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IEVADS

Motivacija un kompetence

Gadu gaita ir picaugusas dazadu civilo un inzeniertehnisko biivju drosibas prasibas. To
galvenokart var izskaidrot ar tadu konstrukciju, ka civilo biivju, debesskrapju, tiltu, dambju,
stadionu, tunelu un ripniecisko iekartu, jiras un gaisa transporta pieaugoso sarezgitibu un
izmériem. STm konstrukcijam ir arT jasaglaba tehniskais stavoklis un funkcionalitate visa
ekspluatacijas laika pastavigi mainigos vides apstaklos un, atseviskos gadijumos, arT agresiva
vidé. Konstrukciju sabrukuma sekas biezi ir tragiskas un saistitas ar nopietniem finansialiem
ieguldijumiem.

So katastrofu novér$anai drosibas parbaudém ir jabiit regularam. Tomér §is parbaudes
biezi vien ir laikietilpigas un dargas, un tas paver iesp&u jaunas un progresivas pieejas —
nesagraujosa konstrukciju tehniska stavokla monitoringa (KTSM) attistibai. KTSM lietojums
ir aktuals sarezgitu un masivu konstrukciju, transportlidzeklu un kosmisko kugu ekspluatacija.
Vieglajas konstrukcijas, pieméram, lidmasinas, arvien vairak tiek izmantotas KTSM sniegtas
prieksrocibas, salidzinot ar tradicionalo vizualo apskati vai pat nesagraujosSo kontroli. KTSM
tehnologijas ir balstitas uz sensoriem (parasti pjezoelektriskas dabas vai optiskam skiedram),
kas ir piestiprinati tieSi pie konstrukcijas vai — slanainu kompozitmaterialu konstrukciju
gadijuma — iestradatas pasa konstrukcija. Sensoru nepartraukto mérijjumu dati tiek izmantoti,
lai signalizétu par izmainam konstrukcijas tehniskaja stavokli, reag€jot uz vides slodzém
(temperattiru, spiedienu) vai tieSiem bojajumiem. Sist€mam, kas aprikotas ar $adam
tehnologijam, salidzinot ar parastajam konstrukcijam, ir acimredzamas prieksrocibas
sabrukuma novér$ana, infrastruktiiras kalpoSanas laika pagarinasana, uzturéSanas izmaksu
samazinasana un kompozitmaterialu projektésana [1].

Promocijas darba merki

Lai gan jau pastav daudzi KTSM risinajumi, kas speciali pielagoti kompozitmaterialu
konstrukcijam, dazi faktori kavé to iesp&amo TstenoSanu prakse. Ta iemesls ir
kompozitmaterialu sarezgitiba un fizikalo Tpasibu anizotropija. Turklat dazadiem iesp&jamiem
bojajumu veidiem kompozitmaterialu konstrukcijas var biit nepiecieSama sarezgita KTSM
metozu pielagosana. ArT augstas prasibas attieciba uz konstrukciju droSibu nosaka augstus
KTSM standartus attieciba uz to palavibu un noturibu. Tap&c §1 promocijas darba mérkis ir
izstradat bojajumu identifikacijas metodes viendimensiju un divdimensiju konstrukcijam,
izmantojot paSsvarstibu formu parveidojumu metodes, ka ari uzraudzito maSinapmacibu
bojajumu raksturoSanai dzelzcela gulSnos un divdimensiju konstruktivo elementu tehniska
stavokla monitoringam.



Promocijas darba uzdevumi

Merka sasniegSanai ir izvirziti vairaki uzdevumi.

1. Zinatniskas literatiras par dazadam uz svarstibam un masinapmacibu balstitam KTSM
metodeém izpéte.

2. lIzstradat metodes konstrukciju bojajumu lokaliz€Sanai viendimensiju un divdimensiju
konstrukcijas, izmantojot paSsvarstibu formu parveidojumus, balstitus uz jaunam
nepartrauktas veivletu transformaciju metodes modifikacijam un pasSsvarstibu formu
liekumu kvadratu.

3. lIzstradat metodes bojajumu raksturos$anai pilna izmeéra ieprieks nospriegotos dzelzcela
dzelzsbetona gulS$nos, izmantojot progresivus signalapstrades panémienus, kas balstiti
uz akustiskas emisijas signalu uzraudzito mastnapmacibu.

4. lIzstradat metodi masveida razotu divdimensiju konstruktivo elementu tehniska
stavokla monitoringam ar iesp&amu defekta lokalizaciju, izmantojot uzraudzitas
mastnapmacibas algoritmus.

5. Validet izstradatas metodes eksperimentalajos petijumos.

Zinatniska novitate

Ir izstradats jauns konstruktivo bojajumu lokalizacijas algoritms siju konstrukcijam,
pamatojoties uz telpiskas nepartrauktas veivletu transformacijas normalizétas méroggrammas
dispersiju. ST algoritma prieksrocibas ietver visu veivleta funkciju izmanto$anu, tadgjadi nav
nepiecieSams izvéleties vispiemeérotako veivleta funkciju. Otra §1s metodes prieksrociba ir ta,
ka nav jaizvélas konkréts veivleta funkcijas méroga parametrs. ST jauna metode tiek
salidzinata ar telpisko veivletu transformaciju un paSsvarstibu formu liekuma kvadrata
metodém, un ir izceltas tas prieksrocibas.

Tika ierosinati passvarstibu formu datu nogludinasanas panémieni nebojatas konstrukcijas
pasSsvarstibu formu model€Sanai, izmantojot tikai bojatas konstrukcijas passvarstibu formu
datus. Tadg€jadi nav nepiecieSama modala informacija par nebojatu konstrukciju, ko biezi vien
nav iesp&jams iegut.

Izstradata akustisko emisiju avotu atdaliSanas metode ieprieks nospriegotiem dzelzsbetona
dzelzcela gul$niem, pamatojoties uz uzraudzitas maSinapmacibas algoritmiem. Atdalot Sos
avotus, iesp&jama katra avota izstaroto akustisko vilnu frekvencu satura talaka pétiSana. Tiek
pétita korelacija pika frekvencu vértibu nobides lielumam lidz ar attalumu no lielakas plaisu
koncentracijas, kas savukart ir akustiskas emisijas avoti.



Promocijas darba praktiska nozimiba

Izstradatas bojajumu lokalizacijas metodes siju un platnu konstrukcijas ir piemérotas
bojajumu pozicijas atraSanai, izmantojot tikai bojatas konstrukcijas paSsvarstibu formu datus.
Tadgjadi nav nepiecieSamiba péc nebojatas konstrukcijas modalas informacijas (passvarstibu
formas un frekvences). Izstradatas metodes var sekmigi lietot bojajumu lokalizacijai,
izmantojot passvarstibu formas ar dazadas pakapes trokSnpu limeniem (vismaz 4 %) un
dazadas pakapes izSkirtsp€ju, ta simul&jot sensoru blivuma izmainas passvarstibu formu
merijumos.

Izstradata metode akustisko emisiju avotu atdaliSanai pilna izméra dzelzcela dzelzsbetona
gul$nos. Metodes lietojama izstaroto akustisko vilnu frekvencu satura pétiSanai dazadu
bojajumu (plaisasanas) pakapju gadijjuma. Konstatéts, ka plaisu koncentracijas izmainas
izraisa ari pika frekventu izmainas jeb nobidi. ST informacija ir svariga gulsnu tehniska
stavokla novertésanai, it 1pasi kritiskakajas dzelzcela linijas pozicijas, pieméram, parmiju
parvedas un parbrauktuves.

Uzraudzitas maSinapmacibas shémas ir efektivas konstrukciju 1pasibu izmainu, pieméram,
masas un stinguma izmainu registréSanai. ST pieeja, kas izstradata masveidd raZotiem
divdimensiju konstruktivajiem elementiem (v€ja turbinu lapstindm, lidmasinu sparniem u. c.),
potenciali noteiktu arl bojajumu nopietnibas pakapi gaisa kugu elementos, kas aprikoti ar
ierobezota blivuma sensoru tiklu.

Pétijumu metodologija

e Passvarstibu formu mérjjumi tika veikti, izmantojot bezkontakta lazera skenéSanas
vibrometru Polytec™ PSV-400-B.

e PaSsvarstibu formu signalu apstrade un visi aprékini tika veikti, izmantojot
matematisko paketi Matlab™.

o Konstrukciju skaitliskie modeli, ka ari skaitliskda modala analize tika veikta,
izmantojot komerciilo galigo elementu paketi Ansys .

e Trieciena bojajumi tika istenoti, izmantojot trieciena torni Instron™ Dynatup 9250
HV.

e Dzelzcela dzelzsbetona gul$niem tika veikti trispunktu lieces testi saskana ar Eiropas
standartu BS EN 13230.

o Akustiskas emisijas signali dzelzcela dzelzsbetona gul$nos tika registréti, izmantojot
cetru kanalu Fizikalas akustikas korporacijas (PAC, tagad — Mistras) DAQ AE sistemu.
Dati tika registréti, izmantojot AE-Win programmatiru.

e Oglekla skiedras kompozitmateriala platnes mehaniskas deformacijas tika izméritas,
izmantojot divus 350 Q deformaciju sensorus, un platnes dinamiska ierosme veikta,
izmantojot MFC™ (Macro Fiber Composites) pjezoelektrisko ierosinataju. Agilent
33224 20 MHz signalu generators tika izmantots platnes harmoniskai ierosmei.



Spider 8§ vadibas bloks tika izmantots deformacijas signalu ierakstam, vizualizacijai
tika izmantota Catman programmatiira.

Datu pécapstradei tika izmantota statistikas teorija.

Izstradato metoZu lietojamibas robezas

Izstradatas konstruktivo bojajumu lokalizacijas metodes ir piem&rojamas tikai siju tipa
(viendimensiju) un platnes tipa (divdimensiju) konstrukcijas elementiem.

Bojatas konstrukcijas passvarstibu formu signaliem jabiit viegli pieejamiem bojajumu
lokalizacijas algoritmu TstenoSanai. Bojajumu lokalizacijas rezultati uzlabojas,
pieaugot metodes izmantojamo passvarstibu formu signalu skaitam, jo mazaka signalu
skaita gadijuma ir lielaka varbiitiba signala nulles amplitiidai sakrist ar bojajuma vietu.
Sakara ar to, ka “vislabaka funkcija” iepriek$ nav zinama, katra atseviska gadijuma ir
javeic parbaudes attieciba uz visam pieejamam veivleta funkcijam pie dazadiem
méroga parametriem un visam Furjé aproksimacijas rindas kartam, lai izvel&tos
funkciju ar vislabako veiktsp&ju (bojajumu noteikSanas palavibu).

Ar izstradatajam metodém nav iesp&jams lokalizé€t bojajumus konstrukciju pasas
malas sakara ar to, ka passvarstibu formas $ajas vietas nav nepartrauktas (malu efekts).
Praks€ uz dzelzcela gulSniem var tikt uzstaditi tikai ierobezota skaita akustiskas
emisijas sensori sakara ar izmaksam un elektrisko kabelu problémam. Efektivitates
uzlaboSanai sensorus uz gul$niem ieteicams uzstadit tikai visnozimigakajas dzelzcela
sliezu cela vietas, piem&ram, parmiju parvedas un parbrauktuves.

Akustiskas emisijas pieejas augsta jutiba pret troksni liecina par to, ka, lai izstradata
metode nodroSinatu savlaicigu bridinajumu par bojajumiem, dzelzcela gulSniem
darbibas laika ir jasasniedz kads “kritisks” plaisasanas apmers.

Promocijas darba aizstaveSanai izvirzitas tezes

Izstradatas metodes konstruktivo bojajumu lokalizacijai viendimensiju un
divdimensiju konstrukcijas, izmantojot passvarstibu formu parveidojumus, kas balstiti
uz uzlabotam telpisko veivletu transformacijas un passvarstibu formu liekuma
kvadrata metodeém.

Izstradata metode bojajumu raksturosanai pilna izméra ieprieks nospriegotos dzelzcela
dzelzsbetona gul$nos, izmantojot modernas signalu apstrades metodes, kas balstitas uz
akustisko emisiju signalu uzraudzito masinapmacibu.

Izstradata metode masveida raZotu divdimensiju konstruktivo elementu tehniska
stavokla monitoringam ar defektu lokalizacijas priekSrocibu, izmantojot uzraudzitas
masinapmacibas algoritmus.

Izstradatas metodes ir eksperimentali validétas, un rezultati liecina, ka konstrukciju
bojajumi ir efektivi lokalizeti.
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Promocijas darba struktira

1. nodala. Parskats par konstrukciju tehniska stavokla monitoringa tendencém.

2. nodala. Izstradato bojajumu lokalizacijas algoritmu apraksts.

I DALA. PaSsvarstibu formu parveidojumi

3. nodala. Bojajumu lokalizacija siju konstrukcijas.

4. nodala. Bojajumu lokalizacija platnu konstrukcijas.

IT DALA. Bojajumjutigo iezimju klasifikacija

5. nodala. Tehniska stavokla monitorings ar defektu lokalizaciju divdimensiju konstrukcijas,
balstoties uz uzraudzito daudzklasu klasifikaciju, izmantojot deformaciju iezimes.

6. nodala. Akustiskas emisijas avotu raksturojums iepriek§ nospriegotos dzelzcela
dzelzsbetona gul$nos, izmantojot klasifikacijas algoritmus.

Secinajumi.
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1. KONSTRUKCIJU BOJAJUMU NOVERTEJUMA
TENDENCES

Paslaik 27 % no lidmaSinu ekspluatacijas cikla vid€jam izmaksam tiek izlietotas
parbaudém un remontam. Aviacijas un kosmosa riipniecibas arvien plasak tiek izmantoti
kompozitmateriali to izcilo 1pasibu dél (ipatngja stipriba, stingums, pretestiba nogurumam, ka
ar1 zinama aizsardziba pret noteikSanu ar radara palidzibu [2]). Diemzel ari kompoziti ir
paklauti noardiSanai laika gaita, un bojajumi paradisies to ekspluatacijas laika novecoSanas,
kimiskas iedarbibas, mehanisko svarstibu, triecienu utt. dél [3]. Maza atruma triecienu
ietekmes izpéte ir svariga kompozitmaterialu gadijuma, jo trieciens ir viens no galvenajiem
kompozitmaterialu bojajumu veidiem virziena perpendikulari konstrukcijas plaknei [4].

Dzelzcela betona gulsni ir dzelzcela sist€émas droSibas sastavdala. Neskatoties uz to, ka
visa pasauleé ir vairak neka 1 miljards betona gulSnu, to tehniska stavokla monitoringa
sisttmas nav pilniba izstradatas. Dzelzcela gul$ni ir konstruéti ta, lai parnestu slodzi no
sliedem uz balastu un apakSstruktiiru un nodroSinatu sliezu cela platumu vilcienu kustibas
laika, lai noverstu sliezu kustibu garenvirziena un sanos. Divi galvenie bojajumu mehanismi ir
betona plaisaSana stiep€ un spiedé [5]. Avota [6] min&ts, ka gan cietam, gan salidzinosi
mikstam dzelzcela sliedém sakotngji rodas plaisas lieceé. Lidz ar to efektivas konstrukciju
tehniska stavokla monitoringa (KTSM) metodes ir svarigas droSai konstrukciju darbibai.

1.1. Uz svarstibam balstita bojajumu identifikacija

Viena no popularakajam KTSM metozu klasém balstas uz konstrukciju svarstibam. So
metoZzu izmantoSana pamatota ar to, ka dinamiskas ipaSibas, proti, rezonanses frekvences,
passvarstibu formas un svarstibu slapésanu ietekmé konstrukcijas stingums. Vairaki pétijumi
[7]-[9] ir paradijusi, ka pasSsvarstibu formu parveidojumi ir loti jutigi pret bojajumiem un tos
var izmantot bojajumu konstatéSanai un kvantitativai raksturoSanai. Tomer visnopietnakais So
metozu trikums ir nepiecieSamiba péc nebojatas konstrukcijas dinamisko parametru
pamatdatiem, ko vairuma gadijumu ir griiti vai pat neiesp&jami iegiit.

