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Assistant Professor

University of Belgrade, Faculty of Civil Engineering

Dr. Milan J. Spremić
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Abstract

STABILITY AND ULTIMATE CAPACITY OF THIN-WALLED STEEL PLATE

GIRDERS SUBJECTED TO PATCH LOADING

Patch loading or partially distributed load is a special load case in which plate and

box girders are subjected to localized compressive edge loads in the plane of the web. This

load case is present in many applications, including beam-beam and beam-column connections

as well as deep crane runway beams loaded by crane wheels. The most realistic load case is

during the incremental launching of multi-span steel and composite bridges over temporary or

permanent supports. In all these applications, plate girders are frequently supported at cross-

sections where no vertical web stiffener exists, and the load is transferred into the web panel

through the loaded flange. By using longitudinal stiffeners for flexural and shear strength, the

patch loading resistance can be increased as well. However, scarce work has been found in

the literature for the influence of patch load length on the ultimate strength of longitudinally

stiffened steel plate girders.

The present research experimentally and numerically investigates the behavior and

ultimate capacity of longitudinally unstiffened and stiffened I-steel plate girders reinforced

by a single longitudinal stiffener subjected exclusively to patch loading. The main objective

of the experimental study is to elucidate and systematically analyze the influence of patch

load length on the patch loading resistance. The experiments are described in detail, and

the main conclusions are presented. The experimentally obtained patch loading resistances are

juxtaposed with ultimate loads available in the literature and determined by the design standard

EN 1993-1-5. The ultimate strengths of longitudinally unstiffened and stiffened steel plate

girders determined by the design standard are smaller than the experimentally obtained ones,

especially for longitudinally stiffened girders and longer patch load lengths. This experimental

investigation shows that the patch load length and girder width significantly influence the

ultimate strength of steel plate girders. The patch loading resistance increases as the patch load

length is increased. After a specific patch load length, the carrying capacity of longitudinally

stiffened steel plate girders increases much faster with increasing patch load length. By using

longer patch load lengths and longitudinal stiffeners, the ultimate strength can be significantly

increased. Increasing the web panel aspect ratio leads to smaller ultimate loads.

Numerical modeling is based on current and previous experimental studies. The finite
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element model incorporates the experimentally measured geometric imperfections and material

properties based on the laboratory tests. Geometrically and materially nonlinear finite element

analysis is performed to assess the patch loading resistance. The numerical model is verified

by comparing numerically and experimentally obtained results for the ultimate capacity and

elastoplastic behavior of steel plate girders. Experimental and numerical results are in good

agreement, which enabled a fruitful basis for parametric analysis.

Experimental studies have shown that the current EN 1993-1-5 patch loading resistance

model underestimates the ultimate strength of steel plate girders in certain cases. In addition

to this resistance model, the design standard allows the use of finite element analysis for the

ultimate limit state. The existing design recommendations for an adequate ultimate limit state

design are found insufficient. The essential data for an adequate ultimate limit state design

comprises information on unavoidable geometric and structural imperfections. However, the

design standard lacks information on these imperfections. Therefore, imperfection sensitivity

analysis of steel plate girders subjected to patch loading is performed in the current numerical

research. The finite element parametric study is designed to determine the influence of a

variety of geometric imperfections, in combination with various patch load lengths, on the patch

loading resistance of longitudinally unstiffened and stiffened steel plate girders. Experimentally

measured, buckling mode-affine, and hand-defined sinusoidal geometric imperfections are varied

in the study in combination with varying patch load lengths and relative stiffnesses of the

longitudinal stiffener.

The ultimate strength of longitudinally unstiffened and stiffened steel plate girders

increases as the patch load length is increased for all the geometric imperfections considered.

For relatively small patch load lengths, the relative stiffness of the longitudinal stiffener has no

significant influence on the ultimate load regardless of the geometric imperfection. For longer

patch load lengths, the ultimate strength is highly dependent on geometric imperfections. The

influence of the web panel aspect ratio is shown to be negligible for smaller patch load lengths

regardless of the geometric imperfection, while for longer applied loads, the impact of this ratio

is dependent on the geometric imperfection.

It is concluded from the imperfection sensitivity analysis that the ultimate strength

of patch-loaded steel plate girders is more sensitive to local than global geometric imperfec-

tions. Local geometric imperfections defined in the upper web sub-panel yield lower ultimate

strengths than global geometric imperfections (defined over the whole web depth). Unfavorable

geometric imperfections in steel plate girders subjected to patch loading are governed by the

patch load length and the relative stiffness of the longitudinal stiffener. Different unfavorable

geometric imperfections were found for different patch load lengths and relative stiffnesses.

The lowest patch loading resistances were returned for geometric imperfections that resembled

the deformation at collapse (collapse-affine geometric imperfections). Although the concept of

collapse-affine geometric imperfections seems impractical for design purposes (a geometrically

and materially nonlinear analysis must be conducted before collapse-affine geometric imperfec-
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tion shapes are determined), the use of these imperfection shapes is recommended.

Keywords: Patch loading; Ultimate capacity; Steel plate girder; Longitudinal stiffeners; Ex-

perimental investigation; Finite element analysis; Parametric study, Unfavorable geometric

imperfections
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Ðåçèìå

ÑÒÀÁÈËÍÎÑÒ È ÃÐÀÍÈ×ÍÀ ÍÎÑÈÂÎÑÒ ÒÀÍÊÎÇÈÄÍÈÕ ×ÅËÈ×ÍÈÕ

ÍÎÑÀ×À ÏÎÄ ÓÒÈÖÀJÅÌ ÄÅËÈÌÈ×ÍÎÃ ÎÏÒÅÐÅ�Å�À

Äåëèìè÷íî îïòåðå£å»å èëè ïàðöèjàëíî ðàñïîðå¢åíî îïòåðå£å»å jå ñïåöèjàëàí ñëó-

÷àj îïòåðå£å»à ïðè êîjåì ñó ëèìåíè è êóòèjàñòè íîñà÷è îïòåðå£åíè ëîêàëèçîâàíèì èâè÷-

íèì ñèëàìà ïðèòèñêà ó ðàâíè ðåáðà. Îâàj ñëó÷àj îïòåðå£å»à jå ïðèñóòàí ó ìíîãèì ñèòó-

àöèjàìà, óê§ó÷ójó£è ãðåäà-ãðåäà è ãðåäà-ñòóá âåçå êàî è êîä êðàíñêèõ ñòàçà îïòåðå£åíèõ

êðàíñêèì òî÷êîâèìà. Íàjðåàëíèjè ñëó÷àj îïòåðå£å»à jå çà âðåìå èíêðåìåíòàëíîã ëàí-

ñèðà»à âèøåðàñïîíñêèõ ÷åëè÷íèõ è ñïðåãíóòèõ ìîñòîâà ïðåêî ïðèâðåìåíèõ è ñòàëíèõ

îñëîíàöà. Ó ñâèì îâèì ñèòóàöèjàìà, ëèìåíè íîñà÷è ñó îáè÷íî îñëî»åíè íà ïðåñåöèìà ó

êîjèìà íåìà âåðòèêàëíèõ óêðó£å»à, è îïòåðå£å»å ñå ïðåíîñè ó ðåáðî ïðåêî îïòåðå£åíå

íîæèöå. Óïîòðåáîì ïîäóæíèõ óêðó£å»à çà íîñèâîñò íà èçâèjà»å è ñìèöà»å, ãðàíè÷íà

íîñèâîñò íà äåëèìè÷íî îïòåðå£å»å ñå òàêî¢å ìîæå ïîâå£àòè. Èïàê, îñêóäíî èñòðàæèâà»å

jå ïðîíà¢åíî ó ëèòåðàòóðè çà óòèöàj äóæèíå îïòåðå£å»à íà ãðàíè÷íó íîñèâîñò ïîäóæíî

óêðó£åíèõ ëèìåíèõ ÷åëè÷íèõ íîñà÷à.

Îâî èñòðàæèâà»å åêñïåðèìåíòàëíî è íóìåðè÷êè èñïèòójå ïîíàøà»å è ãðàíè÷íó

íîñèâîñò ïîäóæíî íåóêðó£åíèõ è óêðó£åíèõ ëèìåíèõ ÷åëè÷íèõ íîñà÷à I-ïðåñåêà îjà÷à-

íèõ ñà jåäíèì ïîäóæíèì óêðó£å»åì îïòåðå£åíèõ èñê§ó÷èâî ñà äåëèìè÷íèì îïòåðå£å»åì.

Ãëàâíè öè§ åêñïåðèìåíòàëíîã èñïèòèâà»à jå äà ðàñâåòëè è ñèñòåìàòè÷íî àíàëèçèðà óòè-

öàj äóæèíå îïòåðå£å»à íà ãðàíè÷íó íîñèâîñò ïðè äåëèìè÷íîì îïòåðå£å»ó. Åêñïåðèìåí-

òè ñó äåòà§íî îïèñàíè, è ãëàâíè çàê§ó÷öè ñó äàòè. Åêñïåðèìåíòàëíî äîáèjåíå ãðàíè÷íå

ñèëå ñó óïîðå¢åíå ñà ãðàíè÷íèì îïòåðå£å»åì äîñòóïíèì ó ëèòåðàòóðè è îäðå¢åíèì êîðè-

ñòå£è ñòàíäàðä çà ïðîjåêòîâà»å EN 1993-1-5. Ãðàíè÷íå íîñèâîñòè ïîäóæíî íåóêðó£åíèõ è

óêðó£åíèõ ëèìåíèõ ÷åëè÷íèõ íîñà÷à ñðà÷óíàòå ïîìî£ó ñòàíäàðäà çà ïðîjåêòîâà»å ñó ìà»å

íåãî åêñïåðèìåíòàëíî äîáèjåíå âðåäíîñòè, ïîñåáíî çà ïîäóæíî óêðó£åíå íîñà÷å è äóæà äå-

ëèìè÷íà îïòåðå£å»à. Îâî åêñïåðèìåíòàëíî èñïèòèâà»å ïîêàçójå äà äóæèíà îïòåðå£å»à è

ðàñïîí íîñà÷à çíàòíî óòè÷ó íà ãðàíè÷íó íîñèâîñò ëèìåíèõ ÷åëè÷íèõ íîñà÷à. Ãðàíè÷íà íî-

ñèâîñò ïðè äåëèìè÷íîì îïòåðå£å»ó ñå ïîâå£àâà ñà ïîâå£à»åì äóæèíå îïòåðå£å»à. Ïîñëå

îäðå¢åíå äóæèíå îïòåðå£å»à, ãðàíè÷íà íîñèâîñò ïîäóæíî óêðó£åíèõ ëèìåíèõ ÷åëè÷íèõ

íîñà÷à ñå ìíîãî áðæå ïîâå£àâà ñà ïîâå£à»åì äóæèíå îïòåðå£å»à. Óïîòðåáîì âå£èõ äó-

æèíà îïòåðå£å»à è ïîäóæíèõ óêðó£å»à, ãðàíè÷íà íîñèâîñò ñå ìîæå çíàòíî ïîâå£àòè.

Ïîâå£à»å ðàñïîíà íîñà÷à äîâîäè òî ñìà»å»à ãðàíè÷íå íîñèâîñòè.
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Íóìåðè÷êî ìîäåëèðà»å jå áàçèðàíî íà òðåíóòíîì è ïðåòõîäíîì åêñïåðèìåíòàë-

íîì èñòðàæèâà»ó. Ìîäåë ñà êîíà÷íèì åëåìåíòèìà óê§ó÷ójå åêñïåðèìåíòàëíî ìåðåíå èì-

ïåðôåêöèjå è ìàòåðèjàëíå êàðàêòåðèñòèêå äîáèjåíå åêñïåðèìåíòàëíèì òåñòîâèìà. Ãåîìåò-

ðèjñêè è ìàòåðèjàëíî íåëèíåàðíà àíàëèçà êîíà÷íèì åëåìåíòèìà jå èçâåäåíà äà áè ñå îä-

ðåäèëà ãðàíè÷íà íîñèâîñò ïðè äåëèìè÷íîì îïòåðå£å»ó. Íóìåðè÷êè ìîäåë jå âåðèôèêî-

âàí ïîðå¢å»åì íóìåðè÷êî è åêñïåðèìåíòàëíî äîáèjåíèõ âðåäíîñòè ãðàíè÷íèõ íîñèâîñòè

è åëàñòîïëàñòè÷íîã ïîíàøà»à ëèìåíèõ ÷åëè÷íèõ íîñà÷à. Åêñïåðèìåíòàëíå è íóìåðè÷êå

âðåäíîñòè ñå äîáðî ïîêëàïàjó, øòî jå îáåçáåäèëî äîáðó îñíîâó çà ðàçíîâðñíó ïàðàìåòàðñêó

àíàëèçó.

Åêñïåðèìåíòàëíà èñïèòèâà»à ñó ïîêàçàëà äà âàæå£è EN 1993-1-5 ìîäåë çà ãðà-

íè÷íó íîñèâîñò ïðè äåëèìè÷íîì îïòåðå£å»ó ó ïîjåäèíèì ñëó÷àjåâèìà ïîòöå»ójå ãðàíè÷íå

íîñèâîñòè ëèìåíèõ ÷åëè÷íèõ íîñà÷à. Ïîðåä îâîã ìîäåëà çà ãðàíè÷íó íîñèâîñò, ñòàíäàðä

çà ïðîjåêòîâà»å äîïóøòà óïîòðåáó àíàëèçà êîíà÷íèì åëåìåíòèìà çà ãðàíè÷íà ñòà»à. Ïî-

ñòîjå£å ïðåïîðóêå çà ïðîjåêòîâà»å íèñó äîâî§íå çà àäåêâàòíó àíàëèçó êîíà÷íèì åëåìåí-

òèìà. Íåîïõîäíè ïîäàöè çà àäåêâàòíó àíàëèçó ãðàíè÷íèõ ñòà»à êîíà÷íèì åëåìåíòèìà

óê§ó÷ójó èíôîðìàöèjå î íåèçáåæíèì ãåîìåòðèjñêèì è ñòðóêòóðàëíèì èìïåðôåêöèjàìà.

Èïàê, ó ñòàíäàðäó çà ïðîjåêòîâà»å íåäîñòàjó èíôîðìàöèjå î îâèì èìïåðôåêöèjàìà. Ñòîãà,

àíàëèçà îñåò§èâîñòè íà èìïåðôåêöèjå òàíêîçèäíèõ ÷åëè÷íèõ íîñà÷à îïòåðå£åíèõ äåëè-

ìè÷íèì îïòåðå£å»åì jå äàòà ó íóìåðè÷êîì äåëó èñòðàæèâà»à. Ïàðàìåòàðñêà àíàëèçà êî-

íà÷íèì åëåìåíòèìà jå ïëàíèðàíà ñà öè§åì äà îäðåäè óòèöàj ðàçíèõ ãåîìåòðèjñêèõ èìïåð-

ôåêöèjà, ó êîìáèíàöèjè ñà ðàçëè÷èòèì äóæèíàìà îïòåðå£å»à, íà ãðàíè÷íó íîñèâîñò ïî-

äóæíî íåóêðó£åíèõ è óêðó£åíèõ ëèìåíèõ ÷åëè÷íèõ íîñà÷à ïîä äåëèìè÷íèì îïòåðå£å»åì.

Åêñïåðèìåíòàëíî ìåðåíå, òîíîâèìà îñöèëîâà»à ñëè÷íå, è ðó÷íî çàäàíå ñèíóñîèäíå ãåî-

ìåòðèjñêå èìïåðôåêöèjå ñó ìå»àíå ó ïàðàìåòàðñêîj àíàëèçè ó êîìáèíàöèjè ñà âàðèðà»åì

äóæèíå îïòåðå£å»à è ðåëàòèâíå êðóòîñòè ïîäóæíîã îïòåðå£å»à.

Ãðàíè÷íà íîñèâîñò ïîäóæíî íåóêðó£åíèõ è óêðó£åíèõ òàíêîçèäíèõ ÷åëè÷íèõ íî-

ñà÷à ñå ïîâå£àâà ñà ïîâå£à»åì äóæèíå îïòåðå£å»à çà ñâå ðàçìîòðåíå èìïåðôåêöèjå. Çà

ðåëàòèâíî ìàëå äóæèíå äåëèìè÷íîã îïòåðå£å»à, ðåëàòèâíà êðóòîñò ïîäóæíîã îïòåðå£å»à

íåìà çíà÷àjàí óòèöàj íà ãðàíè÷íó íîñèâîñò áåç îáçèðà íà ãåîìåòðèjñêó èìïåðôåêöèjó. Çà

âå£å äóæèíå îïòåðå£å»à, ãðàíè÷íà íîñèâîñò jå âåîìà çàâèñíà îä ãåîìåòðèjñêèõ èìïåð-

ôåêöèjà. Óòèöàj îäíîñà äóæèíå è âèñèíå ðåáðà ñå ïîêàçàî çàíåìàð§èâ çà ìàëå äóæèíå

îïòåðå£å»à íåçàâèñíî îä ãåîìåòðèjñêå èìïåðôåöèjå, äîê çà äóæà îïòåðå£å»à, óòèöàj îâîã

îäíîñà çàâèñè îä ãåîìåòðèjñêå èìïåðôåêöèjå.

Çàê§ó÷åíî jå èç àíàëèçå îñåò§èâîñòè íà èìïåðôåêöèjå äà jå ãðàíè÷íà íîñèâîñò ëè-

ìåíèõ ÷åëè÷íèõ íîñà÷à îïòåðå£åíèõ äåëèìè÷íèì îïòåðå£å»åì âèøå îñåò§èâà íà ëîêàëíå

íåãî íà ãëîáàëíå ãåîìåòðèjñêå èìïåðôåêöèjå. Ëîêàëíå ãåîìåòðèjñêå èìïåðôåêöèjå äåôè-

íèñàíå ó ãîð»åì äåëó ðåáðà äàjó íèæå ãðàíè÷íå íîñèâîñòè íåãî ãëîáàëíå ãåîìåòðèjñêå

èìïåðôåêöèjå (äåôèíèñàíå öåëîì âèñèíîì ðåáðà). Íåïîâî§íå ãåîìåòðèjñêå èìïåðôåêöè-

jå ëèìåíèõ ÷åëè÷íèõ íîñà÷à îïòåðå£åíèõ äåëèìè÷íèì îïòåðå£å»åì ñó âî¢åíå äóæèíîì
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îïòåðå£å»à è ðåëàòèâíîì êðóòîñòè ïîäóæíîã îïòåðå£å»à. Ðàçëè÷èòå íåïîâî§íå ãåîìåò-

ðèjñêå èìïåðôåêöèjå ñó äîáèjåíå çà ðàçëè÷èòå äóæèíå îïòåðå£å»à è ðåëàòèâíå êðóòîñòè.

Íàjíèæå ãðàíè÷íå íîñèâîñòè ïðè äåëèìè÷íîì îïòåðå£å»ó ñó äîáèjåíå çà ãåîìåòðèjñêå

èìïåðôåêöèjå êîjå ïîäñå£àjó íà äåôîðìàöèjó ïðè ëîìó (ëîìó ñëè÷íå ãåîìåòðèjñêå èìïåð-

ôåêöèjå). Èàêî ñå êîíöåïò ëîìó ñëè÷íèõ ãåîìåòðèjñêèõ èìïåðôåêöèjà ÷èíè íåïðàêòè÷àí

çà ñâðõå ïðîjåêòîâà»à (ãåîìåòðèjñêè è ìàòåðèjàëíî íåëèíåàðíà àíàëèçà ñå ìîðà ñïðîâå-

ñòè ïðå íåãî ñå ëîìó ñëè÷íå ãåîìåòðèjñêå èìïåðôåêöèjå îäðåäå), ïðåïîðó÷åíà jå óïîòðåáà

îâèõ îáëèêà èìïåðôåêöèjà.

Ê§ó÷íå ðå÷è: Äåëèìè÷íî îïòåðå£å»å, Ãðàíè÷íà íîñèâîñò, ×åëè÷íè íîñà÷è, Ïîäóæíà

óêðó£å»à, Åêñïåðèìåíòàëíà àíàëèçà, Àíàëèçà êîíà÷íèì åëåìåíòèìà, Ïàðàìåòàðñêà ñòó-

äèjà, Íåïîâî§íå ãåîìåòðèjñêå èìïåðôåêöèjå

Íàó÷íà îáëàñò: Ãðà¢åâèíñêî èíæå»åðñòâî

Óæà íàó÷íà îáëàñò: Òåõíè÷êà ìåõàíèêà è òåîðèjà êîíñòðóêöèjà è Ìåòàëíå êîíñòðóê-

öèjå

ÓÄÊ áðîj:

ix





Contents

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

Ðåçèìå . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxv

Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .xxvii

Chapter 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.5 Thesis layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.6 Selected publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

Chapter 2 Literature review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1 Experimental study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Numerical study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 European design standard EN 1993-1-5 . . . . . . . . . . . . . . . . . . . . . . . 12

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Chapter 3 Experimental work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.1 Experimental testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1.1 Test specimens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1.2 Testing setup and disposition . . . . . . . . . . . . . . . . . . . . . . . . 17

3.1.3 Initial geometric imperfections . . . . . . . . . . . . . . . . . . . . . . . . 20

3.1.4 Testing process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.2 Test results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2.1 Ultimate strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

xi



3.2.2 Web deformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.3 Flange deformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2.4 Elastoplastic behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

Chapter 4 Numerical Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 Finite element model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.2.1 Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.2.2 Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.2.3 Boundary and loading conditions . . . . . . . . . . . . . . . . . . . . . . 44

4.2.4 Material properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.2.5 Initial imperfections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.3 Model validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.3.1 Patch loading resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.3.2 Elastoplastic behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

Chapter 5 Parametric Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.1 Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.2 Geometric imperfection shapes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.3.1 Experimentally measured geometric imperfections . . . . . . . . . . . . . 62

5.3.2 Buckling mode-affine geometric imperfections . . . . . . . . . . . . . . . 68

5.3.3 Hand-defined sinusoidal geometric imperfections . . . . . . . . . . . . . . 74

5.4 Influence of the web panel aspect ratio . . . . . . . . . . . . . . . . . . . . . . . 81

5.5 Influence of relative stiffness γs . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.6 Contribution of the web panel yield stress . . . . . . . . . . . . . . . . . . . . . 85

5.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

Chapter 6 Unfavorable geometric imperfections . . . . . . . . . . . . . . . . . 89

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.2 Unfavorable geometric imperfections . . . . . . . . . . . . . . . . . . . . . . . . 90

6.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

Chapter 7 Conclusions and future work . . . . . . . . . . . . . . . . . . . . . . 99

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

Appendix A Steel material properties . . . . . . . . . . . . . . . . . . . . . . . . . 113

Appendix B Web panel deformation for girders of Series A . . . . . . . . . . . 119

xii



Appendix C Web panel deformation for girders of Series B . . . . . . . . . . . 125

Biography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

Áèîãðàôèjà . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

xiii





List of Figures

Figure. 1.1 Thin-walled plate girder subjected to localized compressive edge

load and typical failure mode. . . . . . . . . . . . . . . . . . . . . . 2

Figure. 3.1 Longitudinally stiffened plate girder under transverse concentrated

loading, general notation. . . . . . . . . . . . . . . . . . . . . . . . 17

Figure. 3.2 Test configurations for all the test plate girders. Longitudinally

unstiffened (top row) and longitudinally stiffened steel plate girders

(bottom row). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

Figure. 3.3 Schematic drawing of the laboratory and equipment: 1) test girder,

2) steel closed frame, 3) frame slider for guiding a transducer for web

deformations, 4) frame slider for holding a transducer for the upper

flange deformation, 5) press, 6) load cell, 7) rigid steel block for

load introduction, 8) electrical transducers, 9) pipes for oil supply

for hydraulic pump, 10) electrical cables for connecting the load cell

and measuring devices. . . . . . . . . . . . . . . . . . . . . . . . . . 19

Figure. 3.4 Different load blocks (clockwise from top left): ss = 0, 25, 250, and

100 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

Figure. 3.5 Measuring initial geometric web panel imperfections using a rect-

angular grid size of 21x11 points. . . . . . . . . . . . . . . . . . . . 20

Figure. 3.6 Measuring out-of-plane deflection at a characteristic point near the

loaded flange (top row) and deflection of the loaded flange (bottom

row) during the testing process. . . . . . . . . . . . . . . . . . . . . 21

Figure. 3.7 Arrangement of strain gauges for the web panel and the loaded flange. 22

Figure. 3.8 Failure modes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

Figure. 3.9 Experimentally obtained ultimate strength for all the tested girders

and corresponding values according to EN 1993-1-5. . . . . . . . . 25

Figure. 3.10 Vertical web profiles for different levels of the ultimate load for

unstiffened and stiffened steel plate girder: (a) ss = 0 mm: B16 vs.

B13. (b) ss = 50 mm: B1 vs. B3. . . . . . . . . . . . . . . . . . . . 28

Figure. 3.11 Vertical web profiles for different levels of the ultimate load for

unstiffened and stiffened steel plate girder: (a) ss = 100 mm: B15

vs. B5. (b) ss = 150 mm: B2 vs. B7. . . . . . . . . . . . . . . . . . 28

xv



Figure. 3.12 Vertical web profiles for different levels of the ultimate load for

unstiffened and stiffened steel plate girder: (a) ss = 200 mm: B12

vs. B4. (b) ss = 250 mm: B11 vs. B6. . . . . . . . . . . . . . . . . 29

Figure. 3.13 Vertical web profiles for different levels of the ultimate load for

unstiffened steel plate girder B14 ss = 25 mm (left) and stiffened

steel plate girder B17 ss = 150 mm (right). . . . . . . . . . . . . . 29

Figure. 3.14 Increase in deformation (obtained as the difference between the

residual and initial deformation) for unstiffened (left column) and

stiffened (right column) steel plate girders (in mm). The dashed

line represents the longitudinal stiffener. . . . . . . . . . . . . . . . 31

Figure. 3.15 Web and flange deformation for applied forces near the ultimate

strength for girders (clockwise from top left) B16, B14, B11, and

B15. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

Figure. 3.16 Position of strain gauges (in mm) for girders: (a) B15 (unstiffened);

(b) B5 (stiffened). Positions of vertical strains given in this section

are marked in red. . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

Figure. 3.17 Vertical strain in the web plate on both sides (front-rear) for unstiff-

ened girder B15 (ss = 100 mm) at points placed 10 mm from the

loaded flange and horizontally displaced from the vertical symmetry

line for: (a) 12.5 mm; (b) 62.50 mm. . . . . . . . . . . . . . . . . . 34

Figure. 3.18 Vertical strain in the web plate on both sides (front-rear) for unstiff-

ened girder B15 (ss = 100 mm) at points placed 37.50 mm from the

loaded flange and horizontally displaced from the vertical symmetry

line for: (a) 12.5 mm; (b) 62.50 mm. . . . . . . . . . . . . . . . . . 35

Figure. 3.19 Vertical strain in the web plate on both sides (front-rear) for unstiff-

ened girder B15 (ss = 100 mm) at points placed 62.50 mm from the

loaded flange and horizontally displaced from the vertical symmetry

line for: (a) 12.5 mm; (b) 62.50 mm. . . . . . . . . . . . . . . . . . 36

Figure. 3.20 Vertical strain in the web plate on both sides (front-rear) for stiff-

ened girder B5 (ss = 100 mm) at points placed 10 mm from the

loaded flange and horizontally displaced from the vertical symmetry

line for: (a) 25 mm; (b) 50 mm. . . . . . . . . . . . . . . . . . . . . 37

Figure. 3.21 Vertical strain in the web plate on both sides (front-rear) for stiff-

ened girder B5 (ss = 100 mm) at points placed 37.50 mm from the

loaded flange and horizontally displaced from the vertical symmetry

line for: (a) 25 mm; (b) 50 mm. . . . . . . . . . . . . . . . . . . . . 38

Figure. 3.22 Vertical strain in the web plate on both sides (front-rear) for stiff-

ened girder B5 (ss = 100 mm) at points placed 62.50 mm from the

loaded flange and horizontally displaced from the vertical symmetry

line for: (a) 25 mm; (b) 50 mm. . . . . . . . . . . . . . . . . . . . . 38

xvi



Figure. 3.23 Vertical strain in the web plate on both sides (front-rear) for stiff-

ened girder B5 (ss = 100 mm) at points placed 112.50 mm from the

loaded flange and horizontally displaced from the vertical symmetry

line for: (a) 25 mm; (b) 50 mm. . . . . . . . . . . . . . . . . . . . . 39

Figure. 4.1 Finite element mesh for three representative models. Rigid blocks

for 0 < ss ≤ 150 mm (top-left), 4 independent rigid blocks for ss

= 150 mm (top-middle) and half-round bar for ss = 0 mm (top-

right). For the setup configuration of these loading blocks in the

experiment, see Fig. 4 in Refs. [25] and Fig. 3.4 in Chapter 3. . . . 43

Figure. 4.2 Convergence plot for the ultimate strength for longitudinally un-

stiffened (a) and stiffened (b) steel plate girders. . . . . . . . . . . . 44

Figure. 4.3 Engineering stress-strain curves obtained by tensile test vs. curves

used in the simulations for (a) web plate, and (b) flanges, transverse

and longitudinal stiffeners for all the girders of Series A. . . . . . . 47

Figure. 4.4 Engineering stress-strain curves obtained by tensile test vs. curves

used in the simulations for (a) web plate, and (b) flanges, transverse

and longitudinal stiffeners for girders B1 and B6. . . . . . . . . . . 47

Figure. 4.5 Engineering stress-strain curves obtained by tensile test vs. curves

used in the simulations for (a) web plate, and (b) flanges, transverse

and longitudinal stiffeners for girder B2. . . . . . . . . . . . . . . . 48

Figure. 4.6 Engineering stress-strain curves obtained by tensile test vs. curves

used in the simulations for (a) web plate, and (b) flanges, transverse

and longitudinal stiffeners for girders B3, B4, B5, and B7. . . . . . 48

Figure. 4.7 Modeling technique for measured initial geometric imperfections. . 49

Figure. 4.8 Comparison between the experimentally and numerically obtained

ultimate strengths for the girders of Series A. . . . . . . . . . . . . 50

Figure. 4.9 Comparison between the experimentally and numerically obtained

ultimate strengths for the girders of Series B. . . . . . . . . . . . . 51

Figure. 4.10 von Mises stress contour plots [MPa] for unstiffened steel plate

girder A1 (ss = 50 mm) at different levels of the ultimate load.

