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1. Introduction

Damage are a main cause of structural failure and often samuistructures. In the past
decades, special attention was given to avoid the suddiemefaif structural components
by detection damage in structures in the early state. Moeeifigally, structural health
monitoring based on the vibration of structures has beeheatdcus of attention of many
researchers in order to obtain very efficient tools of gregiartance for the civil, aeronau-
tical and mechanical engineering communities.

This is why, in recent years, various developments of nasirdetive techniques based
on changes in the structural vibrations have been extdpgisblished not only to detect
the presence of damage but also to identify the location hadséverity of the damage.
Moreover, the need to be able to detect in the early stagertdsmipce of damage in com-
plex mechanical structures has led to the increase of namudéige techniques and new
developments. Not only extension of techniques that aredapon structural linear vi-
bration analysis, but also the emergence of non-linear odetlogy and analysis have been
investigated.

It is generally admitted that Rytter [1] gave the four prjpai damage stages of struc-
tural health monitoring:

1- the determination of the presence of damage in the stejyctu

2- the determination of the damage location in the structure

3- the quantification of the severity of the damage,

4- the prognosis of the remaining service life of the damagjadtture.

If the last stage can be refer to the fields of structural desigsessment or fatigue
analysis, the first three states concern more specificaflyptbblem of structural health
monitoring techniques and the choice of the most appraprathod for the detection and
identification of damages in structures.

At this point of the introduction, it must be said that thedief vibration-based struc-
tural health monitoring has been the subject of great istewih important comprehensive
surveys covering various methodologies and applicatioBemprehensive surveys have
been proposed by Doebling et al. [2, 3] and Sohn et al. [4] flarctural health monitor-
ing and damage detection techniques in the civil and mecabengineering communities.
Friswell [5] presented a brief overview of the use of invensethods in damage detection
and location from measured vibration data. A review basetherdetection of structural
damage through changes in frequencies has been discusstalawu [6]. Different de-
tection procedures to diagnose damage in rotors with vannadeling of the cracked el-
ements have been summarized by Wauer [7]. Dimarogonas {&] gia extensive review
about cracked structures including beam, rotor, shell dadds, plates and pipelines. Sab-
navis et al. [9] proposed a review on cracked shaft deteciahdiagnostics. A review of
vibration-based structural health monitoring with spkeeraphasis on composite materials
has been described by Montalvao et al. [10].

However few efforts have been dedicated to discuss advestag limitations of linear
and/or non-linear approaches based on vibrational measumnts with theoretical develop-
ments. So, in addition of the first three stages defined byeR}i1, the following questions
need to be addressed:

a- Are the classical effective tool of non-destructive itegbased on a linear analysis
sufficient for detecting and identifying the location andes#ty of damage ?
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b- If linear methods are not appropriate, how the non-limaaasurements can be used
for an efficient and robust detection and identification ohdge ?

c-What is the significance of the non-linear vibrational sweaments for mechanical
damaged structures ?

d- What are the main advantages or limitations of linear ardlmear structural vibra-
tional non-destructive techniques ?

e- Where next uncoming for future research and further dgveknts ?

In order to propose some partial answers for the five prevguestions and consider-
ing the previous reviews done in the field of structural meats the decision has been
made not to explore all the structural health monitorinchtegues that are described in
the literature but to give a broad view of the most efficiend avell-known damage as-
sessment techniques based on structural dynamic chanddketiner or/and non-linear
vibrational measurements. Thus the three basic types afudad in the measurement of
structural dynamics (i.e. time series, frequency domanadl, modal model) will be inves-
tigated. Non-exhaustive advantages and limitations ofiimaage assessment techniques
proposed in this review will be discussed for practical eegring applications. Moreover,
special attention will be given to methods in which civil @rggring structures and rotat-
ing machineries are used as case studies. For various hneganon-linear techniques, the
basic theory, definitions and equations will be briefly preed: the objective is to give the
reader the more important and principal informations foetty but comprehensive review.
Having in mind that some researchers will be more interebtespecific cases of linear or
non-linear techniques, various references are given fdr damage detection method to al-
low the interested reader to find more details about the yhéitwstrative (non-exhaustive)
examples with applications in civil, aeronautics and med® engineering communities
will be discussed and references of papers will be given.

To situate this review into the broad literature survey, eeatl that the damage assess-
ment techniques can be divided into three categories [9]dahtesting, vibration-based
methods with signal-based and model-based methods, anttawitional methods. The
most popular methods are probably modal testing in whiclngba in modal parameters
such as changes in frequencies, modes shapes and respgpseific excitation are used
for the damage detection. Signal-based methods analyzetéhdy-state or transient vi-
brational measurements to detect damage and considerediffenown indicators of the
presence of damage in mechanical structures. Model-bas#itbds propose to correlate
the experimental signature of damaged structures withyicall or numerical models to
identify the damage parameters. The non-traditional ndstluwncern more specific tech-
niques based on genetic algorithms, neural networks, lsggneessing techniques such as
the wavelet analysis or Wigner-Ville transforms.

In this review, the damage assessment techniques have heédeddnto three cate-
gories in regard to the following types of data availabletia measurement of structural
dynamics to detect damage: linear, non-linear and transibrational measurements. For
these three categories, modal testing, signal-based deetied non-traditional methods
based on wavelet transform will be discussed.

The present review is organized as follows: firstly, a dggienn of linear analysis and
non destructive techniques based on changes in modal pm@naad linear vibrational
measurements are discussed. Secondly, explanation is givthe most common uses of
non-linear assessment techniques to detect the presedaenafje by only considering the
non-linear contributions due to the presence of damagen,Tdamage detection for linear
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or non-linear transient vibrational signals is discussé&dhally, a non-exhaustive list of
topics of interest for further research in the field of dameggection is briefly discussed.

2. Methods of damage detection using linear analysis

2.1. Direct use of modal parameters
Change in the natural frequencies

The change of natural frequencies can be considered as dhne pfevalent damage detec-
tion method in structural assessment procedures. When agiasxists in a structure, the
stiffness is reduced and consequently decreasing of theahdtequencies of the system
can be observed. One of the most advantages of this deteéetibnique is that frequency
measurements can be quickly and easily conducted. Moreexperimental techniques
used for the determination of resonant frequencies areicksvibrational measurement
techniques; thus allowing the vibrational measurementsetextensive with a great num-
ber of measurement points and a very cheap experimentatguwoe. Another advantage is
that the frequency measurements can be extracted with tveetanfident accuracy, and
uncertainties in the measured frequencies can be easityagst if the experimental mea-
surements are done with a perfect control of the experinheotaditions. Moreover, the
knowledge of the global dynamical behavior of undamagetegsys is very easy to obtain
by using analytical developments or finite element modélss &allowing the measurement
points to be adequately chosen for not only a quickly andieffidetection of the changes
in frequencies but also the identification of the damagetiogand gravity.

According to Doebling et al. [2], the first article that prayeal to detect damage by using
vibration measurement was written by Lifshitz and Roteni.[They used the shifts in the
natural frequencies via changes in the dynamic moduli tealetamage in elastomers.
Hearn and Testa [12] demonstrated that the change iri‘theatural frequency can be
approximated by

A2 — (EN(P) Ak (en (21))
i T MO,

(1)

whereM is the mass matrix®; defines the** mode shape vector arng; (®;) the element
deformation vector that is computed from the mode shapds, is the change in the matrix
stiffness due to the presence of damage. The previous asumegssumes that the damage
does not change the mass matrix. Hearn and Testa [12] alsond¢raited that the ratio of
. . Aw? ) o
the variations of the frequenuegjz for two modesi andj is independent on the damage
severity and so a function of the c?ack position only. S thsult allows the identification
of the damage location. Hasan [13] illustrated this propfat a damaged beam on elastic
foundation.

Many other researchers have attempted to detect damagadtuses by using changes
in natural frequencies. Salawu proposed an intensive weing[6]. Some investigators
[14—-24] compared the natural frequencies of the undamageédiamaged structures (and
the associated decreasing in frequencies).

For example, the Normalized Natural Frequencies that define ratio of damaged
natural frequency to the undamaged natural frequency oftihueture may be proposed
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and is given by
weracked

NNE; = uzncrack:ed (2)

wherewneracked gndggracked define theit-pulsation of the uncracked and cracked struc-
ture, respectively.
Others [25—28] proposed the percentage changes in theahfrlequencies$iC;

uncracked __

%C; = 100 x 2

w
uncracked (3)

(2

cracked
i

For the two cases, to be able to detect the presence of dathageatural frequencies of
the undamaged structure need to be carefully estimatedler tw be able to accuracy show
if the measured frequencies are lower than expected. Foed#ttier comprehension, it may
be noted that the percentage change of the natural freqeeenay be very low and inferior
to 1% for small cracks or specific locations of the crack. So, utaieties on the natural
frequenices of the undamaged structures may hidden thé@mailint of frequency change.
Classical results indicated that the crack has low effeitti situated near a node of the
modes of vibration. High decrease in the facief’; is shown if the crack is located where
the bending moment of th#* mode is greatest. Then, increase the crack depth, decrease
the factor%C;, indicating loss of stiff for the damaged beam.

A method similar to the above consists to estimate the cragkity and location by
only considering the frequencies of the damaged structavithout comparison with the
frequencies of the undamaged structure). In this caser#ioi detection and identification
require the knowledge of the material properties (the Ya&ngodulusE and the density
p for example) that are estimated by using the uncracked alafigquencies. This last
approach can be considered to be equivalent with the proegdising the factor& N F’
and%C factors previously defined: these two factors are not afibly the parameters of
material properties or uncertainties on the Young’s mosliitand the density. However,
the undamaged frequencies are used and the material pespamre implicitely consider.

Sinou [29] defined another indicator based on the changé®iratio of frequencies. It
is defined as follows

uncracked weracked
Pwgracked — 100 x | = : @)

uncracked - weracked
J
wherewneracked gnduwsracked correspond to thé” pulsations of the uncracked and cracked
structures, respectively. One of the advantages of thtsrf%\llfj“j“’wd is that the ratio of
frequencies for the undamaged structures is generally Rrfowacademic structures such
beams. For example, in the case of a simply supported bearmtticator can be rewritten

as
2 cracked
ked o Won—
N (O ®

Was—p

with ¢ andb are equal to 0 or 1, and € X* and € R*. For the reader comprehension,
the pulsationsu,,—, (Or was_p) are associated with the vertical mode deflectior®vif- a

(or 28 — b) are odd numbers. 2o — a (or 25 — b) are even numbers, the pulsations
waa—a (OF wop_p) are associated with the horizontal mode deflections. s ¢hse, the
factors%\llgglf’;fgﬁfb need only the knowledge of the pulsations of the cracked kazan
do not change with the variations of the material propetiies the Young modulus and
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the density. In the general case (academic beam or more egraplicture such as civil
engineering structures), this fac%\lfgfjac’“d indicates the relative effect of the damage for
the j** and:** modes; if%\Iffj“j“Cke‘i is higher than 0, it can be concluded that the mode of
ith pulsation is more affected by the crack than the modg’opulsation. The scenario is
reversed if%W¢ o is lower than 0 and the more affected mode corresponds tg‘the
pulsation.

Messina et al. [30] proposed the Damage Location Assurarniterion (DLAC) based
on the changes in natural frequencies

|Awh Awp (i) [

(AwfAwa) (Awp ()" Awp (i)

DLAC (i) = (6)

whereAw 4 is the experimental frequency shift vector afdd g the theoretical change for
damage that is situated at tifé position. The values of the Damage Location Assurance
Criterion (DLAC) vary between zero and unity. A value of zéndlicates no correlation
and a value of one an exact match. The damage location isiebdtarhen the position af
gives the highest values for the Damage Location Assuraniterion (DLAC).

Messina et al. [31] extended the Damage Location Assurariterion (DLAC) for the
cases of multiple damage. The Multiple Damage Location rssste Criterion (MDLAC)
is given by
|AwlSéx;|?

(AwhAwa) ((S0z:)" (Sows))

MDLAC (i) = (7)

whereS defines the sensitivity matrix that contains the first ordenatives ofn natural
frequencies with respect t@ damage variables. The objective of the Multiple Damage
Location Assurance Criterion (MDLAC) is to find the variablector §z; that makes the
MDLAC equal to one. The sensitivity matrix is given by

[ 80.)1 80.)1 80.)1 ]
oy Oz 0w
80.)2 80.)2 80.)2
S=| Oz1 Oy Orm 8)
Ow, Owy, Owy,
L 8%1 C{).TQ 8:1:m J

Koh and Dyke [32] used the Multiple Damage Location Assueaidterion (MDLAC) for
the detection of single or multiple damages for long-spait engineering structures.

Identification based on the frequency contours methods

The identification of the crack parameters can be done byubmdifferent factors and the
combined effects of the crack in changes of frequencieseofitmage structure.
Nikolakopoulos and Papadopoulos [33] proposed to presertritour graph form the

dependency of the first two structural eigenfrequenciesrankcdepth and location. The
intersection point of the superposed contour of the freqgigsnvariations between the un-
damaged and damaged structures allows the identificatimotbfthe crack depth and lo-
cation. The authors indicated that one contour line mayespwond in a combination of
different crack depths and locations. They validated tloppsed methodology of damage
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identification by undertaking experimental tests on a claghgamped plane frame. They
concluded that experimental results are in good agreemihttie theory and can allow
easy diagnosis of crack depth and position in frame strastur

Yang et al. [34] used the frequency contours method and tieesection of contours
from different modes for the detection of damage in a simplyp®rted beam. They noted
that the intersecting point of the superposed three costig that correspond to the mea-
sured frequency evolution and/or the corresponding factaused by the presence of a
damage indicates only one crack depth but can give two ptelbck locations due to
structural symmetry in the simply supported beam.

