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Streszczenie

Podstawa pracy jest cykl dwunastu publikacji, w tym jedenastu z listy czasopism JCR i
jednej publikacji w recenzowanych materiatach konferencyjnych. W niniejszym przewodniku
podsumowatem badania zrealizowane w trakcie przygotowania rozprawy. Celem pracy jest
rozszerzenie aplikacyjnosci metody cyfrowej korelacji obrazu (CKO) do pomiaru ztozonych
obiektow inzynierskich, poprzez opracowanie nowych metodyk pomiarowych i $ciezek
przetwarzania danych oraz rozbudowe uktadu pomiarowego o nowe konfiguracje pomiarowe i
moduty obliczeniowe. Aby osiaggna¢ zatozony cel w pracy przedstawiono rozwigzania trzech

zagadnien.

W ramach pierwszego zagadnienia rozszerzylem aplikacyjno$¢ tradycyjnych uktadow 3D
CKO poprzez opracowanie szeregu modyfikacji w metodyce przetwarzania wynikow CKO
umozliwiajacych zastosowanie tej metody do efektywnej analizy wybranych ztozonych
procesow zachodzacych w obiektach inzynierskich. Przyktady implementacji opracowanych
modyfikacji obejmujg analize¢ przemieszczen i odksztalcen w obrazach olejnych na podtozu
ptoéciennym (struktura kompozytowa), rurociggéw przemyslowych, rozpor stalowych
wykorzystywanych w budownictwie, zwierciadel optycznych segmentowych teleskopow

astronomicznych oraz wysokoci$nieniowych zbiornikéw na wododr i metan.

W ramach drugiego zagadnienia opracowatem wielokamerowy system CKO 3D,
umozliwiajacy pomiary wielu pol pomiarowych rozproszonych w przestrzeni we wspdolnym
uktadzie wspotrzednych. Opracowany system wykorzystatem do pomiardéw instalacji syntezy

amoniaku oraz hali magazynowej wykonanej z samonosnej blachy tukowe;.

Trzecie zagadnienie obejmowato opracowanie efektywnej metodyki kalibracji 1 walidacji
modeli numerycznych z wykorzystaniem eksperymentalnych danych polowych na przyktadzie
wielkogabarytowej samonos$nej konstrukcji tukowej wykonanej z cienkosciennych blach

profilowanych.

Udowodnitem, ze udoskonalenia metody 3D CKO oraz opracowane w ramach pracy
metodyki pomiaru moga w przysztosci stanowié¢, wraz z opracowaniami udostepnionymi przez
inne grupy badawcze, zestaw narz¢dzi eksperymentalnych, bardzo dobrze dopasowanych do
wymagan hybrydowej, eksperymentalno-numerycznej analizy istniejacych i opracowanych w

przysztosci skomplikowanych obiektow inzynierskich.

Stowa kluczowe: mechanika eksperymentalna, cyfrowa korelacja obrazu, opto-numeryczne

systemy pomiarowe, testy nieniszczqce, metoda elementow skonczonych
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Abstract

The basis of the thesis is a series of 12 articles, including 11 in the journals from the JCR
list and 1 in peer-reviewed conference materials. The guide summarizes the research carried
out during preparation of the thesis. The main objective of the thesis is to enhance the
applicability of a digital image correlation method (DIC) for measuring complex engineering
structures via developing new measuring methodologies and data processing paths as well as
expanding the measuring system by adding new measuring configurations and computational

modules. In order to meet the set goal, the thesis provides the solutions to three problems.

Within the first one, I enhanced the applicability of traditional 3D DIC systems by
developing a number of modifications in the methodology of processing DIC results that allow
for using this method for the effective analysis of the selected complex processes occurring in
engineering structures. The examples of the implementation of the developed modifications
include the analysis of displacements and deformations in paintings on canvas (composite
structure), industrial pipelines, steel struts used in construction industry, optical mirrors of

segmented astronomical telescopes and high pressure hydrogen and methane vessels.

As part of the second problem, I developed a multi-camera 3D DIC system allowing for
the measurements of a number of measurement fields distributed in space in a common
coordinate system. The developed system was used to measure the installation for ammonia

synthesis and storage hall made of self-supporting arch-shaped steel sheets.

The third problem covered the development of the effective methodology for calibration
and validation of numerical models with the use of experimental full field data by the example

of a large self-supporting arch-shaped structure made of thin-walled profiled steel sheets.

I proved that the refinements of the 3D DIC method and the measurement methodologies
developed within the thesis may become, along with the developments provided by other
research groups, a set of experimental tools, well-adjusted to the requirements of hybrid,

experimental-numerical analysis of the existing and future complex engineering structures.

Keywords: experimental mechanics, digital image correlation, opto-numerical measurement

systems, nondestructive testing, finite element method
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1. Wstep

1.1. Dzialalno$¢ naukowa w trakcie realizacji rozprawy doktorskiej

W lutym 2012 roku rozpoczatem studia doktoranckie pod kierunkiem prof. dr hab. inz.
Matgorzaty Kujawinskiej na Wydziale Mechatroniki Politechniki Warszawskiej. Jako
doktorant prowadzitem badania naukowe skoncentrowane na rozwoju optycznych metod
pomiarowych, w szczegolnosci dostosowaniu ich funkcjonalno$ci do potrzeb docelowych
uzytkownikoéw. Tematyka prowadzonych przeze mnie badan naukowych i prac rozwojowych
obejmuje rozwdj numerycznych i eksperymentalnych modyfikacji metody cyfrowej korelacji
obrazu (CKO) do pomiaru zlozonych obiektow inzynierskich. Zainteresowanie ta tematyka
rozpoczelo sie¢ wraz z moim udziatem w realizacji projektu MONIT (,,Monitorowanie Stanu
Technicznego Konstrukeji i Ocena jej Zywotnosci”, POIG.0 101.0 2-00-013/0 8-00). W ramach
prac prowadzonych od 2009 do 2013 roku w zespole prowadzonym przez prof. dr hab. inz.
Matgorzate Kujawinska, bralem udzial w opracowywaniu innowacyjnych rozwigzan
technologicznych w zakresie metod i systemow do monitorowania stanu konstrukcji oraz
ostrzegania o mozliwych sytuacjach awaryjnych dla obiektow o wymaganym niskim poziomie
ryzyka awarii. W ramach projektu bralem udziat w opracowaniu metodyki pomiaréw in-situ
obiektow przemystowych metoda cyfrowej korelacji obrazu (CKO) . W wyniku realizacji prac
zaimplementowalem metod¢ CKO w budownictwie do pomiaru zapraw cementowych podczas
proby Sciskania murkéw ceglanych 1 belek betonowych podczas proby S$ciskania (we
wspolpracy z Instytutem Techniki Budowlanej) oraz w energetyce do pomiaru rurociaggéow
technicznych (we wspotpracy z PGE S.A. oraz TAURON S.A.).W trakcie realizacji rozprawy
bytem gtownym wykonawca w dwoch grantach Dziekana Wydziatu Politechniki Warszawskiej
w 201212013 roku. Przeprowadzone prace umozliwity zastosowanie metody CKO w praktyce
konserwatorow dziet sztuki do oceny jakosci napraw obrazéw olejnych bedacych ztozonymi
strukturami kompozytowymi. Prace nad rozwojem metody CKO kontynuowatem w projekcie
OPT4BLACH (,,Opto-numeryczne metody badan 1 monitorowania nisko-kosztowych
obiektow uzytecznosci publicznej z cienko$ciennych blach profilowanych”, NCBiR
PBS1/A2/9/2012). W ramach prac prowadzonych w OPT4BLACH od 2012 do 2016 roku
opracowalem metodyke pomiaréw cienkosciennych konstrukcji z blachy tukowej (z
wykorzystaniem metody CKO), ktéra umozliwita kalibracje¢ 1 walidacj¢ modeli numerycznych

tego typu konstrukeji.



W 2012 roku wraz z wspotpracownikami z Instytutu Mikromechaniki i Fotoniki zatozytem
firm¢ KSM Vision Sp. z o0.0. bedaca spin-off’em Politechniki Warszawskiej. Na poczatku
swojej dzialalno$ci firma byta nastawiona na komercjalizacj¢ systemu CKO opracowanego w
ramach projektu MONIT, na podstawie licencji wydanej przez Politechnike Warszawska. W
ramach dziatan komercyjnych wdrozytem system CKO do pomiaru obiektow przemystowych.

Na szczegdlng uwage zastuguja wdrozenia:

e pomiar przemieszczen newralgicznych polaczen na rurociggach pary $wiezej (trojniki,
czworniki) na blokach energetycznych w TAURON Wytwarzanie S.A.,

e pomiar przemieszczen i temperatury newralgicznych potaczen na rurociagach technicznych
w Zaktadach Azotowych w Putawach oraz Kedzierzynie-Kozlu,

e pomiar przemieszczen 1 temperatury pompy zebatej oraz zaworu wysokoci§nieniowego w
trakcie rozruchu na instalacji w Basell Orlen Polyefilens Sp. z o.0.,

e pomiar przemieszczen kompensatorOw mieszkowych w miejskiej sieci cieptowniczej dla

Veolia Energia Warszawa S.A..

Za zrealizowane w 2013 roku w tej tematyce prace otrzymatem, jako cztonek
pigcioosobowego zespotu pod kierunkiem prof. dr hab. inz. Matgorzaty Kujawinskiej, Nagrode
Naukowa Politechniki Warszawskiej za szczeg6lne osiggnigcia uwieficzone transferem prac

naukowych 1 technicznych na potrzeby gospodarki.

W latach 2013 — 2016 bratlem udzial w trzech konferencjach migdzynarodowych:
Validation of Computational Mechanics Models w Londynie, Wielka Brytania (prezentacja
ustna, 2013), 13th IMEKO TC10 Workshop on Technical Diagnostics - Advanced measurement
tools in technical diagnostics for systems' reliability and safety w Warszawie, Polska
(prezentacja ustna, 2014), Sensors and Smart Structures Technologies for Civil, Mechanical,
and Aerospace Systems w Las Vegas, Stany Zjednoczone Ameryki (sesja plakatowa, 2016). W
2017 roku bratem udzial w programie akceleracji MIT Enterprise Forum Poland, realizowanym
we wspotpracy z duzymi przedsigbiorstwami dla start-up’6w w branzy energetycznej,

surowcowej, ochrony zdrowia oraz finansowe;.

Na mdj dorobek naukowy sktada si¢ szereg publikacji (Tab. 1.1) zwigzanych przede
wszystkim z tematyka metody CKO oraz wykorzystaniem optycznych metod pomiarowych w

przemysle.

Oproécz prac badawczych 1 wdrozeniowych zwigzanych z wykorzystaniem metody CKO,

w ramach pracy naukowe] zajmuje si¢ optycznymi systemami kontroli jakosci na liniach
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produkcyjnych, ze szczegdélnym uwzglednieniem metody triangulacji laserowej oraz
dedykowanych konstrukcji optycznych. Na zaprojektowane i wdrozone urzadzenie do
obserwacji kotowej zamkni¢¢ butelek w 2018 roku uzyskatem Patent RP. Od 2017 jestem
kierownikiem projektu ,Innowacyjne systemy optycznej kontroli jako$ci w procesach
pakowania w przemysle farmaceutycznym i spozywczym”, realizowanego w ramach grantu

Szybka Sciezka NCBiR, w firmie KSM Vision Sp. z o.o0..

Tabela 1.1. Wskazniki bibliometryczne dorobku naukowego.

Rozprawa Dorobek naukowy
Recenzowane publikacje 12 23
Publikacje z listy JCR 11 13
Pierwszy autor 4 5
Pierwszy autor na licie JCR 4 4
Patent 0 1
Sumaryczny Impact Factor 23,555 28,911
Suma punktow MNiSW 340 520
Index Hirscha (Scopus) 6 8
Index Hirscha (Scopus) bez
autocytowan 6 6
Liczba cytowan (Scopus) 109 159

1.2. Motywacja i cel pracy

Na etapie projektowania i eksploatacji ztozonych struktur inzynierskich wykorzystywane
sa techniki hybrydowe, w ktorych metody eksperymentalne i numeryczne uzupelniajg si¢
wzajemnie [1] w trakcie procesu analizy zlozonych konstrukcji. Powszechng praktyka w
mechanice eksperymentalnej jest walidacja modelu numerycznego za pomoca czujnikow
punktowych (np. czujnikdéw tensometrycznych). Sg one przymocowane do badanej struktury w
miejscach, w ktorych spodziewane sg najwigksze koncentracje napr¢zen (na podstawie analizy
modelu numerycznego). Jest to podejscie proste 1 tanie, ale problem moze wystapi¢, jesli
wstepny (uproszczony) model numeryczny nie wskaze wszystkich miejsc, w ktorych wystepuja

koncentracje napr¢zen. To z kolei moze powodowaé btedy w procesie walidacji modelu



numerycznego. Dlatego tez zaawansowana ocena modelu numerycznego jest coraz czgsciej
wspierana danymi uzyskanymi za pomoca polowych metod optycznych, ktore okreslaja
przemieszczenia 1 deformacje w krytycznych obszarach obiektow [2, 3]. W przypadku
pomiar6w duzych struktur inzynieryjnych najcze¢sciej stosowang technika jest metoda cyfrowej

korelacji obrazu [4-6].

Dobrym przyktadem duzych, ztozonych struktur inzynierskich sg samonos$ne struktury
lukowe wykonywane z cienkosciennych blach profilowanych metoda walcowania na zimno
[7], ktore charakteryzuja si¢ karbowanymi $ciankami profilu. Takie obiekty poczatkowo
budowano jako tymczasowe budynki wykorzystywane do celow wojskowych. Bezposrednie
dostosowanie tej technologii do celéw cywilnych, stwarza nowe wyzwania dla projektantow i
konstruktorow, ktorzy muszg sprosta¢ wymaganiom zwigzanym ze zwigkszeniem
bezpieczenstwa, wydtuzeniem zywotnosci elementow i jednoczesnym zmniejszeniem kosztow
inwestycji 1 eksploatacji. W przypadku konstrukcji wykonywanych z profili ze Scianek ptaskich
znane s3 (z dokumentéw normatywnych, m. in. norma PN-EN 1993-1-3:2008) zasady
projektowania, w szczegdlnosci w zakresie stabilnosci i przenoszenia obcigzenia. Natomiast w
przypadku profili ze $ciankami karbowanymi no$nos¢ konstrukcji tukowej w duzej mierze
zalezy od lokalnych zjawisk zwiagzanych z miejscowa niestateczno$cia w obszarze karbowania
scianek profilu. Lokalnie w obszarze karbowania moga formowac si¢ przeguby plastyczne,
ktore znaczaco wptywaja na wlasciwosci wytrzymatosciowe catego profilu. Do wyznaczania
nos$nos$ci profili z karbowanymi $ciankami nie ma w chwili obecnej uniwersalnych metod

obliczen i1 badan.

Kolejnym przyktadem duzych zlozonych struktur inzynierskich sa rurociagi przemystowe,
a w szczegolnosci ich potaczenia [8]. Przyktadowo na instalacjach syntezy amoniaku
wykorzystywanych w zaktadach azotowych, kluczowym elementem sg rurociagi reaktora 1
gazu, ktore podatne sa na czgste rozszczelnienia, wybuchy, a nawet pozary. Parametry robocze
instalacji to ci$nienie 200 bar, temperatura 300 - 400°C, natomiast przewodzone medium to
wysoce wybuchowy wodor. W przypadku starszych instalacji, w wyniku wybuchow 1
rozleglych pozaréow wyzszych poziomow reaktora i rurociaggéow, rurociagi ulegaja trwatym
odksztalceniom, a wilasciwosci uktadu zawieszenia i podpor ulegaja zmianie. W celu
zapewnienia bezpieczenstwa pracy instalacji nalezy opracowa¢ nowy, zaktualizowany model
numeryczny instalacji 1 najwazniejszych zlaczy, symulujacy rzeczywiste warunki pracy, co

umozliwi modernizacje potaczen i dobor optymalnych typdw uszczelnien.
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Ztozong strukturg kompozytowa sa réwniez obrazy olejne na podtozu ptdéciennym, w sktad
ktorych wchodzg nast¢pujace warstwy: ptocienne podobrazie, klej przeklejenia, grunt oraz
zaprawa warstwy malarskiej [9]. Wlasciwosci mechaniczne ptdtna malarskiego zaleza od
wlasciwos$ci poszczegodlnych sktadnikow oraz ich zawarto$ci procentowej w kompozycie. Ze
wzgledu na rozne techniki powstawania ptdcien malarskich rozwijane przez stulecia, trudne
jest okreslenie generalnych wiasciwosci mechanicznych ptocien. Sposob splotu watku i osnowy
w plotnie (ich procentowa zawarto$¢ na jednostk¢ powierzchni, sita naciggu podczas tkania,
rodzaj uzytych nici) moze powodowac rézne kurczenie si¢ lub rozcigganie — ptdétna malarskiego
w jednym lub dwoch kierunkach. Dobdr rodzaju i sposobu naprawy uszkodzonych dziet sztuki
jest gtéwnym wyzwaniem w praktyce konserwatoréow dziet sztuki. W przypadku reperacji
podobrazia kluczowym czynnikiem jest dobdr uzupetnien, tak aby ich wlasciwosci
mechaniczne pokrywaly si¢ z wlasciwosciami ptétna malarskiego. Gdy warunek ten zostanie
spelniony, w ptotnie po reperacji nie powinny wystgpowaé dodatkowe naprezenia pod

wptywem dzialania czynnikéw zewnetrznych.

Przedstawione = powyzej przykladowe problemy reprezentujace  rdéznorodne
zapotrzebowanie 1 aplikacje, moga zostaé rozwigzane w sposob efektywny poprzez
wykorzystanie danych eksperymentalnych uzyskanych za pomoca polowych metod
optycznych, ktére umozliwiaja pomiar przemieszczenia i deformacji obiektow w krytycznych
obszarach. W przypadku pomiaréw duzych struktur inzynieryjnych najczgsciej stosowang
technikg jest trojwymiarowa metoda cyfrowej korelacji obrazu (CKO 3D). Metoda ta cechuje
si¢ duzym zakresem pomiarowym (od kilkunastu mm do kilkudziesigciu cm) oraz duzym
zakresem skalowalnos$ci pola pomiarowego (od 15 mm x 20 mm do 2 m x 3 m), a dzigki proste;j
konstrukcji  systemu pomiarowego mozliwe jest jej przystosowanie do pomiarow
pozalaboratoryjnych. Jednakze, aby metod¢ CKO w petni wykorzysta¢ do pomiaru ztozonych
obiektow inzynierskich niezbgdne jest opracowanie wielu zasadniczych modyfikacji tej

metody.

W zwigzku z powyzszym, celem pracy jest rozszerzenie aplikacyjnosci metody
cyfrowej korelacji obrazu do pomiaru zlozonych obiektow inzynierskich, poprzez
opracowanie nowych metodyk pomiarowych i S$ciezek przetwarzania danych oraz

rozbudowe ukladu pomiarowego o nowe konfiguracje pomiarowe i moduly obliczeniowe.
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Aby osiagna¢ zatozony cel nalezato zrealizowac nastepujace zadania:

e rozszerzy¢ aplikacyjnos¢ tradycyjnych uktadéw 3D CKO poprzez opracowanie szeregu
modyfikacji w metodyce przetwarzania wynikdéw CKO umozliwiajacych zastosowanie tej
metody do efektywnej analizy wybranych zlozonych proceséw zachodzacych w obiektach
inzynierskich,

e opracowaé¢ wielokamerowy system CKO 3D, umozliwiajacy pomiary rozproszone we
wspolnym uktadzie wspotrzednych,

e opracowa¢ efektywng metodyke kalibracji 1 walidacji modeli numerycznych z
wykorzystaniem eksperymentalnych danych polowych na przykladzie wybranych

ztozonych obiektéw inzynierskich.

Udoskonalenia metody 3D CKO oraz opracowane w ramach pracy metodyki pomiaru maja
w przysztosci stanowié, wraz z opracowaniami udost¢pnionymi przez inne grupy badawcze,
zestaw narzedzi, ktore mogg by¢ dopasowane do analizy eksperymentalno-numerycznej

istniejacych 1 opracowanych w przysztosci skomplikowanych obiektéw inzynierskich.
1.3. Wstep teoretyczny

Pomiary przemieszczen wykonywane w mechanice eksperymentalnej wymagaja wysokiej
doktadnosci rzedu 107 [m]. Aby uzyskaé¢ wymagang doktadno$é¢ z wykorzystaniem optycznych
metod polowych oraz uprosci¢ stosowane uktady pomiarowe w latach osiemdziesigtych XX
wieku opracowano metode¢ cyfrowej korelacji obrazu [10, 11]. Metoda ta w poréwnaniu do
pozostalych metod optycznych (glownie z wykorzystaniem $wiatla koherentnego)
wykorzystywanych w mechanice eksperymentalnej umozliwia badanie w duzym zakresie pol
pomiarowych (od 20 x 15 [mm?] do 3 x 2 [m?]) oraz z duzym zakresem pomiarowym (od
mikrometrow do cm), a takze posiada male wymagania sprzetowe. Uktad skladajacy si¢ z
jednej kamery (CKO 2D) umozliwia pomiar przemieszczen w plaszczyznie (u,v), natomiast
uklad sktadajacy si¢ z dwoch kamer (CKO 3D) umozliwia pomiar przemieszczen w
plaszczyznie i pozaplaszczyznowych (u,v,w) (rys. 1.1). Ze wzgledu na mate skomplikowanie
uktadu pomiarowego latwe jest jego dostosowanie do pozalaboratoryjnych warunkow

pomiarowych.
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Rysunek 1.1. Schemat uktadow: a) CKO 2D i b) CKO 3D, c) przykiadowe stanowisko pomiarowe
CKO 3D [Al].

1.3.1. Cyfrowa korelacja obrazu 2D

Metoda CKO 2D umozliwia pomiar przemieszczen oraz wyznaczanie odksztatcen w
plaszczyznie z wykorzystaniem zdj¢¢ szaroodcieniowych z jednej kamery pomiarowej. Aby
umozliwi¢ pomiar metoda CKO nalezy pokry¢ badany obszar strukturg stochastyczng. Dzigki
zastosowaniu takiej struktury jesteSmy w stanie przyjac¢ zalozenie, ze po odpowiednim podziale
zdjecia badanego obiektu na mate obszary (subsety) beda one niepowtarzalne w catym polu

pomiarowym (przyktad struktury stochastycznej zostat pokazany na rys.1.2a).

Vimm]  -25 -0.002 Eyy  0.011
(a) (b) (€)

Rysunek 1.2. a) Przyktadowa struktura stochastyczna wykonana za pomocq farb w spray'u oraz
przyktadowe mapy w kierunku poziomym b) przemieszczen i c) odksztatcen zarejestrowane tuz po
peknieciu nadproza w trakcie proby wytrzymatosciowej.

Pomiar metodg CKO polega na zebraniu serii obrazow, z ktérej wybrany jest obraz
referencyjny. Na obrazie referencyjnym zaznaczony jest obszar zainteresowania (pomiarowy)
(AOI, ang.: area of interest), ktory dzielony jest na subsety (prostokaty o bokach od kilku do
kilkunastu pikseli), nastgpnie z doktadnos$cia subpikselowa sledzone jest potozenie subsetow
na obrazach pomiarowych z wykorzystaniem wspotczynnika cyfrowej korelacji obrazu. Na
podstawie wyliczonych przemieszczen pojedynczych subsetow wyznaczana jest wektorowa
mapa przemieszczen w AOI (rys. 1.2b), mapa ta nastgpnie moze zostac przeliczona na mape

odksztatcen (rys. 1.2¢).
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1.3.2. Wspoélczynnik korelacji

Metoda CKO polega na znajdowaniu przemieszczen subsetow w kolejnych obrazach
pomiarowych wzgledem obrazu referencyjnego. Aby bylo to mozliwe nalezy wprowadzi¢
wspotczynnik, ktéry pozwoli wykona¢ ta operacje. W praktyce wykorzystywane sg dwa

wspotczynniki opisane ponize;j.

W statystyce matematycznej jako wspotczynnik korelacji przyjmuje si¢ wspotczynnik
korelacji liniowej Pearsona dwoch zmiennych, jako iloraz kowariancji oraz iloczynu odchylen

standardowych tych dwoch zmiennych:

_ cov (G,F) _ ZLZ][F(ny]) - F][G(Xl + dx,yj + dy) - G_]

oaor \/ZiZj[F(xi»Yj) - F]Zzizj[G("i + dx'yj + dy) - 5]2

rij

(1.1)

gdzie: F - warto$¢ w odcieniach szaro$ci w punkcie (x;, y;) subsetu z obrazu referencyjnego;
G - warto$¢ w odcieniach szaro$ci w punkcie (X; + dx, yj +dy) subsetu z obrazu pomiarowego;
F,G - s uérednionymi warto$ciami odcieni szaro$ci z subsetow odpowiednio referencyjnego

oraz pomiarowego; dx, dy — przemieszczenia odpowiednio w kierunku x 1y.

Algorytm oparty na wspotczynniku korelacji liniowej Pearsona odporny jest na jednorodna
zmian¢ warunkow o$wietlenia w trakcie pomiaréw, dzigki wykorzystaniu warto$ci
usrednionych odcieni szarosci w subsecie F, G. Metoda ta cechuje si¢ unormowang wartoscia

wspotczynnika korelacji: 7;; € [0,1]; dla subsetow pokrywajacych si¢ wynosi 1.

Natomiast Michael A. Sutton w swojej monografii [11] jako wspotczynnik korelacji podaje

sume kwadratowa z rdznic odcieni szaro$ci (SSD, ang.: sum of squares deviation).:

Xésp = Zizj[G(xi +dy, Y+ dy) - F(xi'y])]z (1.2)

W przypadku znalezienia przez algorytm subsetéw identycznych wspélczynnik >
przyjmuje warto$¢ 0, natomiast dla subsetow zupelnie roéznych nie ma unormowanej

maksymalnej wartos$ci.

Modyfikacja wspolczynnika SSD jest jego normalizacja wzgledem wartosci Sredniej

(ZSSD, ang.: zero-mean sum of square difference).:
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Xssp = Zizj[(G(xi +dy,y; +dy) - G) - (F(xyy) - P (13)

Algorytm oparty na tej metodzie odporny jest na jednorodng zmiang warunkoéw

o$wietlenia.

Kolejng modyfikacja wspotczynnika SSD jest normalizacja skali szaroodcieniowej dla

subsetu w obrazie pomiarowym (NSSD, ang.: normalized sum of squared difference)

G(Xi + dx,y]' + dy)

G(x;+d,,y;, +d,)F(x;,
P zz [E 2 6(xi+ doy; + dy) F(xiy)

YixidG(x; +dy,y; +d
J[ (% Yj y)] (1L.4)

~F (xi,yj)]

Algorytm oparty na tej metodzie odporny jest na liniowa zmian¢ warunkdéw o$wietlenia.

Potaczeniem wspodtczynnikow ZSSD oraz NSSD jest wspotczynnik ZNSSD (ang.: zero-

mean normalised sum of squared difference).:

XiX; G(xl +dyy; + dy) F(xl,yj)
— G i+'dx' 4+ d
XZnssp = é E { .3, G(xl +duy; +dy)] [(( (x Yj y)

(1.5)

6)— Py m}

Algorytm oparty na tej metodzie odporny jest na jednolitg oraz liniowa zmiang warunkow

oswietlenia.
1.3.3. Sub-pikselowa dokladnos¢ algorytmu CKO

Podczas pomiaru na badany obiekt dziala wymuszenie powodujgce przemieszczenie oraz

deformacje subsetow (Rys.1.3), w pomiarach na ptaszczyZnie mozna zaobserwowac sktadowe

ou du Jdv OJv

u,v,—,—,—,—, gdzie: u - przemieszczenia w kierunku osi X, v - przemieszczenia w kierunku
ox’ 9y’ ax’ oy >

osl y. Subset pomiarowy nie bedzie identyczny w poréwnaniu z subsetem referencyjnym, z
tego powodu algorytm CKO musi najpierw wyznaczy¢ zgrubnie potozenie subsetu (z
doktadnoscia pikselowa), a nastgpnie optymalizowac iteracyjnie jego ksztalt tak, aby

wyznaczy¢ przemieszczenie sub-pikselowe.
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Rysunek 1.3. Schemat deformacji subsetu.

Optymalizacja z wykorzystaniem wspolczynnika korelacji liniowej Persona oraz
algorytmow opartych na funkcji SSD oraz jej pozostalych wariantow, polega na modyfikacji

wspotczynnikéw dx oraz dy.:

d=u + Paxs 2 1.6
d =vi+ Paxs 24 17
y TUT xS T 5y Y (1.7)

Teoretycznie uzyskiwana doktadno$¢ pomiaru przemieszczen wynosi 0,005 piksela [11],
jednak w praktyce wykorzystania metody w pomiarach pozalaboratoryjnych warto$¢ ta nie jest

wieksza niz 0,02 piksela.
1.3.4. Wyznaczenie odksztalcen

Odksztatcenie w metodzie CKO wyznaczane s3 najczgsciej na podstawie wzorow

wyprowadzonych na potrzeby optycznych metod polowych [10]:

ou  1[ou\?® /ov\*]
=~ 1 2|(=) +(= 1.8
=512 _<6x> +(ax> | (1.8)
v 1[/0u\? o\ 2]
= 4 2|(=— - 1.9
Evy 6y+2 _<6y> +<6y) | (1.9)

1/0u 0v 10udu Jdvov
Eypy = ( > (1.10)

v =23\5y Tox) T 2laxay T oxay

Nalezy zwroci¢ uwage, ze metoda CKO umozliwia pomiar przemieszczen na ptaszczyznie
badanego obiektu, dlatego tez odksztalcenia sa wyznaczanie wyltacznie w plaszczyznie

badanego obiektu.
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1.3.5. Cyfrowa korelacja obrazu 3D

Do pomiaru przemieszczen 3D wykorzystywane jest uktad stereowizyjny [ 12], ktory sktada
si¢ z dwoch kamer. W metodzie CKO 3D jedna z kamer wybierana jest jako referencyjna
(kamera 1), natomiast druga stanowi kamer¢ dodatkowg (kamera 2). W pierwsze] fazie
pomiarow CKO 3D wyznaczane sg przemieszczenia w plaszczyznie wzglegdem kamery 1,
nastepnie z wykorzystaniem kamery 2 wyznaczane sg przemieszczenia pozaplaszczyznowe.
Odnajdywanie obszaréw odpowiadajacych sobie na kamerze 1 1 2 odbywa si¢ poprzez funkcje
korelacji (schematyczny diagram zostal przedstawiony na rys. 1.4). W publikacji [11]
udowodniono, ze kat 30° miedzy kamerami zapewnia najlepsza dokladno$¢ pomiaréw
pozaptaszczyznowych (iloczyn doktadnosci pomiarow w ptaszczyznie (0,005 piksela) oraz
tangensa kata rozstawu kamer) przy minimalizacji wptywu cieni i maksymalizacji obszaru

wspolnego pola pomiarowego obu kamer.

camera 1

camera 2

correlation
e

(uiw) &

L 4

(u2.wva2) |

AL shaps

Rysunek 1.4. Schemat wyznaczania przemieszczen i ksztaftu metodqg CKO 3D [Al].
1.3.6. Podsumowanie

Metoda CKO dzigki prostej konfiguracji sprzetowej jest fatwa w implementacji w
pomiarach obiektéw inzynierskich, natomiast wysoka doktadno$¢ pomiaru i skalowalno$¢ pola
pomiarowego umozliwia jej wykorzystanie w mechanice eksperymentalnej. Jest to bardzo
uniwersalna metoda, jednak aby w pelni wykorzysta¢ jej potencjat, nalezy opracowac szereg
modyfikacji w metodyce przetwarzania wynikow CKO w celu umozliwienia efektywne;j
analizy ztozonych procesoOw zachodzacych w wybranych obiektach inzynierskich. Ponadto
nalezy zwréci¢ uwage, ze w przypadku pomiardw zlozonych struktur inzynierskich,
ograniczenie metody do pojedynczego pola pomiarowego zmniejsza powaznie aplikacyjnosé
metody.
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2. Przewodnik po publikacjach

2.1. Cykl spojnych tematycznie publikacji stanowigcych przedmiot

rozprawy
Udzial Impact Punkty Cyt.
Nr | Publikacja
% factor MNiSW | (Scopus)

M. Malesa, K. Malowany, L. Tyminska-

Widmer, E. A. Kwiatkowska, M.

Kujawinska, B. J. Rouba, P. Targowski,
Al | »Application of Digital Image Correlation 30 - 15 g

(DIC) for tracking deformations of

paintings on canvas” Proc. SPIE 8084,
80840L (2011).

A. Piekarczuk, M. Malesa, M.
Kujawinska, K. Malowany, “Application
of hybrid FEM-DIC method for
A2 assessment of low cost building 15 1.548 35 20

structures”, Experimental Mechanics 52

(9), 1297-1311 (2012).

M. Malesa, K. Malowany, U. Tomczak,
B. Siwek, M. Kujawinska, A. Sieminska-
Lewandowska, “Application of 3D digital
A3 |. .. . 30 1.457 35 28
image correlation in maintenance and

process control in industry”, Computers in

Industry 64 (9), 1301-1315 (2013).

K. Malowany, L. Tyminska-Widmer, M.
Malesa, M. Kujawinska, P. Targowski,
B.J. Rouba, “Application of 3D digital
A4 | image correlation to track displacements 55 1.784 30 5
and strains of canvas paintings exposed to
relative humidity changes”, Applied
Optics 53 (9), 1739-1749 (2014).
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AS

A. Piekarczuk, K. Malowany, P. Wigch,
M. Kujawinska, P. Sulik, “Stability and
bearing  capacity of  arch-shaped
corrugated shell elements: experimental
and numerical study”, Bulletin of the
Polish Academy of Sciences 64 (1), 113-
123 (2015).

25

1.087

25

13

A6

M. Rataj, M. Malesa, M. Kujawinska, L.
Ptatos, P. Wawer, K. Seweryn, K.
Malowany, “3D DIC Tests of Mirrors for
the Single-Mirror Small-Size Telescope of
CTA”, Experimental Astronomy 39 (3),
513-525 (2015).

10

2.867

20

A7

K. Malowany, K. Magda, J. Rutkiewicz,
M. Malesa, J. Kantor, J. Michonski, M.
Kujawinska, “Measurements of geometry
of a boiler drum by Time-of-Flight laser
scanning”, Measurements 72, 88-95

(2015).

55

1.742

30

A8

A. Piekarczuk, K. Malowany,
“Comparative analysis of numerical
models of arch-shaped steel sheet
sections”,  Archives of Civil and
Mechanical Engineering 16 (4), 645-658

(2016).

30

2.216

30

A9

M. Malesa, K. Malowany, J. Pawlicki, M.
Kujawinska, = P.  Skrzypczak, A.
Piekarczuk, T. Lusa, A. Zagorski, “Non-
destructive testing of industrial structures
with the use of multi-camera Digital

Image Correlation method”, Engineering

Failure Analysis 69, 122-134 (2016).

25

1.676

30

13
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Al0

K. Malowany, M. Malesa, T. Kowaluk,
M. Kujawinska, “Multi-camera Digital
Image  Correlation = method  with
distributed fields of view”, Optics and
Lasers in Engineering 98, 198-204

(2017).

75

3.388

30

All

P. Gasior, J. Kaleta, R. Rybczynski, M.
Malesa, M. Kujawinska, K. Malowany,
“Application of Complementary Optical
Methods for Strain Investigation in
Vessel”,

718-724

Composite High Pressure

Composite  Structures 203,

(2018).

10

4.101

35

Al2

K. Malowany, A. Piekarczuk, M. Malesa,
M. Kujawinska, P. Wiech, “Application of
3D digital 1image correlation for
development and validation of FEM
model of self-supporting arch structures”,

Applied Sciences 9 (7), 1305 (2019).

70

1.689

25

2.2. Rozszerzenie aplikacyjnosci tradycyjnych ukladow 3D CKO

2.2.1. Wstep

Metoda cyfrowej korelacji obrazu w jej wersjach 2D 1 3D jest szeroko stosowana w
praktyce inzynierskiej, jednak na co dzien pojawiaja si¢ nietypowe wyzwania pomiarowe
zwigzane z samym charakterem obiektu, warunkami lub wymaganiami funkcjonalnymi samych
pomiarow. Zadaniem naukowcow i inzynierow jest znajdowanie efektywnych rozwigzan i

wspomaganie realizacji pomiarow 1 analizy danych pod katem wymagan zdefiniowanych przez

praktyczne zagadnienia.

W ramach mojej pracy w ZIF IMiF PW rozszerzytem aplikacyjnos$¢ tradycyjnych uktadow
CKO 3D obstugiwanych przez komercyjne oprogramowanie VIC (firmy Correlated Solution)

o nastepujace zagadnienia wazne w praktyce inzynierskiej:
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e zaproponowatem 1 zaimplementowalem metody przestrzenno-czasowej analizy danych
CKO poprzez mapowanie profili przemieszczef/deformacji w funkcji czasu dla takich
zastosowan jak: monitorowanie zmian w obrazach olejnych [A1, A4], podporach stalowych
wykopoéw [A3] oraz podlozy do zwierciadetl teleskopow astronomicznych [A6] pod
wplywem zmian §rodowiskowych i/lub obcigzen zewnetrznych;

e zaproponowatem 1 zaimplementowatem metody wyznaczania lokalnych map
przemieszczen/odksztatcen z pominigciem wptywu zmian globalnych w obiekcie na
przyktadzie badan obrazéw olejnych [A4];

e opracowalem metodyke analizy danych z CKO 3D w cylindrycznym uktadzie
wspotrzednych na przyktadzie pomiaré6w wysokoci$nieniowego zbiornika kompozytowego

na wodor/metan [A11].

Opracowane metody analizy (w szczego6lnosci analiza danych w cylindrycznym uktadzie
wspotrzednych) wykorzystatem do pomiaréw 1 analizy ksztaltu walczaka na bloku

energetycznym [A7].

W  kazdym praktycznym zagadnieniu oprocz zaproponowania 1 implementacji
wymienionych wyzej modyfikacji procesu analizy danych niezbedne bylo opracowanie
specyficznego dla danego zagadnienia uktadu 1 scenariusza pomiarowego, natomiast powyzsze
modyfikacje metodyki analizy danych wykorzystywane byly rowniez jako standardowe

narzg¢dzie w pracach przedstawionych w dalszych rozdziatach przewodnika.
2.2.2. Przestrzenno-czasowa analiza danych CKO

W wyniku analizy metodag CKO 3D uzyskiwane s3 dwuwymiarowe mapy przemieszczen i
odksztalcen w catym polu widzenia uktadu. Podczas monitorowania zmian jednym z
podstawowych narzedzi analizy danych sg przekroje linowe, w wyniku ktorych uzyskiwane sg
profile przemieszczen/odksztalcen na odcinkach zaznaczonych na analizowanej mapie. Jednak
w przypadku poréwnywania danych dla kilku stanow obiektu narzedzie to jest niewygodne. W
zwigzku z powyzszym do analizy danych uzyskanych metoda CKO zaadaptowalem, analize
danych opartych na przestrzenno-czasowych mapach (skanach) wykorzystywanych m. in. w
optycznej tomografii koherencyjnej (ang. Optical Coherence Tomography) [Al]. Uzyskane
profile przemieszczen/odksztalcen uzyskane na danym odcinku zostaly polaczone w funkcji
czasu, dzigki czemu mozliwe bylo utworzenie map zmian przemieszczen (rys. 2.1) 1

odksztatcen w przekroju 1 w czasie (X,y,t).
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Rysunek 2.1. Po prawej przyktadowy zestaw pol przemieszczen (U(x), V(y), W(z)) w momencie
maksymalnej deformacji probki; po lewej profile przemieszczen w funkcji czasu (dla przekroju
zaznaczonego bialq linig na mapach przemieszczen), dla catego cyklu obcigzen wilgotnosciowych

(pokazanych na wykresie bocznym)[Al].

Zaproponowana przeze mnie wizualizacja danych umozliwita efektywng analize procesow
zachodzacych w badanej strukturze pod wptywem wymuszenia zewn¢trznego. W przypadku
pomiaru obrazéw plociennych wyeksportowane dane umozliwiaja konserwatorom sztuki ocene
ilosciowg wpltywu badanych typoéw napraw na prace calego ptotna (wspodtpraca z
Uniwersytetem Mikotaja Kopernika w Toruniu). Przyktadowo na wizualizacji przekrojow w
czasie (rys. 2.1) mozna doktadnie oceni¢ wptyw zmiany wilgotno$ci na przemieszczenia (i
odksztalcenia materialu) w  obszarach poszczegélnych napraw. Na podstawie
przeprowadzonych przeze mnie testow wyselekcjonowano naprawy konserwatorskie, ktore
najmniej wptywaty na odpowiedz danego ptotna na wymuszenie wilgotnosciowe [ A4]. Obecnie
zmodyfikowana metoda CKO zostata wpisane na list¢ technologii, ktére beda wykorzystywane
w European Research Infrastructure for Heritage Science (E-RIHS ERIC).

Mapowanie profili przemieszczen/deformacji w funkcji czasu postuzylo rowniez do
analizy danych uzyskanych z pomiaru rozpor stalowych wykorzystywanych w budownictwie

[A3] oraz zwierciadet optycznych segmentowych teleskopdéw astronomicznych [A6]. W
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przypadku rozpodr stalowych wykorzystywanych w budownictwie do rozpierania S$cian
szczelinowych (rys. 2.2 a, b), przeprowadzilem pomiary przemieszczen metoda CKO 3D
skorelowane z pomiarem temperatury wykonanym technikg termowizji. Przeprowadzone
pomiary oraz analiza danych pozwolity doktadnie okre§li¢ wplyw zmian temperatury na
przemieszczenia rozpér stalowych 1 na przemieszczenia $cian szczelinowych. Przyktadowy
profil odksztalcen rozpory w funkcji czasu dla dobowego cyklu zmiany temperatury pokazany
zostal na rys. 2.2 ¢. Wykonane pomiary moga postuzy¢ do wspomagania metod projektowania
$cian szczelinowych (wspolpraca z Wydzialem Inzynierii Ladowej PW). Uwzglednienie
deformacji termicznych podczas symulacji numerycznych pozwoli w przyszlosci na
oszcz¢dno$ci materialowe przy budowie wzmacnianych $cian. W przypadku zwierciadet,
badania dotyczyly nowego typu zwierciadet do segmentowych teleskopdw astronomicznych
wykonywanych z kompozytéw (rys. 2.2 d), opracowanych jako alternatywa dla klasycznych
szklanych zwierciadet (wspotpraca z Centrum Badan Kosmicznych PAN). Technologia ta ma
na celu zminimalizowanie kosztu produkcji setek zwierciadet dla sieci teleskopow, przy
jednoczesnym zachowaniu wysokich parametrow jako$ci obrazowania. W celu zbadania
wplywu temperatury na odksztatcenia badanych zwierciadel przeprowadzitem testy, podczas
ktorych prototypowe zwierciadto zostalo umieszczone w komorze klimatycznej. Opracowatem
metod¢ nakladania tekstury na zwierciadta (rys. 2.2 d), niezbedng do wykorzystania CKO w
tym nietypowym zastosowaniu. Odksztatcenia zwierciadet spowodowane zmiang temperatury
obserwowane byly z wykorzystaniem metody CKO 3D (rys. 2.2 e). Przykladowa mape¢ oraz
profil przemieszczen pozaptaszczyznowych dla zwierciadta podczas proby termicznej
pokazano na rys. 2.2 f-g. W wyniku przeprowadzonych testow wprowadzono zmiany w

projekcie zwierciadet, ktore poprawity technologie ich produkcji.
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Rysunek 2.2. a) Pomiar rozpory stalowej z wykorzystaniem systemu CKO 3D, b) mapa ksztattu
podpory stalowej z zaznaczonymi profilami do analizy odksztatcen, c) przyktadowy profil odksztatcen
wzdtuz profilu L2, dla dobowego cyklu zmiany temperatury [A3]; d) zwierciadto optyczne wykonane z
kompozytow, e) zwierciadlo optyczne pokryte strukturg plamkowg w komorze klimatycznej, w trakcie

pomiaru systemem CKO 3D, f) przyktadowa mapa przemieszczen pozaplaszczyznowych w trakcie
zmiany temperatury z zaznaczonym przekrojem L2, g) przykiadowy profil przemieszczen wzdtuz linii

L2, dla proby termicznej [A6].
2.2.3. Wyznaczanie map przemieszczen lokalnych

W badaniach wielu struktur mechanicznych wazne jest jednoczesne badanie przemieszczen
i deformacji obiektéw w trzech kierunkach, podczas poddawania tych obiektow roznego
rodzaju obcigzeniom (mechanicznym, termicznym, $rodowiskowym). Dobrym przyktadem
takiego typu obiektow sa zabytkowe obrazy olejne (ktére mozna traktowac jako ztozona
strukture kompozytowa). Sa one najczgsciej zamocowane luzno na ramie, w zwigzku z czym
podczas zmiany wspotczynnika wilgotnos$ci otoczenia na skutek pgcznienia obraz deformuje
si¢ w kierunku normalnym do plaszczyzny ramy. Standardowo polowe pomiary optyczne
umozliwiajg pomiar przemieszczen w trzech kierunkach, natomiast analize odksztalcen w
dwoch kierunkach, na ptaszczyznie badanego obiektu. W celu analizy odksztalcen poza-
ptaszczyznowych wykorzystywane sg skomplikowane techniki pomiaru, takie jak
rentgenowska tomografia komputerowa, rezonans magnetyczny lub optyczna tomografia
koherentna. Jednak w przypadku pomiaréw oddziatlywania zmian srodowiskowych na obrazy
ptocienne metody te sg niepraktyczne/niewystarczajace. W przypadku dwoéch pierwszych
metod, ze wzgledow finansowych, nierealne jest zbudowanie komory do symulacji warunkéw

srodowiskowych, w ktorej moglyby pracowaé systemy rentgenowskie/rezonansu
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magnetycznego. Natomiast metoda optycznej tomografii koherencyjnej ma zbyt mate pole
pomiarowe, aby monitorowac globalne deformacje obrazu olejnego na ptotnie [13]. W zwigzku
z powyzszym powstato zagadnienie interpretacji danych uzyskiwanych z polowych metod
optycznych, tak aby uzyska¢ informacje o lokalnych pozaptaszczyznowych deformacjach
obiektu wynikajacych ze zmian materiatowych . W ramach wspotpracy z konserwatorami dziet
sztuki z Uniwersytetu Mikotaja Kopernika w Toruniu, przeprowadzitlem badania metodg CKO
3D oddziatywania réznych rodzajow napraw konserwatorskich na prace ptdtna podczas proby
wilgotnosciowej. Celem badan byto wybranie najbardziej neutralnego sposobu naprawy (nie
wprowadzajacego dodatkowych naprezen) sposrdd tych, ktore zostaty zastosowane na ptdtnie
modelowym (ptotnie o analogicznych cechach wzgledem obiektu poddawanego konserwacji).
W wyniku analizy danych stwierdzono, ze przemieszczenia pozaptaszczyznowe W byty o rzad
wigkszosci wigksze niz przemieszczenia w plaszczyznie U, V, na podstawie ktorych
wyznaczane s3 odksztalcenia €xx 1 &€y. W celu uzyskania informacji o deformacjach
pozaplaszczyznowych opracowalem prosty 1 efektywny algorytm do wyznaczania

przemieszczen lokalnych [A4].

Lokalne przemieszczenia pozaptaszczyznowe W zwigzane z oddzialywaniem napraw na
ptoétno sg znacznie mniejsze niz globalne przemieszczenia calego ptotna. Wykorzystujac
filtracje dolnoprzepustowa mapy przemieszczen, elementy mapy o duzej czgstotliwosci
(przemieszczenia lokalne) zostang usunigte. Do operacji filtrowania wykorzystany zostat filtr
usredniajacy, rozmiar filtra uzalezniony jest od rozmiaréw napraw. W opisanym przypadku
rozmiary napraw byly podobne, wigc rozmiar filtra byl staly w calym polu widzenia. W
przypadku duzych roéznic w rozmiarach napraw wielko$¢ filtra powinna by¢ dostosowana
lokalnie zgodnie z wcze$niejsza wiedzg o obiekcie. Mapa uzyskana po filtracji zostata odjeta
od mapy przed filtracjg, w ten sposob uzyskana zostala mapa przemieszczen lokalnych (rys.

2.3 b), schemat algorytmu postepowania przedstawiony zostal na rys. 2.3 a.

I—l Duterminntinn of filler aize '——‘
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¥ ¥
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¥
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Rysunek 2.3. a) Schemat procedury wyznaczania map lokalnych;, przyktadowa mapa przemieszczen
pozaptaszczyznowych (b) na podstawie, ktorej wyznaczono mape przemieszczen lokalnych (c) dla

obrazu ptociennego podczas proby wilgotnosciowej (na mapie zaznaczono naprawy defektow) [A4].
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Uzyskane dane pozwolily oceni¢ wplyw napraw na deformacje pozaptaszczyznowe
badanego ptétna, w potaczeniu z informacja o przemieszczeniach globalnych oraz
odksztalceniach (w ptaszczyznie ptotna) uzyskana zostata petlna informacja o oddziatywaniu

napraw na prace¢ ptoétna podczas zmiany wilgotnosci.
2.2.4. Analiza danych w walcowym ukladzie wspolrzednych

Zazwyczaj do modelowania 3D obiektoéw inzynierskich oraz pomiaréw przemieszczen
wykorzystywany jest kartezjanski uktad wspotrzednych. Jednak w przypadku czesci obiektow
podejscie to jest nieoptymalne z punktu widzenia analizy wynikéw, do grupy tej zaliczajg si¢
obiekty cylindryczne, jest to duzo grupa obiektow do ktdérej nalezag m.in. waly maszyn,
rurociagi, zbiorniki (na paliwo, silosy), kominy. Dla tej grupy obiektow istotnymi parametrami
geometrii sg tolerancje okraglos$ci, walcowatosci, wspotosiowosci, natomiast w przypadku
analizy wytrzymato$ciowej istotne s3 odksztalcenia obwodowe. Aby ulatwi¢ analiz¢ danych
eksperymentalnych dla tej klasy obiektow istotne jest, aby wyniki byly dostepne w
cylindrycznym uktadzie wspotrzednych.

W ramach prowadzonych prac wykonalem pomiary geometrii walczaka na bloku
energetycznym (cylindryczny obiekt wielkogabarytowy, o $rednicy 1,6 m i dlugosci 16 m) z
wykorzystaniem techniki pomiaru ToF (ang.: Time of Flight) [A7]. Pomiar zostat zrealizowany
w trakcie remontu, celem sprawdzenia czy obrobka termiczna (wyzarzanie odprezajace) nie
spowodowata znacznych deformacji walczaka, ktéore moga wplynaé niekorzystnie na
bezpieczenstwo eksploatacji obiektu. Wyznaczone zostaly miejsca, w ktérych S$rednica
walczaka odbiega w sposob znaczacy od wartosci nominalnej, dzigki czemu w tych miejscach
zwrocono szczegdlng uwage na pasowanie separacji, ich bledne dopasowanie moze
doprowadzi¢ do wyciekéw pary w trakcie pracy bloku. Na potrzeby analizy wynikow pomiaru
opracowalem metodyke analizy danych w cylindrycznym uktadzie wspotrzgdnych (roztozona
na plaszczyzn¢ mapa ksztattu mierzonej konstrukcji pokazana na rys. 2.4), w wyniku ktorej
uzyskiwane sg parametry tatwe do interpretacji przez dziat diagnostyki technicznej. Dzigki
wykorzystaniu dedykowanej analizy danych mozliwe byto w tatwy sposdb wyznaczenie

nastepujacych parametrow:
* lokalnej odchytki walcowosci na catej dtugosci walczaka (pomiar $rednicy),
 strzatki ugigcia w ptaszczyznie pionowej i poziomej na catej dlugosci,
 S$rednicy walczaka w ptaszczyznie poziomej i pionowe;j,

* odchytki wspoétosiowosci pomiedzy sektorami ptaszcza walczaka.
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Rysunek 2.4. Roztozenie na ptaszczyzne mapy promienia cylindrycznej powierzchni walczaka, mapa
ksztaltu zostata wyznaczona w cylindrycznym ukladzie wspotrzednych (na mapie zaznaczono linie,

ktore byly analizowane w ramach przeprowadzonych prac) [A7].

