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Streszczenie anglojezycznej rozprawy doktorskiej:
R. Cybulski ,Analysis of local stability of doubly corrugated thin-walled structures"

1. Przedmowa

Dokument stanowi streszczenie anglojezycznej rozprawy doktorskiej ,Analysis of
local stability of doubly corrugated thin-walled structures” autorstwa Roberta
Cybulskiego. Promotorem rozprawy doktorskiej jest dr hab. inz. Ryszard
Walentynski, prof. Pol. SI.

Praca ta prezentuje najbardziej istotne rozdziaty anglojezycznej rozprawy doktorskiej.
W streszczeniu przyjeto numeracje zrédet jak w wersji anglojezycznej, skutkiem
czego nie ma ciggtosci numeracji literatury. Streszczenie to powinno by¢

rozpatrywane tacznie z petnym tekstem anglojezycznej rozprawy doktorskie;.
2. Wstep

Tanie i szybkie rozwigzania dla budownictwa sg zawsze bardzo pozadane,
a szczegblnie wtedy, gdy sytuacja gospodarcza jest nienajlepsza. Jednym
z rozwigzan, ktére spetnia powyzsze wymagania jest technologia ABM 120
(.ang. Automatic Building Machine). Jest to przenosna fabryka uzywana do
prefabrykacji i budowy tukowych hal stalowych w oparciu o samono$ne panele o
przekrojach przedstawionych na Rysunku 1. Technologia ta pochodzi z USA i nalezy
do MIC Industries Inc. [49]. Byta ona powszechnie uzywana przez amerykanskag
armie do budowy tymczasowych budynkéw, a w dzisiejszych czasach technologia ta

stata sie popularna w budownictwie cywilnym.
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Rysunek 1. Panel ABM 120: a) prosty, b) pofatdowany
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Maszyna stuzaca do prefabrykacji paneli jest umieszczona na przyczepie, tworzac
Jfabryke na kotkach” i moze by¢ tatwo transportowana na kazdg budowe. Po
przywiezieniu na teren budowy urzadzenia i kregdw blachy ptaskiej, proces
prefabrykacji moze by¢é wykonany przez niewielkg grupe przeszkolonych
montazystéw. W pierwszym etapie, z rolki blachy powstaje prosty panel o geometrii
jak na Rysunku 1a. Wysoko$¢ tego elementu wynosi 110 mm, a jego szeroko$¢
305 mm. Panel ten, jest dociety tak, aby osiggnac¢ potrzebng rozpieto$¢ przysziej
konstrukcji tukowej. Nastepnie, prosty panel jest wyginany, tworzac tuk, a jego ksztatt
zmienia sie w skutek pofatdowania poprzecznego powierzchni dolnej i powierzchni
bocznych (Rysunek 1b). Pofatdowany panel ma wysoko$¢ rowng 135 mm, a jego
szerokosS¢ zmienia sie w niewielkim stopniu. Panele mogg mie¢ grubos¢ do 1 mm.

Proces prefabrykacji paneli jest przedstawiony na Rysunku 2.
ZwoJ
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Rysunek 2. Proces prefabrykacji

Docelowa geometria powstata w skutek gtéwnego giecia podtuznego — uzyskanego
podczas tworzenia przekroju w etapie 1 i drugorzednego giecia poprzecznego —
pofatdowania powierzchni uzyskanej w etapie 2. Stad tez, uzywana jest nazwa
podwojnie gietych paneli cienkosciennych (double corrugated). Nazwa ta, byta po
raz pierwszy uzyta przez Manga w [46].

Kilka pojedynczych paneli jest ze soba potaczonych przy pomocy zgniatarki,
nastepnie sg one mocowane do zawiesia i transportowane do miejsca wznoszenia
za pomoca dzwigu. Rysunek 3 przedstawia przyktadowy gotowy budynek wykonany

w technologii ABM.
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Rysunek 3. Hala tukowa wykonana w technologii ABM

Ze wzgledu na pofatdowang powierzchnie paneli ABM 120, wyznaczenie parametrow
efektywnych przekroju poprzecznego wedtug norm krajowych oraz europejskich jest
niemozliwe. Parametry te sg niezbedne przy projektowaniu konstrukcji z elementow

cienkosciennych.
3. Definicja problemu i cel pracy

W Europie, zwtaszcza w Polsce, Czechach i na Stowacji, samonosne hale i dachy
tukowe sg projektowane wedtug Eurokodu 3 [22-24]. Procedury obliczeniowe zawarte
w normach sg prawdziwe dla panelu prostego (Rysunek 1a), ktérego przekrdj zalicza
sie do klasy 4. W przekrojach klasy 4 utrata statecznosci lokalnej (ptytowej) nastapi
przed osiagnieciem granicy plastycznosci. W obliczeniach nosnosci przyjmuje sie
zastepcze szerokosci $cian przekroju, aby uwzglednié skutki wyboczenia.

Dla paneli pofatdowanych (Rysunek 1b), procedury obliczeniowe zawarte w normach
europejskich zawyzajg wartosci nosnosci paneli co w konsekwencji moze
doprowadzi¢ do katastrof budowlanych Ilub awarii samono$nych hal tukowych
wykonanych w systemie ABM lub pokrewnych. Przyktad zawalonej hali w systemie

ABM 120 przedstawiono na Rysunku 4.

Rysunek 4. Przyktad zawalonej hali w systemie ABM 120
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Klucz do zrozumienia tych awarii i katastrof lezy w utarcie statecznosci lokalnej
zaobserwowanej miedzy sagsiednimi pojedynczymi fatdami. Klika dni przed
zawaleniem sie hali zauwazono, ze sasiadujace ze sobg fatdy zaczety sie zaciskac-
doszto do utraty statecznosci lokalnej fatd (Rysunek 5).

WV

Rysunek 5. Utrata statecznosci lokalnej fatd

W celu jak najlepszego zrozumienia zjawiska utraty statecznosci lokalnej podwdéjnie
gietych paneli cienkoSciennych, autor pracy doktorskiej prowadzit badania
pt. "Statecznos¢ podwojnie gietych konstrukcji cienkosciennych" finansowane przez
NCN w ramach programu PRELUDIUM (DEC-2011/01/N/ST8/03552). Anglojezyczna
rozprawa doktorska przedstawia rezultaty powyzszych badan.

Gtéwnym celem rozprawy doktorskiej jest petne zrozumienie zjawiska statecznosci
lokalnej podwdjnie gietych paneli cienkosciennych w celu zapewnienia punktu
wyjscia dla procedur obliczeniowych tych konstrukcji. W pracy poréwnano wyniki
uzyskane z badan numerycznych, analitycznych oraz laboratoryjnych. Badania
prébek paneli ograniczyty sie tylko do $ciskanych osiowo i mimosrodowo. Lokalna
utrata stateczno$ci paneli pofaldowanych jest w postaci zaciskajacych sie ze soba
pojedynczych fatd i r6zni sie ona od tej uzyskiwanej dla paneli prostych, gdzie lokalna

utrata statecznosci jest w postaci pétfal sinusoidalnych (ptytowa utrata statecznosci).
4. Przeglad literatury

Istniejgca literatura opisujgca podwojnie giete panele cienkoscienne jest bardzo
ograniczona. Dlatego tez istniejgce pozycje literaturowe podzielono na dwie grupy.
Pierwsza grupa ogolnie opisuje konstrukcje wykonane z tych paneli skupiajgc sie na
technologii wytwarzania paneli, montazu konstrukcji czy ogdlnych sposobach

projektowania. Druga grupa opisuje rézne podejScia do analizy lokalnej utarty
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statecznosci Scian podwodjnie gietych paneli. Literatura ta nie opisuje
zawansowanych badan numerycznych z uwagi na to, Zze kilkanascie lat temu nie
byto szeroko dostepnych zestawdéw komputerowych wraz z potrzebnym
oprogramowaniem do MES.

Na podstawie zebranej literatury mozna wnioskowaé, ze temat rozprawy doktorskiej

jest jak najbardziej aktualny i potrzebny.
5. Wstepne badania numeryczne i laboratoryjne

5.1. Analizy numeryczne

W pierwszej kolejnoSci przeprowadzono analizy numeryczne na modelach
odpowiadajgcych prostym panelom. W celu wykluczenia globalnej utraty statecznosci
i aby analizy skupity sie tylko na lokalnej utracie statecznosci, dtugos¢ panelu
prostego wynosi 500 mm. Przekrdj poprzeczny modelu zostat przedstawiony na
Rysunku 6, warunki brzegowe na Rysunku 7. Wymiary przekroju poprzecznego

zostaty otrzymane na podstawie pomiaréw suwmiarka.
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Rysunek 6. Przekroj poprzeczny panelu prostego
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Rysunek 7. Warunki brzegowe dla panelu prostego

Model numeryczny zostat zbudowany z elementéw powtokowych. Siatka elementéow
skonczonych typu SR4 "quad-dominated" zostata uzyta dla MES w programie

Abaqus [1, 17, 20]. Sciskajaca sita skupiona zostata przytozona w $rodku ciezkosci



Streszczenie anglojezycznej rozprawy doktorskiej:
R. Cybulski ,Analysis of local stability of doubly corrugated thin-walled structures"

przekroju. Parametry materiatowe zostaty przyjete jak dla blachy o gatunku stali
S280GD.

W pierwszym etapie wykonano liniowg analize stateczno$¢ typu "linear perturbation,
buckle" [12, 34, 71, 102]. Na Rysunku 8a pokazano pierwszg otrzymang postaé

deformacji. Postac ta odpowiada pétfali sinusoidalnej a wartos¢ krytyczna sity wynosi
Pcr,Bnum=18.6kN.