Dong et al. [35] proposed to use the evolution of mode shageeqsction 2.1.) to avoid
the non-uniqueness of the damage detection. Swamidas[@6pbroposed to add an off-
center mass in the initial structure to eliminate symmatrgolutions . Sinou [29] demon-
strated that this technigue is not sufficient in all casesraag be very difficult to use. In
practical cases, it is not very clear and evident that theettwontour lines have only one
intersection for each case: due to experimental condittwnscertainties, the three curves
do not meet exactly, and the centroid of the three pairs efseictions is taken as the crack
position and crack size [37, 38]. So Sinou [29] proposed terekthe methodology of the
adding-mass by realizing two tests for the crack size andtioe identification. The first
test consists of adding a mass at the right end of the synoakstructure, and the second
test at the other end. However, the author concluded theintieithodology is limited for
general structures due to uncertainties and ambient gonslitn real cases. A second so-
lution to avoid the non-uniqueness of the damage locatiosists on an appropriate use
of resonances and antiresonances [39, 40]. More detailsi®smtethodology are given in
the section 2.1.. One of the advantage of this solution isrtbadditional tests is required
(contrary to the previous methodology) and antiresonafikesresonances can be easily
extracted with a relative confident accuracy.

Sinou [40] proposed an extension of the frequencies cotiteaimethod by considering
not only the identification of the crack size and location &sb the orientation of the front
crack. The author indicated that the procedure works éfegt only for measurement
errors not exceeding 2% for small levels of damage. He alscluded that the quality of
experimental data is an important key in order to achievialéd results.

Change in damping

It appears natural to expect that an interesting indicatordbmage detection would be
the damping changes and dissipative effects due to théofridietween crack surfaces.
Modena et al. [41] indicated that one of the advantages a@fgushanges in damping is

that undetectable cracks by using changes in natural freige (due to uncertainties or
little decrease of frequencies) can cause important clsaimgidae damping factor allowing

damage detection. In general, it is admitted that incrgasie crack severity increases the
damping factor.

However, experimental results with an edge fatigue crackofle | at bending vibra-
tions done by Bovsunovsky [42] revealed that the energyipdsisn in a non-propagating
crack is not caused by the friction between crack surfacesimst be attributed mainly to
the elasto-plastic zone in the vicinity of crack tip. Moregvhe concluded that changes in
energy dissipation may be used for the damage detectionl lbaghe prediction of changes
in damping factor.

Kyriazoglou et al. [43] proposed the measurement of sped#fiaping capacity (SDC)
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for the detection of damage in composite laminates. The SH2{0f is defined by

AU

SDC = i 9)
whereAU andU are the energy dissipated in one cycle and the total eneoggdsin that
cycle. Experimental measurements and analysis of the SGroposite beams vibrated
in free-free flexure in their first mode tests were performted, energy stored by the beam
in bending being calculated from the mode shape maximumdieffeat the center of the
beam, and the energy dissipated in one cycle being the eirgrgy, They demonstrated
that damping properties strongly support the measurensmmshanges of SDC in order
to detect successfully initial damage in composites befioeedamaged material includes
catastrophic crack density and severe further damage mischa occur. One interesting
observation is that larges changes in SDC are found for cafibce-reinforced laminates
even if no detectable changes in the resonant frequenaiebecabserved. It also appears
that the SDC factor is very sensitive to small cracks and gesin the crack depth.

Panteliou et al [44] showed that the damping factor increagth increasing the crack
depth. They said that the identification of crack by usinghgeain damping factor has the
advantage to be relatively insensitive to boundaries ¢mmdi in comparison to the shifts
in natural frequencies. Another advantage is that the Hewev appears that a relative
confident accuracy of changes in damping factor may be difficwbtain for small cracks
due to the uncertainties and experimental conditions.

On the same way, Leonard et al. [45] indicated that the maai@ipihg value of a dam-
age structure depends on vibration amplitudes that indti@mespening or closing mech-
anism for the crack. For a cantilever beam, they demonsirdtat the modal damping
decrease when the amplitudes vibration are too small torgenan open crack. When
the opening and closing of the crack introduced contacteffehe modal damping of a
lot of modes is the most important. Consequently, usingatiars of modal damping to
detect damage appears to be difficult due to the dependettice efolution dependence of
modal damping to the vibration amplitude. Moreover, uraiattes and shifts in the modal
damping may be observed due the temperature rise.

Mode shapes and changes nodes position

Mode shapes approach has also received considerabléattientonjunction with changes
in natural frequencies due to the fact that a mode shape igjaeinharacteristic and spatial
description of the amplitude of a mechanical structure feheresonant frequency. So a
local damage can cause changes in the mode shapes and thioavof the spatial de-
scription of the amplitude of each resonance may be used amage indicator. Moreover,
change of mode shapes depends on both the severity and #ietoof the damage and the
spatial description of magnitude change with respect th @asde may vary from one to
another due to the crack location. The main disadvantagsinfumode shapes as damage
assessment technique is the number of measurements atféhelpoints of the structures
to perform and the duration of each measurement in ordertimat® the detailed mode
shape.

Gladwell and Morassi [46] investigated the effect of damagehe nodes in an axially
vibrating thin rod. They demonstrated that nodes of the neitgpes move toward the
damage: each node located to the right of the damage in treenaged structure moves to
the left, and each node on the left of it moves to the right.yldwncluded that the damage
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is located between nodes which move toward each other fay enede that has at least
two nodes.

Then, Dilena and Morassi [47] defined the positive nodalldsgment domain (PNDD)
and negative nodal displacement domain (NNDD) that defiaalifection by which nodal
points move. Using these domains allows the damage dateictithe case of bending
vibrations. One of the advantages to use the evolution oérebthpes and the detection
of the positive and negative nodal displacement domaingsed on the fact that node
positions are easier to measure than mode shapes becaysmiheequire the detection
of modal component sign, rather than the measurements dftadgs. They validated the
damage assessment technique by undertaking experimesteaperformed on cracked steel
beams.

Damage detection based on the study of modal parametergliagge in natural fre-
guencies and mode shapes) conducted by Adams et al. [48]eand Adams [49] and
Yuen [50] for the vibration of bridges. Only the few lower mesdare used to perform the
detection of damage.

Natke and Cempel [51] used changes both in eigenfrequeaciésnode shapes to
detect damage in a cable-stayed steel bridge. Kullaa [s®}ated that changes both in the
eigenfrequencies and mode shapes appear to be reliabtatiodi for the damage detection
on the bridge Z24 in Switzerland [53]. They performed autbenalentification of the
modal parameters from the response data by combining dachieots that corresponds
to one of the primary techniques of statistical processrobf54]. They observed that
one of the limitations of some control charts was that thedative sum (CUSUM), and
exponentially weighted moving average (EWMA) control ¢kdb4] are sensitive to small
shifts and may cause frequent false damage detection.

Law and Zhu [55] indicated that the deflection of mode shapesbe an effective in-
dicator of damage in bridge structures. They observed tieteflection increases when
the damage in the beam increases, the deflection also iesreH®wever, they noted that
the deflection of the damaged structure can be larger thamélasured deflection under the
light vehicle. They explained that a moving load (i.e. a e&hin this case) can affect the
opening of the damage so inducing evolutions of naturalueagies and mode shapes. So
the breathing behavior of the crack due to moving load an@#seciated non-linear analy-
sis is an important point to take under consideration forféioient and robust detection of
damage (see section 3. for more details).

MAC and other related assurance criteria

According to Doebling et al. [2, 3], West [56] presented wivats possibly the first system-
atic use of mode shape information for the location of strradtdamage without the use of
a prior FE model. The Modal Assurance Criterion (MAC) is usedetermine the level of
correlation between modes from the test of an undamagedeSgiadtle Orbiter body flap
and the modes from the test of the flap after it has been exgossebustic loading. The
MAC criteria that compares modeand; has the form [57]

k=1 (10)
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wherex denotes complex conjugate afi), is an element of the mode-shape vector. The
MAC value varies varies between 0 and 1. The MAC makes useedfitinogonality prop-
erties of the mode shapes to compare two modes. A value ofnalieates that the mode
shapes of the two sets of date are identical. If the modesrt#rtegmnal and dissimilar, a
value of zero is calculated. So, the low MAC value to somerétan be interpreted as a
damage indicator in structures.

Srinivasan and Kot [58] noted that the changes in MAC valeesparing the damaged
and damaged modes shapes of a cylindrical shell are morgigetizan changes in resonant
frequencies.

Although the MAC criteria can provide a good indication oé tlisparity between two
sets of data and the detection of damage, it does not allowmdw £xplicitly where the
source of the damage in the structure lies. The Co-OrdinatdadiAssurance Criterion
(COMAC) [59] has been proposed from the original MAC. The Qalinate Modal Assur-
ance Criterion (COMAC) identifies the co-ordinates at whieb sets of mode shapes do
not agree. The COMAC factor at a poinbetween two sets of the mode shape is given by

2
> 1(@a); (5); I)

J=1

COMAC (i) = ( _

m (11)
Z | ((CDA)U |2 Z | ((CDB)ij |2
Jj=1

J=1

wheren defines the number of correlated mode shapes,);; and(®p),; denote the value
of the j*" at a point; for the states A and B respectively.

Palacz and Krawczuk [60] showed that the damage locatiatigtien is clearer when
more than two mode shapes are used. However, they noted gmaalanumber of mea-
surements may induced worse damage detection by using the &viteria. Other related
assurance criteria can be proposed: the frequency respmsseance criterion (FRAC),
coordinate orthogonality check (CORTHOG), frequency ettahodal assurance criterion
(FMAC), partial modal assurance criterion (PMAC), Moda@asince criterion square Root
(MACSR), scaled modal assurance criterion (SMAC), and rhasisurance criterion using
reciprocal modal vectors (MACRYV). A review of the signifi¢aof each criteria may be
found in [61]. For example, Kim et al. [62] investigated treewf the MAC and some of its
forms for locating structural damage. By using the COMAC #relPMAC in conjunction,
they demonstrated that the damage location can be clealitésl.

One of the main disadvantage in using mode shapes and theabmgodal assurance
criterion (MAC) or the other related assurance criteria@mdge indicators is the capability
to estimate a detailed mode shape; measurements at a loind$ poe needed and the
duration of measurements may considerably increase ifitaege of mode shapes obtained
from successive tests is used as a damage indicator.

Performing experimental tests on a clamped board strudRasoo et al. [63] used the
modes shapes and the modal assurance criterion (MAC) aoddomate modal assurance
criterion (COMAC) for damage detection. Experiments perfed on the 1-40 highway
bridge in New Mexico allow the detection of damage. Howeweytindicated that these
criteria are not able to detect all the proposed damage Bosend hey indicated that only
the most severe damage of the bridge was identified and tharésence of measurement
noise strongly affected the damage detection.
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Mode shapes curvature

Mode-shape derivatives such as curvature are widely usad akkernative to damage iden-
tification from mode shape changes to obtain spatial inftionabout vibration changes.
Pandey et al. [64] demonstrated that the absolute changede shape curvature can
be an efficient indicator of damage. They proposed to estirttet mode shape curvatures
using the central difference approximation
" q)qflﬂ‘ - 2q)q,i + (pq+17i

q)%i = B2 (12)

whereh is the distance between the measurement co-ordinétgsdefine the modal dis-
placement for thé!” mode shape at the measurement co-ordinai® detect and quantify
damage, it is supposed that the local increase in the cme/éﬁ;i is observed due to the
local reduction in stiffness and so the presence of damagen The Mode Shape Curvature
(MSC) defined by Pandey et al. [64] is given by mode shape tune/dMSC)

"

MSCq _ Z | ((I)ic;maged) . (Cpundamaged)” | (13)

q,t

Ho and Ewins [65] proposed other related criteria based emtbde shapes curvatures as
damage indicators: Mode Shape Amplitude Comparison (M$SAEXibility Index (FI),
Mode Shape Slope (MSS), and Mode Shape Curvature SquareM8B& are defined as
follows

MSACq _ Z ‘(I)ic;maged i (I);L;Ldamaged| (14)
)
damaged 2 ndamaged 2
Pl =30 | (@5 t)” — (@yitmer)| (15)
i

(€ DR (T (16)
T Sl (T B N (T a7)

Ho and Ewins [65] indicated that the previous indicators ansblute changes in mode-
shape curvature serve as good indicators for damage aetectiowever, false damage
detections can be observed at mode shape nodal points @ bbtimdaries. Then, one of
the main disadvantage in using mode shape curvature as ddanticgtors is the quality of
the measurements and uncertainties at the boundariegioogdhat may drastically affect
the methods based on mode shapes and their derivatives.

Maeck and De Roeck [53, 66] investigated the effects of difitdamage scenarios for
the prestressed concrete bridge Z24 in Switzerland, tastéte framework of the Brite
Euram project SIMCES [53]. They used the mode shape cuestir a direct stiffness
calculation technique: an indicator for damage detectias astablished by examining the
changes in the dynamic stiffness, given by changes in thehib@hding moment over the
modal curvature. They indicated that an increase of thdivelaurvatures in the damage
zone and a deviation from the symmetrical character of thdarstape of the undamaged
bridge appear when the damage is present. Moreover, theyndhat modal curvatures are
very sensitive to damage in the bridge.
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Abdel Wahab and De Roeck [67] used the application of thegdanmodal curvatures
to detect damage in simply supported beams and the conatdgetZ24. The structures
contain damage at different locations. They proposed thedure Damage Factor

CDF — % g: | (q)glamaged)” . (q)?ndamaged)” ‘ (18)
=1

where N is the number of modes to be considered. By using measuredodat pre-
stressed concrete bridge Z24, they indicated that the nmataatures of the lower modes
are more accurate than those of the higher ones for damagetidet Even if the detection
of multiple damages can be difficult with the classical moldap curvature from the re-
sults of only one mode, the authors proved that the Curvddareage Factor (CDF) allows
a clear identification of these damage locations. They alsptizned that irregularities in
the measured mode shapes or uncertainties need to be aext@inined in order to avoid
worse diagnostic. They concluded that future techniquatsdéin improve the quality of the
measured mode shapes are highly recommended.