The contour plots at the top represent stresses in the shell surface

facing the reader while the bottom plots represent the other surface. 53

Figure. 4.11 von Mises stress contour plots [MPa] for stiffened girder A3 (ss =

50 mm) at different levels of the ultimate load. The contour plots

at the top represent stresses in the shell surface facing the reader

(longitudinal stiffener’s side) while the bottom plots represent the

other surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

xvii



Figure. 4.12 von Mises stress contour plots [MPa] for unstiffened girder A2 (ss =

150 mm) at different levels of the ultimate load. The contour plots

at the top represent stresses in the shell surface facing the reader

while the bottom plots represent the other surface. . . . . . . . . . 54

Figure. 4.13 von Mises stress contour plots [MPa] for stiffened girder A7 (ss =

150 mm) at different levels of the ultimate load. The contour plots

at the top represent stresses in the shell surface facing the reader

(longitudinal stiffener’s side) while the bottom plots represent the

other surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

Figure. 4.14 Load-displacement response for unstiffened and stiffened steel plate

girder under the patch load length of: (a) ss = 0 mm; (b) ss = 25

mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

Figure. 4.15 Load-displacement response for unstiffened and stiffened steel plate

girder under the patch load length of: (a) ss = 50 mm; (b) ss =

100 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

Figure. 4.16 Load-displacement response for unstiffened and stiffened steel plate

girder under the patch load length of: (a) ss = 150 mm; (b) ss =

150 mm (distribution block). . . . . . . . . . . . . . . . . . . . . . 55

Figure. 5.1 Experimentally measured geometric imperfections for girder A1

(left) and girder B1 (right). Refer to Appendix B and Appendix C

for the other experimentally measured imperfection shapes for the

girders of Series A and B, respectively. Units are in mm. . . . . . . 59

Figure. 5.2 First buckling mode of longitudinally unstiffened and stiffened steel

plate girders for all patch load lengths considered (ss/hw ≤ 0.50)

for girders of Series A. . . . . . . . . . . . . . . . . . . . . . . . . . 59

Figure. 5.3 Second buckling mode of longitudinally unstiffened and stiffened

steel plate girders for all patch load lengths considered (ss/hw ≤
0.50) for girders of Series A. . . . . . . . . . . . . . . . . . . . . . . 60

Figure. 5.4 Third buckling mode of longitudinally unstiffened and stiffened steel

plate girders (valid for ss/hw ≤ 0.40) of Series A. . . . . . . . . . . 60

Figure. 5.5 Third buckling mode of longitudinally unstiffened and stiffened steel

plate girders (valid for ss/hw = 0.50) of Series A. . . . . . . . . . . 61

Figure. 5.6 First buckling mode of longitudinally unstiffened and stiffened steel

plate girders for all patch load lengths considered (ss/hw ≤ 0.50)

for girders of Series B. . . . . . . . . . . . . . . . . . . . . . . . . . 61

Figure. 5.7 Second buckling mode of longitudinally unstiffened and stiffened

steel plate girders for all patch load lengths considered (ss/hw ≤
0.50) for girders of Series B. . . . . . . . . . . . . . . . . . . . . . . 62

xviii



Figure. 5.8 Third buckling mode of longitudinally unstiffened (valid for ss/hw

≤ 0.50) and stiffened steel plate girders (valid for ss/hw ≤ 0.25 for

γs = 21.67 and for ss/hw ≤ 0.10 for γs = 103.46) of Series B. . . . 62

Figure. 5.9 Third buckling mode of longitudinally stiffened steel plate girders

(valid for ss/hw ≥ 0.30 for γs = 21.67 and ss/hw ≥ 0.15 for γs =

103.46) of Series B. . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

Figure. 5.10 Sine (left) and cosine (right) hand-defined geometric imperfections

for both series of girders A and B. . . . . . . . . . . . . . . . . . . 63

Figure. 5.11 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using experimentally measured geometric imperfec-

tions from (a) girder A1 and (b) girder A2. . . . . . . . . . . . . . 69

Figure. 5.12 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using experimentally measured geometric imperfec-

tions from (a) girder A11 and (b) girder A12. . . . . . . . . . . . . 69

Figure. 5.13 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using experimentally measured geometric imperfec-

tions from (a) girder A13 and (b) girder A15. . . . . . . . . . . . . 70

Figure. 5.14 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using experimentally measured geometric imperfec-

tions from (a) girder A3 and (b) girder A4. . . . . . . . . . . . . . 70

Figure. 5.15 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using experimentally measured geometric imperfec-

tions from (a) girder A5 and (b) girder A6. . . . . . . . . . . . . . 71

Figure. 5.16 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using experimentally measured geometric imperfec-

tions from (a) girder A7 and (b) girder A14. . . . . . . . . . . . . . 71

Figure. 5.17 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using experimentally measured geometric imperfec-

tions from (a) girder A16 and (b) girder A17. . . . . . . . . . . . . 72

Figure. 5.18 Strengthening effect employing the experimentally measured geo-

metric imperfections from initially (a) unstiffened and (b) stiffened

steel plate girders. . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Figure. 5.19 Ultimate strength of: (a) longitudinally unstiffened steel plate gird-

ers using geometric imperfections from the experimentally unstiff-

ened girders; (b) longitudinally stiffened steel plate girders using

geometric imperfections from the experimentally stiffened girders. . 73

Figure. 5.20 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using experimentally measured geometric imperfec-

tions from (a) girder B1 and girder B2. . . . . . . . . . . . . . . . . 73

xix



Figure. 5.21 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using experimentally measured geometric imperfec-

tions from (a) girder B3 and (b) girder B4. . . . . . . . . . . . . . . 74

Figure. 5.22 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using experimentally measured geometric imperfec-

tions from (a) girder B5 and (b) girder B6. . . . . . . . . . . . . . . 74

Figure. 5.23 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using experimentally measured geometric imperfec-

tions from (a) girder B7 and (b) girder B11. . . . . . . . . . . . . . 75

Figure. 5.24 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using experimentally measured geometric imperfec-

tions from (a) girder B12 and (b) girder B13. . . . . . . . . . . . . 75

Figure. 5.25 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using experimentally measured geometric imperfec-

tions from (a) girder B14 and (b) girder B15. . . . . . . . . . . . . 76

Figure. 5.26 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using experimentally measured geometric imperfec-

tions from (a) girder B16 and (b) girder B17. . . . . . . . . . . . . 76

Figure. 5.27 Ultimate strength of longitudinally unstiffened steel plate girders

using experimentally measured imperfections from the originally

unstiffened girders. . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

Figure. 5.28 Ultimate strength of longitudinally stiffened steel plate girders using

experimentally measured imperfections from the originally stiffened

girders employing (a) relatively weak (γs = 21.67) and (b) strong

longitudinal stiffener (γs = 103.46). . . . . . . . . . . . . . . . . . . 77

Figure. 5.29 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using geometric imperfections from buckling mode:

(a) 1st mode; (b) 2nd mode. . . . . . . . . . . . . . . . . . . . . . . 78

Figure. 5.30 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using geometric imperfections from buckling mode:

(a) 3rd mode; (b) combination of modes (1st + 2nd + 3rd). . . . . . 78

Figure. 5.31 Strengthening effect employing the buckling modes as initial geo-

metric imperfections for girders of Series A. . . . . . . . . . . . . . 79

Figure. 5.32 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using the first (a) and second buckling mode shape (b)

as initial geometric imperfections. . . . . . . . . . . . . . . . . . . . 79

Figure. 5.33 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using the third (a) and combination (b) of buckling

mode shapes (1st + 2nd + 3rd) as initial geometric imperfections. . 80

xx



Figure. 5.34 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using sine (a) and cosine (b) hand-defined geometric

imperfections. Web panel aspect ratio α = 1. . . . . . . . . . . . . 80

Figure. 5.35 Ultimate strength of longitudinally unstiffened and stiffened steel

plate girders using sine (a) and cosine (b) hand-defined geometric

imperfections. Web panel aspect ratio α = 2. . . . . . . . . . . . . 81

Figure. 5.36 Strengthening effect employing initial geometric imperfections by

sine and cosine functions for (a) girders of Series A and (b) girders

of Series B (γs = 21.67). . . . . . . . . . . . . . . . . . . . . . . . . 81

Figure. 5.37 Ultimate strength of longitudinally (a) unstiffened and (b) stiffened

steel plate girders using various geometric imperfections. Web panel

aspect ratio α = 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

Figure. 5.38 Ultimate strength of longitudinally unstiffened steel plate girders

using various geometric imperfections. Web panel aspect ratio α = 2. 83

Figure. 5.39 Ultimate strength of longitudinally stiffened steel plate girders using

various geometric imperfections employing (a) relatively weak (γs

= 21.67) and (b) strong longitudinal stiffener (γs = 103.46). Web

panel aspect ratio α = 2. . . . . . . . . . . . . . . . . . . . . . . . 84

Figure. 6.1 (a) Contour plot of experimentally measured geometric imperfec-

tion B1. (b) Center line cross-section of the first buckling mode-

affine (unstiffened girders), cosine hand-defined, and experimentally

measured geometric imperfection B1. . . . . . . . . . . . . . . . . . 91

Figure. 6.2 Center line cross-section of the first three buckling mode-affine geo-

metric imperfections (magnified 50 times) and corresponding failure

modes at collapse (magnified 5 times) for longitudinally unstiffened

and stiffened steel plate girders for ss/hw = 0.10. . . . . . . . . . . 93

Figure. 6.3 Center line cross section of the first three buckling mode-affine geo-

metric imperfections (magnified 50 times) and corresponding failure

modes at collapse (magnified 5 times) for longitudinally unstiffened

and stiffened steel plate girders for ss/hw = 0.30. . . . . . . . . . . 94

Figure. 6.4 Out-of-plane displacement (units are in mm) and failure mechanism

for longitudinally unstiffened and stiffened steel plate girders at

ultimate load level for ss/hw = 0.10. The first buckling mode-affine

geometric imperfections are employed. Deformation is magnified

ten times. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Figure. 6.5 Out-of-plane displacement (units are in mm) and failure mechanism

for longitudinally unstiffened and stiffened steel plate girders at

ultimate load level for ss/hw = 0.30. The first buckling mode-affine

geometric imperfections are employed. Deformation is magnified

ten times. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

xxi



Figure. 6.6 Deformed shape at collapse for girder A5 [21] (left) and third buck-

ling mode (right). Units are in mm. . . . . . . . . . . . . . . . . . . 96

Figure. A.1 Universal Testing Machine Shimadzu AG-Xplus and extensometer

with an initial length of 50 mm. . . . . . . . . . . . . . . . . . . . . 113

Figure. A.2 Typical coupon specimen failure. . . . . . . . . . . . . . . . . . . . 114

Figure. A.3 Engineering stress-strain diagram for different coupon tests for web

panel – B1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

Figure. A.4 Engineering stress-strain diagram for different coupon tests for web

panel – B2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

Figure. A.5 Engineering stress-strain diagram for different coupon tests for web

panel – B3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

Figure. A.6 Engineering stress-strain diagram for different coupon tests for web

panel – B4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

Figure. A.7 Engineering stress-strain diagram for different coupon tests for web

panel – B5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

Figure. A.8 Engineering stress-strain diagram for different coupon tests for web

panel – B6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

Figure. A.9 Engineering stress-strain diagram for different coupon tests for web

panel – B7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

Figure. B.1 Girder A14 with stiffening ss = 0 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

Figure. B.2 Girder A15 without stiffening ss = 0 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

Figure. B.3 Girder A4 with stiffening ss = 25 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

Figure. B.4 Girder A12 without stiffening ss = 25 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

Figure. B.5 Girder A3 with stiffening ss = 50 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

Figure. B.6 Girder A1 without stiffening ss = 50 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

xxii



Figure. B.7 Girder A17 with stiffening ss = 75 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

Figure. B.8 Girder A5 with stiffening ss = 100 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

Figure. B.9 Girder A11 without stiffening ss = 100 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

Figure. B.10 Girder A6 with stiffening ss = 125 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

Figure. B.11 Girder A7 with stiffening ss = 150 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

Figure. B.12 Girder A16 with stiffening ss = 150 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

Figure. B.13 Girder A2 without stiffening ss = 150 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

Figure. B.14 Girder A13 without stiffening ss = 150 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

Figure. C.1 Girder B13 with stiffening ss = 0 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. The dashed lines represent the longitudinal stiffener.125

Figure. C.2 Girder B16 without stiffening ss = 0 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. The dashed line represents the longitudinal stiffener.126

Figure. C.3 Girder B14 without stiffening ss = 25 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. The dashed line represents the longitudinal stiffener.126

Figure. C.4 Girder B3 with stiffening ss = 50 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. The dashed line represents the longitudinal stiffener.126

Figure. C.5 Girder B1 without stiffening ss = 50 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

xxiii



Figure. C.6 Girder B5 with stiffening ss = 100 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. The dashed line represents the longitudinal stiffener.127

Figure. C.7 Girder B15 without stiffening ss = 100 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. The dashed line represents the longitudinal stiffener.127

Figure. C.8 Girder B7 with stiffening ss = 150 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. The dashed line represents the longitudinal stiffener.128

Figure. C.9 Girder B17 with stiffening ss = 150 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. The dashed lines represent the longitudinal stiffener.128

Figure. C.10 Girder B2 without stiffening ss = 150 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

Figure. C.11 Girder B4 with stiffening ss = 200 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. The dashed line represents the longitudinal stiffener.129

Figure. C.12 Girder B12 without stiffening ss = 200 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

Figure. C.13 Girder B6 with stiffening ss = 250 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. The dashed line represents the longitudinal stiffener.129

Figure. C.14 Girder B11 without stiffening ss = 250 mm: initial deformation (top

left), residual deformation (top right), and increase in deformation

(bottom) [mm]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

xxiv



List of Tables

2.1 Experimental tests of longitudinally stiffened I-shaped steel plate girders rein-

forced by a single longitudinal stiffener subjected exclusively to patch loading. . 10

3.1 Geometrical and material characteristics of all the test plate girders of Series B. 18

3.2 Maximum amplitude of initial geometric web panel imperfections for the girders

tested once. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.3 Experimentally obtained ultimate strengths for all the tested girders of Series B. 24

4.1 Geometric characteristics of the experimentally tested girders of Series A. . . . . 42

4.2 Comparison between the experimentally and numerically obtained ultimate strengths

for all the girders of A series. Units are in kN. . . . . . . . . . . . . . . . . . . . 51

4.3 Comparison between the experimentally and numerically obtained ultimate strengths

for all the girders of Series B. Units are in kN. . . . . . . . . . . . . . . . . . . . 52

5.1 Parameters varied in the parametric study. . . . . . . . . . . . . . . . . . . . . . 58

5.2 Parameters kept unaltered in the parametric study for both series A and B. . . . 58

5.3 Patch loading resistance of longitudinally unstiffened steel plate girders (FFEA,unstiff )

for various geometric imperfections for girders of Series A. Units are in kN. . . . 64

5.4 Normalized patch loading resistance of longitudinally stiffened steel plate girders

(FFEA,stiff/FFEA,unstiff ) for various geometric imperfections for girders of Series

A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.5 Patch loading resistance of longitudinally unstiffened steel plate girders (FFEA,unstiff )

for various geometric imperfections for girders of Series B. Units are in kN. . . . 66

5.6 Normalized patch loading resistance of longitudinally stiffened steel plate girders

(FFEA,stiff/FFEA,unstiff ) for various geometric imperfections for girders of Series

B. Relative stiffness γs = 21.67. . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.7 Normalized patch loading resistance of longitudinally stiffened steel plate girders

(FFEA,stiff/FFEA,unstiff ) for various geometric imperfections for girders of Series

B. Relative stiffness γs = 103.46. . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.8 Ratio between the ultimate strength of steel plate girders for web panel aspect

ratios α = 1 and α = 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.9 Numerically obtained ultimate strengths using three different web panel yield

stresses for the α = 2 case. Units are in kN. . . . . . . . . . . . . . . . . . . . . 86

A.1 Web panel material properties of all the test steel plate girders of Series B. . . . 114

xxv



A.2 Flange material properties of all the test steel plate girders of Series B. . . . . . 114

xxvi



Nomenclature

Abbreviations

CAD Computer-Aided Design

DOF Degree of Freedom

FEA Finite Element Analysis

NURBS Non-Uniform Rational B-Spline

Greek lower case letters

α web panel aspect ratio (α = a/hw)

β strengthening effect (β = Fstiff/Funstiff )

χF reduction factor due to local buckling

εeng engineering strain

εln true strain

γ∗ limit value of relative stiffness of the longitudinal stiffener

γs relative stiffness of the longitudinal stiffener

γM1 partial safety factor

σeng engineering stress

σtrue true stress

σvm von Mises stress

Roman lower case letters

a web panel width

b1 longitudinal stiffener position from the loaded flange

bf flange width

xxvii



NOMENCLATURE

bst longitudinal stiffener width

ft flange thickness

fuf flange ultimate tensile stress

fuw web panel ultimate tensile stress

fyf flange yield stress

fyw web panel yield stress

hw web panel depth

kF buckling coefficient

ly effective loaded length

ss patch load length (bearing length)

tst longitudinal stiffener thickness

tw web panel thickness

w0 imperfection amplitude

Roman upper case letters

E Young’s modulus

F localized compressive edge load (patch loading)

Fcr critical buckling load

Fexp,stiff experimentally obtained ultimate strength of longitudinally stiffened steel

plate girders

Fexp,unstiff experimentally obtained ultimate strength of longitudinally unstiffened steel

plate girders

FFEA,stiff numerically obtained ultimate strength of longitudinally stiffened steel plate

girders

FFEA,unstiff numerically obtained ultimate strength of longitudinally unstiffened steel

plate girders

S deviatoric stress tensor

Other symbols used are explained as they appear in the text.

xxviii



Chapter 1

Introduction

1.1 Motivation

A plate girder is a beam built up of steel plates and shapes connected by welding, bolting, or

riveting to form a deep flexural member that a rolling steel mill or factory cannot produce. As

such, it is capable of supporting greater loads on longer spans that standard rolled beams or

trusses cannot economically carry. Besides a myriad of advantages (e.g., economical, aesthet-

ical, fast to fabricate and erect, et cetera), one of the most important demerits of the plate

girders is susceptibility to buckling since they consist of deep web plates. In order to prevent

web buckling, plate girders are reinforced with stiffening members, which is usually a more

economical approach than using a stockier web. Longitudinal stiffeners are primarily used to

increase the bending strength of plate girders, while transverse stiffeners are commonly used to

increase shear strength. However, a stability control check for concentrated transverse forces

(patch loading) should also be performed, as it could be a decisive design criterion.

Patch loading or partially distributed load is a special load case in which plate and box

girders are subjected to localized compressive edge loads in the plane of the web. This load case

is present in many applications, including beam-beam and beam-column connections as well as

deep crane runway beams loaded by crane wheels. The most realistic load case is during the

incremental launching of multi-span steel and composite bridges over temporary or permanent

supports. In this case, the patch load appears by means of high reaction forces of a roller acting

on the bottom flange. As the load changes continuously in those situations, transversal stiffeners

cannot be efficiently used. In all these applications, the girders are frequently supported at

cross-sections where no vertical web stiffener exists, and the load is transferred into the web

panel through the loaded flange in the plane of a web or eccentrically. It has been observed that

the ultimate carrying patch load capacity is achieved after local web buckling and deformation

of the loaded flange in the vicinity of load introduction (see Fig. 1.1), while the behavior of

the girder is characterized by geometrical and material nonlinearities. By using longitudinal

stiffeners for flexural and shear strength, the patch loading resistance can be increased as well.

Therefore, knowing the influence of longitudinal stiffeners on the ultimate strength and behavior
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of plate girders can result in more elegant and economical designs.

Figure 1.1: Thin-walled plate girder subjected to localized compressive edge load and typical
failure mode.

Due to its complexity, the patch loading phenomenon has been extensively researched

experimentally and numerically in recent decades. Many geometric and physical parameters

that influence the patch loading resistance have been considered: (i) thickness of the web panel,

(ii) position, relative stiffness, and number of longitudinal stiffeners, (iii) stiffness of the loaded

flange, (iv) yield strength of the loaded flange and web panel, (v) web panel aspect ratio, (vi)

applied patch load length, (vii) coexistence of bending moment, et cetera. However, the patch

load length has been examined in a limited number of experimental and numerical investigations

considering steel plate girders with longitudinal stiffening. Hence, it is not well understood

how patch load lengths influence the ultimate capacity of longitudinally stiffened girders. A

detailed literature review regarding the utilization of patch load length in combination with

longitudinally stiffened steel plate girders is given in the next Chapter. The review shows that

studies with a systematic analysis of the influence of patch load length are not present in the

literature.

Additionally, the current European design standard EN 1993-1-5 provides a design pro-

cedure for determining the patch loading resistance of longitudinally unstiffened and stiffened

steel plate girders. However, it has been shown that experimentally and numerically obtained

ultimate strengths are not well captured by the design procedure, and certain improvements

have been proposed. Most of these improvements are related to the critical load calculation

of longitudinally stiffened webs or the effect of the flange yield strength on the patch loading

resistance of longitudinally unstiffened plate girders with high slenderness ratios and largely

spaced transverse stiffeners. In addition to this resistance model, the current design standard

also allows the use of finite element analysis for the ultimate limit state. The essential data for

an adequate ultimate limit state design comprises information on unavoidable geometric and

structural imperfections. However, the design standard lacks information on these imperfec-

tions.
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Therefore, there is a need to better understand the influence of various patch load

lengths on the patch loading resistance. Moreover, further improvement of the current design

standard, design recommendations, and information on imperfections for patch loading are

highly indispensable. The current research is primarily devoted to the assessment of the influ-

ence of patch load length on the ultimate strength of longitudinally stiffened steel plate girders.

The present experimental study was planned as a dual-purpose investigation with the goals

(i) to recognize the influence of patch load length on the ultimate strength of longitudinally

stiffened plate girders and (ii) to serve for calibration and verification of the numerical model

employed in subsequent numerical analyses. The experimental campaign contained a limited

number of tests with several different patch load lengths. The range of patch load length was

then broadened up in the numerical analysis. The numerical model was further exploited to

examine the influence of various geometric imperfections, along with patch load length, on the

ultimate strength of longitudinally unstiffened and stiffened steel plate girders. This analysis

on geometric imperfections complements the EN 1993-1-5 rules for numerical modeling. Un-

favorable geometric imperfections from the patch loading point of view are determined, and

geometric imperfection shapes for numerical analysis are recommended.

1.2 Goals

The driving force for this research was the fact that the influence of patch load length on

the ultimate strength and behavior of longitudinally stiffened steel plate girders subjected

exclusively to patch loading has not been systematically studied in the literature. The focal

point is on longitudinally stiffened girders, while unstiffened ones serve to provide an ultimate

reference load and for strengthening effect determination. One of the goals of this dissertation

is to give a contribution to the patch load phenomenon and provide new experimental results

in this field. In addition to the experimental investigation, this dissertation also includes

finite element analysis for the ultimate limit state allowed by the current European design

standard EN 1993-1-5. The numerical part aims to incorporate initial geometric imperfections

into numerical models, their influence on the ultimate strength and behavior of longitudinally

unstiffened and stiffened plate girders, and determination of unfavorable geometric imperfection

(from the patch loading point of view) in combination with the patch load length.

1.3 Objectives

The main objective of this work is to scrutinize the influence of patch load length on the

ultimate strength and behavior of longitudinally unstiffened and stiffened thin-walled I-section

steel plate girders reinforced by a single longitudinal stiffener. The problem is examined by

performing experimental and numerical studies. The objective of the experimental investigation
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is to disclose the influence of patch load length on patch loading resistance and to set up a

background for numerical modeling.

The numerical study has several objectives. The main objective of the numerical part

is to consider the influence of a wide range of patch load lengths in combination with various

geometric imperfections on the ultimate strength and behavior of longitudinally unstiffened

and stiffened steel plate girders. Imperfection sensitivity analysis is designed with the objective

to resolve shortcomings of current EN 1993-1-5 regarding the use of geometric imperfections

in FEA. Moreover, the determination of unfavorable geometric imperfections is also one of the

targets in this research.

1.4 Methodology

Analytical, experimental, and numerical methods are executed throughout this dissertation for:

� Analysis of previous experimental investigations conducted on longitudinally stiffened I-

shaped steel plate girders reinforced by a single longitudinal stiffener subjected exclusively

to patch loading.

� Conducting own experimental testing for determining the ultimate strength and behavior

of longitudinally unstiffened and stiffened steel plate girders. In addition, experimental

testing for the material characteristics of the web panel and flanges of each girder is

performed using multiple standard tensile coupon tests.

� Developing 3D finite element models of plate girders subjected to patch loading that

include geometric and material properties, loading, and supporting conditions based on

the experimental investigation.

� Calibration and verification of the finite element model for further numerical analyses.

� Performing a parametric study in which a variety of geometric imperfections are consid-

ered.

� Determining the influence of patch load length and geometric imperfections on the patch

loading resistance, providing design recommendations, and information on unfavorable

geometric imperfections

1.5 Thesis layout

The remainder of the dissertation is organized as follows.
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Chapter 2 introduces a comprehensive literature overview of experimental and numer-

ical researches conducted on longitudinally stiffened steel plate girders. Based on this review,

one can observe that the influence of patch load length was not sufficiently explored in previous

experimental and numerical studies. In addition, the influence of various geometric imperfec-

tions and the definition of unfavorable geometric imperfections (from the patch loading point

of view) are not present in the literature. This Chapter also briefly presents the current EN

1993-1-5 patch loading resistance model used later in the text.

Chapter 3 presents the own experimental campaign performed on thin-walled I-section

steel plate girders subjected to patch loading. The study considered longitudinally unstiffened

and stiffened girders reinforced by a single flat longitudinal stiffener. The experimental inves-

tigation included a total of eight tests. The ultimate capacity and behavior of the girders are

presented and discussed thoroughly.

Chapter 4 describes the finite element model used in the numerical part of this re-

search. The employed girder geometry, finite element mesh, boundary and loading conditions,

material properties, and initial imperfections are defined. The reliability and accuracy of the

numerical model were attested by comparison with experimental data, including a total of

twenty-eight tests. The experimentally and numerically obtained patch loading resistances are

juxtaposed, followed by comparison of elastoplastic behavior between the experimental and

numerical approaches.

Chapter 5 gives a finite element parametric study, in which geometric imperfections,

patch load lengths, web panel aspect ratio, and relative stiffnesses of the longitudinal stiffener

were varied, while the other geometric parameters were unaltered. Experimentally measured,

buckling mode-affine, and hand-defined sinusoidal geometric imperfections were varied in the

parametric study along with a variety of patch load lengths. A numerical database of nine

hundred simulations was created. The obtained results for each geometric imperfection are

presented and thoroughly discussed. Additionally, the influence of the web panel aspect ratio

and relative stiffness of the longitudinal stiffener is also given in this Chapter.

Chapter 6 brings analysis and discussion on unfavorable geometric imperfections in

steel plate girders subjected to patch loading. Both longitudinally unstiffened and stiffened steel

plate girders were considered. Unfavorable geometric imperfections were defined considering

geometric imperfections used in Chapter 5 and various relative stiffnesses of the longitudinal

stiffener.

Chapter 7 summarizes this work and the main conclusions, along with design recom-

mendations and proposals for further research, are presented.

Additional supplement materials are provided in Appendices. Appendix A shows

the steel materials properties of the test girders determined by using multiple standard tensile

coupon tests. Appendix B and Appendix C show experimentally measured web panel

deformations for two series of girders. These deformations are represented as contour plots of
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initial and residual web panel deformations, including an increase in deformation (the difference

between the residual and initial deformation).

1.6 Selected publications

The present research is sequentially published in the following papers along with several inter-

national conference proceedings

� S. Kovacevic, N. Markovic, D. Sumarac, R. Salatic, Unfavorable geometric imperfections
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https://doi.org/10.1016/j.tws.2020.107412

� S. Kovacevic, N. Markovic, Experimental study on the influence of patch load length on

steel plate girders, Thin-Walled Struct. 151 (2020) 106733.

https://doi.org/10.1016/j.tws.2020.106733

� S. Kovacevic, N. Markovic, D. Sumarac, R. Salatic, Influence of patch load length on

plate girders. Part II: Numerical research, J. Constr. Steel Res. 158 (2019) 213-229.

https://doi.org/10.1016/j.jcsr.2019.03.025

� N. Markovic, S. Kovacevic, Influence of patch load length on plate girders. Part I: Ex-

perimental research, J. Constr. Steel Res. 157 (2019) 207-228.

https://doi.org/10.1016/j.jcsr.2019.02.035
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Chapter 2

Literature review

The patch loading phenomenon started extensively to be investigated in the late 1960s and early

1970s. The first studies were experimental investigations concerning elastic critical buckling and

ultimate capacity of longitudinally unstiffened plate girders. Shortly thereafter, the problem

included stiffened plate girders. With software development and computational power in the

late 1990s and early 2000s, numerical techniques suppressed experimental studies. In this

period, the patch loading problem was more analyzed numerically than experimentally. Due

to its complexity, the validation of numerical models is performed by comparing their outputs

with experimental data. This shows the importance of experimental investigations for this

problem. Numerical models are usually verified by several experimental tests. However, in

this dissertation, the numerical model is validated by comparison with own and a previous

experimental study consisting of twenty-eight tests in total.

Previous experimental and numerical studies considering longitudinally stiffened I-

shaped steel plate girders reinforced by a single longitudinal stiffener subjected exclusively to

patch loading are presented in this Chapter. In addition, the resistance model defined by

the current European design standard EN 1993-1-5 is also briefly presented in this Chapter

for readability. It is used throughout the dissertation for comparison with experimental and

numerical results.

2.1 Experimental study

This Chapter aims to highlight in a concise way previous experimental studies conducted so

far and available in the literature to show that for longitudinally stiffened steel plate girders,

the influence of patch load length was not systematically analyzed. Only thin-walled I-section

longitudinally stiffened steel plate girders locally loaded in the plane of the web were considered.

After carefully updating the available literature, a database that includes sixteen experimental

studies (including the current experimental investigation – Chapter 3) with a total of one

hundred and seventy-four individual tests is formed. In all these tests, the case of patch
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loading applied individually was considered – that is, tests including combine action between

patch loading and/or bending and/or shear were not included. Table 2.1 recaps this Chapter

and shows applied patch load lengths along with a number of tests analyzed by different authors.

The focal point is on patch load length while other details about the experiments are not given

and the interested reader is referred to the original references. The patch load length, ss, is

expressed as an absolute value and with respect to the web panel width a or the web panel

depth hw; usual approach to present this parameter.

Previous experimental investigations considering longitudinally stiffened thin-walled I-

section steel plate girders subjected exclusively to patch loading (locally loaded in the plane

of the web panel), arranged chronologically, can be found in Refs. [1–25]. In all these studies,

different parameters that influence the behavior and ultimate load of longitudinally stiffened

steel plate girders are considered – that is, thickness of the web panel, position and stiffness of

longitudinal stiffeners, stiffness of the loaded flange, and web panel aspect ratio. Apart from

the previous experimental study [21] (summarized in Refs. [24–25]; see the description in Table

2.1), the patch load length, ss, in the previous experimental studies [1–20,22–23] was mostly

constant, and its effect on the ultimate strength has not been systematically investigated. The

relevant data (expressed as ss/a and ss/hw) regarding all these experimental investigations

[1–25] are given in Table 2.1, while more information can be found in the original references.

Apart from the patch loading case, other similar stability problems and load cases are given in

these references.

The first experimental works on thin-walled I-section girders with and without longi-

tudinal stiffening were performed by Rockey and Bergfelt [1–3]. From fifty-nine tests, nineteen

tests were conducted on longitudinally stiffened steel plate girders using a flat stiffener. The

primary purpose of this experimental study was to obtain information about the influence of

horizontal stiffeners on the level of the limit load. In these studies, the length of applied patch

load was ss = 40 and 120 mm.

A comprehensive study was governed by Roberts and Markovic with fourteen tests

on short steel plate girders including both longitudinally unstiffened and stiffened girders with

different patch load lengths ss = 0, 50, and 100 mm. The results are originally presented in Ref.

[4] and later used in Ref. [5]. This research aimed to gain a better insight into the ultimate

bearing capacity and shape of failure with a relatively thick web and the behavior of girders

with a thin and horizontally stiffened web with a flat stiffener. Only two tests considering

longitudinally stiffened steel plate girders with a constant patch load length of 50 mm were

investigated.

