm these investigations are

» the natural frequencies of a degraded structureustilally decrease due to the loss in
stiffness caused by the presence of damage

» the higher mode frequencies and mode shapes are seositive to damage than the

lower mode frequencies but it is difficult to restmuct reliable high frequency mode
shapes

30



Zhang and Yang [153] reviewed the recent advandethe finite element analysis of

composite laminated plates based on various lamnmaheories, with the focus on the free
vibration and dynamics, buckling and post-bucklamglysis, geometric nonlinearity and large
deformation analysis and failure and damage armlgbicomposite laminated plates, are
reviewed in this paper. The development of bucklamgd post-buckling analysis under
material nonlinearity and thermal effects are emspgeml and in the failure analysis, the
concentration is especially on the advances offitiseply failure analysis. Based on the
author’s investigation, it has been found that tbgearch on the following aspects of the
composite laminated plates is relatively limitedl anay attract more interests in the future
research.

» Material nonlinearity effects on structural behavadcomposite laminates

» Failure and damage analysis under viscoelastictsfBich as thermal and creep
* Failure and damage analysis under cyclic loading

* Micromechanical approach for damage analysis

* Analysis of the damage evolution in composite |ates

» Multi-scale modeling of crack initiation, propagation awdrall structural failure

Yam et al [65] presented a new method for the ptexhi of delamination location in
multilayer composite plates by carrying out numariand experimental investigations into
the delamination-induced changes of modal parasieMumerical analysis showed that an
intrinsic connection exists between delaminatiomatmn and the changes of modal
parameters. The effect of delamination locationdetamination induced variation of mode-
shape is consistent with that of natural frequemdymerical simulations provided a good
explanation for damping increase due to delaminati@., the energy dissipation is mostly
induced by the interfacial slip across the delamomaand the tendency of penetration
between the upper and lower surfaces in the dektmamregion. The results of this study
showed that the location of internal delamination nultilayer composite plate can be
estimated using a combination of measured modalpgeynchange with computed modal
strain energy distribution. The proposed methoddt&active application to damage detection
of composites, especially for smart structures bgseeaof their inherent ability to provide
excitation to the structure without requiring mwatditional equipment.

Yan et al. [66] presented an improved method fdaldshing a dynamic model of a

laminated composite vessel with small damage. Tlkeé¢hod proposed has two steps: (1)
directly meshing structure and ignoring existentstactural damage, (2) for those elements
in position of structural damage, their elementfre¢ss are adjusted to simulate structural
damage. The improved method can greatly decreaseumber of required elements for
modeling small structural damage, so that the iefiicy of dynamic analysis for damaged
structures can be increased.

Yang et al. [67] simulated and studied free-frexdkal vibrations of composite beams with
different levels of defects, by using finite-elerheanalysis. Two types of defects were
considered (Fig 1.15). The first one is a completie in the epoxy layer and the second one
is a delamination between the adhesive layer amdposite. A void was simulated by
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deleting the elements in its place. A delaminata@s developed by creating a pair of nodes
with the same coordinates but different node numilaed then lining them up to form the
contact boundaries and element edges for the caotef@osl the adhesive.

Deleted Elements a / \a'

J _bl [
o} c’
3 t
d d’
e e’

N

Figure 1.15Mesh formation defect (a) elements are deletedrta & void (b) t = 0 to form a
delamination [67]

(@) (b)

Kessler et al. [34] performed a 2-D finite elememtalysis to determine the frequency
response of graphite/epoxy composite specimensdardo compare with experimentally
obtained results. Damage was modeled by alterimg etkiension and bending stiffness
matrices either in specific regions. The modelsueately predicted the response of the
specimens at low frequencies, but coalescence {nggrgf higher frequency modes makes
mode-dependent damage detection difficult for stmat applications.

Teughels et al. [69] investigated a new global mation method named coupled local
minimizers (CLM). In CLM the average objective ftion value of multiple design vectors is
minimized, subjected to pairwise synchronizationnstmaints. This is done with the

augmented Lagrangian method, which they implemewiéd a Newton-based algorithm, in

order to maximize the convergence rate. In ordegdnoeralize the problem, the objective
function and the synchronization constraints amenatized. The CLM method is successfully
applied to a test function containing several logahima. CLM is used for FE model

updating. The correct damage pattern of a beambeistified with this method by comparing
the experimental and numerical results in Fig 1.16.
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Figure 1.16 Comparison of the experimental (damaged state)ramderical (reference and
updated) bending mode shapes, the updated andiemgeal results show a good correlation
[69]

Several other papers in scientific literature hdeeumented the use of a combination of the
modal analysis and frequency domain methods tactetgious damages, coupled with finite
elements or analytical models.

Hou and Jeronimidis [68] simulated free vibratimisundamaged and damaged composite
laminates by using layered orthotropic plate eleiém order to simulate the experimental
results. The relative sensitivity of the damageatqd to transverse cracking and delamination
was developed. The transverse cracking damageimatased by a local reduction of, B,

G12 and Poisson’s ratio, whereas delamination in cag@@lates was modeled by putting the
elastic properties of matrix layers locally equakero. The authors concluded that sometimes
changing the geometrical properties of the strestloy damage makes the structures stiffer
and increases the resonant frequencies. They fthatdhe phenomenon of local thickening
difficult to simulate numerically and this shoul@ lkept in mind while developing NDT
methods based on natural frequencies.

The aim of our work based on Finite Elements ibuitdd a numerical model of the test-beams
in order to simulate their dynamic response forhbtite undamaged (base-line) and the
damaged cases. The FE approach is then coupledawitipdating methodology to find a
good experimental / numerical correlation. Thesek&@are presented in Chapter 6.

1.5.5 Damage Detection Methods based on Topology Optimitzan

In using finite element models for damage detectatiner few elements or only a part of a
structure was considered as the damaged regiomeither the total number of elements nor
an entire structure. The small-region damage assomis valid only when the information
on the candidate damaged area is available. Thisation may be overcome by the use of the
topology design method for damage identificatiorcause this method has been used to
design an entire structure. The topology desigrhotetvas originally developed to find an
optimal material distribution of a structure havitige minimum compliance or maximum
eigen-values [70,71].
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Subjected to specific constraints and penalizati@ms optimal structure can be found by
iteratively changing the stiffness of selected aleta and deleting elements with low
stiffness. In recent years this method has beearalqgal to fit a lot of different problems [72].
Amongst these are also formulations for matchingemivalues or frequency response
function data [73]. This knowledge has been implete& in MSC. Nastran and structural
topology optimization is now possible using the lempented optimization libraries [74].

A new approach, using the stiffness related topologtimization variables for localizing
damages has been carried out by Lee et al. [7B¢eSt has been shown that damage causes
changes in modal parameters, therefore Lee etoamulated a topology design based
formulation for the detection of damage, where hregonances and anti-resonances are used
as the damage indication modal parameters. An tolgaogressively reduce the candidate
damaged elements is also developed to improvedtigracy and efficiency of the proposed
method.

The topology optimization formulation for damagedbzation described in this thesis is
based on the works of Lee et al, which are impléetein Nastran for general diagnosis
purpose. We apply this method to locate damageomposite beams i.e., validate the
ultrasound (C-Scan) results. This damage locatimgpart of the thesis is carried out with the
help of a research project student Hanno Niemasm ffU Braunschweig.

1.6 Innovation in Composite Structures

The main part of this thesis concerns damage deteict composite laminates and composite
sandwiches. Standard sandwiches with honeycomldaamd cores have been tested for this
purpose, but the main focus is on a new sandwictena& with randomly placed carbon
fibers in the core. This new sandwich materiall$® &nown as entangled sandwich material.
The aim of developing this material is to study dgnamic characteristics (especially
damping) and impact toughness in comparison wahdard sandwiches having honeycomb
and foam cores. As fabrications norms of this namdsvich are not defined as such, therefore
entangled sandwich materials have been fabricatéld twe help a PhD student Laurent
Mezeix from CIRIMAT Toulouse. First a general idiection about innovations in composite
sandwich structures is given, followed by literatsurvey related to novel enhancements in
damping and impact toughness.

Composites structures are used more and more asfze and automobile structures, since
they offer great energy absorption potential withsignificant weight penalties [125]. With
the help of some innovative measures, the progedfethese composites can be further
enhanced without sacrificing rigidity and toughnelss recent years, several investigators
have considered a number of innovative ideas inerorb improve the mechanical
performance of composite sandwich structures.

But the majority of these works present in sciéntifiterature are related with the
improvement of the mechanical properties (in paléic the longitudinal Young's modulus
and the transverse shear modulus) and the impagghtess (energy absorption
characteristics) of sandwich structures. Thoughk&oelated to the enhancement in damping
in sandwich structures are relatively few in numagrcompared to those on enhancement in
mechanical properties and impact toughness. Enhads in damping and impact toughness
in composite materials (based on vibration testiltenly) shall be discussed separately as
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considerable experimental work has been carriedimuhis thesis regarding these two
enhancements.

1.6.1 Enhancements in the Damping Characteristics

The importance of material damping in the desigrcess has increased in recent years as the
control of noise and vibration in high precisiorgthperformance structures and machines has
become more of a concern. In polymeric compositesfiber contributes to the stiffness and
the damping is enhanced owing to the internalifnctvithin the constituents and interfacial
slip at the fiber/matrix interfaces. At the samméj polymer composites researchers have
focused more attention on damping as a designhlarand the experimental characterization
of damping in composites and their constituents{8p

A comprehensive overview on the status of reseamhdamping in fiber-reinforced
composite materials and structures with emphasigobymer composites has been presented
by Chandra et al. [79]. Their paper presents daggindies involving macro-mechanical,
micro-mechanical and viscoelastic approaches. Siompertant works related to improved
damping models for thick laminates, improvementanfinate damping and optimization for
damping in fiber-reinforced composites/structunesaitically reviewed.

A way of increasing damping in sandwich materialdy putting a viscoelastic layer as core
between the two laminates [80-82]. Yim et al. [8Blidied the damping behavior of a 0°
laminated sandwich composite cantilever beam iedesiith a viscoelastic layer. Gacem et al.
[84] improved damping in thin multilayer sandwiclkates having five layers composed of
elastomer and steel by submitting the structuresttear vibrations under a compression
preload. With the advancement of technology in tedbeheological (ER) materials, their
applicability to sandwich structures has been iawed significantly due to their merits such
as variable stiffness and damping properties [BBg vibration analysis of a sandwich plate
with a constrained layer and electro-rheologicdR)Huid as core has been investigated by
Yeh and Chen [86]. Basic configuration for viscaldER sandwich material is shown in Fig
1.17 below.

constraining
layer

VEL/ER laver

bage laver

induced
shear

Figure 1.17 Basic configuration for viscoelastic/ER sandwich tenal (constrained
treatment) for enhanced damping characteristicq [85

Jueng and Aref [87] also investigated the feasybiif a combined composite damping
material system. In this new configuration, theyedigwo different styles of composite
materials. One is a polymer honeycomb materialthadther is a solid viscoelastic material.
The honeycomb material is helpful to enhance tiftnsss of the entire structure, and the
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solid viscoelastic will provide more energy dissipa properties in the multilayer panel
systems when subjected to in-plane shear loadingsd advanced polymer matrix composite
(PMC) systems are also addressed for seismic itéitrgfof steel frames [88]. Damping layer
in sandwich structures can be made of any suitatdeerial which provides the vibration
damping function. Damping can be promoted in saoldvatructures by using rubber-type
cores made of butyl rubber or natural rubber, mlassuch as polyvinyl chloride (PVC),
adhesives of various polymer materials includingoxgpbased materials, silicones,
polyurethane etc [89,90]. A 3M VHB™ structural glazing tape is also used as damping
layer in sandwich structures [91].

These advancements have led to the need for denglopaterials possessing better damping
characteristics. Entangled materials are made frataral materials (wool, cotton etc) as well

as artificial ones (carbon, steel, glass, etc.) aredquickly becoming of widespread use as
sound absorbers [92]. Bonded metal entangled ratdeoiffer advantages for use as heat
exchanger [93] or insulation [94]. These mater@issess low relative density, high porosity
and are cost-effective. Recently, a novel typeaofdsvich has been developed with bonded
metallic fibers as core material [95-99]. This mialepresents attractive combination of

properties like high specific stiffness, good damgpcapacity and energy absorption.

Entangled materials with carbon fibers have alsenbstudied as core material [100].
Entangled materials with cross-linked carbon fib@resent many advantages as core
materials i.e., open porosity, multifunctional matkeor the possibility to weave electric or
control cables on core material. Mezeix et al. |[18tudied the mechanical behavior of
entangled materials in compression. Mechanicalingshas also been carried out on
specimens made of wood fibers [102], glass fib&&3] and various matted fibers [104].
There are also some works in the literature relée@D modeling of wood based fibrous
networks based on X-ray tomography and image aisa]$65]. Unfortunately, only a few
works can be found in the scientific literature oied to the mechanical testing of entangled
sandwich materials, and no scientific literatura ba found related to the vibration testing of
entangled sandwich materials or even simple en¢dnglaterials.

As shown by the previous references, enhanced selmdstructures with better damping

characteristics exist, but so far in this thesis, work deals only with the static and dynamic
characterization of glass entangled sandwich spEwnand their comparison with standard
honeycomb and foam sandwiches. Comparison with rexdta sandwich structures e.g.,
honeycomb sandwiches with viscoelastic layer, ®teat in the scope of this work and shall
be duly considered in future.

In this thesis, with an aim to find a sandwich wetihanced damping characteristics, Shahdin
et al. [106,107] fabricated and mechanically testetngled sandwich beams with both
carbon and glass fibers as cores and skins. Th@ression and bending test results showed
that these entangled sandwich specimens have tveblalow compressive and shear
modulus as compared to standard sandwiches witteyisomb and foam cores. The
advantage of the vibration testing is to diagndsevariability of the fabrication process and
to verify experimentally the potentially good damgpicharacteristics of the fiber network
sandwich specimens. Vibration tests demonstrate ptiesence of high damping in the
entangled sandwich specimens making them suitablsdecific applications like the inner
paneling of a helicopter cabin, even if the streatstrength of this material is on the lower
side. Furthermore, the vibration tests showed (Fig) that entangled sandwich specimens
possess in average 150 % higher damping ratioarttie average 20 dB lower vibratory
levels than the honeycomb and foam sandwich beams.
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Figure 1.18 Comparison of the Sum of Frequency Response Fun¢B&®F) for the
honeycomb, foam and entangled sandwich specimémsheiaverage vibratory level [107]

1.6.2 Enhancements in the Impact Toughness

Several novel sandwiches have been developedentsai literature with a view to enhance
the impact toughness. A few similar developmenesdiscussed briefly as follows:

Wang [108] conducted dynamic cushioning tests bg firop and shock absorption principle
on paper honeycomb structures in order to studyetfeet of impact behavior. Experimental
results showed that the thickness of length aneéyaymb cell-wall have a great effect on its
cushioning properties. Increasing the relative dgref paper honeycomb can improve the
energy absorption ability of the sandwich panels.

Yoo and Chang [109] fabricated egg-box shaped gnaibgorbing structures made of fabric

composites to find out the compressive characiesisind energy absorbing capacity. From
the test results it was found that the foam filbeinposite egg-box panels had good energy
absorption capacity with smooth stress-strain aurwdich resembles the ideal energy

absorber.

Sandwich structures with various light weight cohase also been extensively studied. In a
study by Li and Jones [110], low velocity impacspense of hybrid syntactic foam with
rubber latex coated micro-balloons sandwiched betwvo facesheets was studied. It was
found that compared to the core which consists wk pepoxy or just the syntactic foam
without rubber coating, the impact energy absorwedubberized syntactic foam core was
much higher. In another study the syntactic foars wadified by using crumb rubber [111].
The impact tolerance of the structure was founthtoease with the increase in the rubber
content of the core.

37



Torre and Kenny [112] reported the developmenteaf type of sandwich construction which
consisted of skins made from a glass fiber phenolatrix composite laminate and a core
formed by an internal corrugated structure of thee laminate used for the faces filled by a
phenolic foam to improve crashworthiness for tramspapplications. The corrugated
sandwich panels showed better performance in temismpact energy absorbing properties
and strength as compared to traditional sandwitittsires.

Grid stiffened structures are found to have highgract resistance and the delamination and
crack propagation occurring in these structuretess compared to laminated composite
panels [113]. Low velocity impact tests were coridddoy Hosur et al. [114] on integrated
core sandwich composite samples which show that gkckness and composition of skin
plays a significant role in the impact responséheke structures. Hollow core panels having
varying thickness of rib were also prepared andrédsponse when subjected to low velocity
impact was observed and it was found that thesesqanovided greater impact resistance due
to additional energy absorption mechanisms [115].

The author would like to highlight the fact that af these novel materials, fabricated to
enhance the impact resistance are mostly compusiterials i.e., consisting of fibers and a
matrix. In case of entangled sandwich materiaks,ctbncept of matrix does not exist as such.
The fibers are vaporized by the resin and not insegkrin the resin. Unfortunately, little
scientific literature can be found related to inpiesting of entangled sandwich materials.
One work that can be cited in this regard is tlidd@an et al [98]. Their paper documents an
experimental and numerical study of energy absampitn lightweight sandwich panels with
entangled stainless steel fiber cores. The reshlsv that the sandwich panel absorbs 40%
more energy than the two separated face plates.

In this thesis, the entangled sandwich beams tgstedously will be evaluated for their
impact toughness as well [116]. Evaluation of imp&mughness is uniquely based on
vibration test results i.e., decrease in natuedudency. Due to the lack of available literature
on the behavior of entangled sandwich materials tduenpact damage, a simple case of
symmetrical impacts is studied. Two types of enfishgandwich specimens (heavy and light)
are studied in this section. The light specimenga5 times less resin than the heavy ones.
The impact energies are chosen in such a way lieaheavy and light specimens have the
same level of damage. Vibration test results prihat the light specimens having better
damping characteristics but they are more sensitivimpact damage than the heavy ones.
Therefore, while selecting the application of théght entangled sandwich materials, their
sensitivity to impact damage should be taken irdonsaeration. Further in this thesis, this
work has been carried a bit further and the impawghness of carbon and glass entangled
sandwich beams is compared with classical sandwiaterials with honeycomb and foam
cores.

The impact toughness of entangled sandwich beathssithesis is evaluated by the decrease
in natural frequency (global parameter of a struefuwhich signifies loss of rigidity. The
author wants to clarify here, that impact toughnisssnly studied through vibration tests and
the classical procedure used for determining th@aat toughness i.e., compression after
impact (CAI) has not been implemented as it isidetthe scope of our work.
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1.7 Conclusion of the First Chapter

The first chapter gives a literature review on vitwation based damage detection techniques
based on traditional type methods. The emphasidaafage detection in this thesis is on
composite and composite sandwich beams. A briefcbutprehensive literature review is
provided regardingamage detection by changes in natural frequency athping and mode
shapes from both the experimental and numericaitpafi view. Furthermore, a few works
related to enhancements in damping and impact tesghcharacteristics in composites are
also highlighted.

Literature review showed that impact damage in amsitp beams leads to
» adecrease in natural frequency (loss of rigidity)
* anincrease in damping (increase of friction zone)

These two trends shall be the main criterions fodyng the effect of impact damage in the
composite laminate and composite sandwich beamsigdihe experimental part of this
thesis.

In our work, by carrying out a good number of vila tests on different types of materials
we have a lot of statistical data e.g., 33 freqyeesponse functions for each test-beam for
each state, a frequency band of 0-2500 Hz, 4 bgndliodes, extracted modal parameters,
different densities of damage and levels of im@aergy etc. In order to take into account all
this data by studying the influence of various pagters on the extracted modal parameters
(frequency and damping), we have used Design otixents (DOE), which is a powerful
analysis tool forhighlighting the influence of key parametersthat affect an experimental
process.
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Chapter 2: Analytical and Experimental Modal Analysis

Today’s engineers are faced with many complex namgkvibration problems associated with
the design and troubleshooting of structures. Nébafore have structures had so many
constraints, such as legislative, cost, and dutgbimposed upon them. Because of these
constraints, present day structures are typicalyremcomplex in terms of design and
materials. Therefore, the engineering that goes timtse structures must be more exact than
ever before. The structural analyst must desigt a&itcurate and realistic models and the
experimentalist must be able to accurately defis&racture’s dynamic response to specified
input forces.

Recently, tools have been developed to assist tiluetgral engineer in these areas. The
analyst now uses sophisticated finite element mogr such as Nastran, to aid in the
understanding and the design of structures. Thesrgrpntalist has sophisticated digital
signal analysis equipment that aids him in quamgyand understanding a structure’s
dynamic and input forces. This part is commonly wnoas experimental modal analysis
(EMA).

The major point of this chapter is to show how trexacy response function (FRF)
measurements are related to the structure’s modgeshand vibrational frequencies. This
overall objective will be accomplished by buildirg mathematical foundation from the
analytical and experimental point of view. This joteat is divided into three main sections:

System identificatianThis is a widely used approach to characteripdysical process in a
guantified way. In modal analysis terms, this godtnown as vibration signal analysis.

Single degree of freedom systehmis system will be used as a means for defirdame
standard terminologies in order to help the readergrasp with relative ease the basic
theoretical aspects of this thesis. Detailed exailan on the fundamentals and applications of
vibrations can be found in a multitude of technibaloks, for example by De Silva in
reference [117].

Experimental modal analysisTheoretical background on experimental modal yaslis
discussed briefly. Types of excitations, typesest tset-ups for vibration testing and types of
estimation methods are highlighted as well. Finalbyrelation tools are discussed used for
updating a numerical model with respect to expeniisleresults.

Basic Assumption of this Thesis

Before proceeding, the basic assumptions musttheleshed before the theory on which this
thesis is based can be developed. The first assumigt that the structure is a mechanical
system whose dynamics may be represented by af detear, second order, differential
equations. The second assumption is that the steucluring the test can be considered as
time invariant. This assumption implies that thesfGoients in the linear, second order,
differential equations are constants and do not wath time. The third assumption is that the
structure is observable. While this may seem titias means that the system characteristics
that are affecting the dynamics can be measuredtlidthere are sufficient sensors to
adequately describe the input-output charactesisticthe system.
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It appears that damping which is a phenomenon seSightion in structural aerospace
materials (metallic and composites) is not well respnted by the three assumptions
previously discussed. The friction (between compts@nd around defects) makes the peak
unsymmetrical around resonance frequency and isdacsignificant part of the vibrating
irreversibility, consequently making the model dmear. The damping ratios encountered in
this thesis are relatively low (except in certagses with entangled sandwich materials)
which truncate the resonance modes with & &fuivalent quality factor. At this point of
resonance, the excitation compensates exactlyttiec aissipation (the modal sine motion
being then independent, with constant mechanicatggt [151]. Thus, this linear approach
can be used for diagnosing impact damage in compkerials (composites). The important
points of our approach are given as follows:

* The system is linear in the range of amplitudeseuidnsideration

* The damping is considered proportional

* The method of modal superposition is chosen fostietion

» Condition of reciprocity is assumed
This approach can be applied to a multi degreeesfdom system (MDOF) as well, which can
then be decomposed into several single degree egiddm systems (SDOF) by modal
decomposition. Fig 2.1 shows an example of a siropigilever beam (3 DOF) excited at its

tip by a pulse, decomposed to three SDOF systemsdolal superposition, which can then be
treated separately.
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Figure 2.1 An example of a cantilever beam showing the decsitigo of a 3 DOF system to
three separate SDOF systems [122]
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2.1 System Identification

System identification helps us to characterize gsyial process in a quantified way. The
object of this quantification is that it reveal$armation about the process and accounts for its
behavior, and also it allows us to predict its hdrain future environments. The physical
processes could be anything, e.g. vehicles (laeal, &d air), electronic devices, sensors and
actuators, biomedical processes, etc. In essened wé do is simply to watch what ‘a
physical system’ does. This is of course totallgless if the system is ‘asleep’ and so we rely
on some form of activation to get it going — in watnicase it is logical to watch (and measure)
the particular activation and measure some charsiiteof the behavior (or response) of the
system. A very comprehensive overview regardingfiimelamentals of signal processing for
vibration engineers has been given by Shi and Hamdmoreference [154].

Having got this far let us simplify things eventher to a single activator (input) and a single
response (output) as shown in Fig 2.2.

x(1) (1)
Input —» System —————> QOutput

Figure 2.2 A single activator (input) and a single responsatjpot) system [119]

It is now convenient to think of the activatft) and the responsgt) as time histories. For
example x(t) may denote a voltage, the system may be a loukispaady(t) the pressure at
some point in a room. However, this time historydalois just one possible scenario. The
activatorx may denote the intensity of an image, the systeamioptical device andmay be

a transformed image. Our emphasis will be on thee thistory model generally within a
sound and vibration context.

The box marked ‘System’ is a convenient catchaiint for phenomena of great variety and
complexity. From the outset, we shall impose majmstraints on what the box represents,
specifically systems that ali@ear andtime invariant. These systems are known as a linear
time-invariant (LTI) systems i.e., the system isffiected by time and is linear if and only if
the input signal produces the same output signdlm&-invariant system may be illustrated
as in Fig 2.3, such that if the input is shiftedigythen the response will also be shifted by the
same amount of time.

¥(t—1,) —»| Time-invariant system |—— y(t—1,)

Figure 2.3Property of a time-invariant system [119]

To solve many engineering problems, the responseliolear time invariant system to some
input signal is needed. If the input signal carbbeken up into simple signals and the system
response to these simple signals is known, thearitbe predicted how the system behavior.
Therefore anything that can break a signal down itd constituent parts would be very
useful. One such tool is tHeourier series In applications related to vibrations, the Fourie
transform is typically thought of as decomposingjgnal into its component frequencies and
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their amplitudes. This tool helps to navigate betthe time and the frequency domains. The
frequency domain tends to be more useful than ithe tomain because mathematics is
simpler in the frequency domain. One immediate athge of the Fourier Transform is that
through its use, differential operations (differatibn and integration) in the time domain are
converted into simpler algebraic operations (mbdgtion and division). The following
example shall clarify the above statements

If we have a continuous signa(t) = Asin(at) and we take the continuous Fourier transform

to find its frequency content we get is two impalse the frequency domain at the frequency
of the sine wave as shown in Fig 2.4.

Tirme Diotgain Frequency Domain

x(t) = Asin (w‘; ] Xw)

NN

H t
" w
" —IU‘G wd,
’
-

Figure 2.4Representation of a signal in time and frequenayaias [120]

=

The above example deals with only continuous sggred what to do if discrete signals are
encountered? This is where sampling comes into. Baynpling simply means recording a
signal. The only way that a computer can handlerdicuous (analog) signal is by sampling
it. To improve the resolution of discrete signditst thing we want is to sample them. This is
equivalent to multiplying the time signal by a serbf impulses(t) as shown in Fig 2.5.

Time Domain Frequency Domain

eft) - A Caw)

= ¢ Tw
? t -
sSampling Frequency

Figure 2.5 Multiplying the time signal by a series of impuls$§ which has the frequency
response of the series of impulses [120]

However this can lead to aliasing distortion, whigfan error that can enter into computation
in both the time and the domain frequency domagpedding on the domain in which the

results are presented. In vibration signal anglysisufficiently small sample step should be
chosen in order to reduce aliasing distortion ia frequency domain, depending on the
frequency of interest in the analyzed signal. Tiisans that a continuous signal must be
discretely sampled at least twice the frequencyhefhighest frequency in the signal. The

43



sampling frequency has to be at least twice theirmax frequency in the continuous signal,
that is the absolute maximum frequency, not justtitice the maximum frequency. This fact
is known asShannon’s Sampling Theoremand the limiting cut off frequency is called the
Nyquist Frequency.

In digital processing of vibration signals, sampkagnals are truncated to eliminate less
significant parts. The effect of direct truncatioha signalx(t) on its Fourier Spectrum is
shown in Fig 2.6. In the time domain, truncatioraccomplished by multiplying(t) by the
boxcar functionb(t). This is equivalent to a convolution in the freqag domain explained
later on. This introduces ripples (side lobes) itite side spectrum. The resulting error is
known as the leakage or truncation error. Siméakage effects arise in the time domain. The
truncation error can be reduced by suppressingitteelobes which requires modification of
the truncation function (window) from the boxcarapkb(t) to a more desirable shape.

{a)
X} X5
TRUE
SIGMAL
I -
{0 ] T T 0 |
(b)
\ b0
TRINCATION 1
WINDOW
[ T i
c) _
( (b o XA B
RESULT
! o
0 | T t ] |
TIME FREQUENCY

Figure 2.6 lllustration of truncation error: (a) signal and dtfrequency spectrum; (b) a
rectangular (boxcar) window and its frequency speuot and (c) truncated signal and its
frequency spectrum [117]

Window functions other than the boxcar functions waidely used to suppress the side lobes
(leakage error). A graphical comparison of commardgd window types is given in Fig 2.7.
Hanning windows are very popular in practical apgions. A related window is the
Hamming window, which is simply a Hanning windowthvirectangular cutoffs at the two
ends. In Figure (2.7b), one observes that the &eqydomain weight of each window varies
with the frequency range of interest. Charactesstf the signal that is being analyzed and
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also the nature of the system that generates gfmalsshould be considered in choosing an
appropriate truncation window. Hanning window isaemended for use with lightly

damped system.
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Figure 2.7 Some common window functions: (a) time domain ifomctind (b) frequency
spectrum [117]

The time-invariant system is normally describedatparticular feature, namely their response
to an ideal impulse and their corresponding behasidhen the impulse response. We shall
denote this by the symbdlt). Because the system is linear, therefore thiseraabstract’
notion turns out to be very useful in predicting tlesponse of the system to any arbitrary
input. This is expressed by the convolution of inpat) and systemh(t) sometimes
abbreviated as

y(t) = h(t) Cx(t) (2.1)
where ** denotes the convolution operation. Exgegsin this form the system box is filled

with the characterizatioh(t) and the (mathematical) mapping or transformafrem the
inputx(t) to the responsg(t) is the convolution integral.

System identification now becomes the problem o&snengx(t) andy(t) and deducing the
impulse response function(t). Since we have three quantitative terms in tHatioaship
(2.1), but assuming that we know two of them, themrinciple at least, we should be able to
find the third. Life becomes considerably easiewd apply a transformation that maps the
convolution expression to a multiplication. Onelstigansformation is the Fourier transform
as discussed abovd@aking the Fourier transform of the convolution Equation (2.1)
produces
Y(f)=H(f)xX(f) (2.2)
wheref denotes frequency, anq f ), H( f) andY (f) are the transforms aft), h(t) andy(t).
This achieves the unraveling of the input—outputatienship as a straightforward
multiplication in the frequency domaimn this form the system is characterized by the
qguantityH( f ) which is called the system frequency responsetiom (FRF).The problem of
‘system identification’ now becomes the calculatadid( f): that is, divideY (f) by X(f), i.e.
divide the Fourier transform of the output by thmufer transform of the input. If the Laplace
transform is taken, then by a similar argumentastfe Fourier transform, it becomes
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Y(s) = H(s)X(s) (2.3)
wheres = ja and « = 27f
The ratioY (s)/X(s) = H(s) is called the transfer function of the systeme Telationships
between the impulse response function, the frequeasponse function and the transfer
function are depicted in Fig 2.8. Note tliHto) can be obtained iyi(s) on the imaginary axis

in the s-plane (shown ahead in Fig), i.e. the Fourier fi@mns can be considered as the
Laplace transform taking the values on the imagiaais only.

L F
//{} FR{}

§=jw

Figure 2.8Relationship between h(t), &)Y and H(s) [120]

Reality interferes in the form of ‘uncertainty’. @ measurementgt) andy(t) are often not
measured perfectly — disturbances or ‘noise’ comtatas them — in which case the result of
dividing two transforms of contaminated signalsl wé of limited and dubious value.

This is where ‘optimization’ comes in. We try andd a relationship betweex(t) and y(t)
that seeks a ‘systematic’ link between the datantpoihich suppresses the effects of the
unwanted disturbances. The procedure we use tanatbiia fit is seen in Fig 2.9 where the
slope of the straight line is adjusted until theehao the data seems best.

Figure 2.9A linear fit to the measured datg &nd y,[120]

Just a reminder that the major aim of this chaistés show how frequency response function
(FRF) measurements are related to the structuedigal frequencies and damping. As it has
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been explained that how the frequency responseifumis identified in a physical system and
in the end it is a ratio of the Fourier transforimttee output to the Fourier transform of the
input, now a basic example of a single degreeeddom system will be used to define some
standard terminologies.

2.2 Single Degree of Freedom System

2.2.1 Basic Theory

The general mathematical representation of a sidgtgee of freedom system is expressed
using Newton’s second law in Equation 2.4, anépesented schematically in Fig 2.10.

MX(t) + Cx(t) + Kx(t) = f(t) (2.4)
x(1)
f(@)
K
VAV AYS
M
_D_
C C )

Figure 2.10Single Degree of Freedom System [117]
Equation 2.4 is a linear, time invariant, secondeordifferential equation, wherg is

considered as the displacement of the mass. Thedolution to this problem involves two
parts as follows:

X(t) = % (t) + %, (t)
where,
X. (t) = Transient portion
X, (t) = Steady state portion
By setting f(t)=0 the homogeneous (transient) form of Equation arile solved

M(t) + CX(t) + Kx(t) = 0 (2.5)
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From differential equation theory, the solution ¢enassumed to be of the foraft) = Xe™,

wheres is a constant to be determined. Taking appropdatévatives and substituting into
Equation 2.5 yields:

(Ms® +Cs+K)Xe" =0
Thus, for a non-trivial solutioiXe™ # 0)
s +(C/M)s+(K/M) =0 (2.6)

Equation 2.6 is the system’s characteristic eqoatihose rootsl, and A, (A = system pole)

are:
2
SN Y
’ 2M 2M M

Thus the homogeneous solution of Equation 2.4 is:

x.(t) = XM + X,e*

whereX; andX; are constants determined from the initial cond#gionposed on the system at
t = 0. The particular solution (steady state) is a fuorctf the form of the forcing function. If
the forcing function is a pure sine wave of a snigéquency, the response will also be a sine
wave of the same frequency.

2.2.2 Laplace Domain Theory

Equation 2.4 is the time domain representation ef sistem in Fig 2.9. An equivalent
equation of motion may be determined for the Laplaice domain. This representation has
the advantage of converting a differential equationan algebraic equation. This is
accomplished by taking the Laplace transform of Equ&.4, thus:

L{Mx +Cx + Kx} = M (s2X () - s0) - X(0)) + C(sX(s) - x(0)) + KX (3)

L{M% +Cx + Kx} = (Ms? + Cs+ K )X (s) — Msx(0) - Mx(0) - Cx(0)

L{fm}=F(

Thus Equation 2.4 becomes:

[Ms? +Cs+ KX (s) = F(s) + (Ms + C)x(0) + Mx(0) 2.7)
where

x(0) is the initial displacement at time t =0

X(0) is the initial velocity at time t =0

48



If the initial conditions are zero, then Equatioh®becomes
[Ms? +Cs+K|[X(s) = F(s) (2.8)

LetB(s) = Ms® +Cs+ K . B(s) is referred to as the system impedancen Tguation 2.8
becomes:

B(s)X(s) = F(s) (2.9)

Equation 2.9 is an equivalent representation of Egua2.4 in the Laplace domain. The
Laplace domaingdomain) can be thought of as complex frequescyd + | w). Therefore,
the quantities in Equation 2.9 can be thought dobews:

F (s) - Laplace domain (complex frequency) represemadif the forcing functiom (t)
X (s) - Laplace domain (complex frequency) represemtadif the system responsét)

Equation 2.12 states that the system respdiiseis directly related to the system forcing
functionF(s) through the quantiti(s). If the system forcing functioR(s) and its response
X(s) are knownB(s) can be calculated. That is:

B(9) =)

X(s)

More frequently one would like to know what the teys response is going to be due to a
known inputF(s), or:

X(s) = % (2.10)

By defining H(s) :%, Equation 2.10 becomes :
S

X(s) =H(9)F(s) (2.11)

The quantityH(s) is known as the system transfer function as dised in the previous
section, but the difference being that this timews be in terms of modal parameters that
describe a system dynamically. In other wordsyamsfer function relates the Laplace
transform of the system input to the Laplace tramsf of the system response. From
Equations 2.8 and 2.11, the transfer function caddfimed as follows by assuming the initial
conditions to be zero.

_X(9) UM
=9 T M (M) (2.12)

The denominator term is referred to as the systeanacteristic equation. The roots of the
characteristic equation are:
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Note that the above definition of the transfer fioit establishes a form of an analytical
model that can be used to describe the transfastitm This analytical model involves a
numerator and denominator polynomial with scalaefiidents. For the single degree of
freedom case, the numerator polynomial is zerosedler and the denominator polynomial is
second order.

2.2.3 Analytical Models and Different Representations

Before dwelling into the analytical models and tiéerent types of representations, first of
all some basic terms related to damping will bevigred.

Critical Damping

Critical dampingCc is defined as being the damping which reduces #tkcal in the
characteristic equation to zero.

(C./12M)* =(K/M) =0
(C./12M)=JKI/M =Q,

C. = 2MQ, = critical damping coefficient
Q, =undamped natural frequency (rad/s)

Fraction of Critical Damping — Damping Ratio (Zeta)

The fraction of critical damping or damping rafiq, is the ratio of the actual system damping
to the critical system damping.

Z1 = C/Cc

The roots of characteristic Equation 2.13 can newktten as:
A :(_Zli ¢t _1b1 (2.14 a)

Az = (_ N4 _1)Ql (2.14 b)

Systems can be classified depending on their dagmatios. That is:
« Over-damped systeng’, >1
» Critically damped systeny, =1

* Under-damped systeng;, <1
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Further details and the time domain responses adetlthree systems are easily available in
scientific literature [117,122]

For most real structures, unless active dampingesys are present, the damping ratio is
rarely greater than ten percent. For this reasbrfudher discussion will be restricted to

under-damped systeris<1. For an under-damped system, the roots of theacteaistic
equation can be written as:

A, =0 % @
where:
o, =damping ratio

w, =damped natural frequency

Laplace Plane (s-Plane) Representation

Note that for this casg is always the complex conjugatef Therefore, theld, notation
will be replaced in further equations bly* .Using Equation 2.14 the above parameters can be
related to the damping rati@,) and the undamped natural frequer{€y) as follows:

___ o
“T i
le_Z191

Q,=d +07

The transfer functioi(s) can now be rewritten as a product of the roatdgctored) form as
follows:

Y
N A (2.25)

where:
A =complex conjugate pole of the transfer function
A=0 +]jw
A*=0,-jw,

The poles of the single degree of freedom systematso be viewed, looking down on the s-
plane as shown in Fig 2.11:
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Figure 2.11s-plane (Laplace Plane) pole location [118]

Analytical Model: Scalar Polynomial

One popular method of representing the transfectiom involves a scalar polynomial
representation in the numerator and denominatartieosingle degree of freedom case, this
is very simple concept that is directly based uprenphysical characteristics (M,C,K) of the
system. Generalizing Equation (2.12) yields:

H(9) By (2.16)

T a,(97 (9 +(9)°

This can be rewritten:

H(s) = ZL (2.17)
Z =h ()"

This model serves as the basis for many modal pateanestimation methods and is a
common formulation utilized in control theory amgatiions.

Analytical Model : Partial Fraction
The concept of residues can now be discussednrstef the partial fraction expansion of the
transfer function equation. This is just one comnagproach to determining the residues.

Another popular method involves a polynomial reprdgation in the numerator and
denominator. Equation 2.15 can be expressed irstefmpartial fractions:
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]/M — G + C,
(S_Al)(s_/‘l*) (S_Al) (S_/]l*)

H(s) = (2.18)

The residues of the transfer function are definedbaing the constants and c,. The
terminology and development of residues comes fiftmenevaluation of analytic functions in
complex analysis. As will be shown later, the rasgl of the transfer function are directly
related to the amplitude of the impulse responsetian. The constants; andc, (residues)
can be found by multiplying both sides of Equatibh5 by (s—A,) and evaluating the result

ats=A,. Thus:
]/M -c +|:Cz(s_/]1):|
* 1 *
(S_/‘l)S:Al (S_/]l) Sy
M
A9
Thus:
M M
Cl = - ]7/ - = ]7/ = Ai
(o tjw)-(0, - jw) 2w
Similarly:
_ WM
T

In general, for a multiple degree of freedom systdra residuéi can be a complex quantity.
But, as shown for a single degree of freedom sy#emipurely imaginary.

Therefore:

A, A
RN -

Frequency Response Function Representation

The frequency response function is the transferctfion (surface) evaluated along the
jw (frequency) axis. Thus, from the previously derieegiations:

Polynomial Model

= H(w) Py (2.20 a)

Hes) " a0 +a(ja) + ay(jo)

s=jw
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Partial Fraction Model

) A A
H ()]s, = H(@) =
Oleeso™ H@ = S A

H@ = 4 AT
(jw-0,- @) (jo-0,+ )

H(w) =~ A +— AT (2.20 b)
(w-w)-o0, j(wtw)-o,

From an experimental point of view, when one talkseut measuring a transfer function, the
frequency response function is actually being messurhe value of the frequency response
function at the damped natural frequency of théesyss:

Ay AT (2.21)

H =-
(a{) o, jza{_al

which can be approximated as:

H (a)l) = _%

1

The second term on the right of Equation 2.21 aggives zero agy gets large. In other

words, the contribution of the negative frequenoytipn of the frequency response function
is negligible. Therefore, many single degree oédi@m models are represented as:

A
H(w)=——1 2.22
() (jw_Al) ( )

Another way of interpreting Equation 2.20 is thiaé tvalue of the transfer function, for a
single degree of freedom system, at a particulguency(a )is a function of the residue,
damping, and damped natural frequency.

Impulse Response Function Representation

The impulse response function of the single degifefeedom system can be determined
from Equation 2.20 assuming that the initial colodi$ are zero and th&(s) = 1 for a system
impulse. Thus:

X9z o A
(S_Al) (S_/]l*)

x(t) = L{X(s)}

54



x(t) = Ae™ + A *e™" = h(t) =impulse response

Thus, using Euler’s formula foe'“ and e/, the residug\i controls the initial amplitude of
the impulse response, the real part of the potedsdecay rate and the imaginary part of the
pole is the frequency of oscillation. Fig 2.12 &id 2.13 illustrate the frequency response
and impulse response functions respectively, &ingle degree of freedom system.
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Frequency {(Fad/Sec)

Figure 2.12Frequency response function (SDOF) with the rea mmaginary part [117]
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Figure 2.13Impulse response function (SDOF) [117]
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2.2.4 Change of Physical Parameters

While it is not always possible to alter the phgsiparameter (mass, stiffness and/or
damping) of a system and is very difficult to preally alter one physical parameter (mass,
for example) without altering another physical paeter (stiffness, for example), it is still
important to understand how a change in physicabmater will affect the system
characteristics. Figures (2.14), (2.15) and (28w how the frequency response function
will be affected due to change in one physical peter at a time.

10

Log Magnitude

10 10 20 30 40 50
Frequency (Rad/Sec)

Figure 2.14Change of stiffness (SDOF) [120]

Note that a change in stiffness affects both tlemant frequency as well as the system
characteristic at low frequency. This dominancsetfness at low frequency is the reason that
this region of the frequency response functionnevin as the stiffness, or more accurately,

compliance line.

Log Magnitude

10 10 20 30 40 S0
Frequency (Rad/Sec)

Figure 2.15Change of damping (SDOF) [120]
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Log Magnitude
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Figure 2.16Change of mass (SDOF) [120]

Note that a change in mass affects both the resdin@guency as well as the system
characteristic at high frequency. This dominancenaés at high frequency is the reason that
this region of the frequency response functionnswn as the mass line. Also note that as the
mass changes, the apparent damping (sharpnesseofredonant frequency) changes
accordingly. A change in mass affects both themasbfrequency, the system characteristic

. ) " ) C C
at high frequency as well as the fraction of catidamping’, = — = )
gh freq y ping’, c. - 2va,

c

2.3 Experimental Modal Analysis

Experimental modal analysis is the process of deteng the modal parameters (frequencies,
damping factors, modal vectors and modal scalifi@ lnear, time invariant system by way
of an experimental approach. The modal parametassb®a determined by analytical means,
such as finite element analysis, and one of thenmomreasons for experimental modal
analysis is the verification/correction of the résuof the analytical approach (model
updating). Often, though, an analytical model doe$ exist and the modal parameters
determined experimentally serve as the model fduréu evaluations such as structural
modifications. Predominately, experimental modahlgsis is used to explain a dynamics
problem, vibration or acoustic that is not obviousm intuition, analytical models, or
previous similar experience. It is important to esnber that most vibration and/or acoustic
problems are a function of both the forcing funetiqand initial conditions) and the system
characteristics described by the modal parametéosgal analysis alone is not the answer to
the whole problem but is often an important parthed process. Likewise, many vibration
and/or acoustic problems fall outside of the assionp associated with modal analysis
(linear superposition as considered in our worky. these situations, modal analysis may not
be the right approach and an analysis that focoseshe specific characteristics of the
problem will be more useful. Experimental modallgsia is useful in the following domains
with regards to vibrations

* Design of Mechanical Systems
» Diagnosis of Mechanical Systems
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» Control of Mechanical Systems

The typical steps of experimental modal analysesstwown in Fig 2.17.

Test Structure

Frequency Response Measurements

Curve Fit Representation

Oir Ojr

n
Hjlm) =X :
1 r=1 mr{(t:% -mzﬂzi_,mmrh

7

o — Frequency
L — Damping
{d} — Mode Shape

Modal Parameters

Figure 2.17 Typical flow of an experimental modal analysis [JL19Aim is to extract the
modal parameters from Frequency Response Funatibtasned through experiments

2.3.1 Types of Experimental Modal Testing

The basic methodology of a modal test is very sempirst the structure to be tested is excited
with the help of ambient energy, an external shakembedded actuators. Next the response
of that structure is measured by using accelerametelocity-meters or laser vibrometers in
order to monitor the structural dynamic respon3é® experimental modal testing can be
classified into two main types:
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Impact Testing

Impact testing is a fast, convenient and low coay wf finding the modes of machines and
structures. Impact testing is depicted in Fig 2lb8impact testing, the output is fixed and
FRFs are measured for multiple inputs, this cowadp to measuring elements from a single
row of the FRF matrix. To perform impact test, axpact hammer with a load cell attached to
its head is used to measure the impact force. Aomaleters are employed to measure the
response acceleration at various measurement paimtsilti-channel FFT analyzer is used to
compute the frequency response functions. A cuttiag algorithm integrated in the data
acquisition software is used to estimate the mpdahmeters from experimentally obtained
frequency response functions.
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Figure 2.18Impact testing procedure [122] - Excitation is prd@d at multiple points by an
impact hammer and the response is measured withelpeof accelerometers

-

The drawbacks of impact testing are that all stmgs cannot be impact tested e.g., structures
with delicate surfaces, or because of its limitedjfiency range and low energy density over a
wide spectrum, the impacting force is not suffitienadequately excite the modes of interest.

Shaker Testing

Another way of dynamically testing mechanical stuoes is with the help of one or more
shakers. A shaker is usually attached to the strectsing a stinger (long slender rod), so that
the shaker will only impart force to the structateng the axis of the stinger, the axis of force
measurement. A load cell is then attached betwsesttucture and the stinger to measure the
excitation force. Common types of shakers are mletynamic and hydraulic shakers. A
typical shaker test is shown in Fig 2.19.
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Figure 2.19 Shaker Test Set-up [122] - Excitation is providedaingle point by a shaker
and response is measured at multiple points wighhiélp of accelerometers
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The vibration tests in this thesis are based okesttasting. The beam-type test specimens are
excited at their centers by a shaker, and the respis measured at multiple points by a high
performance laser viborometer. The experimental gore is explained in detail in chapter 3
in Section 3.2.

2.3.2 Types of Excitation Signals

Excitation signals in vibration testing can be garezed into three main categories as shown
in Table 2.1.

Table 2.1Categories of excitation functions that can be usedodal analysis [118]

Periodic Excitation Random Excitation Transient Exdtation
Stepped Sine (Sine-Dwell)True Random Burst Sine
Slow Sine Sweep Burst Random (White NoisBurst Random
Periodic Narrow Band Random Chirp
Pseudo Random Impulse
Periodic random

Details on all these types of excitations can heébeasily in scientific literature [117-122].
The authors will only explain those excitationsr§turandom and sine-dwell) that have been
used for carrying out vibration testing.

Burst Random Excitation

Burst random excitation has the combined advantajelsoth pure random and pseudo
random testing. Its signals are leakage free aedwith spectrum averaging removes non-
linearity from the frequency response functionisconsists of short sections of an underlying
continuous signal followed by a period of zero ingthe duration of burst is selected to allow
the damping out of the response by the end of thasnrement period (to avoid leakage
errors). A burst random excitation signal alongwis response is shown in Fig 2.20.
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Figure 2.20 Burst random excitation signal and its responsethia time domain — Burst
random excitation signal is one of the two examatsignals used for the vibration tests in this

thesis

Sine-Dwell Excitation

Sine dwell is the discrete version of a sine sw@dy frequency is not varied continuously,
but is incremented by discrete amount at disciate points i.e., step-by-step variation of the

frequency of the excitation signal. This is showapdically in Fig 2.21.

w(t)

Linear
Sine Sweep

Frequency

Exponential
Sine Swee

Sine Dwell
min

I
Td t

Time
Figure 2.21Frequency variations in some periodic excitatiogngils [117]

With sine-dwell excitation, it is necessary to emesisteady-state conditions before the
measurements are made. The extent of the unwaatesleént response will depend on:

» the proximity of a natural frequency

* the lightness of the damping
» the abruptness of the changeover
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The major advantage of sine-dwell excitation ovaersbrandom is that it takes into account

the effects of non-linearity [10], which enhanclks tuality and robustness of measurements
on structures in the presence of damage. On ther dilind, large acquisition times are a

drawback of sine-dwell testing. To rectify the pieob of lengthy measurements, small fine

sweeps are localized around the resonances okesttand rapid coarse sweeps with large
frequency increments are carried out for the legsitant portions of the frequency response
functions (FRF) as shown in Fig 2.22.
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Figure 2.22 Sine dwell testing methodology i.e., fine sweepsiradt resonance and coarse
sweeps for the rest [122]

A summary of the commonly used excitations in Milbratesting is provided in Table 2.2.

Table 2.2 Summary of excitation functions with those hightegh that have been used for
experimental modal analysis in this thesis [118]

Sine Dwell True Pseudo Fast Burst Burst
random random sine  Sine random

Minimize Leakage No No Yes Yes Yes Yes
Signal to noise ration Very High Fair Fair High Hig Fair
RMS to peak ratio High Fair Fair High  High Fair
Test Measurement Time Very Long Long Short Long Short Short
Controlled Frequency Content Yes Yes* Yes* Yes* %es Yes*
Controlled Amplitude Content Yes No Yes* Yes* Yes* No
Removes Distortion No Yes No No No Yes
Characterize Nonlinearity Yes No No Yes Yes No

* Requires additional equipment or hardware

The two types of excitations used for vibrationtites in the experimental part of this thesis
are sine dwell and burst random excitations. Theions advantage of burst random
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excitation is its short measurement times [9] whilee-dwell excitation’s main advantage is
that it takes into account structural non-lineafi@].

2.3.3 Modal Parameter Estimation (Curve Fitting)

Curve-fitting is probably the most difficult parf the whole experimental modal analysis
process for most people. Actually, it is betterdter to it agnodal parameter estimatioithe
aim is to extract modal parameters (frequency, dagnpnd mode shapes) from measured
data. In general, curve fitting requires three step

» Determine how many modé&sare represented in the data

» Estimate a polel, =g, + ja, for each mode to obtain the damped natural frecyuen
« and damping rati@r,

» Estimate residues; for each mode in order to calculate the mode shape

It is important to know when to use a SDOF or MD@€hnique. Fig 2.23 shows a variety of
different situations for a two DOF system. Fig 2Z5hows modes that are well separate with
very light damping. These types of modes can beoxppated with a SDOF fit. However,
Fig 2.23b shows modes that there is some overtap bne mode to the next which may not
be correctly compensated with a SDOF fit. It iselikthat a MDOF fit may need to be
employed for these two modes.

N
S~
\.

E " . L 1 L 1 .
192 . B8m Hz 5.B261 188, 8am Hz 3.18861

(a) (b)

Figure 2.23Different situations for a two DOF system havirghti damping (a) Modes well
separated (b) Coupled modes [118]

The modal identification methods can generally laesified in the following three ways:
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Single-FRF methods Multi-FRF methods

Figure 2.24 Classification of the three main types of modalgpaeter estimation categories
[120]

We shall base further discussions on curve fithggexplaining separately SDOF and MDOF
methods

SDOF Modal Estimation (Curve Fitting) Methods

The analytical models have been presented preyiongl the estimation of parameters from
the partial fraction in case of a SDOF is shown.