1.2. Uz bojajumjutigam iezimém balstita uzraudzita masinapmaciba

Attistoties maSinapmacibas koncepcijai, regresijas un klasifikacijas metodologiju
izmantoSana strauji izplatfjas art KTSM joma, kur tas tiek veiksmigi lietotas konstrukciju
bojajumu konstateSana, lokalizacija, bojajumu apmeru noteik§ana un, iespgjams,
konstrukcijas atliku$a lietoSanas miZza noveértéSana. Datu klasifikacijas algoritmiem ir
potencials bojajumu noteikSanas metodologijas, kas balstitas uz bojajumjutigo iezimju
iegiSanu no konstrukciju svarstibu signaliem.
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2. BOJAJUMU LOKALIZACIJAS ALGORITMI

2.1. Nepartraukta telpiska veivletu transformacija

Bojajumu indekss katrai passvarstibu formai (2D) ir aprakstits ar $adu izteiksmi:

DI{rljrS = ff Wz??jll’*sla,b(x;J’)dXd% (21)
S

kur w™ — izméritais konstrukcijas parvietojums $kérsvirziena;
P — veivleta funkcija;
s — meéroga parametrs (paplasina vai sasaurina veivleta funkciju);
a, b — parvietojuma parametri (parvieto veivleta funkciju atbilstosi pa x un y asim);
n — passvarstibu formas numurs;
i —rezga punktu numurs pa x asi;
J — rezga punktu numurs pa y asi,
S — platnes laukums, m?.

Zvaigznite apzimé kompleksi saistitu lielumu. Sie veivleta transformacijas koeficienti ir loti
jutigi pret jebkadam signala nepartraukttbam un singularitatém, tapec bojajumus, ko izraisa
peksns stinguma zudums, var noteikt no tam pasSsvarstibu formam, kuram veivleta
transformacijas koeficientu amplitidas kada konkréta vieta sasniedz lielas vertibas.
Passvarstibu formu signali, ko méra eksperimentalos apstaklos, vienmér satur me&rjjumu
troksni, ka rezultatd savukart var rasties lielas bojajumu indeksa amplitiidas vietas, kur
bojajuma nav, tadéjadi maldinot datu interpretétaju. Sis problémas risinajumam tiek piedavats
apkopotais bojajumu indekss, kas tiek definéts ka bojajumu indeksu summas pa visam
passvarstibu formam vidgjas vertibas normaliz&Sana pret formas lielakas amplitidas vertibu

Dll?}j,S
max(DIiT“j‘s)’ (2.2.)

1vnN
DIi,j,s — y4&n=1

kur N — kopgjais paSsvarstibu formu skaits.

Saskana ar [10], [11] Sie bojajumu indeksi tiek standartizéti, un statistiskas hipotezes
parbaude tiek izmantota, lai klasificeétu bojatos un nebojatos elementus un lokaliz&tu
bojajumus atkariba no iepriekS noteiktas bojajumu sliekSna vertibas, iegiistot standartiz&to
bojajumu indeksu (SBI)
DI" is—H
SDI;js = —o— s, (2.3)

kur pg — no méroga parametra atkariga bojajumu indeksu DI ; ; vid€ja vertiba,

05 — no méroga parametra atkariga bojajumu indeksu DI ; ; standartnovirze.

Promocijas darba tiek ieviests jauns bojajumu lokalizacijas metozu snieguma
novert§jums — bojajumu novért§juma palaviba (BNP). BNP ir attieciba (izteikta procentos)
starp standartizéta bojajumu indeksa veértibu summu bojajumu zona un $o vertibu summu pa
visu konstrukeiju.
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2.2. Normalizétas veivletu méroggrammas dispersija ar slieksni

Trisdimensiju diagrammas, kas parada NVT koeficientu lielumu atkariba no dazadiem
méroga parametriem un laiku vai telpu, ir veivletu méroggrammas [12], [13]. Tomeér

bojajumu noteikSana plasak izplatita ir normalizéta veivletu méroggramma (NVM)

Ws,a(i) 2

s
NVM lielas amplitiidas apgabali atbilst signala iezimém ar vislielako energiju un norada

(2.4)

NWSsaq) =

bojajuma vietu telpiskas NVT gadijuma.
Sis metodes bojajumjutigais parametrs tiek definéts ka normalizétas veivletu
meéroggrammas dispersija attieciba pret méroga parametru un izteikts $adi:

Sa@ = 0 2(NWSs @), ). 2.5.)

Universalais slieksnis tiek definéts ka:

MAD Median|S,;, — Median(S,; 2.6.
7= 0/2n{A) = ———=/2In(4) = edian| “(% 674§ fan( “@)l,/zln(A), (2:6)

kur o —lieluma S, trokSna standartnovirze;

A — passvarstibu formas signala brivibas pakapju skaits;
MAD — medianas absoliita novirze.

Universalais slieksnis tiek lietots dispersijas sadalfjumam statistiski nenozimigu piku
filtréSanai. S,(;) vertibam, kas neparsniedz sliekSpa T vertibu, tick pieSkirta vertiba 0, pret€ja
gadijuma — veértiba 1, ieglstot normalizéetas veivletu meroggrammas dispersiju ar slieksni
ja(Say =T) = TSawy = 1, @7)
citadi » TS,;) =0,
TS, vertibas tiek saskaititas visam veivleta funkcijam katrai brivibas pakapei i, iegiistot

apkopoto normalizetas veivletu méroggrammas dispersiju ar slieksni

78
Aa(i) = Z TSa(i),j (28)
j=1

Lieluma A, visas i@ vertibas tiek saskaititas, iegiistot kopéjo normalizétas veiviletu

meroggrammas dispersiju ar slieksni

A 78 A
0= TSew; = ) M- (2.9
i=1

i=1j=1
Izsakot Ag(;y procentuali ka dalu no © katram i, tiek iegiita dalveida normalizetas veivietu
méroggrammas dispersija ar slieksni
Zay = 100 - Ay /O. (2.10.)

Universalais slieksnis (apziméts ar T, atSkirSanai no sliekSpa, kas piemeérots S,(;)) tiek
izmantots vertibam Z,;, un tiek lietota logiska funkcija tapat ka 2.7. izteiksmé

a(Zay=To) > TZay =1, 2.11)
citadi » TZ,;) = 0.
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Galigais 1émums attieciba uz bojajuma atraSanas vietu tiek balstits uz tam koordinatem x
(saistitas ar i), kas atbilst tam Z, ;) vertibam, kas parsniedz universalo slieksni T,.

2.3. Passvarstibu formu liekumu kvadrats

Realitaté nebojatas konstrukcijas dinamiskie raksturlielumi ir reti pieejami, 1pasi
konstrukcijam, kas jau ir ekspluatacija. Saja promocijas darba tiek demonstréts panémiens
nebojatas konstrukcijas tehniska stavokla noveért€Sanai, izmantojot bojatas konstrukcijas
passvarstibu liekuma datu aproksimaciju ar Furjé rindu viena dimensija, iegtstot gludu
passvarstibu formu liekuma Iiknes. Furjé rindas trigonometriska forma ir

u
K(x) = ay + Z a;cos(uwx) + b;sin(uwx), (2.12))
i=1
kur a, — konstante;
w — signala fundamentala frekvence;

u — summas karta jeb harmoniku skaits.

Saja promocijas darba lietotais Furjé rindas harmoniku skaits ir 1-8. Piedavatais bojajumu
lokalizacijas algoritms tiek visparinats ari uz divu dimensiju konstrukcijam (platném).
Veselas konstrukcijas pasSsvarstibu formas liekumam ir gluda virsma, ko divas dimensijas
iegiist ar polinomialo aproksimaciju. ST procedira tiek veikta, izmantojot bojatas
konstrukcijas passvarstibu formu liekumu aproksimaciju ar mazako kvadratu metodi.
Bojajumu indekss D;’; tiek defingts ka absoliita starpiba starp bojatas konstrukcijas izméerita
liekuma kvadratu un bojatas konstrukcijas pasSsvarstibu formas liekuma aproksimacijas ar
Furjé rindas (vai polinomu 2D) rekonstrukeiju, kas raksturo nebojatu konstrukciju.

az_wn 2 — g n? az_wn 2 — g 1?
0x* Jop 0y Joy @D
2

kur k¥ un k3 — rekonstruétie paSsvarstibu formu liekumi atbilstoSi pa x un y asi, m™~.

DI

Lj =

, (2.13)

Passvarstibu formu liekumi tiek aprékinati no passvarstibu formam, izmantojot centralas

diferences aproksimaciju rezga punkta (i, j):

(azwn> Wl:r_li_l'j - ZWLT,L] + W{l—l,j
@n

dx2 h? ’
(2.14))
(62W"> Wl 2wl wl g
2 - 2 ’
9%/ h

kur h — attalums starp diviem mérijjumu punktiem vai rezga mezgliem, m.

Apkopotais bojajumu indekss tiek aprékinats peéc 2.2. izteiksmes un standartizéts péc 2.3.
izteiksmes. Tiek aprékinatas ar1 BNT vértibas katrai Furjé aproksimacijas funkcijai.
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2.4. Datu Klasifikacija

Saja promocijas darba izstradatas metodes divdimensionalo konstrukfivo elementu
bojajumu monitoringam, izmantojot sensoru datus. Algoritma realizacija izmantoti $adi soli:

1) tiek veikta konstruktiva elementa harmoniska analize rezonanses frekvencu
noteikSanai;

2) elements, kam piestiprinats ierosinatajs, tiek sadalits patvaliga skaita zonas (zonas tiek
izmantotas ka klaSu apzim&umi), un punktveida masa tiek pielikta katra zona ar
patvaligu reizu skaitu;

3) katra masas pielikSanas momenta tiek ierakstitas harmoniska ierosmes spéka izraisitas
mehaniskas deformacijas € ar deformaciju sensoriem. Ir zinams, ka papildu masa
izraisa konstrukcijas rezonanses frekvencu piku nobidi attieciba pret gadijumu bez
papildu masas. Deformaciju amplitiidas samazinasies proporcionali frekvencu nobides
apméram, ta bridinot par konstruktivam izmainam apskatamaja elementa;

4) ierakstitie deformaciju dati tiek grup@ti atseviskas matricas katrai identific@tai
rezonanses frekvencei

pirma frekvence pedgja frekvence (2.15.)

<{1}m><1 {le1}3mx1 {lszl}mx1> <{1}mx1 {le1}3mxa {|52|}mx1>

Mt Uesllmat Ul ey Mt Eslct {Ealha

kur m — deformaciju punktu skaits katra klasg;

nxk+1

n — konstrukcijas zonu skaits;
k — deformaciju sensoru skaits uz konstrukcijas.

Figiiriekavas norada vektorialos lielumus;

5) tiek izmantoti divi dazadi uzraudzitas masinapmacibas algoritmi — linearais un
nelinedrais diskriminants & tuvakie kaimini klasifikacijas modelu izveidei, izmantojot
ierakstitos deformaciju datus atseviski katrai rezonanses frekvencei. Vispariga
gadijuma var tikt izmantoti ar1 citi uzraudzitas maSinapmacibas algoritmi;

6) klasifikacijas modelu parametru optimiz€Sanai izmantota K reizu Ské&rsvalidacijas
shéma;

7) algoritma validacijai izmantoti jauni deformaciju datu punkti nezinamas vietas.
Algoritma rezultati ir demonstréti defektu lokalizacijas prognozu varbiitibu veida
katrai konstrukcijas zonai, noradot varbiitibu nezinamajam datu punktam, atrastam
kada no konstrukcijas zonam.
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3. BOJAJUMU LOKALIZACIJA 1D KONSTRUKCIJAS

3.1. Pirmais gadijums: aluminija sijas ar frézétiem iegriezumiem

Visi skaitliskie modeli $aja promocijas darba izveidoti, izmantojot komercialo galigo
elementu (GE) programmu Ansys’”. Aluminija siju geometriska konfiguracija paradita
3.1. attela. Aplukotas divas sijas ar atbilsto$i vienu un diviem fréz&tiem iegriezumiem.
Aluminija siju GE modelis sastav no 2D siju elementiem. Bojajums tiek model&ts, samazinot
izveleto elementu lieces stingumu E1, kas tiek panakts, samazinot elementu biezumu.

|2
| s
X i
I -

l %0
‘ 750 s
' 1250
2 2
450 50 50 450

1250

3.1. att. Aluminija siju geometrija (mm).

Bojajumu identifikacijas algoritma jutibas salidzinaSanai ar troksni saturoSajiem
eksperimentaliem datiem, skaitliski simulétajam paSsvarstibu formam tika pielikts vienmeérigi
sadalits gadijuma troksnis. BieZi konstrukciju nav iesp&ams aprikot ar blivu sensoru tiklu,
tadgjadi tika veikts parametrisks pétijums par passvarstibu formu izskirtsp&jas ietekmi uz
bojajumu noteikSanas rezultatiem, paSsvarstibu formu signalu izdalot ar veseliem skaitliem
p=123,45,6.

Bojajumu lokalizéSanas procediira, izmantojot visus tris algoritmus (NVT, PFLK un
NVMDS), tiek veikta, simulétajam paSsvarstibu formam pieliekot troksni ar limeniem & =
0,5%, 1%, 2 % un 4 %.

Bojatam un nebojatam sijam tiek veikts dinamiskais svarstibu tests passvarstibu formu
mérfjumiem. Sis izméritas formas tiek lietotas saskana ar iepriek§ aprakstitajam metodem.
Eksperimentala modala analize tiek veikta, izmantojot bezkontakta sken&joSo vibrometru
Polytec™ PSV-400-B (3.2. att.).

Bojajumu noteikSanas palavibas (BNP) vértibas tika aprékinatas visam 78 veivletu
funkcijam, katrai pie 128 meéroga parametriem. Analiz€ot BNP atkaribu no méroga
parametra, tika atlasitas tas méroga parametru veértibas, pie kuram tika sasniegts BNP
maksimums, ka arT atbilsto$a veivletu funkcija. Lidziga veida analizétas ar1 dazadu kartu
Furjé aproksimacijas funkcijas. Tika izveléta kompleksa morlet veivletu funkcija ar kartu 1-1
(cmorl-1) gan eksperimenta, gan simulacijas gadijuma abam aluminija sijam. PFLK metodé
tika izveéleta aproksimacijas funkcija F5 sijai ar vienu bojajumu un F3 sijai ar diviem
bojajumiem.
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3.2. att. Eksperimentalas modalas analizes uzstadijumi, izmantojot bezkontakta sken&joso
lazera vibrometru.

Standartiz&ta bojajumu indeksa (SBI) sadalijumi pa siju ar vienu bojajumu pie méroga
parametriem, kas atbilst BNP maksimumam, NVT un PFLK metodém attéloti 3.3. attela.
Augstakais pikis atrodas tiesi bojajuma vieta, tadgjadi bojajums ir lokalizets, tomér liela
indeksa amplitida novérojama arT sijas malas.

5 T T 5r Il 7 - -
——p=1 il ——p=1
=3 1 —p=3
47 =6 | 4 W 1 1 —*—p=06
i
3 b
a
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! \ 1
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3.3. att. SBI sadalijums aluminija sijai ar vienu bojajumu pie p = 1, 3, 6 (eksperiments):
(a) NVT; (b) PFLK.

SBI sadalijums aluminija sijai ar diviem bojajumiem PFLK metodei paradits 3.4. attéla,
NVT metodei — 3.5. att€la. NVT metodes gadijuma visi SBI sadalijumi paraditi pie references
méroga parametra 6, jo tieSi pie Sadas veértibas iegiits BNP maksimums pie sakotng&jas
passvarstibu formu izSkirtspgjas p = 1. Pie p = 1 augstakie SBI piki parliecinoSi atrodas
bojajumu zona, savukart pie p = 3 SBI ir “izsméréts” gar sijas koordinati, ka rezultata
bojajums nav lokalizéts. Pie $is paSsvarstibu formu izSkirtsp&jas vislabakie lokalizacijas
rezultati sasniegti, izmantojot méroga parametru 3, kas noteikts no BNP atkaribas no m&roga
parametra.

Izmantojot statistiskas hipotézes pieeju ar bojajumu lokalizacijas ticamibu 99 % (atbilst
SBI slieksna vértibai 3), SBI veértibas, kas mazakas par 3, tiek atfiltrétas ka statistiski
nenozimigas un ar bojajumu nesaistitas.
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3.4. att. SBI sadalijjums PFLK metodei aluminija sijai ar diviem bojajumiem: (a) bez sliek$na;
(b) slieksnis ar 90 % bojajuma noteikSanas ticamibu.
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3.5. att. SBI sadalijums aluminija sijai ar diviem bojajumiem NVT metodei pie méroga
parametra 6 (eksperiments): (@) bez slieksna; (b) slieksnis ar 99 % bojajuma noteikSanas
ticamibu.