Metodyka analizy wynikéw w cylindrycznym uktadzie wspotrzednych wykorzystana
zostala przy badaniach odksztatcen wysokocisnieniowego zbiornika na wodor i metan [A11]
(Wspotpraca z Politechnika Wroctawska). Metoda CKO 3D oraz czujniki $wiattowodowe
oparte na siatkach Bragga (FBG, ang.: Fiber Bragg Grating) wykorzystane zostaty do pomiaru
przemieszczen/odksztatcen zbiornika w trakcie proby cisnieniowej (rys. 2.5). Czujniki FBG
(prace zespotu z Politechniki Wroctawskiej) byly rozpigte na powierzchni cylindrycznego
zbiornika, przez co mierzyly odksztatcenia obwodowe (na wycinkach tukéw). W zwigzku z
powyzszym, aby umozliwi¢ poréwnanie danych eksperymentalnych uzyskanych obydwiema
metodami, dane otrzymane przeze mnie metoda CKO 3D przeliczytem do cylindrycznego
uktadu wspotrzednych. Wartosci odksztalcen globalnych uzyskane z wykorzystaniem metody
CKO 3D postuzyty do kalibracji czujnikow FBG. Jednoczesnie dane z obydwu czujnikéw
zostaly wykorzystane do opracowania modelu numerycznego badanego zbiornika. Wykazano,
ze dane uzyskane metoda CKO 3D moga postuzy¢ do identyfikacji defektow na zbiorniku oraz
wspiera¢ optymalizacje roztozenia czujnikow FBG, ktore przeznaczone sa do wkomponowania
w kompozytowg strukture zbiornika. Opracowana metodyka wspomaga rozwigzanie trudnego
problemu budowy wydajnego systemu monitorowania (w czasie eksploatacji) stanu konstrukcji
(SHM, ang.: structural health monitoring) dla zbiornikdéw wysokoci$nieniowych dla paliw

gazowych.

27



Moyseremem

dgfrad] 0.0167

Measursd iank

Rysunek 2.5. a) Stanowisko do pomiaru przemieszczen/odksztatcen zbiornika na wodér/metan; b)
przyktadowa mapa przemieszczen kqtowych zbiornika w trakcie proby cisnieniowej, z zaznaczonymi

wirtualnymi tensometrami uzywanymi do wyznaczania odksztatcen [A11].

2.3. Wielokamerowy system CKO 3D, wumozliwiajacy pomiary

rozproszone we wspolnym ukladzie wspotlrzednych

W ramach pomiaru wielkogabarytowych obiektow inzynierskich niejednokrotnie
wymagane jest, aby pola pomiarowe znajdowaty si¢ w kilku oddalonych od siebie obszarach,
poniewaz przy ztozonym stanie obcigzen, koncentracje naprezen nie wystepuja wytacznie w
jednym miejscu. W przypadku optycznych pomiaréw polowych realizacja tego typu pomiarow
jest problematyczna, poniewaz z jednej strony pola pomiarowe (przy oczekiwanej doktadnosci)
sg stosunkowo niewielkie (np. Imx1m), a z drugiej brak jest metodyki taczenia danych z
obszar6w pomiarowych oddalonych od siebie o kilka metrow. Natomiast wykorzystanie
danych o przemieszczeniach z nieskorelowanych uktadéow wspotrzednych moze wprowadzaé

btedy w interpretacji wynikow, m.in. w kalibracji modeli numerycznych konstrukcji.

System CKO 3D umozliwia polowy pomiar optyczny, doktadno$¢ pomiaru uzalezniona
jest od wymiaru pola pomiarowego. Im wigksze pole pomiarowe tym mniejsza doktadnos¢
pomiaru przemieszczen/odksztalcen. W celu zachowania wymaganych doktadnosci
pomiarowych do pomiaru konstrukcji wielkogabarytowych oraz obiektow o skomplikowane;j
geometrii (ktére wymagaja obserwacji z wigcej niz jednej perspektywy) opracowane zostaty
wielokamerowe systemy CKO 3D, umozliwiajace pomiar we wspolnym ukladzie
wspotrzednych. Z publikacji [14 - 16] znane sg systemy z nachodzagcymi polami pomiarowymi,
jednak jest to cze$ciowe rozwigzanie problemu, w przypadku konstrukcji roztozonych (np.
rurociggi) lub wielkogabarytowych (np. duze konstrukcje budowlane) pola pomiarowe

powinny by¢ odseparowane od siebie o kilka/kilkanascie metrow. Aby umozliwi¢ pomiar tej
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klasy obiektow opracowatem wielokamerowy system CKO 3D z rozproszonymi polami
pomiarowymi, ktory wykorzystatem do pomiaru obiektow przemystowych, hali magazynowe;j
oraz rurociggdw na instalacji w zaktadach azotowych. Wykonane prace opisatem w artykutach

[A9, A10].

2.3.1. Koncepcja wielokamerowego systemu CKO 3D z rozproszonymi polami

pomiarowymi

Gléwnym wyzwaniem podczas pomiaru obiektu w wielu rozproszonych (nienaktadajacych
si¢) polach pomiarowych jest transformacja lokalnych uktadéw wspotrzgdnych pojedynczych
systemow CKO 3D (OXi1Y1Zi, ..., OXnYnZn, gdzie n oznacza numer systemu CKO 3D) do
jednego globalnego uktadu wspoétrzednych (OXoYo0Zo). Opracowana procedura oparta jest na
transformacji geometrycznej migdzy lokalnymi uktadami wspotrzednych systemow CKO 3D 1
globalnym ukladem wspoétrzednych zewngtrznego systemu pomiarowego. Do wyznaczenia
globalnego uktadu wspoétrzednych zaproponowatem tracker laserowy [17], ktoéry wyznacza z
wysoka doktadno$cig potozenie markera (precyzyjnie wykonanej kuli stalowej z wbudowanym
retroreflektorem). Nalezy nadmienié, ze zasi¢g pomiarowy trackerow laserowych przekracza
100 metréw, a wiec spetniajg one wymaganie wspomagania laczenia znacznie oddalonych

obszarOw zainteresowania.

Schemat ogolnego podejscia do wyznaczenia transformacji lokalnych uktadow
wspotrzednych systemow CKO 3D do globalnego uktadu wspoétrzednych z wykorzystaniem
trackera laserowego pokazany zostat na rys. 2.6, na przyktadzie dwoch systemow CKO 3D.
Transformacja geometryczna obliczana jest na podstawie wyznaczenia wielu pozycji markera
(P11, ..., Pam, gdzie n — numer systemu CKO 3D, m - pozycja punktu w n-tym polu
pomiarowym), ktory umieszczany jest w kolejnych polach pomiarowych systemow CKO 3D
(co naymniej 4 pozycje markera powinny zosta¢ zmierzone w pojedynczym polu pomiarowym).
Pozycja markera w lokalnych uktadach wspoétrzgdnych obliczana jest za pomoca procedur
przetwarzania obrazow (wyznaczenie pozycji 2D $rodka markera dla pojedynczej kamery) 1
triangulacji (w celu obliczenia wspotrzednych 3D markera w lokalnym ukladzie
wspotrzednych). Rownocze$nie wyznaczana jest pozycja markera w globalnym uktadzie
wspotrzednych, z wykorzystaniem trackera laserowego. Parametry transformacji (obrot: Ry, Ry,
R:1translacja: Tx, Ty, T;) migdzy lokalnymi i globalnymi uktadami wspotrzednych (doktadnie;
migdzy wektorami pozycji 3D markerow) uzyskuje si¢ przy uzyciu metody SVD (ang.:
Singular Value Decomposition) [18]. Schemat blokowy opisanej procedury przedstawiony

zostal na rys. 2.7.
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Rysunek 2.6. Schematyczny rysunek konfiguracji wielokamerowego (n = 2) systemu CKO 3D z

rozproszonymi polami pomiarowymi, z zaznaczonym trackerem laserowym [A10)].
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Rysunek 2.7. Schemat procedury transformacji lokalnego uktadu wspotrzednych do globalnego uktadu
wspotrzednych dla wielokamerowego systemu CKO 3D (n — numer ukladu pomiarowego) [A10].
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2.3.2. Analiza bledéow i walidacja dokladnoSci pomiaru przemieszczen

opracowanego systemu

Na btad pomiaru przemieszczen wielokamerowym systemem CKO 3D maja wptyw dwa

czynniki:

e dokladnos¢ pomiaru przemieszczenia poszczegolnych uktadoéw CKO 3D,

e wplyw transformacji danych migdzy lokalnymi 1 globalnymi uktadami wspéirzednych.

Doktadnos¢ pomiaru przemieszczen wielokamerowym systemem CKO 3D, zalezy od
najmniejszej doktadnosci jednego z systemoéw CKO 3D wchodzacego w sktad systemu
wielokamerowego. Dobra miara doktadnosci pomiardéw przemieszczen 3D jest blad reprojekeji,
wyznaczany w trakcie kalibracji systemu CKO 3D. Wplyw transformacji danych mig¢dzy
lokalnymi i globalnymi ukladami wspoétrzednych przyjmuje posta¢ btgdu kosinusa. Aby
wyliczy¢ btad kosinusowy, wyznaczony jest kat pomiedzy dwiema plaszczyznami
dopasowanymi do dwoch grup punktow. Pierwsza grupa obejmuje pozycje markeréw
zmierzonych przez system CKO 3D w jego polu pomiarowym, druga grupa obejmuje pozycje

tych samych markeréw zmierzone przez tracker laserowy.

W celu walidacji dokladnosci pomiaru opracowanego systemu, wykonalem pomiary
laboratoryjne z wykorzystaniem pojedynczego systemu CKO 3D, doktadno$¢ systemu
wielokamerowego determinowana jest przez najnizsza dokladno$¢ pojedynczego systemu
CKO 3D. Ze wzgledu na mate pole pomiarowe podczas pomiaréw laboratoryjnych do
transformacji ukladéw wspotrzednych oraz walidacji systemu wykorzystatem maszyne
wspotrzednosciowa Carl Zeiss ACCURA 7 (doktadno$¢ pomiaru potozenia: 2 pm). Uktad
pomiarowy zostal przestawiony na rys. 2.8. Zgodnie z opracowang procedura, wyznaczytem
btad pomiaru przemieszczen systemu, blad reprojekcji wynosit 90 pm, natomiast btad
kosinusowy- 0,08 um/m (kat miedzy dopasowanymi ptaszczyznami wyniést 0,03 stopnia),
czyli catkowity btad wynosit: 90 pm +/- 0,08 pm/m. Nastgpnie przeprowadzilem pomiary
potozenia punktu referencyjnego na wzorcu w 21 pozycjach oraz wyznaczylem jego
przemieszczenia migdzy tymi pozycjami. Blad pomiaru przemieszczen obliczylem na
podstawie roznicy migdzy wynikami pomiaru referencyjnego wykonanego maszyng
wspotrzednosciowa, a wynikami pomiaru systemem CKO 3D. Maksymalne wartosci btedow
wyniosty odpowiednio 46, 61, 25 um dla pojedynczych osi XYZ oraz 84 pm blad przestrzenny.

Niepewno$¢ pomiaru przemieszczen na poziomie ufnosci 95% wynosi 47 um (podwojna
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warto$¢ odchylenia standardowego), dzigki czemu uzyskatem walidacje doktadnos$ci pomiaru,

ktorej wartos$¢ obliczona wynosita 90 um +/- 0,08 pm/m.
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Rysunek 2.8. Stanowisko pomiarowe opracowane na potrzeby walidacji doktadnosci pomiarowej

wielokamerowego systemu CKO 3D, z rozproszonymi polami pomiarowymi [A10].
2.3.3. Implementacja systemu w warunkach przemyslowych

Wielokamerowy system z rozproszonymi polami pomiarowymi zostal po raz pierwszy
wykorzystany do pomiaru przemieszczen rurociggdw na instalacjach syntezy amoniaku,
wykorzystywanych w Zaktadach Azotowych Kedzierzyn-Kozle, w trakcie odstawiania i
rozruchu instalacji przed 1 po remoncie [A9]. Zmierzylem przemieszczenia trzech fragmentow
instalacji: (1) kostka na reaktorze (potaczenie rurociagéw zasilajacego 1 dwodch
odprowadzajacego), (ii) pionowy fragment rurociagu zasilajacego, (ii1) poziome fragmenty
jednego z dwoch rurociagéw odprowadzajacych (rys. 2.9). Byla to pierwsza implementacja
opracowanego systemu, majaca na celu eksperymentalne potwierdzenie krytycznych
funkcjonalno$ci systemu, tj. algorytm obliczania transformacji migdzy ukladami
wspotrzednych (eng.: ‘proof of concept’). W zwiazku z powyzszym do transformacji lokalnych
uktadow wspotrzednych systemow CKO 3D do globalnego uktadu wspoétrzednych
wykorzystany zostal pomiar geodezyjny znacznikow w obszarach pol pomiarowych. Pomiar
geodezyjny jest znacznie mniej dokladny niz pomiar trackerem laserowym, jednak duzo
prostszy w implementacji, w szczeg6lnosci w konteks$cie prac na obszarze zagrozonym
pozarem lub wybuchem (strefa Ex obowigzywata na calej instalacji). Uzyskano
sredniokwadratowy blad dopasowania potozenia znacznikow pomiedzy rozproszonymi polami

pomiarowymi ponizej 10 mm, co w tym praktycznym przypadku byto akceptowalne.

Uzyskane dane eksperymentalne zostaty wykorzystane do identyfikacji rzeczywistych

odksztalcen konstrukcji oraz weryfikacji 1 aktualizacji modelu numerycznego instalacji.
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Przeprowadzone obliczenia umozliwity okreslenie odpowiedzi konstrukcji na wymuszenia
zwigzane z rozruchem 1 pracg instalacji. Pomoglo to w analizie przyczyn wyciekow na
instalacji, wynikajacych glownie z niewlasciwej konstrukcji uszczelki na badanej kostce. Nowy

uktad uszczelek rozwigzat problem z pojawiajgcymi si¢ rozszczelnieniem instalacji w trakcie

jej pracy.

Rysunek 2.9. Zdjecia monitorowanej instalacji azotowej: a) widok instalacji ze wskazanymi

lokalizacjami trzech systemow CKO 3D i pierwszego pola pomiarowego, b) lokalizacji drugiego pola

pomiarowego, c¢) lokalizacja trzeciego systemu CKO 3D i odpowiadajgcego mu pola pomiarowego
[A9].

Wielokamerowy system z rozproszonymi polami pomiarowymi zostal po raz drugi
wykorzystany do pomiaru przemieszczen hali magazynowej wykonanej z samono$nej blachy
tukowej, o przekroju tuku: 8 m wysokosci i 18 m rozpigtosci [A10]. W tym przypadku do
wyznaczenia globalnego uktadu wspotrzednych wykorzystany zostal tracker laserowy, zgodnie
z metodyka opisang w podrozdziale 2.3.1. Podczas pomiar6w system mierzyt przemieszczenia
hali w trzech polach pomiarowych, ktore obejmowaty lokalizacj¢ punktow odpowiadajacych
maksymalnym przemieszczeniom konstrukcji wyznaczonym za pomocg wstepnego modelu
numerycznego. Wymiar kazdego z p6l pomiarowych to 2,5 m x 1,5 m, a odlegto§¢ migdzy

sasiadujacymi polami pomiarowymi to 4 m (rys. 2.10 a-b). W odlegtosci ok. 9 m od
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wielokamerowego systemu CKO 3D znajdowal si¢ tracker laserowy Leica AT 901 B,
doktadnos$¢ pomiaru systemu w wykorzystanym trybie dalmierza wynosi + 0,015 mm + 0,006

mm/m.

Zgodnie z przedstawiong metodyka wyznaczytem dokladno$¢ pomiaru pojedynczych
uktadow CKO 3D, ktora wynosita odpowiednia 0,21 mm +/- 1,27 pm/m, 0,17 mm +/- 0,05
pm/m 1 0,24 mm +/- 0,16 pm/m, dla pierwszego, drugiego i trzeciego systemu CKO 3D. Jako
dopuszczalny btad wielokamerowego systemu CKO 3D przyjmuje maksymalny btad systeméw
sktadowych, ktéry wynosit 0,24 mm +/- 0,16 pm/m. W wyniku pomiaréw uzyskalem mapy
przemieszczeh badanej konstrukcji, przykladowe mapy pokazano na rys. 2.10 c-e. Dane
postuzyly do kalibracji 1 walidacji modelu numerycznego badanej konstrukcji, ktéra zostanie
doktadniej opisana w podrozdziale 2.4.
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Rysunek 2.10. Zdjecia: a) badanej hali oraz b) ukiadu pomiarowego. Przyktadowe wyniki pomiarow w
globalnym ukladzie wspotrzednych, mapy przemieszczen.: a) U, b) Vc) W [A10].

2.4. Metodyka Kkalibracji i walidacji modeli numerycznych blachy

lukowej z wykorzystaniem eksperymentalnych danych polowych

Do projektowania ztozonych struktur inzynierskich wykorzystywane sa techniki
hybrydowe, w ktorych metody eksperymentalne i numeryczne uzupetniaja si¢ wzajemnie [1].

W mechanice eksperymentalnej najcze$ciej wykorzystywane s3 czujniki punktowe (np.
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czujnikow tensometrycznych) do pomiaru przemieszczen i odksztatcen. Dane z tych pomiarow
stuza do kalibracji modeli numerycznych. Jest to podej$cie proste i tanie, ale problem moze
wystapi¢, jesli wstgpny (uproszczony) model numeryczny nie wskaze wszystkich miejsc, w
ktérych wystgpuja koncentracje naprezen. To z kolei moze powodowaé btedy w procesie
walidacji modelu numerycznego. W zwiazku z powyzszym, coraz czgsciej optyczne metody
polowe wykorzystywane sg do kalibracji 1 walidacji modeli numerycznych ztozonych struktur
inzynierskich. Jedna z implementacji CKO realizowanych przeze mnie wspoélnie z Instytutem
Techniki Budowlanej w Warszawie, dotyczyta pomiarow blachy lukowej, wykorzystywanej w
konstrukcjach niskokosztowych [A2]. Praca ta stata si¢ punktem wyjscia do opracowania
eksperymentalno-numerycznej metodyki kalibracji modeli numerycznych. Model numeryczny
(MES) konstrukcji z blachy tukowej zostat opracowany przez dr hab. inz. Artura Piekarczuka,
natomiast jego ewaluacja stanowita przedmiot jego rozprawy habilitacyjnej [ 19], ktora zostata
zakonczona w 2018 roku. Ewaluacja modelu numerycznego byla wspierana przez dane

eksperymentalne, ktére uzyskatem z wykorzystaniem metody CKO.

Model numeryczny MES wielkogabarytowej samonos$nej konstrukcji tukowej wykonanej
z cienko$ciennych blach profilowanych, ktore charakteryzuja si¢ karbowanymi $ciankami
profilu jest bardzo trudny do opracowania, ze wzgledu na skomplikowang geometri¢ i
charakterystyke materialowa. W zwigzku z powyzszym zaproponowaliSmy trzy etapowa
eksperymentalno-numeryczng metod¢ kalibracji i walidacji modelu numerycznego takiej
konstrukcji. W ramach wykonanych prac opracowatem metodyke pomiaru i wykorzystania
eksperymentalnych danych polowych uzyskanych metoda CKO 3D na kazdym etapie kalibracji
1 walidacji modelu numerycznego konstrukcji. Na pierwszym etapie prac badalem w
warunkach laboratoryjnych wycinki tukow o dtugosci 1 m 1 szerokosci 0,7 m: badania byty
prowadzone w celu okreslenia modelu geometrycznego ksztattu powierzchni do analizy MES
[AS, A8, A12]. W nastgpnym etapie w testach laboratoryjnych wykorzystaliSmy strukture
ztozong z czterech pojedynczych segmentéw w celu zbadania stabilnosci globalnej i okreslenia
reakcji mechanicznej podpdr [A2, A9, A12]. Ostatnim krokiem byly testy pelnowymiarowego
obiektu (hala 8 m wysokos$ci o podstawie 18m x 18m). W efekcie uzyskalismy skalibrowany
model MES konstrukcji, ktory umozliwia symulacje wpltywu obcigzen §rodowiskowych na
pracg tego typu konstrukeji [A10, A12]. Opracowana wspolnie z dr hab. A. Piekarczukiem
procedura zostala podsumowana 1 przedstawiona na rys. 2.11, natomiast przedstawione etapy

zostaly doktadniej opisane ponizej.
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Rysunek 2.11. 1Schemat blokowy 3-etapowej kalibracji i walidacji modelu numerycznego konstrukcji z
blachy tukowej z wykorzystaniem eksperymentalnych danych polowych uzyskanych metodg CKO 3D
[A12].

2.4.1. Badanie wycinkow blachy lukowej

W pierwszym etapie prac symulowano lokalng utrate stateczno$ci na odcinkach o dtugosci
1 m [AS5, AS8], na specjalnie zaprojektowanym stanowisku testowym, ktore umozliwiato
mimosrodowe obcigzanie badanych odcinkéw w kierunku osi przechodzacej przez srodek
cigzkosci przekrojow (rys. 2.12 a—c). Uzyskane wyniki pomiaréw przemieszczen pozwolity na
okreslenie dopuszczalnych uproszczen geometrii modelu. PoréwnaliSmy trzy modele
numeryczne o zrdznicowanej geometrii z danymi eksperymentalnymi. W celu wykonania
analizy ilo$ciowej, poréwnatem uzyskane przemieszczenia w wybranych punktach, nastgpnie
dla modelu, ktory wykazywal najlepsza zbiezno$¢ dokonatem jako$ciowego pordwnania
uzyskanych map przemieszczen (rys. 2.12 d—g). Mapy przemieszczen uzyskane za pomoca
analizy numerycznej wykazuja dobrg korelacj¢ z danymi eksperymentalnymi, uwzgledniajac

ich charakter i wartosci. Pewne rozbieznosci, ktore mozna zaobserwowaé, moga by¢
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spowodowane nieuniknionymi odchyleniami geometrii probki i niedoskonalym spetnieniem

warunkéw podparcia.

Camera 2

eflectors

FETH 10,00 -1,07 i %]
W [

R

2Ts 2462 =012 2,60

1 [mym]

Rysunek 2.12. Uktad eksperymentalny: a) schemat wycinka blachy z zaznaczong lokalizacjq uktadu
wspotrzednych, przyjetego do dalszej analizy, b) schemat i c) zdjecie uktadu pomiarowego CKO 3D.
Przyktadowe porownanie map przemieszczen uzyskanych: d) i f) eksperymentalnie oraz e) i g)

numerycznie [A5].
2.4.2. Badanie segmentow blachy lukowej

W drugim etapie badan przeprowadzono testy laboratoryjne struktury ztozonej z czterech
pojedynczych tukéw o rozpigtosci 12 m. Na specjalnie przygotowanym stanowisku za pomoca
zestawu silownikow mozliwa byla symulacja obcigzeniem $niegiem 1 wiatrem. W celu
wykonania pomiaru struktury, wykorzystatem wielokamerowy system CKO 3D z
nachodzacymi polami pomiarowymi. Cztery pojedyncze systemy pomiarowe obserwowaty
badany obiekt, pola obserwacji sgsiadujacych systemow zachodzity na siebie, we wspolnych
obszarach umieszczono plansze kalibracyjng. Jako znaczniki do transformacji uktadu
wspotrzednych wykorzystatem narozniki planszy kalibracyjnej, ktorg byta szachownica. W
rezultacie uzyskatem pole pomiarowe o wymiarach 7 m x 4 m (Rys. 2. 13). Sredniokwadratowy
btad dopasowania znacznikéw pomiedzy sgsiadujgcymi polami pomiarowymi wynosit ponizej

0,5 mm. W wyniku pomiaru uzyskalem cigglte mapy przemieszczen w globalnym uktadzie
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pomiarowym zwigzanym z podstawa konstrukcji. W pomiarach skupitem si¢ na dwoch
zewngtrznych powierzchniach tukow, odpowiadajacych miejscom przylozenia wymuszen

kinematycznych.

Rysunek 2.13. a) Zdjecie wielokamerowego systemu CKO 3D oraz badanej konstrukcji; b) schemat

badanej konstrukcji z zaznaczonymi polami pomiarowymi oraz punktami charakterystycznymi

wykorzystanymi do analizy [A12].

Uzyskane z analizy metodg CKO 3D dane o przemieszczeniach wybranych punktow (rys.
2.13 b, punkty Al, A2, Bl, B2, C1, C2) wykorzystano jako wymuszenie kinematyczne w
modelu numerycznym konstrukcji, natomiast uzyskane mapy przemieszczen poréwnano z
symulacjami numerycznymi. Na rys. 2. 14 przedstawiono przyktadowe poréwnanie dla potowy
maksymalnego obcigzenia. W symulacji MES badang konstrukcje podparto na dwoch koncach,
z wykorzystaniem obrotowego podparcia spr¢zystego, ktore pozwala na obroét zamocowanego
elementu wylacznie wzdluz osi réwnolegtej do osi symetrii badanej konstrukcji. Poprzez
porownanie wynikéw eksperymentalnych i symulacji wyznaczono warto$¢ wspoétczynnika

sztywnosci obrotowej zasymulowanego zamocowania.
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Rysunek 2.14. Porownanie rozktadu przemieszczen: widok z gory przemieszczen uzyskanych z modelu
MES (a-c), catej probki i wynikow eksperymentalnych (d-f) obejmujqgcych dolng powierzchnie dwoch
srodkowych tukow o diugosci 7 metrow (obszar zaznaczony czarnymi ramkami na danych z symulacji

numerycznej) [A12].

2.4.3. Badanie pelnowymiarowego obiektu z blachy lukowej

W ostatnim etapie przeprowadzitlem badana in-situ pelnowymiarowego obiektu (hala 8 m
wysokosci o podstawie 18 m x 18 m), ktoéry byt poddawany obcigzeniom termicznym i
dziataniom wiatru (podczas przeprowadzanych badan nie wystapity opady $niegu). Do pomiaru

wykorzystalem system wielokamerowy CKO 3D z rozproszonymi polami pomiarowymi,
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opisany w podrozdziale 2.3.3 (rys. 2.10) [A10]. System ten zostal umieszczony na rusztowaniu
budowlanym o wysokosci 6 m i szerokosci 10 m, natomiast pomiary byly prowadzone przez
kilka miesiecy (od marca do pazdziernika). Na potrzeby dlugoterminowego pomiaru
opracowalem metod¢ kompensacji wpltywu przemieszczen rusztowania w zwigzku ze
zmianami temperatury na wyniki pomiardw. Z wykorzystaniem trackera laserowego
zmierzylem w funkcji temperatury (panujacej wewnatrz hali) przemieszczenia elementéw na
ktérych zamocowane byty bezposrednio systemy pomiarowe. Uzyskang korekte uwzglednitem

przy analizie wynikOw pomiaru.

Pomiary przemieszczen realizowane byly w trzech polach pomiarowych, ktore
obejmowaly lokalizacje punktow odpowiadajagcych maksymalnym przemieszczeniom
konstrukcji wyznaczonym za pomocg wstepnego modelu numerycznego. Do walidacji modelu
numerycznego wybrano po trzy punkty referencyjne dla kazdego z obszarow, w sumie dziewigé
punktow. Badania byly prowadzone przez kilka miesiecy, natomiast do walidacji modelu
numerycznego wybrano okres 12 godzin i1 25 min., podczas ktorego gradient temperatur
zarowno zewnetrznej jak 1 wewnetrznej byl najwickszy. Uzyskane wyniki pozwolity na
walidacje modelu numerycznego, ktéry moze zostaé wykorzystany do obliczen no$nosci i

stateczno$ci dowolnej konstrukcji lukowej wykonanej z cienkosciennych blach profilowanych.
2.4.4. Implementacja opracowanej metodyki w praktyce inzynierskiej

Przedstawiona metodyka moze postuzy¢ do okreslenia wlasciwosci uzytkowych w tym
no$nosci 1 statecznos$ci roznych odmian samonos$nych struktur lukowych systemu K-span, ktore
s3 wymagane w procesie wdrazania wyrobu do stosowania w budownictwie zgodnie z
zasadami przedstawionymi w Rozporzadzeniu Parlamentu Europejskiego 1 Rady (UE) NR
305/2011. Instytut Techniki Budowlanej jest zainteresowany w przysztosci podjeciem prac
regulujacych zasady oceny wtasciwosci uzytkowych wyrobu w tym takze na poziomie regulacji
dokumentow normatywnych w zakresie zgloszeniem aneksu do norm dotyczacych

projektowania elementéw cienko$ciennych PN-EN 1993-1-3.
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2.5. Wklad autora w publikacje

We wszystkich pracach opisanych w publikacjach bytem odpowiedzialny za konstrukcje i
budowe¢ uktadu pomiarowego oraz opracowanie danych eksperymentalnych. Szczegdtowe
zadania zrealizowane jako wklad do poszczegolnych publikacji przedstawitem ponizej. W
publikacjach A4, A7, A10 1 Al12 jestem wiodgcym autorem odpowiedzialnym za strukturg
artykutu i jego finalne opracowanie. We wszystkich przedstawionych w przewodniku

publikacjach bratem udzial w przygotowaniu tresci manuskryptu — tekstu oraz ilustracji.

Zrealizowane zadania w trakcie przygotowania Udzial
Publikacja
publikacji (%)
Opracowanie metodyki pomiarow metoda CKO 3D oraz
Al analizy wynikow metodg przestrzenno-czasowa. Analiza 30

wynikoéw tg metoda.

A2 Opracowanie metodyki pomiarow metoda CKO 3D s
konstrukcji z blachy tukowej oraz analiza wynikow.

Opracowanie metodyki polowych pomiarow

multimodalnych przemieszczen i temperatury oraz analizy
A3 danych dla pojedynczych serii pomiaréw. Opracowanie 30
danych eksperymentalnych m.in. przygotowanie map profili

przemieszczen w funkcji czasu.

Opracowanie metodyki pomiaréw podobrazi ptdciennych
Al podczas proby wilgotno$ciowej, opracowanie procedury s
wyznaczania map przemieszczen lokalnych oraz map profili

przemieszczen w funkcji czasu.

Opracowanie metodyki pomiaréw umozliwiajace;j
AS poréwnanie danych eksperymentalnych (uzyskanych 25
metoda CKO 3D) i numerycznych (symulacja MES).

Wykonanie pomiaré6w oraz opracowanie danych
A6 eksperymentalnych, m. in. przygotowanie map profili 10

przemieszczen w funkcji czasu.
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A7

Opracowanie metodyki pomiardéw i analizy ksztattu (w
cylindrycznym uktadzie wspotrzednych) obiektu typu
walczak, ktére wykorzystywane sg na blokach

energetycznych w elektrowni.

55

A8

Opracowanie metodyki pomiaréw umozliwiajacej
porownanie danych eksperymentalnych (uzyskanych

metodg CKO 3D) i numerycznych (symulacja MES).

30

A9

Opracowanie metody 1 implementacja wielokamerowego
systemu CKO 3D z rozproszonymi polami pomiarowymi do
pomiaru rurociggdéw. Implementacja wielokamerowego
systemu CKO 3D z nachodzacymi polami pomiarowymi do
pomiaru blachy lukowe;j.

25

Al0

Opracowanie wielokamerowego systemu CKO 3D z
rozproszonymi polami pomiarowymi, walidacja doktadnosci
pomiaru przemieszczen opracowanej metody w warunkach
laboratoryjnych oraz implementacja systemu do pomiaru

hali z blachy tukowe;.

75

All

Opracowanie metody analizy danych o przemieszczeniach 1
odksztalceniach zbiornika ci$nieniowego na woddr/metan w

cylindrycznym uktadzie wspotrzednych.

10

Al2

Opracowanie trzy etapowej metodyki pomiaru 1
wykorzystania eksperymentalnych danych polowych
uzyskanych metodg CKO 3D na kazdym etapie kalibracji i

walidacji modelu numerycznego konstrukcji.

70
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2.6. Podsumowanie

Rozprawa sktada si¢ z przewodnika oraz jedenastu publikacji z listy czasopism JCR 1jedne;j
publikacji w recenzowanych materiatach konferencyjnych. Prowadzone przeze mnie prace w
trakcie realizacji doktoratu ukierunkowane byly na rozszerzenie aplikacyjnosci metody
cyfrowej korelacji obrazu do pomiaru ztozonych obiektéw inzynierskich, poprzez opracowanie
nowych metodyk pomiarowych i $ciezek przetwarzania danych oraz rozbudowe ukladu
pomiarowego o nowe konfiguracje pomiarowe 1 moduty obliczeniowe. Osiggniete
udoskonalenia metody 3D CKO oraz opracowane w ramach pracy metodyki pomiaru majg w
przysztosci stanowi¢, wraz z opracowaniami udostepnionymi przez inne grupy badawcze,
zestaw narzedzi, ktore moga by¢ dopasowane do analizy eksperymentalno-numerycznej
istniejgcych 1 opracowanych w przysztosci skomplikowanych obiektow inzynierskich.
Aplikacyjno$¢ opracowanych przeze mnie metodyk pomiarowych potwierdza wspolpraca z
licznymi o$rodkami naukowymi i przemystowymi w Polsce, do ktérych mozna zaliczy¢:
Uniwersytet Mikotaja Kopernika w Toruniu, Instytut Techniki Budowlanej w Warszawie,
Wydziatem Inzynierii Ladowej PW, Centrum Badan Kosmicznych PAN, Politechnike
Wroctawska, TAURON Wytwarzanie S.A., Grupa Azoty Zaktady Azotowe Kedzierzyn S.A.,

z ktorymi bezposrednio wspotpracowatem w czasie realizacji pracy doktorskie;j.
Najwazniejsze rezultaty moich badan to:

— Opracowanie 1 implementacja metody przestrzenno-czasowej analizy danych CKO poprzez
mapowanie profili przemieszczen/deformacji w funkcji czasu dla takich zastosowan jak:
monitorowanie zmian w obrazach olejnych [A1, A4], podporach stalowych wykopow [A3]
oraz podlozy do zwierciadel teleskopow astronomicznych [A6] pod wpltywem zmian
srodowiskowych i/lub obcigzen zewngtrznych.

— Opracowanie metody wyznaczania lokalnych map przemieszczen/odksztalcen z
pomini¢ciem wptywu zmian globalnych w obiekcie na przyktadzie badan obrazow olejnych
[A4].

— Opracowanie metody analizy danych z CKO 3D w cylindrycznym uktadzie wspotrzednych
1 jej implementacja do pomiaréw wysokocisnieniowego zbiornika kompozytowego na
wodor/metan [A11]. Opracowana metodyka analizy danych w cylindrycznym uktadzie

wspotrzednych wykorzystana zostata do analizy ksztaltu walczaka na bloku energetycznym

[A7].
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Opracowanie 1 zbudowanie wielokamerowego systemu CKO 3D z rozproszonymi polami
pomiarowymi. Opracowanie metody transformacji lokalnych ukladéw wspotrzednych
pojedynczych systemow CKO 3D do jednego globalnego uktadu wspétrzednych oraz
przeprowadzenie analizy btgdow i walidacja doktadnos$ci przemieszczen opracowanego
systemu [A10]. System zostat wykorzystany do pomiaru obiektow przemystowych, hali
magazynowe] [A10] oraz rurociggéw na instalacji w zaktadach azotowych [A9].
Opracowanie trzy etapowe] eksperymentalno-numerycznej metody kalibracji 1 walidacji
modelu numerycznego konstrukcji z blachy tukowej. Dla kazdego etapu kalibracji i
walidacji modelu numerycznego konstrukcji opracowana zostala metoda pomiaru i
wykorzystania eksperymentalnych danych polowych, uzyskanych metoda CKO 3D. Na
pierwszym etapie prac w warunkach laboratoryjnych wykonano testy obcigzenia wycinkow
hukow o dhugosci 1 m i szerokosci 0,7 m, badania byty prowadzone w celu okreslenia
modelu geometrycznego ksztaltu powierzchni do analizy MES [AS5, A8, Al2]. W
nastepnym etapie w testach laboratoryjnych struktury ztozonej z czterech pojedynczych
segmentéw zbadano stabilno$¢ globalng konstrukcji i okre§lono reakcje mechaniczne
podpor [A2, A9, Al12]. W ostatnim kroku przeprowadzono testy pelnowymiarowego
obiektu (hala 8 m wysokosci o podstawie 18m x 18m). W efekcie uzyskany zostat
skalibrowany model MES konstrukcji, ktory umozliwia symulacj¢ wptywu obciazen
srodowiskowych na prace tego typu konstrukcji [A10, A12].

2.7. Przyszle prace

W trakcie pracy nad rozprawa zidentyfikowatem dalsze potencjalne kierunki rozwoju 1

wdrazania opracowanych metod 1 narzedzi:

Systematyczne prace w zakresie implementacji opracowanych metod: w ramach
licencji wydanej przez Politechnik¢ Warszawska na rzecz firmy KSM Vison (ktorej jestem
wspoizatozycielem) panuj¢ wdrozy¢ opracowane metodyki pomiarowe jako dobre praktyki
w pracy konserwatorow dziel sztuki oraz pracownikow utrzymania ruchu w zaktadach
przemystowych.

Opracowanie aplikacji mobilnej: na pierwszym etapie CKO 2D a nastepnie CKO 3D dla
potrzeb nadzoru budowlanego i zakladow ubezpieczen (zwlaszcza w zakresie szkod
budowlanych).

Opracowanie aneksu do normy PN-EN 1993-1-3 dotyczacej projektowania elementow

cienkosciennych we wspotpracy z Instytutem Techniki Budowlanej, uwzglgdniajacego
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wykorzystanie opracowanej metodyki do okreslenia wiasciwosci uzytkowych, w tym
no$nosci 1 statecznos$ci roznych odmian samono$nych struktur tukowych systemu K-span.
Badanie konstrukcji z blachy lukowej w kontrolowanych warunkach pozaru:
kalibracja modelu numerycznego konstrukcji pelnowymiarowego obiektu odbywata si¢ w
granicy sprezystej odksztatcalnosci stali, w przysztosci planowana jest kalibracja modelu
numerycznego pelnowymiarowej konstrukcji w  ktérym wprowadzone zostang

odksztatcenia plastyczne, na skutek symulacji pozaru.
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ABSTRACT

A non-invasive and non-contact optical method for tracking overall and local deformations of canvas painting is
presented. The technique was tested on a model painting on canvas with inhomogeneities introduced by infilling gaps,
mending tears, and applying patches on the reverse of the canvas. The deformation of the sample was induced by
changes of relative humidity. The feasibility of 3D Digital Image Correlation technique for evaluation of conservation
methods is discussed.

Keywords: strain distribution testing, structural conservation-restoration of canvas, optical methods, artwork, easel
painting

1. INTRODUCTION

Canvas paintings are complex, multilayer structures composed of hygroscopic materials of different properties and thus
they are sensitive to cyclic changes of relative humidity in their surroundings."® The components of a painting: canvas
support, glue size, ground, oil paint and varnish react differently and cause inner stress to the structure. Therefore, during
storage in unstable environment significant distortions of the picture plane but also cracking or cleavage can appear. In
case of any discontinuities in the whole structure or in separate strata, these effects become more complicated and
pronounced. These local discontinuities may be inherent to the painting technique or caused by a damage. Crackles,
interlayer delamination, cuts, tears, gaps fall into the latter category, as well as improper repairs and patches which may
introduce harmful stress concentrations into the structure.

Therefore when developing new conservation materials for local treatments such as consolidation, tear mending or gap filling,
it is important to evaluate their compatibility to the original structures. Features like hygrostability and mechanical properties in
changing climatic conditions are particularly important in such an assessment since the repairs should restore the continuity of
the layers as completely as possible and should react the same way as the original structure in any condition.

The problem is significant when restored paintings are exhibited in museums, especially those placed in historical
buildings. In such cases the strict requirements for climate control are in practice difficult to be fulfilled. Moreover, the
recent attempt to reconsider and loosen the requirements for climate control in museums” * demands extended research
into the actual sensitivity of different types of artworks and artefacts to environmental changes. For this purpose suitable
measuring and monitoring systems need to be developed and applied.

Experiments reported in this paper concentrated on assessment of feasibility of the three dimensional Digital Image
Correlation method’ (3D DIC) for materials studies focused on developing new methods for structural conservation of
canvas paintings. Specifically, the application of the technique for measurements of local deformations of canvas
painting models will be introduced. The perspectives for future works enabling the method to be applied for examination
of real artworks in museum environment will be presented in conclusions.

* m.malesa@mchtr.pw.edu.pl; phone 48 222348635; fax +48 222348601
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2. METHODOLOGY

Paintings on canvas are objects relatively flexible and considerably sensitive to deformations. To reveal discontinuities
or inhomogeneities in the structure of a painting or to assess the compatibility of primary and added materials a method
capable of tracking of local displacements against a background of significant overall surface deformation is required.
Hence, such a method should combine a large field of view with a sub-millimetre resolution and accuracy in three
dimensions. In case of painting canvases mounted on traditional wooden stretchers, out-of-plane deformation happens to
be considerably high and can influence readings of the strain observed in plane.'’ Therefore, it is essential to use a
method capable of recording in-plane and out-of-plane displacements simultaneously within a reasonably wide range of
displacements.

Most of the methods used for structural damage measurements in the conservation of the art works such as use of strain
gauges or optical fibre sensors, holographic and electronic speckle pattern 2D interferometry (ESPI), photoelastic stress
analysis, photogrammetry, thermography, ultrasonic and X-ray imaging do not satisfy these main requirements."' Only in
the recent account by Debashis and Young' the simultancous 3D interferometry in reported. Similarly, Optical
Coherence Tomography (OCT) may be used for precise 3D tracking of the canvas deformation but it is point-wise only
in a present version.'*'

On the contrary, the 3D DIC seems to meet these requirements well and provides some extra features like scalable field-
of-view (FOV), flexibility with data acquisition frequency, relatively cheap hardware configuration.” The Digital Image
Correlation is now widely used in the field of experimental mechanics, material engineering and monitoring of
engineering structures." > Recently it has been successfully applied in the field of conservation of art for strain
monitoring in historic tapestries.'® '” The authors demonstrated the feasibility of the DIC method for non-contact full-
field quantitative analysis of three-dimensional displacement and in-plain strains in large textiles. Moreover, the method
has been used for a long-term monitoring of textile deformations caused by fluctuations of climatic conditions in
museum environment.

3. EXPERIMENTAL

3.1 Digital Image Correlation

The two-dimensional DIC (2D DIC) measurement procedure is very simple and it requires to capture a series of images
of a tested object before and after a load (or during loading). The surface of the object however, must have a natural
random texture or it has to be covered by a random (speckle) pattern before the measurements start. One of images of the
series is chosen as a reference image for all consequent analyses. All images are divided into small rectangular regions
(subsets) consisting of N x N pixels. Dimensions of the subsets are dependent on the quality of the random pattern on the
measured object. They can vary from 7 x 7 pixels (conventionally) to 70 x 70 pixels and even more. The DIC algorithm
is then tracking the position of each subset from the reference image in all other images of the series. Corresponding
subsets are matched by finding the maximum of the normalized cross-correlation function coefficient. For each subset
in-plane displacement vectors (U and V) are then calculated. Sub-pixel accuracy is achieved by sophisticated
interpolation methods. The output data is provided as a set of displacement maps, which can be consequently used for
strain calculation.

In 3D DIC used in the presented experiment, for each state of an object two images are registered simultaneously by two
cameras viewing the object from slightly different directions (Fig. l1a). The DIC method combined with stereovision
methods'® provides the maps of out-of-plane and in-plane displacements of and within an object which have occurred
between acquisitions of images.’ The 3D DIC measurement procedure is presented in figure 1b.

For the 3D DIC setup (Fig. 2a) two AVT Stingray 2MPx (1624x1232 pixels) cameras equipped with 8mm Schneider
Kreuznach lenses have been used. The setup was stiffly mounted on the same optical table as specimen, thus its mechanical
stability relative to the specimen could be assumed. The FOV was 0.4 m x 0.3 m and the estimated accuracy was 0.02 mm.
In order to ensure sufficient lighting conditions, the 650W halogen lamp was additionally used. The measurements were
hindered because of the reflexes on the front glass of the climate chamber. Reflexes were eliminated by optimizing the
direction of illumination and black masking tape. Two cameras were capturing images simultaneously every 20 seconds.
Total time of a single test was approximately 2.5 h. Analysis were carried out with the commercial software VIC-3D.
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Figure 1. Three-dimensional Digital Image Correlation; a: set-up; b: data processing flow chart

3.2 Model sample

A model painting on canvas 40 cm wide and 30 cm high was used as the object under examination. In order to diminish
the number of factors that could influence and complicate interpretation of the results of experiment, the sample was
made of uniform, commercially primed fine plain weave canvas stretched over a keyed wooden stretcher with weft in the
vertical direction. To create discontinuities in its structure four sets of regular circular gaps of various sizes ranging from
4 to 12 mm of diameter were made symmetrically through the stencil in all the four corners of the model according to the
prepared template (Fig. 2a). Additionally two L-shaped cuts were made in the central part of the model. Each of the sets
of gaps was filled in with traditional and experimental inserts, different in respect of structure, mechanical properties and
sensitivity to climatic changes and thus the match to the surrounding original structure of the canvas painting (Fig. 2b).
To allow image correlation a random speckle pattern was sprayed onto the face of the sample with a black ink (Fig. 3c).

Figure 2. Model painting on canvas repaired with various methods; a: template showing positions of discontinuities
introduced to the canvas and used further as a reference for analysis of the data extracted from DIC records; b:
reverse with inserts and patches; c: face of the painting with a random pattern

As an example of detailed analysis presented in Results section a cut butt-joined with dispersive adhesive (Osakryl +
Winacet DP 50 in ratio 1:1 by weight) was chosen. An emulsive gesso (based on chalk, carboxymethylcellulose,
polyvinyl alcohol, with plasticizers: Venetian turpentine and dammar in oil of turpentine) was used for infilling the
ground. The repair was partially reinforced from the reverse with a rectangular piece of a flax tissue adhered with 3%
carboxymethylcellulose (lap join).
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3.3 Climate control chamber

The sample was subjected to environmental stress caused by rapid changes of relative humidity in a custom designed
airtight climate chamber. The chamber was connected with large diameter air ducts to a simple external set-up to control
relative humidity level in the range from 30% to 75% RH. The parameters of temperature and RH inside the chamber
were monitored and recorded with a HygroClip® S sensor from Rotronic (Switzerland).

4. RESULTS

During the experiment DIC data were collected every 20 seconds together with the relative humidity (RH) and
temperature values. After processing, the displacement maps were correlated with humidity data and combined into
video animations for convenient inspection. In Fig. 3 examples of such maps are given for 55 min of experiment, when
the relative humidity reached its maximum value of 73 %. It is worthwhile to note that the in-plane displacement (U, V)
are one order of magnitude lower than the displacement observed out of plane.
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Figure 3. Relative displacement maps: U — in x direction, V — in y direction, W — in z direction at 73% RH. Displacements
are colour-coded, separately for each map. White lines indicate position of a cross-section over the discontinuity
(arrow) analysed in details in Figs 4 and 5
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Such images are very useful for qualitative inspection and observation of overall deformations. The behaviour
observed in the figure 3 is typical for canvas paintings mounted over a quite stiff traditional wooden stretcher. The
changes in the dimensions of canvas induced by variations of relative humidity result in immediate changes in stress
and are observed as bulging and waving of the surface out of plane. As one can see from the figure, in-plane
deformations (U, V) are different in warp (x - horizontal) and weft (y - vertical) directions. At the maximum of
humidity, canvas displacements along warp treads are directed towards the centre of the picture. The behaviour in
weft direction is more complicated: at the perimeters of the canvas movements are generally outward whereas in the
centre two zones of strain in opposite directions are present. The out-of-plane (W) overall deformations are much
more pronounced. Additionally, the local effects caused by discontinuities introduced to the structure of canvas are
visible on U, V, W displacement maps in the form of regular displacements different in colour from the surrounding
background (upper right and lower right corner of the sample). However, for their quantitative analysis another
approach to data presentation suits better. In Fig. 4 displacements at points along a chosen line (marked as a white
segment in Fig. 3.) located across the centre of a vertical cut butt-joined with synthetic adhesive are presented as a
function of time. Such imaging of the data shows development of a very characteristic deformation in the area of the
repair.
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Figure 4. Relative displacements at points along a white line in Fig. 3 (y = 171 mm) shown as a function of time.
Corresponding changes in relative humidity are given for reference. Horizontal and vertical black lines indicate
locations of cross-sections presented at Fig. 5 and 6 respectively.
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Images in Figure 4 comprise more global information whereas figures 5 and 6 may be used for more precise, quantitative
evaluation. In Fig. 5 displacements along the white line in Fig. 3 are shown for the chosen moments of time, while in
Fig. 6 displacements in one point (x = 243 mm, y = 171 mm) together with the concurrent relative humidity are shown as
a function of time for a whole duration of the experiment.
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Figure 5. Relative displacements at y = 171 mm shown for chosen moments in time after the beginning of the experiment
(t=44.3 min at RH = 70%, t = 65.5 min at RH = 50%, t= 90.5 min at RH = 36%).

From the Figure 4 one can read that distinct out-of-plane displacements (W) occur immediately with a variation of
climatic conditions while in-plane deformations (U, V) are registered later (after c. 20 min.). It is worth to point out the
effect of hysteresis: painting doesn’t return to its original state when humidity comes back to its initial value. On the
background of overall deformation of the canvas painting, the local behaviour of the surface in vicinity if the
discontinuity can be analysed. The increase of humidity causes the elevation of the edges of a cut (located at x = 243
mm) and then the process of disconnection of the join starts at t ~ 20 min (at RH = 63%). On the map of out-of-plane
displacements (W) a crack appears distinctly. At the same time, as it is clearly visible on the map of U displacements (x
direction), slow opening of the crack begins. The canvas on the left side of the crack crimps towards the centre of the
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painting whilst the on the right seems to be still. When the humidity reaches its maximum of 73 % RH, the displacement
of the edges of the crack develops in both directions. Then, during drying, deformation of the right side toward the edge
of the painting dominates and rises constantly until the end of experiment. Concurrently the edges of the crack deform
out of plane and bend backwards. The amplitudes of overall displacements during all the experiment can be read from
the colour scale in Fig. 4 and directly from Figs 5 and 6.

Specifically, from the Fig. 6 it is evident that any rapid change of relative humidity (t = 3, 14, 57 min.) causes an
immediate out-of-plane reaction of the painting. It is also possible to define precisely the moment of failure of the glue-
join (t = 17 min) as the point of reverse of the direction of out-of-plane deformation.
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Figure 6. Displacements at a chosen point (x= 243 mm, y = 171 mm) as a function of time together with the relative humidity
in the climate chamber.

5. CONCLUSIONS

Feasibility studies on 3D DIC method proved its suitability for canvas paintings measurements. The method is capable of
detecting deformations: their location, range and shape and also their development in time. The results are unambiguous
and their interpretation is straightforward. The registration of deformation is automatic, and made with at a high rate over
a long period of time. Therefore this method may used for monitoring of processes with time resolution of single
seconds. With the described technique it is possible to track quantitatively overall deformations of the whole canvas as
well as local strains caused, in our case, by discontinuities introduced deliberately to the structure of canvas.

However, further research and readjustments of the set-up need to be undertaken in order to decrease uncertainties of the
received data. Specifically, cameras with bigger resolution need to be used and consequently more precise calibration
needs to be performed. It is expected that such improvement would extend a selection of detectable discontinuities in
painting structure (e.g. cleavages, delaminations, crackles) and also would permit examination of larger variety of canvas
supports with different hygrostability. In the presented experiment a random pattern was applied on the face of the
sample. Such approach is possible in the case of materials studies since it is invasive although reversible. The usage of
the DIC for examination of real artworks demands further studies that will specify certain features of the surface of the
painting that may be sufficient as a random pattern for correlation. Consequently the parameters of the experimental set-
up and data analysis must be adjusted. It is expected that some painting techniques or irregular texture of canvas visible
from under the paint layer can appear to provide a pattern sufficient enough to carry out experiments on real artworks.
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Abstract In this work pre-operating tests of low-cost build-
ing structures have been presented. A hybrid experimental-
numerical methodology has been used to determine the
influence of an external, environmental load on the overall
endurance of a hangar made of self-supporting metal-plates.
Numerical simulations carried out on a FEM model have
been consequently verified by measurements of the structure
performed with the 3D Digital Image Correlation method
and as a result, a detailed, calibrated FEM model of the
structure has been developed.