The modes shapes curvatures were applied by Parloo et afo68ifferent damages
on the 1-40 highway bridge in New Mexico. The authors demmatst that only the most
severe damage is identified due to the uncertainties, measmt noise and ambient condi-
tions. They concluded that the mode shape curvature carenagdd in practical cases for
the detection of small damages or in early state.

Dutta and Talukdar [68] investigated changes in naturajuemcies, modes shapes and
curvature mode shapes between the damaged and intacustgifbr continuous bridges
containing damaged parts at different locations. They tisedCurvature Damage Factor
(CDF) previously defined by Abdel Wahab and De Roeck [67]. yTéemonstrated that
a better localization of damage is obtained by considerimyature of the mode shapes
instead of the mode shapes that are less sensitive to daifiagealso noted that adequate
numbers of modes are needed when multiple cracks are prseitiie choice of the modes
for damage identification is a very important fact for properd efficient evaluation of
multiple damage locations.

Modal strain energy

A damage detection method based both on the changes instogie shape and change in
resonant frequency was proposed by Dong et al. [69]. Therdifice between the damaged
and undamaged structures was calculated by consideringdar A®; that is given by

wundamaged 2 P J J 4
o i amaged _ xundamage
AP; = < damaged ) (I)Z q)z (19)
%
where w"4ma9ed gnd ,@msed gre the pulsations of thé" mode for the undamaged

undamaged

and damaged structure®; and ®79"9¢¢ gre theit" strain mode shape of the
undamaged and damaged structures, respectively. It wagrdtrated that the indeX®;
is more sensitive to the damage severity than the similagxinthlculated by using the
displacement eigenparameter.

Another damage detection method considers the decreasedalmstrain energy be-
tween two structural degrees of freedom. This technique praposed by Stubbs et al.
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[70,71]. For a Bernouilli-Euler beam, the damage indgxis given by

n
damaged

i
By = (20)

undamaged
> 1

i=1

” AN
/b <<Q)?amaged x > dl‘-i—/ ( damaged > dr
'udamaged a
" /L (( damaged ) dx
0

@)
/b <<(I)7;Lndamaged x ”> dz + / <<q)undamaged )//> 2 o
andamaged a (22)

i L d d 2
/ ((CI)Zun amage (ZC)) ) dx
0
undamaged damaged
dyp;;

ij are the fractional strain energies for tHé mode of the undam-

aged and damaged structures, respectivklgorresponds to the length of the beasmand
b define the two endpoints of the elemegnbf the beam where the damage is estimated.
Increasing of the damage at elemgmtf the beam increases the value of inggx

The modes strain energy was performed by Parloo et al. [@3fhi identification of
various damages on the 1-40 highway bridge in New Mexico.d$whown that the method
can not allow an efficient and robust detection of small dasvhge to measurement noise.

Alvandi and Cremona [72] used the strain energy method foratge detection not only
in beam but also in civil engineering structures with exmental data. They showed that
the the strain energy method presents a best stability degathe noisy signals. Even if
the strain energy method appears to be more efficient thae thther methods tested by
the authors (the changes in flexibility, see section 2.Jangk in mode shape curvature, see
section 2.1.; and change in flexibility curvature, see sec.1.) in the complex and simul-
taneous damage cases, they indicated that the detectigvoafadmages in the structures
can be more difficult and a specific procedure needs to beeaabplihe same conclusions
were reported by the authors if the damage is located neauihgorts or joints.

with

(21)

Changes in dynamic flexibility

The dynamic flexibility matrix can be used as a damage detectiethod in the static
behavior of the structure [73].
The dynamic flexibility matrixG is defined as the inverse of the static stiffness matrix

u=Gf (23)

wheref is the applied static force andcorresponds to the resulting structural displacement.
By only keeping the first few modes of the structure, the esgiom of the flexibility
matrix can be approximating by

G =00 o = Z @@T (24)
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wherew; is thei*" resonant frequency of the structuf.is the diagonal matrix of rigidity
given by
Q = diag (w1, w2, ,wp) (25)

®; defines the™ mode shape and is the mode shapes matrix given by
O =[D; Dy---D,] (26)

Each column of the flexibility matrix represents the displaent pattern of the structure as-
sociated with an unit force applied at the associated degfrieeedom. It is noted that small
changes in the lower order modes can induce highly evolstadrthe dynamic flexibility
matrix due to the inverse relation to the square of the rasioin@quenciesy;.

Doebling et al. [2] reviewed five different approaches toedetlamage by comparing
the dynamic flexibility matrices of the damaged and undamageictures: comparison of
flexibility changes, unity check method, stiffness errorttimamethod, effects of residual
flexibility and changes in measured stiffness matrix.

The changes in the flexibility matrices before and after dgamia structures can be
obtained by considering the variation matrix

AG =G — Gundamaged (27)

whereG and G, damaged are respectively the flexibility matrices of the damaged and
damaged structures. It is evident that the column of thelikty variation matrix AG
where the maximum variation is observed corresponds todheade location.

Lin [74] proposed the use of the unity check method to locamale in structures.
This criterion was previously proposed by the author foatamn of modeling errors using
modal test data [75]. The error matrix is given by

E = GKundamaged -1 (28)

As shown in the previous equation, the method is based onsigdp-inverse relationship
between the dynamic flexibility matriée of the damaged structure and the structural stiff-
ness matrixk,,damaged Of the undamaged structure: the product of a stiffness matrd
a flexibility matrix produces an unity matrix at any stage ahthge. So, if no damage is
present, the error matrik returns a zero matrix. The plots of the stiffness error melii
indicate the damage location that is related to the highessk.p

The stiffness error matrix method is based on the definitiathe following matrix

E= Kundamaged (G - Gundamaged) Kundamaged (29)

that is a function of the flexibility change in the damagedatire AG = G — Gyndamaged
and the stiffness matriK,,,damageq Of the undamaged structure. Gysin [76] demonstrated
that the stiffness error matrix is very dependent of the neindd modes retained to form
the flexibility matrix. Park et al. [77] proposed to extene thrror stiffness matrix by the
weighted error matrix which magnifies the amount of stiffnesror only at certain nodal
points related to the damaged element (by applying a divibip the variance in natural
frequency). It was demonstrated that this weighted errdriria more sensitive to damage
allowing the detection of structural damage at early state.

The effects of residual flexibility are defined by

G= CI)Q_ICI)T + Gresidual (30)
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whereG,..siquq; defines the contribution of the flexibility matrix from modes retained in
the approximated flexibility matrixz. As explained by Doebling et al. [2], the purpose is
to be able to obtain a good estimation of the static flexjbitiiatrix allowing more accurate
detection and identification of damage in structures.

Aktan et al. [78] proposed to apply changes in dynamic fléigjbas an indicator for
damage detection in bridge. Even if the influence of the @tino previously observed
by Gysin [76] was observed by the authors, they concludetet@ution of the dynamic
flexibility is suitable for damage detection.

Mayes [79] used the measured dynamic flexibility for damagection of the 1-40
bridge over the Rio Grande.

Park et al. [80] illustrated the use of the flexibility matfor damage detection in ten-
story building, a bridge and an engine structure. They destnated that the damage can be
correctly predicted and located.

Topole [81] proposed to investigate the sensitivity andistbess of the dynamic flexi-
bility matrix. Considering various damage scenarios,lideig multiple damages and dam-
age at joints, he concluded that this damage assessmeniqgeetworks well for locating
and the location and quantifying a simple damage but previsieoneous results for multi-
ples damages.

Parloo et al. [63] used the change in flexibility method onaargded board experiments
and the 1-40 highway bridge in New Mexico for damage detectio

Alvandi and Cremona [72] used the change in flexibility toedétand identify dam-
aged elements on a simple supported beam. However the sutbed experimental data
of various civil engineering structures (for example thietstate 40 highway bridge in Al-
buquerque, Z24 Bridge in Switzerland, a High Speed Railwagigg in France and Saint
Marcel Bridge in Canada) and indicated that changes in digf@xibility shows less effi-
ciency in the case of more complex and/or simultaneous dasyaghen damages are closed
to joints or in the case of low quality of experimental data.

Dynamic flexibility curvature method

Zhang and Aktan [82] proposed to combine the mode shapetouev@chnique (see section
2.1.) and the change in dynamic flexibility matrix (see setf.1.). They used the change
in curvature obtained by considering the flexibility instez the mode shapes as described
for the mode shape curvature method.

The Dynamic Flexibility Curvature Change is defined by

"

DFCC = En:\ (<I)Q_1‘1>T)” - (q)undamagedglédamaged(I)anamaged) | (3D
=1

whereQ and 2, ,damaged are the diagonal matrix of rigidity for the damaged and undam
aged structures, respectively.and ®,,,,44mageq COrrespond to the mode shapes matrix for
the damaged and undamaged systemdefines the number of modes shapes. So a local-
ized increase curvature changeld¥CC indicates a loss of stiffness at the same location
indicating the presence of damage.

Alvandi and Cremona [72] investigated the use of the dynaihexibility curvature
method for damage detection in beam structures with one @damages and noisy mea-
surements. They concluded that if the presence of damagesily €etectable in the case
of one damage, it can be more difficult for multiple damages.
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Sensitivity-based approach

The sensibility-based approach uses the mode shapes afrtieged and undamaged struc-
tures and the natural frequencies of the undamaged modesdarhage assessment tech-
nigue localizes the damage by means of the mode shape i@iesitio changes in stiffness
between adjacent structural degree of freedom or/and @saingmass in structural degree
of freedom [83, 84].

The sensitivity of the*” degree of freedom for thg" mode shape in stiffness between
thept" andq!” degrees of freedom is defined by

0P;; " o, P
Y= (B, — D, Ej PP g, 32
Okipg (@p) ‘”)T:M ” A — A ar (32)

where)\,. are the poles of the system amdthe modal scaling factors.
The sensibility of theé*" degree of freedom for thg" mode shape to local mass at the
k" degree of freedom is estimated by

é@ij (I)%j - /\2' (pqu)ir
- )\, O, + Py § ' J
omy, A a; it Pk A=A ay (33)

r=1lr#j "

n defines the number of modes retained for the approximatigheo$ensibility indicators.
Generally, even if a limited number of modes is used for tHeutation of these sensibility
factors, a good approximation can be obtained in comparstinthe exact expression that
corresponds to the case in which all mode shapes of the @wteuate taken into account.
Moreover, it is admitted that calculating mass sensiggitis numerically more stable that
calculating stiffness sensitivities due to the presena@ife measurement.

Parloo et al. [63] compared the mode shape sensitivitigs waitious damage indicators
such as the modal flexibility change method, the mode shapatawe change and the strain
energy method. Comparisons were performed by conductingda detection experiments
on a clamped board as well as on the data from the 1-40 highvdgein New Mexico. The
authors clearly indicated that the sensitivity-based aagi is the most efficient damage
assessment technique. Even if the damage is very smallteittimique allows a correct
identification of the damage. Moreover, it was observedéhanh if the survey can be done
in only one part of the clamped board structure, the seitgithased technique is still able
to identify the location of damage. However, the method is kfficient in the case of the
real civil engineering structure due to the fact that thesg®lity-based approach is strongly
affected by the presence of measurement noise.

Changes in antiresonances

Structural modification due to the presence of damage casticlily change the phe-
nomenon of antiresonances and the relationship betweer$beance and antiresonance
behavior. So physical interpretation of the phenomenonntifesonances and the signif-
icance of antiresonances in experimental structural aigalan be used for the detection
and location of structural damage in complex structure. diteesonance frequencies can
be interpreted as the resonance frequencies of the systethdbthe excitation points in
the excitation directions. For mored details, we refer titerested reader to the book of
Ewins [57].
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First if all, it is well known that the resonances and antrences alternate continu-
ously only for the Frequency Response Function (see se2tirfor more details) of the
driving point where the response co-ordinate and the dimitaco-ordinate are identical.
Increasing the distance between the excitation co-orelinad the response co-ordinate,
the number of antiresonance ranges decreases [85].

Bamnios et al. [86] proposed to study both analytically axpeementally the influence
of damage on the mechanical impedance of beams under vadousiary conditions. Ex-
perimental tests were performed on plexiglas beams danfagdiferent locations and for
different damage severities. They demonstrated that tlriengrpoint impedance changes
due to the damage in case of flexural vibrations. For a cartileeam, they indicated that
the first antiresonance moves towards the first resonante asiving point approaches the
damage. Then, the antiresonance tends to coincide withrdtedsonance in the vicinity
of the damage. Finally, the first antiresonances does noemafier crossing the damage
whereas the first antiresonances moves toward the firstaesenin the case of undam-
aged structure. They also indicated that changes in antisggEes strongly follow definite
trends depending upon the damage location. Then they shilaethere is a jump in the
slope of the curve of the changes in the first antiresonamcéseivicinity of the damage.
Increasing the damage severity increases substanti@lyjuthp phenomenon allowing an
efficient prediction of the damage localization. The reswre validated by considering
both cantilever beam and beam clamped at both ends.

Douka et al. [87] studied changes in antiresonances in decrbicked beams. As pre-
viously noted in the paper of Bamnios et al. [86], they codelll that a shift in the an-
tiresonances of the damage structure occurs dependingeaetierity and location of the
damage. Using changes in antiresonances and resonarmes tie identification of the
crack size and location of a double-cracked beam. Due torteepce of two damages, two
jump in the slope of the curve of the changes in the first rescemwere observed by the
authors; each slope was detected in the vicinity of each damidowever, they indicated
that the proposed method based on changes in antiresoregmesrs not to be efficient for
small damage due to the fact that small irregularities irstbpe of the antiresonance curve
cannot be reliably estimated.

Showing the studies of Bamnious et al. [86] and Douka et &}, [Bharmaraju and
Sinha [88] proposed to comment the methodology of the usatoeaonances by conduct-
ing experiments on a freefree beam with open cracks. Theylgldemonstrated that the
identification of the crack location due to the change inrestinance can be difficult. Then,
they finally concluded that a more robust identification ldase the previous methodology
has to be developed for practical applications.