Bojajumu lokalizacijas rezultati ar NVMDS metodi aluminija sijai ar vienu bojajumu
paraditi 3.6. attela, sijai ar diviem bojajumiem — 3.7. att€la. Dalveida veivletu méroggrammas
parada vislielako normalizétas veivletu méroggrammas dispersijas amplitidu starp raustitam
vertikalam Iinijam — bojajumu zona. Universalo slieksni izmantojot atkartoti (T,), §1s vertibas
tiek atfiltrétas, un tas vertibas, kas slieksni parsniedz, att€lotas iekS$€jos grafikos. Siem
ieks$gjiem grafikiem ir aprékinatas un paraditas atseviSkas BNT vertibas.
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3.6. att. Bojajumu indekss NVMDS metodei aluminija sijai ar vienu bojajumu.
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3.7. att. Bojajumu indekss NVMDS metodei aluminija sijai ar diviem bojajumiem.

Izstradato bojajumu lokalizacijas metozu jutiba ir parbaudita attieciba uz bojajuma
dzilumu. Sim parametriskajam pétljumam izmantotas skaitliski simulétas passvarstibu formas
aluminija sijai ar vienu bojajumu. Aplikoti bojajumi ar dzilumu, sakot no 0,5 mm Ilidz
4,5 mm ar 0,5 mm soli sijai ar biezumu 5 mm.

Vienlaikus tika novértéta arm sensoru blivuma (p) ietekme uz bojajumu lokalizacijas
rezultatiem. BNP vertibas gadijumiem ar p = 1,3,6 ir paraditas 3.8. att€la. Visstabilakie
rezultati ieguti, izmantojot PFLK metodi ar BNP vértibam, kas visos gadijumos ir salidzinosi
Saurd intervala — no 83 % Iidz 93 %. Ar NVMDS metodi ieglitie rezultati nav stabili — noverotas
ievérojamas BNP vértibu izmainas. No vienas puses, augstas BNP vértibas (pielidzinamas ar
NVT un PFLK metodém iegiitajam) iegttas gadijumos ar dziliem bojajumiem un blivu sensoru
tiklu. No otras puses, §1 metode ir arkartigi jutiga attieciba uz sensoru blivuma un bojajuma
dziluma izmainam ar bitisku veiktsp&jas pasliktinasanos atseviskos gadijumos. Veiktspgjas zina
NVT un PFLK metodes ir [idzigas, tomér NVT metode uzrada zemaku veiktsp&jas stabilitati,
mainoties bojajumu dzilumam pie mazakiem sensoru blivumiem.

Kopuma izstradatas bojajumu lokalizacijas metodes, iznemot NVMDS, ir adekvatas
bojajumu lokalizacijai ar1 salidzinosi seklu bojajumu un maza sensoru blivuma gadijumos.
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3.8. att. Bojajuma dziluma un sensoru blivuma ietekme uz BNP veértibam aluminija sijai ar
vienu bojajumu visam izstradatajam bojajumu lokalizacijas metodém (simulacija): (a) p = 1;
(b)p=3;(c)p =6.

3.2. Otrais gadijums: kompozita laminata sija ar trieciena bojajumu

Promocijas darba apliikota oglekla Skiedras epoksida laminata sija, kas redzama
3.9. attela. Tika veikts zema atruma trieciena tests ar trieciena energiju 15 J, izmantojot
INSTRON Dynatup 9250 HV trieciena torni. Ar sarkanu krasu iekrasotd zona att€lo
trieciena zonu, balstoties uz ultraskanas testa rezultata argjam robezam — pienemts, ka
bojajums atrodas starp 320 mm un 370 mm. Laminata klajumu shéma ir
[0/90/+45/—45]; ar slana biezumu 0,3 mm (visas sijas biezums ir 2,4 mm). GE modelis
sastav no 2D siju elementiem. Stinguma samazinajums bojajuma zona veikts, samazinot

elastibas moduli. Dinamiskais svarstibu tests veikts analogiski aluminija siju gadijumam.

outer boundaries of damage

550

500

50 100 150 200 400 450 550

08 12 16 20 24
[mm]

3.9. att. Bojatas oglekla Skiedras laminata sijas geometrija (mm) un ultraskanas signala
dzilums pa sijas virsmu.

Veivleta funkcija ar vislabako veiktsp€ju Saja gadijuma ir kompleksa gausa funkcija ar
kartu 5 (cgau5) pie meroga parametra 2 eksperimenta gadijuma, un atgriezeniskais
biortogonalais veivlets ar kartu 3.1 (bior3.1) pie meroga parametra 9 simulaciju gadijuma.
PFLK metodg vislabaka aproksimacija iegiita ar 4. kartas Furj€ rindu (F4).

Bojajuma lokalizacijas rezultati ar abam metodém (NVT un PFLK) att€loti 3.10. un
3.11. attela. Bojajums ir sekmigi lokalizéts ar abam metodem, jo augstakais pikis (arT péc
sliek$na pielikSanas) atrodas bojajuma zona starp vertikalajam Iinijam. Nenozimigie piki tiek
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atfiltréti, izmantojot SBI sliekSnus. Tapat bojajums lokalizéts, izmantojot NVMDS metodi, ka
paradits 3.12. attela.

5 5
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3.10. att. SBI oglekla skiedras kompozita sijai ar trieciena bojajumu, izmantojot NVT metodi:
(a) bez slieksna; (b) ar slieksni 3 (99 % bojajumu lokalizacijas ticamiba).
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3.11. att. SBI oglekla skiedras kompozita sijai ar trieciena bojajumu, izmantojot PFLK
metodi: (a) bez sliekSna; (b) ar slieksni 3 un 2 (99 % un 95 % bojajumu lokalizacijas
ticamiba).

CFRP beam - TVNWS

— FEM ‘
© experiment ‘

61.4379% |

3.12. att. Bojajumu indekss NVMDS metodei oglekla Skiedras kompozita sijai ar trieciena
bojajumu.
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4. BOJAJUMU LOKALIZACIJA 2D KONSTRUKCIJAS
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Promocijas darba aplikota kvadratveida aluminija platne ar izmériem 1000 mm X

1000 mm un biezumu 5 mm. Platnes GE modelis sastav no 8 mezglu ¢aulu elementiem, kas

ir deformé&jami bidé. Bojajums modeléts, samazinot izv€léto elementu biezumu. legriezums ar

gabala 270 mm < x < 350 mm un 640 mm <y < 700 mm,

P
kas veido 0,48 % no platnes laukuma (4.1. att. (a)).
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Damage Tndex
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Damage Index

0.
1000
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X,mm

4.2. att. Bojajumu indeksi aluminija platnei ar bojajumu: (a) bez standartizacijas
(eksperiments); (b) SBI ar 99 % ticamibu (eksperiments); (c) bez standartizacijas (simulacija);
(d) SBI ar 99 % ticamibu (simulacija).

Standartizeto bojajumu indeksi 4.3. attéls ilustré izstradatas metodes efektivitati dazadu
pasSsvarstibu formu izSkirtsp&ju gadijuma. Bojajumu iesp€jams konstatét, bet ne pareizi
lokalizet, passvarstibu formu izskirtsp&ju samazinot Iidz 11 X 11 datu punktiem. Rezultati
parada izstradatas metodes robustumu attieciba uz ierobeZotu mérfjumu punktu skaitu. ST
metode var tikt izmantota praktiskam konstrukciju bojajumu parbaudém.
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4.3. att. SBI aluminija platnei ar dazadam passvarstibu formu izskirtsp&jam: (a) 26 X 26; (b)
11 X 11. Pakreisi: eksperiments, pa labi: simulacija.

1o (%)

Y,mm

4.2. Otrais gadijums: kompozita laminata sija ar trieciena bojajumu

Aplukota treSaja nodala apskatita oglekla Skiedras laminata sija ar trieciena bojajumu,
passvarstibu formas mérot divas dimensijas. Standartizéta bojajumu indeksa (SBI) aprekinos
izmantota Mexican Hat veivletu funkcija ar méroga parametru 1, sasniedzot BNP vértibu
90,07 %, kas ir vislabakais rezultats. SBI sadalijumi NVT un PFLK metodeém pa visu sijas
virsmu ir paraditi 4.4. att€la. Trieciena bojajums ir skaidri lokalizets. Iegitie rezultati parada,
ka izstradata metodologija sniedz informaciju par bojajuma atrasanas vietu un izmériem un to
var lietot ne tikai laboratoriskas parbaudgs, bet ar1 prakse.
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4.4. att. SBI sadalijumi pa oglekla Skiedras laminata siju ar trieciena bojajumu: (a) bez
slieksna (2D NVT); (b) ar slieksni 1,28 bojajuma lokalizacijai ticamibai 90 % (2D NVT); (¢)
bez sliekSna (2D PFLK); (b) ar slieksni 3 bojajuma lokalizacijai ticamibai 99 % (2D PFLK).
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5. UZ DEFORMACIJU IEZIMJU UZRAUDZITO
DAUDZKLASU KLASIFIKACIJU BALSTITS BOJAJUMU
MONITORINGS AR DEFEKTU LOKALIZACIJU
DIVDIMENSIJU KONSTRUKCIJAS

ST nodala sniedz ieskatu par izstradato metodi bojajumu monitoringam un defektu
lokalizacijai masveida razotiem konstrukciju elementiem, izmantojot daudzklasu
klasifikacijas panémienu. Sie konstruktivie elementi varétu biit v&ja generatoru lapstinas vai
lidmasinu sparni, kam tiek veiktas regularas parbaudes bojajumu atrasanai. Metodes ideja
balstas uz bojajumu kataloga izveidi skaitliskajas simulacijas ar galigo elementu metodi.
Simulgjot dazada apméra bojajumus dazadas konstrukcijas vietas, dazadi gadijumi no
izveidota bojajumu kataloga var tikt salidzinati ar realu konstrukcijas bojajumu. Salidzinot
sensoru mé&rfjumu datus no reala bojajuma ar kataloga datu vertibam, var tikt raksturota gan
bojajuma atraSanas vieta, gan ta apmérs. Izstradatas metodes efektivitate tiek demonstréta,
izmantojot oglekla Skiedras laminata konsolplatni ar pseidodefeku. Pseidodefekts S$aja
gadijuma ir pievienota masa, kas lokali izmaina konstrukcijas dinamiskas 1pasibas, gluzi ka
1sts bojajums.

Konsolplatnes GE modelis izveidots, izmantojot komercidlo GE programmas Ansys' ™
versiju 16.2. Materials ir oglekla Skiedras laminats ar 32 slaniem, kur katra slana biezums ir

90 um un klajuma shéma ir (90/0)gs. Masas galigais elements ar lielumu 0,02 kg (9,43 %
platnes masas) ir novietots uz platnes katras zonas, un veikta harmoniska analize platnes
rezonanses frekvencu identifikacijai. Platne dinamiski ierosinata ar 10 voltu elektrisko
spriegumu, izmantojot pjezoelektrisko ierosinataju MFC. Ka pieradits [14], tikai divi optimali
izvietoti deformaciju sensori ir pietieckami efektivu klasifikatoru, balstitu uz deformaciju
ilezimém, izveidei. Deformaciju 1. sensors atrodas vistalak no MFC ierosinataja
perpendikulari skiedru orientacijai, deformaciju 2. sensors, izvietots Skiedru virziena, atrodas
tuvak MFC elementam. Platnes modelis paradits 5.1. attéla.

actuator

point mass MASS21
#2

clamping

experimental position
of strain gauges

modal analysis:
natural

f,',\ frequencies
g(SGZ)i'k slra?ns from
) strain gauge 2
. . . s(Scj)}k
i =1,..,7frequencies e
j =1,..,9 points per zone strain gauge 1

k = 1.....18 zones

5.1. att. Platnes skaitliskais modelis ar platnes dalijumu zonas, punktveida masu un
deformaciju ierakstu.
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Tika aprékinatas Skérsvalidacijas kludas atkariba no mérijjumu skaita katra zona visam
rezonanses frekvencém. Sie rezultati abiem algoritmiem (linearais diskriminants un k tuvakie
kaimini) ir paraditi 5.2. att€la. Vismazakas kludas ir raksturigas pirmajai rezonanses
frekvencei lieceé abiem klasifikacijas algoritmiem, tad&adi turpmakajos aprékinos tika
izmantota tikai fundamentala rezonanses frekvence.

Linear discriminant k-NN
| T T ‘ 1 T
S 3 ; S
0.8 B 0.8 ; :
o) ) = T - ;.
o e ‘ - | -
o —E-21 Ha(*) T E 3 “Fh2r Wiy .
« ‘ = ~F—65 Hz(*) ; ~1 65 Hz(*)
§068 - -~ ' -3 65 Hz(dfit) g 06 { & 65 Hz(*)21 Hz
= / =131 Hz(*) = | ) —E 131 Hz(¥) &
= ‘ =& 131 Hz(dflt) = ey TR r
S 04l / T 7 = 226 Hz(*)
37 226 Hz(dflt) | 7 226 Hz(*)21 Hz
2 367 Hz(*) g 367 Hz(*)
S & 367 Hz(dflt) 5 367 Hz(*)21 Hz
S —F—469 Hz(*) | —F— 469 Hz(*) |
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—F—717 Hz(*) —F— 717 Hz(*)
’ -® 717 Hy(dfit) ~@ 717 Hz(*)21 Hz
0 A \ i i i A i i i i i
2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9
No. of points per class No. of points per class

5.2. att. Skérsvalidacijas kladas noteiktajam rezonanses frekvencém atkariba no mérijumu
punktu skaita zona.

Optimizgjot klasifikatoru hiperparametrus fundamentalas lieces frekvences gadijuma, atrastie
optimalie parametri ir k = 3 (tuvako kaiminu skaits), distance — Mahalanobis distance ar
apgriezto distances svaru. Hiperparametru optimizacijas rezultati (raustitas Iinijas) att€loti ari
5.3. attela ar zvaigzniti *. Neoptimizets lineara diskriminanta klasifikators apziméts ar “dflt”.
Redzams, ka hiperparametru optimizacija (y un & linearajam diskriminantam un tuvako
kaiminu skaits k, distances veids un svars k tuvakajiem kaiminiem) bitiski neietekmée
Skersvalidacijas kladu.

Pieci jauni datu punkti tika simuléti ar nejausu atraSanas vietu uz platnes. Punktu
koordinates paraditas 5.1. tabula.

5.1. tabula
Simul&to nezinamo jauno punktu koordinates un piederiba platnes zonam
Jaunais punkts X, X5 X3 X4 X5
x (m) 0,09 0,064 0,032 0,032 0,088
y (m) 0,346 0,206 0,126 0,026 0,146

starp 9, 10, 11

Zona 18 12

5 1 8

Defekta lokalizacijas prognozes varbutibu sadalfjumi nezinamajiem punktiem abiem
klasifikatoriem ir paraditi 5.3. att€la diviem un deviniem datu punktiem zona.
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. att. Bojajumu prognozes varbiitibu sadalijumi katram nezinamajam punktam.

Vairakos klasifikacijas gadijumos konstatetas atSkiribas abu klasifikatoru sniegumos. Ar
abiem klasifikatoriem un diviem punktiem zona prognozeéts, ka pirmais nezinamais punkts X
atrodas 17. vai 18. zona. Izmantojot devinus datu punktus zona, klasifikacijas precizitate
samazinajas, iznemot k tuvako kaiminu gadijuma. Pareiza klasifikacija nezinamajam punktam
X, bitu jebkura no zonam — 9., 10., 11. vai 12. —, jo, Sim punktam atrodoties So zonu
krustpunkta, ir vienada varbiitiba tikt klasificétam ka piederigam jebkurai no tam. Ar abiem
klasifikatoriem $is punkts klasificéts ka piederigs 12. zonai (divi datu punkti zona). Pareiza
klasifikacija ar abiem klasifikatoriem iegiita, izmantojot ari devinus datu punktus zona.
Punkts X3 atrodas 5. zona, bet tika klasificéts ka piederigs 6. zonai (linearais diskriminants),

29



kas ir tuvu, nemot véra, ka deformaciju vertibu izmaina blakus zonas ir neliela. & tuvakie
kaimini klasificg So punktu ka piederigu 6., 8. vai 9. zonai, kas ir lielaka novirze no pareizas
klasifikacijas. Punkts X4 ir ticis pareizi klasificéts ka piederigs 1. zonai tikai ar k tuvakajiem
kaiminiem un deviniem datu punktiem zona. Arl ar linearo diskriminantu ieglita pareiza
klasifikacija, tadu prognozes varbiitibas ir lielaka méra “izsmérétas” pa zonam. Sis efekts ir
mazak izteikts gadijuma ar diviem datu punktiem zona. Punkts Xs ir pareizi klasificéts ar
abiem klasifikatoriem ka piederigs 8. zonai, gan izmantojot divus, gan devinus datu punktus
zona.

