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ABSTRACT

The incrementallaunching method for bridge constructioantinues to gairmpopularty

over conventionagirder erectionmethods.During the launching operation, the bridge
superstructur¢or components of the superstructusell moved o al ong a ser.
or sliding bearings. These rollers are removed following the launch and the bridge is
lowered to rest on permandrgarings. An important design component of launched steel
girders is thathesegirders need to be designed for launch load cases of combined bending
moment and a traveling concentrated patch load applied by the temporary roller bearing.
Although the curent Canadian Highway Bridge Design Co@SA S6, 201paddresses

web yielding and web cripplingt the ultimate limit state little guidance is provided to
determine the buckling capacity of the web pamale the stress level is lowfor typical

steel bidge box girders, thelenderness ratio of the web is large and thus, web panel
buckling within the elastic stressangeis likely the predominant failure consideration

duringgirderlaunching

This researchconsisedof bothfield work andanumericaltudy,was motivatedto provide
ageneralunderstanding of thieehaviour obox girder webs subjected to the combination

of patch loadand flexurein the elastic stress rang€éhe field monitoring phase of the
research involvedhstalling strain gauges on two steel box girders of the Shubenacadie
River Bridgeand collecting field readingduring their eretion in 2014 A finite element
model was developetd simulate thestresses in the girders during the lauridbwever,
difficulties related towinter field work resulted inunreliablefield data. As such, thinite
element model developed for comparison with the field monitoring prog@swesified

using other methods. Aumericalstudy wassubsequently conducted usifiigite element
modek to investigate he effectsof several influentialgeometricparameterson web
buckling of box girdersThe comparison of numerical results with design equations from
CSA S6(2019)showsthat web panel buckling can occur at significantly lower load levels
than those causing web yielding or crippling. Comparison of the numerical results with
Eurocode 3(2006) shows that the Eurocode providean accurate estimate afritical

bucklingcapacdy whenwebpanel buckling is concerned
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CHAPTER 1 INTRODUCTION

1.1  Background on Incremental Girder Launching

The incremental launching method has become increasingly popular over conventional
bridgeconstruction methods. In this method of construction, bridge girders are assembled

on one side of the obstacle that is to be crossed and are then incrementally pushed or pulled
(Alaunchedd) wuntil the gi Gdsshewatiadyrillastrates t hei |
this process, where the arrow indicates the launching direction.

This method of construction can be applied to either steel or concrete bridges. The first
girder erected by the launching method was a-f@ystioned concrete bridge spammthe

Caroni River inVenezuela in 1963 (Baur, 1977). Through advancements in both
construction equipment and design practice, this method has evolved to be applied to steel
plate girder and box girder bridges. The first steel bridge launched in Northcanm
believed to be a railroad box girder bridge owned by the Kansas City Southern Railroad in
1970 (Durkee, 1972).

The launching method is preferred over conventional construction methods in locations
with deep valleys, water crossings with steeppa$y and environmentally protected
regions. As environmental laws and regulations continue to limit permissible work in
sensitive environmental areas, the launching method, because of its minimal disturbance

to surroundings, provides an attractive altaugadbver conventional construction methods.
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Figure 1.1: General girder launching process

1.2  The Launching Method

The launching method generally involves the assembly of a girder on site and incrementally
launching itover a series of piers from one abutment to the other. Launch pads are
temporary structural components that are located on the bridge approach and provide a
support location on which girder segments can be offloaded and spliced together. Once a
sufficient counterweight has been established.,(enough girder segments have been
spliced together), pulling or pushing of the girder can begin. As the girder is launched,
remaining girder segments are added to the end of the girder until the entire girdenhas be

spliced together, as shown in Figdré.

To allow longitudinal movement of the girder, roller bearings are installed at abutment,
pier, and launch pad locations. Roller bearings are typically positioned beneath the webs
of the girder, under the bottoflange. Lateral restrainers are present at every roller location
and prevent excessive lateral movement of the girder while it is in motion. Higure
illustrates a typical roller bearing assembly and lateral restrainer. In some cases, instead of

usingsingle rollers, double rollers are used to better distribute the reaction force. Once the



girder has arrived at its final longitudinal position, all rollers are removed. Using hydraulic

jacks, the girders are lowered and adjusted to rest on permanengbeari

(F_ Bearing % Girder (1:_ Bearing

Lateral
Restrainer

Roller Assembly

L

-
v

ez ol

Section: b-b

Figure 1.2: Cross section of a box girder supported by roller bearing assemblies,
including lateral restrainers

A nosing assembly (which is the tapered truss segment on the leading end of the girder in
Figurel.l1), can be utilized to allow the girder to ride onto an oncoming bearing. The
launching nose controls leading end tip deflections by reducing the dead load of the
cantilevered span, and its tapemdeadasthayof i | e

are launched forward onto an oncoming bearing.

Although the practices described above are the most frequently used, certain circumstances
allow for alternate launch schemes. For example, rather than launching a single girder,
groups of girdes can be launched together as one unit. In those cases, cross bracing or

diaphragms are installed prior to the commencement of the launch.