Assuming that a lightly damped single degree afdmm (SDOF) system is being evaluated,
the parameters needed for a partial fraction modelbe quickly estimated directly from the
measured frequency response function. While thisageh is based upon a SDOF system, as
long as the modal frequencies are not too closetheg, the method can be used for multiple
degree of freedom (MDOF) systems as well.

Starting with the partial fraction model formulatiof a SDOF frequency response function

_ A A*
H = 2.23
D= G2 " G- (2:23)

only the poles/, and the residuald; must be estimated. Sinck =g, + jw, , the estimation
process begins by estimating. The damped natural frequenay is estimated in one of
three ways:

» the frequency where the magnitude of the FRF reaghmaximum.

» the frequency where the real part of the FRF cgzee0.

* the frequency where the imaginary part of the FR&ches a relative minima (or
maxima).

Once the damped natural frequenay has been estimated, the real part of the modal
frequency, the damping factgy, can be estimated. The damping faatQrcan be estimated

by usingthe half-power bandwidth method. This method uses the data from the FRRen t
region of the resonance frequency to estimate thetibn of critical damping from the
following formula:
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0= “(’ia;;’ (2.24)

In the above equationy, is the damped natural frequency as previously eséichw, is the
frequency, beloww,, where the magnitude is 0.707 of the peak magaitfdhe FRF. This
corresponds to a half power poimt, is the frequency, abovey, where the magnitude is
0.707 of the peak magnitude of the FRF. This atscesponds to a half power point.

For lightly damped systems, the above equatiorbeaapproximated by the following:

— B a
= 2.25
=22 (2.25)

Once ¢, is estimated, the damping factgcan be obtained from the following equation.
o,=-0,Q, (2.26)

Again, assuming that the system is lightly damgpgds «w, the damping factor can be
estimated from the following equation:

o, =-{,w (2.27)

Once the modal frequency, has been estimated, the residie can be estimated by
evaluating the partial fraction model at a specffiequency. If the specific frequency is
chosen to bey, the following result is obtained.

A A
H = 2.28
W= Ga-o—ian  Ga-o,+ ja) (2.28)
Hiw) =2 o AT (2.29)

(_01) 2] w - 01)

As long asa is not too small, the above equation can be apprated by:

A
H = 2.30
@@= (2.30)

Therefore, the residu® can be estimated from the following relationship:

A =(-o)H(w) (2.31)
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In the above relationshipH (a,) is very close to being a purely imaginary value tiee

displacement over force FRF. This means that teelue A; will be very close to a purely
imaginary value as well. An example of the estirdatedal parameters is shown in Fig 2.25.

Vibrating Beam

Measurement
Points

Figure 2.25Concepts of modal parameters — Damping, frequeanyesat each measurement
point - Mode Shape obtained from the imaginary pathe FRF [118]

The generally used methods used for estimatingrthéal parameters from a SDOF system
are

* Peak Amplitude Method (Peak-Picking)
» Circle Fit Method

The author would however like to mention the conaépesidual terms as shown in Fig 2.26.
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Figure 2.26 Contribution of low, medium and high frequency nsodéich help to obtain a
superior quality of the reconstructed FRFs [120]
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It is important to take into account the influerafenodes which exist outside the frequency
range of measurement to have a better correlatiotiheo experimental and reconstructed
frequency response functions (FRFs).

MDOF Modal Estimation (Curve Fitting) Methods

The most commonly used MDOF based modal estimatietmods are

* Least Squares Complex Exponential (LSCE) — It isn#& domain technique and
globally estimates the modal parameters of seveoales simultaneously.

» Least Squares Frequency Domain (LFSD) — It is quieacy domain technique and
provides a global estimate of the poles and resifluethe complex modes.

The estimation methods used for curve fitting iis tinesis are Polymax and Polyreference.
Polymax algorithm is used in case of burst randowh Rolyreference algorithm is used for
sine-dwell testing. Polymax and Polyreference arkaaced versions of the least-squares
complex frequency-domain (LSCF) estimation methBdth Polymax and Polyreference
estimators function with the help oftability diagram.

In modal analysis, a stability diagram is an impotttool that is often used to assist the user
in separating physical poles from mathematical orestabilization chart is obtained by
repeating the analysis for increasing model ordefr Equation 2.32.

ol A A
[H]= ;{(jw—m ' (jw—Al*)} (2:32)

where:
complex conjugate poles 4 =0, + ja, and residues = A

For each model order, the poles are calculated frerestimated denominator coefficients.
The stable poles (i.e. the poles with a negatia part) are then presented graphically in
ascending model order in a so-called “stability gdeem” (Fig 2.27). Estimated poles
corresponding to physically relevant system modad to appear for each estimation order at
nearly identical locations, while the so-called heamhatical poles, i.e. poles resulting from the
mathematical solution of the normal equations baaningless with respect to the physical
interpretation, tend to jump around. These mathieailgtoles are mainly due to the presence
of noise on the measurements.

The order of the mathematical model is shown onrtgkt vertical end of the stability
diagram (Fig 2.27). The poles are typically plotia top of a Mode Indicator Function
(shown in blue in Fig 2.27) which is used to hefpedmine the number of modes in a set of
experimental data [122]. A stability diagram has @dvantages:

* It helps the user determine how many modes arby reahtained in a frequency band

* By displaying a stable pole estimate for severatiehgizes, it confirms that the
estimate is correct
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Figure 2.27 Stability diagram for parameter estimation showidiferent symbols which
indicate whether the mode is stable or not [122pre with the mode indicator function
(MIF) in blue

The signification of the different symbols on thalslity diagram is given in Table 2.3.

Table 2.3Signification of the symbols used in a stabilitpgliam [119]

Symbol Description
0 The pole is not stable
f The frequency of the pole does not change witihéntolerances
d The damping and frequency of the pole does rem@ within the tolerances
v The pole vector does not change within the toleea
S Both frequency, damping and vector are stableimvthe tolerances

2.3.4 Correlation Tools

The main aim of correlation tools is
» Visual inspection experimental / calculated modepss
» Visual inspection of regenerated / predicted FRFs

* Use of mathematical tools

It is often necessary to validate Finite Elementlsis (FEM) results with measured data
from a modal test [123,124]. This correlation methe generally an iterative process and
involves two major steps (Fig 2.28):
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» First, the modal parameters, both frequencies andenshapes are compared and the
differences quantified.

* Second, adjustments and modifications are madallydo the finite element model
in order to achieve a better experimental / nunaégorrelation.

> Design Real Structure
A 4
Finite Element Experimental
Analysis Tests
Correlation
Design/Test
A\ 4
NO YES

Difference » End

Figure 2.28Flow Chart of a basic experimental / numerical adation procedure [124]
Some commonly used mathematical correlation toaé®8 on modal parameters are:
Comparisons of Natural Frequencies (NFD)

The simplest comparison for linear dynamic systésnbased on natural frequencies. The
NFD (Natural Frequency Difference) is defined by

T a‘exi —
NFD@, j) = ——>—1— (2.33)
max(a)expi ,CL)]- )
Where w,,; is the experimental pulsation of modand w, is the numerical pulsation of
mode;j.

Correlation of Mode Shapes (MAC)
MAC (Modal Assurance Criterion) is the most comnyonised experimental-numerical

correlation tool due to its ease of use. For twalenshapes defined, one experimental and
numerical, MAC the correlation coefficient is dedthby
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}{(oexpi}-r _{%}‘2

MAC(, j) =
e o) (9]

(2.34)

where {@,, } is the experimental mode shape afyl is} the mode shape obtained

numerically for the modé A perfect correlation between two modes means ttie value
MAC is equal to 1 (i.e., 100%). A correlation isedeed poor if the MAC is inferior to 70%.

Today, most computer systems routinely utilize ooltm present magnitude data like MAC
using a 2D or 3D plot as shown in Figures 2.29dkant is important to remember, however,
that MAC is a discrete calculation and what appessa colour contour plot really only
represents the discrete mode to mode comparison.
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Figure 2.29(a) 2-D (b) 3-D presentation of MAC values [124]

Comparison of Loss Factors (LFD)

LFD (Loss Factor Difference) is a comparison betwéee loss factors, with the help of
which loss factors to be updated are calculate@ iskcalculated as follows

,7expi _,7j

LFDG,j))=——F——
(I J) maX@expi ’,71')

(2.35)

Wherer,,, is the experimentally measured loss factor fomtioglel, ands; is the loss factor
calculated numerically for the mogle

Comparisons of Frequency Response Functions (FRF)

The majority of correlation techniques employ tilse ©f mode shapes, in which MAC is the
most well known criterion. The direct comparisonvween the calculated and the measured
FRFs is less developed but is more interesting tharcorrelation of mode shapes, because
the experimental FRFs are more easily obtainedrder to calculate the difference between
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the frequency responses calculated experimentatlynamerically, various criterions can be
used, e.g., FRAC (Frequency response assurancaiam)t FDAC (Frequency domain

assurance criterion). Two other criterions are JA@nature Assurance Criterion) and LAC
(Local Assurance Criterion) to correlate a pair FRRFs. Detailed explanation on these
methods can be found in references [123,124].

2.3.5 Sources of Lack of Precision in Modal Testing

The sources of a lack of precision in modal tespiracedure [122] can be categorized in three
groups:

Experimental Data Acquisition Errors

* Mass loading effect of transducers

e Shaker-structure interaction

e Supporting of the structure

* Measuring enough points on the structure
e Measuring enough Degrees of Freedom

Signal Processing Errors

* Leakage

» Aliasing

» Effect of window functions

» Effect of Discrete Fourier Transform
» Effect of averaging

Modal Analysis Errors

» Circle-Fit Modal Analysis
* Line-Fit Modal Analysis
* Global-Fit Modal Analysis

The main concern of this research is the firstgatye of the sources of a lack of precision,
namely experimental data acquisition errors an@&aply mechanical errors which demand
particular attention in order to provide input dafahigh-quality which are required for the
next stages.

2.3.6 Shaker Test Flow Diagram

Shaker testing has been briefly explained previousbme further details on shaker testing
are provided as the experiments presented furthénis thesis are based on shaker testing.
For shaker testing, the excitation of the shakemeasured at the lowest channel of the
acquisition system. The response transducers aasurem in the remaining channels of the
data acquisition system. Depending on the excitdfype triggering will vary. Burst random
excitations start from a signal source or forcgger.

In addition, sometimes a pre-trigger delay is dpstifor burst random excitations. To
minimize the leakage effects, Hanning windows a®edun case of burst random excitations.
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As discussed before, the time captured data musiabhseformed to frequency domain using
the FFT and the transform algorithm. The measurémprecess for shaker testing is explained
in the flow diagram in Fig 2.30.
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Figure 2.30Shaker test flow diagram showing the whole cydmfthe time of measurements
to curve fitting for a burst random excitation wakieraging [122]
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2.4 Analytical Calculation of the FRF of a Free-Free Bam
Excited at its Centre

The experimental set-up for vibration tests usedhis thesis is that of a free-free beam
excited at its center, based on Oberst method484hown in Fig 2.31. The Oberst method
states that a free-free beam excited at its cémateithe same dynamical behavior as that of a
half length cantilever beam. Frequency Responsectleun (FRF) can be calculated
analytically for a free-free beam excited harmolhycat its centre by using the following
procedure.
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Figure 2.31Free-Free beam excited harmonically at its cen@edrst Beam)

Definition of Beam Parameters

The beam has the following parameters,

L = Length of the beam
b = breadth of the beam
d = height of the beam
S=bld= area of the cross-section
£ = mass per unit volume
E = Young’'s Modulus
_bd® .
| = ST Moment of Inertia

a = 27f = Circular frequency
f = frequency

T, = Shearing force

M, =Bending moment

The characteristic equation of dynamic respongg/en by
V(x,t) = f(X)g(t) (2.36)
The component&x) andg(t) are

f(x) = A cosQX + A, sinQX + A,chQX + A,shQX (2.37)
g(t) = cosit + ¢) (2.38)

Putting the above two Equations in Equation 2.36,
V(x,t) =[A cosQX + A, sinQX + A,chQX + A,shQX |cosit + ) (2.39)
where:

A1, Az, A3 and A, are constants, and are required to be found foc#hmulation of dynamic
response.
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Pulsation=Q* =';—|Sa)2 (2.40)

The equations of Bresse are as follows:

EIV'-M, =0 (2.41)
EIV"+T, =0 (2.42)

Application of Boundary Conditions

Now boundary conditions shall be applied at the emds of the beam in order to calculate
the four constanta,, Ax, Az andA,.

At O (x =0);

Shearing Force ¥y =0
Putting this condition in Equation 2.42, gives

V" (0,t) = 0and consequently
f"0)=0

Putting the above two results in Equation 2.39gete
A=A
Bending Moment Mz =0

Putting this condition in Equation 2.41, we have

V" (0,t) = 0and consequently
f"(0)=0

Similarly as for the previous condition, by puttittgs condition in Equation 2.39, we obtain
the following relation for the constants

A=A

At A (x= L/2), the beam is considered clamped as there ispfadament imposed

The imposed displacement at A\/:E%,tj =V, cosQt)

The rotation at A ﬂ\/'(%,tj =0
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Putting these two conditions in the characterisication of dynamic response in Equation
2.39 in order to calculate the remaining two comista

_V,(ch(QL/2) +cosQL /2)
A= 2(1+ch(QL /2) cosQL /2))
A =- V, (sh(QL/2) -sin@QL /2)

2(1+ch(QL /2) cosQL /2))
Calculation of Dynamic Response and Frequency Respge Function

Putting the values of the four calculated constaisA,, As and A4, in the characteristic
equation of dynamic response in Equation 2.39, ete g

[shQL /2) -sin@L /2)]
21+ ch(QL /2)cosQL /2)|

[ch(QL /2) +cos@L /2)]
21+ ch(QL /2)cos@QL /2)]

V(xt) = { [ch(Qx) +cosx)] - [shiQx) + sin(Qx)]}cos@: +0)

The ratio of the dynamic response to the imposedrement yields the Frequency
Response Function which is given by

[shQL /2) -sin@L /2)]
21+ ch(QL /2)cosQL /2)

[ch(QL /2) + cos@L /2)]
21+ ch(QL/2)cosQL/2)

H(x,w) = { ] [ch(Qx) + cos@x)] - ] [si‘(Qx) + sin(Qx)]

In this thesis some of the beam-specimens have tesésd with end masses, so in order to
calculate the analytical solution for a cantilebeam with end-masses, the same procedure is
followed by modifying the two boundary conditiomsEquations 2.41 and 2.42.

2.5 Tracking of Poles for Damage Detection

So far in this chapter, the author has presentedl\othe analytical and experimental aspects
of experimental modal analysis. The author now wdile to correlate all this information
with the main subject of the thesis i.e., monitgrof impact damage due to shift in modal
parameters.

As discussed previously, modal parameter estimagi@anspecial case of system identification
where the a priori model of the system is knowtéan the form of modal parameters. The
identification process consists of estimating thedal parameters from frequency response
function (FRF) measurements. Modal identificatie@sinumerical techniques to separate the
contributions of individual modes of vibration ineasurements such as frequency response
functions. Each term of the FRF matrix can be regméed in terms of pole location and a
mode shape. The FRF matrix model is representeldamettically by:
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N A(k) A(k) *
. _ 2.43
(] ;{(Jw(k)—/l(k))+(J'w(k)-/‘(k)*)} o

The numeratoA(K) is the residue of the FRF and is a function ofggheduct between mode
shape components at all points. The denominatoesgihe modal frequency and modal
damping (second term in Equation (2.43) is the demponjugate term). The pold¢k , are

the roots that satisfy this equation and are rélaienodal frequency and damping as follows:
A(kK) =a(k) + ja(k) (2.44)

The magnitude of each pole is the undamped nattgqliencyQ ) The undamped natural
frequencya« pnd the modal dampingo() are related to mass, stiffness and damping as
follows: given by

Q= +0(k)? = \/% (2.45)

20(K) = % (2.46)

The effect of physical properties on poles in thmplex s-plane is illustrated in Fig 2.32.
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Figure 2.32Movement of pole due to mass stiffness and danefiect [60]

From Fig 2.31, it can be observed that a changifimess affects only the frequency, while
changes in mass and structural damping affect inattial damped frequendy. gnd modal

damping ©).

The primary interest of this thesis is to studydeerease in the modal damped frequefacy )
and the increase in modal dampirm)(due to damage in the composite specimens [40,60].
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2.6 Conclusion of the Second Chapter

The major point of this chapter is to show how frexacy response function (FRF)

measurements are related to the structure’s modpeshand vibrational frequencies.

Theoretical background on experimental modal amaligsthe main emphasis of this chapter.
Types of excitations, types of test set-ups forratibon testing and types of estimation

methods are highlighted as well. Finally correlatiools are discussed used for updating a
numerical model with respect to experimental rasulhis chapter is divided into three main

sections:

System identification: This is a widely used approach to characteripbysical process in a
guantified way. In modal analysis terms, this sodtnown as vibration signal analysis.

Single degree of freedom system: This system will be used as a means for defirsome
standard terminologies in order to help the readergrasp with relative ease tlasic
theoretical aspects of this thesidDetailed explanation on the fundamentals andiegpbns
of vibrations can be found in a multitude of tedahibooks, for example by De Silva in
reference [117].

Experimental modal analysis. Theoretical background on experimental modal yenslis
discussed briefly. Types of excitations, typesest tset-ups for vibration testing and types of
estimation methods are highlighted as well. Finalbyrelation tools are discussed used for
updating a numerical model with respect to expeniialeresults.
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Chapter 3 : Monitoring of Impact Damage in
Composite Laminates by Shift in Modal Parameters

This chapter focuses on the correlation of modehpaters and impact damage in composite
laminate beams from an experimental point of vidwo batches of composite laminate
beams having different impact boundary conditions studied. First a brief theory of
composite laminates is presented followed by thpeement details and discussions.

3.1 Theory of Laminated Composites

A composite material is a combination of two distimaterials that are generally called the
matrix and the reinforcement [125]. They have oftemplementary properties, that when
combined have complementary physical propertieerdifit from their constituents. The
mechanical role of the matrix is normally to praidohesion between the different elements
of the reinforcement and thus play the role of ‘eeth by assuring a minimum of
homogeneity between the two constituents. In thgomty of composite materials, the
mechanical properties are essentially given byréirdorcements, in such a way that the rate
of reinforcement in the matrix as well as the gyatif the interface reinforcement/matrix
defines the mechanical properties of the compasdterials. The reinforcement can be used
in different forms, e.g., long fibers, short fieespheres and even in the form of complex
fiber sheets.

3.1.1 Nomenclature and General Composition

Nowadays a large number of composites are employedrious walks of life, thus making it
impossible to treat them all equally as their prpe vary enormously form one to the other.
However, it is possible to distinguish some fansiled composites by the types of matrix and
reinforcement used. From an industrial point @w;ithe most widely used composites are
those having polymer matrix and long fibers (simpievoven). Most commonly used fibers
nowadays are those made of glass because of theg dieeap and cost effective, as well as
carbon and aramide fibers for specific applications

Table 3.1Types of matrices used in commonly used compoFi&s]

Type of Examples Properties
Matrix
Polymer Epoxy resin, Materials having thermoplastic and thermo hardening
polyester, properties, low resistance to temperature, lighit easily
mountable, generally ductile.
Metal Aluminum, Materials produced in foundry or by metallurgy ofyzers at
Magnesium high fusion temperatures, having good intrinsic hasxdical
and Tungsten resistance, high average density, generally dugtite
sometimes fragile
Ceramic Carbure of  Materials produced by frying powders at high terapges of
Silicium (SiC) operation at high density, but fragile.
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A composite material is called stratified if itascombination of sequentially oriented layers
having certain thicknesses and made of differerterads. A layer of composite material is
normally known as a ply. The type of a stratifieanposite material is usually defined by the
orientation sequence of its plies. For exampleratify of type (96,0°),sis made up of 8 plies
as follows, two group of plies at 9and @ then by symmetry of two groups of plies 8fhd
90°. The advantage of stratified composites is toterematerials having mechanical properties
oriented in an optimal manner in order to bear lretter way the structural loads.

Table 3.2Types of reinforcements used in commonly used caitg®[125]

Type of Properties Commonly used
Reinforcement Matrices
Fibers or palettes Glass fibers of type E or R of different diametens, Polymers:

of glass the form of fabric or bobbin, at low cost, at awggra polyester, resin,

density and at average mechanical properties epoxy,
thermoplastics
Carbon fibers Fibers obtained by carbonizationalymers, Polymers : resin,

Aramide fibers
(Kevlar)

High tenacity

polypropylene
fibers

Aluminum oxide
fibers

mostly in the form of pre-impregnated fabric or epoxy, PEKK etc.
bobbin, at medium to high cost depending upon the
quality, low density, excellent rigidity and rupgur
limit, machining normally difficult but possible
with tools made of diamond or hard metal
Polymer fibers, often in the form of fabric or pre- Polymers : resin,
impregnated sheets, sometimes a combination oépoxy, PEKK etc.
aramide-carbon fibers, low density, medium to high
rigidity, high tenacity and resilience, very diffi¢
to cut and machine.
Polymer fibers, in fabric or in pre-impregnated Polymers : resin,
form, low density, low to medium rigidity, high  epoxy, polyester
tenacity and resilience, very difficult to cut and etc
machine.
Fibers having very high rigidity and rupture limit, Metals: aluminum,
high density, high cost and at very high tempermturmagnesium and
limit ceramic

Matrix

Fibres Orientation
of Fibres

Stratified
Composite

Strate

Figure 3.1Nomenclature of stratified composites [125]
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3.1.2 Modeling of Composite Properties and Behavior by Quastitutive
Laws

One of the essential properties of composite nateris direction dependence of their
mechanical properties. In fact, these materiala@opossess at all the same properties in the
direction of reinforcements (fibers) than in theedtion perpendicular to the reinforcements
(fibers). These types of properties or behaviorodien modeled by an elastic-orthotropic law.
This law enables to represent a material whos¢ielm&chanical properties are dependent on
the three orthogonal principal directions. With phelf this law, unidirectional composites,
fabric composites and also more isotropic materigte reinforced plastics can be
successfully modeled. The law representing thewnehaf an elastic-orthotropic material can
be written mathematically as [125]:

ou] [ Ca G 0 0 0T
Tl |C2 Ca G 0 0 0 &
033 — ClS C23 C33 i 0 0 833 (31)
o 0 0 0 C, 0 0|25,
(o O o O O C_55 0 | 285
|19, |O O O 0 O C_66__2‘912_
where,
C.= 1-Vovey = — Vo1 T Va1Vas — Vipg ¥ VaoVi3 . = — Va1 V51V — Viz +Vi,Vo3
YOEEA TP EEA EEA "7 EEA E,E,A
C_ _LoViVe o Ve F VRV Vs VoV 1oV,
22~ 123 T - 133 T
E.E,A E,EA E.E,A E,E,A
Cas =Gz, Cos =Gyy, Coe = Gy
A= 1= VipVo1 = VaaVap ~VigVay ~ 2V5VaoVig

El E2 E3

il

_E .
V. _EV” (fori,j =1,2,3)

where the different variables are defined as :

o, : nominal stress tensor represented in vector form

&

; - infinite deformation tensor represented in veébom

C_ij: tensor of linear orthotropic elasticity expressednatrix form in the principal

direction coordinate system of the material
. elastic modulus in the principal direction

V. : poisson ratio in the directigrfor a traction in the direction
G, : shearing modulus in thg plane

It can be seen that in order to define a mateyathle law presented above, ten constitutive
parameters have to be determined, three elastiazlmathree coefficients of poisson ratio,
three shearing modulii and the density of the nmtelt should be noted that the elastic-
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orthotropic model is generally a model of unidiresal composites, often considered as
transverse isotropic. A transverse isotropic masgebbtained by making the following the
assumptions:

= E; andE; are equal to the transverse modulus of elastigity; being equal to the
longitudinal modulus of elasticitly, in the principal direction (of the fibers).

=  Gi2 andGgz are equal to the shearing modulbls between the principal direction and
the transverse plan€,s being equal to the shearing modul@s; in the transverse
plane.

= vy andv,z are equal to the poisson coefficient between the principal and transverse
directions,v,3 being equal to the poisson coefficiert in the transverse plane.

A unidirectional transotropic composite materiah dze described by six constani; Er,
G.1, Gr1, VLT andvrr. However, due to fabrication processes of compasitterials are such
that, it is hard to consider a unidirectional cosip® material completely transotropic. For
plate and shell structures, the constants requiretiaracterize an orthotropic material Big

By, Gi1o, Go3, Gs1 andviy. Infact, the classical hypothesis of plates arallsiimposes both the
transverse incompressibility and the absence afistt@rse traction/compression. These
assumptions thus nullify the presence of Moduluglasticity Es in the thickness as well as
the Poisson ratio’s;3 andv,3 associated to the transverse deformation. Fudégiils on the
different theories of stratified composites canfbend abundantly in scientific literature,
especially by Gay and Hua on the designs and agtigits of composite structures [125].

3.1.3 Material and Types of Composite Laminate Beams

Resin-containing carbon-fiber/epoxy prepregs of 8Q4 is used to fabricate the beam-type
test specimens. The material is supplied by Hezoglposites and the physical properties are
set out in Table 3.3 [137]. The specimens are sExkin a press. The curing cycle of the
laminates is 2h at 180°C with a warming-up cycl®&h at 135°C. The laminates are cut into
beams using a diamond wheel cutter, following tisTM D3039/D3470 standards.

Table 3.3Physical properties of carbon/epoxy prepregs T30D[237]

Properties Symbol Value
Young’s modulus in fiber direction 1E 144000 MPa
Young’'s modulus in transverse directiok; 10000 MPa
Shear Modulus @ 4200 MPa
Poisson ratio V12, V2303 0.25, 0.3, 0.017
Volume density p 1550 kg/nd

Composite laminate beams having two different thédses are tested. The first ones have a
thickness of 1.04 mm having 8 plies and are dismissider the name of Type-1 beams,

whereas the others have a thickness of 3.12 mmmég@4 plies and are described as Type-2
beams. The geometric configurations and lay-uphete¢ two types of beams are listed in

Table 3.4. The lay-up is chosen as such, in whiehdelamination is demonstrated as having
a more profound effects on the dynamic charactesi§2].
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Table 3.4Geometry and lay-up of the two types of compositeihate beams

Type-1 Beams Type-2 Beams
Length 480 mm Length 480 mm
Width 50 mm Width 50 mm
Thickness 1.04 mm Thickness 3.12 mm
Number of layers (plies) 8 Number of layers (plieg@f
Thickness of each ply 0.125 mm Thickness of eagh pl 0.125 mm
Lay-up [0/90/45/-45]s| Lay-up [(0/90/45/-4F

The vibration tests are carried out with two stesisses attached at the ends. The aim of
putting these masses at the ends is to enhanchffitrence in the modal parameters between
the undamaged and the damaged test specimens][ZDn&9dimensions of these end masses
for specimens of Type-1 and Type-2 are listed ibl@8.5.

Table 3.5Dimensions of the end masses for the two typesmiposite test specimens

End Masses for Type-1 Beams End Masses for Type-2 Beams
Length 50 mm Length 50 mm
Width 12 mm Width 30 mm
Thickness 8 mm Thickness 10 mm
Material Steel Material Steel

3.2 Experimental Techniques

The experimental part of this thesis consists jpaity of two types of experiments.
Vibrations tests for measuring the dynamic charasties of the beam-type specimens and
impact tests in order to create damage in them. é){perimental procedure for these two
types of tests is discussed separately.

3.2.1 Vibration Tests

The experimental equipment used for vibration tgsts shown in Fig. 3.2. The experimental
set-up is that of a free-free beam excited at étster, based on Oberst method [19]. The
Oberst method states that a free-free beam exaitats center has the same dynamical
behavior as that of a half length cantilever be@he test specimen is placed at its center on a
B&K force sensor (type 8200) which is then assechlde a shaker supplied by Prodera
having a maximum force of 100 N. However the fosemsor is not capable of measuring
reliable response below 5 Hz. A fixation systenused to place the test specimens on the
force sensor. The fixation is glued to the testspens with a HBM X60 rapid adhesive. The
response displacements are measured with the halpan-contact and high precision Laser
Vibrometer OFV-505 provided by Polytec. The shakerce sensor and the laser vibrometer
are manipulated with the help of a data acquisisgstem supplied by LMS Test Lab for
burst random testing and ldeas Test (B&K) for stheell testing. Two types of data
acquisition systems are used for different typeglmfation testing in this thesis.

* LMS Test Lab system is used principally for burahdom excitations which are
averaged 10 times for each measurement point. Buawstiom excitation is a
broadband type excitation signal. 50% burst pesggntis used for burst random
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excitation. Normally burst random excitations aakiage free but the first author after
trying different window functions found out that putting Hanning windows on both

the excitation and response signals, better qualijpals FRFs are obtained. The
signal is averaged 10 times for each measurememit goad the frequency band chosen
is 0-2650Hz. A disadvantage of burst random exoitais that it does not take into

account the effects of non-linearity, because iaspossible to differentiate between
the linear and non-linear effects due to the mixaidhe all the frequencies. Modal

parameter estimation is carried out with the hélpaymax.

* Ideas Test System (B&K) is used for sine dwellitgstSine-dwell excitation is the
discrete version of sine sweep. The frequency is vasied continuously, but is
incremented by discrete amounts at discrete tinmetsoolhe advantage of sine-dwell
testing is its capability of detecting non linet&ustural dynamic behavior unlike the
broadband excitations. As sine dwell testing rexpiifarger acquisition times, so
instead of studying the whole frequency band [0e2B&], acquisition is carried out
only around the first four bending modes previoudgntified by burst random testing
by keeping the same resolution. Extraction of maumlameters is done by using
Polyreference.

Laser
R q .
Vibrometer ' Test Spf-cuneu

/ Force Sensor

Shaler

Fixation -
System

Figure 3.2Diagram of the experimental set-up for the vibrattests

All of the test-beams in thesis have not been telsyeeach of these two systems. So for each
set of test-beams, the type of excitation signa type of data acquisition system shall be
mentioned. The center of the test specimens idezkeit Point 17 as shown in Fig. 3.3. Each
sandwich specimen is tested with two types of aoits i.e., burst random and sine dwell.
For both the testing systems (LMS and B&K), theohasson is kept 0.25 Hz to allow a good
shape of the resonance peaks at low frequency rangeo have a reliable comparison of
modal parameters between the two systems. Respsnseasured at 27 points that are
symmetrically spaced in three rows along the lemjtthe beam to have reliable identifiable
mode shapes. The level of the excitation signabfiih the excitations is chosen as 1N which
is kept fixed during all the vibration tests conthetin this thesis. With the help of LMS by
using burst random excitation, we have the advant#ghaving in quick time the overall
dynamic (modal) response of our structure if we rastly concerned with frequency and
mode shapes. In addition, this broadband typesiing helps us identify the modes that we
can use later on for sine-dwell testing. Howevewd need precise damping measurements
then sine-dwell testing becomes inevitable butgrablem with it is the lengthy acquisition
times.
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Figure 3.3Composite test-beams with location of damage, &i@it and measurement points

The modal parameters are extracted with the heRobfmax and Polyreference, integrated in
the data acquisition systems, for burst random siné-dwell testing respectively. The

Polymax estimation method used by LMS acquisitigstesn is a new non-iterative frequency
domain parameter estimation method based on weigldast squares approach. This
Polymax least-squares complex frequency domain adeih implemented in a very similar

way as the industry standard Polyreference useB8&¥y system, which is a time domain

least squares frequency domain method. Both ofethesthods work in similar fashion as
follows (discussed briefly in Section 2.3.3):

* Firstly all the 27 FRFs are sort of superimposesh@lwith a FRF sum. Limited
frequency band estimation is then performed bynkiach resonance separately.

* For accurate assessment of damping, a frequenegvahtof + 20 Hz is chosen for
each resonance peak for both Polymax and Polyreferebecause by changing the
frequency interval damping values can be affected.

* In the next step the stability diagram is cons&dctcontaining the poles i.e.,
frequency, damping information. For each matherahincodel order, the poles are
calculated from the estimated denominator coefitsi®f Equation 3. The order of the
mathematical model is shown on the right verticgad ef the stability diagram. For
reliable damping measurement, that value of poteilshbe chosen which displays a
stable value for several model orders and if pdsg$dr each mode the value of poles
should be chosen at the same model order to etigtréhere is minimum uncertainty
while comparing the damping values between diffedamage states.

One of the specific advantages of these two teclasidjes in the very stable identification of

the system poles and participation factors as atiwm of the specified system order, leading
to easy-to-interpret stabilization diagrams. Thiplies a potential for automating the method
and to apply it to "difficult" estimation cases buas high-order and/or highly damped

systems with large modal overlap. As discussedipusiy, both Polymax and Polyreference

are based on least-squares complex optimizatiomadst so both of them calculate the

optimal pole value (frequency and damping) basether27 measurement points. We do not
have access to the average values, variances matasthdeviations for the 27 FRFs as the
estimated modal parameters are the results of éimiapd process. The reference [155]

explains these two estimators in detail. So fromabove discussion it can be said that both
Polymax and Polyreference methods work in simaahfon, so the difference in the resulting

modal parameters if it is the case, is due to ftifferdnce in excitations than due to the

different estimation methods.
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The composite beams have three states. First ahe isndamaged state (UD), the second is
the damage state due to 4 impacts (D1) and thed ihithe damage state due to 8 impacts
(D2). Vibration tests are carried out after eachihefse three states. A simple case is studied
where the impact points are chosen as such thataimage is symmetric on both sides of the
two axes of symmetry.

3.2.2 Impact Tests

The composite laminate beams are damaged by drigtampacts around the barely visible
impact damage limit (BVID), in order to simulatena@ge by foreign impact objects such as
stones or birds. The majority of these beams apaated below the BVID limit because the
effectiveness of vibration testing is for the daemgot visible on the beam surface. The
impact tests are carried out by a drop weight sysie shown in Fig. 3.4 a, and a detailed cut
away of the drop assembly is shown in Fig. 3.4 b.

Force charge meter Accelerometer )
Guidance fube Power supply unit 44— Guidance Tube

Lower Gudance B YA Interior Tube

E 0 6 I Susgpension

Blocking System

Comic Ring [,/
Free Falling Magss \_L JJ

- Grooves

Force Sensor

Iimpractor Tip
T gupport system Data acquigition system
(a) Optical gensor (h)

Fig. 3.4(a) Arrangement of the test equipment for the impest (b) Detailed cutaway of the
drop assembly, the guidance tube and the blockiates

The impactor tip has a hemispherical head with améter of 12.7 mm. A force sensor
(type 9051A) provided by Kistler is placed betwelea impactor tip and the free falling mass
of 2 kg. The impact velocity is measured with trephof an optic sensor. The combined
weight of the impact head, freefalling mass, faseasor and the accelerometer is 2.03 kg. In
the calculation of impact height, a factor of 1slused to compensate for the losses due to
friction between the guidance tube and the droprably. Further details on the impact test
methodology of this drop tower can be found inrferences [27,33]. The composite beams
have been impacted by choosing two different boyndanditions i.e., by clamping them at
two ends and by clamping them at all four ends.

Impact Tests by Clamping Two Ends

A set of composite laminate beams have been imgdmteclamping two sides of the beam.
The beams are clamped at the two shorter ends gposs. The impact parameters for the
composite laminate beams impacted this way areigedvin Table 3.6. All the seven
composite beams presented in Table 3.6 have bepacied below the BVID limit. As
discussed previously, the detectability criterioor BVID corresponds to an average
indentation (average of the indentation by meaguinndifferent direction by a compass) of
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0.6 mm measured just after impact [27,33]. Fordbmposite beams 4-7, the indentation
depth measured just after the impact is approximatehe range of 0.15 to 0.35 mm. For the
beams 2-3, the indentation depth is below 0.1 mm.

Table 3.6lmpact test parameters for composite laminate bdgnatamping two ends

Beam No. Thickness Impact Energy  Height  Velocity of impact
(mm) (J) (mm) (m/s)
1 1.04 2.5 138 1.59
2 3.12 3 166 1.74
3 3.12 4 221 1.98
4 3.12 7 387 2.64
5 3.12 8 442 2.83
6 3.12 9 498 3.07
7 3.12 10 553 3.24

The impact parameters (Table 3.6) show that theaginpnergies can be classified into two
major groups. A low impact energy group comprisiigmpact energies of 3J and 4J, and a
high impact energy group with impact energies fiahto 10J.

Impact Tests by Clamping all Four Ends

The next set of composite laminate beams have ioegacted by clamping all four sides of
the beam. The size of the impact window is 80 x4 which allows all the impact points to
have the same boundary conditions. The impact peteam for the five composite beams
impacted by clamping all four ends are given inl€&h7. Beam 3 impacted at 10 J giving an
initial indentation depth of 0.55 mm that shall dmnsidered as the BVID limit. Two of the
five specimens are impacted with an impact enesggn@d 8 J) below the BVID limit in order
to study the damage that is not visible by nakes] agd two (12 and 14 J) above BVID.

Table 3.7Impact test parameters for composite laminate bdantlamping all four ends

Beam No Energy of Impact Height Velocity of impact
J) (mm) (m/s)
1 6 331.8 2.49
2 8 442.3 2.76
3 10 (BVID) 552.9 3.12
4 12 663.5 3.52
5 14 774.1 3.84

Beam 3 impacted at 10 J by clamping all four erals &n initial indentation depth of 0.55
mm, whereas Beam 7 impacted at 10 J by clampingetvds had 0.35 mm of damage depth.
So it can be concluded that the boundary conditadribe test specimen at the time of impact
play an important role in the level of damage iretlito the specimen. In case of clamping at
two ends, the beam moved a bit when impacted soinipact energy was not totally
transferred to the beam resulting in less damagempared to the case when the beams were
clamped at all ends.

For the sake of clarity, the variation of modalgraeters with impact damage in composite
laminate beams shall be studied separately fawtheclamping conditions.
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3.3 Monitoring of Impact Damage for
Clamped at Two Ends when Impacted

Composite Beams

The shift in modal parameters due to impact damagemposite beams presented in Table
3.6 shall be studied in this section. The vibratitests are carried out on composite beams by
LMS Test Lab using burst random excitation.

3.3.1 Significance of End Masses

As discussed before, the end masses are placethémee the difference between the modal
parameters for the undamaged and the damaged taseder to verify this, vibration tests
are carried out on Beam 1, tested in the intactitimm (UD), first without end masses and
then with the end masses. Then it is impactedsat fst at 4 points (D1) and then at 8 points
(D2). After each of these two series of impact8eam 1, vibration tests are again carried out
both with and without masses. A comparison of tlegjdency response functions for the
measurement point 5 of Beam 1 with and withoutmadses is shown in Fig 3.5.
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Figure 3.5 Comparison of frequency response functions (FRFA3edm 1 at measurement
point 5 for the states UD (undamaged), D1 (damaajetiimpact points) and D2 (damaged at
8 impact points) for (a) Beam 1 without end massebs(b) Beam 1 with end masses

From Fig 3.5, it is clear that the difference ie thamped modal frequencies before and after
impact is greater for the case with end masses.dida&lvantage of Type-1 beams (1.04 mm
thickness) is that, the maximum energy for whichytltan be impacted is 5 J. Above this

energy level, the impactor tip penetrates the spewcs creating severe damage (creating a
hole). The aim of the impact tests is to damagallpthe test specimens instead of damaging
them globally. Therefore, vibration test resulteadh in this chapter concern only Type-2

specimens (3.12 mm thickness).

3.3.2 Frequency and Damping Changes

Frequency and damping changes are studied withdlpeof bending modes as they have the
largest amplitudes for the type of test configunatpresented in this thesis. The first three
bending mode shapes of the composite beam calduigtéhe Polymax method integrated in

LMS Test Lab are shown in Fig 3.6.
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(a) 36 Hz (b) 280 Hz (¢) 720 Hz

Figure 3.6 Mode shapes of composite beam calculated by thgnfaad method (a) first
bending, (b) second bending and (c) third bending

In this section the first bending mode is not stddibecause the difference in the damped
natural frequencies between the damaged statesaf®D?2) and undamaged state (UD) for
the first mode is very small. For th8%2and & bending modes, the variation of damped
natural frequency as a function of the undamagedd) (ahd the two damage states (D1 and
D2) is presented in Fig 3.7.

= % = Beam 2 (37) - # - Beam 2 (37)
<) = B = Beam 3 (47) — = B = Beam 3 (47)
é —dk—Beam 4 (77) @ —d—Beam 4 (7T)
g —— Beam 5 (87) g ——Beam 5 (87)
=3 —¢—Beam 6 (97) = —&— Beam 6 (97)
E Beam 7 (107) E ' Beam 7 (107])

650 4 4
UuD D1 D2 UD D1 D2

Damage States Damage States

Figure 3.7 Variation of damped natural frequencies with damatges for (a) 2nd bending
mode and (b) 3rd bending mode: UD is undamageces@al is damaged at 4 points of
impact and D2 is damaged at 8 points of impactssio levels of impact energy for beams
clamped at two ends for the impact tests

As discussed before in Section 2.7, that damagtanspecimens prompts a decrease in
natural frequencies so from Figure 8, it is cldeat the decrease in the natural frequencies in
case of the high energy group (7, 8, 9 and 10doie prominent than that for the low energy
group (3J and 4J). Beam 4 for the second bendirdgr(ieigure 3.7a), has a natural frequency
lower than that of the other beams for the undahagse (UD) but this is not the case for the
third bending mode (Figure 3.7b). This anomaly ioe8 the inherent possibility of false
negatives which can arise due to boundary conditaord gives no indication of damage when
it is present as discussed in the reference [46].

The shift in the natural frequencies between theéaomaged and the damaged cases is more
prominent at higher frequencies. This is eviderttio 3.8, which shows a comparison of the
sum of the frequency response functions for Begimjacted at 10J) for the undamaged case
(UD), damaged at 4 points (D1) and damaged at 8tp@dD2). The sum of the FRF can be
compared as for each beam 33 symmetric measurgroms have been chosen and the eight
impact points are also symmetric on both sides@tiwo major axes of symmetry.
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Figure 3.8 Comparison of the sum of the frequency responseifuns for Beam 7 for the
undamaged case (UD), damaged at 4 points (D1) amdadjed at 8 points (D2)

The variation of damped natural frequencies witimpiag ratios (shift in the s-plane) for the
Beams 3, 4 and 6 for thé%and & bending modes is plotted in Fig 3.9.
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Figure 3.9 Variation of natural frequencies with damping ratfor an increase in density of

damage, for (a) 2nd bending mode and (b) 3rd bendiode, for Beam 3 (4J), Beam 4 (7J),
Beam 6 (9J), where (UD) is undamaged state, (DIhatged at 4 impact points and (D2)
damaged at 8 impact points

Fig 3.9 shows that damping increases whereas édugiédncy decreases with the increase in
damage. The increase in damping is more prominers#pecimens impacted at 7J and 9J
(Beam 4 and 6) as compared to 4J (Beam 3). Smibeasaid that the variation of damping

ratio validates the theoretical reasoning preseim&ection 2.7.

In scientific literature, several works underlindtht the damping change ratios are more
prominent than the frequency change ratios. In chdéeam 6 (9J), the average change in
natural frequency (between the damaged and themagled cases) for the first four bending
modes is 3.5 % whereas in case of damping ratissatrerage change is as high as 23 %
(Annex Tables 3.A and 3.B). Therefore, use of dag@is a damage indicator tool instead of
stiffness might prove more fruitful.
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3.3.3 Damage Index Variations

Another way to explain the changes in modal parammeiue to damage is with the help of a
Damage Index (DI), as explained in reference [Z1,58e first step is to calculate the integral
(Iy) of the amplitude of the frequency response funeti¢FRF) over a defined frequency
range (interval) as follows:

fk+int

|, = j H(w)dw (3.2)

fk=int

where H(w) is the frequency response function matrix obtaieggerimentally,(fy) is the
damped resonant frequency gimt) means the frequency interval chosen.

In the second step, the Damage Index is calculbtedaking the percentage difference
between the integrals of the resonance peaks dfRteat the damaged and the undamaged
states. In this study, there are two damaged s{@tésand D2) and one undamaged state
(UD). So the two damage indices are calculate@limAfs:

| 4Damaged _ | Undamaged
Damage Index for states D1 and UDI= == T damaxge . xlo* (3.3)
I 8Damaged _ I Undamaged
Damage Index for states D2 and UIDF8:| X T xm# (3.4)
| ) ged
where|,Undamaged | aDamagedy | 8Damagedyia the jntegrals of the resonance peaks of tHe FR

for the undamaged state (UD), damage state D1 (glednat 4 points) and damage state D2
(damaged at 8 points) respectively.

For our work, a frequency interval of £ 20Hz (Fig.®) is chosen to calculate the integral of
the resonance peaks of the FRF. In order to vehié robustness of this method, similar
calculations have been carried out on frequen@ryats of + 10Hz and + 40Hz as well. It has
been observed that if the intervals are changedydtues of the integrdly) are different but
the damage index always gives the same resultg beiatio.
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Figure 3.10Methodology for the calculation of integral Ix (@arender the curve)
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The percentage increase in damage index is themege difference of DI8 and DI4 based
on Equations (3.3) and (3.4) and is calculateabsvis:

% increase in damage index{ Dl ?)_H?I 4))(100} (3.5

The damage index variation is explained in Fig 3¥1plotting the percentage increase in
damage index calculated from Equation (3.5) asation of the first four bending modes.

Te
T 0% .
() ) - 4- Beam 2 (3])
= 60% |
k= - - Beam 3 (47)
o 50% | —&—Beam 4 (77)
® = High Tmpact
; 409 F Beam 5 (81) Energy Group
O —&—DBeam 6 (9])
g 30% Beam 7 (107)
2
S 20% - v
=
é 10% | m.. u-- i--nm Low Impact
) - - -, Energy Group
= 0. . 1  J

0%

Modes

Figure 3.11Variation of percentage of increase in Damage Inds»a function of modes for
the six Type-2 composite beams impacted by clantpmgnds

Fig 3.11 shows that in case of the low energy ihggoup (3J and 4J), the percentage
increase in damage index is between 2% to 13%irBllie cases of high impact energies (7,
8, 9 and 10J), this percentage ranges from 20%9%6. @ herefore, there is a clear increase in
damage index with the rise in impact energy levelsich corresponds to damage

accumulation in the composite beam specimens.

3.3.4 Comparison of Damping Ratio and Integral of the Resnance Peaks

A comparison between the damping ratio and theyrateof the resonance peaky is carried
out because they both describe the shape of theipehe frequency response. The damping
ratio and the integrdly) calculated by Equation (3.2) plotted as a funcbbdamped natural
frequency for the ® and 3 bending modes, for the Beams 3, 4 and 6 is shawig 3.12.
This type of graph is also known as the s-plandissussed in Section 2.7. The direction of
the increase of damage is represented by the seremmarker size for each plot. The
smallest marker size represents the undamaged (kB¢ the medium damage at 4 points
(D1) and the largest damage at 8 points (D2).
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Figure 3.12Variation of Damping ratio and Integral (Ix) as ariction of frequency for (a)
second bending mode (b) third bending mode for B&a@hl), Beam 4 (7J), Beam 6 (9J).
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It can be seen from Fig 3.12, that the variationdamping ratio and the integral of the
amplitudes of the resonance pedkg show similar behavior for the same beam specimen
which is not surprising because they both desdhkeeform of the resonance peaks. For the
other three Type-2 beams (Beam 2, 5 and 7), thepugmatios estimated by the Polymax
method are not stable because they do not shomcagase with the increase in damage in the
specimens. On the other hand, the inte@iralvalues for these three beams (Beam 2, 5 and 7)
increase with the increase in damage in the spesnmihis variation of the integrék) with

the increase in damage for Beam 2, 3 and 5 fothand 3 bending modes is plotted in Fig
3.13. As both damping ratio and damage index (basethe integralx) explain the same
phenomenon, therefore the reason for introducireg Damage Index (DI) parameter is to
verify the damping ratio results estimated by Paymvhich are not stable for the case of
Beam 2, 3 and 5. In using DI, an additional todhisoduced for understanding the damping
behavior of damaged composite beams.
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Figure 3.13Variation of Damping ratio and Integral (Ix) as ariction of frequency for (a)
second bending mode (b) third bending mode for B2&8d), Beam 5 (8J), Beam 7 (10J)

3.3.5 Design of Experiments

Design of experiments is a powerful analysis tawl hodeling and analyzing the different
factors which affect an experimental process aedothtput of that process [140]. This study
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is carried out on the six Type-2 composite beanmatted by clamping two ends. The aim is
to identify the factors which have the most sigrfit effect on the experimental results
(natural frequencies). These design factors aloitly their respective levels are given in
Table 3.8. By keeping in view the levels of the tfamtors, a 6x3 full factorial design is

chosen. The results of the design of experimemslaown with the help of leverage plots in
Fig 3.14.

Table 3.8Design parameters for the design of experimentdearads for each factor

Design Factors Levels for each Factor

Density of Damage UD (undamaged) D1 (4 impacts) (®inpacts)
Energy of Impact 3J 4] 73 8J 9J 10J

276,94
+2 162414

F requency
fode 2

F requency
fode 3
BE5,9395
+7 S04462

-

[}

o]

3]
1

Frequency
hode 4
1360186
+15,0039
]

-

L

[o]

h
1

B33 B
Impact Density
Energy of Impact

Figure 3.14Results of Design of Experiments (Leverage pldts eanfidence curves)

The leverage plots are shown with confidence cuimedotted blue with their respective
values in blue on the y axis. The horizontal rettetbline shows the current predicted value
of each Y variable for the current values of thevatiables. The black lines show the
prediction trace. If the confidence curves crosshbrizontal red lines, then the effect of that
factor is said to be significant on the resultsth confidence curves are asymptotic to the
horizontal line then the effect of the factors isrginally significant and finally if the
confidence region between the curves contains ¢hiegdntal line then the effect is said to be
insignificant. The results shown in Fig 3.14 dpraimstt the effects of impact energy are
significant on the natural frequencies for th& 39 and 4" bending modes. The effects of the
density of impact are partially significant on tae@sodes as compared to the impact energy.
However, these two factors have no influence onnteiral frequency of the first bending
mode because the frequency shift between the damagd the undamaged cases is
insignificant.
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3.4 Monitoring of Impact Damage for Composite Beams
Clamped at all Four Ends when Impacted

Monitoring of impact damage by shift in modal paeders is carried out on composite beams
presented in Table 3.7 by clamping all four endse Vibrations tests are carried out on
composite beams by LMS Test Lab using burst raneeeitation. The major difference from
the previous set of tests on composite beams fsvibeation tests are carried out by gluing
small reflecting stickers at the measurement pastshown in Fig 3.2. These stickers help in
reflecting better the vibrometer laser beam thusleeng the measurements much less noisier
as compared to the tests in section carried withtckers.

3.4.1 Frequency and Damping Changes

Frequency and damping changes are studied withelgeof the first four bending modes as
they have the largest amplitudes for the type sif tenfiguration presented in this thesis. As
discussed previously, delamination induced damageomposites leads to an increase in
damping and a decrease in natural frequency. Tifesteis more significant in the high
frequency range [38]. This fact is verified by axperimental results which show that the
difference in natural frequencies between the daw#&d1 and D2) and the undamaged state
(UD) for the first mode is very small. But this f@ifence in frequencies increases for the
higher modes. For the"2and 3 bending modes, the variation of natural frequeasya
function of the undamaged (UD) and the two damagtes (D1 and D2) is presented in Fig
3.15.
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Figure 3.15Variation of damped natural frequencies with damatges for (a) 2nd bending
mode and (b) 3rd bending mode: UD is the undamatgee, D1 is the damaged state at four
impact points and D2 is the damaged state at ergphact points

Fig 3.15 (a) and (b) show that the decrease inralattequencies with the increase in damage
is more significant in case of the higher impadatrgies as observed in Section 3.3.2. In case
of Beams 1-4, the trend of decrease in frequently damage is relatively small, but the trend
increases consistently with the damage. It candoeladed that the four beams (Beams 1-4)
remain relatively intact and do not possess a lameunt of damage. However, Beam 5
damaged at impact energy of 14 J, which inducedadamvell above the BVID limit, has a
more significant change in frequencies as compé&vethe other beams. This fact is also
evident in Table 3.9, which compares the changenatural frequencies between the
undamaged and the damaged states. Similar reseltbtained for the®™bending mode.
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The damping ratios estimated by Polymax from brastiom testing for the five composite

beams impacted by clamping at four ends are showigi 3.16. Fig 3.15 and Fig 3.16 show a
slight discrepancy between the modal parametertheatundamaged state. This anomaly
outlines the inherent possibility of false negagias discussed in Section 3.3.2.

It can be seen from the results in Fig 3.16 thatdamping ratio increases with increase in
damage in the five beams except for Mode 2 (Figp )L Furthermore, the change in
damping ratios between the three states (UD, D1C2)dfor Beams (1-4) is very small for
the 2% and & bending modes (Fig 3.16 b and 3.16 c). Howeveikenatural frequencies,
the increase in damping ratio between the damagddhre undamaged states is not always
consistent with the impact energy level, due to tbenplex nature of damping and the
difficulties in its estimation. But in case of Modg(Fig 3.16 d), damping ratio exhibits quasi
linear dependence on the energy of impact.