Izstradata metode ir eksperimentali validéta uz oglekla Skiedras kompozitmateriala
konsolplatnes, kas paradita 5.4. att€la (a). Sensoru un ierosinataja izvietojums atbilst
skaitliskajam modelim. Papildu masas pielikSana (atbilstosi skaitliskajai simulacijai) uz
vienas no platnes zonam paradita 5.4. attela (b).

(b)

5.4. att. Oglekla Skiedras laminata konsolplatne: (a) fotografija ar sensoriem un ierosinataju;
(b) platnes sadalijums zonas un masas pieliksana.

Dinamisko deformaciju mérfjumu sistéma sastav no signalu generatora (Agilent 3322A 20
MHz Function/Arbitrary Waveform Generator), kas pieslégts MFC ierosinatajam platnes
harmoniskai ierosmei, signalu pastiprinataja (LE 150/025 Piezomechanik GmbH signalu
pastiprinatajs (230 V AC, s€rijas numurs: 10902/936), deformaciju mérijumu sist€mas (Spider
8 600 Hz / DC HBM ar USB adapteri USBHBM?2903), kas ar kanaliem savienota ar abiem
deformaciju méritajiem un signalu generatoru. Spider 8 sist€éma savienota ar personalo datoru,
izmantojot USB portu. lerakstito deformaciju signalu vizualizacijai izmantota Catman
programma. Katra platnes zona kopa veikti trts m&rjjumi.

Eksperimentala modala analize veikta, ierosinot platni ar pjezoelektrisko MFC (macro-
fiber composite) elementu (modelis M2807-P1 smart material), kas uzliméts uz platnes
virsmas. [zme@ritaja svarstibu atruma spektra 800 Hz frekvencu josla identificeti astoni piki, no
kuriem saskana ar skaitlisko simulaciju izvéléts fundamentalajai rezonanses frekvencei liecé
atbilstosais pikis.

Defekta prognozes varbiitibu sadalijumi platnes katrai zonai atseviski katram jaunajam
datu punktam (ar tam pa$am koordinatém, kas skaitliskaja modeli) ir paraditi 5.5. attéla.
Punkts X ticis pareizi klasificéts ka piederigs 17. zonai. Kopuma linearais diskriminants ir
bijis efektivaks par k tuvakajiem kaiminiem, jo lielakas varbitibas saistitas ar pareizi
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klasific€to zonu. Attieciba uz punktu X, nav iegiiti parliecinosi rezultati. Punkts X3 atrodas uz
6. un 8. zonas robezas. legiita pareiza klasifikacija ar abiem klasifikatoriem — 6. zona, bet
lineara diskriminanta gadijuma prognozes varbiitiba ir augstaka. Punkts X4 ir klasificéts ka
atbilstoSs 2. un 15. zonai, kas nav pareizi, tacu 2. zona ir tuva pareizajai klasifikacijai (1.
zona). Punkts X5 ir pareizi klasificéts — ka piederoSs 7. zonai.
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5.5. att. Defekta lokalizacijas prognozes varbiitibas eksperimentalaja
punktiem zona.

=
s

€tfjumam ar diviem

Eksperimentala validacija uzskatama parada abu klasifikatoru sp&ju atrast bojajuma zonu
vienkarsakajos gadijumos, kad masa pielikta viena zona. AtSkiriba no citam metodém,
izmantojot $o pan€mienu, bojajumam nav noteikti jaatrodas sensora tuvuma ta veiksmigai
lokalizacijai. Metodes ierobezojums ir defekta atraSanas uz vairaku zonu robezas, ka ar1 ar
lielu varbutibu netiks iz8kirti tuvu esosi defekti, jo abos Sajos gadijumos tiks registrétas loti
lidzigas deformaciju vertibas.
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6. METODE AKUSTISKAS EMISIJAS AVOTU ATDALISANAI
UN PIKA FREKVENCU NOBIDES NOVERTESANAI LIECES
SLODZEI PAKLAUTOS IEPRIEKS SASPRIEGTOS
DZELZCELA DZELZSBETONA GULSNOS

Saja nodala tiek izmantota akustiskas emisijas (AE) metode plaisa$anas raksturo$anai
iepriek$ saspriegtos dzelzcela betona gul$nos, kas paklauti lieces slodzei. Metode paver
bojajumu noverteéSanas iesp&jas dazados nakotnes lietojumos, Tpasi — dzelzcela parmiju
parvedas un parbrauktuvés. ST pétijuma mérki ir, pirmkart, identificét lieces izraisitas plaisas
betona gul$nos, izmantojot AE pan€mienu; otrkart, savstarpgji nekorelétie AE parametri var
tikt izmantoti klasifikacijas modela izveidei AE avotu savstarp&jai atdaliSanai ar iesp&amu
analizéjamo AE parametru klasta samazinasanu. Tiek piedavata metode nenozimigu trok$nu
raditu pika frekvencu atfiltréSanai no analiz§jamiem AE signaliem, atstajot tikai tas signalu
ieztmes, kas tieSi saistitas ar plaisu raSanos. Rezultata ir iesp&jams ieverojami samazinat
apstradajamo datu apjomu.

CEMEX piegadatie Cetri pilna izm@ra ieprieks$ saspriegtie dzelzsbetona gulsni ir paraditi
6.1. att€la. GulSpu garums ir 2500 mm, augstums vidusdala — 175 mm, augstums sliezu
stiprinajuma dala — 200 mm, platums — 200 mm. Gul$npa masa ir 309 kg + 3 kg brivajam
savilcgjkomponentém. Katra gulsni ir iestradati seSi iepriekS saspriegti t€rauda armatiras
stieni.

6.1. att. CEMEX piegadatie pilna izméra ieprieks§ nospriegotie dzelzcela dzelzsbetona gulsni.

Gulsnu tehniskajam parbaudém tiek izmantots Eiropas standarts BS EN 13230 [15]. Tas
nodroSina materialu specifikacijas, balsta nosacijumus, slogosanas procediiras un citas
prasibas lieces testu veikSanai. Saja promocijas darba gul$nu vidusdala ir pielikta statiska
slodze gul$nu pozitivaja un negativaja lieces konfiguracija. Praksé trispunktu liece tiek
izmantota plaisaSanas procesu parbaudeém dzelzcela gul$nos. AE sensoru izvietojums uz
gulSniem pozitivaja konfiguracija paradits 6.2. attéla. Izliece vidusdala tika mérita zem
gul$na ar lineari mainigu diferencialo parveidotaju.
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6.2. att. Statiskas slogoSanas sagatave dzelzcela dzelzsbetona gul$niem ar ¢etriem akustiskas
emisijas sensoriem (pozitiva lieces konfiguracija).

AE signali tika detekt€ti un izmériti, izmantojot kompanijas Physical Acoustics
Corporation (PAC, tagad Mistras) Cetru kanalu DAQ AE sist€tmu. Datu registracija tika
veikta, izmantojot “AE-Win” programmatiru. AE signali tika detekteti, izmantojot platjoslas
PAC-WD pjezoelektriskos akustiskas emisijas uztvergjus ar darba frekvenci 20-1000 kHz.
Katrs sensors tika pieslégts pie PAC 2/4/6 priekSpastiprinataja ar pastiprinasanas Itmeni (AE
signala uztverSanas slieksni) 50 dB pirms testa sakuma. AE sensori tika piestiprinati pie
gulSniem ar Vaseline petrolejas Zeleju un nofikséti ar [imlenti.

AE signalu nolasiSanas frekvences vertiba 1 000 000 ieraksti/s, akustiskas emisijas pika
noteikSanas laiks, sitiena noteikSanas laiks un sitiena aiztures laiks tika uzstaditi uz veértibam
atbilstosi 600 ps, 600 ps un 1000 ps. Pirmstrigera laiks tika uzstadits uz 256 ps.

Akustiskas emisijas avotu atdaliSsanas metodologijas shéma ir paradita 6.3. attéla. Divi no
cetriem gulSniem tika slogoti pozitivaja lieces konfiguracija, par€jie divi — negativaja. Divi
gul$ni (nr. 1 un 3) tika slogoti Iidz sabrukumam, savukart guls$ni nr. 2 un 4 tika slogoti Iidz
pirmajai plaisai. Tad gul$ni pakapeniski tika atslogoti un no jauna slogoti lidz 1,5 reizes
lielakai slodzei neka pirmas plaisas slodze. No kopgja registréta akustiskas emisijas parametru
klasta tika izv€leti astoni parametri: impulsu kapums (Rise R), impulsu skaits (Counts C),
impulsu energija (£), impulsu ilgums (Duration D), attieciba impulsu skaits / impulsu ilgums
(C/D) vai vidgja frekvence, impulsu amplitiida (4), signala stiprums (SS) un attieciba impulsu
kapums / piku amplitiida jeb R4 veértiba.

Atsaucoties uz [16], tika veikta korelacijas analize linearu sakaribu noteikSanai starp Siem
parametriem. Parametri ar vislielako savstarp&jo korelaciju no turpmakajiem aprékiniem tika
izslégti, lai izvairitos no parametru savstarp&jas linearitates. Katra nakamaja soli tika izslégts
viens parametrs, kopa veidojot septinus gadijumu pétijumus. Vismaz diviem parametriem ir
japaliek to savstarp€jas sakaribas noteikSanai. Katra atseviSka pétijuma parametri tika
izmantoti 1émumu pienemsSanas koku klasifikacijas modela izveidei, jo parbauzu laika tika
noskaidrots, ka §is klasifikators ir vienigais, ar kura palidzibu veicama apm&ram 98 609 datu
paraugu apstrade samériga laika. K reizu Skérsvalidacijas shéma tika izmantota klasifikacijas
modela parametru optimizéSanai. Sekojot standarta praksei, validacija veikta 10 reizes,
tadgjadi lémumu pienemsSanas koku klasifikatora hiperparametru optimizacija ari veikta
10 reizes. Tika aprékinata vid€ja hiperparametru veértiba, un katram pétijumam izveidots
atsevisks klasifikacijas modelis.
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6.3. att. Akustiskas emisijas avotu klasifikacijas procediiras sheéma.

Klasifikacijas modela veiktspgja tiek verteta, apskatot resubstitiicijas un Sk&rsvalidacijas
kludas. Lémumu koku gadijuma resubstitiicijas kltidu ietekm& maksimalais mezglu daltjumu
skaits, savukart Skersvalidacijas kludu — datu sadalijumu skaits Sk&rsvalidacijas parbaude.

Par nozimigu savstarp&jo korelaciju $aja promocijas darba pienemta robeza ir 60 %. AE
parametru izvéles organizacija ir paradita 6.1. tabula.

6.1. tabula
Parametru izvéles stratégija AE avotu klasifikacijai
P&tijums nr. Parametru skaits IzIegtie parametri
1. 8/8 Neviens
2. 7/8 C
3. 6/8 C,D
4. 5/8 C,D, SS
5. 4/8 C,D,SS,E
6. 3/8 C,D,SS,E, A
7. 2/8 C,D,SS,E, A,RA

Vislielaka vid&ja klasifikacijas precizitate iegiita, izsleédzot tikai divus parametrus un atstajot
seSus, ka paradits 6.4. attela (a).

Salidzinosi nelielais klasifikacijas modela veiktsp&jas samazinajums ir kompenséts ar
samazinato apstradajamo datu apjomu. Samazinot AE parametru skaitu par vienu katra
turpmakaja soli, apstradajamo datu apjoms samazinas lineari, ka redzams 6.4. attéla (b).
Aprekinatais taisnes virziena koeficients jeb datu apjoma samazinajums uz katru no
klasifikacijas modela izslégto AE parametru ir apméram 1,9 MB. Atstajot tikai minimalo
parametru skaitu (divus), vid€ja klasifikacijas precizitate samazinas par apméram 10 %,
savukart analizéjamo datu apjoms samazinas par apméram 70 %. Sis rezultats var tikt
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izmantots AE sensoru izvietoSanai kritiskos dzelzcela posmos, kur bojajumu noteikSana ir

apgrutinata.
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6.4. att. Akustiskas emisijas parametru ietekme uz: (a) vid€jo klasifikacijas precizitati un
klidam; (b) analiz€jamo datu apjomu.

Sabriikot saitém starp materiala dalinam, tiek izstaroti akustiskie vilni noteiktas frekvencu
joslas. Pieaugot slodzei, defekti (plaisas betona) izplatas, palielinot izstaroto vilnu frekvencu
vértibas (frekvendu nobide). Sis nobides apmeérs ir atkarigs no bojajuma dziluma un izméra.
Konstrukciju slogoSanas laika tiek ierakstitas akustiskas emisijas plasa pika frekvencu veértibu
intervala. AtseviSkas frekvences ir saistitas ar troksni, tomér bojajumu raSanas laika tiek
izstarots milzigs daudzums akustisko vilnu. Saja promocijas darba akustiskas emisijas vilna
pika frekvence tika izraudzits ka bojajumjutigs parametrs, jo tas ir droSs akustiskas emisijas
dazado avotu, pieméram, dzelzsbetona korozijas un slodzes izraisitas plaisaSanas indikators
[17].

Gul$na sabrukums liec€ ir paradits 6.5. att€la (a). Sabrukuma moda ir liece + bide.
Slodzes-izlieces likne 6.5. att€la (b) parada, ka elastibas zona iesniedzas Iidz apm&ram 60 kN.
Pie §1s slodzes radas pirma plaisa. Vislielakas energijas impulss ar 31 600 atodZoulu energiju
atbilst gul$na lieces stipribai 102 kN. Sabrukuma bridi gul$na vidusdala registréta izliece ir
17 mm. Uz térauda stieniem tika parnesta stiepes slodze, ka rezultata norisingjas turpmaka
deformacija, ko apstiprina AE aktivitates turpinajums.

Pika frekvencu dinamika slogoSanas laika ir paradita 6.6. att€la. Visintensivakas emisijas
atbilst sabrukumam un pat péc ta. Domin&josa akustisko emisiju proporcija saistita ar
vidusdalu (kanals nr. 4) ar pika frekvencu intervalu no 150 kHz lidz apméram 600 kHz.
Registrétas tris pika frekvencu joslas — [150-300] kHz, [385—460] kHz un [498-496] kHz.
Emisijam no kanaliem nr. 1 un 2 raksturiga frekvencu zemaka josla [150-300] kHz.
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6.5. att. Gul$na nr. 1 sabrukuma aina (a); akustiskas emisijas energija visos kanalos kopa ar
slodzes-izlieces likni (b).
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6.6. att. Pika frekvencu dinamika gulsnim nr. 1.

Gulsna nr. 3 sabrukuma aina ir paradita 6.7. att€la (a). Sabrukuma moda ir tira bide ar
atsegtiem t€rauda stieniem gulSna vidusdala. Slodzes-izlieces likne ir paradita 6.7. attéla (b).
Pirma plaisa radusies pie 53 kN slodzes, bet sabrukuma slodze registréta pie 113 kN. Lieces
nestsp€ja pozitivajai lieces konfiguracijai ir par 11 % lielaka neka negativajai, kas ir saskana
ar gulSnu dizainu praksé. AE dati uzrada salidzino$i lielu korelaciju ar slodzes-izlieces
raksturu, tadejadi pirmas plaisas un lieces nestsp&jas raksturigie punkti var tikt izSkirti.
Salidzinot ar negativo lieces konfiguraciju, lieces nestsp€jai atbilstosas akustiskas emisijas
energijas vertibas ir zemas. lesp&jams, ka agresiva rakstura trauslais sabrukums traucgja AE
sensoriem augstas energijas datu ierakstu.
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6.7. att. Gul$na nr. 3 sabrukuma aina (a); akustiskas emisijas energija visos kanalos kopa ar
slodzes-izlieces likni (b).