Dilena and Morassi [39, 89] proposed to extend the previesslts to avoid the non-
uniqueness of the damage location in symmetrical beams lappropriate use of reso-
nances and antiresonances for damage identification in symeal beams. The study was
conducted on a freefree uniform beam either under axial odiog vibration. They demon-
strated that an appropriate use of the changes in ratio batie first resonance and the
first antiresonance uniquely determines the damage lat@miz However, they indicated
that the methodology may be more difficult to be extend in dmewmf complex structures
due to the noise on antiresonances.
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2.2. Changes in Frequency Response function

One of the limitations of the indexes based on changes iruegjes or modes shapes,
evolution of modal shape curvature, and mode strain enargyei only use of the resonant
frequencies and mode shapes for the vibrational desanigtidhe mechanical structures.
So, extension of the damage detection based on the use afttpedhcy Response Function
must be investigated.

Theoretical description of FRF

The equation of motion for a complex structure is often desck by the following equation
written as

M5 + Cx + Kx = £(t) (34)

wherex is the vector of nodal degrees of freedom of the structudefines the time instant.
M, K andC are the mass, stiffness and damping matri€€s.is the external force vector,
and dot represents the derivative with respect to the time.

For the case of harmonic excitation, the force vector candbi@eld as

f(t) = Fe™t (35)

wherew is the forcing frequency, anB defines the force amplitude vector. Therefore, the
response vector may be assumed as

x(t) = Xeit (36)
and equation 34 may be rewritten as
(—oﬂlvx +iwC + K) X =F (37)

Consequently, the relation between the respdX¥qes) and the excitatiorF' (w) at each
frequencyw is given by
X (w) = H(w)F (w) (38)

whereH (w) defines the receptance matrix of the system or the FrequeesydRse Func-
tion matrix that is given by

H(w) = (~w’M +iwC + K) (39)

The relation between the response at itteco-ordinate with a single excitation applied
at thej** coordinate defines the individual Frequency Response FunH;; (w) that is
given by

X;
with F, = 0forn = 1,...,m andn # j (m is the total number of degree-of-freedom).

It may be noted that Operational Deflection Shape (ODS) thatribes the normalized
structure shape at each frequencis given by the column vector of the receptance matrix
H; (w).
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Extension of the MAC criteria for the Frequency Response Funtion

As previously explained, the stiffness and the damping dfictaire are affected by the
damage. So, changes in the receptance matrix of the damugemsaH;-ifmage‘i (w) may
be used as a damaged indicator.

As an extension of the MAC criteria in the frequency domairyldn and Lammens
[90] proposed the Frequency Response Assurance Criterion
|H;-iqua96d (OJ) (H;Ljndamaged (w))* ‘2
H;Ljndamaged (W) (szjndamaged (w))* Hg;zmaged (w) (Hquaged (w))*

(41)

wherex defines the complex conjugate operator. In this case, thaéga is applied at the
j*" co-ordinate, and the response function atitieco-ordinate. The values aTRAC;;
varies between zero to unity. If thleRAC;; value is equal to unity, no damage is found.
Increasing the damage decreases the value/oflC;;.

Zang et al. [91,92] proposed the first Global Shape Coraaidtinction (GSC) to detect
damage in structure. The GCS indicator is defined by

FRACZJ (w) =

|H2ndamaged (w) Hdamaged (W) |2

GCS () =
(Hanamaged (OJ) Hundamaged (w)) (H:;amaged (OJ) Hdamaged (w))

(42)

whereH.,,,qamaged aNdH gumageq are the column of the Frequency Response Function data
measured at frequency for the undamaged and damaged structures. This functi@tsexi
for all frequencies and the sum is over all locations. THES (w) returns a real value
between zero to unity, indicating no match at all or a congpieatch (i.e. no damage). So
if the valueGC'S (w) is different from unity, damage is detected.

Then Zang et al. [91, 92] proposed the second Global Ammit@drrelation function
(GAC) based on response amplitudes. The GAC indicator isefy

2|H2ndamaged (w) Hdamaged (w) |

anamaged (w) Hundamaged (w) + H;klamaged (w) Hdamaged (W)

GAC (w) = (43)

They also proposed the averaged integration of first Glola@p8 Correlation function
(AIGSC) and the second Global Amplitude Correlation funict{AIGAC)

N

AIGSC (w) = % > GSC (w;) (44)
=1
1 N

AIGAC (w) = N > GAC (wy) (45)
=1

whereN is the number of frequencies chosen in the frequency raniggesést. The AIGSC
and AIGAC indicators are real constant between zero to uitindicate total damage
or undamaged structure. The authors investigated thesgusandicators to a bookshelf
structure with various case of damage, including locatiod @vel for single or multiple
presence of damage. They concluded that all the correlatiteria are able to detect the
damaged structures.

Zang and Imregun [93] proposed to use the sensitivity of tblead correlation functions
with respect to the damaged selected parameters for damewggfication.
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Pascual et al. [94, 95] proposed to quantify the correlabetween two operational
deflection shapes and to detect the presence of damage lythsifFrequency Domain
Assurance Criterion (FDAC)

FDAC] (wl, OJQ)

Hdamaged Hundamaged * 19
|z 2) (@) s)

Z Hundamaged D) (Hyndamaged ) Z Hdamaged (qumaged (WQ)) *

v ]

wheren is the total number of co-ordinates. The measurement o&lzdgion is done be-
tween the operational deflection shapes of the damagedstifor each frequenay, and
the operational deflection shapes of the undamaged steuictueach frequency .

Generally, a simplified form of the Frequency Domain Assaea@riterion (FDAC) is
proposed based on the measure of correlation between tihatiopal deflection shapes of
the damaged and undamaged structures at the same frequeriityonly one applied force
[96]. This simplified form that is referred to as the Respoxsetor Assurance Criterion
(RVAC) is given by

RDAC (w) =

| & H;iamaged (w) H;Lndamaged (w) >|<|2
Z; ( ) (47)

En: szndamaged (W) (H;mdamaged (w))* zn: H;iamaged (w) (Hgamaged (w))*
=1

Sampaio et al. [96,97] proposed to use an adaptation of thpdRee Vector Assurance
Criterion, the Detection and Relative damage Quantificaitidlicator

> RVAC (w)

DRQ (w) = — (48)
where N defines the number of frequencies. This indicator can beideresl as an arith-
metic average of th&V AC along the frequency range of consideration. If ID&() factor
is equal to unity no damage is detected. The larger the damagee smaller the degree
of correlation between the operational deflection shapabkefindamaged and damaged
structures. The value dP R(Q returns a constant number between zero to unity.

Moreover, Sampaio et al. [96] proposed to measure the dedrearrelation between
the second spatial derivative of the operational deflectivepes of the damaged and un-
damaged structures to locate damage. The relation is giwen b

RDAC" (w) =

-

@
Il
—

| (Hglamaged (w))// <<H;¢ndamaged (W))”> * ‘2

Z(Hlyndamaged (w)) (Hundamaged )”) (Hdamaged )’ ( (Hgdmage P (w))u>*

i=1 =1
(49)
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Finally, the authors [96, 97] proposed to use an adaptafidheoResponse Vector As-
surance Criterion, the Detection and Relative damage @ication indicator
ST RVAC” (w)
DRQ" (w) = -~

¥ (50)
They validated the use of the previous versions of fnBQ and DRQ" on a free-free
beam in transverse vibration. They indicated that Ih&() indicator is able to detect
small damage and to distinguish different severity of daenaghey also concluded that
the versions of thé@> RQ" indicator does not permit to enhance the damage assessment i
comparison with the classica) RQ) indicator.

Frequency response curvature method

This damage assessment technique is based on the extehdiemwwode shapes curvature
for a given frequency range. The frequency response cur/aan be estimated by using a
central difference approximation and is defined by

(H” (w))” _ Hi+1,j (Ld) - 2H7«,}Z (w) + Hi—l,j (Ld) (51)

whereH;; is the receptance or individual Frequency Response Funatieasured at the
it" location with a single excitation applied at tli& coordinate for a given frequency.
h is the distance between the measurement co-ordinates. he main advantage of
this method is the simplicity of use due to the fact that trepgances are known and the
calculation of the frequency response curvature apprakiman be easily done.

The difference between the frequency response curvatugealamaged and undam-
aged structures for a given range of frequeacy: [winitial; Wrina] at theit" location with
an applied force at thg" point is given by

Winal

A ) = Y| (mlmeed ) (e () (s2)

W=Winitial

Palacz et al. [60] proposed the use of the frequency cumvdtohnique for damage
detection in a cantilever beam. They clearly demonstratat increasing the number of
measurements drastically increases the robustness oathage location. Moreover, mea-
surement errors can result in disturbances in proper assegf the damage location if a
small number of measurement points is considered. Theyiadbcated that errors in the
frequency curvature do not strongly affect the identifioatof the damage parameters.

2.3. Coupling responses measurements

Basic theory

Considering that the damage induces only a decrease oifthess at the damage location,
the equation of motion for a damaged structure can be writen

Mx + Cx 4 Kx = f(t) (53)

wherex is the vector of nodal degrees of freedom of the damage syshnand C are
the mass and damping matricds.is the global stiffness matrix that contains the stiffness
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reductionK,...,. at the crack locationf(¢) is the external force vector, and dot represents
the derivative with respect to the time.
As previously shown in Section 2.2., if the harmonic exadatforce vector is assumed
on the form
f(t) = Fe! (54)

wherew is the forcing frequency anH defines the force amplitude vector, the harmonic
response vector can be determined by using the following for

x(t) = Xet (55)
and the previous equation of motion 53 can be rewritten as
(M +iwC+K)X =F (56)

Due to the fact that the damage introduces a stiffness nliriy.,. at the damage location,
the equation of motion of the damaged system can be rewaten

(—w2M+z’wC+K)[§§;]:F—Fc:[FC]—[Fgcl (57)

whereK defines the stiffness matrix of the undamaged structure.stibscriptsc anduc
represent the cracked and uncracked elements (i.e. danaagledndamaged structures),
respectively.F contains the external force vector, aRd represents the force vector only
due to the contribution of the crack. It may be noted that thetar F. contains non-zero
terms only at the crack nodal degrees of freedom due to tla teduction of stiffness into
the global stiffness matrix of undamaged structure. Theesgion ofF'.© is given by

]-:"cC = Kcrackxc (58)
Then, assuming modal viscous damping and using the normag isbstitution
X= i)q = Z QT(i)r (59)
the equation set 56 is diagonalized as follows:
v (@2- w4+ 2iG0w) ¢ = i (60)
¢~ defines the modal participation of th& mode.®, corresponds to the associated eigen-

vector. n is the number of retained modes for the normal mode subistitutf, is the
generalized modal force given by

OTF
fr= (61)
my
and.w, is thert” mode undamped natural frequency of the cracked beam
&y = For (62)
my

with ) )
m, = T M, (63)
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k= dTK, (64)
¢, is thert” mode damping ratio
Cr
G =5 (65)

with ¢, = am, + Sk, due to the orthogonality property ®f andK; herew, = ,/% is
ther*” undamped natural frequency of the undamaged struckyiris.defined as follows
k, = ®IK®, (66)

whereK defines the stiffness matrix of the undamaged systemdarid the eigenvectors
of the undamaged structure.

Consequently, the relationship between the output veXt¢r) and the input vector
F (w) is given by

n B, &7

X(w)=H(w)F(w) = ety (dz — w4 2iCchrw)

F (w) (67)

whereH (w) defines the Frequency Response Function matrix previoe$iyet! in section
2.2..H (w) is the linear combination of each mode.

Thereby, the Frequency Response Funclh (w) (that corresponds to an excitation
force only applied at th&” degree of freedom with the response located at:fhedegree
of freedom) is given by

Hkl (w) _ Z ( i (plr(pkr (68)
r=1 My

w? —w? + Qicruirw)

It clearly appears that the amplitude of the resonance paaksffected by the damage
severity and location due to the fact thatand®, are functions of the properties of damage.
Then, the equation of motion defined in equation 68 can beesgpd by rearranging the
equation of motion and extracting the force vector due tacth@ribution of the damage

n 3,07 n 3,07
X — r—r F o rEy
@ =2 my (w2 — w? + 2i(,wrw) @) 7; my (W2 — w? 4+ 2i¢,wyw)

r=1

F. (x,w)
(69)
wherew, = Hﬁ is thert" undamped natural frequency of the undamaged structure.
my

So, considering this last equation 69, the possible cogpiifresponse measurements
(i.e. two lateral vibrations, lateral/axial or lateraté@mnal vibrations for example) due to
the damage can be clearly explained. The first term of equéficcorresponds to the effect
of the external forcéf (t) = Fe'! wherew is the forcing frequency. The second term of
equation 69 corresponds to the effect of damage in couplibgtions. For a damaged
structure, the tern¥'. (x,w) introduces an excitation force due to the damage. So the re-
sponse of an excitation is observed not only in the directibthe excitation but also in
other directions. It may be observed that the detection ofaipge based on coupling mea-
surements is possible if the measurements of the FrequezspydRse Function are done not
only in the direction of the external excitation forfg) but also in another direction, and if
the excitation of the external ford&¢) and the excitation due to the damaBg are not in
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the same direction [40]. Moreover, the coupling is strordgypendent on the position and
severity of the damage (i.e. the intensity of the excitafimee due to damagk. (x,w)).
One of the main advantage of the coupling responses measatgis that the detection is
not sensitive to uncertainties and can be easily appliethéodetection of small cracks.

Applications for damage detection in practical cases

The identification of damage in beams by coupled responssurgraents was proposed
by Gounaris et al. [98]. The methodology for the determuratdf the severity and the lo-
cation of a transverse crack requires an external exaitaticdynamically excite the beam
and two response measurements at a point of the beam. By rimggthe displacement in
one direction when exciting in another direction allows tieermination of the presence
of damage. The authors indicated that the main advantadesofmethod is the possibil-
ity to detect damage for small cracks and that more than ooplic measurements are
analytically obtained and may be experimentally obsenliedvang an efficient and robust
identification of the severity and localization of damage.