The damping ratio results for the set of compolséams presented in this section are more
coherent as compared to those presented in Se@tA. The main reason for achieving
better damping results is that the measurementmare noise free due to use of reflecting
stickers. As damping is a more complex paramettmate, so it is more affected by the
guantity of noise in the measurements as comparedttiral frequency.
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Figure 3.16 Variation of damping ratios (%) estimated by Polynfar the five composite

beams for (a) 1st bending mode (b) 2nd bending nfod&rd bending mode and (d) 4th
bending mode, where ‘UD’ is the undamaged statd, iB the damaged state at four points
and ‘D2’ is the damaged state at eight points
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Furthermore, the modal parameter results undettied¢act that the damping change ratios are
more prominent than the frequency change ratiozabe of Beam 5 impacted at 14 J, the
average change in natural frequency (between thaged and the undamaged cases) for the
first four bending modes is 8% whereas in caseaofifing ratios this average change is as
high as 78% (Tables 3.9 and 3.10). So it is reddernta assume that damping may be used
instead of natural frequency as a damage indicok for structural health monitoring

purposes. However, the fact that damping is a pat@mthat is relatively difficult to estimate

as compared to natural frequency has to be takeragtount.

Table 3.9Frequency change ratios (%) between the undamadjeyl §nd the two damaged
states (D1 and D2) for the five composite beamsaotgnd by clamping all four ends

Beam No Between States Mode 1l Mode2 Mode3 Mode
Beam 1 UD & D1 3.6 2.6 2.0 1.9
6J UD & D2 4.6 3.0 2.1 2.3
Beam 2 UD & D1 6.1 2.7 2.9 2.6
8J UD & D2 6.6 3.7 4.6 5.9
Beam 3 UD & D1 4.8 2.6 3.6 7.2
10J UD & D2 5.5 2.8 4.1 7.7
Beam 4 UD & D1 3.4 3.1 3.4 3.4
12J ubD & D2 51 4.0 4.9 4.5
Beam 5 UD & D1 4.1 4.6 10.6 4.4
14J ub & D2 7.4 8.4 11.1 11.7

Table 3.10Damping change ratios (%) between the undamaged ldD the two damaged
states (D1 and D2) for the five composite beamsaotgrd by clamping all four ends

Beam No Between States Mode 1l Mode2 Mode3 Mode
Beam 1 ubD & D1 76.5 -6.5 64.7 16.8
6J UD & D2 240.5 -2.9 70.5 33.1
Beam 2 ubD & D1 10.7 -6.6 31.6 229.5
8J UD & D2 19.5 -0.5 29.0 77.0
Beam 3 ubD & D1 44.6 2.5 17.2 3.0
10J UD & D2 77.2 7.9 26.7 28.2
Beam 4 ubD & D1 42.9 -1.5 0.7 4.6
12J UD & D2 175.6 20.3 7.2 74.0
Beam 5 ubD & D1 35.1 23.3 234.7 80.0
14J UD & D2 52.3 52.1 82.2 61.9

For certain measurement points, damage in the csibepbeams distorts the shape of the
resonance peaks and sometimes there is an appearatwin peaks instead of one in the

frequency response functions (FRF) as shown irBHig
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Figure 3.17 Comparison of the shapes of the FRF at point 2Beam 5 for (UD) is the
undamaged state, (D1) is the damaged state atifopact points and (D2) is the damaged
state at eight impact points

Damage Index calculations give similar resultsrasase of previous set of composite beams
(Section 3.3.3). In case of the composite beamadtepl by clamping all four ends, it can be
seen from Annex Fig 3.B that damage index increasttsthe rise in impact energy levels
which corresponds to damage accumulation in theposite beam specimens. Similarly the
variation of damped natural frequencies with dampiatios (shift in the s-plane) for the
composite beams impacted by clamping all four éagdotted in Annex Fig 3.A and gives
similar results as compared to the results shov8eition 3.3.2.

3.4.2 Design of Experiments (DOE)

In Section 3.3.5, design of experiments on the asit@ beams impacted by clamping two
sides was carried out only on the natural frequeaythe damping ratio results were less
reliable due to noisy measurements. For the pressmf composite beams, relatively better
damping ratio results are obtained so the staiststudy is carried out on both natural
frequencies and damping ratios estimated by bargtam excitation, with an aim to identify

the factors which have the most significant effent the experimentally obtained modal

parameters.

The two factors chosen for the design of experisi@mé the energy of impa@E) and the
density of damagéDD). For the energy of impact there are five levels3(6L0, 12, 14J) and
for the density of damage there are three levaiddmaged state, damage at 4 impact points
and damage at 8 impact point). By keeping in viea levels of the two factors, a 5 x 3 full
factorial design is chosen. The linear regressiadehassociated with a 5 x 3 full factorial
design, based on the two variables discussed ab@xpressed as follows:

Y =a,+a,.(IE)+a,.(DD) +a,.(IE).(DD) + E (3.6)
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In Equation 3.6, coefficients represent model camist(a) that are the contribution of
independent variables on the resporses the random error term representing the effetts
uncontrolled variables, i.e., not included in theod®el. The model constants) are
determined by multi-linear regression analysis argl assumed to be normally distributed.
The error is assumed to be random and normallyilolised. These constanis) are obtained
with 90% confidence level. The significance of ea@niable on a given response (modal
parameters in our case) is investigated ustegt values based on Student’s distribution. The
t ratio is the ratio of the parameter estimate (tanis) to its standard deviation. tAratio
greater than 2 in absolute value is a common riignuumb for judging significance of the
variable. The derived constar{ts) andt ratios for the natural frequencies and the damping
ratios are presented in (Tables 3.11 and 3.12)t Té®os greater than 2 are marked in bold in
(Tables 3.11 and 3.12). Negative values of the finoodlestants and ratios indicate that the
response decreases with the increase in the valhe parameter. In our case, this is most of
the times true for the natural frequencies (TablelBas they decrease with the increase in
damage in the specimens.

Table 3.11Coefficients and t ratios for the natural frequesdqHz)

Mode 1 Mode 2 Mode 3 Mode 4
Term Constants tratio Constants tratio Constants tratio Constants tratio
(a) (&) (&) (&)
IE 0.122 0.66 -7.66 -5.06 -38.91 -6.29 -53.69 -30.3
DD -0.532 -4.09 -2.36 -2.57 -4.52 -1.03 -30.73 379
IE x DD -0.278 -1.51 -2.48 -1.64 -2.17 -0.35 -24.03 -4.39

Table 3.12Coefficients and t ratios for damping ratios (%“djreated by Polymax (burst
random testing)

Mode 1 Mode 2 Mode 3 Mode 4
Term Constants tratio Constants tratio Constants tratio Constants tratio
(a) (&) (&) (&)
IE 0.014 0.20 0.063 4.36 0.186 2.83 0.126 9.80
DD 0.151 3.00 0.026 2.20 0.043 0.92 0.066 764
IE x DD 0.007 0.10 0.008 1.26 0.016 1.03 0.046 1,74

By comparing the ratios for the energy of impa@i) and the density of damagBD) in
(Tables 3.11 and 3.12), it can be seen that theggrad impact has a more significant effect
on the modal parameters than the density of darfaagthe 2 39 and 4" bending modes.
However, the density of damage is a more signifi¢actor for the first bending mode. The
second order interaction teriic x DD) is in the majority of the cases insignificant aallw

From the design of experiments, it can be conclutdatthe energy of impact (IE) is the most
significant factor on the natural frequencies arainging ratios (estimated by Polymax
method with burst random excitation) for tH¥, 8¢ and 4" bending modes. These design of
experiments results validate those found previoumsfection 3.3.5.
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3.5 Conclusion of the Third Chapter

Vibration tests have been carried out on pristimé @amaged composite laminate beams. The
composite beams have been impacted by choosingliffesent boundary conditions i.e., by
clamping them at two endsand byclamping them at all four ends by keeping in view the
BVID limit. The aim is not to make a comparisonweén the variations of modal parameters
for the two impact boundary conditions. At the stdrthe thesis, the fixation system available
only provided the opportunity to impact the beamglamping two ends. It was observed that
the beams were not properly held and so for the lo¢»of composite laminate beams, the
fixation system was modified so that impacts byngang all four ends can be done. However
it was observed that if impacted at the same endrggm clamped at two ends had lesser
damage than the beam clamped at four ends. Résuttse two lots of beams are presented to
give a better validation of the variations of mogmrameters with impact damage in
composite laminate beams.

Results show that with the accumulation of damagné specimens, there idacrease in
natural frequency accompanied by an increase in daping ratio. Results show that
damping ratio is a more sensitive parameter foratgdetection than the natural frequency.
Better and noise free vibration test results arinbd bygluing reflecting stickers on the
measurement pointsEnergy of impact is highlighted as the factor having the most
significant effect on the modal parameters by dagyut design of experiments on the
experimental data.
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Chapter 4 : Study of Two Different Types of Damage
in Honeycomb Sandwich Beams by Shift in Modal
Parameters

4.1 Introduction to Sandwich Structures

Sandwich structures are commonly used in aerospadeautomobile structures, since they
offer great energy absorption potential and in@eihe flexural inertia without significant
weight penalties. The purpose of the core is tonta@ the distance between the laminates
and to sustain shear deformations. By varying thre,che thickness and the material of the
face sheet of the sandwich structures, it is ptessd obtain various properties and desired
performance [126-129]. Examples of widely used raate materials are glass reinforced
plastic (GRP) and carbon fiber. There are many walgeties of core materials currently in
use. Among them, honeycomb, foam, balsa and cdedgaores are the most widely used.
Usually honeycomb cores are made of aluminum ocoohposite materials: Nomex, glass
thermoplastic or glass-phenolic. The other mostroomly used core materials are expanded
foams, which are often thermoset to achieve reddpniaigh thermal tolerance, though
thermoplastic foams and aluminum foam are also.Usedthe bonding of laminate and core
materials, normally two types of adhesive bonding eommonly employed in sandwich
construction, i.e., co-curing and secondary bonding

Characterization of sandwich materials has beenedaout in detail in scientific literature.
The determination of the sandwich material behavwmder crushing loads and the
measurements of the ductile fracture limits is radtyndone with the help of compression
tests [130,131]. Typically, cores are the weakest pf sandwich structures and they fail due
to shear. Understanding the shear strength pregestisandwich core plays an important role
in the design of sandwich structures subjectedexufal loading [132,133]. Therefore, 3-
point bending tests are often performed to find fteeural and shear rigidities of sandwich
beams [134-136].

4.1.1 Design Principle

The design principle of sandwich composite materialbased on the concept of I-beams.
These types of structures get their structuratiefficy, as most part of the material is situated
in the flanges, which are located far from the reeutral axis). Correspondingly, the rigid

plates in the sandwich replace the flanges of #beaim and the core does the web’s function.
From a functional point of view, both structuresvéathe same behavior (I-beam and
sandwich beam Fig 4.1). However if the compositiohboth these forms are considered, it
shall be seen that the I-beam is made of classie#érials and the sandwich type is made of
materials intrinsically and mechanically different.

The core resists the shear loads, increases theess of the structure by holding the facing
skins apart, and improving on the I-beam, it gigestinuous support to the flanges or facing
skins to produce a uniformly stiffened panel. Tloreeto-skin adhesive rigidly joins the
sandwich components and allows them to act as oitemith a high torsional and bending
rigidity. The outside rigid plates of sandwich sture are called skins or faces, and the
material used in the middle is known as core. Figalso shows a sandwich structure with
position of its constituents.
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Adhesive -

Honeycomb ~ Flanges
Core - Web

Facing Skin ~

SANDWICH PANEL I- BEAM

Figure 4.11-Beam and sandwich composite beam with its carstis

The skins act together to form an efficient stie®gple or resisting moment counteracting the
external bending moment. The core resists sheastafilize the faces against buckling. The

adhesive between the faces and the core mustdsnough to resist the shear and tensile
stresses set up between them. These loads andestriesposed on a sandwich panel are
shown in Fig 4.2.

[Deeit]

1

core in shear

skin in compression

Figure 4.2Loads and stresses in a sandwich beam under flelaad

The deflection of a sandwich panel is made of b&pa@ind shears components. The bending
deflection is dependent on the relative tensile @atpressive modulus of the skin materials
and the shear deflection is dependant on the shedulus of the core. Therefore,

Total Deflection = Bending Deflection + Shear Defien
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The skin and core definition besides other relatecabulary are formally described in the
ASTM norms [C274-99]. A compilation of the normspéipable to the sandwich structures is
presented in [128].

4.1.2 Advantages and Disadvantages

The main aim of sandwich structures is that theylight and stiff resulting in an extremely
high flexural stiffness to weight ratios and widelged in mechanical structures such as
airplanes and ships. The design flexibility offelgdthese and other composite configurations
is obviously quite attractive to designers, andpgb&ential now exists to design not only the
structure but also the structural material itsklfmarine structures, carbon fiber epoxy skins
with polyurethane foam panels are being used. Dinenton properties for the skin materials
in a sandwich are:

» High stiffness giving high flexural stiffness
* High tensile and compressive strength

* Impact resistance

» Surface finish

* Environmental resistance

* Wear resistance

The disadvantage, however, is that composite naddepresent challenges for design,
maintenance and repair over metallic parts sineg ténd to fail by combined failure modes
[127,128].

4.1.3 Modes of Failure

Furthermore, damage detection in composite san@ésich much more difficult due to the

anisotropy of the material, the conductivity of thieers, the insulation properties of the

matrix and the fact that much of the damage oftecurs beneath the top surface of the
laminate. There principal modes of failure of cosipwsandwiches are:

The skin and core materials should be able to vatitsthe tensile, compressive and shear
stresses induced by the design load. The skinr® adhesive must be capable of transferring
the shear stresses between skin and core.

Figure 4.3Skin compression failure due to end loading

The sandwich panel should have sufficient bendimd) shear stiffness to prevent excessive
deflection.
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Figure 4.4Excessive deflection due to larger end load

The core thickness and shear modulus must be a@eiguarevent the panel from buckling
under end compression loads.

Figure 4.5Panel buckling

The core thickness and shear modulus must be agetguprevent the core from prematurely
failing in shear under end compression loads.

B
—
<
-
—
<

Figure 4.6 Shear crimping

The compressive modulus of the facing skin andctite compression strength must both be
high enough to prevent skin wrinkling failure.

>
>

Figure 4.7 Skin wrinkling
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For a given skin material, the core cell size mostsmall enough to prevent intra cell
buckling.

Figure 4.8Intra cell buckling

Design, construction and mechanical applicatiosasidwich structures are explained in detail
by Allen [127] and Zenkert [128]. In addition, othgypes of failures can occur in the
laminated composite (face sheet) such as fiberkbrgadebonding, matrix micro-cracking
and delamination.

The aim of this chapter is to monitor two differéppes of damages (impact and core-only
damages) by shifts in modal parameters in honeycantdwich beams.

4.2 Damage Monitoring in Honeycomb Sandwich Beams by
Modal Parameter Shifts

4.2.1 Materials and Types of Honeycomb Sandwich Beams

Resin-containing carbon-fiber/epoxy prepregs of VK21 is used to fabricate the skin
materials [138]. The material is supplied by Héxaamposites, the physical properties are
set out in Table 4.1. The upper and lower skinssigbrof four plies each with a stacking
sequence of [0/90/90/0]. The thickness of eachgp/125mm.

Table 4.1Physical properties of carbon/epoxy prepregs T7Q@0A4 skin material [138]

Properties Value
Young's modulus in fiber direction 125000 MPa
Young’s modulus in transverse directionE9000 MPa
Shear Modulus (&) 5000 MPa
Poisson Ratio () 04
Volume density ) 1550 kg/nd

The core material is honeycomb and can be seldcieda wide range of metallic and non-
metallic honeycomb cores. The honeycomb sandwicdmbein this thesis are made of
Nomex-aramid honeycomb core (HRH 10) supplied bydde composites [139]. The
honeycomb core has a nominal cell size of 6.5 mm ancore thickness of 10 mm.
Mechanical properties of the honeycomb core i®disin Table 4.2. The sandwich beam
specimens are fabricated using an autoclave amatbannum mold. The skin and the core are
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cured simultaneously in order to have an excellrid. The final dimensions of the six
identical honeycomb sandwich beams used in thedtae 480 x 50 x 11 mm.

Table 4.2Properties of Honeycomb core (Hexel-aramid)

Properties Value
Cell size 6.5 mm
Density 31 kg/m
Compressive strength 0.896 MpPa
Compressive modulus 75.8 MPa

Shear strength in longitudinal directioa,() 0.65 MPa

Shear modulus in longitudinal direction,{§5 29 MPa
Shear strength in width directiow, ) 0.31 MPa

Shear modulus in width direction 13.8 MPa

The vibration tests are carried out with two staeakses (50 x 25 x 5 mm) attached at the ends
[20,55,57].

4.2.2 Experimental Techniques

Vibration and impact tests shall be carried outlenfabricated honeycomb sandwich beams
by following the same procedure as of the compdaiténate beams in Chapter 3 in Section
3.2.1. Vibration tests shall be carried out byhblotirst random and sine-dwell excitations by
using LMS Test Lab and Ideas B&K System respedtjves discussed in Section 3.2.1.

In case of the impact tests, the apparatus exglam8ection 3.2.2 shall be employed. Impact
tests shall only be done by clamping all four eofdhe beam-type specimens. A schematic of
the honeycomb sandwich beam with the locationsamhabes, measurement and excitation
points are shown in Fig 4.9.

1 11
® ° ° ° L) ° ° ] ° ° °
° .O. ® )o 17+ ® )o oOo ° S0mm
2|_Imm]
23 ® L} [ ] ] ® [ ] ® [ ] [ ] e 033
40mm 40mm
480mm
® NMeasurement Points + Excitation Point
O Positions for 2 impacts (D1) O + O Positions for 4 impacts (D2)
Positions for 2 holes (D1) + Positions for 4 holes (D2)

Figure 4.9 Sandwich test beams with location of impact damages-only damage (holes),
excitation and measurement points

The six honeycomb sandwich beams are also impdnfethking into account the barely
visible impact damage limit (BVID). Just to remitiee readers, that BVID limit corresponds
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to 0.6-0.8 mm of indentation depth, measured jtist ghe impact. Four of the six sandwich

beams are impacted symmetrically at four pointh wlie same impact energy, as shown in
Fig. 4.9. However in honeycomb sandwich beams, diifficult to induce the same amount of

damage at different points in the same specimem é\it is impacted with the same energy
i.e., impacting at the honeycomb cell center anthatcorner leads to different damages.
Therefore, it is not possible to have the same ilen$ damage in honeycomb sandwich

specimens at all the different impact points. Tghenomenon of the dispersion of damage in
honeycomb cores is shown schematically in Fig 4.10.

Impact at Honeycomb cell corner
generates less damage

Impact at Honeycomb cell center
generates more damage

Figure 4.10 Schematic of a Honeycomb core showing the reasatispersion of impact
damage, due to impact at the same energy on @ealér or a cell corner

The first two honeycomb sandwich beams (H1 and &2)impacted at 4J that produces a
very small damage (not measurable by NDT methoti}hwis not visible on the surface. The

reason for having the same impact energy for theeebeams is to study the effect of end
masses i.e., H1 is without and H2 is with end nm@as$¥be next honeycomb beam (H3) is
impacted at 6J, which produces an indentation dépth 0.1 to 0.3 mm at the four impact

points. However, the greatest dispersion in danmgeen in the honeycomb beam H4 which
is impacted at 8J as shown in Fig. 4.11.

Figure 4.11 Dispersion of damage at the four impact pointsasecof honeycomb beam H4
impacted at impact energy of 8J
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The damage depth for two impact points at one efdine beam is approximately 0.7 mm

which corresponds to the BVID limit. But at the twopact points on the other end of the
beam, the impactor head has induced severe danuag® dmpact at honeycomb cell center.
This phenomenon introduces asymmetry in the beawh$ighlights the difficulty in inducing

a global symmetric damage. The impact parameterthése four sandwich beams are listed
in Table 4.3.

Table 4.3Impact parameters for honeycomb beams

Honeycomb Beam Name Energy of Height Indentation just  Velocity of impact
Impact (J) (mm) after impact (mm) Measured (m/s)

H1 (without end-masses) 4 221.2 Very small damage 98 1

H2 (with end-masses) 4 221.2 Very small damage 1.98

H3 (with end-masses) 6 331.8 0.1-0.3 2.49

H4 (with end-masses) 8 442.3 0.7-3.0 2.83

The data obtained during the drop weigh impactsteatried out on the honeycomb beams
(H2, H3 and H4) is shown in Fig 4.12. The impadt @ata for the honeycomb beams (H1
and H2) is similar as they are impacted with theeanergy.

1.2 1.2
——Beam H2 (47) —Beam H2 (47)
1 F —Beam H3 (67) 1 F |=Beam H3 (67)
Beam H4 (87) Beam H4 (87)
= 0.8 F / = 08 F 2
2 o < )
3 0.6 F / ; 0.6 F
= 04 F 4 Appearance of first i 04 k
’ / major damage ’
02 H 02T
0 i i i 0 L L L
0 3 6 9 12 0 3 6 9 12

(a) Time (ms) Digplacement (numn)

Figure 4.12Impact test data (a) force-time (b) force-displaeam

Four similar impacts have been performed on eaelisgn. However, in order to clarify

these plots, only one impact test result for egmdcisnen is plotted. All the impact curves
presented in Fig 4.12 are filtered at 15 kHz. Thesees, representative of all performed
impact tests, are very classic in the literatur@,29]. In Fig. 4.12 a, the impact forces are
drawn as a function of time. These curves are glsanooth and almost sinusoidal at low
impact energy, with little oscillation due to nalifrequencies of the panel. They show an
important force signal fall followed by oscillatierwhich is characteristic of delamination

onset i.e., the appearance of first major damagleersandwich beams. This is also evident in
the force-displacement plot (Fig 4.12 b). The etioluof the peak force signal for the three
beams (H2, H3 and H4) shows a logical increase thighincrease in the impact energy.

As discussed previously, the second way of indudiagnage is by piercing a hole all along
the width in the honeycomb core by a hand drillisTiype of damage can be referred to as
core-only damage. In case of the honeycomb beafpsdhitl (H6), approximately 5 mm and

10 mm diameter holes are pierced all along the hwattthe same positions as the impact
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points as shown in Fig 4.10. For the 5 mm holesafBé&15), some honeycomb material is
present between the hole and the skins, howevease of 10 mm holes (Beam H6), no
honeycomb material is present between the damadethen skin (Fig 4.13). The aim of
inducing core-only damage is to check that whether type of damage induces the same
effect on the modal parameters as the impact danTdge will help us in future to develop
dedicated algorithms based on shift in modal patarago detect these kinds of damages
(impact and core-only damage) in sandwich strusture

Smm hole in 10mm hole in
honeycomb core honeycomb core

(b)
Honevcemb material No Honeycomb material
between skin and damage between slan and damage

(©) ' (d)

Figure 4.13 Cross-section view of test beams showing the hpksed in the honeycomb

core all along the width (a) 5 mm diameter hole ioneycomb beam H5, (b) approximately
10 mm diameter hole for honeycomb beam H6. Schemmiw explaining presence and

absence of material between the damage and thg(egkBhmm diameter hole for honeycomb
beam H5, (d) approximately 10 mm diameter holenfareycomb beam H6.

The sandwich beams have three states. First oife isndamaged state (UD), the second is
the damage state due to two impacts or two holé&$ &Dd the third is the damage state due to
four impacts or four holes (D2). Vibration test® aarried out on the six sandwich beams
after each of these three states. For the instansémple case with symmetric impacts is
chosen. If satisfactory results are obtained, ta®ymmetric damage shall be studied in the
future.

4.2.3 Significance of End-Masses

Vibration tests are carried out on honeycomb sadldweams (H1 without end-masses) and
(H2 with end masses). First these beams are tastéte undamaged condition (UD), then
these two beams are impacted at 4 J first at 29@Di) and then at 4 points (D2). Vibration
tests are carried out again after each of thesesasies of impacts. The effect of end-masses
on the modal parameters can be elaborated by smitlye frequency and the damping change
ratios between the undamaged (UD) and the two dadhagses (D1 and D2) for the
honeycomb sandwich beams (H1 without end-masses)(ld2 with end-masses) for both
burst random (BR) and sine dwell (SD) testing, enésd in Table 4.4. The percentage change
in frequency and damping ratios between the undathagd the damaged cases is calculated
with the help of Equations 4.1 and 4.2.
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fUD (k) - fDl(k)
fUD (k)

Change in frequency between UD and [Af) = 4.1

ZDl(k) - ZUD (k)

Change in damping between UD and DA{) =
{up (K)

(4.2)

wherefyp(k) is the damped natural frequency for the undamagedimen for thdg, mode
andfpi(k) is the damped natural frequency for the specin@nagied at two impact points
(D1) for theky, mode. Nomenclature in case of Eq. 4.2 is the same.

From Tables 4.4, it can be said that on the whHadechanges in frequency and damping ratios
are more prominent in case of the beam H2 with madses. A closer examination of the
results reveals that by adding end-masses, the idgmatios seem to be affected more as
compared to the natural frequencies. We can saytlteaend-masses increase the effect of
shearing forces which causes an increase in fnigtidhe material, consequently leading to a
higher change in damping ratios as compared taadrequencies. Table 4.4 shows that by
putting end-masses, the change in natural frequébeyween the undamaged and the
damaged cases) is increased by around 3 %. Inageeaf damping ratios, this increase is as
high as 93 %. It can be said that the damping saie more affected by the end-masses as
compared to the natural frequencies. Thereforeydbe of the honeycomb sandwich beams
(H2 to H6) except beam H1 in this section have liested with end-masses.

It can also be noticed that the change in damptigs is greater in case of sine dwell testing,
because the damping ratio estimated by sine-destling is always higher in case of the two
damaged states (D1 and D2) as compared to the ramcdm testing (also seen in Fig 4.17).
Theoretically, damping should increase with damagehe specimen, and as sine-dwell
testing takes into account the effects of non-lingalue to damage, therefore the estimation
of damping by sine-dwell testing is normally highlean that of burst random testing which
does not takes into account the effects of strattwsn-linearity.

Table 4.4 Frequency and damping change ratios (%) betweenrtiamaged (UD) and the
two damaged states (D1 and D2) for the honeyconmovaah beams (H1 without end-
masses) and (H2 with end-masses) for both burdbrar(BR) and sine dwell (SD) testing

Natural Frequency Change Ratios (%)

Beam Name States Mode 1 Mode 2 Mode 3 Mode 4
BR SD BR SD BR SD BR SD
H1 (4J) UD and D1 5.9 6.2 9.1 9.6 10.7 10.8 8.3 8|4
No end-masses UDandD2 122 128 166 16.4 14.3.5 14149 157
H2 (4J) UD and D1 8.3 8.7 9.5 9.0 13.5 136 127 124

With end-masses UD and D2 136 142 198 20.2 16.0 16.7 17.7 17.7

Damping Change Ratios (%)

BR SD BR SD BR SD BR SD

H1 (4J) UDand D1 149 1246 38.2 1253 215 731 694 337
No end-masses UDand D2 1325 1534 56.2 188.7 1983.2 17.7 40.2
H2 (4J) UDand D1 21.1 4.2 92.5 1599 448 1029 121 68.5

With end-masses UD and D2 574.5 752.7 127.0 2944 649 135.8 -1292.7
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4.2.4 Estimation of Modal Parameters at the Undamaged Sta (UD)

The honeycomb sandwich beams are first testeceaintdlamaged state. As five of the beams
with end-masses (H2 to H6) have the same geomletnnth material configuration, so they
must possess similar values of natural frequeranelsdamping ratios at the undamaged state
(UD). In order to have a clear picture, the averaglues of natural frequencies and damping
ratios for the first four bending modes for theefikoneycomb sandwich beams (H2 to H6)
with both burst random and sine dwell testing dottgd in Fig 4.14.

2000 1.2
——Burs o stine (13.4) & urst Random Testing (0.07)
Burst Random Testing (13.4) —4—Burst Random Testing (0.0
IS . " 1 F —a— i atine
T 1600 F| —=—SineDwell Testing | . 9 SmeDwell Testinz | (0.019) i
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T S04
= = 1
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Bending Modes Bending Modes

Fig 4.14Average values of modal parameters (a) naturaldsswy, (b) damping ratio for the

first four bending modes for the five honeycomidsach beams (H2 to H6) with both burst
random and sine dwell testing. The standard dematf the modal parameters for each
mode is represented in blue for burst random angéhfor sine dwell testing

The standard deviation associated with each averalge is also represented for both burst
random and sine dwell testing. In case of natuedjuencies, the two types of testing, give
similar results at the undamaged states as showhebgtandard deviation values. However
the dispersion at thé®bending mode for the natural frequency is a bithn higher side,
which is due to the fact that the beam H5 at tAd&nding mode has a natural frequency of
1429 Hz whereas the average for the other four bearhi338 Hz. This anomaly outlines the
inherent possibility of false negatives which caiseadue to boundary conditions and gives
no indication of damage when it is present as dsed in the reference [46] and in Section
3.3.2.

In case of damping ratios, the results at the udgeh state give a good comparison as well
for the two types of testing with small standardiidiéon values. However the exception in
case of the damping ratios is th&Hending mode for burst random testing which haigha
standard deviation value of 0.116 (Fig 4.14 b).sTikibecause of the honeycomb beam H2,
which has a damping ratio of 0.161 % for tfiebénding mode, whereas the average damping
ratio for the other four beams estimated by buastiom testing is 0.389 %. This dispersion is
not present in case of sine dwell testing, so rissilt gives us a first indication that the sine
dwell testing might be better suited for dampingneation.

4.2.5 Effect of Impact Damage on Modal Parameters

The variation of natural frequency and dampingordtie to impact damage is studied for the
honeycomb beams (H2, H3 and H4) with end-masseghirfirst four bending modes.
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Frequency and damping ratios are the global paemeff the specimen, and are extracted
from high quality measurements on the 33 measurerpeimts. The modal parameters

(natural frequency and damping) help in monitoghapally the health of a specimen. For the
first four bending modes, the variation of dampedural frequency as a function of the

undamaged (UD) and the two damage states (D1,D2héchoneycomb beams (H2, H3, H4)

for both burst random (BR) and sine-dwell (SD)itegts presented in Fig 4.15.
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Figure 4.15Variation of damped natural frequencies with damatges for (a) 1st bending
mode, (b) 2nd bending mode, (c) 3rd bending modk (d@h 4th bending mode: UD is
undamaged state, D1 is damaged at 2 impact poimtis2 is damaged at 4 impact points,
for the honeycomb beams (H2, H3 and H4) for buesstdom (BR) and sine-dwell (SD)
testing, showing good correlation between BR and SD

As discussed before in Section 2.7, that damagtanspecimens prompts a decrease in
natural frequencies. So from Fig 4.15, it is clésat the decrease in the natural frequencies for
the three honeycomb beams is more prominent inafade beam H4 impacted at 8J. In case
of natural frequencies, both burst random and dimeH testing give similar results. But the
interesting fact is that, even for beam H2 impaaed J which does not produce a visible
damage on the surface, the average change in freguder the first four bending modes
between the undamaged and the damaged cases iswlliéh proves that the beam H2 has a
notable loss of rigidity without any signs of daraagn the beam surface. It is particularly in
these cases that vibration testing becomes a #&&fylutool for structural health monitoring.

It is noticed that in case of honeycomb beams HBHvh impacted at 6 and 8 J respectively,
the level of damage is not the same on both siflésecbeams as it depends on whether the
honeycomb cell center or corner is impacted asudssd previously and shown in Fig 4.11.
So this asymmetric damage leads to distortion efrésonance peaks or the appearance of
twin peaks instead of one. This is evident in Fiyg4 which shows a comparison of the sum
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of the frequency response functions (FRF), estithdig burst random testing, for the
honeycomb sandwich beams (H2, H3 and H4) for ttdaommaged case (UD), damaged at 2
points (D1) and damaged at 4 points (D2) for tHfeb2nding mode. The sum of the FRF can
be compared as for each sandwich beam 33 symmatasurement points have been chosen
that are symmetric on both sides of the two mayesaf symmetry.
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Figure 4.16 Comparison of the sum of the frequency responsdidms estimated by burst
random testing for the undamaged case (UD), damagei points (D1) and damaged at 4
points (D2) for the % bending mode for honeycomb beams (a) H2 damagdd &) H3
damaged at 6J (c) H4 damaged at 8J

Fig 4.16a shows that the resonance peaks for thm 42 impacted at 4J are pretty much
intact even for the damaged cases, showing thah@nvhole the beam is lightly damaged.
But for the beams H3 and H4, as the damage leweéases and with the addition of the
asymmetric distribution of damage as discussediquely, the shape of peaks becomes
distorted. This distortion of peaks does not affine estimation of natural frequencies as
such, as shown in Fig 4.15 i.e., both burst randooh sine-dwell testing give similar natural

frequency results in the presence of damage. Hawéwethe estimation of damping ratios

for the damage states D1 and D2, there is a nothifiterence between the results of burst
random and sine dwell testing as shown in Fig 4.17.

It can be seen in Fig 4.17 that in general the dagnipcreases with the increase in damage in
the sandwich beams. However, in case of burst ransting, for the beam H2 for th&' 4
bending mode (Fig. 4.17 d) and for the beam H4tHer1st bending mode (Fig. 4.17 a) the
damping does not increase with damage. Howeverdsirdl testing shows a logical increase
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of damping for these beams. Furthermore, the esomaf damping by sine-dwell testing for

the damage state (D2) is always notably highemaspared to burst random testing with the
exception of the beam H3 for the 1st bending midmnfirms the fact that sine dwell testing

is more capable of detecting non linear structdgedamic behavior (due to accumulation of
high damage as in state D2) unlike the broadbandagtons [10].
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Figure 4.17Variation of damping ratio with damage states fay {st bending mode, (b) 2nd
bending mode, (c) 3rd bending mode and (d) 4th ingnehode: UD is undamaged state, D1
is damaged at 2 impact points and D2 is damaged ahpact points, for the honeycomb
beams (H2, H3 and H4) for both burst random (BR) sime-dwell (SD) testing

4.2.6 Effect of Core-Only damage on Modal Parameters

As discussed previously, in case of the honeycosdims (H5) and (H6), approximately 5
mm and 10 m diameter holes are pierced all aloegvttdth at the same positions as the
impact points. The aim of inducing core-only damagdo see that whether this type of
damage induces the same effect on the modal pagesret the impact damage. The effect of

core-only damage on the natural frequency and dagnigi studied similarly as the impact
damage and is shown in Fig 4.18 and Fig 4.19.
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Figure 4.18Variation of damped natural frequencies with damatges for (a) 1st bending
mode, (b) 2nd bending mode, (c) 3rd bending modk (@) 4th bending mode: UD is
undamaged state, D1 is damaged at 2 points and ©D#8amaged at 4 points, for the
honeycomb beams (H5 and H6) for both burst rand®R) @nd sine-dwell (SD) testing

Fig 4.18 shows that the core-only damage inducgsaller change in natural frequencies as
compared to the impact damage. The change in freige between the damaged states and
the undamaged state is below 7 % for both the raomelp beams H5 and H6 as shown by the
frequency change ratios in Table 4.5. Both bumstioan and sine-dwell testing give relatively
similar results for natural frequencies with theception of beam H5 for the™4bending
mode.

However, it is interesting to note in Fig 4.19 (bttat there is no remarkable change in
damping ratios for the beams H5 and H6 in the mesef core-only damage, with the
exception of the damping for thé bending mode estimated by burst random testingdt
beams H5 and H6. Whether the damping increasesmeases with damage, the change in
damping ratio is generally very small between thdamaged (UD) and the damaged cases
(D1 and D2). So it can be concluded that the cotg-damage does not reduce much the
stiffness (lesser number of friction zones) of tlkmeycomb sandwich beams as compared to
the impact damage. As the change in modal paramistetight for the core-only damage, so
it shall be more difficult to carryout core-only rdage detection with the help of modal
parameter changes.
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(H5 and H6) for both burst random (BR) and sine-ti{&D) testing

The effect of impact and core-only damage on tleguencies and damping ratios can be
further elaborated by studying the frequency arel damping change ratios between the
undamaged (UD) and the damaged cases (D1 and b)efampact damaged beams H3 and
H4 and for the core-only damaged beams H5 and Heabies 4.5 and 4.6. Same procedure
as explained in Section 4.2.3 is followed. It candbearly seen that the change in modal
parameters is by far more prominent in case ofit@act damaged beams (H3 and H4).
Furthermore, the results in Tables 4.5 and 4.6 nindethe fact that the damping change
ratios are more prominent than the frequency chaatjes. The maximum damping change
ratio is 668 % whereas the maximum frequency chaaigeis 38 %.

As discussed previously, the damping change ratimated by sine-dwell testing is higher as
compared to burst random testing. It can be cordudom the above results that damping
seems more sensitive to damage than the naturtpleéney variations in case of honeycomb
sandwich beams. So it is reasonable to assumealdinaping may be used instead of natural
frequency as a damage indicator tool for structbealth monitoring purposes. However, the
fact that damping is a parameter that is relatitfycult to estimate as compared to natural
frequency has to be taken into account [142].
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Table 4.5Frequency change ratios (%) between the undamadgdfeyl §nd the two damaged
states (D1 and D2) for the impact damaged honeycoealons (H3, H4) and the core-only
damaged honeycomb beams (H5, H6) for both bursioran(BR) and sine-dwell (SD) testing

Beam. No States Mode 1 Mode 2 Mode 3 Mode 4
BR SD BR SD BR SD BR SD
H3 (6J) uUband D1 109 115 105 10.7 136 13.6 127 1p.7
UDand D2 263 288 308 321 245 244 253 256
H4 (8J) UDand D1 194 192 195 209 183 186 243 245
BVID Uband D2 30.8 31.8 36.7 37.3 297 311 35.75.93
H5 UD and D1 0.9 1.0 0.2 0.2 35 3.4 3.7 39
5mm hole UD and D2 1.6 1.8 3.8 3.9 4.1 4.2 3.3 3.9
H6 UD and D1 2.7 2.0 -0.1  0.09 4.4 4.4 1.1 2(2
10mm hole UD and D2 3.5 2.9 6.9 7.8 6.0 5.8 1.2 1.9

Table 4.6 Damping change ratios (%) between the undamaged @&vD the two damaged
states (D1 and D2) for the impact damaged honeycoeaons (H3, H4) and the core-only
damaged honeycomb beams (H5, H6) for both bursioran(BR) and sine-dwell (SD) testing

Beam. No States Mode 1 Mode 2 Mode 3 Mode 4
BR SD BR SD BR SD BR SD
H3 (6J) UDand D1 175.1 531.7 784 137.2 418 958 184 6 16.
UDand D2 677.1 668.2 113.6 179.7 72.7 1815 19.83.2
H4 (8J) UDand D1 348.4 539.5 146.7 388.2 428 88.3 22.14.60
BVID UDand D2 200.7 1245 172.6 549.4 83.2 226.65.63 172.2
H5 UDand D1 534 6.3 3.8 3.0 5.1 7.8 6.4 22.7
5mmhole UDandD2 -16.3 64.7 14.6 4.5 -3.4 6.8 138.25.2
H6 UDand D1 3.22 40.1 9.3 4.2 105 -25.2 0.1 4,83
10mm hole UDand D2 -14.8 59.8 2.5 1.7 -3.7 7.46 6 5.12.6

4.2.7 Effect of Sine-Dwell Frequency Direction on Modal Brameters

The aim of carrying out sine dwell testing in boith and down frequency directions is to be
able to detect structural non-linearities in thendged honeycomb beams. In literature it has
been shown that frequency response functions (WBR) for the different sweep directions
[10]. In this section, the effect of sweep diren8 is studied only for the beams with the
highest level of damage i.e., impact damaged bd43nand H4 for the damage state (D2) as
presented in Table 4.7.

Table 4.7 Comparison of natural frequency and damping ratosoth up and down sine-
dwell frequency directions for the honeycomb be&t8sand H4 for the damage state (D2)

Beam .No Sine Dwell Natural Frequency (Hz) Damping ratio (%)

Direction Model Mode 2 Mode3 Mode4 Model Mode?2 Mode 3 Mode 4
H3 (6J) Up 97.5 499.5 1010.1 1374.0 2.05 1.79 2.42 1.33
D2 (4imp) Down 98.8 499.1 1010.2 1378.6 2.73 1.83 .362 1.00
H4 (8J) Up 98.4 471.9 918.4 1172.2 2.38 4.24 2.71 2.86
D2 (4imp) Down 98.1 467.7 921.8 1175.7 2.46 463 992. 2.90
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Table 4.7 shows the presence of nonlinear behavittre honeycombs beams H3 and H4, as
the natural frequencies and damping ratios shovightsdiscrepancy when tested in the
increasing and decreasing frequency order. Thiglss shown graphically in Fig 4.20 by
plotting the frequency response functions from slnell sweeps upwards and downwards in
frequency. It is observed that in the presenceani-lmearity, there is always a change in
amplitude coupled with a slight shift in frequerscie
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Figure 4.20 FRFs from sine-dwell sweeps upwards and downward®quency honeycomb
beams (a) H3 Point 7 M4 (b) H3 Point 19 M3 (c) HairR 3 M4 (d) H4 Point 29 M4

4.2.8 Design of Experiments (DOE)

This study is carried out on the modal parametsaitufal frequency and damping ratio) of the
three impact damaged sandwich beams with end-méd42e$13 and H4) tested by both burst
random and sine-dwell testing as compared in Se@&i8.5 and Section 3.4.2. The aim is to
find out that which testing method gives a reldyiv@ore reliable estimation of damping in
the presence of damage i.e., damping increasestiégtincrease of damage in the specimen
[60]. The design of experiments shall also helpdestify the factors which have the most
significant effect on the experimentally obtaineddal parameters.

The two factors chosen for the design of experismamé the energy of impact (IE) and the
density of damage (DD). For the energy of impaetehare three levels (4, 6 and 8J) and for
the density of damage there are also three levlets (ndamaged state (UD), damage at 2
impact points (D1) and damage at 4 impact point)YCRy keeping in view the levels of the
two factors, a full factorial design is chosen. Tihear regression model used to represent the
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interaction between the design variables, assatiaith the full factorial design, based on the
two variables discussed above is expressed asvillo

Y =g, +a,.(IE)+a,.(DD) +a,.(IE).(DD) + E (4.3
In Equation 4.3, coefficients represent model camist(a) that are the contribution of
independent variables on the response. E is thdorarerror term representing the effects of
uncontrolled variables, i.e., not included in theodel. The model constantg) are
determined by multi-linear regression analysis arel assumed to be normally distributed.
The error is assumed to be random and normallyiliiséd. These constan(s) are obtained
with 90% confidence level. The significance of eaeiable on a given response (modal
parameters in our case) is investigated usiiegt values based on Student’s distribution. The
t ratio is the ratio of the parameter estimate (tants) to its standard deviation. tAratio

greater than 2 in absolute value is a common riignuumb for judging significance of the
variable.

The constant§a) andt ratios for the natural frequencies and the dampatigs estimated by
burst random testing are presented in Tables 4B 4a®. Negative values of the model
constants and t ratios indicate that the respoaseedses with the increase in the value of the
parameter. In our case, this is most of the tinmee for the natural frequencies as they
decrease with the increase in damage in the spasime

Table 4.8Coefficients and ratios for the natural frequencies (Hz) estimdtgdburst random
testing

Mode 1 Mode 2 Mode 3 Mode 4
Term Constants tratio Constants tratio Constants tratio Constants tratio
(a) (&) (&) (&)
IE -3.35 -5.53 -19.59 -6.42 -33.46 -7.49 -51.19 554.
DD -8.51 -14.05 -54.98 -18.02 -78.49 -17.57 -120.4 -10.70
IE x DD -1.55 -4.18 -7.95 -4.25 -10.99 -4.02 -20.21 -2.94

Table 4.9Coefficients and ratios for damping ratios (%) estimated by buasiiom testing

Mode 1 Mode 2 Mode 3 Mode 4
Term Constants tratio Constants tratio Constants tratio Constants tratio
(a) (&) (&) (&)
IE 0.175 1.49 0.049 1.11 0.015 1.74 0.029 1.62
DD 0.313 2.68 0.541 3.83 0.381 13.58 0.036 2.01
IE x DD -0.005 -0.08 0.017 0.65 0.009 1.76 0.028 582.

By comparing the ratios for the energy of impa@E) and the density of damagBD) in
Tables 4.8 and 4.9, it can be seen that the deosidamageDD) has a more significant
effect on the modal parameters than the impaciggr(#e) for the first four bending modes.
The second order interaction terfifE x DD) is more significant in case of the natural
frequencies as compared to the damping ratios.|&imgsults are observed in case of sine-
dwell testing. The design of experiment resultsebdasn the modal parameters estimated by
sine-dwell testing is laid out in Tables 4.10 antil4
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Table 4.10Coefficients and ratios for the natural frequencies (Hz) estimdigdsine-dwell

testing
Mode 1 Mode 2 Mode 3 Mode 4
Term Constants tratio Constants tratio Constants tratio Constants tratio
(a) (&) (&) (&)
IE -3.52 -3.36 -20.7 -4.77 -34.1 -8.95 -51.98 -4.63
DD -9.33 -8.91 -57.8 -13.30 -80.6 -21.14 -121.3 .81(
IE x DD -1.52 -2.38 -7.93 -2.98 -11.5 -4.94 -20.3  2.96
Table 4.11Coefficients and ratios for damping ratios (%) estimated by sinefiitesting
Mode 1 Mode 2 Mode 3 Mode 4
Term Constants tratio Constants tratio Constants tratio Constants tratio
(a) (&) (&) (&)
IE 0.208 3.57 0.300 2.13 0.053 1.90 -0.039 -039
DD 0.441 7.56 0.221 5.02 0.142 16.09 0.472 4.59
IE x DD 0.061 1.71 0.114 1.33 0.047 2.75 -0.049 780

Sine-dwell testing also proves the significancedenfsity of damagéDD) as the parameter
that has the most significant effect on the resuftghe t ratios for the damping ratios
estimated by burst random and sine-dwell testiegcampared in Tables 4.9 and 4.11, it can
be seen that the two factofi€ and DD) have highet ratios in case of the damping ratios
estimated by sine-dwell testing. So from the resutitcan be said that sine-dwell testing gives
a relatively more reliable estimation of dampingthe presence of damage as compared to
burst random testing. Although the main disadvamtafy sine-dwell testing is the lengthy
acquisition times as compared to broadband exmitatibut if quality damping estimations
are required then sine-dwell excitation based vitinatesting becomes indispensable.

4.3 Conclusion of the Fourth Chapter

In this chapter damage monitoring has been cam@don honeycomb sandwich beams
damaged in two different ways (impact damage amd-oaly damage). Vibration tests have
been carried out on pristine and damaged long loamely sandwich beams using burst
random andsine dwell excitationsin order to compare that which testing method gjiae
relatively more reliable estimation of damping le presence of damage, because damping is
much harder to estimate as compared to naturakdrezy.

Vibration tests are carried out by placing steetsea at the two ends of the sandwich beams
in order to enhance the shift between the modalrpeters between the undamaged and the
damaged cases. The six long honeycomb sandwichsbemted in this chapter are damaged
in two different ways. The first four are damageddoop weight impacts around the barely
visible impact damage limit (BVID), in order to sitate damage by foreign impact objects
such as stones or birds. The other two are damiagpdercing a holeall along the width in

the honeycomb core by a hand drill (core-only dapagimulating mishandling during
assembly and maintenance.

Results show that with the accumulation of damaghé specimens, there igdacrease in
natural frequency accompanied by an increase in daping ratio. The impact of core-only
damage seems feeble on the modal parameters asu@mhtp impact damage. Furthermore,
damping seems to be more sensitive to damage lieamatural frequency. So it is reasonable
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to assume that damping may be used instead ofahdtaquency as a damage indicator tool
for structural health monitoring purposeBresence of non-linearity in the impacted
sandwich beams is proved by carrying sute-dwell testing upwards and downwards in
frequency. It is observed that in the presence of non-ligathere is always a change in
amplitude coupled with a slight shift in frequerscim the FRFs. Design of experiments
carried out on the extracted modal parameters dhighlighteddensity of damageas the
factor having the most significant effect on thedaloparameters, and prove that sine-dwell
excitation based modal testiggyes more reliable estimation of dampingn the presence of
damage as compared to burst random testing.
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Chapter 5 : Static-Dynamic Characterization and
Monitoring of Impact Damage in Entangled Sandwich
Beams by Shift in Modal Parameters

A good part of the experimental work of this thesismcerns entangled sandwich materials. A
literature review on these materials has been ptedereviously in Section 1.4.1. The aim of
fabricating and testing these sandwich material® iserify whether they can be used as
potential dampers and sound absorbers in spe@fitications like the inner paneling of a
helicopter, where structural strength is not thepry requirement.

The impact toughness of entangled sandwich beanadsis evaluated by the decrease in
natural frequency (global parameter of a structudgh signifies loss of rigidity. The author
wants to clarify here, that impact toughness isy @tudied through vibration tests and the
classical procedure used for determining the impaoghness i.e., compression after impact
(CAI) has not been implemented as it is outsidesitepe of this work. Nonetheless, impact
toughness based on decrease in natural frequecynanitoring of impact damage by shift
in modal parameters (damage detectability) areebjoelated.

As the entangled sandwich materials are a relgtivelv breed, hence we need to explain a bit
in detail the fabrication process and their statid dynamic characterization before talking
about damage monitoring due to shift in modal pa&tans. In general, two types of entangled
sandwich beams have been tested in this thesis.

* Long carbon fiber entangled sandwich beams (480emgtih)

» Short carbon/glass fiber entangled sandwich be26Gn{m length)

5.1 Long Carbon Fiber Entangled Sandwich Beams by

5.1.1 Materials and Fabrication Procedure

The core of the entangled sandwich beams condistloon fibers (HTS-5631) that are made
of a yarn of standard carbon filaments having anéigr of 7um. The length of the carbon
fibers is 10 mm and their elastic modulus is 24@Ghe fibers are provided by the company
Toho-Tenax. For the cross-linking of carbon fibegoxy resin is used. The epoxy resin SR
8100 and injection hardener SD 8824 are used pedviy Sicomin. All the test specimens
presented in the section are carefully weighedguMiettler balance. A better vaporization is
achieved if the resin is heated up to 35°C befaiad sprayed on the carbon fibers. This
allows the mixture of resin and hardener to bectess viscous. Prepregs of T700-M21 are
used as skins as in case of honeycomb sandwichsb@aBection 4.2.1. Their properties are
given in Table 4.1.

The fabrication of entangled sandwich specimeraften a tedious and complex process. As
these types of materials are still mostly in theeegch phase, so as such standard fabrication
processes do not exist. The fabrication procedsegl un this thesis is the one developed by
Mezeix et al. [100,101]. For the carbon entangledns used in this thesis, approximately
900 g of fibers of 10 mm length are cut manuallzeTcarbon fibers are then treated in a
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solution of dichloromethane for 24 hours and aentbleaned for 2 hours in methanol. These
uncoated carbon fibers are then separated by a di@ompressed air. The mixture of resin
and hardener is then sprayed on the separatedncébdeos by a spray paint gun. In case of
larger test specimens, the volume of carbon filselgrge, so with the current technology it is
not easy to spray the resin equally on the cariimard. The fibers impregnated by the resin
are then placed in the mold between the two skinsn@irectional composites. In order to
polymerize the fiber network sandwich specimens,tiold is then heated in an oven up to
180°C for two hours in a press. The thickness efdhtangled sandwich specimen core is 10
mm and that of each skin is 0.5 mm. The types dia@aentangled sandwich specimens used
are shown in Figure 5.1 and their specificatiomspovided in Table 5.1.

Vibration Test Specimen

‘Bunch of Fibers after
Chemical Treatment

b

Fiber Filament 30mm

Figure 5.1 Core material and carbon entangled sandwich testspens

Table 5.1Types of carbon entangled sandwich specimens

Compression Bending Vibration
Tests Tests Tests
Length (mm) 30 140 480
Width (mm) 30 20 50
Core Thickness (mm) 10 10 10
Skin Thickness (mm) 1 1 1

In order to verify the process of fabrication, aghe test specimen is fabricated first by using
a small mold (510 x 65 x 11 mm) with a fiber comnsity of 100 kg/mh This specimen
showed that 100 kg/frfiber core density is relatively insufficient farvolume of 480 x 50 x
10 mn?, as there are places in the core of the sandwéeimithat lack sufficient quantity of
fibers. So for the next specimen, a fiber core ifgms 150 kg/nt is chosen. As compared to
the previous specimen (fiber core density of 100mRy the specimen with 150 kg?nfiber
core density has a far better fiber distributiomally a test specimen with a fiber core density
of 200 kg/n is fabricated by using the same small mold. &€den that a fiber density of 200
kg/m® for the core is on the higher side and it is ratgible to close the mold properly. So for
the fabrication of the next batch of specimensberfcore density of 150 kgfhis chosen.