Rysunek 8. Deformacja panelu prostego z analizy typu: a) Buckle, b) Riks

W drugim etapie wykonano geometrycznie- materiatowo nieliniowg analize typu
"Static, Riks" [11, 13, 27, 30, 42, 43, 48, 52, 60, 61, 88] bazujacg na metodzie
kontroli dtugosci tukow. Na Rysunku 8b pokazano deformacje panelu odpowiadajaca
maksymalnej sile $ciskajacej, jaka ten panel przeniést. Sita ta wynosi
Permnum=50.0kN. Na Rysunku 9 przedstawiono otrzymang $ciezke obcigzenia
(wartosci na osi pionowej odpowiadajg sile osiowej, a na poziomej przemieszczeniu
osiowemu-skréceniu panelu). Z $ciezki tej wynika, ze dla panelu prostego istnieje
$ciezka po-krytyczna.
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Rysunek 9. Numeryczna Sciezka obcigzenia dla panelu prostego
(compression force- sita $ciskajgca, axial displacement- osiowe przemieszczenie)
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W drugiej kolejnosci przeprowadzono analizy numeryczne na modelach
odpowiadajgcych panelom pofatdowanym. Diugo$é oraz warunki brzegowe sa
podobne jak dla paneli prostych. Promien tuku panelu wynosi 12.5m. Model jest
modelem powtokowym z siatkg elementow skonczonych typu SR4. Przekrdj
poprzeczny modelu zostat przedstawiony na Rysunku 10. Trzy sposoby obcigzenia
zostaly przebadane: sita skupiona w punkcie 1, w zastepczym srodku ciezkos$ci oraz
w punkcie 2. W streszczeniu pracy przedstawiono wyniki tylko dla sity przytozonej w

zastepczym $Srodku ciezkosci.
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Rysunek 10. Przekroj poprzeczny panelu pofatdowanego

W pierwszym etapie wykonano liniowg analize stateczno$¢ typu "linear perturbation,
buckle". Na Rysunku 11a pokazano pierwsza otrzymang posta¢ deformaciji dla sity
krytycznej P¢r gnum=99.6kN. W drugim etapie wykonano geometrycznie- materiatowo
nieliniowg analize typu "Static, Riks". Na Rysunku 11b pokazano deformacje panelu
odpowiadajgcag maksymalnej sile Sciskajacej, jakg ten panel przenidst. Sita ta wynosi
Per Mnum=46.8KkN.

a) b)

Rysunek 11. Deformacja panelu pofatdowanego z analizy typu: a) Buckle, b) Riks
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Na Rysunku 12 przedstawiono otrzymang $ciezke obcigzenia. Z Sciezki tej wynika,
ze dla panelu pofatdowanego nie istnieje wprost Sciezka po-krytyczna a sita
krytyczna otrzymana z liniowej analizy statecznosci dla przypadku panelu
pofatdowanego jest znacznie zawyzona. Na tym etapie mozna wnioskowaé, ze
wilasciwg metodg numeryczng dla tego typu paneli jest podejScie bazujgce na

analizach nieliniowych np. typu "Static, Riks".
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Rysunek 12. Numeryczna Sciezka obcigzZenia dla panelu pofatdowanego
(compression force- sita $ciskajgca, axial displacement- osiowe przemieszczenie)

5.2.Badania laboratoryjne

W pierwszej kolejnosci przeprowadzono badania laboratoryjne na prébkach paneli
prostych. Wykonano trzy probki o dtugosci efektywnej L=50 cm, a nastepnie poddano
je sciskaniu osiowemu w prasie hydraulicznej. Prébki te byty przymocowane do blach
o grubosci 12mm. Blacha dolna spoczywata na spodzie prasy hydraulicznej. Na
blasze gérnej potozona zostata jeszcze jedna blacha o grubosci 12 mm w celu
zminimalizowania odksztatcen niezwigzanych zelementem docelowym. Na
podwojng blache, prasa hydrauliczna przekazywata site poprzez przegub kulowy. Do
elementu testowego przymocowano metalowe poprzeczki, ktére miaty zapobiec
utracie statecznosci miejscowej poprzez zwichrzenie oraz rozchodzeniu sie na boki
$cian analizowanej probki, co miato doprowadzi¢ do zgodnosci badanej prébki
z powtokg zabudowang na obiekcie. Zatozono czujniki do pomiaru przemieszczenia

osiowego oraz sity. Czujniki te, podtgczone byty do stanowiska komputerowego.
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Otrzymana Sciskajgca sita niszczaca probke nr 1 wynosi Permians1y=39.6KN, prébke
nr 2 wynosi Permians2=47.8KN a probke nr 3 wynosi Permians3=45.7kKN. Na Rysunku
13 przedstawiono zdeformowane prébki paneli prostych.

Rysunek 13. Zdeformowane prébki paneli prostych

W drugiej kolejnosci przeprowadzono badania laboratoryjne na prébkach paneli
pofatdowanych. Promien tuku panelu wynosi 12.5m. Trzy sposoby obcigzenia zostaty
przebadane: sita skupiona w punkcie 1, w zastepczym $rodku ciezko$ci oraz
w punkcie 2 (Rysunek 10). W streszczeniu pracy przedstawiono wyniki tylko dla sity

przytozonej w zastepczym srodku ciezkosci. Stanowisko badawcze przedstawiono na
Rysunku 14.

Rysunek 14. Stanowisko badawcze dla elementdéw $ciskanych
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Otrzymana Sciskajgca sita niszczaca probke nr 1 wynosi Permians1y=37.8KN, prébke

nr 2 wynosi Permians2=38.2KN a probke nr 3 wynosi Per mians3=43.0kN. Na Rysunku

15 przedstawiono zdeformowane prébki paneli pofatdowanych.

Rysunek 15. Zdeformowane prébki paneli pofatdowanych

5.3.Poréwnanie wynikéow

Poréwnanie wynikow otrzymanych z analiz numerycznych oraz z badan

laboratoryjnych przedstawiono w Tabeli 1 dla paneli prostych oraz w Tabeli 2 dla

paneli pofatdowanych. Zgodnos¢ wynikow jak dla badan wstepnych
satysfakcjonujaca.
Sita niszczgca [kN] | Probka 1 | Prébka 2 | Prébka 3
Badania
laboratoryjne PerMiab 396 47.8 45.7
Numeryczna
analiza nieliniowa Per pnum 50.0
Permian! Per Mnum 0.79 0.96 0.91

Tabela 1. Poréwnanie wynikoéw z wstepnych badan paneli prostych

Sita niszczgca [kN] | Probka 1 | Prébka 2 | Prébka 3
Badania
laboratoryjne Per miab 39.6 47.8 457
Numeryczna
analiza nieliniowa Per pnum 50.0

Permiab/ Per,Mnum 0.79 0.96 0.91

Tabela 2. Poréwnanie wynikéw z wstepnych badan paneli pofatdowanych

10
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Na podstawie badan wstepnych wciggnieto nastepujace wnioski:

przekroj poprzeczny panelu prostego moze by¢ zakwalifikowany do klasy 4,
poniewaz jego no$nosc¢ jest mniejsza niz nosnos¢ wynikajgca z poczatku
uplastycznienia strefy Sciskanej, przekroje tej klasy rozpatrywane sa
w zakresie sprezystym i nie osiggajg nosnosci przegubu plastycznego z uwagi
na wystepowanie zjawiska lokalnej utraty statecznosci w stanie sprezystym,
przekréj poprzeczny panelu pofatdowanego nie moze by¢ zakwalifikowany do
klasy 4, poniewaz jego no$nosc¢ nie jest mniejsza niz no$nos¢ wynikajaca
z poczatku uplastycznienia strefy $ciskanej,

budowa modeli geometrycznych paneli z pofatdowang powierzchnig na
podstawie pomiaréw suwmiarka, wnosi ryzyko pominiecia istotnych, miedzy

innymi z uwagi na ocene statecznosci lokalnej, imperfekcji geometrycznych.

6. Skanowanie optyczne i badania materialowe

6.1.Przestrzenne skanowanie optyczne

W celu odzwierciedlenia prawdziwej geometrii omawianych paneli, zostata uzyta

metoda przestrzennego skanowania optycznego ich powierzchni. Modele te moga

by¢ wyeksportowane do programow Metody Elementéw Skonczonych (MES),

a nastepnie uzyte w analizach numerycznych. Witasciwosci mechaniczne blachy

zostaty okreSlone na podstawie prébek wycietych z paneli prostych oraz

pofatdowanych. Nastepnie prébki te zostaty poddane statycznej probie rozciggania

zgodnie z normami [4] i [33].

W celu przeskanowania podwdjnie gietego panelu cienkosciennego, wycieto probke

o dtugoséci 0.6 m z tukéw o promieniach 5m, 7.5m i 10m (Rysunek 16).

Rysunek 16. Skaner 3D wraz z podwdjnie gietym panelem
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Skaner 3D, COMET L3D 2M [65], niemieckiej firmy Steinbichler Optotechnik GmbH,
zostat wykorzystany do skanowania paneli cienkosciennych. Jest to precyzyjne
urzadzenie do tzw. pomiarédw bezdotykowych. Dla zapewnienia doktadnosci
pomiarowych, konieczna jest kalibracja systemu. Kalibracje nalezy przeprowadzié¢
kazdorazowo po przewiezieniu systemu, po zmianie pola widzenia, w przypadku
znacznej zmiany temperatury w miejscu pracy lub okresowo raz w tygodniu.

Po wykonaniu kalibracji mozna przystgpi¢ do skanowania profili. W trakcie procesu
skanowania, badany obiekt jest osSwietlany btekitnym Swiattem. Na powierzchni
przedmiotu projektowane sg zestawy linii o okreslonej strukturze. Kamera CCD
(.ang. Charge-Coupled Device) obserwuje zakrzywianie projektowanych linii i na
podstawie ich znieksztatcenia oblicza doktadng pozycje w przestrzeni 3D kazdego
punktu widzianego przez kamere. W wyniku skanowania otrzymuje sie chmure
punktéw odzwierciedlajgcg ksztatt skanowanego przedmiotu. Po zeskanowaniu
catego profilu, otrzymana chmura punktéw zostata przeksztatcona w siatke tréjkatow.
Aby utworzy¢ model powierzchniowy wykorzystany zostat program do inzynierii
odwrotnej o nazwie Geomagic [28]. Narzedzie to pozwolito na utworzenie
powierzchniowego modelu NURBS (z j.ang. Non-Uniform Rational B-Spline)
a nastepnie na konwersje do modelu CAD (z j.ang. Computer Aided Design). Dzieki
opcji tworzenia ,powierzchni swobodnych” mozna dopasowac¢ powierzchnie do
utworzonej poprzednio siatki trojkatéw, a nastepnie utworzy¢ kopie rzeczywistego
panelu przy jednoczesnej minimalizacji prawdopodobienstwa wystgpienia btedow
podczas symulacji w oprogramowaniu do analiz MES.

Model po skanowaniu (Rysunek 17) odzwierciedla skomplikowang geometrie
pofatdowanych powierzchni stalowego panelu. Nastepny krok budowy modelu
teoretycznego to dobér odpowiednich witasciwosci mechanicznych blachy, z ktérej
wykonano profil, z uwzglednieniem wptywu giecia na zimno na te wifasciwosci

mechaniczne.

Rysunek 17. Gotowe modele po skanowaniu: a) AutoCad, b) ABAQUS
12
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6.2.Badania materialowe

Badania materiatowe (statyczna préba rozciggania w temperaturze otoczenia)
przeprowadzono na probkach wycietych z paneli prostych i pofatdowanych, tak jak to
pokazano na Rysunku 18. Klasa blachy to S320GD+ZA. Geometrie tych prébek
przedstawiono na Rysunku 19, gdzie L¢ to dtugos¢ czesci réwnolegtej prébki, a Lo to

poczatkowa dtugo$é pomiarowa.