6.8. attela ir skaidri redzamas tris pika frekvencu joslas. Visplataka frekvencu josla ir
[150-300] kHz, otra josla ir [350-450] kHz, tresa josla ir [S00-600] kHz. Akustiskas emisijas
impulsu lielaka proporcija tick generéta kanala nr. 4 apkartné ar lielako plaisu koncentraciju.
Gluzi tapat ka gul$nos nr. 1 un 2, ar kanaliem nr. 1 un 2 registrétie akustiskas emisijas impulsi
galvenokart pieder pie pika frekvencu zemakas joslas [150-300] kHz. Nozimigi emisiju
uzplaiksnijumi atbilst gul$na sabrukumam. Ar citiem kanaliem registrétie emisiju impulsi nav
tik izteikti.
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6.8. att. Pika frekvencu dinamika gulsnim nr. 3.

Ka redzams 6.9. att€la (a), pirma plaisa paradijusies pie slodzes 60 kN. AE korelacija ar
slodzes-izlieces raksturu nav pilniga, tacu straujais impulsa energijas picaugums, kas ir
atbilsto§s pirmajai plaisai, ir skaidri pamanams. Pie liclakam slodzém AE energija ir
salidzino$i zema, iznemot 79 kN slodzi, pie kuras gul$na tehniskais stavoklis sak palikt
kritisks. Tadgjadi plaisu izplatiSanas gener¢ lielakas energijas akustiskas emisijas impulsus.
Slodze tika palielinata 11dz apmé&ram 83 kN.
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6.9. att. PlaisaSanas aina pie slodzes, kas 1,5 reizes parsniedz pirmas plaisas slodzi gulsnim
nr. 4 (a); akustiskas emisijas energija visos kanalos kopa ar slodzes-izlieces likném (b).

Slodzes-izlieces liknes kopa ar pika frekvencu dinamiku slogoSanas laika ir paraditas
6.10. attela. ParsteidzoSi ir tas, ka visizteiktakais pika frekvenCu veértibu pieaugums ar
pakapienveida raksturu un salidzino$i nelielu emisiju skaitu, pieaugot slodzei, ir kanala nr. 2.
Relativi mazaku pika frekvencu vertibu akustiskas emisijas ir izstarotas kanala nr. 4 apkartné
ar frekvencu joslu [100-300] kHz un salidzinosi nelielu emisiju skaitu, kaut arT emisijas tika
registrétas visa testa laika. Domingjosa emisiju proporcija registréta kanala nr. 3 tuvuma ar
plaSu frekvencu spektru, no kura var izcelt tris joslas [150-300] kHz, [300-460] kHz un
[500-700+] kHz. No kanala nr. 1 ir registrétas salidzino$i nedaudz emisiju parsvara zemakaja
frekvencu josla [150-300] kHz.
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6.10. att. Pika frekvencu dinamika gulsnim nr. 4.

Akustisko emisiju intensitate ir pieaugusi virziend uz gulSnu vidusdalu. Vienigais
iznémums ir gulsnis nr. 4.

Apliikojot visus kanalus, nozimigo pika frekvencu proporcija veido tikai 14 % Iidz 34 %
no sakotngjiem registrétajiem datiem, taja pasa laika saglabajot 53 % lidz 98 % no emisiju
skaita informacijas. ST atzina ir svariga efektivai modificéto universalo sliek§nu izmanto$anai
akustisko emisiju signalu praktiskai apstradei.
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SECINAJUMI

Promocijas darba ir izstradati konstrukciju bojajumu lokalizacijas algoritmi, kas iedaliti
divas dalas. Pirmaja dala ir aprakstiti algoritmi, balstiti uz passvarstibu formu parveidojumu
metodem — telpisko nepartraukto veivletu transformaciju (NVT), paSsvarstibu formu lieckuma
kvadratu (PFLK) un vél viena metode, kas izstradata promocijas darba. ST metode balstita uz
normaliz€to veivletu meroggrammas dispersijas parametra aprékinu atkariba no veivleta
méroga. Rezultati ir saskaititi, izmantojot visas promocijas darba apskatitas veivletu
funkcijas. Tadgjadi, salidzinot ar tradicionalo nepartraukto veivletu transformaciju, metodes
darbibai nav nepiecieSams izvéleties tadus svarigus parametrus ka veivleta funkcija un
méroga parametrs. STs metodes ir izstradatas siju un platnu konstruktivajiem elementiem.
Bojato konstrukciju (aluminija sijas un platne ar fréz€to iegriezumu un oglekla Skiedras
laminata kompozita sija ar trieciena bojajumu) passvarstibu formas ir eksperimentali
izmgeritas, izmantojot bezkontakta skengjoso lazera vibrometru, skaitliskas simulacijas veiktas
ar komercidlo galigo elementu programmatiru Ansys' . Pagsvarstibu formu signalu
p™ vide. Tika veikta

parametriska analize, p&tot dazadu troksnu Iimenu (no 0 % lidz 4 %) un paSsvarstibu formu

izmantoSana izstradatajas metodes tika realiz€ta programmas Matla

izSkirtsp&jas jeb sensoru blivuma (passvarstibu formu signalu garumu izdalot ar veseliem
skaitliem no 1 Iidz 6) ietekmi uz rezultatiem. Rezultata tika formul@ti Sadi secinajumi:

e ar visam tris metodém ir lokalizéti bojajumi visos bojajumu scenarijos — viens un
vairaki frézeti iegriezumi aluminija sijas un platne, ka ari trieciena bojajums oglekla
Skiedras laminata kompozita sija — ar dazadiem bojajuma noteikSanas palavibas
limeniem. Metozu darbibai nav nepiecieSama nebojatu konstrukciju paSsvarstibu formu
informacija, kuras pieejamiba ir daudzu tradicionalo metozu pamata;

o telpiska NVT ir efektiva metode konstrukciju bojajumu noteikSanai un lokaliz€Sanai,
izmantojot passvarstibu formu informaciju. Tomér metodes efektivitatei ir nepiecieSama
pareiza veivleta funkcijas un tas meéroga parametra izvéle;

e PFLK metode ir efektiva bojajumu lokalizacija, pie tam ta ir vienkarSaka neka NVT
saistiba ar mazaku izv€les parametru skaitu. Promocijas darba izstradats pan€miens
nebojatas konstrukcijas paSsvarsttbu formu ieglSanai, izmantojot tikai bojatas
konstrukcijas passvarstibu formas, atbilstosi veicot formu polinomialo nogludinasanu
platnu gadijuma un aproksimaciju ar dazadu kartu Furj€ rindas funkcijam siju gadijuma.
Salidzinajuma ar telpisko NVT, PFLK metodes bojajumu lokalizacijas veiktspgja ir
augstaka, taCu ar tas jutiba attieciba pret signalu trokSniem ir lielaka;

e izstradato metozu veiktsp€ja ir uzlabota, izmantojot statistiskas hipotézes parbaudi.
Nenozimigas bojajumu indeksa veértibas ir pielidzinatas nullei, tadgjadi izcelot lielako
amplitidu pikus, kas atrodas bojajuma vieta;

e izstradato metoZzu veiktspgja ir novertéta, izmantojot promocijas darba ieviesto
lielumu — bojajumu noteikSanas palaviba (BNP), kas izteikta procentos. Ka paredzets,
BNP vértibas samazinas, samazinoties passvarstibu formu izskirtsp&jai jeb sensoru
blivumam, tomér vislielaka veiktsp&ja nav saistita ar vislielako sensoru blivumu —
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passvarstibu formu ar mazaku datu punktu skaitu gadijuma (p = 2) metodes ir
noturigakas pret troksni, uzlabojot veiktspg€ju;

e saskana ar dazadu bojajumu dzilumu simulaciju rezultatiem aluminija sijai ar vienu
bojajumu izstradatas bojajumu lokalizacijas metodes ir dross riks bojajumu lokalizacijai
pat salidzinosi seklu bojajumu gadijuma. Izn@émums ir NVMDS metode, kuras sniegums
(BNP vertiba) ir nestabils, ja ir palielinats bojajuma dzilums un ir mainigs sensoru
blivums;

e viens no lielakajiem izstradato metozu ierobezojumiem ir “malu efekts” — ievérojamas
bojajumu indeksa vertibas konstrukcijas malas, kur bojajumu nav. Ta iemesls ir tas, ka
pSsvarstibu formas nav nepartrauktas konstrukciju malas. Probléma var tikt risinata,
piem&ram, maksligi ekstrapol&jot passvarstibu formas ar nulles vertibam, tacu tas netika
darfts, jo nav saistits ar promocijas darba uzdevumiem.

Promocijas darba otraja dala tika petitas akustiskas emisijas (AE) avotu atdaliSanas
iesp€jas pilna izméra iepriekS nospriegotos dzelzsbetona dzelzcela gul$nos, izmantojot datu
klasifikacijas panémienus. Veicot statiskas trispunktu lieces testus, tika ierakstiti akustiskas
emisijas signali ar Cetriem sensoriem. Tradicionalas slodzes-izlieces Iiknes tika salidzinatas ar
akustiskas emisijas signaliem vienados laika meérogos ar mérki noteikt sakaribu starp
plaisasanas slodz&m un akustiskas emisijas impulsu energijas peksnu picaugumu. Akustiskas
emisijas avotu atdaliSanai un emisijas pika frekvencu nobides Iidz ar attalumu no lielakas
plaisu koncentracijas raksturoSanai tika izstradata datu klasifikacijas shéma, balstoties uz
lémumu pienemsanas kokiem ar optimiz&tiem hiperparametriem. Apzinoties esos$os p&tijumus
Saja joma, §1 pétfjuma rezultdti varStu tikt izmantoti dzelzcela pasSuzraudzibas sist€mu
izstrade, pieméram, iepriek$ nospriegotos dzelzsbetona gul$nos, kas tiktu izmantoti tadas
dzelzcela joslas kritiskas pozicijas ka dzelzcela tilti, parejas zonas, parmiju parvedas un
parbrauktuves. Tadgjadi tiks butiski uzlabotas jau esoSas dzelzcela tiklu bojajumu
monitoringa metodes.

Ir izstradata jauna metode masveida razotu tipveida divdimensiju konstrukciju bojajumu
monitoringam ar defektu lokalizaciju, pamatojoties uz uzraudzito masiapmacibu shému.
Metode ir validéta oglekla Skiedras kompozita laminata konsolplatnes eksperimentalaja
petijuma. Formuléti $adi secinajumi:

e AE tehnologija ir efektivs riks sakotngjo plaisu noteikSana. PlaisaSanas izraisitie

akustiskas energijas impulsi korel€ ar citiem mainigajiem lielumiem slogoSanas laika;

e registrétie AE dati apstiprina dzelzsbetona gul$nu mehanisko uzvedibu lieces slodze.
Izlieces liknes analize ir salidzinosi vienkarSs panémiens bojajumu konstateéSanai reala
laika, jo vertikalo parvietojumu ieraksts sniedz iesp&ju novertet konstrukcijas tehnisko
stavokli. Akustiskas emisijas impulsu skaits strauji pieaug plaisu paradiSanas un
izplatiSanas laika. Vislielaka plaisasanas koncentracija registréta gul$nu vidusdala, kas
tika apstiprinats ar vislielako akustiskas emisijas impulsu proporciju tiesi no vidusdalas,
nevis no citiem sensoriem, kas izvietoti talak;

e katrs AE avots ir unikals ar noteiktu signala ainu un emisijas parametru vértibam. Saja
promocijas darba AE avoti tika atdaliti viens no otra, laujot tos analizét atseviski. S1
atdaliSanas procediira ir noderiga, novért§jot akustiskds emisijas intensitates
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proporciju no katra emisijas avota un konstatgjot kritiskakos avotus konstrukcija. Siem
kritiskajiem AE avotiem ir potencials laika gaitd samazinat konstrukcijas nestsp&ju,
plaisam rodoties un izplatoties. AE avotu atdaliSana realizéta, izmantojot datu
klasifikacijas metodi, balstitu uz [@mumu pienemSanas kokiem ar optimiz€tiem
hiperparametriem,;

ir paradits, ka akustiskas emisijas analiz€jamo parametru skaita samazinaSanai no
astoniem Iidz diviem avotu savstarpgjai atdaliSanai ir salidzino$i neliela ietekme uz
akustiskas emisijas avotu klasifikacijas precizitati — samazinajums ir apméram 10 %,
tomer apstradajamo datu apmérs samazinas par 70 %;

visu cCetru dzelzsbetona gulSnu gadijuma emisijas pika frekvencu dinamika,
palielinoties slodzei, liecina, ka vairums pika frekvencu vertibu grupgjas tris joslas,
kuru vertibas, vid€jotas pa visiem gulSniem, ir atbilsto$i [150-300] kHz, [300—460]
kHz un [500-800] kHz;

trokSna radito emisijas pika frekvencu atfiltréSanai piemérots uzlabotais universalais
slieksnis. Datu filtréSanas rezultati liecina, ka iesp&jams saglabat 14 % Iidz 34 % no
sakotngji ierakstito pika frekvencu vértibu skaita, taja pasa laika saglabajot 53 % lidz
98 % no sakotng&ja emisijas impulsu skaita;

pretstata vairumam gadijumu klasifikacijas modela veiktsp&ja pievienotas masas
lokalizéSanai uz oglekla Skiedras kompozita laminata konsolplatnes ir augstaka,
izmantojot tikai divus deformaciju mérijumu punktus katra platnes zona;

lai gan ar abiem klasifikacijas modeliem nebija iesp&ams iegtt parliecinoSus defekta
lokalizéSanas rezultatus metodes eksperimentalas validacijas sarezgitakajos
gadijumos, izstradatajai metodei tomer ir perspektiva konstrukciju elementu bojajumu
monitoringa;

salidzinot klasifikacijas modelu veiktspgju pie konstrukcijas dazadam ierosmes
rezonanses frekvencém, konstatéts, ka vismazakas klasifikacijas kludas iegitas,
izmantojot fundamentalo paSsvarstibu frekvenci liece.
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INTRODUCTION

Motivation and Scope

Demands for structural integrity of different civil and engineering structures have grown
over the years. This can be mainly attributed to the increasing complexity and size of such
structures as civil buildings, skyscrapers, bridges, dams, stadiums, tunnels, and industrial
facilities, naval and aerial transport. Also, these structures need to maintain structural integrity
and functionality throughout the entire service life under constantly changing environmental
conditions and, in some cases, in aggressive environments. The consequences of a structural
failure are often tragic and involve serious financial investments.

In order to prevent these catastrophes, safety inspections have to be carried out on a
regular basis. However, these inspections are often time consuming and costly and, as a result,
non-destructive structural health monitoring (SHM) has emerged as a new field in engineering
community. SHM has gained significance in the era of complex and massive structures and
vehicles in domains of civil, mechanical and aerospace engineering communities. Lightweight
structures such as airplanes are also increasingly exploiting the benefits of SHM. SHM
technologies are based on sensors (usually piezoelectric or optical fibre) which are mounted
directly on the structure or, in case of layered composite structures, embedded within the
structure. In conjunction with control units these sensors are used to signal any changes in
internal state of the structure in response to environmental loads (temperature, pressure) or
direct damage. Systems equipped with such technologies have the obvious benefits over
conventional structures of preventing disastrous structural collapses, extending infrastructure
lifetime, and reducing maintenance costs and helping design of composite materials [1].

Aims of the Thesis

Although numerous SHM solutions particularly targeted at composite structures already
exist, some factors hinder their potential implementation in practice. This is due to complex
nature of composites themselves, in particular, anisotropy. Moreover, different possible failure
modes in composite structures may require sophisticated tailoring of SHM methods. Also, high
demands for structural safety are imposing high standards to SHM in terms of reliability,
robustness and safety. Therefore, the aim of this Doctoral Thesis is to develop damage
identification methods for one-dimensional and two-dimensional structures using mode shape
transformation methods, as well as classification framework for damage interrogation in railway
sleepers and condition monitoring of two-dimensional structural members.

Tasks of the Thesis

In order to accomplish the aim, the following tasks are set:
e to review the relevant scientific literature on various vibration-based and machine
learning-based SHM techniques;
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e to develop methods for structural damage localization in one-dimensional and two-
dimensional structures by using structural deflection shape transformations based on
novel modifications of continuous spatial wavelet transform and mode shape curvature
square method;

e to develop methods for damage identification in full-scale pre-stressed railway
concrete sleepers using advanced signal processing techniques based on supervised
learning of acoustic emission signals;

e to develop a method for condition monitoring of massively produced two-dimensional
structural parts with an added benefit of structural defect localization using supervised
learning algorithms;

e to validate the developed methods in experimental studies.