Oxfort [6] performed an experimental campaign considering centrically and eccentri-

cally loaded plate girders. The campaign included both longitudinally stiffened and unstiffened

girders while the patch load length was kept constant ss = 100 mm for all the tests. Reportedly,

only one case included longitudinally stiffened steel plate girders loaded centrically. Shimizu et

al. in Refs. [7–8] were investigated the influence of greater length of patch load on very long
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girders (girder span 6 m and 9 m) with transverse stiffeners placed equally at a distance of

0.6 and 1.0 m. The aim of the study was to simulate installation conditions in a construction

assembly stage. The length of applied patch load was varied using very high values compared

to other researches ss = 180, 300, and 500 mm. A total of ten tests was reported. Only one

experimental girder was longitudinally stiffened by a flat stiffener (single-sided flat-bar) loaded

by a patch load length of 300 mm. In the same year, Galea et al. [9] examined two experimental

tests of longitudinally stiffened steel plate girders with a flat stiffener with a constant patch

load length of 690 mm.

Skaloud et al. [10–15] conducted the most extensive experimental research with one

hundred and fifty-two tests including stiffened and unstiffened steel plate girders. Those results

were sequentially published in different reports [10–14], while all results were gathered in Ref.

[15]. The investigation was planned to obtain more information about the influence of the

position and stiffness of longitudinal stiffeners, type of longitudinal stiffening (stiffener on one

or both sides of the web panel), web panel aspect ratio, and stiffness of loaded flange on the

ultimate carrying capacity. In this research, there were one hundred and one tests considering

longitudinally stiffened steel plate girders with various patch load lengths ss = 50, 62, and 100

mm.

A test program of seventy-two tests considering unstiffened and stiffened steel girders

was performed by Dubas and Tschamper [16] to better examine the impact of patch load length

and the influence of different types of stiffeners on the ultimate capacity. Sixteen tests were

conducted on stiffened web plates, and the length of applied patch load was amounted to ss

= 40 and 240 mm. Eight girders were longitudinally stiffened with a small torsional rigidity

stiffener (single-sided flat-bar) and eight girders had a high torsional rigidity stiffener (closed-

section). A series of two tests is performed by Dogaki et al. [17], and the same number of

tests is conducted by Salkar [18]. In these two researches [17–18], the patch load length was

constant ss = 90 and 127 mm, respectively. In addition, Carretero and Lebet [19] performed

an experimental investigation where six longitudinally stiffened steel plate girders using closed-

section stiffeners were considered from a total of fourteen tests. In all tests, the patch load length

was amounted to 200 and 300 mm. Walbridge and Lebet [20] performed five experimental tests

on longitudinally stiffened steel plate girders using closed-section and flat stiffeners. In this

analysis, except for the type of longitudinal stiffeners, the main research was dedicated to the

position of longitudinal stiffeners while the patch load length was set to ss = 200 mm.

An experimental investigation conducted by Markovic [21] represents an analysis in

which the patch load length was varied the most. The study included longitudinally stiffened

and unstiffened steel plate girders. A total of twenty tests was performed. Eight steel plate

girders with α = 1 and four girders with α = 2 were longitudinally stiffened with a flat stiff-

ener. The patch load length was varied from ss = 0 mm to ss = 150 mm. The most recent

experimental results were obtained by Kuhlmann and Seitz [22–23]. The investigation included

longitudinally unstiffened and stiffened plate girders using one or two rigid stiffeners. The study
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aimed to investigate the influence of number and position of longitudinal stiffeners and inter-

action with bending and shear. From a total of seven tests reported, two tests were performed

considering pure patch loading case and longitudinally stiffened steel plate girders. The patch

load length was constant and assembled by four equally spaced lengths of 100 mm with a total

length of 700 mm.

It should be highlighted that some of those experimental tests are also collected in

Refs. [22,26–35], but the present literature review is the most detailed one.

Based on this literature review of the existing experimental results, it is clear that

the influence of patch load length on longitudinally stiffened steel plate girders was not sys-

tematically studied. Analyses considering greater rates of change of this parameter were not

presented. That was the driving force for the present experimental investigation to contribute

to the patch loading phenomenon.

Table 2.1: Experimental tests of longitudinally stiffened I-shaped steel plate girders reinforced
by a single longitudinal stiffener subjected exclusively to patch loading.
Reference Year Number

of tests
ss/a ss/hw ss [mm]

Rockey et al. [1] 1978 4 0.05 0.05 40
Bergfelt [2–3] 1979&1983 15 0.01-0.11 0.05-0.16 40 (13), 120 (2)
Roberts & Markovic [4–5] 1981 2 0.1 0.1 50
Oxfort [6] 1983 1 0.05 0.08 100
Shimizu et al. [7–8] 1987 1 0.5 0.3 300
Galea et al. [9] 1987 2 0.39 0.54 690
Janus et al. [10–15] 1988 101 0.1 0.1-0.2 50 (71), 62 (18),

100 (12)
Dubas & Tschamper [16] 1990 16 0.02-0.14 0.04-0.24 40 (8), 240 (8)
Dogaki et al. [17] 1991 2 0.1 0.1 90
Salkar [18] 1992 2 0.2 0.2 127
Carretero & Lebet [19] 1998 6 0.19-0.25 0.38-0.5 200 (2), 300 (4)
Walbridge & Lebet [20] 2001 5 0.2 0.29 200
Markovic [21]1 2003 8 0-0.3 0-0.3 0, 25, 50, 75,

100, 125, 150 (2)
Markovic [21]2 2003 4 0.05-0.15 0.1-0.3 50, 100, 150 (2)
Kuhlmann & Seitz [22-23] 2004 2 0.58 0.30 700
Kovacevic & Markovic [24]3 2020 3 0-0.25 0-0.5 0, 200, 250
(·) denotes the number of tests for a given patch load length
1 Originally published in Ref. [21] and summarized in Ref. [25] (steel plate girders with α = 1)
2 Originally given in Ref. [21] and summarized in Ref. [24] (steel plate girders with α = 2, labeled
B3, B5, B7, B17)
3 Experimental tests given in this dissertation (Chapter 3) and published in Ref. [24] (steel plate
girders with α = 2, labeled B4, B6, B13)
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2.2 Numerical study

Scarce work has been found in the literature for the influence of patch load length on the ulti-

mate capacity of longitudinally stiffened steel plate girders examined numerically. In addition,

the focus is only on longitudinally stiffened steel plate girders loaded centrically without web

openings (cut-outs). For more general reviews, including plate girders subjected to different

types of loading, Refs. [36–37] are recommended.

There exists an appreciable amount of literature on the influence of initial geometric

imperfections on the patch loading resistance of longitudinally stiffened steel plate girders, but

the patch load length and ratios ss/a and ss/hw were mostly constant or not changed in a wide

range. For instance, extensive parametric studies carried out on longitudinally stiffened steel

plate girders examining the influence of the position of a longitudinal stiffener using different

initial geometric imperfection shapes were performed by Graciano et al. [32,38–43]. In all these

analyses, the patch load length was kept constant.

Chacon et al. in Refs. [44–45] managed another comprehensive numerical research

conducted on longitudinally stiffened steel plate girders, varying the web thickness, flange

yield strength, thickness, and position of the longitudinal stiffener. Again, the patch load

length was held constant in these studies. Similarly, Kuhlmann and Seitz [22] performed an

imperfection sensitivity study considering different shapes of initial geometric imperfections

and their influence on the collapse load of longitudinally stiffened steel plate girders under a

constant patch load length.

On the other hand, Graciano et al. in Refs. [46–47] applied different patch load

lengths in order to get more information about elastic buckling coefficients varying the relative

position of the longitudinal stiffener, its flexural rigidity, flange-to-web thickness ratio, and web

panel aspect ratio α. A similar linear buckling and post-buckling analysis considering multiple

longitudinally stiffened webs have been materialized by Loaiza et al. in Ref. [48] and Ref.

[49], respectively. Moreover, elastic buckling analysis performed on longitudinally stiffened

and unstiffened web panels under opposite patch loading considering three different patch load

lengths was conducted by Mezghanni et al. [50]. A parametric study performed by Kuhlmann

and Seitz primarily investigating the influence of stiffener position on the magnification factor

under three different patch load lengths is present in Ref. [23,51]. In addition, Maiorana et

al. [52] used different values of patch loading length considering primary unstiffened webs with

and without perforations. Three different patch load lengths were applied to stiffened webs

without perforations. The main goal of the study was to juxtapose ultimate loads with critical

ones of a single panel in a multi-panel beam with the whole beam.

Additionally, an extensive finite element study including three hundred and sixty-

six numerical simulations focusing on longitudinally stiffened webs has been accomplished by

Davaine [26,53–55]. The study was mainly based on deep webs (e.g., from 2 to 5 m). Patch

load length was varied according to the web panel depth ss/hw = 0.2ö1 in combination with
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different positions of the longitudinal stiffener. A parametric study including nine hundred

models and varying different parameters – that is, geometry of the web panel (a, hw, tw), flange

size (bf , tf ), patch loading length ss, location and number of longitudinal stiffeners and their

size, has been conducted by Kövesdi [56]. The patch load length was varied from ss/a = 0.2

to ss/a = 0.8 with a total of six patch load lengths. Just recently, four different patch load

lengths were incorporated into a numerical analysis performed by Loaiza et al. [34]. The main

parameters that were varied are the web panel aspect ratio α and web panel thickness tw.

All references mentioned above are based on the finite element method, which is the

most popular computational tool due to its wide acceptance and versatility. It has been success-

fully applied in many papers regarding the ultimate strength of plate girders under different

loading conditions. On the other hand, a few papers assess the ultimate capacity of plate

girders under patch loading or combined action of patch loading and bending using a different

numerical technique, for instance, in Refs. [57–58] and Ref. [59], the finite difference method

has been used to determine the ultimate and critical loads, respectively, in Refs. [60–61] the

dynamic relaxation method is adopted as a numerical analysis method. Additionally, in Ref.

[62], the finite strip method has been employed as a computational tool to obtain critical loads

of longitudinally stiffened webs under patch loading. In all these references [57–62], the patch

load length was constant or varied in a small range.

2.3 European design standard EN 1993-1-5

The design procedure for determining the patch loading resistance of steel plate girders ac-

cording to the design standard EN 1993-1-5 is briefly given below. The design procedure for

longitudinally unstiffened webs was originally proposed in Ref. [63], while the effect of longi-

tudinal stiffening is included according to the work of [64]. According to this model, the patch

loading resistance can be determined as [65]

FRd = χF
ly · fyw · tw

γM1

, (2.1)

where χF is the reduction factor due to local buckling, γM1 is the partial safety factor, and ly

is the effective loaded length defined as

ly = ss + 2 · tf · (1 +
√
m1 +m2). (2.2)

See Fig. 3.1 for general girder notation. The reduction factor χF should be obtained using the

following expressions

χF =
0.5

λ̄F
≤ 1.0 λ̄F =

√
ly · tw · fyw/Fcr. (2.3)

In Eq. (2.2), the dimensionless parameter m1 is equal to m1 = fyfbf/fywtw, while m2 =

0.02 · (hw/tf )2 if λ̄F > 0.5 or m2 = 0 if λ̄F ≤ 0.5. In Eq. (2.3), Fcr represents the critical
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buckling load calculated as

Fcr = 0.9 · kF · E · t3w/hw. (2.4)

The buckling coefficient kF for longitudinally unstiffened plate girders can be obtained as

kF = 6 + 2 · (hw/a)2, (2.5)

while for longitudinally stiffened plate girders, the following expression can be applied

kF = 6 + 2 · (hw/a)2 + (5.44 · b1/a− 0.21) · √γs, (2.6)

where γs denotes the relative flexural stiffness of the longitudinal stiffener, defined as

γs = 10.9 · Isl
hw · t3w

≤ γ∗ γ∗ = 13 · (a/hw)3 + 210 · (0.3− b1/a). (2.7)

In the above equation Isl is the second moment of area of the longitudinal stiffener plus a width

of web plate equal to 15 · ε · tw on each side of the stiffener (see clause 9.1(2) in [65] for more

details, ε =
√

235/fyw[N/mm2]); refer to Fig. 3.1 for general notation. Eq. (2.7) was originally

developed performing linear buckling analysis, considering the variation of the buckling coeffi-

cient kF in terms of the stiffener relative flexural rigidity γs.This equation can serve to classify

longitudinal stiffeners as weak or strong. If the relative stiffness of the longitudinal stiffener γs

is smaller than the limit value γ∗, the stiffener is classified as weak.

Remark: The contribution of patch load length to the ultimate strength is included linearly

through the effective loaded length Eq. (2.2). The buckling coefficient of longitudinally unstiff-

ened Eq. (2.5) and stiffened steel plate girder Eq. (2.6) is independent of patch load length

(and stiffness of the loaded flange). Hence, the patch loading resistance varies linearly with

patch load length, independently of applied load length, for both longitudinally unstiffened and

stiffened steel plate girders. This dependence of ultimate strength on the patch load length is

further tested in the current research.

Remark: Using the above equations for the patch loading resistance and with standard manip-

ulations, one can show that the web panel yield stress, fyw,influences the ultimate strength with

a power of 0.5 – that is, f 0.5
yw . As given later in this dissertation, a higher value of 0.60–0.78 was

obtained. More importantly, it was shown that this value is dependent on patch load length.

2.4 Summary

Detailed literature reviews of experimental and numerical investigations focusing on the influ-

ence of patch load length on the patch loading resistance of longitudinally stiffened steel plate

girders are given in this Chapter. They show that studies primarily dedicated to the influence

of patch load length are insufficiently present in the literature. Other parameters that influence

13



CHAPTER 2. LITERATURE REVIEW

the ultimate capacity have been experimentally and numerically studied in the literature, while

the patch load length was mostly constant or varied in a small range. That was the driving force

for the present experimental investigation to contribute to the patch loading phenomenon. In

addition, the current EN 1993-1-5 patch loading resistance model, with some observed remarks

regarding the patch load length, is also presented in this Chapter.
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Chapter 3

Experimental work

The author’s experimental investigation was planned to continue and extend the extensive

experimental study [21]. This experimental study consisted of two series of testing. The first

series included steel plate girders with a web panel aspect ratio α = 1 (hereafter Series A) and

α = 2 (hereafter Series B); refer to Chapter 2 and Table 2.1 for more details. Markovic [21]

tested all the girders of Series A and girders B1, B3, B5, B2, B7, and B17 of Series B. Girders

labeled B16, B13, B14, B15, B12, B4, B11, and B6 represent the author’s work. Hence, the

current experimental investigation given in this Chapter complements this series of testing. The

whole experimental campaign (Series A and Series B) included twenty-eight tests conducted

on fourteen steel plate girders (each girder was tested twice). For discussion and comparison

with the previous experimental analysis [21], current European design standard EN 1993-1-5

[65], and available experimental results in the literature given in Section 3.2, all the steel plate

girders of Series B are included. All measured data for girders B1, B3, B5, B2, B7, and B17

used in Section 3.2 were collected by Markovic [21].

For this testing investigation (all the girders of Series B), the web panel aspect ratio

α was increased (more specifically, the distance between the vertical stiffeners at the supports:

web panel width) compared to the girders of Series A [21] while the other geometric properties

were unchanged. The patch load length was varied from ss = 0 mm to ss = 250 mm (ss/hw =

0ö0.5, ss/a= 0ö0.25). Since the patch load length was insufficiently varied in the literature, the

present experimental investigation was planned to eliminate this drawback and to elucidate the

influence of patch load length on the ultimate strength and behavior of longitudinally stiffened

steel plate girders. Apart from longitudinally stiffened steel plate girders, a few girders without

longitudinal stiffening were included in this investigation. They served to provide an ultimate

reference load for the stiffened ones. Details about the experiment, ultimate strength, and

behavior of the experimentally tested girders are given in the next section, including all the

girders of Series B. The experimentally obtained ultimate strengths, web panel deformations,

and elastoplastic behavior of the tested girders are given in Section 3.2.
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3.1 Experimental testing

The experimental research was performed on thin-walled I-section steel plate girders subjected

to patch loading. The primary goal of this experimental study was to systematically investigate

the ultimate strength and behavior of I-shaped steel plate girders subjected to various patch

load lengths. The study considered longitudinally unstiffened and stiffened steel plate girders

reinforced by a single flat longitudinal stiffener placed at one-fifth of the girder depth (b1 =

0.2hw), the optimum location for the flexural and shear resistance [66–68]. The main objective

was to investigate the ultimate strength and behavior of longitudinally stiffened steel plate

girders while unstiffened ones were used to determine the influence of longitudinal stiffening

(strengthening effect β). The longitudinal stiffener and girders (except for the girder width) in

this study were the same as in Refs. [15,21]; thus, a direct comparison could be made between

these studies.

The whole experimental program (Series B) included fourteen tests (six tests conducted

by Markovic in Ref. [21]) performed on seven welded I-shaped steel plate girders. The girders

were assembled at the construction company “Mostogradnja” in Belgrade. They were designed

as symmetrical and simply supported with transverse stiffeners at both ends. The experiments

were carried out at the Laboratory for Testing Construction and Materials at the Faculty of

Civil Engineering Podgorica, University of Montenegro. Using reliable modern equipment,

experienced laboratory experts, excellent cooperation, professionalism, and experience from

other experimental investigations [21,69–74], this experimental testing was accomplished and

reliability of the results was guaranteed.

3.1.1 Test specimens

The longitudinally unstiffened steel plate girders were labeled B16, B14, B1, B15, B2, B12, and

B11; the longitudinally stiffened ones were labeled B13, B3, B5, B7, B17, B4, and B6. The

general notation of a girder is graphically displayed in Fig. 3.1, while all the test configurations

are schematically given in Fig. 3.2. The girders with labels from B1 to B7 were initially tested

in a previously unloaded state and then turned upside-down and retested (girders B11 to B17).

This method is a common procedure for this type of testing since the deformation of the web

panel is highly localized near the loaded flange. Consequently, this method has been frequently

used in many other similar experimental investigations [1–2,5,21,75–77]. Moreover, it has been

shown in Ref. [21] that the web panel deformation propagated only in the upper half of the web

panel (for different levels of the ultimate load and residual deformation), and vertical stresses

(direction of the applied patch load) in the lower half of the web panel were significantly below

the yield stress. Therefore, there was no expected drop in the ultimate strength when girders

were retested in the upside-down configuration. In addition, the longitudinal stiffening placed

near the unloaded flange did not influence the patch load resistance – that is, when a stiffened
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girder was turned upside-down and retested. In order to further eliminate the effects from

the first configuration in the upside-down configuration (when girders are retested), testing was

performed in such a way that longer patch load lengths were not applied in both configurations.

Figure 3.1: Longitudinally stiffened plate girder under transverse concentrated loading, general
notation.

The material characteristics, represented as average values for the yield and ultimate

tensile stresses of the web panel (fyw, fuw) and flange (fyf , fuf ) of each girder, are given in Table

3.1; refer to Appendix A for more details. They were determined by standard tensile coupon

tests. The coupons were taken from undeformed areas on the web panel or flanges after testing

all the girders. All girders in the present and previous study [21] (seven girders with a web

panel aspect ratio α = 1 and seven girders with α = 2) were ordered from the same manufacture

shop. It was requested that the web panels and flanges should be from a specific steel grade,

but no additional requirement regarding the yield strength was specified. The girders were

randomly assembled and tested. After testing all the girders and using standard tensile coupon

tests, it was noticed that some girders had different material characteristics (even though they

were included in the requested steel grade). All the girders of Series A in Ref. [21] and most of

the girders of Series B had the same material characteristics for flanges and web panels, while

girders B1, B2, and B6 had different material characteristics for web panels, as listed in Table

3.1 and Appendix A.

3.1.2 Testing setup and disposition

The girders were tested in a specially prepared steel closed frame, which was fixed into a

concrete slab in order to prevent lateral movement of the girders and rotations of the flanges

(Fig. 3.3). The load was introduced by a hydraulic pump connected to a load cell and press

with a capacity of 800 kN (see positions 5 and 6 in Fig. 3.3). The intensity of force was

recorded by a load cell TML CLP-1MNB with a capacity of 1MN and an accuracy step of 0.3

kN. The girders were centrally loaded in the middle of the web panel plane using rigid steel
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Figure 3.2: Test configurations for all the test plate girders. Longitudinally unstiffened (top
row) and longitudinally stiffened steel plate girders (bottom row).

Table 3.1: Geometrical and material characteristics of all the test plate girders of Series B.
No. Girder

Label
a
[mm]

hw
[mm]

tw
[mm]

bf
[mm]

tf
[mm]

b1
[mm]

ss
[mm]

hs
[mm]

ts
[mm]

fyw
[MPa]

fyf
[MPa]

fuw
[MPa]

fuf
[MPa]

1 B162 1000 500 4 120 8 - 0 - - 261.74 314.05 348.04 466.05

2 B13 1000 500 4 120 8 100 0 30 8 314.54 312.55 433.54 463.05

3 B14 1000 500 4 120 8 - 25 - - 317.74 323.05 434.24 469.55

4 B11,2 1000 500 4 120 8 - 50 - - 257.33 315.55 348.03 462.05

5 B31 1000 500 4 120 8 100 50 30 8 314.54 312.55 433.54 463.05

6 B152 1000 500 4 120 8 - 100 - - 318.24 311.55 435.54 459.55

7 B51,2 1000 500 4 120 8 100 100 30 8 318.24 311.55 435.54 459.55

8 B21,2 1000 500 4 120 8 - 150 - - 225.54 312.55 336.74 463.55

9 B71 1000 500 4 120 8 100 150 30 8 327.05 339.06 438.55 486.06

10 B171 1000 500 4 120 8 100 150 30 8 327.05 339.06 438.55 486.06

11 B122 1000 500 4 120 8 - 200 - - 225.54 312.55 336.74 463.55

12 B4 1000 500 4 120 8 100 200 30 8 317.74 323.05 434.24 469.55

13 B112 1000 500 4 120 8 - 250 - - 257.33 315.55 348.03 462.05

14 B6 1000 500 4 120 8 100 250 30 8 261.74 314.05 348.04 466.05

1 Originally published in Ref. [21] and summarized in Ref. [24]
2 Girders equipped with strain gauges at the web and loaded flange
3 Values obtained from three standard tensile coupon tests
4 Values obtained from four standard tensile coupon tests
5 Values obtained from two standard tensile coupon tests
6 Values obtained from one standard tensile coupon test

blocks for load introduction. The length of an applied patch load ss was varied from ss = 0
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mm (concentrated force introduced by a half-round bar) to ss = 250 mm running the full width

of the flange (Fig. 3.4). The thickness of these load blocks was approximately 50 mm. The

half-round bar can be introduced as a load from a crane wheel, while the biggest load length

can be interpreted as a load applied through a very stiff launching shoe. Neither the load steel

blocks nor the two supports at the bottom flange were fastened to the loaded flange (Fig. 3.3).

The disposition and working space of the used laboratory are schematically displayed in Fig.

3.3.

Figure 3.3: Schematic drawing of the laboratory and equipment: 1) test girder, 2) steel closed
frame, 3) frame slider for guiding a transducer for web deformations, 4) frame slider for holding
a transducer for the upper flange deformation, 5) press, 6) load cell, 7) rigid steel block for load
introduction, 8) electrical transducers, 9) pipes for oil supply for hydraulic pump, 10) electrical
cables for connecting the load cell and measuring devices.

Figure 3.4: Different load blocks (clockwise from top left): ss = 0, 25, 250, and 100 mm.
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3.1.3 Initial geometric imperfections

After test preparation and setup, an initial force increment of 5 kN was applied and initial

geometric imperfections of the web panel were recorded using a rectangular grid size of 21x11

points, centrically placed with respect to the web panel (see Fig. 3.5). This measurement was

performed using a frame slider (see position 3 in Fig. 3.3) and a displacement transducer (see

position 8 in Fig. 3.3). The obtained geometrical scatter data was then used to reproduce each

web panel’s initial shape to compare it with residual deformations. This information was used

later in the text (see Section 3.2 and Appendix C) in order to show the difference in the behavior

of longitudinally unstiffened and stiffened steel plate girders. Moreover, the same scatter data

can be used for numerical modeling in order to include initial geometric web panel imperfections

into numerical models. More details about incorporating experimentally measured geometric

imperfections into finite element models are given in Chapter 4. The measured maximum

amplitudes of initial geometric web panel imperfections for the girders tested once (B1 to B7)

are listed in Table 3.2.

Table 3.2: Maximum amplitude of initial geometric web panel imperfections for the girders
tested once.
Girder B11 B21 B31 B4 B51 B6 B71

Maximum
amplitude

hw/48 hw/100 hw/87 hw/40 hw/140 hw/65 hw/52

1 Originally published in Ref. [21]

Figure 3.5: Measuring initial geometric web panel imperfections using a rectangular grid size
of 21x11 points.

3.1.4 Testing process

After initial geometric imperfections were recorded for the whole web panel, the load was

incrementally increased. In the beginning, the first few load increments were approximately 20

kN, and after that, the increment was decreased. Under each load increments, the following

data were recorded with a data logger using a text file: (i) web panel out-of-plane deflection

at a characteristic point near the loaded flange (Fig. 3.6), (ii) deflection of the loaded (upper)
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flange (Fig. 3.6), (iii) deflection of the bottom flange at the center of the girders (centrically

below the load), and (iv) for some girders, the strains in many points of the web and some

points of the loaded flange (Fig. 3.7). All these displacement measurements were performed by

three electrical displacement transducers TML SDP-100C with a step size of 100 mm and an

accuracy step of 0.01 mm. For capturing the web panel out-of-plane deflection and deflection

of the loaded flange, movable steel frame-sliders (see positions 3 and 4 in Fig. 3.3) were

used, while the transducer for deflection of the bottom flange was immovable. This enables

monitoring of deformation during the tests. Strains were measured in a number of chosen

points by HBM (Hottinger Baldwin Messtechnik GmbH) strain gauges [78]. The strain gauges

were mainly individual LY 11-3/120, several LY 11-6/120, and several rosettes RY 11-10/120.

The strain gauges were symmetrically glued in pairs to both sides of the web and loaded flange

in the vicinity of the point of loading (symmetrically on both sides of the web and mostly

symmetrically with respect to the central line of the web), Fig. 3.7. This arrangement enables

more information about membrane and bending strains and also provides information regarding

the symmetrical response of a whole girder. Positions of the strain gauges were chosen to

facilitate comparison for cases with different loading lengths. The presence of the longitudinal

stiffeners also influenced the location of the strain gauges.

Figure 3.6: Measuring out-of-plane deflection at a characteristic point near the loaded flange
(top row) and deflection of the loaded flange (bottom row) during the testing process.

The appearance and development of the lateral deformations of the webs were noticed

by measuring out-of-plane deflections at a characteristic point near the loaded flange and with

a visual inspection of the girders when the load was increased. In order to follow the behavior

of the tested girders during the testing process, some load increments were held for a certain

time. The whole web panel centerline out-of-plane deflection was measured using the same

steel frame slider and electrical displacement transducer (positions 3 and 8 in Fig. 3.3) used to

measure initial geometric web panel imperfections. In addition to the primary mesh grid size

(11 points along the web depth), a finer grid size was used in the vicinity where local buckling
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Figure 3.7: Arrangement of strain gauges for the web panel and the loaded flange.

was expected, cf. Fig. 3.6. A total of 14 points were used for capturing the centerline web

profile under this load increment. This mesh is used later for an accurate representation of a

deformed vertical cross-section of the webs. These centerline web profiles are given in the next

section (from Fig. 3.10 to Fig. 3.13) for each girder under specific load increments. Similarly,

the deflection of the loaded flange was measured by the steel frame slider (position 4 in Fig.

3.3) and electrical transducer at 17 points under the same load increment. After that, the

testing process was continued, and the load increment was increased.

Figure 3.8: Failure modes.

Local buckling of the web panel and local deformation of the loaded flange were de-

veloped and visually noticed by increasing the applied load. The force is increased until the

ultimate capacity was exhausted, which manifested through rapidly increasing deformations of

the web panel and loaded flange in the vicinity of the point of loading without an increase in

load. This presents local loss and local buckling zone is noticed under an applied force. When

the ultimate strength was reached, the girders were unloaded, residual deformations of the web

panel (at the primary mesh grid point and in additional points in the zone where deformation

was pronounced, cf. Fig. 3.6) and the loaded flange were measured. This concludes the whole

testing process. For some girders, the failure shapes are shown in Fig. 3.8.
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3.2 Test results and discussion

In this section, all the steel plate girders of Series B are included. Results and observations

regarding the ultimate strength and behavior of the tested girders are presented. Numerous

diagrams are generated using experimental data collected during the testing process. The

experimentally obtained patch loading resistances are compared with the previous experimental

analysis [21], current European design standard EN 1993-1-5 [65], and available experimental

results in the literature; followed by web panel and loaded flange deformations. Finally, the

elastoplastic behavior of some tested girders is discussed.

3.2.1 Ultimate strength

The experimentally obtained ultimate strengths for all the tested girders are given in Table 3.3

and graphically presented in Fig. 3.9. According to these results, one can conclude that the

ultimate load increased with increasing the patch load length for all the tested girders (with

and without stiffening). A similar conclusion was found in Ref. [21] for the girders of Series

A (web panel aspect ratio α = 1). These findings are also in agreement with the experimental

study by Ref. [3]. As evident in Fig. 3.9, the results show regularity apart from the results for

ss = 25 mm and ss = 100 mm for longitudinally unstiffened steel plate girders, and ss = 250

mm for longitudinally stiffened girders. These girders had different material characteristics for

the web panel than the other girders (as explained in Section 3.1.1 and in Table 3.1), which is

expanded upon in more detail later in this section.

Additionally, as shown in Ref. [21], an increase in patch load length from ss = 0 mm

to ss = 150 mm gives higher ultimate strengths > 50% for both longitudinally unstiffened and

stiffened steel plate girders. However, increasing the web panel aspect ratio to α = 2, this

finding is only valid for longitudinally stiffened steel plate girders. In the current experimental

analysis and for the same increase in patch load length (from ss = 0 mm to 150 mm), the

ultimate carrying capacity of longitudinally unstiffened steel plate girders was increased by

34%.

Apart from the present analysis and [21], the influence of patch load length on the ulti-

mate strength of longitudinally stiffened steel plate girders was investigated only in [3,15–16,19],

as reported in Table 2.1. However, in Refs. [15,19], different patch load lengths were applied to

different geometries (web panel aspect ratio) and, therefore, the influence of patch load length

cannot be determined. According to the experimental study by Ref. [3], the patch load resis-

tance of longitudinally stiffened steel plate girders can be increased by 4–9%, increasing the

patch load length from 40 mm (ss/a = 0.04, ss/hw = 0.05) to 120 mm (ss/a = 0.11, ss/hw

= 0.16). In this analysis [3], steel plate girders with a single-sided flat stiffener and web panel

aspect ratio of 1.5 were used. Using results from Ref. [21] for the girders of Series A and similar

ratios of ss/a and ss/hw – that is, increasing the patch load length from 25 mm (ss/a = ss/hw
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= 0.05) to 75 mm (ss/a = ss/hw = 0.15) – the patch load resistance of longitudinally stiffened

steel plate girders was increased by 8%, which is in agreement with [11]. However, a much

bigger increase in ultimate strength of longitudinally stiffened steel plate girders is reported in

Ref. [16]. By increasing the patch load length from 40 mm (ss/a = 0.02, ss/hw = 0.04) to

240 mm (ss/a = 0.14, ss/hw = 0.24), an increase in bearing capacity of 35–55% for flat and

50–74% for closed-section stiffeners was obtained. A direct comparison between Refs. [16,21] is

not possible since the ratios of ss/a and ss/hw cannot be matched. However, a similar increase

(44%) in the bearing capacity of longitudinally stiffened steel plate girders was obtained in Ref.