Keywords Digital image correlation - Displacement
measurement - Civil engineering - Hybrid experimental-
numerical methodology - FEM

Introduction

The collapse of a building may be caused by overcrowding,
negligence during the design stage or by an excessive load
(e.g. caused by weather conditions). Two of these causes
occurred together when an exhibition hall in Katowice
(Poland) collapsed in 2004 killing 65 people [1]. The roof
of the structure was overloaded by the presence of a thick
layer of snow. That is just one example among many low
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cost building structures (temporary exhibit halls, storage
buildings etc.), whose collapse can lead to tragic events.
For designers of such structures, the priority is to minimize
building costs (incl.: design, materials, preliminary tests)
and therefore they often exhibit relaxed norms in regard to
safety. At the same time, the maintenance costs are being
cut, so assessment of the health of the structure is minimized
or not performed at all.

An another cause of a building failure can be the lack of
sufficient engineering knowledge, particularly when a new,
specific design is applied in an inadequate environment. A
typical example of such structures is a hall’s arch (Fig. 1(a))
[2]. The arch is made of a graded metal plate, whose thick-
ness varies from 0.7 mm to 1.5 mm. The typical dimensions
of a single module are 60 cmx(12+24 cm). Individual seg-
ments are connected by kneading unbounded edges or by
screws. A curved surface which is being formed from the
segments has a length equal to the multiplied length of a
singular module. The metal plate shaping technology causes
the characteristic goffer pattern to appear on the surface of
an object.

Graded metal plate structures (span up to 18 m) were
initially being built temporarily for military applications [3]
and were expected to be utilized in homogeneous climatic
conditions over a period of a few months. However, the
simple and fast technology of manufacturing and assem-
bling called the attention of civilian investors, who adopted
the technology to build bigger objects (span up to 30 m)
with the purpose of civil engineering applications and with a
much longer utilization period.

The straightforward adaptation of the technology com-
bined with parameters and purpose modification causes
constructional issues particularly in regard to stability and
load capacity. Moreover, the irregular metal plate surface is
difficult to be numerically modeled [4] and hence, the local

9
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Fig. 1 Examples of a structure
(a) in good condition, (b) after
failure

loss of stability can occur in unexpected regions. Further-
more there is a lack of formal regulations (standards,
instructions, guidelines), pertaining to methods of calcula-
tions of such structures. Simplified designs lead to crucial
parameters being left out in the stability analysis which in
consequence can lead to a catastrophic collapse. An exam-
ple of a failure of the hall’s arch is presented in Fig. 1(b).

The failure occurred in winter after snowfall. The weight
of a thick layer of snow was the direct cause of a loss of
stability. During the design stage, local loss of stability and
lateral buckling were not taken into account.

SHMs are expensive in maintenance and not very effi-
cient. Also the most commonly used monitoring systems
(based on strain gauges, optical fiber sensors, ultrasound
imaging) [5—13], utilize pointwise methods. The application
of these sensors [14] forces engineers to prepare superfine
numerical models and predict crucial points to be moni-
tored, which in many cases is difficult or impossible. Some-
times monitoring is performed by a hierarchical system of
full-field methods [15, 16], which includes interferometric
and noncoherent image-based methods (moire fringe meth-
od, fringe projection, digital image correlation) [17, 18].
However, even if the more efficient, full-field techniques
are applied, SHM systems are still too expensive to be
applied to monitoring of existing low-cost building struc-
tures in the course of their utilization. However, it is urgent
to answer the question: in what conditions is it safe to
exploit such structures?

It is possible to do it off-line through carrying out
extensive laboratory tests on a 1:1 scale model in com-
bination with FEM numerical analysis in order to pro-
vide a numerical model which is as close to the real
structure, as possible [19]. This determines the hybrid
experimental-numerical methodology, in which the labo-
ratory measurements are performed to obtain a precise
response to the simulated natural load. The closer the
overall dimensions of the model are to the dimensions of
the true object, the more the results will be immune to
scaling error and in consequence the more reliable they
will be. Additionally, simulated laboratory conditions
enable full control over the load and data acquisition
modules. However, despite the obvious advantages,
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many obstacles appear during the measurements of 1:1
scaled models. The main problems are related to the
introduction of a load mechanism and the selection of a
measurement method. The choice of a method is crucial
in many cases and should be made with respect to the
most informative parameter that can be measured. A
good selection for low cost building structures are dis-
placements, which can be determined by vision-based
measurement systems, which are relatively simple and
inexpensive. Digital displacement maps can be easily
converted to strains, which are the primary object of
interest in the assessment of an object.

Hybrid Experimental-numerical Methodology

A schematic representation of the hybrid experimental-
numerical methodology [19] is shown in Fig. 2.

The geometry of the object, the material and the load
characteristics are taken as input. This data makes it possible
to develop a simplified FEM model. The model is then used
to determine the range of loads and regions, where the
possibility of a failure is highest. The simplified FEM anal-
ysis is crucial for the consequent steps. The indicated range
of permitted loads is used for the design of the loading
system, while the most probable regions of failure determine
the localization of the field of view of measurement equip-
ment. Once the areas of interest are defined, the measuring
methods, which determine the real displacement of the
structure in the selected areas of interest (AOI) need to be
chosen. The goal is to obtain mutually complementing data
from pointwise and full-field sensors, which can be easily
compared with FEM analysis.

The data obtained in the course of the experiment is used
to develop a detailed FEM model, which is the output of the
hybrid measurement method. The result of the comparison
between the experimental and numerical data is put back
into the method as a feedback information signal. If the
FEM model analysis does not match the experimental
results, more tests need to be performed in order to comple-
ment the numerical model, which is modified after each
experiment loop.
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Description of the Object

The real-world object, its physical model and two FEM
models will be described in this section.

The Real-world Object and its Physical Representation

The object (Fig. 3(a)) is a part of a warchouse complex and
its construction is that of a self-supporting roof, founded
directly on a continuous spread. The span of the hall is 12 m
and the length is 45 m. The roof does not have an insulating
layer and the hall is not heated. The top-side walls are made
of cold-formed profiles (pillars, spandrel beams), covered
by a trapezoidal metal-plate.

The specimen used in the experiment was a part of a
metal plate arch composed of four individual modules
(Fig. 3(b)). Each module was made of a 1,25 mm thick,
S355 steel cold-milled metal plate, which was composed of
3 m length segments. The segments were connected with
M6 bolts. The dimensions of the cross-section of the metal-
plate are presented in Fig. 3(c). The arch was fixed to the

Fig. 3 The object and its physi-
cal model: (a) a photo of a part
of the warehouse complex, (b)
the experimentally investigated
object and (c) the dimensions of
an individual module

steel beam through a gusset, which was mounted with a
dowel bar to the concrete foundation.

Simplified FEM Model

Before the laboratory tests were performed, a preliminary
analysis of the simplified, computational bar FEM model
(reduced to a singular arch module) had been carried out.
The arch was divided into 36 line segments, which is suffi-
cient for deformation estimation and determination of the
maximal inner forces (bending moments and compression
forces). A mesh grid was generated using the Coons meth-
od. The arch was pin jointed. The elasticity of support has
been determined through experiments on an universal test-
ing machine. The aim of the preliminary analysis was to
determine a substitute load of a thick layer of snow and to
establish regions to be observed by sensors. The analysis
was carried out using the simplified model, as the gofferings
on the metal plates could not be described mathematically
and were impossible to model. The gofferings introduced
geometrical orthotropy, (despite the material being
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Fig. 4 The general load distribution scheme

isotropic) whose influence had to be accounted for through
the course of the experiment. The introduced load was
distributed uniformly, as shown in Fig. 4.

A linear load (Fig. 4) was introduced by four aggregated
forces. It was assumed (based on additional research), that if
the inner forces and deformations caused by the introduced,
equivalent load are correlated with the inner forces and
deformations caused by the linear load, then the load con-
ditions are modeled properly. Second-order analysis was
utilized in order to take the flexural buckling phenomenon
into account. In this case, the load and inner forces’ values
do not contribute to the dimensioning of the structure but are
used solely for the comparison of their consequences. An
example distribution of bending moments and deformations
introduced by the equivalent load has been presented in
Fig. 5(a) and (b) respectively.

The normal and shearing forces were also taken into
account in the analysis. The effects introduced by the linear
and equivalent loads are comparable, so the selected model
is assumed to be correct. The deformation of the arch
indicates regions with maximum displacements, which oc-
cur in the mid-height and the mid-span, at both sides of the
arch (the same region as the maximum bending moment).
These regions were chosen as target positions for the induc-
tive displacement sensors, strain gauges and the field of
Fig. 5 (a) The bending {a]
moments and, (b) deformations

introduced by the equivalent
load

|m 1
i z o "'!I||
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view of the digital image correlation sensor. The strain
gauges (SG) were placed in locations of maximal interaction
of bending and compression forces and inductive displace-
ment sensors (DS) were placed in the same region in loca-
tions of maximal deformations. The region of interest
selected for DIC included the locations of the strain gauges
and displacement sensors.

The simplified FEM model was utilized to check the
correctness of the equivalent load and to indicate the regions
to be observed by sensors. The simplified bar model does
not take the detailed support conditions and the local loss of
stability into account. These problems are the subject of
laboratory tests and further calculations based on the de-
tailed, shell FEM model.

Detailed FEM Model

The detailed FEM model was developed as a spatial cover
with dimensions consistent with the dimensions of the test
object. The cover was modeled as a curved, orthotropic
surface. The orthotrophy directions were perpendicular to
the goffering and their values were determined on the basis
of preliminary tests of the metal plate fragments. The results
of those tests have been presented in Fig. 6.

The material was isotropic, but the orthotropy was intro-
duced to the measured object by the goffering of its surface.
The specimen used for preliminary tests was a fragment of
the metal plate. The width of the specimen was 100 mm, its
length was 300 mm and its thickness was 1 mm. The
specimen was subjected to tension crosswise to the goffer-
ing. It was assumed that the goffering influences stiffness in
the transverse direction only, while the stiffness in the
lengthwise direction of the goffering remains unchanged
compared to the flat metal plate. Test results have been
compared with results of similar tests carried out with a flat
metal plate specimen with identical dimensions. The ortho-
tropy coefficient was estimated as 0.85 and it has been used
to modify the stiffness matrices.The cover was elastically
supported at the location of the gusset plate. The elasticity of
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the support was determined on the basis of the test results.
The equivalent load was introduced to the surface of the
cover through a diaphragm (a rigid body model), whose
dimensions corresponded to the clamping metal plate.

The calculations were performed in two variants: in the
first one, the aim was to determine the critical load and
buckling form, while the second one was a nonlinear, static
analysis, which aimed to determine the displacements and
stress maps in the most significant regions of the structure.

In Fig. 7 the detailed calibration procedure of the model
is presented.

The experimental and numerical results were referenced
to the selected model’s regions as a function of load. Linear
analysis does not take into account the local instabilities, nor
the cross-section orthotropism and provides comparable
results only in the initial linear range up to point A. The
discrepancies produced by the linear model in reference to
the experiment are too big and thus it is not suitable for
calibration outside the linear region. The results of the non-
linear FEM calculations are non-linear, which is due to
second-order effects, geometrical cross-section orthotropy
and geometrical imperfections. An increase of the load
causes local stability variations, which are dependent on
the range and character of the geometrical orthotropy. The

Fig. 7 Detailed FEM model
calibration procedure
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discrepancies between the experimental results and numer-
ical simulations are manifesting at point B. The specific
cause of this phenomenon is uncertain, thus it is imprudent
to assume the FEM model as suitable for further evaluation.
At this stage it was asserted that the discrepancy between
experimental and numerical results cannot exceed the max-
imal measurement uncertainty of the investigated object,
which was approximately 10 % within the analyzed loading
range. The assertion is valid up to point B. In consequent
points, the discrepancies exceed the acceptance level and an
iterative procedure is utilized in order to correct the model.
The first correction is carried out at point C, shifting the
curve within the B-C range by the “1-2” value, making the
result coincide with the point B. The correction is made by
modifying the flexural and membrane stiffness matrices of
the numerical model. The aim is to diminish the gap be-
tween displacements obtained from the experiment and from
numerical simulations. This operation was preceded by an
analysis of supercritical states, with regard to the local
instability. Ultimately, the manipulation of the stiffness ma-
trices minimized the divergence between the experimental
results and the non-linear FEM model (resulting in the
emergence of the corrected model). The non-linear character
of the model is preserved over the course of the correction.
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Similar shifts of the FEM model’s output were carried out
for consequent, higher load states (at point C, the curve
shifts the value “3—4”, and at point D by the value “5-6").
For each correction, the stiffness matrices are updated and
can differ from each other. It is justified, as increasing load
values introduce variations of local stability. The assumed
acceptance level of discrepancies between the experiment
and numerical simulations (10 %) is constant and guarantees
sufficient correlation between the experimental and numer-
ical results. However, the acceptance level could be made
more strict if accuracy requirements are elevated. In such a
case, more iterations would have to be carried out. At the
last stage of calibration a new, corrected curve is obtained
(the dash curve). It crosses all corrected points A-B-1-3-5
and it can be used to represent experimental results with an
error less than 10 %. The obtained curve (the calibrated
FEM model) takes the second order effects, geometrical
imperfection and geometrical orthotropy into account. This
model can be used for calculations of hall’s arches with
diverse spans and in different loading conditions.

The flexural stiffness and membrane stiffness matrices
determined at point E for the simplified and the calibrated
model are presented in Fig. 8.

Experimental Methods and Instrumentation

The analysis of the simplified FEM model had determined
the approximate localization of the sensors. The most vul-
nerable region of the object was expected to be localized in

Fig. 8 Stiffness matrices of the
simplified and calibrated models
determined at point E (Fig. 7)
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the middle of its height, but due to the complexity of the
object, it was difficult to predict the exact position.

It was also expected for the structure to respond with
in-plane and out-of-plane displacement components when
subjected to load. Moreover, the real shape of the object
had to be determined. These are the reasons why the
standard pointwise measurement techniques like strain
gauges [20] were not suited to this task, even if several
sensors were applied. In order to monitor the displace-
ments of the object in a large area of interest, a full-field
optical measurement technique has to be utilized. Taking
into account all requirements and the range of expected
displacements, the 3D Digital Image Correlation method
(3D DIC) has been selected as the primary method
[21-23].

3D DIC is a non-coherent, image-based method. It meas-
ures all components of displacements (u, v, w) and the shape
of an object. The sensitivity depends on the actual field of
view and the resolution of the imagers. The spatial resolu-
tion is related to the resolution of the imagers, while tem-
poral resolution depends on the speed of the cameras
(number of frames per second). As the 3D DIC method is
a full-field optical technique, it is possible to recognize and
measure unexpected failures in structures, if only they oc-
curred within the field-of-view (FOV). However, the DIC
method is not fully accepted as a standard measurement
method for large engineering structures, and therefore this
is the reason the displacement measurement at a chosen
point were being validated by standard displacement sensors
and strain gauges.
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Description of 3D DIC

DIC is a technique based on the analysis of a pair of digital
images (reference and deformed) over a certain area of
interest (AOI) taken before and after displacement occurs
[22]. The information is extracted from changes of intensity
in the images. In the most widely known variation of the
DIC, the reference image is divided into small subsets (sub-
images). The software searches for the most similar subset
in all other images, using the maximum cross-correlation
function criterion:

z:‘z'i’.j:lf(ivj)g(ivj)

(1)

Cnorm/g =

where: f{i,j) is the intensity function of the reference image
and g(i,j) is the intensity function of the deformed image; n,
m are pixel dimensions of the investigated subsets.

The center point of the most similar subset found in a
deformed image defines the displacement vector. In order to
facilitate matching, each subset needs to be sufficiently
distinct in the aspect of intensity variations. Therefore a

Fig. 9 The experimental setup:
(a) the view of the 3D DIC
measuring, (b) location of the
3D DIC AOI and loading mech-
anism, (¢) executed loading
program
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random speckle pattern is applied (e.g. spray paint, sticker
paper, water decals) to the object within the AOL In some
cases, when the texture of the measured surface exhibits
sufficient intensity variations, there is no need to apply
additional random patterns to the object.

3D DIC is a technique, which combines the Digital
Image Correlation (for in-plane displacement analysis) with
stereovision (for 3D shape measurement) [24]. By using two
cameras for observation of the same area of interest, it is
possible to obtain the 3D shape of an object. However, both
cameras need to be carefully calibrated [22, 25] in order to
calculate the intrinsic (center of projection coordinates, scale
factors and distortion coefficients if required) and extrinsic
parameters (describing the geometry of the stereo setup).
The sterco matching problem is solved by correlation
analysis.

In the experiment, the field of view of the 3D DIC sensor
was located at the outer side of the arch. The 2 mx2 m area
of interest was located 2 m above the floor (Fig. 9), in the
region where the simplified FEM model analysis predicted
the largest displacements. The images in the 3D setup were
captured by two 2MPx AVT Stingray cameras equipped
with Schneider Kreuznach 8 mm focal length objective lens.
The cameras were connected to a laptop via a FireWire

(b)

1600 150501 2000
firme [s]

2500
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ExpressCard in daisy chain mode. In order to improve
lighting conditions, two 650 W halogen reflectors were
used. Because of the large FOV, the cameras were set
1,5 m apart from each other with a stereo-angle of 30 °.
The angle is always a trade-off between an image displace-
ments sensitivity and an out-of-plane sensitivity. The value
of 30 ° introduces modest perspective differences between
corresponding image subsets and ensures sufficient out-of-
plane sensitivity. According to [22] it is not advisable to
maximize the out-of-plane sensitivity at the expense of in-
plane sensitivity as the same amount of noise in in-plane
analysis causes much larger error than if it occurred in out-
of-plane analysis. The setup was installed on a scaffold
made of Bosch Rexroth’s aluminium constructional profiles
(Fig. 9(a)). The measuring arm has been connected by an
articulated joint with a horizontal beam and braced by
another, short beam, which was screwed down to the hori-
zontal beam and to the measuring arm itself. The horizontal
beam was stiffly mounted to two vertical profiles, which
were clamped to a 13-ton constructional steel beam by four
G-clampings. The double C-shape steel beam was insulated
from the ground by a rubber separating layer. The overall
weight of the foundation and the rubber made the scaffold
immune to vibrations. It also must be mentioned, that the
load of the arch was introduced hydraulically—no motors
were used during the test. Thus the influence of the flexi-
bility of the scaffold and the vibration can be neglected.

Images were captured at a frequency of 1 Hz, using a
commercial software package called Vic Snap [26]. For the
3D DIC analysis, VIC 3D software (by Correlated Solu-
tions) was used.

The in-plane displacement accuracy obtained by DIC
analysis is 0.01 pixels [22], which, considering the field of
view (3 m) and the camera’s resolution (1624 pixels) gives a
theoretical accuracy of 18 um

However, we can expect additional errors due to the
divergent local properties of the texture applied at the in-
vestigated object and the scaling error during conversion
from pixels into micrometers. The experimental accuracy of
the in-plane displacement measurement was ultimately esti-
mated at 50 um (75 um for out-of-plane displacement).

The measured surface had to be carefully prepared in
order to facilitate correlation analysis. The preparation of
the surface included cleaning, covering with a ground coat,
spraying with white paint and introducing black speckle
pattern (with randomly sprayed black paint). Special care
was taken to maintain a uniform distribution of the random
texture over the AOIL Finally, the measurement area was
covered with matte varnish in order to secure the speckle
pattern and reduce reflections from the surface. The AOI is
an area inside the field of view (FOV) of the sensor which
indicates the region where the correlation analysis is to be
performed
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Pointwise Sensors

Pointwise sensors were used in order to provide additional
data for validation of the correlation measurements results.
They were placed inside the most vulnerable regions and
within the AOI of the 3D DIC sensor. Two types of sensors
were used: an inductive displacement sensor and a set of
strain gauges for strain measurements.

The inductive displacement sensor was fixed at the mid-
dle of the AOI of the DIC sensor, but on the opposite side of
the arch (Fig. 10). The sensor measured absolute displace-
ment (resultant from U, V and W displacements), therefore
the data obtained was easy to compare with the
corresponding DIC data.

The pointwise sensors were located in the regions where
the largest displacements were expected based on the sim-
plified FEM model analysis. The arrangement of the sensors
located within the AOI of the 3D DIC sensor has been
presented in Fig. 10. The inductive displacement sensor
(1) was set at an angle of 30 degrees relative to the ground.
The strain gauges (2) were placed at the valleys of the
goffering on the outer side of the arch. The strain gauges
of the other set (3) were sticked on the peaks and valleys of
the goffering on the inner side of the arch. The AOI of the
3D DIC sensor has been marked in red in Fig. 10. All
pointwise sensors and a force sensor were coupled in an
integrated Hotinger measurement system. The data acquisi-
tion frequency was 5 Hz and it was synchronized with the
3D DIC sensors.

Introduction of Load
Each segment of the measured arch was loaded at four

points (which simulate the load introduced by the presence
of snow) arranged uniformly along the arch. The measured

2.Em

Cross sectin

X

Fig. 10 The arrangement of the pointwise sensors: 1—displacement
sensor, 2—strain gauges on the outer side of the arch, 3—strain gauges
on the inner side of the arch; the 3D DIC FOV has been marked in red
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object was composed of four arch segments, hence the
whole object was loaded in sixteen points.

The load was provided by a set of strings and longitudi-
nal and transverse beams (Fig. 9(b)). The beams were
clamping all sets of strings up to the joint with the main
beam. A dynamometer and pulley blocks with a hydraulic
actuator were fixed to the main beam. The force recorded
during the test was therefore the sum of 16 component
forces applied to the object. The loading program has been
presented on Fig. 9(c).

The loading mechanism ensured a consistent force value,
regardless of the deformations of the arch. The total mass of
the strings, beams and joints amounted to 518 kg. The
control of the loading and data acquisition was automated.
The load was introduced gradually in 7 cycles from 0 to
35 kN with an increasing value of load in each cycle equal
to 5 kN (Fig. 9(c)). The maximum value of load in a cycle
was maintained for approximately 60s. The last cycle
(above 35 kN) was maintained until the failure of the mea-
sured object.

Experiment

The experiment was carried out within the range of loads
specified in Fig. 9(c) and progressed in cycles. The aim of
the test was to indicate critical load values and identify
shortcomings in the FEM model.

Fig. 11 Initial 3D shape map for
the AOI at the arch surface
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3000 measurements at a frequency of 1 Hz have been
performed by the 3D DIC sensor. All control computers
(force, 3D DIC, pointwise sensors) were time-synchronized
with each other. The synchronization of all systems facilitated
data comparison procedures and ensured more reliable results.

3D DIC Results

The results of the 3D DIC measurement include: the shape
map and a set of U(x,y) and V(x,y) in-plane displacement
maps along with the W(x,y) out-of-plane displacement map.
The shape map of the measured surface is presented in
Fig. 11 and the displacements maps are presented in
Fig. 12. In the U(x,y) map (Fig 12(a)), the yellow spot
indicates the “A” point (Fig 9(b)), where the displacement
sensor was located. The comparison of the displacement
data obtained by DIC and inductive sensors was needed in
order to validate the results obtained from 3D DIC and to
eliminate the possibility of a gross error.

The 3D DIC method provided a large amount of infor-
mation. Figure 12 presents example displacement maps
calculated for a high load value. In the middle section of
the FOV, large displacement gradients can be observed. In
order to track the failure process and visualize the asymme-
try of displacements maps, we extracted three components
of displacement vectors at points along two chosen lines (in
arcwise direction) (marked as white lines L1 and L2 at the U
displacements map in Fig. 12).
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The extracted U, V and W displacements have been
presented in Fig. 13 in the function of time. Such
presentation of the data shows the development of a
characteristic deformation in the area of failure (line
L1). The failure process begins at 25kN load (which
can be observed in V displacements along L1). At the
maximum load, the largest U and V displacement values
occur within the A crossection (Fig. 13). W displace-
ments were more pronounced within the B crossection,
which is consistent with the numerical predictions. An
interesting conclusion can be drawn from the compari-
son between deformations along line L1 and line L2.
The red area in Fig. 12 indicates riveted joints between
neighboring metal plates sections. The L2 line was
extracted from a region reinforced by these joints. In
the region from which line L1 was extracted, the con-
nections between neighboring sections were located to
the top and to the bottom of the FOV. As one can
observe in Fig. 13, the failure process did not occur
in the region with joints (line L2) because the structure
was more stable there.

Verification of the 3D DIC Results

In order to enable a more reliable comparison with results
obtained from the displacement sensor, absolute displace-
ment values were calculated. The sensor was located at
the opposite side of the metal plate in relation to the 3D
DIC AOI. The location of the sensor was marked to
facilitate the identification of the precise spot. Plots of
absolute displacements at Point A as obtained from both
sensors are presented in Fig. 14. The analysis proved the
measured displacement values of the two sensors to be
very close. The maximum discrepancy of measurements is
less than 2 %. The small discrepancies could be caused by
the fact that the sensors were monitoring the opposite
sides of the metal plate. In Fig. 14, displacements

6.4 U frm] 4L5

4.5

W [mien] 335

extracted from the same point in the numerical model
have been also presented.

An another comparison was made in order to validate
strain measurements. Displacement maps, which are the
primary output quantities from the correlation calculations,
can be consequently differentiated to obtain strain maps.
Here in order to obtain a more reliable comparison, the
following procedure was implemented. A virtual extensom-
eter was placed next to the strain gauge in a fragment of the
AOI of the DIC sensor. Displacement values were extracted
from displacement maps at two points, which can be treated
as contact points between the virtual extensometer and the
measured surface. The distance between these points and
their locations matched the strain gauge parameters in re-
spect to the base length, and the direction of measurement
(the virtual extensometer was placed parallel to the strain
gauge). The extracted displacement values were conse-
quently used to obtain the strain value at a chosen moment
in time (‘t’):

_ disp4(t) — dispp(t)

() R ©)

where disp4(t) and dispp(t) are displacements extracted at
time ‘t” at points A and B respectively and L is the distance
between point A and point B. Strain calculations were
carried out on pixel values, so the presented results are free
from a scaling error.

The “virtual extensometer” and strain gauge were very
close to each other, but still somewhat separated, since the
correlation analysis could not be performed inside the area
where the strain gauge covered the speckle pattern.

In Fig. 15, a comparison plot between strains calculated
through the procedure described above and the strains mea-
sured by a strain gauge is presented.

The comparison indicated sufficient correlation between
the results obtained from the virtual extensometer and the
strain gauge in the elastic range. Discrepancies grow fast

101 W [mm| 176,5

Fig. 12 Example displacement maps: U(x,y), V(x,y) and W(x,y); lines L1 and L2 overlaid on the U(x,y) map were used to generate the
visualization of the displacements in time as shown in Fig. 13; the red curve indicates riveted joints between neighboring metal plates segments
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Fig. 15 Comparison of the strain measurement performed by the
virtual extensometer and strain gauge

when the structure reaches the plastic range. It was a limit of
the utilized strain gauge, which exceeded its range and came
unstuck from the surface. The application of the strain gauge
was additionally hindered because of the goffering of the
metal plates. The discrepancies caused by local loss of
stability are small and can be neglected.

Comparison Between Numerical and Experimental Data

The most important issue in regard to the comparison of the
test data with numerical data was matching the coordinate
systems. All DIC results were initially related to a coordi-
nate system which is assigned by the geometrical DIC
configuration. The ‘xy’ plane was perpendicular to the axis
of the sensor (which was located in the middle of the
distance between the optical axes of both cameras). In order
to reliably compare the results obtained from the experiment
with the results numerically generated from the FEM model,
it was necessary to transform the data from the DIC coordi-
nate system into the FEM model’s coordinate system (or
inversely).

In the FEM method, each finite element has its own, local
coordinate system, in which in-plane displacements or
strain, and out-of-plane displacements are calculated
(Fig. 16). In 3D DIC the coordinate system is associated
with the AOI and hence quantitative comparison of dis-
placement components obtained from numerical simulations
and from the experimental results can only be performed
inside a small region at the centre of the AOI (where the
directions of the coordinate systems are the same). In order
to compare displacement components outside the centre of
the AOL local coordinate systems’ transformations need to
be performed.

In order to calibrate the detailed FEM model (according
to the procedure presented in the “Detailed FEM model
section”), absolute displacements’ values from the
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experiment (which are a square sum of all displacement
components) have been used, as they could be quantitatively
compared with numerical results. The obtained experimen-
tal data was introduced into the detailed FEM model. Dis-
placements determined through the experiment were
compared with numerical simulations. In order to calibrate
the model (to match experimental data and numerical sim-
ulations), the flexural stiffness matrix was altered. The cal-
ibration procedure has been presented schematically in
Fig. 7. Discrepancies between the numerical model and the
real object are lower than 10 %. This validates the utilization
of the detailed and calibrated FEM model for the investiga-
tion of objects made of similar metal plates but at a different
scale. More data points from the experiment could be used
to further diminish the gap between the model and the real
object.

The consequent analysis of the calibrated, detailed FEM
model aimed to determine the critical load in respect to the
global buckling and the local loss of stability. The result of
these calculations is the critical load for the first (and the
most probable) mode of buckling. The view of the FEM
model subjected to critical load has been compared with the
real image of the object under experimental load (Fig. 17).

At Point 1, buckling can be observed, while at Point 2 the
metal plate broke as a result of loss of stability. During the
experiment, the loss of stability occurred for the 37.4kN
summarized load, which matches the numerically calculated
value (36,6kN) very well. Such good correspondence be-
tween the FEM model and the real object test results allows
to conclude that the model calibration was performed
correctly.

I\

DIC coordinates
system

FEM mesh with local
coordinales syslems

Fig. 16 3D DIC sensor coordinate system orientation and FEM local
coordinate systems
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Fig. 17 Views of the model and the object during the experiment; the
mesh grid of the model has been rescaled for better visualization,
original mesh was finer (it contained 4176 finite elements)

The critical load, calculated by means of numerical anal-
ysis, was used for creating displacement maps within the
AOI of the 3D DIC sensor. The example results (for SkN,
15kN and 30kN) have been presented in Fig. 18 (the maps
obtained from the DIC sensor have been rotated by 90
degrees in order to facilitate visual comparison). The coor-
dinate systems are compatible in the centre of the FOV only
and in this region displacement’s components can be quan-
titatively compared. Because of the specific qualities of the
measured object, U and V displacements were not compared
with experimental results.

Visual comparison of the maps presented in Fig. 18 indi-
cates good correspondence between numerical and experi-
mental data. However, a certain asymmetry in experimental
results due to an additional linear component of displace-
ment (tilt of the structure) can be observed.

Discussion

The comparison of the results obtained from the experiment
and FEM simulations at the indicated object points showed
that they correspond very well. Additionally, the experiment
allowed to observe the failure process at the bottom right
corner of the structure (Fig. 17).

The discrepancies in displacement measurements could
be caused by the fact that the DIC and the displacement
sensors were located on the opposite sides of the metal plate.
Discrepancies and errors in strain measurements were prob-
ably caused by the shape irregularity of the surface mea-
sured by the strain gauges. The locations of the comparison
points were shifted by a small value from the actual
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locations of pointwise sensors, as 3D DIC analysis could
not be carried out at the precise regions where the strain
gauges were attached.

The comparison between experimental data and the de-
tailed FEM model showed very good consistency after just
the first iteration of the experimental-numerical hybrid mea-
surement methodology (thanks to the efficient prediction of
the failure regions in the simplified model). Therefore, it
was not necessary to perform additional tests. In more
complicated cases, when the simplified FEM model would
not give clear information about the region of failure, it is
still economically more efficient to perform more laboratory
tests on 1:1 scaled models than to install a SHM system.

To conclude the whole measurement effort, critical loads
and vulnerability regions of the object were determined. The
detailed FEM model (which includes corrections from the
experimental data) can also be used for more precise simu-
lations of accidental load conditions.

The analysis of 1:1 scale models of low-cost civil engi-
neering structures can be a very efficient way to improve the
safety of such structures. The 3D DIC method is an easy
full-field experimental technique, which provides high ac-
curacy data important to the development of a proper FEM
model of the structure.

The 3D DIC method provided large amounts of data,
which can be analysed and visualized in many different
ways in order to facilitate the evaluation of experimental
results. The 4D visualization (Fig. 13) presented in the
article can be applied and utilized to track deformations
along chosen lines as functions of time, which is a great
convenience, e. g. in crack propagation investigation.

Conclusions

The hybrid method for laboratory measurements of low-
cost, large scale building structures has been presented in
this paper. A 1:1 scale model of the hall’s arch made of
goffered metal plate has been created and subjected to load,
which simulated the natural influence of the presence of
snow on the roof. FEM model simulations were comple-
mented by the experimental data and good correspondence
has been achieved. Additionally, the failure process has
been observed, localized and consequently used for the
improvement of the initially created simplified FEM model.
The detailed model has been calibrated by manipulating the
flexural and membrane stiffness matrices in order to close
the gap between the FEM simulations and the experimental
data. A discussion in respect to error sources, future works
and usability of the method, has been included.

As a result of hybrid testing (with application of tradi-
tional and modern, full-field optical methods) and in refer-
ence to the simplified FEM model, the calibrated, detailed

9
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numerical model of the large object has been designed. The
model has been used consequently to transfer mechanical
properties onto the real object with regard to support and
foundation conditions. The hybrid methodology provided
the FEM model, which can be used to carry out simulations
of similar objects at a large scale.

The hybrid measurement technique, applied to low-cost,
large scale engineering structures with a typical construction
and shape gives new opportunities to engineers and assist in
effective and rational design. The overall costs of such a pre-
operating test are much smaller than the alternative SHM
systems.

Future work will concern measurements of 1:1 scale
models of halls manufactured in single shell and double
shell (two metal plates arches with an insulating layer be-
tween them) variants with different cross-sections of profiles
and different types of joints between sections. The aim of
the tests will be to establish consistent design methods of
arch coverings for low-cost civil engineering structures,
which include the influence of utilization conditions, load-
ing conditions and different methods of shaping of the
arches.
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3D digital image correlation method is widely used for displacements measurements in laboratory
conditions and for experimental applications in industries. In this paper we present enhancements of the
standard method, which enable application of 3D DIC for in situ monitoring and process control in
industries and out-door environment. Enhancements concern software modifications (new visualization
methods and a method for automatic merging of data distributed in time) and hardware improvements
(protecting equipment against hard environmental conditions).

The modified 3D DIC system is applied in two interesting cases: measurements of steel struts at
construction site and measurements of a pipeline in an intermediate pumping station. In both
applications we additionally used an infrared camera in order to correlate deformations of measured
objects with temperature changes.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In the domain of experimental mechanics and vision-based
optical metrology, digital image correlation (DIC) is a validated and
well-established method for determining displacements in a wide
range of test objects [1-3]. The experimental setup for DIC
measurements is very simple. It requires images acquisition
hardware, and a computer system for synchronization, data
storage and processing. 3D DIC technique provides non-contact,
full-field measurements of displacements and strains of an object
subjected to mechanical, thermal or environmental loads. All
mentioned features make 3D DIC system a good candidate for
implementation in industry [4,5]. Development of the standard
DIC method within such application areas as measurements of
discontinuous fields [6,7], measurements of large deformations [8],
or optimization for measurements in extreme environments [9]
enable more advanced in situ implementations. Good examples of
in situ applications of DIC have been presented in deflection
measurements of bridges [10], monitoring of displacement of
continuously active landslides in South French Alps [11] and
measurement of a velocity field in deformation zones in cold
rolling [12]. A number of applications of DIC method in industry

* Corresponding author. Tel.: +48 608571909.
E-mail address: m.malesa@mchtr.pw.edu.pl (M. Malesa).

0166-3615/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.compind.2013.03.012
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have significantly increased in recent years. However, to the best
knowledge of authors, there is still a lack of published imple-
mentations of the method into practice for maintenance and
process control or long-term monitoring in industrial and civil
engineering applications. In order to achieve this goal the standard
method needs to be tuned to any particular application and needs
to be accepted by engineers responsible for a certain case.
Industrial applications need regular testing for the lifetime,
movement, strength, and performance of machines and structures
during production process. Measurement equipment applied for
these kind of tasks need to be adopted to work in hard
environmental conditions. Furthermore a long-term monitoring
of objects or processes is often required. In such situations, the use
of laboratory test methods is particularly challenging or even
impossible. On the other hand, a typical measurement accuracy of
DIC can be in many cases relaxed in industry. Taking into account
these facts we have developed a method for automatic merging of
DIC data distributed in time. Such method is highly required when
monitoring should be performed over a long period of time, but
measurement equipment due to various reasons cannot stay at the
site. Another required enhancement of the standard DIC measure-
ment is adding a new modality, namely temperature or distribu-
tion of temperature changes. In the presented applications we used
a simultaneous capture of temperature distribution and displace-
ments maps at an object surface. Similar approach was introduced
by Orteu in 2008 when he performed simultaneous measurements
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of 3D shape, strain and temperature fields with utilization of CCD
camera operating in NIR [13]. Maynadier in 2012 [14] presented
another method for combined measurements of temperature and
strain maps, in which all data was acquired with a single infrared
camera. Somewhat different approach was presented by Chry-
sochoos [15] and Kujawinska [16], who utilized separate devices
for acquisition of infrared and white-light images. This approach
has been also implemented in the presented applications

The paper is organized as follows: in Section 2 we report on
hardware and software enhancements, which have been intro-
duced in order to fulfill the needs of industrial customers and in
order to adapt 3D DIC system to out-of-laboratory conditions; in
Section 3 we present application that concerns measurements of
building struts’ deformations; second application, presented in
Section 4 illustrates the case of monitoring of a pipeline subjected
to a thermal load. The examples are purposely chosen from
different fields in order to present versatility of DIC method in
industrial applications. Description of the first application is more
detailed as it includes implementation of the method for automatic
merging of data distributed in time. The examples presented in the
paper show evidently the differences between 3D DIC practice in
industries and in its standard, scientific or laboratory applications.

2. Digital image correlation for industrial applications

In the standard DIC [2] the reference image (the first image of
the series in the most cases) is divided into small subsets (sub-
images). The software searches for the most similar subset in all
other images, using the maximum cross-correlation function
criterion (Fig. 1). The center point of the most similar subset found
in a deformed image defines the displacement vector. In order to
facilitate matching, each subset needs to be sufficiently distinct in
the aspect of intensity variations. Therefore a random speckle
pattern is applied (e.g. spray paint, sticker paper, water decals) to
the object within the area of interest (AOI - area of acquired images
in which displacement maps are calculated). In order to apply DIC
in industrial applications we introduced enhancements in both:
software and hardware.

The main goal of hardware enhancement was to minimize the
influence of environmental conditions (high temperature gradi-
ents and dustiness) on DIC measurements and also to secure the
equipment. Hardware enhancements and a visualization method
are rather incremental developments of DIC and were necessary in

order to ensure applicability of DIC for particular measurement
tasks.

Innovative software enhancements enable long-term measure-
ments. Long-term measurements refers to a case, when 3D DIC
setup has to be relocated between consecutive measurements.
Two-dimensional version of the method has been described by
authors in Ref. [17].

2.1. Hardware enhancements

A standard, laboratory 3D DIC system includes two cameras
mounted on a tripod, a reflector and a control computer. For in situ,
industrial applications in maintenance tasks or process-control
there is a need of much more flexibility in a configuration of a
measurement setup [9]. A good solution is aluminum construc-
tional profiles, which are often used in industrial applications of
measuring systems. Profiles can be used to build scaffolds or rigs
and can be easily rearranged. In our case we used profiles to build a
stiff measurement rig. The configuration of rigs depends on
application and an object’s location; rigs can be mounted directly
to tripods or to stationary elements close to the measured object.
The flexibility with DIC setup configuration is also important as
often an access to the selected area of interest is hindered. The
maximum elongation of 1 m profile due to thermal expansion in
typical environmental conditions is about 0.3 mm. For the most
industrial applications (including examples presented in the
paper) this is an acceptable level. However, in cases when better
accuracy is necessary we can use profiles/bars made of invar
material (the material with an extremely low thermal expansion
coefficient).

Artifacts used for the standard stereo-calibration of 3D DIC [2]
setup are made of dibond material. Dibond is a strong, flat and
lightweight material which is weather and dust-resistant. It is an
aluminum composite panel material (ACP) and it is formed by
laminating a central core of thermoplastic material with an outer
skin of aluminum sheet (18). The most important properties
of dibond material are presented in Table 1.These values prove the
high applicability of dibond material for in situ calibration
of the measurement system.The calibration quality during in
situ measurements can be significantly decreased because off
in-homogenous lighting conditions (e.g. sunlight and shades). In
order to avoid an influence of these factors we utilized boards for
protection against sunlight during the calibration.Additionally in

Fig. 1. The principle of 3D digital image correlation method: subimages matching during analysis.
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Table 1
Properties of dibond material.
Property Unit Value
Thermal expansion Mn/m at 24
100°C variance
Service temperatures °C —50°C to +90°C
Water absorption % 0.01
by volume
Rigidity EJ kNcm?/m 865 for 3mm
thickness
Tensile strength of the cover sheets N/mm? Ry 145-185

the reported applications in order to get measurement results on-
site and nearly in real-time we used a computer which is resistant
to external conditions. The most sensitive components of a
computer should be protected from shock and impact as well as
from dust and water. There are only a few commercially available
computers which fulfill these requirements, among which we had
chosen Panasonic Fully Rugeddized Tough Book [19].Also the
proposed 3D DIC system for in situ measurements is enhanced by
adding an infrared camera which monitors distribution of
temperature of an object. Multimodal data provided by DIC-IR
configuration is often important information in further data
analysis and interpretation of results.

2.2. Software enhancements

3D DIC software enables to calculate displacement maps nearly
in areal time. This is a very useful feature, which is used to check if
a sensitivity of the method is matched against particular
requirements. However, in most of the cases, maintenance and
process control in industry are performed over a long period of
time during which observed objects are subject to a sequence of
mechanical or thermal loads and the measurement system is
periodically brought to an object. For such cases we implemented
and tested an early version of the procedure for automatic merging
of 3D DIC data. The method is an enhancement of the recently
published 2D DIC data merging version [17]. In the method a flat
calibration artifact (CA) is used as a reference for merging of data
acquired by a set of two cameras which may be placed in different
positions (Fig. 2a) at the measurement site. The CA (made of
dibond material) typically contains a set of black circles printed on
awhite background and it remains permanently on site and is fixed
at the same position between consecutives measurements. We
assume that a relative movement between DIC setup and a set of
fixed markers is a rigid body movement (the calibration artifact
does not deform between consecutive measurements). Each pair of
images from each data set (acquired from a slightly different
position of cameras) is transformed to the coordinate system of the

measured object
,
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reference pair. A transformation matrix Tsp is estimated by
analysis of 3D positions of markers (CAye3D, CAimg3D, which are
determined by triangulation of corresponding 2D positions from
stereo images). The flow-chart of the software procedures is shown
in Fig. 2b. Images obtained through the automatic data merging
procedure can be subsequently subjected to standard 3D DIC
analysis, however, numerical procedures that are performed
during merging procedure cause a certain increase of errors of
3D DIC measurements.

Another enhancement of 3D DIC system is associated with
visualization of results. DIC measurements provide a large amount
of data, which need to be post-processed in order to extract the
most valuable information. A sequence of displacement or strain
maps can be used to draw conclusions about a global behavior of a
measured object and to detect abnormalities, local concentrations
of strains, defects etc. Further analysis usually includes plotting of
displacements in selected object points against a time. In order to
track a failure process and to visualize a possible asymmetry of
displacements maps we propose another way of DIC results
presentation, which is based on extraction of displacements and
strains along chosen lines. Such visualization provides more
quantitative data and can be helpful in tracking of a failure process
in time. Obtained maps were highly appreciated by specialists
from industry. Example figures are presented in next paragraphs.

Measurements and analysis presented in the next paragraphs
were carried out with utilization of VIC 3D software [20] as well as
with a custom-made software developed in our Institute. Custom-
made software provides full functionality for 3D DIC measure-
ments including the automatic merging of data distributed in time.
However, some features associated with visualization of strain
maps or utilization of more precise interpolation algorithms [21]
are still under development. Standard 3D DIC analysis results
presented in the paper comes from the commercial software VIC
3D and results of the long-term monitoring come from the custom-
made software. Results obtained from the commercial software
were also used for a validation of the custom-made software.
Stereo-calibration in VIC 3D is carried made with utilization of
circular markers and stereo-calibration in custom-made software
is carried out with chessboard. Because of this we had to use both
types of calibration boards in the presented measurements.

As it was mentioned above 3D DIC method is used simulta-
neously with an infrared camera in order to combine temperature
and displacement/strain maps. This methodology significantly
facilitated an interpretation of the obtained data and recognition
of sources of abnormal behaviors or structure failures. Displace-
ments/strains and temperature maps were simply overlaid on each
other with utilization of image processing tools. More sophisticated
methods, which have been mentioned in the introduction [13,14]
are of a great interest and can be implemented in future works.

redurn bo abjec

]

Fig. 2. The method of automatic merging of 3D DIC data: (a) measurement setup and (b) flow-chart of the software prcocedure.
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2.3. Data processing and presentation of results

An output from 3D DIC are U, V and W displacement maps and
shapes of measured objects. They denote displacements in x, y and
z directions respectively. Typically coordinate systems are
established after plane fitting of obtained point clouds from a
reference image pair. U and V displacements are in-plane
displacements and W is an out-of-plane displacement. Strain
maps were calculated with utilization of finite-strain equations
[22] (Eq. (1)) in VIC-3D software:

_Ou 1{/0u? o2 ow?
== ae2|(ae) + () + (5
v 1[(ou?\ [0\ fow?

nyza—y'i'i ay + W -+ ay
. 1 Bu+3v +1 ou du N v ov n ow ow
o=a(a ) ol Gea) * o)+ (53

In most of the cases out-of-plane displacement W does not
influence in-plane deformation and thus W components can be
omitted from equation 1 [2].

The Cartesian coordinate system x, y, z is overlaid on each
displacement or strain map presented in the paper in order to
schematically show directions of each axis. As the measured
objects are not flat, the coordinate systems are matched to the
planes fitted to point-clouds representing an object. Such
simplification is useful and acceptable in the most of industrial
applications, as it facilitates visual evaluation of displacement/
strain maps. Presented displacement and strain maps are
characterized by P-V values (what stands for Peak-to-Valley - a
difference between the maximum and the minimum value within
a particular map).

&

3. Measurements of steel struts

The first example of 3D DIC application refers to monitoring of
diaphragm walls, which are used as a support for deep excavations.
Stability of diaphragm walls is ensured by steel struts, ground
anchors or underground slabs [23]. Static analysis of in-plane
displacements of diaphragm walls is typically carried out and
includes factors such as:

e Active earth pressure.

e Water pressure.

o External loads (roads, buildings etc.).
e Loads from internal construction.

In the case of utilization of steel struts it is also important to
evaluate an influence of temperature changes on in-plane
displacements of excavation’s support, as thermal strains of steel
elements are an important factor for security of construction
works. So far in typical analysis of a mutual impact between an
excavation support and a steel strut, a thermal elongation of the
strut was not taken into account.

A cross-section of a typical strutted diaphragm wall is
presented in Fig. 3.In this case the stability of the diaphragm wall
(thickness 0.60 m) has been provided by one level of steel struts at
—0.75 m below the ground level (b. g. L.).

The designed construction stages of steel struts are as follows:

o Soil leveling, forming of a working platform.

e Execution of guide walls.

o Execution of diaphragm walls and a reinforced concrete capping
beam.

e Excavation —1.5m b.g.l.

Typical cross-section
tep of capping baam 45
20KPa A e

e

Pd ! I.,lt'l.ﬁ-rl = D\thmgm wall
“48m "‘T thilckness O,60m
P
Pd | L=07m
+— {0 M
Gp | W=l

i Top of guide walls

Aol 2 _—
am .fundwg.ruu 5
—
P “ ] Vi
‘ : )
l 748 : undation slab
b e

A R R, W

~* button of dwal - changsabis
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Fig. 3. Typical cross-section of strutted diaphragm wall with marked localizations of the areas of interest (AOIs).
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o Installation of struts —0.75 m b.g.l.

o Final excavation, max. —8.13 m b.g.l.

o Execution of a foundation slab.

e Execution of a “—1" slab at —3.93 m b.g.l.

o Dismantling of struts after the foundation slab and the “—1" slab
reached 100% of its designed strength.

o Execution of a remaining structure.

Struts are mounted during excavations in order to maintain a
stability of an excavation support, in our case in a form of
diaphragm walls. Big temperature variations, which occur in a day/
night cycle, and also a progress of construction works, may resultin
deformations of struts [24]. The deformed struts may no longer
fulfill their function and moreover they cause an unpredictable
increase of displacements and strains in diaphragm walls.
Monitoring of horizontal and vertical displacements of diaphragm
walls is crucial for safety of neighboring buildings and another
underground infrastructure.

The most commonly used, commercially available and the
cheapest method for measurements of diaphragm walls displace-
ments at building sites with deep excavations is a geodetic method
[25]. However, geodic surveys provide small accuracy, which is
additionally dependent on weather conditions. Accuracy varies in
the interval of 2 mm during good weather and 6-7 mm during bad
weather. Also the measurements require applying bench-marks to
a structure. In the case, when bench-marks are obscured by an
inner-structure of a building, measurements of displacements are
no longer possible.

More accurate but also much more expensive are manual
inclinometers [26]. The accuracy of the method is in interval of 1-
2 mm regardless of weather conditions. Inner-structure does not
interfere with measurements, although an access to a measuring
tube is required. In the most advanced (as well as the most
expensive) monitoring systems, automatic inclinometers provide
measurements without requiring access to the inlet pipe
(measuring tubes are embedded in the diaphragm wall). Inclin-
ometers are most commonly used during the works performed at
centers of big cities.

The aim of the test was to determine an influence of
temperature variations on displacements/strains of temporal steel
struts and also to introduce more accurate method for monitoring
of displacements of diaphragm walls. Compared to the methods

maasuramant satup:
- ben GO camaras
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described above, 3D DIC provides much bigger accuracy, what is
especially important at building sites, where displacements of
diaphragm walls might have a significant influence on safety of
works. Furthermore, bigger accuracy is necessary in order to
quantitatively study thermal deformations of steel struts.

The presented measurements were carried out on the
construction site at Lopuszanska St. 38b in Warsaw. For the first
time in Poland we utilized an accurate full-field measurement
method for determination of displacements of diaphragm walls.

3.1. Location of 3D DIC setups

The measurements were carried out with 3D DIC technique
simultaneously in two areas of interest (Aol) located at the strut
and at the reinforced concrete wall (Fig. 3). The first area of interest
(Aol1) covered an end part of the longest strut (length of the
observed part = 0.5 m). 3D DIC system consisted of two 2Mpx AVT
Stingray cameras equipped with 28 mm focal length lenses (F
number was set to 11). Aol1was selected so that within it was a big
deformation of the strut, which could be observed even with a
naked eye. We do not know when and how the deformation was
formed as struts are used multiple times at different building sites.
The deformation could occur during transportation or during
installation. The first measurement spot is presented in Fig. 4a. The
shape of the strut within the Aol is shown in Fig. 4b.

The second area of interest (Aol2) covered a part of reinforced
concrete wall and the support element of the steel strut. In this case
3D DIC setup consisted of two 5Mpx PointGrey cameras equipped
with 28 mm focal length lenses (F number was set to 11.The
measurement setup and Aol2 are shown in Fig. 5. The measure-
ments in Aol2 were carried out in order to determine relative
displacements between the steel strut support element and the
concrete wall.

The measurement rigs were constructed from aluminum
profiles. Cameras of DIC systems and LED reflectors were mounted
to tripod heads, which were fixed directly to horizontal beams of
the rig (measuring arms). The measuring arms were bolted to
transverse beams. In the case of Aol 1, in order to achieve a
sufficient stiffness of the rig, the transverse beam and the
measuring arm were connected by the third profile. Measurement
rigs were easy to carry and install in measurement positions. This
feature was extremely necessary for safety reasons; the measure-

Fig. 4. lllustration of the first area of interest (Aol1): (a) the photo of the measurement setup and Aol1 and (b) the shape of the strut within Aol1; the deformation of the strut is

clearly visible.
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Fig. 5. View of the measurement setup and location of Aol2.

ment spots were located in the narrow area (about 1 m) between
the excavation and a fence. Construction of the measuring arm was
the same for both Aols. It was mounted with utilization of G-
clamps to the strut’s support element (Aoll) and to concrete
reinforcement (Aol2). Selection of the mounting location was not
perfect, as the profiles were not completely isolated from strut’s
displacements. This experimental feature could result in errors in
determination of linear components of displacements, however,
information about strains (calculated as presented in Eq. (1)) was
preserved. Because of hard environmental conditions such as wind
or vibrations caused by heavy equipment, it was not possible to
find another spot to install the measuring equipment.