Liu et al. [99] illustrated both analytically and experintalty the damage detection in
hollow section structure in freefree boundary conditionsotigh coupled response mea-
surements. They proposed to investigate the coupling measumts of the lateral and axial
responses due to the presence of damage: for the uncracked taeral or axial force
only excite the corresponding bending or axial modes. Whearaage is added in the
structure, they observed the coupling behavior of axial latetal displacements (i.e. the
axial and bending modes). They demonstrated that the cmuphi lateral and axial vi-
brations is clearly observable in experimental Frequenegd@nse Function: the presence
of damage introduces an extra peak in the bending directasedo the undamaged axial
natural frequency. Moreover, they proposed to validatecthgling measurement method
with the modal assurance criterion (MAC, see section 2 1lmfore details) for physically
interpreting the appearance of new peaks. They concludgdta coupling measurements
of axial and lateral modes is a very good indicator of the gmee of damage.

Chasalevris and Papadopoulos [100] investigated the eduptnding vibrations of a
stationary shaft with two cracks. They considered the cabemding vibrations caused by
a vertical excitation. They noted that the coupling meanearm is observable (i.e. response
in the horizontal plane) when the crack orientations aresyoimetrical to the vertical
plane. Experimental tests in a clamped-free shaft wer@pagd to prove that the coupling
phenomenon is more intense for deeper damage. They alsovebtsthat the coupling
becomes stronger or weaker depending on the relative angosation of the cracks and
the damages severity.

Lee et al. [101] also proposed to use the coupling measursriteRrequency Response
Function for the identification of damage parameters. Nigakexamples for cantilever
beam and simply-supported beam.

Extension of coupling measurements for rotating machinery

For rotating machinery, all the previous criteria and melblogies based on linear mea-
surements can be useful for damage detection even if thgseaghes have to be carried
out during static condition of rotor and are an ™off-lineqmess™ and so time consum-
ing for practical engineering applications in rotors. Heeeextension of the detection of
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open cracks in rotating machinery based on coupling measmts presented in section
2.3. were also proposed by some researchers.

Papadopoulos and Dimaragonas [102] studied the couplingngftudinal and bend-
ing vibrations of a rotating shaft, due to an open transveraek. Then, they proposed
to investigate the significant influence of the bending \ibraon the torsional vibration
spectrum [103]. They also demonstrated that both the awolutf eigenfrequencies and
the coupling of the vibration modes are verified analyticalhd experimentally and can
be efficiency used for the detection of damage. They indicttat the severity of damage
clearly affects the decrease of frequencies and the caupligasurements of modes [104].
They concluded phenomena of coupling between bending asidng bending and tension,
and the general vibration coupling [105] can be very usadutdtor crack identification in
service, which is of importance to turbo-machinery.

Ostachowicz and Krawczuk [106] demonstrated that an opsrkaan be detected by
using coupling of torsional and bending vibration in a rioigtshatft.

Collins et al. [107] used the coupling mechanism in lateral bongitudinal directions
of a cracked rotor. They introduced an impulse axial exoitato the cracked shaft and
observed the responses in the longitudinal direction fagaosis of damage.

Gounaris and Papadopoulos [102] proposed to identify theada parameters in rotat-
ing shafts bu using the response coupled crack. The bagsis afi¢thod is the measurement
coupled response measurements. They introduced a modelaihsiders the gyroscopic
effect and the axial vibration with a single harmonic exaita in one direction (bending),
while measuring in an other (axial). Considering differmtational speeds and excitations,
they observed that the phenomena of coupled measurememeasy and efficient way to
detect the existence of damage in rotating shafts.

3. Non-linear analysis

Even if in the case of simple structures, the damage posatiseverity can be determined
from changes by using various linear analysis previousbsented in this review (changes
in natural frequencies, modes shapes, MAC criteria, Fregu&esponse Functions, an-
tiresonances, coupling measurements,...), some regeattave illustrated the fact that the
presence of damage can induce more complicated behavior.

For example Gudmundson [109] noted during experimentéd t@s a cantilever beam
that decrease in natural frequencies is not always obselwedo the closing of the crack.
So the linear analysis appears to be insufficient to desdhibaron-linear behavior of the
crack, the so called "breathing phenomena™ correspogdmthe fact that the crack alter-
nately opens and closes during experimental tests.

3.1. Non-linear behavior and equation of damage structures

The equation of motion for a complete system with a damagédeatefined as follows
Mx +Dx+ Kx = Q + W+ Wdamage (70)

where overdots indicate differentiation with respect tadi M, D andK are the mass,
damping and stiffness matrices. In the case of rotating magy) the damping matrix
includes not only the external damping but also the gyroscopntribution. Q and W

define the vector of gravity force and external foré@/ ;4,44 iS the vector contribution
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due to the damage in the structure. This vector containsdhdinear expressions due to
the breathing mechanism associated with the crack. In a geusiucture, at the crack
location, the part of the cross section which is cracked tapable of supporting tensile.
This fact induces that the crack may open and close accotditite stresses developed in
the cracked surface. When the crack is in a compression zbeerack remains closed
and the damage structure has the same stiffness as thesttaxttire. If the crack is in a
tensile zone, the crack is open, resulting in reduced strakstiffness. It may be said that
the two previous situations are generally completed by idenisig the transition situation
where the crack is partially closed or opened and the exterrack opening is determined
by the proportion of the crack face which is subject to tenakial stresses. So, during the
transition from close to open crack or vice versa, the stmects more or less stiff due to
the variation of the stiffness at the crack location.

To a first approximation, a damage structure may be treatedhsidering the resulting
equations of motion linear with time dependent coefficiehtswever, in general cases for
rotating machinery or civil engineering structures, themipg-closing effect of the crack
may be a function of the vibration amplitudes of the systerd #us a full non-linear
treatment is needed: the equations become totally nomllrezause deflection give rise to
local axial stretching and this effect the position of theitn& axis of any specified cross
section of structure.

Generally speaking, equation 70 are rewritten as

M% + D% + (K + f (1) Kaamage) X = Q + W (71)

where K j,maqge is the stiffness matrix due to the crack.(t) is defined as the function
describing the breathing mechanism and varies betweerntzenme.

Modeling the breathing mechanism is one of the first difficwdhen dealing with the
non-linear effect of damage in dynamic responses of stresfuhe non-linear opening and
closing of a crack being generally dependent on the physisiem under study.

For example, in the case of rotating machinery, a simple maddled the hinge
model”, of an opening and closing crack that assumes to gddrom its closed to open
state abruptly as the shaft rotates was proposed by Gas6h]11]. When the crack is
assumed to open and close during the revolution of the st@fie researchers [112—-118]
proposed models in which the opening and closing of the cnackdescribed by a cosine
function. For more details on different non-linear breaghmechanisms for engineering
applications, we refer the interested reader to the folhgweferences [119-123].

For civil engineering applications, the breathing of thaokrcan depend on the deflec-
tion of the structure. For example, Law and Zhu [55] proposedpen and close the crack
zone when a load (that represents a vehicle) is moving alomgeam.

3.2. Changesin frequencies and dynamic response due to theehthing mech-
anism

First of all, we have to compare the modal properties and gbsumn resonant frequencies
obtained by considering a breathing crack and an open chiduk.open crack corresponds
to the case wher¢ (¢) = 1.

The first studies that investigated the closing and bregtkiifects of cracks on the
dynamical characteristics were proposed by Carlson [18d] @udmunston [109]. Con-
sidering an edge-cracked cantilever beam, they obsenféatatices between the modal
properties and dynamic response of damaged structureopéth and closing cracks.
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Later, the vibrations with the crack opening and closing lheesn proposed by Zastrau
[125]. Changes in the spectrum of a simply-supported beattm miltiple cracks and the
bilinear nature of a beam with a breathing crack was alscstnyated.

Ostachowicz and Krawczuk [126] studied changes in the dimaharacteristics of a
structure with the assumption of an open and closed cracdslea

Qian et al. [127] observed that a closing crack can induceifivations of the ampli-
tudes responses of damaged structures. They indicatethéhdifferences of displacement
response between the damaged and undamaged structuredwsred due to the crack clo-
sure. They also performed numerical and experimental tests cantilever beam with an
edge-crack that show good agreement. Finally they proptsietntify the modal param-
eters by means of an identification technique in the time dontaconsider the closing
effect of the crack.

Collins et al. [128] studied the non-linear vibration beloaby using direct numerical
integration for forced vibrations of a beam with breathimgak.

Chondros et al. [129] investigated changes in vibratiogdencies for a fatigue-breathing
crack. As previously explained by Gudmunston [109], a senaltop in frequencies for a
fatigue-breathing crack than an open-crack model prediaibserved.

Luzzato [130] evaluated the evolution of the first three eigEguencies of a simply
supported beam by considering an open crack and a breattacg. cHe also found that
the relationships between eigenfrequencies and damagatgder an open and breathing
cracks are different. Decreases for the breathing crackagpo be less significant.

A numerical study of the vibration of edge-cracked beam astéd foundation for dif-
ferent damage severity and location with both an openingkcaad a breathing crack was
performed by Hsu [131]. The author also investigated theceffof axial loading and foun-
dation stiffness. Using an excitation force at at the encheflieam, it appears that the
responses with opening crack and closing crack are vergrdifit. A typical non-linear
behavior of the beam with a breathing crack is obtained. Admeétion of the mode shape
is also observed when the vibration amplitudes increase.

Bikri et al. [132] studied the non-linear free vibrationseoflampedclamped beam with
an edge crack. They indicated that the non-linear freqesniticrease with increasing
vibration amplitudes. They also obtained the classicalltéisat the natural frequency shift
is smaller for the non-linear breathing crack than for timedr open crack. Moreover, they
observed that the non-linear mode shapes with a breathawds @re very different from the
mode shapes of an open crack. Increasing the damagesgevartase the the deformation
of the normalized first mode shapes. They concluded thatwstadientification of damage
parameters only based on changes in frequencies can beiffenyiiddue to the non-linear
effects of the breathing behavior of the crack.

Law and Zhu [55] studied the effect of the breathing crack twa dynamic behavior
of the concrete bridge. Using a damage model for reinforaatiete structures proposed
by Abdel Wahab et al. [133], the crack zone is open or closervthe vehicular loads is
moving along the bridge. Even if the dynamic response agpeabe a good indicator of
damage in bridge, the authors indicated that significanb@bs in the dynamic responses
are observed between the open crack and the breathing Sack.robust damage detection
is possible, however, a complete identification of the dasrsayerity is clearly dependent
of the non-linear breathing behavior that has been chosen.
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3.3. Higher-Order Frequency Response Functions or Order Faction

As previously seen, the opening and closing of the crack castidally change the modal
properties of the damaged structures inducing worse darnukification. So a more
complex non-linear analysis as to be taken into accountdbaséhe presence of the non-
linear components in the vibrational responses of damaigectsres.

To be able to identify the effects of a breathing crack on tbe-lnear responses of
damaged structures, the use of the Volterra series and HgcrBalance Method are dis-
cussed in the two following sections. Firstly, the Highed& Frequency Response Func-
tions based on the Volterra series and the motion of the duthetions are discussed. Then,
the different Harmonic balance decompositions based omplsior multiple excitations
are treated. In addition, non-exhaustive example for emgineering systems and rotating
machinery are given to illustrate the feasibility, advgets and limitations of the different
indicators based on these non-linear formulations.

Basic theory of the Volterra series and higher-order Frequacy Response Functions

Due to the fact that the damaged structures exhibit noraibehavior if the crack is breath-
ing, an extension of the Frequency Responses Functiondarsigtear systems (presented
in section 2.2.) can be considered for harmonic excitatiynsivestigating the higher-order
Frequency Response Functions with the Volterra series.

Volterra [134] proposed to extend the conventional inputipat form that describes a
linear system

+oo
y(t):/ h(r)z(t—7)dr (72)
—0o0

by the Volterra series in the case of non-linear system. €kisnded non-linear form of
y (t) can be written as

y(t) =y (t) +y2(t) + - +yn (1) (73)
where
+o0
vi (1) = [ Iy (m) 2 (t—7) dmy (74)
Y2 (t) = /_+°° /_+°° hg (7‘1,7’2)1’(15 — Tl)ZL'(t —Tg)dTldTQ (75)

Yn (1) =
+00 +oo +00
/ / / by (11,72, o)z (t—T1)x (t —T2) - 2 (t — 7)) dTidry - - - d7y
The kernelsh,, can be considered to be symmetric without loss of generflBp] (i.e.
ho (11, 72) = ha (12,7 ) fOr example).

Then, the extension of the Frequency Response Functionsecdefined for each cor-
responding Volterra kernels; (for ¢ = 1,---,n). The High-Order Frequency Response
Functions (HOFRFs) or Volterra kernel transfordis (w1, - - -, w;,) are defined by using
Multi-dimensional Fourier Transforms (MFTSs)

Hn (W1>w27 o >wn) =
+o0 “+oo +0o0 . (77)
/ / e / b (T1, T2,y Tn) eilwrnitwenattwnt) o dro ... dr,
oo J—oo _

oo
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Itis noted that the visualization of the High-Order FrequeResponse Functions (HOFRFS)
can be difficult and generally expressions for only one hci@xcitation composed of a
single harmonicr (t) = ¢! are considered for damage detection. In this case, the non-
linear response up to the” order is given by

yn (t) = Hy (w) et + H, (w,w) et .+ H, (W, w, -+, w) einet (78)

One of the most important point to note is that only composehthe output at multiples
of the excitation frequency are observed. So the effect of damage and the breathing crack
that characterize the non-linear behavior of the damagsigisycan be detected by follow-
ing evolution of the High-Order Frequency Response FunstitlOFRFs). For the reader
comprehension, it is remembered that no damage resultsimear Istructural system and
only the first FRFH; with the associated linear respongg(t) = H; (w) e™* is observed.