1.3  Behaviour of Girder Webs During Launching

When girders are erected via the launching method, they expevienygeg load effects
throughout the entirety of the launch. In particular, at certain times during the launch, the
girder experiences concentrated reaction forces, introduced by temporary roller bearings,
in combination with irplane bending moment andestn, due to its selveight, at critical
locations along the length of the girder. Typically, these critical locations correspond to a
position on the girder where the web is unstiffened (i.e., between two vertical stiffeners),
creating a situation wherdé web panel is vulnerable to instability. Since it is not
economical to provide closely spaced vertical stiffeners, or continuous horizontal stiffeners
throughout the entire length of the girder, it is necessary that the resistance of the

unstiffened welpanel is adequate to resist this type of loading.

During launching, the concentrated load applied from a temporary roller bearing is
transferred through the bottom flange of the girder into the web. Since this concentrated
load acts over bbcalisedlengh of the web panel, it is called patch loading or partial edge
loading. The girder is also subjected to global bending and shear stresses from its dead
load. The combination of these stresses in the web, coupled with geometric initial
imperfections and imerent residual stresses, makes the evaluation of web behaviour a

complex problem.

Previous studies showed that three failure modes exist for an unstiffened web panel
subjected to a concentrated support reaction applied through the bottom flange. The
observed failure mode largely depends on the slenderness of the web. The potential failure
modes are local web yielding directly above the applied load, local buckling in the lower
part of the web near loaded flange (web crippling), and overall web bgakithe web

panel. Stocky webs tend to fail by web yielding, while more slender webs fail by web

crippling or web panel buckling.

Numerous experimental and numerical studies have been conducted over the past six
decades to investigate the behaviour odgi webs subjected to localized edge loading in

combination with global loading. The majority of the research in this area has been focused



on isolated plates angshaped plate girders, and as a result, design provisions have been
developed from that bgdbf work. Conversely, research conducted on webs of box girders
is limited (Zhang and Lu®012). Due to differences in boundary conditions and geometric
alignment between the webs of a plate and a box girder, the findings derived from plate
girders may ot be directly transferrable to box girders without experimental or numerical
verification (Chen1994). An examination of the literature suggests that little research has

been conducted to investigate web panel buckling capacity specific to box giddgsbri

1.4  Purpose of the Research

The Canadian Highway Bridge Design Code (CHBDC) CSA S6 (2019), the American
Association of State Highway and Transportation Officials (AASHTO) LRFD Bridge
Design Specifications (2015), and Eurocode 3 P&DEsign of &el Structures (2006),
address the web yielding and web crippling capacities of plate girders. In addition, the
design codes restrict the slenderness ratio of webs to prevent web breathing and local
buckling due to compression. However, little guidangeaésided for determining the web

panel buckling capacity with various levels of moment and shear. This lack of guidance is
important to this research, as web panel buckling is likely the most predominant failure
consideration for typical launched steehtel or box girders due to their large web

slenderness ratio.

Finite element analysis is used in industry design practice to determine the buckling
capacity of web panels subjected to combinations of patch loading and global loading
effects. The ability ofmodern software to incorporate residual stresses, geometric
imperfections, material properties, and secorakr effects into finite element models
makes it an attractive analysis tool. However, the use of finite element modeling is often
time consuming rd expensive in terms of model development and computing cost.
Therefore, its use may not be justified during the preliminary design phase. When
proportioning girder webs for launching load cases, designers often resort to conservative
solutions by using hick webs, adding closely spaced vertical stiffeners or adding

continuous horizontal web stiffeners.



In light of the above, this research investigates the buckling behaviour of steel box girder
webs subjected to patch loading in combination with bendiogent. An experimental
program was conducted where web stresses in two bridge box girders, erected via the
launching method, were monitored during erection of the girders. Concurrent with the
experimental program, a numerical study using-imoear bucklirg finite element analysis

was also conducted to further investigate the effects of several influential parameters on
the web panel buckling behaviour of box girder webs. It is hoped that the results of this
study will provide practical recommendations orbapanel behaviour to improve the

design of webs of box girders erected by the launching method.

1.5 Objectives and Scope
This study was conducted to develop a better understanding of the behaviour of steel box
girder webs subjected to patch loading in combination witplane bending. The
objectives of this experimental and numerical stweye
1 To conduct an experimentalomitoring study of the stress levels present in the
webs of the Shubenacadie River Bridge box girders during launching;
2 To develop numerical models capable of simulating the behaviour of webs
subjected to various combinations of loading;
3 To conduct an irdepth numerical study to investigate the effect of several
influential parameters on the behaviour of box girder web panels subjected to
combined patch loading and flexure; and

4 To make recommendations on the current design practice where appropriate.

16  Outline of the Research

A review of the literature most relevant to the present research, as well as the design
philosophies applied in current design guidelines, are included in Chapter Two. Chapter
Three presents a detailed description of the expetahprogram, which was designed to

obtain the stress levels present in the webs of the steel box girders of the Shubenacadie

6



River Bridge during launching. The experimental results are presented in Chapter Four.
The finite element model developed to veeiperimental results is presented in Chapter
Five and the results of an-depth parametric study are presented in Chapter Six. Finally,

a summary of conclusions, as well as recommendations for further research, are presented

in Chapter Seven.