[21] when the patch load length was increased from 25 mm (ss/a = ss/hw = 0.05) to 125 mm

(ss/a = ss/hw = 0.25). Similarly, using the results for ss = 50 mm (ss/a = 0.05, ss/hw = 0.10)

and ss = 150 mm (ss/a = 0.15, ss/hw = 0.30) for longitudinally stiffened steel plate girders in

the present study (see Table 3.3), the ultimate strength was increased by 46%.

Table 3.3: Experimentally obtained ultimate strengths for all the tested girders of Series B.
ss [mm] 0 25 50 100 150 200 250
Unstiffened girders B16 B14 B11 B15 B21 B12 B11
Fexp,unstiff [kN] 129.9 147.9 140.3 176.9 174.6 190.9 199.9

Stiffened girders B13 B31 B51 B71

B171

B4 B6

Fexp,stiff [kN] 148.6 164.9 200.3 240.3
233.9

275.3 290.3

β2 [kN] 1.13 1.45
1 Originally published in Ref. [21] and summarized in Ref. [24]
2 Strengthening effect β was computed only for the girders with the same material characteristics
(see Section 3.1.1 and Table 3.1)

To gain more insight into the influence of web panel aspect ratio on the ultimate

strength for different patch load lengths, the experimentally obtained values from Ref. [21] and

the present study were analyzed in more detail; similar comparison is provided in Chapter 5

for various geometric imperfections and patch load lengths (Table 5.8). Comparing these two

studies, one could conclude that the web panel aspect ratio influences the ultimate strength

of both longitudinally unstiffened and stiffened steel plate girders. Using a half-round bar (ss

= 0 mm), the ultimate capacity of the longitudinally stiffened steel plate girders dropped by

12%, increasing the web panel aspect ratio (changing the girder width) from α = 1 to α =

2. Moreover, by increasing the patch load length (e.g., ss = 150 mm), the obtained drop in

the ultimate load of longitudinally stiffened steel plate girders decreased to 2–9%. Making a

similar comparison for the longitudinally unstiffened steel plate girders was not realistic since

the girders in the present analysis (ss = 0 mm and ss = 150 mm) had different materials

characteristics than those in Ref. [21]. A decrease in the bearing capacity of longitudinally

unstiffened and stiffened steel plate girders accompanying an increase in the web panel aspect

ratio was also reported in Ref. [2].
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The experimentally obtained values in Table 3.3 are also graphically juxtaposed with

the ultimate strengths determined by the current European design standard EN 1993-1-5 [65],

Fig. 3.9. The patch load resistances were calculated using Eq. (2.1) – (2.7) in Chapter

2. For this purpose, the yield stresses from Table 3.1 of each girder were used and Young’s

modulus E = 205 GPa was employed. According to Fig. 3.9, the biggest difference between

the experimentally obtained ultimate loads and EN 1993-1-5 for longitudinally unstiffened and

stiffened steel plate girders is in relation to greater patch load lengths.

Using this graphical comparison (Fig. 3.9), the following conclusion could be made.

Firstly, one could observe that the experimentally obtained ultimate strengths of the longitudi-

nally unstiffened steel plate girders increased linearly, as shown by the thin, dashed black line

in Fig. 3.9. The same result was obtained in Refs. [21]. A small variation in the results exists,

specifically for ss = 25 mm and ss = 100 mm, for which higher ultimate loads were obtained.

Comparing the material characteristics of these two unstiffened steel plate girders (ss = 25 mm

and ss = 100 mm) with the rest of the unstiffened girders (see Table 3.1), one can observe

that the web panel yield stresses for ss = 25 mm and ss = 100 mm (girders B14 and B15)

were approximately 320 MPa, whereas, for the other unstiffened steel plate girders, the web

panel yield stresses were between 225 MPa and 260 MPa. This variation in the web panel yield

stresses produced a small deviation in the ultimate loads for the unstiffened steel plate girders.

Secondly, the ultimate strengths of longitudinally unstiffened steel plate girders determined by

EN 1993-1-5 are smaller than the experimental ones. Still, they follow the observed trend in

the experimental results (variation in the results for different web panel yield stresses). This

finding indicates that the web panel yield stress sensitivity was well captured by the design

standard, as shown by the thick, dashed black line in Fig. 3.9.

Figure 3.9: Experimentally obtained ultimate strength for all the tested girders and corre-
sponding values according to EN 1993-1-5.

Furthermore, the experimentally obtained ultimate strengths of the longitudinally stiff-
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ened steel plate girders for small patch load lengths (approximately between ss = 50 mm and ss

= 100 mm) followed the ultimate strength of the unstiffened ones, as shown by the thin, solid

red line in Fig. 3.9. After this specific patch load length, the patch loading resistance of the

longitudinally stiffened steel plate girders increased much faster with an increase in patch load

length, as presented by the dashed red line in Fig. 3.9. Lastly, adding the ultimate capacities

of longitudinally stiffened steel plate girders calculated by EN 1993-1-5 [65] to Fig. 3.9, one

can notice that these values increased linearly (see the thick, solid red line in Fig. 3.9 where

the result for ss = 250 mm is excluded since the girder had different material characteristics.

See Table 3.1). The results were significantly below the corresponding experimental results,

especially for ss > 50ö100 mm. Indeed, looking at the resistance model defined in EN 1993-1-5

(see Section 2.3), one can observe that the ultimate strength of both longitudinally unstiffened

and stiffened steel plate girders increases linearly with an increase in patch load length, and it

is independent of the value of patch load length.

All the aforementioned findings regarding the comparison between the experimental

results and design standard [65] show that further improvements of EN 1993-1-5 are required.

Strengthening effect: The strengthening effect (ratio between the ultimate strength

of the longitudinally stiffened and unstiffened steel plate girders) for the girders with the same

material characteristics is listed in Table 3.3. In the current analysis, the strengthening effect

was between 13% and 45%, as computed based on the two values given in Table 3.3 for ss =

100 mm and ss = 250 mm. However, using linear interpolation through the values for ss =

25 mm and ss = 100 mm for the unstiffened steel plate girders (see Fig. 3.9) and then using

extrapolation to get new values for the other unstiffened girders (meaning that the stiffened

and unstiffened girders had the same material characteristics), an average strengthening effect

of 21% was obtained. A similar strengthening effect of 36%, 36–38%, and 22–36% is reported

in Refs. [7,9,20], respectively, in relation to steel plate girders with a single flat stiffener and

web panel aspect ratios from 1 to 1.43. In addition, using a high torsional rigidity stiffener

(closed section), a strengthening effect of 17–59%, 20–64%, and 44–56% was obtained in Refs.

[19–20,22], respectively. However, in Ref. [21] (girders of Series A), a smaller stiffening effect

(from 6% to 19%) using a web panel aspect ratio of 1 was found. This finding agrees with other

experimental studies [1,4–6,15–16] in which a strengthening effect from 4% to 19% was reported.

It is noteworthy that, in all these studies [1,4–6,15–16], the patch load length was constant and

the web panel aspect ratio was mostly 1, while the other geometrical characteristics were very

different. A direct comparison between the present analysis and [21] clearly shows that the

strengthening effect increases with an increase in the web panel width (distance between the

vertical stiffeners), which is in agreement with findings in Ref. [2]. It is interesting to note

that the influence of patch load length on the strengthening effect is not clear from the above-

mentioned references [1,4–7,9,15–16,20,22] since the patch load was constant. The present

analysis and [21] show that an appreciable strengthening effect can be obtained when a specific

patch load length is reached.
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3.2.2 Web deformation

Initial geometric web deformation was recorded before testing, while the residual web and the

loaded flange deformations were recorded after the testing process. Moreover, the vertical

centerline web profiles were captured for different ultimate load levels (see Fig. 3.10, Fig. 3.11,

Fig. 3.12, and Fig. 3.13). They were obtained using measured values at fourteen points along

the web depth, as reported in Section 3.1.4. These measurements revealed how web deformation

develops under various patch load lengths and how it spreads for plate girders with and without

longitudinal stiffening under the same patch load length. One should bear in mind that the

given plots for the residual deformation do not represent an actual deformation at the ultimate

load. This deformation was measured after the ultimate strength was reached and when the

unloading process was finished. Initial, residual, and increase in deformation (obtained as the

difference between the residual and initial deformations) of the web panel are represented as

contour plots for each girder (see Fig. C.1 to Fig. C.14 in Appendix C). These plots also give

valuable information about the formation of the collapse mechanism, and they can be used

for its indication. Moreover, these figures (from Fig. C.1 to Fig. C.14) show that random

shapes of initial geometric web panel imperfections in the longitudinal and vertical directions

as well as different amplitudes, were obtained. The influence of experimentally measured initial

geometric imperfections of both series of testing A and B, along with a variety of patch load

lengths, is numerically analyzed in Chapter 5 by means of finite element analysis.

Behavior and deformation of the vertical centerline web profile under different levels

of the ultimate load of each steel plate girder are given in Fig. 3.10, Fig. 3.11, Fig. 3.12, and

Fig. 3.13. These plots clearly show certain indications about the behavior of the girders. Local

instability and noticeable web panel deformations were evident after global buckling for both

longitudinally unstiffened and stiffened steel plate girders. There was no obvious indication and

appearance of the local buckling zone, except near the ultimate load; its registration occurred

suddenly for applied forces > 95% of the ultimate load. This can be seen looking at the vertical

web profile at the central cross-section for different levels of an applied force, for the last

measured out-of-plane deflection (before the ultimate load was achieved) and for the residual

deformation. However, there were differences in the behavior between these two groups of

girders before and after the ultimate load was reached.

A significant increase in web deformation of the longitudinally unstiffened steel plate

girders was observed below the point of loading, and greater buckling areas were engaged. In

this case, the dominating buckle of the initial deformation of the web increased as the applied

load increased – that is, it followed the initial deformation, and its vertex moved slightly toward

the loaded flange. The final buckling occurred as the load was increased – either in the direction

of the buckle, where it bent out in one buckle over the total web depth (see Fig. 3.10b, Fig.

3.11, Fig. 3.12, and Fig. 3.13) or after snap-through buckling, where the web suddenly showed

a large lateral deflection opposite to that of the initial buckle (see Fig. 3.10a). The latter

occurred only for a very small patch load length (ss = 0 mm). It is also interesting to notice
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that the final position of the buckle vertex (considering the residual profile) changed with an

increase in the patch load length – that is, increasing patch load length was associated with an

increase in the distance between the buckle vertex and the loaded flange.

Figure 3.10: Vertical web profiles for different levels of the ultimate load for unstiffened and
stiffened steel plate girder: (a) ss = 0 mm: B16 vs. B13. (b) ss = 50 mm: B1 vs. B3.

Figure 3.11: Vertical web profiles for different levels of the ultimate load for unstiffened and
stiffened steel plate girder: (a) ss = 100 mm: B15 vs. B5. (b) ss = 150 mm: B2 vs. B7.

On the other hand, two different failure modes were observed for the longitudinally

stiffened steel plate girders. A very local buckle (both vertically and horizontally) was dominant

between the loaded flange and the longitudinal stiffener only for smaller patch load lengths ss

< 150 mm (see Fig. 3.10 and Fig. 3.11a). The final buckling occurred after snap-through

buckling (opposite to the initial buckle). The web panel snap-through buckling phenomenon

was also reported in Refs. [2–3,21]. Therefore, in this case, the failure mode is classified as local

buckling of the loaded web sub-panel. The longitudinal stiffener proved to be strong enough

(even though it is classified as weak, see Eq. (2.7) in Chapter 2) to limit the web deformation in

the upper web sub-panel. The longitudinal stiffener remained in the plane of the web – that is,
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no longitudinal stiffener buckling was noticed. Moreover, the residual profiles in Fig. 3.10 and

Fig. 3.11a clearly show that the deformation below the stiffener (bottom web sub-panel) was

smaller than deformations before the ultimate load was reached, which is in contrast with the

unstiffened steel plate girders. Thus, in this case (ss < 150 mm), it is more difficult for an initial

deformation buckle to propagate from the unstiffened part of the web through the stiffener and

move toward the loaded flange, which would be the case if the web was not stiffened.

Figure 3.12: Vertical web profiles for different levels of the ultimate load for unstiffened and
stiffened steel plate girder: (a) ss = 200 mm: B12 vs. B4. (b) ss = 250 mm: B11 vs. B6.

Figure 3.13: Vertical web profiles for different levels of the ultimate load for unstiffened steel
plate girder B14 ss = 25 mm (left) and stiffened steel plate girder B17 ss = 150 mm (right).

However, increasing the patch load length changed the buckling pattern (failure mode).

More specifically, for ss ≥ 150 mm (Fig. 3.11b, Fig. 3.12, and Fig. 3.13), the web bent out in

one buckle like the unstiffened girders; the influence of the longitudinal stiffener was still present
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but it was much less pronounced. In this case (ss ≥ 150 mm), the failure mode is characterized

as global buckling (or interaction of global and local buckling) and noticeable longitudinal

stiffener buckling was observed; contrary to the case ss < 150 mm where the longitudinal

stiffener remained in its initial position in the plane of the web panel. The longitudinal stiffener

reduced the out-of-plane web deformation at the stiffener position but proved to be rather weak

for this girder span and patch load lengths ss ≥ 150 mm. Nevertheless, this study shows that

even longitudinal stiffeners classified as weak – that is, with relatively small stiffness from the

patch loading point of view, can prevent global buckling of the web panel under localized edge

loads. The same conclusion was also reported in the experimental study [79] conducted on

multiple stiffened web panels (hw = 500 mm, a = 1000 mm, tw = 4 mm) with relatively weak

longitudinal stiffeners. The authors in Ref. [79] showed that two equally placed longitudinal

stiffeners along the girder depth with dimensions hs = 40 mm and ts = 4 mm (γs = 27.27, see

Eq. (2.7) in Chapter 2) were sufficient to eliminate the global buckling failure mode for patch

load lengths ss = 100 mm and ss = 200 mm.

To highlight the comparison between the behavior of the longitudinally unstiffened

versus stiffened steel plate girders even more, and to show the spreading of the buckling zone

along the web panel width, the contour plots in Appendix C (see from Fig. C.1 to Fig. C. 14) can

be considered. In this section, for the sake of brevity, only the increase in deformation (obtained

as the difference between residual and initial deformations) for specific patch load lengths (Fig.

3.14) is presented. It is evident from this figure that increasing the patch load length engaged

greater buckling zones (in both the longitudinal and vertical direction) in the web panel for

both the longitudinally unstiffened and stiffened steel plate girders. The increase in deformation

for the longitudinally stiffened girders and for smaller patch load lengths (ss < 150 mm) was

highly pronounced between the stiffener and the loaded flange (local buckling failure mode).

The longitudinal stiffener was not sufficiently rigid for longer patch load lengths, and the

spreading buckling zone in both directions was very similar to the longitudinally unstiffened

girders (global buckling failure mode or interaction of local and global buckling).

In addition, Fig. 3.10b, Fig. 3.11, and Fig. 3.12 show that all girders tested once (B1

to B7) had a C-shaped initial deformation (one global buckle along the girder depth), which

was either maintained for all levels of the ultimate load and the residual profile, or the shape

changed to an S-shape (one local buckle in the upper web sub-panel and opposite buckle in the

lower web sub-panel) only for longitudinally stiffened steel plate girders and relatively small

patch load lengths (ss < 150 mm) (Fig. 3.10b and Fig. 3.11a). However, these vertical profiles

do not give a complete picture of the influence of initial geometric imperfections. Looking at

Fig. C.4, Fig. C.5, Fig. C.6, Fig. C.8, Fig. C.10, Fig. C.11, and Fig. C.13 from Appendix C for

the girders tested once, it is evident that different shapes were also obtained in the horizontal

direction. The influence of the shape of initial geometric imperfections was such that an initial

geometric imperfection which had the same shape as the future shape at the ultimate load

(collapse-affine geometric imperfections) decreased the carrying capacity more than another

shape. On the other hand, an initial geometric imperfection that counteracted the buckling
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Figure 3.14: Increase in deformation (obtained as the difference between the residual and initial
deformation) for unstiffened (left column) and stiffened (right column) steel plate girders (in
mm). The dashed line represents the longitudinal stiffener.

pattern increased the ultimate load. The influence of initial geometric imperfections on the

patch loading resistance and unfavorable geometric imperfections from the patch loading point

of view are studied in more detail in Chapter 5 and Chapter 6.

3.2.3 Flange deformation

Deformations of the loaded flange were very small and highly localized below the point of loading

for both the longitudinally unstiffened and stiffened girders. The deformations undoubtedly

showed a trend of an increase in the engaged length of the loaded flange accompanying an

increase in the patch load length, while their deformations followed the deformation of the web

panel. For the sake of brevity, the web panel and loaded flange deformations for applied forces

very near the ultimate strength for some girders are given in Fig. 3.15.

3.2.4 Elastoplastic behavior

The elastoplastic behavior of longitudinally unstiffened and stiffened girders is addressed in

this section. For this purpose, the elastoplastic behavior of girder B15 (unstiffened) and B5

(stiffened) under a patch load length of ss = 100 mm are compared. The appearance of the

first plastic strains in both girders is determined by the limit elastic strains (computed using a

31



CHAPTER 3. EXPERIMENTAL WORK

Figure 3.15: Web and flange deformation for applied forces near the ultimate strength for
girders (clockwise from top left) B16, B14, B11, and B15.

web panel yield stress of 318.2 MPa (see Table 3.1) and Young’s modulus of 205 GPa). For the

sake of brevity, only diagrams related to vertical strains (direction of the applied patch load)

in the web plate and in the loaded flange that are representative of the behavior for the girders

considered are shown. The given vertical strains of both girders were measured at the front and

rear surfaces of the web panel. As such, they neither represent the membrane strains (constant

across the thickness of the web) nor give information regarding when web panel cross-sections

are fully plastic. Yet, this analysis (albeit crude) can be used to show when the first plastic

strains (at the web surface) were reached.

Vertical strains for both sides of the web panel of girder B15, located at different

positions with respect to the loaded flange and the vertical central line (see Fig. 3.16a), are

presented in Fig. 3.17, Fig. 3.18, and Fig. 3.19. It is immediately apparent that a different

response was obtained for the rear and front web surface at the same point. This response

was directly influenced by web panel initial geometric imperfections, which correspond to the

development of bending of the web panel at that point, and thus, different values of strains

were obtained at the front and rear surfaces of the web. One can also notice that for points very

close to the loaded flange (Fig. 3.17 and Fig. 3.18), the yield started long before the ultimate

resistance was reached for applied forces < 50% of the ultimate load, while for points far away

from the loaded flange, the yield started for much higher applied forces (Fig. 3.19). However,

comparing these results with the web panel deformation plots (cf. Fig. 3.11a), one can see

that this plastification did not necessarily mean the attainment of the ultimate load, and it

did not produce noticeable and significant web panel deformations. Moreover, comparing these

three figures for vertical strains, it can also be observed that the plastification first occurred

for points directly under the applied load (Fig. 3.17a, Fig. 3.18a, and Fig. 3.19a) and then

for points displaced further away from the vertical central line (Fig. 3.17b, Fig. 3.18b and Fig.

3.19b).
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Figure 3.16: Position of strain gauges (in mm) for girders: (a) B15 (unstiffened); (b) B5
(stiffened). Positions of vertical strains given in this section are marked in red.

Strains in the loaded flange for this girder B15 were measured at points shifted 100

mm and 125 mm with respect to the central line of the web panel. In this case, the yield did

not take place, and the obtained strains were notably below the yield point.

Vertical strains for both sides of the web panel (cf. Fig. 3.16b) of longitudinally

stiffened girder B5 are given in Fig. 3.20, Fig. 3.21, Fig. 3.22, and Fig. 3.23. In this case,

for points directly under the applied load (Fig. 3.20), the yield started for forces < 50% of

the ultimate load, which is in agreement with the previous unstiffened case (cf. Fig. 3.17).

However, for the points placed 37.50 mm and 62.50 mm from the loaded flange (Fig. 3.21 and

Fig. 3.22), the yield started for applied forces between 60% and 70% of the ultimate load, while,

for the unstiffened case (cf. Fig. 3.18 and Fig. 3.19), the yield started for smaller applied forces.

Moreover, for points below the longitudinal stiffener (Fig. 3.23), the yield did not occur, and

all the measured strains were significantly below the elastic ones. Similar to the previous case,

this plastification was not enough to produce noticeable and significant deformations in the

web panel (cf. Fig. 3.11a), and it does not mean that the ultimate resistance was reached. In

addition, strains in the loaded flange for this girder B5 were measured at points shifted 50 mm

and 100 mm with respect to the central line of the web, and likewise to the previous unstiffened

girder B15, the plastification did not take place before the ultimate load was reached.

From the above elastoplastic analysis for the longitudinally unstiffened (B15) and stiff-

ened (B5) girders, one can conclude that the first plastification can appear at some points in
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Figure 3.17: Vertical strain in the web plate on both sides (front-rear) for unstiffened girder
B15 (ss = 100 mm) at points placed 10 mm from the loaded flange and horizontally displaced
from the vertical symmetry line for: (a) 12.5 mm; (b) 62.50 mm.

the vicinity of load introduction in the web panel significantly before the ultimate resistance is

reached. The first plastification zones did not indicate noticeable and significant deformations

in the web panel. The buckling of the web panel appeared only near the attainment of the

ultimate load (cf. Fig. 3.11a) and, therefore, it was visible for much higher patch loads than

those at which the yield occurred. In addition, for the points below the longitudinal stiffener

and for the case considered (ss = 100 mm), the yield did not occur. Despite the fact that in

this experimental analysis the used longitudinal stiffener can be classified as a weak stiffener

(see Eq. (2.7) in Section 2.3), its rigidity for this case (ss = 100 mm) was enough to restrict

the web panel out-of-plane deflection (cf. Fig. 3.11a) and plastification zones between the

longitudinal stiffener and the loaded flange. These conclusions follow the general trend noticed

in the previous experimental analysis [21] (girders of Series A) for a different web panel aspect

ratio.

3.3 Summary

The present experimental study was primarily conducted with the aim of studying the behavior

and patch loading resistance of longitudinally unstiffened and stiffened I-shaped steel plate

girders, considering the influence of patch load length and web panel aspect ratio. Details

about the experiment, results, and observed behavior of the tested girders are presented. The

main findings regarding the ultimate strength can be summarized as follows:

� The carrying capacity of longitudinally unstiffened and stiffened steel plate girders in-

creased with increasing patch load length. The ultimate strength of longitudinally un-

stiffened girders increased linearly with respect to the patch load length, whereas the

ultimate load of longitudinally stiffened girders followed this same trend only for small
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Figure 3.18: Vertical strain in the web plate on both sides (front-rear) for unstiffened girder B15
(ss = 100 mm) at points placed 37.50 mm from the loaded flange and horizontally displaced
from the vertical symmetry line for: (a) 12.5 mm; (b) 62.50 mm.

patch load lengths (50 mm < ss < 100 mm). After a specific patch load length (thresh-

old), the patch loading resistance increased much faster with increasing patch load length

and appreciable strengthening effects were obtained.

� The patch loading resistance of longitudinally unstiffened and stiffened steel plate girders

can be significantly increased by using larger patch load lengths. By increasing the patch

load length from 0 mm to 250 mm, the patch loading resistance was increased > 50% and

90% for longitudinally unstiffened and stiffened girders, respectively.

� An appreciable increase in ultimate strength can be achieved using longitudinal stiffen-

ing. This analysis showed that the ultimate load could be increased > 40% by using

longitudinal stiffening and longer patch load lengths compared to unstiffened girders.

� Increasing the web panel aspect ratio (more specifically, the web panel width) decreased

the ultimate strength of longitudinally unstiffened and stiffened girders. The effect of

this ratio was more pronounced for longitudinally unstiffened girders; this finding is not

airtight since it was obtained considering a limited number of experimental tests and is

further studied in Chapter 5.

� The current European design standard EN 1993-1-5 predicts lower ultimate strengths

for longitudinally unstiffened and stiffened steel plate girders than the experimentally

obtained results in this study. The maximum difference between these two analyses is

64% and 97% for longitudinally unstiffened (ss = 200 mm) and stiffened steel plate girders

(ss = 250 mm), respectively. Based on the resistance model in EN 1993-1-5, the patch

loading resistance increases linearly with an increase in patch load length (independently

of the value of patch load length) for both longitudinally unstiffened and stiffened steel

plate girders. This experimental investigation showed that after a specific patch load

length (e.g., ss ≥ 100 mm), the ultimate strength of longitudinally stiffened steel plate
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Figure 3.19: Vertical strain in the web plate on both sides (front-rear) for unstiffened girder B15
(ss = 100 mm) at points placed 62.50 mm from the loaded flange and horizontally displaced
from the vertical symmetry line for: (a) 12.5 mm; (b) 62.50 mm.

girders increases much faster with increasing patch load length. Thus, the design standard

does not well capture those ultimate strengths.

Strain gauge measurements confirmed that the behavior of steel plate girders subjected to patch

loading presents a complex elastoplastic behavior with early development of plastification. Local

instability and buckling of the web panel of longitudinally unstiffened and stiffened steel plate

girders appeared suddenly with no obvious indication and for applied forces > 95% of the

ultimate load, whereas the first plastification appeared in the web panel at some points in the

vicinity of the point of loading and for applied forces > 50% of the ultimate load.

A significant increase in the web deformation of the longitudinally unstiffened girders

was observed below the point of loading, and larger buckling areas were engaged. In this

case, the dominating buckle of the initial deformation of the web increased as the applied load

increased – that is, it followed the initial deformation. The final buckling occurred in the

direction of the buckle (it bent out in one buckle over the total web depth) with an increase in

the load.

Two different failure modes were observed for longitudinally stiffened steel plate girders.

A very local buckle (both vertically and horizontally) was dominant between the loaded flange

and the longitudinal stiffener only for smaller patch load lengths (ss < 150 mm). The final

buckling occurred after snap-through buckling (opposite to the initial buckle) and local buckling

failure mode of the loaded web sub-panel was observed. The longitudinal stiffener proved to be

strong enough to limit the web deformation in the upper web sup-panel (the stiffener remained

in the plane of the web). Increasing the patch load length (ss ≥ 150 mm) changed the failure

mode – that is, the web bent out in one buckle similar to the unstiffened girders. In this case,

the failure mode is characterized as global buckling (or interaction of global and local buckling)

and noticeable longitudinal stiffener buckling was observed. The longitudinal stiffener reduced
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Figure 3.20: Vertical strain in the web plate on both sides (front-rear) for stiffened girder B5
(ss = 100 mm) at points placed 10 mm from the loaded flange and horizontally displaced from
the vertical symmetry line for: (a) 25 mm; (b) 50 mm.

the out-of-plane web deformation at the stiffener position but proved to be rather weak for this

girder span and patch load lengths ss ≥ 150 mm. Thus, the longitudinal stiffener changed the

buckling pattern (failure mode) and either restricted the web deformation between the loaded

flange and stiffener (for smaller patch load lengths) or reduced the web deformation at the

stiffener position (for longer patch load lengths). In both cases, it is more difficult for an initial

deformation buckle to propagate from the unstiffened part of the web through the stiffener

and move toward the loaded flange. This change in the buckling behavior increased the patch

loading resistance, especially for longer patch load lengths. Moreover, based on the elastoplastic

analysis, the longitudinal stiffener also decreased stresses in the bottom web sub-panel so that

the yield did not occur.
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Figure 3.21: Vertical strain in the web plate on both sides (front-rear) for stiffened girder B5
(ss = 100 mm) at points placed 37.50 mm from the loaded flange and horizontally displaced
from the vertical symmetry line for: (a) 25 mm; (b) 50 mm.

Figure 3.22: Vertical strain in the web plate on both sides (front-rear) for stiffened girder B5
(ss = 100 mm) at points placed 62.50 mm from the loaded flange and horizontally displaced
from the vertical symmetry line for: (a) 25 mm; (b) 50 mm.
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Figure 3.23: Vertical strain in the web plate on both sides (front-rear) for stiffened girder B5
(ss = 100 mm) at points placed 112.50 mm from the loaded flange and horizontally displaced
from the vertical symmetry line for: (a) 25 mm; (b) 50 mm.
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Chapter 4

Numerical Model

4.1 Introduction

This Chapter presents a nonlinear numerical model used in this research. Nowadays, numer-

ical analysis techniques are widely used in research and design involving steel structures and

elements. Numerical modeling techniques are often employed to expand effectively limited ex-

perimental tests and scrutinize relevant parameters connected with analyzed problems. The

main criterion for a trustworthy and accurate numerical analysis is the concurrence between

numerical and experimental results. Thus, adequate and safe modeling of engineering prob-

lems presents an essential step in research and design. Moreover, the current European design

standard EN 1993-1-5 [65] allows the usage of numerical analyses for the design of plate steel

structures. Thus, it is obvious that the numerical approach and modeling technique represent

a fundamental tool in research and design.

In this research, the computer simulations are performed by the finite element method,

which has been proven to be a powerful tool for modeling the post-buckling behavior of plate

girders under patch loading. The following section introduces a nonlinear finite element model

which was employed in the parametric study (Chapter 5). The commercial multi-purpose finite

element software Abaqus [80] was used as a computational and simulation tool. Patch loading

resistances were determined using geometrically and materially nonlinear analysis to capture

the post-buckling behavior fully. In order to efficiently and adequately trace the complex

nonlinear path of the load-displacement response of girders, which generally can exhibit a

decrease in load and/or displacement as the solution evolves, the modified Riks method [81]

was used in the finite element analysis. This method is an incremental-iterative procedure and

it is suitable for predicting unstable, geometrically nonlinear collapse of a structure including

nonlinear materials [80].

The finite element model presented was validated by comparison with both series of

testing (girders of Series A given in Ref. [21], and girders of Series B presented in Chapter 3 and

Ref. [21]) and evoked further directions of the research. Some details of the present numerical
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model and accompanying results in Chapter 5 and Chapter 6 are available in Refs. [82–86].

Numerical studies regarding the ultimate capacity of steel plate girders, including various patch

load lengths and initial geometric imperfections, are conducted in Chapter 5 and the results are

thoroughly discussed. Analysis regarding unfavorable geometric imperfections (from the patch

loading point of view) is given in Chapter 6.

4.2 Finite element model

4.2.1 Geometry

The geometry of the girders considered was based on both series of testing given in Ref. [21]

and in Chapter 3. The girder dimensions are tabulated in Table 4.1 and Table 3.1 (Chapter

3) for the girders of Series A and Series B, respectively. The only difference between these two

experimental studies was the girder width, which was a = 500 mm in Ref. [21] and a = 1000

mm for the girders in Chapter 3. The thickness of the transverse stiffeners at both ends was 8

mm. A single flat longitudinal stiffener (hs = 30 mm, ts = 8 mm) reinforced the longitudinally

stiffened steel plate girders in both experimental studies, and it was placed at one-fifth of the

girder depth (b1 = 0.2hw), the optimum location for the flexural and shear resistance [66–68].

Refer to Fig. 3.1 in Chapter 3 for plate girder notation.