To be more general and to allow a damage detection for mecdlasiructure with
multi-excitations, expression of the non-linear respanég for a two-frequency harmonic
inputx (t) = 1! 4 ™2t is given up to the second order by [136]

yn () = Hy (w1) et 4+ Hy (wo) 2!
+Ho (wl,wl) ei2w1t + Hy (wg, wg) €i2th +2H5 (Wl,WQ) eiw1+iwzt —+ ..
(79)

It can be noted that not only the multiples of the excitatimgbienciesv, or wy are ob-
served, but also the component at the sum frequency for tiaggnw, + w, is obtained
for the second order Frequency Response Fundiigf;, ws). It is not difficult to under-
stand that for a multi-excitation with frequenciegw; , wo, - - - , wy, ) the non-linear response
is described by adding all the Higher-Order Frequency Respéunctions with the all the
components at the "sum” frequency; + ws + - - - 4+ Wy

So if the breathing behavior can be expressed by a non-liieeation f (wg) (where
wy Is the fundamental frequency of the opening and closing @mema) and the dam-
aged structure is excited by the multi-frequencies, ws, - - -, w,) (With wy # w; for
i = 1,2,---,n). All components of the "sum frequency™ including, (for example
mw; +mawgWithi =1,2,--- . n;m; =1,2,--- ,ocoandmg = 1,2, - - -, oo for the second
order Frequency Response Functions) can be used for imgjddie presence of damage
in the structure. It clearly appears that all the Higher@r8requency Response Func-
tions can be used for an efficient and robust detection of dambased on the non-linear
responses and combinations between the fundamental fregoéthe breathing crack and
the excitation frequencies.

Basic theory of the Harmonic Balance Method and order n

In this section, the use of the Harmonic Balance Method fanale excitation is developed
to illustrate and to enhance the previous conclusions dgrieé\olterra series.

As previously explained in section 3.1., the breathing bihaof the crack induces the
time-dependent coefficient of equation 71. So the systerheoflamaged structure can be
rewritten in a "non-linear” form as

Mx+Dx+Kx=Q+ W +fy (x,w,1) (80)

with
fNL (X, w, t) =f (t) Kdamagex (81)
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The expressioffiy 1, (x,w, t) represents the non-linear breathing behavior of the crack.
The general idea of the harmonic balance method is to représe periodic solution
of the non-linear system by its frequency content.
Firstly, we consider the case of an external periodic eioiteorce of frequencw that
is also the fundamental frequency of the breathing behafitre crack. So the non-linear
dynamical response of the damaged structure is represasteagncated Fourier series with
m harmonics:

m
x(t) =By + Z (Bj cos (kwt) + Ay, sin (kwt)) (82)
k=1
wherew defines the fundamental frequency of the breathing behaBigrA . andB, (with
k =1,---,m) define the unknown coefficients of the finite Fourier series.
Considering that the non-linear for€g;, the gravity forceQ and the external excita-

tion force W can be represented as truncated Fourier series of fundahfequencyw,
we have

v (x,w,t) = Cg + Z (Cg cos (kwt) + S£ sin (kwt)) (83)
k=1

Q(x,w,t) = Cf (84)

W (x,w,t) = C} cos (wt) + S} sin (kwt) (85)

By substituting expressions 82, 83, 84 and 85 into 80, théytce expressions of the
various harmonic components of the non-linear responskeoflamaged structures can be
easily obtained.

The constant termBg of the non-linear responses are given by

KB, = C{ + C} (86)
The first harmonic components; andB; are determined by considering the relations

Sy +s{
= (87)
[ cV +cf

K — w’M —wD A,
wD K — w?*M B;

Finally, thek!" Fourier coefficientsA;, andB, for 2 < k < m are given by

A s/
sl-lg] e

For the reader comprehension, it is noted that the non+liegpressionfy, (x,w,t) is a
unknown function in the frequency domain. The determimatdthe Fourier coefficients
is generally obtained by using an alternate frequency-pnoeedure [137, 138].

Showing equations 88, it clearly appears that the non4libesathing behavior induces
the appearance of the Fourier components ofritfeorder withn > 2, whereas the in-
fluence of the external excitation force influences only tret irder of the non-linear re-
sponses. This results can be compared with the appearanice High-Order Frequency
Response Functions presented in the previous section.

K — (kw)*M —kwD
kwD K — (kw)*M
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Extension of the Harmonic Balance Method for multiple exciation

Now, the general case in which the structural system is eddily several incommensu-
rable frequenciesn, ws, . . ., wy, is discussed. The multiple excitations are contained in the
external excitation forceSV (wy, wa, ..., wy).

For the sake of simplicity in the following developments, sugpposed that at least
one of the previous frequencies corresponds to the fundafeequency of the non-linear
breathing behaviofy 1, (x,w;, t).

So, the non-linear response contains the frequency comgooéany linear combina-
tions of the incommensurable frequency components

kiwi+kowo+- - +kjwj+- - +kpw, with kj =-m,—m+1,...,1,0,1,..., m—1,m
(89)
wherem defines the order for each fundamental frequency.
Thus the approximation of the truncated Fourier seriesHerrton-linear response can
be written in the following form

x(t) =

m m m n n
E Z e Z <Ak1,k2,...,kzncos (E k‘jbdj?f) + Bkl,kg,...,anin (E /ﬂj(.dj?f))
ki=—mko=—m kn=—m j=1 Jj=1
(90)
ALl ko, k., @aNd By, 1, 1, define the unknown Fourier coefficients of any linear com-
binations of the incommensurable frequency componentsus, ... ,w, that have been

previously defined in equation 89.
Then the non-linear expression that contains the presdraanmage with the breathing
mechanisnfy, (x,w,t) can be rewritten in the frequency domain

fvr () =

m m m f n 7 ) n
. > oo > Ckl’k%m,kncos 2 kjw;t | + Skl,k2 _____ K, ST 2 kjw;t
1=—mko=—m kn=—m 7j=1 j=1

Considering that all harmonics at negative combinatiogudescies can be replaced by har-
monic terms at positive combination frequencies due todheviing trigonometric relation

cos (Z k:jwjt> = cos (Z —k:jwjt) (92)
j=1 Jj=1

sin (Z kjwjt) = —sin (Z —k:jwjt) (93)
Jj=1 j=1

it may be concluded that only terms at positive combinatiequdiencies (i.ez kjw;t > 0)
j=1

can be retained in the non-linear response and non-lingeiegsion force.]FinaIIy the total
number of harmonic term&/, is equal toN, = N. + Ns where N, and N, correspond to
the number of cosine and sine Fourier components.

So, the non-linear equation of motion 80 can be rewritternenform of a linear alge-
braic matrix equation system for unknown vector of harmamefficients with only terms
at positive combination frequencies

H-a=Fpyy+ Fea:t (94)
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wherea defines the vector of harmonic coefficients

T
_ T T T T T T
a= Hal,cosal,sm} ’ |:a27608a2,8in:| AR [am,cosam,sin” (95)

The superscript’ denotes the vector or matrix transposition. Considerirg irevious
relation, the;j*" contributionsa; .,s anda; s, contain the new Fourier decomposition of
cosine and sine terms corresponding to the positive cortibindrequencies. They are
defined by

T
. _ 1 2 N,
QAj.cos = [aj,cosv aj,cos? cee 7aj,ccos} (96)
T
- 1 2 N
Aj sin = [aj,sirn A sins - - 7aj,sin} ©7)

For the reader comprehension, the relation between thdimesr response (¢) is given
by

x(t)=Y -a (98)
and the matrixY is defined by
T 0 0
Y=| . . . . (99)
with
T = |:Tcos Tszn:| (100)

By introducingr; = w;t, the sub-matriced*>* andT*" are composed from elements of
cosine and sine terms:

T = |cos (Z k‘]l-Tj> , COS (Z k:?q) y...,CO8 (Z k;-”TJ) (101)

j=1 j=1

TS" = | sin (Z k}-q) , 8in (Z k:]sz) ..., 8N (Z k:;-”Tj) (102)
J=1 ]

J=1

wherek! (fori = 1,...,n) are integers.
In equation 94, the expressions of the matrices and veElois, ;, andF.,; are given
by

“ - %Y oY
H= <Y,jzle (ZIMM%% +Da—Tj> +KY> (103)
FNL = <Y, fNL (X, t)> (104)
Feut = <Y7 Q + W> (105)

where(-,-) is defined by

2T 2T 2T
(P,R) = / / .| PTRdmdry...dr, (106)
0 0 0
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In conclusion, the linear combinations of the incommenslerérequency components
wi,ws, ... ,w, are defined by the vecter (see equation 95) that verifies the linear multi-
harmonic equations given in equation 94. Du to the presehdarnage and the non-linear
breathing behavior that is assumed to be approximated bgtiegs 91 and 104, not only
harmonic components of a specific frequekey; (withk; = 1,...,m,w; = w1, ..., wy),

n

but also the combination of harmonic components of multiffrencies ) kjw;
j=1,k;€0,...,m]

can appear. Moreover, new peaks of linear combinationseofugncyw; + w; (with ¢ =

1...n,j = 1...n,andi # j) can appear due to the coupling measurements of lateral,

axial or torsional vibrations that are not present if theistre is undamaged.

3.4. Examples of the identification of damage based on the ndmear re-
sponses and harmonic components

In the two previous section the basic theory of the effectdma-linear breathing crack has
been developed. In the following sections, illustrativamples and applications consider-
ing the non-linear responses, appearance of multiplesdraos based on the Higher-Order
Frequency Response Functions and Order Functions for dad®gction in civil engineer-
ing (non-rotating systems) and rotating machinery arequresl.

Appearance of multiples harmonics for non-rotating structures

Ruotolo et al. [139] used the Higher Order Frequency Respéusiction to characterize
the non-linear behavior of the cracked beam. By performirgjnaulation of a cantilever
steel beam with a closing crack, they clearly showed thaetrdution of the non-linear
behavior can be very useful for structural damage assessm&nuctures. The higher order
function response functions are extremely sensitive toddmmage location and severity.
They indicated that the second, third and fourth orders glamith increasing the damage
severity whereas the first order does not exhibit dependendke damage severity.

Peng et al. [140] used the concept of nonlinear output frecuieesponse functions
(NOFRFs) based on the Volterra series. The higher-ordestoam function (HOTF) of
a cracked cantilevered beam was estimated by considerffegedit experimental studies
with small and large damages. The authors observed thdi¢henlinear output frequency
response functions are a quite sensitive indicator of thegmce of damage.

The non-linear behavior of a beam with a breathing crack Wwassamulated by Friswell
and Penny [5]. Considering the dynamic behavior of first moidebration, they demon-
strated numerically that the the frequency spectrum of &@spanse contains the integer
Fourier harmonics which are multiple of the exciting freqag due to the breathing crack.

Pugno et al. [141] studied the non-linear vibration of a ibewer beam with a harmonic
force and different damage location and severity. Theydaotat the presence of mul-
tiple breathing cracks in a beam induces the non-linear miym&ehavior of the damage
structure. The super-harmonics (i.e. harmonic comporteatsare multiple of the forcing
frequency) appear due to the presence of damage. The adgslitf each harmonic are
drastically dependent on the number, location and sevefitiamage. They also concluded
that the use of the appearance and evolution of harmonichbeam efficient assessment
technique for damage detection.

Kisa and Brandon [142] proposed a numerical study with fialeanent modeling of
the cracked beam. They indicated that the closure of craz$tidally affects the evolution
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of the non-linear behavior of the damage structure.

Saavendra and Cuitino [143] simulated the non-linear biehaf a structure with an
opening and closing of the crack that is assumed to vary \igheicitation force. Based
on experimental and theoretical tests on a free-free stgghdiream with one crack and a
U-frame, they observed that the breathing effect dragyicilange the frequency spectrum
of the steady-state vibration by introducing new peaks teger harmonics of the forcing
frequency. They also indicated that the second and fourtihdrics are the most important
components due to the breathing crack.

Sinha and Friswell [144] simulated the experimental te$tSamvendra and Cuitino
[143] in order to investigate the non-linear vibration beéba of the freefree beam with
the breathing crack. They also observed the appearanceespanse at twice the forcing
frequency and concluded that the presence oRtheeomponents can be used for damage
detection in beams.

The appearance of the second harmonic of the excitatiomdrery was observed by
Loutridis et al. [145]. Moreover, they indicated that thedthing of the crack is present
due to the instantaneous frequency oscillations that vatyéen frequencies correspond-
ing to open and closed states of the crack. Then, the magsitafithe second harmonic
componenx increase with increasing the damage severity.

Bovsunovsky and Surace [146] proposed to detect damageriiylusth the appearance
of sub- and super-harmonic resonances. They demonstiaethe evolutions of sub and
super-harmonic are very sensitive to the damage paramaatdrsan be used at very early
stages. They also proposed to take into account the enesgipalied in a crack by means
of the relationship between energy and the nominal streeasity factor range. Then, the
nonlinear effects that depends not only on the damage p#eesriaut also on the level of
damping, are investigated. It is shown that the non-lindf@ceare less important if the
level of damping increases.

Combination of multi-harmonics frequencies for non-rotating structures

Luzzato [130] studied the dynamic behavior of both open aedthing cracks in a flexural
vibrating beam. The author proposed to apply two distinatitaon frequencies. The
first excitation frequencyf; is chosen to be very close to the first eigenfrequency of the
simply supported beam. The second excitation frequefadg chosen to be far from any
eigenfrequency of the beam and as any harmonic of the firsh&gguency. Considering
the global Frequency Response Function of the non-linegoreses, not only the multiple
harmonics of the first excitation frequencies are obtainedabso magnitudes obtained
at modulation frequencieg, — f1 and f; + f; are observed. The author indicated that
the magnitudes of modulation frequencies are less impotteat the magnitudes of the
harmonics of the first excitation frequency. Moreover, @asly appears that the multiples
harmonics and combination frequencies can be used for tieetd® of the early presence
of a crack in structures.