Appendix A contains an outline of the preliminary analysis used to determine the critical
locations for placement of strain gauges. Detailed information about the strain gauges used
in the experimental program is presented in AppendW8rkedexamples demonstrating

the procedurgused to obtain thé&E critical buckling stresseshe web yielding and
crippling resistancefrom CSA S6, and the critical buckling load from Eurocodar&

presented in Appendix C.



CHAPTER 2 LITERATURE SURVEY

2.1 General

Research on elastic buckling of thin steel plates subjected to uniform compression dates
back tothe mid1930s. Since then, a set of classic solutions have been derived to calculate
the buckling capacity of such plates, accounting for various boundary conditions and
common loading scenarios (Ziemian, 2010). Traditionally, researchers have seperated t
theoretical studies of the elastic critical buckling loads from studies on the ultimate load
carrying capacities. However, as the buckling and ultimate resistance of plates are co
dependent, current design codes have incorporated the effects of butkliting ultimate

resistance functions (Loaiza et al., 2019).

Studies on the behaviour of steel plates subjected to patch loading began in the 1950s. It
was found that the presence of a patch load, shown in Rdlrgroduced failure
mechanisms not pveusly seen in uniform loading situations, and also reduced the

buckling capacity of plates.
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Figure 2.1: Plate subjected to patch loading adapted from Zetlin (1955)

From the 1970s onward, the effects of structural impeoiest(namely residual stresses
from welding and fabrication) and geometric imperfections of steel plates were studied.

Subsequently, these effects were, to varying extents, incorporated into research on the
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buckling behaviour of plates and plate girdergitier, as computer technology advanced,
numerical modeling based on finite element methods proved to be an effective tool to study
parameters such as patch load lengths, scenarios of patch loading combined with bending
and shear, girder geometric propestiand various boundary conditions.

A review of available literature illustrates that, compareddiodped plate girders, research
conducted on webs of box girders is limited (Zhang and 20b2). While it is commonly
agreed that the general desigmpiples for plate girders are applicable to box girders, the
design formulae developed specifically fesHaped plate girders cannot be applied wholly

or directly to box girders without experimental or numerical verification (Wolche&0).

The basis fothis argument is that the interaction between flanges and webs of box girders
is different from the interaction in plate girders (ChE®94).

Since research on plate girders formed the foundation for work in the area of box girders
on this subject, i chapter begins with a review of research pertaining to the elastic and
inelastic behaviour of plates subjected to patch loading in sections 2.2 and 2.3. Research
on the behaviour of plate girder webs subjected to combinations of patch loading with
sheay and/or bending is presented in section 2.4. This is followed by a brief review of the
relevant code requirements found in the Canadian, American, and European bridge design
codes in section 2.5.

2.2 Elastic Buckling of Steel Plates under Patchoading

The elastic buckling behaviour of thin steel plates subjected to a uniform compressive edge
load applied along the entire length of the plate, as shown in Rdurevas first
investigated by TimoshenKd934).



h &

Vi A

Figure 2.2: Thin steel plate subjected to uniform compressive edge load studied by
Timoshenko (Timoshenko, 1934)

He derived an equation for <cal gedprassedimg t he
Equation[2.1] as:
En % X

pcp u A [2.1]
where b is the plate width, w is the plate thickness, and k is a buckling coefficient that
accounts for the effects of plate aspect ratio, boundary conditions, and loading conditions.
As indicated, the critical compressive buckling resistance is affbgtdte plate thickness
to width (w/b) ratio. Poi s s o-wdysactianavolved i s i |
in plate buckling (Kulak and Grondi@010). This classic solution has formed the basis for

subsequent research by others.

The first work n assessing buckling loads of flat rectangular plates subjected to partial
edge loadingvas performed by Zetli(l955). By applying the energy method to solve the
differential equations of simply supported plates he derived EquUat@jfor the critical
buckling load:

ﬁ

% [2.2]

0 E
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where Ry is the critical buckling load,ckis the buckling coefficient which is a function of
the loaded length to plate width ratie/i$ and plate depth to width ratio (h/b), D is the
flexural rigidity of the plate, and b is the width of the plate as shown in Fij8re

N
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Figure 2.3: Plate model used by Zetlin (1955)

Through experimental testing of nine plates, Zgthiavided buckling coefficient curves
that incorporated the plate thicknesses, w, andstheatios. However, these curves were

only applicable to simply supported plates.

Khan and Johngl975) also investigated the buckling behaviour of simply supgptétes
subjected to patch loading and they proposed the critical buckling equation shown in
Equation[2.3]. This equation differs from the equation proposed by ZgtBs5) because

the expression is divided by the plate height (h). Khan and Johns ets$eat the ratio of

the loaded length to plate the heighyh has a greater influence on the buckling
coefficient than the ratio of the loaded length to plate widitb)(sThus the buckling
coefficient was expressed as a functiorstbf and the plataspect ratio (b/h). As the loaded

length to plate height ratio increased, the buckling coefficient also increased.