Both Aols were illuminated with LED reflectors enclosed in
industrial casings. Exposure times in both 3D DIC systems were
varied from 5 ms in daytime to 100 ms at night. Tuning of the
exposure time was necessary due to sunlight illumination. Because
of possible vibrations of DIC setups (due to wind or construction
works), the longer exposure time could have an effect on the
measurement. In general, longer exposure time could work as an
averaging filter on displacements, but on the other hand it could
also decrease correlation values. These fluctuations may explain
increased amplitude of noise when compared to measurements
performed in indoor conditions.

Additionally in both Aols we mounted calibration artifacts (the
planar dibond (Table 1) [18] boards with black circular markers
printed on a white background), which were used for long-term
measurements. It was assumed that the artifacts remained fixed
during the entire test series and during the time between test series.

3.2. Methodology

The goal of measurements was to study two factors, which
could influence the building struts:

o Big temperature gradients.
e Progress of construction works.

The first factor was studied through full-day (24 h) monitoring
of displacements in both described Aols. Measurements were
carried out on 23 and 24 September 2012, when, full-depth of the
trench had been reached in the corner directly below the tested
strut (see Fig. 3). Simultaneously with 3D DIC measurements, the
temperature of the strut was measured with an infrared camera
V60 manufactured by Vigo Systems Ltd. [27]. The combination of
the results from both measurement methods enabled analysis of
temperature influence on deformations of the strut.

£ [mm]

Fig. 6. The shape map of the measured strut with overlaid points of analysis.

The studies of the second factor were much more complicated
and required long-term monitoring. The monitoring had to include
the time between installing of struts and achieving a full-depth of
the trench (approximately 2 weeks). 3D DIC apparatus could not be
left unattended for such a long time due to construction works, the
risk of theft or damage. The solution for this problem was
application of the method of automatic merging of data distributed
in time as described in Section 2.2.

3.3. The results of full-day measurements of the strut (Aol1)

The images were acquired every 2 min and in total 748 sets of
(U, V, W) displacement maps have been calculated. An initial shape
map of the measured strut within Aoll with the overlaid points
(P1, P2, P3) and lines (L1, L2, L3) of further analysis is presented in
Fig. 6. The calibration artifact around the map is the artifact used
for automatic merging of data (see Section 2.2).

At first we present (Figs. 7 and 8) two sets of in-plane (U, V) and
out-of-plane (W) displacement maps (calculated after plane fitting
to the obtained point cloud) which refer to two states of the
structure:

e Maximum temperature changes when compared with the initial
state.
e End of the test.

At the end of the test the temperature reached nearly the same
value as at the beginning. However the displacements at the end of
the test were not equal to zero. The residual displacements could
be caused by rigid movement of the strut, what is acceptable in a
small range - the strut is fixed at one side and keyed joint on the
other side. Vertical and longitudinal regions with significantly
different displacement values observed in all maps are regions
affected by bigger correlation errors due to local shades (casted by
a fragment of the measurement rig).

&yy strains (Fig. 9) were calculated from displacement maps
according to Eq. (1) (Section 2.3). In this particular case y-axis
corresponds to the axis of the strut, what indicates that v
displacements corresponds to in-axis displacements (elongation of
the strut). &y strains have been omitted from analysis as they do
not affect deformations of the diaphragm wall.

In Fig. 9 we marked a region with a significantly bigger strain
concentration, which occurred in the area close to the initial
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Fig. 7. Displacements maps obtained for maximum temperature changes: (a) U displacements P-V = 0.07 mm, (b) V displacements P-V = 0.14 mm and (c) W displacements P-

V=0.54 mm.

Fig. 8. Displacements maps at the end of the test: (a) U displacements P-V = 0.13 mm, (b) V displacements P-V = 0.14 mm and (c) W displacements P-V = 0.16 mm.

a) Jatim]

EE 0 O .
bl foirnr

Fig. 9. ¢y, strain maps calculated from displacement maps at: (a) maximum displacements (maximum temperature changes) and (b) end of the test.

deformation of the strut (Fig. 4b and Fig. 6). It can be observed at
the moment of maximum displacements (maximum temperature
changes) as well as at the end of the test. The inhomogeneous
strains distribution that one can observe in Fig. 9a, indicates that
initial deformation of the strut could influence its behavior at
higher temperatures.

In order to better understand the influence of temperature
changes on displacements and strains variations of the strut, the
local analysis of these values in a function of time was performed in
three points indicated in Fig. 6. Points P1 and P2 were located
closer to the strut’s axis, while point P3 was located at the region in
which the biggest deformation occurred. Displacements in each
point were actually an average of displacements calculated in a
small circle, which radius was equal to 10 pixels. Averaging of
displacements reduced the influence of a possible local correlation
noise and gave more accurate results.

83

The displacements in P1, P2, P3 and the temperature T plotted
against the time (measured from the beginning of the test) are
presented in Fig. 10.

The simplified mechanical analysis of an in-axis elongation of
the strut show that 0.2 mm V displacements produce additional
19 MPa stresses in the strut. This is a significant value and it
corresponds to 10% of the overall designed strength.

Additionally as mentioned in Section 2 the area of interest was
monitored with IR camera. The selected thermograms which
illustrate a distribution of temperature for the representative
moments T1, T2, T3 and T4 are shown in Fig. 11.Emissivity of the
object, was not calibrated but determined by catalogs (emissivity
of the steel).

As one can observe in Fig. 11, the temperature was distributed
homogeneously on the surface of the strut. We averaged the
temperature determined in a few points of the strut and plotted it
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Fig. 11. Thermograms of the steel strut acquired in: (a) T1, (b) T2, (c) T3 and (d) T4.

against a time in Fig. 10. The displacements in all selected points
and in all directions (U, V, W) are correlated with temperature
variations. This trend is especially emphasized for W displace-
ments. One can also observe that a cycle of temperature variations
caused a sequential lengthening and shortening of the steel strut
and in consequence displacements of the diaphragm wall (which is
the cover of excavation).

With increasing temperature, the strut elongates and the
diaphragm wall is pushed toward the ground, while decreasing
temperature causes movement of the wall in the opposite direction
- toward the excavation. Therefore additional stresses and shear
forces occur in the diaphragm wall. The analysis of displacements
and strains of the diaphragm wall is presented in Section 3.5.

As it was mentioned in Section 2 we have proposed another
visualization method to present 3D DIC results. We extracted
displacements and strains from points along a selected cross-
section (e.g. cross-sections L1, L2, L3 indicated in Fig. 6) and
presented them as a function of time (Fig. 12). Black regions mask
invalid data: horizontal masks occur in the case when whole
images had to be omitted from analysis due to insufficient or too
strong illumination (exposure time was not adjusted in time);
vertical masks occur in the case when some region within Aol was
decorrelated due to shades or reflections. Lines L1, L2 and L3 were
chosen in order to examine exact strains around the initial

deformation of the strut: line L1 corresponds to the axis of the
strut, line L2 is parallel to line L1 but crosses the initial deformation
regionand line L3 is perpendicular to line L2 and also crosses the
initial deformation.

The biggest variations of strains occur along line L2, which
crosses the initial deformation of the strut. The distribution of
strains along the chosen lines proves that the initial deformation
could influence the strut response to temperature changes.
Distribution of strains along lines L1 and L3 change homogenously
with temperature changes.

3.4. The results of long-term measurements of the strut (Aol1)

The long-term monitoring of the strut has been carried out with
utilization of the automatic merging of 3D DIC method described in
Section 2.2. The monitoring started on August 10th and ended on
August 24th. The subsequent measurements were taken on August
16th, August 21st and August 23rd. We also tried to acquire data on
August 14th however, weather conditions (heavy rain and slippery
surface near the measurement spot) made it impossible to take
measurements. The calibration artifact (black circles printed on a
dibond board) was fixed during the monitoring in the same
position, while 3D DIC setup was installed and calibrated (with the
standard stereo-calibration) for each subsequent measurement. As
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Fig. 12. Strains along a line from Fig. 6 in function of time: (a) line L1, (b) line L2, (c) line L3 (black lines indicates invalid data, which was masked out).

it was mentioned in Section 2.2, 3D DIC analysis with the capability
of data merging have been carried out with utilization of the
custom-made DIC software. The displacement maps obtained on
21st August (the reference pair of images were acquired on August
10th) are presented in Fig. 13.

Displacement maps presented in Fig. 13 are similar to those
presented in Fig. 7. The dominant displacements (similarly to 24 h
measurements) are W displacements. Values of displacements in
all directions are in the same interval that full-day measurements.
The U, Vand W displacements extracted from points P1, P2 and P3
are presented in Fig. 14. The points of analysis are approximately in
the same positions as in full-day measurements.

The green region marked in Fig. 14 indicates time interval, in
which full-day measurements were carried out. One can observe

that similarly to full-day measurements, the biggest W
displacements occur in points P2 and P3. In point P1 (closer
to the strut support) out-of-plane movement is smaller.
Analyzing Figs. 13 and 14 we can take an assumption, that
the progress of excavation works had a very limited influence on
displacements of steel struts. Values obtained from long-term
monitoring are in the same interval as full-day measurements.
This also means that thermal deformations of steel struts that
occur during construction works causes significant deformations
and the research of their influence on diaphragm walls should be
carried in the future.

On the other hand, obtained results prove a feasibility of the
method of automatic merging of 3D DIC data in long-term
measurements/monitoring of displacements in industry.

£

Fig. 13. Displacement maps calculated from images acquired at 21st August and merged to the reference coordinate system from 10th August: (a) U displacements, (b) V

displacements and (c) W displacements.
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Fig. 14. Results of long-term monitoring of the strut: displacements in points P1, P2 and P3: (a) U, (b) V and (c) W.
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Fig. 15. The initial shape map of the slurry wall in Aol2 with indication of
localization of points of local analysis: Q1 and Q2.

3.5. The results of full-day measurements of the diaphragm wall
(Aol2)

The methodology of measurements and data analysis was
similar to the measurements in Aol1 (see Section 3.3). The aim of
measurements in Aol2 was to determine the direction of move-
ments of the diaphragm wall and to correlate these directions with
deformations of the steel strut. The shape map within Aol2 with
overlaid points (Q1 and Q2) of further analysis is presented in
Fig. 15. Displacements maps obtained in two different time
moments are presented in Figs. 16 and 17.

[ . ]
a) L. b]_l:l;!'_l'::-c]

The dominant displacements were out-of-plane displacements
W in direction toward the excavation. It also can be observed that
the biggest W displacements occur near the strut’s support, which
is consistent with expectations (this is the place most vulnerable to
influence of deformations of the strut). In order to better
demonstrate this trend we extracted displacement values from
selected object points and plotted them against a time together
with the temperature variations (Fig. 18).

Similarly to steel struts (Aol1), the dependency between
displacement variations and temperature changes can be clearly
observed in the results from measurements of the diaphragm wall
(Aol2). In the case of low temperatures, the diaphragm wall moves
toward the excavation (positive W displacements) and in case of
high temperatures, the wall comes back toward the ground
(decreasing W displacements). Furthermore one can observe in
homogeneity in displacement maps: significantly bigger values of
W displacements occurred in point Q1 (which is closer to the steel
strut) than in point Q2 (distant from the steel strut). This
observation is confirmed by characteristic of thermal deformations
of the steel strut presented in Section 3.3. The strut deforms
because of temperature variations and in consequence influence
on the diaphragm wall. The biggest displacements occur near the
struts’ support and they are much smaller in regions between
neighboring support points. In the case when a distance between
neighboring struts is large enough, there are regions of a
diaphragm wall, which are not affected by temperature variations
of steel struts. This means that an influence of thermal deforma-
tions of struts is inhomogeneous in different segments of a
diaphragm wall and thus can produce additional shear forces and
stresses in the wall. Evaluation of actual values of shear forces and
strains caused by temperature variations will be possible after
additional measurements, which are planned to be carried out in
the future. In these measurements the measuring equipment will
be separated from a strut and from a diaphragm wall. This was not
possible in the presented case because of technical issues
explained in Section 3.1. However, the observed trend of the
movement of the diaphragm wall is correct and proves suitability
of the proposed method of measurements.

Lrwa]

Fig. 16. Displacements maps in Aol2 obtained for maximum temperature changes: (a) ‘U’ P-V =0.22 mm, (b) ‘V’ P-V=0.14 mm and (c) ‘W’ P-V = 0.5 mm.
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Fig. 17. Displacement maps in Aol2 obtained at the end of the test: (a) ‘U’ P-V =0.01 mm, (b) ‘V’ P-V =0.05 mm, c¢) ‘W’ P-V =0.16 mm.
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Fig. 18. Displacements in points Q1 and

4. Measurements of intermediate pumping station

Displacements and deformations of pipelines are a serious
problem in such industries as power engineering, heat engineering
or petrochemistry [28]. Big differences of temperatures of liquid
inside pipelines combined with big amplitudes of vibrations can
lead to failures and can be dangerous for employees and for
installations.

Measurements of pipes are essential in industry and especially
in a district heating. An amount of heat distributed is dependent on
the outside temperature. Therefore the temperature of water and
of the pipeline will change accordingly to the amount of heat
supplied. The demand for heat may change from day to day. This
implies changes of the shape (especially the length) of the pipes
due to thermal expansion. A single section of pipes may be even
hundreds of meters or even kilometers long what means that the
pipe elongation may be as great as a meter. This expansion may
cause a non-uniform distribution of stress in the pipeline
especially in the joining areas and in consequence may lead to
damage. Underground works are extremely costly and may cut off
households from heat supply for many days. Therefore it is necessary
to monitor the displacements and stresses which may occur in the
pipeline. In this way it is possible to determine faulty section and
replace them before breakdown. The same methodology can also be
used for monitoring of compensators. In normal, healthy condition
of the pipeline, compensators should exhibit axial displacements
only. Out-of-axis displacements should be minimal. In district
heating, out-of-axis displacements of compensators can cause huge
forces and in consequence result in failures of underground
chambers for heat pipelines. Currently used methods of monitoring
are uneconomic and not sufficient. Vibration sensors are often used
[19] however they do not provide information about a pipeline
condition but allow to estimate a scale of a threat only. Furthermore
they cannot be used for monitoring of displacements of many
elements of an installation at the same time.

In the presented example we proposed to apply 3D DIC system
to carry out measurements of displacements and strains of pipeline
elements under a controlled thermal input. The example comes
from measurements in the intermediate pumping station in the
Institute of Heat Engineering in Warsaw.
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Q2 marked in Fig. 15: (a) U, (b) V and (c) W.
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4.1. Location of 3D DIC system and methodology of measurements

The experimental setup was much smaller when compared to a
real installation and contained elements made of different
materials. Smaller scale and relatively low temperature gradients
provided us with possibility to check a sensitivity of the proposed
method. The aim of measurements was to check suitability of 3D
DIC to measurements of displacements and strains of a pipeline
and to prepare the implementation to diagnostic tests of real
heating networks.3D DIC setup contained two PointGrey Grass-
hopper 5Mpx cameras equipped with 28 mm focal length lenses
and LED reflector.

The measured object was a part of a pipeline working in a closed
circuit (Fig. 19a). The circuit contained two compensators and two
pumps, which forced the water flow. The temperature changes
were produced solely by friction between water and the pipeline
(Fig. 19b). In order to speed up the heating process, the observed
pipeline have been separated from the main tank with a valve. At
the beginning temperature rose quite quickly (blue zone Fig. 19b)
from 20 °C (room temperature) up to 55 °C. The temperature of the
pipeline began to stabilize after 40 min at 50 °C. After that the
pump speed has been reduced and the pipeline began to cool
slowly (red zone - approximately 10 min). At that moment the
pump has been turn off and the temperature dropped rapidly (gray
zone). After another 3 min the pump has been turned on again with
reduced speed (green zone). In the yellow zone the valve was open
and pump was pouring cold water, what resulted in a sudden
decrease of the temperature. The thermograms in crucial time
moments (T1, T2, T3, T4) are presented in Fig. 19c-f. Here we can
observe big differences of temperature between elements of the
pipeline and their connections. The measured temperature was the
temperature of the observed pipeline and not the temperature of
water.

4.2. Measurement results

At first 3D DIC measurements provided 3D shape of the
measured object. The 3D and 2D representations of the shape map
is shown in Fig. 20a and b, respectively. Points of further analysis
are overlaid on the shape map in Fig. 20b.
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Fig. 19. Experimental conditions for measurements of a pipeline under thermal load: (a) 3D DIC setup and the measured pipeline, (b) measured temperature of the pipeline
against time and (c-f) thermograms at the crucial time moments T1, T2, T3 and T4.

Fig. 20. Shape of the measured object: (a) 3D plot and (b) 2D map with overlaid points of further analysis.

The field of view (FOV) contained a T-pipe (points P1, P2 and
P3), compensator 1 (P4), short pipe (P5), compensator 2 (P6) and a
part of remainder of the pipeline (P7). The 3D DIC system
monitored deformations of 5 elements of the pipeline simulta-
neously in three dimensions. In each point P (Fig. 20b) displace-
ments U, V, W and strains &y, and &,, have been extracted. In order
to reduce the correlation noise, displacements and strains values
were averaged in a small region around each point (similarly to
struts’ measurements).

The analysis of 3D DIC data provided us with a lot
of information concerning 3D displacements, strains and
deformations of pipeline’s elements within FOV. The results

for each element can be considered independently or with
respect to the other elements (and temperature changes).
Provided with these data as well as the material and the
geometry of whole installation we can draw conclusions
about condition of the pipeline and indicate elements that
can affect the malfunctioning of the pipeline. The set of
displacement and strain maps obtained at maximum tempera-
ture are presented in Figs. 21 and 22 respectively. Strains were
calculated with the methodology described in Section 2.3 (Eq.
(1))

As shown in Figs. 21 and 22, the biggest displacements and
strains occur in the compensators which are made of rubber
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Fig. 21. The displacement maps at maximum temperature: (a) U with P-V=0.62, (b) V with P-V =0.42, and (c) W with P-V=0.61.
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Fig. 23. Displacements in the selected points of interest: (a) U, (b) V, and (c) W.

(indicated by P4 and P6). Distribution of strains in other
elements is much more homogenous, which is in line with
expectations.

In order to analyze the behavior of the structure in selected
points of interests in details, the displacements, strains and
temperature in points P1, P2, P3, P4, P5, P6 and P7 are plotted
against the time (Fig. 23).
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Variations of displacements and strains obtained from each
point P are very well correlated with the temperature trend.
Increase of temperature by 30 °C induced approximately 0.6 mm
displacements in all directions. Cooling of water reduced
displacements, but pipeline did not return to its initial position
(residual displacements occurred in all directions: U, V and W). In
Fig. 24 one can observe that the biggest strain values occurred in

Fig. 24. Strains in selected points of interest: (a) &xx, (b) &y, and (c) shear strain &,.
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both compensators (points P4 and P6). Unlike displacements,
strain values in all points P have returned to their initial state (close
to zero strain). This implies that displacements of the T-pipe have
been compensated by compensators 1 and 2. This also means that
utilization of compensators in the monitored piping system
effectively protected the individual components from the risk of
damage due to heating-up the system.

5. Conclusions and future works

In the paper we presented two applications of 3D DIC method
in different fields of industry. We described measurements of
steel struts displacements and strains caused by changing
temperature and measurements of displacements of a fragment
of a pipeline caused by flowing water. In both examples
accuracy and suitability of 3D DIC method has been proven.
However in order to facilitate measurements we applied
some modifications in both software and hardware. Hardware
ones concerned equipment protection against environmental
conditions, while software modifications concerned developing
of visualization methods and application of the novel method
for automatic merging of data distributed in time. Maps
and graphs presented in the paper (especially displacements
over a line as a function of time) have been approved by
specialists from industries and are considered as a very useful
method for quick (even real-time) assessment of the measured
objects.

The automatic merging of data method has been used in order
to analyze long-term behavior of steel-struts. These analyses
provided us with information about an influence of progress of
construction works on deformations of steel struts and a
diaphragm wall. Correlation between results obtained in full-
day measurements and results obtained in the long-term
monitoring proves the feasibility of the method.

The measurements of displacements with high accuracy (better
than geodetic methods) and high frequency (in a real time), in
combination with simultaneous temperature measurements
enable to accurately determine the effect of temperature changes
on steel struts displacements and on diaphragm walls displace-
ments. Presented measurements showed strong correlation
between temperature changes and displacements. The results
show that elongation of the strut due to temperature changes can
cause additional stress in the strut, which is in order of 10% of
overall designed strength Performing measurements with a
measuring system separated from struts and from the diaphragm
wall (what is planned to be done in future works) will give a
possibility to quantify the phenomenon and derive mathematical
formulas. As a result, it will affect the development of design
methods of diaphragm walls. Taking thermal deformations into
account during numerical simulations will also ensure material
savings when building reinforced walls.

Taking into account the presented results and the big demand
for both short and long term, full-field monitoring of industrial and
civil engineering structures the authors strongly believe that the
applications of the modified digital image correlation method will
significantly expand in the near future.
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This paper introduces a methodology for tracking

displacements in canvas paintings exposed to relative

humidity changes. Displacements are measured by means of the 3D digital image correlation method
that is followed by a postprocessing of displacement data, which allows the separation of local displace-
ments from global displacement maps. The applicability of this methodology is tested on measurements
of a model painting on canvas with introduced defects causing local inhomogeneity. The method allows
the evaluation of conservation methods used for repairing canvas supports. © 2014 Optical Society of

America
OCIS codes:  (100.2000) Digital image proce:
Instrumentation, measurement, and metrology.
http://dx.doi.org/10.1364/A0.53.001739

1. Introduction

This paper presents a study on the application of 3D
digital image correlation (DIC) for examination of
the dimensional response of model canvas paintings
to changes in environmental conditions, in particular
relative humidity (RH). This work was initiated
within a larger project on new methods and materi-
als for infilling voids in canvas supports. It came out
of the need to complete comparative laboratory tests
of properties of materials with examination that
would directly show the behavior of traditional
and new types of repairs introduced into a structure

1559-128X/14/091739-11$15.00/0
© 2014 Optical Society of America

ssing; (200.3050) Information processing; (120.0120)

of a painting and their interaction with the original
(the results will be presented elsewhere). It was as-
sumed that it is essential to find a method that would
allow the testing of the materials in conditions clos-
est to the natural environment—in paintings on
wooden stretchers subjected to changes of climatic
conditions that can occur in their environment,
optimally also in original paintings.

Canvas paintings are very complex multilayer
composites, composed usually of a textile support
stretched on a rigid or keyed wooden frame, a glue
size, a ground, design layers, and a varnish (Fig. 1).
These various and hygroscopic materials independ-
ently respond to variations of the RH in their envi-
ronment [1-5]. The mechanical properties and
dimensional stability of a canvas painting depend
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Fig. 1. Multilayer structure of a canvas painting (exemplary
cross-section from 20th century painting). The structure includes:
a canvas (a), a glue size layer (b), a ground layer (c), oil paint layers
of different thicknesses (here with high impastos) (d), and a var-
nish (e) [photo W. Grzesik].

thus on the composition of the structure and proper-
ties of its constituents. It is difficult to specify a
general model that could be applied to all canvas
paintings, even in frames of a certain period of art
history. For instance, advanced research on proper-
ties of 19th century paintings based on laboratory
tests [6-9] and on the analysis of the relationship be-
tween the details of structure and state of preserva-
tion of original paintings [10] still shows a great
variety of cases within this group. There is an infinite
variety of combinations of materials introduced into
painting technology that has been used over centu-
ries. Not only the selection of materials but even
the way they were applied—cold or hot [1,4,11], thin
or thick—can profoundly affect the properties and
behavior of a particular painting. Also the different
age and degradation processes that paintings
undergo in various storage conditions influence their
mechanical properties and dimensional response to
changes in RH. Usually the structure of the weave
and particular threads of canvas [4,12-14], as well
as the type and characteristic of the size layer, influ-
ence sensibility to climatic changes of the surround-
ing and extent of global deformation of all the
structure, although mostly the composition of ground
and paint layers (the type of pigments, fillers, bind-
ers, and their ratio) also determines the final behav-
ior of the structure [5,15]. Since canvas paintings are
often mounted on a considerably stiff stretcher,
expansion of glue size and/or canvas support causes
loss of tension of the painting, slacking, sagging, and
out-of-plane bulging and waving of all the structure.
On the contrary, contraction of these layers causes an
increase in tension and inner stress in the structure,
leading in extreme situations to such types of dam-
age as plastic deformation of certain layers, forma-
tion of tears in canvas, cracks, delamination, and
flaking in ground and paint layers. The strain/stress
distribution is not uniform on all of the surface of the
canvas painting tensioned on the stretcher [16,17].
Moreover, the structure of the composite is not sym-
metrical over its cross-section. The asymmetry of the
composite is responsible for local out-of-plane defor-
mations that occur when continuity/homogenity of
particular layers or all the structure is disturbed
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or lost. The plane of a painting can also be affected
by inappropriate treatments in areas of damage. For
instance, some repairs: glue joints, patches, or infill-
ings made of materials of parameters different from
the ones constituting the original or changing local
water vapor permeability and moisture absorption
of a painting are able to disrupt the homogeneity
of the structure significantly and ultimately disturb
the integrity of the paintings (Fig. 2).
Inhomogenity, anisotropy, and variations in the
structure and state of preservation make examina-
tion of canvas paintings as well as the choice and
evaluation of methods for their conservation very
difficult. Such studies demand a universal yet indi-
vidual and flexible approach and 3D full-field
measurements. For this reason, standard point-wise
measurement devices, such as strain gauges and
optical fiber sensors [19-21] are not sufficient.
Canvas paintings mounted on traditional wooden
stretchers in certain conditions can be relatively
flexible. The range of displacements resulting from
changes of RH can even be of a range of a few
millimeters; additionally their out-of-plane displace-
ments are much higher than in-plane displacements
[22] and increase with the size of an object. Thus, the
main challenge in tracing canvas paintings’ distor-
tions is to capture simultaneously very small local

lal

1l

Fig. 2. Fragment of 17th century painting with deformation of
the surface: (a) unfitting pattern of deep craquelures, cupping, loss,
and delamination of ground and paint layer. Conservation treat-
ment revealed in this spot improper and incompatible repair done
in the second-half of 19th century and (b) Thick layer of a rigid
gesso (visible after removal of overpainting) and (c) unfitted
canvas inserts (visible after removal of secondary gesso) [photo.
A. Hadata, M. Zacharska [18]].



deformations as well as considerably large global
ones over the entire surface and in a wide range.

The full-field 3D measurements of an arbitrary
displacement vector of a surface of works of art,
which are caused by mechanical or small tempera-
ture load, are usually performed with holographic
interferometry (HI) and electronic speckle pattern
interferometry (ESPI). The comprehensive reviews
of these methods when applied to works of art were
published by Dulieu-Barton et al. [23] and Tornari
[24]. In the case of canvas paintings, interferometric
techniques are effective for localizing and identifying
local defects and discontinuities of the structure,
such as cracks or delamination [17,25-27] rather
than for full-field measuring of large-scale, real-time
deformations. Therefore, due to a high sensitivity,
ESPI was very successfully used in laboratory tests
to generate maps of in-plane strain/stress distribu-
tion in small tensioned canvas painting samples
for assessment of conservation methods for local tear
mending [27], lining [28], and system of mounting on
a stretcher [17]. The method was improved and 3D
ESPI was applied permitting simultaneous in- and
out-of-plane measurement [29].

However both techniques, HI and ESPI as inter-
ferometric ones, require a highly stable optical setup
and a stable environment between the object and the
measuring instrument, and thus it is difficult to use
them in practice for tests of the environmental re-
sponse of canvases. In such tests, even small thermal
or RH gradients that occur during a change of condi-
tions lead to fluctuations of the refractive index of
the air and thus a decrease of signal-to-noise ratio.
Placing the object in a transparent environmental
chamber does not solve this problem entirely due to
unwanted reflections from the glass that severely re-
duce the field of view that can be measured. Specifi-
cally, in the full-field measurements performed with
ESPI on canvasses on a stretcher, the size of the
object is limited and it works best for in-plane
displacements. Additionally, global out-of-plane dis-
placements often exceed the measurement range
[29], when calculated versus the first reference im-
age. However, this can be extended with a more com-
plicated processing scheme and sufficient sampling
frequency over the time of displacement [30].

The above-mentioned problems inspired the
search for alternative image-based methods that
would satisfy the requirement of the simultaneous
measurement of all displacement components in a
relatively broad range (up to a few millimeters) and
with usually sufficient accuracy (a few micrometers).
Since high-resolution CCD and CMOS detectors be-
came available, DIC appeared to be the method to
satisfy these requirements. It has been used success-
fully for examination of strains in tapestries [31-33].
The DIC method [34] enables noncontact, full-field
measurements of displacements, simultaneously in
two (2D DIC) [35-37] or three dimensions (3D
DIC) [38-40], with an accuracy scalable with the field
of measurement. The additional advantages of 3D
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DIC, when compared to the interferometric tech-
niques, is an inexpensive and portable hardware
setup consisting of two cameras mounted on a rigid
frame, an incoherent light source, and a computer.
The significant limitation of the DIC method is the
necessity to provide a surface of an object with a sto-
chastic texture. The 3D DIC method was applied for
investigation of distortions of canvas paintings
for the first time in 2011 [41-43]. Tests described
in [42,43] showed promising results of using a natu-
ral texture of paint layer as a stochastic pattern
permitting DIC measurements. In parallel, an
experiment focused on measuring displacements of
model canvas paintings induced by changes of RH
was performed in a climatic chamber. The homo-
geneity of these specimens covered with an artificial
stochastic texture was disturbed by infillings of regu-
lar gaps, mended tears, and of patches on the reverse.
The aim of the test was to prove the feasibility of 3D
DIC for detection of minor defects in the structure of
canvas paintings and evaluation of the correctness of
different repair methods. In the case described in
[41] the modern, polyester-cotton (65%:35%) plain
weave canvas commercially primed with acrylic
ground was used to limit uncertainties connected
with manual preparation of the sample and the
out-of-plane distortions limited enough so the direct
monitoring of displacements and strains in the area
of repairs was possible. However, in the case of tests
of specimens on a modern linen canvas, the standard
analysis of displacements performed with the DIC
method shows that the global out-of-plane movement
of the support is so significant that it obscures pos-
sible deformations caused by repairs in the canvas
structure. Such a situation can also take place in
the case of old paintings on linen canvases and
wooden stretchers when they lack tautness due to
a progressive decrease in tension caused by stress re-
laxation, repeated environmental stress, and creep
[44,45]. To bring out the information on how the
repairs influence the out-of-plane displacements, a
postprocessing method has to be developed.

In this paper, the specimen and the experimental
setup are described in Sections 3 and 4. The results
and their interpretation are presented in Section 5.
Finally the applicability of the proposed experimen-
tal data analysis methodology for planning and
supporting of conservation works is discussed in
Section 6.

2. Description of 3D DIC

3D DIC is a technique that combines 2D DIC (for in-
plane displacement analysis) with stereovision (for
3D shape measurement) [34,46]. 2D DIC measure-
ment consists of the acquisition of a sequence of gray-
scale images of an object, over a certain area of
interest (AOI). One of the images serves as a refer-
ence for the others (deformed). The information is ex-
tracted from changes of intensity in the images. The
reference image is divided into small subsets (subi-
mages). The software searches for the most similar
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subset in all other subsequent images, using the
maximum zero-mean normalized sum of squared
difference function criterion. The algorithm [34] is in-
sensitive to an offset and a scale in lighting. The lo-
cation of the center point of the most similar subset
found in a deformed image defines the displacement
vector. In order to facilitate matching, each subset
needs to be sufficiently distinct in the aspect of inten-
sity variations. Therefore, a random speckle pattern
is applied (e.g., spray paint, sticker paper, water dec-
als) onto the object within the AOI. By using two
cameras for observation of the same AOI, it is pos-
sible to obtain the 3D shape of the surface of an object
and measure out-of plane displacements.

In general, the accuracy of DIC strongly depends
on the phase accuracy of the interpolation filter, used
to reconstruct gray values at noninteger locations of
the images. In order to minimize the phase error of
the interpolation filter, cubic B-spline and optimized
eight-tap interpolation filters have been chosen for
subset matching (using VIC 3D software). According
to [34], this approach minimizes errors introduced by
the interpolation filters to less than 0.001 pixels.
However, it must be pointed out that in real applica-
tions, the accuracy of measurements depends also on
other sources of errors, such as image noise and sta-
bility of experimental condition. The analysis pre-
sented in [34] shows that utilization of optimized
interpolation algorithms allows one to achieve 0.01
pixel accuracy of image displacements, for images
contaminated by Gaussian noise. The papers [47,48]
confirm that a variation in DIC measurement results
can be limited by isolating DIC setup from vibrations
and isolating cameras from temperature variations.
In the case of presented measurements, the experi-
mental conditions were carefully controlled to limit
the variability of results: the DIC setup was fixed
to the optical table (mechanical unstability less than
2 ym) and LED lights were used in order to avoid
temperature changes larger than 1°. It is worthwhile
to note that the out-of-plane measurement error is
larger than the in-plane one and strongly depends
on a stereo angle [34,47,48].

As mentioned above, displacements are the quan-
tities obtained directly from DIC. Displacements in
the x direction are given as u in [pixels] and after scal-
ing are expressed as U in [mm]; similarly displace-
ments in the y and z direction are given as v
[pixels], V [mm], and w [pixels], W [mm], respectively,
while testing mechanical properties of artworks
along with displacements and strains at the surface
of an object should also be considered [12]. Strains
(&4y, £,y—strains along x and y coordinates) can be cal-
culated from displacements, as described in [34,36]:

_ou | 1[(ou)? ov\2
= (5) +(3)

ov 1[[ou\?2 ov\2
w=5+3l(5) +(3) ] @
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For strain analysis, Vic-3D 2009 software [49]
was used. From available tensor types [Lagrange,
Hencky (Logarithmic), Euler-Almansi, Logarithmic
Euler-Almansi [50]], the Lagrangian finite strain
tensor was chosen, since the velocity and displace-
ment fields of the object have been determined and
numerically differentiated in space, at each point
of view [34].

3. Model Canvas Painting

As described in the Section 1, the main goal of the
described work was to evaluate the possibility of
extracting detailed data on small local displacements
from strongly dominating global deformation of the
canvas. Thus, the specimen chosen to demonstrate
the developed postprocessing method (Fig. 3) was
made of a new, unbleached, fine plain-weave linen
canvas, which was showing considerably little di-
mensional stability when dampened, despite prior
washing and shrinking in boiling water.

To imitate the common construction of a canvas
painting, the textile support was stretched over a rec-
tangular keyed pinewood stretcher with a hand
tension. To minimize the creep effect, the weft of the
canvas was in a vertical direction. The size of the
model —40 cm wide and 30 cm high—was limited
by the dimensions of climatic chamber used for the
experiment. A cold 10% water solution of hide glue
was used as a size and then an emulsive gesso [com-
prising chalk, methylcellulose (MC), polyvinyl alco-
hol (PVA) with plasticizers: Venetian turpentine
and dammar in oil of turpentine] was applied as a
ground layer. This formula has been used and tested
for the past 35 years [51] at the Department of
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Fig. 3. Specimen used in experiment. (a) Template of the model

painting (orange—fillings in canvas, grey—fillings in ground layer,
blue—a patch adhered to the reverse of canvas, red—position of
cross-sections analyzed in Fig. 7). (b) Face of the specimen during
preparation with repaired defects in canvas support. (¢c) Backside
of the specimen with repairs of the canvas visible. (d) Face of speci-
men with unified ground layer and a random speckle pattern
sprayed on the surface.



Conservation of Painting and Polychrome Sculpture
of Nicholaus Copernicus University as a material for
infilling emulsive and oil grounds in canvas paint-
ings. It was chosen as a primer since in conservation
practice it could cover tested infillings and surround-
ing original canvas. To create controlled and easily
detectable discontinuities in the structure, four sets
of regular circular gaps of various sizes ranging from
4 to 12 mm of diameter were cut out symmetrically
through the stencil in all the four corners of the speci-
men out of a zone protected by the wooden stretcher,
according to the prepared template [Fig. 3(a)]. Addi-
tionally, two L-shaped cuts were made in the central
part of the painting. The cuts were fixed and the sets
of gaps were filled in with various traditional and ex-
perimental materials [Figs. 3(a) and 3(b)] different in
respect of structure and assumed various mechanical
properties and dimensional stability. Introducing
four different kinds of infilling materials was sup-
posed to permit direct comparison of their possibly
different interactions with the structure of specimen.
The full description of the materials and methods of
conservation treatments is given in Table 1. The sur-
face of the painting was unified with fillings made
with the same gesso as used for priming. It was de-
cided to limit the layers of specimen to the canvas
and a uniform ground layer to permit visual observa-
tion of possible deformation in area of repairs and
still to minimize uncertainties in the interpretation
of results. To allow image correlation, a random
speckle pattern was sprayed onto the face of the
specimen with a black ink [Fig. 3(d)] and then se-
cured with two layers of varnish: Neutral Firnis
(Schmincke) applied in even layer all over the
surface.

4. 3D DIC Setup and Climate Control System

Measurements were performed with the 3D DIC sys-
tem that comprises two CANON EOS 5D Mark II
(5616 x 3774 pixels) cameras equipped with 28 mm
CANON lenses, set on an angle of 30° and pointing
to the same area (AOI) at the specimen (Fig. 4).
Before performing the experiment, the system was
calibrated with utilization of the commercial soft-
ware VIC 3D. Standard deviation of residuals for
22 views of the calibration target and from both

cameras was 0.058. Distortions of the 28 mm lenses
were included in the calibration process. A combined
distortion model in the form of the second-order poly-
nomial (with two distortion coefficients) was used
[34]. The setup and the investigated specimen were
mounted on an optical table to provide mechanical
stability. In order to ensure sufficient lighting, two
100 W LED lamps (8500 Im) equipped with a light
diffuser (“soft box”) were used. The utilization of
LED lamps ensured that the investigated object
was not being overheated, which is important from
the point of view of preventive conservation practice.
The capture of images by both cameras was synchro-
nized and pairs of frames were collected every 20
seconds during 1 h and 38 minutes of the experiment.
The field of view (FOV) was 0.6 m x 0.4 m. The
analysis of collected data was carried out with the
commercial software VIC-3D [49].

The sample was subjected to an environmental
stress caused by rapid changes of RH from 21% to
70% (within 57 minutes) and back to 20% (within
41 minutes) in a custom-designed climate control
system. It consists of an airtight transparent envi-
ronmental chamber connected by tubes with a simple
manually operated conditioning unit. The unit is
equipped with a small fan providing air circulation
in the system and a space for placing humidifying
and dehumidifying materials. The rise of humidity
was achieved by inserting a container of water and
a set of air-permeable and water-conducting nonwo-
ven fabrics in the unit. For dehumidification, a set of
bags filled with silica gel absorbing moisture was
used. The rate of change of humidity was controlled
by changing the level of the effective area of input
materials and the speed (0.23-0.89 m/s) of an air
stream.

The humidity profile was designed according to a
measurement (performed by the authors) of climate
conditions in historic buildings where transient
jumps of RH up to about 10% within 10 minutes were
recorded occasionally. The range of humidity was ex-
tended over naturally occurring to c. 50% to provide a
wide range of conditions in which a large global dis-
placement was expected and in which incompatibility
of materials could appear. The temperature was
stabilized to a value of 24°C by an air-conditioning

Table 1. Materials and Methods Used for Repairs in the Canvas of a Specimen

Defect

Number Filling in Canvas

1A-1E Linen-canvas inserts sized with 3% MC butt joined with dispersive adhesive (Osakryl + Winacet DP 50 in ratio 1:1),

ironed with a hot spatula (70°C)
2A-2E Cotton-flax fibrous pulp disintegrated in water and mixed with 3% MC; applied wet into the gaps, sized twice
with 20% Akrylkleber 498 HV (Lascaux) and dried on a suction table

3A-3E Fibrous pulp: dry cellulose fibers Arbocel BC 200 mixed with 3% MC (in ratio 1:5 by volume); applied wet into gaps, dried
on a suction table and impregnated twice with cold 20% Beva 371 in white spirit, ironed with a hot spatula (70°C)

4A-4E Fibrous pulp: dry cellulose fibers Arbocel BC 200 mixed with 3% MC (in ratio 1:5 by volume); applied wet into the

gaps, sized twice with 20% Akrylkleber 498 HV (Lascaux) and dried on a suction table
L Cut butt joined with Polyamide Textile Welding Powder 5060 (Lascaux)
6 Cut butt joined with Polyamide Textile Welding Powder 5060 (Lascaux), reinforced from the backside of the

canvas with a square patch of polyester nonwoven Cerex (10 g/m?) adhered with BEVA 371 of foil
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system in the laboratory. The temperature and
RH inside the chamber were monitored and
recorded with a HygroClip S sensor from Rotronic
(Switzerland). To enable optical measurements, glass
with an antireflective coating [Clear Color Plus
(2 mm), Nielsen] was used for the camera facing
the chamber wall. The painting (weft of canvas in
the vertical direction) was mounted vertically and
the coordinate system was assigned to describe the
displacements [Figs. 4(a) and 4(b)].

5. Results

From the reference pair of images (captured at the
start of the test, at RH: 22.2%) and the sequential
pair of images (captured for subsequent RH values),
the sets of displacement and strain maps were calcu-
lated and linked with humidity data. The sequence of
maps was combined into video animations (Media 1).
These visualizations are very useful for qualitative
inspection and observation of overall deformation.
The shape of reference surface (z axis expanded
and false-color-coded) is shown in Fig 5(a). It is worth
noting that it shows that already before the experi-
ment the canvas painting was not highly tensioned
over the stretcher. Also, a small disturbance of pla-
narity of the surface was recorded, as a result of
manual introduction of repairs in canvas and ground
layer. For detailed analysis, the displacement and
strain maps obtained for the maximum value of RH,
i.e., 70,0% (Figs. 5 and 6), will be discussed. The dis-
placement maps (false-color-coded and presented
separately for U, V, W displacement components—
a key to symbols of displacements and strains is
given in Section 2) are shown in a diagonal perspec-
tive as seen from Camera 2, superimposed on the b/w
photography from this camera (the rare data)—
Figs. 5(b)-5(d). In-plane displacements (U, V) regis-
tered at 70% RH are caused mostly by expansion of
the painting due to a rise in RH, although it cannot
be interpreted directly as elongation in weft and
warp direction for the sample on the relatively rigid
wooden stretcher since they are a component of gen-
eral three-dimensional deformation [Figs. 5(b)-5(d)].
The inversion of canvas reaction that can take place
at higher values of RH in linen canvases sized with
animal glue size (usually above 70% RH but some-
times at its lower values [8,14]) was not observed.
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Fig. 4. 3D DIC setup with the model painting and orientation of
the coordinate system (a) scheme and (b) view.
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Fig. 5. (a) Shape of reference surface. Displacement maps at
maximum (70,0%) RH, (b) U (in x direction), (¢c) V (in y direction),
and (d) W (in z direction); white lines L1 and L2 indicate position of
a cross-section analyzed in Fig. 7, also the location of repairs in
canvas: 1E, L, 2E, 3E, 4E is marked in white. The sequence of dis-
placements maps and information of RH changes were combined
into video animation Media 1.

Expansion of the hygroscopic constituents of the
structure resulted in a loss of tension and finally
waving and bulging of the canvas support in an
out-of-plane direction toward the back of the speci-
men [Fig. 5(d)]. Low-value negative in-plane dis-
placements (U, V) at the edges of AOI, which were
close to the edges of the specimen could also have
been caused by expansion (relaxation and/or swell-
ing) of the wooden stretcher but this was not mea-
sured independently. Stretching of the specimen at
hand tension and uneven keying-out of the stretcher
could be the reason for the slightly diagonal orienta-
tion of global deformation and some irregularity in

Exy
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Fig. 6. Strain maps: (a) &, and (b) ¢, at maximum (70,0%) RH.
White lines L1 and L2 indicate position of a cross-section analyzed

in Fig. 7, also the location of repairs in canvas: 1E, L, 2E, 3E, 4E is
marked in white.



displacements along the individual boarders of the
stretcher.

As shown in Fig. 5, the out-of-plane displacement
is dominant, and it is an order of magnitude bigger
than both in-plane components. It must be noted that
on any displacement map there is no clear informa-
tion how repairs influence the behavior of support.
Since the textile was not very tightly tensioned over
a keyed wooden stretcher, the global deformation
dominates and obscures the local deformation con-
nected with the inserts, mends, and a patch. On
the other hand, the strain maps calculated out of ©
and v in-plane displacement maps (Fig. 6) provide in-
formation on the localization of some of the repairs
that have an influence on the dimensional response
of the canvas painting. Repairs of cuts (L)) and inserts
in left bottom corner (type 3E) restrain the move-
ment of canvas since strains in these areas (color-
coded in violet) are smaller than the surrounding
general deformation.

In order to more closely investigate the local
behavior of canvas in the areas of repairs, the spatio-
temporal maps (@, t) were generated (Fig. 7). In this
case, the analysis at selected profiles [L.L1 and L2 in
Figs. 5(b)-5(d)] of displacements/strains (@ = U, V,
W, &4, €,y) as a function in time is performed. The
profiles LL1 and L2 chosen for this analysis cross
all the biggest repairs (1E, 2E, 3E, 4E) and one of
the cuts (L), where the biggest deformations were ex-
pected. As can be seen from Figs. 7(a)-7(c), the no-
ticeable displacements are related to the global
movement of canvas starting and increasing rapidly
in the upper levels of RH (39% — 70% — 38%). The
in-plane strains (e, ¢,,) can be calculated using a
standard approach [Figs. 7(d) and 7(e)] [34]. Such
diagrams visualize development of variations in
in-plane strain distribution and are more suitable
for indicating inhomogenity in the structure.

It must be noted that the in-plane displacements
(U, V) were of an order of magnitude smaller than
the observed out-of-plane displacement (W). The
range of displacement was between -0.07 and
0.23 mm for direction x (U), —0.12 and 0.14 mm for
direction y (V) and between —4.04 and 0.42 mm for
direction z (W). For conservation-restoration pur-
poses and full evaluation of materials used for re-
pairs in the canvas, it is crucial to get information
about the influence of inserts on the out-of-plane de-
formation of the surface of the painting. However the
strain ¢,, cannot be calculated, as there is no physical
meaning of differentiation of W in z direction, since
the object surface is a shell projected on x—y plane,
without neighborhood in z direction [36].

Therefore, it can be assumed that local W displace-
ments are spatially much smaller than the global
out-of-plane deformation, so they have different
(higher) spatial frequency characteristics. Such an
assumption is fully justified in the case when the re-
pairs are much smaller than the entire AIO. In such
a case, it is possible to filter local disturbances using
a low pass filter applied in an image or frequency
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Fig. 7. Displacements and strains at points along lines L.1 and L2
shown as a function of time, (a) displacements U (in x direction),
(b) displacements V (in y direction), (c¢) displacements W (in z
direction), (d) strains &, (in x direction), and (e) strains ¢,, (in y
direction). Corresponding changes in RH are given for reference,
the location of repairs in canvas: 1E, L, 2E, 3E, 4E is marked
as black lines.
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Fig. 8. Scheme of the method for obtaining a local displacement
map.

plane [52,53]. This operation will deliver an approxi-
mate global displacement map, which can later be
subtracted from the original displacement map W,
yielding the local displacement map (W’) as shown
in Fig. 8.

An average filter that produces the largest edge
blurring [52,53] is used as the low pass filter in
the procedure shown in Fig 8. The size of the filter
depends on the sizes of repairs. In this experiment,
the repair sizes were similar, so the filter size was
constant over the full field of view. In the case of
big differences in sizes of repairs, the size of the filter
should be locally adapted according to prior knowl-
edge about an object. The best results were obtained
with the filtration mask of 23 x 23 [points of a dis-
placement map]. It must be noted that the points
of a displacement map are not equivalent to pixels
in the analyzed images, but they are centers of the
subsets (separated here by 9 pixels in the x and y
directions). The procedure was performed for all W
displacement maps using the Matlab commercial
software package. The final local displacement map
calculated from the map given in Fig. 5(d) is shown
in Fig. 9.

This visualization reveals deformations associated
with repairs and also with large-scale bulges of the
canvas formed as a response of the canvas to changes
in climate conditions. The influence of inserts in can-
vas on out-of-plane deformation of the surface of
specimen can also be evaluated on the basis of the
local displacement along lines L1 and L2 shown as
a function of time in Fig. 10.

L& L
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iz
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Fig. 9. Local displacement map W’ (in z direction) at maximum
(70,0%) RH, with black lines L1 and L2 indicate position of a cross-
section analyzed in Fig. 10, also the location of repairs in canvas:
1E, L, 2E, 3E, 4E is marked in black.
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Fig. 10. Local displacements W’ (in z direction) along lines L1
and L2 show as a function of time. Corresponding changes in

RH are provided for reference, the location of repairs in canvas:
1E, L, 2E, 3E, 4E is marked as black lines.

6. Interpretation of the Results

The analysis of deformations (which coincide with
the location of the repair in the canvas) may be used
to validate the data processing described in this con-
tribution. Inspection of graphs in Fig. 7 compared to
respective ones in Figs. 9 and 10 leads to the conclu-
sion that some defects, not detectable by usual analy-
sis of displacements (U, V, W), are seen in strain (g,,)
analysis, and furthermore the defect (2E) not detect-
able by strain analysis is clearly visible when the lo-
cal displacement (W’) is considered. The details are
given in Table 2. A plus sign has been placed in
the table to mark evident correlation between respec-
tive graphs and distortions introduced to the canvas
structure.

To demonstrate how the presented approach
may be used for the analysis, important for the
conservation-restoration practice, the exemplary in-
terpretation of the results obtained with the 3D DIC
method is given below. The results presented here be-
long to a broader research on the feasibility of vari-
ous techniques of tear mending and gap filling. From
the results summarized in Table 2, it can be con-
cluded that the inserts 1E (traditional canvas
insert—Table 1) and 4E (fibrous pulp insert made
of Arbocel 200 and 3%MC, impregnated with 20%
Akrylkleber 498 HV) reacted to environmental
changes similarly to the original structure of this
particular canvas painting—in Figs. 7(a)-7(e) and 10
there is no significant reaction visible. The infilling

Table 2. Qualification of the Influence of Particular Repairs in

Canvas Support on Deformation of the Surface of the Painting

According to Displacements (U, V, W), Strains (e, €,,), and

Local Out-of-Plane Displacements (W’) (+, Distinct Deformation;
-, Neutral Deformation)

1E L 2E 3E 4E
U - + - -
\%4 - + - -
w - - - - -
Exx - + - + -
Eyy - - - - -
w - + + + -
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pulp of repair 2E, varying from 4E just by the type of
fibers, in high levels of RH reacted differently than
the painting. Temporal deformation of 2E is visible
just on the map W’ (Fig. 10) where it is more concave
at high RH than any other place along the cross-
section L1 or L2 (hence just ~0, 15 mm different from
surrounding). This could mean that it swells more
from the backside that is not covered by gesso. It
is still comparably flexible since differences in
strains ¢,, and ¢, [Figs. 7(d) and 7(e)] are not dis-
tinct. On the contrary, the joint of cut L and the insert
3E are detectable particularly at maps of strains ¢,,
[Fig. 7(d)]. Almost constant and permanent low level
of strain at the edge of 3E infilling (dark blue line on
the map) can indicate a development of the crack on
the right side of insert 3E during the experiment.
The sharp border in this place on the map of local
displacements W' (Fig. 10), and the difference be-
tween the area of the insert and the painting in
the end of test at the map ¢,, [Fig. 7(e)] seem to con-
firm this hypothesis. The appearance of the crack can
be caused by an incompatibility of the insert or dam-
age of the joint that happened during execution of
repair. The joint of cut L. made of nonhygroscopic
Polyamid Welding Powder is reacting less than the
surrounding area of canvas painting [strain maps
&, at Figs. 6(a) and 7(d)] and its vicinity has a ten-
dency to temporal out-of-plane deformation at high
RH levels (Fig. 10).

It is worth mentioning that the proposed analysis
of strains and local displacements enabled visualiza-
tion of deformations that are not visible by the naked
eye but indicate the possible danger of development
of serious damage or deformation of the surface of the
painting in the future. For the purpose of evaluation
of different materials for infilling voids in canvas, a
further more detailed quantitative analysis of behav-
ior of all kinds and sizes of the repairs localized
precisely could be carried out, thanks to the template
of specimen (described in Section 3).

