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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.
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Pe3sume

CTABMJIHOCT 1 TPAHNNYHA HOCHUBOCT TAHKO3NJAHNX YEJIMYHNX
HOCAYA 1101 YTUITAJEM JAEJINMMNYHOTI OIITEPEREIHA

Jenuvmano ontepeheme win mapuujatHo pacnopeheno onrepehemse je cnemnujaaan ciy-
4aj onTepehiema MPU KojeM Cy JUMeHU M KyTHjacTH HOocadd onTepeleHN JTOKAJIN30BAHUM HBUI-
HUM CHUJaMa TMPUTHCKA y paBHu pebpa. OBaj ciay4aj onrepehema je mpucyTan y MHOTHM CHTY-
alujama, yKJbyudyjyhu rpeja-rpejia u rpeja-cryd Bese Kao U KoJ KPaHCKUX cTasa onrepehenux
KpaHckuM ToukoBuMa. Hajpeasnuju ciydaj onrepehiema je 3a BpeMe HHKPEMEHTAJIHOI JIAH-
cUparba BUIMEPACIOHCKUX YEJTUYHUX U CIHPETHYTHX MOCTOBA ITPEKO NMPUBPEMEHUX W CTAJHHX
ocJIoHAI@. Y CBHUM OBHM CHUTYyalldjaMa, JIUMEHU HOCA4YU Cy OOMYHO OCJIOEHU HA IPecernuma y
KOjEMa HeMa BepTHUKAJHHX yKpyhema, u onrepeheme ce npenocu y pebpo npeko onrepehene
HOXKHUIE. YTOTpeOOM MOAYXKHUX YKpyhema 3a HOCHBOCT Ha W3BHjalbe U CMUIAbe, TDAHNTHA
HOCHBOCT Ha, jieiIuMu4dHO onrepeheme ce Takohe mozke nmopeharu. nak, oCKyHO UCTparKuBabe
je mpoHaheHO y JiuTepaTypu 3a YTHIA] Ay:KuHe onTepehiema HA MPAHUYHY HOCHBOCT TOIY2KHO

YprheHI/IX JIUMEHHUX YeJIMYHUX HOCa4da.

OBO HCTpaKUBAILE EKCIEPUMEHTAJIHO U HYMEPUIKH UCIUTYje HOHAIIAILE U TPAHHIHY
HOCHBOCT TOJIYZKHO HEeyKpyheHHX m yKpyheHuX JIMMEeHWX 4YeJUYHUX Hocada [-npeceka ojada-
HUX Ca jeJTHUM MOAYKHUM YKpyhemeM onTepeheHnX NCK/BYUUBO ca JeTUMAYHAM ONTepehemeM.
['maBHM 1MUJb €KCIEPUMEHTATHOT NCIUTUBAA je /14 PACBETIN H CUCTEMATUIHO aHATU3UPA YTH-
1aj AyzKuHe onTepeherma HA TPAHUYIHY HOCHBOCT mpu jgeauMudnom ontepehemy. Excrepumen-
TH Cy JeTa/bHO ONMUCAHW, W TJIABHU 3aKJ/bYUIN Cy JaTH. EKCIepuMeHTATHO H00ujeHe TDaHUYHEe
cuje cy ynopeheHe ca rpaHUIHUM ONTepehiemeM TOCTYITHUM Y JIATEPATYPH U ojipeheHnM Kopu-
crehu crangapy 3a npojekroBambe EN 1993-1-5. ['pannyune HOCHBOCTH MO/LYZKHO HEyKpyheHuX u
yKpyheHux JuMeHnX 9eJIMIHIX HOCAda cpadyHaTe moMoly craHap/ia 3a IPOjeKTOBALE CY MaHhe
HETO eKCIIePUMEHTATHO JOoOMjeHe BpeJHOCTH, MOceOHO 3a MOIyKHO YKpYyhieHe Hocade U Ty XKa Je-
quvuana onrepehema. OBO eKCIIepUMEHTAHO UCTTUTHBAKE TTOKA3Yje J1a Ay KUHa onTepehema n
PACIIOH HOCAYa 3HATHO YTUUY HA TPAHUYHY HOCHBOCT JIMMEHUX YeTMIHUX HOCAYa. | paHUIHA HO-
CHUBOCT Ipu JdeauMudHoM onrTepehemy ce moBehasa ca nmosehamem ay:kune onrtepehema. 1locie
onpebhene nyxkuHe ontepehema, rpaHUYHA HOCUBOCT MOAYKHO YKPYNeHUX JIUMEHUX YeJHIHHX
HOcaya ce MHOro bp:zke mosehasa ca mosehamem nyzxune onrepehema. Ynorpebom Behux jy-
KnHa onTepehema W MOMYKHUX YKpyhema, IpaHIIHA HOCHBOCT C€ MOYXKe 3HATHO moBeharTw.

[loBehame paciioHa HOCa4da JOBOAHM TO CMalb€lba I'PaHHUYIHE HOCHBOCTH.
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Hymepuuko mopesmmpame je 0a3upaHO Ha TPEHYTHOM U IIPETXOJHOM €KCIIePHMEHTAJI-
HOM HCTpazkKupaiby. Mozes ca KOHAYHHM eJIEMEeHTHMAa YKJ/bY4dyje eKCIePUMEHTAIHO MepeHe HM-
nepdexImje 1 MaTeprjaHe KapakKTepUucTrKe J100MjeHe eKCrepuMeHTaIHIM TeCTOBIMa. | eomer-
PHUjCKH U MaTepHUjaTHO HEJMHEApHA aHAJIM3a KOHAYHUM €JIeMEHTHMA je W3BeJeHa J1a Ou ce oj1-
peJinia TPaAaHUYHa HOCHBOCT IPH JEeJUMUYHOM onTepehermy. Hymepuuku Mozesn je BepudgHuKo-
BaH nopehemeM HYMEPUYKO U eKCIEPUMEHTAJIHO JIOOUjeHUX BPETHOCTH I'PAHUYIHUX HOCHBOCTH
1 eJaCTOIIACTUYHOr MOHAIIAka JUMEHUX JeJUIHAX HOocada. ExcnmepuMeHTa He U HyMepHIKe
BPETHOCTH ce J0OPO MOKJIAIAjy, IITO je 00e30e11n/10 100py OCHOBY 3a PA3HOBPCHY ITapaMeTapcKy

AHAJIUZY.

ExcrnepumenTaina ucnuTuBama cy nokasasa Jja Baxkehum EN 1993-1-5 mozen 3a rpa-
HUYHY HOCHBOCT IIPU JEJIUMUYIHOM ontTepeherby y MmojeIMHIM C/Iy4ajeBUMa MOTIEbY]e TPAHUuTHE
HOCHBOCTH JINMEHUX 4YeqndHuX Hocada. [lopen oBor Mojesna 3a rpaHMYHY HOCHBOCT, CTaHIADT,
3a MPOjeKTOBaE JIOMYIITAa YIOTPeOy aHAIIM3a KOHAYHUM eJleMeHTUMa 3a TpaHnvYHa cTama. [lo-
crojehe mpenopyke 3a MPOjeKTOBabE HUCY JOBOJbHE 33 aJICKBATHY aHAIN3y KOHAYHUM eJIeMeH-
tuMma. Heomxomum momanu 3a aJeKBaTHY aHAJIM3Y TPAHUYHUX CTalbha KOHAUYHUM eJeMeHTUMa
VKJ/byUyjy HHMOpMaIuje o0 Hen36e:KHUM FeOMeTPHjCKAM U CTPYKTYPAJIHEM HMIepdeKIgjaMa.
Nnaxk, y ctangapay 3a mpojeKToBame HemocTajy nagopmanmje o opuM nmmepdexnujama. Crora,
aHa/In3a OCeT/bUBOCTU Ha MMIEp(EKIUje TAHKO3UJIHUX YeJUYHUX HOcadya olnTepeheHux jiesu-
MIYHAM onTepehemeM je qaTa y HYMepHIKOM ey UCTpazKuBama. [lapamMeTapcka anaan3a Ko-
HAYHUM eJIEMEeHTIMA je TJIaHupaHa ca INJbeM JIa OJPeIn YTHUIA] Pa3HUX NeOMEeTPH]CKIX UMITep-
deximja, y KOMOMHAIM]U €A PA3/JIMIUTUM JyKUHAMA onrepeherha, HA rPAaHUYHY HOCHUBOCT IO-
JIY2KHO HeYyKpyheHnX n yKpyheHnX JUMeHUX YeTUIHAX HOCada MOJ TeJUMIIHIM onTepehemeM.
ExcrnepumerTaIHO MepeHe, TOHOBUMA OCIUJIOBaHA CJIWYHE, U PYYHO 33a/laHe CHUHYCOHUJHE Teo-
MeTPHUjCcKe uMIepdeKIyje cy MemhaHe y napaMeTapCckoj aHan3u y KOMOMHAIM]U ¢ BapUPAIHEM

ayzxuHe ontepehema 1 pelaTuBHe KPYTOCTH MOAYXKHOT onTepeherma.

['panuana HOCUBOCT MOAYZKHO HeyKpyhennx u ykpyheHux TaHKO3WIHUX Y THIHUX HO-
cada ce nosehaBa ca mosehameMm jyxkune onrepelierba 3a cBe pa3MoTpeHe uMmIiepdeknuje. 3a
PeJIATUBHO MaJie JIyKuHe JeTUMIUIHOT onTepehema, pelaTuBHa KPYTOCT Oy )KHOT onTepehema
HeMa 3HavajaH YTHUIA] HA TPAHUYHY HOCHBOCT 6e3 003Mpa Ha TeOMeTPHjCKY UMIepdeKnnjy. 3a
Behe nyxune onrepehera, rpaHUYHA HOCHBOCT jeé BEOMA 3aBHCHA OJI T€OMETPHjCKUX HMIIEep-
dexknuja. YTuiaj oaHoca AyzKUHE W BACHHE pebpa ce MoKa3ao 3aHeMap/bUB 3a MaJie JIyrKHuHe
onrepehema HE3aBUCHO O/ reoMeTpujcke uMiiepdenuje, 0K 3a JyzKa onrepeherma, yrunaj oBor

OJIHOCA 3AaBUCH OJI TeOMeTpPHUjCcKe uMIiepdekuje.