A S
- 2.3
0 E = [2.3]
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When the flexural rigidity is substituted into Equat[@r8], the classical elastic buckling
load formula fomplates subjected to patch loading is produced as shown in Eqjzatifn

where w and h are the plate thickness and height respectively.

X [2.4]

pep 2z E
Rockey and Bagch{iL968) extended the work on plates to the behaviour of weblsteaf
girders subjected to patch loading. Using the finite element method, they found that the
presence of a flange not only prevents the web from rotating, but also aids in distributing
the patch load to a longer portion of the web. This, in turn, resulislarger buckling

coefficient for girder webs than for an equivalently sized simply supported plate.

A study by Lagerqvisf1994) concluded that the loaded length depicted in Figur@.4,

had a negligible effect on the web buckling coefficientlfshaped plate girders. This
finding allowed Lagerqvist to propose a simplified equation for the critical buckling
coefficient (k&) of web plates subjected to patch loading, shown in Equgibh In
addition, Lagergvist showed that a constant value beaysed to account for the flange
restraining effect on the web buckling behaviour. Equdfds] was incorporated into
Eurocode 3 Parth: Design of Steel StructuréSN 1993 15, 2006).
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Figure 24: Plate girder subjected to patch loading (Lagerqvist 1994)
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Shahabiamand Robert$1999) applied a numerical modelling technique to study the elastic
critical buckling coefficient for slender girder webs subjected to a combination of patch
loading and irplane bending. The buckling coefficient for the combined loading tiondi

was presented in a relationship with the individual buckling coefficients of the respective

applied loads. One such expression is reproduced in Eq(ai6dn

= e 8t [2.6]
T F P -

where kpb is the buckling coefficient for combined patch loading and bending,
kp is the bucking coefficient for patch loading,
kp is the bucking coefficient for bending,
U is the numerical factor based on t

Graciano and Lagqvist (2003) performed numerical analyses on longitudinally stiffened
I-shaped plate girders subjected to patch loading. They proposed EdRatjoto
determine the buckling coefficient(k This buckling coefficient accounts for the web
restraining #ects of the flanges by the tefmwhich was defined as a measure of torsional

stiffness provided to the web from the flange.

) E _
E vccp ¢ 8ol [2.7]

Whenb is small, the effect of the flange on the web is small and thus the web plate behaves

as a simply supported plate. When b is ver
fully clamped pl at e. For situatif@8ls i n bet
A0
= = 2.8
[ =5 [2.8]
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2.3 Inelastic Behaviour of Steel Plates and Girder Webs Subjected to Patch

Loading

The inelastic behaviour and strength of steel plates was first investigated by
Timoshenkq1961) where he showed that thin plates udiéuniform edge loading can
carry greater loads than the critical buckling load. This reserve is called post buckling
strength and can be developed in slender plates where redistribution of stresses in the plate
is possible. To account for this phenomenan effective width method, where only edge
strips are effective in resisting load and the central portion is ineffective (see Eigyre
was developed by Timoshenki®61). He provided an equation for calculating the
effective width (c) which was detained to be a function of the plate thickness (w) and
was independent of the plate width (b). The ultimate load, given by Eqiat@ncan

then be determined assuming that the edge strips reach the yield stress of the plate.

Figure 2.5: Equivalent edge strips effective in resisting load after critical buckling
load levels (Timoshenko, 1961)

~ AX
op H

whereRi s t he ul ti mat e c o0 mpcisahe sritical elasticducklingr e s i s 1
stress.

The work on inelastic behaviour of plates extended to webssbéped plate girders

subjected to patch loading. For plate girder webs of varying slenderhedigsshave
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identified three failure modes within the inelastic buckling regime
(Paik& Thayamballi,2003). These failure modes are shown in Figuée The first failure

mode is web yielding where the web yields in a location near the loaded flangec®hé s
mode is crippling, which causes a small buckle or ripple of the web adjacent to the loaded
flange. Lastly, the third failure mode is web panel buckling, which consists of the web
buckling outof-plane between flanges and stiffeners. Generally, stogiys fail by
yielding and more slender webs fail by either crippling or web panel buckling
(Gozzi,2007).

! i ; 1 ! ! & I l ! ! £ ; l !

i i i C ) i N N
i i i T [ / [ g S [ /
i i i i P\ T - [
i i I i I i
P 1 F : —— : : ==
' Yielding i i Crippling i i Buckling

Figure 2.6: Three prominent failure modes for girders subjected to patch loading
(Gozzi, 2007)

The presence of structural, geometric, and material imperfections in realistic plates causes
certain locations through the thickness of a plate to begin yielding prior to other locations.
This weakening effect causes inelastic buckling and results iedietion of the ultimate

load of theplate TupulaYamba,1981).

Bergfelt(1971) performedver 100 tests on plate girders and proposed Equatibd]
where the web thicknessy, twas shown to be the main contributor for the yielding
resistance of the we The effect of the flange thickness, was also included in the

equation.