In the next step a larger mold (510 x 250 x 11 nsmjsed to produce multiple test specimens

having the same characteristics. First the largédnm used to fabricate four relatively
identical test specimens referred to as heavy sps in the thesis. The average composition
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of these four heavy test specimens is present@dbie 5.2. Next, the same large mold is used
to produce relatively lighter specimens. They happroximately 25 g less mixture of resin
and hardener than the previously produced heayecimens. These specimens shall be
referred to as light specimens in future discussifrable 5.2). The ratio of the mixture of
resin and hardener in the heavy specimens is appately 2.5 times more than that of the
light specimens.

Table 5.2 Composition of vibration test specimens having ffibere density of 150 kg/fn
fabricated from the small and large mold (Averafjoar specimens)

Density 150 kg/nd (Light) 150 kg/nT (Heavy)
Weight of Fibers 399 39¢
Weight of Resin & Hardener 18¢g 43 g
Weight of Skin (Upper + Lower) 389 380
Total Weight of Specimen 95¢ 120 g

The difference in resin between the heavy and lggleicimens can also be observed with the
help of a scanning electron microscope (SEM). ERy$hows SEM observations on heavy

and light specimens. In case of the heavy speciifgn5.2a), the resin can be seen all along
the length of the fibers and is seldom in the fafmdroplets. On the other hand, for the light

specimen (Fig 5.2b), droplets of resin can be st¢ehe fiber joints but the presence of resin
along the fiber lengths is negligible.

Figure 5.2 Scanning Electron Microscope SEM observations &g specimen, resin can
be seen all along the length (b) light specimesirrenostly at the fiber joints
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5.1.2 Static Characterization of Long Carbon Entangled Sadwich Beams

As entangled materials are a new type of sandwiatenals so it is required to characterize

these new materials statically. For this reasompression and bending tests are carried out
on the carbon entangled sandwich specimens totlfieid elastic and shear modulus. These
two tests with their results are discussed sepgrate

Compression Tests

The quasi-static compressive response of the sahdfber network test specimens are
measured in 100 kN Instron machine. The aim isatoutate the elastic modulus. Both light
and heavy compression test specimens are testegl. spacimen size chosen for the
compression tests is 30 x 30 x 11 mm [143]. Theé $pecimens are placed between the
moveable and the fixed plate as shown in Fig 5t displacement of the machine is used to
measure the displacement of the test-specimenhéserntangled materials are not very rigid,
therefore a relatively small force is applied tonguess the entangled sandwich materials. As
the force is small, so it is safe to assume thatdisplacement of the machine is same as the
displacement of the specimen.

The applied velocity of, = 2 mm/min corresponds to a nominal strain rate of 3x10%s at
the beginning of the test. The maximum applied liga20 kN corresponding to 22.2 MPa. To
analyze the experimental results, the followingirdgbns for the true strain and stress are
used.

Strain, € = In(hﬂj (5.1)

0]

Stress,o = % (5.2)

whereh is the height during compressidmn, is the initial height of the sampl8,is the area
during compressiory, is the initial area an& is the applied force. In our case, the afea
varies very little during the compression tests,itsss assumed that S =,.SNo lateral
displacement of the test-specimen is observed gluhie compression tests and the section
remains constant. So it can be concluded that #rerao barreling effects.

Compression Test
Specimen
30 x30x1]1 mm

Movable Plate

Fixed Plate

Figure 5.3Test Specimen between the fixed and moveabledulate compression test
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Fig 5.4 compares the results of the compressids tesried out on the two heavy and two
light specimens. As explained previously, the fibere density of all the four compression
test specimens is 150 kginiThe ratio of resin and hardener in the heavy ispats is 2.5
times than that in the light ones.

25

—#-Heavy Specimen 1
—+—Heavy Specimen 2 r

-4 Light specimen 1
-Light Specimen 2 ;

15 1
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Figure 5.4 Compression stress/strain curves for the heavylahd fiber network sandwich
specimens (150kgfrfiber density). The zoomed view shows the linksstie phase used for
calculating the elastic modulus

From the graph (Fig 5.4), it can be noticed thatehs a good reproducibility of compression
tests carried out on the two types of fiber netwsatkdwich specimens. In case of the heavy
specimens, compression curves move from the ragthe left and the densification starts for
smaller strains (100 % for the heavy specimensg &ktra resin in the heavy specimens
results in better cross-linking of the fibers andreases the initial stiffness of the material
which is evident by the linear elastic phase whglguite prominent (zoomed view in Fig
5.4). The heavy specimens show a linear-elastiaweh up to around 0.8 MPa. The
calculation of the elastic modulus is based onlittear-elastic part of the curves as shown in
the zoomed view in Fig 5.4. Even if the stresshstcarves shown are highly non-linear, there
is a linear-elastic part in case of the heavy spens. The elastic modulus is calculated by
measuring the slope of this linear-elastic pamgdained in the ASTM standard in reference
[144]. The average elastic modulus for the two lgespecimens is around 1.4 MPa.

However in case of the light specimens, one hasotapress longer in order to achieve

densification (strain around 160 %) as they are ta&gd as compared to the heavy specimens
due to the lack of resin. The linear elastic phas®n-existent in case of the light specimens
so the calculation of the elastic modulus is natsige. Unloading has not been performed to
reveal the effects of plasticity because it is imothe scope of this work. The authors are

mainly interested in the linear-elastic part in@rtb calculate the elastic modulus which shall
be used in future for the modeling of the entangkeadwich beams.
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Bending Tests

In order to measure the shear modulus of the festimens, three point bending tests are
carried out on the heavy and light bending testispens on a 10 kN Instron machine. As
discussed previously, these specimens are fabdiate the large mold and have 150 kg/m
fiber core density. The dimension of these testispens are 140 x 20 x 11 mm and the
distance between the two supports is 80 mm, theelad which is based on the three-point
bending tests carried out in detail in referenc&3]1The applied velocity isgv= 1 mm/min
and the maximum applied load is 100 N. Round dbeet or pipes are used as supports
having a diameter of 6 mm which is not less thaa loalf the core thickness (5 mm) and not
greater than 1.5 times the sandwich thickness a& &M standards [132]. The three point
bending test is shown in Fig 5.5.

Bending Test
Specimen
140x20x11mm

Figure 5.5Test specimen between the three supports durirmgn® lpending test

For the analysis of a sandwich beam under threetpa@nding, consider a sandwich beam of
width b and lengthl, comprising of two identical face sheets of thiegst; and core of
thicknesd.. Also h is the spacing of the mid plane of the face shigetst. + t;), as shown in
Figure 5.6.

¥

Figure 5.6 Schematic of a sandwich beam under three pointibgnshowing geometrical
parameters
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The loadP is applied at the centre of the beam. The maxirdafiection of the beam is due to
both flexural and shear deformations. The sheaorgeition is dominated in the core and
hence, the approximate expression for the elasfiection can be expressed as [128]:

: : PI*  PI
Maximum deflection,d = +— (5.3)
48D 4S
The bending stiffnes® and the shear stiffneSzare given by
o E.t, h’b
Bending Stiffness, D = > (5.4)
Shear StiffnessS = bhG, (5.5)

wherekE; is the elastic modulus of the skirt; is the shear modulus of the core ang the
thickness of the skin. The maximum deflectidnis calculated experimentally by the three-
point bending test, the only unknown is the sheaduusG.; which is calculated by putting
Equation (5.5) in Equation (5.3). The obtained é&guais only valid for the beginning of the
bending tests when the deflection is relatively Ibmad in fact is used only to evaluate the
shear modulus.

The aim of the bending tests is to calculate thieodiplane shear moduluS, of the fiber
entangled sandwich materials. It can be seen frenfdrce-deflection curves in Fig 5.7 that
despite the complex nature of the fabrication psecthe results of the three heavy as well as
the three light specimens show a relatively goauetation. In case of the heavy specimens,
the first damage in the skin appears around thedrd mark, whereas for the lighter
specimens the first damage signs are after 10 mraddlition, lesser force is required in the
case of the light specimens to crack the skin. &aherage shear modulus for the heavy
specimens is 10 MPa, and for the light specimeds\ifa.

-160

—Heavy Specimen 1
——Heavy Specimen 2
—Heavy Specimen 3
-120 Light Specimen 1
—Light Specimen 2
—Light Specimen 3

-80 +

Force (N)

-40 |

Appearance of first
damage in the skin

0 2 4 6 8 10 12
Deflection (mm)

Figure 5.7 Force-deflection curves measured under three-pbamding tests for the two
types of fiber network sandwich specimens. Theappee of the first damage in the skins is
indicated
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The values of the elastic and shear modulii aresidenably low from a structural strength

point of view. It is important to underline hereaththe entangled sandwich beams are
designed for specific applications only. The maiea behind the fabrication of these
sandwich specimens is to have a material having glaonping characteristics even if it does
not possess high structural strength.

5.1.3 Dynamic Characterization of Long Carbon Entangled @ndwich
Beams

Vibration Tests

Vibration tests are carried out on the carbon egieahsandwich beams by following the same
procedure as of the composite laminate beams ipt€h& in Section 3.2.1. Vibration tests
shall be carried out by only burst random excitatio case of carbon entangled sandwich
beams because at the time of tests the Ideas B&iersywas not available in order to
perform vibration tests with sine-dwell excitatiomhe center of the carbon entangled
sandwich beam is excited at Point 17 as showngrbH.

. .O. .O- 1ZQ> .O. .O. . 50mm

2{ImmI

°
23 33
«—> —
40mm 40mm _
480mm
®  Measurement Points <O> Excitation Point

O Position for 2 impacts O + O Position for 4 impacts
Figure 5.8 Entangledtest beam with location of damage, excitation aeasarement points

The modal parameters extracted from 33 high quéigguency response functions with the

help of Polymax algorithm integrated in the LMS alaicquisition system, are presented in

Table 5.3.

Table 5.3 Modal parameters comparison for the light and hewalgration test beams
fabricated from the small and large mold (150 Kbfitver core density)

Type of Beam No Beam Natural Frequencies (Hz) Damping Ratios (%)
Beam Weight (g)
1st 2nd 3rd 4th 1st 2nd 3rd 4th
Mode Mode Mode Mode Mode Mode Mode Mode
1 124.1 222 652 1069 1550 0.33 0.38 0.62 1[23
Heavy 2 116.0 189 506 947 1493 046 0.69 120 1|26
(Large Mold) 3 118.6 202 562 981 1428 055 0.64 1.03 1)12
4 126.4 230 632 1107 1673 0.69 0.79 135 112
5 98.0 160 349 701 1217 275 329 2,65 1)59
6 93.0 140 295 636 1160 3.31 2.18 3.98 125
(Large Mold) 7 94.7 145 311 680 1179 3.63 2.98 2.53 0/93
8 94.5 144 320 681 1171 3.62 259 228 110
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As discussed before, the difference in weight betweach of the four heavy and light beams
is due to the fact that with the currently avaitafdbrication technology it is difficult to spray
the resin equally on the fibers. This differencewright is also evident in the natural
frequencies of these beams (Table 5.3). The heaamb4 and the light beam 5 have
comparatively high natural frequencies due to tihemng relatively heavier in weight than the
rest.

In case of the four heavy beams (Beams 1-4), teeage natural frequency for the first mode
is 211 Hz with a standard deviation of 18 Hz. Thainmreason for this dispersion is the
uneven spray of resin on the fibers. So vibratesis have been used here as a diagnostic tool
in order to verify the quality of the fabricationogess.

On the other hand, the light beams (Beams 5-8)gsssbetter damping characteristics
because lesser amount of resin increases theofridietween the carbon fibers in the
sandwich core (weakening the cross-linking betwiberfibers), which leads to higher values
of damping ratios (Table 5.3). It can be said ttla vibration tests verify the results

previously found by the compression and the bentists, which also underline the softness
of the light beams.

This observation can be further explained by stuglyhe comparison of the sum of frequency
response functions (FRF) for the heavy entangleanbg and the light beam 6 in Figure 5.9.
The resonance peaks for the first four bending mdoileeach specimen are also highlighted.

-40

Heavy Specimen 1 (UD)
——Light Specimen 6 (UD)

-60 F Mode 1

Mode 2

Average Vibratory Level

=z}
=

-100
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120 F e e mm o A e N e e -
&,

Tode 3

Mode 4

=140 1
0 500 1000 1500 2000 2500
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Figure 5.9 Comparison of the Sum of Frequency Response Fan@ieF) for a light (EL1)
and a heavy specimen (EH1) having 150 Rdfiiver core density for the undamaged state
(UD)

An interesting global approach is developed nexbriter to compare the average vibratory
level of the specimens. The average vibratory levehlculated by taking the average of the
amplitude (in dB) of the sum of the frequency resmfunction for each specimen. The sum
of the frequency response functions can be comparedll the vibration test specimens in
this thesis, as same number of measurement p8Bfhé&s been chosen i.e. symmetricity has
been respected for all the specimens.
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It can be seen in Figure 5.9, that the resonanakspef the heavy specimen are more pointed
and possess higher amplitude than the light specimibe resonance peaks of the light
specimens are comparatively rounded specially &6ffHz. The average vibratory level
(AVL) is also compared for the two types of speansieand it can be seen that the light
specimens possess on average 15 dB lower ampthiaddhe heavy ones.

From Fig 5.9, it can be inferred that the differenn the natural frequencies between the
heavy and light specimens signifies a loss in igidvhereas the change in vibratory level
signifies a reduction in the amplitude of vibratidrhe percentage change in frequency and
the change in vibrational level between the fouavyeand four light vibration test specimens
(150kg/nT fiber core density) for the first four bending nesdare calculated with the help of
Equations 5.6 and 5.7, and the resulting valuetaadeut in Table 5.4.

fy (k) = f, (k)

Change in frequenc{Af) = f 00
H

(5.6)

where fi(k) is the average frequency for the four heavynteéBeams 1-4) for theskmode
and likewise f(k) is the average frequency for the four light lheaBeams 5-8) for thepk
mode

Change in vibratory levelAa) = a,, (k) —a, (k) (5.7)

whereay(K) is the average amplitude in dB for the four hebeams for théy, mode and
a (k) is the average amplitude in dB for the four ligeams for thé;, mode

Table 5.4 Change in frequency and vibrational level for tihghi and heavy entangled
sandwich beams for the first four modes

Mode 1 Mode 2 Mode 3 Mode 4
% Change in Frequencf 301% 457% 343% 23.1%
Change in Vibratory LevelA@) 10.1dB 13.7dB 17.9dB 17 dB

Table 5.4 shows that the average change in frequércthe first four bending modes
between the light and heavy specimens is approrin@&3 %. As the decrease in natural
frequency signifies a loss of rigidity, therefotecan be concluded that the lighter specimens
are less rigid than the heavy ones.

5.1.4 Impact Parameters of Carbon Entangled Sandwich Beam

In case of the impact tests, the apparatus exglam8ection 3.2.2 shall be employed. Impact
tests shall only be done by clamping all four entishe beam-type specimens. As impact
tests are carried out the first time on entangkad®ich materials, so a simple case with
symmetric impacts is chosen. These impact poingsshiown in Fig 5.8. The entangled
sandwich specimens have three states. First otieeisndamaged state (UD), the second is
the damage state due to two impacts (D1) and thekiththe damage state due to four impacts
(D2). Vibration tests are carried out on the fonta@gled sandwich beams after each of these
three states, which is the standard operating groeeof this thesis.

130



The carbon entangled sandwich beams like all atpecimens in this thesis are impacted by
taking into account the barely visible impact daméamit (BVID). Unfortunately, very little
scientific literature can be found related to impasting of entangled sandwich materials, so
two test beams from each of the four heavy and light specimens (Table 5.3) are used for
trial impact tests, in order to determine the BM#vels. The impact energies are chosen in
such a way that the heavy and light beams havedhee level of damage. In general, two
levels of damage are studied in this studied

» Barely visible impact damage (0.6-0.8 mm of indéata measured just after the
impact)

» Damage not apparent on the surface (0.1-0.2 mmdeiitation measured just after the
impact)

These trial impact tests revealed that in caséhefhieavy specimens, impact energy of 8 J
corresponds to the BVID limit. However, in casdight specimens, they have to be impacted
at 12 J in order to induce damage correspondiriga@VID limit. As discussed previously,
that sometimes damage that is not visually appanenhe surface can prove quite detrimental
to the load bearing capacities of sandwich strestulherefore, during the trial impact tests
on the heavy and light entangled sandwich specipansdentation depth of 0.1-0.2 mm is
found to be undetectable through visual inspectidms indentation depth corresponds to
impact energy of 6 J in case of heavy specimensahfibr the light ones.

After the trial impact tests, two remaining speans®f each heavy and light specimens are
used for the real impact and vibration tests. Thspseimens with reference to Table 5.3 shall
be referred to in the future discussions as follows

* Heavy beam 4 shall be referred to as Entangled ygztd1)
* Heavy beam 1 shall be referred to as Entangled yHgzd2)
* Light beam 7 shall be referred to as Entangled . {§h1)
* Light beam 5 shall be referred to as Entangled .{j§h?2)

Each specimen is impacted at four different po(fig 5.8), but the impact energy level is
kept the same for each of the specimens. The tawyhgpecimens are impacted at 6 J (0.1-
0.2 mm indentation depth) and 8 J (BVID limit), wbas the two light specimens are
impacted at 8 J (0.1-0.2 mm indentation depth) Ehd (BVID limit). The impact parameters
for the two heavy and two light entangled sandwsglecimens studied in this section are
listed in Table 5.5. The data obtained during ttugdveigh impact tests is shown in Fig 5.10.

Table 5.5Impact test parameters for the carbon entangledingah beams

Beam Name Energy of  Height Indentation just Velocity of impact
Impact (J) (mm) after impact (mm) Measured (m/s)
Entangled Heavy 1 (EH 1) 6 331.8 0.1-0.2 2.49
Entangled Heavy 2 (EH 2) 8 (BVID) 442.3 0.6-0.8 2.83
Entangled Light 1 (EL 1) 8 442.3 0.1-0.2 2.83
Entangled Light2 (EL2) 12 (BVID) 663.5 0.6 80. 3.52
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Figure 5.10Impact test data (a) force-time (b) force-displaeain

Four similar impacts have been performed on eaelisgn. However, in order to clarify
these plots, only one impact test result for egocisnen is plotted. As for the previous
impact tests, all the impact curves presented gn5F10 are filtered at 15 kHz. In Fig 5.10 a,
the impact forces are drawn as a function of tirneing) impact tests. These curves are
globally smooth and almost sinusoidal at low impexergy, with little oscillation due to
natural frequencies of the panel. They show an rapb force signal fall followed by
oscillations which is characteristic of delaminatimnset. This phenomenon is more
prominent for higher impact energies. The forcgldisement plot (Fig 5.10 b) shows the
same force signal peak as soon as the delaminh&gms. These curves also give us an
indication about the static strength of the heamy &ght entangled sandwich specimens.
They underline the facts that as the light specsnare less dense having less resin as
compared to the heavy ones, so in order to attak orce or maximum energy, more time
and displacement are required. The results of thgcstests (compression and bending)
carried out on the heavy and light specimens haen laiscussed in detail in the previous
section.

5.1.5 Monitoring of Impact Damage in Long Carbon Entangled Sandwich
Beams through Frequency and Damping Changes

Monitoring of the impact damage in the entangleadgach specimens is carried out through

frequency and damage changes as in case of theosdmpaminates and honeycomb

sandwich beams. The impact toughness of entangledwsch beams can also be evaluated
by the decrease in natural frequency (global patantd a structure) which signifies loss of

rigidity. Frequency and damping are the global peters of the entangled sandwich beams,
and are extracted from the measurements carriecdbouhe 33 measurement points. The
frequency and damping changes are studied withelg of bending modes as they have the
largest amplitudes for the type of test configunatpresented in this thesis. For the first four
bending modes, the variation of damped naturaluaqy as a function of the undamaged
(UD) and the two damage states (D1 and D2) is pteden Fig 5.11.

Fig 5.11 shows a dispersion in the natural freqiesnbetween the two heavy (EH 1 and 2)
and the two light specimens (EL 1 and EL 2) atuhdamaged state. Each of the two heavy
and light entangled sandwich specimens is fabricitem the same mold. However, this

dispersion is a result of the differences in weifhdbles 5.3 and 5.6) which as outlined

previously, is due to the uneven distribution af thanually sprayed resin which highlights

the complexity of the fabrication process.
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Figure 5.11Variation of damped natural frequencies with damatges for (a) 1st bending
mode, (b) 2nd bending mode, (c) 3rd bending modk (d@h 4th bending mode: UD is
undamaged state, D1 is damaged at 2 points of imgad D2 is damaged at 4 points of
impacts, for the four entangled sandwich specimens

As discussed previously, that damage in the entdngpecimens prompts a decrease in
natural frequencies. So from Fig 5.11, it is clésat the decrease in the natural frequencies for
both the heavy and light specimens is more prontimenase of the higher impact energies
i.e., 8 J in case of the heavy (EH 2) and 12 Jasef the light specimens (EL 2). But the
interesting fact is that, for the heavy specimeH (g impacted at 6 J which does not produce
a visible damage on the surface, the average chanfgequency for the first four bending
modes between the undamaged and the damaged sa$e$oi Similarly, for the light
specimen (EL 1) impacted at 8 J this change inuiaqy ratio is 13 %. So it can be seen that
the damage not visually apparent can affect theatnoarameters resulting in a certain loss of
rigidity. Therefore, vibration testing can be afeefive tool to carry out non destructive tests
for structural health monitoring purposes.

The shift in the natural frequencies between théaomaged and the damaged cases is more
prominent at higher frequencies as was the caserdoehe composite laminates and the
composite sandwich beams. This is evident in Fig Swhich shows a comparison of the sum
of the frequency response functions (FRF) for tinéamgled sandwich specimen EH 2
(impacted at 8 J) for the undamaged case (UD), dachat 2 points (D1) and damaged at 4
points (D2). The sum of the FRF can be comparefdrasach entangled sandwich beam 33
symmetric measurement points have been chosen fendotr impact points are also
symmetric on both sides of the two major axes ofiragtry. . In Fig. 5.12, the peaks around
800 Hz between the'®and 3 bending modes, correspond to the torsion mode.

Furthermore, the damping ratios estimated by Patyaigorithm for the two heavy and two
light entangled sandwich specimens for the first flending modes are shown in Fig 5.13.
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state, D1 is damaged at 2 points of impact and ©@amaged at 4 points of impacts, for the
four entangled sandwich specimens
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In case of damage, it can be inferred from Fig & the damping increases with the
increase in damage in the entangled sandwich bdaoa be noticed that with the exception
of the 4" bending mode (Fig 5.13 d), the change in dampatig between the undamaged and
the damaged states for the two heavy specimensl(Bitl EH 2) is smaller as compared to
the two light specimens (EL 1 and EL 2), which shaWwat the light specimens are more
sensitive to damage than the heavy ones.

The affect of damage on the frequencies and damaitigs can be further elaborated by
studying the frequency and the damping changesréigdween the undamaged (UD) and the
damaged cases (D1 and D2) for the two heavy andtvtioelight entangled sandwich
specimens, presented in Table 5.6.

The percentage change in frequency and dampingsraetween the undamaged and the
damaged cases is calculated with the help of Bopus6.8 and 5.9:

fUD (k) - fDl(k)

Change in frequency between UD and [Af) =
fup (K)

(5.8)

ZDl(k) B ZUD (k)
ZUD (k)

Change in damping between UD and DAf) = (5.9)

wherefyp(k) is the damped natural frequency for the undamagedimen for thd, mode
and fpi(K) is the damped natural frequency for the specim@magied at two impact points
(D1) for theksy mode. Nomenclature in case of Equation 5.9 isstmme. Furthermore, in
order to calculate the frequency and damping chaaties between UD and D2 the same
procedure is used.

Table 5.6 Frequency and damping change ratios between themagked (UD) and the two
damaged states (D1 and D2) for the two heavy (EhtllEEH2) and the two light (EL1 and
EL2) entangled sandwich specimens

Type of Specimen Between Frequency Change Ratios Damping Change Ratios
Specimen Weight (g) States (%) (%)
1st 2nd 3rd 4th 1st 2nd 3rd 4th
Mode Mode Mode Mode | Mode Mode Mode Mode
UD and D1 4.2 2.4 4.8 2.0 7.0 2.2 9.5 31.3
EH1 (6J) 127 UD and D2 8.8 5.6 11.3 4.7 239 159 19.7 473
UD and D1 9.1 2.9 7.6 6.1 10.1 9.2 14.1 19.6
EH2 (8J) 124 UbandD2| 161 7.9 124 107 405 276 330 308
EL1 (8J) 95 UD and D1 7.9 9.7 14.6 7.0 24.1 11.4 16.1 20.7
UDband D2| 18.7 120 217 128 86.1 29.2 394 4p5
UDand D1| 18.2 9.9 17.2 9.3 85.1 153 159 328
EL2 (12J) 9  UDpandD2| 297 188 273 170 1090 386 869 47.4

For all the four entangled sandwich beams studteckn be seen from Table 5.6, that the
damping change ratios are more prominent thanrdguéncy change ratios, as it was found
previously in case of composite laminate and hooeyr sandwich beams. The maximum
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damping change ratio is 109.6 % and the maximuuiacy change ratio is 29.7 % which
occur in the case of EL 2 specimen impacted at It2Z&n concluded from the above results
that damping seems more sensitive to damage tlanatural frequency variations even in
the case of entangled sandwich materials. Soréasonable to assume that damping may be
used instead of natural frequency as a damageaitoditool for structural health monitoring
purposes. However, the fact that damping is a petemthat is relatively difficult to estimate
as compared to natural frequency has to be takeragtount.

Furthermore, if the frequency and damping changesrare compared for the two heavy and
light specimens (EH 2 and EL 2) impacted at the BVinits i.e., having the same damage
(0.6 — 0.8 mm indentation depth), it can be seemfiTable 5.6 that the change in modal
parameters is more significant in case of the legitangled specimen. This shows that even if
the same level of damage (BVID) is imparted to ttve specimens, the lighter specimens
seem to be more affected. Similarly, by comparhmg tteavy (EH 1) and the light entangled
specimen (EL 1) having the same lower level of dgnthat is not visible (0.1 — 0.2 mm
indentation depth) in Table 5.6, it is evident tagain the light specimen (EL 1) is seen more
sensitive to damage than the heavy one. The ordgpion is the damping change ratio for
the 4" bending mode, which is higher in case of the hespecimen.

So overall, it can be concluded that the light speas having lesser amount of resin possess
good damping capabilities as seen in Fig 5.13 abeitmore sensitive to impact damage than
the heavy ones, even when they have the same ambdammage. Therefore, while selecting
the application of these light entangled sandwictemals, their sensitivity to impact damage
should be taken into consideration. The vibratiesutts also prove that the damage is more
localized in the heavy specimens as they are danseature as compared to the light
specimens, which results in smaller variations addel parameters in case of heavy
specimens. Furthermore, the damage in light spednseless restricted to a certain zone and
thus the light specimens are more globally affethed the heavy specimens.

5.1.6 Drawbacks of the Study on Long Carbon Fiber Entangdd
Sandwiches and Proposed Modifications

The major drawbacks of relatively long entangledidsach specimens (480mm length)
studied in Section 5.1 are as follows:

* Due to the length of the beams (480 mm), distrdoubf fibers and the resin is not the
same at every point along the length of the beanth e current technology the
resin is sprayed manually with the help of a sgam, so if the volume of the beam is
large so there is a possibility that all the fibet not have the same quantity of resin.

* The second principal discrepancy of the study &, tlearbon entangled sandwich
specimens being a relatively new material, theatist(compression and bending),
dynamic (vibration and) and impact behavior is ooinpared with that of standard
sandwiches e.g., with honeycomb and foam cores.

* The third drawback was that only carbon fiberssaoelied.

In the next section (Section 5.2), the above maertiodrawbacks shall be tried to be rectified
as follows:
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» Entangled sandwich beams of shorter length (250 instead of 480 mm) shall be
fabricated with both carbon and glass fibers, ideorto have beams with a more
homogeneous distribution of fibers and resin.

* Honeycomb and foam core sandwiches of similar §pations shall be fabricated in
order to compare the performance of entangled sahdWweams with existing
sandwiches.

5.2 Damage Monitoring in Short Entangled Sandwich Beaméy
Modal Parameter Shifts

As discussed previously, in this section, relagiveialler entangled sandwich beams are
fabricated and their performance compared withdgtech honeycomb and foam sandwiches.
But one point needs clarification here, that theppsed entangled sandwich specimens are
currently in the phase of research and are notnshid article as yet. Therefore the
mechanical behavior of these sandwich materials camapared for now with standard
sandwich beams with honeycomb and foam cores @nige further expertise is developed in
fabricating entangled sandwich specimens, theirhaical behavior especially damping
capability and impact toughness shall be compaiigd imnovative sandwich specimens such
as multi-layered sandwiches with viscoelastic coB&s fabric sandwich structures including
glass fibers in the thickness directions, thermstpiacored sandwiches etc discussed
previously in the literature review section 1.6.

5.2.1 Materials and Fabrication Procedure

Six types of sandwich beam specimens are studiddsrsection of shorter lengths (250 mm)
as compared to carbon entangled beams in SectlomBe main emphasis however shall be
on the two entangled sandwich beams with carbongiass fibers as core materials. As
discussed previously, the honeycomb and foam sahdlweams are only presented for
comparison purposes, as the entangled sandwichiiatditeing a relatively new material is in
the phase of extensive research at this momentefidie comparison with standard sandwich
beams is essential in order to evaluate the pedocen of entangled sandwich materials. The
six types of sandwich test beams are shown in Hig.5

Entangled Sandwich Honeycomb Sandwich  Foam Sandwich Foam Sandwich  Honeycomb Sandwich Entangled:
Beam Beamn Beam g Haam Fenm R =

Figure 5.14The six sandwich beams tested in this section (ajtltarbon prepregs and (b)
glass woven fabric as skin materials
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Three of the six types of sandwich beams have glgdrcarbon fiber, honeycomb and foam
as core materials. For the skin, carbon-fiber/epmepregs of T700/M21 are used as before
in Sections 4.2.1 and 5.1.1 having similar thiclen@sd stacking sequence.

The other three sandwich beams have entangled fijess, honeycomb and foam as core
materials. The skins of these three sandwich bemmsnade of glass woven fabric 20823
supplied by Hexcel composites as well. The glasgenwdabric is impregnated with the help

of epoxy resin. The epoxy resin SR 8100 and impechiardener SD 8824 are used provided
by Sicomin. The upper and lower skins consist af phies each with a total thickness of 0.5

mm containing 50 % of resin. The thickness of tkiasin case of glass woven fabric is kept

similar to carbon fiber skins. The sandwich beamcspens are fabricated using an autoclave
and an aluminum mold. The skin and the core aredcaimultaneously in order to have an

excellent bond. The physical properties of theglasven fabric are set out in Table 5.7.

Table 5.7Properties of glass woven fabric used as skinasggbandwich beams

Properties Value
Elastic modulus in the longitudinal direction, JE 23000 MPa
Elastic modulus in the transverse directiop) (E 23000 MPa
Shear modulus (G) 2900 MPa
Poisson ratio 0.098

The honeycomb and foam cores can be selected frovidex range of metallic and non-
metallic honeycomb cores and a variety of non-rlietkbams. The honeycomb sandwich
beams in this thesis are made of Nomex-aramid roamely core (HRH 10) supplied by
Hexcel composites. The honeycomb core has a nonselhlsize of 6.5 mm and a core
thickness of 10 mm, similar to that used to faliacthe honeycomb sandwich beams in
Section 4.2.1. The mechanical properties of theelilommb core used are given in Table 4.2.

In case of the foam sandwich beams, the foam casealso a thickness of 10 mm and is
provided by Rohacell (51 A). Mechanical propertiéshe foam core is given in Table 5.8.

Table 5.8Properties of foam core (Rohacell 51A)

Properties Value
Density 52 kg/m
Tensile strength 1.9 MPa
Compressive strength 0.9 MPa
Elastic modulus (traction) 70 MPa
Shear strength 0.8 MPa
Shear modulus 19 MPa
Elongation at break 3.0%

The properties of the carbon and glass fibers usede core of entangled sandwich beams
are presented in Table 5.9. Same type of carbansfiare used as before in Section 5.1.1 for
the fabrication of long carbon fiber entangled s@ict beams.
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Table 5.9Properties of carbon and glass fibers used inahe af entangled sandwich beams

Properties Value
Type of carbon fiber HTS-5631
Length of glass fiber 10 mm
Diameter of carbon fiber fm
Elastic modulus of carbon fiber 240 GPa
Type of glass fiber Type E
Length of glass fiber 10 mm
Diameter of glass fiber 1dm
Elastic modulus of glass fiber 73 GPa

The fabrication of honeycomb and foam sandwich Iseamall not be explained as the
fabrication process is simple and very well knowhe fabrication of entangled sandwich
beams is similar to that explained previously imstichapter. A fiber core density of
approximately 150 kg/fris chosen as previously for the entangled sandwick in case of
both carbon and glass fibers. In case of the glasdwich beam, the core has 26 g of glass
fiber and 17 g of epoxy resin approximately. Fa ¢tlarbon sandwich beam, the core has 30 g
of glass fiber and 22 g of epoxy resin approximatéhe final dimension for these six types
of smaller sandwich beams is 250 x 50 x 11 mm.

This time the effect of fiber length in the entadylsandwich core shall also be studied. For
this purpose, two types of glass fiber entangledlaéch beams are fabricated having glass
fiber lengths of 10 mm and 15 mm for the core.

As discussed previously in Section 5.1, the enthgsandwich beams have to be
characterized both statically and dynamically befiurther use. So for this purpose the glass
entangled sandwich beams (10mm and 15mm corel&hgth) and the honeycomb and foam
sandwiches with glass skins (Fig 5.14 b) shallitst fested by compression and bending tests
for the static characterization and then by vibratesting for dynamic characterization.

Furthermore the carbon fiber entangled sandwichmbead the honeycomb and foam

sandwiches with carbon skins (Fig 5.14 a) shaly &a studied for the impact toughness later
on. As carbon entangled sandwiches have already lobaracterized statically and

dynamically before in Section 5.1, so for the sakelarity only glass fiber specimens (Fig

5.14 b) shall be studied for the static and dynarharacterization.

5.2.2 Static Characterization of Glass Sandwich Beams

Compression and Bending Tests

Same procedure is used for the compression andrigetesbts as in case of the long carbon
entangled sandwich beams in Section 5.1.2. Thétresthe compression test carried out on
the three types of glass sandwich beams is shoWwiyib.15.
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Figure 5.15Compression stress/strain curves for the entan@@&dmm and 15 mm fiber core
length), foam and honeycomb sandwich specimenszddraed view shows the linear-elastic
phase used for calculating the elastic modulus

Fig 5.15 shows a typical stress-strain curve okthinom the quasi-static compression tests,
carried out on the sandwich specimens with honecdoam and entangled glass fiber cores
(10 mm and 15 mm fiber length). Three specimensawh type of sandwich material are
tested but for the sake of clarity, we only presesults for a single specimen in case of
honeycomb and foam sandwich materials, and twoirsiees each in case of the entangled
sandwich materials with 10 mm and 15mm glass fiegths (Fig 5.15).

The compressive modulus is computed based on tearlelastic phase by the method
presented in [104,144]. In the case of honeycombs;dhe calculation of the compressive
modulus is done without taking into account theropells at the four ends of the 30 x 30 x 11
mm specimen. These open cells buckle under loading do not contribute to the
compressive modulus [143]. Thus the calculatioescarried out based on an effective area of
approximately 25 x 25 mhinstead of the original area 30 x 30 fam

It can be seen that the overall behavior in congioesis considerably identical for the two
types of entangled sandwich specimens having @ilaesslengths of 10 mm and 15 mm. The
densification for all the entangled specimens starbund the 60 % strain mark. However if
the curves are analyzed more closely (zoomed viewig. 5.15), it can be seen that an
elastic-linear part exists in case of the 10 mrerfilength entangled sandwich specimens, but
this elastic-linear part is non-existent in theecabentangled sandwich specimens with 15mm
length fibers in the core. The reason for thishis drientation of fibers in the specimen as
shown in Fig 5.16.
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(a) 30

() (d)

Figure 5.16Cross-section view of specimen showing the oriemtatf fibers, (a) 10 mm fiber
length entangled sandwich specimen, (b)15 mm fdregth entangled sandwich specimen.
Schematic view explaining the orientation of fib@)s10 mm fiber length entangled sandwich
specimen, (d) 15 mm fiber length entangled sartdspecimen

For the 10 mm fiber length entangled specimensfibegs are situated in both the x and y
directions, but in case of the 15 mm fiber lengtitaagled specimens, glass fibers in the y-
direction are very sparse. The reason may be rtha ientangled core better fiber orientation
occurs if the length of the fibers is equal to arafier than the thickness of the core, as
discussed in reference [104]. This is the mainaeaghy fibers in the entangled core have a
more multi-direction orientation in case of 10 mimef lengths as compared to 15 mm fiber
lengths. As the load during the compression testépplied in the y direction, it is evident that
the compressive modulus for the 15 mm fiber lergplcimens is very hard to calculate
(absence of linear-elastic phase), as the specilmaresvery low resistance in the y direction
due to lack of glass fibers.

The compressive modulus for the 10 mm fiber lemgttangled specimens calculated from the
linear-elastic phase is 3 MPa. For the foam amepoomb sandwich specimens, the linear-
elastic phase is much more prominent when comparéte entangled sandwich specimens.
The compressive modulii calculated from the comgogstests are presented in Table 5.10. It
can be seen that the compressive modulus for thengled sandwich materials is much

smaller than standard sandwich materials with hooveNp and foam cores.

Table 5.10 Compressive modulus of the honeycomb, foam andnglgd material cores
calculated from the compression tests

Properties Value
Compressive modulus for honeycomb core 64 MPa
Compressive modulus for foam core 43 MPa
Compressive modulus for 10 mm glass fiber lengthregied core 3.0 MPa

| Compressive modulus for 15 mm glass fiber lengtaregled core - |
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Figure 5.17 Force-deflection curves measured under three-pdiending tests for the
entangled (10 mm and 15 mm fiber core length), faach honeycomb sandwich specimens.
The appearance of the first damage in the skingdisated

Fig 5.17 shows a typical load-deflection curve ol#d under static three-point bending
(support span of 80 mm), on the three types of\watdmaterials studied in this section. In
case of honeycomb and foam sandwich materials;defldction curve for a single specimen
is presented whereas in the case of entangled saémdpecimens, results are presented for
two specimens for each 10 mm and 15 mm fiber cemgth entangled sandwich materials.
An initial crushing phase occurs for all specimempsto a deflection of 1mm due to skin
thinness. In case of the foam sandwich specimeferdiit key features can be clearly
identified. The initial linear-elastic behavior {po®) is followed by an elasto-plastic phase
until a peak value is reached (po@@}, after which the load decreases, initially maikexhd
then more smoothly (poin® and ®); during this phase energy is mainly dissipated by
indentation with the formation of hinges within theper face adjacent to the indenter, and by
compressive yielding of the underlying core.

For the honeycomb sandwich specimen, the loaddfies the peak value (poid®) is much
more evident (poin®) due to core shear failure. Afterward (po@tand®) the load remains
almost constant. In case of the entangled matettesbehavior is a bit different. For the four
entangled sandwich specimens (two 10 mm fiber leragtd the two 15 mm fiber length
specimens), the first damage in the skin occursiretol8 N. After this phase, the load
increases up to the 4mm deflection mark, and thetecomes constant due to the
densification of the glass fibers in the core. Thason of this densification is the higher
density of the glass fibers in the core of the egiied sandwich specimens (200 kg)ras
compared to that of honeycomb (30.5 ki)/rand foam (51.5 kg/M sandwich cores. The
shear moduli calculated from the three-point begdasts are presented in Table 5.11.
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Table 5.11Shear modulus of the honeycomb, foam and entangbgdrial cores calculated
from three point bending tests

Properties Value
Shear modulus for honeycomb corg G 12 MPa
Shear modulus for foam core 22 MPa

Shear modulus for 10mm glass fiber length entangted 9 MPa
Shear modulus for 15mm glass fiber length entangted 5 MPa

Table 5.11 shows that the standard sandwich spasiméth honeycomb and foam core
materials possess better shear strength when cechfmthe entangled sandwich specimens.
In order to improve the shear modulus in case ef éimtangled specimens, a certain
percentage of the glass fibers in the core shoeldpllaced in the = 45° direction, but
unfortunately with the fabrication method proposedhe thesis, that is not possible. For the
entangled sandwich specimens, we think that tharsidulus G is homogeneous in the
plane (it remains to be verified), so we shall canepit with that of the honeycomb in the
width direction only (G;) due to its smaller value (Table 4.2).

As in the case of compression tests, the computddes of the shear modulus for the
honeycomb and foam sandwich specimens show a gowodlation when compared with
those presented in Tables 4.2 and 5.8, providatidoynanufacturers. However, the difference
in the shear moduli between the two types of eréahgandwich specimens is also due to the
orientation of fibers as discussed above and showig 5.16.

5.2.3 Dynamic Characterization of Glass Sandwich Beams
Vibration Tests

The dynamic characterization of glass sandwich Ise@ncarried out with the help of
vibration tests. The aim is to find out the dynanparameters (natural frequency and
damping) in order to compare them with those ofdygsomb and foam sandwiches. As
before, the vibration tests are based on the axjartal methodology previously explained in
Section 3.2.1.

For the dynamic characterization, the vibrationstégmve been carried out on the three types
of glass sandwich beams i.e., honeycomb, foam d&ask diber entangled materials with
10mm and 15mm fiber length as core, with burst oamexcitation only. The aim of using
both the burst random and sine-dwell testing is rwtiee beams are damaged, in order to
compare the damping results. For the undamaged basie burst random and sine dwell
testing give the same damping results, therefohe lourst random testing shall be used. In
case of the shorter sandwich beams, the centgcited at Point 14 as shown in Fig 5.18.
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Figure 5.18 Sandwich test beams with location of the two impeehts, 27 measurement
points and one excitation point (Point 14)

Two specimens of each type of material are teSikd.modal parameters extracted from 27
high quality frequency response functions with liedp of Polymax algorithm integrated in

the LMS data acquisition system, are presented dhlel 5.12 along with the specimen

weights. The difference in weights observed betwtd®nspecimens is due to the uneven
distribution of resin in skins and in the core ¢ase of the entangled specimens).

Table 5.12 Comparison of modal parameters for the honeycoroamf and entangled
sandwich specimens

Type of Beam Beam.No Weight (g)| Natural FrequencfHz) | Damping Ratio (%)
1st 2nd 3rd 1st 2nd 3rd

Mode Mode Mode | Mode Mode Mode
1 22.6 552 1092 1974 049 0.39 0.50
Honeycomb 2 23.4 560 1092  1994| 052 0.44 0.62
Foam 1 26.2 540 1025 1970 0.36 055 0.40
2 25.6 535 1023 1950 0.35 046 0.46
Entangled 1 49.7 403 1201 1799 054 0.72 0.95
(20 mm) 2 51.6 407 1240 1826 0.56 0.83 0/79
Entangled 1 50.7 308 1166 1622 0.81 1.75 1.77
(15 mm) 2 49 306 1199 1678 0.83 1.89 215

Table 5.12 shows that the natural frequencies antpthg ratios for the honeycomb and foam
sandwich specimens are quite similar; the only ptiee is the damping ratios for thé and

3 bending modes. The compression and bending tedeslined that the 10 mm fiber length
entangled sandwich specimens have higher compeeasy shear moduli as compared to the
15 mm fiber length entangled sandwich specimenbléEeb.10 and 5.11). The better strength
of 10 mm fiber length entangled sandwich specinears also be proved with the help of
vibration test results by comparing the naturayjéiencies of the 10 mm and 15 mm fiber
length entangled sandwich specimens in Table 5.12.

It can be seen that the 10 mm fiber length entahgendwich specimens possess higher

natural frequencies, thus proving that they areemugid than the 15 mm fiber length
entangled sandwich specimens. Furthermore, it @aoldserved from Table 5.12, that the
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entangled sandwich specimens have higher dampitigsras compared to standard
sandwiches with honeycomb and foam cores. Howetvbgs to be clarified that enhanced
sandwich structures with better damping charadtesiexist as discussed previously, but this
section deals only with the static and dynamic ati@rization of glass entangled sandwich
specimens and their comparison with standard hamlyand foam sandwiches. Comparison
with enhanced sandwich structures e.g., honeyc@nbfveiches with viscoelastic layer, etc is
not in the scope of this work and shall be dulystdered in future works.

The vibration test results can be further analygdstudying the changes in the damping
ratios, average vibratory levels (AVL) and specimanghts. These changes for the entangled
sandwich specimens (10 mm fiber length) and theaxfaad honeycomb sandwich specimens
are calculated with the help of Equations (5.1®bdnd the resulting values are shown in
Table 5.13.The comparison between the other miésiaarried out in similar fashion.

Change in damping ratigA¢) = EE“;?_A (5.10)
H.F

where &_,,is the average damping ratio in case of the twamtd fiber length entangled
specimens for the first four bending modes afmq is the average damping ratio in case of

the two honeycomb and two foam sandwich specimanthé first four bending modes. The
honeycomb and foam results are presented togetherder to simplify the comparisons
between the various types of materials presentedisnsection and also because their modal
parameters and weights are quite similar (Tabl8)4.2

Change in average vibratory levéla=a. , -a, . (5.11)

where a.,, is the average amplitude in dB of the sum of tkeguency response functions for
the two 10 mm fiber length entangled specimensli&edise, a,, . is the average amplitude

in dB of the sum of the frequency response funstifum the two honeycomb and two foam
sandwich specimens.

. . _ WElO _WH,F
Change in weight(AW) = W (5.12)

H,F

whereW,,, is the average weight (g) for the two 10 mm fileeigth entangled specimens and
likewise, WH,F is the average weight (g) for the two honeycomt amo foam sandwich
specimens.
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Table 5.13Comparison of the Vibrational levels, Damping ratend weights between the
sandwich specimens with honeycomb, foam and ergdrghss fibers as cores (+ sign shows
an increase, while — sign shows a decrease)

Change in Change in Change in Weight
Damping Ratio  Vibrational Level

Entangled 10mm versus +60 % 16 dB +96 %
(Honeycomb, Foam)

Entangled 15mm versus +215 % 24 dB +96 %
(Honeycomb, Foam)

Entangled 15mm versus B ) }

Entangled 10mm 97 % 8 dB

The entangled sandwich specimens with 10 mm firegth have (in average for all modes) a
60 % higher damping ratio when compared to honeycand foam sandwich specimens. In
the case of the 15 mm fiber length entangled spaténthis increase in damping ratio is
around 215 % as shown in Table 5.13. On the othedhthe 15 mm fiber length entangled
sandwich specimens have 97 % higher damping reteosthe 10 mm fiber length ones. So it
can be concluded that entangled sandwich specimghgelatively shorter fiber length (10
mm) in the core possess higher structural strebbgtthave lower damping ratios as compared
to entangled sandwich cores with comparatively éorper lengths (15 mm). Therefore, the
entangled sandwich specimens can be manufactumdatg to the choice of the type of
application, i.e., possessing higher rigidity ortté&we damping characteristics. The major
disadvantage of the proposed entangled sandwiatinsges is that they are nearly two times
heavier as compared to sandwiches with honeycormlioam cores.

The comparison of modal parameters between thewsemdspecimens can be further
explained by comparing their sum of frequency respofunctions (FRF) as shown in Fig
1.18 previously in Chapter 1. The sum of the freqyeresponse functions can be compared
for all vibration test specimens, as they havedame dimensions and the same number of
measurement points (27) i.e. symmetry has beerece=p for all specimens. The average
vibratory level for these sandwich specimens is atsmpared. The average vibratory level is
computed by taking the average of the amplitudel@hof the sum of the frequency response
function for each specimen.

It can be seen from Fig. 1.18 that the honeycomth fmam sandwich specimens have
identical frequency response functions (FRF) whielad to relatively similar modal
parameters as shown in Table 5.12. It can alsseba that the 10 mm fiber length entangled
sandwich specimens have in average a 16 dB lowefitadge than the honeycomb or foam
sandwich specimens. In case of the 15 mm fibertheagtangled specimens, this difference in
average vibratory level as compared to the honepcamd foam specimens is 24 dB.
Furthermore, Fig 1.18 shows that the entangledvsi@hdspecimens with longer fiber length
(15 mm) in the core have lower amplitudes thanegheish shorter fiber length (10 mm).

From the compression and bending tests, it is evithat the entangled materials have a low
structural strength and are also heavier as cordp#rethe standard sandwich materials

(honeycomb or foam as core). But on the other hdmese materials possess higher damping
ratios and low vibratory levels which make thentahlie for damping suppression and sound
absorption applications where structural strengthott the main requirement.
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As previously discussed, enhanced sandwich strestwith better damping characteristics
exist, but this presented work deals only with skegic and dynamic characterization of glass
entangled sandwich specimens and their comparistdn standard honeycomb and foam
sandwiches. Comparison with enhanced sandwich tstes e.g., honeycomb sandwiches
with viscoelastic layer, etc is not in the scopetto$ work and shall be duly considered in
future works.

5.2.4 Impact Parameters of Small Carbon and Glass SandwitBeams

The impact tests are carried out by using the apparexplained in Section 3.2.2 previously.

Impact tests are done by clamping all four endhefcarbon and glass fiber sandwich beams
shown in Fig 5.14. These beams are termed smallehey have a length of 250mm as

compared to the 480mm length in case of the cortgpdsminate beams (Chapter 3), the

honeycomb sandwich (Chapter 4) and carbon entarmachs (Sections 5.1). As the beams
are smaller, so they are impacted at only two symmegoints as shown in Fig 5.18.

The small carbon and glass fiber sandwich beangs§Hi4) are also impacted by taking into
account the barely visible impact damage limit (BYIThe idea behind the impact tests is to
damage the specimens below the BVID limit, in ortterdetect by vibration testing the

damage that is not visible through naked eye. Hewen case of honeycomb sandwich
beams, it is difficult to induce the same amountdamage at different points in the same
specimen, even if it is impacted with the same gnée., impacting at the honeycomb cell
center and at the corner leads to different damafjesrefore, it is not possible to have the
same density of damage in the honeycomb sandwiam$eat the two impact points. This

phenomenon is explained by taking the example efcdwrbon honeycomb sandwich beam
impacted at 4 J shown in Fig 5.19. The indentatiepth at the impact point 1 is 0.1 mm due
to impact at the honeycomb cell corner. Whereagnithentation depth at the impact point 2 is
0.5 mm because the impactor head has induced seaerage due to impact at honeycomb
cell center. This phenomenon was explained beforgadl in Section 4.2.2 (Fig 4.11).

(b) ) (©)

Figure 5.19 Dispersion of damage between the two impact pamtsase of honeycomb
carbon beam, impacted at 4 J
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This phenomenon introduces asymmetry in the beawh$ighlights the difficulty in inducing

a global symmetric damage. The impact energy iseman such a way that each sandwich
beam has approximately the same level of damagédemw the BVID limit which is nearly
invisible on the surface. The impact parameterstardndentation depths measured for the
six sandwich beams are listed in Table 5.14. Itl dfe@noticed that the dispersion in damage
between the two impact points is smaller in casthefentangled and foam sandwich beams
as compared to the honeycomb sandwich beams dhe phenomenon explained above.

Table 5.14Impact test parameters of the sandwich beams

Type of Specimen Energy Height Indentation just after Velocity of impact

of Impact (mm) impact (mm) Measured

J) Point 1 Point 2 (m/s)

Entangled Carbon 5 277 0.1 0.15 2.21
Honeycomb Carbon 4 222 0.1 0.5 1.98
Foam Carbon 4 222 0.1 0.2 1.98
Entangled Glass 6 332 0.2 0.15 2.49
Honeycomb Glass 4 222 0.2 0.4 1.98
Foam Glass 4 222 0.15 0.25 1.98

The data obtained during the drop weigh impacstestried out on the six sandwich beams is
presented in Fig 5.20.
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Figure 5.20 Impact test data (a,b) force-time (c,d) force-thspment for the carbon and
glass sandwich beams

Two similar impacts have been performed on eacliw@h beam. However, in order to
clarify these plots, the three glass and threeccadandwich beams are plotted separately and
in addition, only one impact test result for eaplesmen is plotted. All the impact curves
presented in Fig. 5.20 are filtered at 15 kHz toida free frequency of the impactor at about
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20 kHz. In Fig 5.20a and 5.20b, the impact foraesdrawn as a function of time for the six
sandwich beams. These curves are globally smoathaémost sinusoidal at low impact
energy. It can also be seen, from the force-digphmnt plots of both the carbon and glass
sandwich beams (Fig. 5.20c and 5.20d), that dfefitst damage in the classical sandwiches
with honeycomb and foam cores there is a decreastha force signal followed by
oscillations which signifies damage and loss oidity in the material. But in case of both
glass and carbon fiber entangled sandwich beamgs §/20c and 5.20d), after the appearance
of first damage the material continues to rigidifigich is shown by a progressive increase of
force signal. If we speak in terms of energy dig8gn, it can be observed from the force
displacement curves of the honeycomb and foam samdwiches (Fig. 5.20c and 5.20d) that
the energy dissipation seems mostly due to theureptnechanism. However in case of
entangled sandwiches the behavior is differens, piossible that the energy dissipation might
be predominantly due to damping as no oscillationforce signal loss is observed i.e., no
apparent damage signs.