3akJpyUueHoO je U3 aHAJIN3e OCeT/HUBOCTHU Ha MMIepdeKIuje 1a je TpAaHUIHA HOCUBOCT JIU-
MEHUX YeJMIHUX Hocada onrTepehennx nesmvuaamM onrepehemem Buiie oceT/bBa HA JIOKAJTHE
Hero Ha riobasine reomerpujcke umiepdexiuje. Jlokaane reomerpujcke umuepdexiuje jedu-
HUCAHEe Y TOpHmeM Jiesly pedpa [/1ajy HUXKe TPaHUIHe HOCUBOCTU HETO TI1o0aJiHe TeOMeTpHjCKe
umnepdeknmje (gedunncane mesom BucHOM pebpa). HemoBosbHe reomerpurjcke uMmepdekiin-

je JIMMeHMX 4YeJIMYHUX Hocada omnrTepehenux jeauvuynuM onrtepehemem cy Bohene jyzkunom
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orrrepeherma U pejlarTUBHOM KPYTOCTH 1Oy2KHOI onrepeherma. Pazjimunre HeloBo/bHE reoMer-
pujcke umiepdekiuje cy JgodbujeHe 3a pa3audnTe ayzKuHe onTepehema U pelaTuBHE KPYTOCTH.
Hajuuzke rpanmdHe HOCMBOCTH TPH JeJUMHIHOM ornTepehemy cy mgob0ujeHe 3a TeoMeTpHujcKe
umiepdeknuje Koje nogcehajy na gedopmanujy npu gomy (JIOMy CIHYHE T€OMETPH]CKe HMIED-
dbekuuje). Mako ce KOHIENT JIOMY CJIMYHEX T€OMETPHjCKUX UMIepdeKImja YHHE HelPaAKTHIAH
3a CBpXe MPOjeKTOBatba (PeOMETPHjCKH M MATepUjaTHO HeJWHeapHa aHAJIN3a Ce MOpa CIpOBe-
CTH [P Hero ce JIOMy CJIMYHe reoMeTprjcke mMiepdeximje onpesie), mpenopy4ena je ynorpeba

OBHUX 00JTMKa UMIIePheKInja.

Kipyune peun: /lequvmuuno onrepeheme, ['pannuna nocusoct, Yesmmunu nocauu, [logyxna
ykpyhema, ExciepumenTanna ananmmsa, AHaan3a KOHAYHEM eJeMeHTHMa, [lapamerapcka cTy-

nuja, HenoBosbae reoMerpujcke uMmiepdekiimje

Hayumna obsact: ['paheBuHCKO HH2KEHEPCTBO

VYxka HayuyHa obJjact: TexHmdyka MeXaHUKa W TeOpHja KOHCTPYKIHMja u MeTtasne KOHCTPYK-

nuje
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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:

e 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.

e 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.

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

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

ered.

e 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.

4
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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
in steel plate girders subjected to localized loads, Thin-Walled Struct. 161 (2021) 107412.
https://doi.org/10.1016/j.tws.2020.107412

e 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

e 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

e 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

7



CHAPTER 2. LITERATURE REVIEW

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

depth h,,; 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, sg, 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 s;/a and s,/h,) 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 s, = 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 s, = 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 s = 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 s, = 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 s; = 50, 62, and 100

11111

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 s,
= 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 s; = 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 s = 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 @ = 1 and four girders with o = 2 were longitudinally stiffened with a flat stiff-
ener. The patch load length was varied from s; = 0 mm to s; = 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 sg/a Ss/ P S5 [mm)]
of tests
Rockey et al. [1] 1978 4 0.05 0.05 40
Bergfelt [2-3] 197981983 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-§] 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 0.1-02 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]! 2003 8 0-0.3 0-0.3 0, 25, 50, 75,
100, 125, 150 (2)
Markovic [21]? 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]* 2020 3 0-0.25 0-0.5 0, 200, 250

() denotes the number of tests for a given patch load length

! Originally published in Ref. [21] and summarized in Ref. [25] (steel plate girders with a = 1)

2 Originally given in Ref. [21] and summarized in Ref. [24] (steel plate girders with o = 2, labeled
B3, B5, B7, B17)

3 Experimental tests given in this dissertation (Chapter 3) and published in Ref. [24] (steel plate
girders with a = 2, labeled B4, B6, B13)

10
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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/h,, 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 a. 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 s;/h, = 0.2+1 in combination with

11
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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, hy, t,,), flange
size (by, tr), patch loading length s, location and number of longitudinal stiffeners and their
size, has been conducted by Kovesdi [56]. The patch load length was varied from s;/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 @ and web panel thickness t,,.

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]
Ly fow - tw
FRdZXFL; (2.1)
Y1

where xr is the reduction factor due to local buckling, v, is the partial safety factor, and [,
is the effective loaded length defined as

ly=ss+2-t7- (1 +m1+ma). (2.2)

See Fig. 3.1 for general girder notation. The reduction factor yr should be obtained using the

following expressions

0.5 -
xr=5o S0 A=/l tu fpu/For (2.3)
A
In Eq. (2.2), the dimensionless parameter m; is equal to m; = f,bs/ fywtw, while my =

0.02 - (hy/ts)? if Ap > 0.5 or mg = 0 if Ap < 0.5. In Eq. (2.3), F.. represents the critical
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buckling load calculated as
F,=09 kp-E-t/h,. (2.4)

The buckling coefficient kg for longitudinally unstiffened plate girders can be obtained as
kp=6+2-(hy/a)?, (2.5)
while for longitudinally stiffened plate girders, the following expression can be applied
kp=6+2(hy,/a)*+ (5.44 - by /a — 0.21) - /75, (2.6)
where 7, denotes the relative flexural stiffness of the longitudinal stiffener, defined as

I
7s =109 "t3 <~* =13 (a/hy,)* +210- (0.3 — b /a). (2.7)

w

In the above equation [ is the second moment of area of the longitudinal stiffener plus a width
of web plate equal to 15 - € - t,, on each side of the stiffener (see clause 9.1(2) in [65] for more
details, € = /235/ f,.,,[N/mm?]); 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 kr in terms of the stiffener relative flexural rigidity ~,.This equation can serve to classify
longitudinal stiffeners as weak or strong. If the relative stiffness of the longitudinal stiffener v,

is smaller than the limit value +*, 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, f,.,,influences the ultimate strength with
a power of 0.5 — that is, f%’ 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
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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 @ = 1 (hereafter Series A) and
a = 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
a 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 s; = 0 mm to s; = 250 mm (ss/h,, =
0+0.5, s;/a = 0+0.25). 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.

15



CHAPTER 3. EXPERIMENTAL WORK

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 (b =
0.2h,,), 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 ). 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.
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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 (fy., fuw) and flange (f,r, fur) 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 « = 1 and seven girders with o = 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 1IMN 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 « hy tw by 1 by s hs ts  fyw fur fuw fur
Label [mm| [mm][mm|mm|mm|mm|mm] [mm|mm|MPa] [MPa] [MPa] [MPa]
1 B16* 1000 500 4 120 8 - 0 - - 261.7* 314.0° 348.0* 466.0°
2 BI13 1000 500 4 120 B 100 0O 30 8  314.5% 312.5° 433.5% 463.0°
3 Bl4 1000 500 4 120 B8 - 25 - - 317.7% 323.0° 434.2% 469.5°
4 B1% 1000 500 4 120 8 - 50 - - 257.3% 315.5° 348.0° 462.0°
5 B3! 1000 500 4 120 8 100 50 30 8  314.5% 312.5° 433.5% 463.0°
6 B15* 1000 500 4 120 8 - 100 - - 318.2% 311.5° 435.5% 459.5°
7 B5% 1000 500 4 120 8 100 100 30 8  318.2% 311.5° 435.5% 459.5°
8 B2M 1000 500 4 120 8 - 150 - - 225.5% 312.55 336.7% 463.5°
9 BT 1000 500 4 120 8 100 150 30 8  327.0° 339.0° 438.5° 486.0°
10 B17Y 1000 500 4 120 8 100 150 30 8  327.0° 339.0° 438.5° 486.0°
11 B12*> 1000 500 4 120 8 - 200 - - 2255% 312.5° 336.7" 463.5°
12 B4 1000 500 4 120 B 100 200 30 8  317.7* 323.0° 434.2% 469.5°
13 B11? 1000 500 4 120 8 - 250 - - 257.3% 315.5° 348.0° 462.0°
14 B6 1000 500 4 120 8 100 250 30 8  261.7* 314.0° 348.0* 466.0°

! 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

® 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 s, was varied from s; = 0
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mm (concentrated force introduced by a half-round bar) to s, = 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.
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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): s, = 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 (Bl 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 B1! B2! B3! B4 B5! B6 B7!

Maximum  h,, /48 hw /100 h /87 h /40 hy /140 h /65 P /52
amplitude
! 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 a = 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 s; = 100 mm for longitudinally unstiffened steel plate girders, and s, = 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 s, = 0 mm
to s, = 150 mm gives higher ultimate strengths > 50% for both longitudinally unstiffened and
stiffened steel plate girders. However, increasing the web panel aspect ratio to o = 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 s; = 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 (s;/a = 0.04, ss/h,, = 0.05) to 120 mm (ss/a = 0.11, s5/hy,
= 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 s;/a and ss/h,, — that is, increasing the patch load length from 25 mm (ss/a = ss/hy,
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= 0.05) to 75 mm (ss/a = ss/h, = 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, s;/h,, = 0.04) to
240 mm (ss/a = 0.14, ss/h,, = 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 s;/a and ss/h,, 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/h, = 0.05) to 125 mm
(ss/a = ss/hy, = 0.25). Similarly, using the results for s; = 50 mm (ss/a = 0.05, s5/h,, = 0.10)
and sg = 150 mm (ss/a = 0.15, s5/h,, = 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 B1! B15 B2! B12 B11

Fevpunstiff [kN] 129.9 147.9 140.3 176.9 174.6 190.9 199.9

Stiffened girders B13 B3! B5! B7! B4 B6
B17!