R o)
0 BT O%M L T’ G [2.10]

El-gaaly(1983) agreed that the ultimate patch load resistanda, Bquationgd2.10] and

[2.11], is largely dependent on the square of the web thickness and less dependent on the
loaded length. The equation that he proposed shared a similar form to E¢Rid@pmut

El-gaaly incorporated the yield strength of the wstbel, §w, in the web resistance

calculation.
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C)l())

A plastic collapse mechanism was proposed by Roberts and Rd€k&3) and was later
modified by Robert$1981). The failure mechanism procedure was developed to predict
either web crippling or web yielding. A schematic presented by T20@pb) of the two

failure mechanisms is shown in Fig@& for the case of interior patch loading. As the
applied patch load was increased, plastic hinges formed in the loaded flange concurrent

with the formation of yield lines in the web near the loaded flange.

g B

B c, B ¢
plastic hinges plastic hinges
BN ‘ L TR

yield lines deflected shape
of flange

Web Crippling Web Yielding
Figure 2.7: Schematic of web crippling and web yielding adapted from Tang (2005)

In the case of web crippling, yield lines were observed on the webs of the slender test
girders in the region where the web deflected laterally and plastic hinges were observed on
the flanges. Plastic hinges were also observed on the flanges of statlispet@mens that

failed by web yielding, however, the magnitude of flange deflection was greater for girders
that failed by web crippling than those that failed by web yielding.

Roberts and Neward997) proposed closed form solutions for the web drig@nd web
yielding mechanisms specific to interior patch loading and they are expressed as
Equationd2.12] and [2.13] respectively. This work was based on the analysis of 168 |

shaped girders previously studied by other researchers and was used tp tmedif
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mechanism equations initially proposed by Roberts and Rockey (1979).

0 O uk °© o ° AC P

P 5 P X6 & [2.12]

0 pe KO & £ OA [2.13]

where
Puc = ultimate collapse (crippling) load, Mt = plastic moment of the flange,
Puy = ultimate yield load, dw = girder depth,
tw = web thickness, ce = effective patch load length,
tr = flange thickness, F = factor of safty.

Ow = web yield stress,

It should be noted that s equal to the length of the patch load plus two flange thicknesses

to account for a 45° load distribution through the loaded flange. A limiting valugdaf c
0.2in Equation[2.12] was recommended so that the mechanism would correspond to

test data. Further, it was recommended that F be taken as 1.45 in EffuagprA factor

of safety is not required in Equatifh13] because the equation was found to produce

overly conservative results. Lastly, the effect of vertical stiffeners was determined to

confine the spread of plastic hinges in the loaded flange (Roberts & Ne\W9aik),

Lagerqvist(1994) slightly modified the plastic collapse mechanism originallp@sed by
Roberts and Rockel979) to include a portion of the web in resisting load between the
inner plastic hinges whereas Roberts and Rockey only considered the loaded flange as
effective. Lagerqvist then proposed a design procedure to calculate ttie lpad
resistance of a plate girder where the patch load resistapgas(@xpressed as the product
of the yield strength of the web (F, and a reduction functic
Equation[2.14].
& &7 [2.14]

The yield strength of theveb is calculated by Equati¢®.15].

EA E

A : 21
£E0 3675 219

& A£O0 O ¢O
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where fw and {r are the material yield stresses for the web and flanges respectiaealy, t
br represent the thickness and width of the flanges respectively the web height, and
ssis the length of the patch load.

Given by Equatio2.16], the reductiofunctionc ( &) , was cal i (19949t ed by
from 190 tests where the moment aapautilization (i.e., the ratio of applied moment to
the ultimate moment capacity) of the girder was less 408h.

21 M8t — pdt [2.16]

The reduction factor idependentipon the relationship between the yield strength and the
critical buckling resistance as shown by Equation [2.17].

&
) — 2.17
2 [2.17]

where the critical buckling resistance;, ks calculated by:

A% O
pp u E [2.18]

and ke is the buckling coefficient for patch loading calculated by Equafidsj.

Johansson et g2001) modified the work by Lagerqvi€t994) (Equation§2.14-2.18]) to

include an effective loaded length parametgr. This parameter incorporates how the
patch load is physically applied to the flange.(by a bearing plate, roller, etc.) and how

the load travels and spreads through the flange and into the web. The equation for the
effective loaded length, as it appears in Euroco(l#86), as well as odified forms of
Equationd2.5, 2.142.18] that were adopted into Eurocode 3, are presented in s2éion

The effect of vertical stiffener spacing on the capacity of girder webs subjected to patch
loading was investigated by Chacén e{(2013). They prformed 63 numerical studies on

one web panel, varying the aspect ratio (from 1 to 3) and the loaded length. It was
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determined that the design procedure proposed by Lageft®®t) underestimated the
resistance of the web under patch loading when theirsp of the transverse stiffeners is

small.