Rysunek 18. Miejsca wyciecia probek do badarn materiatowych

probki: S1, S2, 53 probki: LS1, LS2, LS3
powierzchnia przekroju poprzecznego na dfugosci Lc | powierzchnia przekroju poprzecznego na diugoscei Le¢

S0=20 mm?2 So=20 mm?2
S MR oy M——
i |
e ]
30

h=d

= | | l
|

e N ———
‘ L0=80mm | LO=80mm |
i T J 35 ! Le=80mm
probki: C1, C2, C3 prébki: DC1-DCE
powierzchnia iprzekroju poprzecznego na dfugosci Lc | powierzchnia przekroju poprzecznego na dfugosci Le
S0=13,2 mm S0=20 mm?
S
I *’%%/ ST ]
J =, \— l 40 l, Le=140mm I, 40 L
LO=80mm 1 + 1
30 }  le=90mm

Rysunek 19. Geometria probek do badan materiatowych

Kontury prébek zostaty osiggniete przez szlifowanie. Prébki byty tak przygotowane,
aby powierzchnia walcowana nie byta obrabiana. Grubo$¢ prébek wynosi 1mm.
Testy materiatowe przeprowadzono w maszynie wytrzymatosciowej Zwick/Z100,

ktéra sterowana jest za pomoca oprogramowania testXpert. Ustawiona szybkos$¢
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odksztatcenia lub odpowiadajgca jej szybko$é przemieszczenia trawersy nie
przekracza 0,008 s”. Gtéwnym celem badan materiatowych jest pozyskanie
parametré4w mechanicznych blachy uzytej do produkcji paneli ABM oraz sprawdzenia
jak giecie na zimno owej blachy wptywa na podstawowe parametry
wytrzymatosciowe. Tabela 3 przedstawia otrzymane wyniki. Jedynie prébki ptaskie
(S1-S3) byty przygotowane i testowane zgodnie z normami [4] i [33]. Dla reszty
prébek, geometrie dobrano samodzielnie bazujgc na powyzszych normach. Normy te
nie biorg pod uwage nastepujacych imperfekcji geometrycznych: przettoczen
podtuznych, ksztattu naroznika czy karbowania. Sama procedura przeprowadzenia
badania byta zgodna z normami [4] i [33]. Wyniki dla prébek LS, C, DC majag

znaczenie jakosciowe poréwnujgc z prébkami S.

Goérna granica -
o Wydtuzenie
Modut plastycznosciRey s
. - Wytrzymalo$¢ na ekstensometryczne
Probka sprezystosci [MPa] lub rozcigganieR catkowite procentowe
podituznej E umowna granica [MPa] m 17V naiwiekszei sile
[GPa] plastyczno$ciRp 2 przy naj Qo J
S1 2031 356.5 415.4 16.39
S2 205.4 356.4 418.6 15.88
S3 201.3 353.0 420.6 17.60
LS1 200.1 355.7 416.6 16.41
LS2 204.8 353.1 414.4 15.63
LS3 2041 343.6 408.6 16.38
C1 208.8 431.9 487.6 12.55
C2 208.4 438.9 490.6 12.20
C3 208.1 412.4 480.1 11.77
DC1 - 344.5 408.4 -
DC3 - 347.2 411.5 -
DC5 - 346.1 412.2 -
DC6 - 343.0 4111 -

Tabela 3. Wyniki testow materiatowych

Z Tabeli 1 i Rysunku 20 mozna wyciagna¢ nastepujace wnioski:

e probki S spetniajg wymagania co do wtasciwosci mechanicznych dla stali
S320GD,

e przettoczenie podtuzne w prébkach LS nie wptywa na warto$ci parametrow
mechanicznych badanej blachy, naprezenia na wykresie dla prébki LS1 po
osiggnieciu Rey szybciej przyrastajg w poréwnaniu z prébkg S1,

e dla prébek C wycietych z naroznika, granica plastycznosci oraz wytrzymato$é

na rozcigganie znacznie wzrasta w poréwnaniu z probkami S i LS,

14
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e dla probek DC mozna zatozy¢, ze fatdowanie poprzeczne nie wptywa na
wartosci granicy plastycznosci oraz na wytrzymato$ci na rozcigganie

badanych prostopadle do osi karbowania.

Na podstawie opisanych badan otrzymano wyniki, ktére zostang wykorzystane
w budowie modelu teoretycznego ptaskiego oraz pofatdowanego (z poprzecznymi

karbami) panelu cienkosciennego.

s1 Ls1
450

400
350
& 300
2 250
.g 200
< 150
> |
& 100
g 5o |
= 9 i |
0,05 0,00 0,05 0,10 0,15 0,20 0,25 -0,05 0 0,05 0,1 0,15 0,2 0,25 0,3
Odksztalcenie Odksztalcenie
ekstensometryczne ekstensometryczne
C1 DC1
600 450
500 | 400
= , 350
E 400 | 8 300
S 300 | 2250
2 ‘ L 200
E 200 | @ 150
ar
S 100 | | S 10
(] 8 50
= | =
0 4
-0,05 0 0,05 0,1 0,15 0,2 -10 0 10 20 30 40 50
Odksztalcenie Przemieszczenie
ekstensometryczne trawersy [mm]

Rysunek 20. Krzywe naprezenie- odksztatcenie/przemieszczenie

Otrzymany model geometrii paneli na podstawie skanowania oraz wyniki z badan
materiatowych, zostang uzyte do budowy modeli nhumerycznych paneli podwdjnie
gietych. Nastepnie modele te zostang wykorzystane w analizach numerycznych
w celu zbadania statecznosSci lokalnej paneli oraz wptywu karbowania na ta

stateczno$¢.
7. Badania numeryczne i laboratoryjne

Na podstawie Eurokodu 3 Cze$¢ 1-5 [24] zostata wyliczona no$nos¢ przy $ciskaniu
panelu prostego i pofatdowanego. Dla panelu prostego wynosi ona Py, prosty=58.5kN,
a dla panelu pofatdowanego Py, pofatdowany=80.1kN. Nalezy tutaj dodac¢, ze dla panelu
pofaldowanego pominieto poprzeczne imperfekcje geometryczne (karbowanie)

i zatozono, ze przekrdj poprzeczny nalezy do klasy 4. Nastepnie otrzymane wyniki
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porébwnano z wynikami otrzymanymi na drodze analiz numerycznych oraz badan

laboratoryjnych.

7.1.Analizy numeryczne

Dla panelu prostego wykonano nastepujgce analizy numeryczne MES w programie
Abaqus:

e Igczona analiza typu "linear perturbation, buckle" z "Static, Riks",

e taczona analiza typu "linear perturbation, buckle" z "Automatic Stabilization".
Dodatkowe informacje na temat analizy "Automatic Stabilization" mozna znalezé
w [20, 50, 100]. Parametry materiatowe blachy zostaty otrzymane na drodze badan
laboratoryjnych. Rozpatrzono dwa modele materialowe dla panelu prostego:
pierwszy gdzie panel ma state wilasciwosci materiatowe, drugi gdzie panel ma
podwyzszane wtasciwosci w narozach. W niniejszym streszczeniu przedstawiono
wyniki dla drugiego modelu materiatowego.

W pierwszej kolejnosci przeprowadzono analize typu "linear perturbation, buckle"
z ktorej otrzymano krytyczng site $ciskajaca i pierwszg posta¢ deformacji. W drugim
kroku otrzymana deformacja zostata eksportowana do analizy typu "Riks, Method"
lub "Automatic Stabilization". Analiza po-krytyczna z wykorzystaniem metody Riks
czy Automatic Stabilization geometrycznie doskonatego elementu moze pomingé
punkt bifurkacji na $ciezce obcigzenia. Aby temu zapobiec, mozna dodac imperfekcje
geometryczne np. z pierwszej postaci deformac;ji z liniowej analizy wyboczeniowej.

Procedura fgczenia dwéch typéw analiz w programie Abaqus zostata przedstawiona

na Rysunku 21 (na przyktadzie "linear perturbation, buckle" i "Static, Riks").

Nosnos¢ Sita
Typ analizy przekroju | niszczaca
Py [kN] Perm [KN]
"buckle"+"Riks" 60.5 66.3
"buckle"+"Aut. Stab." 60.9 67.5
Eurokod 3 58.5 -

Tabela 4. Rezultaty dla panelu prostego

W Tabeli 4 przedstawiono wyniki z réznych typdw analiz i porébwnano je z wynikiem
otrzymanym na podstawie obliczen z normy europejskiej. Otrzymane wartosci sit

réznig sie nieznacznie od siebie. Dodatkowo-wartosci sit niszczacych dla modelu
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panelu z uwzglednianiem podwyzszonych wiasciwosci mechanicznych blachy w
naroznikach sg wyzsze niz dla modelu o wtasciwo$ciach statych. Szczegotowe
rozwazania przedstawiono na stronach 118-131 rozprawy doktorskiej.

™ © ©
5 o o
e = =
3 © o
B (32}
g @ &
© : :
= 1
a =
= £ E
9 b S
2
[0} =z =
[45) = <
o © <
a — w0
& © ©
® 1 ]
5 = =
3 ;
3 o
5]
p—
a5

"U" export
scale factor; -0.55

17747

A=

17.74 kKN

Procedure type: Linear perturbation/Buckle
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Rysunek 21. tgczna analiza typow "linear perturbation, buckle" i "Static, Riks"
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Dla panelu pofatdowanego wykonano trzy oddzielne analizy numeryczne MES
w programie Abaqus: "linear perturbation, buckle", "Static, Riks", "Automatic
Stabilization". W tym przypadku nie ma potrzeby tacznych analiz jak dla panelu
prostego. Wynika to z tego, ze panel pofatdowany nie ma idealnego ksztattu
i w procesie jego prefabrykacji powstaty znaczne imperfekcje geometryczne.
WiasciwoSci mechaniczne blachy zostaly otrzymane na drodze badan
laboratoryjnych. Rozpatrzono dwa modele materiatowe dla panelu pofatdowanego:
pierwszy, gdzie panel ma state wilasciwosci materiatowe, drugi, gdzie panel ma
zmienione wiasciwosci w narozach ze wzgledu na giecie na zimno. W niniejszym
streszczeniu przedstawiono wyniki dla drugiego modelu materiatowego. Rozpatrzono
panele o promieniach tukéw 5m, 7.5m, 10m. Geometrie paneli uzyskano na
podstawie przestrzennego skanowania optycznego.

W pierwszym etapie wykonano liniowg analize statecznosci typu "linear perturbation,
buckle". Na Rysunku 22a pokazano pierwsza otrzymang posta¢ deformaciji dla sity
krytycznej Pe gnum=127kN. W drugim etapie wykonano geometrycznie- materiatowo
nieliniowg analize typu "Static, Riks" oraz "Automatic Stabilization". Na Rysunku 22b
pokazano deformacje panelu odpowiadajgca maksymalnej sile Sciskajgcej, jaka ten
panel przeniést. Dla panelu o promieniu 5m sita ta wynosi P¢; mnum=46.6kN dla analizy
"Static, Riks" oraz P¢rmnum=47.3kN.

a)

Rysunek 22. Deformacja panelu pofatdowanego, analizy typu: a) Buckle,
b) Riks lub Automatic Stabilization
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Z Rysunku 22b wynika, ze utrata statecznosci lokalnej jest osiggnieta poprzez
zaciskanie sie sgsiadujgcych ze soba pojedynczych fatd- w pracy efekt ten nazwano
efektem akordeonu. Otrzymany ksztatt deformacji jest inny anizeli dla panelu

prostego, gdzie posta¢ deformacji odpowiada poffali sinusoidalnej (Rysunek 21).
60
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Rysunek 23. Sciezki obcigzenia dla $ciskanych paneli o réznych promieniach tuku
(compression force- sita $ciskajgca, axial displacement- osiowe przemieszczenie)

Z Rysunku 23 wynika, ze panel o najmniejszym promieniu fuku zniszczyt sie pod
dziataniem najnizszej sity, a panel o najwiekszym promieniu tuku zniszczyt sie pod
dziataniem sity o najwiekszej wartosci. Istnieje zatem pozytywna korelacja pomiedzy
nosnoscia przekroju podwojnie gietego i promieniem giecia wtérnego.