7. Conclusions and Future Works

In this paper, the test of applicability of the 3D DIC
method for evaluation of restoration treatments for
canvas paintings was presented. It delivers quantita-
tive data on displacements and strains appearing
in paintings in response to certain changes of the
surrounding climate. The presented methodology
can support a choice of materials and methods in
art conservation.

The proposed modification of data processing in 3D
DIC allows the detection of local out-of-plane dis-
placements resulting from conservation treatments
even in the presence of significant global displace-
ments of an object. The filtering procedure is simple,
time effective, and provides results with accuracy
sufficient in most of the cases to recognize the quality
of repairs. However in order to serve as an arbitrary
tool for evaluation of repairs in composite materials,
further work on the filtering algorithm should be
conducted in order to provide full adaptivity to the
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sizes and shapes of the local repairs. The presented
methodology, due to proper implementation of local
out-of-plane displacement information, supports
effectively the analysis based on ¢,, and ¢, strain
maps. Also, the proposed spatiotemporal visualiza-
tion of load displacement/strain changes seems to
be an excellent tool for future monitoring of canvas
paintings and other composite materials behavior,
due to environmental changes.

It is worthwhile to note that in the presented labo-
ratory study, the approach common for the experi-
mental mechanics to apply the stochastic texture
by putting additional materials on a surface of the
investigated object was used. In the case of actual
artworks, this kind of treatment, even with the
use of inert and theoretically reversible materials,
would be in contradiction to the principle of mini-
mum necessary interference with the original struc-
ture. Therefore, in future experiments on original
canvas paintings, only the natural texture can be
considered as a source of correlation data, provided
that the features on a painting have sufficient local
contrast so that a subset size can be identified, which
can be accurately matched across the image. Some
painting surfaces, such as the impressionistic tech-
nique with a vibrant texture of optically mixing rel-
atively small, thin, yet visible brush strokes of
different colors can prove to fulfill this requirement.
Also distinct brush strokes, craquelure pattern, un-
even texture of canvas, together with discoloration,
dirt deposits, etc., can improve the stochastic pattern
of the natural painting surface. The preliminary re-
sults [42,43] obtained with selected pictures from the
Nicolaus Copernicus University Museum, hold the
promise of at least limited applicability of the DIC
method to real canvas paintings. The proposed meth-
odology, when linked with analysis of materials and
structure of particular objects, could be used to
broaden the general knowledge on properties, proc-
esses, and phenomena relevant to canvas paintings.

The work was financially supported by a grant of
the Dean of the Faculty of Mechatronics of Warsaw
University of Technology, the statutory funds of
Warsaw University of Technology, a grant of the
Rector of Nicolaus Copernicus University, and the
European Union within European Social Funds.
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Abstract. The paper presents problems related to the numerical modeling of profiled steel sheets used as self-supporting arch structures for
roof covering. The rules of preparing and full analysis of a set of numerical models of these elements with a different level of complexity
are given. The models are evaluated by comparing numerical results with the results of extended experimental tests performed by 3D
Digital Image Correlation (DIC) method. For each model the comparison of numerical and experimental results has been made for samples
of a single-wave trapezoidal profile with corrugated web and lower flanges subjected to compression and bending. The full-field analysis
allows to determine the allowed simplification of numerical models which do not affect in significant way the reliability of the results.
The proposed methodology is the first step in the development of full assessment methodology for different types of self-supporting arch

structures produced by ABM technology.

Key words: ABM technology, arch-shaped corrugated steel structure, FEM model, digital image correlation, data processing.

1. Introduction

Self supporting arch structures made of steel sheets were ini-
tially adopted as temporary agricultural and military struc-
tures, usually erected in countries with climate that exclude
or limit in significant way load caused by wind and snow
in winter season. They gained significant popularity in these
applications, mainly because of low cost and short time of
erection in comparison with traditional steel, timber or rein-
forced concrete structures. Nowadays this type of structers is
increasingly often adopted as public facilities in middle and
eastern European countries. The components of these struc-
tures are manufactured directly on building site using mobile
production unit. First, single-wave trapezoidal profile is cold-
shaped from a 0.7-1.5 mm thick coiled steel sheet (Fig. 1,
stage 1). After that, the curvature of a desired radius (from 6
to 30 m) is obtained by means of appropriate corrugation of
profile (Fig. 1, stage 2). The ABM 240 (Automatic Building
Machine) system [1] creates profile with characteristic corru-
gation on web and lower flanges. The profiles are connected
to each other by means of cold pressing of seams situated at
the edges of upper flanges.

The considered structures are of simply supported circular
arch type, subjected to dead, technological [3] and environ-
mental loads (the latter consists of snow [4] and wind [5]
action). These loads induce in the cross-section of a profile
internal forces such as compression, bending and shearing. As
the considered structure due to the thickness and slenderness
of its web and flanges falls into the 4-th category of cross-
section acc. to EN 1993-1-1 [6] standard, the structural failure
is triggered with local buckling of profiles walls. Additional-
ly, due to the compressive forces, global loss of stability of
whole arch also has to be taken into account.

*e-mail: a.piekarczuk @itb.pl
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Fig. 1. The scheme of the process of cold shaping of a single profile
performed at ABM 240 system (Ref. 2)

The bases for the design of the thin-walled self supporting
structures are given in EN 1993-1-3 [7] and PN-B-03207:2002
[8] standards. The general rules for calculations of stability
and load carrying capacity are covered by these documents.
The author of the work [9] gives valuable advises concerning
the application of [7] and [8] standards in engineering prac-
tice. He also stresses the importance of taking into account
geometrical and physical nonlinearities and suggests that nu-
merical analysis could be the efficient solution to this problem.
However due to the corrugation of profile walls these methods
prove to be insufficient and leading to overestimation of both
its stiffness and ultimate load. The other reliable methods of
design of such structures are also non-existent at the moment.

The influence of corrugation depth and radius of curvature
of profiles on their mechanical properties has been discussed
in [1, 11]. The shape of cross section investigated in [11]
varies from the one considered in our paper, but the analy-
sis of the results obtained from numerical calculations and
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standard [10] gives the valuable insight into the limitations
of the latter. It showed satisfying correlation for plain-walled
profile; however that was not a case for a curved profile with
corrugated wall. This confirms the limitations of standard [10]
design method in the case of considered structures.

The mode of local stability loss of corrugated profiles sub-
jected to axial and eccentric compression loads had been in-
vestigated in paper [12]. The results of numerical calculations
and experimental tests had been compared and they showed
discrepancies in critical load value ranging from 8% to 24%.
However in this work the axial and compression stiffness of
tested profiles had not been taken into account.

The initial works concerning stability and load carrying
capacity of self-supporting arch structures made of profiled
steel sheets have been also made in Building Research In-
stitute. The test of a full scale model of arch consisting of
4 trapezoid profiles of 12 m span and 6 m radius and its
numerical evaluation was a subject of paper [13]. The sim-
plified distribution of internal forces assumed in this paper
(simulating a uniform snow load) is shown in Fig. 2. The
variability of direction of bending moment and its ratio to
compressive load across the arch span is clearly visible. The
failure mode of the structure consists of local buckling and
loss of load carrying capacity as well as global loss of an
arch stability. The exact order of occurrence of these inci-
dents depends on many factors such as the arch curvature, its
slenderness, cross-section geometry, mechanical properties of
utilized material, load distribution etc. According to EN 1993-
1-1 [6] slenderness of cross section walls corresponds to the
4th class section. In such case it is assumed that if load lev-
el corresponding to local buckling of cross-section walls is
approached the effective width of the walls is reduced. As a
result the neutral axis is shifted, bending and axial stiffness
reduced and consequently load distribution affected. These
factors result in the emergence of local instability. The com-
pressive loads simultaneously cause the global buckling of
whole arch structure.
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Fig. 2. Simplified distribution of internal loads

During the tests significant nonlinear behavior of the struc-
ture had been observed. For experimental tests 3D Digital
Image Correlation method had been applied and it has been
proved that it is well suited and extremely helpful to per-
form full field monitoring and measurement of displacement
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maps during experiments. The comparison of the results ob-
tained from calculation and experiment showed that the mode
of global loss of stability is significantly influenced by local
buckling. It was also shown that the failure occurs in sudden
manner and is not signaled with significant increase in an arch
displacement. The applied numerical model has been assumed
as being capable of only coarse estimation of an ultimate load
and insufficient for displacement calculation.

This was mainly caused by the corrugations and waves oc-
curring in the profiles produced by ABM 240 system, which
make code calculation methods largely inadequate. Satisfying
analytical models of such structures are currently unavailable,
while the existing ones do not describethe mechanism of lo-
cal loss of stability in sufficient way.In the structural analysis
identification of an actual failure mechanism is of uttermost
importance. The interpretation of full-scale tests is difficult
due to the insufficient control of applied load, problems with
prediction of failure location and resulting limitations to qual-
ity of measurements. The coexistence of global buckling phe-
nomena further impairs usefulness of such tests results. All
these facts provide motivation to perform systematic studies
of the problem starting from analysis of a test specimen con-
sisting of a profile section of a limited length which can be
considered as sufficient for the purpose of investigation of load
carrying capacity and local buckling of profile. Such a speci-
men can be subjected to load acting with known eccentricity
in an attempt to simulate interaction between axial load and
bending moment that occurs in an arch structure. The short
length of the specimen allows observation of failure mode on
a limited area and suppress global buckling influence. Based
on the previous positive experience [12] the 3D DIC method
has been applied for the purpose of measurement of displace-
ment and strain fields. Obtained data are intended to be used
for the purpose of validation of an arch section numerical
model. The finally chosen numerical model would be used
for prediction of failure mode, ultimate load and stiffness of
an arch section and it is going to be applied for analysis of
sections with various curvature radius, sheet thickness, load
eccentricity. Thus, the numerical models would substitute ex-
perimental tests greatly decreasing their number and form a
basis for the evaluation of the entire range of products.

In the paper we at first present the methodology of the
laboratory tests including the description of samples, loading
conditions and 3D Digital Image Correlation method. Next
three numerical models of the loaded sample with different
level of its simplification are introduced and the results of
stress and displacement calculations are compared. Finally
the numerical results obtained for different FEM models are
compared with point-wise and full-field experimental results
in order to gain more knowledge and verify numerical models.

2. Experimental methodology

2.1. Test sample. The tests have been performed with 1.0 m
long sample of a profile of 18 m curvature radius (Fig. 3). The
relatively short sample was chosen to exclude the influence of
global loss of stability. The sample has been made of S355
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grade steel sheet of 1.4 mm nominal thickness. Initial location
of the neutral axis Xand Y has been calculated without tak-
ing into account the influence of corrugation of profile walls.
Take a note that the actual neutral axis Y is shifted in the
direction of upper flange. The actual dimensions of the sam-
ple have been included in Table 1. The meanings of symbols
used in the table are explained in Fig. 3.

upper Ansgni
Fig. 3. The sample view and explanation of the symbols used in
Table 1
a)
b)

Fig. 4. Example diagrams of the internal forces:a) bending moment
and b)axial force

The load system selected for the experiments enables si-
multaneous compression and bending section. A set of loads
causes compressive stress in the web section. Such a system
guarantees an extreme load stress at the most vulnerable to
loss of stability site. Figure 4 shows the diagrams of bending
moment and axial force resulting from linear snow load. The
dashed line represents the greatest place bending moments
and longitudinal forces.

In the section A bending causes compression of the web in
municipal occurrence corrugating, additionally there is a com-
pressive force directed along the longitudinal axis. To capture
a clear effect of the local loss of stability, it is assumed that
the axial force acts on the eccentricity e = 105 mm which
corresponds to the position of force compression on the web
corrugated profile.

The load scheme and location of the sample at the loading
rig is shown in Fig. 5.

a)

T

O IR B B

Fig. 5. Diagram of the support and load: a) the terms and conditions

of load and support research, b) representation conditions

Table 1
Actual dimensions of the sample (all values are given in mm)

Width and height of web and flanges

Depth and length

Depth and length Sheet thickness

of the wave of corrugation
Al A2 Bl B2 Cl C2 C3 c4 G5 E2 Fl1 F2 T1 T2 T3 T4
696 675 1016 1016 201.7 1609 80.0 87.5 273  204.7 114 33.8 2.2 1.38 137 138 1.37
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Actual values of tensile strength and yield stress of sample
material have been obtained from the tensile tests made ac-
cordingly to standard ISO 6892-1 [14]. 30 samples have been
tested, with average values of Rj,q.2 and R, being 337 MPa
(yield point) and 388 MPa (tensile strenght) respectively.

2.2. Test bench. The main purpose of the tests was to estab-
lish the profile load carrying capacity as well as the relation-
ship between load and deformation. It was assumed from the
beginning that test bench has to fulfill the following require-
ments:

e limitation of a failure mode to local buckling,

e prevention of deplanation of the sample’s support zones,

e climination of any loads other than axial despite any sam-
ple deformation during the test.

A test sample is placed between the rigid plates. The axis
of rotation extends along the load device and is off set by
the value of eccentricity. The top plate is able to move along
the axis of §(X) and rotation of both plates with respect to
Z,, and Z4 axes is also allowed. Figure 5 shows the load and
support scheme at the test bench and its representation in the
full-size element.

On the basis of the above assumptions a prototype test rig
had been built. The schematic view and the photo of the test
set-up are shown in Fig. 6.

Fig. 6. The experimental set-up: a) the scheme of the rig and b) the
photo of the sample at the test bench

The setup deplanation has been prevented by rigid steel
plates (pos. 2) fastened to the sample (pos. 1) by means of
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number of bolts. Lower plate has been standing on a support
allowing its rotation in one direction. I-beam (pos. 3) has been
attached to upper plate. Counterweights (pos. 7) attached to
this beam via ropes and pulleys kept sample in upright posi-
tion. Load has been applied by means of pulleys (pos. 5) and
ropes attached to the same I-beam (pos. 2) as counterweights
were.

Except of an axial load it is possible for limited amount of
torsional moment to occur only. However the measurements
made during the tests shown that the torsional deformation of
a sample and any moment induced by it is negligible up to
the moment of the sample’s failure. Friction during the test is
limited to rotational degree of freedom of lower support only
and it was reduced by applying of graphite-molybdenum lu-
bricant. The load has been measured by the strain gauge trans-
ducers (pos. 4) and, due to the application of PID controlled
hydraulic actuators (pos. 6), it maintained the same value for
both tendons during the tests. The value of eccentricity of an
applied load can be changed in 15 mm increments.

2.3. DIC set-up and data analysis. Due to the complicated
geometry of corrugated, thin walled profiles the preparation
of numerical model is significantly error-prone. Thus DIC
method has been used during the tests as it gives reliable in-
formation about the actual buckling modes that are important
for the verification of FE model. DIC is a non-coherent light
based method which enables full-field measurements of shape,
displacements, and strains [15, 16]. The two-dimensional ver-
sion of DIC (2D DIC) measurement consists of the acquisition
of a series of images of a tested object before and after load
(or during loading), over a certain Area of Interest (AOI). The
surface of the measured object needs to have random texture
which is in our case applied within the AOI by spraying black
paint (dotted pattern) at the white paint background. One of
the images serves as a reference for the others (deformed).
The reference image is divided into small rectangular regions
(subsets) consisting of N x N pixels. Dimensions of subsets
are dependent on the quality of the random pattern. The DIC
algorithm is then tracking the position of each subset from
the reference image in all other subsequent images, using the
maximum zero-mean normalized sum of squared difference
function criterion (or any other correlation metric). The loca-
tion of the center point of the most similar subset found in a
deformed image defines the in-plane displacement vector (u,
denotes displacements in ‘x’ axis and u, denotes displace-
ments in ‘z’ axis; Fig. 7a). Repeating this process over the
AOI provide a displacement map, that is sampled as defined
by the separation of adjacent subsets (step size). The 3D DIC
is a technique, which combines the 2D DIC with stereovision,
by using two cameras for observation of the same AOI, it is
possible to obtain the 3D shape of the surface of an object
and measure out-of plane displacements (u,, denotes displace-
ments in ‘y’ axis), however the out-of-plane measurement er-
ror is larger than the in-plane one, and strongly depends on a
stereo angle [17, 18]. According to [15] minimum displace-
ment error can be less than 0.001 pixels, indicated by data
post-processing. However, it must be highlight that in real ap-
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plications the accuracy of measurements strongly depends on
such factors as image noise and stability of experimental con-
dition. Strains (¢,., €,, — strains along = and z coordinates)
are calculated from displacements [15, 19] using equations:

ou L[ (ou? | (wY?
fre = 5 T2 [\ oz Ox ’
w1 [(an), (0w’
2=, T2 |\ 5z 0z '

It is worthwhile to note that the DIC 3D method is work-
ing in full-field and in experimental test provides much more
data than point wise techniques. The measurements are car-
ried out in thousands or millions of points of the measured
object simultaneously and in three directions. The measure-
ments of the sample were performed with the 3D DIC sys-
tem which comprises of two AVT Pike F-1600 (4872x3248
pixels) monochromatic cameras equipped with 28 mm lens-
es, set on an angle of 30° and pointing to the same AOI at
the specimen (Fig. 7b,c). Before performing the experiment,
the system was calibrated with utilization of the commercial
software VIC 3D [20]. Standard deviation of the residuals
projection errors for 24 views of the calibration target and
from both cameras was 0.058 pixel. Distortions of the 28 mm
lenses were included in the calibration process. The setup
was mounted on aluminum frame to enable easy modifica-
tion and mobility. In order to ensure sufficient lighting, two
200 W LED lamps (13 000 lumen) equipped with a light dif-
fuser (‘soft box’) were used. The capture of images by both
cameras was synchronized and pairs of frames were collected
every 2 seconds during 300 seconds of the experiment. The
Field of View (FOV) of the systemwas 1.5x1 m, so it was
well fitted to the size of the samples.
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Fig. 7. The experimental system: a) orientation of coordinate system
and location of three points adopted for further analysis; b) scheme
and c) photo of measurement system based on 3D DIC
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The displacements and strain maps were calculated with
the Vic3D software [20]. The quality of data and resulting ac-
curacy of measurements at a given point was determined by
the confidence interval for match at points within the Area of
Interest and it is given by sigma value in pixels (Fig. 8a). The
range of sigma for maximum load was 0-0.3 pixel. This val-
ues after scaling based on 3D DIC system parameters provid-
ed the estimate of the acuracy of displacement measurements
for £0.01 mm. The maximum values of sigma (low level of
confidence) were located at the bending edges of the sample
(incl. the peaks of the corrugation). The results of measure-
ments are not displayed at these points as can be seen at the
shape map shown in Fig. 8b, where data at several locations
are incomplete (white spots).
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Fig. 8. Example results of measurement: a) the map of sigma — con-
fidence interval for the match at the points within AOI, and b) the
shape of measured segment of arch

3. Numerical models and their analysis

Numerical models have been created with Ansys Finite El-
ement Method software. Three different models have been
prepared, each with different degree of simplifications of geo-
metrical properties. All models have the same 18 m curvature
radius, 1 m length and were based on actual geometry of the
tested sample included in Table 1. In order to simulate ac-
curately the experimental conditions, the assumed boundary
conditions (Fig. 9) allowed: movement of upper edge in the
direction of the force load and rotation of both (upper and
lower) edges around z axis only.

Both upper and lower edges have been modeled as rigid
by means of multiple point constrains (so called “remote sup-
port” in Ansys software). All nodes belonging to the given
edge stay in a plane and the initial shape of the edge is pre-
served during deformation. Both upper and lower plane can
move during deformation, in the direction of unconstrained
degrees of freedom. Thus, according to Fig. 9, the plane in-
cluding upper edge can be translated in x axis direction and
rotated with respect to z axis (X7 # 0 and R,; # 0). The
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plane including lower edge is only permitted to rotate with
respect to z axis (R,2 # 0).

Fig. 9. Boundary conditions of upper and lower edges of the modeled
sample, with local coordination systems.

Non-linear stress analysis accounting for material and geo-
metrical nonlinearities has been made. Bilinear material mod-
el have been assumed on a basis of R,y > and R,, values ob-
tained from the tests. Newton-Raphson method of nonlinear
analysis has been applied and influence of large displacement
taken into account. The S281 general purpose quadratic 4-
sided shell element with 8 nodes and 6 degree of freedom
in each node has been chosen. The node numbering and the
direction of the normal to the surface are shown in Fig. 10.

Fig. 10. The Ansys S281 shell element

Three numerical models, with the geometries shown in
Fig. 11, were considered. The first model is the simplest
one, omitting corrugations and wave-like disturbance in lower
flanges shapes. In the second model corrugation of web and
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lower flanges have been taken into account and in the third
model wave-shaped disturbance have been added to the webs.

a)

Fig. 11. The geometry of numerical models: a) planar model (1st),
b) corrugation model (2nd) and ¢) corrugation and wavy model (3rd)

To compare the behaviour of all three models, the cal-
culations of inter alia maps of equivalent von Mises stresses
and total displacements for the ultimate load (according to
Table 2)had been performed and the respective maps of both
quantities are presented in Figs. 12 and 13.
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Fig. 12. The maps of equivalent von Mises stress at the ultimate load
for: a) 1st model, b) 2nd model and ¢) 3rd model
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Fig. 13. The maps of total displacement at the ultimate load for:
a) Ist model, b) 2nd model and ¢) 3rd model

It is clear, that omitting corrugations increase the stiffness
of lower flanges and web and shifts the neutral axis towards
the middle of the cross-section height. Due to this fact, de-
spite the identical boundary conditions in all three models,
the 1st model suffers from different relationship between the
axial force and resulting bending moment. In the case of 2nd
and 3rd models the von Mises stress distribution is quite sim-
ilar except for the webs. It should be kept in mind that the
profile webs have much less significant impact on its load car-
rying capacity as well as on the axial and bending stiffness
(for the considered direction of bending moment). Therefore
it should not be of much importance if the results from the
numerical model of profile section are to be implemented in
the simplified beam model.

The results of calculations obtained with the 1st model
again differ significantly from the two others. In the case of
1st and 2nd model the displacement maps confirms, that the
differences are limited to profile webs.

4. Validation of numerical models

Validation of the numerical models is performed in two main
stages. At first the comparison of the displacements ., .,
and u. in selected points of the structure in the function of
load is performed between all three models and experimental
data. Secondly the full-field comparison of the failure mode
maps and between DIC and numerical displacement maps is
provided.

4.1. Matching of experimental and numerical results. It is
crucial to match properly the coordinate systems, in which
the numerical and experimental results are calculated, before
validation of numerical models by experimental results. It is
also important to remove from experimental data the unwant-
ed additional data connected to imperfection of experimental
set-up, e.g. impact of backlash in joints.

Typically in the 3D DIC analysis the coordinate system
is based on information of the initial shape of a sample. The
origin of this system is located at the mass centroid of all
object points, with y axis normal to the best-fit plane of the
shape data [20]. In our case to match the coordinate system
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we transform DIC coordinate system using the markers inte-
grated with stochastic texture (Fig. 14a,b).

marker
attachied
o uppar
rigid stesl
plaies

rarkes

attached
R o

ngil steal
mlades

al

[ eee—— |

2.80 21.80 J0.BY D57
c) u, [rmm] d)

Fig. 14. The principles of data post-processing: a) the image of the

sample with markers’ positions and line used for data post-processing

operations, b) one of markers used for transformation of coordinate

system; example of out of plane displacements maps for 0.6 kN
force, c) before and d) after post-processing of data
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Next the unwanted displacement data have to be removed.
The good example of such operation is the process of back-
slash elimination at the first stage of applying load. The
backslash resulted in random displacements (Fig. 14c) and
rotations which were not allowed in numerical simulations
(as discussed in Sec. 3). In order to enable comparison be-
tween numerical and experimental data the dedicated post-
processing method was implemented based on transforma-
tion of the obtained displacements [21]. Using the markers
attached to the rigid steel plates (Fig. 14a), the line was de-
termined (parallel to the direction of force load). The ap-
plied transformations of displacements removed the rotations
of the determined line. It should be pointed out, that the mark-
ers were not directly attached to the lower support and loca-
tion of force applying, therefore rotation of determined line
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around an axis z is not equivalent to Rz,. In relation to
the boundary condition of a numerical model (see Sec. 3),
the following terms and conditions have been preserved: ro-
tations Rx> & Ryo were forbidden and rotations Rz &
Rz5 were allowed. However, in experimental data in contrast
to numerical model, the rotations of Rx; & Ry could ap-
pear, caused by uncontrolled skew of the upper rigid steel
plates (Fig. 6a). The example of post-processing of out — of-
plane displacement maps obtained for 0.6 kN are shown in
Fig. 14c.d.

4.2. Point-wise validation of numerical models. The ex-
treme values of u., uy, and u. displacements are observed
in points 1 (located at the top of corrugated web section),
2 (located at the middle of corrugated web) and 3 (located
at middle of corrugated flange) (see Fig. 7a). The points 1
and 2 concern the maximum displacement in the x and y
directions, respectively. Point 3 refers to the maximum dis-
placement of the entire sample in the z direction. This con-
figuration of the measurement points allows for the assessment
of representative movements for the entire sample. The values
of these displacements obtained for all three numerical mod-
els have been compared with the experimental results. The
load-displacement relationships are shown in Figs. 15-17.
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Fig. 15. The comparison of load u, displacement functions obtained
for 1st, 2nd, 3rd numerical models and experimental data (results for
point 1)
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Fig. 16. The comparison of load u,, displacement functions obtained
for 1st, 2nd, 3rd numerical models and experimental data (results for
point 2)
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Fig. 17. The comparison of load w. displacement functions obtained
for 1st, 2nd, 3rd numerical models and experimental data (results for
point 3)
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The simpliest 1st model significantly overestimate both
stiffness and ultimate load values. The differences between
2nd and 3rd models are less significant, particularly in case
of u, and u, displacement. In the case of 2nd model displace-
ments in point 3 the u, direction still differs significantly from
experimental values. This is due to the unaccounted influence
of wave like disturbances of webs shape. 2nd model also still
slightly overestimates load carrying capacity of the profile.
The values of the displacements at ultimate load obtained
from DIC and FEM models are gathered in Table 2.

Table 2
Displacements at ultimate load
Ultimate Displacement at ultimate load
load
ug [mm]  uy [mm]  w. [mm]

Frm [kN] at p.1 at p.2 at p.3
DIC experimental 38.5 —5.08 7.23 2.24
Ist FEM model 1 54.7 —1.91 5.48 1.96
2nd FEM model 2 39.8 —4.20 7.23 3.75
3rd FEM model 3 38.1 —4.21 7.61 2.20

For the purpose of comparison of the results A; parameter
is introduced, both for the force:

_ I'pic — IF'rem

Apm -100 [%] )

Fpic
and displacement values:

A, = (F/dU, v.,W) pic (F/dU’ """W)FEM -100 [%]. (3)
(F/dU, v.,W) DIC

The A; values for all three models are included in Table 3.

Table 3
Comparison of values of A; parameters
Ultimate Displacement at ultimate load
load

Aue  Au, Al
AP at p.1 at p.2 at p.3
Ist FEM model 1 —42.0% —277% —81.6% —62.5%
2nd FEM model 2 —3.3% —248% —10.0%  38.4%

3rd FEM model 3 1.1% —19.2% 6.0% 1%
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The results obtained without taking into account corru-
gations and wave-like disturbance in webs shape differ from
the experimental results to the level which prevent practical
application of 1st model. Unfortunately this level of model
simplification is used in a design process quite often, leading
both to the overestimation of ultimate loads and incorect load
distribution along an arch. 2nd model with corrugated lower
flanges and web gives acceptable estimation of ultimate load,
ug and u, values. The displacement u, differ significantly
(38%) from the experimental value. Including additional dis-
turbance of webs shape in 3rd model decrease the error in
calculated u, value, but the quality of the other results re-
mains in affected in significant way.

The corrugation of web and lower flanges of a profile can
be seen as a form of geometrical imperfections, determining
the mode of failure. It was observed that without the corruga-
tion the numerical model exhibits poor convergence requiring
greater number of load steps in an analysis and greater com-
puting power. This is especially true in the case, when initial
deformations taken from buckling analysis are not applied to
the model. This drawback can be however at least partially
offseted by potentially less number of elements required to
sufficient description of a simplified geometry.

Beside displacements, the strains in the vicinity of point
2 have been investigated with 3rd model. In Fig. 18 the rela-
tionship between load and strains in directions perpendicular
and parallel to longitudinal axis of profile (thatis ¢, and .,
respectively).
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Fig. 18. Comparison of strains in point 2 vicinity (FEM results for
3rd model)

The difference between strain values obtained from DIC
and FEM 3rd model varies from 2% to 20%, depending on
load level. It should be noted, that due to the corrugated sur-
face values of €4, strains exhibit large variability from point
to point. Therefore it is necessary to carefully select areas both
for DIC and FEM model used for the integration of ¢, values
intended for comparison. In = direction this area should cover
length of a single corrugation to obtain the useful results and
cause “smear” of corrugation. This effect is of course much
less pronounced in the case of €, strain values.

4.3. Full-field validation of numerical models. The good
way to check qualitatively the correctness of a model is to
compare numerical and experimetal failure mode maps. As
shown in Fig. 19 the photo of the experimental failure region

Bull. Pol. Ac.: Tech. 63(1) 2015

is in very good agreement with the failure mode map obtained
for the 3rd model.

[
41

. |
| 248 4495
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Fig. 19. The failure mode maps obtained from: a) experiment (photo)
and b) 3rd model

In order to perform full-field quantitative comparison, the
displacements maps g, u,, and u. obtained from DIC and
numerical analysis, are shown respectively in Figs. 20-22.

L H 150 500 0. 2.0 A

i, lmml|

Fig. 20. The displacement u, obtained from: a) experiment and
b) 3rd model

L0 =107 3.7 T4l
i, i)

118 550

Fig. 21. The displacement u, obtained from: a) experiment and
b) 3rd model
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Fig. 22. The displacement w. obtained from: a) experiment and
b) 3rd model

The displacement maps ., uy, and u. obtained from the
calculations show good convergence in both: the character and
values with the test results. In some cases (Figs. 21, 22) slight
disturbances of displacement maps obtained with DIC method
can be observed. This is caused by unavoidable deviations
in the specimen geometry and support conditions (e.g. con-
nected with precision of assembly). This minor disturbances
have insignificant influence on the final results and conclu-
sions.

5. Conclusions and further research

The simplest way of modelling of a profile geometry which
omits its corrugations and other disturbances of the shape
leads to highly overestimated value of ultimate load as well, as
highly underestimated values of displacements. These errors
occur despite the fact that for the simplified model geome-
try, the physical and geometric nonlinear effects have been
taken into account for the calculations. Unfortunately this
level of profile geometry simplification is most frequently
used for practical calculations, as it represents the highest
detailing of profile geometry that can be directly incorpo-
rated in a numerical model of whole arch structure without
increasing demand for computing power beyond reasonable
level.

The most complicated third model and the second mod-
el which omits wave-like disturbances of web shape only,
give results close to the experimental ones. If the effects of
displacements in z direction are unimportant for the further
analysis, the level of geometry details of second model can
be seen as optimal with respect to both to quality of results
and work consumption. However, if this is not the case, the
implementation of all measurable geometrical properties is
necessary, like it was made in the case of the third model.
Unfortunately both levels of geometry description details are
not applicable directly in a numerical model of whole arc
structure and require additional analysis steps.

The unique properties of 3D DIC method implemented
for the experimental tests allows precise observation of fail-
ure mode and enables measurement of displacement values

122

in locations, that could be otherwise difficult to access for
traditional displacement sensors. DIC method also decrease
risk of improper placement of sensors, no matter whether it
is caused by improper assumptions or unexpected behavior
of a specimen and test equipment. The importance of this
is easy to see when reading i.e. paper [12]. The placement
of the dial gauges during the tests described in [12] requires
particularly careful preliminary numerical analysis. Any devi-
ation from the predicted buckling form can have detrimental
impact on the measured values and cause misleading conclu-
sions.

In future, the already validated numerical model is going
to be used for the estimation of ultimate axial load, ultimate
bending moment envelope as well, as flexural and axial stift-
ness given in terms of axial load and bending moment values.
These are going to be implemented in 2-D FEM model uti-
lizing beam elements. It will make possible to perform static
calculations of whole structure with computing power avail-
able in modern PC grade hardware. The proposed method-
ology is the first step in the development of full assessment
methodology for different types of self-supporting arch struc-
tures produced by ABM technology.
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Abstract The Cherenkov Telescope Array (CTA) is the next generation very high
energy gamma-ray observatory. Three classes of telescopes, of large, medium and small
sizes are designed and developed for the observatory. The single-mirror option for the
small-size telescopes (SST-1M), of 4 m diameter, dedicated to the observations of the
highest energy gamma-rays above several TeV, consists of 18 hexagonal mirror facets
of 78 cm flat-to-flat. The goal of the work described in this paper is the investigation of
a surface shape quality of the mirror facets of the SST-1M CTA telescope. The mirrors
measured are made of composite materials formed using sheet moulding compound
(SMC) technology. This solution is being developed as an alternative to glass mirrors,
to minimize the production cost of hundreds of mirrors for the network of telescopes,
while retaining the optical quality of the telescope. To evaluate the progress of design,
production technology and the mirrors’ functionality in operating conditions, the three-
dimensional (3D) Digital Image Correlation (DIC) method was selected and imple-
mented for testing selected mirrors. The method and measurement procedure are
described. The novel measurement approach based on 3D DIC has been proven to
be well suited to the investigation of the mirrors’ behavior with temperature, producing
the necessary accuracy.
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1 Introduction

The Cherenkov Telescope Array (CTA) project is an initiative to build the next
generation ground-based very high energy gamma-ray instrument [1]. Gamma
rays with photon energies ranging from several tens of GeV to beyond 100
TeV will be detected by ground-based telescopes that observe the Cherenkov
light emitted in air showers created by gamma rays. To achieve its goals, the
array will consist of at least three types of telescopes. The highest energy
photons will be observed by Small Size Telescopes (SSTs). About 70 of these
will be located in the southern hemisphere array.

A consortium of Polish, Swiss and German institutions is developing an SST
prototype called the Single Mirror Small Size Telescope (SST-1M) [2]. The
telescope is based on a Davies-Cotton design [3] proven in existing Imaging
Atmospheric Cherenkov Telescopes (IACTs). The novel element of the tele-
scope will be a fully digital and lightweight camera based on Geiger avalanche
photodiodes [4]. The telescope has a focal length of 5.6 m and offers 9° field
of view. The structure of the telescope is formed by a tower, a dish support
structure, a counterweight and a camera mast. 18 mirror facets form the
telescope dish of 4 m diameter. The mirror tiles are hexagonal, 0.78 m flat-
to-flat in size. The effective light collecting area, corrected for the camera and
mast shadowing, is 6.47 m”. Each mirror will be attached to the dish support
structure using a set of actuators allowing for the mirror alignment.

In the design phase different solutions and materials are considered for CTA
mirrors [5]. Glass mirrors are the baseline solution for the SST-1M. However,
in parallel, composite mirrors are being developed by means of sheet moulding
compound (SMC) formation [6] to provide a lightweight, reliable and cost-
effective alternative. SMC is a proven technology in the automotive industry
and some of its advantages include: only a one-step process is needed to
produce the substrate, it is a fast process which takes 3 min only and the
material shows no shrinkage. In addition, the top surface of the composite
mirror does not require polishing, as a smooth surface is obtained. This solution
is being investigated to minimize production cost of hundreds of mirrors for the
network of telescopes, whilst simultaneously fulfilling the telescope’s optical
requirements. Ensuring that the surface shape of the mirror facets is maintained
under all operation conditions is an essential requirement for the performance of
the telescope.

Therefore investigations of the thermal behavior of composite mirrors manufactured
using different designs and manufacturing techniques are crucial for optimizing both
the design and the manufacturing processes. The measurement method should provide
such quantities as shape, deformation and strain distributions as a function of the
temperature. The three dimensional Digital Image Correlation (3D DIC) method [7]
was selected as the best fitted full-field, vision-based measurement method.

In Section 2 a description of the SST-1M composite mirror and its basic tests are
presented. In the next two sections a short description of the 3D DIC method is
provided and the measurement system and methodology are described. In Section 5
the results of example measurements of the mirrors are presented in detail and the
usefulness of this testing method is assessed.
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2 SST-1M composite mirror

The composite mirrors are being developed as an alternative to glass mirrors. The
solution is based on a composite substrate formed using SMC technology. Its major
feature is that the mirror substrate is composed of one isotropic, thermally conductive
material and there is no glass in the structure. The top surface of the composite does not
require polishing, and its smooth surface is obtained through the use of a high gloss
mold. Since no glass is used as a front surface of the substrate, the coating includes not
only reflective and protective layers but also an intermediate layer (lacquer or gel-coat)
applied in order to reduce the surface roughness of the composite substrate, and
improve both the mechanical resistance and coating adhesion. The achieved surface
roughness (R,) is below 5 nm, which is considered adequate for this application. The
reflectivity of the mirror surface is obtained by the use of the intermediate layer
followed by aluminium coating and a SiO, protective layer. One of the first prototypes,
of 0.4 m flat-to-flat, is shown in Fig. 1.

At the presented stage of development of this technology, the surface quality of
mirrors made of composite materials does not reach the quality level of glass and
ceramic mirrors. Fortunately the mirrors of the SST-IM do not have very demanding
optical the Point Spread Function (PSF) requirements, these being that 85 % of the
energy should fall within a circle of 32 mm diameter and 80 % of that energy within a
17 mm diameter circle, over a wavelength range of 300 to 550 nm. However this
optical performance must be sustained over the whole temperature operating range
from —15 to 25 °C. For testing, the temperature range was increased to 40 ° C, to have a
picture of the temperature behavior of the mirror in non-operating temperature range.
The optical requirements, presented above, are for the first version of the SST tele-
scope. Next version of the telescope has a proportionally reduced focal length and
dimensions of the detector. Results of the presented analysis are easy to transfer to the
new version by scaling. But the key point for our activities was to evaluate the progress
of development of the applied technology.

The optical and geometrical parameters of the prototype mirrors have been measured
by means of a Form Talysurf PGI 830 profilometer (surface roughness), a coordinate
measuring machine and a 2-f optical measurement system. In the 2-f measurement
system, a point-like light source (a pigtailed diode laser with A=405 nm or 635 nm) is
placed at the distance which is equal to the mirror radius of curvature (equivalent to
twice the focal length). A detector is placed at the same distance to register the image

Fig. 1 The composite mirror prototype — rear and front side
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(spot) formed by laser beam reflected by the mirror under test. In this configuration we
are able to measure the PSF shape and dimensions, the radius of curvature and the
reflectance of the mirror into the focal spot under laboratory conditions. All these
parameters are dependent on the shape of the mirror surface. This simple measurement
method based on a 2-f system unfortunately cannot be used for the mirror tests inside a
climate chamber. The allowed change in the radius of curvature of the mirror over a
55 °C temperature range is£2 m, which results in a surface deformation of+20 pum.
This value had encouraged us to use a simple image processing based method for shape
and deformation measurements, namely the 3D Digital Image Correlation Method
(DIC). The additional motivation to choose 3D DIC as the experimental method is
its capability to determine strains in an mirror exposed to load (including thermal load),
which must be considered for the SST-1M.

3 Three dimensional (3D) digital image correlation method

DIC is a non-coherent light based method which enables both full-field measurements
of shape and displacements and the determination of strains in a wide variety of objects
[7, 8]. The two-dimensional version of the DIC (2D DIC) measurement procedure is
very simple, and requires the capture of a series of images of a tested object before and
after load (or during loading). The surface of the measured object needs to exhibit a
random texture (a speckle pattern). In most cases it is necessary to cover the measured
object with such a pattern before the measurements start. One of the images in a series
is selected as a reference image for all subsequent analyses. The reference image is
divided into small rectangular regions (subsets) consisting of NxN pixels. The dimen-
sions of the subsets are dependent on the quality and the size of the random pattern on
the measured object. The DIC algorithm then tracks the position of each subset relative
to the reference image in all other images of the series. Corresponding subsets are
matched by finding the maximum of the zero-normalized cross-correlation function
coefficient (or any other correlation metric). The difference in position between a
reference subset and its matched equivalent defines the in-plane displacement vector
at the subset’s origin (U denotes displacements along ‘x’ axis and /" denotes displace-
ments along ‘y’ axis). Repeating this process over the area of interest yields a
displacement map, that is sampled at an interval defined by the subset size and the
separation of subsequent subsets selected for analysis (step size). Sub-pixel accuracy is
achieved by sophisticated interpolation methods.

In 3D DIC, a pair of images is acquired simultaneously by two cameras
viewing the object from different directions. DIC, combined with sterco-vision
and triangulation methods [9], provides maps of the shape together with out-of-
plane and in-plane displacements of an object which have occurred between
acquisitions of images. The 3D DIC measurement procedure is presented in
Fig. 2. The cross-correlation function is calculated twice: for the first time in
order to determine (X, y, z) coordinates of each subset in a stereo-image pair and
for the second time in order to match all subsets against corresponding subsets in
other images of the measurement series (providing in-plane and out-of-plane
displacements). In the Figures hereafter, displacements along x and y axes are
denoted as U and V, while displacements along z axis are denoted as W.
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Fig. 2 Scheme of 3D DIC measurement procedure. An example subset from the reference image (the red
rectangle in the middle) is matched against similar subsets in other images of the series; the contour plot in the
middle is an example distribution of the correlation coefficient— the peak indicates the best matched position of
the subset

The sensitivity of 2D DIC depends on the dimensions of the fields of view and the
resolution of the cameras. In the 3D DIC method, the sensitivity also depends on the
triangulation angle between the cameras.

Using the DIC method in experimental tests provides much more data than
pointwise techniques. The measurements are carried out using thousands or millions
of points on the measured object simultaneously and in all directions. The data obtained
can be easily post-processed in order to calculate deformations or strain maps. The
feasibility of 3D DIC and its modifications in different domains have been proven in a
number of scientific articles published in recent years [10—18].

4 Measurement setup and methodology

The mirror was specially modified before the measurements by spraying with white
paint and later introducing a speckle (random) pattern with black paint. The 3D DIC
measurement system consisted of two AVT Pike 16 Mpx cameras equipped with
28 mm focal length lenses. The measurement setup is presented in Fig. 5b.
According to [7] the accuracy of displacement measurements with these cameras and
over a 0.6 mx0.6 m FOV would be as good as 2 um (corresponding to 0.01 px
accuracy). Due to experimental errors [19, 20] and observation through the window, the
estimated accuracy was approximately 10 pm.

In each series of measurements, the mirror was placed in a FEUTON K-400 climate
chamber, which provided the temperature control. In order to ensure the optimal
illumination conditions, the chamber was covered inside with black cardboard (to
reduce the influence of light reflections) and the LED light was placed inside the
chamber. The 3D DIC cameras monitored the mirror through a window in the door of
the chamber. The window consisted of 5 glass layers, which influenced the accuracy of
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the measurements. In order to estimate the systematic error caused by the observation
window two shape measurements of the mirror at room temperature were performed:
the first with the doors of the climate chamber open, and the second with closed doores.
The results are presented in Fig. 3.

The measurements through the window introduced a modulation of z coordinate
with an amplitude of approximately 0.01 mm, which is small when compared to the
recorded W displacements, which are of an order of 0.1 mm.

Figure 4 shows the temperature cycle implemented during the tests in the climate
chamber, together with the indication of the time points when the sequential measure-
ments were taken.

In order to ensure a stable temperature and homogeneous temperature distribution,
the mirror was kept at each test temperature for about one hour before performing the
measurement. The temperature of the mirror was measured with a set of point-like
sensors, glued on the rear of the mirror (Fig. 5a). Cooling or heating the mirror by
20 °C took approximately 10 min.

Images of the measured mirror were acquired at 60 s intervals, which resulted in 400
pairs of frames captured by the DIC cameras. The measurement setup is presented in
Fig. 5b.

The 3D DIC analysis presented below was made with the CCI software, developed
at the Institute of Micromechanics and Photonics, Warsaw University of Technology, in
collaboration with KSM Vision (http://ksmvision.pl/en 2014) and with VIC 3D
software developed by Correlated Solutions (www.correlatedsolutions.com 2014). All
U, Vand W displacement maps (or values) presented below correspond to the x, y and z
axes respectively. Coordinate systems are overlaid on the displacement maps.

5 Measurement results

This section presents the detailed results of our sample measurements. At the first
experimental stage the complete mirror structure (the substrate with intermediate layer)
was examined in the climate chamber over the full range of temperatures following the
scheme described in Fig. 4. Reference frames were taken at 20 °C. The measurements
were then repeated on a mirror having only the substrate and no intermediate layer. The
main goal in these two series of measurements was to evaluate the possible influence of

-0.59 mm o071 -0.54 : 0.7
ri o ] .

Fig. 3 Point cloud of the measured object acquired with 3D DIC method: (a) observation through the

window, (b) direct observation (with opened door)
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Fig. 4 Cycle of temperature changes implemented during the measurements; steady states are indicated with
red dots

the intermediate layer on the mirror deformation when the ambient temperature is
changed.

Example U, Vand W displacement maps (obtained after rigid body movements have
been removed) of the mirror with the intermediate layer are presented in Fig. 6.

As one can observe in Fig. 6, the mirror’s radius of curvature decreased with
decreasing temperature (negative W displacements in the centre of the mirror and
positive W displacement at the edges) and increased with increasing temperature
(positive W displacements in the centre of the mirror and negative W displacement at
the edges). It is also clear that the mirror returns to its original shape once it returns to its
initial temperature of 20 °C. However comparing the maps presented in Fig. 6¢ and e,
which theoretically were captured at the same temperature, some differences can be
observed. There are a few reasons of these differences. At first it should be noted that at
20 °C the displacement values are smaller by one order of magnitude when compared
to other states of load. Actually, due to the systematic error caused by the observation
through window of the chamber (see Fig. 3), the values obtained in states M3 and M5
are close to the accuracy limit of the method. The influence of the observation through
the window is reflected by the high frequency variations of the presented displacement
maps. Secondly, the temperature has been measured with approximately 0.5 °C uncer-
tainty and additionally the temperature could have not been distributed homogeneously
over whole surface of the mirror (pointwise sensors measurements differs from each

LED light

measured
object

camera 1

camera 2

Fig. 5 (a) Pointwise temperature sensors glued at the measured mirror, (b) 3D DIC measurement setup:
cameras of the system and measured mirror enclosed in the climate chamber
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L i H & i 13 L =
Fig. 6 U, Vand W displacement maps in steady states of the mirror: (a) M1, 0 °C, (b) M2, =20 °C, (¢) M3,
20 °C, (d) M4, 40 °C, (e) M5, 20 °C. The maps are at different colour scales, tailored to the minimum and
maximum values found in cach map

other by a maximum of 0.5 °C). All of these facts influenced the displacement maps
acquired in steady states M3 and M5 (even though theoretically temperature was 20 °C
in both states). In order to show a more detailed analysis, the displacements extracted
from selected points and along selected lines have been plotted as a function of time
(actually as a function of file number). The locations of points P1-P7 and line L2 are
presented in Fig. 7. The same data processing procedure has been applied to measure-
ments with and without the intermediate layer.

Displacements U, V and W extracted from points P1-P7 are presented in Fig. 8
together with the temperature changes (measured in the centre of the mirror). Plots in
Fig. 8 a, ¢ and e represent the first series (for the mirror with the intermediate layer) and
plots in Fig. 8 b, d and f represent the results of the second measurement series (the
mirror without intermediate layer). In order to minimize the influence of z coordinate
modulations (see Fig. 3), the results at each point have been averaged over a small
circle (radius of about 10 pixels).
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Fig. 7 Example W displacement map with overlaid points and lines of further analysis

One can observe in Fig. 8 that the temperature of the mirror did not stabilize

For example, at a steady climate chamber temperature

of —15 °C (M2) the temperature measured on the mirror was —18 °C, whereas

at negative temperatures.

this was not the case at temperatures above 0 °C. It can also be observed that
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the specimens shrink as a result of the temperature variations. In-plane dis-
placements U and V at points P2-P7 are distributed symmetrically, while at
point P1 their values are negligibly small. All components of displacement
vector return to 0 when the temperature returns to the initial value of 20 °C
(M3 and MS5). This observation is confirmed in the displacement maps (Fig. 6)
as well as in the displacements plots (Fig. 8). The very small displacement
values that were detected in the steady states M3 and M5 could be an effect of
very small temperature differences between the initial and tested states or could
be introduced by performing the measurement through the window (vertical
displacement gradients are clearly seen on maps with small displacement
values). The results of U and V¥ displacement measurements were similar in
both series (Fig. 8 a and b). Slightly bigger maximum values were obtained in
measurements of the mirror without the intermediate layer, but in both cases
displacements are close to zero at the initial temperature of 20 °C. It is
different in the case of out-of-planc displacements. The biggest out-of-plane
displacements were detected at point P1 (in the centre of the mirror). W
displacements at other points had the opposite sign to displacements in P1.
The trend in the W displacements indicates the change of the mirror’s radius
induced by the changing temperature. Much bigger W displacements were
obtained in measurements of the complete mirror (Fig. 8¢) when compared to
the measurements of the mirror without intermediate layer (Fig. 8f). This
indicates the considerable influence of the intermediate layer on the overall
sensitivity of the mirrors to ambient temperature variations.

In further analysis, trends of the deformations of the mirrors were evaluated. The
plots illustrating displacements U, Vand W extracted from points along the line L2 as a
function of time are presented in Fig. 9, for the mirror with an intermediate layer.

In Fig. 9 one can observe a symmetrical trend of deformations of the measured
mirror. Zero displacements did not occur in the centre of the mirror, indicating the
deformation of the spherical shape of the mirror which can be a source of additional
aberrations. This effect could be caused by the influence of the thickness of the side
walls of the mirror.

The changes of U and V displacements in time (Fig. 9a and b) and in space (Fig. 6)
caused significant strains in the element. The variations of the strains in time (exx, €yy)
calculated along the line L2 are presented in Fig. 10.

The strains ey, and ey, at 20 °C (ref, M3, M5) have very small values,
while they increase to significant positive values (tensile strains) at 40 °C (M4)
and decrease to comparable negative values (compressing strains) at —15 °C
(M2). This behavior suggests that significant fatigue stresses will occur in the
mirrors at normal operating temperatures. This is an undesirable feature which
has to be avoided.

In the last step of the data analysis, the radii of curvature of the mirrors have
been calculated. This has been done by fitting a sphere using a least squares
method to the point clouds (x, y, z coordinates) of the mirrors acquired in
consecutive steady states. The comparison between radii of curvature of mirrors
with and without an intermediate layer are presented in Table 1. The values of
calculated radii are given together with the uncertainty calculated as a standard
deviation of residuals of all points from the fitted point cloud. Differences of
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radii obtained at approximately the same temperature are caused by both
uncertainties of temperature measurement and sphere fitting procedure.

At the initial temperature 20 °C (ref), the radii of curvature of both mirrors
were approximately 15.5 m. Also in the steady states M3 and M5 (when the
temperature was 20 °C again) the radii of curvature returned to their initial
values. However, the difference between the radii of the mirrors with and
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Fig. 10 Strains calculated along line L2 as a function of time: (a) strains &, (b) strains ¢, The maps are at
different colour scales, tailored to the minimum and maximum values found in each map
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Table 1 Variation of the radii of curvature of the SMC mirrors with temperature

Steady state Temperature [°C] Radius [m]
With intermediate layer Without intermediate layer

ref 20+0.5 15.43+0.09 15.53+0.17
M1 0+0.5 12.40+0.09 15.35+0.17
M2 -15+0.5 11.03+0.09 15.07+0.17
M3 20+0.5 15.59+0.10 15.55+0.17
M4 40+0.5 20.81+0.10 15.59+0.17
M5 20+0.5 15.39+0.09 15.48+0.17

without the intermediate layer can be clearly observed in the steady states M2
and M4. The radius of curvature of the mirror without the intermediate layer
remained the same within errors throughout the measurements, while the vari-
ations of the radius of curvature of the mirror with intermediate layer changed
significantly with temperature. The main cause of this phenomenon is the
difference in the coefficient of thermal expansion of the substrate and the
intermediate layer. The intermediate layer thickness was initially assumed to
be small such that the influence on thermal deformations is negligible.
However, in practice, for technical reasons, this layer has a thickness of several
mm, which causes significant variation in the radius of curvature of the
structure. To minimize this negative impact, it is proposed to make the structure
symmetrical by applying an intermediate layer on both sides of the substrate.
This technology update is currently under development.