Granath and Lagerqvist (1999) performed experimental and numerical testing on three
plate girder specimens to study the deformation behaviour of web plates due to repetitive
patch loading. They investigatecetbase where permanent deformations are created in a
girder during the first patch load application then then the cross section is subjected to the
same patch load (for example, a girder passing over subsequent supports during launching).
In this case, sudequent patch loads have the same magnitude as the previous load but the
geometric properties are different. Part of this research compared the behaviour of linear
elastic girder finite element models to elagtiastic simulations. The elastic models were
shown to produce results that can be described as web panel buckling. Thelklststic
simulations allowed for partial yielding of the web plate and the results showed the collapse
mechanism categorized as web crippling. The authors showed that#reeliastic models
predicted panel buckling at lower load levels than those that caused web crippling {for non
stocky girders). In practice, designers are usually concerned with the lowest load level that
will cause failure either by buckling or yielding a combination of the two. The three

girder specimens tested and analyzed by Granath and Lagerqvist (1999) are presented in

Figure 2.8.
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Test (mm) (mm) (MPa) (mm) (mm) (MPa) (mm) (mm) &N M/ M
Al3p 2308 38 830 1185 120 844 40 1008 323 026
A6lp 4399 338 830 1200 120 844 40 1626 203 0.20
ATlp 3207 70 762 120.5 119 844 40 1405 031 0.59

Figure 2.8 Specimens tested by Granath and Lagerqvist (1999)
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Bedair(2015) presented a simplified expression for determining the web shear buckling
coefficient for box sections accounting for the restraint provided by the flanges. Current
design codes assume simply supported webs as boundary conditions when the real degre
of restraint exists somewhere between a simply supported and fully fixed condition. Bedair
(2015) showed that the critical shear buckling stress increased as the ratio of flange to web
thickness ¢ltw) approached 2. It appears that Bedair (2015) didesttspecimens with

ti/tw ratios larger than 2. It should be noted that in typical box girdersi/thedtios

commonly exceed 2.

2.4  Girders Subjected to Loading Combinations

In this section, a summary of the available literature on girder webs subjected to
combinations of patch loading, shear force, and bending moment is presented. During
launching, and during the service life of a bridge, all three load effects are oftent@es

the same time. The behaviour of the web is affected by the magnitude of each load effect

acting in combination.

2.4.1 Girders Subjected to Combined Patch Loading and Shear

El-gaaly(1975) performed twenty tests on thin web pagelssisting of thicknesses from
1.2mm to 2.6mm subjected to patch load, shear force, and combinations of the two. By
testing the pure patch load and pure shear load cases independegiglyBhas able to
observe the reduction in capacity when the loages were combined. The interaction
proposed by Edaaly(1975) is shown in Equatid&.19] as:

8 8

0 1

— i 2.19
where R is the ultimate patch load in the presence of shear fogees fhe ultimate patch
load in the absence of shear force,i€the ultimate shear force in the presence of patch
loading, and @ is the ultimate shear force in the absence of patch loadeMadues were

obtained experimentally.
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Graciano and Ayestard8013) presented the work of Zoeteme({E980) who tested

rolled European-beam sections by applying a patch load while introducing shear stresses
separately. He found that the shear foreeetbped from an applied patch load (P), has no
influence on the patch loading resistance. Zoetemeijer then proposed the relationship,
shown in Equatioffi2.20] below, to describe the interaction where the applied shear force
(V) is an external force and na result of the applied patch load. The shear resistarge (V
was calculated by the 1980 Swedish Design Standards.

0 6
— — 2.20
0 5 P81 [2.20]

Shahabian and Robef®001) conductedwenty-four tests on stiffened-shaped plate
girders subjected to pupatch loading, pure shear loading, and the combination of patch
load and iaplane shear. The girders were simply supported and the set up was such that
the patch load was applied to a flange at the middle of the web panel, and the shear force
was appliedd the end of the web panel. The panel aspect ratios were varied foo2n 1

and the flange thicknesses were also varied. The tested girders wererh56@300mm

in length. Based on the test results, the following interaction equation was proposed and
was shown to fit the data better than Equaf®20] (Shahabian & Robert2001).

0 6

— — 2.21

5 5 P8I [2.21]
where P and V are the applied patch and shear loads respectively,

Puis the patch load resistance of the plate girder,
Vuis the shearesistance given by Equati¢h22].

A ~

6 zAO K OEj AAIJOA tAOOHI £ -°K [2.22]

In Equation [2.22]:
W = critical shear buckling strength of a A = web tension field membrane stress,

simply supported web, K =web yield stress,

dw = web depth, - * = nondimensional flange strength
tw = web thickness, parameter,

bw = web width, | =inclination of the web tension field.

A large number of numerical simulations were performed by Kuhlmann and E@0in)
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to extend the interaction of Equatifth21] such that it would bapplicable for a larger
range of ishaped girder geometries. The authors proposed EqUa{&3).