This behavior can also be seen on the stress-stanes of compression tests which are very
classical in scientific literature [106,107]. Coragsion test results in case of standard
sandwiches with honeycomb and foam cores exhihttttiere is a progressive decrease in the
stress level once the maximum elastic limit is iadd. However for the entangled
sandwiches, normally there is a densification phafser the maximum elastic limit which
explains the rigid nature of the entangled sandeschs compared to the honeycomb and
foam sandwich beams tested in this section. Thid nature of entangled sandwich beams is
also verified further ahead in this chapter whem mionitoring of impact damage is carried
out by changes in modal parameters.

As shown in Fig 5.18, the sandwich beams have tates First one is the undamaged state
(UD) and the second is the damage state due tontywacts (D1). Vibration tests are carried
out on the six sandwich beams after each of theeestates. As before the simple case of
symmetrical impacts is studied as no literatur@vigilable regarding impact tests on entangled
sandwich materials. If satisfactory results areaml®d, then asymmetric damage shall be
studied in the future.

5.2.5 Monitoring of Impact Damage and the Evaluation of he Impact
Toughness of Small Carbon and Glass Sandwich Beantkrough
Frequency and Damping Changes

Monitoring of impact damage of the small carbon ghass sandwich beams (Fig 5.14) is
studied with the help of modal parameter shiftas®hall also give us an idea regarding the
impact toughness (resistance against impact) afetheaterials. The impact toughness of
entangled sandwich beams can also be evaluatdtelyecrease in natural frequency (global
parameter of a structure) which signifies lossigifiity. The author wants to clarify here, that
impact toughness is only studied through vibratests and the classical procedure used for
determining the impact toughness i.e., compresstier impact (CAI) has not been
implemented as it is outside the scope of this work

For the first three bending modes, the variationlarhped natural frequency as a function of

the undamaged (UD) and the damage state (D1) éosithsandwich beams for burst random
(BR) and sine-dwell (SD) testing is presented m%R1.
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Figure 5.21Variation of damped natural frequencies with damatges for (a) 1st bending
mode, (b) 2nd bending mode and (c) 3rd bending nhadthe carbon sandwich beams and
(d) 1st bending mode, (e) 2nd bending mode ar¢tr¢fpending mode for the glass sandwich
beams: UD is undamaged state, D1 is damaged apadtrpoints for both burst random (BR)
and sine-dwell (SD) testing

Fig 5.21 shows that as a result of impact damageetis a decrease in the natural frequencies
for the six sandwich beams. It can be noticed thigt decrease is less prominent in case of
both the carbon and glass entangled sandwich baam@mpared to the honeycomb and foam
sandwich beams. It is also evident from Fig 5.24 th case of natural frequencies, both burst
random and sine-dwell testing give similar resulist the interesting fact is that for all the
sandwich beams, even as the impact damage doepraodiice a visible damage on the
surface, the change in frequency between the urgksnand the damaged cases is quite
noticeable. This proves that there is a notable édgigidity without any signs of damage on
the surface (with the exception of some impact {saim case of honeycomb sandwich beams
as shown in Fig 5.19). It is particularly in theseses that vibration testing becomes a very
useful tool for structural health monitoring.

The fact that the change in natural frequency betviee damaged and the undamaged case is
small in the entangled beams as compared to the &al honeycomb beams can be seen in
Fig 5.22, which presents a comparison between tbguéncy response functions of the
undamaged and the damaged cases for the six sdmdeams for the 1st bending mode.
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Figure 5.22 Comparison of the frequency response functionsnasid by sine-dwell testing
for the undamaged case (UD) and damaged at 2 p¢i3 for the £ bending mode for (a)
Point 11 for the three carbon sandwich beams and(f) Point 21 for the three glass
sandwich beams

The frequency response functions presented in F2g &re obtained with the help of sine-

dwell testing. For the six sandwich beams, it cancbncluded that the shift in natural

frequencies is slight in case of entangled sandwiéms proving that they have a loss of
rigidity that is less pronounced as compared tohtweeycomb and foam sandwich beams.
Furthermore in case of the three carbon sandwiembgFig 5.22a), the frequency response
functions of the carbon entangled sandwich beamnawee acute (smaller in width) as

compared to the honeycomb and foam sandwich beBnis.phenomenon is less evident in

case of the glass entangled sandwich beams (F2ppb.2

It is noticed that in case of honeycomb sandwicint® the level of damage is not the same
on both sides of the beams as discussed previo8slythis asymmetric damage leads to
distortion of the resonance peaks or the appearah¢ein peaks instead of one. This is
evident in Fig 5.23, which shows a comparison & gum of the frequency response
functions (FRF), estimated by burst random testiiog,the six sandwich beams for the
undamaged (UD) and the damaged cases (D1) forrthkehding mode. The sum of the FRF
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can be compared as for each sandwich beam 27 symmetasurement points have been
chosen that are symmetric on both sides of thentajor axes of symmetry.
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Figure 5.23 Comparison of the sum of the frequency responsdidms estimated by burst
random testing for the undamaged case (UD) and dmmiacase (D1) for the™3bending
mode for (a) entangled carbon (b) honeycomb caiiesdfioam carbon (d) entangled glass (e)
honeycomb glass (f) foam glass sandwich beams

Fig 5.23 b and Fig 5.23 e show that in case of yoomr@b sandwich beams due to asymmetric
distribution of damage the shape of peaks becostertid. A slight distortion of peak is also
observed in case of the entangled glass beam i5.Eyd. But on the whole for the entangled
and foam sandwich beams the damage is pretty myraimstric and peaks remain intact.
Both burst random and sine-dwell testing give smihatural frequency results in the
presence of damage. However, for the estimatiathaaiping ratios for the damage state D1,
there is a notable difference between the restiltsucst random and sine dwell testing as
shown in Fig 5.24.

152



24 1.6
B UD (BR T
2 | |mup @ER) (BR)
) <= EDL (BR)
< =01 (BE) S § OUD (SD)
£ 16T low e e D¢
& B D1 (SD) © B D1 (SD)
o) 12 F . o 0.8 F
Zos | E
b =
a 04
Ll ] l
o Lol . , , ,
(@ Entangled Honeycomb Foam @ Entangled Honeycomb Foam
Carbon Sandwich Beams Glass Sandwich Beams
1.6 2
EUD (ER) EUD (BR)

EDI1 (BR)

J—
[=}
T

EDI (BR)
OuD (SD)
1.2 FlEpi &D)

OUD (SD)
EDI (SD)
N . I 0.8 F
0 . - 0 . .

—_
=)
T

Damping Ratio (%o)
(=]
[7.2]
L)
Damping Ratio (%)

=
.
L)

) Entangled Honeycomb Foam (e) Entangled Honeycomb Foam
Carbon Sandwich Beams Glass Sandwich Beams
24 1.6
B UD (BR) T B UD (BR)
= 2 [|mp1@Rr) = EDI (BR) ]
L & 2 H .
< 6 Hrpwen < 1.2 Haup o)
Z 7 ||z g EDI (5D)
e &
o 1.2 F Py 08 F
Eos | g
& g o4
04
0 1 1 O 1 L
© Entangled Honeycomb Foam Entangled Honeycomb Foam

Carbon Sandwich Beams & Glass Sandwich Beams

Figure 5.24 Variation of damping ratio with damage states (&} bhending mode, (b) 2nd

bending mode and (c) 3rd bending mode for the cadandwich beams and (d) 1st bending
mode, (e) 2nd bending mode and (f) 3rd bending mardéhe glass sandwich beams: UD is
undamaged state, D1 is damaged at 2 impact poant®dth burst random (BR) and sine-

dwell (SD) testing

It can be seen in Fig 5.24 that in general the dagnipcreases with the increase in damage in
the sandwich beams as seen in previous sectiomgethgess in case of burst random testing,
for the carbon entangled and the carbon honeycamtivach beams (Fig 5.24 b) and for the

carbon foam sandwich beam (Fig 5.24 c), the damgeweases with damage. However sine
dwell testing shows a logical increase of dampiong these beams. Furthermore, the
estimation of damping by sine-dwell testing for ti@mage state (D1) is always notably

higher as compared to burst random testing. It lmarsaid that sine dwell testing is more

capable of detecting non linear structural dynab@bavior (due to accumulation of damage
as in state D1) unlike the broadband excitations.

Furthermore, the change in damping ratios betwkeruhdamaged and the damaged case is
smaller again in case of entangled sandwich be8m#. can be concluded that the entangled
sandwich beams show a better resistance to imgamrapared to the honeycomb and foam
sandwich beams, whereas all the beams have mdes®rithe same level damage. So the
entangled sandwich materials can replace the alumiparts at the wing tips used to resist
impact, as these aluminum parts are not load carri@o the entangled materials can be used
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in these types of specific applications where statrength is not required but the main
objective is the resistance to impact.

The effect of impact damage on the natural freqesnand damping ratios can be further
elaborated by studying the frequency and the dagngivange ratios between the undamaged
(UD) and the damaged case (D1) for the six sandweéims. The percentage change in
frequency and damping ratios between the undamagddhe damaged cases is calculated
with the help of Equations 5.13 and 5.14 and tkelte are presented in Tables 5.15 and 5.16.

fUD (k) - fDl(k)
fup (K)

Change in frequency between UD and [Af) = (5.13)

ZDl(k) - ZUD (k)
ZUD (k)

Change in damping between UD and QA{) = (5.14)

wherefyp(k) is the damped natural frequency for the undamagedimen for thd, mode
and fpi(k) is the damped natural frequency for the specim@magied at two impact points
(D1) for theky, mode. Nomenclature in case of Equation 5.14 is#mee.

Table 5.15Frequency change ratios (%) between the undamageylgnd the two damaged
states (D1 and D2) for the carbon and glass sahd@eams for both burst random (BR) and
sine dwell (SD) testing

Type of Specimens Between Mode 1 Mode 2 Mode 3
States
BR SD BR SD BR SD
Foam Glass (4J) UDand D1 14.1 14.2 214 216 1818B.2
Honeycomb Glass (4J) UDand D1 10.4 9.8 8.0 7.9 9.79.4
Entangled Glass (6J) UDand D1 5.8 5.5 7.2 7.1 8.27.6
Foam Carbon (4J) UDand D1 25.2 25.6 153 155 22227
Honeycomb Carbon (4J) UDand D1 14.4 14.9 7.2 86281 124
Entangled Carbon (5J) UDand D1 2.2 2.2 2.1 2.2 2.82.9

Table 5.16Damping change ratios (%) between the undamaged @b the two damaged
states (D1 and D2) for the carbon and glass samd@eams for both burst random (BR) and
sine dwell (SD) testing

Type of Specimens Between Mode 1 Mode 2 Mode 3
States
BR SD BR SD BR SD
Foam Glass (4J) UDand D1 57.7 106.0 140.7 216.10.326 308.7
Honeycomb Glass (4J) UbDand D1 181 32.7 22.0 32.94.1 72.6
Entangled Glass (6J) UDand D1 114 444 19.1 29.14.5 16.1
Foam Carbon (4J) UDand D1 119.3 204.3 26.3 21.55.9-5 70.8
Honeycomb Carbon (4J) UDandDl1 35.7 156.2 -494012. 323 37.5
Entangled Carbon (5J) UDand D1 385 79.3 -353 019. 4.1 31.1
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Tables 5.15 and 5.16 prove that the shift in mea@ahmeters is less in case of the entangled
sandwich beams which signifies that they posset$srimpact toughness as compared to the
standard sandwich beams with honeycomb and foarorasmaterials. It can also be noticed
that the change in damping ratios is greater ie cdsine dwell testing, because the damping
ratio estimated by sine-dwell testing is alwaysheigin case of the damaged state (D1) as
compared to the burst random testing.

Furthermore, the results in Tables 5.15 and 5.X&udime the fact that the damping change
ratios are more prominent than the frequency chaatyes. The maximum damping change
ratio is 310 % whereas the maximum frequency chaage is 25 %. It can be concluded
from the above results that damping seems moreitisenso damage than the natural
frequency variations in case of honeycomb sandiweams. So it is reasonable to assume that
damping may be used instead of natural frequenay damage indicator tool for structural
health monitoring purposes. However, the fact tteahping is a parameter that is relatively
difficult to estimate as compared to natural fragryehas to be taken into account.

5.2.6 Effect of Sine-Dwell Frequency Direction on Modal Brameters

The aim of carrying out sine dwell testing in boith and down frequency directions is to be
able to detect structural non-linearities in thendged sandwich beams. This type of study
was carried out previously in case of long honeyw@andwich beams in Section 4.2.7. A
notable difference in the frequency response fonstiwas observed when comparing the
acquisition results in both upwards and downwarés|ufency directions for the 480 mm

length honeycomb sandwich beams when damaged rainfipact points. The reason for this

difference in the FRF is the structural non-lingaim the beams due to high damage.

Now the aim of this section is to study the samfecefof structural non-linearity in the
smaller length sandwich beams, with entangled gaslscarbon fibers, honeycomb and foam
cores. As discussed previously, the smaller beamdamaged at only two points. So it shall
be interesting to observe whether damage at twotpanduces a notable difference in the
modal parameters or not. In this section, the eftésine-dwell up and down directions is
studied for all the six type of small sandwich begiffig 5.14) damaged at two points (D1).
The resulting modal parameters for the carbon dadsgsandwich beams are presented in
Tables 5.17 and 5.18 respectively.

Table 5.17Comparison of natural frequency and damping retosoth up and down sine-
dwell frequency directions for the carbon sandwieams for the damage state (D1)

Type of Specimens Sine Dwell Natural Frequency (Hz) Damping ratio (%)
Direction Model Mode2 Mode3 Model Mode2 Mode3
Foam Carbon (4J) Up 599 997 1888 1.77 1.33 2.26
D1 (2imp) Down 598 998 1891 1.45 1.27 2.06
Honeycomb Carbon(4J) Up 642 1068 1978 2.02 1.26 1.71
D1 (2imp) Down 643 1068 1978 1.87 1.12 1.69
Entangled Carbon (5J) Up 743 1393 2547 0.23 0.65 0.93
D1 (2imp) Down 743 1390 2548 0.22 0.53 0.77
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Table 5.18Comparison of natural frequency and damping rétodoth up and down sine-
dwell frequency directions for the glass sandwiehrhs for the damage state (D1)

Type of Specimens Sine Dwell Natural Frequency (Hz) Damping ratio (%)
Direction Model Mod2 Mode3 Model Mode2 Mode3
Foam Glass (4J) Up 469 802 1667 1.46 1.68 1.44
D1 (2imp) Down 469 801 1671 1.39 1.64 1.73
Honeycomb Glass (4J) Up 520 1094 1870 0.71 0.69 1.36
D1 (2imp) Down 521 1094 1871 0.66 0.41 1.31
Entangled Glass (6J) Up 394 1129 1635 0.65 0.95 0.92
D1 (2imp) Down 395 1130 1635 0.64 0.95 0.73

Tables 5.17 and 5.18 show the presence of a simgfitnear behavior in both the carbon and
glass sandwich beams, as the natural frequenciedamnping ratios have a small discrepancy
when tested in the increasing and decreasing frexyuerder. This is also shown graphically
in Fig 5.25 for each of the six sandwich beam hyttpig the frequency response functions
from sine-dwell sweeps upwards and downwards mukacy.

0.006 0.14
— Entangled Cartbon D1 [Point 26 Mode 2JUP = Entangled Glass [Point 3 Mode 1] UP
0.005 — Entangled Catbon D1 [Point 26 Mode 2]DOWN 012 F — Entangled Glass [Point 3 Mode 1] DOWN
z z
Z 0.004 Z 01
—E 0,003 % 0.08
£ 0002 =
= Z 0,006
5 0,001 b
2 0
! 0.04
0
0402 1 1 1 1
1 'l
0,001 390 392 394 396 3908 400
1360 1380 1400 1420 (d) ) )
(@) Frequency (Hz) Frequency (Hz)
0.04 0,06
— Honeycomb Carbon D1 [Point 6 Mode 3]UP — Honeycomb Glass [Point 3 Mode 3] UP
— Honeycomb Carbon D1 [Point 6 Mode 3]DOWN 005 F — Honeycomb Glass [Point 3 Mode 3] DOWN
Z, 003 z
z ; 0.04
< 002 goos
E =002 b
< 001 f -
0,01
O 'l 'l 1 0 L L L
1930 1950 1970 1990 2010 © 1820 1840 1860 1880 1900
€ . .
®) Frequency (Hz) Frequency (Hz)
-0,014 -0.04
—Foam Carbon D1[Point 6 Maode 1]UP — Foam Glass D1 [Point 24 Mode 1] UP
-0,012 | _——Foam Carbon Di[Point 6 Mode ]DOWN — Foam Glass D1 [Point 24 Mode 1] DOWN
Z oo b z -003 |
S L0008 F g
] = -002 |
£ -0.006 [ £
7 0004 < 00l E
-0,002 F
0 'l 'l 1 0 1 1 i 1
580 590 600 610 620 455 460 465 470 475 480
(©) Frequency (Hz) L

Frequency (Hz)

Figure 5.25 Frequency response functions (FRF) from sine-dweleeps upwards and
downwards in frequency for the damaged case (Drljafpentangled carbon (b) honeycomb
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As the level of damage in the six sandwich beameelatively small as they have been
impacted below the BVID limit, therefore these beampacted at two points do not possess
large structural non-linearities, as in case ofgl@andwich honeycomb beams damaged at
four points (Fig 4.20). Fig 5.25 shows that in iresence of small non-linearities, there is a
small change in amplitude coupled with a slighttshifrequencies.

5.2.7 Design of Experiments

Design of experiments (DOE) is carried out on tredat parameters (natural frequency and
damping ratio) of the six small sandwich beamseté&ty both burst random and sine-dwell
testing. Similar statistics based studied werei@@rout previously on long honeycomb
sandwich beams (Section 4.2.8) and composite ldemibeams (Sections 3.3.5 and 3.4.2).
The aim as previously is to find out that whichtiteg method gives a relatively better
estimation of damping in the presence of damage désign of experiments shall also
identify the factors which have the most significaffect on these experimentally obtained
modal parameters.

The three factors chosen for the design of experisnare the density of damage (DD), type
of core materials (CM) and type of skin materi@#/). These design factors along with their
respective levels are given in Table 5.19. The expntally acquired natural frequencies and
damping ratios are used as responses in the deSigxperiments that shall be carried out
separately for the burst random and sine-dwelingsh order to compare their effectiveness
for modal parameter estimation.

Table 5.19Design parameters for the design of experimentderds for each factor

Design Factors Levels for each Factor
Density of Damage (DD) 0 (Undamaged) 2 (Damagepmtiats)
Type of Core Material (CM) Entangled Honeycomb Foam
Type of Skin Material (SM) Carbon Glass

By keeping in view the levels of the three fact@dull factorial design is chosen. The linear
regression model associated with the full factodakign, based on the three variables
discussed above is expressed as follows as inqu&gections:

Y =a,+4a,.(DD) +a,.(CM) +a,.(SM) + E (5.15)

In Equation 5.15, coefficients represent model tamis () that are the contribution of
independent variables on the resporiSes the random error term representing the effetts
uncontrolled variables, i.e., not included in thed®el. The second order interaction terms of
the design factors are not taken into account ia $tudy. The model constanfs) are
determined by multi-linear regression analysis argl assumed to be normally distributed.
The error is assumed to be random and normallyilolised. These constanis) are obtained
with 90% confidence level. The significance of eaeiable on a given response (modal
parameters in our case) is investigated usilegt values based on Student’s distribution. The
t ratio is the ratio of the parameter estimate (tants) to its standard deviation. tAratio
greater than 2 in absolute value is a common riignuumb for judging significance of the
variable. The derived constar{ts) andt ratios for the natural frequencies estimated hgtou
random and sine-dwell testing are presented seghariat Tables 5.20 and 5.21. Negative
values of the model constants and t ratios indithét the response decreases with the
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increase in the value of the parameter. In our,daseis most of the times true for the natural
frequencies as they decrease with the increasanagde in the specimens.

Table 5.20Coefficients and ratios for the natural frequencies (Hz) by buasidom testing

Mode 1 Mode 2 Mode 3

Design Factors Constants tratio Constants tratio Constants tratio

(a) (a) (a)
Density of Damage [0.2] -40.9 -4.22 -58.2 -17.1 6-23 -7.3
Type of Core Material [Entangled] -23.8 -1.74 -49.3 -1.5 -79.3 3.0
Type of Core Material [Honeycomb] -20.0 -1.46 -10.6 -2.2 -25.4 -0.9
Type of Core Material [Foam] -3.7 -0.27 -38.7 -2.7 -53.9 -2.0
Type of Skin Material [Carbon] -115.0 -11.8 -64.1 8.8 -225.1 -12.1
Type of Skin Material [Glass] -115.0 -11.8 -64.1 84 -225.1 -12.1
Table 5.21Coefficients and ratios for the natural frequencies (Hz) estimdigdsine-dwell
testing

Mode 1 Mode 2 Mode 3

Design Factors Constants tratio Constants tratio Constants tratio

(a) (a) (a)
Density of Damage [0.2] -41.2 -4.2 -60.0 -12.9 -B34 -7.6
Type of Core Material [Entangled] -23.9 -1.7 -50.1 2.9 78.8 3.1
Type of Core Material [Honeycomb] -21.1 -1.5 -10.6 -1.6 -22.5 -0.9
Type of Core Material [Foam] -2.8 -0.2 -39.5 -1.2 563 -2.2
Type of Skin Material [Carbon] -114.9 -11.7 -64.9 4.4 224.6 12.7
Type of Skin Material [Glass] -114.9 -11.7 -64.9 44 -224.6 -12.7

Tables 5.20 and 5.21 indicate that the resulthefdesign of experiments based on natural
frequencies estimated by both burst random anddwed testing show similar results as
discussed previously in Figure 5.21. By comparhngttratios of the design factors in Tables
5.20 and 5.21, it can be observed that for botstbandom and sine-dwell testing the type of
skin material is the factor having by far the msighificant effect on the natural frequencies
for the first three bending modes. The densityahdge is the second most significant factor
in case of natural frequencies for both burst ram@md sine-dwell testing. By following the
same procedure, the design of experiment resuischan the damping ratios estimated by
both burst random and sine-dwell testing are laitim Tables 5.22 and 5.23.

Table 5.22Coefficients and ratios for damping ratios (%) estimated by buasidom testing

Mode 1 Mode 2 Mode 3
Design Factors Constants tratio Constants tratio Constants tratio
(a) (a) (&)
Density of Damage [0.2] 0.33 4.00 0.16 2.58 0.10 780.
Type of Core Material [Entangled] 0.44 3.74 0.21  3%2. 0.10 1.51
Type of Core Material [Honeycomb] 0.19 1.64 -0.17 1.19 0.08 0.43
Type of Core Material [Foam] 0.25 2.10 0.06 1.32 .02 -0.08
Type of Skin Material [Carbon] 0.11 1.35 0.09 142 0.11 0.81
Type of Skin Material [Glass] 0.11 1.35 0.09 1.42 110 0.81
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Table 5.23Coefficients and ratios for damping ratios (%) estimated by sinesiiivesting

Mode 1 Mode 2 Mode 3
Design Factors Constants tratio Constants tratio Constants tratio
(a) (a) (a)
Density of Damage [0.2] 0.15 9.94 0.06 1.64 0.32 167.
Type of Core Material [Entangled] 0.27 12.53 0.19 .93 0.28 4.45
Type of Core Material [Honeycomb] 0.10 4.59 0.13 612. 0.05 0.85
Type of Core Material [Foam] 0.17 7.94 0.23 254  230. 2.60
Type of Skin Material [Carbon] 0.04 2.76 0.07 190 0.25 551
Type of Skin Material [Glass] 0.04 2.76 0.07 1.90 .29 5.51

As the estimation of damping ratio is differentcese of the two types of testing as discussed
in Section 5.2.5, therefore the design of experinnesult are different as well unlike those in
case of natural frequencies. By comparingtthagios of the design factors in Tables 5.22 and
5.33, it can be seen that the density of damage) (BDn most cases significant for the
damping ratios estimated by the two types of tgstivith the exception of Mode 3 in case of
burst random testing and Mode 2 in case of sineldeating as theit ratios are less than 2.

Furthermore, the type of skin material in caseahging ratios is only significant in case of
sine-dwell testing. But the most interesting resithat in case of damping ratios unlike the
natural frequencies, the type of core material bex®more significant. By comparing the
ratios of the type of core material in Tables 5222 5.23, it is clear that the entangled core
material has a more significant effect on the damgpatios as compared to the honeycomb
and foam cores. This fact is observed in both brastom and sine-dwell testing, which
validates the vibration test results that undeditiee presence of high damping in entangled
sandwich materials [106,107].

Furthermore if a comparison is drawn out betweem tthratios for the damping ratios
estimated by burst random and sine-dwell testingahles 5.22 and 5.23, it can be seen that
the design factors have highteratios in case of the damping ratios estimatedibg-dwell
testing. So it can be concluded that sine-dwetingsyives relatively more reliable estimation
of damping in the presence of damage as comparedrsd random testing. This validates the
results previously founded in Section 4.2.8 in aafdeng sandwich honeycomb beams.

Although the main disadvantage of sine-dwell testie the lengthy acquisition times as

compared to broadband excitations, but if qualdgnging estimations are required then sine-
dwell excitation based vibration testing becomedisipensable. In future similar vibration

tests shall be carried out with different excitatievels and asymmetric impacts in order to
study their effects on modal parameters.

5.3 Conclusion of the Fifth Chapter

In this chapter static-dynamic characterization dachage monitoring has been carried out on
entangled sandwich beams with carbon and glasssfibe

The first part of this chapter concerns the falioca and mechanical testing of a new
sandwich material with carbon fiber entangled cdirés seen that long entangled sandwich
beams possessbiggh damping characteristicsand can be used for specific applications like
the inner paneling of a helicopter cabin as thé&incsural strength is on the lower side.
Monitoring of impact damage and evaluation of thgpact toughness (uniquely based on
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vibration test results) of these entangled sandwwekerials is also carried out. Two types of
long carbon fiber entangled sandwich beams (heauylight) are tested. The light specimens
have2.5 times less resirthan the heavy ones. The impact energies areenhnssuch a way
that the heavy and light specimens have the savet d¢ damage. Results show that with the
accumulation of damage in the specimens, there ideaease in natural frequency
accompanied by an increase in the damping retlration test results prove that the light
specimens having better damping characteristics arenore sensitive to impact damage
than the heavy ones.Therefore, while selecting the application of thdght entangled
sandwich materials, their sensitivity to impact @ should be taken into consideration. In
the heavy specimens, the damage seems to be ncatzdol as compared to the light ones. It
is proved again that damping is more sensitiveamale than the stiffness variations. The
major drawback of this study is that no comparis®rprovided with standard sandwich
materials.

In the second part of this chapter, shorter carmomh glass fiber entangled sandwich beams
are fabricated and mechanically tested. Advantdgehorter entangled beams over longer
ones is thabetter distribution of fibers and resin is achievedif the beams are shorter i.e.,
the current fabrication technology is more adaptsmealler size specimens. The aim as
previously is to evaluate the damping capabiligesl impact toughness of the entangled
sandwich beams, but in addition this timeamnparison with standard honeycomb and
foam sandwichesis provided as well. Vibration tests show thataagied sandwich
specimens possess on the averEsfe % higher damping ratiosand20 dB lower vibratory
levels than the honeycomb and foam sandwich specimenstder to evaluate thenpact
toughness (uniquely based on vibration test resultse., decrease in natural frequency
which signifies loss of rigidity) a simple case of symmetrical impacts is studretlimpacts
are done below the BVID limit in order to detecthdaye by vibration testing that is hardly
visible on the surface. Vibration tests have bemmied out with both burst random asithe
dwell testing in order to evaluate the damping estimation efficy of these methods in the
presence of damagResults prove that both carbon and glass fiber entegled sandwich
beams have better impact toughness as compared toorfeycomb and foam core
sandwiches.But it has to be remembered that the entangledwaah beams are nearly two
times heavier than the honeycomb and foam core $adnthe same dimensions. Results
again verify thatlamping ratio is a more sensitive parametefor damage detection than the
natural frequency. Design of experiments (DOE) datkd the experimental results by
proving that sandwich beam with entangled fiberc@® material have a more significant
effect on the damping ratios and also proved s dwell testing is more suitable for
damping estimationin the presence of damage as compared to budbmatesting.
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Chapter 6 : Updating and Damage Detection in
Composite Beams using Finite Element Analysis

The Finite Element based updating and damage deiquart of this thesis has the following
two major objectives:

 Develop a Finite Element models that represent dachacomposite beams in
vibrations. Compare the numerical results with ¢hasbtained experimentally
(Chapters 3 and 4) on the same beams. Update thagea zone in the FE models by
reducing the material properties in order to imgrawe experimental/numerical
correlation of the frequency response functionesehsimplified damage models give
us a degradation factor that can serve as a waragagding structure safety

» Develop damage localization tools in order to find damage zone accurately in any
material by using only vibration tests. The aimtasverify numerically the c-scan
results carried out on the composite laminate bedvaerial is removed in the
precise zones of the FE model in order to mininteeerror between the experimental
and numerical frequency response functions (FRR&s)way an equivalent damage is
modeled. Thus topology optimization is a diagnostial (for all types of materials)
and requires only the undamaged state for loc#édizaif damages. Advantage of this
tool is to give information about damage zone fatenals for which C-Scan tests do
not provide sufficiently accurate data e.g., coneasandwich materials.

6.1 Calculation of the Dynamic Response and Updating blinite
Element Methods

As highlighted previously, the aim of calculatifgetdynamic response of composite beams is
not only to validate the experimental results Bsd 40 update with a simple tool the different
damage states. A commercial Finite Element softw&aencef is used for this purpose.
Updating of the developed FE models of the compdstams is performed with the help of
Boss Quattro software by carrying out a parametucly. A simple parametric study is used
to update the material properties in the damagedszo

6.1.1 Dynamic Response Calculation by Finite Elements
Basics of FEM

For simple structures, such as beams and plated, aymalytical predictions using closed form
solutions can be easily found in scientific litewrat [145]. Lumped parameter systems can also
be used to model the dynamic behavior of the siractHowever, for more complex
structures more powerful tools are needed. Nowadas separate tools are used to model
the dynamic behavior of the structures, namely migaktools and experimental ones. The
most widely used numerical tool is the Finite Elem@E) method, while the experimental
counterparts are largely based on modal testingaaatysis as discussed in detail in previous
sections.
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The main assumption in Finite Element Method (FE8Mhat a continuous structure can be
discretised by describing it as an assembly ofdi(discrete) elements, each with a number of
boundary points which are commonly referred to ades. For structural dynamic analysis,

element mass, stiffness and damping matrices (ptiopal damping) are generated first and

then assembled into global system matrices. Dynamadysis of the produced model gives

the modal properties; the natural frequencies amdesponding eigenvectors. The modal

solution can subsequently be used to calculateefongbration response levels for the

structure under study. Further theoretical backgdoand practical implementation of the FE

method are given in various text books, such asetiothe reference [146-148].

Modal Analysis in Samcef (Eigen value problem)

The DYNAM module in Samcef enables the classicatmatation of the frequencies and free
vibration modes of a linear elastic structure. Tdailable finite elements and material
properties necessary for modeling such structuresl@scribed in detail in the Samcef User’s
Manuel [149]. The composite laminate beams predent€hapter 3 have been modeled ply
by ply in Samcef and no homogenization assumpt®omade. The eigen-value problem
associated with this computation can be writtemglly as follows:

(K-aw’M)X =0 (6.1)

whereK represents the stiffness matim,the mass matriXX is the displacement of the mass

or the structure under consideration amtthe circular frequency associated with this mode.
The components of the vectdt are the structure’s degrees of freedom (DOF), llysua
displacements (translations and rotations).

The analyzed structures are assumed to be undaamaettee from any external forces. In
particular, the only permitted boundary conditi@me the fixing of some degrees of freedom
to zero. DOFs can however be interconnected bwilinenstraints. When a structure has rigid
body modes or mechanisms, these are detected angecdisplayed by post-processing. By
considering a non-trivial solution of Equation 6the resulting characteristic equation is
given by:

det( - M) =0 (6.2)

The solutions of this equation are the n-eigen eslior a system of n degrees of freedom,
where each eigen-valde corresponds to a natural angular frequeargs shown in Equation

in (6.3),
A=a withi=12,....n (6.3)

The amplitude vector corresponding to an eigene/éduthe eigen-vector or the modeshape
vectory, .

The algorithm used in DYNAM for solving eigen-valpeoblems is the Lanczos Method
which is based on an iterative scheme of the Equdil as follows.

Kd,., =Maq, (6.4)
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The iterative process is initialized using trialci@ g, whose components are randomly
generated. Each iteration consists of solving afktear equations. With this in mind, tKe
matrix is triangularized before starting the itevatprocess. Triangularization is done by
means of the frontal method. Further details on ltheczos algorithm is presented in
reference [149].

Frequency Response Analysis (Harmonic Analysis) iBamcef

The REPDYN module in Samcef calculates the dynassponse of linear elastic structures.
It performs both time and frequency responsesntpkito account the dissipating effects, in
order to calculate the dynamic response of a systamping is essential and cannot be
neglected. Whereas for the eigen-value calculaiidy, damping values are not required. The
following solution techniques are available in Rgpd

e Calculation by direct integration of a transientam&nical response

e Calculation by modal superposition of a transieethanical response

e Calculation by modal superposition of a forced hamia response (without
calculation of residuals or reactions)

» Calculation by modal superposition of a forced hamia response (with calculation of
residuals or reactions)

» Direct calculation of a forced harmonic response

Choice of Solver

In this thesis, solution technique based on modpéposition approach using normal modes
calculated previously by DYNAM module is implemethteThe technique of modal
superimposition is the most economical and giveskent results if a few first eigen-modes
are used to express the response. This methocheserd with linearity for non-dissipative
terms of the structure i.e., stiffness [K] and miaék

Finally, it should be noted that each time a metlbdnodal superposition is used, the
truncation of the set of eigen-modes introduce®mor in the spatial representation of the
load which can be compensated for. This correct®orsystematically introduced in the
REPDYN module which guarantees a statically aceusatution.

Choice of Excitation

Different types of loadings can be applied to thedel in REPDYN i.e., point forces,
distributed loads and ground motion. Differentiateerations may be imposed as well. The
frequency response calculations in this thesisparéormed by using a harmonic force. The
amplitude of excitation is kept constant with tixeitation frequency. By exciting this way a
model, the response calculated at a point is dyré¢lace frequency response function of that
point. The choice of the methodology is as suchtti@response is examined mode by mode.
The aim is to compare the numerical (FEM) and stpeamental FRFs.

Choice of Damping (Dissipation Mechanism)
Damping can be defined in a model by different waysREPDYN. In our case, modal

damping attached to each eigen-mode is used rumgdtion is carried out locally for each
mode. The experimentally obtained values of dampatgps associated with each type of
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beam are used in the respective FE models. Buteadamping values are relatively low so
they do not affect the FRF amplitudes a lot. Byirgivan average damping value for all
modes in the frequency spectrum gives relativatyilar results to those obtained by giving a
separate value for each mode.

Steps of Frequency Response Analysis
The main steps of frequency response analysisnoegtbin a FE software are as follows:
The cornerstone of modal frequency analysis isdihgonalization of the system’s matrices
by modal transformation. In a separation appro#uh,primary variables are replaced by a

linear combination of the modal coordinates andnlogle shape vectors as shown in Equation
6.5, wherdV is the modal matrix angis the vector of modal coordinates.

X(t) = ¢,0,(t) + 0,0, (1) + ... +,.q,(t) =¥Yq(t) (6.5)

Due to the orthogonality properties of the modepsheectors, inserting Equation 6.5 into the

characteristic dynamic equation and pre-multiphlayg® " leads to Equation 6.6 which is the
decoupled equation of motion of the analyzed system

WIMW(t) + WTCWq(t) + WTKWq(t) = W' f (1) (6.6)
The system now consists of n equations of motiansfogle degree of freedom (SDOF)

oscillators in form of Equation 6.7, wherg is the modal mass;; a modal damping
coefficient,k; the modal stiffness ar@l a modal force.

mWq; (t) +c We, (t) + kg, (t) = F (t) with F () =¢; f (6.7)

The equation can be normalized by the modal masH)at the coefficients are expressed in
terms of natural angular frequencies as shown wakon 6.8 which then leads to Equation
6.9.

k1
a),z—m andZ, =2 Jm (6.8)
6() + 20,00 0) + wfq, () =1 6.9)

Equation 6.9 is an ordinary differential equatidrsecond order that has the solution stated in
Equation 6.10 that can be achieved by a complexoaph, whereQ is the excitation
frequency.

Q(Q) = 1 Fi

il 6.10
(‘-’|2_QZ+2jZiw|Q m ( )

From Equation 6.10, the matrix of frequency respdisiction (FRF) can be easily derived,
since the frequency response functions are defasethe displacement response functions
multiplied by the inverse of the excitation foroector as shown in Equation 6.11.

1 dﬂTi
of —Q7+2jCwQ m

H@ =0@ @ =Y w4 @@ =Y (611)
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The modal separation is based again on the phngarity i.e., by the modal representation of
the conservative terms [M] and [K] and the equimtleepresentation of dissipation by [C],
damping ratio (zetd ) equivalent including eventual non-linearity imagaing.

6.1.2 Updating of the FE models for Experimental/Numericd Correlation

Basics of Updating

One of the applications of the results of an expental vibration test is the updating of an
analytical model (FE model in our case). Model updgpacan be defined as adjustment (fit) of
an existing FE model which represents the struatnder study, using experimental data, so
that it more accurately reflects the dynamic betvawf that structure. Model updating can be
divided into three steps:

» comparison and correlation of two sets of data
* locating the errors
e correcting the errors

Correlation can be defined as the initial step 4seas the quality of the FE model. If the
difference between the FE model and experimental idawithin some preset tolerances, the
analytical model can be judged to be accurate angpdating is necessary. A good overview
of updating of FE models in structural dynamics heesen provided by Friswell and
Mottershead in reference [152].

Most difficulties are encountered in the secong.stdne difficulties in locating the errors are
mostly due to measurement process and can be suzethas:

* insufficient experimental modes

» insufficient experimental coordinates

* size and mesh incompatibility of the experimentad 8E models
* experimental random and systematic errors

» absence of damping in the FE model

In spite of extensive research over the last twoades, model updating is still far from
mature and no reliable and general applicable piwes have been formulated so far. As
discussed before, the updating of the FE modelpdbgmetric studies developed in Samcef
shall be carried out in Boss Quattro. The theoaétspects of the methodology used can be
found in the reference [150].

Modeling of Damage in FE Models of Composite Beams

The FEM modeling method of damaged structures useithis thesis is very commonly

practiced and is found repeatedly in scientifieriture as explained previously in Section
1.3.4. In many currently used commercial softwai@sstructural dynamic analysis, if a

structure with small damage is directly mesheddstablishing structural dynamics model,
the following two problems are generally encourdere
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* Excessive gridding number and extra large diffeeen gridding size (between
damaged and undamaged zones) is time consumingsubsequent simulation
calculations

 Difficulties for expressing different structuralrdage size in the same structure using
direct meshing i.e., the errors due to differenshiiegy may be greater than variations
of structural dynamic characteristics caused bylisstractural damage.

As discussed previously several times in this thésat local damage in a structure always
causes reduction of local structural stiffness,tisat these variations can be denoted by
reduced material coefficients at the local damagetk. Therefore in order to avoid the above
mentioned problems due to direct meshing, dynammodel of a damaged structure can be
established using the modified material elasticffcments in local damage position of the
structure. This way it may not be necessary toaepie geometry of small damage. This
improved modeling method also described by Yan @5 has two steps

» Directly meshing structure and ignoring existentstauctural damage

» Element stiffness matrices for those elements enpibisition of structural damage are
adjusted to simulate damaged structure scenario

An example of the two ways of meshing is preserigdYan et al. [65] on a laminated
composite vessel and shown in Fig 6.1.
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Figure 6.1 Model of a laminated composite vessel (a) Directhirey of the crack damage (b)
Reducing stiffness of elements in the positioranfate [65]

The same procedure shall be followed to model itiqgact damage in case of the test-beams
presented in Chapter 3 and Chapter 4. Instead ofelimg directly the impact damage by
direct meshing, the material properties in the iotga zone shall be reduced to find the modal
parameters corresponding to the damaged casesnpheted zones shall be approximated to
a circle having an area that corresponds to theagararea found by C-scan testing.
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A complete finite element model of the shell comotaminate beam with 3D end-masses
and a 3D base block is shown in Fig 6.2 a. Thautaradamage zones approximated from the
C-Scan results are also shown along with a closefupe mesh around the circular damage
zone in Fig 6.2 c. Triangular elements have be@ndad to minimize the risk of computation
error due to twisting distortion, therefore onlyaguangular elements are used for higher
precision.

Four Circular Damage Zones
Material Properties are reduced in these zones
estimated from the C-Scan Results

% — Shell Composite Beam

3D End Masses

\

; = -v“—-—-—-.__ 3D Base Block

1

Harmonic Excitation Force

(@)

Cinly Quadrangular

Crrcular Damage Zone
Elements Used

Eigid Body Linkage between

/ Excitation Mode and Base Block
mI

Al DOFs of the Excitation Mode

Y e —
¥ are fized except the translation in
- the direction Z

Harmonic Load of

(b) Constant Amplitude ( C)

Figure 6.2 Modeling methodology of damage in Samcef (a) Coitgplasninate beam model
with end masses and base block showing the damageds and the excitation (b)
Application of harmonic load at the excitation nagieiated 20 mm beneath the center of the
base block (c) Close-up of the mesh around thetippsof damagewhere the material
properties shall be reduced to simulate the damagee

For the elements in the damage zone (shown in iblUgg 6.2a and 6.2c), their element
stiffness matrixes (material properties) are adi$d simulate damage in the following way:

Ky =a K] wherea >1 (6.12)

whereKjis the stiffness matrix or material properties ¢éneents in the impacted zone

(shown in blue in Fig 6.2a and 6.2c) with some dgexid; is the one for elements without

damage anda is a damage modification coefficient. This way i@&ducing the material
properties by the coefficierr in the impacted zones (based on c-scan resufig)age can
be simulated in structures relatively easily withtacing the problems of excessive gridding
number due to direct meshing. The change in massaudamage is negligible; therefore it
has not been taken into account.
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As discussed previously, in order to calculate diigamic response, the composite laminate
beam models are excited by a harmonic force oftaahamplitude. This excitation force is
applied to a node situated 20mm below the centdteobase block and is rigidly linked to the
bottom nodes of the base block as shown in Fido6For the excitation node, all the degrees
of freedom (DOFs) are fixed except the translabog direction, which signifies the direction
of force generated by the shaker.

Procedure for Estimating the Damaged Area (Impactedone)

The circular shapes of the impact zones are estnladsed on the results of the ultrasound
(C-Scan) and radiographic results. The softwarecivimanipulates the ultrasound (C-scan)
tests has the capability of estimating the damasyethce. The results of the ultrasound (C-
Scan) and radiographic tests for the compositerataiBeam 4 impacted by clamping two
ends for half beam length are shown in Fig 6.3. Ghleulated damaged area (conventional
controlled area) is also indicated for each impadnt.
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Figure 6.3 Calculation of the damaged surface for the compdsiminate Beam 4 impacted
by clamping two ends for half beam length at 7 ) Wtrasound (C-Scan) results (b)
Radiographic results

As seen in Fig 6.3, that the calculated damageal dwes not show a large dispersion between
the four impacted points as they are impacted thighsame energy. For all the test-beams, the
ultrasound and radiographic tests have been capuédor half length of the test beams. As
all the test-beams have been impacted with a saremye level, so it is assumed that the
impact points for the other half of the test-bednmasve the same damaged surface. The
procedure of estimating a circular shape zone filwgrultrasound and radiographic test results
is as follows:

* In the first step, average value of the damaged arealculated by taking the mean of
the damaged area for the four impact points showvkig 6.3.

Average Damaged Area for Beam 1&?‘ =595mnt (6.13)
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* Next this average damaged area is equated toeheoéna circle as follows
595mnY = rr(radius)® where radius C 14mm (6.14)

» The circular shape impact zones are thus modef@@genting the averaged impacted
zones of the ultrasound results as shown in Figa6.2

Updating Procedure for a better Experimental/Numertcal Correlation

An overview of the updating procedure is showrhia fElow Chart below by taking into
account the damage modification coefficigrnib simulate the damaged cases:
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Experiment STEP 1 (Undamaged Case Finite Element
(UD) (UD)

7\ 7\

Comparing Exp /Num  Modal Analysis
NaturalFrequencies Trial Tests taking

> a,, 01

A

Changeq

If RMS Error

NO .
Efreq,UD (aUD) minimum

l YES (finalizez,, )

Find Eamp;UD (aUD) by

Comparing amplitudes Frequency Response Analysis

using a,, to calculate FRFs

STEP 2 (Damage at 4 points, D1)
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Natural Frequencie§  Trial Tests taking

ap >1
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Changea@
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Comparing amplitudes|  using a, to calculate FRFs

Figure 6.4Flow chart of the experimental / numerical updatprgcedure
The aim of carrying out Finite Element modelingtbé composite laminates and sandwich

test-beams is to compare the modal parameters fexperimentally (previously in Chapters
3 and 4) and numerically (FEM). When establishingEamodel for a damaged test-beam,
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different values of coefficientr,, are tried (by parametric study in Boss Quattrdil uhe

smallest statistical (root mean square RMS) ersareached between the experimental and
numerical results for the natural frequencies. $tagistical error is defined in Equations 6.15
as follows:

1q 2
Efreq,UD (aw) = \/NZ[kaEM w (@) = fEkXP,UD] (6.15)
i1

wherekE,., 5 (@5 ) is the statistical error (RMS) between the experital basedf &, and

finite element based f,, ,, natural frequencies for the undamaged case (UD}hieki,
mode andN is the total number of modes considetgg,, ,, (a,, hap the units of Hz.

In our case, the first four bending modes are stidiA comparison between the
experimentally obtained mode shapes of compositénkste beams estimated by the Polymax
system and those obtained by FEM in Samcef are show Annex Fig 5.A. The
corresponding mode shapes have the same shape iwhiety important to verify, to be sure
that the similar things are compared. Usually th@QV{Modal Assurance Criterion) indicator
tool is used to correlate the experimental / nuoca¢rmode shapes.

By using the same Equation 6.15 statistical erram be calculated between the natural
frequencies for the damaged cases as well. In dodbave a better experimental/numerical
correlation, the following updating procedure shulused:

* First of all FE models are built for the test-speens for the undamaged case by
consideringa,, [l 1lin Equation 6.12. For some test-beams, even atldamaged

case the modification coefficiemt is not perfectly equal to 1 certainly due to agifg
material i.e.,a = 116for those composite beams where the material wagesl
which signifies a loss of rigidity (El) of approxately 15 %.

» For the undamaged case, different valuesagf close to 1 are tried and for each
iteration result the statistical erré.,,, (a,, is)calculated.

* When the statistical errok ., (a,, Peaches a minimum value, the corresponding

a,, value can be taken as the required coefficept for simulating the undamaged
case (UD).

* Once the modification coefficiertt,, is finalized by using the DYNAM module, the

frequency response analysis is calculated by th®OREN module by using the
corresponding experimentally obtained damping satio

 The amplitudes of the experimentally and numencdfFE) obtained FRFs are
compared and the statistical error (RMS),,,, (a,, h3gving dB as units between the

amplitudes at the undamaged state is calculatetblesvs in the same way as
Equation 6.13:
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EampUD (aw) = iZN: [Amd;EM w (@) = Am@xp,uo ]2 (6.16)
N 4z

* Once the undamaged state FE model is finalizedsdahee procedure is repeated again
for the damaged case.

« Parametric studies are carried out to find the frzation coefficienta, for the

damaged state by comparing the natural frequer@éseen the FE model and the
experimental ones.

« The statistical errorg,,,,(a,, Yor the damaged case (D1) is calculated for each
iteration and compared with that of the undamagee€, .. ,, (0, )

¢ The aim s to findE,,,, (@, #s close as possiblelq., (Ao - )

* By finalizing the modification coefficienty for the damaged state, the FRFs are
calculated and their amplitudes compared with #peemental FRFs for the damaged
case by using experimentally obtained damping ratlaes.

« The statistical errork,, (@, i§ calculated for the first four bending modes
(k=1,2,3,4) and compared with,, ., (@5, - )

» If there is a further damage state (D2), the saaleevof the modification coefficient
is used i.eq, = a,,. The difference is that the modification coeffities applied to
more impact zones.

6.1.3 Updating Procedure on Composite Laminate Beams Immded by
Clamping Two Ends

In this section, the modal response of the compds#tams impacted by clamping two ends
presented in Table 3.6 in Chapter 3, is modeledFimte Elements by following the
procedure explained in the preceding sections. Grllg mm thick composite laminate beams
shall be modeled by FE. The three parts of the cwitg laminate beams are modeled as
follows:

» Composite beam is modeled (ply by ply) by using dyaagular Mindlin shell
elements

* Steel End masses and aluminum base block (fordfidie beam on the shaker) are
modeled with 3D brick elements

Trial FE tests have also been carried out by mondethe composite beam in 3D. No
significant difference in result is observed by mling the composite beam by shell or 3D
elements. The main advantage of using Mindlin sakdiments for the composite part is to
reduce the calculation time.
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Furthermore, Beams 2 and 3 (Table 3.6) impacte@ atand 4 J respectively cannot be
modeled because due to very small damage, no cwelimage of the damaged area was
obtained through the ultrasound tests (C-Scanh@srsin Annex Fig 5.B.

So for the lot of composite laminate beams impabtedlamping two ends, four test beams
(Beams 4-7) having relatively larger damaged astadl be modeled and updated with the
experimental results. Average damaged area anchtligs of the approximated circular zone
depicting the damaged area based on the procedyniaireed previously, for the four
composite laminate beams (Beams 4-7) is given bielTa. 1.

Table 6.1FE parameters for the composite laminate beamsdiagdy clamping two ends;
showing two groups of damage

Beam No Impact Energy Average Damaged Area Radius of the circular damage zone

J mm? mm
4 7 448.8 11.95= 12 mm
5 8 475.0 12.30 = 12 mm
6 9 631.3 1418 = 14 mm
7 10 595.0 13.76 = 14 mm

From Table 6.1, it can be seen that there is a semgll difference in the average damaged
area between the beams 4 and 5 (7 J and 8 J) antsl&and 7 (9 J and 10 J). It can be said
that the damage definition is coherent with thergyef impact. Furthermore, the radii of the
approximated circular damage zones have been rduofigo facilitate the modeling and
meshing processes.

The composite material (T300/914) used for fabmecathe four composite beams shown in
Table 6.1 was expired by a couple of years. Thd daaonsiderable effect on the material
properties which were found to be reduced by agprately 15 %.

In order to model a composite laminate beam in aséfware the following three material
properties are required:

* Longitudinal Elastic Modulus (B
* Transverse Elastic Modulus-E
» Shear Modulus (G)

By carrying out several trail tests by varying widually the above three material properties,
it was found that the Longitudinal Elastic Moduliis) is by far the material property which
has the most profound effects on the natural freges. These trial tests are performed in the
parametric module of Boss Quattro by using Samd2¥Y8/AM module.

Based on the trial test results, it was decided ithaorder to keep the damage modeling
methodology simple, only the Longitudinal Elastiodilus (k) shall be varied in case of the
composite laminate beams. Trial tests also prohed the variations of Transverse Elastic
Modulus (&) and the Shear modulus (G) have a very small efie¢he natural frequencies.

Just to remind the readers that the composite Emibeams have three states, undamaged

state (UD), damage at four impact points (D1) aachage at eight impact points (D2). The
FE modeling at updating results shall be discussparately for each case.
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Modeling of the dynamic response and the updatmoggulure for Beam 4 is discussed below
in detail, whereas similar results for the othesirhe can be found in the Annex.

Beam 4 (7 J)

The ultrasound and radiographic test results fanBd impacted at 7 J are shown previously
in Fig 6.3. The damage zones shown in Fig 6.3 fearB 4 are modeled by approximating the
shape of the real damaged surface to a circle ofihi2radius as explained previously. For the
elements in the damage zone (shown in blue in E2ga6and c), their element stiffness

matrices (Longitudinal Elastic Modulus JEare adjusted to simulate damage.