Nosno$¢ $Sciskanego panelu pofatdowanego zostata okreSlona jako sita, ktora
powoduje skrécenie prébki o 0.01%. Sposéb ten zostat zapozyczony z normy
dotyczacej statycznej proby Sciskania metali [54].

Typ analizy ll;loénoéé przekroju | Sita niszczaca
u [kN] Perm [kN]
"Static, Riks" r=5m 38.5 46.6
"Static, Riks" r=7.5m 43.0 50.2
"Static, Riks" r=10m 48.0 55.2
"Automatic Stabilization" r=5m 38.5 47.3
"Automatic Stabilization" r=7.5m 43.0 50.4
"Automatic Stabilization" r=10m 48.0 55.8
Eurokod 3 80.1 -

Tabela 5. Rezultaty dla panelu pofatdowanego
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Na podstawie wynikow z Tabeli 5 mozna wywnioskowac, ze obliczona nosnosé
Sciskanego panelu pofatdowanego na podstawie normy europejskiej [24] jest
znaczaco zawyzona. Zatem normy tej nie mozna uzywa¢ do oceny nos$nosci

konstrukcji podwdjnie gietych.

7.2.Badania laboratoryjne

W pierwszej kolejnosci przeprowadzono badania na prébkach paneli prostych. W tym
opracowaniu przedstawiono wyniki dla trzech probek. Stanowisko badawcze zostato
przedstawione na Rysunku 24.

_-l_"l__ hydraulic press "|_T -

straight panel

Rysunek 24 Stanowisko badawcze dla panelu prostego
(hydraulic press- prasa hydrauliczna, straight panel- panel prosty, plate- gruba blacha,
bearing- tozysko, clamps- zaciski, displacement sensors- czujniki przemieszczenia)
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Rysunek 25. Sciezki obcigzenia dla $ciskanych paneli prostych
(compression force- sita $ciskajgca, axial displacement- osiowe przemieszczenie)
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Na Rysunku 25 przedstawiono otrzymane $ciezki obcigzenia (wartosci na osi
pionowej odpowiadajg sile osiowej, a na poziome] przemieszczeniu osiowemu-
skréceniu panelu). Z sciezek tych wynika, ze trzy prébki zachowujg sie podobnie pod
wptywem obcigzenia Sciskajgcego.

W drugiej kolejnosci przeprowadzono badania na prébkach paneli pofatdowanych.
Prébki paneli zostaty wyciete z tukédw o promieniach 5m, 7.5m, 10m. W niniejsze;j
pracy przedstawiono wyniki dla trzech prébek, dla kazdego promienia. Stanowisko
badawcze byto podobne do tego jak dla paneli prostych. Na Rysunku 26
przedstawiono otrzymane $Sciezki obcigzenia (wartosci na osi pionowej odpowiadajg
sile osiowej, a na poziomej przemieszczeniu osiowemu-skroceniu panelu). Z Sciezek
tych wynika, ze probki zachowujg sie podobnie pod wptywem obcigzenia
$ciskajacego do momentu zniszczenia.
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Rysunek 26. Sciezki obcigzenia dla $ciskanych paneli prostych
(compression force- sita $ciskajgca, longitudinal displacement- osiowe przemieszczenie)
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7.3.Poréwnanie wynikow

W Tabeli 6 przedstawiono wyniki z analiz numerycznych i badan laboratoryjnych dla
paneli prostych. Na Rysunku 27 przedstawiono formy zniszczenia uzyskane na
drodze badan numerycznych i laboratoryjnych.

mozna stwierdzi¢, ze zgodnos$¢é otrzymanych wynikow z obu typéw badan jest na

satysfakcjonujacym poziomie.

Poréwnujgc uzyskane rezultaty

Numer probki

Sita niszczaca

Sita niszczaca

Sita niszczaca

Permgan) [KN] Per mnum riks) [KN] | Pormnum stab) [KN]
S1 56.9
S2 57.5 66.3 67.5
S3 59.7

Tabela 6. Porownanie wynikow dla paneli prostych

W Tabeli 7 przedstawiono wyniki z analiz numerycznych i badan laboratoryjnych dla

paneli pofatdowanych. Na Rysunku 28 przedstawiono formy zniszczenia uzyskane

Rysunek 27. Zdeformowane panele proste
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na drodze badan numerycznych i laboratoryjnych. Poréwnujgc uzyskane rezultaty

mozna stwierdzi¢, ze zgodno$¢ otrzymanych wynikow z obu typdéw badan jest na

bardzo satysfakcjonujacym poziomie.

et e i | 2 etacn | Sl | S

S1 44 6

5 S2 431 46.6 47.3
S3 443
S1 47.0

7.5 S2 47.3 50.2 50.4
S3 46.4
S1 53.5

10 S2 52.7 55.2 55.8
S3 51.7

Tabela 7. Poréwnanie wynikdw dla paneli pofatdowanych

Rysunek 28. Zdeformowany panel pofatdowany
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8. Whioski

Niniejsza praca ma charakter doswiadczalno-teoretyczny o szerokim spektrum
zastosowan. Szczeg6lnym osiggnieciem pracy jest miedzy innymi to, ze do budowy
modelu obliczeniowego wykorzystano nowoczesng technologie skanowania
optycznego.

Czastkowe osiggniecia rozprawy doktorskiej "Analiza statecznosci lokalnej podwaéjnie
gietych konstrukcji cienko$ciennych" sg nastepujace:

e potwierdzono, ze przekrdj poprzeczny panelu prostego jest klasy 4,

e udowodniono, ze przekrdj poprzeczny panelu pofatdowanego nie spetnia
kryteridw definicji przekroju klasy 4 wedtug [24],

e pokazano, ze mechanizm utraty statecznosci lokalnej jest zasadniczo rézny
dla paneli pojedynczo i podwdjnie gietych,

e udowodniono, ze pominiecie karbowania na powierzchni paneli, prowadzi do
przeszacowania ich nosnosci wedtug procedury obliczeniowej zawartej
w Eurokodzie 3 Czes¢ 1-5 [24],

e udowodniono, ze karbowanie na powierzchni paneli odgrywa istotng role
w ocenie ich lokalnej statecznos$ci, a co za tym idzie no$nosci,

e dzieki wykorzystaniu najnowszych metod obliczeniowych i zastosowaniu
skanowania optycznego do utworzenia modelu numerycznego uzyskano
bardzo dobrg zgodno$¢ obliczen z wynikami badan doswiadczalnych,
wykazujgc tym samym praktyczng przydatnoS¢ tych nowoczesnych
technologii,

e praca moze byc¢ traktowana jako punkt wyjscia dla procedur obliczeniowych
podwojnie gietych konstrukcji cienkosciennych.

Whyniki przeprowadzonych badan i analiz oraz prezentowane metody majg charakter
ogolny i znajdujg zastosowanie praktyczne w budowie procedur projektowania
konstrukcji podwojnie gietych réznych typéw, nie tylko analizowanego tutaj
konkretnego przyktadu.

Wedtug autora niniejszej rozprawy doktorskiej, gtébwny jej cel zostat osiggniety,
a mianowicie:

"Gtéwnym celem rozprawy doktorskiej jest petne zrozumienie zjawiska statecznosci
lokalnej podwdjnie gietych paneli cienkoSciennych w celu zapewnienia punktu

wyjscia dla procedur obliczeniowych konstrukcji".
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W zatgczniku A zamieszczono strone tytutowg publikacji wydanej w prestizowym
czasopiSmie "Journal of the International Association for Shell and Spatial
Structures". W zataczniku B zamieszczono strony tytutowe publikacji oraz jedna
petng publikacje, ktdére znajdujg sie w wykazie Web of Science.

Wszystkie te publikacje obejmujg najwazniejsze wyniki badan nad statecznoscig
lokalng podwdjnie gietych paneli cienkoSciennych. Wyniki te sg podsumowane w tej
rozprawie.
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ABSTRACT

This paper describes briefly the stability analyses of doubly corrugated thin-walled steel panels which are used
as a solution for buildings and roofing structures. As an example of such system the ABM MIC 120
prefabrication technology is chosen where factory on wheels makes cold-formed arch steel buildings or roofs in
a very short period of time as self-supporting panels. The main problem of such structures lies in the lack of
proper theoretical model of the element due to its complex geometry. In order to understand the panel behavior,
linear and non-linear stability analyses are carried out in ABAQUS. The achieved results are compared with
preliminary compression tests performed on steel samples. The main goal of this paper is to show how the
complex geometry of such panel influences the magnitude of axial compression critical force.

Keywords: doubly corrugated, cold-formed, steel, self-supporting, panels, linear, non-linear, stability

1. INTRODUCTION load cases. In Figure 1 cross-sections of MIC 120 is
presented.

Due to today’s difficult economy, cheap and short

time consuming solutions for buildings industry are
very desirable. One of the solutions which fulfills
above requirements is the ABM (Automatic
Building Machine) technology. It is a mobile
factory used to fabricate and construct K-span arch
steel buildings based on self-supporting panels
made of MIC 120 profiles. This technology comes
from the USA and belongs to M.I.C. Industries Inc.
Such technology was commonly used by the US
army to built temporary buildings and nowadays
these structures become a popular solution in
civilian life. In Poland there is only one firm
specializing in this building system called
“Primtech Szymin Kita”. Also in other European
countries ABM steel buildings become popular. In
the Czech Republic and Slovakia such
prefabrication system is offered by several
companies. The ABM technology and similar
building systems are commonly used in Russia in
regions where snow load has a dominant role in

The ABM technology consists of a movable, steel
building manufacturing plant, known as the MIC
120 System. This machine is placed on a trailer,
forming factory on wheels which can be easily
transported to any construction sites (see Figure 2).