0 6 °

— —_ 8t 2.23

0 5 P [2.23]
Graciano and Ayestar4d2013) plotted Equations [2.20], [2.21], and [2.23] shown in
Figure2.9. The authors noted that ttieee equations were not developed to account for
the effect of bending moment. Interestingly, although it was intended to cover the largest
range of girder geometries the equation proposed by Kuhimann and (Bé&a) is the

least conservative.
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Figure 2.9: Interaction between shear and patch loading adapted from Graciano
and Ayestaran, 2013

2.4.2 Girders Subjected to Combined Patch Loading and Bending

Previous research on this subject has shown that the patalesistdnce of-shaped plate
girder webs is reduced when a bending moment is also present (Rockeya&l¥;11973;
Roberts, 1983Shimizu, 199; Lagerqvist and Johansson, 1996; Graciano and Casanova,

2004; and others). Consider a girder where a patchisoagplied through the bottom
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flange,and it is also subjected to negative bending. The bottom flange and lower region of
the web experience compressive stresses in two directions. This state of stress can cause
the girder to fail at a lower load levelah the state of stress produced from a pure patch

loading scenario.

One of the first major studies investigating the effect of combined patch loading and
bending moment was undertaken by Rockey arghily(1973). A series of experimental
tests were peofmed onthin-walled trapezoidal beams featuring web thicknesses of
1.2mm to 2.6mm and a constant depth of 3®n. The span of all tested girders was
4570mm. It was found that for moment utilization ratios of less than 50%, no significant
reduction in ptch load resistance was observeds Ihoted that other authors suek
Bossert and Ostapenkd®967) and Johanssoet al.(2001) have arrived at a similar

conclusionThe interaction proposed by Rockey anejkbly(1973) is expressed as:

0
— — 8t 2.24

where P and M are the applied patch load and bending moment respectively,aat P

Mr are the patch load and moment resistances respectively. In this study, only a constant
aspect ratio was tested and thus the authors mention the need to further expand this study
(Rockey & Elgaaly,1973).

Roberts(1983) proposed a reduction factorthe patch loading resistance to account for
the effect of bending moment. The reduction factay,iRintended to be applied to the
lesser of the values calculated from Equati@it2] for web crippling an¢l.13] for web
yielding to obtain the final restance. The factor is calculated as shown in Equ§Zi@5],

(o]

wheweslt he web ypisé¢he applisdtbendirg stressand

A
2 P [2.25
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Shimizu(1994) performed a finite element study of ninshbped plate girders with
longitudind stiffeners to determine the effect of a longitudinal stiffener on the web
resistance when subjected to the combination of patch load and bending. In the numerical
study, three |l evels of bending stresO to st
4.1, 7.3) were considered. He found that the presence of bending moment changes the
formation of yield lines in the plastic collapse mechanism presented by Lag¢i§@4).
However, the predicted capacities from the plastic collapse mechanismnedmai
conservative. Furthermore, although the presence of a longitudinal stiffener works to
restrict the oubf-plane deflection of the web and thus increase the web resistance to pure
patch loading, its effect on increasing the patch load resistance wingindpés present is

small (Shimizu1994). This effect was confirmed by Graciano (2015) who presented work
done by Davine (2005) and showed that the presence of a longitudinal stiffener near the
loaded flange increases the patch load resistance. Howbeecritical buckling load
increases as the longitudinal stiffener is placed further away from the loaded flange, up to

a certain extentlependenon the crossectional properties of the girder.

Lagerqvist and Johanss@0®96) compiled data from 250 phtload tests in the available
literature (both stiffened and unstiffened girders) and arrived at two interaction equations.
The first equation applies to welded girders as shown in Equ&t@®y]. This interaction
eqguation is shown as the solid line iglre 2.10 along with the test data points for welded
girders. In this equation,,;Fand Ms are the applied patch load and bending moment
respectively. A second interaction equation was developed for beketshowever, it is

not presented in this thediscause it does not apply to plate girders. Both equations were

validated for aspect ratios BfE paswellas j - a8
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Figure 2.10: Interaction between patch load and bending moment proposed by
Lagerqvist and Johansson (1996)
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Graciano and Casanoy2005) further studied the interaction between patch loading and
bending moment with the presence of a landjital web stiffener. In their numerical study,

the magnitude of applied bending moment varied such that the utilization also varied from
0.19 to 0.9. In addition, the location of the longitudinal stiffener and the loaded length was
varied. It was concludk that the optimum position of the longitudinal stiffener is
influenced by the loaded length and the loaded flange size. For moment utilizations of 60%
or less, the longitudinal stiffener is best placed at a height of @@ the loaded flange.

For momat utilizations greater than 60%, the optimum location of the stiffener ig 2h
0.25h, from the loaded flange. The authors noted that for moment utilizations of 90% or
greater, the stiffener is deemed ineffective regardless of its location. Thisunastéobe

consistent with the work of ShimiZa994) presented earlier.

Kovacevic et al. (2021) conducted a parametric study on the patch load resistance of
unstiffened and longitudinally stiffened crane rail support plate girders. The research

investigaed the effect of geometric imperfections on the capacity of the cross section. The
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parametric study showed that the patch load resistance of unstiffened and longitudinally
stiffened plate girders increases as the length of the patch load increasessegéutile
magnitude of the initial geometric imperfection. Kovacevic et al. (2021) observed that the
effect of the longitudinal stiffener on increasing the patch load resistance is negligible when
the ratio of patch load lengths$o web height (k) is less than 0.15. In most cases, girders
that are erected via the launching method hgltag satios of less than 0.15 indicating that

the addition of longitudinal stiffeners for launched girders is not very effective. However,

in the case of crane rail beagmghich was the inspiration of the work by Kovacevic et al.,

the ratio is commonly greater than 0.15. This research also showed that the unfavourable
shape of the initial geometric imperfections resembles the deformation of the cross section

once bucklinghas occurred at the lowest eigenvalue state.