Undamaged Case (UD) - Reference or Base Line Case

As discussed previously, the material propertiegshef composite beams in Table 6.1 are
degraded a bit due to aging. This aging effecttbdse taken into account in order to simulate
properly the experimental results. Therefore inecasBeam 4 for undamaged case (UD), a
E, value of 1.24 E11 Pa instead of the originalvalue of 1.44 E11 Pa gives the minimum

statistical error E.,,,(a,, ) between the experimental and numerical (FE) nhtura
frequencies based on Equation 6.15. Hence, thesmwnding modification coefficiert,,
for the undamaged case corresponding to a minimaimewf E ., (@, ) is calculated as

follows:

_ E, (Original) _ 144F11 _ 116

6.17
0 E_/(Aged  124E11 (6.17)

A comparison of the experimental and numerical (R&tural frequencies for beam 4 for the
undamaged state along with the statistical e&gy, ,, (a,, and)the modification coefficient

a,p IS given in Table 6.2

Table 6.2 Comparison of experimental and numerical naturefudencies for Beam 4
impacted by clamping two ends for the undamagee $t3D) along with the statistical error
and the modification coefficient

Natural Frequencies (Hz)

Bending Experimental Numerical (FE) Difference
Modes No (Hz) (Hz) (%)

1 36.2 37.4 3.3

2 279.1 288.0 3.2

3 717.5 723.8 0.9

4 1408.4 1397.1 0.8

o 1.16
Efreq,UD (aUD) 787 HZ

In the next step, frequency response (harmonidysisas carried out by using the value of
a,p given by Equation 6.17 and using the experimesfaahping ratios values for each mode.

A comparison of the experimental and numerical (FRF amplitudes for the first four
bending modes for Beam 4 for the undamaged staiagalvith the statistical error
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E.mpuo (@up) @nd the modification coefficientr, is given in Table 6.3. Furthermore a

comparison of the experimental and numerical (FEF4$ for Beam 4 for the measurement
point 2 is shown in Fig 6.5.

Table 6.3Comparison of experimental and numerical FRF annbdis for Beam 4 impacted
by clamping two ends for the undamaged state (Ud)cawith the statistical error and the
modification coefficient

FRF Amplitudes (dB)
Bending Experimental Numerical (FE) Difference
Modes No (dB) (dB) (%)
1 -61.5 -54.4 11.5
2 -75.4 -78.7 4.4
3 -106.5 -103.6 2.7
4 -102.5 -100.7 1.8
o 1.16
EampUD (aUD) 428 dB
-20

—— Experimental FRF (Beam 4 Pt 2) UD
= Numerical FRF (Beam 4 Pt 2) UD
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Figure 6.5 Comparison of experimental and numerical FRFs f@am 4 impacted by
clamping two ends for the undamaged case (UD)Hemheasurement point 2

Damage Case (D1)

The aim is to reduce the_Hn order to match the experimental frequenciesBeam 4
corresponding to the damage case (D1). This mealoslating a,, that corresponds to the

minimum_ statistic errog,,(ap, Which should be as close as possibl& fg (@, - )
The modification coefficienta, is then used for the frequency response analysistlae
minimum statistic error for the FRF amplitudés, ., (ay, is falculated. A comparison of

the experimental and numerical natural frequenares FRF amplitudes for the damage state
D1 for the first four bending modes along with timedification coefficients and statistical
errors are listed in Table 6.4.
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Table 6.4Comparison of experimental and numerical natueajdencies and FRF amplitudes
for Beam 4 impacted by clamping two ends for thenaged state (D1) along with the
statistical error and the modification coefficient

Natural Frequencies (Hz) FRF Amplitudes (dB)
Bending Experimental Numerical (FE) Diff Experimental Numerical (FE) Diff
Modes No (Hz) (Hz) (%) (dB) (dB) (%)
1 34.9 34.6 0.9 -44.8 -46.1 29
2 278.7 277.3 0.5 -72.8 -81.7 12.
3 683.2 680 0.5 -84.9 -84.8 01
4 1337.7 1322.9 1.1 -99.8 -97.6 2\2
ap, 5.96 ap, 5.96
E freq,01 (1) 7.61 Hz Eampor (@o1) 4.63 dB

Table 6.4 shows a good correlation between the rewpatal and numerical (FE) natural

frequencies. The statistical erré,.,, (@, is)slightly lesser than that for the undamaged
case (Table 6.2). A comparison of the experimeamal numerical (FE) FRFs for Beam 4 for
the measurement point 30 for the state D1 is shiowhig 6.6 which also shows a good

correlation of the amplitudes.

=20
—— Experimental FRF (Beam 4 Pt 30) D1
— Numerical FRF (Beam 4 Pt 30) D1
- '6‘0
jas]
rt
E -100
-140 F
_1 80 i i i i

0 300 600 900 1200 1500
Frequency (Hz)

Figure 6.6 Comparison of experimental and numerical FRFs f@am 4 impacted by
clamping two ends for the damaged case (D1) fonteasurement point 30

Damage Case (D2)

In case of damage state D2 with eight impact ppithte same value of modification
coefficient a,, is used as the impact energy is the same fohallrhpact points i.e., density
of damage remains the same. However the valuestabiteal errors are different as
compared to the damage state D1 because the n&egakency and FRF amplitudes have
different values. The experimental and numericahgarison is shown in Table 6.5 along
with the FRF comparison at measurement point F8gr6.7.
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Table 6.5Comparison of experimental and numerical natueajdencies and FRF amplitudes
for Beam 4 impacted by clamping two ends for thenaged state (D2) along with the
statistical error and the modification coefficient

Natural Frequencies (Hz) FRF Amplitudes (dB)

Bending Experimental Numerical (FE) Diff Experimental Numerical (FE) Diff
Modes No (Hz) (Hz) (%) (dB) (dB) (%)

1 34.7 34.3 1.2 -61.2 -56.6 75

2 275 286.3 4.1 -79.8 =77 3.5

3 660.5 668.7 1.2 -103.5 -96.3 7.0

4 1300 1294.1 0.5 -103.2 -100.9 2.2

ay, =0dp, 5.96 ag, 5.96
Efreq,Dz (aDz) 758 Hz Eamle(aDl) 469 dB
-20

— Experimental FRF (Beam 4 Pt 18) D2
— Numerical FRF (Beam 4 Pt 15) D2
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Figure 6.7 Comparison of experimental and numerical FRFs feam 4 impacted by
clamping two ends for the damaged case (D2) fonteasurement point 18

As the level of damage increases in the compasitenate beams i.e., damage state D2, signs
of asymmetric behavior appear in the modal res@t®n though, theoretically damage at is
same, effect of masses is same both ends of thre bt But the experimental curve in Fig
6.7 shows a double peak at the fourth bending nawdand 1300 Hz which is due to the
asymmetric nature of the damage. Numerically thiotigite element modeling, it is very
difficult to simulate this phenomenon as everythmgerfectly symmetric unlike in reality.

Due to shortage of space and for the sake of gJahie comparison of FRFs is shown for one
measurement point only. The comparison of the FRplitudes between the experimental
and the FE results in case of all beams is doneof@ measurement point. The author
compared the results for a few other measuremeintgpand the difference in amplitudes
remains pretty much the same. However the differancthe FRF amplitudes between the
different measurement points is more than the wfffee in natural frequencies for each
measurement point. As frequency is the global ptype the structure so it remains the same
at each point of the beam, but the amplitudes efRRF are different, and depend on the
position of the measurement point. But the diffeeerbetween the amplitudes of the
experimental and numerical FRFs remains nearlgdnee for all the 33 measurement points.
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The FE modeling of the dynamic response and thatupglprocedure for the three remaining
beams (Beams 5, 6 and 7) is provided in the Anfi&hapter 6.

6.1.4 Evaluation of the Degradation Factor with Impact Erergy in
Composite Laminate Beams Impacted by Clamping Two ids

FE modeling of the dynamic response and updatintheffour composite laminate beams
(Beams 4-7) impacted by clamping two ends has loaemed out in the previous sections.
The main idea behind modeling the damage was taceethe longitudinal elastic modulus E
in the damaged zones by a modification coeffiaent

In order to have a better idea about the levelarhage induced by impacting at different
energies, it will be interesting to plot the vaioat of the modification coefficiert with the
impact energies. However, the modification coeéfitia cannot be plotted directly with the
impact energies because it does not take into at¢be damaged area, and also all the beams
do not have the same damaged area. To remedwttiegradation factor is introduced which
is a multiple of the modification coefficiert with the radius of the circular damage zone
(R). This idea is further explained in Table 6.6.

Table 6.6 Calculation of the degradation factor for the cosiflaminate beams (Beams 4-
7) impacted by clamping two ends

Beam. Impact Radius R) of the  Modification Degradation
No Energy circular damage Coefficient Coefficient (mm)
) zone (mm) dp, =dp, ap, [R
4 7 12 5.96 715
5 8 12 6.56 78.7
6 9 14 6.63 92.8
7 10 14 7.05 98.7

The variation of the degradation coefficient, (R with the impact energy levels for the four
composite beams (Table 6.6) impacted by clampirggemds is plotted in Fig 6.8.

100

Degradation Coefficient (imm)
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Figure 6.8 Variation of degradation factord,, [(R) with impact energy for the composite
laminate beams (Beams 4-7) impacted by clampingetwis
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Fig 6.8 shows a steady increase in the degradatiefficient. But it has to be noted that the

difference between the damaged moduli corresportditige impact energy levels from 7-10J

is not very significant. Therefore the degradatomefficients shown in Fig 6.8 have to be

considered close and their variation with impaatrgg has to be considered small as well.
This reasoning can be verified by looking at thdeimtation depths caused by these impact
energy levels which do not show a large differertevas previously discussed in Section

3.2, that the indentation depths for the compdsiteinate beams (Beams 4-7) impacted by
clamping two ends is approximately in the rang8.&b to 0.35 mm.

6.1.5 Updating Procedure on Composite Laminate Beams Immded by
Clamping all Four Ends

The FE modeling of the modal response of the coitgpd®ams impacted by clamping all
four ends (Table 3.7 in Chapter 3) is carried gufdilowing exactly the same procedure as
that of the composite laminate beams impacted dyging two ends in the previous section.
Average damaged area and the radius of the appatedncircular zone depicting the
damaged area based on the procedure as explaemdadysly, for the five composite laminate
beams (Beams 1-5) is given in Table 6.7.

Table 6.7 FE parameters for the five composite laminate besnpacted by clamping all
four ends

Beam No Impact Energy Average Damaged Area Radius of the circular damage zone

J mm? mm
1 6 545.0 13.17 = 13 mm
2 8 567.5 13.44 = 13 mm
3 10 900.1 16.93~ 17 mm
4 12 976.3 17.63= 18 mm
5 14 1041.3 18.21= 18 mm

If the average damaged area of the composite beaves in Table 6.7 (impacted by
clamping all four ends) are compared with thoséable 6.1 (impacted by clamping two
ends), it can be clearly seen that by clampindoalt ends at the time of end, more damage
can be induced in the composite beams by impaaetitige same energy.

The composite material (T300/914) used for fabmgatthis lot of five composite beams
shown in Table 6.7 was not expired. Modeling of thymamic response and the updating
procedure for Beams 4 and 5 is discussed belowreskehe results for Beams 1, 2 and 3 are
given in the Annex for Chapter 6.

Beam 4 (12 J)

The ultrasound (C-scan results) test results faanBel impacted at 12 J are presented in
Annex Fig 6.0. The experimental and numerical camspa of the natural frequencies for the
three states (UD, D1 and D2) along with the modtfan coefficients and statistical errors is
shown in Table 6.8. Likewise the comparison for ERF amplitudes is shown in Annex
Table 6.M. Furthermore, comparison of the expentaleand numerical (FE) FRFs for Beam
4 for the damage states D1 and D2 is shown in FHig 6
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Table 6.8 Comparison of experimental and numerical naturegdencies for Beam 4
impacted by clamping all four ends for the undandagtate (UD) and the two damage states
(D1 and D2) along with the statistical error and thodification coefficient

Natural Frequencies (Hz)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 41.5 41.7 39.8 39.0 39.1 39.3
2 319.0 319.4 308.2 303.1 305.1 301.6
3 802.1 800.9 773.1 765.0 760.2 761.0
4 1543.7 1537.8 1477.7 1480.4 1465.9 1478.4
dup 1.00 ap, 2.63 ag, 2.63
Efreq,UD (aup) 11.24 Efreq,Dl (@p,) 9.32 Efreq,Dz (@p,) 12.53

—— Expermmental FRF (Beam 4 Pt 4) D1 —Experh_nmtnl FRF (Beam 4 Pt 32) D2
— Numnerical FEF (Beam 4 Pt 4) D1 = Ninnerical FEF (Beam 4 Pt 32) D2
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Figure 6.9 Comparison of experimental and numerical FRFs f@am 4 impacted by
clamping all four ends for the damaged states Dd B2 for the measurement points 4 and

32 respectively

Up till now, due to the damage being relatively Braad the behavior of the beam relatively
linear, the decrease in natural frequencies ofdbebending modes was proportional. So our
approach of modeling the damage by reducing lodhltyelastic modulus BEworked fine as
shown by the experimental/numerical correlatiouitssfor all the previous beams. However,
it shall be interesting to see the performanceufapproach for the beams having significant
damage.

Beam 5 (14 J)

The ultrasound (C-scan results) test results faanBé& impacted at 14 J are presented in
Annex Fig 6.P. The experimental and numerical carapa of the natural frequencies for the
three states (UD, D1 and D2) along with the modtfan coefficients and statistical errors is
shown in Table 6.9. Likewise the comparison for BERF amplitudes is shown in Annex
Table 6.N. Furthermore, comparison of the expemaeand numerical (FE) FRFs for Beam
5 for the undamaged state UD and the two damatgsdid and D2 is shown in Fig 6.10.
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Table 6.9 Comparison of experimental and numerical naturaljdencies for Beam 5
impacted by clamping all four ends for the undandagfate (UD) and the two damage states
(D1 and D2) along with the statistical error and thodification coefficient

Natural Frequencies (Hz)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 41.2 41.5 40.5 38.2 38.5 37.7
2 318.1 318 301.2 295.1 287.8 293
3 799.5 797.5 707.1 748.4 698 734.8
4 1531.2 1531.2 1475.4 1452.7 1361.7 1394.2
lo 1.00 ap, 3.72 ag, 3.72
Efreq,UD (aUD) 1.12 Efreq,Dl(aDl) 23.79 Efreq,DZ(aDZ) 24.69
— Experimental FRF 5 Pt 8) UD - . - -
— N FRE (i 1 0 e
o~ -60 _60
g g
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Figure 6.10 Comparison of experimental and numerical FRFs feam® 4 impacted by
clamping all four ends for the undamaged state Uid damaged states D1 and D2 for the
measurement points 8, 26 and 14 respectively

Beam 5 impacted at 14 J has a relatively high denhexel as compared to the rest. Beam 5
had an initial indentation depth of 1.1 mm whichnisarly twice of the BVID limit. The
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higher damage in this beam is also evident in tse&h results in Annex Fig 6.1 and in Table
6.10. But the real picture of the implications afjith damage which introduces significant
structural non-linearities is provided by the vilwa test results. Table 6.9 shows that unlike
previous beams, the decrease in natural frequefmigbe four bending modes remains no
longer proportional.

For example, in case of Beam 5, the frequency $leifiveen the states UD and D1 for the
third bending modes is 92 Hz, whereas the sameahi®rfourth bending mode is 56 Hz.
Logically the frequency shift for the higher modeslways greater as observed in case of all
the other beams previously. Furthermore, as danmageases there is less possibility that it
remains localized. The damage zones can get margkethere can be one big damage zone in
place of several small ones.

This aberration can also be attributed to the esirgy delamination size in Beam 5 which in
turn increases the energy dissipation (dampingijs €ffect can be observed in the FRFs in
Fig 6.10 b and c, which show that in the preseriaelatively higher damping the resonance
peaks become considerably rounded at higher frepeeigabove 400 Hz). High damping in
Beam 5 especially for the damage state D2 was showre experimental results in Fig 3.16
in Chapter 3. The high statistical err@rg,,,(ap, and Eq,p, (@5, ) in Table 6.9 are also

due to the extraordinary decrease of the bendinden®owhich due to some unknown non-
linear phenomenon is hard to simulate numerically.

It can be concluded that the damage modeling apprpaesented is limited to structures
having small damage where the behavior remains morkess linear. Once the level of
damage goes well beyond that corresponding to YW® Bimit, this approach starts showing

deficiencies. In order to model high damage sudakgsn composite laminates, an advanced
material law has to be chosen and calculations a\ee carried in FE softwares by using
non-linear modules.

6.1.6 Evaluation of the Degradation Factor with Impact Erergy in
Composite Laminate Beams Impacted by Clamping all &ur Ends

As previously for the case of composite laminatene clamped at two ends, the variation of
degradation factor with the impact energy shallshelied this time for the five composite
beams (Beams 1-5) impacted by clamping all foursefidhe degradation factor which is a
multiple of the modification coefficientr with the radius of the circular damage zoRg i
given in Table 6.10 for the five beams.

Table 6.10Calculation of the degradation factor for the cosifolaminate beams (Beams 1-
5) impacted by clamping all four ends

Beam. Impact Radius R) of the  Modification Degradation

No Energy circular damage Coefficient Coefficient (mm)
) zone (mm) dp, =0y, ap, [R

1 6 13 3.22 41.8

2 8 13 3.30 42.9

3 10 17 2.43 41.3

4 12 18 2.63 47.3

5 14 18 3.72 66.9
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The variation of the degradation coefficiant, (R with the impact energy levels for the five
composite beams (Table 6.6) impacted by clampihipat ends is plotted in Fig 6.11.
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Figure 6.11 Variation of degradation factord,, [(R) with impact energy for the composite
laminate beams (Beams 1-5) impacted by clampinfpailends

Fig 6.11 shows that up to the BVID limit (Beams )1f@r the impact energies 6, 8 and 10J,
the degradation coefficient varies very little. dase of Beam 4 (12 J), which is impacted
slightly above the BVID limit the degradation caeint is slightly bigger. But Beam 5
which showed considerable non-linear behavior ascudised previously possesses a
remarkably high degradation coefficient.

6.1.7 Updating Procedure on Long Honeycomb Sandwich Beams

In this section, the FE modeling of the modal res@ois carried out on the long honeycomb
sandwich beams vibration tested in Section 4.2 lapZer 4. Only the three honeycomb
beams (H2, H3 and H4) that are impacted shall beehed.

In case of the honeycomb beams, the same modelthgijpdating procedure is followed as
for the composite laminate beams. Reminding thelexathat the honeycomb sandwich
beams consists of four plies of composite lamingf@0/M21 in the upper skin and four
similar plies in the lower. So sandwich beam is sled as follows

« The sandwich beam is modeled by nine plies. In Wwhize middle ply (B) is
considered as the honeycomb core by changing iterrabproperties and giving it a
thickness of 10 mm. The sandwich beam is modeledsiyg quadrangular Mindlin
shell elements

» Steel End masses and aluminum base block (fordfidie beam on the shaker) are
modeled with 3D brick elements
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One major drawback setback encountered when madslmdwich beams was that the
ultrasound results did not give reliable resultstiom details of the damage shape and surface
as in the case of composite laminate beams. Thasalind (C-Scan) results on the
honeycomb beam H4 impacted at 8 J which inducedfgignt damage is shown in Fig 6.12.

Damage Zones not clearly
identified by C-Scan Tests

A

160 mm

Figure 6.12Ultrasound (C-Scan) results showing unclear caltolaof the damaged surface
for the long honeycomb beam H4 impacted at impaetgy of 8 J

The C-scan results in Fig 6.12 underlines the vmalméty of this testing method for

measuring the damage surface in thin skinned sahdleams. To go ahead with the
modeling the following assumptions are made:

» The damaged zones are considered circular andatteegnodeled in the same way as
explained previously in Section 6.1.

« Hand tapping is carried out on the honeycomb skinsarface to estimate
approximately the damaged area. The radius of shienated circular damaged zone
for the three honeycomb sandwich beams is presémiEable 6.11.

* Experimentally obtained damping values are use@d&oh mode in the FE models.

Table 6.11FE parameters for the three long honeycomb sandvaeims

Honeycomb Beam Impact Energy  Radius of the circular damage zone
Name J mm
H2 4 13 mm
H3 6 15 mm
H4 8 18 mm

The location of impact points in the 480 mm longhé&gcomb sandwich beams is shown in
Fig 4.9 in Chapter 4. Generally in the sandwichneathe shear forces normal to the panel
will be carried by the honeycomb core. Bending motsend in-plane forces on the panel
will be carried as membrane forces in the facingpsKcomposites in our case). For many
practical cases, where the span of the panel gelaompared to its thickness, the shear
deflection will be negligible. In these cases, @ynbe possible to obtain reasonable results by
modeling the structure using composite shell eldm§IB9]. It should be noted that the in-
plane stiffness of the honeycomb is negligible cared to that of the facing skins. The
honeycomb sandwich beams (directions shown in Fig)6is modeled by defining the
following properties
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Figure 6.13Material property directions for sandwich honeycobd@ams
Skin Properties

In order to model a composite laminate beam in Bfvgre the following three material
properties are required:

* E_ = Ex = Longitudinal elastic modulus
 Er =B/ = Transverse elastic modulus
e G = Shear modulus

Core Properties

When defining the properties of honeycomb core [@@h2) the following points should be
taken into consideration:

* E_=Ex= 0 (Longitudinal and transverse elastic modulus

* Ey = E/ = Transverse elastic modulus

*  Hxy = Uxz = Hyz = 0 (Poisson ratio)

* Gxz = G. = shear modulus in longitudinal (ribbon) direct29 MPa
* Gyz = Gr = shear modulus in transverse direction = 13.8 MPa

*  Gxy =0 (In-plane shear modulus)

* Ez = Ec = compressive modulus of core material = 75.8 MPa

By carrying out several trail tests by varying wmdually the above skin and core material
properties, it is found that the skin propertiesehaery little effect on the modal properties
due to its small thickness. Among the core propsrthe shear modulusx&sis by far the
material property which has the most profound é$f@mn the natural frequencies. These trial
tests are performed in the parametric module ofsBsattro by using Samcef's DYNAM
module. Based on these trial test results, it wasded that in order to keep the damage
modeling methodology simple, only the Shear Modyl@s,) shall be varied in case of the
honeycomb sandwich beams. Modeling of the dynaespanse and the updating procedure
for Honeycomb Beam H2 is discussed below, wheressslts for the Honeycomb Beams H3
and H4 are given in Annex for the sake of clarity.

Another difference with the composite laminate bgamthat only the first three bending

modes shall be studied, because very large digmeasid high statistical errors are obtained if
the fourth bending mode is considered as well.
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Beam H2 (4 J)

The four impact points are modeled by a circle 8fmim radius. Due to unavailability of

accurate C-Scan results the damage surface isap@ated. The experimental/numerical
correlation procedure is the same as that usedth®rcomposite laminate beams. The
experimental and numerical comparison of the nafiveguencies for the three states (UD,
D1 and D2) along with the modification coefficierstsd statistical errors is shown in Table
6.12. Likewise the comparison for the FRF amplisude shown in Annex Table 6.0.

Furthermore, comparison of the experimental andarigal (FE) FRFs for Beam H2 for the

undamaged state UD and the two damage states DDArgdshown in Fig 6.14.

Table 6.12Comparison of experimental and numerical naturadjdencies for Honeycomb

Beam H2 (4J) for the undamaged state (UD) andwledamage states (D1 and D2) along
with the statistical error and the modification ffmgent

Natural Frequencies (Hz)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 144.0 147.8 132.0 136.8 124.3 129.2
2 763.9 764.5 691.3 702.0 614.3 639.8
3 1360.4 1360.7 1244.4 1243.1 1141.5 11354
dup 1.00 ap, 350 ag, 350
Efreq,UD (aUD) 2.23 Efreq,Dl(aDl) 6.81 Efreq,DZ (aDZ) 15.12
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Figure 6.14Comparison of experimental and numerical FRFs fond. Honeycomb Beam H2
for the undamaged state UD and the two damageeésstatl and D2 for the measurement
points 26, 20 and 3 respectively
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Table 6.12 and Fig 6.14a shows a good correlateiwden the natural frequencies and FRFs
at the undamaged state (UD), which is proved bytrg small statistical error. But for the
damaged cases (D1 and D2), this error increasessamethtively high for the damaged case
(D2). Fig 6.14c also shows a considerable dispergiothe FRFs. In case of honeycomb
beams, it can be said with authority that this éisn in the FRFs and the high statistical
errors E ., 5,(0p, ) are due to the asymmetric nature of damage isahewich honeycomb

beams i.e., impacting at the honeycomb cell ceatet at the corner leads to different
damages.

The FE results of the dynamic response and updédinifpe other two honeycomb beams H3
and H4 impacted at 6 J and 8 J respectively amepted in Annex.

Generally the experimental/numerical correlatiovegibetter results in case of the composite
laminate beams because damage area was modeleldonazecurate C-Scan results.

But still from the results on the three honeycorabdsvich beams (H2, H3 and H4), a good
correlation is obtained certainly for the undamagaske (UD) and also to some extent for the
damaged case (D1). But in case of the damaged (B&)ewhich is the damage at 4 points,

unsatisfactory correlation results are obtainedabse due to the nature of the honeycomb
(cell or corner), the damage density varies a\Wéith the current methodology where the

material properties are reduced by the same fatteach damage point, it is not a very good
idea to model asymmetric damage. This can be cemorefor the shift in the experimental

and FE results.

As discussed previously, due to the unavailabditthe C-scan results, damage surface was
approximated by hand tapping. The circular damédggpe was also a big approximation for
the sandwich beams, because in case of the corapasiinate beams C-Scan results showed
the damage surface to be nearly circular. Therefloeecircular shape assumption worked
relatively well in the FE models for the compositéeninates. However for the sandwich
beams, this unavailability of data regarding damsigape and extent leads to errors while
updating the FE model.

In the FE modeling methodology presented in thesihy one major assumption that is made
is that, the material properties have been redutdide damage zones by taking into account
the total thickness of the specimen. The C-scamiteedo not indicate clearly the location of

damage in the thickness for the composite lamindtieerefore, the material properties have
been reduced for all the thickness. This hypothasiks well in case of composite laminates
as we have the same material in all the thickness.

However, for the sandwich beams having two skind arcore this hypothesis is a bit far

fetched. Therefore, this can also be the reasontivayrE modeling results are less good in
honeycomb sandwich beams as compared to the compasiinates, because we assumed
that the damage is the same in the two skins anddre. However in reality this might not be

true. The skin that is impacted is more damagedatity than the lower one, as shown in Fig

6.15. So our hypothesis of constant damage in rleie& can be misleading in case of
sandwich beams.
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Figure 6.15Schematic of a sandwich beam showing the approgiondamaged zone where
the material properties are reduced — In sandwiehrbs lower skin might be less damaged in
reality, so our hypothesis can be misleading

Therefore in future, the impact points shall be eled in such a way that material properties
can be varied separately at each impact point.hbmeycomb beams shall be cut around the
damaged area and will be observed by a Scannirgr&teMicroscope (SEM). The aim shall
be to obtain information regarding the shape amthse of the damage surface.

As in the case of honeycomb sandwich beams theeBtlts are less reliable therefore the
variation of the degradation factar,, (R with the impact energy levels is not studied.

6.1.8 Updating of Long Carbon Entangled Sandwich Beams

In this section, modeling of the modal responstheflong carbon entangled sandwich beams
is tried. The aim is to model the entangled sandwieam with measured core properties
(Static Tests in Section 5.1.2) in order to cal®uthe natural frequencies to compare with the
experimental test results (Table 5.3 in ChapterAs)entangled sandwiches are a new brand
of sandwich materials, therefore such comparisatiprevide a verification of the measured
core properties. The procedure of modeling thergyia sandwich beam is similar to that of
the honeycomb sandwich beams in the previous sectio

« The sandwich beam is modeled by nine plies. In white middle ply (5) is
considered as the entangled core by changing itsriabproperties based on the static
test results and giving it a thickness of 10 mme Bandwich beam is modeled by
using quadrangular Mindlin shell elements

* Aluminum base block (for fixing the beam on thelsdtq is modeled with 3D brick
elements (no end-masses are attached)

As in the case of sandwich honeycomb beams, thasolind (C-Scan) results are incapable

of measuring the damaged surface for the entarsgledwich beams as well, as shown in Fig
6.16.
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Damage Zones not clearly identified by C-Scan Tests
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220 mm

Figure 6.16Ultrasound (C-Scan) results showing unclear caltolaof the damaged surface
for the long carbon entangled beam (EL2) impacteidn@act energy of 12 J

The entangled sandwich beams (directions shownign6FL3) is modeled by defining the
following properties:

Skin Properties

In order to model a composite laminate beam in Bfivare the following three material
properties are required:

* E, = Ex = Longitudinal elastic modulus
* E; =B/ = Transverse elastic modulus
e G = Shear modulus

Core Properties

When defining the properties of honeycomb core [@dh2) the following points should be
taken into consideration:

* Ex =E/=E =1.4 MPa (Section 4.3.2)
*  MUxy = Mxz = Myz = 0 (Poisson ratio)
*  Gxy =Gxz = Gyz = 10 MPa (Section 4.3.2)

From the core material properties it can be seanhdbr entangled sandwich core is isotropic
in nature. First of all the FE model for the undgedh case (UD) is built and if a satisfactory
comparison is obtained with the experimental resudnly then shall the damaged scenarios
be modeled.

A comparison of the experimental and numerical FétFthe Long Carbon Entangled

Sandwich Beam EH1, for the undamaged state UDeatrtbasurement points 2 is shown in
Fig 6.17 below.
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Figure 6.17 Comparison of experimental and numerical FRFs fbe tLong Carbon
Entangled Sandwich Beam EH1 for the undamaged Bfiatéeor the measurement points 2

The numerical FRF shown in Fig 6.17 is obtainedvagying the experimentally calculated
elastic modulus (E = 1.4 MPa) and shear modulus (®© MPa) for the carbon entangled core
by approximately 5 %. By doing so a very good datien is found for the first bending
mode which is around 220 Hz. However after the Bending mode a large dispersion is seen
between the experimental and numerical FRFs. Whahsaquestion of the verification of the
measured core properties is concerned, they deblebecause the first bending mode gives
a good correlation between the experimental anddsklts. As the frequency of the first
bending mode is directly proportional to the matleproperties so it can be said that the
experimentally obtained elastic and shear module€@ansiderably reliable.

By observing the experimentally obtained FRF fa ¢émtangled sandwich beam (EH1) in Fig
6.17, it can be seen that there are multiple mdkdasare not to be seen in the numerical
results. This leads us to the following conclusions

In the FE model for the entangled beam, the fibearmegled core is considered completely
homogeneous and isotropic i.e., having the sampepties in all directions. Due to this

homogeneous nature of the entangled beam only thoekes are obtained in the (0-1500 Hz)
bandwidth.

However in reality the nature of the carbon fibatamgled sandwich core is different. As
discussed in Chapter 4, if the volume of the beancansiderably large, with the current
manufacturing technology i.e., by manually sprayiing resin on the fibers by a spray paint
gun it, it is not possible in our case to obtaimaiogeneous distribution of fibers and resin in
the entangled core. The multiple peaks in the exptally obtained FRF shown in Fig 6.17
are due to the non-homogeneous distribution ofése. Furthermore, due to this reason the
FE modeling for the damaged cases in case of ttengled sandwich beams shall not be
performed.

Therefore the aspect of spraying resin in the magtufing process of the entangled materials

has to be improved in future in order to obtain bgeneous sandwich materials like those

with honeycomb and foam cores.

In future FE models, in a similar way (reducing thaterial properties in the damaged zone)

shall be developed for the glass fiber entangledlwach beams but as these have also been
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fabricated by the same methodology, therefore thieoa thinks that similar additional peaks
shall be encountered due to non-symmetric naturerefore before taking into consideration
seriously FE modeling for entangled beams, thedabon methodology has to be upgraded.

6.2 Damage Localization by Topology Optimization

Up till now in this thesis, damage detection inivas types of composite beams has been
performed. The stake here is not only to updatembeel, but to go one step further in the
diagnostics and try and localize the damage, witpaor knowledge of its position.

In this section, damage detection and localizai®married out on the composite laminate
beams (previously tested in Chapter 3) through lmgpo optimization. By the topology
optimization approach, a numerical model is updatediards a similar structure with
embedded damages using only mass penalization lenaxperimentally obtained modal
parameters as objectives. The aim of this technigyest to localize damage in any type of
material either isotropic (aluminum) or quasi-isopic (composites), and not to provide the
exact damaged surface like C-scan tests.

Topology optimization has been carried out in MS&sftxan as this option was not available
in Samcef. First of all a brief theoretical backgnd about the topology optimization
methodology is presented.

6.2.1 Optimization Problem Formulation for damage Localization

For formulating general optimization statementstadlle for computation, some general
definitions have to be established. In the begignam objective of the optimization has to be
identified that is a function of the design varedlthat are changed in the course of the
optimization. As the main objective of the perfodraptimizations is the matching of a set of
modal parameters, any kind of matching functiom.(éeast square formulations) can be
considered. In the case of the presented work, eudus objective function is chosen,
considering the parameters that are to be matcimyg as constraints. Furthermore, the
number of parameters can be dynamically adapteidgltine optimization depending on the
fulfilment or non-fulfilment of the constraints. lBhmeans that each constraint has principally
to be matched to itself and not to a least-squaial @f them together. In preliminary tests,
this formulation gave the most promising resultbereas other formulations more often led
to wrong local optima. The mentioned approach hes @ready been proposed in the recent
article by Lee [75].

An exemplary pseudo objective function is showrEguation 6.18, wheréis the original
objective function and® a penalty function consisting of a set of ineqyabr equality
constraints, which arg and h respectively. The parametep is a further penalization
coefficient that can be applied to the constraints.

min: ®(x) = f (x) + P(r,,h(x), g(x)) (6.18)

The vector of design variables x consists of thpolagy design variables corresponding to
the Power Law approach [71]. These design variadtesprincipally an additional element
property that can be understood as a relative tleobieach elemerg as stated in Equation

6.19.
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<x<1 (6.19)

min —

X, = Pe subject to0 < x
0

Since the variable is normalized by the originaigiges, it can only assume values between 0
and 1, as stated in the side constraints. Due ieenigal reasons, 0 is replaced by a minimum
threshold. This design variable is then multipligdthe corresponding element’s stiffness and
mass and thereby alters the properties of the eie(&guation 6.20).

E. = x’E,andm, = xJm, (6.20)

The design variable is also being penalized, wigckupposed to help in getting a clearer
solid-void solution by making intermediate desigriables more "costly". The values of the
penalization exponents p agdare problem-dependent, but a penalization fadtabout 3 is
generally proposed in common literature [72].

In the following, the constraints consisting of mbgarameters are defined, where the primed
value always denotes the reference data of the gkdinatructure, and the plain value
corresponds to the current data of the optimizedlghoSince the goal is to minimize the
difference between these values, a proxinaitys usually defined. The first set of constraint

equationsg® requires then, chosen angular resonance frequencies to be whikiproximity
of corresponding resonance frequencies of the dadhsigucture (Equation 6.21).

9° =(af -@*)? < g, fori=12,..,n, (6.21)

This formulation has a global character, sincerdsmnant frequencies are global parameters
for the structure. In [17], it has however beenvehmdhat local modal data is necessary for
achieving better results, which is why the use ofi-eesonances is proposed. Whereas
resonances can be found at the peaks of the freguesponse functions, their local minima
are called anti-resonances (Fig 6.18). These mimgsalt from the additional contribution of
two neighboring modes with a 180 degree phasessHifi2]. Anti-resonances are unique for
any point on the structure and therefore considasddcal data.

Rezonances

Amplitude (dB)

Antiresonances
=200 1 1 1 1

0 200 400 600 800 1000
Frequency (Hz)

Figure 6.18Resonances and anti-resonances in frequency resgonestions
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It is important to underline the fact that dissipat(damping) modifies resonance and anti-
resonance peaks, and furthermore, non-linearityded a shift and distortion in both the
resonance and anti-resonance peaks.

Due to limitations in Nastran, anti-resonances @awdt directly be considered as constraints,
but the nodal frequency response functions, soahtiresonances can still be included in the
optimization by evaluating the FRFs at the corresiong frequency. Thus, the second used
set of constraint equatioms requires that the magnitude value of the nodal FREF of an

FE node) at a certain excitation frequefqyto be within the proximitg, of that of the
damaged structure at the same frequency.

g" :{JHKI (Qj)‘_‘qkl (Qj)‘}<gH fori=12,...,n, (6.22)

where the suffiXx is the excitation anbis the measurement DOF.

As objective function, further penalization functsoohave been used that are not necessary but
showed to improve results in preliminary tests. SEhéunctions can be understood as a
penalization for the structural mass. Since theefitomposites do not lose mass due to the
impacts, it is desired to keep the structural ncésse to the original mass.

Since the design variables are the elements’ tnaatidensities, it is more practical to use also

fractional masses for the objective functions, aBnéd in Equation 6.23, wherg, is the
mass when all design variables are at 1 (solid).

m,
Mactional = z E (623)

Here,ne is the number of elements in the design domaire @uhe constant design volume,
this fractional mass is equal to the sum of altticmal densities as shown in Equation 6.24.

V,
mfractional = z#f): = z Xe (624)

Several objective functions have been tested, whrehshown in Table 6.13, whereas Fig
6.19 depicts these objective functions.

Table 6.130Dbjective functions for fractional mass penalizatio

Number Function Derivative
1 L = mfrac (1_ mfrac) L' = 1_ 2mfrac

2 L= ‘1— My .c L"=-1for Miac <1

3 L = (1_ rnfrac)2 L' = _1+ 2mfrac
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Figure 6.190bjective functions for fractional mass penalizatio

In the displayed figure it can be seen that alctioms show a relative a minimum at the right
boarder of the domain where all fractional densitewe 1, but they possess different
derivatives, which are important for the sensiyivétnalysis and basically characterize the
penalization. The derivative of function (2) is stant over the whole domain ([0;1]), the
derivatives of the other functions are variablehvite fractional mass. Whereas the derivative
value of function (1) approaches the value of thewvative of function (2) close to the right
boarder, the derivative of function (3) approacheso. Therefore, similar results have been
obtained using functions (1) and (2) during theuations. Also, they generally gave better
results than function (3).

Sensitivity Analysis

Since mathematical programming methods usuallylirevthe calculation of gradients of the
objectives for the sensitivity analysis, the deiwes of the constraints with respect to the
design variables are presented in this section.atmu 6.25 shows the gradients of the

resonance frequencies as derived in [27], wiggreare the components of the corresponding
eigenvector with respect to the nodal degreesegidom of the elemert

da¥ . 0E oM
'=¢/ie( c-of e}//,-e (6.25)

0X, 0X, 0X,

The patrtial derivatives of the frequency responsetions have been derived in [73]. Based
on Equation 6.12 the frequency response functiorbeawritten as Equation 6.26.

H(Q) = wa(Q) f *(Q) (6.26)

Then, the gradients of the frequency response ifumetwith respect to the element density
fractionxe are calculated as in Equation 6.27.

oH (Q)

= WH(Q) f Q) (6.27)
oX

e
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Here, S is the sensitivity matrix as defined in &tpn 6.28, wherew is theith natural
frequency and/, the corresponding damping ratio. As befdejs the exciting frequency.

-1 OE oE
S = T % 2%y 6.28
i OJ,Z_QZ"'iZZia)IQ‘/I'eEEaXe aXerle ( )

In both cases the gradients of the stiffness arsbmmatrices can be calculated as in Equations
6.29 and 6.30.

oK. _ [ony’ %E. bNdv (6.29)
X, e 0X,

oM, _ [N 9P Ngy (6.30)
X, v O0X,

Set-up of Topology Optimization Formulation for Damage Localization in Nastran

In the following Nastran input file parameters fitre damage localization approach are
presented. Also, the models that are used for aenuoat validation of this method, as well as
the modeling of the specimens described in theipusvsections are explained. The latter
models are supposed for an experimental validatidghe damage localization method.

MD Nastran seemed therefore suitable for this kiidob, since, with the release of the
version MSC Nastran 2005 r2, the embedded optimizdibraries were enhanced by a
topology optimization capability and the introdectiof the BIGDOT optimizer. Especially

this new optimization library provided the capalilio deliver practical results dealing with

the large amount of design variables that are commdopology optimization. Thus, only

Nastran was available for an "all at once" impletaton of the described method, combined
with low calculation time.

For the optimization of the structure, several reands had to be added to the input file. At
first, the design variable has to be defined. la tase of topology optimization, this is
explicitly done by the command TOPVAR. The struetwf this command is exemplary
shown in Table 6.14 with the corresponding symifrais) the previously derived equations.

Table 6.14Definition of topology optimization variable in Niagn

Command ID Label Type of property Xo Xmn AXx P Property ID
TOPVAR 1 DREGION PSHELL 0.99 0.0001 0.2 3 4

Here, type of property characterizes the elemethist are included in the optimization,
concerning their deformation behavior. This defomt has to be in accordance with the
elements of the defined design region, which idedaby the Property ID that has been
assigned prior to the corresponding elements
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Then, the chosen modal parameters of the strutitatduild up the constraints and objectives
have to be included in the calculations. In Nastitz@se parameters are referred to design
responses and they are accessed by the DRESRiseftor each desired structural response,
such a DRESPI entry has to be defined, where ttiexindenotes the type design response
formulation.

The design responses can then be constrained drgmefng the corresponding DRESPI entry
in a DCONSTR command and by defining the boundatiese. All the responses and
constraints can be called, either by themselveason linear combination, by the global
objective function (DESOBJ) or the global constramioammand DESGLB in the case control
section, or, as sub-case dependent constrainss JiSSUB command for each sub-case. Fig
6.20 shows how responses, constraint and objecti®asprincipally be connected. More
precise definitions of each of the commands arergin reference [74]. In each optimization
cycle, two sub-cases have to be evaluated: the Imatysis and the modal frequency
response analysis. Each sub-case thereby callgwits set of design constraints via the
DESSUB command. An exemplary input file can be tbum the appendix A, where the
design constraints and corresponding design resgotike the model itself, are sourced out
into external files to keep input file mostly modetiependent.

DRESPi (Design responses) ”'I-|

Bulk Data $
Section ' DCCNSTR (Design Constraints) ”‘H

| DCONADD (Selecting constraints) |

DESOBJ DESGLB

(Design objective) (Global constraints) (Subcase constraints)

(Global) case control section Subcase control

section

Figure 6.20Constructions of objective functions and globakab-case design constraints in
Nastran input files

The composite laminate beams in Nastran are modelbe same way as they were modeled
in Samcef. The composite beam is modeled by skethents and the steel masses and the
aluminum fixation system is modeled by 3D elememsharmonic load with constant
amplitude of 1 N is applied at a node situated 20 below the bottom of the base block as
shown previously in Fig 6.2b.

Before undertaking the case of composites, thislomy optimization technique has been
validated with success for various aluminum beatritis @vacks.
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6.2.2 Experimental Validation of Topology Optimization in Composites

The optimization algorithm is applied on the comoaminate beam (Beam 4) impacted by
clamping two ends with an impact energy of 7 Jratilon tests on this beam are carried out in
Section 3.3). If reliable results are obtained thiga study shall be carried out on the other
composite laminate beams as well in future. Hdre,data used for the constraints are the
natural frequencies and the FRFs that have beamnelblt by vibration tests on Beam 4 for the
two damage states D1 (4 impact points) and D2 @achpoints).

It has to be reminded, that as the ultrasound teesué only available for half length of the

beam so the topology optimization results are slsmwn for one half as well. As the beams
are considered to be symmetrical, thus each sidaeobeam has undergone two and four
impacts, respectively. The topology optimizatiosules for the damage state D1 (2 impacts
on half beam length) in comparison with the ulttasbresults are shown in Fig 6.21.

Figure 6.21Comparison between C-Scan results (top) and toyobdggimization (bottom) for
the damage state D1 - The two middle impact p@rasblackened as they correspond to the
damage state D2

Fig 6.21 show that for the first two impacts, tight locations have been found effectively
with similar sizes as in the ultrasound images Haate been produced after vibration testing
i.e., the outer two impact damage points have betaduced first (D1) and the two inner

impacts later (D2) as shown in Fig 6.21. Ultrasaeists are only performed after all other
testing has been completed.

Similarly, the topology optimization results foretilamage state D2 (4 impacts on half beam
length) in comparison with the ultrasound resulesshown in Fig 6.22.
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Figure 6.22Comparison between C-Scan results (top) and toyobdggimization (bottom) for
the damage state D2, the blue zone shows the a@ption results — algorithm is not able to
distinguish separately the four damages

In case of the damaged state D2 with four impdesdor half-beam length (Fig 6.22), only a
rather uncertain region of damage with lower désssiis located, but not the discrete impact
points as shown in the ultrasound result. Howetrer,displayed region of lower densities is
still close to a damage region if the delaminatiegions due to the impacts (Fig 6.22) are
merged. However, the optimized FRFs show a goodchmawith those obtained
experimentally for both the damaged cases as sioWwig 6.23

| —_ Optim.jzation Start | — Optimization Start
—Exp _enllllel_ltal Result — Experimental Result
l Optimization End Optimization End

G0 |
\,
-100 {v -100
N \&

-180 1 1 1 -180 i i i

@) 0 400 800 1200 1600 (b) 0 400 800 1200 1600
Frequency (Hz) Frequency (Hz)

-60 |

Amplitude (dB)

Amplitude (dB)

Figure 6.23 Experimentally obtained FRF for Beam 4 impactedclaynping two ends and
calculated FRF of the FEM model at the same pdietore and after optimization using only
resonance frequency constraints (a) for damages dtdt (4 impacts) (b) for damage state D2
(8 impacts)

To clarify further the results, a comparison of thatural frequencies between the

experimental and the topology optimized resultsHeam 4 are laid out in Table 6.15. It can
be seen that better matching is obtained for hifleguencies.
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Table 6.15 Experimental (vibration tests) and optimized (Tagyl optimization) natural
frequencies for Beam 4 impacted by clamping twosend

Natural Frequency (Hz)
Damaged State (D1) Damaged State (D2)
Bending Experimental Numerical Experimental Numerical
Modes No (Target) (Optimized) (Target) (Optimized)

1 37 30 -44.8 -46.1
2 278 270 -72.8 -81.7
3 687 679 -84.9 -84.8
4 1363 1351 -99.8 -97.6

From the obtained results it can be concludedttiet quality depended vastly on the choice
of the optimization parameters. These optimizatiensitive parameters can be divided in two
main groups. The first one consists of the pararsetdated to the optimization process i.e.,
penalization exponents and objective functions, thiedother depends upon the quality of the
experimental results. Since higher resonance fregjee usually show a higher shift when
damaged, therefore vibration tests should be choig with a larger bandwidth if possible.
But with higher frequencies the necessary modattifieation becomes more difficult as
higher modes are more susceptible to noise andefumiore the higher modes participate less
and less in the actual dynamic response.

The presented topology optimization approach ig ksited to modal parameter shifts due to
loss of stiffness and mass, and does not takeaotount damping which as proved by the
experimental results is more sensitive to damagm tetiffness changes. In the current
formulation it is not possible to consider changas damping as constraints in the
optimization, since no response for damping islaté so far in Nastran.

So in the future, the changes in damping will besidered as a matching parameter, and in
addition, the frequency bandwidth will be increasedwell while performing experimental
modal analysis to take into account higher modasdhe more sensitive to damage.

6.3 Conclusion of the Sixth Chapter

The numerical part of this thesis consisted of twajor parts. The first part is to develop
Finite Element models that represent damaged caiegosams in vibrations. Finite Element
models in Samcef are used to calculate the modalters and dynamic response of the
composite laminate and the composite sandwich belnese simplified damage models give
us a degradation factor that can serve as a waregayding structure safet¢ompare the
numerical results with those obtained experimentayl (Chapters 3, 4 and 5) on the same
beams. Then update the Finite Element models in order tamprove the
experimental/numerical correlation. The methodology used to model damage in the test-
beams is a simple one. Instead of modeling the danas it is by directly meshing the
structure, thanaterial properties of the elements in the damageones are modified This
way the problems of excessive gridding number anallsmesh sizes are avoided.

The size of the circular damage zones is estimadsdd on the fairly accurate C-Scan results.
The longitudinal Elastic Modulus (E.) is varied in the circular damage zones for the
composite laminate beams, because trial testsigigbt (&) as the material property which

has the most profound effects on the natural freges. For the process of updating, the
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FEM model corresponding to the undamaged case (W@stablished by trying different
values of coefficient a,, (by a Parametric study in Boss Quattro), until #raallest

statistical error is reached between the experiateantd numerical results for the natural
frequencies based on the following equation.

E I ~ o)
freqUD (aw) = Nz rem oo (@un ) — Texeun
i=1

The same procedure is followed for the damagedscé@& and D2). The statistical error
Efeqp1(@p,) for the damaged case (D1) is calculated for etasiation and compared with

that of the undamaged cdsg,, ,, (0, - The aim is to findg,,, (@, s close as possible
t0 Eequo (@up ) - The same procedure is followed for updating tR& Emplitudes.

By following the above mentioned procedures, theatlyic response of the composite
laminate beams has been successfully modeled aweryagood experimental/numerical
correlation is obtained. However, it needs to bghlghted thatour methodology only
stands for the cases where thdamage is smalli.e., around the BVID limit where the
behavior of the structure remains more or lessalin®nce the level of damage goes well
beyond that corresponding to the BVID limit (Examplf Beam 5, impacted by clamping all
four ends), this approach starts showing deficesciin order to model high damage
successfully in composite laminates, an advancetermmah law has to be chosen and
calculations have to be carried in FE softwaressigig non-linear modules (solvers).

In case of the honeycomb beams, the same modeilthgijpdating procedure is followed as
for the composite laminate beams. Generally theeexy@ntal/numerical correlation gives
better results in case of the composite laminatamsebecause damage area was modeled
based on accurate C-Scan results. However for theeyltomb beams due to the
unavailability of the C-scan results damage surface was approximated by tapping. The
material property varied in the damage zones ie cdshe honeycomb sandwich beams is the
shear modulus (Gz), which seems to have the most significant effecttbe modal
parameters.

But still from the results on the three honeycorahdwich beams (H2, H3 and H4), a good
correlation is obtained certainly for the undamagase (UD) and also to some extent for the
damaged case (D1). But aase of the damaged state (D&)hich is the damage at 4 points,
unsatisfactory correlation resultsare obtained because due to the nature of theybomdd
(cell or corner) the damage density varies a loithWhe current methodology where the
material properties are reduced by the same fatteach damage point, it is not a very good
idea to model asymmetric damage. Therefore in & tile impact points shall be modeled in
such a way that material properties can be varggmhraitely at each impact point. The
honeycomb beams shall be cut around the damagadaadewill be observed by a Scanning
Electron Microscope (SEM). The aim shall be to obtaformation regarding the shape and
surface of the damage surface.

The author has also tried to model the dynamic alesp of the carbon fiber entangled
sandwich beamslhe experimental/numerical correlation was less tha satisfactory due

to multiple peaks in the experimentally obtained FR due to the non-homogeneous
distribution of the resin. This asymmetric behavior due to random distributd fibers and
resin is not possible to simulate numerically, lhuseain the FE model the fiber entangled core
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is considered completely homogeneous and isotropic having the same properties in all
directions. Therefore the aspect of spraying reasinthe manufacturing process of the
entangled materials has to be improved in futurerger to obtain homogeneous sandwich
materials like those with honeycomb and foam caaiad, only then shall the FE modeling be
carried out. Furthermore modeling numerically oalgtically an entangled material is a
complete thesis in itself.

The second part of the numerical work concetamage localizationand its validation in
composite laminate beams through topology optirnonan Nastran using the experimentally
obtained modal parameters (Chapter 3). The dano&géidation approach can be divided into
two sub-problems, the optimization routine usingpdlogy Optimization, and the
experimental estimation of modal parameters withdbrrect numerical modeling. Results on
composite laminate beams (Beam 4) showed that wiplology optimization theright
damage locationshave been found rather efficientply for the lower damage state D1

The topology optimization approach presented is thesis is greliminary study, and it
was observed during trial tests while comparinghwfite experimental results (C-Scan), that
sometimes the results were less clear and the matiion got stuck in wrong local optima
more often. But it can be assumed that this anonsalyiostly due to the simplicity of the
approach, the lack of constraint data and for aking into account damping that controls the
FRF amplitudes. Still, with a suitable choice ofagraeters, for composite beams some good
results with correct localization of the impactsachieved. Damage localization by topology
optimization turns out to be a rather promisingmoetbut it is not the core of this thesis.
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Chapter 7 : Conclusion and Future Work

7.1 Overall Conclusion

The thesis presents an experimental study on fieetefof multi-site impact damage on the
vibration response of composite laminate and coitgpaandwich beam-type specimens.
Finite element based models are also developedrmolate the dynamic response of these
damaged composite beams, in order to find a gopeérerental/numerical correlation with
the help of updating. A preliminary study on damdagealization in composites based on
topology optimization is also carried out.