Foopsiss [KN] 148.6 164.9 2003 2403 2753 290.3
233.9

3 [kN] 1.13 1.45

! Originally published in Ref. [21] and summarized in Ref. [24]
2 Strengthening effect 3 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 (s,
= 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 o = 1 to a =
2. Moreover, by increasing the patch load length (e.g., s = 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 (s; = 0 mm and s; = 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 F = 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 sy = 25 mm and s, = 100 mm, for which higher ultimate loads were obtained.
Comparing the material characteristics of these two unstiffened steel plate girders (s, = 25 mm
and s; = 100 mm) with the rest of the unstiffened girders (see Table 3.1), one can observe
that the web panel yield stresses for s; = 25 mm and s, = 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.

300 | o Experiment: Unstiffened girders e Py
275 | @ Experiment: Stiffened girders /,’//
250 OEN 1993-1-5: Unstiffened girders ////
_«E 205 | OEN1993-1-5: Stiffened girders ///8
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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 s; = 50 mm and s,
= 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 s, = 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 s; > 50+100 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 s, =
100 mm and s, = 250 mm. However, using linear interpolation through the values for s, =
25 mm and sy = 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 (s, = 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.
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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) s, = 50 mm: Bl vs. B3.
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Figure 3.11: Vertical web profiles for different levels of the ultimate load for unstiffened and
stiffened steel plate girder: (a) s; = 100 mm: B15 vs. B5. (b) s, = 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 s,
< 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.
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Figure 3.12: Vertical web profiles for different levels of the ultimate load for unstiffened and
stiffened steel plate girder: (a) s; = 200 mm: B12 vs. B4. (b) s, = 250 mm: B11 vs. B6.
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Figure 3.13: Vertical web profiles for different levels of the ultimate load for unstiffened steel
plate girder B14 s, = 25 mm (left) and stiffened steel plate girder B17 s, = 150 mm (right).

However, increasing the patch load length changed the buckling pattern (failure mode).
More specifically, for s, > 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

29



CHAPTER 3. EXPERIMENTAL WORK

but it was much less pronounced. In this case (s; > 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 s; < 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 s, > 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 (h,, = 500 mm, ¢ = 1000 mm, ¢,, = 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 hy = 40 mm and ¢, = 4 mm (v, = 27.27, see
Eq. (2.7) in Chapter 2) were sufficient to eliminate the global buckling failure mode for patch
load lengths s, = 100 mm and s, = 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 (s; < 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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s, =50 mm

§;, =200 mm

8§, =250 mm S

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 s, = 100 mm are compared. The appearance of the

first plastic strains in both girders is determined by the limit elastic strains (computed using a
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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 (s; = 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 (s = 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:

e 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 < sy < 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 (s, < 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 s, > 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.

(a) Normalized capacity ) Normalized capacity
0 01 02 03 04 05 06 0.7 08 09 1 0 01 02 03 04 05 0.6 0.7 08 09 1
2000 2000
1500 1500
—Rear side
1000 1000 .
—Front side
.g 500 .5 500 —Elastic strain
£ £
S 0 e 0
-500 \ -500
-1000 / -1000
-1500 - /
-2000 -2000

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 (hy = 30 mm, t; = 8 mm) reinforced the longitudinally
stiffened steel plate girders in both experimental studies, and it was placed at one-fifth of the
girder depth (b; = 0.2h,,), 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 a R tw by ty by S h ts
Label [mm] [mm| [mm] [mm] [mm] [mm] [mm] [mm] [mm]
1 A15! 500 500 4 120 8 - 0 - -
2 Al4! 500 500 4 120 8 100 0 30 8
3 A12! 500 500 4 120 8 - 25 - -
4 A4l 500 500 4 120 8 100 25 30 8
5 A1l 500 500 4 120 8 - 50 - -
6 A3? 500 500 4 120 8 100 20 30 8
7 A1T 500 500 4 120 8 100 75 30 8
8 Al1t 500 500 4 120 8 - 100 - -
9 A5! 500 500 4 120 8 100 100 30 8
10 A6! 500 500 4 120 8 100 125 30 8
11 A2! 500 500 4 120 8 - 150 - -
12 AT! 500 500 4 120 8 100 150 30 8
13 A13! 500 500 4 120 8 - 150 - -
14 Al6! 500 500 4 120 8 100 150 30 8

! 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 (s; = 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 s, = 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 < s, < 150
mm (top-left), 4 independent rigid blocks for s, = 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.

(a) 260 (b) 340

250 —Girder Al11 320 —Girder A7
= 230 5 280
5 3
§ 220 2 260
+— Q
g 210 £ 240 \
g 200 = 220
5 190 200

180 180

35 30 25 20 15 10 5 0 35 30 25 20 15 10 5 0

Finite element size [mm] Finite element size [mm]

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 s; = 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 s, = 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 s;/a = 0.3, which is further extended in the
parametric analysis (Chapter 5) up to s;/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

Otrue = Ueng(l + 6eng) (41)

€in = In(1 + €cny), (4.2)

where 0.,y and e€.,, 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 f,,, — that is, one girder (B2) with f,,, approximately
225 MPa, two girders (Bl and B6) with f,,, approximately 260 MPa, and four girders (B3, B4,
B5, and B7) with f,, 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.
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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.
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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.
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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 BT7.

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 (z, 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].

=y Data points - - Spline / Surface
ﬁlm. "‘(PointCloud). : fitting eneration
Tuwm% ; NSRSy 19557
IBSGangiesse: ' [N 9999977
Ttitley e 9900
t+ftitirii e il ””””’
peter HI'* 7
4+t +++1§:+ip” ...... ‘?’
Tf-fi'f +;r+ + 4 + ’
Higi %

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

3

§S:S)1/2, (4.3)

Ovm:(
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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 A15 Al12 Al All A2 Al3

girders ss =0 s¢ = s, = S = S = S =
mm 25 mm 50 mm 100 mm 150 mm 150 mm

(even.distr.)

Feopunstigr 143.30  154.60  165.00 199.00 215.00 230.00

Freaunstuifpl42.73 14432 166.02 204.18 224.53 242.35

Fexp/F}EA 1.00 1.07 0.99 0.97 0.96 0.95

Stiffened Al4 A4 A3 Al17 Ab A6 A7 A16

girders s =0 s = 8, = 8S,=175 s, = s,=125 s, = s, =150
mm 25mm 50 mm mm 100 mm mm 150 mm mm

(even.distr.)
Feopstigr 16590 180.00 183.00 194.30  225.00 259.00 255.00 244.60
Freasufr 148.09  156.89  174.58 193.09  227.13 251.78 281.25 254.71
Fowp/Fips 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 s, = 50 mm, while for patch
load length s, = 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 B16° B14? B1? B15? B2! B12! B11?
girders s = 0 s = 25 s, = b0 s, =100 s, = 150 s, = 200 s, = 250
mm mm mm mm mm mm mm

Feopunstisr  129.90 147.90 140.30 176.90 174.60 190.90 199.90
FreaAunstirsr 116.39 128.56 125.28 176.61 160.68 196.74 202.86

Fexp/FﬁEA 1.12 1.15 1.12 1.00 1.09 0.97 0.99

Stiffened B13° n.a. B3? B53 B73 B4 B6°

girders s = 0 s = 50 s, = 100 B17 s, = 200 s, = 250

mm mm mm s, = 150 mm mm

mm

Feup stiff 148.60 164.90 200.30 240.30 275.30 290.30
233.90

Freastisf 157.22 168.07 203.06 225.44 273.13 258.77
215.33

Femp/FEEA 0.95 0.98 0.99 1.07 1.01 1.12
1.09

L Average web panel yield stress fy,, = 225.50 MPa, average flange yield stress fyr = 312.50 MPa
2 Average web panel yield stress Jyw = 259.50 MPa, average flange yield stress f,; = 314.75 MPa
3 Average web panel yield stress fyw = 319.35 MPa, average flange yield stress f,; = 321.50 MPa
4 Mean = 1.06, coefficient of variation = 6.95%

> 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 Al (s; = 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.
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Figure 4.11: von Mises stress contour plots [MPa] for stiffened girder A3 (s = 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 (s; = 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.
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Figure 4.13: von Mises stress contour plots [MPa] for stiffened girder A7 (s, = 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) sy = 0 mm; (b) s; = 25 mm.
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Figure 4.15: Load-displacement response for unstiffened and stiffened steel plate girder under

the patch load length of: (a) sy = 50 mm; (b) s, = 100 mm.
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Figure 4.16: Load-displacement response for unstiffened and stiffened steel plate girder under
the patch load length of: (a) sy = 150 mm; (b) s, = 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 (sgs/h,, = 0) to 250 mm (ss/h, = 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, o = 1) and Series B (girder width
a = 1000 mm, « = 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 (hy = 30 mm and ¢, = 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, v, =
21.67 (hs = 30 mm and t; = 8 mm), and a relatively strong longitudinal stiffener, v; = 103.46
(hs = 55 mm and ¢, = 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] (o =
1) and patch load lengths ss/h,, < 0.30 for girders of Series B (o = 2). However, for longer
patch load lengths for a = 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 ~, is defined from Eq. (2.7) in Chapter 2. For the analyzed
girder geometries of both series of girders (a« = 1 and o = 2), the limit value of relative stiffness
was v* = 34 and v* = 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- Patch load length Girders Relative stiffness