Table 4.1: Geometric characteristics of the experimentally tested girders of Series A.
No. Girder

Label
a
[mm]

hw
[mm]

tw
[mm]

bf
[mm]

tf
[mm]

b1
[mm]

ss
[mm]

hs
[mm]

ts
[mm]

1 A151 500 500 4 120 8 - 0 - -
2 A141 500 500 4 120 8 100 0 30 8
3 A121 500 500 4 120 8 - 25 - -
4 A41 500 500 4 120 8 100 25 30 8
5 A11 500 500 4 120 8 - 50 - -
6 A31 500 500 4 120 8 100 50 30 8
7 A171 500 500 4 120 8 100 75 30 8
8 A111 500 500 4 120 8 - 100 - -
9 A51 500 500 4 120 8 100 100 30 8
10 A61 500 500 4 120 8 100 125 30 8
11 A21 500 500 4 120 8 - 150 - -
12 A71 500 500 4 120 8 100 150 30 8
13 A131 500 500 4 120 8 - 150 - -
14 A161 500 500 4 120 8 100 150 30 8
1 Experimentally tested in Ref. [21] and summarized in Ref. [25]
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4.2.2 Geometry

To build the girder geometry and create a numerical model, the commercial multi-purpose finite

element software Abaqus was employed [80]. The girders were modeled in real size using fully

integrated four-node quadrilateral shell elements (S4) from the Abaqus element library. This

first-order shell element has 6 DOFs per node (three displacements and three rotations). It

is applicable for most thick and thin shell applications with large strains. They give realistic

results, and it is unnecessary to model plate girders using computationally expensive solid

continuum elements or more specialized finite element formulations. Reliability and accuracy

of numerical results with the accepted element type were previously proved in other similar

studies.

For all load blocks except for the half-round bar (ss = 0 mm – crane wheel loading),

a four-node 3D bilinear rigid quadrilateral element R3D4 was used. A very finely structured

finite element mesh was applied to all the girders and load blocks with quadrilateral elements

only. Special attention is paid to modeling the half-round bar ss = 0 mm since there is no

finite loading length. According to the experimental measurement, the radius of the half-round

bar was 25 mm and it was modeled as such. Only for this loading block, a general-purpose

fully integrated linear brick element C3D8 was employed. It was also meshed with hexahedral

elements and the sweep meshing technique was adopted. The girders and load blocks were

modeled in full size, and the finite element mesh for three representative models is shown in

Fig. 4.1.

Figure 4.1: Finite element mesh for three representative models. Rigid blocks for 0 < ss ≤ 150
mm (top-left), 4 independent rigid blocks for ss = 150 mm (top-middle) and half-round bar for
ss = 0 mm (top-right). For the setup configuration of these loading blocks in the experiment,
see Fig. 4 in Refs. [25] and Fig. 3.4 in Chapter 3.
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In addition, an h-refinement (reduction in the element sizes) convergence study was

performed for longitudinally stiffened and unstiffened steel plate girders, Fig. 4.2. One can

instantaneously see that the last two subsequent mesh refinements (from 5 mm to 1.5 mm)

did not change the results substantially – that is, the relative difference for all four girders is

around 0.7% but the computational costs were exceedingly increased. Therefore, an element

size of 5 mm was accepted for all girders considered in this research. The numerical models

contained approximately 175,000 and 180,000 DOFs for longitudinally unstiffened and stiffened

steel plate girders of Series A, respectively. The girders of Series B had approximately 260,000

and 266,000 DOFs for longitudinally unstiffened and stiffened steel plate girders, respectively.

The load blocks were discretized from 120 to 1200 finite elements depending on the patch load

length.

Figure 4.2: Convergence plot for the ultimate strength for longitudinally unstiffened (a) and
stiffened (b) steel plate girders.

The structural elements (web plate, flanges, and transverse stiffeners) were merged in

order to define a whole girder. A coupling constraint (restricting the motion of the stiffener to

the connection line between the web plate and the stiffener) was applied to take into account

the influence of the longitudinal stiffener. In this case, all translational and rotational DOFs

were constrained. To avoid overlapping at the junction where the flange plates were welded to

the web plate, the shell nodes of the flanges were offset so that they were located at the top

or bottom surface of the shell instead of the mid-plane. On the other hand, the web plate,

transverse, and longitudinal stiffener surface were modeled as the mid-plane.

4.2.3 Boundary and loading conditions

The girders were modeled as simply supported (preventing vertical displacement and displace-

ment perpendicular to the plane of the web panel) at the transverse stiffeners. These boundary

conditions correspond to the experimental setup used in Ref. [21] and the testing program

in Chapter 3. An additional node at the middle of the lower flange was only constrained in

the longitudinal direction of the girder. These boundary conditions were used in both linear

buckling, and geometrically and materially nonlinear analyses.
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In order to include the same loading conditions as in the experiments [21], the rigid

loading blocks (see Fig. 4 in Ref. [25] and Fig. 3.4 in Chapter 3) were modeled as separate

structural elements, and applied loads were transferred through these elements onto the upper

flange. The width of the load blocks was the same as the upper flange, while the length

was varied from 0 to 150 mm. However, for the parametric study (Chapter 5), the patch

load length was extended up to 250 mm. The central node of the loading blocks was defined

as the master node while the corresponding nodes on the loaded flange were defined as slave

nodes. The displacement-controlled approach was applied, accompanied by a small compressive

displacement applied to the master node. Then, the analysis is continued by performing an

incremental load-deflection analysis using the modified Riks method [81] to trace the complex

nonlinear load-displacement response of the girders. To simulate real loading conditions as

in the experiments (Ref. [21] and Chapter 3), all DOFs of the master node were restricted

except in the vertical direction. The structural interaction between the loading blocks and

the loaded flange was defined using an equation-based constraint – that is, the slave nodes

followed the master node which enabled an equal displacement for each loaded node on the

upper flange. As mentioned above, the half-round bar was modeled differently. In this case,

the interaction is defined by a tie-based constraint. The nodes on the bottom side of the

half-round bar were tied with the nodes on the upper flange where all DOFs were tied. A

surface-to-surface discretization method, along with the finite sliding formulation and contact

properties (normal behavior – hard contact, tangential behavior – frictionless), was employed

for the contact definition between the loading blocks and the loaded flange.

Remark: The load block for an even distribution of the applied load over the entire load length

(special load block for ss = 150 mm, see Fig. 4 in [25]) was idealized with 4 independent rigid

blocks, cf. Fig 4.1. This load configuration was only used for comparison with the experimental

results (girders A13 and A16). The patch load length ss = 150 mm was modeled as one rigid

block in the parametric study (Chapter 5).

Remark: It is worth noting that some authors used rigid boundary conditions (kinematic

boundary constraints at both girder ends) instead of vertical stiffeners. However, based on the

parametric analysis given in Ref. [87], the authors showed that the application of this approach

is only justified for small patch load lengths (ss/a ≤ 0.25). Moreover, they pointed out that

a better match between experimental and numerical results is obtained including transverse

stiffeners. Based on this analysis and since the testing programs in Ref. [21] and in Chapter

3 included patch load lengths from ss/a = 0 to ss/a = 0.3, which is further extended in the

parametric analysis (Chapter 5) up to ss/a = 0.5, transverse stiffeners were modeled in all

models presented in the current research.

Remark: Another interesting point regarding boundary conditions is the usage of symme-

try conditions and modeling one-half of girders. Some authors used the symmetry boundary

conditions and modeled one-half of girders, which represents a powerful tool for decreasing com-

putational time and resources. However, in present numerical model, the symmetry boundary
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conditions were not included since the experimentally measured geometric imperfections are

highly asymmetric and, thus, the whole girder was modeled. In addition, the symmetry bound-

ary conditions incorporated into an eigenvalue buckling analysis entirely generate symmetric

buckling modes. On the other hand, modeling the whole girders could also give asymmetric

ones. For instance, in current analysis, the third buckling mode for longer patch load lengths

is not a symmetric mode; refer to Fig. 5.5 and Fig. 5.9 in Chapter 5. Therefore, care should

be taken in order to use this approach in an automated parametric study.

4.2.4 Material properties

The material characteristics of the web panel and flanges of each girder were determined using

multiple standard tensile coupon tests. To include material nonlinearity in Abaqus, the en-

gineering stress-strain diagrams (obtained by tensile coupon tests) were transformed into the

true stress-true strain relationship

σtrue = σeng(1 + εeng) (4.1)

εln = ln(1 + εeng), (4.2)

where σeng and εeng are engineering stress and strain, respectively. The material was incor-

porated into the numerical model as isotropic material with the isotropic work hardening as-

sumption using material data obtained from standard tensile tests. The nonlinear stress-strain

relationship was idealized by a multi-linear stress-strain curve assuming hardening up to the

ultimate strength of the material. After the ultimate stress was reached, an indefinitely ductile

plateau was assumed.

The material properties of girders of Series A did not show significant deviations.

Hence, one stress-strain curve for the web panels (steel elements with a thickness of 4 mm)

and another one for the flange, transverse, and longitudinal stiffeners (steel elements with a

thickness of 8 mm) were used in all the simulations presented for girders of Series A, Fig. 4.3.

These stress-strain curves represent a mean curve from the behavior of all uniaxial tests for

the web panels and flanges. However, the tested girders of Series B could be divided into three

groups based on the web panel yield stress fyw – that is, one girder (B2) with fyw approximately

225 MPa, two girders (B1 and B6) with fyw approximately 260 MPa, and four girders (B3, B4,

B5, and B7) with fyw approximately 320 MPa. It is worth mentioning that these deviations in

the web panel yield stress were not the author’s initial intention, and they were noticed after

experimental testing; refer to Appendix A for more details. These values for the yield stresses

of each girder group were used for comparison with experimental data and model validation

(Section 4.3). The average value of the flange yield stress of all the tested girders of Series

B was approximately 318 MPa with no significant fluctuation; refer to Appendix A for more

details. The stress-strain curves employed for model validation for the girders of Series B are
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given in Fig. 4.4, Fig. 4.5, and Fig. 4.6 for both steel elements with a thickness of 4 and 8 mm.

In addition to this, Young’s modulus of 205 GPa and Poisson’s ratio of 0.3 were employed to

define the elastic behavior of the girders in both series A and B.

Figure 4.3: Engineering stress-strain curves obtained by tensile test vs. curves used in the
simulations for (a) web plate, and (b) flanges, transverse and longitudinal stiffeners for all the
girders of Series A.

Figure 4.4: Engineering stress-strain curves obtained by tensile test vs. curves used in the
simulations for (a) web plate, and (b) flanges, transverse and longitudinal stiffeners for girders
B1 and B6.

4.2.5 Initial imperfections

Initial geometric imperfections are defined by initially imperfect plates following a certain shape.

They can be introduced into numerical modeling in different ways, e.g., using experimental data

(experimentally measured imperfections), buckling mode shapes obtained from an eigenvalue

buckling analysis, or considering imperfections as a two-dimensional random field. For a bet-

ter validation between the numerical model and the experimental results, the experimentally

measured initial geometric web panel imperfections (precise shapes of geometric imperfections)

were used. Contour plots of web panel geometric imperfections employed in this research can

be found in Appendix B and C for the girders of Series A and B, respectively.
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Figure 4.5: Engineering stress-strain curves obtained by tensile test vs. curves used in the
simulations for (a) web plate, and (b) flanges, transverse and longitudinal stiffeners for girder
B2.

Figure 4.6: Engineering stress-strain curves obtained by tensile test vs. curves used in the
simulations for (a) web plate, and (b) flanges, transverse and longitudinal stiffeners for girders
B3, B4, B5, and B7.

Special of interest is devoted to studying the influence of initial geometric imperfec-

tions in the parametric study presented in Chapter 5. Papers dealing with measured geometric

imperfections considering patch loading solely as a load case are scarce. For instance, Refs.

[88–89] are dealing with the experimentally measured initial geometric imperfections for lon-

gitudinally unstiffened, while Refs. [22,23,52] for stiffened steel plate girders. The modeling

technique for the measured initial geometric web panel imperfection is illustrated in Fig. 4.7.

Modeling these imperfections represents a challenge and includes the following steps. Firstly, all

web panel imperfections were recorded as 3D points (x, y, z coordinates) before each test using

a uniform-spaced grid pattern (50x50 mm). Secondly, the point-wise web panel imperfections

were then imported into the commercial 3D computer graphics and CAD software Rhinoceros

[90] in order to define a NURBS surface. The surface was sketched from the grid of points that

lie on the surface using second-order interpolation functions in both directions. After that, the

surface developed was exported as an ACIS SAT file and imported into Abaqus.

Contrary to the webs, all other girder elements – the flanges, transverse and longitudinal

stiffeners – were modeled as perfectly straight surfaces. The available pre-processor in Abaqus

was employed to assemble all the elements to define a whole girder and mesh the model.
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Therefore, the meshing step is performed on an imperfect specimen. However, one can introduce

the initial geometric imperfections using the opposite way – that is, performing the meshing

step on a perfect specimen and changing the coordinates of all nodes according to measured

imperfections [91].

Figure 4.7: Modeling technique for measured initial geometric imperfections.

On the other hand, structural imperfections (characterized by a residual stress pattern

and can be differently idealized based on different design codes) were not considered since they

do not play a decisive role as reported in Refs. [88,92–93] for longitudinally unstiffened steel

plate girders. Also, any flaws concerning unintended rotation of the loaded flange by the load

application were not included.

4.3 Model validation

As stated before, one of the objectives of this research is a numerical investigation of the

influence of patch load length, in combination with a variety of geometric imperfections, on the

ultimate strength and behavior of steel plate girders. To examine the effect of patch load length

and geometric imperfections on the ultimate capacity of steel plate girders, a parametric study

utilizing finite element analysis is carried out in Chapter 5. To perform parametric research

and investigate the problem further, it is necessary to calibrate the numerical model so that the

finite element analysis gives a reasonable resemblance to the experiments. The patch loading

resistance of all the experimentally tested girders of both series of testing A and B are compared

with the above-described numerical model, followed by a comparison of elastoplastic behavior

between the experimental and numerical investigations.

The patch loading resistance was determined using geometrically and materially non-

linear analysis. The material properties used are described in Section 4.2.4, while initial geo-

metric imperfections were included based on the experimentally measured imperfections and

their original amplitudes (Section 4.2.5).
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Figure 4.8: Comparison between the experimentally and numerically obtained ultimate
strengths for the girders of Series A.

4.3.1 Patch loading resistance

The experimentally and numerically evaluated patch loading resistances were juxtaposed for

model validation. Table 4.2 and Table 4.3 show a comparison summary of the numerically and

experimentally obtained ultimate strengths for the girders of Series A and B, respectively. A

graphical comparison is portrayed in Fig. 4.8 and Fig. 4.9 for both series of testing A and B,

respectively. Table 4.2 and Table 4.3 show that the numerically determined ultimate strengths

agree remarkably well with the experimental results. The numerical model returned an average

error of 0.83% and 2.60% for unstiffened and stiffened girders of Series A, respectively. In

addition, the model exhibited an average error of 6.15% and 2.78% for unstiffened and stiffened

girders of Series B, respectively. It is noteworthy to observe that the experimentally obtained

ultimate loads are slightly larger for smaller patch load lengths than the numerical ones. In view

of the preceding analysis, it should be mentioned that all numerical simulations included the

same material characteristics for the girders of Series A (cf. Fig. 4.3) and small discrepancies

between the results are expected.

4.3.2 Elastoplastic behavior

As a further comparison, the elastoplastic behavior of the experimentally tested girders of Series

A and numerical simulations are addressed. As reported in Refs. [21,25], the elastoplastic

behavior for girders A1, A2, A3, and A7 is discussed in detail. It is compared here with the

present numerical model through von Mises stress contour plots at different ultimate load levels.

The von Mises stress is calculated as

σvm = (
3

2
S:S)1/2, (4.3)

50



CHAPTER 4. NUMERICAL MODEL

Figure 4.9: Comparison between the experimentally and numerically obtained ultimate
strengths for the girders of Series B.

Table 4.2: Comparison between the experimentally and numerically obtained ultimate strengths
for all the girders of A series. Units are in kN.
Unstiffened
girders

A15
ss = 0
mm

A12
ss =
25 mm

A1
ss =
50 mm

A11
ss =
100 mm

A2
ss =
150 mm

A13
ss =
150 mm
(even.distr.)

Fexp,unstiff 143.30 154.60 165.00 199.00 215.00 230.00
FFEA,unstiff 142.73 144.32 166.02 204.18 224.53 242.35
Fexp/F

1
FEA 1.00 1.07 0.99 0.97 0.96 0.95

Stiffened
girders

A14
ss = 0
mm

A4
ss =
25 mm

A3
ss =
50 mm

A17
ss = 75
mm

A5
ss =
100 mm

A6
ss = 125
mm

A7
ss =
150 mm

A16
ss = 150
mm
(even.distr.)

Fexp,stiff 165.90 180.00 183.00 194.30 225.00 259.00 255.00 244.60
FFEA,stiff 148.09 156.89 174.58 193.09 227.13 251.78 281.25 254.71
Fexp/F

2
FEA 1.12 1.15 1.05 1.01 0.99 1.03 0.91 0.96

1 Mean = 0.99, coefficient of variation = 4.45%
2 Mean = 1.03, coefficient of variation = 7.75%

where S is the deviatoric stress tensor. As can be seen in Fig. 4.10 and Fig. 4.11, the yielding

started at about 50% of the maximum load for patch load length ss = 50 mm, while for patch

load length ss = 150 mm, the plastification occurred at 85% of the ultimate load (Fig. 4.12

and Fig. 4.13), which is in full compliance with the discussion addressed in Refs. [21,25].

Furthermore, these figures also proved that stresses in the lower web sub-panel were far below

the yield stress. This fact justifies the usage of girders in repeated tests – that is, loaded on the

opposite flange. One should bear in mind that the values shown in these figures are averaged

at nodes since the von Mises stress is not a nodal field output. The values are stored at the

Gauss integration points and for visual detection of plastification, they are extrapolated at
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Table 4.3: Comparison between the experimentally and numerically obtained ultimate strengths
for all the girders of Series B. Units are in kN.
Unstiffened
girders

B162

ss = 0
mm

B143

ss = 25
mm

B12

ss = 50
mm

B153

ss = 100
mm

B21

ss = 150
mm

B121

ss = 200
mm

B112

ss = 250
mm

Fexp,unstiff 129.90 147.90 140.30 176.90 174.60 190.90 199.90
FFEA,unstiff 116.39 128.56 125.28 176.61 160.68 196.74 202.86
Fexp/F

4
FEA 1.12 1.15 1.12 1.00 1.09 0.97 0.99

Stiffened
girders

B133

ss = 0
mm

n.a. B33

ss = 50
mm

B53

ss = 100
mm

B73

B173

ss = 150
mm

B43

ss = 200
mm

B62

ss = 250
mm

Fexp,stiff 148.60 164.90 200.30 240.30
233.90

275.30 290.30

FFEA,stiff 157.22 168.07 203.06 225.44
215.33

273.13 258.77

Fexp/F
5
FEA 0.95 0.98 0.99 1.07

1.09
1.01 1.12

1 Average web panel yield stress fyw = 225.50 MPa, average flange yield stress fyf = 312.50 MPa
2 Average web panel yield stress fyw = 259.50 MPa, average flange yield stress fyf = 314.75 MPa
3 Average web panel yield stress fyw = 319.35 MPa, average flange yield stress fyf = 321.50 MPa
4 Mean = 1.06, coefficient of variation = 6.95%
5 Mean = 1.03, coefficient of variation = 6.26%

n.a. = not available (this data is missing due to the limited number of tests available from 7 steel
plate girders)

nodes using a 75% averaging threshold.

Additionally, the vertical displacement of the load cell was not recorded in the experi-

mental campaign but rather an out-of-plane deflection of the web plate (at a specific point on the

web plate or the whole middle line web profile) or the vertical displacement of the loaded flange

at points eccentrically placed with respect to the web plane. However, the load-displacement

response for the vertical displacement and normalized capacity (normalized with respect to the

girder’s ultimate load), where the vertical displacement represents the displacement of the load-

ing node, can be extracted from the finite element simulations, Fig. 4.14, Fig. 4.15, and Fig.

4.16. These plots also support the findings from the experiments and show a linear behavior

up to at least 80% of the ultimate load. In addition, plotting the load-displacement response

for longitudinally unstiffened and stiffened steel plate girders on the same scale clearly shows

the difference in the behavior of unstiffened and stiffened webs. One can instantaneously see

that nonlinearities for the longitudinally stiffened steel plate girders occurred for much higher

loads. After the ultimate strength was reached, the behavior can be the same as for unstiffened

webs for small patch load lengths. In contrast, for longer patch load lengths, the load decreased

considerably faster for the longitudinally stiffened steel plate girders.
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Figure 4.10: von Mises stress contour plots [MPa] for unstiffened steel plate girder A1 (ss = 50
mm) at different levels of the ultimate load. The contour plots at the top represent stresses in
the shell surface facing the reader while the bottom plots represent the other surface.

Figure 4.11: von Mises stress contour plots [MPa] for stiffened girder A3 (ss = 50 mm) at
different levels of the ultimate load. The contour plots at the top represent stresses in the shell
surface facing the reader (longitudinal stiffener’s side) while the bottom plots represent the
other surface.

4.4 Summary

This Chapter presents the finite element model employed in this research. Details about the

girder geometry, finite element mesh, boundary, and loading conditions are discussed. Exper-

imentally measured material properties and geometric imperfections are incorporated into the

numerical model for better concurrence with experimental results. Numerically determined

ultimate strengths and post-buckling behaviors of longitudinally unstiffened and stiffened steel

plate girders are in good agreement with the experiment.

Conclusively, the present numerical model can be further exploited to reach a deeper

insight into the behavior and ultimate strength of steel plate girders subjected to patch loading.

The finite element modeling technique presented and verification of the model with the exper-

imental results enabled a fruitful basis for parametric analysis. A large number of numerical

tests are developed in the next Chapter to investigate imperfection sensitivity analysis of steel
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Figure 4.12: von Mises stress contour plots [MPa] for unstiffened girder A2 (ss = 150 mm) at
different levels of the ultimate load. The contour plots at the top represent stresses in the shell
surface facing the reader while the bottom plots represent the other surface.

Figure 4.13: von Mises stress contour plots [MPa] for stiffened girder A7 (ss = 150 mm) at
different levels of the ultimate load. The contour plots at the top represent stresses in the shell
surface facing the reader (longitudinal stiffener’s side) while the bottom plots represent the
other surface.

plate girders subjected to patch loading.
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Figure 4.14: Load-displacement response for unstiffened and stiffened steel plate girder under
the patch load length of: (a) ss = 0 mm; (b) ss = 25 mm.

Figure 4.15: Load-displacement response for unstiffened and stiffened steel plate girder under
the patch load length of: (a) ss = 50 mm; (b) ss = 100 mm.

Figure 4.16: Load-displacement response for unstiffened and stiffened steel plate girder under
the patch load length of: (a) ss = 150 mm; (b) ss = 150 mm (distribution block).
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Chapter 5

Parametric Study

Since the numerical model presented is proved to be valid and accurate for describing the

behavior and ultimate strength of the experimental tests (Chapter 4), an additional set of

numerical analyses is performed. The present finite element parametric study was designed to

determine the effect of a variety of geometric imperfections (in combination with various patch

load lengths) on the patch loading resistance of I-shaped steel plate girders.

5.1 Parameters

The patch load length, ss, was varied from 0 mm (ss/hw = 0) to 250 mm (ss/hw = 0.50).

Geometric imperfections included the experimentally measured imperfections, buckling mode-

affine, and hand-defined sinusoidal imperfections. The geometric imperfections considered were

defined similarly to both Series A (girder width a = 500 mm, α = 1) and Series B (girder width

a = 1000 mm, α = 2); thus, a direct comparison could be made between these analyses. Twenty

different geometric imperfections were considered for each series of girders (Series A and Serie

B). The experimentally measured geometric imperfection shapes for all the girders of Series

A and Series B are provided in Appendix B and C, respectively. Representative shapes for

one experimentally measured geometric imperfection, buckling mode-affine, and hand-defined

sinusoidal imperfections are given further in the text from Fig. 5.1 to Fig. 5.10.

A single flat longitudinal stiffener reinforced stiffened steel plate girders of both Series

A and B. One longitudinal stiffener was used for girders of Series A (hs = 30 mm and ts = 8

mm; originally employed in the experimental program [21,25]). Two different flat longitudinal

stiffeners were considered for girders of Series B: a relatively weak longitudinal stiffener, γs =

21.67 (hs = 30 mm and ts = 8 mm), and a relatively strong longitudinal stiffener, γs = 103.46

(hs = 55 mm and ts = 8 mm). The weak longitudinal stiffener proved to be strong enough (e.g.,

no longitudinal stiffener buckling was noted) for the girder geometry of Series A [21,25] (α =

1) and patch load lengths ss/hw < 0.30 for girders of Series B (α = 2). However, for longer

patch load lengths for α = 2, this longitudinal stiffener proved to be weak (e.g., noticeable
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longitudinal stiffener deformation was observed), and thereby a stronger longitudinal stiffener

was included in the current study; refer to Chapter 3 for more details. The relative flexural

stiffness of the longitudinal stiffener γs is defined from Eq. (2.7) in Chapter 2. For the analyzed

girder geometries of both series of girders (α = 1 and α = 2), the limit value of relative stiffness

was γ∗ = 34 and γ∗ = 146 for girders of Series A and B, respectively. All parameters varied in

the parametric study are summarized in Table 5.1. The current numerical database contains

360 and 540 runs for Series A and Series B, respectively.

Table 5.1: Parameters varied in the parametric study.
Geometric imperfec-
tion

Patch load length
ss

Girders Relative stiffness γ1s Total number
of simulations

• 14 experimentally
measured imperfec-
tions

Series A
α = 1

γs = 0 (unstiffened)
γs = 21.672

360

• 4 buckling mode-
affine imperfections

9 different patch
load lengths
(ss/hw = 0 – 0.50)

• 2 hand-defined si-
nusoidal imperfection
shapes

Series B
α = 2

γs = 0 (unstiffened)
γs = 21.672

γs = 103.462

540

1 Refer to Eq. (2.7) and [65] for longitudinal stiffener relative stiffness calculation
2 Limit value of relative stiffness of the longitudinal stiffener for girders of Series A and B is γ∗ =
34 and γ∗ = 146, respectively

The girder dimensions (Table 3.1 and Table 4.1) and position of the longitudinal stiff-

ener (b1 = 0.2hw) were kept unaltered. In addition, the material properties of the web panel

and flanges were adopted from the experimentally tested girders of Series A [21,25], with the

web panel yield stress fyw = 323 MPa and flange yield stress fyf = 322 MPa accompanying

the stress-strain curves given in Fig. 4.3. The maximum geometric imperfection amplitude was

set to be w0 = hw/100, as frequently used in similar studies [40,88,94–95]. All parameters that

were kept unchanged in the parametric study are given in Table 5.2.

Table 5.2: Parameters kept unaltered in the parametric study for both series A and B.
Girder dimensions Material properties Imperfection

amplitude w0

Position of the
longitudinal
stiffener b1

Table 3.1 and Table
4.1

Fig. 4.3 hw/100 0.2hw
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5.2 Geometric imperfection shapes

The first geometric imperfections considered were the experimentally measured imperfections

for each series of testing. These imperfection shapes for the girders of Series A (α = 1) and

Series B (α = 2) are given in Appendix B and C, respectively. The maximum amplitude of

these imperfections was scaled to satisfy an imperfection amplitude of w0 = hw/100, used in

the current research. One representative shape for each series of girders A and B is given in Fig.

5.1.; refer to Chapter 4 and Fig. 4.7 for more details on the implementation of experimentally

measured imperfections into the numerical model.

Figure 5.1: Experimentally measured geometric imperfections for girder A1 (left) and girder
B1 (right). Refer to Appendix B and Appendix C for the other experimentally measured
imperfection shapes for the girders of Series A and B, respectively. Units are in mm.

Figure 5.2: First buckling mode of longitudinally unstiffened and stiffened steel plate girders
for all patch load lengths considered (ss/hw ≤ 0.50) for girders of Series A.

One of the most popular approaches to introduce geometric imperfections into nonlinear

FEA is to use buckling mode shapes (obtained from an eigenvalue analysis) [22,39–40,88,96].

The same method was followed in this study, and the first three buckling mode shapes and

their combination were examined in the present numerical analysis. In the linear buckling

analysis, no imperfections were included; the web plate was perfectly plain. Similarly to the

experimentally measured imperfections, the maximum imperfection amplitude was also set to
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be w0 = hw/100 for the buckling mode shapes and their combination. Representative shapes of

the first three buckling modes are shown in Fig. 5.2, Fig. 5.3, Fig. 5.4, Fig. 5.5, and in Fig. 5.6,

Fig. 5.7, Fig. 5.8, Fig. 5.9 for girders of Series A and B, respectively. All the buckling mode

shapes illustrated in these figures are valid for all the patch load lengths considered (ss/hw ≤
0.50), except for (i) the third buckling mode shape of girders of Series A for patch load length

ss/hw = 0.50 – an asymmetric buckling mode, Fig. 5.5; (ii) the third buckling mode shape of

longitudinally stiffened girders of Series B, which is an asymmetric buckling mode shape for

applied patch load lengths ss/hw ≥ 0.30 and ss/hw ≥ 0.15 in the cases of γs = 21.67 and γs =

103.46, respectively (Fig. 5.9).

Figure 5.3: Second buckling mode of longitudinally unstiffened and stiffened steel plate girders
for all patch load lengths considered (ss/hw ≤ 0.50) for girders of Series A.

Figure 5.4: Third buckling mode of longitudinally unstiffened and stiffened steel plate girders
(valid for ss/hw ≤ 0.40) of Series A.

Additionally, another way to define geometric imperfections is considering a two-

dimensional random field. Two hand-defined sinusoidal imperfection shapes were considered,

a method of incorporating geometric imperfections employed by [23,26,34–35,40,56,79,88] for

I-shaped steel plate girders under patch loading. The hand-defined sinusoidal geometric imper-

fections considered were represented using sine and cosine functions in both longitudinal and
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Figure 5.5: Third buckling mode of longitudinally unstiffened and stiffened steel plate girders
(valid for ss/hw = 0.50) of Series A.

Figure 5.6: First buckling mode of longitudinally unstiffened and stiffened steel plate girders
for all patch load lengths considered (ss/hw ≤ 0.50) for girders of Series B.

transverse directions (graphically illustrated in Fig. 5.10), and they can be mathematically

described as

w(x, y) = w0 · sin(πx/a)sin(πy/hw) (5.1)

w(x, y) =
1

4
· w0 · (1− cos(2 · πx/a))(1− cos(2 · πy/hw)), (5.2)

where w0 is a required amplitude.

5.3 Results and discussion

In this section, the obtained results are presented, along with detailed discussions and conclu-

sions. The computationally determined patch loading resistances of longitudinally unstiffened

and stiffened steel plate girders for each geometric imperfection considered are listed in Table

5.3 and Table 5.4 for girders of Series A, and in Table 5.5, Table 5.6, Table 5.7 for girders

of Series B. The carrying capacity of longitudinally stiffened steel plate girders is normalized
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Figure 5.7: Second buckling mode of longitudinally unstiffened and stiffened steel plate girders
for all patch load lengths considered (ss/hw ≤ 0.50) for girders of Series B.