MIC 120

111

305

Figure 1. Cross-sections of the ABM profile

Once the machine is delivered to site, the
construction process can be started by a small group
of trained crew. Firstly, coil of steel is formed to the
straight panel of channel cross-section. This panel is
cut to achieve needed span of the future arch
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" Influence of geometric imperfections on the local stability

of thin-walled elements

R. Walentynski, M. Cybulska & R. Cybulski
Silesian University of Technology, Gliwice, Poland

ABSTRACT: This paper describes the influence of surface transverse geometric imperfections called corru-
gations on the local stability of steel thin-walled elements. Such elements are used to construct self supported
arch buildings and roofs. Authors of the paper compare results obtained from analytical investigation based
on Eurocode 3 formulas and from linear and nonlinear numerical stability analyses. Two types of thin-walled
elements are considered: a panel with smooth walls and panels with corrugations on their surface. Finally the
conclusions are made which can be useful for the design purposes.

I INTRODUCTION

1.1 ABM technology

Due to today’s difficult economy, cheap and short
time consuming solutions for buildings industry are
very desirable. One of the solutions which fulfills
above requirements is the ABM (Automatic Building
Machine) technology. It is a mobile factory used to
fabricate and construct K-span arch steel buildings
based on self-supporting panels made of MIC 120
profile. Once the machine is delivered to the build-
ing site, the construction process can be started by
a small group of trained crew. Firstly, coil of steel
is formed to the straight panel of channel cross-
section. This panel is cut to reach a needed span
of the future arch building. Secondly, this panel is
bent to form the arch and its shape changes due
to surfaces corrugations. Both shapes are shown in
Figure 1 and it can be observed that these panels con-
sist of main corrugation-obtained during formation of
cross-section and secondary corrugation- folded sur-
face achieved from panel bent into an arch. This is a
reason for using the term “doubly corrugated” steel
arch panel. Such terminology was also used by Mang
(1976).

The calculation procedures for straight panels are
known and can be followed by the Eurocode 3 Part 1-5
(2006) regulations. Base on it, the cross-section is
assumed to be of class 4 in which local buckling will
occur before the attainment of yield stress. In such
cross-sections effective widths may be used to make
the necessary allowances for reductions in resistance
due to the effects of local buckling.

The calculation of corrugated panels should be
different. Authors of this paper have observed that
in many projects, corrugation on panel surface is
neglected by engineers during calculation procedures.
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Straight and corrugated panels.

Figure 1.

This leads to significant overestimation of panel’s
ultimate load which in worst case scenario can cause
failure of the structure (Fig. 2). It must be stated that
Eurocode 3 Part 1-5 (2006) does not give a proce-
dure for elements with transverse imperfections such
as corrugations.

1.2 Multi-stage research

In order to understand the corrugated panel’s local sta-
bility behavior, research project “Stability of doubly
corrugated thin-walled structures” has been estab-
lished, which is financed by the Polish National Sci-
ence Centre in Cracow (NCN). Due to very complex
geometry of corrugated panels, the research so far
consists of the following parts: preliminary numerical
and experimental investigation of buckling and post-
buckling behavior (Walentynski & Cybulski 2012a),
panels’ geometry investigation based on 3D optical
scanning methodology and material properties investi-
gation taking into account cold-forming phenomenon
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Local buckling and post-buckling investigation of cold-formed
self-supported elements

R. Walentynski, R. Cybulski & K. Koziet
Faculty of Civil Engineering, Silesian University of Technology, Gliwice, Poland

ABSTRACT: This paper describes the influence of surface transverse geometric imperfections called cor-
rugations on the local stability of cold-formed elements. Such elements are used to construct self supported
arch buildings and roofs. Authors of the paper compare results obtained from analytical investigation based on
Eurocode 3 formulas, from linear and nonlinear numerical stability analyses and experimental investigation.
Two types of thin-walled elements are considered: panel with smooth walls and panels with transverse corruga-
tions on their surfaces. Transverse geometric imperfections, such as corrugations, have significant influence on
cold-formed elements buckling and post-buckling behavior. The choice of numerical stability analysis is crucial
in order to obtain reasonable values of critical and ultimate loads. Finally the conclusions are made which can
be useful for design purposes.

1 INTRODUCTION a) MIC 120 b) MIC 240

1.1  System description
|

- 800 -
Due to today’s difficult economy, cheap and short 1
time consuming solutions for buildings industry are < 8|
very desirable. One of the solutions which fulfills | i - . / '
. I L
o208 - -

above requirements is the ABM (Automatic Building 203
Machine) technology.

It is a mobile factory used to fabricate and construct ) ) ]
K-span arch steel buildings based on self-supporting ~ Figure 1. Cross-sections of the ABM profiles.
panels made of MIC 120 and MIC 240 profiles.

This technology comes from the USA and belongs to coiL
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civilian life.
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uses MIC 120 profiles. Second one, Weglopol Sp z STRAIGHT
0.0. applies MIC 240 profiles. Also in other European ~ PANE-
countries ABM steel buildings become popular. In S NekErie
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tem is offered by Ingspol and TAJANA companies. il
The ABM technology and similar building systems are
commonly used in Russia (represented by Arch con-
struction company) in regions where snow load has a
dominant role in load cases.

In Figure 1 cross-sections of MIC 120 and 240
profiles are presented. Herein only MIC 120 pro-  any construction sites (see Fig. 2). Once, the machine
file is considered for scientific investigation. The is delivered to site, the construction process can be
ABM technology consists of a movable, steel building  started by a small group of trained crew. Firstly, coil of
manufacturing plant, known as the MIC 120 System.  steel is formed to the straight panel of channel cross-

This machine is placed on a trailer, forming fac-  section. This panel is cut to achieve needed span of
tory on wheels which can be easily transported to  the future arch building. Secondly, this panel is bent

Figure 2. Prefabrication machine.
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1. Introduction

Due to today's difficult economy, cheap and short time consuming
solutions for the building industry are very desirable. One of the
solutions which fulfil the above requirements is the ABM (Automatic
Building Machine) technology. It is a mobile factory used to fabricate
and construct K-span arch steel buildings based on self-supporting
panels made of MIC 120 and MIC 240 profiles. This technology comes
from the USA and belongs to the M.L.C. Industries Inc. [1]. Such technology
is commonly used by the U.S. Army to build temporary buildings and
nowadays these structures become a popular solution in civilian life
all over the world.

In Fig. 1 cross-sections of MIC 120 and 240 profiles are presented.
Herein only the MIC 120 profile is considered for scientific investigation.

The ABM technology consists of a movable, steel building manu-
facturing plant, known as the MIC 120 System. This machine is placed
on a trailer, forming factory on wheels which can be easily transported
to any construction sites (see Fig. 2).

Once, the machine is delivered to the site, the construction process
can be started by a small group of trained crew. Firstly, a coil of steel is
formed to the straight panel of a channel cross-section. This panel is
cut to achieve the needed span of the future arch building. Secondly,
this panel is bent to form the arch and its shape changes due to surface
corrugations—this element is called a corrugated or a curved panel. Both
shapes are shown in Fig. 3 and it can be observed that these panels con-
sist of the main corrugation—obtained during formation of cross-section

* Corresponding author.
E-mail addresses: robert.cybulski@polsl.pl (R. Cybulski), m.e.cybulska@gmail.com
(R. Walentyniski), m.e.cybulska@gmail.com (M. Cybulska).

0143-974X/$ - see front matter © 2014 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.,jcsr.2014.01.004

atstage 1, and a secondary corrugation—folded surfaces achieved from a
panel bend into an arch at stage 2. This is the reason for using the term
“doubly corrugated” steel arch panel. Such terminology has been also
used by Mang in [2].

After a few single panels are tightened together by the seam ma-
chine, they are fixed to the lifting sling and transported to the execution
place by a crane (see Fig. 4). These groups of panels are seamed together
to form an economical and waterproof steel structure. Ready K-Span,
arch steel roof made in this technology is presented in Fig. 5.

The precise process of construction of ABM arch steel roofs and
buildings is described in Refs. [3] and [4].

In Europe, especially in the Czech Republic, Poland and Slovakia, these
self-supported arch buildings are designed and calculated according to
Eurocodes 3 [5-7]. This is true for the straight panel which is assumed
to be of Class 4 in which local buckling will occur before the attainment
of yield stress. In such cross-sections effective widths may be used to
make the necessary allowances for reductions in resistance due to the
effects of local buckling. The calculation procedures for corrugated
panels should be different. Authors of this paper have observed that
in many projects, corrugation on the panel's surface is neglected by
engineers during calculation procedures. This leads to the significant
overestimation of the panel's ultimate load which in the worst scenario,
can cause a failure of doubly corrugated structure like this one presented
in Fig. 6. It must be stated that European design standards do not
give a procedure for elements with transverse imperfection such as
corrugations.

From the building failure presented in Fig. 6, it has been observed
that the key factor for understanding such collapses lies in the local
behaviour of neighbouring single corrugations. A few days before this
failure, some photos of this structure had been taken, focussing on the
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Fig. 1. Cross-sections of the ABM profiles a) MIC 120, b) MIC 240.

top part of the arch. In Fig. 7 it is clearly shown that instability which
caused the warehouse's collapse had a local character—the only ques-
tion that matters is why nobody had been trying to prevent this failure?

In order to understand the corrugated panel's local stability behav-
iour, the research project “Stability of doubly corrugated thin-walled
structures” has been established which is financed by the Polish National
Science Centre. Based on this research, it is possible to propose the calcu-
lation procedure of an effective cross-section area for corrugated panels
under axial compression load. This paper compares different methods
(analytical, numerical, and experimental) for axial compression ultimate
load calculations and can be seen as a warning for engineers from often
thoughtless use of any design standards. So far it can be stated that no
research has been conducted about doubly corrugated cold-formed
elements in order to compare the analytical, numerical and experimen-
tal results. In Ref. [8] the author focusses only on compression tests of
samples without any comparison, author Wu in [9] compares experi-
mental and numerical ultimate loads for compressed samples but the
accuracy of results is very low. In Ref. [10] written by Sweeney,
advanced laboratory tests on doubly corrugated panels were conducted
but no result comparison was discussed.

In order to conduct an expensive experimental investigation of ABM
panels (laboratory tests under axial compression) full understanding of
local buckling behaviour is needed. This can be ensured by the very
precise numerical buckling and post-buckling analyses conducted in
Abaqus FEM system. Three different types of analyses are used: linear
buckling analysis [11] based on eigenvalue problem, Riks Method [12]
analysis based on arc length iteration method, and Automatic Stabiliza-
tion [13] analysis based both on the Newton-Raphson iteration method
and on the artificial mass proportional damping.

2. Analytical solutions

The analytical solution for the ultimate load of straight and corrugated
panels is based on Eurocode 3 Part 1-5 [7]. Due to future experimental
investigation of both types of panels, where local stability will be
examined, distortional buckling is neglected. So the use of Eurocode 3
Part 1-3 [6] for cold-formed elements is omitted and only cross-
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FORMING MACHINE
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Fig. 2. Prefabrication machine.
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Fig. 3. ABM panels a) straight, b) corrugated.

sections of effective widths will be used to make the necessary allow-
ances for reductions in resistance due to the effects of local buckling.