1

. Total number

tion S of simulations
e 14 experimentally Series A v, = 0 (unstiffened) 360
measured  imperfec- a=1 vs = 21.677
tions
e 4 buckling mode- 9 different patch
affine imperfections load lengths
(ss/hw =0—10.50)
e 2 hand-defined si- Series B v, = 0 (unstiffened) 540
nusoidal imperfection a =2 vs = 21.67°
shapes vs = 103.462

L 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 v* =
34 and v* = 146, respectively

The girder dimensions (Table 3.1 and Table 4.1) and position of the longitudinal stiff-
ener (b = 0.2h,,) 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 f,,, = 323 MPa and flange yield stress f,; = 322 MPa accompanying
the stress-strain curves given in Fig. 4.3. The maximum geometric imperfection amplitude was
set to be wy = h,, /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 Position of the
amplitude wy longitudinal
stiffener b;
Table 3.1 and Table Fig. 4.3 h., /100 0.2h,,
4.1
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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 (o = 1) and
Series B (o = 2) are given in Appendix B and C, respectively. The maximum amplitude of
these imperfections was scaled to satisfy an imperfection amplitude of wg = h,, /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 Al (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/h,, < 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

59



CHAPTER 5. PARAMETRIC STUDY

be wy = h,,/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 (s;/h, <
0.50), except for (i) the third buckling mode shape of girders of Series A for patch load length
Ss/hy = 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/h,, > 0.30 and s;/h,, > 0.15 in the cases of 7, = 21.67 and 7y, =
103.46, respectively (Fig. 5.9).

gp

Figure 5.3: Second buckling mode of longitudinally unstiffened and stiffened steel plate girders
for all patch load lengths considered (ss/h,, < 0.50) for girders of Series A.

# 7

Figure 5.4: Third buckling mode of longitudinally unstiffened and stiffened steel plate girders
(valid for ss/h,, < 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/h,, = 0.50) of Series A.

7, = 10346

Figure 5.6: First buckling mode of longitudinally unstiffened and stiffened steel plate girders
for all patch load lengths considered (ss/h,, < 0.50) for girders of Series B.

transverse directions (graphically illustrated in Fig. 5.10), and they can be mathematically

described as

w(z,y) = wy - sin(rz/a)sin(my/hy) (5.1)
w(z,y) = % cwp - (1 —cos(2-mx/a))(1 — cos(2-my/hy)), (5.2)

where wy 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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' o= 21.67 ’ 7%= 103.46 ’

Figure 5.7: Second buckling mode of longitudinally unstiffened and stiffened steel plate girders
for all patch load lengths considered (ss/h,, < 0.50) for girders of Series B.

Figure 5.8: Third buckling mode of longitudinally unstiffened (valid for sg/h, < 0.50) and
stiffened steel plate girders (valid for ss/h,, < 0.25 for v, = 21.67 and for ss/h,, < 0.10 for ~,
= 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

62



CHAPTER 5. PARAMETRIC STUDY

7= 103.46

Figure 5.9: Third buckling mode of longitudinally stiffened steel plate girders (valid for ss/h,,
> 0.30 for v4 = 21.67 and ss/h,, > 0.15 for 7, = 103.46) of Series B.

| i
I
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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 sg/h, < 0.15 (s; = 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/hy,
= 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 s,/h,,
< 0.15 was valid. However, for some geometric imperfections, the threshold shifted even up
to ss/hy = 0.30 (s; = 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/h,, = 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 (Frpa unstiff)
for various geometric imperfections for girders of Series A. Units are in kN.

Shape of Ss/ P

geometric

imperfection 0 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50
A1t 142.68 146.20 164.84 179.82 193.07 206.87 220.42 248.12 280.56
A2t 142.82 146.13 165.14 185.47 200.17 214.03 227.86 255.51 285.03
A3l 138.56 141.11 153.76 169.04 184.79 200.78 218.58 258.27 300.94
A4l 146.35 149.72 168.66 189.82 209.02 223.95 239.14 268.11 298.28
A5! 148.78 152.14 170.06 189.67 212.71 234.51 250.64 280.64 311.12
A6t 14798 151.26 168.80 188.01 210.10 236.13 260.58 291.62 322.04
AT 150.20 153.75 173.03 193.79 218.06 235.40 253.55 287.54 322.37
Al1l 144.68 148.05 166.99 187.97 204.18 218.70 233.23 261.76 292.12
A12! 145.25 148.63 167.69 188.79 204.54 219.60 234.73 264.58 296.66
A13! 146.29 149.82 169.54 191.29 208.57 224.66 240.63 271.73 304.31
A14! 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
Al6! 144.45 147.43 163.95 182.47 203.88 228.99 253.59 283.58 314.33
A1T7! 142.25 145.62 165.08 182.13 195.38 208.98 22229 248.79 276.94

1*t  buckling 150.24 146.58 163.14 182.19 203.05 223.99 237.50 263.25 291.11
mode

27d buckling 149.01 146.03 158.65 171.09 183.37 195.32 206.99 230.98 257.71
mode

3" buckling 149.91 146.76 160.64 174.07 188.19 201.97 215.48 243.50 360.12
mode

1t + 27 4+ 159.31 155.39 171.52 188.59 210.22 236.69 262.29 292.35 337.10
3% mode

Hand-define 153.35 157.05 172.60 185.72 201.24 216.32 230.80 259.49 289.96
sine function

Hand-define 144.62 147.74 163.63 181.12 202.51 227.12 253.78 285.54 316.08
cosine  func-

tion

I 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 s5/h,, < 0.10 (55 < 50 mm)
was inappreciable (less than 10%).
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Table 5.4: Normalized patch loading resistance of longitudinally stiffened steel plate girders
(Freastiff/EFreaumstisr) for various geometric imperfections for girders of Series A.

Shape of S/ P

geometric

imperfection 0 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50
A1l 1.03 1.03 1.04 1.08 1.13 1.18 1.23 1.35 1.39
A2! 1.02 1.02 1.02 1.02 1.07 1.11 1.16 1.28 1.35
A3l 1.06 1.06 1.08 1.09 1.11 1.13 1.14 1.14 1.13
A4t 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
A6t 1.02 1.02 1.03 1.04 1.04 1.04 1.05 1.14 1.18
AT 1.02 1.02 1.03 1.03 1.03 1.07 1.11 1.21 1.26
A11t 1.02 1.02 1.02 1.02 1.06 1.11 1.16 1.27 1.34
A12! 1.02 1.02 1.02 1.02 1.06 1.10 1.15 1.26 1.32
A13! 1.02 1.02 1.02 1.02 1.05 1.09 1.14 1.25 1.30
Al14! 1.02 1.02 1.02 1.02 1.03 1.07 1.12 1.22 1.29
A15! 1.03 1.03 1.05 1.09 1.15 1.20 1.26 1.36 1.39
Al6! 1.02 1.02 1.03 1.03 1.04 1.03 1.04 1.12 1.17
Al1T? 1.02 1.02 1.02 1.05 1.10 1.15 1.20 1.31 1.40

1%t buckling 1.00 1.04 1.04 1.04 1.05 1.06 1.10 1.17 1.26
mode

274 buckling 0.95 0.99 1.03 1.07 1.12 1.18 1.23 1.31 1.33
mode

3% buckling 0.83 0.87 0.89 0.93 0.97 1.00 1.05 1.12 1.20
mode

1%t + 2 4+ 0.90 0.94 0.95 0.98 0.99 0.99 1.00 1.09 1.20
3¢ mode

Hand-define 1.06 1.06 1.09 1.13 1.17 1.23 1.29 1.41 1.45
sine function

Hand-define 1.03 1.03 1.04 1.05 1.05 1.05 1.04 1.12 1.17
cosine func-

tion

I 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/h,, < 0.50. Using
the relatively weak longitudinal stiffener (7; = 21.67) and for all the experimentally measured
imperfections, the strengthening effect for smaller patch load lengths — that is, ss/h,, < 0.15,
was < 10%, while for longer patch load lengths (ss/h,, = 0.50) its value was up to 28%. By
contrast, using the relatively strong longitudinal stiffener (75 = 103.46) and including all the
experimentally measured imperfections, the strengthening effect did not change for smaller
patch load lengths (ss/h, < 0.15), and its contribution was < 10%. In this case, 75 = 103.46,
a significant strengthening effect was prominent for longer patch load lengths (s;/h, = 0.50),
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Table 5.5: Patch loading resistance of longitudinally unstiffened steel plate girders (Frpa unstiff)
for various geometric imperfections for girders of Series B. Units are in kN.

Shape of Ss/ P

geometric

imperfection 0 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50
B1! 12271 137.00 151.62 166.65 181.61 195.35 204.20 218.72 231.83
B2! 130.06 146.08 161.12 174.48 184.58 192.78 200.16 213.23 225.15
B3! 128.14 143.05 156.07 171.06 186.53 202.17 21547 233.31 247.91
B4! 128.03 143.23 156.92 172.55 188.61 205.28 220.99 242.77 256.74
B5! 126.86 141.78 156.00 171.62 187.28 203.74 218.00 235.29 248.60
B6! 127.04 142.04 156.32 172.12 188.02 204.85 219.00 236.74 250.83
B7! 12497 139.74 154.82 170.73 186.47 200.05 209.16 225.14 239.33
B11! 125.14 139.67 153.61 168.89 184.07 199.38 210.47 225.82 239.35
B12! 131.57 147.51 160.55 175.53 191.47 207.42 22241 242.14 256.01
B13! 128.61 143.80 156.62 171.96 187.65 203.23 218.03 240.21 254.36
B14! 124.44 139.01 153.77 169.29 184.70 199.12 208.32 223.37 236.96
B15! 124.20 138.59 152.72 167.96 183.16 198.33 208.76 223.83 237.06
B16! 127.31 142.21 155.80 171.17 186.72 202.91 216.39 233.45 247.49
B17! 124.78 139.41 154.18 169.69 185.00 198.71 207.51 222.50 236.18

1*t  buckling 125.54 139.96 153.01 168.00 183.09 197.84 210.14 226.45 239.57
mode

274 buckling 128.19 144.64 159.19 170.51 180.17 188.77 196.57 210.79 223.93
mode

3" buckling 142.77 159.34 175.53 189.01 201.39 210.49 217.96 232.11 265.52
mode

1% + 27 4+ 130.64 147.14 162.69 177.48 188.85 197.49 205.26 218.75 230.42
3% mode

Hand-define 134.28 151.12 166.47 180.23 191.18 200.46 208.74 223.26 236.14
sine function

Hand-define 127.79 142.77 155.43 170.48 185.93 201.42 215.48 234.35 247.13
cosine func-

tion

I 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, v,
= 21.67 and v, = 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/h, =
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Table 5.6: Normalized patch loading resistance of longitudinally stiffened steel plate girders
(Freastiff/EFreaumstisy) for various geometric imperfections for girders of Series B. Relative
stiffness v, = 21.67.