6 Conclusion

The proposed method of measurement of the surface deformation and accom-
panying strains has proven to be particularly useful for the mirror tests in the
operating temperature range. The measurement accuracy obtained, which was
better than 10 wm, was sufficient to estimate the deformation of the surface
during tests in the thermal chamber. The random texture on the mirrors (a
speckle pattern) produced by paint is easy to remove without any damage to
the surface. The results obtained helped to identify the main (technological)
cause of decreasing optical performance of the element with temperature. These
tests resulted in the redesign of the SST-1M composite mirrors. First of all
symmetrization of the SMC structure and gel-coat was introduced, together with
a reduction in the thickness of the gel-coat layer. Some further changes in the
design which improve the technology of the mirror production are being
implemented, and the SMC mirror facet technology is close to be finalized
within next months. The second batch of SMC mirror prototypes will be tested
on the SST-1M telescope structure developed by Institute of Nuclear Physics
Polish Academy of Sciences in Krakow [21].
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In the paper the application of ToF laser scanner in measurements of geometrical parame-
ters of a boiler drum used in a power plant is presented. These parameters are required
during renovation works, for verification of correctness of annealing process and optimiza-
tion of the process of mounting a mechanical steam-water separation. The currently used
separations are tightly placed in a boiler drum, so a welding process is not required any-
more. This approach saves the time of renovation works, but the geometry of a separation
has to be precisely matched against the geometry of the drum to ensure the tightness of
connection and, in consequence, to ensure stability of steam parameters (pressure and
temperature). Renovation works may include heating processes, after which geometry
should also be carefully verified as improperly performed can lead to buckling of a boiler
drum. In the presented approach ToF scanner provides cloud of points, which has been sub-
jected to a set of post-processing operations including stitching, cylinder fitting, projection
3D data onto 2D map, 2D data interpolation and filtering. As the result, the required dimen-
sions and tolerances are obtained and are ready for further implementation.
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1. Introduction

Power generation industry is one of the most vital
branches of the economy. In order to ensure safe operation
of installations for many years, full-time monitoring and
diagnostic tests are carried out, and the resulting data is
used while planning overhauls schedule. Lack of adequate
maintenance procedures can be a threat to employees as
well as to local population and may also cause huge
financial losses due to a risk of failures of industrial
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installations. Currently in most cases monitoring of installa-
tions in heat and power generation industry is carried out
with utilization of standard pointwise sensors [1,2].
However, due to many unresolved problems, there is still a
need to search for alternative techniques for both monitor-
ing and measurement/diagnostic tasks, which could be
more accurate, relatively cheaper, and could provide more
useful data.

Recently it has been shown that optical measurement
techniques may play an important role in maintenance of
installations in heat and power generation industry. In
[3] the Digital Image Correlation (DIC) method [4]| and
structured light method [5] have been utilized for displace-
ment and shape measurements of pipelines during start-
up. In [6] DIC and thermography have been used for
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diagnostics of expansion bellows in district heating pipe-
lines. In many cases it is also required to monitor displace-
ments of pipelines in large volume [7]. Although all
mentioned applications proved feasibility of the utilized
methods and solved certain engineering problems in heat
and power generation industry, for some particular tasks
other methods are better suited. This especially includes
the tasks in which whole geometry of large objects needs
to be determined in a limited time (displacements and
strains are not important). An example of such a case is
preparation of technical documentation of a boiler drum
[8] during repairs.

During renovation works, which include material
renewal, holes with material defects are reamed, and
removed material is overlaid by welding. After this process
whole structure is subjected to the annealing process, in
order to ensure material relaxation. Annealing process is
performed with the use of eddy-current heating. Due to
the length of the structure (16 m without boiler ends),
incorrectly performed process of heating will result in
buckling. Therefore the geometry should be carefully
verified.

During repair process of boiler drums, separations are
replaced with new ones, which have to be tightly mounted.
The crucial step in mounting new separation is to ensure it
fits to the actual geometry of the drum. If this condition is
not met, resulting leakages may cause issues with mainte-
nance of operational parameters of steam (such as tem-
perature and pressure). Precisely described geometry of
the boiler drum would significantly facilitate this step, thus
saving the time of the process.

Currently technical documentations of boiler drums
include the data acquired by surveying. Typically the
radius of a boiler drum is measured in 8 points in each seg-
ment. The geometry of the boiler drum is described by data
merged from all segments. A set of pointwise measure-
ments, however, would not be enough to determine geo-
metrical parameters such as: cylindricity deviation or
segments misalignment. Therefore the full field 3D geome-
try measurements have been performed. In power plant
the environment is dusty and the accessibility of boiler
drum is limited (diameter of input hatch was 0.8 m).
Considering this, the three shape scanning methods have
been taken into account: measurement arm with triangu-
lation based 3D laser scanner (LS) [9,10], structured-light
(SL) 3D scanner [5], time-of-flight (ToF) laser scanner
[11-15]. First two methods give higher resolution com-
pared to ToF method, but the limited size of the measure-
ment field would result in a significant increase of the
measurement time. Apart from that, large dimensions
and limited measurement field imply multiple measure-
ments and stitching together resulting point clouds (PCs)
that correspond to individual measurements in order to
calculate geometrical parameters of the subject being ana-
lyzed as a whole. Smaller field of view in the case of LS and
SL methods would result in a significant increase in the
number of PCs that need to be stitched together when
compared to ToF method. This in turn means that longer
processing time would be required and lower accuracy
could be achieved since every stitching operation
introduces some error. Moreover, a ToF scanner is capable
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of performing measurements from greater distance, which
allows capturing markers and fixed surfaces on opposite
ends of the boiler drum during each measurement, and
therefore propagation of error connected with PC stitching
can be minimalized even further, in contrast to LS and DL
methods.

During renovation works the reduction of time is an
important issue since installation downtimes cause finan-
cial losses, and thus the work described in the paper has
been performed with the ToF scanner. Also due to proper
selection of ToF parameters and measurement conditions
and extensive PC post-processing procedures based on cus-
tom-built software we were able to determine geometrical
parameters of the drum with sufficient accuracy. In the
paper we present at first the measurement methodology
and data processing technology chain (Section 2). Then
the results of measurement and data processing are
reported in Section 3 including: determination of cylindric-
ity deviation over the entire length of the drum, Vertical
and horizontal deflections along the drum, coaxiality of
the drum. Finally, in Section 4, we discuss the practicality
of the proposed tools and methodology as well as their
acceptance by power generation industry.

2. Methodology

The measurements of geometry of a boiler drum have
been carried out in a power plant in Poland. The drum con-
sisted of 7 segments and 2 boiler ends (Fig. 1a). The nomi-
nal diameter of the measured drum was 1600 mm and its
length was 16 m (without boiler ends). The measurement
method and the scope of measurements had been carefully
planned with power plant technicians.

The goal of the measurements was to determine geo-
metrical parameters of the boiler drum. The most impor-
tant parameters are:

e cylindricity deviation along the entire length of the
drum,

e deflection of individual segments,

e vertical and horizontal deflections along the drum,

e deviation of alignment between sectors of the drum.

All listed parameters have been determined by means
of the analysis of the point cloud obtained from the mea-
surements. In order to facilitate calculations, the data has
been analyzed in cylindrical coordinate system. The
obtained point cloud and the orientation of the coordinate
system are presented in Fig. 1a.

2.1. Measurements

The measurements have been carried out with Focus 3D
S 120 ToF laser scanner manufactured by FARO [16]. ToF is
a device that uses laser light to probe the subject. At the
heart of the scanner is a time-of-flight laser rangefinder,
which only detects the distance of one point in its direction
of view. In order to scan the entire field of view, the range
finder’s direction is changed. The scanner needs to be cali-
brated in laboratory in stable conditions before the
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Fig. 1. (a) Scheme of the boiler with localization of the spherical markers and successive locations of ToF scanner (numbers inside the circles); (b) point
cloud of the measured boiler drum in the cylindrical coordinate system (segments IV and V has not been visualized in order to show the coordinate
systems); (c) ToF laser scanner during the measurements inside the boiler drum.

measurements start. Results from ToF scanning are PC
representing the geometry of the measured object. The
nominal speed of measurements with the particular scan-
ner, that has been used in the measurements, is 976,000
points per second. The nominal range is 0.6-330 m and
the accuracy is £2 mm.

The minimum operating range of the scanner was 0.6 m
and the nominal radius of the drum was 0.8 m. In order to
ensure good accuracy of measurements, the scanner had to
be carefully placed in the center of the boiler drum (see
Fig. 1c). Another problem was the length of the drum
(approximately 16 m without boiler ends). The best mea-
surement accuracy with ToF scanner can be achieved when
the sampling beam is perpendicular to the measured sur-
face. If this condition is not met, the basic accuracy can
be decreased. In order to maintain good accuracy along
the entire drum, each segment has been scanned sepa-
rately together with both boiler ends, segments have been
scanned one after another starting from one of the boiler
ends (Fig. 1a). Light scattering white spheres of app.
15 cm in diameter, delivered with the FARO scanner, have
been fixed to the boiler ends in order to facilitate data
stitching. Spherical markers have been attached to boiler
with the use of magnetic bases. Boiler ends of the drum
were visible in each measurement because the drum was
empty during the measurements. Each measurement had
a “blind spot” beneath the scanner (due to 300° ToF scan-
ner vertical angular range); missing data has been supple-
mented with data from neighboring measurements.

2.2. Data processing

The input data for the data processing procedure was
seven PCs delivered by the measurements with the ToF
scanner at the positions shown in Fig. 1a. At the beginning,
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each cloud was preprocessed separately. The measurement
of each segment was manually edited to cover its area,
extended approximately 20 cm along the axis in both
directions to ensure overlaps with other segments, and
including points representing the boiler ends as well as
spherical markers positioned at the ends of the drum in
order to facilitate data stitching. The unwanted scanned
parts, such as pipes projecting from the boiler drum (see
Fig. 2), have also been removed manually. Noise was
removed by automatic selection of small groups of points,
segmentation was implemented using Hausdorff distance,
and by searching for overexposed points. Finally, the PCs
of each segment have been stitched together and a cylinder
has been fitted to the obtained point cloud. Below the pro-
cedures are explained in details.

2.2.1. Point clouds stitching

All operations were performed using custom-built soft-
ware Clouds Adjustment developed by the OGX research
group [17-20]. The software is able to perform a number
of processing operations on point clouds, such as manual
editing, automatic filtering, data segmentation, stitching
and color operations. The segments have been stitched
starting from the middle segments in the following order:
Iv, Ill, V, II, VI, I, VII (see Fig. 1a and b). This sequence
allowed to minimize the propagation of error which would
occur in the case of sequential stitching of the segments
starting from one of the ends. Stitching has been per-
formed in two steps: the first step was coarse semi-manual
positioning to ensure a good starting point for fine
positioning of segments in the second step; the second
step included fine positioning described further in this
section.

The coarse positioning was performed with the use of a
set of 6 spherical markers placed at the ends of the boiler, 3
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Fig. 2. Two stitched point clouds corresponding to segments IV and V, together with supporting areas corresponding to boiler drum ends with markers.

Parts of the scanned pipes projecting from segments IV and V are also visible.

at each end. For each two measurements representing
neighboring segments, the markers were identified and
labeled manually. Best transformation between the two
corresponding sets of markers, consisting of a single rota-
tion and translation, was calculated and applied to one of
the segments.

Fine positioning was performed with the use of all
available data: spherical markers, overlapping areas
between the segments and boiler ends (Figs. 2 and 3).
The algorithm used was a modification of the iterative
closest point (ICP) point-to-plane algorithm, which
iteratively finds the best transformation by minimizing
the fitting error [21]. The algorithm consists of four phases.
In the first one, the overlapping areas in a stable and fitted
PC were found. The areas were identified by searching for
points with at least Np points in their spherical neighbor-
hood of radius equal to do (Eq. (1)). This distance is calcu-
lated as a multiple of minimum average point-to-point
distance d, in a point cloud.

do:HNo-dA/TC (1)

The limit No was put to ignore areas measured with
lower quality (smaller density, which results in less points
in neighborhood of defined radius). In this case, Nop equal to

100 was used. Then, from these areas a random sample of
points was selected in the stable cloud. In the second
phase, each point from the stable subset was paired with
its closest point in the fitted cloud. Points in the fitted
cloud and their normal vectors were used to calculate
plane equations in the third phase. Finally, the optimiza-
tion algorithm finds the best transformation (translation
and rotation) by minimizing the RMS of sum of distances
(fitting error o.x) between the current subset of points
in the stable cloud and corresponding planes in the fitted
cloud. Steps two, three and four were repeated until either
the fitting error o,ax is below the predefined threshold or
maximum number of iterations is reached. The fitting
eIrors omax obtained during segment stitching were in
the range 0.6-0.9 mm.

2.2.2. Cylinder fitting

In order to facilitate calculations all data have been
transformed from Cartesian to cylindrical coordinate sys-
tem (Fig. 4). A cylinder has been fitted to the obtained
point cloud with utilization of a least squares algorithm
included in the Wild Magic computational library devel-
oped by Geometric Tools [22]. The first step of the cylinder
fitting algorithm is to find a first approximation of the
cylinder axis. This is done by means of fitting a line to a
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Fig. 3. The scheme of the fine positioning algorithm.
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point cloud data by means of least squares method. The

initial guess obtained that way is then used in search for

a global minimum of the error function E, which is defined

as the sum of squared errors of individual points:
n

E(C,V,s) = (s(Xi = O) (VI - WT)(X; - C) - 1)

i=1

(2)
where:

I - identity matrix.

X; - single measurement point being a part of the point
cloud being analyzed, consisting of n points.

s =1/(r[V)*.

r - radius of the cylinder being fitted.

V - direction vector of the axis of the cylinder being
fitted.

C - point lying on the axis of the cylinder being fitted,
also called the axis center point.

As shown in Eq. (2), the error function depends on three
key parameters: parameter s, axis direction vector V and
axis center point C. During the calculation, first the
parameter s is updated, and then vector V and point C are
updated in that order with the use of steepest descent
method (the search is conducted along the parameter line
in the direction of the greatest decrease in error function
value). It is possible to use the output of one algorithm
iteration as an input for another in order to obtain more
accurate results. In case of the boiler drum, 50 iterations
have been used as further fitting has not resulted in visible
improvements. The algorithm has been described in detail
in library documentation [22]. After finding a cylinder that
approximates the measurement points in the best way, the
axis of the fitted cylinder has been selected as the axis of
the new, cylindrical coordinate system.

2.2.3. Noise reduction

For the sake of further analysis, the obtained point
cloud representing the cylindrical surface has been pro-
jected onto a 2D plane and then interpolated with the
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use of bilinear interpolation in order to enhance readability
of the data. The results contained white noise resulting
from the process of measurement with the ToF scanner,
and thus the map has been subjected to noise reduction.
Since the noise was of high frequency, a low-pass,
Gaussian convolution filter has been applied. When the
filtration mask reached the bottom edge of the 2D map
(Fig. 5), the data for further filtration was taken from the
area adjacent to the top edge, due to continuity of map
in 0 direction which has been preserved after mapping.
However, the filtration has been less accurate around the
edges of the holes that remained after removal of pipes
from the PC (see Fig. 5) since applying Gaussian filter
results in edge blurring. Nevertheless, the impact on the
results is negligent since the length of the square filtration
mask, and thus the affected area, is only 10 pixels, whereas
the dimensions of the map being filtrated are approxi-
mately 20,000 x 6000 pixels.

3. Measurement results
3.1. Gylindricity deviation over the entire length of the drum

In order to determine the cylindricity deviation over the
entire length of the drum, local radius of the drum has
been calculated in each point of the cloud. Local radius is
a coordinate R in cylindrical coordinate system of point
from PC. The results are presented in Fig. 5. In order to
facilitate interpretation, the results are visualized as a
cylindrical surface mapped onto a plane. To support the
assessment of the degree of the cylindrical deviation, the
histogram of percentage distribution of dram radius was
drawn (Fig. 6).

The range of calculated radiuses of the drum was
794-810 mm. The discrepancy between minimum and
maximum radius was 14 mm, which indicates correctness
of exploitation and repairs performed previously and we
can conclude that the geometry of the drum was not
deflected significantly.
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Fig. 5. The radius map of the measured boiler drum after mapping a cylindrical surface onto a plane, with overlaid lines of further analysis; black spots are
the result of removing pipes connected to the boiler drum from the PC (large spots on the middle are formed after downcomer inlet [8]).
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3.2. Vertical and horizontal deflections along the drum o i

In order to determine vertical and horizontal deflections
along the drum, the obtained point cloud has been cut by
two planes (see Fig. 7). Intersections of the planes
and the point cloud have been labeled as L1, L2, L3 and
L4 lines.

3.2.1. Deflections of radius

Deflections of radius for each segment have been
calculated as the maximum deviation of local radius from
nominal radius, along lines L1-L4. An exemplary surface
profile determined along the line L1 is presented in
Fig. 8. Results for all segments and entire drum are pre-
sented in Table 1.

(a)

Fig. 7. (a) Visualization of intersection of the drum with the planes (b) view from the front of the drum.
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Fig. 8. Radius of the drum distributed along the line L1, with marked
maximum deviation from nominal radius (deflections or radius) for
individual segments.

Values of deflections of radius did not exceed 11 mm.
Taking into account the length of the drum (approximately
16 m), the values of deflections of radius were negligibly
small.

3.2.2. Deflections of diameters

In the next step, by adding local radii along lines L1, L3
and L2, L4, vertical and horizontal local diameters have
been calculated. Deflections of diameter for each segment

wertical
pEnire

(b)
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Table 1
Deflections of radius along lines L1, L2 L3 and L4 for each segment and for
the entire drum (Max.).

Table 2
Deflections of diameters along vertical and horizontal plane for each
segment and for the entire drum (Max.).

Deflection (mm) in segment

Deflection (mm) in segment

Diameter I 11 11 v \% VI A% Max.

Line 1 I 111 v \% VI VII Max.
L1 2 4 8 11 9 4 3 11
L2 3 6 6 6 3 4 5 6
L3 7 5 -2 2 -2 6 7 7
L4 8 7 3 7 6 6 6 8
Viértial diamdio
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Fig. 9. Vertical diameter of the drum, with marked maximum deviation
from nominal diameter (deflections of diameter) for individual segments.

have been calculated as the maximum deviation of local
diameter from nominal diameter, along the cutting planes
showed in Fig. 7. Example diameter distribution along the
vertical plane is presented in Fig. 9. Results for all segments
and entire drum are presented in Table 2.

Largest deviation from the nominal diameter was
12 mm. Biggest differences of diameter between diameters

ni

nl

auis of seg.

{OFA

Horizontal 10 12 9 10 9 8 11 12
Vertical 8 7 7 12 10 9 8 12

of neighboring segments (particularly between sectors 3
and 4) was 14 mm (Fig. 9). Separation between these two
segments has been mounted with special care.

3.3. Coaxiality of segments

The calculations were performed in respect to definition
of coaxiality tolerance described in the ISO 1101 standard
[23]. In order to calculate coaxiality of individual segments
relatively to the boiler drum as a whole, the point cloud
has been cut by planes perpendicularly to the axis of the
drum (Fig. 10a). The location of each plane corresponds
to individual segments’ ends. As a result, each segment
has been limited by two planes. Also, the individual axes
of each segment have been determined using algorithm
described in Section 2.2.3. For each segment, the intersec-
tion between its axis and limiting planes gives two points.
The distance between the boiler drum axis and these two
points has been calculated and compared, and the greater
distance has been chosen as a coaxiality deviation of the
considered segment. The procedure is shown in
Fig. 10a and b. The results are presented in Fig. 10c.

Iivtesaction paint
of srgmant

L NE  gui; amd M1 plang

ey saclion point
ol sepment
axes and B2 plane

(b

Iriersection port
of balker drum axis
and planes nlf=2

(c

Fig. 10. Visualization of the procedure for calculation of the alignment deviation: (a) cutting planes and the segments (n1 and n2); (b) intersection points of
the limiting planes and the segment and boiler drum axes; (c) the result: coaxiality of individual segments relatively to the boiler drum as a whole (A -

datum - axis of boiler drum [23]).
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Maximum misalignment between sectors of the drum
was 6 mm. Taking into account the length of the drum
(approximately 16 m) this value is negligibly small.

4. Conclusions

The most important geometrical parameters of the boi-
ler drum have been determined on the basis of the mea-
surement results (in the form of the point cloud)
acquired with the ToF scanner. All measurements have
been carried out in-situ and took less than 2 h. In the pre-
sented case the analysis of radii over the entire length of
the drum (14 mm discrepancy between minimum and
maximum radius) proved the correctness of repairs per-
formed in the past. The results of diameters measurement
helped to indicate that separation between sectors no. 3
and 4 had to be mounted with special care (this is because
the difference in diameters between these sectors reached
as much as 14 mm). Other calculated parameters: deflec-
tions of individual sectors and misalignments between
the sectors have turned out to be negligibly small.

The amount of the useful data obtained from the mea-
surements can be used to optimize the time of works
related to renovation of the boiler drum. This especially
applies to the process of mounting mechanical steam-wa-
ter separation. The obtained geometry of the boiler drum
can also be used to control the heating processes con-
nected with renovation works (to verify whether buckling
occurred or not). Presented measurement methodology
has been accepted by experts from the industry and can
be used as a good alternative to the currently used point-
wise techniques. In future works we are planning to apply
ToF scanning for 3D shape measurements of other crucial
parts of a power unit, together with tailored data-process-
ing and analysis. It should be mentioned that the progress
in ToF measurement methods, specifically implementation
of the phase shifting technology, leads to significant
improvement of ToF measurement accuracy. Therefore it
is expected that the proposed methodology of a boiler
drum (or similar industrial objects) investigation can be
in future performed with even better (if needed) accuracy.
Another application may include, for example, 3D shape
measurement of walls of boiler furnace in order to deter-
mine its deformations resulting from inhomogeneous tem-
perature distribution.
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ABSTRACT

The modern construction industry makes use of innovative production and assembly
technologies, whose purpose is to implement reliable and simple structures. One product
of such technologies is an arch-shaped steel sheet section that might be used as a self-
supporting covering for general construction and industrial building construction. Consid-
ering complex geometry and boundary conditions, the FEM model of this structure is
sophisticated and may contain errors. This paper presents numerical approaches for the
calculation of sheet metal section elements of such coverings, namely two numerical
approaches that differ in detailing of the properties of considered physical object. The first
approach is based on a model that is characterized by simplified geometry and boundary
conditions. The second scenario concerns a detailed FEM model with actual geometry
captured by a laser triangulation method, experimentally determined material stress—strain
relationship, and load conditions measured on an experimental stand. The results obtained
with the use of computer simulations based on both approaches described above and
experimental results are compared. The errors caused by simplification of the first numeri-
cal model are discussed. Finally, an acceptable reduction of FEM model complexity is
proposed for the analyzed structure.

© 2016 Politechnika Wroctawska. Published by Elsevier Sp. z o.o. All rights reserved.

1. Introduction

covering structures (reinforced concrete, wood, and steel
elements). Currently, this type of covering (the ABM 240
system) is used more and more often in the construction

Self-supporting arch-shaped covering structures originally
served as temporary facilities for military and agricultural
purposes. This covering type gained popularity mainly due
to its simple design, quick installation and relatively low
implementation costs compared to traditional types of

* Corresponding author. Tel.: +48 693 250 267; fax: +48 22 57 96 189.

of public buildings. This technology is used to build
coverings with spans ranging from 6 to 30 m with varying
rise-to-span ratios [1]. The covering elements referred to as
sections are fabricated on-site by the use of mobile rolling
mills (Fig. 1), which form individual curved sections by

E-mail addresses: a.piekarczuk@itb.pl (A. Piekarczuk), k. malowany@mchtr.pw.edu.pl (K. Malowany).
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Fig. 1 — Section surfaces.

cold rolling from a single steel sheet (with a thickness of
0.7-1.5 mm).

Once formed, the section features the characteristic
corrugated and wavy surfaces (Fig. 1). Individual sections
are joined together by rolling down the free edges. The resultis
a curved surface constituting a self-supporting roof of the
structure.

The existing calculation methods are based on the
assumptions for steel bar structures analyzed in flat static
systems [2-4]. For calculation of the structural components
and stability, the following standards have been used: EN 1993-
1-1[5], EN 1993-1-3 [6], EN 1993-1-5 [7] and EN 1993-1-6 [8]. The
normative documents present general principles for deter-
mining the load bearing capacity and stability, but they are not
relevant to arch elements with a corrugated and wavy centre
surface. Therefore, itis not possible to estimate the local loss of
stability of a shell member with complex geometry. The height
of the corrugation and waves of the centre surface of the
section can be different depending on the bending radius of
the arch and thus have a direct impact on the load bearing
capacity and stability of the structure. The first pilot tests of
full-sized arch-shaped elements of sheet metal sections were
performed in the Building Research Institute [9]. The tests
showed a strong impact of the local loss of load capacity on the
stability and load capacity of the entire structural system. The
mode of local stability loss of corrugated profiles subjected to
axial and eccentric compression loads has been investigated in
paper [10]. The results of numerical calculations and experi-
mental tests were compared, and they showed a divergence
between the results of the tests and those of the calculations
due to the local loss of stability; in the presented study, the
axial and compression stiffnesses of the tested profiles had not
been taken into account. Similar studies were performed in
papers [11,12]. These concerned the ABM 120 system. The
study used point system measurement and numerical models
with geometry created by scanning. The main difference was
that the work of Walentynski et al. [11,12] did not take into
account local strain measurements. Test results and calcula-
tions relate only to critical loads.

The main problem in implementing numerical analysis is
the selection of a suitable shell model, which is a representa-
tion of the actual real-life working conditions of the system.
This article describes the process of searching for the optimal
model, taking into account the different levels of modelling
precision and the adoption of boundary conditions. As a result
of the process, information is obtained about possible errors of
the systematic models. This information is useful for further

work on full-sized modelling of covering elements and
analysis of structures in real-life load conditions. In paper
[13], a comparison between three different FEM models with
simple boundary conditions and different levels of geometry
simplification were performed, the model that gave results
closest to the experimental ones was chosen for further
analysis. The article presents the impact of selected modelling
parameters on computational results using two numerical
model: the first from the previous study [13]; and the second
with actual geometry captured by a laser triangulation
method, experimentally determined material models
assigned to different regions of the structure, and load
conditions measured on an experimental stand. The compu-
tational results will be compared with the available experi-
mental results.

2. Assumptions

The computations and tests concern a section, which is a
fragment of an arch-shaped covering fabricated using the ABM
240 technology. The assessment of simplified numerical
models is presented in the article [13]. This article analyses
three numerical section models that differed by the accuracy
of geometry mapping. The models were assessed by compar-
ing the calculation results with the test results. On the basis of
the analysis, a single model that showed good similarity with
the test results was selected. It can be assumed that the
analysis described in the article [13] is an approximation of
the modelling problem for a single reference value, i.e., the
breaking force; however, it does not answer the question of
how changes of individual parameters affect the computation
result of the full range of reference value variation (a force of 0
to a destructive force). To fully compare the results of
calculations, the simplified model selected in the article [13]
was compared with the results of the model with perfectly
mapped geometry, obtained as a result of 3D scanning. The
difference between those two FEM models occurs also in
boundary conditions, described in detail below.

In the article, two modelling scenarios are considered:

Scenario 1: The bilinear material model (referred to as the
plastic web) is assumed on the basis of measuring the yield
strength of the steel sheet prior to forming it into a section.
After forming a section with the use of a rolling mill, the
essential parameters of the geometry are measured (the
parameters are marked in Fig. 9, and values are listed in
Table 2), allowing for the creation of its own model. On this
basis, a numerical model is created in commercial software
from ANSYS. The element load method is assumed, i.e.,
eccentric compression carried out by axial forced displace-
ment as a single-parameter extortion and theoretical support
conditions. On the basis of these data, numerical analysis is
performed. The result of the computation is the value of the
support reaction as a function of forced displacement.

Scenario 2: The numerical model is created by importing a
3D scan of the test item. This model contains all of the
geometric details. The conditions for support and load, in
the form of displacements and rotation angles of supports, are
adopted (multi-parameter geometric extortions) from earlier
tests performed and entered as forced in the computational
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Fig. 2 — Test bench diagram [13].

model. The material model is adopted based on the measured
strength properties of samples cut out from the element after
the tests. The result of the computation is the value of the
support reaction as a function of forced displacement.

It should be emphasized that Scenario 1 contains only
vertical displacement as a load condition, in contrast to
Scenario 2, which includes displacement and rotation, the
same as in the test. Detailed data are summarized in Section
4.4. By comparing results of numerical analysis performed
with the use of modelling approaches 1 and 2 against the test
results, the model error is determined.

3. Tests
3.1.  Tested specimens

The test piece is a section of the arch with alength of 1.0 mand a
bendingradius of 18 m, made of steel with a nominal thickness of
1.00 mm and the declared class S320GD+Z. The test bench design
recreates the interaction of the other parts of the arch-shaped
covering so that it maintains the section in a stable position and
ensures transmission of internal forces according to the diagram
of impacts of the remaining part of the arch. The X-axis is
assigned to the specimens in such a way that it passes through
the centre of gravity of cross sections, along the longitudinal axis.
For test purposes, it was assumed that the load is applied to the

eccentricity (e), which in turn gives rise to the axial force (F),
displacement (3y), and bending moment (Mzy; Mzq) (Fig. 2). This
arrangement of forces corresponds to the actual distribution of
forces in the cross-section of internal forces.

The tests of a section length were carried out on a test
bench prototype (Fig. 3), which allows for axial and eccentric
compression of the test piece. The load was carried out with
the use of hydraulic cylinders, and the force was measured
with the use of dynamometers coupled with a displacement
measuring system. Measurement of displacement as a
function of force was carried out continuously until the
destruction of the sample.

The test piece (1) is mounted by means of screw connections
inthe top and bottom stabilization plates (2). The bottom plate is
pin-supported. A pressure bar (3) is attached to the top plate,
fitted with two dynamometers (4). Force is applied to the
dynamometers through the use of a set of tendons and pulleys
(5) fixed to hydraulic cylinders (5). The entire weight of the
handles and the test piece is compensated by gravity through a
set of weights (7) attached to the pressure bar. The measure-
ment system (Fig. 4) consists of 8 inductive sensors, which are
marked in the drawing with the symbols A1, A2, B1, B2, B3, B4,
C1, and C2.

Sensors are used to measure the displacement X; of the
upper stabilization plate and the rotation angles of the upper
and lower plates: R,1, Rxz, Ry1, Ry, Rz1, Ry2. The test results are
shown graphically in Fig. 5.

Fig. 3 — Test bench description [13].
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Fig. 4 - The measuring system and determination of the measured values, (a) the measuring system, (b) determination of

displacements and rotations.
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Fig. 5 - Measurement results, (a) the angles of rotation, (b) displacement along X, axis.

3.2.  Material testing and material stress-strain
relationship

The purpose of the test is to determine the actual yield
strength and ultimate strength of the test pieces in accordance
with EN ISO 6892-1:2009 [14]. Other properties, such as the
longitudinal elastic modulus and Poisson's ratio, are adopted
in accordance with the standards [5]. On the basis of the test
results, a material model will be developed for adoption in the
numerical computation. The method for testing the properties
of the materials is described in scenarios 1 and 2 (item 2). They
include the following:

Scenario 1: Base material tests. Samples were cut out from a
flat metal sheet prior to the formation of the section. At this
stage, 30 static tensile tests were carried out.

Scenario 2: Testing the material cut out from the test piece.
Samples were taken from the three areas marked in Fig. 6.

Samples for the tests were collected from the test piece
after tests from areas A, B, and C, outside of the zone of local
loss of stability. Area (A) includes the central part of the
corrugated surface, area B includes the wavy and corrugated
webs, and area (C) refers to the web parts with longitudinal
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Table 1 - The results of the static tensile test.

Scenario 1 Scenario 2

Area A (corrugation) Area B (waves) Area C (flat)
Re =366.3 MPa Re =353.9 MPa Re =374.0 MPa Re =351.8 MPa
Rm =383.6 MPa Rm =399.4 MPa Rm =391.4 MPa Rm =393.5 MPa

ribbing but without corrugation. The direction of sampling in
various areas is shown by arrows in Fig. 6. The results of the
static tensile tests (average values) in terms of yield strength
(Re) and ultimate strength (Ry,) are summarized in Table 1.

The test results were assessed statistically. The purpose of
the assessment was to determine whether the test results
obtained for sheet samples in areas A, B, and C (scenario 2) did
not differ statistically from the results of the flat sheet
(scenario 1). To verify the normality of the distribution of
the test results, the Shapiro-Wilk test was used for the flat
sheet tests (30 trials). The hypothesis of the normal distribu-
tion of the results has been confirmed. Further analysis
included test results of samples from areas A, B, and C. Test
statistics were applied for the average values of Student's
t-distribution with and without the assumption that the
variances are equal in populations. On the basis of the
analyses, it was demonstrated that the test results of samples
from areas A, B, and C are significantly different from the
results obtained from the flat sheet tests. It was found that,
statistically, the results of the samples from areas A, B, and C
also differ from each other. This means that the results of
the series of 30 flat sheet tests cannot be used as the basis of
the development of a material model that will be used in the
calculation of geometric models in accordance with scenarios
2. A single model of the material behaviour to be used in the
modelling approach 2 also cannot be used. Therefore, different
material models were subsequently developed. The results of
this work are presented in Section 4.1.

4. Numerical analysis
4.1. Material stress-strain relationship

In scenario 1, a steel stress—strain relationship is assumed to
be of elastic-plastic nature with a nominal plateau slope in
accordance with [7]. Fig. 7 shows a bilinear model with a solid
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line and the averaged measurement result of 30 static tensile
tests (scenario 1) with a dotted line. The graphical representa-
tion of the material model is shown on a scale of strain limited
to 0.02%.

Next, the stress-strain relationship has been entered into
the Engineering Data Sources module of the ANSYS system
[15], into bilinear isotropic hardening.

In scenario 2, the stress-strain relationship adopted for
numerical analysis with the use of the ANSYS programme [15]
was developed in co-ordinates oyyue—éin. The steel material
properties are adopted as true stress-strain curve modified on
the basis of the test results as follows:

1
qn:/ ?:hl(ll):ln(loTM):ln(lJrlA—l)
J 1 0 0 0

= 1In(1 + €eng) M

Otrue = O’eng(l + Eeng) (2)

where ¢, — logarithmic strain, oye — true stress, oeng — engi-
neering stress (test result), seng — engineering strain (test re-
sult), Al-increase in the sample length [mm)], [, - initial sample
length [mm].

Stress-strain relationship is determined separately for each
location on the surface of the section, i.e., areas A (corruga-
tion), B (waves), and C (flat) according to the marks in Fig. 6. A
graphical representation of the stress-strain relationship with
a scale of strain limited to 0.02% with respect to the test results
is shown in Fig. 8. Next, the numerical material stress-strain
relationship will be implemented in the module Engineering
Data Sources of the ANSYS system, into multilinear isotropic
hardening.

The material models were assigned to areas corresponding
to the sampling point for strength tests. A graphical
representation of the areas with the assigned material model
is presented in Fig. 11(b).

a o0Es  000F oOPE: 0l 0oL OOES 0OUTS. 0oe

SErain [%]

Bl il

Fig. 7 — Material model - Scenario 1.
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Fig. 9 - Sample view and explanation of symbols used in Table 2 [13].
4.2. Preparation of the geometric data for models scanner, the Nikon ModelMaker MMCx, mounted on 7-axis
articulated arm, the Nicon MCAx [16] (Fig. 10). The measure-

Two models were prepared for computation. The first model
(scenario 1) was developed on the basis of the measurement of
the test piece and entered into the Workbench module of the
ANSYS programme. Geometric data were obtained from the test
piece measurements. The identification of dimensionsis shown
in Fig. 9, and the measurement results are provided in Table 2.
The model includes the corrugation of the central part of
the section (sector A), the corrugation and waving of the webs
(sector B) and the non-ribbed portions of the webs with the
bends (sector C). The longitudinal axis is curved on the arch
with a radius of 18 m. The model assumes simplifications,
which consist of the omission of bend radii on the border
between sectors A, B and C. The longitudinal ribbing on the
surface of sector C was also disregarded.
The geometry of the section of profiled steel sheets (second
model - scenario 2) was obtained with the use of a handheld

ment is based on a laser triangulation method, with the
measurement accuracy equal to +0.1 mm. The obtained
geometry is represented as a point cloud, which was loaded

into the FEM model.

4.3.  Selection of finite elements

In models implemented in scenarios 1 and 2, Shell 281-type
elements, shell elements with 8 nodes and six degrees of
freedom at each node (three degrees of freedom of displace-
ment and three degrees of freedom of rotation), were used
with a quadratic interpolation function [17]. The parameters of
the model meshing implemented in scenarios 1 and 2 are
summarized in Table 3.

The parameter element quality (EQ) concerns the quality of
the finite element mesh. This parameter is in the range
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Table 2 - Actual dimensions of the sample (all values are given in mm).

Width and height of web and flanges Depth and Depth and Sheet thickness
length of the  length of
wave corrugation

al a2 bl b2 cl c2 c3 c4

el e2 f1 f2 t1 t2 t3 t4

679 659 1018 1015 203.1 169.1 109.9 102.4

26.6 242.1 8.83 345 273 0.95 0.95 0.95 0.95

Fig. 10 - Geometry measurements of the section of profiled
steel sheets.

between 0 and 1, where the value of 0 for the surface area (2D)
is defined as an element of poor quality, and the value of 1
denotes a very good mesh. The parameter aspect ratio in the
surface arrangement (2D) is defined as the ratio of the longest
side to the shortest side of the finite element. The best
parameters of the mesh are when the AR coefficient achieves
the value of 1.0. Detailed rules for the determination of these

parameters are given in [17]. To evaluate the relationship of
qualitative models, a reference level was adopted for the finite
element mesh created for Model 2 (the 3D scan). For Model 1,
the numbers of elements and nodes were selected in such a
way that the discrepancy in relation to the reference model
was not greater than 0.5%. EQ and AR parameters are close to 1,
which means that the mesh elements are of good quality.

4.4.  Conditions for support and load

The upper and lower supports are provided by a type of remote
displacement [17] that maintains the Rigid-type relationship.
This means that the degrees of freedom of displacement and
rotation are associated with the central fulcrum in the local
coordinate system. This method of support corresponds to
fixing the rigid plate to the upper and lower edges of the
section. The values of displacement and the angles of rotation
may be released or forced.

Scenario 1 is computed with the assumption that the load is
only a kinematic extortion by the displacement, which is
applied to the upper support in the X-axis (axial displacement).

Scenario 2 is computed with the assumption that the load is
a kinematic extortion by the displacement and the angles of
rotation of the upper and bottom support. Extortion values are
adopted from the tests. Table 4 presents a detailed description
of the support and load conditions.

For the purpose of entering data load as boundary
conditions (remote displacements) of the FEM model, the
loads have been discretized into 10 intervals. Since scenario 1

Fig. 11 - Numerical model of the section, (a) model 1 (created in ANSYS workbench), (b) model 2 (3D scan).
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Table 3 - Finite element mesh parameters.

Scenario 1 (model 1)

N £ EQ AR

Scenario 2 (model 2)

N £ EQ AR

172.903 57.329 0.988 1.075

172.686 57.567 0.951 1.174

N, number of nodes; E, number of finite elements; EQ, element quality; AR, aspect ratio.

Table 4 - Gonditions for support and load.

Scenario 1

Top support Bottom support

Scenario 2

Top support Bottom support

X, = displacement X,;=0
Z,=0; Zy=0;
Y,=0; Y,=0
Ry1 =0; Ry1=0
Ry1=0; Ry=0
Rzl ?& 0 RZZ 7é 0

M= daplszansr]

xz=0

Xq = test X,1=0
Z,=0; Zy=0;
Y, =0; Y,=0
Ry, = test Ry1=0
Ry; = test Ry, = test
R,; = test R,, = test

Z24=0 Fzq= Teat

e,

Hri-"l!".l Bl o Test

¥ y=0

1= X q= Taal

-L égﬂ- Tiwl
Z3=0

H'.IE‘[I |
10 Ryg=
veo L
Hz=0

assumes remote displacements in X; direction only, the
extortion is composed of 10 equal sequences of displacement,
with the value increasing from 0 to 3.0mm in 0.3-mm
intervals. In the scenario 2, the extortions are experimentally
measured, therefore displacements and rotations obtained
from the tests were discretized into 10 intervals. The
discretization of displacements and angles of rotation of
supports is presented in Fig. 12. The solid lines show the test
results, and the points on the lines are data discretely assigned
to 10 sequences.

The computation was performed using the arch-length
approach with the full Newton-Raphson method [17].

4.5. Comparison between computational results

The results of the computations for the simplified model
(scenario 1) and the scanned 3D model (scenario 2) are
summarized in the following configurations:

¢ a graph showing the displacement-force (reaction) in the full
load range with respect to the test and computational
results,

e 2 graph showing the percentage discrepancy of the
computational results with respect to the test results and

the mutual evaluation of the divergence of the numerical
models,

e maps of reduced stresses, displacements and strains for the
reaction peak value caused by the kinematic extortion of
appropriate models,

e strain area maps with a size of 200 mm x 200 mm located in
the central zone of the computational models.

The results of the analysis of the force as a function
of vertical displacement are presented in Fig. 13. The force
is obtained as a reaction to the actions of extortion
kinematic.

In the graph, the peak forces and the corresponding
displacements are identified. The peak force is reached when
the strength limit of the element is achieved. When this value
is exceeded, the test piece and the computational models lose
their stability (falling curve). Table 5 summarizes the tests and
computational results, which contain the peak values of forces
and their corresponding axial displacements.

Because it is difficult to quantitatively evaluate the
deviation of the computational results from the test results
for each load level in Fig. 13, the test and computational
results are presented in a unified data system for further
analysis.
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Table 6 presents the percentage deviation of the computa-
tional models from the test results over the entire range of
load, determined with the use of the formula:

Agi= FtestAi_Fcal,i 100 [%] (3)

' F test,i
where Fieq, i — test result presented as a reaction initiated by
kinematic extortion on the ith step (i=1, 2, ..., 10), Fea, i —
computational result presented as a reaction initiated by ki-
nematic extortion on the ith step (i=1, 2, ..., 10).

A load step shall be understood as a conventional analysis
interval used by the ANSYS software, in which a change in the
kinematic conditions occurs (see Section 4.4). Table 6 shows
the percentage divergences in the entire range of the analysis.

Table 5 - Test and computation results in relation to the
force peak value.

Test model Numerical model
Scenario 1  Scenario 2
Force [kN] 32.79 34.60 33.14
Displacement [mm] 3.16 3.43 3.11

Divergences in computational results with respect to tests in
the initial stages of extortion increase, reaching approximately
about 13%. In the subsequent steps, as extortion increases, the
divergences decrease; in step 5 of the analysis, the computa-
tional and test results converge, which corresponds to the
force of approximately 22.5kN. Then, the discrepancy
increases and, upon achieving the peak force values, reaches
1.07% for the scenario 2 and 5.52% for the scenario 1.

The computational results are shown as a map of
displacements and stresses in Fig. 14. The figure shows the
map of reduced stress and the map of axial displacement for
reaction peak values caused by kinematic extortion. Addition-
ally, a graph is presented that shows an increase in the
reaction and an increase in the stress reduced as a function of
the increase (10 steps) of the kinematic extortion. The
computational results of the simplified model (scenario 1)
indicate the symmetry of the stress and displacement maps.
The effect of the simplifications is visible, especially in the
transition area between the corrugation web and corrugation
flanges (see Fig. 1). The force peak value in Fig. 14(b) is present
in the plastic zone. As far as the computations of the 3D model
(scenario 2) are concerned, maps at the peak force range of
reduced stresses do not show large areas of stress increase as
in the simplified model (scenario 1). This is due to the
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Fig. 13 - The test and computational results in the coordinate system of force-displacement.

redistribution of stresses in the area of curvature, i.e., the
transition of the corrugated and wavy surfaces (areas A and B,
Fig. 11b). The map of axial displacement is asymmetric, which
means that the computational result is affected by additional
kinematic extortion conditions (rotation of the top support;
see Table 4). The peak reaction value obtained in the 3D model
computation (scenario 2) is in the plastic zone (Fig. 14e), as in
the simplified model. In this case, the stress curve as a function
of the increase in kinematic extortions has a different nature
than in the simplified model. This is due to the use of three
material models assigned to the corresponding cross-sectional
areas (description item 4.1). In both computational scenarios,
the elastic working range of the system is exhausted at a
relatively early stage of the load, i.e., at a force of approxi-
mately 8 kN, which is approximately 25% of the maximum
reaction.

Validation of the numerical models was performed with
the utilization of data obtained from the 3D DIC method

[9,13,18]. The DIC 3D method works in full-field and, in
experimental data, provides much more information than
point-wise techniques. The measurements of displacements
are simultaneously performed in all three directions for
thousands or millions of points. In-plane strains (exx, ¢zz —
strains along x and z coordinates) are calculated from
displacements using the following equations [18]:

w1 o))
= 2| \ax ax

_w 1w
=% "2 \az 0z

In paper [13] the measurements of section of arch-shaped
steel sheets with utilization of 3D DIC method are presented.
The resulting displacement maps, obtained over the entire
sample surface, have been used for the purpose of qualitative
validation of FEM model, estimated accuracy of displacement

Table 6 - Percentage differences between the test and the computational results.

Load step Test Scenario 2 Scenario 1 Scenario 2 Scenario 1
Frest [KN] Fearo [KN] Fearq [kN] Ay [%] formula (3) Ay [%] formula (3)

0 0 0 0 0 0

1.0 3.28 2.85 2.86 13.11 12.80
2.0 9.29 8.38 8.43 9.80 9.26
3.0 14.49 13.54 13.64 6.56 5.87
4.0 18.93 18.27 18.43 3.49 2.64
5.0 22.66 22.47 22.73 0.84 -0.31
6.0 25.72 26.08 26.45 —1.40 —2.84
7.0 28.16 29.02 29.54 —3.05 —4.90
8.0 30.03 31.21 31.91 —3193 —6.26
9.0 31.36 32.58 33.49 —3.89 —6.79
10.0 32.79 33.14 34.60 -1.07 —5.52
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Fig. 14 - Computational results for peak load values, (a) reduced stress map - scenario 1 model, (b) reaction graph, stress as a
function of the increase in extortion - scenario 1 model, (c) displacement map - scenario 1 model, (d) reduced stress map -
scenario 2 model, (e) reaction graph, stress as a function of the increase in extortion - scenario 2 model, and (f) displacement

map - scenario 2 model.

measurements was 20 pm. This accuracy was not suitable for
determining accurate strain field distribution that would be
used in further analysis. Therefore, in analysis presented in this
paper, the area of interest was limited to the centre part of the
measured sample. The area of interest (AOI) covers the area of
200 x 200 [mm?] and is located in relation to the test piece as
shown in Fig. 15. The obtained accuracy of displacement

measurements was 5 pm. The measurement set comprises two
Point Grey Grasshopper (2448 x 2048 pixels) monochromatic
cameras equipped with 70-mm lenses, set at an angle of 30° and
pointing to the same AOI of the specimen (Fig. 15). Measured
displacements contain two components, the displacement of
the sample and the random displacement of the stabilization
plates (the bottom stabilization plate was placed on a bearing).

L

Fig. 15 - (a) Photo of the measurement system based on 3D DIG, (b) technical drawing of the measured sample-front view.
Location of the area of interest, is marked on both images, in the picture (a) by green highlight, in the picture (b) by red border.

149



656

ARCHIVES OF CIVIL AND MECHANICAL ENGINEERING 16 (2016) 645-658

I"".Ur-l

"ﬁlrl_"| ."l'rr S

"'rl..ul

Equivedent stran {Huber-Mizes] [min |

Fig. 16 - Detailed location of the strain observation area, (a) test piece, (b) computational model.

a) ABed 00583 1L7ed

T T TEs

Stain, wortical dimection [mim]

£} Aoed  -15e3 1,083,

T T T T

Srrain, verticsl direction [miml]

T,

E
&

o B,

Fig. 17 - In the pictures areas covering the AOI of 3D DIC analysis are presented: (a) map of elastic strains (X direction) at the
peak load value for the scenario 1; (b) map of elastic strains (X direction) at the peak load value for scenario 2; (c) experimental
map of the strains (X direction); (d) section of the sample with the black lines marked L1, indicating the position of the cross-

section analyzed in Fig. 18.

The displacements of stabilization plates can be treated as rigid
body movements, which do not influence the strain calculation
of the 3D DIC algorithm. Therefore, for the purposes of
validating the numerical models, the obtained strain maps
were used.

For the purpose of determining the quantitative and
qualitative divergences in the computational results with
respect to the strain area, the central area was selected for
computational models. The detailed location of the field of
observation of Huber-Mises strains is shown in Fig. 16. The
horizontal lines indicate the top (H,), the bottom (Hg) border
area and the axial location of the field (H) of the area. The
vertical lines indicate the left and right vertical boundaries and

the axial location of the field of the observation area for the test
piece (Vi test, Vrtest, Vetest), and a similar definition is true for
the area in the computational model (V}ca1, Vi cal, Ve cal)-

The measured sample is corrugated in the X direction, and
therefore the strains in the X direction are considered in the
following analysis. In Fig. 17a-c, the maps of elastic strains of
scenarios 1 and 2 at the peak load value are compared to
measure the strain map at maximum load in the AOI In order
to quantitatively compare the results, the profile L (Fig. 17d) of
strains ¢y is presented in Fig. 18.

The values of minimum and maximum elastic strains for
the 90% of the maximum load (0.9Fmax) fall in the following
ranges:
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Fig. 18 - Strains in the X direction at points along line L1.

® &y, max = 0.0015 mM/M; &yy, min = —0.0016 m/m; scenario 1
® &y max = 0.0012 m/m; ¢y min = —0.0017 m/m; scenario 2

® &y max = 0.0008 m/m; &yy min = —0.0029 m/m; test DIC

The values of maximum and minimum elastic strains for
the max load (Fmayx) fall in the following ranges:

® &y, max = 0.0017 m/m; &gy, min = —0.0018 m/m; scenario 1
® &y max = 0.0019 m/m; &gy, min = —0.0019 m/m; scenario 2
® &gy max = 0.0011 m/m; &gy min = —0.0039 m/m; test DIC

The maps of elastic strains are of a similar nature and
demonstrate the variability of direction in the corrugated area.
Divergences of FEM models in strain limits for the two different
scenarios are approximately 10%. Strain values along the line L
have similar character for both numerical models. Strain
values obtained from tests and numerical simulations
converge (Fig. 18) for the force of 0.9Fax, along the line L, in
its part starting at 25 mm and ending at 100 mm (see Fig. 17). At
the same part of line L, strain values convergence of the
numerical simulations and experimental results for the peak
force (Fmax) decreases. For the part of line L starting at 100 mm,
the strains obtained from the simulation and experiment
differ considerably. Difference between the FEM analysis and
experimental results increases further with the increase of the
applied force, which may be associated with a local loss of
stability in this area.

5. Conclusion and further works

The analysis of arch-shaped covering sections is difficult as
both an experimental test and a computational task because
of the complex geometry and load conditions. The section
geometry results from the conditions of forming by cold
rolling, and loads are arepresentation of the work of a discrete
piece of the self-supporting system of a roof covering.
The tests concerned theimpact of the geometrical parameters
of complex numerical models of section and boundary
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conditions (the method of the model load on the material)
on the searched value, which is the reaction of the kinematic
extortion throughouttheloadrange,i.e. from the zero starting
point to the destruction of the test piece.

Two scenarios were analyzed. The first concerned a
simplified geometry model (our own model), a single parame-
ter extortion (axial displacement) and a bilinear material
model. The second model was characterized by precisely
mapped geometry obtained by 3D scanning, multi-parameter
geometric extortions (axial displacements, angles of rotation
of supports), which mapped the test conditions, and different
material stress-strain relationship assigned to respective
areas on the surface of the model. Computational models
were compared with the test results in relation to the same
parameter, i.e., the reaction resulting from kinematic extor-
tions.

In the process of the analyses, it was demonstrated that the
divergences of the test and computational results of the two
models over the entire area of sought values vary within the
range of 0.3% to 13%. At the peak load value, the model
analyzed in scenario 1 shows a 5.5% divergence of computa-
tional results compared to the tests, and 1.1% in scenario 2.

When analyzing the selected displacement field, the
computational results of both models are presented only with
respect to the elastic strain. Plastic strains diverge consider-
ably.

The strain results in the central 200 mm x 200 mm area
being presented in the elastic range. The calculation results
most similar to the measurements are those obtained from
scenario 2. The results of the calculations in scenario 1
protrude from the others. The reason for this phenomenon
may be dependent on the level of detail of material models and
section geometries. The ability to assess the deformation in a
defined area allows for determining the mechanism and
causes of local instability.