Scientific Novelty

A novel structural damage localisation algorithm for beam structures based on variance of
normalized scalogram of spatial continuous wavelet transform is developed. The benefits of
this algorithm include the use of all wavelet functions so that there is no need to select the
most appropriate function. The second advantage of this method is that no particular scale
parameter has to be chosen. This novel method is compared with conventional spatial
continuous wavelet transform and mode shape curvature square technique and its advantages
are highlighted.

Smoothing techniques for mode shape data are proposed in order to simulate mode shapes
of healthy structure using exclusively the mode shape data of damaged structure. Hence, there
is no need for modal information of a healthy structure, which is often impossible to obtain.

Acoustic emission source separation technique for pre-stressed railway concrete sleepers
based on supervised learning algorithms is developed. By separating these sources, a unique
signature of each source in a form of frequency content can be studied further. Peak frequency
shifts with a distance from the largest concentration of cracks, which, in turn, are acoustic
emission sources, is studied and a correlation law is established.

Practical Significance of the Thesis

Methods for structural damage localization in beam and plate structures are developed
allowing to locate damage in structural members using deflection shape data of the damaged
structure. Hence there is no need to obtain the baseline deflection shape information of the
healthy structure. The developed methods can, up to a point, be effectively used on deflection
shapes contaminated with noise of varying degree (at least 4 %) and different sensor densities
or resolutions of deflection shapes.

Method for acoustic emission source separation in full-scale pre-stressed railway concrete
sleepers is developed, which might be used to gain fundamental insights in peak frequency
contents of acoustic emission from cracking concrete during service life after processing the
signals obtained from acoustic emission sensors mounted on sleepers, which lie in the most
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critical locations of railway track, namely, turnouts. These contents then, in turn, can be
correlated with relevant operational failure modes of the sleepers under dynamic loading from
passing railway stock.

Supervised machine learning schemes are effective in interrogating structural changes,
such as changes in mass or stiffness. This approach, developed for two-dimensional mass-
produced structural elements (wind turbine blades, aircraft wings, etc.), can be effectively
applied in aerospace industry in order to detect and localize and potentially determine the
severity of damage in aircraft elements equipped with sensor network of reasonable density.

Methodology of the Research

e Deflection shape measurements were carried out using non-contact laser scanning
vibrometer Polytec™ PSV-400-B.

e Deflection shape signals were post-processed and all the calculations were performed
using mathematical package Matlab™.

e Numerical models of the structures as well as numerical modal analysis was
conducted using commercial finite element package Ansys'™.

e Impact damage was implemented using low-velocity impact drop tower Instron™
Dynatup 9250 HV.

e Railway concrete sleepers were subjected to three-point bending according to the
European Standard BS EN 13230.

e Acoustic emission signals in railway concrete sleepers under flexural loading were
recorded using a 4-channel DAQ AE system from Physical Acoustics Corporation
(PAC, now Mistras). The data acquisition was performed using AE-Win software.

e Mechanical strains in the CFRP plate were measured using two 350 () strain gauges,
and dynamic excitation of the plate was conducted by employing MFC™ (Macro
Fibre Composites) actuator. Agilent 3322A 20 MHz Waveform generator was used for
harmonic excitation of the plate. Spider 8 acquisition system was used for strain signal
acquisition, and Catman software was used for visualization.

e Statistics theory was used for data post-processing.

Applicability Limitations of the Developed Methods

e The developed methods for structural damage localization are applicable to beam (one
dimension) and plate (two dimensions) structural elements only.

e Deflection shape signals of the damaged structure must be readily available for the
implementation of the algorithms of damage localization. Chances of successful
damage localization improve with increasing number of deflection shape signals, as
with fewer signals at hand there is a higher possibility that zero amplitude of the signal
coincides with a location of damage.
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e All available wavelet functions at different scale parameters and Fourier
approximation functions must be tested in order to select the one with the best
performance as this information is not available a priori.

e No damage at the edges of the structures can be localized using the developed
algorithms due to edge effects.

e Only limited number of acoustic emission sensors can be mounted on railway sleepers
on field. For higher feasibility, it is advised to mount the sensors only on sleepers in
the most critical locations of the railway track.

e The high sensitivity to noise of the acoustic emission approach suggests that a reasonable
cracking severity has to be reached in order for the developed method to provide early
warning of damage in the case of sleeper operation on an actual railway track.

The Arguments for Defence of the Thesis

1. Methods for structural damage localization in one-dimensional and two-dimensional
structures by using structural deflection shape transformations based on novel
modifications of continuous spatial wavelet transform and mode shape curvature
square methods are developed.

2. Methods for damage identification in full-scale pre-stressed railway concrete sleepers
using advanced signal processing techniques based on supervised learning of acoustic
emission signals are developed.

3. Method for condition monitoring of massively produced two-dimensional structural
parts with an added benefit of defect localization using supervised learning algorithms
is developed.

4. The developed methods are experimentally validated and suggest that structural
damage can be effectively localized.

Structure of the Thesis

Chapter 1: Overview of problems of structural inspection.

Chapter 2: Description of developed damage localization algorithms.

PART I — Mode shape transformations

Chapter 3: Damage localization in beam structures using developed structural damage
localization methods.

Chapter 4: Damage localization in plate structures using developed structural damage
localization methods.

PART II — Classification of damage-sensitive features

Chapter 5: Condition monitoring with defect localization in two-dimensional structures
based on supervised multiclass classification of strain features.

Chapter 6: Characterization of acoustic emission sources in pre-stressed railway concrete
sleepers using classification algorithms.

Conclusions.
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1. TRENDS IN STRUCTURAL DAMAGE ASSESSMENT

Currently 27 % of an average aircraft’s life cycle cost is spent on inspection and repair.
The aerospace industry is increasingly using composite materials to take advantage of their
excellent specific strength and stiffness properties, fatigue performance, as well as their
ability to reduce radar detection [2]. Unfortunately, composites are also subjected to
deterioration and crack damage will appear during their service due to aging, chemical
corruption, mechanical vibration, shocks, etc. [3]. The studies of low-velocity impact are
important in case of composite materials because impact is one of the main failure modes of
composites in through-thickness direction [4].

Railway concrete sleepers and bearers are a safety-critical component of the railway
system. Despite the fact that there are more than 1 billion concrete sleepers and bearers
around the world, their structural health monitoring systems have not fully been developed.
Railway sleepers are designed to transfer the load from the rails into the ballast and
substructure below and to secure track gauge during train traffics to prevent track movement
in longitudinal and lateral directions. Two main failure mechanisms are the tensile cracking
and compressive crushing of the concrete [5]. In [6], for both hard and soft tracks it was
flexural cracking that occurred first. Hence, sophisticated SHM methods are of great
importance for safe operation of structures.

1.1. Vibration-Based Damage Identification

One of the most popular classes of SHM methods is based on structural vibrations. These
methods rely on the fact that dynamic characteristics, namely, resonant frequencies, mode
shapes and damping are influenced by the stiffness of the structure. Several studies [7]-[9]
have shown that mode shape transformations have been proved to be highly sensitive to
damage and could be used for damage detection and quantification. The most serious
shortcoming of those methods, however, is a necessity for a baseline data of a healthy
structure, which in most cases is difficult or even impossible to obtain.

1.2. Supervised Learning Using Extraction of Damage-Sensitive Features

With the development of machine learning concepts, the methodologies from regression
and classification were transferred to the domain of SHM where they have been successfully
applied to capture the damage — detection, localization, quantification of severity and,
perhaps, estimation of the remaining useful life of the structure. Data classification algorithms
hold a potential to be applied in damage detection methodologies based on relevant feature
extraction from vibration signals of monitored structures.
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2. DAMAGE LOCALIZATION ALGORITHMS

2.1. Continuous Spatial Wavelet Transform

Damage index for each of mode shapes (in 2D) is depicted as follows:

DIL??]"S = ff W{,quj*s,a,b(x)y)dXdy; (21)
S

where w™ — the measured transverse displacement of the structure;
 — wavelet function;
s — scale factor (expands or contracts wavelet function);
a,b — translation factors (move the wavelet function in x and y directions,
respectively);
n — mode number;
i —number of grid points in x direction;
Jj —number of grid points in y direction;
S — surface of a plate, m?.

Asterisk denotes complex conjugation. These wavelet transform coefficients are extremely
sensitive to any discontinuities and singularities of signal (w in this case), therefore damage
due to a sudden loss of stiffness can be detected in mode shapes that have large amplitude
wavelet coefficients.

Mode shapes, measured in experimental conditions, are always contaminated by
measurement noise, which may lead to false peaks in damage index profiles, thus misleading
data interpretation. In order to overcome this problem, the summarized damage index is then
defined as the average summation of damage indices for all modes and normalized with
respect to the largest value of each mode

l]S
- i 2.2
Dlijs Nz max(DIUS 22)

where N — total number of modes.

According to [10] and [11], these damage indices are then standardized and a concept of statistical
hypothesis testing is applied to classify damaged and healthy elements and to localize damage
depending on the pre-defined damage threshold value yielding standardized damage index
DI ijs — Ms
SDI;js = — (2.3)
where s — scale-dependent mean value of damage indices DI, j s;

o, — scale-dependent standard deviation of damage indices DI, j .

A new damage metric, called damage estimate reliability (DER), is introduced in an
attempt to quantify the performance of wavelet functions. DER is a ratio of an average SDI in
the zone of damage divided by an average SDI in all structure and expressed in percentage.
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2.2. Thresholded Variance of Normalized Wavelet Scalogram

Three-dimensional plots showing magnitude of CWT coefficients versus different scale
factors and time or space are known as wavelet scalograms [12], [13]. More beneficial,
however is a normalized wavelet scalogram (NWS):

Ws,a(i) 2
S

NWSqaq) = (2.4)

Regions of maxima in NWS (ridges) correspond to the most energetic features of the signal
and denote the location of damage for a spatial CWT.
Damage metric for this method is defined as a variance of a normalized wavelet
scalogram with respect to scale factor and expressed as follows:
Sa(i) = GZ(NWSS’a(i),S). (2-5)
Universal threshold is defined as:

Median|S ;) — Median(Sg;
T = 6J2In(A) = 20 i = e fan|Sa(p — Median( a(l))|\/21n(A),

0.6745 0.6745
where o — the standard deviation of noise of S, (;);

(2.6)

A — number of DOFs in a mode shape signal;
MAD — Median Absolute Deviation.

Universal Threshold is applied to variance distribution to filter out the insignificant values.
The Sg(;y values that do not pass the threshold value T, are assigned a value of zero, otherwise
these values are assigned a value of 1, giving thresholded variance of normalized wavelet
scalogram
if(Saqy = T) = TSaqy = 1 27
else » TS, = 0.
Values of TS, ;) are summed up over all wavelet functions for each i, yielding summarized
thresholded variance of normalized wavelet scalogram
Aoty = X721 TSa@i),)- (2.8)
All i values of Agy(;y are summed to yield total thresholded variance of normalized wavelet
scalogram
0 =YL, 272 TSag) = Xic1 Ma)- (2.9
Ag(iy 1s expressed in percent of @ for each i, giving fractional thresholded variance of
normalized wavelet scalogram
Zaw) = 100 - Ayy /0. (2.10)
The universal threshold (T, to distinguish from threshold applied to S,(;)) is applied to Z,(;),
and the logical decision as the one stated in Equation (2.7) is applied once more
if(Zay 2 To) = TZaqy = 1 @.11)
else > TZy;) = 0.
The final decision on the location of damage is based on those coordinates x (related to i) that
correspond to Z, ;) values that have passed the universal threshold T5,.
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2.3. Mode Shape Curvature Square

In real life, baseline data of a healthy structure is rarely available, especially for structures
that are already in exploitation. This Thesis provides means to estimate a state of a healthy
structure through an interpolation technique applying a Fourier series approximation on a
mode shape curvature data of the damaged structure in one dimension, thus generating
smooth mode shape curvature curves. The trigonometric form of Fourier series is

u
K(x) = ay+ Z a;cos(uwx) + b;sin(uwx), (2.12)
i=1
where a, — constant (intercept) term in the data and is associated with the i = 0 cosine term;
w — the fundamental frequency of the signal;

u — the number of harmonics or order of a series.

In this Thesis, the mode shape curvature data of beams is approximated with Fourier series
functions of orders 1-8.

Damage localization algorithm is extended to two dimensions to tackle the problem in
plate-type structures. The mode shape curvature of a healthy structure has a smooth surface
and in two dimensions is obtained by a polynomial approximation. This procedure is carried
out using a mode shape curvature of a damaged structure and applying the least-squares
fitting technique. The damage index DI is defined as the absolute difference between the
measured curvature of the damaged structure and reconstruction of the mode shape curvature
approximation with Fourier series (or polynomial approximation in 2D) representing the

92w\’ 5 a2wm\’ 5
B ) e,
0x* /i 7 9 Jup @)

where Ky and k} — reconstructed mode shape curvature in x and y direction, respectively,
-2

healthy structure.

DI

iLj =

, (2.13)

m

The mode shape curvatures are calculated from the mode shapes by the central difference
approximation at grid point (i, j) as:

n n n
(6ZW”) _ Wit jT2Wi Wi,
@@n

0x? h2 >
<62W"> Wi 2wt wi (2.14)
2 - 2
9% ) h

where h — the distance between two successive nodes or measured points, m.

The summarized damage index is calculated using Equation (2.2). Afterwards, this damage
index 1is also standardized (refer to Equation (2.3.)), leading to SDI. DER values are also
obtained.
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2.4. Data Classification

The study explores the feasibility to develop an effective method for condition monitoring
of structural parts using sensor data. The realization of the algorithm is implemented through
the following steps.

1. Harmonic analysis of a structural part is carried out to identify the resonant
frequencies.

2. Structural part equipped with an actuator is partitioned into arbitrary number of zones
(which serve as class labels) and a point mass is applied in each zone an arbitrary
number of times.

3. At each event of application of point mass, the mechanical strain &€ due to applied
harmonic force from the actuator is extracted. It is known that the application of mass
will cause a shift of resonant frequency peaks of the structure with respect to the
healthy state. Amplitudes of strain readings will decrease in correlation with the
magnitude of this frequency shift, hence signalizing damage.

4. These extracted strain data is organized into separate matrices for each of the
identified resonant frequencies:

Ist frequency last frequency (2.15)

({1}m><1 {le1 }mxa {|52|}mx1> <{1}mx1 {le1}mx1 {|52|}mx1>

{n}T'r'lX1 {lslil}lmxl {lszi.}.mxl nxk+1 {n};t"lX1 {leli.}.mxl {lszi.}.mxl

where m — a number of points per each class;

nxk+1

n — a number of zones the part is partitioned into;
k — a number of strain sensors on the part.

The curvy braces denote vectorial entities.

5. Two different supervised learning algorithms — linear discriminant and non-linear k-
NN are used to build classifiers from the acquired strain data for each of the resonant
frequencies separately. In general, any classification scheme can be used.

6. K-fold cross-validation scheme is adopted to tune the parameters of classifiers and
avoid overfitting.

7. The algorithm is validated on unknown data points (query points). The final results are
displayed in terms of distributions of prediction probability for every zone of the part.
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3. DAMAGE LOCALIZATION IN 1D STRUCTURES

3.1. Case Study 1: Aluminium Beams With a Mill-Cut Damage

Commercial finite element program Ansys ™ is used to build numerical models of all
structures considered in this Thesis.

Geometrical configuration of aluminium beams is shown in Fig. 3.1. Two beams with a
one site of mill-cut damage and one beam with two damages are considered. FE model of
aluminium beams consists of 2D beam elements. The damage is modelled by reducing the
flexural stiffness E1 of the selected elements, which is achieved by decreasing the thickness of
elements.
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Fig. 3.1. Geometry of aluminium beams (in mm).

In order to compare the sensitivity of the damage identification algorithm to noisy
experimental data, a uniformly distributed random noise was added to the numerically
simulated mode shapes. It is often not possible to equip the structure with a dense grid of
sensors. Therefore an additional study was conducted where numerical mode shape data was
divided by integer numbers p = 1, 2, 3,4,5, 6.

Damage localization procedure employing all 3 algorithms (CWT, MSCS and TVNWS)
is carried out using numerically simulated mode shapes contaminated with noise with the
levels of § = 0.5 %, 1 %, 2 % and 4 %.