Figure 5.8: Third buckling mode of longitudinally unstiffened (valid for ss/hw ≤ 0.50) and
stiffened steel plate girders (valid for ss/hw ≤ 0.25 for γs = 21.67 and for ss/hw ≤ 0.10 for γs
= 103.46) of Series B.

with respect to the ultimate strength of longitudinally unstiffened ones in order to show the

strengthening effect – that is, the contribution of the longitudinal stiffener. The results are

graphically presented as a function of patch load length and ultimate strength for all the geo-

metric imperfections considered and both Series A and B in Fig. 5.11 – Fig. 5.17, Fig. 5.20

– Fig. 5.26, Fig. 5.29, Fig. 5.30, Fig. 5.32, Fig. 5.33, Fig. 5.34, and Fig. 5.35 in the next

sections. A more detailed discussion is provided in the following sections as well.

5.3.1 Experimentally measured geometric imperfections

Girders of Series A

Two groups of analysis were established considering the experimentally measured geometric

imperfections. The first group included geometric imperfections from steel plate girders that

were originally longitudinally unstiffened in the experiment [21,25] (A15, A12, A1, A11, A2, and

A13). These results are depicted in Fig 5.11, Fig. 5.12, and 5.13 as a function of patch load
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Figure 5.9: Third buckling mode of longitudinally stiffened steel plate girders (valid for ss/hw
≥ 0.30 for γs = 21.67 and ss/hw ≥ 0.15 for γs = 103.46) of Series B.

Figure 5.10: Sine (left) and cosine (right) hand-defined geometric imperfections for both series
of girders A and B.

length. According to these results, one can instantly notice that the longitudinal stiffener’s

influence for ss/hw ≤ 0.15 (ss = 75 mm – threshold) was very small since it increased the

ultimate capacity of less than 5%. On the other hand, the longitudinal stiffener increased the

patch loading resistance significantly for longer patch load lengths, from 30 to 40% for ss/hw

= 0.5 (ss = 250 mm). The second group involved geometric imperfections from steel plate

girders that were initially longitudinally stiffened in the experiment [21,25] (A14, A4, A3, A17,

A5, A6, A7, A16); refer to Fig. 5.14, Fig. 5.15, Fig. 5.16, and Fig. 5.17 for their graphical

representation. A similar conclusion was observed in this case, and the same threshold ss/hw

≤ 0.15 was valid. However, for some geometric imperfections, the threshold shifted even up

to ss/hw = 0.30 (ss = 150 mm). For these geometric imperfections of the second group, the

ultimate strength of longitudinally stiffened girders for longer patch load lengths was again

increased, but notably less than for the first group of girders, from 15 to 30% for ss/hw = 0.5

(ss = 250 mm). Only in one case, an appreciable strengthening effect of 40% was achieved for

ss/hw = 0.5. Fig. 5.18 recaps the above conclusions.

Using the numerically obtained results for the experimentally measured imperfections
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Table 5.3: Patch loading resistance of longitudinally unstiffened steel plate girders (FFEA,unstiff )
for various geometric imperfections for girders of Series A. Units are in kN.
Shape of
geometric
imperfection

ss/hw

0 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50
A11 142.68 146.20 164.84 179.82 193.07 206.87 220.42 248.12 280.56
A21 142.82 146.13 165.14 185.47 200.17 214.03 227.86 255.51 285.03
A31 138.56 141.11 153.76 169.04 184.79 200.78 218.58 258.27 300.94
A41 146.35 149.72 168.66 189.82 209.02 223.95 239.14 268.11 298.28
A51 148.78 152.14 170.06 189.67 212.71 234.51 250.64 280.64 311.12
A61 147.98 151.26 168.80 188.01 210.10 236.13 260.58 291.62 322.04
A71 150.20 153.75 173.03 193.79 218.06 235.40 253.55 287.54 322.37
A111 144.68 148.05 166.99 187.97 204.18 218.70 233.23 261.76 292.12
A121 145.25 148.63 167.69 188.79 204.54 219.60 234.73 264.58 296.66
A131 146.29 149.82 169.54 191.29 208.57 224.66 240.63 271.73 304.31
A141 143.04 146.25 164.46 185.00 205.45 219.94 233.65 260.53 289.25
A151 140.44 143.70 161.28 174.98 187.94 200.93 213.76 239.91 268.02
A161 144.45 147.43 163.95 182.47 203.88 228.99 253.59 283.58 314.33
A171 142.25 145.62 165.08 182.13 195.38 208.98 222.29 248.79 276.94
1st buckling
mode

150.24 146.58 163.14 182.19 203.05 223.99 237.50 263.25 291.11

2nd buckling
mode

149.01 146.03 158.65 171.09 183.37 195.32 206.99 230.98 257.71

3rd buckling
mode

149.91 146.76 160.64 174.07 188.19 201.97 215.48 243.50 360.12

1st + 2nd +
3rd mode

159.31 155.39 171.52 188.59 210.22 236.69 262.29 292.35 337.10

Hand-define
sine function

153.35 157.05 172.60 185.72 201.24 216.32 230.80 259.49 289.96

Hand-define
cosine func-
tion

144.62 147.74 163.63 181.12 202.51 227.12 253.78 285.54 316.08

1 Experimentally measured geometric imperfection shapes are provided in Appendix B

listed in Table 5.3 and Table 5.4 for longitudinally unstiffened and stiffened steel plate girders,

respectively, a more detailed quantitative analysis of the influence of geometric imperfections

could be handled. Isolating results for the initially unstiffened and stiffened girders, it can be

shown that the shape of initial geometric imperfections can play a decisive role for both lon-

gitudinally unstiffened and stiffened steel girders. The shape of initial geometric imperfections

affected the ultimate load in a range of more than 15%, as portrayed in Fig. 5.19. This was

more pronounced for longer patch load lengths, while its impact for ss/hw < 0.10 (ss < 50 mm)

was inappreciable (less than 10%).
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Table 5.4: Normalized patch loading resistance of longitudinally stiffened steel plate girders
(FFEA,stiff/FFEA,unstiff ) for various geometric imperfections for girders of Series A.
Shape of
geometric
imperfection

ss/hw

0 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50
A11 1.03 1.03 1.04 1.08 1.13 1.18 1.23 1.35 1.39
A21 1.02 1.02 1.02 1.02 1.07 1.11 1.16 1.28 1.35
A31 1.06 1.06 1.08 1.09 1.11 1.13 1.14 1.14 1.13
A41 1.02 1.02 1.02 1.02 1.04 1.07 1.15 1.24 1.30
A51 1.02 1.02 1.03 1.03 1.03 1.05 1.10 1.20 1.25
A61 1.02 1.02 1.03 1.04 1.04 1.04 1.05 1.14 1.18
A71 1.02 1.02 1.03 1.03 1.03 1.07 1.11 1.21 1.26
A111 1.02 1.02 1.02 1.02 1.06 1.11 1.16 1.27 1.34
A121 1.02 1.02 1.02 1.02 1.06 1.10 1.15 1.26 1.32
A131 1.02 1.02 1.02 1.02 1.05 1.09 1.14 1.25 1.30
A141 1.02 1.02 1.02 1.02 1.03 1.07 1.12 1.22 1.29
A151 1.03 1.03 1.05 1.09 1.15 1.20 1.26 1.36 1.39
A161 1.02 1.02 1.03 1.03 1.04 1.03 1.04 1.12 1.17
A171 1.02 1.02 1.02 1.05 1.10 1.15 1.20 1.31 1.40
1st buckling
mode

1.00 1.04 1.04 1.04 1.05 1.06 1.10 1.17 1.26

2nd buckling
mode

0.95 0.99 1.03 1.07 1.12 1.18 1.23 1.31 1.33

3rd buckling
mode

0.83 0.87 0.89 0.93 0.97 1.00 1.05 1.12 1.20

1st + 2nd +
3rd mode

0.90 0.94 0.95 0.98 0.99 0.99 1.00 1.09 1.20

Hand-define
sine function

1.06 1.06 1.09 1.13 1.17 1.23 1.29 1.41 1.45

Hand-define
cosine func-
tion

1.03 1.03 1.04 1.05 1.05 1.05 1.04 1.12 1.17

1 Experimentally measured geometric imperfection shapes are provided in Appendix B

Girders of Series B

As can be observed from Table 5.5, Table 5.6, and Table 5.7, the ultimate load of longitudinally

stiffened steel plate girders was higher than the carrying capacity of longitudinally unstiffened

ones. This proves to be valid for all the patch load lengths considered, ss/hw ≤ 0.50. Using

the relatively weak longitudinal stiffener (γs = 21.67) and for all the experimentally measured

imperfections, the strengthening effect for smaller patch load lengths – that is, ss/hw ≤ 0.15,

was < 10%, while for longer patch load lengths (ss/hw = 0.50) its value was up to 28%. By

contrast, using the relatively strong longitudinal stiffener (γs = 103.46) and including all the

experimentally measured imperfections, the strengthening effect did not change for smaller

patch load lengths (ss/hw ≤ 0.15), and its contribution was ≤ 10%. In this case, γs = 103.46,

a significant strengthening effect was prominent for longer patch load lengths (ss/hw = 0.50),
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Table 5.5: Patch loading resistance of longitudinally unstiffened steel plate girders (FFEA,unstiff )
for various geometric imperfections for girders of Series B. Units are in kN.
Shape of
geometric
imperfection

ss/hw

0 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50
B11 122.71 137.00 151.62 166.65 181.61 195.35 204.20 218.72 231.83
B21 130.06 146.08 161.12 174.48 184.58 192.78 200.16 213.23 225.15
B31 128.14 143.05 156.07 171.06 186.53 202.17 215.47 233.31 247.91
B41 128.03 143.23 156.92 172.55 188.61 205.28 220.99 242.77 256.74
B51 126.86 141.78 156.00 171.62 187.28 203.74 218.00 235.29 248.60
B61 127.04 142.04 156.32 172.12 188.02 204.85 219.00 236.74 250.83
B71 124.97 139.74 154.82 170.73 186.47 200.05 209.16 225.14 239.33
B111 125.14 139.67 153.61 168.89 184.07 199.38 210.47 225.82 239.35
B121 131.57 147.51 160.55 175.53 191.47 207.42 222.41 242.14 256.01
B131 128.61 143.80 156.62 171.96 187.65 203.23 218.03 240.21 254.36
B141 124.44 139.01 153.77 169.29 184.70 199.12 208.32 223.37 236.96
B151 124.20 138.59 152.72 167.96 183.16 198.33 208.76 223.83 237.06
B161 127.31 142.21 155.80 171.17 186.72 202.91 216.39 233.45 247.49
B171 124.78 139.41 154.18 169.69 185.00 198.71 207.51 222.50 236.18
1st buckling
mode

125.54 139.96 153.01 168.00 183.09 197.84 210.14 226.45 239.57

2nd buckling
mode

128.19 144.64 159.19 170.51 180.17 188.77 196.57 210.79 223.93

3rd buckling
mode

142.77 159.34 175.53 189.01 201.39 210.49 217.96 232.11 265.52

1st + 2nd +
3rd mode

130.64 147.14 162.69 177.48 188.85 197.49 205.26 218.75 230.42

Hand-define
sine function

134.28 151.12 166.47 180.23 191.18 200.46 208.74 223.26 236.14

Hand-define
cosine func-
tion

127.79 142.77 155.43 170.48 185.93 201.42 215.48 234.35 247.13

1 Experimentally measured geometric imperfection shapes are provided in Appendix C

with a maximum value of 48%; the contribution of the longitudinal stiffener is discussed in

more detail in Section 5.3.5. The maximum values of the strengthening effect for both cases, γs

= 21.67 and γs = 103.46, were computed for experimentally measured geometric imperfection

B2. The change in the ultimate strength with respect to the patch load length for all the

experimentally measured geometric imperfections is portrayed from Fig. 5.20 to Fig. 5.26.

Additionally, to show the scatter of the ultimate load for different experimentally mea-

sured imperfections, these imperfections were divided into two groups. Imperfections labeled as

B1, B2, B11, B12, B14, B15, and B16 are related to the girders that were originally unstiffened

in the experimental program (see Chapter 3), whereas imperfections marked as B3, B4, B5,

B6, B7, B13, and B17 represent the originally stiffened girders. Using imperfections of the

experimentally unstiffened steel plate girders, the ultimate load dispersed from 7% (ss/hw =
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Table 5.6: Normalized patch loading resistance of longitudinally stiffened steel plate girders
(FFEA,stiff/FFEA,unstiff ) for various geometric imperfections for girders of Series B. Relative
stiffness γs = 21.67.
Shape of
geometric
imperfection

ss/hw

0 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50
B11 1.02 1.03 1.04 1.05 1.06 1.08 1.12 1.18 1.20
B21 1.03 1.04 1.05 1.08 1.13 1.18 1.23 1.26 1.28
B31 1.04 1.05 1.06 1.07 1.08 1.09 1.11 1.16 1.18
B41 1.04 1.05 1.06 1.07 1.08 1.09 1.11 1.15 1.18
B51 1.03 1.04 1.05 1.06 1.07 1.08 1.10 1.16 1.18
B61 1.03 1.04 1.05 1.06 1.08 1.08 1.10 1.15 1.17
B71 1.02 1.03 1.04 1.05 1.06 1.08 1.12 1.18 1.20
B111 1.04 1.04 1.05 1.06 1.08 1.09 1.12 1.17 1.18
B121 1.04 1.05 1.07 1.08 1.10 1.12 1.14 1.18 1.21
B131 1.03 1.05 1.06 1.07 1.08 1.10 1.11 1.15 1.18
B141 1.03 1.04 1.05 1.06 1.07 1.08 1.13 1.17 1.18
B151 1.03 1.04 1.04 1.05 1.07 1.08 1.11 1.18 1.20
B161 1.04 1.05 1.06 1.07 1.08 1.09 1.12 1.17 1.19
B171 1.02 1.03 1.04 1.05 1.06 1.08 1.13 1.19 1.20
1st buckling
mode

1.04 1.06 1.07 1.08 1.09 1.11 1.14 1.20 1.23

2nd buckling
mode

1.04 1.04 1.05 1.09 1.13 1.16 1.16 1.15 1.15

3rd buckling
mode

0.88 0.88 0.90 0.93 0.97 1.01 1.21 1.25 1.18

1st + 2nd +
3rd mode

1.03 1.04 1.04 1.05 1.10 1.15 1.28 1.37 1.42

Hand-define
sine function

1.03 1.03 1.04 1.06 1.10 1.16 1.20 1.23 1.25

Hand-define
cosine func-
tion

1.03 1.05 1.06 1.07 1.09 1.10 1.12 1.18 1.21

1 Experimentally measured geometric imperfection shapes are provided in Appendix C

0.01) to 14% (ss/hw = 0.50). Employing the relatively weak longitudinal stiffener (γs = 21.67),

the ultimate strength scattered from 4% (ss/hw = 0.01) to 6% (ss/hw = 0.50), while for the

strong longitudinal stiffener (γs = 103.46) the ultimate load had dispersion of 4% on average

for all the included patch load lengths, ss/hw ≤ 0.50. These conclusions are summarized in

Fig. 5.27 and Fig. 5.28 for longitudinally unstiffened and stiffened steel plate girders (γs =

21.67 and γs = 103.46), respectively.
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Table 5.7: Normalized patch loading resistance of longitudinally stiffened steel plate girders
(FFEA,stiff/FFEA,unstiff ) for various geometric imperfections for girders of Series B. Relative
stiffness γs = 103.46.
Shape of
geometric
imperfection

ss/hw

0 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50
B11 1.04 1.05 1.06 1.07 1.09 1.11 1.16 1.26 1.33
B21 1.04 1.05 1.07 1.10 1.16 1.24 1.32 1.45 1.48
B31 1.06 1.07 1.08 1.09 1.11 1.13 1.16 1.24 1.30
B41 1.05 1.06 1.08 1.09 1.11 1.12 1.15 1.23 1.30
B51 1.04 1.05 1.07 1.08 1.10 1.11 1.14 1.23 1.30
B61 1.05 1.06 1.07 1.08 1.10 1.11 1.15 1.25 1.32
B71 1.04 1.04 1.05 1.07 1.08 1.11 1.16 1.27 1.35
B111 1.05 1.06 1.07 1.09 1.10 1.12 1.16 1.26 1.33
B121 1.05 1.07 1.09 1.10 1.12 1.15 1.19 1.28 1.36
B131 1.05 1.06 1.08 1.09 1.11 1.13 1.16 1.22 1.28
B141 1.05 1.06 1.07 1.08 1.10 1.12 1.17 1.28 1.35
B151 1.04 1.05 1.06 1.08 1.09 1.11 1.15 1.25 1.33
B161 1.05 1.06 1.08 1.09 1.11 1.13 1.16 1.26 1.33
B171 1.04 1.05 1.06 1.07 1.09 1.11 1.17 1.27 1.35
1st buckling
mode

1.07 1.09 1.10 1.11 1.14 1.16 1.20 1.29 1.35

2nd buckling
mode

1.04 1.05 1.06 1.10 1.17 1.24 1.32 1.38 1.38

3rd buckling
mode

0.84 0.85 0.87 1.10 1.14 1.22 1.29 1.38 1.30

1st + 2nd +
3rd mode

1.02 1.03 1.04 1.18 1.21 1.30 1.39 1.52 1.57

Hand-define
sine function

1.05 1.06 1.07 1.09 1.14 1.20 1.27 1.36 1.41

Hand-define
cosine func-
tion

1.05 1.06 1.08 1.09 1.11 1.13 1.16 1.24 1.31

1 Experimentally measured geometric imperfection shapes are provided in Appendix C

5.3.2 Buckling mode-affine geometric imperfections

The present analysis considering geometric imperfections from an eigenvalue study (cf. Fig.

5.2–Fig. 9) confirmed that the first buckling mode does not prove the lowest ultimate strength

of longitudinally stiffened steel plate girders [32,39–40,43]. The attained results are graphically

shown in Fig. 5.29 and Fig. 5.30 for girders of Series A, and in Fig. 5.32 and Fig. 5.33 for

girders of Series B; corresponding numerical values are tabulated in Table 5.3, Table 5.4, Table

5.5, Table 5.6, and Table 5.7.
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Figure 5.11: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using experimentally measured geometric imperfections from (a) girder A1 and (b) girder A2.

Figure 5.12: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using experimentally measured geometric imperfections from (a) girder A11 and (b) girder
A12.

Girders of Series A

The following conclusion could be made for the first buckling modes. The ultimate strength of

longitudinally stiffened steel plate girders was higher than the ultimate strength of unstiffened

ones (see Table 5.3 and Table 5.4) for all the patch load lengths under consideration, ss/hw

≤ 0.50. Moreover, the first buckling mode returned the same threshold ss/hw ≤ 0.15 (ss =

75 mm) as in the previous case for the experimentally measured geometric imperfections. The

difference between the patch loading resistance of longitudinally unstiffened and stiffened steel

plate girders before the threshold was very small (less than 5%).

The lowest ultimate strength for longitudinally stiffened steel plate girders was deter-

mined for the third buckling mode. It is lower than the ultimate capacity of longitudinally

unstiffened girders for ss/hw ≤ 0.20 (ss = 100 mm). A similar conclusion was found in Refs.

[32,39–40,43] for small patch load length (ss = 0.04hw), longitudinal stiffener positions b1/hw ≤
0.25, and various imperfection amplitudes (hw/1000 – hw/100). In addition, the second buck-

ling mode and combination of modes (1st + 2nd + 3rd) also returned smaller carrying capacities
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Figure 5.13: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using experimentally measured geometric imperfections from (a) girder A13 and (b) girder
A15.

Figure 5.14: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using experimentally measured geometric imperfections from (a) girder A3 and (b) girder A4.

of longitudinally stiffened girders than ultimate loads of unstiffened ones for ss/hw ≤ 0.05 (ss

= 25 mm) and ss/hw ≤ 0.25 (ss = 125 mm), respectively. This finding can be clarified with

the shape of the second and third buckling mode for longitudinally stiffened girders. Fig. 5.3

and Fig. 5.4 show that pronounced deformation occurred between the longitudinal stiffener

and loaded flange. Its magnitude decreased with increasing the patch load length. As a corol-

lary, this shape of geometric imperfection is much more unfavorable than the second and third

buckling mode of longitudinally unstiffened steel plate girders.

Strengthening effect: only the first buckling mode returned strengthening effect for all the

patch load lengths considered, ss/hw ≤ 0.50. Its value was 25% for ss/hw = 0.50 (ss = 250

mm). The third buckling mode and combination of modes gave a similar strengthening effect

of 20% for longer patch load length (e.g., ss/hw = 0.50; ss = 250 mm), while the maximum

strengthening effect of approximately 35% was obtained for the second buckling mode. Fig.

5.31 encapsulates these conclusions.
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Figure 5.15: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using experimentally measured geometric imperfections from (a) girder A5 and (b) girder A6.

Figure 5.16: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using experimentally measured geometric imperfections from (a) girder A7 and (b) girder A14.

Girders of Series B

For the first two buckling modes, the following conclusions could be made. The ultimate load of

longitudinally stiffened steel plate girders was higher than the ultimate strength of unstiffened

ones (see Table 5.5, Table 5.6, Table 5.7) for all the patch load lengths under consideration,

ss/hw ≤ 0.50. For the relatively weak longitudinal stiffener (γs = 21.67), the strengthening

effect for smaller patch load lengths (e.g., ss/hw ≤ 0.15) was very small, while for longer patch

load lengths (e.g., ss/hw = 0.50), the maximum strengthening effect was up to 23% for the first

buckling mode and 15% for the second (see Table 5.6, Fig. 5.32). In the case of the relatively

strong longitudinal stiffener, the strengthening effect for ss/hw ≤ 0.10 can be ignored. In this

case (γs = 103.46), the maximum strengthening effect of 38% was obtained for the second

buckling mode (Table 5.7 and Fig. 5.32).

For the third buckling mode, it is apparent that the patch loading resistance of longi-

tudinally stiffened steel plate girders was lower than the ultimate load of unstiffened ones for

patch load lengths ss/hw ≤ 0.20 and ss/hw ≤ 0.10 for γs = 21.67 and γs = 103.46, respectively

(Table 5.6, Table 5.7 and Fig. 5.33). A similar conclusion was obtained in the previous sec-

tion (α = 1) for a different patch load length range. The reason lower ultimate strengths of
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Figure 5.17: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using experimentally measured geometric imperfections from (a) girder A16 and (b) girder
A17.

Figure 5.18: Strengthening effect employing the experimentally measured geometric imperfec-
tions from initially (a) unstiffened and (b) stiffened steel plate girders.

longitudinally stiffened steel plate girders than those of unstiffened ones were returned in this

case is directly influenced by the shape of geometric imperfections. The transition patch load

lengths at which the carrying capacity of longitudinally stiffened steel plate girders becomes

higher than the ultimate load of unstiffened ones (see the increase in the ultimate strength in

Fig. 5.33) are a consequence of the changed buckling pattern (cf. Fig. 5.4, Fig. 5.5, Fig. 5.8,

and Fig. 5.9); this is explained in more detail in the next Chapter.

A similar observation was made for the combination of buckling modes (1st + 2nd + 3rd)

as for the first two buckling modes. The calculated patch loading resistance of longitudinally

stiffened steel plate girders was higher than for unstiffened ones (see Table 5.5, Table 5.6, Table

5.7, and Fig. 5.33) for all the patch load lengths considered, ss/hw ≤ 0.50. In the case of γs

= 21.67, the strengthening effect was very small for ss/hw ≤ 0.15, while it was significantly

pronounced for longer patch load lengths, ss/hw = 0.50, Table 5.6. On the other hand, for the

relative stiffness γs = 103.46, the strengthening effect was very small for ss/hw ≤ 0.10, while

a substantial strengthening effect of 57% was obtained for ss/hw = 0.50, Table 5.7. However,
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Figure 5.19: Ultimate strength of: (a) longitudinally unstiffened steel plate girders using ge-
ometric imperfections from the experimentally unstiffened girders; (b) longitudinally stiffened
steel plate girders using geometric imperfections from the experimentally stiffened girders.

Figure 5.20: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using experimentally measured geometric imperfections from (a) girder B1 and girder B2.

as shown in the previous section for α = 1, this geometric imperfection (the combination of

buckling modes) and patch load lengths ss/hw ≤ 0.25, the ultimate strength of longitudinally

stiffened steel plate girders was lower than for unstiffened ones. In addition, the second and

third buckling modes for the case α = 1 also returned smaller patch loading resistance of

longitudinally stiffened steel plate girders than for unstiffened ones for ss/hw ≤ 0.05 and ss/hw

≤ 0.20, respectively. These deleterious geometric effects from the second and third buckling

modes propagated into the geometric imperfection shape (combination of buckling modes) and

decreased the ultimate loads of longitudinally stiffened steel plate girders.

Remark: The strengthening effects presented in this section cannot necessarily be generalized.

A strengthening effect is the ratio between the ultimate strength of longitudinally stiffened and

unstiffened steel plate girders. As such, it should be evaluated on the same girder geometry

and for the same imperfections. Thus, these strengthening effects for the buckling mode-

affine geometric imperfections are questionable since they were obtained between longitudinally
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Figure 5.21: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using experimentally measured geometric imperfections from (a) girder B3 and (b) girder B4.

Figure 5.22: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using experimentally measured geometric imperfections from (a) girder B5 and (b) girder B6.

stiffened and unstiffened steel plate girders, which had different geometric imperfections – that

is, buckling mode shapes of longitudinally unstiffened and stiffened steel plate girders did

not match. Conversely, the contributions of the longitudinal stiffener to the experimentally

measured or hand-defined sinusoidal geometric imperfections were pure strengthening effects.

5.3.3 Hand-defined sinusoidal geometric imperfections

Finally, considering the hand-defined sinusoidal geometric imperfections (cf. Fig. 5.10), a simi-

lar trend in the results as for the experimentally measured and buckling mode-affine geometric

imperfections was observed. Again, a threshold before which the influence of the longitudinal

stiffener had a small impact on the ultimate capacity was returned. For the case α = 1 and

for small patch load lengths ss/hw ≤ 0.05 (ss = 25 mm), an increase of 5% in the ultimate

strength of longitudinally stiffened steel plate girders was noticed, while the maximum increase

of 45% was computed for ss/hw ≤ 0.50 (ss = 250 mm), see Fig. 5.36a. Interestingly, the cosine

hand-defined geometric imperfection (Eq. (5.2)) had the same threshold ss/hw = 0.30 (ss =
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Figure 5.23: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using experimentally measured geometric imperfections from (a) girder B7 and (b) girder B11.

Figure 5.24: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using experimentally measured geometric imperfections from (a) girder B12 and (b) girder
B13.

150 mm) as some experimentally measured geometric imperfections, cf. Fig. 5.18b. More pre-

cisely, this geometric imperfection is in correspondence with the one of girder A16. The same

strengthening effect of approximately 15% was recorded in both cases, as graphically presented

in Fig. 5.36a.

A similar trend in the results as for the first two buckling modes and for the combination

of buckling modes (1st + 2nd + 3rd) was observed for the case α = 2 (girders of Series B). In this

case, the carrying capacities of longitudinally stiffened steel plate girders were higher than for

unstiffened ones for all the load lengths considered, ss/hw ≤ 0.50, as shown in Fig. 5.35. For

both hand-defined geometric imperfections, the strengthening effect was very small for ss/hw

≤ 0.15 (valid for both γs = 21.67 and γs = 103.46), while appreciable strengthening effects of

25% and 21% were returned for ss/hw = 0.50 for the sine and cosine hand-defined geometric

imperfections, respectively (see Table 5.6 and Fig. 5.36b); significantly larger strengthening

effects of 41% and 31% were calculated for ss/hw = 0.50 and for γs = 103.46 (Table 5.7).

Further details regarding the strengthening effect are presented in Section 5.3.5.
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Figure 5.25: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using experimentally measured geometric imperfections from (a) girder B14 and (b) girder
B15.

Figure 5.26: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using experimentally measured geometric imperfections from (a) girder B16 and (b) girder
B17.

Moreover, a comparison between these two hand-defined geometric imperfections for

the case α = 2 showed that lower ultimate strengths were obtained for the cosine hand-defined

geometric imperfection for longitudinally unstiffened (ss/hw ≤ 0.25) and stiffened steel plate

girders (ss/hw ≤ 0.40 for γs = 21.67 and ss/hw ≤ 0.50 for γs = 103.46). In addition, the average

ultimate strength computed over all analyzed geometric imperfections for the α = 2 case was

captured well by the cosine hand-defined imperfection for both longitudinally unstiffened and

stiffened steel plate girders and all the patch load lengths considered, ss/hw ≤ 0.50; furthermore,

this justifies the usage of this geometric imperfection in parametric analyses [34–35].

A direct comparison of the obtained results with the available literature is not feasible

since different initial geometric imperfections under different patch load lengths were not con-

sidered. Moreover, all parameters should match for a complete comparison (e.g., shape of initial

geometric imperfection, girder geometry, patch load length, et cetera), since they all affect the

ultimate strength. However, the results obtained in this research can be partially juxtaposed

with Ref. [34]; even though the girder geometry is different, relevant ratios can be used. Taking
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Figure 5.27: Ultimate strength of longitudinally unstiffened steel plate girders using experi-
mentally measured imperfections from the originally unstiffened girders.

Figure 5.28: Ultimate strength of longitudinally stiffened steel plate girders using experimen-
tally measured imperfections from the originally stiffened girders employing (a) relatively weak
(γs = 21.67) and (b) strong longitudinal stiffener (γs = 103.46).

a = hw = 3600 mm (α = 1), tf = 35 mm, tw = 24 mm and b1 = 720 mm from Ref. [34], the

following ratios hw/tw = 150, tf/tw = 1.46, b1/hw = 0.2 and b1/tw = 30 (the closest ratios to the

current analysis hw/tw = 125, tf/tw = 2, b1/hw = 0.2 and b1/tw = 25, see Table 4.1) can be used

for comparison. The authors in Ref. [34] considered a C-shape initial deformation (idealized

with cosine function) which corresponds to the first buckling mode of longitudinally stiffened

plate girders. They reported strengthening effects of 1.03, 1.04, 1.09 and 1.19 for patch load

lengths ss/hw = 0.10, 0.20, 0.30 and 0.40, respectively. One can instantaneously see that these

results and the results for the first buckling mode in Table 5.4 are in perfect agreement; a small

deviation exists only for ss/hw = 0.40 for the cosine hand-defined geometric imperfection.

Furthermore, an S-shape initial deformation (similar to the second buckling mode in

the current study, cf. Fig. 5.3) returned lower ultimate strengths compared to a C-shape initial

deformation (described as the cosine hand-defined geometric imperfection) for a/hw = 1, b1 ≈
0.2hw, and ss/hw = 0.05 [38,42]. The authors in Refs. [38,42] concluded that the reduction

in patch loading resistance of longitudinally stiffened steel plate girders between the S-shape

and C-shape geometric imperfections was around 7%. Comparing the current results in Table
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Figure 5.29: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using geometric imperfections from buckling mode: (a) 1st mode; (b) 2nd mode.

Figure 5.30: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using geometric imperfections from buckling mode: (a) 3rd mode; (b) combination of modes
(1st + 2nd + 3rd).

5.4 for the cosine hand-defined geometric imperfection and the second buckling mode gave a

decrease of 5% in the ultimate strength of longitudinally stiffened girders. Thus, both analyses

show that an S-shape imperfection is more unfavorable than a C-shape deformation from the

patch loading point of view; unfavorable geometric imperfections are discussed in more detail

in Chapter 6. A further juxtaposition with the literature is not reasonable since the relevant

parameters (a/hw, hw/tw, b1, b1/tw, et cetera) are different.