Material properties of both types of steel panels are as follows:
Young Modulus E = 203.3 GPa, Poisson ratio v = 0.3, yield strength
fy = 355.9 MPa. E and f, are obtained from tension material test
which will be shortly discussed in further sections.

2.1. Straight panel

So in the first step let us consider the cross-section of a straight panel
shown in Fig. 8. Based on Eurocode 3 Part 1-1 [5] all the cross-section's
elements are of Class 4. So the cross-section of a straight ABM panel is
of Class 4. According to the definition given in Ref. [5] “Class 4 cross-
section are those in which local buckling will occur before the attain-
ment of yield stress in one or more parts of the cross-section.” The
effective area of the cross-section can be used in order to reduce resis-
tance due to the effects of local buckling and a post-buckling investiga-
tion is needed.

The lengths of the straight panel samples are limited due to the
hydraulic press clearance which will be used in future compression
tests. So the effective length of each sample which is measured between
the clamps is equal to 540 mm.

Fig. 4. Group of panels.
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Fig. 5. Warehouse constructed in ABM 120 technology.

The above cross-section consists of internal compression elements
(flanges and web) and outstand compression elements (flat lips).
Such division is based on Tables 4.1 and 4.2 from Ref. [7].

Let us consider the flat lip which is b = 24.5 mm wide. The equiva-
lent thickness h of this element is assumed to be equal 1.13 mm due to
the simplified geometry of the bent lock which is 15 mm wide. Such
equivalent thickness is obtained from numerical linear buckling analysis
which is not included in here.

Firstly o must be calculated:

mEh?

T R—2)R M

From Eq. (1) o = 390.9 MPa.

The next step is to introduce buckling factor k. In this case, where
the assumed stress distribution is constant ( = 1), the buckling factor
is equal 0.43.

The elastic critical plate buckling stress may be taken as follows:

Oy = ks0p (2)

From the above the critical buckling stress is equal to 168.1 MPa.
Plate relative slenderness A, and reduction factor p can be calculated
from the following formulas:

Ay = \/(];_z > 0.748 3)

,—0.188
p="t—F— <

2
)\P

1.0 (4)

From Egs. (3) & (4) A, = 1.46 and p = 0.60.

Fig. 6. Warehouse collapse.

Fig. 7. Local instability.

So the effective width for the first flat lip is equal to

beg = pb = 0.60 + 24.5 = 14.7mm (5)

A similar procedure is applied for the second flat lip, flanges and
web. The obtained results are listed in Table 1.

From Fig. 8 it can be seen that the web has two longitudinal stiff-
eners. In order to find the critical buckling stress which includes the
work of these stiffeners, a linear buckling numerical analysis has been
conducted in Abaqus software. The first achieved eigenvalue is equal
to 14.26 and such value corresponds to the stability critical stress
equal to 14.26 MPa. The first eigenmode is presented in Fig. 9.

Fig. 10 presents the straight panel's effective cross-section. The
effective area Ay is equal to 164.3 mm? and based on the expression
presented in Eq. (6), the post-critical load carrying capacity can be
calculated.

Py = fy Agg =355.9%164.3 = 58.5kN (6)

2.2. Corrugated panel

The calculation methodology for a corrugated panel is similar to the
one presented in Section 2.2. It must be clearly written that in this
section the walls of the corrugated panel are smooth. The corrugations
are omitted in order to present the most frequently made mistake by
structural engineers calculating doubly corrugated thin-walled (cold-
formed) structures. The cross-section of the assumed panel is presented
in Fig. 11. The effective length of the panel is equal to 540 mm.

For flanges and flat lips, it has been possible to take the results directly
from the straight panel investigation because for sample effective length

% A=607 mm’ F%_l

1 <Y
~
o 155,5 1485 o
2 =]
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Fig. 8. Straight panel cross-section.
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Table 1
Analytical results for straight panel.

b [mm)] os[MPa] N, p

Flatlip1 245 1.13 3909 043 168.1 146 060 147
Flatlip2 255 1.20 406.9 043 175.0 142 061 155
Flange 109 1 15.59 4 61.80 240 038 207
Web 304 1 - - 14.26 50 019 291

h[mm] og[MPa] ks ber [mm]

of 540 mm the rise of an arch equals 5 mm. Such curvature does not
influence the values of critical buckling loads for these two types of
panel's elements.

Now a web investigation can be presented. In this case curvature
from the arch is considered. Because a web has two curvatures (in
longitudinal and transverse directions), buckling numerical analysis
has been conducted in order to obtain a critical buckling stress. From
the linear buckling analysis made in Abaqus the first eigenvalue is
equal to 64.61 and this corresponds to a critical buckling stress of
O = 64.61 MPa. The first eigenmode for the web of the curved panel
is presented in Fig. 12. Based on that, the effective width is equal to
115.5 mm (2 « 57.8 mm).

Fig. 13 presents the curved panel's effective cross-section. The effec-
tive area A.gyis equal to 225 mm? and based on the expression presented
in Eq. (6), the post-critical load carrying capacity is equal to 80.1 kN.

3. FEM simulations

This section is devoted to FEM simulations from which obtained
results are compared with the values of the post-critical load carrying
capacity from previous sections.

3.1. Material properties of steel

The material test (static tensile testing at ambient temperature) has
been conducted on test pieces cut out from straight and doubly corru-
gated panels according to material test standard [14]. The locations of
the cut-outs are presented in Fig. 14.

In detail, values of material properties of both types of panels pre-
sented in Table 2 are discussed in [15,16]. This paper presents only the
final results for the material tests. In Table 2 f, stands for tensile
strength.

3.2. Panels geometry

Very precise geometry models for straight and corrugated panels
have been obtained from 3D optical scanning (see Fig. 15). This system
converts the surface geometry into a cloud of high-density numerous
points with 3D coordinates. It has been developed specifically for accu-
rately measuring the surface geometries of items different in size or
parts different in size on the same subject. The obtained geometry can
be exported to CAD and FEM systems. Optical scanning is especially
helpful for the panels with folded surfaces where dimensions of single
corrugations could be captured. Corrugated panels have very complex

Fig. 9. Straight panel—first eigenmode for the web.
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Fig. 10. Straight panel effective cross-section.

geometry and their hand-built models brought too much simplicity in
geometry which affected the results of the numerical analyses conducted
during preliminary investigation of doubly corrugated panels [17,18]. A
detailed description of 3D optical scanning of cold-formed panels is
given in [15,16].

3.3. Types of numerical analyses

Three main types of numerical analyses are used for local stability
investigation (buckling and post-buckling) of cold-formed panels. All
of them are conducted in Abaqus software.

The first one, linear buckling analysis (linear bifurcation buckling) is
based on the eigenvalue problem solution (see Ref. [11]).

The second one, the Modified Riks Method is used for static post-
buckling and collapse analysis. Such method finds static equilibrium at
the end of each increment. However, unlike the regular nonlinear static
analyses, the load magnitude is also a solution variable. It can increase or
decrease to satisfy static equilibrium. It is well described by Memon in
[12].

The third one, the stabilization method is used for post-buckling anal-
ysis and nonlinear static problems and is based both on the Newton-
Raphson iteration method and on the artificial mass proportional
damping. When local instabilities are developed, it means when change
of nodal displacements increases rapidly over a solution increment,
damping is added to help the solution algorithm maintain equilibrium.
More details about this method can be found in Ref. [13] written by
Moen.

3.4. Load and boundary conditions

For straight and curved panels boundary conditions are the same
and are presented in Fig. 16 in terms of a straight panel. Such boundaries
are chosen due to future laboratory compression tests.

U = 0 stands for restrained displacement and all rotations are free.
Plates and clamps from the test set-up are modelled as “rigid body”
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Fig. 11. Corrugated panel cross-section.
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Fig. 12. Corrugated panel—first eigenmode for the web.

elements. Straight panel is modelled from “shell” elements and uses
26,913 quad-dominated finite elements of type S4R (a 4 node doubly
curved shell with reduced integration, has six degrees of freedom at
each node, three translations and three rotations). Corrugated panels
use 80,000 quad-dominated finite elements. Concentrated compression
load is applied at the end of the element where boundary conditions
Uy = Uy = 0 are used.

3.5. Straight panel—combined Riks Method

The combined analysis method (Linear buckling together with Riks
Method) with material properties in the corner area from the first line
in Table 2, and for the remaining area from the second line in Table 2
is considered in this example.

In order to improve the results obtained from post-buckling analysis
of a straight panel based on arc length method comparing with results
obtained from preliminary post-buckling analysis presented in [17,18],
the combined method which consists of linear buckling and Riks Method
analyses is presented in here.

A post-buckling analysis of a geometrically perfect structure may
exhibit a sharp bifurcation at the buckling load, which may be missed
in the Riks Method. Adding geometric imperfections smoothes out the
discontinuous response at the point of buckling and allows the solution
to follow the response more easily.

Firstly, in order to obtain geometrical imperfections, the linear
buckling analysis must be conducted. Such analysis is of type “Linear
perturbation/Buckle”. Concentrated compression load is applied at the
cross-section's gravity centre (Fig. 8) and is equal to 1 N. Then the
deformed shape obtained from the first eigenmode is saved in global
coordinates in term of its displacements by using the following state-
ment in the input file:

+NODE FILE, GLOBAL = YES, LAST MODE =1, U.
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Fig. 13. Corrugated panel effective cross-section.

Fig. 14. Locations of material test pieces.

Secondly, these saved geometrical imperfections are called by the
input file of Riks Method analysis by using the statement:

+IMPERFECTION, FILE = buckling, STEP =1, 1,—0.55.

FILE refers to the linear buckling analysis file, STEP to the buckling
step, “1” to the first eingenvalue and “—0.55” is the limit value of
displacement perpendicular to the plate plane based on the classic non-
linear static analysis. In such case where thickness of the wall is equal
1 mm, the value of the imperfection is less important (as long as it is
less than 1) and does not influence the final results. More important is
the sign of the imperfection value (positive or negative) but this is
explained in further paragraphs. For this analysis concentrated com-
pression load applied at the effective cross-section's gravity centre
(Fig. 10) is equal to a load obtained from an eigenvalue.

Fig. 17 presents the analysis methodology where two types of
analyses (linear buckling and Riks Method) have been combined
together. Firstly, the linear buckling analysis has been conducted in
order to obtain the critical buckling load at the bifurcation point
(which lies somewhere on the equilibrium path). Such critical load is
connected to the first eigenmode (deformation mode) and to the eigen-
value (A). Unit concentrated load placed at the gravity centre of gross
cross-section (see Fig. 8) has been applied. So the value of the critical
buckling load is equal to the unit load times the first A (result in Newton
“N”). That is why the critical buckling load P, = 17.74 kN. In this case
the first eigenmode corresponds to a situation where the web deformed
to a single half-wave towards the inside of the cross-section. In the next
step, the obtained deformation field is exported to Riks analysis based
on arc length iteration method. Because for this nonlinear analysis the
concentrated load is applied at the effective gravity centre of the effec-
tive cross-section (Fig. 10), which means that the location of the
concentrated load moved up, the scale factor for deformation field is
with the minus sign. So the single half-wave is directed towards the out-
side of cross-section. Such move helps to destroy the straight element

Table 2
Material properties.
fy[MPa]  CORRplastic ~ f,[MPa]  CORR plastic  E[GPa]
strain [%] strain [%]
Corner area 428.6 0 548.3 11.8 203.3
Remaining area  355.9 0 487.6 15.2 208.4
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Fig. 15. 3D optical scanning of corrugated panel.

much faster than in the case where deformation field is taken straight
from the linear buckling analysis.