Healthy and damaged beams are subjected to the dynamic vibration test in order to store
their mode shapes for further application of developed methods. The experimental modal
analysis is conducted using a Polytec'™ PSV-400-B scanning laser vibrometer. See Polytec™
system in Fig. 3.2.
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Fig. 3.2. Experimental set-up for modal analysis employing scanning laser vibrometer.

The SDI distributions corresponding to scales with the highest DER are shown in Fig. 3.3.
The highest peak is located in the actual zone of damage between two vertical dashed lines,
thus damage is located. Large amplitude SDI value is also found at the edges of Al beam 1d.
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Fig. 3.3. SDI profiles at p = 1, 3, 6 (experiment): (a) CWT; (b) MSCS.
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Plots of SDI distributions for Al beam 2d using MSCS method are shown in Fig. 3.4, and
using CWT method — in Fig. 3.5. For the CWT method, the respective SDI distributions are
all shown at scale = 6, set as a reference, since the highest DER value is attained at this scale,
at original sensor density. At p = 1, the highest SDI peaks are convincingly located between
two red vertical lines that indicate the zones of damage. At p = 3, however, SDI are widely
spread across the coordinate of the beam, clearly not revealing the damage (at scale = 6).
Nevertheless, scale = 3 is the best for this case as indicated by a respective DER vs p plot.

By application of statistical hypothesis with damage localization confidence level of 99 %,
SDI values lower than a threshold value of 3 are assigned a zero value. Thresholds for SDI are
applied to filter out smaller peaks that do not contribute to damage.
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Fig. 3.5. SDI for Al beam 2d (CWT) at scale = 6 (experiment): (a) no threshold; (b)
thresholded with 99 % confidence.

Damage localization results using TVNWS method are shown in Fig. 3.6 for Al beam 1d
and in Fig. 3.7 for Al beam 2d. The fractionalized wavelet scalograms show that the largest
amplitude of variance of normalized wavelet scalogram is between vertical lines — in the zone
of damage. By applying the universal threshold the second time (7T,) these values are filtered
and the ones passing this threshold are depicted in small inlet plots. A separate DER value is
calculated for these inlet plots and results are shown.
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Fig. 3.6. Damage indices for TVNWS method for Al beam 1d.
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Fig. 3.7. Damage indices for TVNWS method for Al beam 2d.

Sensitivity of the proposed damage localization methods is tested with respect to various
damage depths. Numerically simulated mode shapes of Al beam 1d are used for this
parametric study. Damage depths ranging from 0.5 mm to 4.5 mm are considered with an
increment of 0.5 mm for this beam with 5 mm thickness.

A simultaneous analysis of the effect of changing sensor density (p) is carried out. DER
values for cases p = 1,3,6 are shown in Fig. 3.8. The most stable results are obtained with
MSCS method with DER in the range of 83 % to 93 % in all cases. The most unstable
performance is achieved, again, with TVNWS. On one hand, high DER values are reached in
case of deep damage and high sensor densities. On the other hand, this method is extremely
sensitive to sensor density and damage depth with dramatic drop of performance. The CWT
method is similar to MSCS method in this regard. However, it shows a higher instability with
varying damage depth for lower sensor densities.

Overall, one can conclude that the proposed methods, except for TVNWS, are adequate
for damage localization even in the cases of relatively shallow cuts and relatively sparse
sensor network for mode shape interrogation.
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Fig. 3.8. Effect of damage depth and sensor density on DER variability for Al beam 1d for the
developed damage localization methods (FEM): (a)p = 1; (b)) p = 3; (c) p = 6.
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3.2. Case Study 2: Composite Laminate Beam With an Impact Damage

Laminated carbon/epoxy composite beam depicted in Fig. 3.9 is considered. Low-
velocity impact test was conducted using INSTRON Dynatup 9250 HV drop tower. The
impact energy of 15 J was selected. The zone with dashed lines shows the location of
damage based on the outer boundaries of ultrasonic C-scan — it is assumed that the damage
is located between 320 mm and 370 mm. The laminate lay-up is [0/90/+45/—45] with a
ply thickness of 0.3 mm, thus total thickness of the plate is 2.4 mm. FE element model also
consists of 2D beam elements. Reduction of stiffness is achieved by decreasing the elastic
modulus of elements in the damaged region of the beam. The dynamic vibration test was

performed using the scanning laser vibrometer.
Z

outer boundaries of damage ¥

320 " B
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.....................
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Fig. 3.9. Geometry of a damaged CFRP beam (in mm) and image of ultrasonic C-scanning.

The best wavelet function is complex Gaus of order 5 at scale 2 for experimental study
and reverse biorthogonal wavelet of order 3.1 at scale 9 for numerical case. As for MSCS
method, the best approximation function is F4.

Damage identification results for both methods (CWT and MSCS) are shown in Fig. 3.10
and Fig. 3.11, respectively. As one can see, the location of damage, which is indicated
between two red dashed lines, is successfully identified by both methods. There are some
smaller peaks present in these plots that are later filtered out using SDI thresholds.

3 experiment (SDI3)
——
b~ DER =93.84 %

1

I

1

I

- DER = 87.76 % = 1
@ | |_, FEM(SDI3) .
I

I

I

I

1

I

1

1

1

3 +expcrimcnt (SDI) '
=) 1
7] _._FEM (SDD) 1
1

[

2 DER = 79.83 % 2¢ DER = 100 % !
|
I
1 1 1
1
' 1
" Vet AW - P 5 L
0 100 200 300 400 500 0 100 200 300 400 500
X (mm) X (mm)
(a) (b)

Fig. 3.10. SDI for CWT method: (a) no threshold; (b) thresholded.
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Fig. 3.11. SDI for MSCS method: (a) no threshold; (b) thresholded.

Damage has been localized also using TVNWS method as shown in Fig. 3.12.
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Fig. 3.12. Damage indices for TVNWS method for CFRP beam with an impact damage.
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4. DAMAGE LOCALIZATION IN 2D STRUCTURES

Plate With a Mill-Cut Damage

mium

Alumi

4.1. Case Study 1

A square aluminium plate with dimensions of 1000 mm X 1000 mm and 5 mm thickness

is considered. The finite element model of the plate consists of 8-node shear-deformable shell

elements, modelling damage by reducing thickness of the selected elements. Mill-cut damage
with a depth of 2 mm is introduced in the region 270 mm < x < 350 mm and 640 mm <

y < 700 mm representing 0.48 % of the plate area (Fig. 4.1 (a)).

%, 0.05 % are

=1%,0.5%,0.1

simulated. In practice, mode shapes often can be only measured using relatively sparse

Noise-contaminated mode shapes with noise levels &

values of p=1,2,3,4,5. The clamped boundary conditions are

distribution of sensors and thus the robustness of the proposed method under limited data
points is of interest. Thus it is proposed to divide the initial mode shape matrix of 51 X 51
realized for the experimental modal analysis by fixing the plate into a specially designed

aluminium frame (Fig. 4.1 (b)).

data points by integer

Damage detection results for the experimental test case and the corresponding simulated
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damage detection results for both cases clearly reveal the pre-determined damage location as

index threshold value for the 99 % confidence level for the presence of damage. Now the
shown in Fig. 4.2 (b), (d).

Fig. 4.2 (a), (¢). To classify the damaged elements, it is proposed to truncate the values of
standardized damage indices smaller than three units according to the standardized damage
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R RN TR, O
Sl i ©

5
SR
g ©

Fig. 4.1. Tested aluminium plate: (a) FE model with damage; (b) clamping boundary
conditions for the vibration test.
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Fig. 4.2. Damage indices for aluminium plate: (a) DI (experiment); (b) SDI with 99 %
confidence (experiment); (c) DI (FEM); (d) SDI with 99 % confidence (FEM).

Standardized damage indices presented in Fig. 4.3 illustrate the effectiveness of the proposed
method when different numbers of measured mode shape data points are available for the
damage detection. The method is still able to detect the damage when the lowest number of
measurement points 11 X 11 is considered for the simulated test case, but it fails to accurately
determine the pre-determined location and size of the damage. The results show that
robustness of the proposed damage detection algorithm under the limited measured data
points is relatively good and the method can be applied for practical structural tests.
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4.2. Case Study 2: CFRP Beam With an Impact Damage

The CFRP beam from Chapter 3 with mode shapes measured in two dimensions is
considered. Mexican Hat wavelet at scale 1 with a DER value of 90.07 % is selected for SDI
calculations in further steps as the performance of this wavelet is the best. SDI distributions
over the whole area of the composite beam are shown in Fig. 4.4 using the Mexican Hat
wavelet for CWT. Results for MSCS method are also shown.

62



Y (mm) Y (mm)

(©) (@)

Fig. 4.4. SDI distributions for CFRP beam: (a) no threshold (2D CWT); (b) 90 % confidence
(2D CWT); (c) no threshold (2D MSCS); (d) 99 % confidence (2D MSCS).

The location of impact damage is clearly revealed through SDI in an actual zone of impact.
The obtained results show that the proposed damage index provides reliable information
about the location and size of the damage. The obtained results suggest that the proposed
method can be applicable not only for laboratory tests but also for practical structural
applications.

63



5. CONDITION MONITORING WITH DEFECT
LOCALIZATION IN A TWO-DIMENSIONAL STRUCTURE
BASED ON SUPERVISED MULTICLASS CLASSIFICATION

OF STRAIN FEATURES

The chapter presents a method for condition monitoring and localization of defects in
mass-produced structural members by utilizing multiclass classification approach. These
structural elements could be a wind turbine blade or airplane wing where regular structural
inspections are carried out to pinpoint the location of damage. The idea of the method is based
on compilation of different damage scenarios in a sort of damage catalogue using finite
element modelling. By simulating damage of varying severity and different coordinates,
different damage cases from the compiled catalogue can be compared with real structural
damage. Comparison of sensor measurement data of real damage and data values from
catalogue would reveal the necessary damage information — severity and position. The study
in this chapter demonstrates the effectiveness of this algorithm on a cantilevered CFRP plate
with a pseudo-defect. The pseudo-defect is added mass that serves the purpose to locally
modify structural response of the object as in the case with real damage.

The finite element model of a cantilevered composite plate is created with commercial
finite element package Ansys'™ version 16.2. The material model is a prepreg carbon fibre
laminate consisting of 32 layers of lamina with layer thickness of 90 pm, and stacking
sequence is (90/0)gs. The mass element with a magnitude of mass equal to 0.02 kg (9.43 %
of plate’s mass) is put on every zone of the plate and a harmonic analysis is conducted to
extract the resonant frequencies of the plate. For excitation purposes, a voltage of 10 volts is
passed to the plate using piezoelectric transducer MFC. As proved in [14], only two strain
sensors with optimal position are enough for an effective strain feature classification. Strain
gauge #1 is the farthest from MFC, perpendicular to fibre orientation, while strain gauge #2,
in the direction of fibres, is the closest of the two to the MFC element. The model of the plate
is shown in Fig. 5.1.
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clamping

experimental position
of strain gauges
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Fig. 5.1. Numerical model of the plate with partition zones, point mass and recording of
output features.
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Cross-validation errors are computed by considering varying numbers of data points per
class (zone) for all extracted resonant frequencies. These results for both algorithms are
shown in Fig. 5.2. The overall lowest errors are associated with the first frequency of 21 Hz
for both linear discriminant and A-NN. Hence, only the first resonant frequency is used in
further calculations due to lower error values.
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Fig. 5.2. Cross-validation errors for extracted frequencies versus number of points per class.

By conducting a hyperparameter optimization routine, it is found that the optimum set of
hyperparameters for the 1st frequency (21 Hz) is k = 3, distance equal to Mahalanobis
distance. Inverse distance weighting is used. Hyperparameter optimization results (dashed
lines) are also displayed (marked with an asterisk * in Fig. 5.2, while the default or un-
optimized linear discriminant classifier is denoted with “dflt”. The optimization of
hyperparameters (y and 6 for linear discriminant and number of nearest neighbours, distance
and distance weight for ~-NN) have minor effect on cross-validation loss.

A total of five query points are simulated in random locations of the plate. Their
coordinates are depicted in Table 5.1.

Table 5.1
Coordinates of the Simulated Query Points and Their Locations in Terms of Plate Zones
Query point Xj X5 X3 X4 X5
x (m) 0.09 0.064 0.032 0.032 0.088
y (m) 0.346 0.206 0.126 0.026 0.146

between 9, 10,

11 and 12 > 1 8

Zone 18

Distributions of prediction probabilities of the unknown query points for both classifiers
are depicted in Fig. 5.3. Only the results for 2 and 9 data points per class are shown.
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Fig. 5.3. Distributions of prediction probability of 5 query points.

Notable differences for most prediction cases are observed. The first query point X; is
predicted to lie either in zone 17 or 18 with both classifiers and just 2 points per class. More
points per class give inaccurate prediction, except for &-NN. The correct prediction for query
point X, would be any of zones 9, 10, 11 or 12, as this point lies in the intersection of these
zones and there is an equal probability for it to be attributed to any of these zones. Both
classifiers assigned a class 12 to this point, which is correct (2 points per zone). Even for 9
points per class the prediction is correct for both algorithms. X3 lies in zone 5, but is classified
to belong to zone 6 (linear discriminant) which is close, considering that the strain values do
not vary much in neighbouring zones. £&-NN algorithm classifies this point to belong either to
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zone 6, 8 or 9, which is larger misclassification. X4 is correctly classified to lie in zone 1 only
with £-NN with 9 points per class. Linear discriminant also gives a correct classification, but
again the probabilities are much more spread out over other zones. This effect is less
pronounced for 2 points per class, though. Xs is correctly classified by both algorithms to
belong to zone 8. This time, both 2 points and 9 points per class yield the correct prediction.

The proposed method is experimentally validated on a carbon prepreg cantilevered
composite plate (Fig. 5.4 (a)). Positions of sensors and actuator correspond to the ones in the
numerical model. The event of application of actual mass (the same as in numerical study) on
one of the zones is shown in Fig. 5.4 (b).

(b)
Fig. 5.4. Cantilevered CFRP plate: (a) photo; (b) partition into zones and application of mass.

The dynamic strain measurement system consists of a waveform generator (4Agilent 3322A
20 MHz Function/Arbitrary Waveform Generator), which is connected to the MFC actuator
for harmonic excitation of the plate, signal amplifier (LE 150/025 Piezomechanik GmbH
signal amplifier (230 V AC, serial number: 10902/936)), strain measurement acquisition box
(Spider 8 600 Hz / DC HBM with USB adapter USBHBM?2903), which is connected to both
strain gauges using two channels and the waveform generator. Spider § system is connected
to personal computer through a USB port. The recorded strain signals are visualized in
Catman software. A total of 3 measurements are recorded for each zone of the plate.

The experimental modal analysis is carried out by exciting the plate with a piezoelectric
MFC (macro-fiber composite) element (model M2807-P1 smart material) glued on the
surface of the plate. The measured spectrum of vibration velocity averaged over all scanning
grid of the plate reveals a total of 8 peaks in the bandwidth of 800 Hz. Considering numerical
results, only the first peak is selected.

The distributions of prediction probability across the zones of the plate calculated for 5
points of added mass (in the same locations as in numerical study) are depicted in Fig. 5.5.
Point X, is consistently classified to lie in zone 17. In general, the performance of linear
discriminant is better than the one of A-NN as higher probabilities of prediction are associated
with the correct zone. No convincing results are obtained by localizing X,. X3 lies in the
intersection between zones 6 and 8. The correct classification with linear discriminant is
obtained showing zone 6. A-NN classifier also performs satisfactory. Point X4 is slightly
misclassified and X is classified correctly to belong to zone 7.
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The experimental validation demonstrates that both classifiers are capable of capturing the

zone of damage in the easiest cases when the mass lies in only one zone. By using this

approach, no baseline data is necessary for successful localization of defect. Also, the defect

does not necessary have to be near sensor to be localized as is the case with other methods.