To conclude this discussion regarding the imperfection sensitivity of steel plate girders

under concentrated transverse loading, additional comparisons, including all the above geomet-

ric imperfections, are provided. The ultimate strengths of longitudinally unstiffened and stiff-

ened steel plate girders using buckling mode-affine and hand-defined geometric imperfections

are compared with the experimental ones (minimum and maximum values for longitudinally

unstiffened and stiffened girders using the experimentally measured imperfections, cf. Fig. 5.19,

Fig. 5.27, and Fig. 5.28). It turned out that the ultimate strength of longitudinally unstiffened

girders (α = 1) considering the experimentally measured imperfections were bounded by the

ultimate load using buckling mode-affine geometric imperfections (second buckling mode and

combination of modes), Fig. 5.37a. A variation in the ultimate capacity between these two
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Figure 5.31: Strengthening effect employing the buckling modes as initial geometric imperfec-
tions for girders of Series A.

Figure 5.32: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using the first (a) and second buckling mode shape (b) as initial geometric imperfections.

extreme limits of 13% and 40% was obtained for ss/hw = 0 and ss/hw = 0.50, respectively. A

similar conclusion was returned for the α = 2 case, Fig. 5.38. In this case, the patch loading

resistance varied by approximately 15% for both ss/hw = 0 and ss/hw = 0.50.

The ultimate strengths of longitudinally stiffened girders (α = 1) employing the ex-

perimentally measured imperfections were bounded by carrying capacities determined using

buckling mode-affine and hand-defined geometric imperfections (third buckling mode and sine

hand-defined imperfections), Fig. 5.37b. In this case, the ultimate load varied from 30 (ss/hw

= 0) to 27% (ss/hw = 0.50). Based on this figure, one can observe that the lower band (third

buckling mode) was valid for patch load lengths ss/hw ≤ 0.40. Slightly different findings were

observed for the α = 2 case. Utilizing a relatively weak longitudinal stiffener (γs = 21.67), the

experimentally measured imperfections returned ultimate strengths that were bounded by the

third buckling mode and sine hand-defined imperfections for ss/hw ≤ 0.25. In contrast, for

longer loading lengths (e.g., ss/hw ≥ 0.30), the ultimate strengths were bounded by the sec-

ond buckling mode and combination of modes, Fig. 5.39a. Variation in the ultimate capacity
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Figure 5.33: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using the third (a) and combination (b) of buckling mode shapes (1st + 2nd + 3rd) as initial
geometric imperfections.

Figure 5.34: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using sine (a) and cosine (b) hand-defined geometric imperfections. Web panel aspect ratio α
= 1.

of approximately 10 and 28% were computed for ss/hw = 0 and ss/hw = 0.50, respectively.

Furthermore, for the γs = 103.46 case, the lowest ultimate strengths were determined by the

experimentally measured imperfections for 0.15 ≤ ss/hw ≤ 0.40, while outside of this range, the

lowest ultimate loads were returned employing buckling mode-affine imperfections. Only for

small patch load length (ss/hw ≤ 0.10), the experimentally measured imperfections returned

ultimate capacities that were bounded by the third buckling mode and sine hand-defined im-

perfections, Fig. 5.39b.

Discussion in this Section shows that the lowest ultimate strength of longitudinally

unstiffened and stiffened steel plate girders is governed by the patch load length, geometric

imperfection shape, and the relative stiffness of the longitudinal stiffener. A more detailed

analysis of unfavorable geometric imperfections from the patch loading point of view is given

in the following Chapter.
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Figure 5.35: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders
using sine (a) and cosine (b) hand-defined geometric imperfections. Web panel aspect ratio α
= 2.

Figure 5.36: Strengthening effect employing initial geometric imperfections by sine and cosine
functions for (a) girders of Series A and (b) girders of Series B (γs = 21.67).

5.4 Influence of the web panel aspect ratio

The above discussion is related to the influence of patch load length and various geometric

imperfections on the carrying capacity of steel plate girders. Findings regarding the influence

of the web panel aspect ratio, α, on the ultimate strength can also be summarized. To illustrate

the contribution of the web panel aspect ratio (in combination with a variety of geometric

imperfections) to the ultimate strength of steel plate girders, only web panel aspect ratios

with the same geometric imperfections should be considered. The experimentally measured

imperfections are random shapes in both longitudinal and transverse directions; thus, those

imperfections are disregarded in this discussion. Moreover, the first buckling mode shape of

longitudinally unstiffened and stiffened steel plate girders for the case α = 1 (cf. Fig. 5.2)

matches the one for α = 2 (cf. Fig. 5.6), while the second and third buckling mode shapes are

very different; hence, they are ignored in this discussion as well. The combination of buckling
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Figure 5.37: Ultimate strength of longitudinally (a) unstiffened and (b) stiffened steel plate
girders using various geometric imperfections. Web panel aspect ratio α = 1.

modes (1st + 2nd + 3rd) is also disregarded in this discussion for the same reason. A direct

comparison between these two cases α = 1 and α = 2 revealed the following:

� An increase in the web panel aspect ratio decreased the patch loading resistance of longi-

tudinally unstiffened steel plate girders for the first buckling mode-affine and hand-defined

sinusoidal geometric imperfections for all the patch load lengths considered, ss/hw ≤ 0.50.

This decrease was especially pronounced for longer patch load lengths (e.g., ss/hw = 0.50),

whereas for ss/hw ≤ 0.15, the effect of the web panel aspect ratio can be ignored. Ratios

between the ultimate strength for web panel aspect ratio α = 1 and α = 2 are provided

in Table 5.8.

� The same conclusion was obtained for longitudinally stiffened steel plate girders consid-

ering the first buckling mode-affine and hand-defined sinusoidal geometric imperfections.

In this case, the effect of the web panel aspect ratio was minimal for ss/hw ≤ 0.15, while a

notable increase in ultimate strength was achieved for ss/hw = 0.50, Table 5.8. A decrease

in the ultimate strength of longitudinally stiffened steel plate girders when the web panel

aspect ratio was increased was also observed experimentally [2,21] and computationally

[26,34–35].

Succinctly, the impact of the web panel aspect ratio on the carrying capacity of longitudinally

unstiffened and stiffened steel plate girders is dependent on the imperfection and patch load

length.
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Figure 5.38: Ultimate strength of longitudinally unstiffened steel plate girders using various
geometric imperfections. Web panel aspect ratio α = 2.

Table 5.8: Ratio between the ultimate strength of steel plate girders for web panel aspect ratios
α = 1 and α = 2.

Girders
Shape of geometric
imperfection

ss/hw

0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50

Unstiffened
1st buckling mode 1.05 1.07 1.08 1.11 1.13 1.13 1.16 1.22
Hand-define sine func-
tion

1.04 1.04 1.03 1.05 1.08 1.11 1.16 1.23

Hand-define cosine
function

1.03 1.05 1.06 1.09 1.13 1.18 1.22 1.28

Stiffened
1st buckling mode 1.03 1.04 1.04 1.06 1.08 1.10 1.14 1.24
Hand-define sine func-
tion

1.06 1.08 1.10 1.11 1.14 1.18 1.33 1.43

Hand-define cosine
function

1.02 1.03 1.04 1.05 1.07 1.09 1.16 1.24

5.5 Influence of relative stiffness γs

The contribution of the longitudinal stiffener with relative stiffness γs = 21.67 and γs = 103.46

to the carrying capacity of longitudinally stiffened steel plate girders is represented as strength-

ening effects in Table 5.6 and Table 5.7 for the α = 2 case; only one longitudinal stiffener was

considered for the α = 1 case. The influence of relative stiffness γs on the ultimate strength of

longitudinally stiffened steel plate girders for buckling mode-affine geometric imperfections is

debatable (as discussed in Section 5.3.2) since the relative stiffness of the longitudinal stiffener

changes buckling mode shapes and, thus, initial geometric imperfections. In the current study,

the first buckling mode shapes for γs = 21.67 and γs = 103.46 appear to be very similar (cf.

Fig. 5.6). However, the second and third buckling mode shapes are very different (cf. Fig. 5.7,
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Figure 5.39: Ultimate strength of longitudinally stiffened steel plate girders using various ge-
ometric imperfections employing (a) relatively weak (γs = 21.67) and (b) strong longitudinal
stiffener (γs = 103.46). Web panel aspect ratio α = 2.

Fig. 5.8, and Fig. 5.9); hence, they are disregarded in this discussion. Therefore, using all the

experimentally measured, hand-defined, and first buckling mode-affine geometric imperfections,

the following conclusions could be drawn:

� An increase in relative stiffness from γs = 21.67 to γs = 103.46 insignificantly increased

the ultimate strength of longitudinally stiffened steel plate girders for ss/hw ≤ 0.30. The

maximum increase of 7%, with an average value of 2%, was returned for patch load lengths

ss/hw ≤ 0.30.

� A noticeable increase in the patch loading resistance of 16%, with an average value of

10%, was obtained for patch load lengths ss/hw ≥ 0.40. These conclusions agree well

with the work of [35], in which only one geometric imperfection was considered (cosine

hand-defined), and analysis was conducted on steel plate girders with similar geometric

ratios as in this work. The above conclusions were derived for the longitudinal stiffener’s

optimum location for the flexural and shear resistance placed at one-fifth of the girder

depth (b1 = 0.2hw) [66–68].

In summary, an increase in relative stiffness γs has a very small effect on the ultimate strength of

longitudinally stiffened steel plate girders for patch load lengths ss/hw ≤ 0.30 for the analyzed

girder geometry, longitudinal stiffener position, and all the geometric imperfections considered.

This analysis demonstrates that increasing the relative stiffness of the longitudinal stiffener

(from the patch loading point of view) is justified only for longer patch load lengths.
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5.6 Contribution of the web panel yield stress

Although the main focus in this Chapter is on the imperfection sensitivity of steel plate girders

under concentrated loading, relevant observations about the web panel yield stress are discussed.

Since three different web panel yield stresses – that is, fyw = 225 MPa, fyw = 260 MPa, and

fyw = 320 MPa – unexpectedly appeared in the experimental program (Chapter 3) for the α

= 2 case, their contribution to the ultimate strength was analyzed; very small variations in the

flange yield stress can be ignored. For this purpose, the numerical model, which is validated

in Chapter 3, was applied and all other parameters were kept unaltered. New numerically

evaluated patch loading resistances for all the three web panel yield stresses are tabulated in

Table 5.9, whereas the ultimate loads for fyw = 320 MPa serve as reference values.

Based on these results, the following conclusions could be made. An increase in the

web panel yield stress from 260 MPa to 320 MPa (yield stress ratio 1.23) equally increased

the ultimate strength of longitudinally unstiffened and stiffened steel plate girders for the same

patch load lengths (small discrepancies exist only for longer patch load lengths). Although the

actual yield stress ratio was 1.23, the obtained increase in the ultimate load was well below

this ratio. Moreover, this increase in the ultimate strength varied from 1.18 (ss/hw = 0) to

1.13 (ss/hw ≥ 0.40) for both longitudinally unstiffened and stiffened steel plate girders (Table

5.9). This clearly shows that the web panel yield stress, fyw, influences the ultimate strength

with a power of 0.60–0.78 – that is, fλyw, where λ is dependent on patch load length and varies

from 0.60 to 0.78; smaller values correspond to longer patch load lengths. However, most of the

proposed expressions for the patch loading resistance based on failure mechanisms available in

the literature as well as in the current design standard EN 1993-1-5 [65] have a fixed value for

coefficient λ – that is, λ = 0.50. For an overview of failure mechanisms refer to [5,29,97].

Similar observations can be noted for the other case – that is, when the web panel

yield stress was increased from 225 MPa to 320 MPa (yield stress ratio 1.42). In this case,

the bearing capacity was increased by approximately 1.26 for both longitudinally unstiffened

and stiffened steel plate girders (except for ss/hw = 0.50 for longitudinally stiffened steel plate

girders). The returned increase in the ultimate strength was again well below 1.42, and it varied

from 1.27 to 1.24 for different patch load lengths (Table 5.9). In this case, the web panel yield

stress, fyw, contributed to the ultimate load with a power of 0.60–0.67 – that is, fλyw, where λ

= 0.60–0.67. As can be concluded combining these two cases, the coefficient λ is dependent on

patch load length, and its value is greater than the most commonly used value, λ = 0.50.

Additionally, a decrease in these contributions to ultimate load for both examined

cases (from 1.18 to 1.13 and from 1.27 to 1.24) accompanying an increase in the patch load

length is obvious from the results in Table 5.9 (very small irregularities exist, but they may

be influenced by different geometric imperfections). Material effects are more dominant for

very small patch load lengths (ss/hw = 0) than geometric effects. In this case (ss/hw = 0),

the failure mechanism shape was located in the upper part of the web panel (for longitudinally
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unstiffened steel plate girders), and between the longitudinal stiffener and loaded flange for

longitudinally stiffened ones. Conversely, geometric effects are dominant for longer patch load

lengths (a larger buckling area is engaged, failure mechanism shapes are present further away

from the loaded flange, and material effects are less dominant); this could explain the observed

trend in these results. In any case, further research is needed to verify these conclusions, and

they may form the basis for future studies.

The above-presented results and discussions are available in sequentially published

papers [82–86].

Table 5.9: Numerically obtained ultimate strengths using three different web panel yield stresses
for the α = 2 case. Units are in kN.
Unstiffened
girders

B16 ss
= 0 mm

B14 ss
= 25 mm

B1 ss
= 50 mm

B15
ss = 100
mm

B2
ss = 150
mm

B12
ss = 200
mm

B11
ss = 250
mm

FFEA,unstiff
(320)1

137.11 128.56 146.83 176.61 202.83 243.59 232.85

FFEA,unstiff
(320)/FFEA,unstiff
(260)2

1.18 1.17 1.17 1.17 1.15 1.13 1.15

FFEA,unstiff
(320)/FFEA,unstiff
(225)3

1.26 1.24 1.25 1.26 1.26 1.24 1.26

Stiffened
girders

B13 ss
= 0 mm

n.a. B3 ss
= 50 mm

B5
ss = 100
mm

B7
B17
ss = 150
mm

B4
ss = 200
mm

B6
ss = 250
mm

FFEA,stiff
(320)1

157.22 168.07 203.06 225.44
215.33

273.13 292.72

FFEA,stiff
(320)/FFEA,stiff
(260)2

1.17 1.17 1.18 1.17
1.18

1.16 1.13

FFEA,stiff
(320)/FFEA,stiff
(225)3

1.26 1.26 1.27 1.27
1.27

1.26 1.22

1 Ultimate strength computed using web panel yield stress fyw = 320 MPa and flange yield stress
fyf = 318 MPa
2 Ratio between ultimate strength using fyw = 320 MPa and ultimate strength using fyw = 260
MPa
3 Ratio between ultimate strength using fyw = 320 MPa and ultimate strength using fyw = 225
MPa

n.a. = not available (this data is missing due to the limited number of tests available from 7 steel
plate girders)
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5.7 Summary

The present finite element parametric study was designed to determine the influence of various

geometric imperfections (in combination with a variety of patch load lengths) on the patch load-

ing resistance of I-shaped steel plate girders. Experimentally measured, buckling mode-affine,

and hand-defined sinusoidal geometric imperfections were varied in the study in combination

with varying patch load lengths and relative stiffnesses of the longitudinal stiffener. Several

key points were identified regarding the patch load length from the present study:

� The ultimate strength of longitudinally unstiffened and stiffened steel plate girders in-

creases as the patch load length increases. This was shown to be valid for all the geometric

imperfections considered.

� For very small patch load lengths (e.g., ss/hw < 0.15), the ultimate strength of longitudi-

nally stiffened steel plate girders follows the ultimate load of unstiffened ones regardless of

the relative stiffness of the longitudinal stiffener and the geometric imperfection; hence,

the strengthening effect is very small (less than 10%). On the other hand, for longer

patch load lengths (e.g., ss/hw = 0.50), different substantial strengthening effects can be

achieved for different geometric imperfections.

� An increase in the web panel aspect ratio decreased the patch loading resistance of lon-

gitudinally unstiffened steel plate girders for all the patch load lengths considered, ss/hw

≤ 0.50. This is especially pronounced for longer patch load lengths (e.g., ss/hw = 0.50),

whereas for ss/hw ≤ 0.15, the effect of the web panel aspect ratio can be ignored. For

longitudinally stiffened steel plate girders, the effect of the web panel aspect ratio is min-

imal for ss/hw ≤ 0.15, while a notable decrease in the ultimate strength was achieved for

ss/hw = 0.50. The level of reduction in the ultimate load of longitudinally unstiffened

and stiffened steel plate girders varied depending on imperfection shape and the patch

load length. The reduction depended mostly on patch load length.

� An increase in relative stiffness γs (from relatively weak to relatively strong longitudinal

stiffeners) has a very small effect on the ultimate strength of longitudinally stiffened steel

plate girders for patch load lengths ss/hw ≤ 0.30 and all the geometric imperfections

considered. In contrast, a noticeable increase in patch loading resistance was obtained

for patch load lengths ss/hw ≥ 0.40. Increasing the longitudinal stiffener relative stiffness

(from the patch loading point of view) is justified only for longer patch load lengths. This

conclusion was derived for the longitudinal stiffener’s optimum location for the flexural

and shear resistance placed at one-fifth of the girder depth (b1 = 0.2hw).
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Chapter 6

Unfavorable geometric imperfections

6.1 Introduction

As mentioned in the introduction Chapter, the current European design standard EN 1993-1-5

[65] requires a stability control check for concentrated transverse forces. Recent experimental

studies [21,79] have shown that the current EN 1993-1-5 patch loading resistance model (refer

to Section 2.3 for more details) underestimates the ultimate strength of steel plate girders in

certain cases, especially for longitudinally stiffened steel plate girders and longer patch load

lengths. In addition to this resistance model, the current design standard also allows the use of

finite element analysis for the ultimate limit state. The essential data for an adequate ultimate

limit state design comprises information on unavoidable geometric and structural imperfections

(residual stresses). The EN 1993-1-5 rules state that a chosen imperfection should yield the

lowest resistance. However, the design standard lacks information on these imperfections, and

no specific geometric shape or stress pattern is provided. The usual practice for geometric im-

perfections is to use buckling mode-affine or hand-defined sinusoidal geometric imperfections,

approaches frequently used in the literature [23,26,34,40,56,79,88,94–95,98–100]. Following gen-

eral recommendations on imperfections in Ref. [65], it is not clear from the patch loading point

of view which imperfections lead to the lowest ultimate strength.

Structural imperfections do not significantly influence the ultimate strength of steel

plate girders under patch loading [74,88,92–93]; thus, they can be excluded from the analysis.

However, geometric imperfections have a detrimental effect on the patch loading resistance

of steel plate girders. The sensitivity of steel plate girders to geometric imperfections under

concentrated transverse loading was studied in Refs. [23,26,40,79,88,98] by studying various

geometric imperfections. In these studies, the patch load length was mostly constant or in-

sufficiently varied. Indeed, the patch load length has been mostly constant in experimental

investigations and has not been sufficiently studied numerically [23,26,79,56,34–35]; refer to

Chapter 2 for literature review.

Determination of the most unfavorable geometric imperfection of structures (often
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referred to as the worst geometric imperfection) represents a highly nonlinear optimization

problem [101–102]. The worst imperfection shape can significantly change with the system

geometry or loading conditions. As shown in Ref. [103] for shell structures, it is also highly

influenced by the imperfection amplitude. This Chapter sought unfavorable geometric imper-

fections in steel plate girders under concentrated transverse loading while considering the most

often used geometric imperfections for this design case; thus, this research does not refer to the

worst geometric imperfection. Our goal is to provide broader design guidelines that include a

wide range of design situations.

Unfavorable geometric imperfections (from the patch loading point of view) are deter-

mined considering the initial geometric imperfections (Fig. 5.6 – Fig. 5.10 and experimentally

measured imperfections in Appendix C) and computed numerical results (Table 5.5 – Table

5.7) for girders of Series B (α = 2). Findings regarding this analysis are coupled with results

for girders of Series A in order to provide more general conclusions.

6.2 Unfavorable geometric imperfections

As Table 5.5 illustrates, the lowest patch loading resistance of longitudinally unstiffened steel

plate girders was returned for some experimentally measured and first two buckling mode-

affine geometric imperfections. The actual minimum value is a function of patch load length

and differs between these imperfections. For example, for patch load lengths ss/hw ≤ 0.15,

the lowest carrying capacity is for experimentally measured geometric imperfection B1 (those

minimal values are very similar to those of some other experimentally measured imperfections

and the first buckling mode-affine imperfections). In contrast, for applied load lengths ss/hw ≥
0.20, the minimum ultimate load is for the second buckling mode-affine geometric imperfection.

The same conclusion that the lowest patch loading resistance was computed for the second

buckling mode shape for ss/hw ≥ 0.20 was also found for the α = 1 case (Table 5.3) and in

Ref. [88] for a constant patch load length (ss/hw = 0.30) and α = 1.50.

On the other hand, the lowest ultimate strength of longitudinally stiffened steel plate

girders (γs = 21.67) was obtained for experimentally measured geometric imperfection B1 and

third buckling mode-affine imperfections (ss/hw ≤ 0.25), and the second buckling mode-affine

imperfections (ss/hw ≥ 0.30). These findings agree with the α = 1 case (Table 5.4), in which

the transition patch load length that changed the unfavorable geometric imperfection from the

third to the second buckling mode-affine imperfection was at ss/hw = 0.40 (cf. Fig. 5.37b).

This transition in the unfavorable geometric imperfection from the third to the second buckling

mode-affine imperfection is a direct consequence of the buckling pattern change (as shown in

Fig. 5.8 and Fig. 5.9). For the γs = 103.46 case, the lowest ultimate loads were evaluated

for the third buckling mode-affine (ss/hw ≤ 0.10) or for experimentally measured geometric

imperfection B1 for patch load lengths ss/hw ≥ 0.15 (those minimal values are very close

to those of some other experimentally measured imperfections, cosine hand-defined, and first
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buckling mode-affine imperfections). Similarly, the authors in Ref. [40] showed that the lowest

ultimate strength of longitudinally stiffened steel plate girders under a constant patch load

length (ss/hw = 0.04) was determined for the third buckling mode-affine imperfection with

imperfection amplitudes w0 ≤ hw/100 and positions of the longitudinal stiffener b1/hw ≤ 0.25.

The findings above demonstrate that unfavorable geometric imperfections are depen-

dent on patch load length – that is, a specific geometric imperfection can yield the lowest patch

loading resistance for a particular patch load length range, which does not need to hold for

other patch load lengths. In addition, as explained later in this section, unfavorable geometric

imperfections are also dependent on the relative stiffness of the longitudinal stiffener, meaning

that different geometric imperfection shapes can lead to the lowest patch loading resistance for

different relative stiffnesses. Based on the discussion above, the lowest ultimate strengths given

in this study were obtained for the buckling mode-affine or experimentally measured geometric

imperfection B1. For further discussion in this section and to provide more general conclusions,

two cases are considered. The first case is for a relatively small patch load length, ss/hw =

0.10, and the second one is for a relatively long load length, ss/hw = 0.30. For the former,

the unfavorable geometric imperfection is experimentally measured geometric imperfection B1

(for unstiffened and stiffened steel plate girders γs = 21.67) and the third buckling mode-affine

imperfection (for stiffened steel plate girders γs = 103.46). For the second case (ss/hw = 0.30),

the unfavorable geometric imperfection is the second buckling mode-affine imperfection (for

unstiffened and stiffened steel plate girders γs = 21.67) and experimentally measured geometric

imperfection B1. The buckling mode affine-imperfections are given in Fig. 5.6–Fig. 5.9, while

experimentally measured geometric imperfection B1 is presented in Fig. 6.1.

Figure 6.1: (a) Contour plot of experimentally measured geometric imperfection B1. (b) Center
line cross-section of the first buckling mode-affine (unstiffened girders), cosine hand-defined, and
experimentally measured geometric imperfection B1.

Center line cross-sections of the first three buckling mode-affine imperfections, along

with corresponding failure modes at collapse for both cases considered (ss/hw = 0.10 and

ss/hw = 0.30), are provided in Fig. 6.2 and Fig. 6.3. For the sake of brevity, out-of-plane

displacements and failure mechanisms for longitudinally unstiffened and stiffened steel plate
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girders at ultimate load level for both cases considered (ss/hw = 0.10 and ss/hw = 0.30),

obtained only using the first buckling mode-affine geometric imperfections, are given in Fig. 6.4

and Fig. 6.5. As can be observed, the first buckling mode shape of longitudinally unstiffened and

stiffened steel plate girders subjected to patch loading resembled a C-shaped initial deformation

(one global buckle along the girder depth), as shown in Fig. 6.2 and Fig. 6.3. The shape

and position of the maximum amplitude of this buckling mode shape were very similar for

both longitudinally unstiffened and stiffened steel plate girders (the maximum amplitude is

pronounced in the lower part of the web). An S-shaped deformation (one local buckle in the

upper web sub-panel and an opposite buckle in the lower web sub-panel) was returned at

collapse (local failure mode) for both longitudinally unstiffened and stiffened steel plate girders

for γs = 21.67 and γs = 103.46, as shown in Fig. 6.2 and Fig. 6.4 for loading lengths ss/hw

= 0.10. The failure mechanism was located in the upper part of the web panel (longitudinally

unstiffened steel plate girders), and between the loaded flange and longitudinal stiffener for

stiffened ones, Fig. 6.4. Similar out-of-plane displacements were computed for all three girders

in Fig. 6.4 and with similar values for these displacements in the upper part of the web panel;

thus, small load lengths had a low impact on the patch loading resistance regardless of the

longitudinal stiffener’s relative stiffness. A similar S-shaped deformation at collapse was also

obtained for longer patch load lengths (ss/hw = 0.30) but with less pronounced deformation

in the upper web sub-panel, as shown in Fig. 6.3 and Fig. 6.5. In this case (ss/hw = 0.30),

out-of-plane displacements differed for all three girders in Fig. 6.5 and they were significantly

lower than in the first case ss/hw = 0.10 (cf. Fig. 6.4). Hence, using the first buckling mode-

affine geometric imperfection returned an S-shaped deformation at collapse regardless of the

relative stiffness for both cases (ss/hw = 0.10 and ss/hw = 0.30) but with different amount of

pronounced deformation in the upper part of the web panel.

The second buckling mode of longitudinally unstiffened and stiffened steel plate girders

returned an S-shaped initial deformation, as shown in Fig. 5.7, Fig. 6.2, and Fig 6.3. However,

the position and maximum amplitude of this initial deformation differed between longitudinally

unstiffened and stiffened steel plate girders. For longitudinally unstiffened steel plate girders,

the maximum amplitude was equally pronounced in the upper and lower part of the web panel.

By contrast, the position of the maximum amplitude for longitudinally stiffened steel plate

girders (γs = 21.67 and γs = 103.46) was dominant in the lower web sub-panel, whereas slight

deformation was also present in the upper web sub-panel and at the longitudinal stiffener

position. Fig. 6.2 and Fig. 6.3 show similar failure shapes at collapse were returned with

pronounced deformations at the longitudinal stiffener position and in the upper web sub-panel.

As can be observed considering the third buckling mode shape of longitudinally un-

stiffened and stiffened steel plate girders (cf. Fig. 5.8 and Fig. 5.9), the shape and position

of the maximum amplitude for this geometric imperfection were very different between lon-

gitudinally unstiffened and stiffened plate girders. Asymmetric buckling mode shapes were

obtained for longitudinally unstiffened steel plate girders (for all load lengths ss/hw ≤ 0.50)

with no deformation directly below the applied load. Therefore, the highest ultimate strengths
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Figure 6.2: Center line cross-section of the first three buckling mode-affine geometric imperfec-
tions (magnified 50 times) and corresponding failure modes at collapse (magnified 5 times) for
longitudinally unstiffened and stiffened steel plate girders for ss/hw = 0.10.

of longitudinally unstiffened steel plate girders were determined by juxtaposing all the geo-

metric imperfections considered (except for some extreme values for experimentally measured

imperfections for patch load lengths ss/hw = 0.30 and ss/hw = 0.40); see Table 5.5. A similar

observation was noted in Ref. [88] for a constant patch load length (ss/hw = 0.30) and for

α = 0.90, 1.50, and 5.00, and thus, the highest patch loading resistances were obtained. For

longitudinally stiffened steel plate girders (γs = 21.67 and γs = 103.46) and small patch load

lengths ss/hw = 0.10, a significant, pronounced initial deformation was dominant in the upper

web sub-panel and at the stiffener position, as shown in Fig. 5.8 and Fig. 6.2. By contrast,

for ss/hw = 0.30, asymmetric mode shapes were returned with no deformation directly below

the applied load (Fig. 5.9 and Fig. 6.3), which in turn, produced noticeably higher ultimate

strengths of longitudinally stiffened steel plate girders; see Table 5.6 and Table 5.7.

The following conclusions could be drawn by examining the failure mode shapes at

collapse for ss/hw = 0.10 (cf. Fig. 6.2). All failure mode shapes in Fig. 6.2 showed pronounced

deformation directly below the loaded flange in the upper web sub-panel or at the stiffener

location (except for the asymmetrical third buckling mode of longitudinally unstiffened steel

plate girders), although geometric imperfections were different. The only buckling mode shape

that had pronounced deformation directly under the loaded flange was the third buckling mode

shape of longitudinally stiffened steel plate girders (γs = 103.46). Indeed, the lowest patch

loading resistances were determined for these steel plate girders using the third buckling mode-

affine imperfections for the case ss/hw = 0.10. The buckling mode shapes of longitudinally
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Figure 6.3: Center line cross section of the first three buckling mode-affine geometric imperfec-
tions (magnified 50 times) and corresponding failure modes at collapse (magnified 5 times) for
longitudinally unstiffened and stiffened steel plate girders for ss/hw = 0.30.

unstiffened and stiffened steel plate girders (γs = 21.67) did not show pronounced deformation

close to the loaded flange. It can be seen in Fig. 6.1(b) that experimentally measured geometric

imperfection B1 was very similar to the first buckling mode shape. However, imperfection shape

B1 had a small deformation very close to the loaded flange compared to the first buckling mode

shape, and thus, the lowest ultimate strengths were obtained for this geometric imperfection

for both longitudinally unstiffened and stiffened steel plate girders, γs = 21.67 for ss/hw = 0.10.

Similar conclusions can be drawn from the failure mode shapes in Fig. 6.3 for longer

patch load length ss/hw = 0.30. Again, very similar failure mode shapes were returned for

both longitudinally unstiffened and stiffened steel plate girders (apart from the third buckling

mode-affine imperfections – asymmetric buckling mode), although initial geometric imperfec-

tions were different. The second buckling mode shape of longitudinally unstiffened steel plate

girders resembled the failure mode at collapse, and hence, the lowest ultimate strengths were

determined for this geometric imperfection. The same observation was noted for longitudinally

stiffened steel plate girders (γs = 21.67) since the longitudinal stiffener was relatively weak. For

the much stronger longitudinal stiffener (γs = 103.46), the first three buckling mode shapes did

not resemble the failure mode at collapse (the closest one was the first buckling mode shape),

as shown in Fig. 6.3. In this case, for γs = 103.46, the failure mode at collapse showed small

deformations below the loaded flange and at the stiffener position, while for γs = 21.67, a sig-

nificantly larger deformation formed at the stiffener position (weak stiffener). The failure mode

at collapse is governed by the relative stiffness of the longitudinal stiffener, γs, which in turn
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Figure 6.4: Out-of-plane displacement (units are in mm) and failure mechanism for longitudi-
nally unstiffened and stiffened steel plate girders at ultimate load level for ss/hw = 0.10. The
first buckling mode-affine geometric imperfections are employed. Deformation is magnified ten
times.