The value “0.55” stands for the Uy displacement which has been
obtained from the nonlinear static analysis, where the value of P
has been applied at the effective gravity centre. From Riks analysis at
the f, compression stress level (355.9 MPa) the ultimate load P, equals
60.5 kN. This value is similar to the value of the ultimate load based on
Eurocode calculations which is equal to 58.5 kN (see Section 2.1). The
straight element's collapse has been obtained at the compression stress
level 437.2 MPa and this corresponds to a failure load P,,, = 66.3 kN. It
has been observed that the collapse of the element started in the
lower corners. It proves the common behaviour of thin-walled cold-
formed elements.

The load displacement path obtained from Riks analysis is presented
in Fig. 18. Shortening of the straight element is presented on horizontal
axis as the absolute value of displacement Uz in mm. Thus, axial
displacement means that the displacement Uz is measured at the
point of the effective gravity centre. The vertical axis presents the values
of concentrated load (in kN) applied at the point of effective cross-
section gravity centre.

From Fig. 18 it is observed that pre-buckling behaviour is till P,z and
post-buckling between P, g and Pp,,. It can be stated that the cold-formed
elements with smooth walls (such as a straight panel) have the post-
buckling strength and do not collapse at the bifurcation point. In such

Ux=0
Uy=0
rigid bod / Uz=0
I 'S
S
- >
/
/
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%
/.
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Fig. 16. Panel's load and boundary conditions.

case a secondary load path at a bifurcation point is considered as an
ascendant branch of the load path. This is true according to Eurocode
3 Part 1-1 [5] where cross-section Class 4 for thin-walled elements is
introduced as: “Class 4 cross-section are those in which local buckling
will occur before the attainment of yield stress in one or more parts of
the cross-section”—exactly such phenomenon is presented in Fig. 18.

The above analysis has been done for the case where the estimated
total arc length is equal to 1 and arc length increments are as follows:
initial 0.001, minimum 1 « 10~ ', and maximum 0.1. For the same arc
length increments, different values of arc lengths (0.5 and 2) have also
been investigated. The obtained load-displacement paths are presented
in Fig. 19. From Fig. 19 it is observed that for a straight panel, a change of
total arc length does not influence the results. It has been observed that
for smaller value of arc length, Riks analysis needs smaller increments to
reach P, than for bigger value of the arc length. Changing the value of
the total arc length does not influence the final results because such
value only has influence on the initial LPF value.

Instead of changing the total arc length value, a change of maximum
arc length increment (0.01, 0.1, and 1.0) has also been investigated. The
obtained ultimate loads for the above cases were very similar (without
significant differences in results). The load-displacement path for
the smallest value of maximum arc length increment is the smoothest.
Bigger values result in slightly ragged paths.

So from these analytical and theoretical investigations presented in
previous sub-sections together with the combined numerical analysis
(linear buckling and Riks analysis) it can be concluded that a straight
element can be classified as a cross-section of Class 4. It also proves
that Eurocode 3 provides very good procedure for effective area calcula-
tion for local plate buckling investigation under axial compression load
for thin-walled elements. These elements cannot have large transverse
geometrical imperfections (like in case of corrugated elements). So
they must be smooth and only significant geometrical imperfections
in longitudinal direction such as stiffeners (see web of the straight
panel) are allowed.

3.6. Straight panel—combined Stabilization Method

In this case, the analysis methodology is the same as the one pre-
sented in Section 3.5. The combined analysis method (Linear buckling
together with Automatic Stabilization Method ) with material properties
in corner area from the first line in Table 2, and for the remaining area
from the second line in Table 2 is considered in this example.

From Stabilization analysis at the f, compression stress level
(355.9 MPa) the ultimate load P, equals 60.9 kN. This value is similar
to the value of the ultimate load based on Eurocode calculations
(Section 2.1) which is equal to 58.5 kN. The straight element collapse
has been obtained at the compression stress level 442.5 MPa and this
corresponds to failure load P,,, = 67.5 kN.

The above analysis has been done for the case where damping factor
cis equal to 9 = 10™° and increments sizes are as follows: initial 0.001,
minimum 1 = 107 %, maximum 0.01. For the same increment sizes,
different values of ¢ (7 = 10~ and 0.0002) have been also investigated.
The obtained load-displacement paths are presented in Fig. 20.

From Fig. 20 the following things can be concluded:

- bigger value of c results in higher value of failure load,

- c does not influence much the panel's axial stiffness,

- there is no relation between the c value and the shape of curvature
peak zone (further research is needed to investigate it),

- cequal 9« 10~ ° gives the load path shape similar to the one obtained
from the Riks Method.

Based on the above analyses, it can be also concluded that straight
panel cross-section can be classified as a Class 4 cross-section according
to Ref. [5]. Other conclusions concerning Automatic Stabilization Method
are the same as those for the Riks Method given in Section 3.5.
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Fig. 17. Combined analysis (Buckling with Riks Method).

3.7. Corrugated panel—Riks Method

In this case, combined numerical methods are neglected due to the
fact that geometrical imperfections have already been on the panel's
surface and there is no need to add extra ones. For Linear Buckling
analysis, concentrated load equal to 1 N has been applied at the cross-
section gravity centre (see Fig. 11). The first eigenmode obtained from
this analysis is presented in Fig. 21. The first eigenvalue is equal
to 1.27 = 10% and corresponds to the critical buckling load Pop =
127 kN. This value is much larger than the post-critical load carrying
capacity equal to 80.1 kN—according to the calculation based on
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Fig. 18. Load-displacement path for the straight panel (Riks Method).

Eurocode 3, Section 2.2. It means that the transverse geometrical imper-
fections have significant influence on cold-formed buckling behaviour.
This is a reason why this analysis is neglected from further investigation.

It can be observed that for straight panel, buckling and collapse
modes represent well known plate buckling phenomenon, which can
consist of sine half-waves, where if the web deforms towards the inside,
then the flanges deform towards the outside. For corrugated panels
local buckling is completely different. Deformation and failure are
obtained to be the squeeze of corrugations (accordion behaviour) and
are presented in Fig. 22. The only way to achieve satisfactory results is
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Fig. 19. Straight panel: load paths for different total arc lengths.
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to use nonlinear types of analyses e.g. Riks Method or Automatic Stabi-
lization Method.

So the following investigated case is assumed: the Riks Method with
material properties in a corner area from the first line in Table 2, and for
the remaining area from the second line in Table 2. Such analysis has
been performed for the panels' samples cut out from arches with the
following radiuses: 5 m, 7.5 m and 10 m. Model geometries have been
obtained from 3D optical scanning.

In order to run the Riks analysis, the concentrated load equal to 30 kN
has been applied at the equivalent gravity centre of the corrugated panel
cross-section (see Fig. 23). Its position has been found by searching the
location in which the obtained failure load is the greatest. Such assump-
tion has been necessary due to the low axial stiffness of surface
corrugations.

Let us now consider a model from the arch of radius 10 m (r10m).
Due to corrugations it is inconvenient to search for the ultimate load
at the f, compression stress level because such value can be found locally
only between two corrugations (see Fig. 24). A value of the load which
causes this stress is equal to 27.3 kN. Based on above it can be stated
that the panel's capacity is much underestimated. For a straight panel,
almost all the corners' area has been covered by compression stress
355.9 MPa in longitudinal direction (Fig. 17). So another approach for

Fig. 21. Corrugated panel—first eigenmode.
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Fig. 22. Corrugated panel—accordion behaviour.

the ultimate load is proposed for corrugated panels based on results
presented in Fig. 25.

In Fig. 25, the curvature peak represents the corrugated panel failure
under axial compression load. The load carrying capacity P, is deter-
mined by drawing a line parallel to the straight portion of the curve
and at the distance from this equivalent to the prescribed percentage
contraction equal to 0.01%. The point at which this line intersects the
curve gives the desired proof ultimate load. The idea is borrowed from
the static compression testing at ambient temperature [19]. According
to that, the ultimate elastic strength is a stress level, at which the mea-
suring length of the specimen suffers permanent reduction equal to
0.01% of the initial measuring length. In our case there is no clear elastic
and plastic parts of the load (stress) path. So such method is applied in
order to find proof of ultimate load.

In Fig. 26 load paths for different arch radiuses are presented. From
that it is observed that the failure load has the smallest value for samples
cut out from the arch of radius 5 m, middle value for sample from the
arch of radius 7.5 m and the highest value for panel cut out from the
arch of radius 10 m. The reason for that is as follows: for the biggest
arch radius the corrugations are the smallest, so the failure load has
the highest value; for the smallest arch radius the corrugations are the
biggest, so the failure load has the lowest value. This phenomenon is
due to the prefabrication process of the curved panels and more detailed
information can be found in Ref. [16].

In Table 3 the assumed ultimate loads P, together with the corre-
sponding values of axial deformations d, effective cross-sections Aeg
(based on Eq. (7)) and failure loads P, are listed for all investigated
cases.

Pyl
e "

The effective cross-section areas for corrugated panels of radiuses 5 m,
7.5 m and 10 m can be calculated using Eq. (7) with E = 203.3 GPa and
ley = 540 mm.
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Fig. 23. Corrugated panel—equivalent gravity centre.
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Fig. 24. Location of compression stress at the level of f,.

In Fig. 27 compression stresses at the level of assumed ultimate
load P, are presented. The distance prescribed by 0.01% of the initial
measuring length seems to be reasonable because a greater part of
panel's corners (blue colour) is in compression with a value of normal
stresses around 355.9 MPa.

The above analyses have been done for the case where the estimated
total arc length is equal to 1 and arc length increments are the following:
initial 0.001, minimum 1 % 10~ !>, maximum 0.1. Like for the straight
panel, a change of the total arc length value does not influence the
final results. Also the change of the value of the maximum arc length
increment (0.01, 0.1, and 1.0) does not significantly influence the
load-displacement paths (see Fig. 28).

From this section, it is observed that the deformation of corrugated
panels has a local character but it is different from the straight panels
where deformation occurred as regular plate buckling mode. In this
case corrugations squeezed each other so the ultimate load (and the
failure load) shows the loss of stability reached by the plastic deforma-
tion of steel. So we cannot speak in this case about the secondary path at
a critical point which corresponds to an ascendant or descendent
branch of load path because there is no such phenomenon. This is due
to the fact that linear buckling analysis overestimates the critical load
and the only way to obtain a reasonable solution for corrugated panels
is to use nonlinear analyses. The values of ultimate loads listed in
Table 3 are much smaller than the value of ultimate load based on
Eurocode 3 Part 1-5 [7] obtained in Section 2.2. So far it can be concluded
that the corrugated panel's cross-section cannot be classified as a Class 4
cross-section due to the different buckling phenomenon. In order to
verify the obtained results, laboratory compression tests have been
conducted on curved samples (see Section 4).
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Fig. 25. Load-displacement path for corrugated panel of radius 10 m (r10m).
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Fig. 26. Corrugated panel: load paths for different arch radiuses.