Appearances ofl sub-critical speed for rotating structures

In rotating machinery, one of the first study on the non-lmeamponents contribution
was performed by Gasch [110, 111]. He demonstrated thaglat slecrease in the natural
frequencies and thgx harmonic components of the system in the frequency domain ar
key indicators for the detection of transverse cracks intatimg shaft. The author also



34 Jean-Jacques Sinou

found that the new resonance can appear when the rotatipeatls of the rotor reac;?,
£ and I of the resonant frequencies of the rotor. He also suggebtadtite non-linear
behavior of the damage rotor and the opening and closingeottiaick during its rotation
are due mainly to the shaft’s self-weight.

Mayes and Davies [147] analyzed the response of a multi-k®aring system contain-
ing a transverse crack in a rotor both experimentally andritecally. They also reported
that the% sub-critical speeds appears due to the presence of damageowér, they sug-
gested that the vibrational amplitude?‘sub-critical speeds reaches a maximum when the
crack is in phase with the shaft's imbalance, whereas it igsmized in the case of specific
angular separations between the crack and the imbalaneg.al$o concluded that even if
the appearances of t@esub—critical speeds can be used for damage detection, #dmege
rendered ineffective in the case of specific configurations.

Henry and Okah [148] observed the response of a crackedabhadf of the sub-critical
speed and other sub-critical speed. They explained that thet linear asymmetric and
cracked shafts, in combination with gravity, resonate \aitfvice-per-revolution vibration
at one-half of the resonant speed. So, only consideringggsaim the non-linear responses
at one-half of the resonant speed of the cracked rotor isufoitient for an efficient crack
detection. Then, they indicated that only the cracked shedhibit resonant peaks at other
sub-critical speeds. For the cracked rotor under studyattibors observed new peaks in
the non-linear responses only at odd fractions of the etigpeeds. They concluded that
crack detection can be performed if the evolution of the lo@ar responses is conducted
not only at one-half but also one-third of resonant speeds.

Muszynska et al. [149] demonstrated experimentally thatatge induces the presence
subharmonic torsional resonance when the rotating spettteabtor system is % % %
and% of the first torsional critical speed.

An extensive study of the effect of crack on sub-criticalexteewas performed by Zhu
et al. [150]. They indicated that resonances appear wherothgonal speeds of the shaft
reach% and% of the critical speeds of the rotor system. With the incredtbe crack depth,
the% and% sub-critical resonant peaks increase. They mentionedhbamplitudes of the
sub-critical speeds can be suppressed with any increassngsidg.

Sinou and Lees [138] illustrated that the evolutions of theximum vertical and hor-
izontal amplitudes at the first critical speed are not onlystically affected by the crack
parameters but also very different due to the breathing\wehaf the crack. The authors
concluded that an increase in the amplitude of the resp@sswjell as a decrease in the
rotor speed at which the response is maximum around halfeofitkt critical speed, are
two important characteristics of the presence of damagetating machinery.

Then, Sinou [151] indicated that the vibration amplitudestie 1 sub-critical reso-
nances (withm > 2) depend not only on the rotor damping, unbalance, positmhdepth
of the crack, but also on the combinations of the unbalandetlacrack parameters. The
sensibility of the magnitudes (%f and% sub-critical resonances with respect to the unbal-
ance angle and the unbalance-crack interactions areetiffém the vertical and horizontal
directions. However, the author suggested that the matmibéithe sub-critical resonances
peaks do not greatly change if the crack effect is predontinan

Appearances of harmonic components for rotating structures

Liao and Gasch [152] proposed to detect crack by consideraignly the non-linear re-
sponse and appearances of new sub-critical resonanceasbuhe evolution of each har-
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monic components for different orders. Moreover, theyadatied that observing the magni-
tudes amplitudes at the resonant frequencies, one-halbraexthird of the critical resonant
frequencies is not sufficient for early crack detection. yféeplained that the first harmonic
component can be masked by the signal of the unbalance sesp@nd that the second har-
monic can result from an unequal stiffness of the rotor. Nwution of the third harmonic
component at one-third of the resonance peak was consitigrék authors to be the most
efficient signal for crack detection. However, the authosarkied experimentally that the
third harmonic component can be very low and they suggestedrhpare the current state
of vibrations of the damaged rotor with an initial refererstate of the undamaged rotor
to avoid worse diagnostic during crack identification. Exmental results indicated that
both decreasing of the natural frequencies of the noningtahaft and the second and third
harmonic components at one-half and one-third resonaraiesgder the rotating shaft can
be observed even if noise measurements due to ball beagresent.

Schmied and Kramer [114] observed that the detection okdnased on the first and
second harmonic components can be affected by the posftiha anbalance. For example,
the first harmonic can decrease if the unbalance is oppdsterack. However, if sub-
harmonic components are dominated by the weight vibrattomevolutions of the second
and third harmonic at one-half and one-third resonant speledrly indicate the presence
of crack in rotors.

Darpe et al. [153] illustrated the fact that that the measwignals of damage rotor
clearly indicate predominant fifth, third and second harit®nvhile passing through the
respective sub-critical resonances. The second harmompanent at one-half of the first
critical speed was very strong, both in the vertical and Zmnial directions. Comparing
the breathing and switching crack models, the authors oded that similar results are
obtained at one-half of the first resonant speed.

The effects of damage on the harmonic components have béemsaely studied in
the paper [151]. It was demonstrated that the third harmooimponent increases near the
rotational speeds %t, % and 1 of the critical speeds. Increasing the damage sevediiges
a decrease in the critical speeds of the rotor system dueteethuction in system stiffness.
Moreover, the vibration amplitudes of the second, third fmdth harmonic components
increase with increasing the crack depth. It was also sugddisat the interaction between
the crack and the unbalance may mask the presence of the draxlsecond and third
orders super-harmonic frequency components and the nesanglitudes in the} and%
sub-critical resonances may disappear for specific cagggendiing on the relative angle
between unbalance and crack vectors. Finally, the authggesied that the variation of
non-linear harmonic components and the emerging of newegse - antiresonance peaks
of the cracked rotor at second, third and fourth harmonic moment can provide useful
information on the presence of crack and may be used on am@wfack monitoring rotor
system for different damage parameters even if the crac&rissmall.

Cheng et al. [154] studied numerically the non-linear bévasf a rotor system with
considerations of the effects of the crack depth, the crachtion, the locations of the
disc, and the shaft’s rotational speed. They found that thelitudes of the second, third
and fourth harmonic components of the rotor are clearly gmeslue to the damage for
different configurations of the rotor system. However, tim@yed that these amplitudes
reduce dramatically when the crack depth is small and thatthck location is another
main factor that affects the non-linear behavior of the ragstem and changes in the
harmonic components.

Adewusi and Al-Bedoor [155,156] investigated an experitakstudy on the non-linear



36 Jean-Jacques Sinou

dynamic response of an overhung rotor with a propagatingstrerse crack. They observed
that the appearance of second harmonic component is thsifjretture of the presence of
damage. It was demonstrated that the third harmonic conmgerage excited just before
fracture, and so can not be used as an efficient and robust facthe detection of damage
in early stages. They showed that the first harmonic compganey increase or decrease
depending on the location of the crack and the direction bfation measurement while
the second harmonic components always increases during prapagation. Finally, the

authors suggested to follow changes in amplitudes of thieafiid second harmonic compo-
nents at a constant running speed to detect a propagatiok,. cFais procedure allows to

distinguish the presence of damage from imbalance andignsaént that also introduce

harmonic components in the non-linear responses of th&edaotor.

Appearances of the loops phenomena for rotating structures

As explained by Sinou and Lees [138], the presence of danmageaatating shaft can be
done by using the evolution of the orbit over time at around-balf of the critical speeds.
The signature of the presence of damage based on orbitaltmaindicates the change in
amplitude and phase at half any resonance speed, and is alsracteristic for signals
containing two vibration components with the same directod precession. The authors
explained that the orbit changes firstly from a simple looa ttouble loop when the rotating
speed of the cracked rotor is passing through half of the dritital speed. Then, one
distortion in the orbit appears and the shape of the orbihgla finally to a simple loop
containing a small inside loop. They also indicated thastiepe of the orbit changes from
a simple loop to a triple loop when the rotating speed passesigh one-third of the first
critical

Changes in loops and orbital patterns were studied by HemdyGkah [148]. They
indicated the shaft executes two, three and five loops pér hvalution at the, 1 and}
sub-critical speeds, respectively. However, they in@iddhat appearances of the two-loops
at one-half of the resonant speed can be generated by thigygragzombination with the
linear asymmetric of an uncracked rotor. To avoid worse wiegic, not only responses
and orbital patterns at the half sub-critical speed but atsaher sub-critical speed must be
considered.

Schmied and Kramer [114] indicated that the orbits at oriedral one-third of the
critical resonant speeds define double and triple loops dube presence of the second
and third harmonic components. They also observed thae thesits do not depend on
the position of the unbalance, whereas the orbits at theneedéspeeds change with the
unbalance position.

Adewusi and Al-Bedoor [156] observed experimentally trede loops when a cracked
rotor is passing through one-half of the first critical spe&tey indicated that the orbital
patterns are similar to the two-loop orbits that have beponted by Bently and Bosmans
[157].

Darpe [153] studied both numerically and experimentally ¢volution of orbital pat-
terns during passage through sub-critical resonancesatlitters explained that the inner
loop that is present at one-half of the first resonant speedaldominant second harmonic
component. When the rotor is passing through %heub—critical speed, the inner loop
changes its orientation by almost 180 degrees.

However, in a recent study [151], it was illustrated that doible or triple loops only
appears for a deep crack in practical cases. Moreover, tthmmaindicated that even if
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the damage severity is important, the inside loop or triplepl can be masked due to the
predominance of the first harmonic component in the noratimesponse due to the fact
that the inside loop is the signature of the second harmamtponent.

Appearances of multi-harmonics frequencies for rotating sructures

Iwasubo et al. [158] proposed to detect crack in rotatindtsheadding a periodic external
force or an impact force. The detection is based on the appees of the combination
harmonics in the non-linear responses with the frequenafigbe rotor rotation and the
external periodic force or the free vibration due to the ictpgarce. If an external force
w1 is adding, the non-linear time responses include the caatibim harmonicsv; + nw
due to the interaction between the rotation of the crackéat to and the harmonic force.
To demonstrate the efficient of the proposed methodologgdasa the appearances of the
combination harmonics, the authors compared the nontliresponses of an uncracked
and cracked rotors for an experimental rotor system. Theeoled that harmonics with
frequenciesv, 2w, 3w andw; — w occur for the uncracked rotor. They explained that the
second harmonic component is introduced by the asymmédtiieshaft rotor, and that the
3w andw; —w are due to the non-linearities of the rotor system. Howetiey observed that
the amplitudes associated with the combination harmom&sery small. Then, by adding
a crack in rotor, the authors observed not only strong irsgeaf the2w, 3w andw; — w,
but also the appearances of the combination harmanics w andw; + 2w. Increasing
the crack depth increases the contribution of the comlmnatiarmonics in the non-linear
responses. The authors obtained the same conclusionsray arsiimpact force. Finally
they suggested that the periodic external force should leetee in the neighborhood of
the main or one of the combination resonance such as for deamgp- w < w; < wy + w
(wherewy, wy andw define the natural frequency of the rotor system, the frequéithe
external force and the rotational speed of the cracked ofinally the authors indicated
that the detection should be more robust and efficient if ttational speed is very small,
allowing the reduction of the influence of the unbalancedorc

Darpe et al. [159] used impulse axial excitation to a rotatmacked shaft to detect
damage. It was demonstrated that the presence of damageeghdot only the coupling
mechanism in lateral and longitudinal vibrations but als¢ombination harmonics due to
interaction of rotational frequency and its harmonics wtfitb constant excitation frequency
and its harmonics. Then the same results of coupling memasunts and appearance of
combination harmonics have been observed for slant craobtan: coupled longitudinal,
bending and torsional vibrations for crack rotor and slaatk rotor have been studied by
Darpe et al. [160,161]. In [160], Darpe et al. illustratedttthe interaction of the torsional
excitation frequency with the rotational frequency andhdsmonics leads to the appearance
of sum and difference frequencies around the bending ridteguency. However, they
observed that the severity of damage does not change thétaaegl of the combinations
harmonics. Then, the same results were proposed for thdicgupf longitudinal and
torsional vibrations by applying an axial impulse excitati The authors demonstrated that
adding a torsional harmonic excitation or/and a periodialampulse excitation to damage
rotor can be an efficient tool for damage detection basederetponse of the cracked rotor
in torsional, lateral and axial directions and the appezgaof interaction and combined
torsional, lateral and axial frequencies and harmonicq1®i], Darpe demonstrated that
not only the appearance of the components harmonics of tagmp speed can be used for
damage detection but also the interaction of the torsioxeitagion frequencyw; with the
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rotational frequency and its harmonics ca be consider. The appearance of sunefrieigs
wy +nw and difference frequencies — nw (with n integer) around the torsional excitation
frequency is observed due to the presence of crack. So thieral excitation frequency
induces coupling between the torsional and longitudinhtations. However the author
demonstrated that the amplitude of the sum and differemcpiemcies; + nw andw; — nw
are not drastically affected by increasing the crack depth.

Ishida and Inoue [162] proposed to extent the study of Iwasulal. [158] in the case of
the non-linear vibration of a cracked rotor with externairhanic force. In their study, they
investigated both experimentally and numerically the cioration harmonics by exciting
the shaft for different frequencies. First of all, they ab&al the results of lwatsubo et al.
with the crack detection based on the combination harmasnigsnw due to the interaction
between the rotation of the cracked ratoand the harmonic force frequengy. Then, they
observed that the appearances of resonances that safisgldtionshipsnw; +nw (withn
andm integers) are useful for detection of cracks not only in dwortal rotor system, but
also in vertical rotor system (i.e. with the influence or nbtte gravity on the non-linear
responses of the cracked shaft). It was indicated that thsitaiches of additional peaks at
mwi £ nw increases as the crack grows.