In practical applications, the data adopted for the model
analysis in accordance with scenario 2 are difficult to
implement because some of them (kinematic parameters
extortion, material data) are available only after laboratory
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tests and after the application of a complex 3D geometry
scanning process. The analysis in this case is of a cognitive
nature and provides an answer to the question: “how closely
can modelling approach the actual test conditions?”’ Preparing
the model implemented in accordance with scenario 1
requires relatively few operations compared to the model of
scenario 2. Itis sufficient to correctly enter the geometry of the
measurable section characteristics (overall dimensions, cor-
rugation, and waves) on the basis of measurements with
common instruments and perform verification of the proper-
ties of the output material (steel sheet before section mill
rolling), adopting a simplified bilinear model of the material on
this basis. In this case, some simplifications can be adopted,
e.g., certain features of the section geometry can be ignored,
and intervals and values of load values (kinematic extortions)
can be assumed a priori. Such simplifications do not contribute
to substantial errors (only the evaluation of a single parameter,
the peak value of reaction and displacement, is affected).

By comparing the computation and test verification results,
the ranges for model errors were determined in the full load
area. It was demonstrated that some simplifications of the
geometry, load conditions and material model implemented
in scenario 1 do not significantly affect the result of
computations. At the same time, the adopted simplifications
significantly reduce the effort necessary to prepare the model.

In future, experimental and numerical studies will be
performed on several segments' structure in the laboratory to
investigate the global stability of the metal arch. Next, full-
scale objects in real-life environments will be investigated and
compared to the mathematical model to determine the effects
of the actual conditions of the support and full load-bearing
capacity and stability of the structure. For numerical studies,
an FEM model prepared in accordance to scenario 1 will be
used. The experimental studies will be performed with the DIC
3D method, customized for long-term measurements [19,20].
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1. Introduction

Analysis of engineering failures are aided with numerical modeling as well as with a wide array of NDT methods. The hybrid
numerical-experimental methodology [1] can be used in order to find the cause of failure as well as to prevent future failures.
Important group of methods that are extensively used in the field of engineering failure analysis are optical measurement
methods (OMM), such as spectroscopy, interferometry, or non-coherent light techniques. One of the most successful OMM is
Digital Image Correlation method (DIC) [2]. Recently DIC went through many changes and modifications, what enabled investiga-
tion of failed components in laboratory measurements [3-7] as well as to monitor failure process of engineering structures in field
conditions [8-10]. In the latter case size of an object is often limited by the field of view of cameras. The problem can be overcome
by using multi-camera DIC system. In recent years a few groups of researchers have been working on development of multi-
camera DIC systems, in which data obtained with individual systems are stitched together in a common coordinate system.
Orteu et al. [11] presented an interesting enhancement of a standard camera calibration procedure, which enabled simultaneous
calibration of 4 cameras used in 3D measurements of a sheet metal part during a Single Point Incremental Forming operation. In
the calibration procedure a series of 4n images of a calibration target is acquired (all cameras are viewing the same target). Than,
all unknown calibration parameters (four intrinsic matrices, four distortion vectors and four rigid body transformations) are being
solved in the same minimizing procedure (in this case a Sparse Bundle Adjustment). In the presented solution one of the cameras
is selected as a master camera and 3D data obtained with any pair of cameras used in the system is automatically referenced to
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the coordinate system of the master camera. It has to be noticed that calibration procedure is only possible, when all cameras are
viewing the same calibration target (so there is a part of field of view which is common for all cameras used in the system).
However, when bigger objects need to be measured it is not possible to assure common fields of view of all cameras. In such
cases the cameras can be arranged in a wall-of-cameras configuration (for measurements of flat objects), or surrounding cameras
(for cylindrical objects). Wang in [12] and Chen in [13] used surrounding cameras configuration for measurements of cylindrical
objects. In both papers the authors used each two neighboring cameras as individual 3D DIC system (i.e. in the multi-camera
system consisting of 4 cameras there have been three individual 3D DIC pairs: the first pair consisted of camera 1 and camera
2, the second pair consisted of camera 2 and camera 3 and the third pair consisted of camera 3 and camera 4). Each system
has been calibrated separately, but with sequential utilization of geometrical transformation between cameras it was possible
to reference all data to the common coordinate system. In the presented solution it was required to have some overlaid area
in the field of view of neighboring cameras. Similar surrounding DIC system with three cameras has been presented by Hwang
in [14]. However in this case, the cameras have been placed on a movable frame, what additionally increased the field of view.
Somewhat different approach has been presented in [15] by Leblanc et al. The authors presented displacements and strain
measurements of a wind turbine blade with a single, portable 3D DIC system. In this solution, 16 point clouds representing
different areas of the object have been stitched together using some markers applied to the structure. The solution with portable
3D DIC system is restricted to static measurements only.

In the paper we present a general approach to stitching of data from a multi-camera DIC system. The presented approach can
be applied for measurements in the case, when there are overlaying fields of view of DIC cameras as well as in the case, when
fields of view are distributed and there are no overlaying areas. The developed methodology can be used in failure analysis of
different types of engineering objects (specifically for industrial objects). In the paper we present also two example applications
of the methodology: failure analysis of an installation in a nitrogen plant and development of an accurate numerical model of a
graded metal plate hall's arch in order to prevent its future collapses. DIC analysis presented in the paper have been carried
out with the use of CCI software, which is being developed at the Institute of Micromechanics and Photonics Warsaw University
of Technology.

2. Material and methods

Multi-camera DIC systems can be applied to the wide variety of objects in order to facilitate failure analysis. Thus, spatial data
stitching algorithm has to be tailored as to fit different measurement strategies, namely:

* a strategy when there are overlapping areas of fields of view of cameras,
« a strategy when cameras are distant from each other and there are no overlapping areas of fields of view.

General data stitching procedure concerns measurements with multiple 3D DIC setups. The procedure is based on the standard
camera calibration and geometrical transformation of the individual point clouds gathered in their own coordinate systems into a
common coordinate system. Geometrical transformations between consecutive data sets are estimated using a set of markers
whose 3D positions (x;, y;, z;) in an i-th coordinate system are known. At least 4 markers have to be viewed by each 3D DIC
setup of the multi-camera DIC system. The positions of markers in a common coordinate system can be obtained throughout
different methods, i. e. image processing or geodetic surveying. Determining of the transformation matrix between two coordinate
systems (more specifically between two vectors of 3D positions of markers) is based on the Singular Value Decomposition (SVD)
method [16]. The general data stitching flowchart is presented in Fig. 1.
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Fig. 1. Flowchart of the general data stitching procedure.
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It has to be noted here, that measurement resolution in multi-camera DIC measurements is not constant over fields of view,
because distances between individual 3D DIC setups and a measured object can differ. All data processing parameters and thresholds
have to be set individually for each 3D DIC setup in order to ensure the best quality of the results.

The difference between the two strategies is the method of indicating the coordinates of markers. More detailed description of
both strategies is given below.

2.1. Overlapping fields of view

In this case, additional images of the calibration target viewed by at least two DIC setups have to be acquired to stitch the data
sets. For this purpose, for example, a checkerboard can be used. The coordinate system of one of the setups has been selected as
the main coordinate system. Knowing the 3D positions of markers in the local coordinate systems of both 3D DIC setups we can
determine geometrical transformations between both coordinate systems. This strategy is applied for the first measurement task
namely measurements of a 12 m graded metal plate segment. The accuracy of the method has been discussed in [17].

2.2. Distributed fields of view

In industry, the crucial parts of installations can be distanced by tens (or even more) of meters and therefore distributed
configuration of multi-camera DIC system (with no overlapping areas of fields of view) has to be used. In order to determine
transformations between individual 3D DIC setups, fiducial markers have to be applied to the object. Similarly to the previous
strategy, 3D positions of all markers need to be referenced to the common coordinate system. As none of the 3D DIC setups
view all markers at the same time, determination of markers' positions has to be aided with another method, such as geodetic
surveying. The accuracy of data stitching procedure in this case is dependent on a quality of a standard camera calibration of
individual 3D DIC setups and on the accuracy of the aiding method. The second strategy has been applied in the second example
described in this paper namely measurements of an installation in a nitrogen plant.

3. Measurements of 12 m graded metal plate segment

The object under investigation was a fragment of 12 m span graded metal plate hall's arch [18-20]. The components of such
structures are manufactured directly on building site using a mobile production unit. First, single-wave trapezoidal profile is
cold-shaped from thick coiled steel sheet. Next, the curvature of a desired radius is obtained by corrugating the trapezoidal profile.
The profiles are subsequently connected to each other by cold pressing of seams situated at the edges of upper flanges. Because of
the complex shape of each component, it is difficult to numerically model metal plate hall's arches. Because of the lack of appro-
priate calculation methods, several collapses of such structures happened in recent years. In order to better understand the cause
of collapses of metal plate hall's arches and to prevent future failures it is required to develop an accurate numerical model and
validate it with the experimental data.

In the presented experiment the arch constructed from four individual segments has been investigated. The load has been
provided by a set of strings and longitudinal and transverse beams. The load has been designed as to simulate the presence of
a thick layer of snow on the roof of the arch.

3.1. Calculations

The idea was to develop simplified model of the arch and then update it with the use of experimental data. The simplified
model of the hall included only a single segment of the corrugated metal plates. In order to represent true physical conditions
(in which halls consist of tens or hundreds of segments), influence of the neighboring segments of the arch has been modeled
by boundary conditions. The assumption was that internal segments can move only in force direction (y in global coordinate
system) and in z direction (perpendicular to the ground) and cannot move toward the sides (zero displacements in x direction).
Support conditions restricted displacements and allow only rotations over x axis. Load has been simulated with four forces
(similarly to the experiment). The model has been developed in Ansys software as a Shell 281-type model. The parameters of
the model meshing are given in Table 1 (rules for determination of the parameters are given in [21]). The simplified model is
presented in Fig. 2a, displacements that occurred at the maximum load (together with the image of buckling that occurred during
the experiment) are presented in Fig. 2b.

Displacements extracted from points in which load was applied are presented in Fig. 3 together with the applied load value
(note that numerical simulations were performed only in the range of bearing capacity). Data points are labeled similarly to
the real experiment (see Fig. 5). One can observe that displacements U and W are distributed symmetrically and displacements

Table 1

Meshing parameters of simplified model of the hall's arch.
Number of nodes Number of finite elements Element quality Aspect ratio
49291 49,603 0.829 1.261
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Fig. 2. a) The simplified model of a single segment of the arch, b) displacements at the maximum load and view of the buckling of real structure that occurred.

V are close to zero. The main task in the analysis was to check if the simulated displacements of the model are in line with the
real displacements of the internal segments that occurred during the experiment.

3.2. Measurement procedure and apparatus

The measurements have been carried out with the use of multi-camera DIC system. The system consisted of eight 5MPx
(2448 x2048) Pointgrey cameras equipped with 8 mm focal length lenses. Appropriate cameras were paired and served as four
separate 3D DIC setups. The cameras of all setups were connected to the control computer to synchronize the data acquisition
procedure. Distribution of the cameras and locations of the fields of view are presented in Fig. 4a and b. Fields of view were
additionally illuminated with LED reflectors.

Each 3D DIC setup has been calibrated with the checkerboard prior the measurements. The quality of calibrations have been
expressed as a reprojection error for all systems and a threshold has been set at 0.05px (reprojection errors for all 3D DIC setups
was smaller that 0.05px). Dimensions of the fields of view were approximately 1.8mx 1.5m. Taking into account resolution of the
cameras, accuracy of displacement measurements of each 3D DIC setup can be estimated at 0.05mm.

The fields of view of neighboring 3D DIC setups overlapped each other (Fig. 4) and therefore it was possible to use additional
images of the calibration target (checkerboard in this case) in order to calculate transformations between consecutive 3D DIC
setups (see Fig. 4a and b). In each field of view a random speckle pattern has been applied with the use of a spray gun.

As it was mentioned, the main aim of the experiment was to obtain data, which can be used for validation or updating FEM
model. For this purpose both types of data full-field and point-wise have been extracted from multi-camera DIC data sets.
Distribution of displacements and strain measurement points is presented in Fig. 5. Comparison between numerical and experimental
data was possible thanks to carried out transformations that brought the experimental results to the coordinate system of the

numerical model.
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Fig. 3. Simulated displacements U, V and W of selected points (marked in Fig. 5) and applied force plotted against the time. Numerical calculations were performed
only to range of bearing capacity. The test results are presented in Fig. 7 applies to the full range of loads, including the results after the loss of stability (see the

descending curve of load).
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Fig. 4. Distribution of the cameras and field of views during the measurements: a) Setups 1, 2 and 3 b) Setups 3 and 4; images of the calibration artifact used for
data stitching, captured by c) 3D DIC Setup 1 and c), d) 3D DIC Setup 2.

Data points labeled in Fig. 5 have been selected purposely in order to answer certain questions, which arose during development
of the model. Analysis included in particular:

« Displacements in data points P1 < P8 — which were located on the two internal segments of the arch; locations of these points are
also locations of applied load. Data from points P1 -+ P8 have been used to verify assumptions about symmetry of displacements in x
and z directions and zero displacements in y direction in the internal sections of the arch.

* Displacement maps in different load states in order to assess symmetry of the applied forces (asymmetry in load could result in
asymmetry in displacement maps).

3.3. Results

3.3.1. Data stitching results

The DIC Setup 2 has been chosen as a master setup and its coordinate system has been selected as the global coordinate
system. The fields of view of Setups 1 and 3 overlapped the field of view of Setup 2, thus direct transformation from these setups
to Setup 2 could have been determined. The field of view of the Setup 4 overlapped the field of view of Setup 3. Transformation
from Setup 4 to Setup 2 could be carried out sequentially: at first transformation from Setup 4 to Setup 3 and after transformation
from Setup 3 to Setup 2. Data stitching procedure was in accordance with the flowchart in Fig. 1, however additional step has
been made in order to transform the data from the global coordinate system to the coordinate system in which xy plane was
parallel to the ground and z axis was perpendicular to the ground. This step was necessary to agree coordinate systems of the
measurements and numerical simulations.

The transformations have been determined with the use of simultaneously acquired images of the chessboard calibration
artifact. Chessboard corners viewed by each camera have been detected and subsequently used to calculate 3D position of each
marker in coordinate systems of the respective DIC setup. The accuracy of determination of 3D positions depends strongly on
the quality of the standard camera calibration procedure, which has been carried out before the measurements start.

The obtained results of data stitching (transformation parameters and obtained transformation errors) are presented in
Table 2.

One can observe that transformation errors were in the most cases smaller than 0.5mm which is a good result taking into
account dimensions of the measured object (please note here that obtained errors are one order of magnitude bigger than

p2 P4 PE. P8

Fig. 5. Distribution of displacements and strain measurement points overlaid on the scheme of the measured object (top view).
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Table 2

The results of transformation calculations.
T Tx[mm] Ty[mm] Tz[mm] Rx[] Ry[’] Rz[’] Terror[mm]
1-2 —536.71 —120.60 —403.82 —0.06 —043 —0.03 0.48
3-2 3021.06 —60.17 1577.21 0.012 —0.74 —0.02 0.24
4-3 885.71 —150.78 —322 —0.07 0.39 0.007 0.25

displacement measurement errors obtained in individual 3D DIC setups). Although Setup 4 and Setup 2 did not have an overlaying
areas of fields of view, the transformation between these two setups could have been determined sequentially (as a product of
43 and 3 2). The final stitching error in this case is a sum of 3— 2 and 4 3 errors.

3.3.2. Measurement results

Displacements of two internal segments of the arch calculated for an example load state are presented in Fig. 6. Displacement
values have been coded in color and overlaid on the point cloud obtained with the data stitching procedure. Areas between neighboring
AOTI's (with no data) have been thresholded due to higher correlation error at the edges of the images (because of the depth of focus).

One can observe asymmetry in displacement maps of internal segments of the arch. In U displacement map (Fig. 6a) it can be
observed that the hall has moved in the direction toward one of the supports, in V displacement map (Fig. 6b) it can be seen that
internal segments of the hall have drawn aside (by approximately 26mm), in W displacement map (Fig. 6¢) it can be observed
that loading has not been applied symmetrically to the arch. The buckling occurred outside the field of view of the multi-camera
DIC system, however, the influence of buckling can be observed in obtained displacement maps (bigger Udisplacements and
positive W displacements on one of the arch's ends). Mentioned observations are also reflected in displacements versus time
plots (presented in Fig. 7).

These observations show imperfection of the real object and are sources of inconsistency between measurement results and
FEM simulations of the internal segment (see Fig. 3). Results will be used to update the model and boundary conditions in the
next steps.

4. Measurements of installation in a nitrogen plant

The second application of multi-camera DIC system concerns analysis of the ammonia synthesis installation 8. A reactor
and synthesis gas pipelines are crucial elements of the installation, which are prone to frequent unsealing, explosions and fires.
Operating parameters of the installation are 200bar pressure 300 C 400 C temperature and highly explosive medium (hydrogen).
In the past, explosions and extensive fires of the higher levels of the reactor and pipelines have been occurring frequently. As a result,
the pipelines suffered permanent deformations and the properties of a system of suspensions and supports have been changed
(actual displacements did not correlate with the design assumptions).

The installation contains three individual pipelines (a supply pipeline and two outlet pipelines), which are connected in a
single element (called ‘the cube’). There are two locations in which leakages occur: (i) a connection of the valve body with the
bell and (ii) a connection of the cube (at the top of the reactor) with the bell. The first of these connections is sealed with the
special ring covered with a silver coating, while the second connections is sealed with c-ring or o-ring metal (nickel) gasket.

The main aim of the measurements was to investigate purpose of the frequent malfunctions, develop a new, updated numerical
model of the installation and the crucial connectors, simulate actual working conditions, modernize the connections and verify
the new types of sealing. The key to determining actual working conditions of the sealed surfaces is to indicate interactions between
pipelines and connector pipes in unstable heat states. Due to unstable working conditions of the reactor, the displacements of crucial
elements (in the area of connections) had to be measured experimentally.

Kinematic extortion in the form of the measured displacements of the reactor's cube have been used as an input of the new,
updated numerical model of the installation. Analysis of the model enabled determination of interactions between pipelines, the
cube and the critical connections. Also, the simulations have been used to verify if displacements of suspensions were within the
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Fig. 6. Example results of displacement measurements obtained with multi-camera DIC data stitching procedure: a) U displacements, b) V displacements,
¢) W displacements.
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Fig. 7. Displacements U, V and W of selected points and applied force plotted against the time.

designed operating range. Obtained interactions (forces and moments) between pipelines and the cube have been subsequently
passed to the detailed model of the sealed connection.

The data about the installations have been gathered over a years of service. Back to 80s or 90s during each overhaul the point
displacements have been measured by geodetic surveyings. The modern measurement techniques, such as DIC, enable much more
sophisticated analysis but it is important to keep a coherence between results obtained with old and with modern techniques. It
can be achieved by referencing the DIC measurements to the global coordinate system (determined by previous measurements).
However, because of the dimensions of the installation and its complex shape it was not possible to cover whole installation with
the DIC measurements. Instead, a multi-camera DIC system containing three 3D DIC setups has been used to monitor crucial parts
of the installation. The multi-camera DIC system provided information about local displacements/strain fields as well as information
about total elongation of the pipelines segments. The installation has been monitored during shutdown and during start-up.

4.1. Calculations

Experimental data has been used to identify real structure deflections and validate and update numerical model of the installation.
Geometrical dimensions have been adopted from the documentation and geodetic measurements. FE analyses have been done by
ANSYS Multiphysics Software. The calculations have been carried out with the use of beam elements, specialized in pipelines analysis.
Elements had six degrees of freedom (meshing parameters are given in Table 3). The discretization of the model is presented in Fig. 8b
and example displacements (matching measured deflection) in hot state are given in Fig. 9. The computations carried out enabled to
determine a force and a force couple reactions of pipelines on the cube in transient load conditions. These loads were then passed to
the separate 3D FE model of the crucial flange connection including nonlinear gasket material (Fig. 13). This helped to analyze leakage
reasons which were mainly resulting from wrong gasket design. The new gasket system with a protecting ring and adequate bolt
prevention solved the outflow problems in the future operation 13. Example displacements in hot state are presented in Fig. 9.

Determined interactions between pipelines and the cube have been passed to the detailed model of the connection.

4.2. Experimental results

Three crucial areas of the installation have been selected to be monitored with 3D DIC setups: (i) the reactor's cube, (ii) vertical
fragment of a supply pipeline, (iii) horizontal fragment of one of the outline pipelines. A random speckle pattern has been spray
painted on the object in each field of view. Data obtained from the first area have been used as the initial kinematic extortion for
the numerical model, while the data obtained from the other two areas have been used to verify correctness of the model.

The locations of 3D DIC setups are shown in Fig. 10a and in Fig. 8b. Areas of interest of DIC setups are marked with green
rectangles in Fig. 10a, b and c. Fields of view of were additionally illuminated with LED reflectors. Each 3D DIC setups consisted
of a pair of 5Mpx (2448 x 2048) PointGrey cameras. The cameras were equipped with 8mm or 16mm (the third setup) focal
length lenses. All individual 3D DIC setups have been calibrated with a checkerboard prior the measurements. Reprojection
error threshold has been set at 0.12px in this case (dimensions of fields of view significantly hindered the calibration procedure).
Taking into account resolution of the cameras, displacement measurement errors in individual setups can be estimated at
0.15mm, 0.1mm, 0.28mm respectively.

The measurements have been also aided with temperature measurements (IR camera and pyrometer). The IR camera has been
installed together with cameras of the DIC system 1 (see Fig. 10a).

Table 3
Meshing parameters of the pipeline model.
Number of nodes Number of finite elements Element quality Aspect ratio
683 621 NA for 1D model NA for 1D model
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Fig. 8. a) Image of the investigated installation, b) discretization of the model of the pipeline.
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Fig. 9. Displacements calculated with the use of numerical model of the pipeline in the hot state: a) in x direction, b) in y direction, c) in z direction.
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Fig. 10. Monitoring of a nitrogen installation: a) view of the installation with indicated locations of three DIC setups and the location of AOI 1, b) view of the
location of AOI2, c) location of the DIC Setup 3 and location of AOI3.

The measurements have been carried out in two series. The first series covered the cooling down of the installation before
the repair works and the second series covered the start-up of the installation after finishing the repair works. Both series of
measurements lasted for approximately ten hours.

4.2.1. Data stitching results

Because of the dimensions of the installation and distances between selected areas to be monitored, it was necessary to use
distributed configuration of the multi-camera DIC system. As one can observe in Fig. 10, it was not possible to determine the
transformation between coordinate systems of each setup by using a calibration target viewed by two systems at the same
time. Instead, a strategy for distributed fields of view had to be used. For the data stitching procedures a set of fiducial markers
had been used. Position of the markers had been determined in a global coordinate system with the use of geodetic surveying.
Directions of the global coordinate system are indicated in Fig. 8b.

Fig. 11. Field of views with marked positions of fiducial markers used for determination of geometrical transformation between coordinate systems and locations
of points of further analysis: a) DIC Setup 1, b) DIC Setup 2, c) DIC Setup 3.
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Several checkered markers, which could be easily detected with image based measurement methods, have been placed in the
areas of interest. Each DIC setup viewed at least 5 markers. 3D position of each marker in the local coordinate system has been
calculated in the coordinate system of appropriate DIC setup. In the next step, 3D position of each marker has been determined
by geodetic surveying in the global coordinate system. The global coordinate system was consistent with former surveying and
technical drawings of the installation. Example images with fiducial markers acquired by DIC systems are presented in Fig. 11.
Markers have been removed before the displacement measurements start as not to obscure the areas of interest.

Similarly to the previous example, 3D positions have been then used to stitch the data obtained with multi-camera DIC system.
The difference is that in this case, the aim was to determine transformations between local 3D DIC coordinate systems and
the global coordinate system of geodetic surveying. The estimated transformations together with the transformation error are
presented in Table 4. The lack of data for DIC Setup 2 in measurement series 2 was due to the fact, that the markers placed in
the field of view of the DIC Setup 2 had to be removed before the repair (just after the first measurement series).

As one can observe in Table 4, obtained transformation errors are much bigger that displacement measurement errors obtain-
ed in each 3D DIC setup. The biggest T, (more than 50mm) has been obtained for DIC Setup 2 in both measurement series. The
DIC Setup 2 covered the biggest area of interest, what made the camera calibration process quite difficult. The obtained calibration
error was 0.12px what influenced the accuracy of markers detection and in consequence hindered the estimation of the transfor-
mation matrix. Additionally, markers stuck to the structured were close to the edges of the recorded images and out of focus.
Using bigger calibration target during calibration process and applying more markers in the area of interest (especially in the
central part of the FOV) would significantly increase the quality of transformation estimation process. Transformation errors
obtained in other two DIC setups were lower than 10mm what is acceptable in industry. However, it must be pointed out that
the accuracy of transformation can be significantly increased in future measurements by:

» utilization of a bigger calibration target,
« application of more markers in the central partof the field of view,
» preparation of markers, which can be more accurately detected by image processing procedures.

4.2.2. Measurement results

Having data from all DIC setups in the common, global coordinate system enabled global analysis of the behavior of the
installation and extract the data required as initial parameters for the numerical model. Example W displacement maps for
each 3D DIC setup are presented in Fig. 12. The exact locations of the selected data points, that have been used in the model
are presented in Fig. 12.

The main advantage of the presented combination of local and global measurements over simple geodetic surveying is that
displacements of each point of the installation which is viewed by one of the DIC setups can be individually analyzed after the
measurements. This is especially important in the case when behavior of the object is difficult to be predicted (e.g. industrial
installations after many years of service). Stitching the data from few DIC setups and transforming obtained data to the global,
geodetic coordinate system allows to use more data for modification and validation of a numerical models of pipelines (Fig. 9)
as well as to give better estimation of the health of least reliable areas of the installation. The next step was to redesign crucial
flange connection applying new gasket set. Detailed FEM analysis showed that both stress level and tightness of new flange
connection under common and extreme working conditions are acceptable and safe (Fig. 13). Meshing parameters are given in
Table 5.

5. Conclusions

In the paper we presented two different strategies of stitching of data obtained with multi-camera DIC system. Both strategies
can be used for proper pre-processing of data used in failure analysis of industrial installations and civil engineering structures.
The feasibility of the first strategy has been presented in the example of extending the field of view of the standard 3D DIC system
in measurements of a metal plate segment. In this way it was possible to present displacement maps of relatively complex object
in a common coordinate system and use the obtained data to update numerical model of the hall's arch. Hybrid experimental-
numerical methodology can be used to prevent future failures of similar object. The field of views of individual 3D DIC setups
have been purposely set to have overlaying areas of interest. Discrepancies of results obtained in this area after applying the
data stitching procedure allowed the assessment of the accuracy of the procedure. It has been shown that errors are related to

Table 4
Parameters of the transformation matrices between local coordinate systems and the global, geodetic coordinate system.
DIC setup Tx[mm] Ty[mm] Tz[mm] Rx[°] Ry[°] Rz[°] Terror/mm]
s1 Setup 1 120,670 —11,685 280,366 —0.02 —3.08 0.05 2.59
s1 Setup 2 279,909 52,561 92,563 0.02 293 —1.05 52.08
s1 Setup 3 —3834 198,799 235,607 2.11 0.02 —0.04 5.08
s2 Setup 1 - - - - - - -
s2 Setup 2 289,559 —79,401 17,159 0.03 —2.66 —1.52 58.22
s2 Setup 3 —10,562 197,077 236,683 2.11 0.02 —0.01 9.74
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Fig. 12. Example displacement maps referenced to the global coordinate system a) W displacement map obtained in AOI1, b) W displacement map obtained in
AOI12, c) U displacement map obtained in AOI3.

the quality of transformation rather than to the load state. Performing more accurate calibration would have reduced the
transformation error and would have enabled more precise displacement maps in multi-camera configuration.

The second presented strategy, in which geodetic surveying is used to reference DIC data to the global coordinate system,

is well-tailored for measurements of installations in industry. The combination of local and global data can be extremely helpful
for calibration of the numerical models of old installations, which after years of service do not operate in accordance to design
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Fig. 13. FEM results for crucial flange connection of pipeline to the reactor's cube (head) at operating conditions (including pipelines deformation and reaction):
von Mises equivalent stress distribution [MPa] at connection (a) and flanges (b); gasket pressure distribution [MPa] and gasket pressure-closure properties (c).
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Table 5
Meshing parameters of the gasket model.
Number of nodes Number of finite elements Element quality Aspect ratio
8535 0.756 2.19

assumptions. In the presented case, the methodology has been used to investigate the cause of former failures of the nitrogen
installation as well as to prevent its failures in the future. Although accurate displacement measurement results have been
obtained in each individual 3D DIC setup, the final results in global coordinate system are error-burdened due to the accuracy
of transformation estimation. In two of three field of views an acceptable quality of transformation has been, but there is
still some space for the improvement. The quality of estimation of transformation between local (DIC) and global (geodetic)
coordinate systems is dependent on the quality of surveyings, quality of calibration of DIC setup and the quality of image processing
procedures used for detecting markers. The latter source of possible errors is also connected with the quality of markers itself.
Increasing quality of all mentioned components of the data stitching procedure will allow to keep the transformation errors at the
level of 2 +3mm.

The results obtained in both examples have been used to validate or calibrate numerical models. This in turn can be used
to analyze the cause of failures and to help in indication of locations for further assessment of the structures: i.e. for material
analysis, defectoscopy, seal of flange connection. As a final effect, experimentally validated models of the large objects or industrial
installations can be used for assessment of structural health of the structures, improvement of their safety and predict the
future failures.

The main task in the future works is to decrease transformation error in the case of distributed multi-camera DIC measurements.
Some basic steps that can be taken in order to achieve this goal have been indicated in Section 3.3.1 and Section 4.2.1. Another
direction of the future works will be to use the method for automatic merging of 3D DIC data distributed in time [22,23] (introduced
for a single 3D DIC setup) for temporal stitching of the data obtained with multi-DIC systems. Surveying can be used to calculate
transformation between coordinate system of data sets gathered over a long period of time.
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A multi-camera digital image correlation (DIC) method and system for measurements of large engineering ob-
jects with distributed, non-overlapping areas of interest are described. The data obtained with individual 3D
DIC systems are stitched by an algorithm which utilizes the positions of fiducial markers determined simulta-
neously by Stereo-DIC units and laser tracker. The proposed calibration method enables reliable determination
of transformations between local (3D DIC) and global coordinate systems. The applicability of the method was

proven during in-situ measurements of a hall made of arch-shaped (18 m span) self-supporting metal-plates. The
proposed method is highly recommended for 3D measurements of shape and displacements of large and com-
plex engineering objects made from multiple directions and it provides the suitable accuracy of data for further
advanced structural integrity analysis of such objects.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The 3D digital image correlation (3D DIC) technique (also known
as Stereo-DIC) is the well-established non-coherent light based method
which provides full-field, non-contact measurements of shape, displace-
ments and strains of engineering objects [1]. The 3D DIC method is a
combination of 2D DIC (which uses a single camera and provides in-
plane displacements) and stereo-vision provided by a pair of cameras.
The 3D DIC is suitable for shape and deformation measurements of both
- planar and curved objects and it can measure all three components of
displacements of a test object. The method is characterized by scalable
sensitivity and dimensions of a field of view and simple instrumentation.
Since its origin in the early eighties [2] it has undergone many changes
and modifications, which have improved computation efficiency and ac-
curacy [3-71, adapted to new application fields [8-12], enhanced the
hardware [13-15], provided solutions to work in extreme environments
[16,17] and enabled new measurement possibilities, such as 3D strain
fields determination [18]) or performing measurements distributed in
time [19]. Despite all this progress, 3D DIC, similarly to other machine
vision based methods, faces the basic problem which is an interdepen-
dence of the accuracy and field of view (FoV) of a single 3D DIC system.
It means that the accuracy of displacement measurement decreases with
the increased FoV. The most frequent solution to this problem is extend-
ing a FoV through implementation of multiple cameras and further com-
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bining the data by means of a spatial data stitching (SDS) algorithm in
which data obtained with individual systems are stitched together into
a common coordinate system. A SDS algorithm has to be tailored to fit
one of two measurement strategies, namely:

o the strategy with overlapping areas of fields of view of multi-camera
DIC,

o the strategy with fields of view of multi-camera DIC distanced from
each other and with no overlapping areas.

The first strategy, which is possible only when any two neighboring
measurement systems (or all of them) have overlapping area within their
fields of view, is described in papers [20-23]. The calibration target in
the overlapping area can be viewed by at least two systems at the same
time. The knowledge of the 3D position of markers within calibration
target in the local coordinate systems of 3D setups enables calculation
of the geometrical transformation between coordinate systems of 3D se-
tups. Specifically when big objects need to be measured it is not possible
to assure common fields of view of all cameras (in contrast to [20] so-
lution). In such cases, the cameras can be arranged in a wall-of-cameras
configuration (for measurements of flat objects), or surrounding cam-
eras (for cylindrical objects). Wang in [21] and Chen in [22] applied
surrounding cameras configuration for measurements of cylindrical ob-
jects. In both papers the authors used each two neighboring cameras as
individual 3D DIC system. Each system has been calibrated separately,
but with sequential utilization of geometrical transformation between
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cameras it was possible to refer all data to the common coordinate sys-
tem. In the presented solution it was required to have some overlaid
area in the field of view of neighboring cameras. Somewhat different
approach has been presented in [24] by Leblanc et. al. The Authors re-
alized displacements and strains measurements of a wind turbine blade
with a single, portable 3D DIC system. In this solution, 16 point clouds
representing different areas of the object have been stitched together us-
ing a set of markers applied directly to the structure. The solution with
portable 3D DIC system is restricted to an object which is changed in
incremental way, while staying static through the entire measurements
process.

Although the first measurement strategy extends significantly the
ability of 3D DIC method to measure big objects, in many cases it is
still insufficient. In industry, the crucial parts of installations can be dis-
tanced by tens (or even more) of meters and therefore the second mea-
surement strategy with the distributed configuration of multi-camera
DIC system (with no overlapping areas of fields of view) has to be used.
When implemented, it is extremely useful for such important tasks as
validation of numerical models of complex buildings [24] or civil engi-
neering structures [25], as well as calibration of the numerical models
of old installations (e.g. pipeline network in chemical industry), which
do not operate in accordance to design assumptions due to many years
of service. The first attempt to provide the measurement methodology
in this scenario was presented by Malesa et al. in [23]. In this case,
the data stitching procedure was performed with the use of external
method, namely geodetic surveying. In order to determine transforma-
tion between individual 3D DIC setups, fiducial markers were applied
to the object. Similarly to the previous strategy, 3D positions of all the
markers need to be referenced to the common coordinate system. As
none of the 3D DIC setups view all markers at the same time, deter-
mination of the markers positions was performed by geodetic survey-
ing. The accuracy of data stitching procedure in this case is dependent
on the quality of a standard camera calibration of individual 3D DIC
setups and on the accuracy of the aiding method. Unfortunately, the
utilization of geodetic surveying technique had not provided the suf-
ficient accuracy of data stitching. In this paper, in order to overcome
the limitations of the existing multi-camera 3D-DIC systems employed
to displacement measurement for big engineering objects with areas of
interests distributed in space, the authors proposed to employ a laser
tracker [26] as the aiding method. During the measurements, the laser
tracker follows (by means of an angular encoder and interferometry) the
position of optical target (marker) with high accuracy. The laser tracker
measures the position of markers in a global coordinate system, simul-
taneously 3D DIC systems measure the position of markers noticeable in
their individual fields of view. Information on markers position in global
and local coordinate systems, enable transformation of local coordinate
systems of each 3D DIC system to common coordinate system. The high
accuracy of the transformations has been validated by means of coordi-
nate measuring machine in laboratory conditions. The effectiveness and
performance of the proposed method and system are verified perform-
ing measurements and monitoring of a hall made of arch-shaped (18 m
span) self-supporting metal-plates exposed to weather conditions.

2. General concept of measurements in distributed fields of view

The main challenge during the measurements of an object with
distributed (non-overlapping) fields of view is connected with trans-
forming many local coordination systems of a single 3D DIC setups
into a single global coordinating system. The procedure is based on a
standard geometric transformation between local coordinate systems
(0x,v,Z,,....,0X,Y,Z, - related to each individual 3D DIC setup,
where n indicates the number of 3D DIC system) and global coordi-
nate system (OX,Y,Z, - related to the laser tracker). The scheme of two
3D DIC setups representing the general approach with multiple 3D DIC
setup is shown in Fig. 1. Geometrical transformations are estimated us-
ing multiple positions of a fiducial marker (P4, ..., P,,,, where n - index
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Fig. 1. Schematic drawing of configuration of multiple (here: n=2) 3D DIC setup applied
for distributed FOV measurement scenario, with laser tracker.

of 3D DIC measurement setup, m - position of point within n-th AOI),
which is sequentially placed in the area of interest (AOI) of local 3D DIC
setups. 3D positions of the marker in local coordinate systems are deter-
mined with the use of image processing algorithms (to find its 2D pixel
coordinates) and triangulation (to calculate real world 3D coordinates).
At the same time, positions of the marker in the global coordinate sys-
tem are determined by a laser tracker. Transformation parameters (ro-
tation: R, Ry, R, and translation: T,, T, T,) between local and global
coordinate systems (more specifically between vectors of 3D positions of
markers) are obtained with utilization of Singular Value Decomposition
(SVD) method [27]. The general data stitching flowchart is presented in
Fig. 2.

2.1. Measurements of positions of a fiducial marker

The main difficulty in simultaneous measurements of 3D positions
of markers with 3D DIC setups and laser tracker is that an optical target
(which is used for laser tracker) is not suited for image processing al-
gorithms. The optical target is a retro-reflector in a spherical, polished,
steel housing. Precise detection of the center of the optical target with
the image processing procedures would be difficult if not impossible
(Fig. 3a)). In order to overcome this obstacle, the optical target was
replaced by ball bearing painted with white matt paint (Fig. 3b)). Re-
peatability of the positioning of the optical target (for laser tracker) and
ball bearing (for 3D DIC setup) has been ensured by using magnetic
holder, consisting of large magnet attached to the measured metal sheet
and a smaller magnet with cylindrical hole for the optical target and
ball bearing (Fig. 3c)). The position of the center of the white ball bear-
ing was determined with utilization of the image processing procedures
(chapter 5 [28]). In order to achieve proper contrast at captured images,
a black sheet of paper was placed below the magnet with a cylindrical
hole (Fig. 3d)). The diameter of the ball bearing was the same as the di-
ameter of the optical target’s housing. In order to avoid the measurement
error which could be caused by the thickness of paint layer, the area of
ball bearing which was attached to the magnetic holder was not painted.
This approach assured the repeatability of the position of the center of
optical target and ball bearing in a magnetic holder. Each measurement
of the position of a fiducial marker was proceeded in three steps, (i) the
position of optical target was measured by the laser tracker, (ii) the opti-
cal target was replaced by ball bearing and its position was measured by
stereoscopic system, (iii) the ball bearing was replaced by optical target
in order to verify the position of a magnetic holder by the laser tracker.
If the shift of position was larger than 0,1 mm the measurement proce-
dure was repeated. In order to capture multiple positions, the magnetic
holder was moved within AOI (m > 4, m - the number of fiducial marker
position).
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Fig. 2. Flowchart of the data stitching procedure, n - indicates the number of 3D DIC systems.

magnat with
| oylingrical hole

Fig. 3. Fiducial markers: a) optical target, b) ball bearing painted white matt, ¢) magnetic holder with a cylindrical hole for fiducial markers, d) a fragment of image with ball bearing

captured by one of cameras.

2.2. The accuracy of displacement measurements

The 3D DIC method is mainly used to determine the displacements of
the measured object, as in this case. Therefore, during development of
new DIC configurations the determination of the accuracy of displace-
ment measurements is very important. In the case of multi-camera DIC
method with distributed fields of view the error analysis considers:

o the accuracy of displacement measurement of individual 3D DIC se-
tups,

e an impact of data transformation between local and global coordi-
nate systems.

The accuracy of displacement measurements of multi-camera 3D DIC
system will be determined by the lowest accuracy of a component 3D
DIC setup.

Good estimation of the accuracy of 3D displacement measurements
can be reprojection error, which will be considered in this work as the
displacement measurement error. The reprojection error signifies an im-
age distance between a projected point and a measured point. The 3D
coordinates of the projected point are determined with triangulation
equations after the stereo-calibration procedure.

The accuracy of estimation of a transformation between local and
global coordinate systems can be determined by calculating mean square
errors of distances between 3D positions of markers in the global coor-
dinate system (obtained by laser tracker) and 3D positions of markers
(obtained by stereo vision system) after transformation from local coor-
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dinate systems. In the case of displacement measurements, the transfor-
mation error obtained in the data stitching procedure cannot be directly
taken into account, this error determines the misalignment between the
global coordinate system and local coordinate system of individual 3D
DIC systems, which cause cosine error in the case of displacement mea-
surements. In order to determine the influence of this error on the ac-
curacy, the angle between the two planes matched to the two groups of
points will be calculated. First group includes position of fiducial mark-
ers (optical target) determined by laser tracker, second group includes
positions of the corresponding fiducial markers (ball bearing) but deter-
mined by stereoscopic system transformation to global coordinate sys-
tems.

3. Validation of the accuracy of displacements measurements

The performed tests consider the validation of the accuracy of dis-
placements measurements, which in multi-camera 3D DIC system is de-
termined by the lowest accuracy of a component 3D DIC setup. There-
fore, the laboratory tests were performed with utilization of a single
3D DIC setup. The obtained displacement measurements results were
transformed into global coordination system (according to the proposed
methodology) and compared to reference data. In laboratory conditions
the field of view (FOV) was significantly smaller than intended in in-situ
measurements. In consequence, the accuracy of displacement measure-
ments in laboratory conditions increased when compared to in-situ mea-
surements. According to metrological practice, a measurement method
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Table 1

Estimated transformation parameters and estimation errors.
Tx [mm] Ty [mm] Tz [mm] Rx [deg.] Ry [deg.] Rz [deg.] Error [mm]
350.743 —259.542 148.682 -1.756 —0.158 0.183 0.24

. h
% three-poink
Suppon

&)

Fig. 4. a) measurement setup in a laboratory, b) designed test object.

should be validated by means of a method which accuracy is at least
one order of magnitude higher. In the case of laboratory measurements
of small objects, the obtained accuracy of 3D DIC system (90 um) is
comparable with the accuracy of a laser tracker system, the maximum
accuracy of laser tracker (Leica AT 901 B) would achieve the value of
20 um. Therefore, the proposed data stitching method has to be vali-
dated with utilization of a coordinate measuring machine (CMM), the
Carl Zeiss ACCURA 7 with the accuracy of 2 pm.

In order to perform laboratory measurements, a special test object
(Fig. 4) had been designed. The test object consists of a flat front plate
(size 150 mm x 120 mm) with speckle pattern applied and point P1
marked at the center of the object. Four magnetic holders with cylin-
drical hole for fiducial marker were fixed to the corners of the front
plate. In the middle of the front plate (around point P1), a three-point
support was placed, which enables unambiguous positioning of fiducial
marker. The bottom plate with mounting holes enabled to fix the test
object. Measurements of the sample have been performed with the 3D
DIC system, which comprises two 5 MPx (2448 x 2048) Pointgrey cam-
eras equipped with 8 mm focal length lenses, the FOV covered an area
of 0.8 m x 1 m. Reprojection error after calibration of 3D DIC system
was 0.09 mm.

The validation started with measurements of four positions of the
optical target (by CMM) and ball bearing (by 3D DIC) attached to the
magnetic holders, which enable calculation of a transformation matrix
between local coordination system (related to 3D DIC) and global co-
ordination system (related to CMM). Obtained transformation parame-
ters, as well as transformation errors, are given in Table 1. According to
Section 2.2, the obtained transformation error is 0.24 mm, the obtained
angle was 0.03 degrees, therefore the error caused by this misalignment
was 0.08 pm/m. The obtained displacement measurement error equaled
0.09 mm +/- 0.08 pm/m.

Next, the measurements of the position and displacements of point
P1 were performed, which have been measured directly by 3D DIC sys-
tem. CMM measured the position of point P1 indirectly. First, the posi-
tion of the center of the optical target attached to the three-point support
had been measured and then - the position of the front plate Next, the
position of the center of the optical target has been projected on the
front plate surface. The coordinates of the projected point corresponded
to the position of point P1. Reference displacements were calculated
as differences in positions of point P1 (referring to the first position)
measured by CMM. It is worthwhile to notice that the error of a pos-
sible misalignment between the position of point P1 and responding
point (obtained as projection of the center of the optical target on the
front plate surface) had no effect on displacement measurement error
(estimated value below 0.1 pum/m). The measurements of 21 random
displacements of point P1 (gauges) were performed. During the mea-
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Fig. 5. a) Outside image of the measured hall, b) measurement set-up.

surements, the test object was moved in the range of 27 mm and 15°.
The measurement error was calculated as difference between the CMM
reference measurement and the 3D DIC measurements of the displace-
ments of point P1. The maximum error values amounted 0.046 mm,
0.061 mm, 0.025 mm respectively, for X, Y, Z axes of the global co-
ordinate system and 0.084 mm resultant spatial error. Measurement
uncertainty at the confidence level of 95% (doubled standard deviation
value) amounted 0.047 mm for spatial measurements.

The performed measurements validated the assumed displacement
accuracy of multi-camera 3D DIC system which utilizes the proposed
procedure of data stitching, the estimated accuracy was 0.09 mm
+/- 0.08 um/m, while the obtained measurement uncertainty was
0.047 mm.

4. Measurement of construction made of self-supporting
metal-plate structure

4.1. Measured object

The first implementation of the proposed method was performed
during in-situ measurements of hall made of arch-shaped self-supporting
metal-plates (Fig. 5a)), in cross-section of an arch, 8 m high and 18 m
wide. Each arch-shaped metal plate has a cross section of a trough, the
arches are jointed by double lock seam. This is a new type of buildings
in civil engineering adopted directly from military applications, charac-
terized by low cost and time of production. However, due to complex
geometry and boundary condition (due to plastic deformations, cross
section of a trough, a goffer pattern), the FEM model of this structure
requires updating with utilization of experimental investigation [29-
32].

170



K. Malowany et al.

Optics and Lasers in Engineering 98 (2017) 198-204

Table 2
Estimated transformation parameters and estimation errors.
Setup  Tx [mm] Ty [mm] Tz [mm] Rx [deg.] Ry [deg.] Rz [deg.] Error [mm]
AOI1 11574.70 —160.80 3940.86 0.7523 —0.0042 3.0481 1.35
AOI2 9316.39 -71.04 4430.90 —0.3642 0.0761 3.0997 1.63
AOI3 4389.34 —149.94 3488.92 0.0461 0.1375 0.0000 3.06

Table 3
Estimation of displacement measurements error for individual AOL

Setup Measurement error Angle between Cosinuse error
of each DIC setups planes a [deg] (1-cos a) [pm/m]
[mm]

AOI'l 0.21 0.09 1.27

AOI 2 0.17 0.02 0.05

AOI3  0.24 0.03 0.16

4.2. Measurement set-up

During the test, multi-camera DIC setup observed three AOI, which
covered the localization of points corresponding to the numerically pre-
dicted positive and negative maximum displacements (caused by snow
and wind). The location of points was calculated with the use of FEM
model. Each AOI covers the area of 2.5 m x 1.5 m and distance be-
tween neighboring AOIs is approximately 4 m. The speckle pattern
was fabricated with the use of white&black paint, the measured AOIs
were reachable from the ladder. The measurement setup consisted of
six 5 MPx (2448 x 2048) Pointgrey cameras equipped with 8 mm focal
lenses. Cameras were connected to one control computer, in order to
synchronize the data acquisition procedure. Appropriate cameras were
paired and served as three separate 3D DIC setups. Each 3D DIC system
was calibrated with utilization of standard chessboard calibration tar-
get. In order to ensure appropriate light conditions during the measure-
ments, fields of view were illuminated with LED reflectors. Multi-camera
DIC system was placed on the 6 m high and 10 m wide buildings tem-
porary scaffolding (Fig. 5b)). The laser tracker was located 7 m from
the scaffolding. In the studies, the Leica AT 901 B laser tracker was
used. The accuracy of the system depends on the operating mode. In
the interferometer mode the maximum permissible error is 0.004 mm
+ 0.003 mm/m, whereas in the rangefinder mode it is 0.015 mm +
0.006 mm/m. Due to the conditions during the measurement (inter-
ruption of the laser beam during the measurement) the laser tracker
was working in the rangefinder mode.

4.3. Transformation between local and global coordinate in in-situ
measurements

According to methodology of estimation of the accuracy of trans-
formations between local and global coordinate systems presented in
Section 2.2, the transformation parameters and errors had been calcu-
lated and presented in Table 2. As one can observe, errors in all setups
were kept below 3.1 mm, which is a very good result, taking into ac-
count overall dimensions of the measured object.

4.4. The accuracy of displacement measurement in in-situ measurements

According to methodology of estimation of the accuracy of displace-
ment measurement presented in Section 2.2, the errors of displacement
measurements for each AOI is summarized in Table 3. The DIC calcu-
lations were performed with 45 px subset size and 15 px step size, the
affine transform has been used as a shape function. Reprojection errors
after calibration of each stereo-vision system were below 0.1 px (below
0.24 mm after scaling to mm), the obtained angle was in the range
from 0.02 to 0.09°, therefore the maximum error caused by this mis-
alignment was 1.27 pm/m. As the permissible error of multi-camera
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DIC system, the maximum error of individual 3D DIC systems is taken.
In this case, the maximum error was obtained in AOI 3, and equaled
0.24 mm +/— 0.16 pm/m. As one can observe, the maximum cosine
error caused by transformation occurred in AOI 1, while the maximum
displacement measurement error and transformation estimation error
have been obtained in AOI 3. This difference shows that the relative
position of individual 3D DIC coordinate systems and laser tracker co-
ordinate system influence the final displacement measurement error.
This source of error should be evaluated in the future works.

4.5. Measurement results

As a result of the measurements, the displacement maps from three
3D DIC setups in global coordinate system have been obtained. Displace-
ment values have been coded in color and overlaid on the point cloud
representing the 3D shape of the measured areas. Fig. 6 presents an ex-
emplary data set, including the displacements in three directions. Each
measured metal plate has a cross section of a trough, thus the images
in the area of slanted surfaces (in relation to the position of each 3D
DIC system) were measured from large angle of observation. Therefore,
those areas have been thresholded in DIC analysis due to higher correla-
tion error, as a result, the obtained maps in each AOI are not continuous.
On the displacement maps the influence of the 10 °C increase of tempera-
ture during 6 h, can be observed. The W displacements are perpendicular
to the foundation of the structure. The bottom of the structure is sup-
ported by the foundation, thus the biggest displacements are observed
at the top of the structure. One can observe asymmetry in displacement
maps in U and V directions, this is caused by unevenness of insolation.
Results will be used to update the FEM model.

5. Conclusions and future works

This paper presents the procedure that enables reliable determina-
tion of transformations between local (3D DIC) and global coordinate
systems and therefore allow to perform measurements with a multiple
3D DIC systems with fields of view distributed in space. The proposed
methodology was validated in laboratory conditions and implemented
in measurements of large scale construction, the obtained data will sup-
port the process of updating the FEM model of this construction. The er-
ror of transformation between local and global coordinate systems was
smaller than 3.1 mm, which is significantly lower than dimensional tol-
erance of construction. The obtained permissible error of measurements
0.24 mm +/- 0.16 um/m, enables the comparison of data from the
measurements and FEM calculations. Furthermore, from the obtained
displacement fields, the strain fields will be calculated.

The method proposed by the authors is specifically valuable when
full-field measurements of displacement in 3D and strains in the selected
AOIs are required. However, it should be mentioned that in some cases
the point wise measurements distributed in space are sufficient. Recently
Pan et. al. [12] developed optical based method for real-time, non-
contact and targetless measurement of vertical deflection. This method
can be easily applied in case of deflections measurements of multiple
point on large engineering objects. The method overcomes the disad-
vantages of 3D DIC method in case of large AOI, including fabrication
of speckle pattern and stereo calibration.