Shape of S/ P

geometric

imperfection 0 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50
B1! 1.02 1.03 1.04 1.05 1.06 1.08 1.12 1.18 1.20
B2! 1.03 1.04 1.05 1.08 1.13 1.18 1.23 1.26 1.28
B3! 1.04 1.05 1.06 1.07 1.08 1.09 1.11 1.16 1.18
B4! 1.04 1.05 1.06 1.07 1.08 1.09 1.11 1.15 1.18
B5! 1.03 1.04 1.05 1.06 1.07 1.08 1.10 1.16 1.18
B6! 1.03 1.04 1.05 1.06 1.08 1.08 1.10 1.15 1.17
B7! 1.02 1.03 1.04 1.05 1.06 1.08 1.12 1.18 1.20
B11! 1.04 1.04 1.05 1.06 1.08 1.09 1.12 1.17 1.18
B12! 1.04 1.05 1.07 1.08 1.10 1.12 1.14 1.18 1.21
B13! 1.03 1.05 1.06 1.07 1.08 1.10 1.11 1.15 1.18
B14! 1.03 1.04 1.05 1.06 1.07 1.08 1.13 1.17 1.18
B15! 1.03 1.04 1.04 1.05 1.07 1.08 1.11 1.18 1.20
B16! 1.04 1.05 1.06 1.07 1.08 1.09 1.12 1.17 1.19
B17! 1.02 1.03 1.04 1.05 1.06 1.08 1.13 1.19 1.20

15t buckling 1.04 1.06 1.07 1.08 1.09 1.11 1.14 1.20 1.23
mode

274 buckling 1.04 1.04 1.05 1.09 1.13 1.16 1.16 1.15 1.15
mode

3% buckling 0.88 0.88 0.90 0.93 0.97 1.01 1.21 1.25 1.18
mode

1%t + 2 4+ 1.03 1.04 1.04 1.05 1.10 1.15 1.28 1.37 1.42
3¢ mode

Hand-define 1.03 1.03 1.04 1.06 1.10 1.16 1.20 1.23 1.25
sine function

Hand-define 1.03 1.05 1.06 1.07 1.09 1.10 1.12 1.18 1.21
cosine func-

tion

I Experimentally measured geometric imperfection shapes are provided in Appendix C

0.01) to 14% (ss/hw = 0.50). Employing the relatively weak longitudinal stiffener (v, = 21.67),
the ultimate strength scattered from 4% (ss/h, = 0.01) to 6% (ss/h, = 0.50), while for the
strong longitudinal stiffener (75 = 103.46) the ultimate load had dispersion of 4% on average
for all the included patch load lengths, ss/h, < 0.50. These conclusions are summarized in
Fig. 5.27 and Fig. 5.28 for longitudinally unstiffened and stiffened steel plate girders (v, =
21.67 and v, = 103.46), respectively.
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Table 5.7: Normalized patch loading resistance of longitudinally stiffened steel plate girders
(Freastiff/EFreaumstisy) for various geometric imperfections for girders of Series B. Relative
stiffness v, = 103.46.

Shape of S/ P

geometric

imperfection 0 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50
B1! 1.04 1.05 1.06 1.07 1.09 1.11 1.16 1.26 1.33
B2! 1.04 1.05 1.07 1.10 1.16 1.24 1.32 1.45 1.48
B3! 1.06 1.07 1.08 1.09 1.11 1.13 1.16 1.24 1.30
B4! 1.05 1.06 1.08 1.09 1.11 1.12 1.15 1.23 1.30
B5! 1.04 1.05 1.07 1.08 1.10 1.11 1.14 1.23 1.30
B6! 1.05 1.06 1.07 1.08 1.10 1.11 1.15 1.25 1.32
B7! 1.04 1.04 1.05 1.07 1.08 1.11 1.16 1.27 1.35
B11! 1.05 1.06 1.07 1.09 1.10 1.12 1.16 1.26 1.33
B12! 1.05 1.07 1.09 1.10 1.12 1.15 1.19 1.28 1.36
B13! 1.05 1.06 1.08 1.09 1.11 1.13 1.16 1.22 1.28
B14! 1.05 1.06 1.07 1.08 1.10 1.12 1.17 1.28 1.35
B15! 1.04 1.05 1.06 1.08 1.09 1.11 1.15 1.25 1.33
B16! 1.05 1.06 1.08 1.09 1.11 1.13 1.16 1.26 1.33
B17! 1.04 1.05 1.06 1.07 1.09 1.11 1.17 1.27 1.35

1%t buckling 1.07 1.09 1.10 1.11 1.14 1.16 1.20 1.29 1.35
mode

274 buckling 1.04 1.05 1.06 1.10 1.17 1.24 1.32 1.38 1.38
mode

3% buckling 0.84 0.85 0.87 1.10 1.14 1.22 1.29 1.38 1.30
mode

1%t + 2 4+ 1.02 1.03 1.04 1.18 1.21 1.30 1.39 1.52 1.57
3¢ mode

Hand-define 1.05 1.06 1.07 1.09 1.14 1.20 1.27 1.36 1.41
sine function

Hand-define 1.05 1.06 1.08 1.09 1.11 1.13 1.16 1.24 1.31
cosine func-

tion

I 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 A1l and (b) girder A2.
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Figure 5.12: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders

using experimentally measured geometric imperfections from (a) girder A1l and (b) girder
Al2.

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, sgs/h,,
< 0.50. Moreover, the first buckling mode returned the same threshold s;/h,, < 0.15 (s5 =
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 s;/h,, < 0.20 (s = 100 mm). A similar conclusion was found in Refs.
[32,39-40,43] for small patch load length (s; = 0.04h,,), longitudinal stiffener positions by /h,, <
0.25, and various imperfection amplitudes (h,,/1000 — h,,/100). In addition, the second buck-

ling mode and combination of modes (1%t + 2" 4 374) also returned smaller carrying capacities

69



CHAPTER 5. PARAMETRIC STUDY

(a) 435 (b) 435
—Unstiffened girders —Unstiffened girders
385 385 ) _
—Stiffened girders —Stiffened girders
Z 335 % 335
< <
B 285 B 285
[ [
a :
o 235 o 235
< <
E £
5 185 5 185
135 135
0 25 50 75 100 125 150 175 200 225 250 0 25 50 75 100 125 150 175 200 225 250
Patch load length s, [mm] Patch load length s, [mm]

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
Al5.
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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/h,, < 0.05 (s
= 25 mm) and s;/h, < 0.25 (s; = 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, sg/h,, < 0.50. Its value was 25% for ss/h,, = 0.50 (s; = 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/h, = 0.50; s, = 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.
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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/hyw < 0.50. For the relatively weak longitudinal stiffener (v, = 21.67), the strengthening
effect for smaller patch load lengths (e.g., ss/h, < 0.15) was very small, while for longer patch
load lengths (e.g., ss/h, = 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 s;/h,, < 0.10 can be ignored. In this

case (7s = 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/h,, < 0.20 and s,/h,, < 0.10 for v, = 21.67 and s = 103.46, respectively
(Table 5.6, Table 5.7 and Fig. 5.33). A similar conclusion was obtained in the previous sec-

tion (a = 1) for a different patch load length range. The reason lower ultimate strengths of

71



CHAPTER 5. PARAMETRIC STUDY

(a) 435 (b) 435
—Unstiffened girders —Unstiffened girders

385 . . 385 . .
= —Stiffened girders = —Stiffened girders
% 335 % 335
s 285 5 285
2 E
o 235 o 235
: £
£ 185 S 185
= =

135 135

0 25 50 75 100 125 150 175 200 225 250 0 25 50 75 100 125 150 175 200 225 250
Patch load length s, [mm] Patch load length s, [mm]

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.
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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 (15¢ + 2m¢ + 379)
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/h,, < 0.50. In the case of 7,
= 21.67, the strengthening effect was very small for ss/h,, < 0.15, while it was significantly
pronounced for longer patch load lengths, sg/h,, = 0.50, Table 5.6. On the other hand, for the
relative stiffness v, = 103.46, the strengthening effect was very small for s,/h,, < 0.10, while
a substantial strengthening effect of 57% was obtained for ss/h,, = 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.