Impact damage in composites may lead to severeadatjon of the mechanical behavior due
to the loss of structural integrity. Therefore stural health monitoring (SHM) based on
vibration testing is useful in detecting this damagaused by impact because damage
generally effects the vibration characteristicsao$tructure i.e., natural frequency, damping
and mode shapes change in detectable manner due ltwss of stiffness and mass. Structural
health monitoring is a very vast domain and coas$five major steps:

» detection of damage in a structure

* localization of damage

» classification of the damage type

» quantification of damage severity

» prediction of the remaining service life of theustiure

Due to the vastness of this subject, it is veryidift in a thesis to work on all the above
mentioned five aspects. The scope of the work ptedein this thesis concerns the first two
steps of SHM i.e., detection and localization ahdge. However, identification of the type of
damage and its quantification can be achieved biatipg of reliable FE models.

At the start of this thesis, shift in modal paraengtdue to low impact damage was studied in
various types of specimens. It appeared clearlyttieapertinent way to proceed was to study
the effects of impact damage through changes imralatfrequency and damping by
experiments and FE models which help in the ideatibn of damage in composites.
Whereas topology optimization based on experimemslilts was used to localize damage
only in composite laminate beams.

The monitoring of impact damage in this thesisagied mainly on beam-type specimens of
the following type. One thing needs to be highleghtere that all the test specimens used in
this thesis have been fabricated personally byathieor.

* Composite laminate beams
* Honeycomb Sandwich beams
* Entangled Sandwich beams

The conclusion of the experimental results for eaththe above type of beams shall be
discussed separately for the sake of clarity.
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Composite Laminate Beams

The vibration test results on pristine and damagadposite laminate beams show
that with the accumulation of damage in the speosnéhere is a decrease in natural
frequency accompanied by an increase in dampimng rat

An interesting new feature developed in our stdhat the vibration tests are carried
out by placing steel masses at the two ends ofetstebeams in order to enhance the
shift between the modal parameters between theniagied and the damaged cases.

Results show that damping ratio is a more sensgarameter for damage detection
than the natural frequency.

Better and noise free vibration test results atainbd by gluing reflecting stickers on
the measurement points. The noise free measurerbgmiing the stickers enhance
the quality of damping results, which as comparedatural frequency is a property
that is far less stable and should be thereforienattd with extra care. High quality
measurements are done by using a Laser Vibrometer.

For the composite laminate beams, the Ideas Testslyatem with Polyreference

curve fitting algorithm was not available to validahe damping results by sine-dwell
testing, as damping is a parameter that is diffic¢al estimate with confidence.

Therefore a novel parameter by the name of damatgxiis introduced based on the
integral of the amplitude of the frequency respofnsetions, in order to verify the

damping ratio results estimated by Polymax whicle aot stable for certain

specimens. For the test-beams where damping desreath damage, damage index
shows an increase validating the theoretical raagon

Energy of impact is highlighted as the factor hgvihe most significant effect on the
modal parameters by carrying out design of exparimen the experimental data.
Furthermore, the Half Bandwidth Method is found uiteble for damping estimation
in the presence of damage.

Honeycomb Sandwich Beams

In a case of honeycomb sandwich beams, similaatidor tests have been carried out
on pristine and damaged honeycomb sandwich beahis.time vibration tests have
been carried out using both burst random (LMS Te&f) and sine dwell excitations
(Ideas Test Lab) in order to compare that whiclirtganethod gives a more logical
estimation of damping in the presence of damage.

The modal parameters show similar tendency as quehlj in case of composite
laminates i.e., damage prompts a decrease in hdtaguency accompanied by an
increase in damping ratio.

End steel masses also enhance the shift in modamggers in sandwich beams but
this shift is very less prominent as compared édbmposite laminate beams.
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Again, damping seems to be more sensitive to dartiegethe natural frequency. So
it is reasonable to assume that damping may beinsezhd of natural frequency as a
damage indicator tool for structural health monitgmpurposes.

Presence of non-linearity in the impacted sandvaeams is proved by carrying out
sine-dwell testing upwards and downwards in fregyewhich unfortunately could

not be done incase of the composite laminate bearhds observed that in the
presence of non-linearity, there is always a changemplitude coupled with a slight
shift in frequencies in the FRFs.

The aim of using design of experiments is to improlre understanding of impact
damage in composites. Design of experiments cawigdon the extracted modal
parameters show highlighted density of damage as félctor having the most

significant effect on the modal parameters and giweindication that sine-dwell

excitation based modal testing gives more reliaddémation of damping in the

presence of damage as compared to burst randamgtegthis is an interesting result
because similar design of experiments carried outhe modal parameter results in
case of composite laminate beams highlighted enafrgypact as the most significant
parameter, but in the case of honeycomb sandwiambet is the density of damage
that is the most significant parameter.

Entangled Sandwich Beams

An important and novel aspect of this thesis camedhe fabrication and mechanical
testing of a new sandwich material with carbon ffiemtangled core. Entangled
sandwich materials possess high damping chardaterend can be used for specific
applications like the inner paneling of a helicoptabin as their structural strength is
considerably low.

Studies have been carried out by varying the guyaotiresin in the entangled core. It
was concluded that entangled sandwich specimens leg#ser resin have better
damping characteristics, better resistance agamsact but on the other hand, their
static strength is low.

Furthermore, the effect of varying the fiber lengtithe entangled core has also been
studied. If the fiber length is equal to the cdrekness (10 mm in our case), a better
fiber orientation is obtained. However for fibendgh greater than the thickness of the
core a relatively poor orientation is obtained Whieduces considerably the static
strength.

The damping capabilities and impact toughness @fetitangled sandwich beams has
also been compared with standard sandwiches haaingycomb and foam cores.

Vibration tests show that entangled sandwich spesgpossess on the average 150 %
higher damping ratios and 20 dB lower vibratoryelevthan the honeycomb and foam
sandwich specimens.

Results prove that both carbon and glass fibemghgd sandwich beams have better
impact toughness as compared to honeycomb and doeernsandwiches. But it has to
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be remembered that the entangled sandwich beamsearly two times heavier than
the honeycomb and foam core beams of the same siiomsn

* In case of entangled sandwich beams too it is aglagerved that damping ratio is a
more sensitive parameter for damage detectiontti@natural frequency.

* Design of experiments (DOE) validated the experi@menesults by proving that
sandwich beam with entangled fibers as core mateaige a more significant effect on
the damping ratios and also proved that sine dwsting is more suitable for damping
estimation in the presence of damage as compartearsd random testing.

Finite Element Modeling and Updating of the Experinental/Numerical Correlation

» Simplified Finite element models are developed tiegresent damaged composite
beams in vibrations. These simplified damage mogiels us a degradation factor that
can serve as a warning regarding structure safety.

* The methodology used to model damage in the testibas a simple one. Instead of
modeling the damage as it is by directly meshirggdinucture, the material properties
of the elements in the damage zones are modified bgefficientr. This way the
problems of excessive gridding number and smalhnsezes are avoided.

* The size and shape of the approximated damage aomase of composite laminate
beams depends on the fairly accurate C-Scan reJiies damage zones are circular
shaped which is the closest approximation to nea#ind gives a very good
experimental/numerical correlation.

* However for the honeycomb beams due to the undittyaof the C-scan results,
damage surface was approximated by tapping. Coes#guthe results were less
accurate as compared to the composite laminates.

* The longitudinal Elastic Modulus ([Eis varied in the circular damage zones for the
composite laminate beams, because trial testsigigatl (k) as the material property
which has the most profound effects on the nafuegluencies. The material property
varied in the damage zones in case of the honeyganbdwich beams is the shear
modulus (Gz), which seems to have the most significant effeot the modal
parameters.

» A statistical error is defined, and that valuehs tmodification coefficientr is chosen
that gives the minimum statistical error betweerm #xperimental and numerical
results. This process is first done for the undadagpse and then for the damaged
cases. The statistical error for the natural fregies and FRF amplitudes should
match that for the previous case whether it israaamaged or a damaged case.

e In the case of composite laminate beams generally very good
experimental/numerical correlation is obtained. ldwer, it needs to be highlighted
that our methodology only stands for the cases avtles damage is small i.e., around
the BVID limit where the behavior of the structusmains more or less linear. Once
the level of damage goes well beyond that corredipgnto the BVID limit (Example
of Beam 5, impacted by clamping all four ends)s tlapproach starts showing

205



deficiencies. In order to model high damage sudalgsn composite laminates, an
advanced material law has to be chosen and cadtmsgahave to be carried in FE
softwares by using non-linear modules (solvers).

For the honeycomb sandwich beams, a good correl&iobtained certainly for the
undamaged case (UD) and also to some extent fataimaged case (D1). But in case
of the damaged state (D2) which is the damagepmtirts, unsatisfactory correlation
results are obtained, because due to the natuiteedioneycomb (cell or corner) the
damage density varies a lot. With the current nalamgy where the material
properties are reduced by the same factor at eactage point, it is not a very good
idea to model asymmetric damage.

Finite element modeling of the dynamic responsethef carbon fiber entangled

sandwich beams has also been performed. The exg@atmumerical correlation was

less than satisfactory due to multiple peaks inetkgerimentally obtained FRF due to
the non-homogeneous distribution of the resin. Tdsymmetric behavior due to

random distribution of fibers and resin is not plolesto simulate numerically in this

thesis, because in the FE model the fiber entangted is considered completely
homogeneous and isotropic i.e., having the samgepties in all directions. Therefore

the aspect of spraying resin in the manufacturiracgss of the entangled materials
has to be improved in future in order to obtain bgeneous sandwich materials like
those with honeycomb and foam cores, and only el the FE modeling can be
successfully carried out.

Damage Localization by Topology Optimization

The second part of the numerical work concerns dpgplication of a damage
localization tool developed by H. Niemann, J. Merland A. Shahdin, based on
topology optimization in Nastran using the expemtadly obtained modal parameters
(Chapter 3). Material is removed in the preciseezonf the FE model in order to
minimize the error between the experimental and emgal frequency response
functions (FRFs), this way an equivalent damagemisdeled. Thus topology
optimization is a diagnostic tool (for all types wfaterials) and requires only the
undamaged state for localization of damages.

From the obtained results it can be concludedttiet quality depended vastly on the
choice of the optimization parameters. These op#aition sensitive parameters can be
divided in two main groups. The first one consigtshe parameters related to the
optimization process i.e., penalization exponents@bjective functions, and the other
depends upon the quality of the experimental resulince higher resonance
frequencies usually show a higher shift when damaterefore vibration tests should

be carried out with a larger bandwidth if possitieit with higher frequencies the

necessary modal identification becomes more ditfi@as higher modes are more
susceptible to noise and furthermore the higherengzhrticipate less and less in the
actual dynamic response.

Results on composite laminate beams (Beam 4) shotkhat with topology

optimization the right damage locations have bemrmd rather efficiently at lower
damage levels (D1) i.e., first state of damageuinaase.
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However during trial tests, while comparing withe texperimental results (C-Scan)
sometimes the results were less clear and the @patiilon got stuck in wrong local

optima more often. But it can be assumed that dmiemaly is mostly due to the
simplistic approach taken and the lack of constraiata and for not taking into
account damping that controls the FRF amplitudedl, &ith a suitable choice of

parameters, for composite beams some good resitliscarrect localization of the

impacts is achieved.
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7.2 Overall Comparison

In the last section, an overall comparison betweenrdifferent types of beams tested in this thissgrovided. Different experimental parameters
are compared which give an idea regarding theieffay of these types of materials regarding impagthness and damage detectability etc. In
order to compare efficiently the different typededt beams, the comparison is carried out atadheedevel of damage i.e., 0.1-0.3 mm indentation
depth which is below the BVID limit, as the aim\abration based damage detection methods is tacddsnmages that are not visible on the
surface, but can be quite harmful. The followingnp®are helpful in understanding the overall corrguen:

» The shift in modal parameters presented in thiejad between the undamaged state and the darteigensth 4 impacts

» Damage detection is based on the average shiinmpaohg ratio, as experimentally damping was pravede sensitive to damage than the
frequency (‘+’ sign shows significance of damaggedion, increase in ‘+’ signs signifies better wbdity)

« Impact toughness is based on the average shititural frequencies in our case, as decrease imahdtequency signifies loss of rigidity
which gives a measure of resistance against impgcsign shows significance of impact toughnesgrease in ‘+’ signs signifies better
impact toughness)

Type of Test Beams Damage Level Method of Significant Parameter Damage Detectability Impact Toughness
(Indentation depth) Excitation (DOE) (Shift in Damping)  (Decrease in Frequency)
Composite Laminate 0.1-0.3 mm Burst Random Impact Energy +++ +++ +
(IE) 66 % 4 %
Long Honeycomb 0.1-0.3 mm Burst Random Density of Damage ++++ +
Sandwich & Sine-Dwell (DD) 221 % 27 %
Heavy 0.1-0.3 mm Burst Random Density of Damage + +++
Long Carbon (DD) 27 % 8 %
Entangled
Sandwich Light 0.1-0.3 mm Burst Random Density of Damage ++ ++
(DD) 49 % 16 %
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7.3

Future Works and Perspectives

The author has succeeded in achieving a few thilngsg the three year thesis, but as it is
true for every other thesis and research work,etlremains still a lot that could not be
achieved due to the lack of time and sometimestadumavailability of equipment, technical
support and material. All these aspects which titba did not develop which could have
shed more light on principal idea of the thesis, dlnithor has laid them out in the future work.
It needs to be highlighted that work on a few adsil aspects discussed below has already
been started with help of undergraduate and mastdents, and if a few of them are finished
in time, these results shall be presented at the ¢if the thesis defense.

In this thesis, a simple case of symmetric imp#ets been chosen on all the test-
beams in order to have a globally homogeneous tyeasidamage. Work has been
started on asymmetric impacts on composite lamibhatans. The procedure will be
that one composite laminate beam shall be impattétree random positions on each
side with the same impact energy e.g., 10 J. Amatimilar beam shall be impacted
with the same impact energy but at five positionsone side and one position on the
other. The shift in modal parameters as a resutaaiage for both these cases shall be
compared to a reference composite laminate beam tiviee symmetric impacts on
each ends. So this way, by keeping the same ingaatgy and only changing the
positions of impact, the effect of asymmetric imigamn the modal parameters shall be
evaluated. If a significant difference is obsernasdcompared to the symmetric case,
then this study shall also be carried out on theelgoomb sandwich beams.

In case of the composite laminate beams, only apeup of the plies has been used
[0/90/45/-45}s, which was proposed by Saravnos and Hopkins [B2yhich the
delamination is said to have a more profound eféecthe dynamic characteristics.
Other commonly used lay-ups e.g., [90/45/-4%/(qQ5/-45/90/0}s shall be used to
fabricate similar composite laminate beams, whicallsbe impacted with the same
energy in order to study the effect of modal pat@meshifts on the lay-up of
composite laminate plies.

All the test-beams in this thesis have been tebiedurst random and dine-dwell
excitations with the exception of a few that havdydoeen tested by burst random.
However, the excitation level has always been Relt In the future, it is envisaged
to vary this excitation level for the same damadeam in order see whether by
changing the excitation level the damping ratieseffected are not.

In the presented work, all the impacts have beemedaout with a hemispherical head
of 12.7 mm. It would be interesting to impact sanitest-beams with the same energy,
by changing only the shape and size of impact hefsgsin the aim shall be to study
the shift in modal parameters. It is important tdenthat in all these studies, only one
parameter shall be varied at a time for the salaaoity.

All the above mentioned studies shall enrich ounvkiedge in the domain of impacts
on composite laminate beams and a better statistiysis can be carried out by
design of experiments. Based on this informatiomalge detection algorithms shall be
built in future to monitor damage in composite speEms.
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As it has been found in this thesis, that the dagpiatios shifts are far more
significant than the stiffness changes. Thereforduture based on the works of
Montalvao et al. [53], a method shall be develofed uses the modal damping factor
variation from a reference state to a damaged atafeature. It will also make use of
the modal strain shapes, described by what isctallglane shape function (PSF), as a
tool to spatially describe the local sensitivityd@mage.

When modeling impact damage in honeycomb sandweeamis, detailed information
on the shape and extent of the damage could nobtaned by ultrasound (C-scan)
results. This lack of knowledge made us assume damaged surface which
consequently resulted in less satisfactory experiadmumerical correlation. To
rectify this problem, the honeycomb beams shaltitearound the damaged area and
the beams shall be observed by a Scanning Elebtranoscope (SEM). The aim shall
be to obtain accurate information regarding thepshand surface of the damage
surface. Furthermore, the impact points shall béletea in such a way that material
properties can be varied separately at each impaicit, because in the sandwich
beams the density of damage varies a lot and depemdhe point of impact (cell
corner or center).

Precise modelling of the damage phenomenon (de&dioim matrix cracking etc) in
composite laminates. This will help in damage idaattion step of SHM

As the entangled sandwich specimens are in theepbfadevelopment and extensive
research, so there are certain modifications thatho be carried out in future to
improve the manufacturing process, which will erdeathe quality and performance
of these novel sandwiches. First of all, the aspéspraying resin on the fibers in the
manufacturing process of the entangled materiaks twa be improved, so that
homogeneous sandwich materials like those with yayrab and foam cores can be
developed.

Once entangled sandwiches with a homogeneous cerfalaricated, only then shall
the finite element modeling be undertaken serioustyurthermore, with these
enhanced entangled sandwich beams, comparisonewitanced sandwich structures
e.g., honeycomb sandwiches with viscoelastic layeitsber-type cores made of butyl
rubber, integrated core sandwich composites etdl &ea fabricated in order to
compare the damping characteristics and impacthtoegs of entangled sandwich
beams with other enhanced sandwiches availableimiarket.

Topology optimization approach for damage localiatis only validated for few
numerical examples (2D, 3D) and one composite lataibeam. So in the near future,
this study shall be extended to all the other canipdaminate and sandwich beams
presented in this thesis. As C-scan testing ispalcke of detecting damage in
composite sandwiches, so the main interest of imogl damage in sandwiches by
topology optimization will be to locate damage thah be achieved by C-Scan tests.
Prospects of this work also could be the implentemaof further design responses
like directly addressing the mentioned anti-res@earor mode shapes by referencing
to the imaginary part of the FRFs and by increatiegirequency bandwidth to take in
to account higher modes that are more sensitigianoage. Also, changes in damping
shall be considered as matching parameters.
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Annex for Chapter 3

Table 3.A Frequency change ratios (%) between the undam@gjefland the two damaged
states (D1 and D2) for the six Type-2 compositarseenpacted by clamping two ends
(-ve sign indicate increase in frequency with theéase in damage)

Beam No Between States Mode1l Mode2 Mode3 Model4
Beam 2 uD & D1 0.5 0.9 1.0 1.4
3J UD & D2 3.2 1.5 1.7 2.1
Beam 3 uD & D1 1.2 1.1 1.2 1.9
4] UD & D2 2.6 2.2 2.1 2.3
Beam 4 uD & D1 3.4 1.6 4.1 5.0
7J UD & D2 4.1 3.4 7.3 8.0
Beam 5 uD & D1 -1.2 1.7 4.0 3.7
8J UD & D2 -0.4 4.7 5.3 6.3
Beam 6 UD & D1 3.9 1.6 5.1 3.3
9J UD & D2 -2.5 3.9 6.5 55
Beam 7 uD & D1 -1.8 2.8 3.9 3.7
10J UD & D2 5.1 4.0 5.2 5.8

Table 3.B Damping change ratios (%) between the undamag@j éldd the two damaged
states (D1 and D2) for the six Type-2 compositerteeenpacted by clamping two ends
(-ve sign indicate decrease in damping with thegase in damage)

Beam No Between States Model Mode?2 Mode3 Mode/4
Beam 2 UD & D1 179.5 -42.6 69.8 -14.4
3J UD & D2 313.1 137.9 272.2 -9.0
Beam 3 UD & D1 1.3 35.3 152.5 16.7
4] UD & D2 5.63 68.3 61.0 -35.5
Beam 4 UD & D1 12.9 19.5 40.3 -12.2
7J UD & D2 19.9 53.5 47.2 14.6
Beam 5 UD & D1 44.6 -20.5 73.4 -6.9
8J UD & D2 22.7 -87.2 348.6 2.0
Beam 6 UD & D1 5.9 3.0 5.3 68.8
9J UD & D2 49.2 7.1 11.9 33.2
Beam 7 UD & D1 4.9 26.3 840.9 -2.9
10J ubD & D2 45,5 -103.4 -125.0 5.8
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Figure 3.A Variation of natural frequencies with damping rafmr an increase in density of
damage for (a) 2nd bending mode and (b) 3rd bendiugle for Composite Beam 1 (6J,.
Beam 2 (8J), Beam 3 (10J), Beam 4 (12J) and Be#&id.p impacted by clamping all four
ends, where (UD) is undamaged state, (D1) damagddrapact points and (D2) damaged at

8 impact points
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Figure 3.B Variation of percentage of increase in Damage Inds»a function of modes for
the five Type-2 composite beams impacted by claygiriour ends
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Annex for Chapter 6

Experimental Mode Shapes Finite Element Mode Shapes
LMS Test Lab Samcef

(a) Model 40 Hz (First Bending Mode)
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(b) Mode2 314 Hz (Second Bending Mode)
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(d) Mode4 1542 Hz (Second Bending Mode)

Figure 6.A Comparison of the first four experimental and nucar(FE) bending modes
Inconclusive results of the ultrasound tests (Cr$@m Beam 3 impacted at 4 J by clamping
two ends
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Figure 6.B Inconclusive results of the ultrasound tests (CA$ca Beam 3 impacted at 4 J by
clamping two ends

Beam 5 (8 J) (two ends clamped)

270 mmn? 580 mm? 350 mm? 700 mint End Mass

Half Beam Length (240mmn)

Figure 6.C Calculation of the damaged surface for the compdsitninate Beam 5 impacted
by clamping two ends for half beam length at 8 ) WWtrasound (C-Scan) results (b)
Radiographic results

Table 6.A Comparison of experimental and numerical naturabjdencies for Beam 5
impacted by clamping two ends, for the undamagat $UD) and the two damage states (D1
and D2) along with the statistical error and thedification coefficient

Natural Frequencies (Hz)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 37.1 37.6 36.3 35.8 36 34.8
2 284.2 289.5 279.2 280.2 270.7 279.8
3 716.9 727.5 687.9 700.1 678.7 680.38
4 1416.8 1403.9 1363.3 1360.8 1326.5 1327.2
Q.o 1.15 ap, 6.58 ap, 6.58
Efreq,UD (aUD) 876 Efreq,Dl (aDl) 625 Efreq,DZ(aDz) 443
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Figure 6.D Comparison of experimental and numerical FRFs f@am® 5 impacted by
clamping two ends for the damaged states D1 andob#he measurement points 5 and 24
respectively

Table 6.B Comparison of experimental and numerical FRF annidis for Beam 5 impacted
by clamping two ends. for the undamaged state (&2 the two damage states (D1 and D2)
along with the statistical error and the modifioatcoefficient

FRF Amplitudes (dB)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 -47.4 -44.1 -58.8 -57.4 -56.8 -56.1
2 -87.2 -88.5 -73.4 -75.9 -67.8 -72.1
3 -79.7 -85 -104.9 -109.7 -99.2 -104.3
4 -100.6 -99.7 -100.8 -98.1 -102.4 -100.6
lo 1.15 ap, 6.58 ag, 6.58
EampUD (aUD) 322 Eamle (aDl) 310 EampDZ (aDZ) 348

Beam 6 (9 J) (two ends clamped)

Table 6.C Comparison of experimental and numerical naturabjdencies for Beam 6
impacted by clamping two ends, for the undamagaia $UUD) and the two damage states (D1
and D2) along with the statistical error and thedification coefficient

Natural Frequencies (Hz)

Undamaged (UD)

Damaged (D1)

Damaged (D2)

Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 36.3 37.6 34.9 36.5 37.3 34.9
2 285.2 289.5 280.5 283.2 275.01 282.9
3 713 727.5 690.6 706.6 683.5 683.4
4 1410.5 1404.1 1359.13 1360.5 1347.2 1332.5
dup 1.15 ap, 6.63 ag, 6.63
Efreq,UD (aup) 8.24 Efreq,Dl (@p,) 8.18 Efreq,Dz (@p,) 8.43
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Figure 6.E Calculation of the damaged surface for the compdsitninate Beam 6 impacted

by clamping two ends for half beam length at 9 ) WWtrasound (C-Scan) results (b)
Radiographic results
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Figure 6.F Comparison of experimental and numerical FRFs f@amB 6 impacted by

clamping two ends for the damaged states D1 andoDghe measurement points 13 and 30
respectively
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Table 6.D Comparison of experimental and numerical FRF annbdis for Beam 6 impacted
by clamping two ends. for the undamaged state (&2 the two damage states (D1 and D2)
along with the statistical error and the modifioatcoefficient

FRF Amplitudes (dB)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 -68.4 -59.2 -44.7 -47.1 -45.3 -52.2
2 -74.2 -77.9 -87.8 -91.3 -83.8 -89.2
3 -111.1 -108.8 -95.3 -08.8 -85.8 -81.8
4 -99.8 -101.4 -102.7 -106.4 -101.8 -98.6
[0 1.15 ap, 6.63 agy, 6.63
EampUD (aUD) 5.15 Eamp,Dl(aDl) 3.31 Eamp,DZ(aDZ) 5.07

Beam 7 (10 J) (two ends clamped)

600 mm? 600 mm?® 500 mm? 680 mm® End Mass

Half Beam Length (240mm)

Figure 6.G Calculation of the damaged surface for the compdaihinate Beam 7 impacted
by clamping two ends for half beam length at 10a) Wltrasound (C-Scan) results (b)
Radiographic results
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Table 6.E Comparison of experimental and numerical naturaljdencies for Beam 7
impacted by clamping two ends, for the undamagaig $UUD) and the two damage states (D1
and D2) along with the statistical error and thedification coefficient

Natural Frequencies (Hz)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 36.4 37.6 37.1 354 34.5 34.5
2 284.3 289.6 276.3 278.6 272.8 283.1
3 717.2 727.5 686.8 693.6 677.7 677.[7
4 1414.7 1404.1 1362.3 1349.5 1331.5 1320.6
Qyp 1.15 ay, 7.05 ap, 7.05
Efreq,UD (aUD) 787 Efreq,Dl (aDl) 739 Efreq,DZ (aDZ) 750
20 20
= Experimental FRF (Beam 7 Pt 29) D1 - - - "
= Numerical FRF (Beam 7 Pt 29) D1 :Eﬂf‘;ﬁﬁ}?ﬁ%éﬁﬁ“ﬁl},t g)t ]?))ZDH
~ 60 -60
S )
Z 100 f £ 100
140 ™ 140
-180 -180 L L \ '
0 300 600 900 1200 1500 ®) 0 300 600 200 1200 1500
@ Frequency (Hz) Frequency (Hz)

Figure 6.H Comparison of experimental and numerical FRFs feaf 7 impacted by
clamping two ends for the damaged states D1 andobZhe measurement points 29 and 8

respectively

Table 6.F Comparison of experimental and numerical FRF anngidis for Beam 7 impacted
by clamping two ends. for the undamaged state (&2 the two damage states (D1 and D2)
along with the statistical error and the modifioatcoefficient

FRF Amplitudes (dB)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 -47.9 -48.9 -48.2 -46.8 -42.8 -46.1
2 -78.4 -85.1 =77 -85.1 -79.9 -85.1
3 -74.9 -85.2 -85.1 -89 -85.5 -84.3
4 -101.6 -100.9 -99.9 -100.1 -101.4 -97.3
auo 1.15 ap, 7.05 ag, 7.05
EampUD (aUD) 617 Eamle(aDl) 455 EampDZ(aDZ) 375
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Beam 1 (6 J) (four ends clamped)

480 mm?

565 mm?*

460 mm?>

Figure 6.1 Ultrasound (C-Scan) results showing the calculatieanaged surface for the
composite laminate Beam 1 impacted at 6 J by clagnall four ends for half beam length

Table 6.G Comparison of experimental and numerical naturabdencies for Beam 1
impacted by clamping all four ends for the undandasfate (UD) and the two damage states
(D1 and D2) along with the statistical error and thodification coefficient

Natural Frequencies (Hz)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 40.8 41.3 39.3 40.1 38.9 39.9
2 316.2 316.5 307.9 308.9 306.7 308.6
3 796.9 793.7 781 781.2 779.7 786.Y
4 1557.2 1534.2 1527.5 1509.8 1520.5 1529.8
auo 1.02 ap, 3.22 ap, 3.22
Efreq,UD (aUD) 876 Efreq,Dl(aDl) 625 Efreq,DZ(aDz) 443

— Experimental FRF (Beam 1 Pt 26) D1
— Numerical FRF (Beam 1 Pt 26) D1

-60

-100

Amplitude (dB)

-140

-180 L L

— Experimental FRF (Beam 1 Pt 14) D2
— Numerical FRF (Beam 1 Pt 14) D2
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Figure 6. Comparison of experimental and numerical FRFs feam 1 impacted by
clamping all four ends for the damaged states Dd B& for the measurement points 26 and

14 respectively
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Table 6.H Comparison of experimental and numerical FRF annbéis for Beam 1 impacted
by clamping all four ends for the undamaged state)(and the two damage states (D1 and
D2) along with the statistical error and the maxzfion coefficient

FRF Amplitudes (dB)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 -47 -52.6 -46.7 -52.8 -52.8 -55.3
2 -78.5 -82.8 -76.1 -81.8 -68.1 -71.1
3 -89.6 -87.3 -90.8 -92.2 -91.8 -95.1
4 -105.3 -103.5 -106.1 -105.5 -109.5 -111.9
[0 1.00 ap, 3.22 agy, 3.22
EampUD (aUD) 382 Eamle (aDl) 424 EampDz(aDZ) 255

Beam 2 (8 J) (four ends clamped)

o
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Figure 6.K Ultrasound (C-Scan) results showing the calculatieamaged surface for the
composite laminate Beam 2 impacted at 8 J by clagngil four ends for half beam length

Table 6.1 Comparison of experimental and numerical naturaljdencies for Beam 2
impacted by clamping all four ends for the undandasfate (UD) and the two damage states
(D1 and D2) along with the statistical error and thodification coefficient

Natural Frequencies (Hz)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 42.1 41.8 39.5 40.2 38.3 39.1
2 319.1 320.3 310.5 309.6 307.2 306.8
3 803.1 803.1 779.5 779.3 766.1 767.38
4 1568.7 1546.6 1527.3 1507 1475.6 1496.1
auo 1.00 ap, 3.30 ag, 3.30
Efreq,UD (aUD) 1107 Efreq,Dl(aDl) 1017 Efreq,DZ(aDz) 1029
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20 20
— Experimental FRF (Beam 2 Pt 9) D1 — Experumental FRF (Beam 2 Pt 23) D2
—— Numerical FRF (Beam 2 Pt 9) D1 — Numerical FEF (Beam 2 Pt 23) D2
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Figure 6.L Comparison of experimental and numerical FRFs f@aml 2 impacted by
clamping all four ends for the damaged states Dd B2 for the measurement points 9 and
23 respectively

Table 6.J Comparison of experimental and numerical FRF annbdéis for Beam 2 impacted
by clamping all four ends for the undamaged state)(and the two damage states (D1 and
D2) along with the statistical error and the mazfion coefficient

FRF Amplitudes (dB)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 -48.3 -50.1 -68.8 -60.5 -54.5 -51.8
2 -69.7 -72.7 -69.3 -71.5 -70.2 -74.3
3 -89 -86.7 -93.3 -93.5 -93.3 -96.7
4 -103.8 -109.4 -110.1 -112.1 -105.8 -110Q
lo 1.00 ap, 3.30 agy, 3.30
EampUD (aUD ) 350 Eamle (aDl) 442 EampDZ (aDZ) 365

Beam 3 (10 J) (four ends clamped)

o
,m,ﬁmsaas:ﬂ:asaﬁma'asar:a5'33335ﬂ3ﬁﬂ'“‘3*3“3*2*353
B S S O U R S R WS B0 R SRy

———————————————————

T4 e = i " -
End Mass 700 mm> 1160 mm* 965 mm* 775 mm?

Figure 6.M Ultrasound (C-Scan) results showing the calculatisnaged surface for the
composite laminate Beam 3 impacted at 10 J by dlagrgdl four ends for half beam length
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Table 6.K Comparison of experimental and numerical naturafjdencies for Beam 3
impacted by clamping all four ends for the undandagfate (UD) and the two damage states
(D1 and D2) along with the statistical error and thodification coefficient

Natural Frequencies (Hz)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 41.5 41.2 39.5 39.6 39.2 38
2 314.5 315.5 306.2 304.8 305.6 293.8
3 789.8 791.4 761 767.6 755.6 738.4
4 1542.5 1520.1 1485.2 1482.9 1423.8 1434.8
auo 1.00 ap, 2.43 ag, 2.43
Efreq,UD (aup) 11.24 Efreq,Dl(aDl) 9.32 Efreq,DZ(aDZ) 12.53
20 20
- C —E i tal FRF IPt26)D2
_ Experiiental FRE (B3 Tt 9) DL — Notmerical FEF (Benn 3 Bt 26) D)
. =60 . -60
g g
Z -100 Z -100
Z Z
-140 -140
-180 . . . -180 : : :
@ 0 400 800 1200 1600 0 400 800 1200 1600
! Frequency (Hz) ® Frequency (Hz)

Figure 6.N Comparison of experimental and numerical FRFs f@am® 3 impacted by
clamping all four ends for the damaged states Dd B2 for the measurement points 9 and
26 respectively

Table 6.L Comparison of experimental and numerical FRF anndis for Beam 3 impacted
by clamping all four ends for the undamaged std@)(and the two damage states (D1 and
D2) along with the statistical error and the maxiifion coefficient

FRF Amplitudes (dB)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 -48.9 -53.4 -55 -57.4 -54.3 -60.2
2 -70.2 -72.8 -69.3 -79.2 -72.8 -65.3
3 -88.7 -88.1 -91.2 -92.9 -94.3 -93.3
4 -112.5 -109.3 -120.5 -117.5 -113.2 -112.4
auo 1.00 ap, 2.43 ag, 2.43
Empuo (Qup) 3.07 Eamle(aDl) 5.38 EampDZ(aDZ) 4.81
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Beam 4 (12 J) (four ends clamped)
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Figure 6.0 Ultrasound (C-Scan) results showing the calculatiesnaged surface for the
composite laminate Beam 4 impacted at 12 J by dlzgrgdl four ends for half beam length

Table 6.M Comparison of experimental and numerical FRF annghdis for Beam 4 impacted
by clamping all four ends for the undamaged state)(and the two damage states (D1 and
D2) along with the statistical error and the maxiifion coefficient

FRF Amplitudes (dB)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 -49.2 -51.4 -57.6 -54.4 -54.8 -54.3
2 -69.1 -72.5 -70.1 -71.5 -71.3 -70.9
3 -90.1 -85.7 -92.9 -100.3 -96.1 -100.5
4 -101.9 -106.4 -111.1 -114.4 -116.1 -114,5
auo 1.00 ap, 2.63 ap, 2.63
Eamp,UD (aUD) 4.32 Eamp,Dl(aDl) 4.41 Eamp,D2(aD2) 3.36

Beam 5 (14 J) (four ends clamped)

5
Mp W S2ERARBILREEBRPLERBERS -—3 8.- .-".-‘.—” _’l .-“ —”‘ .-i e .ﬁ -=;..§ __IE L i__Z g _S'_ﬂ
1y " \ s i e o T iF -

E

aasszusssasassaa’

End Mass 1265 mm? 920 mm? 850 mm? 1130 mm?

Figure 6.P Ultrasound (C-Scan) results showing the calculatianaged surface for the
composite laminate Beam 5 impacted at 14 J by dlagrgdl four ends for half beam length
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Table 6.N Comparison of experimental and numerical FRF anndis for Beam 5 impacted
by clamping all four ends for the undamaged std@)(and the two damage states (D1 and
D2) along with the statistical error and the maxiifion coefficient

FRF Amplitudes (dB)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 -52.8 -52.7 -50.2 -54.7 -50.6 -50.7
2 -67.5 -71.8 -76.7 -78.7 -85.9 -86.3
3 -90.8 -87.3 -108 -105.8 -106.6 -105.3
4 -108 -108.8 -114.4 -116.1 -106.2 -109.)7
dup 1.00 ap, 3.72 ag, 3.72
Eamp,UD (aUD) 2.80 Eamle (aDl) 2.83 EampDZ (aoz) 1.88

Beam H2 (4 J) (Honeycomb Sandwich)

Table 6.0 Comparison of experimental and numerical FRF anniéis Honeycomb Beam H2
(4J) for the undamaged state (UD) and the two danségtes (D1 and D2) along with the
statistical error and the modification coefficient

FRF Amplitudes (dB)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 -73.4 -75.2 -76.3 -71.9 -92.6 -89.3
2 -92.8 -96.8 -101.5 -100.6 -99.6 -91.2
3 -118.6 -113.1 -114.3 -111.2 -120.2 -126.3
dup 1.00 ap, 350 agy, 350
EampUD (aUD) 406 Eamle(aDl) 315 EampDZ (aDZ) 545

Beam H3 (6 J) (Honeycomb Sandwich)

Table 6.P Comparison of experimental and numerical naturagidencies for Honeycomb
Beam H3 (6J) for the undamaged state (UD) andwloedamage states (D1 and D2) along
with the statistical error and the modification mgent

Natural Frequencies (Hz)

Undamaged (UD) Damaged (D1) Damaged (D2)

Bending Exp Num Exp Num Exp Num

Modes No (FE) (FE) (FE)
1 143.9 147.2 128.1 135.4 106.0 138.0
2 756.1 751.3 676.7 661.6 522.7 535.)7
3 1334.7 1332.9 1152.6 1148.6 1006.5 9782

dup 1.00 ap, 560 ag, 560

Efreq,UD (aup) 3.52 Efreq,Dl (@p,) 9.95 Efreq,Dz (@p,) 25.78
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20 20
—— Experimental FRF (Beam H3 Pt 22) D1 — Expermental FRF (Beam H3 Pt §) D2
—— Numerical FRF (Beam H3 Pt 22) D1 —Numerical FRF (Beam H3 Pt §) D2
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Figure 6.Q Comparison of experimental and numerical FRFs fondg. Honeycomb Beam H3
for the two damaged states D1 and D2 for the mesmsant points 22 and 8 respectively

Table 6.Q Comparison of experimental and numerical FRF annbéis Honeycomb Beam H3
(6J) for the undamaged state (UD) and the two denségtes (D1 and D2) along with the
statistical error and the modification coefficient

FRF Amplitudes (dB)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 -77.8 -76.2 -84 -80.5 -76.7 -77.5
2 -91.9 -93.5 -94.8 -97.7 -100.2 -98.9
3 -116.3 -112.2 -124.3 -120.4 -122.6 -113.2
auo 1.00 ap, 560 ag, 560
Eamp,UD (aUD ) 270 Eamle (aDl) 346 EampDZ (aDZ) 550

Beam H4 (8 J) (Honeycomb Sandwich)

Table 6.R Comparison of experimental and numerical naturatjdencies for Honeycomb
Beam H4 (8J) for the undamaged state (UD) andwleedamage states (D1 and D2) along
with the statistical error and the modification mgent

Natural Frequencies (Hz)

Undamaged (UD) Damaged (D1) Damaged (D2)

Bending Exp Num Exp Num Exp Num

Modes No (FE) (FE) (FE)
1 144.2 147.2 116.2 123.2 99.7 108.1
2 752.7 750.0 605.8 603.4 475.9 482.p
3 1327.6 1330.1 1084.3 1081.5 862.8 8424

Q.o 1.00 ap, 756 ap, 756

Efreq,UD (aUD) 274 Efreq,Dl (aDl) 457 Efreq,DZ (aDZ) 1325
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= Experimental FRF (Beam F4 Pt 20) D1 — Experimental FRF (Beam H4 Pt 4) D2
— Numerical FRF (Beam H4 Pt 20) D1 = Numerical FRF (Beam H4 Pt 4) D2
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Figure 6.R Comparison of experimental and numerical FRFs fondg. Honeycomb Beam H4
for the two damaged states D1 and D2 for the mesmsant points 20 and 4 respectively

Table 6.SComparison of experimental and numerical FRF anngdis Honeycomb Beam H4
(8J) for the undamaged state (UD) and the two danségtes (D1 and D2) along with the
statistical error and the modification coefficient

FRF Amplitudes (dB)
Undamaged (UD) Damaged (D1) Damaged (D2)
Bending Exp Num Exp Num Exp Num
Modes No (FE) (FE) (FE)
1 -67.6 -77.7 -78.9 -86.2 -76.7 -83.8
2 -92.5 -92.6 -95.2 -100.6 -92.8 -96.6
3 -120.8 -117.2 -115.2 -111.4 -118.2 -120.16
dup 1.00 ap, 756 ag, 756
Eamp;UD (aUD) 619 Eamle(aDl) 568 EampDZ (aDZ) 479

226



References

[1] Farrar CR, Worden K. An introduction to sttural health monitoring. Philosophical
Transactions of the Royal Society A 2007;365:303:31

[2] Farrar CR, Lieven AJ. Damage prognosis: filtere of structural health monitoring.
Philosophical Transactions of the Royal SocietyOR2,365:623-632.

[3] Van der Auweraer H. International researchjgets on structural damage detection.
Key Engineering Materials 2001;204(2):97-112.

[4] Zou Y, Tong L, Steven GB. Vibration-based mibdependent damage (delamination)
identification and health monitoring for compossteuctures. A review. Journal of Sound and
Vibration 2000;230:357-378.

[5] Yan YJ, Cheng L, Wu ZY, Yam LH. Development inbration-based structural
damage detection technique. Mechanical SystemSaymal Processing 2007;21:2198-2211.
[6] Doebling SW, Farrar CR, Prime MB, Shevitz DWWamage identification and health
monitoring of structural and mechanical systemsmfrachanges in their vibration
characteristics: a literature review. Research RepA-13070-MS ESA-EA Los Alamos
National Laboratory (1996).

[7] Sohn H, Farrar CR, Hemez FM, Shunk D, StinewsddW, Nadler BR. A review of
structural health monitoring literature: 1996-20Q@bs Alamos National Laboratory Report
LA-13976-MS

[8] Carden EP, Fanning P. Vibration based condlitionitoring: A review, Structural
Health Monitoring 2004;3(4):355-377.

[9] Schwarz BJ, Richardson MH. Experimental modahlysis. CSI Reliability week
Orlando FL (1999).

[10] Gloth G, Sinapius M. Influence and charad&tion of weak non-linearities in swept-
sine modal testing. Aerospace Science and Techyp@og4;8:111-120.

[11] Fugate ML, Sohn H, Farrar CR. Vibration-bastainage detection using statistical
process control. Mechanical Systems and Signald3siicg 2001;15(4):707-721.

[12] Waldron K, Ghoshal A, Schulz MJ, Sundare&h Ferguson F, Pai PF. Chung JH.
Damage detection using finite elements and laseratipnal deflection shapes. Journal of
Finite Elements in Analysis and Design 2002;38:2928-

[13] Sundaresan MJ, Pai PF, Ghoshal A, Schulz R&iguson F, Chung J. Methods of
distributed sensing for health monitoring of comsnaterial structures. Composites A
Journal 2001;32:1357-1374.

[14] LeClerc JR, Worden K, Staszewski WJ, Haywdodmpact detection in an aircraft
composite panel — a neural network approach. Jbofn@ound and Vibration 2007;299(3):
672-682.

[15] Banks HT, Inman DJ, Leo DJ, Wang Y. An expeitally validated damage
detection theory in smart structures. Journal afrtSicand Vibration 1996;191:859-880.

[16] Garesci F, Catalano L, Petrone F. Expertalemesults of a damage detection
methodology using variations in modal parametexpeimental Mechanics 2006;4:441-451.
[17] Yan YJ, Yam LH. Online detection of crack dage in composite plates using
embedded piezoelectric actuators/sensors and wweaeddysis. Composite Structures 2002;
58(1):29-38.

[18] Kao CY, Hung SL. Detection of structural dageavia free vibration responses
generated by approximating artificial neural netxgorComputers & Structures 2003;81(28—
29):2631-2644.

[19] Wojtowicki JL, Jaouen L. New approach for tlmeasurements of damping properties
of materials using oberst beam. Review of Scientifstruments 2004;75(8):2569-2574.

227



[20] Vanhoenacker K, Schoukens J, Guillaume Pnl&suit S. The use of multisine
excitations to characterise damage in structureschignical Systems and Signal Processing
2004;18:43-57.

[21] Cheraghi N, Riley MJ. A novel approach fdetection of damage in adhesively
bonded joints in plastic pipes based on vibratia@ihod using piezoelectric sensors. Systems,
Man and Cybernetics, IEEE International Confere2(@@5;4:3472- 3478.

[22] Yam LH, Yan YJ, Wei Z. Vibration-based nonstieictive structural damage
detection, Advances in Non-destructive Evaluati®T, 1-3. Key Engineering Materials
2004;270-273(Part 1-3):446-1453.

[23] Yan YJ, Hao HN, Yam LH. Vibration-based camstion and extraction of structural
damage feature index. International Journal ofdSoind Structures 2004;41(24—25):6661—
6676.

[24] Yan YJ, Yam LH, Cheng L, Yu L. FEM modelingethod of damage structures for
structural damage detection. Composite Structudeg;22(2):193—-199.

[25] Schubel PM, Luo JJ, Daniel IM. Impact and tpospact behaviour of composite
sandwich panels. Composites Part A 2007;38:1051~105

[26] Dear JP, Lee H, Brown SA. Impact damage @sees in composite sheet and
sandwich honeycomb materials. International Jouaidimpact Engineering 2005;32:130—
154.

[27] Petit S, Bouvet C, Bergerot A, Barrau JJp&tt and compression after impact
experimental study of a composite laminate witroekdhermal shield. Composites Science
and Technology 2007;67:3286-3299.

[28] Bull PH, Edgren F. Compressive strendtierampact of CFRP-foam core sandwich
panels in marine applications. Composites Part B Z5(6-8):535-41.

[29] Abrate S. Impact on composite structu@embridge University Press 1988.

[30] Sierakowski RL, Chaturvedi SH. Dynamic laagliand characterization of fiber-
reinforced composites. A Wiley-Interscience Puliima(1997).

[31] Sierakowski RL, Newaz GM. Damage toleramcadvanced composites. Technomic
Publication (1995).

[32] Zagainov Gl, Lozino-Lozinski GE. Compositeaterials in aerospace design. Soviet
Advanced Composite Technologies Series (1996).

[33] Abi Abdallah E, Bouvet C, Broll B, Barrau.JExperimental analysis of damage
creation and permanent indentation on highly oeénplates. Composites Science and
Technology doi:10.1016/j.compscitech.2009.02.029

[34] Kessler SS, Spearing SM, J. Attala M, CedDkS, Soutis C. Damage detection in
composite materials using frequency response. CeitgsaPart B 2002;33:87-95.

[35] Della CN, Shu D. Vibration of delaminatedngposite laminates: A Review. Applied
Mechanics Reviews 2007;60:1-20.

[36] Yam LH, Cheng L, Wei Z, Yan YJ. Damage détat of composite structures using
dynamic analysis. Key Engineering Materials 2005:296:33-39.

[37] Montalvao D, Maia NMM, Ribeiro AMR. A rewe of vibration-based structural
health monitoring with special emphasis on compgosititerials. The Shock and Vibration
Digest (2006) doi:10.1177/0583102406065898

[38] Adams RD, Cawley P. The localisation of défeia structures from measurements of
natural frequencies. Journal of Strain Analysis%9%:49-57.

[39] Kim HY, Hwang W. Effect of debonding on naalirfrequencies and frequency
response functions of honeycomb sandwich beamsp@site Structures 2002;55:51-62.

[40] Lestari W, Qiao P. Damage detection of fibeinforced polymer honeycomb
sandwich beams. Composite Structures 2005;67:385-37

[41] Yam LH, Cheng L. Damage detection of cosifstructures using dynamic analysis.
Key Engineering Materials 2005;295-296:33-39.

228



[42] Arkaduiz JZ. Non-linear vibration of a delarated composite beam. Key Engineering
Materials 2005;293-294:607-614.

[43] Giannocaro NI, Messina A. Fatigue damagalation of notched specimens through
resonance and anti-resonance datayineering Failure Analysis 2005;13:340-352.

[44] Tracy JJ, Pardoen GC. Effect of delaminatonthe natural frequencies of composite
laminates. Journal of Composite Materials 1989;2B(R00-1215.

[45] Khoo LM, Mantena PR, Jadhav P. Structuramdge assessment using vibration
modal analysis. Structural Health Monitoring 20¢2)3L77-194.

[46] Mattson SG, Pandit SM. Damage detection #&wahlization based on outlying
residuals. Smart Materials and Strcutures 2006808:11810.

[47] Salawu OS. Detection of structural damageugh changes in frequency: a review.
Engineering Structures 1996;19(9):718-23.

[48] Shahdin A, Morlier J, Gourinat Y. Significee of low energy impact damage on
modal parameters of composite beams by designpererents. Open access on-line Journal
of Physics Conference Series (MPSVA 2009).

[49] Adams RD. Damping in composites. Materieiece Forum 1993;119-121:3-16.

[50] Nelson DJ, Hancock JW. Interfacial slip aemping in fiber-reinforced composites.
Journal of Material Science 1978;13:2429-2440.

[51] Chandra R. A study of dynamic behavior ibef-reinforced composites. Proceedings
of Workshop on Solid Mechanics, University of Roeek India, 1985:59-63.

[52] Saravanos DA, Hopkins DA. Effects of delaations on the damped dynamic
characteristics of composites. Journal of Sound\dhrhtion 1995;192:977-993.

[53] Montalvao D, Ribeiro AM, Duarte-Silva J.Aethod for the localization of damage in
a CFRP plate using damping. Mechanical Systems aigshal Processing (2008)
doi:10.1016/j.ymssp.2008.08.011.

[54] Gibson RF. Modal vibration response measwas for characterization of composite
materials and structures, Composites Science aclohdéogy 2000;60:2769-2780.

[55] Kyriazoglou C, Le Page BH. Vibration Dampifigr crack detection in composite
laminates. Composites Part A 2004;35:945-953.

[56] Colakoglu M. Description of fatigue damagengsa damping monitoring technique.
Turkish Journal of Engineering and EnvironmentaéBees 2003;27:125-130.

[57] Zhang Z, Hartwig G. Relation of damping aatigue damage of unidirectional fibre
composites. International Journal of Fatigue 2004.23-738.

[58] Richardson MH, Mannan MA. Correlating miaustructural faults with changes in
modal parameters. Proceedings of SPIE, Interndti@uxiety for Optical Engineering
1993;1923(2):893—-898.

[59] Shahdin A, Morlier J, Gourinat Y. Correlagi low energy impact damage with
changes in modal parameters: A preliminary studycomposite beams. Structural Health
Monitoring 2009, doi:10.1177/1475921709341007.

[60] Shahdin A, Morlier J, Gourinat Y. Damage mitoring in sandwich beams by modal
parameter shifts: A comparative study of burst candand sine-dwell testing. Submitted
February 2009 in Journal of Sound and Vibration

[61] Pandey AK, Biswas M, Samman MM. Damage ci&te from changes in curvature
mode shapes. Journal of Sound and Vibration 19%913P4—-332.

[62] Kim JT, Ryu YS, Cho HS, Stubbs N. Damage tdation in beam-type structures:
frequency-based method vs. mode-shape based metlodjineering Structures
2003;25(1):57-67.

[63] Salawu OS, Williams C. Damage location usuilgration mode shapes. Proceedings
of the 12th International Modal Analysis Confergndenolulu, Hawaii 1994:933-939.

229



[64] Dong C, Zhang P, Feng W, Huang T. The sensjtstudy of the modal parameters of
a cracked beam. Proceedings of the 12th Interratidndal Analysis Conference, Honolulu,
Hawaii 1994:98-104.

[65] Yam LH, Wei Z, Cheng L. Non-destructive ddien of internal delamination by
vibration-based method for composite plates. Jdurrmh Composite Materials
2004;38(24):2183-2198.

[66] Yan YJ, Lam LH. FEM modeling method of damageuctures for structural damage
detection. Composite Structures 2004;72:193-199.

[67] Yang S, Gibson RF, Gu L, Chen WH. Modal pasten evaluation of degraded
adhesively bonded composite beams Composite Stescii998;43:79-91.

[68] Hou JP, Jeronimidis G. Vibration of delammdtthin plates. Composites Part A
1999;30:989-995.

[69] Teughels A, De Roeck G, Suykens JAK. Globakimization by coupled local
minimizers and its application to FE model updati@gmputers & Structures 2003;81:2337-
2351.