However, the limitation, as shown by results, is when mass is lying in the intersection
between several zones. Also, close lying pseudo-defects are likely to not be successfully

distinguished as they will possess similar strain response.
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6. ANOVEL SEPARATION TECHNIQUE AND PEAK
FREQUENCY SHIFT OF FLEXURAL LOADING-INDUCED
ACOUSTIC EMISSION SOURCES IN RAILWAY PRE-
STRESSED CONCRETE SLEEPERS

In this chapter, acoustic emission (AE) monitoring is employed for cracking
characterization in railway pre-stressed concrete sleepers subjected to flexural loading,
delivering an engineering assessment for future applications especially at railway switches
and crossings. The objectives of the study are to, firstly, identify flexural cracking damage
in sleepers using AE sensing. Secondly, the uncorrelated acoustic emission features can be
used to construct a classifier to separate AE sources in the sleepers and to examine the
feasibility to use reduced set of AE parameters. This study also proposes to filter non-
significant peak frequencies of emissions due to noise. This novel procedure allows for
compression of the acquired acoustic emission data considerably leaving only the signatures
due to cracking and failure.

Four full-scale pre-stressed railway concrete sleepers supplied by CEMEX are shown in
Fig. 6.1. The length of sleepers is 2500 mm, height at mid-span is 175 mm, height at rail seat
is 200 mm and width is 200 mm. A single sleeper has a mass of 309 kg + 3 kg for loose
fastening components. A total of 6 pre-stressed steel tendons are embedded in each sleeper.

Fig. 6.1. Railway pre-stressed concrete sleepers supplied by CEMEX.

The technical standard for testing of sleepers and bearers is specified by European
Standard BS EN 13230 [15]. It provides material specifications, support conditions, loading
procedures and some other specific requirements for bending tests. For this study, a static
load is applied at the mid-span of the sleepers for both positive and negative bending. In
practice, 3-point bending usually assesses cracking problems associated with railway
sleepers. Figure 6.2 illustrates the location of AE sensors. Deflection was recorded using a
linear variable differential transformer (LVDT) under the sleeper soffit (bottom) at mid-span.
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Fig. 6.2. Static loading layout for railway concrete sleepers with location of AE sensors
(positive bending configuration).

The AE signals were detected and recorded using a 4-channel DAQ AE system procured
from Physical Acoustics Corporation (PAC, now Mistras). The data acquisition was
performed using “AE-Win” software. The AE signals were detected using wideband PAC-WD
piezoelectric acoustic emission transducers operating at frequency range of 20 kHz to 1000
kHz. Each sensor is connected to PAC 2/4/6 preamplifier. The amplification level of the pre-
amplifiers (acoustic emission signal capturing threshold) was set to 50 dB prior to testing. The
AE sensors were coupled on the samples using Vaseline petroleum jelly and held in place
with duct tape.

The sampling rate for recording AE signals was set to 1 MSample/s, peak definition time
(PDT), hit definition time (HDT) and hit lockout time (HLT) were set to 600 ps, 600 ps and
1000 ps, respectively. The pre-trigger time was set to 256 ps.

The flowchart of acoustic emission source separation methodology is shown in Fig. 6.3.
Two out of four sleepers are statically loaded in negative bending configuration, while other
two — in positive. In these tests, two sleepers are loaded until failure. The other two sleepers
(Nos. 2 and 4) are first loaded until the first crack. Then the load is further increased until it
reaches 1.5 times the load corresponding to the first crack. Eight acoustic emission features
are selected from the whole set of registered features: Rise (R), Counts (C), Energy (E),
Duration (D), Counts/Duration (C/D) or average frequency, Amplitude (A4), Rise/Peak
amplitude or R4 value and Signal strength (SS).

Referring to [16], the correlation analysis was conducted to study the linear relationship
between these signatures. The features that showed the most correlation were discarded from
further calculations to avoid the multi-collinearity between AE features. One feature is further
removed in every consecutive case study with a total of 7 case studies. At least two features
have to be included so that it is possible to assess their mutual relationship. The features from
each case are input in a decision trees classifier, since it is the only classifier with a reasonable
computation time with about 98 609 samples to process. The K-fold cross-validation scheme
is adopted in order to improve the performance of the classifier and avoid overfitting.
Following the standard approach, 10 folds are used. Hyperparameters of decision trees are
optimized over a course of 10 runs because of the 10-fold data partition. The average values
of hyperparameters are calculated and a final decision trees model is built for every case.
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Fig. 6.3. Flowchart of acoustic emission source classification procedure.

Classification performance of a classifier is evaluated by considering resubstitution loss
and cross-validation loss. In the case of decision trees, resubstitution loss is influenced by
number of maximum node splits, while cross-validation loss is affected by number of data
partitioning folds.

Only the results with a significant mutual correlation of AE features (above 60 %) are
shown. The organization of feature selection is shown in Table 6.1.

Table 6.1
Feature Selection Strategy for AE Source Classification
Case No. Number of features Features to exclude
1 8/8 None
2 7/8 C
3 6/8 C,D
4 5/8 C,D, SS
5 4/8 C,D,SS,E
6 3/8 C,D,SS,E, A
7 2/8 C,D,SS,E, A,RA

The largest average classification accuracy is obtained by removing 2 features and attaining 6
as shown in Fig. 6.4 (a).

The slight decrease in classification performance is compensated by a compression of data
to be processed. By decreasing the number of AE features by one in each increment, the data
size decreases linearly as shown in Fig. 6.4 (b). It is found that the average slope of data
reduction is roughly 1.9 MB per AE feature, which has been removed from the classification
model. By considering only a bare minimum (two) of AE features, the average classification
accuracy decreases only by about 10 %, while the size of the data to be analysed decreases by

71



about 70 %. This insight can form a strategy for placing AE sensors at the switches and
crossings where it is difficult to locate the damage.
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Fig. 6.4. The influence of number of features on: (a) average classification accuracy and
errors; (b) the size of analysed AE data.

The generation of acoustic emission events due to breakage of bonds between particles of
material occurs at specific frequency regions or bands. At increased loading, defects (cracks
in concrete) propagate, increasing the range of emitted frequencies (frequency shifting). The
magnitude of shift is dependent on damage severity and size. Acoustic emissions with a wide
array of different peak frequency values are recorded during the loading process. Some of
these frequencies are characteristic of noise. However, the events of formation of damage
usually emit waves characterized by a relatively massive amount of emission counts. Peak
frequency of an acoustic emission waveform is chosen as a damage-sensitive parameter as it
is a reliable indicator of different acoustic emission sources [17], including corrosion of
concrete reinforcement and load-induced cracking.

A typical failed specimen is shown in Fig. 6.5 (a). The failure mode is mixed (flexural +
shear). Load-deflection plot in Fig. 6.5 (b) shows that the elastic zone extends to
approximately 60 kN at which point the first crack occurs. The highest energy signal of
31 600 attojoules takes place at the ultimate load of the specimen, 102 kN. At the moment of
failure, a deflection of 17 mm is registered at the mid-span. Beyond this point, the steel
tendons assume the tensile load, allowing further deformation to take place, hence AE
activity continues.
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Fig. 6.5. Failure pattern for sleeper No. 1 (a); acoustic energy for all channels superimposed
with load vs deflection (b).

The evolution of peak frequencies corresponding with loading is shown in Fig. 6.6. The
most intense emissions correspond to the event of failure and even after that. Emission events
are clearly dominated by the ones coming from mid-span (Channel No. 4) with a range of
peak frequencies from 150 kHz to about 600 kHz. Three distinctive bands of peak frequencies
are registered — [150-300] kHz, [385-460] kHz and [498-496] kHz. Emissions from
Channels No. 1 and No. 2 occur at the lowest frequency band [150-300] kHz.
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Fig. 6.6. Peak frequency evolution for sleeper No. 1.

The failure pattern of sleeper No. 3 is shown in Fig. 6.7 (a). The failure mode is pure shear
with pre-stressing tendons clearly exposed near the mid-span. Load/deflection curve is shown
in Fig. 6.7 (b). The initial cracking occurs at 53 kN while the failure of the sleeper is
registered at a load of 113 kN. The ultimate load for positive bending is over 11 % higher
than for negative bending, this is unsurprising since sleepers are designed to have higher
strength in this orientation. The AE energy data shows reasonably strong correlation with the
load-deflection curve so that the first crack and ultimate load events can be distinguished. In
comparison to the negative bending test, the values of energy are relatively low at ultimate
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load. It is possible, that the aggressive brittle failure that took place prevented the sensors

from recording high energy data.
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Fig. 6.7. Failure pattern for sleeper No. 3 (a); acoustic energy for all channels superimposed
with load vs deflection (b).

Three bands of peak frequency values are clearly seen in Fig. 6.8. The widest band is
[150-300] kHz, the second band is [350-450] kHz and the third band is [500-600] kHz.
Acoustic emission events are clearly dominated by Channel No. 4 characterized by the
highest density of cracks. As with sleepers Nos. 1 and 2, acoustic emissions from Channels
Nos. 1 and 2 mostly occur at the lowest frequency band of [150-300] kHz. Significant
emission bursts correspond to the stage of failure. Emissions from other channels are much

less pronounced.
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Fig. 6.8. Peak frequency evolution for sleeper No. 3.

As seen in Fig. 6.9 (a), the first crack load is at 60 kN. AE does not correlate perfectly
with the load-deflection curve, but the energy hit that caused the first crack can clearly be
noticeable. Beyond the first crack, AE energy stays low with the exception of a hit at 79 kN.
This magnitude of load is approaching a severe condition; therefore, damage events will
produce greater energy. The loading is proceeded until the load of approximately 83 kN.
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Fig. 6.9. Cracking pattern at load of 1.5 times the first crack load for sleeper No. 4 (a);
acoustic energy for all channels superimposed with load vs deflection (b).

The load-deflection curves along with peak frequency evolution during loading are shown
in Fig. 6.10. Surprisingly, the increase of peak frequency values of Channel No. 2 is the most
pronounced with increasing load with the ladder-like signature and comparatively few
emission events. Relatively lower peak frequencies are emitted in the vicinity of Channel No.
4 — the band is [100-300] kHz and there are relatively few events in this channel, although the
emissions have lasted throughout the whole test. The dominating proportion of events are
emitted near Channel No. 3 where a range of frequencies is wide with 3 distinct bands [150—
300] kHz, [300-460] kHz and [500—700+] kHz. Very few emisisons from Channel No. 1 are
registered and mostly attributed to the lowest frequency band [150-300] kHz.
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Fig. 6.10. Peak frequency evolution for sleeper No. 4.

The intensity of acoustic emissions had increased in the direction towards the mid-span of
the sleepers. The only exception is sleeper No. 4.

For all of the channels, the proportion of significant peak frequencies constitute only 14 %
to 34 % of the initial data with 53 % to 98 % count information retained. This insight is
critical for modified universal thresholds that are suitable for local placement of sensors.
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CONCLUSIONS

This Thesis deals with the development of structural damage localization algorithms
comprising two parts. The first part describes algorithms based on mode shape transformation
methods, namely continuous wavelet transform (CWT), mode shape curvature square
(MSCS), and another method developed in the framework of this Thesis. This method is
based on a normalized wavelet scalogram involving computation of variance with respect to
scale parameter and summing the results for all wavelet functions considered in this work.
Hence, the selection of two appropriate parameters (scale and wavelet function) is avoided in
this method. These methods are designed for structural elements, such as beams and plates.
Mode shapes of the damaged structures (aluminium beams and plate with mill cut damage
and CFRP beam with an impact damage) are experimentally measured with non-contact
scanning laser vibrometer and numerically simulated using commercial finite element
program Ansys' . These mode shapes are post-processed in Matlab™ environment with the
aforementioned methods to reveal the location of damage. Also, a parametric study is
conducted involving different noise levels ranging from 0 % to 4 % and sensor densities
where original mode shape signal is divided by integer values from 1 to 6. The following
conclusions can be drawn.

e All three methods are capable of localizing single and multiple mill-cut damage in
aluminium beams and plate, as well as impact damage in CFRP beam with varying
estimate reliability. Moreover, mode shape information is sufficient on damaged
structures only — no baseline data of healthy structures is needed.

e The CWT is a promising method for structural damage detection and localization
based on mode shape information. However, this is not a straightforward procedure as
it involves a selection of the appropriate wavelet function and scale parameter. Also,
there is an issue of sensitivity to damage size as this Thesis deals with a relatively
appreciable reduction of stiffness due to damage, although a more rigorous treatment
of this problem was not within a scope of this Thesis.

e The MSCS method is an effective damage localization tool and simpler than the CWT
involving fewer adjustable parameters. This Thesis offers an approach to obtain mode
shapes of healthy structures using exclusively mode shapes with structural damage.
The mode shapes with damage information are subjected to the polynomial smoothing
technique for plate structures and smoothing based on harmonic Fourier
approximation functions for beam structures. Compared to CWT, MSCS offers better
overall performance, although it is more susceptible to noise.

e The performance of the methods is enhanced through the application of statistical
hypothesis testing. Non-significant damage indices are filtered out, thus highlighting
the locations of the most significant damage index peaks, which lie in the zone of
damage.

e The performance of the methods is assessed through the parameter called damage
estimate reliability (DER) expressed in percent. As expected, this performance
deteriorates with decreasing sensor density. However, the best performance is not
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achieved at the original mode shape signal length — in most cases fewer data points
yield better performance and this case is more robust to noise.

e According to the results of simulations on varying depths of damage for aluminium
beam with one damage site, the proposed methods are a reliable tool for damage
localization even in the case of relatively shallow damage, except for TVNWS, which
shows instability of performance with increasing damage depth and varying sensor
density.

e A notable limitation to the proposed algorithms is the issue of edge effect — significant
damage index values at edges of structures where, in fact, damage is not introduced
with reason lying in the discontinuity of mode shapes at the edges of the structures.
The possible remedy to this problem is application of padding methods that artificially
extend the mode shape signal. For example, zero padding where zeros are added at the
ends of mode shape signal. This issue, however was not addressed in the Thesis.

The second part of the Thesis explores the plausibility of acoustic emission source
separation in full-scale pre-stressed railway concrete sleepers involving acoustic emission
interrogation technique coupled with a classification framework. Static three-point bending
tests of the concrete sleepers were carried out and acoustic emission signals were recorded
with four sensors. The classic load-deflection curves are overlaid with acoustic emission
signature to correlate the events of cracking. The classification scheme involving decision
trees with optimized hyperparameters is adopted to separate the largest concentrations of
acoustic emission sources and characterize peak frequency shifting from the largest to
smallest concentrations of cracking. Within the scope of existing research into this field, this
study realises the potential of self-monitoring systems, providing a positive case for their
implementation on track structures, such as pre-stressed concrete sleepers and bearers in
remote locations such as switches and crossings, railway bridges, and transition zones. It will
revolutionise the SHM system of railway networks. New method for condition monitoring of
two-dimensional mass-produced structural parts with defect localization is developed
exploiting supervised machine learning schemes. The method is validated on a cantilevered
CFRP plate.

The following conclusions are made.

e The acoustic emission sensing technology is effective in the detection of initial crack
events. The energy jump induced by these cracks correlate well with other variable
parameters.

e The data obtained through AE confirms the behaviour of concrete sleepers under
flexural load. The deflection curve provides a simple method of real-time damage
detection, because vertical displacement recordings can identify changes in structural
integrity. Acoustic emission events greatly increase in the moment of fracture. The
most prominent cracking occurs at the mid-span, which is verified by the largest
proportion of released acoustic energy compared to other emission sources located
farther.

e The acoustic emission sources have been separated to highlight their uniqueness with
respect to one another. This unique and novel procedure is useful to assess the
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contribution of emission intensity from each source and to eventually detect the most
critical ones. The source separation is based on a new classification method
employing the novel decision trees classifier with optimized hyperparameters.

It is shown that reduction of number of acoustic emission features from eight to two
has a minor impact on acoustic emission source classification accuracy — the drop is
only about 10 %, while the size of the data to be processed decreases by 70 %.

In the cases for all four concrete sleepers, the recorded evolution of peak frequencies
with increased loading suggests that most of the peak frequency values cluster around
three bands with the following average values over all sleepers: [150-300] kHz,
[300—-460] kHz and [500-800] kHz.

A modified universal threshold technique is established for filtering the peak
frequencies due to noise. The filtering results suggest that it is possible to retain 14 %
to 34 % of initially recorded peak frequencies, while retaining count information to
the extent of 53 % to 98 % of the initial number of counts.

Contrary to the most cases, the classification performance to localize the added mass
on a CFRP plate is better considering just two points per class.

Although both classifiers could not reliably manage the more difficult defect
localization cases in the experimental validation phase, the developed method still
holds promise in the field of condition monitoring of structural elements.

By exploring the classifier performance based on strain responses obtained at
different resonant frequencies, the fundamental frequency in bending yields the
lowest classification losses.
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