(@) 360 (| —Unstiffened girders (b) 360 | —uUnstiffened girders

320 —Stiffened girders y, = 21.67 320 —Stiffened girders y,=21.67
Z —Stiffened girders y, = 103.46 Z —Stiffened girders y, = 103.46
= 280 =
'§n '§0 280
5 5
i 240 = 240
2 2
é 200 .g 200
5 160 5 160

120 120

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
s¢/h,, sy/hy,

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 o« = 1, this geometric imperfection (the combination of
buckling modes) and patch load lengths ss/h,, < 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 a = 1 also returned smaller patch loading resistance of
longitudinally stiffened steel plate girders than for unstiffened ones for s;/h,, < 0.05 and ss/h,,
< 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.
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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 a = 1 and
for small patch load lengths ss/h,, < 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 s;/h,, < 0.50 (s; = 250 mm), see Fig. 5.36a. Interestingly, the cosine
hand-defined geometric imperfection (Eq. (5.2)) had the same threshold ss/h,, = 0.30 (s; =
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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.
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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 (15¢ + 2"¢ + 37¢) was observed for the case o = 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, s;/h,, < 0.50, as shown in Fig. 5.35. For
both hand-defined geometric imperfections, the strengthening effect was very small for ss/h,,
< 0.15 (valid for both v, = 21.67 and v, = 103.46), while appreciable strengthening effects of
25% and 21% were returned for s;/h,, = 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 s;/h,, = 0.50 and for 75 = 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.
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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 a = 2 showed that lower ultimate strengths were obtained for the cosine hand-defined
geometric imperfection for longitudinally unstiffened (ss/h,, < 0.25) and stiffened steel plate
girders (ss/hy, < 0.40 for v, = 21.67 and s,/h,, < 0.50 for 75 = 103.46). In addition, the average
ultimate strength computed over all analyzed geometric imperfections for the a = 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, s;/h,, < 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.
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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
(7s = 21.67) and (b) strong longitudinal stiffener (ys = 103.46).

a = hy, = 3600 mm (o = 1), ty = 35 mm, ¢, = 24 mm and by = 720 mm from Ref. [34], the
following ratios hy,/t,, = 150, ts/t,, = 1.46, by /h,, = 0.2 and b; /t,, = 30 (the closest ratios to the
current analysis h, /t, = 125, t;/t,, = 2, b1 /h,, = 0.2 and by /t,, = 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 sg/h,, = 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/h,, = 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/h, = 1, b; ~
0.2hy, and ss/h,, = 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) 1% mode; (b) 2" mode.
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Figure 5.30: Ultimate strength of longitudinally unstiffened and stiffened steel plate girders

using geometric imperfections from buckling mode: (a) 3" mode; (b) combination of modes
(15 4 274 4 377).

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/hqy, hy/tw, b1, b1 /ty, 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 (o = 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.
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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 s;/h,, = 0 and s,/h,, = 0.50, respectively. A
similar conclusion was returned for the v = 2 case, Fig. 5.38. In this case, the patch loading

resistance varied by approximately 15% for both s;/h,, = 0 and s4/h,, = 0.50.

The ultimate strengths of longitudinally stiffened girders (a« = 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/hy,
= 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/h,, < 0.40. Slightly different findings were
observed for the a = 2 case. Utilizing a relatively weak longitudinal stiffener (v, = 21.67), the
experimentally measured imperfections returned ultimate strengths that were bounded by the
third buckling mode and sine hand-defined imperfections for sg/h,, < 0.25. In contrast, for
longer loading lengths (e.g., ss/h, > 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 (1% + 27¢ + 37%) as initial
geometric imperfections.
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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 «
= 1.

of approximately 10 and 28% were computed for ss/h,, = 0 and ss/h,, = 0.50, respectively.
Furthermore, for the v, = 103.46 case, the lowest ultimate strengths were determined by the
experimentally measured imperfections for 0.15 < s,/h,, < 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/h, < 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 «
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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 (ys = 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, «, 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 o = 1 (cf. Fig. 5.2)
matches the one for a = 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 a = 1.

modes (1% + 2" 4+ 379) is also disregarded in this discussion for the same reason. A direct

comparison between these two cases @ = 1 and a = 2 revealed the following:

e 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, s;/h,, < 0.50.
This decrease was especially pronounced for longer patch load lengths (e.g., ss/h, = 0.50),
whereas for sg/h,, < 0.15, the effect of the web panel aspect ratio can be ignored. Ratios
between the ultimate strength for web panel aspect ratio @ = 1 and o = 2 are provided
in Table 5.8.

e 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 s,/h,, < 0.15, while a
notable increase in ultimate strength was achieved for s, /h,, = 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 a = 2.

Table 5.8: Ratio between the ultimate strength of steel plate girders for web panel aspect ratios
a=1and a = 2.
Shape of geometric sg/hy,

Girders . .
imperfection
0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50
1%t buckling mode 1.0 1.07 1.08 1.11 1.13 1.13 1.16 1.22
Unstiffened Hand-define sine func- 1.04 1.04 1.03 1.05 1.08 1.11 1.16 1.23
tion
Hand-define cosine 1.03 1.05 1.06 1.09 1.13 1.18 1.22 1.28
function
15! buckling mode 1.03 1.04 104 1.06 1.08 1.10 1.14 1.24
Stiffened Hand-define sine func- 1.06 1.08 1.10 1.11 1.14 1.18 1.33 1.43
tion
Hand-define cosine 1.02 1.03 1.04 1.05 1.07 1.09 1.16 1.24
function

5.5 Influence of relative stiffness -,

The contribution of the longitudinal stiffener with relative stiffness v, = 21.67 and v, = 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 @ = 2 case; only one longitudinal stiffener was
considered for the v = 1 case. The influence of relative stiffness 7, 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 v, = 21.67 and 75 = 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 (ys = 21.67) and (b) strong longitudinal
stiffener (v, = 103.46). Web panel aspect ratio a = 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:

e An increase in relative stiffness from ~, = 21.67 to v, = 103.46 insignificantly increased

the ultimate strength of longitudinally stiffened steel plate girders for sz/h,, < 0.30. The

maximum increase of 7%, with an average value of 2%, was returned for patch load lengths

S/he < 0.30.

e A noticeable increase in the patch loading resistance of 16%, with an average value of

10%, was obtained for patch load lengths sg/h, > 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 (b; = 0.2h,,) [66-68].

In summary, an increase in relative stiffness v, has a very small effect on the ultimate strength of

longitudinally stiffened steel plate girders for patch load lengths s;/h,, < 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, f,, = 225 MPa, f,, = 260 MPa, and
fyw = 320 MPa — unexpectedly appeared in the experimental program (Chapter 3) for the a
= 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 f,,, = 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/h,, = 0) to
1.13 (s5/hy > 0.40) for both longitudinally unstiffened and stiffened steel plate girders (Table
5.9). This clearly shows that the web panel yield stress, f,,, influences the ultimate strength
with a power of 0.60-0.78 — that is, ;‘w, where )\ 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 A — that is, A = 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/h,, = 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, ;w, where A

= 0.60-0.67. As can be concluded combining these two cases, the coefficient A is dependent on

patch load length, and its value is greater than the most commonly used value, A = 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/h,, = 0) than geometric effects. In this case (ss/h, = 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 o = 2 case. Units are in kN.

Unstiffened B16 s, Bl4 s, Bl s, Bl1b B2 B12 B11
girders =0mm =2bmm =50mm s, = 100 s, = 150 s, = 200 s, = 250
mm mm mm mm

Froawsuss 13711 12856  146.83  176.61  202.83 24359 23285
(320!

Freaunstifs 1.18 1.17 1.17 1.17 1.15 1.13 1.15

(320)/ Freaunstiff

(260)2

Freaunstirr 1.26 1.24 1.25 1.26 1.26 1.24 1.26

(320)/FFEA,unstiff

(225)3

Stiffened B13 s, n.a. B3 ss Bb B7 B4 B6

girders = 0 mm =50mm s, = 100 B17 ss = 200 s = 250
mm s, = 150 mm mm

mim

Freastirf 157.22 168.07 203.06 225.44 273.13 292.72

(320)* 215.33

Frrastifs 1.17 1.17 1.18 1.17 1.16 1.13

(320)/ Frpastifr 1.18

(260)2

Freastitf 1.26 1.26 1.27 1.27 1.26 1.22

(320)/FrEastiff 1.27

(225)3

I Ultimate strength computed using web panel yield stress fyw = 320 MPa and flange yield stress
fyr = 318 MPa

2 Ratio between ultimate strength using fyw = 320 MPa and ultimate strength using f,., = 260
MPa

3 Ratio between ultimate strength using f,, = 320 MPa and ultimate strength using fy,, = 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:

e 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.

e For very small patch load lengths (e.g., ss/h, < 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/h, = 0.50), different substantial strengthening effects can be

achieved for different geometric imperfections.

e 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, s;/h,,
< 0.50. This is especially pronounced for longer patch load lengths (e.g., ss/h, = 0.50),
whereas for s;/h,, < 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/h,, < 0.15, while a notable decrease in the ultimate strength was achieved for
Ss/hyw = 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.

e An increase in relative stiffness v, (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/h,, < 0.30 and all the geometric imperfections
considered. In contrast, a noticeable increase in patch loading resistance was obtained
for patch load lengths s;/h,, > 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 (by = 0.2h,,).
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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 (o = 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 s,/h,, < 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/h,, >
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 s;/h,, > 0.20 was also found for the & = 1 case (Table 5.3) and in
Ref. [88] for a constant patch load length (ss/h,, = 0.30) and o = 1.50.

On the other hand, the lowest ultimate strength of longitudinally stiffened steel plate
girders (vs = 21.67) was obtained for experimentally measured geometric imperfection B1 and
third buckling mode-affine imperfections (ss/h,, < 0.25), and the second buckling mode-affine
imperfections (ss/h, > 0.30). These findings agree with the o = 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/h,, = 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 v, = 103.46 case, the lowest ultimate loads were evaluated
for the third buckling mode-affine (ss/h, < 0.10) or for experimentally measured geometric
imperfection B1 for patch load lengths ss/h,, > 0.15 (those minimal values are very close

to those of some other experimentally measured imperfections, cosine hand-defined, and first

90



CHAPTER 6. UNFAVORABLE GEOMETRIC IMPERFECTIONS

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/h, = 0.04) was determined for the third buckling mode-affine imperfection with
imperfection amplitudes wy < h,, /100 and positions of the longitudinal stiffener b, /h,, < 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, sg/h, =
0.10, and the second one is for a relatively long load length, ss/h, = 0.30. For the former,
the unfavorable geometric imperfection is experimentally measured geometric imperfection B1
(for unstiffened and stiffened steel plate girders v, = 21.67) and the third buckling mode-affine
imperfection (for stiffened steel plate girders 75 = 103.46). For the second case (ss/h,, = 0.30),
the unfavorable geometric imperfection is the second buckling mode-affine imperfection (for
unstiffened and stiffened steel plate girders v, = 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.