4. Transient signals and Wavelet Transform

4.1. Basic theory

Due to the limitation of the conventional Fourier analygiattis suitable for steady state
vibration signals, but provides a poor representation grigis well localized in time, time-
scale signal processing tools have to be used for damagetidate

In civil engineering, Newland [163-165] was one of the fietearcher that proposed
to apply the wavelet approach to analyze the vibration afcstires. When a non-linear
signal is judged non-stationary, the characteristics afigient responses and changes in
the properties of non-stationary signal of damaged strastgan be precisely described
and analyzed by means of the Continuous Wavelet TransfoMdT()C The signal is de-
composed into wavelets, small oscillations that are hidgbtalized in time, whereas the
Fourier transform decomposes the signal into infinite lergihes and cosines losing all
time-localization information.

The wavelet analysis transforms a signal into wavelets dhatwell localized both in
frequency and time. The continuous wavelet transform (CWfTa function f (¢) is a
wavelet transform defined by

400
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are the daughter wavelets (i.e. the dilated and shiftedoregf the "mother” wavelet)

that is continuous in both time and frequenay)s the scale parametérjs the time param-
eter. The asterisk;, , indicates the complex conjugatef ;. The following admissibility
condition has to be satisfigd< C,, < +oo whereC,, defines the admissibility constant

Cp = / @, (109)
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andlﬁ is the Fourier transform af

. +00 ,

)= f(t)e™tat (110)
For a time signalf (¢) represented byv sampled data points (with uniform time stéf),
the Continuous Wavelet Transform of equation 107 is a canimi of the data sequence

f(n') (withn’ =1,..., N)with a scaled and normalized wavelet. It can be represaged
follows:
= N [0t (0 —n)dt
C(a,n) = n/z::()f (n') Vol —( (111)

wheren defines the localized time index antlis the sampling interval.

The specification of the mother wavelet is one of the main it@md point due to the
fact that the mother wavelet has to be fully specified andeseag the source function from
which which scaled and translated basis functions are ngmietl. Generally speaking,
the notion of "wavelet function™ is used to refer to eitherthogonal or nonorthogonal
wavelets whereas the notion of "wavelet basis™ refersyaid an orthogonal set of func-
tions. The one-dimensional wavelet transform previousdfiregkd in this section can be
extended to two-dimensional case for plate structures dartualization [166] or any di-
mensions dimensions [167].

As previously explained, the selection of an appropriapetgf a wavelet is essential
for an effective damage detection based on wavelet analgsisie of the most commonly
used CWT wavelet [145, 168—178] are the Morlet, the PaulGhbor, the Derivative of
a Gaussian (DOG), the Symlet, the Coiflet and bi-orthogoralelets. For example, the
Morlet wavelet is a Gaussian-windowed complex sinusoid glée well localized in both
time and frequency space. The Morlet wavelet is defined dswirlg in the time and
frequency domains respectively

] 2
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Sw—w, 2

Yo (sw) = ﬂ'fiH(w) e( 2 : (113)

wherem is the wavenumber anglis non-dimensional time parametét. (w) is the Heav-
iside step function with (w) = 1if w > 0 andH (w) = 0 otherwise. wy defines the
frequency.

The Paul wavelet is given in the time and frequency domains by

Yo () = % (1 — i)~ (114)
. m|
Yo (sw) = mﬂ (W) (sw)™ e (115)

The Paul wavelet localizes most efficiently in the time domahereas the Morlet offers
the best frequency localization.
The Derivative of Gaussian (DOG) wavelet is given in the tane frequency domains

by
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i (sw) = it 2 (sw)™ ei(STW)Q (117)

r(m+3)

The GaussDeriv wavelet's adjustable parameter is the aterdvorderm. If m = 2 the
wavelet is named the Marr or Mexican Hat wavelet.

For the interested reader, Kijewski and Kareem [179] preska review of the use of
wavelet transforms for system identification in civil enggming.

Staszewski [180] and Kim and Melhem [181] proposed a globadkw of the damage
detection in structures by wavelet analysis. They expthit@at damage detection via the
wavelet-based methods can be divided into three categthiesirst category considers the
variation of wavelet coefficients and is used to detect tlesgmce and severity of damage.
The second class of methods allows the localization of dantggconsidering the local
perturbation and irregularity of wavelet coefficients in@ase domain near the location
of damage. The last category is based on the reflections of warsed by local damage
involves to estimate both the position and severity of daenag

4.2. Application for non-rotating structures

Surace and Ruotolo [182] proposed to use the wavelet to tdigteqresence of a single
crack in a cantilever beam. They clearly demonstrated thahges in the wavelet coeffi-
cients can be used for the damage detection: the non-liredevior corresponding to the
breathing of the crack (i.e. opening and closing of the gracks identified via the wavelet
analysis.

Wang et al. [183, 184] investigated the localization of dgena a simply supported
beam or a cantilever beam with a transverse open crack bydewimg the wavelet theory.
They observed that the presence of damage induces an amifpcal evolution of the
wavelet coefficients near the location of damage. The asithgplained that one of the
advantages of the wavelet-based technique is the possitailidetect and locate damage
without an accurate knowledge of the material propertiasnalamaged structures.

The same results were obtained by Lu and Hsu [185, 186]. Ukm@larr or Mexican
hat wavelet, they analyzed the vibration signal of the davstigicture and an abrupt change
in the wavelet coefficients is observed close to the damaggitm.

Loutridis et al. [187] investigated the feasibility of ugithe wavelet transform to double-
cracked cantilever beams. They indicated that the wavelestorm allows the capture of
local perturbations due to the damage in the structuraloresg The authors proposed to
validate the numerical results of the wavelet analysis bfop@ing experiments on a plex-
iglas rectangular cross-section beam. They concludedetrext if measuring errors and
noise corrupt the response data and the wavelet coeffictbstsudden changes in the spa-
tial response at the damage location can be used to ideh@fgidubled cracks in beam.
However, they showed that the damage severity may be difficidentify in practical case
due to measurement errors and uncertainties. Finally, dhsgyindicated that the applica-
tion and limitation of the wavelet transform for the detentof damage need to be strongly
investigated for more complex structures.

Chang and Chen [188] proposed to estimate the positionsasiigns and depths of
multi-cracks in beam structures by using spatial wavelsetdlamethod. The authors used
the mode shapes analyzed by wavelet transformation in ¢odiglentify the positions of
damages. The authors proposed the use of the Gabor wavatew#ls previously con-
sider for damage detection by Kim and Kim [189] and Quek e{1#0]. The authors
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explained that the Gabor wavelet functions are used dueetdeitt that the magnitude of
Gabor wavelet function can be used for the location of damadee local perturbations
in the mode shapes due to the presence of damage are foune fim¢hscale wavelets.
The number of damages and the positions of damages are detdrfinom the plot of
wavelet coefficients. The authors demonstrated that a suddgnge in the distributions
of the wavelet coefficients allows the damage localizatibhe proposed method appears
to be efficient even if the damage is small. However, the maiitdtion of the method is
observed if the damage is near the boundaries.

Li et al. [191] proposed a damage detection method basedeoGdor wavelet. Nu-
merical and experimental tests are conducted on a plexigtaangular cross-section can-
tilever beam. The authors noted that not only the locatiahefdamage but also the orien-
tation of an inclined crack can be identify. By considerihg telations between the flexural
waves, reflections and transmission ratios of the inclirdragk, an efficient identification
of the crack depth and of the slanting orientation of theimiicy crack can be provided.

Zhu and Law [192] studied the dynamic behavior of a bridgenbs&ucture under a
moving load and proposed the detection of damage based @aievtransform. The sudden
changes in the spatial variation of the responses and tHatews of the coefficients of
the wavelet transform are used to locate and estimate thegkseverity. The authors
indicated that multiple damages can be easily identifieegkims of location and severity
even if noisy measurements are present. Moreover, diffggarameters of moving load
(i.e. speed and magnitude) are tested and confirmed thatdpeged methodology seems
to be robust in regard to external conditions.

Ovanesova and Suarez [177] noted that damage can be pedfarsteuctures through
wavelet transform without the knowledge of the original anthged structure. They pointed
out that the most appropriate wavelet needs to be selectaahfoptimal identification of
damage. They indicated that actual limitations such asimdition of the effects of the
boundary conditions or unavoidable uncertainties astEtiaith experimental procedures
need to be extensively addressed in the future to estabtigor@us methodology for dam-
age detection based on wavelet transform.

Damage location in plate structures based on the formulaifdhe two-dimensional
continuous wavelet transform was investigated by Ruckavdlitde [166]. Considering an
experimental steel plate with four fixed said that one of tlémadvantage of wavelet anal-
ysis is the possibility to identify small damage and the defsition without knowledge
of neither the structure characteristics nor its analyticadels.

4.3. Application for non-rotating structures

Some researchers [155,193-195] proposed to introducegimle signal processing tools
based on wavelet transform for the detection of damage atingt machinery due to the
limitation of the conventional Fourier analysis that istahle for steady state vibration
signals, but provides a poor representation of transigmads due to a strong increase of
the shaft’s rotating speed.

Sekhar and Prabhu [196] studied the effects of differeniofacsuch as crack depth,
unbalance eccentricity and acceleration influencing teemsibrations. They observed that
the measurement of transient response when the rotor ismgaksough the critical speed
or one-half of the critical speed can be used for the non getste detection of cracks in
rotors.

The discrete wavelet transform were used by Adewusi and édddr [155] to detect
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experimentally a propagating transverse crack for an @regtrotor during transient vibra-

tion signals. The authors indicated that the crack reduce<ctitical speed of the rotor

system. Changes in amplitudes of the first and second \doréiirmonic components are
easily detected and appear to be an important feature statgliishes a propagating crack
from imbalance and misalignment.

Zou and Chen [195] used the wavelet transform and the Wigher¥istribution that
is yet another tool for analyze non-stationary non-linessponses of the cracked rotor.
Comparing the two methods, they concluded that the wavealestorm is more sensitive to
the stiffness variation. They also indicated that the cicak be easily identify even if the
unbalance increases significantly.

5. Conclusion

This review aims to provide a comprehensive review of theegththe art in fault diagnosis
techniques based on linear and non-linear vibrational oreagents with particular regard
to academics applications, civil engineering and rotativaghinery. It can be observed that
the area of crack detection is continuously evolving.

Firstly, basic methods based on linear condition monitptEchniques have been ex-
tensively developed by considering not only the changegeiuencies and modes shapes,
but also the motion of anti-resonances, the changes nodégpothe changes in dynamic
flexibility or mode shapes curvature, the appearances oihneeg peaks due to vibration
coupling or different changes in the measurements of thguemrecy Responses Functions,
the definition of the Modal Assurance Criterion and otheated assurance criteria, etc...

Secondly, the emergence of the common use of robust develdgrbased on the non-
linear responses of mechanical structures due to the pres#rcrack allows a more effi-
cient identification of crack in complex mechanical engmreg structures. An important
observation is the recognition of the appearances of thelinear harmonic components
due to the damage and the combination of harmonics if the amichl system is subjected
to multi-excitations.

Finally, the developments of tools to analyze the non-atatiy responses of mechanical
systems such as the wavelet transform allows the detectiorack for transient signals.

It clearly appears that one of the most important limitagiofan efficient identification
of the damage parameters is due to the effect of variousatedror uncontrolled factors
such as the ambient conditions (evolution of the tempegdiur example), the evolutions
of boundary conditions, the variations in the mass of thecstire (due to the location of
accelerometers in academic structures, position of veldclhuman in bridges structures
or values of the unbalance mass in rotating structures famgie), the variations in the
stiffness in real engineering structures (more partidylar civil engineering applications
and rotating systems). All these variations can introduaeetainties in both the linear and
non-linear vibrational measurements.

For a practical point of view, using condition monitoringchmiques based on linear
approaches can be considered to be the first step for a rapigaésn of the presence of
damage if the damage is not very small. Even if a lot of robust @ew tools based on
linear measurements have been developed, using frequbifisyts detect damage appears
to be more practical in engineering applications. Therfediht techniques can be used in
combination with changes in modal parameters to identéydamage parameters.

If the emergence of a non-linear behavior for mechanicaicttires is observed or if
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the undamaged mechanical systems is non-linear by nattemadive indicators based on
non-linear analysis can be more effective for a robust diete@and identification of the
presence of damage.

Even if new techniques and extensive studies have beentakeeprin the past decade
for both the detection and identification of simple or muléindages in structures, there
are still many unanswered questions and future researchlrewsttempted to increase the
reliability and safety of complex engineering structurescivil applications and rotating
machinery. One of the most crucial next step can be to be apl@pose more practical and
commonly implemented techniques only based on classitedtiand non-linear vibration
measurements by keeping in mind that the number of measoiet$ s limited in practical
case of civil applications or rotating machinery.

Given an exhaustive list of topics of interest for future elepments is not possible.
However, some non-exhaustive interesting further stuckesbe considered:

- the development and comparison of crack models by corisgithe effect of more or
less complex breathing mechanisms or/and the effect ofritygagating crack if necessary,

- the effects of changes in damping and thermal effects ferddimage identification,
due to the linear or non-linear vibration in structures dmald¢rack propagation,

- the extension of criteria that have been developed foritteat theory, for the non-
linear detection of damage based on the harmonic compowerte Higher Order Fre-
guency Response Functions,

- the development of linear and non-linear condition mammt techniques by adding
theories that take into account uncertainties due to theearhbonditions or the evolutions
of boundary conditions,

- the improvement of correlations between experimental amcherical analysis for
linear and non-linear assessment techniques with thesiocla of modeling errors and
uncertainties,

- the developments of optimization procedures, genetiordlgns or artificial neural
network (that have not been developed in this review evehdy thave been extensively
used of damage identification in the past decade).
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