[70] Bendsoe MP, Kikuchi N. Generating optimal dfggies in structural design using a
homogenization method. Computer Methods in Applistechanics in Engineering
1992;35:1487-1502.

[71] Bendsoe MP. Optimal shape design as a méatdistribution problem. Structural
Optimization 1989;1:193-202.

[72] Bendsoe MP, Sigmund O. Topology Optimizatidmeory, Methods and Applications.
Springer Verlag, 2003.

[73] Ma ZD, Kikuchi N, Hagiwara I. Structural tology and shape optimization for a
frequency response problem. Computational Mechd$i68;13:157-174.

[74] MSC. Software Corporation. Users Guide fop®lmgy Optimization (2007).

[75] Lee JS, Kim JE, Kim YY. Damage detection hg topology design formulation using
modal parameters. International Journal for NunaridViethods in Engineering
2007;69:1480-1498.

[76] Wang B, Yang M. Damping of Honeycomb SandwBeams, Journal of Materials
Processing Technology 2000;105:67-72.

[77] Berthelot JM, Assarar M, Sefrani Y, EI MaA. Damping analysis of composite
materials and structures. Composite Structures;36089-204.

[78] Li Z, Crocker MJ. Effects of thickness dardelamination on the damping in
honeycomb-foam sandwich beams. Journal of Sound/dordtion 2006;294:473-485.

[79] Chandra R, Singh SP, Gupta K. Damping istudh fiber-reinforced composites — a
review. Composite Structures 1999;46:41-51.

[80] Hao M, Rao MD. Vibration and damping anatysf a sandwich beam containing a
viscoelastic constraining layer. Journal of ComieoMaterials 2005;39:1621-1643.

[81] Rao MD, He S. Dynamic analysis and designlamhinated composite beams with
multiple damping layers. AIAA Journal 1993;31(4)6¢345.

[82] Mead DJ. The measurements of the loss faaibbeams and plates with constrained
and unconstrained damping layers: A critical assess. Journal of Sound and Vibration
2006;300:744-762.

[83] Yim JH, Cho SY, Seo YJ, Jang BZ. A study oatemial damping of 0° laminated
composite sandwich cantilever beams with a viscbelalayer. Composite Structures
2003;60(4):367—-74.

[84] Gacem H, Chevalier Y, Dion JL, Soula M, BezB. Nonlinear dynamic behavior of a
preload thin sandwich plate incorporating viscodrghastic layers. Journal of Sound and
Vibration 2009, doi:10.1016/j.jsv.2008.11.040.

230



[85] Ramkumar K, Ganesan N. Vibration and dagmhcomposite sandwich box column
with viscoelastic/electrorheological fluid core apdrformance comparison. Materials and
Design 2009, doi:10.1016/j.matdes.2008.12.023.

[86] Yeh JY, Chen LW. Vibration of a sandwich tglawith a constrained layer and
electrorheological fluid core. Composite Structu2e84;65:251—-258.

[87] Jung WJ, Aref AJ. A combined honeycomb arddids viscoelastic material for
structural damping application. Mechanics and Make2003;53(8):831-844.

[88] Aref AJ, Jung WJ. Advanced composite pam@iseismic and vibration mitigation of
existing structures. Journal of Engineering Matsréand Technology 2006;128(4):618-623.
[89] Bronowicki AJ, Kaplan A. Viscoelastic dampistructures and related manufacturing
method. United States Patent 5-342-465, 30 Auga@4.1

[90] Lapp CK, Grund PD. Method of making a compedaminate having an internally
damped constraining layer. United States Pateri(6182, 05 October 1993.

[91] Obeshaw DF. Structural members containing atibn damping mechanisms and
methods for making the same. Patent (wo/2002/004826January 2002.

[92] Garai M, Pompoli F. A Simple empirical mddef polyester fiber materials for
acoustic applications. Applied Acoustics 2005;683-3398.

[93] Golosnoy LO, Cockburn A, Clyne TW. Optimigati of metallic fiber network
materials for compact heat exchangers. AdvancethEagng Materials 2008;10(3):210-218.
[94] Zhang BM, Zhao SY, He XD. Experimental andedretical studies on high-
temperature thermal properties of fibrous insufatidournal of Quantitative Spectroscopy &
Radiative Transfer 2008;109:1309-1324.

[95] Gustavsson R. Formable sandwich constructiaterial and use of the material as
construction material in vehicles, refrigeratoreats, etc. Patent WO 98/01295 ™M Enuary
1998, AB Volvo.

[96] Markaki AE, Clyne TW. Ultra light stainlessteel sheet material. US patent
10/000117, filed 31 October 2001, Cambridge University.

[97] Markaki AE, Clyne TW. Mechanics of thin rdtlight stainless steel sandwich sheet
material, part i. stiffness. Acta Mater 2003,51:1-34350.

[98] Dean J, Fallah AS, Brown PM, Louca LA, Clyfi&V. Energy absorption during
projectile perforation of lightweight panels withetallic fibre cores. 8 International
Conference on Sandwich Structures (ICSS 8), P2a03.

[99] Zhou D, Stronge WJ. Mechanical properties filifrous core sandwich panels.
International Journal of Mechanical Sciences 2005;45-798.

[100] Mezeix L, Bouvet C, Castanié B, Poquillon ®new sandwich structured composite
with entangled carbon fibers as core material. &siog and Mechanical Propertied 8
International Conference on Sandwich StructureS8@®), Porto, 2008.

[101] Mezeix L, Bouvet C, Poquillon D. Mechanicbéhavior of entangled fibers and
entangled cross-linked fibers during compressiorourdal of Material Science
2009;44(14):3652-3661.

[102] Castéra P. Comportement physico-mecanique rdatériaux fibreux cellulosiques
considére comme des milieux aléatoires. ProceetfiMpteriaux 2002, Tours, France.

[103] Baudequin M. Identification des mécanismaggiques mis en jeu lors de la reprise
d’épaisseur de la laine de verre. PhD Thesis, Usitée Pierre et Marie Curie Paris VI,
France, 2002.

[104] Poquillon D, Viguier B, Andrieu E. Experimg&l data about mechanical behavior
during compression tests for various matted fibrdsurnal of Materials Science
2005;40(22):5963 - 5970.

[105] Faessel M, Delisée C, F. Bos F, Castér@®05). 3D Modelling of random cellulosic
fibrous netwroks based on x-ray tomography and enagalysis. Composites Science and
Technology 2005;65:1931-1940.

231



[106] Shahdin A, Mezeix L, Bouvet C, Morlier J, Gmat Y. Fabrication and mechanical
testing of a new sandwich structure with carborerfinetwork core. Journal of Sandwich
Structures and Materials 200%i: 10.1177/1099636208106070

[107] Shahdin A, Mezeix L, Bouvet C, Morlier J, Gmat Y. Fabrication and mechanical
testing of glass fiber entangled sandwich beamso#parison with honeycomb and foam
sandwich beams. Composite Structures 2009;90(414Q4

[108] Wang D. Impact behavior and energy absomptid paper honeycomb sandwich
panels. International Journal of Impact Engineefi0§9;36:110-114.

[109] Yoo SH, Chang SH. An experimental study oergy absorbing structures made of
fabric composites. Composite Structures 2008;86 2119

[110] Li G, Jones N. Development of rubberizeghtactic foam. Composite Part A
2007;38(6):1483-1492.

[111] Li G, John M. A crumb rubber modified syriacfoam. Materials Science and
Engineering A 2008;1-2:390-399.

[112] Torre L, Kenny JM. Impact testing and sintida of composite sandwich structures
for civil transportation. Composite Structures 2@00257-267.

[113] Huybrechts S, Tsai SW. Analysis and behawiogrid structures. Composites Science
and Technology 1996;56(9):1001-1015.

[114] Hosur MV, Abdullah M, Jeelani S. Manufachgi and low-velocity impact
characterization of foam filled 3-D integrated ca@ndwich composites with hybrid face
sheets. Composite Structures 2005;69(2):167-181.

[115] Vaidya UK, Hosur MV, Earl D, Jeelani S. Ingpaesponse of integrated hollow core
sandwich composite panels. Composites Part A 20083 61-772.

[116] Shahdin A, Mezeix L, Bouvet C, Morlier J, Gmat Y. Monitoring the effects of
impact damages in carbon fiber entangled sandweamis. Engineering Structures 2009,
doi:10.1016/j.engstruct.2009.07.008

[117] De Silva CW. Vibrations fundamentals andqtice. CRC Press (2000).

[118] Fundamentals of modal testing. Agilent Tremlogies, Application Note 243-3.

[119] Technical review to advance techniques @oustical, electrical and mechanical
measurement. Dual channel FFT analysis. Bruel &Kja

[120] Fundamentals of modal testing. Agilent Tremlogies, Application Note 243-3.

[121] Ahlin K, Brandt A. Experimental modal ansiy in practice. Saven EduTech AB,
Sweden (2001).

[122] Avitabile P. Twenty years of structural dynic modification — A review. Sound and
Vibration Magazine, January 2003.

[123] Balmes E. : Modéles expérimentaux compldtamedéles analytiques réduits en
dynamique des structures. Mémoire de H.D.R, UniteRierre et Marie Curie - Paris VI,
1997.

[124] Balmes E. Methods for vibration design amtidation (2005).

[125] Gay D, Hua SV. Composite Materials: Desigmsl Applications (2 edition). CRC
Press (2007).

[126] Steeves CA, Fleck NA. Material selectionsandwich beam construction. Scripta
Materialia 2004;50:1335-9.

[127] Allen HG. Analysis and design of structurahdwich panels. Pergamon Press, Oxford
1969.

[128] Zenkert D. The handbook of sandwich cartton. 442 pages, Chameleon Press Ltd.
London, United Kingdom 1997.

[129] Vinson JR. The behaviour of sandwich stuues$ of isotropic and composite materials,
Technomic Publishing Co.INC 1999.

232



[130] Hayman B, Berggreen C, Jenstrup C, KarlsenAvanced mechanical testing of
sandwich structures.™8International Conference on Sandwich Structur€&Sg 8), Porto,
2008. p. 417-427.

[131] ISO 844:2007, edition 5. Determination of qmession properties, International
Organization for Standardization 2007.

[132] ASTM C 393-62. Standard test method for fleuproperties of flat sandwich
constructions, 1988.

[133] Sendlein LS, Carlsson LA, Merry LA. Chaterization of face sheet/core shear
fracture of composite sandwich beams. Journal oh@xsite Materials 1991;25:101-116.
[134] Frosting Y, Brauch M. Bending of sandwibkams with transversly flexible core.
AlAA Journal 1990;28(3):523-531.

[135] Lingaiah K, Suryanarayana BG. Strength stififhess of sandwich beams in bending.
Experimental Mechanics 1989;1-9.

[136] Soares B, Reis L, Silva A. Testing of SaimdwStructures with Cork Agglomerate
Cores, & International Conference on Sandwich StructuréS@ 8), Porto, 2008. p. 447-458.
[137] HexPly 914. Data Sheet, Hexcel CompositeR, F

[138] HexPly M21. Data Sheet, Hexcel CompositeR, F

[139] HexWeB", Honeycomb attributes and properties, Hexcel Caites, F.R.

[140] Meyers RH, Montgomery DC. Response surfaeéhodology, Wiley 1995.

[141] Yin HP. A new theoretical basis for the beudth method and optimal power ratios
for the damping estimation. Mechanical Systems Sighal Processing2008; 22(8):1869-
1881.

[142] Morlier J, Chermain B, Gourinat Y. Originstiatistical approach for the reliability in
modal parameters. Proceedings of the Internatidvatlal Analysis Conference, IMAC
XXVII 2009.

[143] Aminanda Y, Castanié B, Barrau JJ, Thevéhdixperimental analysis and modelling
of the crushing of honeycomb cores. Applied Comedsiaterials 2005;12(3):213-227.

[144] ASTM E111-04. (2004). Standard test methmdYfoung's Modulus, Tangent Modulus,
and Chord Modulus.

[145] Timoshenko S. Vibration problems in engiriegr John Wiley and Sons!"&dition,
1990.

[146] Cook RD. Concepts and applications of firstement analysis, John Wiley and Sons,
2nd edition, 1981.

[147] Bathe KL. Finite element procedures in eegring analysis. Prentice- Hall, 1982.
[148] Zienkiewicz OC, Taylor RL. The Finite ElenteMethod. MacGraw-Hill 4th edition,
1986.

[149] SAMCEF User Manuel 12.1.

[150] Remouchamps A, Radovcic Y. Theoretical aspadout optimization methods and
algorithms. Boss Quattro V5, SAMTECH. (2003).

[151] Gourinat Y, Belloeil V. A truncated low apgch of intrinsic linear and nonlinear
damping in thin structures. Journal of Vibrationsl &coustics 2007;129:32-38.

[152] Friswell MI, Mottershead JE. Finite elemanbdel updating in structural dynamics
Springer 1995.

[153] Zhang XY, Yang CH. Recent developments mité element analysis for laminated
composite plates. Composite Structures 2009;881B47-

[154] Shin K, Hammond J. Fundamentals of signacpssing for sound and vibration
engineers, John Wiley and Sons, 2008.

[155] B. Peeters, H. V. Auweraer, P. GuillaumeL8uridan. The PolyMAX frequency-
domain method: a new standard for modal paramest@mation, Shock and Vibrationd1
(2004) 395-409.

233



Surveillance vibratoire de I'endommagement di a I'impact sur poutres
en matériaux composites stratifiés, sandwiches et matériaux enchevétrés par
variations des paramétres modaux

La Surveillance de la Santé des Structures (SSS) s’effectue par la mesure de réponses
pertinentes sous sollicitations extérieurs. L'identification a pour but de détecter, de localiser
et de quantifier ces défauts. La thése porte sur les deux premiers niveaux de SSS, la
détection et la localisation de dommage. Le but est d'étudier les effets d’impacts
symétriques par variations des parametres modaux en faisant un nombre important
d’expériences. Une validation par recalage de modeéles éléments finis est effectuée sur
différents matériaux composites dédiés a I’'aéronautique. Pour tous les spécimens (poutres),
il a été observé que, avec l'accumulation de I'endommagement (impact), il y a une
diminution de la fréquence propre (flexion) accompagnée par une augmentation du taux
d'amortissement. Un aspect nouveau de cette thése concerne la fabrication et les essais
mécaniques (statique et dynamique) d'un matériau innovant (sandwich avec ame en fibre de
carbones enchevétrés) possédant des taux d’amortissements élevés ainsi qu’une meilleure
résistance a I'impact. La modélisation par éléments finis (Samcef) est utilisée pour calculer
la réponse dynamique de ces poutres. Ces modéles recalés permettent de donner un
indicateur de taux de dégradation et peuvent servir d’outils diagnostic (et d’alarme) pour la
surveillance de l'intégrité des structures. Une partie innovante de cette these concerne la
localisation de I'endommagement et sa validation sur les poutres composites stratifiées par
optimisation topologique (Nastran), en utilisant les paramétres modaux obtenus
expérimentalement. Ainsi on estime avec succés les zones d’endommagement pour des
défauts isolés.

Mots clés : Structures composites, Vibrations, Surveillance de la santé des structures,
Endommagement dd a I'impact

Monitoring of impact damage in composite laminate, honeycomb sandwich and
entangled sandwich beams by modal parameter shifts

Impact damage in composite structures may lead to severe degradation of the mechanical
behavior due to the loss of structural integrity. Therefore Structural Health Monitoring (SHM)
based on vibration testing is useful in detecting this damage caused by impact because
damage generally affects the vibration characteristics of a structure. The scope of this thesis
concerns the first two steps of SHM i.e., detection and localization of damage. The vibration
test results on pristine and damaged composite laminate and composite sandwich beams
show that with the accumulation of damage there is a decrease in natural frequency and an
increase in the damping ratio. Results show that damping ratio is a more sensitive
parameter for damage detection than the natural frequency. An important and novel aspect
of this thesis concerns the fabrication and mechanical testing of a new sandwich material
with carbon fiber entangled core. Entangled sandwich materials possess high damping
characteristics and better impact toughness as compared to standard sandwiches with
honeycomb and foam cores and can be used for specific applications like the inner panelling
of a helicopter cabin as their structural strength is considerably low. Simplified Finite
element models are developed that represent damaged composite beams in vibrations.
These simplified damage models give us a degradation factor that can serve as a warning
regarding structure safety. The localization of damage is carried out by topology
optimization. Results on composite laminate beams showed that with topology optimization
the right damage locations have been found rather efficiently at lower damage levels.

Keywords : Composite structures, Vibrations, Structural health monitoring, Impact damage
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Introduction Générale

La surveillance de la santé (SHM) des structure$fegtue par la mesure des réponses
pertinentes sous sollicitations environnementalde permet de suivre et d’évaluer les
incidents et les anomalies qui peuvent affectstriacture. L'indentification de défauts a pour
but de les détecter, de les localiser et de lestdiga. C'est donc une subdivision de la
Surveillance de la Santé des Structures (Structdealth Monitoring). Normalement, on

utilise cing niveaux d’identification de défauts :

Niveau 1, la détection : La structure est elle emsi@gée ou non ?

Niveau 2, la localisation : Ou est le défaut susttacture ?

Niveau 3, la classification : Quel est le type ééadt ?

Niveau 4, la quantification : Quelle est I'importandu défaut ?

Niveau 5, la prédiction : Combien de temps la stmgcpeut elle étre utilisée ?

En raison de I'immensité de ce sujet, il est tifficite dans une these de travailler sur tous les
niveaux d’identification de défauts. L'objectif davail présenté dans cette thése porte sur les
deux premiers niveaux du SHM c'est-a-dire, l'idesatiion et la localisation de dommage tout
en essayant de relier par la variation des parasmetmodaux, le phénomene
d’endommagement d’'une structure avec le phénomemisdipation. Ainsi, I'objectif de cette
these est d'étudier les effets d'impacts symétsquer variations des parametres modaux
(fréquences propres, taux d’amortissements et héfes) par un nombre important
d’expériences, validées par un recalage de modddesents finis sur différents matériaux

composites dédiés a I'aéronautique.






Chapitre 1 : Etat de l'art sur la surveillance de lintégrité

des structures en matériaux composites

Les différents mécanismes de dommages dans lesiaatéomposites, sont classés comme

suit ;

» Fissuration de la matrice : comprend la rupturdiloies/matrice dans le sens transverse

des stratifié
* Délaminage: apparait a l'interface et est di aillgsment inter-laminaire

* Rupture de la fibre: La rupture standard se proghluitraction et la rupture en flambage se

produit en compression

Les méthodes de détection d’endommagement sortigalement basés sur variations des
fréequences propres, amortissements et déforméedq@une affinent sur la méthode des

éléments finis pour identifier les défauts par laga des paramétres dynamiques.

Le changement des fréquences propres (variaticaalelate raideur) est le parametre le plus
utilisé dans la littérature pour l'identificatioesidéfauts dédiée a 'endommagement dans les
matériaux composites. Mais on peut noter que laureeseule de la fréquence propre ne peut
pas fournir suffisamment d'informations sur la déte d’endommagements structurels. En
outre, la fréquence propre n'est souvent pas assesible des défauts initiaux. Cette méthode
ne peut ainsi que veérifier I'existence de grandaudg, mais n’est pas capable d’'indiquer la
position de 'endommagement (Un endommagementtstelcaux deux endroits différents

peut provoquer le méme changement en fréquence).

Dans des structures composites, il y a une tendantiiser I'amortissement comme un outil
d’indication d’'endommagement, car il est en géngtas sensible aux dommages que les
variations de fréquence, surtout quand le défaueedelaminage. Une partie de notre travalil
dans cette these est de justifier cette tendantetrdduction d’'un défaut cause une
augmentation d’amortissement (par frottement),estiliée a la dissipation d'énergie lors que

la structure est excitée. On peut dailleurs cdestque un endommagement localisée dans



une structure correspond la perte de la rigidit@alstructure correspond a une diminution de

la fréquence propre combinée avec une augment@idamortissement.

Une autre fagcon d'établir une corrélation entrexd@nmmagement et le changement des
parameétres dynamiques est d'utiliser la variati@s déformées. Dans nos travaux, la
surveillance d’endommagement est basée principalermer les variations de fréquence
propre et de I'amortissement. Par exemple, desgelnaents dans la courbure des déformées
permettent de repérer des endommagements. Ceitenatfon peut étre utilisée pour obtenir
la quantité d’'endommagement dans la structureJecaiéformée contient des informations

locales, mais on est dépendent (plus on a de aapfaus I'estimation est précise)

Les simulations numeériques par Eléments finis adilisées dans beaucoup de travaux.
Certains travaux montrent que sur des structuraplsi(de type poutres et plaques) et aussi
sur des structures complexes les Eléments finis wilisés pour prédire I'effet dynamique
des types, tailles et emplacements des défautdygangarameétriques) en vue d'une
diagnostique d’une structure inconnu. Ces predistisont validées expérimentalement et on

peut noter que :

» les fréquences propres d’'une structure endommaigéauegnt a cause de la perte de
rigidité en présence d’endommagement

* les modes propres et les déformées a hautes fréegiegont plus sensibles aux

dommages que ceux aux basses fréquences

Une nouvelle approche a été développée au coucettie thése. Elle utilise I'optimisation
topologique pour localiser des endommagements.eid®es du processus d’optimisation
sont les résonances (FRF). L'idée et de réduirgrpesivement la rigidité des éléments pour
obtenir un défaut équivalent en terme de compomémeynamique. La méthode
d’optimisation topologique décrite dans cette thestebasée sur une nouvelle formulation des
contraintes afin de localiser des endommagementsesupoutres composites avec une

précision proche aux résultats ultrasons (C-Scan).

Le coeur de cette thése repére sur la détectiomlabemagement sur les composites stratifiés
et sandwiches. Les sandwiches standards en 'asnd’atbeille et mousse ont été testés pour



comparer avec un nouveau matériau sandwich ersfiteecarbones orientées d’'une maniére
aléatoire (enchevétrés). Le but est de fabriguegfdistiquer le processus de ce nouveau
matériau sandwich et d'étudier ces caractéristiggaamique notamment |I'amortissement et

la résistance a I'impact par rapport aux sandwiemesid d’abeille et mousse.
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Chapitre 2 : Principes d’Analyse modale

Aujourd'hui, les ingénieurs sont confrontés aux plexes problemes du bruit et des
vibrations associés a la conception et au diagnustiles structures. En raison des contraintes
de codt, durée de vie,....les structures actuelles sont généralementcolongplexes en termes
de conception et de matériaux. Par conséquentpriaeption doit prendre en compte les
aspects dynamiques des structures ou vibrations.

Récemment, des outils ont été développés pour ditgénieur dans ces domaines.
L'analyste utilise désormais des logiciels d’élétadimis pour aider a la compréhension et la
conception de structures. L'expérimentateur adissonibilité des équipements sophistiqués
d'analyse et de traitement vibratoire des signaux I'qide dans la compréhension du
comportement dynamique d'une structure. La métlomiel consacrée pour étudier
expérimentalement le comportement dynamique d'inetsire est appelée analyse modale

expérimentale (EMA).

Le but principal de ce chapitre est de montrer cemtna partir des entrées (force) et sorties
(accélération ou déplacement) on peut calculefdestions de réponse en fréquence (FRF)
qui permettent & extraire sont liées aux modesrpsopt déformées d’'une structure. Cet
objectif général sera atteint par la constructiame base mathématique aussi bien du point

de vue expérimental et numérique. Ce chapitreiesiéden trois sections principales:

L'identification du systéme nous permet de carsdémun processus physique (structures).
L'objectif de cette quantification est de donnes oidormations sur le systeme et de permettre
de prédire son comportement quelque sort les diaiga futurs. Ou identifier donc la
structure comme un systéme linéaire et invariansda temps. La définition d’outils tel que
la transformée de Fourier ou l'opération de contioiu est expliquée et nous aide a
caractériser le systeme par sa fonction de la s&pen fréquendd(f).

On illustre par un exemple simple d'un systeme S@&fdtde fournir et pratiquer les aspects

théoriques de l'analyse modale. L'extraction désjifences propres et des amortissements
modaux est introduit par la méthode d’'indentificatde FRF par une fonction rationnelle (en

11



p, variable de Laplace), les poles de cette fonatantiennent I'information modale (Figure
2.1).

jo
pole location
w T %
|
|
| \ Q,
e
[
LB,
P o
S =0, + jo
conjugate pole , Lo

O - damping coefficient
w -damped natural frequency

r
Q) . - resonant (undamped natural frequency)

P COSB - damping factor (or percent of critical damping)
=T r

Figure 2.1s-plane (le plan de Laplace), position de pole

La troisieme partie de ce chapitre traite de Iygs®lmodale expérimentale, outils de
détermination des parameétres modaux (la fréqueragy I'amortissement et la déformée).
Tout d'abord, les deux principaux types d’essaislan® sont examinés, par exemple l'essai
avec un marteau d’'impact ou I'essai avec pot vibilaes essais de vibrations dans cette thése
sont basés sur des tests vibratoires avec un pwanti Différents types de signaux
d'excitation utilisés comme le bruit blanc et laus pas a pas. L'estimation de parametres
modaux par la méthode « Polyreference » est augdigaée et permet d’extraire les
paramétres modaux. En général par la pratique deepsus d’estimation nécessite trois

étapes:

« Déterminer combien de modksont représentés dans les données spectrales

» Estimer un plled, =0, + jw, pour chaque mode, pour obtenir la pulsation propre
amortie a, et le taux d'amortissemeuat

» Estimer des résidus, pour chaque mode afin de calculer les déformées

12



En toute fin de chapitre, la variation des fréqusnpropres et des taux amortissements dans
le plan de Laplace (s-plane) en fonction d’'un enthagement est discutée pour mettre en
relation la théorie mathématique avec l'objectihgpal de cette these : I'identification de
défauts. On peut constater que, avec une augnantde I'endommagement dans un

matériau, généralement, il y a une diminution derémuence proprga) suivie d'une

augmentation de I'amortissement mddal. )
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Chapitre 3: Surveillance d'endommagements dd a
I'impact sur poutres composites stratifiées par vaations

des parametres modaux

Ce chapitre explique la corrélation entre le chamgg des parameétres modaux et les niveaux
de 'endommagement (dG a I'impact) dans les poutmsposites stratifiés. Des rouleaux
carbones-époxy pré-imprégnés de T300/914 sonseégilpour fabriquer les échantillons de
type poutre avec un drapage de [(0/90/45§45)Les essais vibratoires ont été effectués sur
deux lots de six poutres composites stratifies Badommagés et apres chaque niveau

d’endommagement (diagnostique est effectué a chéiape).

Les poutres composites ont été impactées selon deositions limites c'est-a-dire, en
encastrant deux c6tés ou les quatre cotés (systérngdage), en prenant en compte a chaque
fois la limite BVID. Le but n'est pas de faire unemparaison entre les variations des
parameétres modaux pour les deux conditions limiteslimpact. Au départ, les moyens
d’essais disponibles nous permettaient d'impaaatesnent un encastrement sur deux cotés.
Il a été constaté que les poutres ne sont pashridaes, et donc pour le prochain lot de
poutres composites stratifiées, le systéme deidixah été modifié de maniere a nous
permettre de faire les impacts en encastrantuase cotés. Toutefois, il a été observeé que, si
I'on impacte a la méme énergie, les poutres impanténcastrant tous les quatre c6tés sont
plus endommagées par rapport aux poutres impaetéescastrant seulement deux cotés. Les
résultats pour les deux lots de poutres sont ptéseafin d'obtenir une meilleure
compréhension des variations de paramétres modafonetion du dommage a I'impact dans

les poutres composites stratifiés.

De plus les masses sont placées aux extrémitgsodé®s afin d’augmenter I'effort tranchant
et donc d’agrandir le spectre (difféerence entregdasameétres modaux) d’abord pour le cas
sain et puis pour le cas endommagé. Les résultessais vibratoires montrent que la
différence dans les fréquences propres avant esdjmpact est plus grande pour la poutre

avec des masses (Figure 3.1).
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Figure 3.1Comparaison des FRFs de la poutre 1 a point de mespour les états UD (non
endommagé), D1 (endommagé a 4 points d’impacts) Rad(endommagé a 8 points
d’'impacts) pour (a) Poutre 1 sans masses aux ex#sér(b) Poutre 1 avec masses aux
extrémités

On observe que les défauts dans les spécimensquenbune diminution de la fréequence
propre qui est logique avec le niveau d’endommageéemPe méme le changement en
fréquences est plus important en hautes fréquelmglus les décalages des podles dus a
'endommagement montrent que le changement du d&amortissement est plus important
que le changement de fréquence. Dans le cas deut@epimpactée a 14 J, la variation
moyenne de la fréquence propre (entre les cases@ndommagé) pour les quatre premiers
modes de flexion est de 8%, alors que dans le'aasdissement ce taux de variation moyen
est de I'ordre de 78%. Il est donc raisonnableuggsser que I'amortissement peut étre utilisé
en lien et place de la fréequence propre comme ditateur d’endommagement pour la
surveillance des structures. On se pose deés lgpsdstion cruciale de la fiabilité d’estimation
de I'amortissement, parameétre relativement difficil estimer, par rapport a la fréquence

propre.

Les changements des parametres modaux en fonati®remdommagements peuvent étre
expliqués a l'aide d'un indice d’'endommagement (Bgarindex). La premiere étape consiste
a calculer l'intégral€lx) de I'amplitude des fonctions de réponse en frécpi€lRRF) sur une
plage de fréquences définies. Pour notre travailintervalle de fréquence de + 20 Hz est
choisi pour le calcul de l'intégrale des pics deonance de la FRF. Les résultats montrent
clairement une augmentation de l'indice d’endomnmmegg¢ avec l'augmentation de niveau
d'énergie d'impact qui correspond a l'accumulatidendommagement dans les poutres

composites (Figure 3.2). Comme le taux d'amortisse et I'indice d’endommagement (basé
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sur lintégrale Ix) expliquent le méme phénoméndrsa l'introduction de lindice
d’endommagement (DI) permet de vérifier les réssilttamortissement estimés par Polymax.
Donc, en utilisant DI, un outil supplémentaire estroduit a la compréhension du

comportement de I'amortissement dans les poutrepasites endommageées.

700
o 0% .
_qdj .y - #- Beam 2 (3])
e F

k= - M- Beam 3 (4])

i}fb 50% —&—Beam 4 (7]) .-

< eh Tmpact
= ——Beam 5 (8]) gh Ipac
= 40% F Energy Group
) —&—Beam 6 (9])
g 30% | Beam 7 (107)

©

 20% [ !

g ________________________________ - -
é 10% - a-- i--n Low Impact
.=} L 2. - “*- Energy Group
S 09 N - 4 .

1 2 3 4
Modes

Figure 3.2 Variation de l'indice d’endommagement avec l'augiiion de niveau d'énergie
d'impact en fonctions des modes pour des six ppotmposites

Pour certains points de mesure, 'endommagemerg d@npoutres composites déforme les
pics de résonance et, parfois, il y a une appariti®@ doubles pics au lieu d'un seul dans les

fonctions de réponse en fréquence (Figure 3.3).

Une meilleure qualité de résultats d’essais vilir@asoest obtenue par collage d'autocollants
réfléchissants sur les points de mesure. L'énatjigpact est soulignée comme le facteur
ayant |'effet le plus significatif sur les paramemodaux en effectuant des études statistiques

(plan d’expérience) sur des données expérimentales.
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Figure 3.3 Comparaison des formes des FRFs de la poutre 5irit de mesure 2 pour les
états UD (non endommagé), D1 (endommagé a 4 pdimpacts) et D2 (endommageé a 8
points d’'impacts)
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Chapitre 4 : Influence du type d’endommagement sur
poutres sandwiches en nid d'abeille par diagnostic

vibratoire

Dans ce chapitre, la surveillance d’endommageméné effectuée sur les différents types de
poutres sandwiches en nid d’abeille avec l'aideckl@angements des paramétres modaux

toujours de maniere expérimentale.

Dans la premiere partie de chapitre, les essaighdations ont été effectués sur des poutres
sandwiches longues en nid d’abeille, dans les &&itss et endommagées, en utilisant les
excitations bruit blanc et sinus pas a pas. lispeniis de déterminer quelle méthode d’essai
donne une estimation plus «logique » de l'amammnt au regard de la théorie dans la
présence d’endommagement. Les essais vibratoimnas effectués en placant des masses
d'acier aux deux extrémités, sur les poutres sarhsien nid d’abeille afin d'augmenter le
décalage dans les parametres modaux entre lesatasetsendommagé. Les six poutres
sandwiches longues en nid d’abeille testées danshapitre sont endommagées de deux
manieres différentes. Les quatre premieres powgoes endommagées par des impacts a
basses vitesse autour de la limite BVID (BarelyiMes Impact Damage). Les deux autres
poutres sont endommagées par un trou, percé ddagéur de I'ame en nid d’abeille avec

une perceuse (endommagement uniqguement dans Faguee 4.1).

Smm hole in 10mm hole in
honeycomb core honeycomb core

(a) ' (b)

Honevecomb material No Honeycomb material
between skin and damage between skin and damage

© E () m

Figure 4.1Vue transversale poutres sont endommagées paoungercé dans la largeur de
I'ame en nid d’abeille avec une perceuse
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Les résultats montrent qu’avec I'accumulation denohagement dans les échantillons, il y a
une diminution de la fréguence propre accompagnémed augmentation du taux

d'amortissement.

Les effets d’endommagement sur les parameétres modgiaiguement dans I'ame semblent
faibles, par rapport aux endommagements dus auadt®pEn outre, I'amortissement semble
plus sensible a 'endommagement que la fréquenogr@r Il est donc raisonnable de
supposer que I'amortissement peut étre utilisé cmmmindicateur d’endommagement pour

la surveillance des structures car elle est beguphus sensible a la présence d’'un défaut.

La présence de non linéarité dans les poutres selnelsven nid d’abeille est démontrée par
des essais en sinus pas a pas, dans les sensm®issdécroissants. Il est constaté qu’en la
présence de non linéarité, il y a toujours un cbeamgnt dans I'amplitude accompagné par un
|éger décalage dans les fréquences propres deF&kd 4.2).
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Figure 4.2 FRFs des essais en sinus pas a pas, dans les massaats et décroissants dans
les poutres sandwiches en nid d’abeille

20



Le plan d'expériences effectuées sur les paramatoeaux déterminés expérimentalement
souligne que la densité d’endommagement est ledactyant I'effet le plus significatif sur

les parameétres modaux. Il montre que I'essai mbdak sur I'excitation sinus pas a pas,
donne une estimation relativement plus fiable damdrtissement en présence

d’endommagement par rapport aux essais en bruntbla
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Chapitre 5: Caractérisation statigue-dynamique et
surveillance d’endommagement dd a I'impact sur poukts

sandwiches en fibres enchevétrées

Dans ce chapitre, nous parlons de la fabricatiomlest essais mécaniques d'un matériau
amortissant : sandwich avec ame en fibres de carboohevétrées. Les sandwiches en fibres
enchevétrées possédant des caractéristiques dssaorént élevées peuvent étre utilisés pour
des applications spécifiques comme dans les parnegieurs de la cabine d'un hélicoptere

(leur rigidité structurale étant faible). La réaiste a I'impact de ces matériaux est aussi
étudiée. Deux types de poutres sandwiches longuébres enchevétrées (lourdes et Iégéres)
sont testés. Les spécimens légers ont 2,5 fois andénrésine par rapport aux spécimens

lourds (Figure 5.1).

Figure 5.10bservations sous microscope SEM (a) spécimendddb) spécimens légers
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Les énergies d'impacts sont choisies de telle nmarmjge les deux types des spécimens aient
le méme niveau d’endommagement. Les résultats emntgu’'avec l'accumulation de
'endommagement dans les échantillons, il y a umaindition de la fréquence propre
accompagnée par une augmentation du taux d'aneongsg pour quatre premiers modes de
flexion. Les résultats d’essais vibratoires morttiggre les spécimens légers ont de meilleures
caractéristiques d'amortissement, et qu’ils posaediee meilleure résistance a l'impact que
les spécimens lourds. Par conséquent, avant desiccH@ipplication de ces matériaux
sandwiches légers, leur sensibilité a l'impact ddre prise en considération. Dans les
spécimens lourds, 'endommagement semble étre Ipkadisé par rapport aux spécimens
légers. On a aussi démontré expérimentalement 'gueitissement est plus sensible aux
endommagements que la variation de la fréquenceddvénient majeur de cette étude est

gu’aucune comparaison n’est fournie avec des naabésandwiches standards.

Dans la deuxieme partie de ce chapitre, des posa@redwiches en fibres enchevétrées courtes
de carbone et de verre sont fabriquées et testégeré 5.2). L’avantage de ces poutres en
fibres enchevétrées courtes sur les poutres lorggtasne meilleure distribution des fibres et
de la résine est obtenue lorsque les poutres dostcpurtes c'est-a-dire que le procés de

fabrication actuel est mieux adapté a une taillsgieimen plus faible.

M M‘
Entangled Sandwich Honeycomb Sandwich  Foam Sandwich Foam Sandwich  Honeycomb Sandwich
Beam Beamn Beam ' Bem Bém; N

Figure 5.2 Les six poutres sandwiches (a) en carbone et (vpee

Comme précédemment, le but est d'évaluer les da@paamortissant et de résistance a
I'impact des poutres enchevétrées sandwich, maie fads, avec une comparaison avec des
sandwiches standards I'ame en nid d’abeille et smukes essais vibratoires montrent que
les spécimens sandwiches en fibres enchevétréesédwmd en moyenne un taux

d’amortissement 150 % plus élevé, et des niveabratoires 20 dB plus faible par rapport
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aux sandwiches standards. Afin d'évaluer la résista I'impact, un cas simple d’impacts
symétriques effectués en dessous de la limite BdDétudié, afin de détecter ces dommages
par les essais de vibration. Les essais de vilmstiont été effectués sur ces poutres
sandwiches en fibres enchevétrées en utilisamXesations bruit blanc et sinus pas a pas. On
compare aussi la méthode d’essai, en comparaestasations en termes de logique avec la
théorie. Les résultats montrent que les deux pss@adwiches en fibres enchevétrées courtes
de carbone et de verre ont une meilleure résistaniienpact par rapport aux sandwiches

standards de mémes dimensions (Figure 5.3).
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Figure 5.3 Comparaison des FRFs estime par sinus pas a pas lpsuétats UD (non
endommagé et D1 (endommagé a 2 points d’impacts) Ipgoremier mode de flexion pour
(@) le point de mesure 11 pour les trois poutresdséches en fibres de carbone (b) le point
de mesure 21 pour les trois poutres sandwichegessfde verre
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De plus, dans ces spécimens on trouve la mémerteadasavoir que le taux d'amortissement
est un parametre plus sensible pour la détectisrddenmages que la fréquence propre. Un
plan d'expériences montre de maniéere satisfaisgmeele meilleur indicateur est le taux

d’amortissement.
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Chapitre 6 : Recalage de modele Eléments Finis poua

détection, localisation et quantification des défas

La partie numérique de cette thése se composewlestels chapitres. La premiere partie est
la mise au point des modeles éléments finis (SAMGierr calculer les paramétres modaux
et la réponse dynamique des composites stratifiéese composites sandwiches en nid
d’'abeille. Le but est de comparer les résultats ériqnes (FRFs) avec ceux obtenus
expérimentalement (chapitres 3 et 4) sur les mmesres. Ensuite, les modéles éléments
finis sont recalés par une analyse paramétriquen aflaméliorer la corrélation

expérimental/numérique. La méthodologie utiliséairpmodéliser 'endommagement dans
I'échantillon d’essai est simple. Au lieu de modéli 'endommagement tel qu'il est en

réalité, les propriétés des matériaux des éléndams la zone endommagée sont modifiées

localement.

La taille de la zone circulaire de dommage estresti basée sur les résultats d’ultrason (C-
Scan), on fait varier le module d'élasticité londihal (E) dans les zones circulaires
d’endommagement (pour les poutres composite sé&atfarce que les essais numeériques
soulignent le fait que (& est la propriété matériau ayant les effets las plgnificatifs sur les

fréquences propres (Figure 6.1).

Four Circular Damage Zones
Material Properties are reduced in these zones
estimated from the C-Scan Results

% — Shell Composite Beam

3D End Masses

- == -u‘“-h-—__ 3D Baze Block

1

Harmonic Excitation Force

Figure 6.2 Méthodologie de modélisation d’endommagement enCI™ modeéle éléments
finis des poutres en composites stratifies avemdsses a I'extrémités ainsi que les zones
endommagés et le chargement a la centre
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Pour le processus de recalage, le modéle élémanisgscbrrespondant au cas sain (non
endommage) est établi en essayant différentes rgathw coefficienta,, (par une étude
paramétrique en BOSS Quattro), jusqu'a ce queus jpetite erreur statistique soit atteinte

entre les résultats expérimentaux et numériques [esu fréquences propres, basées sur

I'équation suivante :

E = 235 — i
freq,UD (aUD) - N Z FEM ,UD (aUD) EXP,UD
i=1

La méme procédure est suivie pour les cas endogsn@dl et D2). L'erreur statistique

E eq01(@,) POUr le cas endommagé (D1) est calculee pour chisépagion de(a,), et est
comparée avec I'erreur correspondant au cas sd). (Le but est de trouveg,, (ap, )

aussi pres qué;, , (a,, -)-a méme procedure est suivie pour le recalagacigditudes de

FRF.

En suivant cette procédure du recalage, la répaysamique des poutres composites
stratifiés a été modélisée, et une bonne corrélatixpérimental / numérique est obtenue
(Figure 6.2).

— Experimental FRF (Beam 4 Pt 4) D1 — Experimental FRF (Beam 4 Pt 32) D2
— Numerical FRF (Beam 4 Pt 4) D1 — Numerical FRF (Beam 4 Pt 32) D2

-100 -100

Amplitude (dB)
Amplitude (dB)

4

-140 -140

-180 . : ' -180 . : L
@ ° 400 800 1200 1600 ® ° 400 800 1200 1600
Frequency (Hz) Frequency (Hz)
Figure 6.2 Comparaison des FRFs expérimentaux et numériqués mutre 4 pour les états
D1 (endommagé a 4 points d'impacts) et D2 (endonénaa®) points d’impacts)

Pourtant, il faut mettre en évidence que notre odghs’applique lorsque 'endommagement
reste faible c'est-a-dire, autour de la limite BMiD le comportement de la structure reste plus

ou moins linéaire. Une fois que le niveau d’endomemaent devient plus important que la
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limite BVID, cette approche ne fonctionne plus ailssn. Afin de modéliser avec précision
les endommagements plus importants dans notre matilcomposites stratifiés, il faut
choisir une modélisation de 'endommagement plusnege, et les calculs éléments finis

devraient étre menés par les modules non-linéaires.

Pour les cas des poutres sandwiches en nid d@pkillméme procédure est suivie pour la
modélisation et le recalage. Généralement, la letivé expérimentale/numérique donne des
meilleurs résultats pour les poutres compositegifsés, parce que la surface endommagée a
été modélisée a partir des résultats précis deaD-Fn effet, pour les poutres sandwiches en
nid d’abeille, en raison de l'indisponibilité desuétats, la surface endommagée a été estimée
partapping De plus on a trouvé que le module du cisailleni{@gt), qui semble avoir I'effet

le plus significatif sur le recalage des paramétneslaux (changements locale @g; sur les

zones détectées).

Les résultats sur les trois poutres en sandwichesded’abeille (H2, H3 et H4) montrent une
bonne corrélation pour le cas sain (UD), mais adasis une certaine mesure pour le cas
endommagé (D1). Pour le cas avec plus dendommage(BP2) en revanche les résultats
sont insatisfaisants parce qu'a cause de la natureid d’abeilles (impact au milieu de la

cellule ou sur le coin), la densité d’'endommagemane beaucoup (Figure 6.3).

End Masses

Figure 6.3 Variation la densité d’endommagement a cause dealare du nid d’abeilles
(impact au milieu de la cellule ou sur le coin) péaupoutre sandwich H4 impacté a 8J
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Dans le futur, les points d'impact seront modélidéstelle fagcon que les propriétés du
matériau peuvent étre modifiées séparément a chamjoed'impact. Les poutres sandwiches
en nid d’abeille seront coupées prés de la zonerenthgée, et seront observées par un
microscope électronique précis. L'objectif serdinir des informations concernant la forme

et la surface d’'endommagement.

La deuxiéme partie du travail numérique concernédalisation d’endommagement et sa
validation sur les poutres composites stratifiéas|pptimisation topologique dans Nastran,
en utilisant les parametres modaux obtenus expatatement (chapitre 3). La localisation
d’endommagement étant résolue par un problemeimtisgtion topologique. Les résultats
sur les poutres composites stratifies démontrei@nqutilisant I'optimisation topologique, on
peut trouver efficacement les zones endommagéesipaas D1 (zones bien isolés) et pas
pour le cas D2 (défaut globale). On enléve de ldiema dans les zones précise pour
minimiser I'erreur entre FRF expérimentaux et FRIfMarique. On modélise aussi un défaut
équivalent, c’est donc un outil global de diagrogtiour tous matériaux) ne nécessite qu’un

état non endommage.
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Chapitre 7 : Conclusion et perspectives

La surveillance de 'endommagement a été effeatnélaes spécimens de type poutre :

* composites stratifiées
+ sandwiches en nid d’abeille

+ sandwiches en fibres enchevétrées

Pour toutes les poutres d'essai, il a été obser@gayec I'accumulation de 'endommagement
dans les spécimens, il y a une diminution de lgueéce propre de flexion accompagnée par

une augmentation du taux d'amortissement.

Comme attendu par la théorie, les résultats moniee le taux d'amortissement est un

parameétre plus sensible pour la détection de I'emdagement que la fréequence propre.

Les deux masses d'acier aux extrémités des pouatngsnentent le décalage dans les
parameétres modaux pour les trois types de spéciniarscontre, ce changement est plus

important en cas de poutres composites stratifi@esapport aux poutres sandwiches.

En cas des poutres composites stratifiées, |'ématgnpact peut étre soulignée comme le
facteur ayant I'effet le plus significatif sur lpsrametres modaux (en effectuant des études
statistiques sur des données expérimentales).dP@nec dans le cas des poutres sandwiches,
le plan d'expérience montre que la densité d’endagement est le facteur le plus

significatif.

Un aspect nouveau et important de cette these ot fabrication et les essais mécaniques
d'un matériau sandwich avec ame en fibre de casbenehevétrés. Les sandwichs en fibres
enchevétrées possédant des caractéristiques dssaorent élevées et une meilleure
résistance a l'impact peuvent étre utilisés powr @aplications spécifigues comme dans les
panneaux intérieurs de la cabine d'un hélicoptétant donnée leur faible résistance
structurale. Mais il faut rappeler aussi que lestps sandwiches en fibres enchevétrées sont
presque deux fois plus lourdes que les sandwidhesl@ads avec le nid d’abeille et la mousse

de mémes dimensions.
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La modélisation par éléments finis est utilisée rpcalculer les parameétres modaux et la
réponse dynamique des poutres composites stratdiéges poutres sandwiches. Ensuite, les

modeles éléments finis sont recalés afin d'améli@recorrélation expérimental/numérique.

La méthodologie utilisée pour modéliser 'endomnmaget dans I'échantillon d’essai est
simple. Au lieu de modéliser le dommage tel qusil en réalité, les propriétés des matériaux
des éléments dans la zone endommagée sont modifiéesille de la zone circulaire de
dommage est basée sur les résultats d’ultrasorcé@}SOn fait varier le module d'élasticité
longitudinal () dans les zones circulaires d’endommagement gsysdutres en composites

stratifiés, et le module du cisaillementpour les poutres sandwiches en nid d’abeille.

En suivant cette procédure de recalage, la répoysamique des poutres composites
stratifiees a été modélisée, et une bonne comélakpérimentale / numérique est obtenue
pour I'état sain et les deux états endommagéscdrdre, pour les poutres sandwichs en nid
d’abeille, en raison de l'indisponibilité des réatd d'ultrasons (C-scan), les résultats de la
corrélation sont moins bons par rapport aux poustestifiées (zones d’endommagement

mMoins précis).

De méme, la modélisation par éléments finis dép@mnse dynamique des poutres sandwiches
en fibres enchevétrées a également été effectaémriélation expérimentale / numérique est
moins bonne a cause de plusieurs pics dans lesidoscde réponse en fréequence (FRF)
obtenues expérimentalement. La distribution nondgine de la résine n'est pas prise en

compte dans le modele.

La deuxiéme partie du travail numérique concernledalisation de 'endommagement et sa
validation sur les poutres composites stratifiéas|pptimisation topologique dans Nastran,
en utilisant les parametres modaux obtenus expgatalement ou en modéle sain. Pour des

défauts isolés (cas D1), on estime avec succ&oies d’endommagement.

Dans cette thése, le cas simple des impacts syméta été choisi pour toutes les poutres
d’essai afin d'avoir une densité homogéne d’endogement. Dans le futur, les impacts
asymeétriques seront effectués sur des poutres tapatratifies afin, d'étudier leur effet sur
les paramétres modaux. Jusqu'a présent, danstibeéette, on a toujours gardé 1N comme

niveau d'excitation pour les essais de vibratioond®dans les prochains essais, on fera varier
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le niveau d'excitation afin de vérifier si la limé@ des paramétres modaux est effectuée. Dans
I'avenir, le processus de fabrication des pouteesdwiches en fibres enchevétrées sera

modifié pour améliorer la qualité et la performadeeces nouveaux sandwiches.

Enfin 'approche détection/localisation par I'opiation topologique sera validée pour toutes
les autres poutres d’essai présenté dans cette. thesdande passante sera aussi augmentée
afin de prendre en compte l'influence des modes @levés, qui sont considérés plus

sensibles a 'endommagement.
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Surveillance vibratoire de I'endommagement di a I'impact sur poutres
en matériaux composites stratifiés, sandwiches et matériaux enchevétrés par
variations des paramétres modaux

La Surveillance de la Santé des Structures (SSS) s’effectue par la mesure de réponses
pertinentes sous sollicitations extérieurs. L'identification a pour but de détecter, de localiser
et de quantifier ces défauts. La thése porte sur les deux premiers niveaux de SSS, la
détection et la localisation de dommage. Le but est d'étudier les effets d’impacts
symétriques par variations des parametres modaux en faisant un nombre important
d’expériences. Une validation par recalage de modeéles éléments finis est effectuée sur
différents matériaux composites dédiés a I’'aéronautique. Pour tous les spécimens (poutres),
il a été observé que, avec l'accumulation de I'endommagement (impact), il y a une
diminution de la fréquence propre (flexion) accompagnée par une augmentation du taux
d'amortissement. Un aspect nouveau de cette thése concerne la fabrication et les essais
mécaniques (statique et dynamique) d'un matériau innovant (sandwich avec ame en fibre de
carbones enchevétrés) possédant des taux d’amortissements élevés ainsi qu’une meilleure
résistance a I'impact. La modélisation par éléments finis (Samcef) est utilisée pour calculer
la réponse dynamique de ces poutres. Ces modéles recalés permettent de donner un
indicateur de taux de dégradation et peuvent servir d’outils diagnostic (et d’alarme) pour la
surveillance de l'intégrité des structures. Une partie innovante de cette these concerne la
localisation de I'endommagement et sa validation sur les poutres composites stratifiées par
optimisation topologique (Nastran), en utilisant les paramétres modaux obtenus
expérimentalement. Ainsi on estime avec succés les zones d’endommagement pour des
défauts isolés.

Mots clés : Structures composites, Vibrations, Surveillance de la santé des structures,
Endommagement dd a I'impact

Monitoring of impact damage in composite laminate, honeycomb sandwich and
entangled sandwich beams by modal parameter shifts

Impact damage in composite structures may lead to severe degradation of the mechanical
behavior due to the loss of structural integrity. Therefore Structural Health Monitoring (SHM)
based on vibration testing is useful in detecting this damage caused by impact because
damage generally affects the vibration characteristics of a structure. The scope of this thesis
concerns the first two steps of SHM i.e., detection and localization of damage. The vibration
test results on pristine and damaged composite laminate and composite sandwich beams
show that with the accumulation of damage there is a decrease in natural frequency and an
increase in the damping ratio. Results show that damping ratio is a more sensitive
parameter for damage detection than the natural frequency. An important and novel aspect
of this thesis concerns the fabrication and mechanical testing of a new sandwich material
with carbon fiber entangled core. Entangled sandwich materials possess high damping
characteristics and better impact toughness as compared to standard sandwiches with
honeycomb and foam cores and can be used for specific applications like the inner panelling
of a helicopter cabin as their structural strength is considerably low. Simplified Finite
element models are developed that represent damaged composite beams in vibrations.
These simplified damage models give us a degradation factor that can serve as a warning
regarding structure safety. The localization of damage is carried out by topology
optimization. Results on composite laminate beams showed that with topology optimization
the right damage locations have been found rather efficiently at lower damage levels.

Keywords : Composite structures, Vibrations, Structural health monitoring, Impact damage