(@) (b) 500
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300(—Buckling mode 1
250|—Cosine hand-defined
200/ —B!
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100
50

0
-0.05 0.16 0.37 0.58 0.79 1

Normalized magnitude

Web depth [mm]

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/h, = 0.10 and
ss/hy = 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/h, = 0.10 and ss/h,, = 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 45 = 21.67 and v, = 103.46, as shown in Fig. 6.2 and Fig. 6.4 for loading lengths ss/h,,
= 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/h,, = 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/h, = 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 s;/h,, = 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/h,, = 0.10 and s;/h,, = 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 (75 = 21.67 and -, = 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/h,, < 0.50)
with no deformation directly below the applied load. Therefore, the highest ultimate strengths
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1t buckling mode 2nd buckling mode 3rd buckling mode

Buckling mode

7,=21.67 y,=103.46 7,=21.67 y,=103.46 T 9,=21.67 y,=103.46

Failure mode

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 s;/h,, = 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 s,/h,, = 0.30 and s,/h,, = 0.40); see Table 5.5. A similar
observation was noted in Ref. [88] for a constant patch load length (ss/h, = 0.30) and for
a = 0.90, 1.50, and 5.00, and thus, the highest patch loading resistances were obtained. For
longitudinally stiffened steel plate girders (v, = 21.67 and 7, = 103.46) and small patch load
lengths ss/h,, = 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 s5/h, = 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 sz/h,, = 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 (vs = 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 s;/h,, = 0.10. The buckling mode shapes of longitudinally
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15t buckling mode 2nd buckling mode 3rdbuckling mode

Buckling mode

y,=21.67y,=103.46 y,=21.67 y,=103.46 y,=21.67 y,= 103.46

Failure mode

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 sz /h,, = 0.30.

unstiffened and stiffened steel plate girders (75 = 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, 5 = 21.67 for s5/h,, = 0.10.

Similar conclusions can be drawn from the failure mode shapes in Fig. 6.3 for longer
patch load length ss/h,, = 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 (v, = 21.67) since the longitudinal stiffener was relatively weak. For
the much stronger longitudinal stiffener (75 = 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 v, = 103.46, the failure mode at collapse showed small
deformations below the loaded flange and at the stiffener position, while for v, = 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, v, which in turn
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y, = 103.46

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 s,/h,, = 0.10. The
first buckling mode-affine geometric imperfections are employed. Deformation is magnified ten

,i

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 s,/h,, = 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, 75 = 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 (o = 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 s,/h,, < 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/hy, < 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/h,, = 0.30. For longitudinally stiffened steel plate girders
reinforced by relatively weak longitudinal stiffeners and under longer patch load lengths (ss/hy,
= 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.
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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:

e 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 < s, < 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.

e 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.

e 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.

e 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:

100

e 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/h, < 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/h, = 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, sg/h,,
< 0.50. This is especially pronounced for longer patch load lengths (e.g., ss/h, = 0.50),
whereas for ss/h,, < 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/h,, < 0.15, while a notable decrease in the ultimate strength was achieved for
Ss/hyw = 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 7, (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/h,, < 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 s /h,, > 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 (by = 0.2h,,).

e 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:

e 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).

e 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.

e 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:

e New experimental results that disclose the influence of patch load length on the patch

loading resistance are performed.

e The present experimental investigation confirmed that the ultimate capacity of longi-

tudinally stiffened steel plate girders follows the ultimate load of unstiffened ones for

101



CHAPTER 7. CONCLUSIONS AND FUTURE WORK

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:
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e 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, f,.,, influenced the ultimate strength with a power of 0.60-0.78

( fy(?l;“‘o'm)), and more importantly, this value is dependent on patch load length. The

0.5

yuw» and it is inde-

current design standard EN 1993-1-5 uses a power of 0.50 — that is,
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, f,,, 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.

e 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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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]

Bl nal 267 256 249 na.l 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

I 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 Frw [MPa] Fuw [MPa)
Bl 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

114



APPENDIX A. STEEL MATERIAL PROPERTIES

400 400
350 | ; i - 350
= 300 /' . , \ Z 300 -
E 250 | | | | | | | g 250
E 200 i i - i : : : § 200 -
g 150 - | i i | 5 150 -
100 - ' ' | T < 100
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25
Strain (%) Strain (%)
400
350
= 300
o
s 250
2 200
L
s 150
100
50

0 ] L] 1 1 1 Ll L]
0 5 10 15 20 25 30 35 40
Strain (%)

Figure A.3: Engineering stress-strain diagram for different coupon tests for web panel — B1.
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Figure A.4: Engineering stress-strain diagram for different coupon tests for web panel — B2.
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Figure A.5: Engineering stress-strain diagram for different coupon tests for web panel — B3.
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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.
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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 s,. 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].

v

=&

Figure B.1: Girder Al4 with stiffening s; = 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 s, = 0 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm)].

Figure B.3: Girder A4 with stiffening s; = 25 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm)].
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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



APPENDIX B. WEB PANEL DEFORMATION FOR GIRDERS OF SERIES A

e
W
Q
N

Figure B.5: Girder A3 with stiffening s; = 50 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].
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Figure B.6: Girder Al without stiffening s; = 50 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm)].

Figure B.7: Girder A17 with stiffening s; = 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 s, = 100 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].

Figure B.9: Girder A11 without stiffening s; = 100 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm)].

Figure B.10: Girder A6 with stiffening s, = 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 s, = 150 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm)].

Figure B.12: Girder A16 with stiffening s, = 150 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].

R 1k —

Figure B.13: Girder A2 without stiffening s, = 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 s, = 150 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm)].
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Appendix C

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 s,. 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 s; = 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 s; = 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 s, = 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 s, = 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 Bl without stiffening s, = 50 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm].

Figure C.6: Girder B5 with stiffening s, = 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 s, = 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 s, = 150 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm]. The dashed line represents
the longitudinal stiffener.

z.

Figure C.9: Girder B17 with stiffening s, = 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 s; = 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 s; = 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 s, = 200 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm)].
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Figure C.13: Girder B6 with stiffening s, = 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 s, = 250 mm: initial deformation (top left), residual
deformation (top right), and increase in deformation (bottom) [mm)].
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Buorpadmnja

Cama /I. KopaueBuh je pohen 4. janyapa 1988. ronune y 3arpedy, Xpsarcka. CTekao je 3Bambe
uHzKemep rpaheBunapcrsa Ha YHuBep3urery v bama Jlynu 2011. rogune, a 3Bame MacTep HH-
xemwep rpabeBunapcrBa Ha Yuupepzurery y beorpasgy 2013. rogmne. Hakon mumiomupara
paJIno je Kao WHIKemep 3a MPOjeKToBame YeJJNIHUX KOHCTpyKnuja y bama Jlymu. 2014. ronune
je mpemrao y Enepronpojekt Unaycrpuja y Beorpaay. Carra je modeo cBoje JOKTOPCKe CTY-
auje na Yuuepsurery y beorpajy y toky 2013. rogune na Karemape 3a TeXHUUYKY MeXaHUKY
u teopujy koucrpykmnuja. 2016. roguue ce cenmu y CAJl rme 3anounme JOKTOPCKE CTyauje Ha
npxkasaoM Yuusepsurery v Casesnoj Amepuukoj apxapu Bamunarron. TpenyTHo je acuctent
HUCTPAYKUBAY U ACUCTEHT Y HACTABU Ha JIpKaBHOM Y HUBep3uTeTy y Bamunrrony, na @axyarery
3a MalmmmHCKO WHKEHEePCTBO U MaTepujaJie.

Hberose mysirujuciyuiinHapie UCTPayKUBadKe aKTUBHOCTU CY Ha LOJ/bUMA UHIKEH-EP-
CKe MeXaHUKe, HayKe O MaTepHjaJuMa W MpUMemheHe MaTeMaThKe. 3aMHTePeCOBaH je 3a BUIIle-
pa3sMepHO MOJEIUpPaIbe, 0 ATOMCKUX, TTPEKO MHUKPO- M Me30-pasMepa, 10 BEJUKHUX pasMepa.
Hberosa ucrpazkusama ce 6a3upajy Ha TEOPUJCKUM U PAYyHCKUM MeTO/l[aMa 33 BUIIEPA3MEPHO
u Bumedasno MoJeanpame GUINIKUX MPOIeca U MaTepujaga ca NpuMeHaMa y obpaju U yIo-
Tpedu.

Y TOKy MCTpaKMBavYKOI' pajia capal)uBao je W pajiio Ha Pa3JIMIUTHM IIPOjeKTUMA W3
pazymuantux obsactu. CapahuBao je ca apxkaBaum YHausepsureroMm y Bammnarrony, YHauBep3u-
teroM y Kenrtakujy, Kapaern Menon Yuausepsuterom y [lencunsanuju, Hannonaanom nabopa-
topujom y Ajmaxy, XapOuH HHCTUTYTOM 3a TexHoJ0rnjy n3 Kure u MHOTUM JIpDyTHM.

TpenyTHo anrazKoBaH Ha IIPOjEKTY BE3aHOM 3a BUIIE(MA3ZHO MOJECTUPAHE TOILHEHA U
Tederma Jerypa y csemupy na WarteprHanuonannoj Csemupckoj CTaHHUIM, KOJU je TOAPIKAH O
crpane NASA-e, ka0 U Ha TPOJEKTHMA BE3AHUM 33 MHUKDPOMEXAHUKY CABPEMEHHX IIPOU3BOIHUX
nporeca.