As it was mentioned in Section 4.5 the presented measurements in-
cluded several hours measurement, in this case the temperature influ-
ence on the measurement setup was negligible (less than 10 °C). How-
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ever, in the case of long term measurements (e.g. during summer and References

winter seasons) the temperature influence on the measurement setup
and development of methodology which enables the neutralization of
this influence [16,17] should be considered. These works are crucial in
long-term measurements, including summer and winter periods.
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The work presents the methodology of displacement and strain measurements (in type IV composite high
pressure hydrogen and methane storage vessels in areas of the gaseous fuel cell vehicle. The research was
conducted in vessels with so called programmed defects in the form of notches and delamination. The com-
plementary optical methods, namely: optical fibre sensing based on Bragg gratings (FBG) and digital image
correlation (DIC) method were used for performing local and full-field displacement/strain measurements re-
spectively. It has been shown that DIC can be successfully applied as the method for defect identification in full
field of view and that it can support an optimal localization of FBG sensors and their calibration. As FBG sensors
are devoted to be integrated with the vessel structure, the proposed methodology constitutes a solution to the
difficult problem of building an efficient Structural Health Monitoring (SHM) system for composite high pressure
vessels for gaseous fuels. At the same time the measurement data from both systems supports calibration of

numerical models of the vessels.

1. Introduction

Composite high pressure vessels are more and more frequently used
in automotive industry, aviation, emergency services and power in-
dustry. This results from their advantages such as high strength/stiff-
ness-to-weight ratio [1], and excellent resistance to fatigue and corro-
sion [2,3]. The main area of composite vessels applications is gaseous
fuel storage: hydrogen (CH2 vessel), methane (CNG vessel) or their
blends. Hydrogen is used mainly in fuel cells (FC). The latest CH2
vessels allow to compress hydrogen at 70 MPa. High pressure enables to
provide, despite of low hydrogen density, an appropriate amount of the
fuel at reasonable volume, making it possible for a vehicle to cover a
range of 600-700 km on one refuelling.

According to the current regulations [4,5], in the case of CH2 ves-
sels, 70 MPa Nominal Working Pressure (NWP), made of the carbon-
epoxy composite (CFRC), the Burst Pressure (BP) cannot be lower than
157.5 MPa. In the case of structures reinforced with glass fibre (GFRC)
the required BP reaches 255.5 MPa. It means that the material of the
vessels with compressed hydrogen or methane works in high-effort
conditions which requires monitoring of the health of these structures.
Although the binding legal regulations [4,6] require the vessels to

* Corresponding author.
E-mail address: pawel.gasior@pwr.edu.pl (P. Gasior).

https://doi.org/10.1016/j.compstruct.2018.07.060

undergo periodical checks only, however several currently conducted
works [7,8,9,10] aim at applying continuous monitoring. This may
allow to decrease high safety coefficients of vessels with a SHM system,
including a decrease of their weight and hopefully their costs.

The analysis of recent literature [7,8,11,12,13,14,15,16] and In-
ternet sources [9,10],shows that the best solution is using optical fibre
sensors for this purpose. The reason is their resistance to electro-
magnetic interference, intrinsic safety, easy integration with composite
material structure and high sensitivity in a long term measurement.
These sensors are permanently fixed on the vessels surface or embedded
in the structure of composite material and allow to continuously control
technical condition throughout the whole exploitation period. More-
over, apart from embedding in the composite structure, they allow to
assess and control the whole manufacturing process (e.g. initial strain,
initial fibre tension, hardening temperature, internal pressure)
[1,14].The basic measurement technique used in the analysed works is
the fibre-optic technique using sensors with luminous wavelength
modulation, the so called Bragg Grating, FBG) [1,8,11,12,13,16,17,18].
Other FO sensors, such as interferometric ones, SOFO®, Fabry-Perot (F-
P) type [15,19,20], or distributed sensors [21] are less often applied for
this purpose.
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The works on applications of optical fibre methods for strain mea-
surements in vessels [8,11,12,13,16] so far have mostly referred to low
pressure vessels with thin walls. However, it is of key significance that
in the case of CH2 composite vessels with nominal operating pressure
70 MPa, the thickness of the carrying wall of the vessel can be even
from 20 up to 50 mm. Hence, in the case of such complex structures the
measurement of construction strains in many places, including also on
the wall thickness becomes necessary. An introduction of other than
optical fibre sensors (with a small cross-section diameter) between the
subsequent composite layers results in initial defection of the composite
material (a kind of notch). In the case of strain gauge sensors, which are
sometimes used, local structure discontinuity occurs (e.g. local dela-
mination) which can be precursors of a fault development during vessel
exploitation (cyclical refuelling and using up the fuel in vessels).

On the other hand, there are numerous works in which optical
measurement methods are used to analyse strains in composite mate-
rials to provide information about a structure behaviour in a full field of
view [22]. The most commonly used methods encompass highly-sen-
sitive techniques using coherent light (digital speckle pattern inter-
ferometry DSPI and digital speckle pattern shearing interferometry
DSPSI [23], grating (moire) interferometry GI [24]) and incoherent
light, with lower sensitivity, among which currently the most popular is
the digital image correlation method [25]. The major advantage of
these techniques is the possibility of simultaneous detecting in full-field
of view heterogeneities in a composite material which occur due to
different phenomena: defects or cracks within material, mechanical set-
ups causing parasitic effects, strain gradients due to distributed me-
chanical properties. The major disadvantage (due to architecture of
interferometric and vision based systems) is connected with difficulties
in implementing these techniques for long term monitoring during ex-
ploitation of composite structures under investigation.

The above consideration has clearly indicated the necessity to de-
velop a new non-destructive methodology of measurement and mon-
itoring of strain distribution in composite, high-pressure vessels type IV
(polymer liner, operating pressure up to 70 MPa) assigned for storage of
compressed hydrogen and methane. This methodology should take into
account the following requirements:

ensuring necessary measurement data for the identification of vessel
numerical models, additionally these data should “cover” the vessel
surface as densely as possible,

definition of the areas with the biggest effort (critical ones) in the
whole vessel and thereby indication of sensor locations,
continuous diagnostics of a vessel in a vehicle during long lasting
exploitation (on-board monitoring system), including refuelling and
periodical diagnostics,

independence of strain measurement of the influence of ambient
temperature,

strain measurement in vessels of various geometry and dimensions
(various applications of vessels: automotive, stationary, transporta-
tion),

ensuring measurement of relatively large deformations (in com-
parison with the ones occurring in metal vessels) and high sensi-
tivity in a wide measurement range,

guaranteed resistance to electromagnetic interference, spark-proof-
ness and easy integration of sensors with composite material struc-
ture,

defect identification in a vessel resulting from random events and
progressing degradation of composite strength parameters due to
e.g. fatigue,

ensured validation of SHM used for a vessel.

Unfortunately, there is no a single measurement method which
would satisfy all the above requirements. This is why we have proposed
to develop a “hybrid” measurement and data analysis procedure which
applies two different optical methods, namely:
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e digital image correlation method (DIC) for full-field, global strain
determination at the whole surface of a vessel in laboratory condi-
tions;

e optical fibre sensors, FBG type for point-wise, local strain mea-
surement and monitoring during exploitation of a vessel.

The combined use of these methods should allow to benefit from the
advantages of each of them, simultaneously discarding their particular
limitations.

The application of DIC method, which is mainly a laboratory one,
allows to indicate the most critical areas of a vessel, particularly im-
portant for its security and exploitation. At these identified locations
the FBG sensors, used for “on-board” monitoring of a vessel, will be
installed.

The paper is organized as follows: in Section 2 the fundamentals of
both methods are described. Next (Section3) the methodology of in-
vestigations performed by the combined methods is described. In
Section 4 the results of experimental works together with their dis-
cussion are presented. Finally, the conclusions and further works are
outlined.

2. Displacement and strain measurement in composite structure
investigations

2.1. 3D digital image correlation method

Digital Image Correlation is the well-established method for dis-
placements, strains and shape measurements [25]. 2D DIC (with one
digital camera) and 3D DIC (with two digital cameras) variations of the
method are widely used and accepted in the field of experimental
mechanics [26,27]. The general operation diagram for 2D DIC and 3D
DIC methods is shown in Fig. 1

The straightforward measurement procedure requires to acquire a
set of images of an object under investigation which is subjected to any
kind of load. One of the images is selected as a reference image (in most
cases an image acquired before the load is applied) and the remaining
images are subjected to the correlation analysis. The reference image is
divided into small sub-images or subsets. The subsets are subsequently
matched against similar subsets in images acquired in different load
states. Repeating the procedure for all subsets from the reference image

camera 1 cavmeEra 2
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Fig. 1. General DIC method operation diagram: 2D DIC system uses one camera
to determine in plane displacements U(x,y) and V(x,y), while 3D DIC system
uses two cameras to determine in-plane U(x,y), V(x,y) and out-of-plane dis-
placements W(x,y) and the shape (x,y,z) of a tested object.
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yields displacements maps which in the next steps can be used for
calculations of strains. In order to allow application of the DIC method,
an object under investigation has to exhibit a random texture (speckle
pattern) on its surface. The speckle pattern in most cases is introduced
to an object surface by spraying paint. The important features of DIC
are non-contact, full-field measurements, scalable dimensions of a field
of view and accuracy (dependent on cameras resolution) and flexibility
in data acquisition frequency (can be used for studies of static as well as
dynamic events with the use of fast cameras).

Full-field measurements are especially required in the cases, when
failure mechanisms or defects can occur in regions of an investigated
objects which are difficult to be predicted before the measurement
start. Access to full-field information can significantly increase the
value of the data obtained from the measurements when compared to
the standard point-wise techniques. Because of this, the DIC method is
also often used in the experimental tests of composite structures
[28,29,30] as well as in inspection of structures in industry [31].

2D DIC and 3D DIC are limited to measurements of displacements
and strains that occur on a surface of objects under investigation.
Digital Volume Correlation [32] is a rapidly growing modification of 2D
DIC method which enables volumetric measurements of strains dis-
tributions by combination of the DIC and volumetric imaging methods
such as X-Ray or tomography. DVC is also frequently used in mea-
surements of composites [33], however, current applications are lim-
ited to small volumes and static loads.

2.2. FBG optical fibre sensors

The most common optical fibre sensor used to measure strains and
temperature changes of construction and composite elements is the
sensor based on Fibre Bragg Grating (FBG). Thanks to its small size, it is
a typical point-wise transducer which can also be easily integrated with
composite material (without any negative influence on a structure). The
length of a single grating is in the range of 5-10 mm, and the external
diameter is about 200-250 pm. Because of its perfect multiplexing
capabilities, it is possible to combine many FBGs to form a network of
sensors, the so called quasi-distributed systems, which is especially
important in the case of complex SHM-type systems.

The Fibre Bragg Grating is a structure formed in the core of an
optical fibre (Fig. 2), characterised by periodical changes of the re-
fractive index value [34]. The measured value (deformation, tempera-
ture) is directly proportional to the displacement of the so called Bragg
wave (Ag) which depends on the change of the grating period (A), re-
sulting from the changes in fibre size (compressing, stretching) and
thermal effects (thermal expansion of the material and the thermo-optic
effect for the refractive index) [35]. The principle of operation of FGB
sensor is shown in Fig. 2.

Fibre Bragg Gratings can be used as equivalents of standard elec-
trical strain gauges and temperature sensors (resistance tensometers,
thermoelements). Apart from the advantages which are closely related
to the general properties of optical fibre, it is important that the change
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Fig. 2. The principle of operation of the Fibre Bragg Grating [34].
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Fig. 3. The tested vessel CNG-4 type with marks indicating the localization of a
flaw and the installed FBG sensor.

of the Bragg wavelength is a linear function of the measured value in a
wide range.

3. Methodology of investigations
3.1. Composite vessels and pressure tests procedures

The objects of the research were commercial, composite, high-
pressure vessels, type IV (polymer liner) used to store compressed hy-
drogen (CH2) and methane (CNG). Some of the vessels had pro-
grammed defects. For the purpose of DIC measurements, their surface
was covered with a thin layer of primer and a reference layer in order to
create a random texture. Next FBG deformation sensors were attached.
During the tests the vessels were filled with water and quasi-statically
loaded in the range of their Nominal Working Pressure (NWP).

The first series of tests was conducted on the CNG type IV vessel
with programmed defects, NWP = 200 bar (Fig. 3). Two different
composite structures were used in the vessel carrier layer: coal tar
epoxy coating (CFRC) and glass epoxy resin coating (GFRC). This so-
lution allowed to optimise the costs of vessel manufacturing and si-
multaneously maintain high security level during exploitation. The
programmed defects in the form of notches and delamination were to
simulate external flaws which could occur during vessel exploitation.
These defects, often quite small, frequently make their detection im-
possible during the periodical, visual inspection of a vessel (it is also
due to the location of the vessel in a vehicle, e.g. under a thermal
casing). This is why it is essential to develop a measurement method/
system which would allow to detect and localise them. A notch was
made in the composite carrier layer of the vessel, it was parallel to the
vessel main axis, notch dimensions: 200 mm long X 0.75 mm deep. It is
standardising defect defined in the vessel specification for the “Com-
posite flaw tolerance test” [4-6].

At the next stage of the research the tested vessel was a new,
commercial type IV vessel designed to store hydrogen at 700 bar
(Fig. 4). The carrier layer (strengthening) was made of coal tar epoxy
coating composite (CFRC).

The vessels were loaded with internal pressure by an external hy-
draulic system. The quasi-static pressure test and step-by-step loading
were conducted. The CNG vessel was loaded in the range of 0-100 bar,
while CH2 — 0-600 bar. In both cases, for safety reasons (the tests were

Fig. 4. Type 1V vessel for hydrogen storage with marked localization of the
installed FBG sensors.
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conducted outside a special chamber) a decision was made not to ex-
ceed the allowable working pressures. The change of deformation field
(3D DIC method) and local deformation values (FBG) were simulta-
neously recorded during the tests.

3.2. Fiber Bragg grating based measurement system

FBG sensors, “bare fibre” type with Ormocer® coating were used in
the research. They are characterised by a lack of an additional buffer
coating, which improves the transfer of loadings between a monitored
object and a transducer. The optical fibre sensors were integrated with
the object using X60 glue which is a two component adhesive for strain
gages. Before attaching the sensors, the surface was degreased and lo-
cally the paint coating enabling DIC measurements had been also re-
moved. The sensors were attached pointwise at two ends of the Bragg
grating. Thanks to this potential, local inhomogeneity of deformations
along the sensor axis were isolated and the measured value of de-
formations is averaged in the segment between attachment points. The
interrogator SI401, HBM, was used to record signals. It allows to take
measurements at 1 Hz frequency and 1 pm accuracy (corresponding to
2 pe accuracy).

Four FBG sensors were used to assess the state of local deformations
in the CNG vessel, they were installed in the circumferential direction
near the programmed defect. Their distribution is presented in Fig. 3.

In the case of the hydrogen vessel, three FBG transducers were used:
two in the circumferential direction (FBG1 and FBG2) and one in the
longitudinal direction (FBG3), there were also additional temperature
sensors. Their distribution is shown in Fig. 4.

3.3. 3D DIC measurement system

The cameras of the DIC measurement system were mounted on a
tripod approximately 80 cm away from the vessel. The 3D CKO system
was composed of two AVT Stingray 16Mpx cameras, equipped with a
lens with a focal length of 50 mm. A typically obtained set of results
from a single 3D DIC measurement is referenced to the Cartesian co-
ordinate system and includes the shape in the form of a cloud of points
(x,y,2), two components of in-plane displacements: U(x,y), V(x,y) and
out-of-plane displacement map W(x,y). Strains can be calculated from
displacement maps, as described in the following equations [25]:

_ Ou 1 au)? )2
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The strain maps are calculated by differentiation of the displace-
ment maps obtained in ‘xy’ plane. The cylindrical shape of the vessel
surface in this case is not taken into account according to Eq. (1), what
may be a source of a small measurement error. This error is neglected in
further analysis as obtained maps represent well the behaviour of the
vessel under pressure load and can be used for initial identification of
highly stressed regions.

To facilitate interpretation of the results, the displacements were
transformed into a cylindrical coordinate system connected with the
axis of each of the tested vessels [36]. In the new coordinate system the
dR (radial displacement), dZ (displacement along Z axis) and dq (an-
gular displacement) displacements were defined. The photo of test
stand and the orientation of the cylindrical coordinate system are pre-
sented in Fig. 5a and b respectively.

For the purpose of comparing the results of 3D DIC measurements
and the FBG measurements, the virtual extensometers were used. The
virtual extensometers are used to calculate strains between two points
defined on the obtained data (e.g. one of the displacements maps). The
field nature of the results obtained with the DIC method allows any
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localization of the so called virtual extensometers on the recorded
displacement maps. 3D positions (, y, z) of selected points are known
from DIC analysis. The virtual extensometer tool calculates the re-
ference distance L between points in reference data set (calculated from
first pair of images) and change of this distance AL in remaining data
sets. The engineering strains are obtained as AL divided by the re-
ference distance L. The virtual extensometers are placed as close to the
FBG sensors as possible, so that the results of both measurements should
be comparable. However, the strain measurements with the virtual
extensometers is encumbered with a systematic error related to the
local shape of the tested object. The source of this error is indicated in
Fig. 5b, where measurements points P1 and P2 are marked. According
to the used calculation procedure, the basis of the virtual extensometer
is a straight section between points P1 and P2 (dP1P2 interval), while
the basis for the corresponding FBG sensor is an arc section (LP1P2
interval). It was assumed that differences in the length of virtual ex-
tensometers and FBG transducers are so small that the error can be
disregarded.

Summarizing, the data obtained in Cartesian coordinate system can
be used for qualitative analysis of the vessel’s behaviour (e.g. locali-
zation of stress concentration), while data transformed to the cylind-
rical coordinate system and data from the virtual extensometers can be
used for quantitative analysis.

4. Experimental results of pressure tests
4.1. CNG vessel with programmed defects

The CNG vessel was loaded by increasing the pressure in the range
from 0 to 100 bar. The example set of the measured displacements U, V,
W and strain maps ¢y, &y, £x, are shown in Fig. 6 and Fig. 7. Example
displacement maps ‘dz’, ‘dg’ and ‘dR’ (in the cylindrical system) re-
corded for the maximum pressure (100 bar) during the quasi-static test,
are shown in Fig. 8.

However in order to perform quantitative comparison of strain va-
lues provided by DIC and FBG sensors the analysis had been conducted
on the basis of virtual extensometers (DIC E1 and DIC E2) located as
close as possible to physical optical fibre sensors (Fig. 9). The results of
the strain measurements performed by the virtual extensometers E1 and
E2 and the direct measurements of circumferential deformations with
optical fibre sensors (FBG1-FBG4) are presented in Fig. 9a. Good
compatibility of the results obtained by both methods had been ob-
tained.

The differences between the strain measured with FBG3 and E2
(approx. 750 pe), located closest to the defect, and the results of the
other sensors (FBG2 and E1), whose results are in the range of
3100-3250 e, are clearly visible. This results from the direction of the
strengthening fibre in the last (notched) layer of the tested vessel on
which the measurements were made. The fibres are nearly at an angle
of 90° angle to the main axis (circumferential direction). As a con-
sequence, when it is cut off, the ovalization of the vessel takes place
and, as a result, the coefficient of straight line inclination & = f(P) is
changed for each sensor, i.e. the “susceptibility’ of the vessel to strain
under the influence of internal pressure changes [37].

4.2. Hydrogen vessel (CH2)

The hydrogen vessel was loaded by “step-by-step” loading in the
range from O to 600 bar. Again the analysis of 3D DIC encompassed the
determination of strains at the same areas and on the same basis as the
optical fibre sensors. The optical fibre sensors and their locations
(transducer end points) were visible in the recorded images. The dis-
tribution of virtual extensometers applied for 3D DIC data is presented
in Fig. 10 against the background of the map of coordinate R (i.e. vessel
radius after transformation to the cylindrical coordinate system). For
the purpose of comparing the results obtained with both methods, the
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Fig. 5. The photo of test stand for composite vessels (a) and the orientation of the cylindrical coordinate system (b).
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Fig. 6. The example displacement a) u, b) v, ¢) w maps obtained for the CNG vessel at 100 bars.
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Fig. 7. The example calculated strain maps a) ey, b) &yy and c) &,, obtained for the CNG vessel at 100 bars.
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Fig. 8. The example displacement maps a) dz, b) dq and ¢) dR obtained for the CNG vessel at 100 bars.

following notation for virtual extensometers was taken: DIC E1, DIC E2
and DIC E3. Their location corresponds with the physical location of
optical fibre sensors on the vessel (FBG1, FBG2 and FBG3 respectively).

The shape of the vessel reported as the map of the coordinate R of
the vessel (Fig. 10) allows to analyse the real shape of the object after
the manufacturing process. This makes it possible to conduct a
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preliminary quality assessment on the basis of a comparison between
the model and the real object. Due to the specificity of the manu-
facturing process of composite vessels (wrapping carbon fibre on a
polymer liner at various angles as well as gelation and resin hardening),
the final shape can slightly deviate from the intended one, which can be
seen in Fig. 10.
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Fig. 9. CNG vessel investigations: a) the strain changes in the function of time (load) measurement for the vessel with virtual extensometers E1 and E2 and optical
fibre sensors (FBG) in the pressure range of 0-100 bar and localization of E1 and E2 virtual extensometers.

Fig. 10. The shape of the hydrogen vessel given as the map of its radius R (after
transformation to the shape in Cartesian coordinates into cylindrical coordinate
system) and the location of virtual extensometers.

During the “step-by-step” test the vessel was loaded every 50 bars,
until the pressure of 350 bar was obtained (Fig. 11). Maximum values of
circumferential strains were 2303 pe (FBG2) and 2174 pe (FBG3) and in
the longitudinal direction 1495pe (FBG4). The corresponding de-
formation values, estimated on the basis of DIC (virtual extensometers),

were: 2041-2310pe (DIC E3), 2234-2031pe (DIC E2) and

Ll

il

FBES
FRGED
Fa&
B EY
[eC E2
DiC E3

S | i

e i ]
B8G EE T ME

Fig. 12. Quasi-static tests of the hydrogen vessel in the pressure range from O to
600 bars: changes of local deformations recorded by FBG sensors and de-
termined with the DIC method by means of virtual extensometers located as
shown in Fig. 10.

1551-1668 pe (DIC E1), respectively. The results of DIC follow well the
FBG results. The dispersion of results occurring in the DIC measure-
ments result from noise in the measurement images of the speckle
nature, the size of the subsets and the interpolation procedures.
During the subsequent test, a quasi-static test for the pressure range
from O to 600 bars was performed on the same vessel. The maximum
pressure was maintained for ~10 min. During this time, similarly to the
earlier research, local strains were registered using FBG sensors
(Fig. 12) and the measurements of strain maps were performed using
virtual extensometers tool. The values of local strains at the points

B

Fig. 11. “Step-by-step” type test: change of internal pressure (a) and strains (b).
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where the FBG transducers were installed were established on this
basis.

It is worth mentioning that the indications of both measurement
methods are correlated with each other and differences occurring
during the increase of pressure are not big (Fig. 12). The values of
circumferential deformations recorded at various points are similar.

5. Conclusions and future works

The subject of this work was the analysis of strain distribution in
composite high-pressure vessels designed for gas fuel storage in auto-
motive applications for the purpose of assessment of their exploitation
safety. The pressure tests were conducted on commercial objects
(composite pressure vessels, COPV) used to store hydrogen (700 bar)
and methane (200 bar) in cars. Two complementary NDE methods were
used to assess strain fields in laboratory conditions: optical fibre (FBG)
based sensors and 3D digital image correlation method. The combined
application of both methods allowed to benefit from the advantages of
each of them and simultaneously eradicate limitations/flaws particular
to each of them.

The DIC method allowed to perform full-field measurements and
quantitative monitoring of displacements and strains, hence offering a
possibility to assess the operation of the whole vessel under the influ-
ence of internal pressure. Thanks to this it was possible to register de-
fects, which could develop during vessel exploitation, at an early stage
and it was also possible to validate the numerical models for this kind of
objects. The use of the DIC field method allowed also the experimental
location of critical areas of the vessel, thus it was possible to optimise
the localization of FBG sensors on the vessel. However, this method
cannot be used in continuous monitoring of vessels installed in a car.

Pointwise optical fibre sensors of FBG type allowed to develop a
multi-point measurement system which can continuously monitor the
technical condition of a vessel during normal exploitation (refuelling,
using up the fuel, checks) and even during manufacturing. First of all,
thanks to this it is possible to assess the degradation of composite
material making the so called carrier layer of a vessel. A comparative
analysis of measurement signals registered at may points of the vessel
allows to detect and localise defects on a macro scale (e.g. programmed
defects). On the other hand the use of FBG sensors for measurements
during the manufacturing process allows to control this process (e.g.
through preliminary pull-out of the fibre, internal pressure regulation,
resin hardening temperature) and also to assess the “quality” of the end
product (registration of residual strain).

It was shown that the proposed measurement methods can be
complementarily used to assess the technical condition of high-stressed
composite structures, including localisation of defects at the design and
use stage of high-pressure vessels. Ultimately it is possible to use them
as the basis to develop a dedicated, integrated SHM system for con-
tinuous safety assessment of composite high-pressure vessels exploita-
tion based on FBG sensors.
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Abstract: Many building structures, due to a complex geometry and non-linear material properties,
are cumbersome to analyze with finite element method (FEM). A good example is a self-supporting
arch-shaped steel sheets. Considering the uncommon geometry and material profile of an arch (due
to plastic deformations, cross section of a trough, a goffer pattern), the local loss of stability can
occur in unexpected regions. Therefore, the hybrid experimental-numerical methodology of
analysis and optimization of arch structures have been proposed. The methodology is based on
three steps of development and validation of a FEM with utilization of a digital image correlation
(DIC) method. The experiments are performed by means of 3D DIC systems adopted sequentially
for each measurement step conditions from small size sections, through few segment constructions
up to full scale in situ objects.

Keywords: experimental-numerical method; digital image correlation; finite element method; static
analysis; arch structures

1. Introduction

The development of large-scale and complex engineering structures creates new challenges for
designers and constructors, who need to meet the demands of increasing safety, extended component
lifetime and simultaneously reduced investment and operation costs. To fulfill these requirements
new materials (e.g., composites) and assembly technologies are being developed. An example of this
type of construction is a self-supporting arch structure. Such structures had been initially built as
temporary buildings used for military purposes. Adaptations of this technology for civil purposes,
required extension of the designed lifetime and consideration of different environmental conditions,
and therefore design problems, especially in terms of stability and load transfers occurred [1-5]. In
order to ensure safety and proper operational parameters during their lifetime, hybrid experimental-
numerical methods are being used during design and exploitation stages [6]. The common practice
in experimental mechanics is to validate the numerical model using point wise sensors (e.g., strain
gauges). They are attached to a tested structure in places in which the highest stress concentrations
are expected (based on the analysis of a numerical model). This is a simple and low-cost approach,
but a problem can occur if an inaccurate numerical model does not indicate all the places in which
stress concentrations occur. This, in turn, may cause errors in the process of validation of the
numerical model. Therefore, an advanced evaluation of numerical model is more often supported
with the data obtained by means of full-field optical measurement methods, which determine
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displacements and deformations in critical areas of the objects [7,8]. In the case of investigations of
large engineering structures, the most commonly used techniques are terrestrial laser scanning [9-
11] and the 3D digital image correlation (3D DIC) method [1,12-17]. Terrestrial laser scanning systems
enable 3D measurements of shape of object. By comparison of the acquired shapes in different load
conditions, deformation of an object under the load can be calculated [10,11]. The method is simple
to use, however, due to time required for measurement (from few second up to few minutes), its
utilization is limited to static measurements. 3D DIC measurement systems combine digital image
correlation and triangulation methods. 3D DIC provides directly 3D displacement vector d
distribution (displacement maps (u,v,w) in X, y and z directions respectively) in a measured field of
view [18]. Utilization of the 3D DIC method requires modification of a measured surface (applying a
paint coat that provides a random texture) therefore it is more difficult to use compared to terrestrial
laser scanning systems. Nonetheless the 3D DIC system enables measurements of an investigated
object under varying in time conditions, and therefore this method have been used in the presented
application. Numerical modeling of a self-supporting arch structure is cumbersome, considering the
uncommon geometry and material characteristics (due to plastic deformations, the cross section of a
trough, goffer pattern). Thus, the development and validation of a FEM model of a full-sized
construction made of self-supporting arch sheets described in Section 2, was divided into three steps
starting from small sized sections (Section 4), through few segment constructions (Section 5), to full
scale in situ objects (Section 6). Each step required a tailored approach to the measurements with 3D
DIC due to different: accuracies, sizes of fields of view, forms of outcome data, environmental
conditions. Some aspects of this work had been presented in our previous papers. In papers [2,3] the
investigation of 1 m long section of arch-shaped steel sheets was presented, the goals of this work
was to simulate local loss of stability and to determine a geometric model of the surface shape for FEM
analysis. In papers [1,13] the investigation of segments of arch-shaped steel sheets in laboratory
conditions were presented; the goals of this work were to investigate the global stability and to
determine the mechanical behavior of supports. The measurements presented in paper [13] were
performed with utilization of multi-camera DIC system with overlapping areas of fields of view of
cameras. In paper [16] the performed measurements of the full-scale construction made of arch-shaped
self-supporting metal plates was presented, and in order to enable these measurements the multi-
camera DIC system with distributed field of view (FOV) was developed. In this paper we summarize
the development of 3D DIC systems and present the combined three-steps hybrid experimental-
numerical methodology of analysis and optimization of arch structures.

2. Characteristic of the Investigated Object and General Procedure Supporting Development and
Validation of a Finite Element Model

2.1. Specification of Arch-Shaped Steel Sheets Used as a Self-Supporting Arch Structures

A self-supporting arch-shaped covering of steel sheet sections is used in civil engineering [19].
Typical radii of the assembled arch coverings varies in the range of 6 m to 30 m (Figure 1a). Due to
the simple design, quick installation and relatively low implementation costs, this type of covering
gained significant popularity. Arch-shaped steel sheets are cold formed in two stages. At first, the flat
metal plates (stored in a roller) are bended in order to receive plates with trapezoidal cross section,
then the plates are goffered (local plastic deformation) in order to receive arches (Figure 1b). A full
scale object is obtained from a number of single arches connected to each other with double lock
standing seams. Considering the trapezoidal cross section, the differences in radius of the arch cause
waiving in the surface between shelves.
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Figure 1. (a) Outside image of the measured hall as an example of typical self-supporting arch-shaped
covering, (b) section surfaces.

2.2. Three-Step Development and Validation of a Numerical Model

Considering the uncommon geometry and material characteristic of an arch, development of a
FEM model of such a structure required a specific approach and its validation at different stages of
advancement. The development of a FEM model of the full-sized construction made of the self-
supporting arch has been heavily supported by the experiments performed by means of 3D DIC
within three steps. At first, the tests have been carried out on single sections of the arch in order to
determine which geometric model of the surface shape (planar, corrugation or corrugation and wavy
model) should be applied in the further steps for FEM analysis. The considered sections were 1 m
long and 0.7 m wide. In the next step, a structure composed of four individual segments with the
geometry selected at step 1 has been used in laboratory tests with controlled loading conditions in
order to investigate the global stability and to determine the mechanical behavior of supports, in
particular to define the rotational stiffness of supports used in a FEM model of arches. The measured
object was of 12 m span and 2.8 m wide. The final step was based on the tests of a full-scale object: 8
m high covering the area of 18 x 18 m. The outcomes of this test is the validation of a complete FEM
model in which the knowledge gained in steps 1 and 2 had been implemented. It has been proven
that the model accurately simulates construction deformations under the environmental loads. The
model can be scaled to larger constructions. The general procedure supporting the development and
validation of a FEM model has been summarized and presented in Figure 2. This procedure is
described in detail in Sections 5 and 6.
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Figure 2. Flowchart of the 3-steps updating and validation of numerical model of self-supporting arch

structures with utilization of 3D digital image correlation method.

3. Digital Image Correlation Method
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At each stage of the procedure described in Section 2 full-field measurements of displacement
vector d (u,v,w) of the investigated structures are required. The method which is best fitted to the
measurement requirements is digital image correlation [18]. DIC is based on acquisition of a set of
images of a tested object which is subjected to load. The surface of an object under investigation has
to be covered with a random texture. The 2D DIC version uses a single camera. One of the acquired
images is selected as a reference for the others. The reference image is divided into small regions (or
subsets), a position of each subset is tracked in the remaining images, using the maximum zero-mean
normalized sum of squared difference function as the criterion (or any other correlation metric). The
image can be divided into hundreds or thousands of subsets, thus 2D DIC provides in-plane
displacement maps over the selected area of interest (AOI). The 3D DIC is a technique that combines
the 2D DIC with stereovision by using two cameras for observation of the same AOIL 3D DIC
provides: the 3D shape of a surface, in-plane and out-of-plane displacement maps. The in-plane strain
maps are calculated by differentiation of the in-plane displacement maps. According to [20], the
minimum displacement measurement error can be less than 0.001 pixels, however, it must be noted
that in real applications the accuracy of measurements strongly depends on factors such as image
noise and stability of experimental conditions. Moreover, the out-of-plane measurement error is
larger than the in-plane one, and strongly depends on a stereo angle between the cameras as set
[20,21]. The accuracy of displacement measurements is scalable with the resolution of the cameras
(larger camera’s resolution and smaller FOV indicate higher displacement measurement accuracy).

7o

The displacements in the “x” direction are given as “u” in [pixels] and after scaling are expressed as

“U” in [mm]; similarly, displacements in the “y” and “z” direction are given as “v [pixels] 7, “V[mm]
”, and “w[pixels] 7, “W[mm] ”, respectively.

4. Investigation of Section of Arch-Shaped Steel Sheets

At this stage, the test bench was designed in order to simulate local loss of stability in 1 m long
sections [2,3]. The examined sample was fastened between two horizontal rigid plates, with defined
degrees of freedom. The force was eccentrically applied in the direction of the axis that passes through
the center of gravity of the cross sections. With this arrangement, the compression force on 1 m long
interval of the arch (having a radius of 18 m) was mapped.

4.1. 3D Digital Image Correlation Setup

The 3D DIC system used in this measurements comprises two AVT Pike F-1600 (4872 x 3248
pixels) monochromatic cameras equipped with 28 mm lenses, set on an angle of 30°. The setup was
mounted on an aluminum frame to enable easy geometric modifications. The surface of the examined
specimen was illuminated with two 200 W light-emitting diode (LED) lamps (13,000 lumen)
equipped with a light diffuser (“soft box”), in order to eliminate shadows on the surface. The FOV of
the system was 1.5 m x 1 m, covering the entire area of the sample (Figure 3).
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Figure 3. The experimental setup: (a) orientation of coordinate system and location of three points
adopted for further analysis; (b) scheme and (c) photo of the measurement system based on 3D DIC

2].

4.2. FEM Model of the Section of Arch-Shaped Steel Sheets
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Calculations covered 3 numerical models with different specificity of geometry mapping. The
first model (A) (Figure 4a) was devoid of characteristic web corrugations and waviness, the second
model (B) (Figure 4b) had corrugated surfaces mapped but with no waves, and the third one (C)
(Figure 4c) had all the web corrugations and waves characteristic of such a profile. The models (Figure
4a—c) were developed in the ANSYS graphic module making use of the data from real element
measurements. Furthermore, when describing the behaviour of the particular models, the
aforementioned A, B and C signs will be used. The elastic-plastic steel model was used for the
calculations, developed on the basis of the tests of steel samples [3]. The support and load conditions
were accepted according to the assumptions included in the article [3]. Calculations and tests were
performed in the form of axial compression of the sample.

a) bl c)

Figure 4. The geometry of numerical models: (a) planar model (A), (b) corrugation model (B) and (c)

corrugation and wavy model (C).

4.3. Utilization of 3D DIC Measurements in the Process of Validation of FEM Model of the Section

The results of 3D DIC measurement were utilized in order to determine whether the
simplification of the geometry of the model is allowed. At first, in order to perform quantitative
analysis, the comparison between the displacements extracted from selected points of the structure
from three models and experimental data has been performed. Points are distributed over the entire
surface of the sample, in places corresponding to maximum displacements, according to FEM
models. Locations of the points allowed for the assessment of representative movements for the entire
sample. Exemplary data are presented in Figure 5, point 2 concerns the maximum V displacements
of the sample. The best correlation between experimental and numerical results have been obtained
with the FEM model comprising the most detailed geometry (C model). The results obtained from
the two remaining models (of simplified geometry) differ significantly from the experimental results.
Therefore, the simplifications of a FEM model have not been allowed in further analysis.
Subsequently, the full-field qualitative comparison of the failure mode maps between DIC and
numerical (C model) displacement maps has been carried out. Exemplary maps are presented in
Figure 6. The displacement maps obtained with the numerical analysis show good agreement with
the experimental data, considering its character and values. Some discrepancies that can be observed
could be caused by unavoidable deviation of geometry of the sample and support conditions (e.g.,
inaccuracy in direction of applied force). The presented analysis validated the assumptions made in
the C model, and has proven them to be useful in the analysis below.
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Figure 5. The comparison of V displacement functions obtained for three numerical models and
experimental data (results for point 2) [2].

W [mm]

Figure 6. V displacement maps derived from (a) experiment and (b) the C model, and U displacement
maps derived from (c) experiment and (d) the C model [2].

5. Investigation of Segments of Arch-Shaped Steel Sheets

The 12 m span sections of metal plate arch composed of four individual modules have been
examined with the use of custom-made laboratory stands, which made it possible to apply force
equivalent to a natural load caused by snow and wind [22,23]. The loading mechanism consisted of
pulleys and beams which transferred point load (applied with hydraulic actuator) into 16 points (4
points for each module). The load was recorded by the actuator mounted onto the main beam, which
reduced the force loss of the pulleys.

5.1. Multi-Camera DIC System with Overlapping Field of View

Considering the length of 12 m of arch segments, the measurements have been carried out with
the use of multi-camera DIC system in which the field of view of neighboring 3D setups overlapped
each other. As a result, the obtained, stitched FOV was 7 x 4 m (Figure 7a). For stitching we used the
method described in the papers [13,24,25], while the general measurement procedure of the segments
of arch-shaped steel sheets are presented in [13]. The multi-camera DIC system used in this
measurements comprised eight 5 MPx (2448 x 2048) Pointgrey cameras equipped with 8mm focal
length lenses. The cameras were connected to the control computer in order to synchronize the data
acquisition procedure. The calibration procedure comprised two steps. In the first stage, 3D DIC
setups have been calibrated separately with the checkerboard before the measurements. The quality
of calibrations has been expressed as a reprojection error, which was smaller than 0.05 px for all 3D
DIC setups. After the scaling (from pixels to mm), the accuracy of displacement measurements of
each 3D DIC setup can be estimated at 0.05 mm. In the second stage, the transformation of individual
coordinate systems of separate 3D DIC systems into a common coordinate system has been
determined. The fields of view of neighboring 3D DIC setups overlapped each other (Figure 7) in
order to make it possible to capture the images of the same calibration target (checkerboard in this
case) with two systems simultaneously. Checkerboard corners (markers) viewed by each camera
have been detected and their positions in two 3D DIC coordination systems were obtained. The
knowledge of position of markers in two separate coordination systems was used to obtain
geometrical transformation between these two systems. The common coordination system (CS) is
associated with one of the two systems. Here the coordination system of DIC setup 2 has been selected
as the global CS. The transformation between CSs of setup no. 1 and 3 into CS of setup no. 2 has been
determined directly. The transformation of CS of setup no. 4 was obtained indirectly—at the
beginning, the transformation into CS of setup no. 3 was obtained, and then transformation from CS
of setup no. 3 into CS of setup no. 2 was performed. The transformation errors obtained were below
0.5 mm. In order to correlate CSs of the measurements with numerical simulations, the data from the
global coordination system (associated with setup no. 2) was transferred to the coordinate system, in
which the xy plane was parallel to the ground and z axis was perpendicular to the ground (Figure
7b). AOI covers the area of corrugated web surface of two middle arches and additionally eight points
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on two external arches, corresponding to the locations of force extortion. Data obtained from upper
(flat lip according to Figure 1) and middle (corrugated flange according to Figure 1) surfaces of the
middle arches have been thresholded due to a higher correlation error (because of the loss of depth
of focus).

Figure 7. (a) Location of the cameras and field of views during the measurements; (b) scheme of the

investigated segments of arch-shaped steel sheets with marked areas of interest (AOlIs), characteristic
points (for analysis) and orientation of coordinate system (top view) [4].

5.2. FEM Model of Segments of Arch-Shaped Steel Sheets

The geometry of the full-sized model has been adopted on the basis of the analysis performed
in Subsection 4.2. The model with corrugation and waviness of the middle surfaces (model C
according to the description from Section 4.2) was used for calculations. The full-sized numerical
model is an image of the examined element in terms of dimensions and load mode.

In order to accurately simulate the load caused by snow cover, the kinematic extortion forced by
controlled displacements of 16 points (at which load was applied) was used (Figure 7b, points Al,
A2, B1, B2, C1, C2). Constraints utilized in FEM model (in particular rotational stiffness of supports)
were updated through comparison with experimental data, and this process is described below.

5.3. Utilization of 3D DIC Measurements in Process of Validation of FEM Model of Segments of Section of
Arch-Shaped Steel Sheets

Displacements of the chosen points (Figure 7b, points A1, A2, B1, B2, C1, C2) were derived on
the basis of the multi-camera DIC analysis. In order to update the support conditions of the FEM
model, a comparison between displacements’ distribution obtained from the FEM model and multi-
camera DIC system was made. In Figure 8, an exemplary comparison has been presented that shows
half of maximum load. The FEM simulation comprises two supports on both ends of the arch. Both
supports are modelled by a rotational elastic spring that allows the structural member to rotate
(limited by rotational stiffness), but not to translate in any direction. As the first approximation, the
rotational stiffness of supports is based on the simplified theoretical calculations. Subsequently,
through comparison of experimental results and theoretical calculation, the value of rotational
stiffness of elastic support was determined. The results of the comparison of experimental and
numerical displacements after updating the numerical one at selected points is presented on a
diagram of displacements towards 3 directions (U, V, W) in the function of force increment (Figure
9). The results of the comparison of DIC tests and FEM numerical analyses are presented as balance
paths with reference to proper reference points. The directions of the displacements are referred to
the coordinate system as in Figure 7b. The displacements are marked as follows: U(X), V(Y) and W(Z).
The horizontal displacements U (X) —Figure 93, i.e., in the arch plane are compatible in the reference
points U (3, 4), U (5, 6) and U (7, 8), whereas balance path of the reference points U (1, 2) obtained in
the tests diverge from those determined in calculations. The situation is similar in vertical
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displacements W (Z) —Figure 9c. This means that the test element was deformed asymmetrically. The
diagram comparing horizontal displacements of the reference points in the arch plane of V(Y)—
Figure 9b proves that. The test model tilts erratically in the range up to 3 mm whereas the calculations
show slight deviation of the reference points within 0.5 mm. The asymmetrical deformation of the
test element is probably caused by imprecise assembly and slight deviations in the load symmetry.
The computational model does not include random events related to the assembly or load mode. The
only disorders of the geometry of the computational model are related to the introduction of
geometrical imperfections, which only slightly change the symmetry of the displacements of the

reference points.
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Figure 8. The comparison of displacements distribution: top view of displacements obtained from the
finite element model (a—c), of the entire specimen, and experimental results (d—f) for the AOI
covering the 7 m long area of lower surface (corrugated web according to Figure 1) of two middle
arches. Rectangular areas marked with lines correspond to the areas on the experimental specimen

that has the two middle arches that are being measured [4].

191



Appl. Sci. 2019, 9, 1305 10 of 15

i 1M
e ¥
7 -
a ¥ o - 1}
i | - )
1) 1 .-r i)
j. [ o] ' :_ =
& W
i H i g é 1]
1 Hy _;\-"r =
4 l| i ]
it | 1
1 [t B n
1] a
IS -k 4 -5 a4 03 8 I 41 15 3 3 M | n i ] i 1
Dipde praei fre| Dhsaianrwri | wwr|
APL 21 e — (P DRE— e O — AP D VLT O~ [P LT D0 =" D — " 110K
& APL 2 RS o LY TS = o L IRIET < LEPY A VAES 5l LRI — - WP L AR - - AL SR VIFP il

ie 1) ¥ il 25 41 = i
plorerfremi

WL B — WP — WA FS R WAFLE

£l WATPE 1 M0 = P13 AET WAL WIS - WAL W

Figure 9. The comparison of load (a) U, (b) V, (¢) W displacement functions obtained for numerical
models and experimental data (results for referential points).

6. In Situ Investigation of Full-Scale Construction of Arch-Shaped Steel Sheets

Finally the full-scale construction made of arch-shaped self-supporting metal plates (Figure 1a)
has been examined. The dimensions of the hall were ([span x length]/[height]) 18 x 18 m/7 m. Such a
construction can be exposed to environmental loads caused by the presence of snow or wind [22,23]
and changes of temperature.

6.1. Multi-Camera DIC System with Distributed Field of View

In order to cover the localization of points corresponding to the numerically predicted maximum
displacements (caused by environmental loads), the measurements system consisted of three 3D DIC
setups (six cameras in total). Each FOV of 3D DIC setup covered the area of 2.5 x 1.5 m and distance
between neighboring AOIs was approximately 4 m. In order to perform the measurements in
distributed FOV, the dedicated multi-camera DIC system was developed. This system and is
described in detail in [16]. The multi-camera DIC system used in these measurements comprised six
5 MPx (2448 x 2048) Pointgrey cameras equipped with 8 mm focal length lenses. The cameras were
connected to the control computer in order to synchronize the data acquisition procedure. The
calibration procedure comprised two steps. In the first step, each 3D DIC system was calibrated with
utilization of a standard chessboard calibration target. In the second calibration step, the
transformation of individual coordinate systems of separate 3D DIC systems into a common
coordinate system has been determined, with the additional support of a laser tracker [26].
Geometrical transformations were determined by using multiple positions of a fiducial marker,
which was sequentially placed in the FOV of each 3D DIC setups. The 3D positions of the marker in
local coordinate systems were determined with the use of three-dimensional computer vision
algorithms [18]. Simultaneously, the positions of the marker in the global coordinate system were
determined by a laser tracker. A global coordination system was related to the foundations of the
building. Transformation parameters (rotation: Rx; Ry; Rz and translation: Tx; Ty; Tz) between local
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and global coordinate systems were obtained by using the singular value decomposition (SVD)
method [27]. The obtained accuracy of displacement measurements in each 3D DIC setup was below
0.3 mm (detailed description of calculation of displacement error is presented in [16]).

A multi-camera DIC system was placed on the 6 m high and 10 m wide buildings’ temporary
scaffolding (Figure 10), and the measurements were carried out for a few months (from March to
October 2016). Therefore, the temperature influence on displacements of measurement setup was
noticeable. In order to neutralize this influence, the displacements of the 3D DIC systems as a function
of temperature, caused by the thermal expansions of aluminum scaffolding were measured by means
of alaser tracker. The correction obtained was included in the results of displacement measurements.
The temperature inside the hall was measured using a weather station.
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Figure 10. Stress—strain curves.

6.2. FEM Model of Full-Scale Construction

A model being the representation of the arch in the central part of the hall was used for
calculations. The model consists of a single ABM 240 profile with the geometry adopted on the basis
of the previous analyses. Material constants (modulus of elasticity, Poisson’s modulus, shear
modulus and coefficient of linear thermal expansion) have been adopted for structural analysis in
accordance with EN 1993-1-1 standard [28].

The computation adopted an elastic-plastic multi-linear material model, determined according
to the tests. The strength characteristics of steel were identified through a series of laboratory tests on
10 samples of steel sheet with a nominal thickness of 1.40 mm. The obtained mean yield strength
amounted to fy = 340 MPa, and ultimate strength was fu = 390 MPa. A typical course of the stress—
strain relationship in a single test, and elastic-plastic multi-linear material model is presented in
Figure 10.

The test data were implemented via transformation functions in the Owue—ein system (elastic-
plastic multi-linear material model) [3] according to the Equations (1), (2) presented below:

em = (1 4+ €pny) (1)
Otrue = Geng(l + geng) (2)
where:

em—relative logarithmic strain,
Otue—true stress,

Oeng—engineering stress (test result),
geng—engineering strain (test result).

The free ends of the model are propped up in joints (a possibility to rotate towards X axis). The
remaining degrees of freedom are blocked. On the side edges, boundary conditions are assumed that

193



Appl. Sci. 2019, 9, 1305 12 of 15

map the cooperation of the adjacent profiles (remote point). In the remote point system, displacement
towards Z and Y are released, the remaining degrees of freedom are blocked. Due to lack of snow
during the measurement period in winter, and the negligible influence of the pressure of wind on
construction, only the thermal load was considered.

The purpose of the test was to determine the displacements and stress of the characteristic points
located on the surface of the test object exposed to the action of thermal loads. For numerical
calculations, the external and internal temperature of arch structure from three areas (corresponding
to measured AOIs) was adopted. The temperature was measured precisely with the utilization of
thermoelements.

6.3. Utilization of 3D DIC Measurements for Validation of FEM Model of Full-Scale Construction of Arch-
Shaped Steel Sheets

Displacement measurements were taken in AOI1, AOI2 and AOI3 areas and 3 reference points
were selected for each area (Figure 11) to validate the numerical model, 9 points in total. The tests
lasted for several months, however validation of the numerical model was limited to a much shorter
period. Below (Figures 12 and 13) we present exemplary results of measurements, which were
performed in 12 h and 25 min. during a cold night and sunny day in April (largest external as well as
internal temperature gradient occurred). The obtained results allowed to validate the numerical
model, that can be used to calculate load capacity and stability of the coverings of the thin-walled
arch-shaped sheet metals.

/ﬁ.}_
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Figure 12. Exemplary results of the measurements stitched in the global coordinate system: (a) U
displacement map, (b) V displacement map, (c) W displacement map [16].
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Figure 13. The comparison of displacement functions obtained for numerical models and
experimental data, (a) point P2 (AQOI 1), (b) point P2 (AOI 2).

Figure 13 presents the results of the displacements measurement and those of numerical
calculations for the chosen reference points from the analysed measurement areas. The results were
juxtaposed in relation to the change of temperature depending on the time of measurement.
Displacements measured and determined on the basis of calculations are compatible in terms of
increment directions and have similar values. Additionally, Figure 14 shows the analysis of the
discrepancies of the calculation results and the test results depending on the value of temperature
gradient. A certain regularity may be noticed in the distribution of discrepancies of the results. At
high temperature gradients (over 18 °C), the discrepancies of neither test nor calculations results
exceed 10%, at lower temperature gradients—the discrepancies of the tests results are much higher.
This is probably due to the fact that numerical model did not take into account the boundary
conditions related to the cooperation of the adjacent profiles, i.e., the friction between the cooperating
profiles was not included in the calculations. Assuming that the friction at the jointing of the adjacent
profiles has a constant value, its influence is much more visible at small displacements than at large
displacements related to the effect of the higher temperature gradient.
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Figure 14. The analysis of the divergence of the measurement and calculations results.

7. Conclusions

So far, the DIC method applied in the construction industry has been considered a prototypical
solution, more likely intended for testing/monitoring the elements of buildings, not for proper
measurements used in a certification process in accordance with accepted standards. The
methodology presented in this paper has shown the possibility and advantages of replacing
conventional measuring methods based at point extensometers and applied at different stages of the
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analysis and testing of complicated building structures by applying the 3D DIC method. Its potential
lies not only in the capability to measure in full field of view, but mostly in the possibility to digitally
link the measurement with the numerical calculations, thus creating efficient hybrid experimental-
numerical system with huge information resources useful, for instance, in the process of design
optimization, FEM validation or diagnostics of complicated building structures. It should be pointed
out that the presented methodology requires a complex measurement setup and is labor-intensive,
therefore it should be utilized in the case of investigation of truly complex structures, in which stress
concentrations can occurr in unexpected locations.

The procedure presented in Figure 2 and explained in detail in Sections 4—6 concerns the way to
implement the particular stages when analysing self-supporting arch-shaped structures from
profiled steel sheets with the use of numerical calculation methods supported by physical
experiments. Each stage is used to determine and validate the optimal procedure to be applied in a
FEM which, in the opinion of the authors, adequately indicates the solution to the most important
problems related to the design of arch-shaped structures. The multistage research verification process
enables the development of a reliable numerical model that is very useful and allows for the analysis
of arch-shaped profiled steel sheets at diversified geometry and any load conditions.

The methodology presented in the paper may be used to determine the strength and functional
properties of various varieties of the K-span system, which are required during the process of
implementing the product for use in the construction industry (Polish and European technical
assessments). The material presented in the paper may also be used in the future to develop an annex
to the national standards in question regarding the design of thin-walled elements.
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