Figure 6.5: Out-of-plane displacement (units are in mm) and failure mechanism for longitudi-
nally unstiffened and stiffened steel plate girders at ultimate load level for ss/hw = 0.30. The
first buckling mode-affine geometric imperfections are employed. Deformation is magnified ten
times.

requires a different initial geometric imperfection shape to resemble the failure mode shape. In

this case, γs = 103.46, the lowest carrying capacities were computed for experimentally mea-

sured geometric imperfection B1, which indeed showed a small deformation close to the loaded

flange, as shown in Fig. 6.1(b).

The conclusions above demonstrate that the process of defining unfavorable geomet-

ric imperfections in steel plate girders subjected to patch loading is governed by the patch

load length and the relative stiffness of the longitudinal stiffener. One can determine different

unfavorable geometric imperfections for different values of the patch load length and the longitu-

dinal stiffener’s relative stiffness (under a constant imperfection amplitude). The current study

shows that the lowest patch loading resistances were returned for geometric imperfections that

resembled the deformation at collapse. The concept of collapse-affine geometric imperfections

seems impractical for design purposes since a geometrically and materially nonlinear analysis

must be conducted before collapse-affine geometric imperfection shapes are determined. How-

ever, to be safe, designers can employ this concept of collapse-affine geometric imperfections
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Figure 6.6: Deformed shape at collapse for girder A5 [21] (left) and third buckling mode (right).
Units are in mm.

instead of buckling mode-affine geometric imperfections (as recommended in [65]), as these

collapse-affine geometric imperfections lead to lower ultimate strengths than those given by

buckling modes [99,103]. Indeed, this finding was also observed experimentally in Ref. [21] for

longitudinally stiffened girders of Series A (α = 1). Fig. 6.6 shows that the deformation at

collapse corresponded to the third buckling mode (geometric imperfection shape for which the

lowest ultimate strength of longitudinally stiffened girders was computed for ss/hw ≤ 0.40, Fig.

5.37(b)).

The above-presented results and discussions are available in sequentially published

papers [82–86].

6.3 Summary

Unfavorable geometric imperfections in steel plate girders subjected to patch loading are gov-

erned by the patch load length and the relative stiffness of the longitudinal stiffener. For differ-

ent values of the patch load length and the relative stiffness of the longitudinal stiffener (under

a constant imperfection amplitude), one can identify different unfavorable geometric imperfec-

tions. As shown in this Chapter, the lowest patch load resistances were returned for geometric

imperfections that resembled the deformation at collapse. The concept of collapse-affine geo-

metric imperfections seems impractical for design purposes since a geometrically and materially

nonlinear analysis must be conducted before collapse-affine geometric imperfection shapes are

determined. However, for safety, designers can employ this concept of collapse-affine geometric

imperfections instead of buckling mode-affine geometric imperfections (as recommended in EN

1993-1-5). In order to simplify the applicability of the collapse-affine imperfection concept,

further research should focus on finding an equivalent shape that resembles the deformation at

failure for different patch load lengths and girder characteristics, such as the relative stiffness

of the longitudinal stiffener, web slenderness, et cetera.
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Finally, regarding longitudinally unstiffened and stiffened steel plate girders subjected

to patch loading, the following conclusions could be drawn for practical and design purposes.

Regardless of the longitudinal stiffener relative stiffness and for small patch load lengths, such

as ss/hw ≤ 0.10, geometric imperfections that have pronounced deformations directly under

the loaded flange lead to lower load resistances. These local geometric imperfections in the

upper web sub-panel yield lower ultimate strengths than those defined over the whole web

depth (global geometric imperfections). This conclusion was also found to be valid for longi-

tudinally stiffened steel plate girders reinforced by relatively strong longitudinal stiffeners and

longer patch load lengths, such as ss/hw = 0.30. For longitudinally stiffened steel plate girders

reinforced by relatively weak longitudinal stiffeners and under longer patch load lengths (ss/hw

= 0.30), geometric imperfections defined in the upper web sub-panel and at the stiffener loca-

tion (combined geometric imperfections) lead to lower ultimate strengths than global geometric

imperfections.

97





Chapter 7

Conclusions and future work

The present experimental and finite element parametric studies were designed to determine

the influence of patch load length, in combination with various geometric imperfections, on the

behavior and ultimate capacity of longitudinally unstiffened and stiffened I-shaped steel plate

girders. Details about the experiment, results, and observed behavior of the tested girders

are presented. Experimentally measured, buckling mode-affine, and hand-defined sinusoidal

geometric imperfections were varied in the numerical study in combination with varying patch

load lengths and relative stiffnesses of the longitudinal stiffener.

The main findings regarding the ultimate strength from the experimental investigation

can be summarized as follows:

� The carrying capacity of longitudinally unstiffened and stiffened steel plate girders in-

creased with increasing patch load length. The ultimate strength of longitudinally un-

stiffened girders increased linearly with respect to the patch load length, whereas the

ultimate load of longitudinally stiffened girders followed this same trend only for small

patch load lengths (50 mm < ss < 100 mm). After a specific patch load length (thresh-

old), the patch loading resistance increased much faster with increasing patch load length

and appreciable strengthening effects were obtained.

� The patch loading resistance of longitudinally unstiffened and stiffened steel plate girders

can be significantly increased by using longer patch load lengths. By increasing the patch

load length from 0 mm to 250 mm, the patch loading resistance was increased > 50% and

90% for longitudinally unstiffened and stiffened girders, respectively.

� An appreciable increase in ultimate strength can be achieved using longitudinal stiffen-

ing. This analysis showed that the ultimate load could be increased > 40% by using

longitudinal stiffening and longer patch load lengths compared to unstiffened girders.

� Increasing the web panel aspect ratio (more specifically, the web panel width) decreased

the ultimate strength of longitudinally unstiffened and stiffened girders. The effect of

this ratio was more pronounced for longitudinally unstiffened girders; this finding is not
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airtight since it was obtained considering a limited number of experimental tests and is

further studied in Chapter 5.

� The current European design standard EN 1993-1-5 predicts lower ultimate strengths

for longitudinally unstiffened and stiffened steel plate girders than the experimentally

obtained results in this study. The maximum difference between these two analyses is

64% and 97% for longitudinally unstiffened (ss = 200 mm) and stiffened steel plate girders

(ss = 250 mm), respectively. Based on the resistance model in EN 1993-1-5, the patch

loading resistance increases linearly with an increase in patch load length (independently

of the value of patch load length) for both longitudinally unstiffened and stiffened steel

plate girders. This experimental investigation showed that after a specific patch load

length (e.g., ss ≥ 100 mm), the ultimate strength of longitudinally stiffened steel plate

girders increases much faster with increasing patch load length. Thus, the design standard

does not well capture those ultimate strengths for longer patch load lengths.

Several key points were identified regarding the patch load length from imperfection sensitivity

analysis:

� The ultimate strength of longitudinally unstiffened and stiffened steel plate girders in-

creases as the patch load length increases. This was shown to be valid for all the geometric

imperfections considered.

� For very small patch load lengths (e.g., ss/hw < 0.15), the ultimate strength of longitudi-

nally stiffened steel plate girders follows the ultimate load of unstiffened ones regardless of

the relative stiffness of the longitudinal stiffener and the geometric imperfection; hence,

the strengthening effect is very small (less than 10%). On the other hand, for longer

patch load lengths (e.g., ss/hw = 0.50), different substantial strengthening effects can be

achieved for different geometric imperfections.

� An increase in the web panel aspect ratio decreased the patch loading resistance of lon-

gitudinally unstiffened steel plate girders for all the patch load lengths considered, ss/hw

≤ 0.50. This is especially pronounced for longer patch load lengths (e.g., ss/hw = 0.50),

whereas for ss/hw ≤ 0.15, the effect of the web panel aspect ratio can be ignored. For

longitudinally stiffened steel plate girders, the effect of the web panel aspect ratio is min-

imal for ss/hw ≤ 0.15, while a notable decrease in the ultimate strength was achieved for

ss/hw = 0.50. The level of reduction in the ultimate load of longitudinally unstiffened

and stiffened steel plate girders varied depending on imperfection shape and the patch

load length. The reduction depended mostly on patch load length.

� An increase in relative stiffness γs (from relatively weak to relatively strong longitudinal

stiffeners) has a very small effect on the ultimate strength of longitudinally stiffened steel

plate girders for patch load lengths ss/hw ≤ 0.30 and all the geometric imperfections

considered. In contrast, a noticeable increase in patch loading resistance was obtained
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for patch load lengths ss/hw ≥ 0.40. Increasing the longitudinal stiffener relative stiffness

(from the patch loading point of view) is justified only for longer patch load lengths. This

conclusion was derived for the longitudinal stiffener’s optimum location for the flexural

and shear resistance placed at one-fifth of the girder depth (b1 = 0.2hw).

� Unfavorable geometric imperfections in steel plate girders subjected to patch loading are

governed by the patch load length and the relative stiffness of the longitudinal stiffener.

One can identify different unfavorable geometric imperfections for different values of the

patch load length and the relative stiffness of the longitudinal stiffener (under a constant

imperfection amplitude). The lowest patch loading resistances were returned for geomet-

ric imperfections that resembled the deformation at collapse (collapse-affine geometric

imperfections).

Based on the current research, the following design recommendations are given:

� Designers are encouraged to increase the contact surface between the loaded flange and

supports (during the incremental launching of multi-span steel and composite bridges

over temporary or permanent supports) or other structural elements that transfer loads

onto girders. Increasing the applied load length leads to higher ultimate strengths. The

patch loading resistance can also be increased using longitudinal stiffening and decreasing

the distance between vertical stiffeners (girder width).

� Regardless of the longitudinal stiffener relative stiffness and for small patch load lengths,

geometric imperfections that have pronounced deformations directly under the loaded

flange lead to lower load resistances. These local geometric imperfections in the upper

web sub-panel yield lower ultimate strengths than those defined over the whole web depth

(global geometric imperfections), and thus, they should be avoided. For longitudinally

stiffened steel plate girders reinforced by relatively weak longitudinal stiffeners and under

longer patch load lengths, geometric imperfections defined in the upper web sub-panel

and at the stiffener location (combined geometric imperfections) lead to lower ultimate

strengths than global geometric imperfections.

� Collapse-affine geometric imperfections are recommended for the use of finite element

analysis for the ultimate limit state since they return lower ultimate strengths than buck-

ling mode-affine imperfections.

The main contributions from this dissertation are as follow:

� New experimental results that disclose the influence of patch load length on the patch

loading resistance are performed.

� The present experimental investigation confirmed that the ultimate capacity of longi-

tudinally stiffened steel plate girders follows the ultimate load of unstiffened ones for
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small patch load lengths, while for longer patch load lengths it increases much faster

with increasing patch load length. This conclusion was first reported in the experimental

study [21]. For the first time (to the best of the author’s knowledge), this conclusion was

also confirmed numerically for a broader range of patch load lengths, various geometric

imperfections, and relative stiffnesses of the longitudinal stiffener.

� Behavior and patch loading resistance are modeled employing the finite element method.

The current numerical model is verified by comparison with twenty-eight experimental

tests. The numerical and experimental data is in good agreement. The usual practice in

the literature is to validate numerical models with several experimental tests.

� Extensive finite element parametric study that consists of 900 simulations in which exper-

imentally measured, buckling mode-affine, and hand-defined sinusoidal geometric imper-

fections were varied in combination with varying patch load lengths and relative stiffnesses

of the longitudinal stiffener are included.

� Studies with experimentally measured geometric imperfections are scarce. In this disser-

tation, twenty-eight different experimentally measured imperfections are considered.

� Information on geometric imperfections for numerical modeling and their incorporation

into numerical models is presented.

� Design recommendations for patch load length, geometric imperfections, and unfavorable

geometric imperfection shapes (from the patch loading point of view) are given.

The following recommendations for future work could be drawn from the current research:

� Additional experimental and numerical investigations, including different geometric pa-

rameters and material properties combined with various patch load lengths, are required

to understand the patch loading phenomenon further. These studies can determine the

threshold – that is, the patch load length after which the ultimate strength of longi-

tudinally stiffened steel plate girders increases much faster with increasing patch load

length.

� The web panel yield stress, fyw, influenced the ultimate strength with a power of 0.60–0.78

(f
(0.60−0.78)
yw ), and more importantly, this value is dependent on patch load length. The

current design standard EN 1993-1-5 uses a power of 0.50 – that is, f 0.5
yw , and it is inde-

pendent of patch load length. So further studies could be directed in this direction to

improve the resistance model in EN 1993-1-5.

� It was observed in the current research that material effects – that is, fyw, are more dom-

inant for very small patch load lengths than geometric effects (imperfection shape and

amplitude). In contrast, geometric effects are dominant for longer patch load lengths.

The design standard EN 1993-1-5 provides four different models for the material behavior.
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However, in this dissertation, only true stress-strain relationships based on experimental

testing were used. Hence, parametric studies considering all four material models in com-

bination with various patch load lengths and geometric imperfections could be performed

to prove these observations.

� In order to simplify the applicability of the collapse-affine imperfection concept, further

research should focus on finding an equivalent shape that resembles the deformation at

failure for different patch load lengths and girder characteristics, such as the relative

stiffness of the longitudinal stiffener, web slenderness, et cetera.
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[3] A. Bergfelt, Girder Web Stiffening for Patch Loading, Department of Structural Engineer-

ing, Chalmers University of Technology, Publication S83:1, Göteborg, 1983.
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Appendix A

Steel material properties

The web panel and flange material properties were determined by using multiple standard

tensile coupon tests. The testing process was performed at the Faculty of Technology and

Metallurgy, University of Belgrade, Belgrade. Stress and strain data were measured by a

Universal Testing Machine “Shimadzu” from the AG-Xplus Series utilizing extensometers with

an initial length of 50 mm, Fig. A.1. Typical coupon specimen failure is shown in Fig. A.2.

The web panel material properties are listed in Table A.1, while their graphical repre-

sentation is given from Fig. A.3 to Fig. A.9. The material properties were obtained from four

coupon tests except for girders B1 (B11) and B7 (B17), for which three and two coupon tests

were used, respectively.

Figure A.1: Universal Testing Machine Shimadzu AG-Xplus and extensometer with an initial
length of 50 mm.
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Figure A.2: Typical coupon specimen failure.

Table A.1: Web panel material properties of all the test steel plate girders of Series B.
Girder fyw [MPa] fuw [MPa]
B1 n.a.1 267 256 249 n.a.1 356 344 344
B2 230 228 217 227 338 351 322 336
B3 321 304 310 323 441 435 428 430
B4 331 326 309 305 450 452 418 417
B5 322 315 316 320 441 444 429 428
B6 282 262 248 255 364 357 335 336
B7 324 330 435 442
1 Data for this coupon test are not available

Table A.2: Flange material properties of all the test steel plate girders of Series B.
Girder fyw [MPa] fuw [MPa]
B1 320 311 467 457
B2 305 320 453 474
B3 310 315 462 464
B4 323 323 463 476
B5 324 299 468 451
B6 316 312 469 463
B7 339 486
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Figure A.3: Engineering stress-strain diagram for different coupon tests for web panel – B1.

Figure A.4: Engineering stress-strain diagram for different coupon tests for web panel – B2.

115



APPENDIX A. STEEL MATERIAL PROPERTIES

Figure A.5: Engineering stress-strain diagram for different coupon tests for web panel – B3.

Figure A.6: Engineering stress-strain diagram for different coupon tests for web panel – B4.
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Figure A.7: Engineering stress-strain diagram for different coupon tests for web panel – B5.

Figure A.8: Engineering stress-strain diagram for different coupon tests for web panel – B6.
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Figure A.9: Engineering stress-strain diagram for different coupon tests for web panel – B7.
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Appendix B

Web panel deformation for girders of Series A

Contour plots of initial and residual web panel deformations, including an increase in defor-

mation (the difference between the residual and initial deformation), for all the experimentally

tested girders of Series A are given in Fig. B.1 to Fig. B. 14. The plots are sorted according

to the patch load length ss. It should be noted that the extent of the residual deformation

depends on how long a girder was kept under loading after the ultimate strength was reached.

Thus, the given plots for the residual deformation do not represent an actual deformation at

the ultimate load.

Remark: All measured data were collected by Markovic [21]. This Appendix is also published

in Ref. [25].

Figure B.1: Girder A14 with stiffening ss = 0 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].
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Figure B.2: Girder A15 without stiffening ss = 0 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].

Figure B.3: Girder A4 with stiffening ss = 25 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].

Figure B.4: Girder A12 without stiffening ss = 25 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].
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Figure B.5: Girder A3 with stiffening ss = 50 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].

Figure B.6: Girder A1 without stiffening ss = 50 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].

Figure B.7: Girder A17 with stiffening ss = 75 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].
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Figure B.8: Girder A5 with stiffening ss = 100 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].

Figure B.9: Girder A11 without stiffening ss = 100 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].

Figure B.10: Girder A6 with stiffening ss = 125 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].
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Figure B.11: Girder A7 with stiffening ss = 150 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].

Figure B.12: Girder A16 with stiffening ss = 150 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].

Figure B.13: Girder A2 without stiffening ss = 150 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].
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Figure B.14: Girder A13 without stiffening ss = 150 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].
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Web panel deformation for girders of Series B

Contour plots of initial and residual web panel deformations, including an increase in defor-

mation (the difference between the residual and initial deformation), for all the experimentally

tested girders of Series B are given in Fig. C.1 to Fig. C. 14. The plots are sorted according

to the patch load length ss. It should be noted that the extent of the residual deformation

depends on how long a girder was kept under loading after the ultimate strength was reached.

Thus, the given plots for the residual deformation do not represent an actual deformation at

the ultimate load.

Remark: All measured data for girders B1, B3, B5, B2, B7, and B17 were collected by

Markovic [21]. This Appendix is also published in Ref. [24].

Figure C.1: Girder B13 with stiffening ss = 0 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm]. The dashed lines represent
the longitudinal stiffener.
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Figure C.2: Girder B16 without stiffening ss = 0 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm]. The dashed line represents
the longitudinal stiffener.

Figure C.3: Girder B14 without stiffening ss = 25 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm]. The dashed line represents
the longitudinal stiffener.

Figure C.4: Girder B3 with stiffening ss = 50 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm]. The dashed line represents
the longitudinal stiffener.
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Figure C.5: Girder B1 without stiffening ss = 50 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].

Figure C.6: Girder B5 with stiffening ss = 100 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm]. The dashed line represents
the longitudinal stiffener.

Figure C.7: Girder B15 without stiffening ss = 100 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm]. The dashed line represents
the longitudinal stiffener.
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Figure C.8: Girder B7 with stiffening ss = 150 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm]. The dashed line represents
the longitudinal stiffener.

Figure C.9: Girder B17 with stiffening ss = 150 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm]. The dashed lines represent
the longitudinal stiffener.

Figure C.10: Girder B2 without stiffening ss = 150 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].
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Figure C.11: Girder B4 with stiffening ss = 200 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm]. The dashed line represents
the longitudinal stiffener.

Figure C.12: Girder B12 without stiffening ss = 200 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].

Figure C.13: Girder B6 with stiffening ss = 250 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm]. The dashed line represents
the longitudinal stiffener.
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Figure C.14: Girder B11 without stiffening ss = 250 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].
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æå»åð ãðà¢åâèíàðñòâà íà Óíèâåðçèòåòó ó Áåîãðàäó 2013. ãîäèíå. Íàêîí äèïëîìèðà»à

ðàäèî jå êàî èíæå»åð çà ïðîjåêòîâà»å ÷åëè÷íèõ êîíñòðóêöèjà ó Áà»à Ëóöè. 2014. ãîäèíå

jå ïðåøàî ó Åíåðãîïðîjåêò Èíäóñòðèjà ó Áåîãðàäó. Ñàøà jå ïî÷åî ñâîjå äîêòîðñêå ñòó-

äèjå íà Óíèâåðçèòåòó ó Áåîãðàäó ó òîêó 2013. ãîäèíå íà Êàòåäðå çà òåõíè÷êó ìåõàíèêó

è òåîðèjó êîíñòðóêöèjà. 2016. ãîäèíå ñå ñåëè ó ÑÀÄ ãäå çàïî÷è»å äîêòîðñêå ñòóäèjå íà

äðæàâíîì Óíèâåðçèòåòó ó Ñàâåçíîj Àìåðè÷êîj äðæàâè Âàøèíãòîí. Òðåíóòíî jå àñèñòåíò

èñòðàæèâà÷ è àñèñòåíò ó íàñòàâè íà äðæàâíîì Óíèâåðçèòåòó ó Âàøèíãòîíó, íà Ôàêóëòåòó

çà Ìàøèíñêî èíæå»åðñòâî è ìàòåðèjàëå.

�åãîâå ìóëòèäèñöèïëèíàðíå èñòðàæèâà÷êå àêòèâíîñòè ñó íà ïî§èìà èíæå»åð-

ñêå ìåõàíèêå, íàóêå î ìàòåðèjàëèìà è ïðèìå»åíå ìàòåìàòèêå. Çàèíòåðåñîâàí jå çà âèøå-

ðàçìåðíî ìîäåëèðà»å, îä àòîìñêèõ, ïðåêî ìèêðî- è ìåçî-ðàçìåðà, äî âåëèêèõ ðàçìåðà.

�åãîâà èñòðàæèâà»à ñå áàçèðàjó íà òåîðèjñêèì è ðà÷óíñêèì ìåòîäàìà çà âèøåðàçìåðíî

è âèøåôàçíî ìîäåëèðà»å ôèçè÷êèõ ïðîöåñà è ìàòåðèjàëà ñà ïðèìåíàìà ó îáðàäè è óïî-

òðåáè.

Ó òîêó èñòðàæèâà÷êîã ðàäà ñàðà¢èâàî jå è ðàäèî íà ðàçëè÷èòèì ïðîjåêòèìà èç

ðàçëè÷èòèõ îáëàñòè. Ñàðà¢èâàî jå ñà äðæàâíèì Óíèâåðçèòåòîì ó Âàøèíãòîíó, Óíèâåðçè-

òåòîì ó Êåíòàêèjó, Êàðíåãè Ìåëîí Óíèâåðçèòåòîì ó Ïåíñèëâàíèjè, Íàöèîíàëíîì ëàáîðà-

òîðèjîì ó Àjäàõó, Õàðáèí èíñòèòóòîì çà òåõíîëîãèjó èç Êèíå è ìíîãèì äðóãèì.

Òðåíóòíî àíãàæîâàí íà ïðîjåêòó âåçàíîì çà âèøåôàçíî ìîäåëèðà»å òîï§å»à è

òå÷å»à ëåãóðà ó ñâåìèðó íà Èíòåðíàöèîíàëíîj Ñâåìèðñêîj Ñòàíèöè, êîjè jå ïîäðæàí îä

ñòðàíå NASA-å, êàî è íà ïðîjåêòèìà âåçàíèì çà ìèêðîìåõàíèêó ñàâðåìåíèõ ïðîèçâîäíèõ

ïðîöåñà.

Äîáèòíèê jå íàãðàäà çà èñòàêíóòîã àñèñòåíòà ó íàñòàâè îä ñòðàíå Ìàøèíñêîã ôà-

êóëòåòà íà äðæàâíîì Óíèâåðçèòåòó ó Âàøèíãòîíó, çà èñòàêíóòîã àñèñòåíòà ó íàñòàâè îä

ñòðàíå Âîèëåíä Êîëå¶à çà Èíæå»åðñòâî è Àðõèòåêòóðó íà äðæàâíîì Óíèâåðçèòåòó ó Âà-

øèíãòîíó, òå ïðèçíà»à çà äèñåðòàöèjó îä ñòðàíå Óäðóæå»à äèïëîìàöà è ïîñòäèïëîìàöà

íà äðæàâíîì Óíèâåðçèòåòó ó Âàøèíãòîíó.

Àóòîð è êîàóòîð 12 ðåöåíçèðàíèõ ðàäîâà îájàâ§åíèõ ó ìå¢óíàðîäíèì ÷àñîïèñèìà,

ïðåêî 30 ñàîïøòå»à íà èíòåðíàöèîíàëíèì è äîìà£èì êîíôåðåíöèjàìà, à ïîñåäójå è jåäàí

ïàòåíò.

133





 
 
 
Прилог 1. 

Изјава о ауторству 

 

 

 

Потписани-a: Саша Ковачевић 

број индекса: 910/13  

 

Изјављујем 

да је докторска дисертација под насловом  

СТАБИЛНОСТ И ГРАНИЧНА НОСИВОСТ ТАНКОЗИДНИХ ЧЕЛИЧНИХ НОСАЧА 

ПОД УТИЦАЈЕМ ДЕЛИМИЧНОГ ОПТЕРЕЋЕЊА 

 

 

• резултат сопственог истраживачког рада, 

• да предложена дисертација у целини ни у деловима није била предложена 
за добијање било које дипломе према студијским програмима других 
високошколских установа, 

• да су резултати коректно наведени и  

• да нисам кршио/ла ауторска права и користио интелектуалну својину 
других лица.  

 

                                                                        Потпис докторанда 

У Београду, 09.06.2021. 

        
 
 
 



 
Прилог 2. 

 

Изјава o истоветности штампане и електронске 

верзије докторског рада 

 

 

Име и презиме аутора: Саша Ковачевић 

Број индекса: 910/13 

Студијски програм: Грађевинарство 

Наслов рада: СТАБИЛНОСТ И ГРАНИЧНА НОСИВОСТ ТАНКОЗИДНИХ НОСАЧА 

ПОД УТИЦАЈЕМ ДЕЛИМИЧНОГ ОПТЕРЕЋЕЊА 

Ментор: проф. др Драгослав Шумарац 

 

Потписани/а: Саша Ковачевић 

 

Изјављујем да је штампана верзија мог докторског рада истоветна електронској 

верзији коју сам предао/ла за објављивање на порталу Дигиталног 

репозиторијума Универзитета у Београду.  

Дозвољавам да се објаве моји лични подаци везани за добијање академског 

звања доктора наука, као што су име и презиме, година и место рођења и датум 

одбране рада.  

Ови лични подаци могу се објавити на мрежним страницама дигиталне 

библиотеке, у електронском каталогу и у публикацијама Универзитета у Београду. 

 

            Потпис докторанда  

У Београду, 09.06.2021. 

    
 
 



 

Образац 9. 

Изјава о коришћењу 

 

Овлашћујем Универзитетску библиотеку „Светозар Марковић“ да у Дигитални 

репозиторијум Универзитета у Београду унесе моју докторску дисертацију под 

насловом: 

СТАБИЛНОСТ И ГРАНИЧНА НОСИВОСТ ТАНКОЗИДНИХ ЧЕЛИЧНИХ 

НОСАЧА ПОД УТИЦАЈЕМ ДЕЛИМИЧНОГ ОПТЕРЕЋЕЊА 

која је моје ауторско дело.  

Дисертацију са свим прилозима предао/ла сам у електронском формату погодном 

за трајно архивирање.  

Моју докторску дисертацију похрањену у Дигиталном репозиторијуму 

Универзитета у Београду и доступну у отвореном приступу могу да користе сви 

који поштују одредбе садржане у одабраном типу лиценце Креативне заједнице 

(Creative Commons) за коју сам се одлучио/ла. 

1. Ауторство (CC BY) 

2. Ауторство – некомерцијално (CC BY-NC) 

3. Ауторство – некомерцијално – без прерада (CC BY-NC-ND) 

4. Ауторство – некомерцијално – делити под истим условима (CC BY-NC-SA) 

5. Ауторство –  без прерада (CC BY-ND) 

6. Ауторство –  делити под истим условима (CC BY-SA) 

(Молимо да заокружите само једну од шест понуђених лиценци, кратак опис 

лиценци дат је на полеђини листа). 

 

                                                                                              Потпис аутора 

У Београду, 09.06.2021. 

   



1. Ауторство. Дозвољавате умножавање, дистрибуцију и јавно саопштавање дела, 

и прераде, ако се наведе име аутора на начин одређен од стране аутора или 

даваоца лиценце, чак и у комерцијалне сврхе. Ово је најслободнија од свих 

лиценци. 

2. Ауторство – некомерцијално. Дозвољавате умножавање, дистрибуцију и јавно 

саопштавање дела, и прераде, ако се наведе име аутора на начин одређен од 

стране аутора или даваоца лиценце. Ова лиценца не дозвољава комерцијалну 

употребу дела. 

3. Ауторство – некомерцијално – без прерада. Дозвољавате умножавање, 

дистрибуцију и јавно саопштавање дела, без промена, преобликовања или 

употребе дела у свом делу, ако се наведе име аутора на начин одређен од стране 

аутора или даваоца лиценце. Ова лиценца не дозвољава комерцијалну употребу 

дела. У односу на све остале лиценце, овом лиценцом се ограничава највећи обим 

права коришћења дела.  

 4. Ауторство – некомерцијално – делити под истим условима. Дозвољавате 

умножавање, дистрибуцију и јавно саопштавање дела, и прераде, ако се наведе 

име аутора на начин одређен од стране аутора или даваоца лиценце и ако се 

прерада дистрибуира под истом или сличном лиценцом. Ова лиценца не 

дозвољава комерцијалну употребу дела и прерада. 

5. Ауторство – без прерада. Дозвољавате умножавање, дистрибуцију и јавно 

саопштавање дела, без промена, преобликовања или употребе дела у свом делу, 

ако се наведе име аутора на начин одређен од стране аутора или даваоца лиценце. 

Ова лиценца дозвољава комерцијалну употребу дела. 

6. Ауторство – делити под истим условима. Дозвољавате умножавање, 

дистрибуцију и јавно саопштавање дела, и прераде, ако се наведе име аутора на 

начин одређен од стране аутора или даваоца лиценце и ако се прерада 

дистрибуира под истом или сличном лиценцом. Ова лиценца дозвољава 

комерцијалну употребу дела и прерада. Слична је софтверским лиценцама, 

односно лиценцама отвореног кода. 

 

 

 

 

 

 


	Acknowledgements
	Abstract
	
	Contents
	List of Figures
	List of Tables
	Nomenclature
	Introduction
	Motivation
	Goals
	Objectives
	Methodology
	Thesis layout
	Selected publications

	Literature review
	Experimental study
	Numerical study
	European design standard EN 1993-1-5
	Summary

	Experimental work
	Experimental testing
	Test specimens
	Testing setup and disposition
	Initial geometric imperfections
	Testing process

	Test results and discussion
	Ultimate strength
	Web deformation
	Flange deformation
	Elastoplastic behavior

	Summary

	Numerical Model
	Introduction
	Finite element model
	Geometry
	Geometry
	Boundary and loading conditions
	Material properties
	Initial imperfections

	Model validation
	Patch loading resistance
	Elastoplastic behavior

	Summary

	Parametric Study
	Parameters
	Geometric imperfection shapes
	Results and discussion
	Experimentally measured geometric imperfections
	Buckling mode-affine geometric imperfections
	Hand-defined sinusoidal geometric imperfections

	Influence of the web panel aspect ratio
	Influence of relative stiffness s
	Contribution of the web panel yield stress
	Summary

	Unfavorable geometric imperfections
	Introduction
	Unfavorable geometric imperfections
	Summary

	Conclusions and future work
	References
	Steel material properties
	Web panel deformation for girders of Series A
	Web panel deformation for girders of Series B
	Biography
	