Table 3

Corrugated panel—results from Riks analyses.
Cases P, [kN] CORR axial displ. d [mm] CORR Aer[mm?] P [kN]
r5m 38.5 0.92 1112 46.6
r7.5m 43 093 122.8 50.2
r10m 48 0.96 1335 55.2

3.8. Corrugated panel—Automatic Stabilization Method

In this case, the analysis methodology is the same as the one
presented in Section 3.7. Nonlinear analysis (Automatic Stabilization
Method) with material properties in the corner area from the first line
in Table 2, and for the remaining area from the second line in Table 2
is considered in this example. In order to run a Stability analysis, the
concentrated load equal to 50 kN has been applied at the equivalent
gravity centre of curved panel cross-section (see Fig. 23).

Once again, let us consider the model from the arch of radius 10 m
(r10m). The load carrying capacity P, is determined by drawing a line
parallel to the straight portion of the curve and at the distance from
this equivalent to the prescribed percentage contraction equal to 0.01%.

The assumed ultimate loads P, together with corresponding values
of axial deformations d, effective cross-sections A (based on Eq. (7))
and failure loads Py, are listed in Table 4 for all investigated cases.

The above analysis has been carried out for the case where damping
factor cis equal to 7 » 10~ ° and increment sizes are the following: initial
0.001, minimum 1 = 10~ '3, and maximum 0.01. For the increment sizes,
different values of ¢ (0.0, 9 « 10~> and 0.0002) have been investigated,
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Fig. 27. Corrugated panel: Normal stresses at the level of P,,.
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Fig. 28. Corrugated panel: load paths for different maximum arc length increments.

Table 4

Corrugated panel—results from Stabilization analyses.
Cases P, [kN] CORR axial displ. d [mm] CORR A [mm?] Py [kN]
r5m 385 092 1112 47.3
r7.5m 43 093 122.8 50.4
r10m 48 0.96 1335 55.8

too. The obtained load-displacement paths are presented in Fig. 29 and
the following things can be concluded:

- the panel is vulnerable to change of parameter c,

- bigger value of c results in higher stiffness of the panel,

- no relation has been observed between c and the value of failure
load,

- very small value of ¢ must be chosen (close to c = 0) in order to get
the load path shape similar to the one obtained from Riks Method.

Based on above analyses, it can be also concluded that straight panel
cross-section cannot be classified as a Class 4 cross-section according to
Eurocode 3 Part 1-1 [5]. Other conclusions concerning the Automatic
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Fig. 29. Corrugated panel: load paths for different c.
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L

Stabilization Method are the same as those for the Riks Method given
in Section 3.7.

4. Experimental investigation
4.1. Straight panel

Compression tests have been performed on straight panel samples
with dimensions and test set-up presented in Fig. 30. The displacement
sensors have been measuring the samples shortening from base equal
around 200 mm as average value from six sensors (three outside and
three inside of each sample). The displacement sensors have been con-
nected to a computer and they have been independent of the hydraulic
press. The force sensor has been also connected to a computer but it has
been dependent on the hydraulic press. Hydraulic press has been con-
trolled by displacements (2 mm/1 min). Load has been applied at the
cross-section gravity centre (see Fig. 8).
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Fig. 31. Straight panels: experimental load-displacement paths.
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Table 5
Straight panel—test results.
case Experimental P, jq» [KN]
s1 56.9
s2 57.5
s3 59.7

In Fig. 31 the obtained load-displacement paths are presented and it
can be stated that all three tests have been conducted with similar
accuracy.

It is impossible to compare the experimental load displacement
paths with the numerical ones at this stage of research due to the
following reasons:

- displacement sensors were independent of hydraulic press (this is
the main reason caused by the lack of availability of the modern
laboratory equipment),

during experimental compression tests, when buckling occurred at
the form of sine half-wave, displacement sensors lost their parallelism
to the panel's axis (this was not an issue during corrugated panel
compression tests due to accordion behaviour),

during experimental tests, location of the load has been constant (at
the cross-section gravity centre, Fig. 8), whilst during numerical
investigation such location has been changed (firstly load had
been applied at the gravity centre Fig. 8 and then load has been
moved to the effective gravity centre Fig. 10)—such differences
result in lower value of the failure load in the case of experimental
compression tests.

The main goal of this research is to investigate differences in behav-
iour of corrugated and straight panels.

In Table 5 values of failure loads from laboratory compression tests
are listed. The obtained values are smaller than the values from numer-
ical investigation and the ratio of experimental failure load Py, qp to
numerical failure load P,, is in the range from 0.84 to 0.90, only. The
small difference can be explained with unpredictable imperfections of
the experiment.

Fig. 32 presents preliminary experimental deformation shapes of
straight panels. Fig. 33 shows deformation shapes from Riks and Stabili-
zation analyses. It can be observed that deformation from Stabilization
Method has a similar form to the one from the compression test (one
fold for each wall of the panel). Deformation obtained from the Riks
Method is different because it has two folds for each wall of the panel.
So at this stage of research, it can be concluded that the Riks and
Stabilization methods can be used up to the failure point equally—failure
load Py, After the panel failure, the Stabilization Method has more accu-
rate deformation than the Riks Method (comparing to laboratory tests).

Fig. 33. Straight panel numerical deformation shapes a) Riks Method, b) Stabilization
Method.

A final conclusion can be made that three types of solutions (analyt-
ical based on Eurocode 3, numerical and experimental) are comparable
with good accuracy.

4.2. Corrugated panel

Three samples for each arch radius (5 m, 7.5 m, and 10 m) have been
investigated. Test set-up is similar to the one presented in Fig. 30. Load
(hydraulic pressure) was applied at the point of equivalent gravity
centre (see Fig. 23).

Due to the fact that displacement sensors have not been dependent
from the hydraulic press, registered load-displacement paths have not
been precise after the failure point (Fig. 34). This has been a reason
that registered load paths (Fig. 35) ended at the level of failure load.
From Fig. 35 it is observed that after the curvature peaks, the load
paths for the Riks Method and Automatic Stabilization Method differ
from each other. It has been impossible at this stage of research to verify
which one is more appropriate. In order to do that, compression tests in
modern hydraulic press controlled by displacement is desirable, where
both force and displacement sensors are dependent of hydraulic press.

The obtained results from the experimental investigation are listed
in Table 6. The ratio of experimental failure load Py, ;5 to numerical
failure load Py, is in the range from 0.91 to 0.96. Such good correlation

Fig. 32. Straight panels: experimental deformation shapes.
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Fig. 34. Experimental load-displacement paths for corrugated panels (radius 10 m).

is due to earlier material tests and scanned geometry. So each compres-
sion test has been designed based on very accurate FEM analyses. For
displacements presented in Fig. 35, a quite good correlation is caused
by the short measuring base (Fig. 30). Longer base would cause bigger
differences in displacement results. Compression tests have been con-
ducted only to prove that the chosen types of numerical analyses are
appropriate.

Figs. 36 to 38 compare deformation shapes of the samples which
have both been scanned and laboratory compressed. It has been
observed that for each of these three samples a squeeze of single corru-
gations took place in the same locations. This also proves that numerical
and experimental investigations have very good accuracy. It must be
also stated that Riks and Stabilization Methods had the same failure
deformation.

5. Conclusions

Local stability behaviour is a very important issue for thin-walled
elements and must be considered. In order to study local stability
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Fig. 35. Experimental and numerical load-displacement paths for corrugated panels
(radius 10 m).

Table 6

Corrugated panel—test results.
cases Experimental P, jqp [KN]
s1r5m 44.6
s2 r5m 43.1
s3 r5m 443
s1r7.5m 47.0
s217.5m 473
s317.5m 46.4
s1r10m 535
s2r10m 52.7
s3r10m 51.7

Fig. 36. Failure deformation for both numerical and experimental investigations (radius 5 m).

problems of ABM panels (straight and corrugated), linear and non-
linear stability analyses have been performed in commercial FEM soft-
ware called ABAQUS.

It has been observed that for straight panels (with smooth walls)
linear stability analysis ends up with local buckling mode due to the
bifurcation point. The value of critical compression force at this point
lies on the elastic part of the equilibrium path. Such behaviour of a
straight panel corresponds to the Class 4 cross-section described in
Eurocode 3 Part 1-1 [5] and Eurocode 3 Part 1-5 [7] where general
design rules for steel structures and plated structural elements are

Fig. 37. Failure deformation for both numerical and experimental investigations (radius
7.5 m).
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Fig. 38. Failure deformation for both numerical and experimental investigations (radius
10 m).

presented. The obtained values of ultimate loads from Riks and
Automatic Stabilization analyses have been similar to the one obtained
from Eurocode calculations. So it can be concluded that Eurocode 3
provides very good procedure for effective area calculation for local
plate buckling investigation under axial compression load for thin-
walled elements.

Local buckling will occur in Class 4 cross-sections before attainment
of yield stress in the element. Such statement is not valid for curved
panels where large surface imperfections called corrugations are
machine pressed perpendicular to the panel longitudinal axis. The
curved panel, according to the obtained results, loses its local stability
due to the attainment of maximum load. There is no sign of instability
on the elastic part of the equilibrium path. In such case, curved panels
cannot be treated as Class 4 cross-sections. It means that Eurocode 3
Part 1-5 [7] presents the calculation methods for thin-walled members
where only longitudinal corrugations (along panel axis) are applicable.
This problem has been shortly discussed by Biegus in [20], where the
author agrees that Eurocode 3 does not provide any calculation algo-
rithm for transversally corrugated thin-walled element but together
with Kowal in [21] they still assign the ABM cross-section to Class 4.
The values of the ultimate loads from the Riks and Automatic Stabiliza-
tion analyses are much smaller than the value of the ultimate load based
on Eurocode 3 Part 1-5 [7].

Laboratory compression tests have been conducted on straight and
corrugated samples in order to verify the obtained results. Very good
accuracy between numerical and experimental results has been obtained.
For corrugated panels compared deformation shapes of the samples
which have been both scanned and laboratory compressed showed
that for each of these samples squeeze of single corrugation took place
in the same locations. It can be concluded that neglecting corrugations
on panel surfaces can lead to overestimation of ultimate loads according

to Eurocode 3 Part 1-5 calculations and engineers must be aware of such
behaviour in order to prevent future ABM building collapse.

An effective cross-section for doubly corrugated panels is established,
as aresult of this research. This cross-section is necessary for design pro-
cedures of structures made of thin-walled including cold-formed
elements.
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