JIoOuTHHUK je Harpajia 3a UCTAKHYTOI aCHCTEHTa y HacTaBu oj crpane Mamunckor ¢a-
KyJITeTa Ha JIPYKABHOM Y HUBeP3UTeTY Vv BammuHrToHy, 38 NCTAKHYTOT ACHCTEHTa Y HACTABU O/
crpare Bounenn Kosena 3a VHkemeperBo 1 APXUTEKTYDPY Ha ApKaBHOM Y HUBep3uTeTy y Ba-
IMUHTTOHY, T€ MPU3HAKHA 34 JUCEPTAIM]Y OJ CTpaHe YIPYKema JUILIOMANA W IMTOCTIUILIOMAIA
Ha JIpKaBHOM YHupep3urTery y Bamumurrony.

AyTop n koayTop 12 pereH3upanux pajgoBa o0jaB/beHuX y MeljyHapogHuM 9aconmucnma,
npeko 30 caonmTema Ha MHTePHAITMOHAJTHUM U noMahinM KoHepeHNHjaMa, a Toceyje u jeTaH

IHaTeHT.
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Mpwunor 1.

UsjaBa o ayTopcTBY

MNoTnucanu-a: Cawa Kosayesuh

©poj nigekca: 910/13

UzjaBrbyjem
fa je fOKTOpCKa AvcepTaumja noa Hacrnosom

CTABNNHOCT N TPAHNYHA HOCUBOCT TAHKO3MOHNX YENNYHMX HOCAYA
noa YTUUAJEM OENTMMUYHOI ONTEPEREHA

e pe3ynTtaTt CONnCTBEHOr UCTPaXXnBa4dKkor pana,

e [a npeanoxeHa guceprauuja y LeNMHU HX y AenoBUMa Huje Buna npeanoxeHa
3a gobujakbe Guno koje AuMnnoMe npema CTYAMjCKMM nporpamuma Apyrux
BVICOKOLLIKOJICKMX YCTaHOBA,

e [a cy pe3ynTaTu KOPEKTHO HaBeaEHU U

e [a HucaMm KpLuMo/na ayTopcka npaBa U KOPUCTMO WHTENEKTyanHy CBOjUHY
ApYyrux nuua.

MoTnuc pokTtopaHpa

Y beorpaay, 09.06.2021.
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Mpwunor 2.

U3jaBa 0 NICTOBETHOCTU LWUTaMNaHe U eNeKTPOHCKe
Bep3nje AOKTOPCKOr paga

Wme n npesnme aytopa: Cawa Kosayesuh
Bpoj nHaekca: 910/13
Cryaujckn nporpam: 'pafheBmHapcTBO

Hacnos paga: CTABUJIHOCT U TPAHNYHA HOCUBOCT TAHKO3NAHMX HOCAYA
nog YTUUAJEM OENTMMUYHOI ONTEPEREHA

MeHTop: Nnpod. ap Oparocnas Lymapau
MNoTtnucanw/a: Cawa KoBadvesuh

M3jaBrbyjeM ga je wramnaHa Bep3uja Mor JOKTOPCKOr paja UCTOBETHA €NEKTPOHCKO]
Bepanju kojy cam npepao/na 3a oObjaBrbuBake Ha noprtany [OurutanHor
peno3uTopujyma YHuBep3uteTa y Beorpany.

[ossorbaBam ga ce objaBe MOju NWYHWM nojauun Be3aHw 3a Aobujarbe akagemckor
3Barba JOKTOpa Hayka, Kao LUTO Cy MMe U Npe3ume, roanHa U MecTo pofiera u gaTym
onbpaHe paga.

OBM nuMyHM nogaum Mory ce o06jaBUTM Ha MpPEXHUM CTpaHuuama aurutarnHe
6nbnnoTeke, y enekTpoHCKOM KaTanory u y nybnukaumjama YHuBep3suteTa y beorpaay.

MoTnuc pokTopaHaa
Y Beorpagay, 09.06.2021.
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O6pa3zar 9.

HzjaBa o kopumhewy

Osnamhyjem YHuBep3uTeTcky Oubnmoteky ,.CBero3ap Mapkosuh® na y Jururamau
perno3uToprjyM YHuBep3uTeTa y beorpamy yHece MOjy IOKTOPCKY AMCEPTAIHjy MO
HaCJIOBOM:

CTABMJIHOCT U I'PAHNYHA HOCHUBOCT TAHKO3UIHNX YEJIMYHUX
HOCAYA 110 YTULAJEM AEJIMMHUYHOI" OIITEPEREHA

KOja je Moje ayTOpCKO JIeTO.

JlucepTanujy ca CBUM IPUIO3UMA MIPEAao/ia caM y eJIeKTPOHCKOM (OopMaTy MOTOJAHOM
3a TPajHO apXUBHPAHE.

Mojy J[OKTOpCKy JAMcepTanujy HoXpameHy Yy JIUIrHTadHOM peno3uTOpHjyMy
VYHuBepsutera y beorpany U A0CTyIHY y OTBOPEHOM IPUCTYITy MOTY Jla KOPHCTE CBH
KOjU TIOWITYjy oApende caapikaHe y ojadpaHoM Tuily jwuileHile KpeatuBHe 3ajenHurie
(Creative Commons) 3a K0jy caM ce 0jTy4no/Ja.

@AyTOpCTBO (CCBY)
2. AytopctBo — HekomepuujanHo (CC BY-NC)
3. AyrtopctBo — HekomepInjaiaHo — 6e3 pepana (CC BY-NC-ND)
4. AyTOpCTBO — HEKOMepIHjaHo — Aenuth noja uctum ycinosuma (CC BY-NC-SA)
5. AytopctBo — 6e3 nipepana (CC BY-ND)
6. AytopctBo — aenutH noj uctuM ycnosuma (CC BY-SA)

(MonuMo J1a 3a0KpYKHTE Camo jelHY OJ IIecT MOHYHEeHUX JHUICHIM, KpaTak OIHC
JIUIICHIIM JaT je Ha mojehuHu mucTa).

IToTnuc ayropa
¥ beorpany, 09.06.2021.
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1. AyropcTrBo. /l03BOJbaBaTe yMHOKABAKE, TUCTPUOYIIM]Y M JABHO CAOTIITABAKE JIeiIa,
U TIpepajie, ako ce HaBeJe MME ayTopa Ha HaumH ojpeheH oy cTpaHe ayTopa WU
JlaBaolla JIMIEHIle, Yak U y KomeprujaiaHe cBpxe. OBO je Hajcino0oJHUja OJ CBHX
JIALIEHIN.

2. AyTOpPCTBO — HEKOMepuHjaaHo. J[03Bo/baBaTe YMHOXKABAWKE, JUCTPUOYIIN]Y U jJABHO
CaoNINTaBame JIeNa, W Tpepajae, ako Ce HaBele MME ayTopa Ha Ha4MH ojpeheH on
CTpaHe ayTopa WM jAaBaola JuieHie. OBa JIMIEHIIA HE J03BOJbaBa KOMEPIUjaIHY
ynotpeOy nena.

3. AyTOpcTBO — HeKOMepuHHjadHO — 0Oe3 mpepajaa. Jlo3BoJbaBaTe yMHOXaBambe,
JUCTpUOYIIMjy W jaBHO caollllTaBame Jiena, O0e3 MPOMEHa, NPeoOIMKOBamba WU
ynoTpebe ena y CBOM Jielly, ako Ce HaBele MMe ayTopa Ha HauMH ojpeheH o cTpaHe
ayTopa WM JaBaorna Juienne. OBa JHIEHIa HE 03B0JbaBa KOMEPIUjaHy yHoTpely
nena. Y OHOCY Ha CBE OCTalle JMIIECHIIE, OBOM JIHIIEHIIOM C€ OrpaHnyaBa Hajehu oOuM
npaBa Kopuihemwa Jiena.

4. AYyTOpCTBO — HEKOMEPUMjaJIHO — JeJUTH MOJ MCTHUM ycaoBuMa. J[03BosbaBaTe
YMHOXKaBame€, JAUCTPUOYIUjy M jaBHO CAOINIITABAE JIeNla, U Mpepaje, ako ce HaBele
UMe ayTopa Ha Ha4yMH ojpeheH ox cTpaHe ayTopa WM JaBaola JUIEHIE U aKo ce
npepaga AUCTpUOyHpa TOJ WCTOM WM CIMYHOM JuieHnoMm. OBa JHIEHIa He
JI03BOJbaBa KOMEPIIMjaIIHy yIOTpeOy Niesia u mpepaja.

5. AyrtopcTtBo — 0e3 mpepana. [/lo3BosbaBaTe YMHOXKaBame, JAUCTPUOYIH]Y M jaBHO
caomiuTaBame Jiena, 0e3 IpoMeHa, MPeodIMKOBamba WM ynoTpede /ena y CBOM Jely,
aKo ce HaBele MMe ayTopa Ha Ha4YuH oapeheH o cTpaHe ayTopa WM AaBaola JUIICHIIE.
OBa nuIIeHIa 103B0JbaBa KOMEPIHjATHY YIOTpeOy aerna.

6. AyTOpPCTBO — [JeJUTH MOA HCTHM YciaoBuMa. Jlo3BosbaBaTe yMHOXKaBambe,
IUCTpUOYIINjy W jaBHO CAOIIITAaBamke JeNa, U Mpepaje, ako ce HaBele MMe ayTopa Ha
HauMH ojpeheH on cTpaHe ayTopa WIM [aBaola JHWIEHIE M aKo Ce Mpepajaa
qucTpuOyrpa TMOJ HWCTOM WM CIMYHOM JuneHioM. OBa JHIIEHIA J103BOJbaBA
KOMepLHjaaHy ynoTpedy aena u mnpepaga. CiaudHa je coTBEpCKMM JIMIIEHLAMa,
OJIHOCHO JIMLIEHIIaMa OTBOPEHOTI KOAA.
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