A study to predict the critical buckling load of unstiffened webs under the interaction of
patch loading and bending moment was undertaken by Maiorana(20G8). Linear
buckling analyses wei@rried out on plates of widths ranging from 27%® to 5750mm,
thicknesses of 16m to 14mm, and heights of 150@m to 3800nm. The patch load level

and the magnitude of linear compressive stress (duegiaie bending) were also varied.

The results pduced the following prediction for the critical buckling load:
Ap
VY [2.27

where g represents the effect of the web height to web panel wigtbpresents the effect

of the loaded length to the web panel width, ajr@presents the distribution of the bending
stress on the cross section. The functiong.c and g are presented in the paper by
Maiorana et al(2008). Interestingly, the authod® not specifically include the effect of
varying flange dimensions in their study. However, they do use Equation [2.27] to assess

the web buckling capacity ofdhaped girders.

2.4.3 Girders Subjected to Combined Patch Loading, Shear, and Bending

The interaction relating the combination of patch load, shear, and bending had not been
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studied until the midl990s. An interaction correlating all three load effects was first
proposed by Takimot(1994). He performed a numerical analysis on 143 platkeigr
available in the literature and proposed Equatp8] (Paik & Thayamballi2003).

0 6
— _ — 2.2
0 5 P81 [2.2§

Shahabian and Robef2001) proposed an interaction formula relating the combination of
patch loading, shear, and bending momentirBggrating proposed interaction equations
for patch loading combined with bending, and patch loading combined with shear found in

the literature, the authors proposed the following interaction formula.

- 6 - 6 p - 0 - O p 606 0 p ¢ 60 [2.29]

In this equation, M Vi, and R are the moment, shear, and patch load utilizations
respectively. It should be noted that this equation is a surface in three dimensions. If one
of the three load effects is not present, the interaction remains plane and is still valid
(Shahabian and Rolier2001). This interaction equation was verified through testing of
three simply supporteddhaped plate girders containing three web panels with dimensions
of 600mm in height and 70Bhm in panel width. Based on the limited amount of
verification work rformed, the authors stated that EquafB9] is valid for aspect

ratios of 1 to 2 and moment utilization ratios of 0 to 50%. The authors recommend that a
wider range of experimental and numerical tests be performed to further verify
Equation[2.29].

More recently, Braun and Kuhlma®010) presented the simplified interaction equation
presented below. In Equation [2.30] the patch load resistance, plastic moment resistance,
and shear resistance are all calculated from Eurcg@étiat 15.

- % 6 mo?®

0
- _ - 2.3
5 - 5 P8t [2.3Q
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A numerical study was conducted by Graciano and Ayes{afar8) to build upon the
studies of Shahabiesand Robert$2001) and Braun and Kuhlma(®2010). In this study,
approximately 80 numerical simulations were performed -ehaped plate girders by
altering the load levels of patch load, shear, and bending moment. It was concluded that a
greater reduatin in resistance results once the moment utilization exceeds 60% and that
the presence of bending has a more profound negative affect on the resistance of the girder
than the presence of shear. Further, the authors stated that the equation proposed by
Shalabian and Roberts (Equatifh29]) is conservative while the interaction by Braun

and Kuhlmann (Equatiof2.30]) fits the test data well.

2.5 General Code Requirements

The major bridge design codes in Canada, the United States of America, and Eueope hav
been studied and relevant information pertaining to the design of girder webs subjected to
patch loading, and/or combinations of patch loading with shear or bending moment is

presented in this section.

2.5.1 Canadian Highway Bridge Design Code
The CHBDC( CSA, 2019) addresses Oweb bearing re
account for web yielding and web crippling. The web bearing resistance, for loads applied
at a distance from the end of the girder that is greater than the depth of the girder, is
calculated from the lesser of Equatig8s31] and[2.32], which address web yielding and
web crippling respectively.

"B x. pmd [2.3]]

"8 X &% [2.32]

I n bot h et aeesistaoca fmctor agual to 0.8, w is the web thickness, N is the
length of bearing, t is the thickness of the loaded flanges, the yield stress of the steel,
and Eis the modulus of elasticity for steel. Seempirical in nature, the equationgne

calibrated using test data by Kennedy e{X897). For web crippling resistance, the web
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thickness is the only geometric property explicitly included in the equation. The effect of
other parameters on the bearing capacity such as the length ofctnéopd and the flange
thickness are collectively considered using a coefficient of 1.45.

2.5.2 AASHTO Bridge Design Specifications

The AASHTOBridge Design Specification (2015) code for bridge design addresses
6concentrated | oads baempliingd stta fWwehs rwidt i du
account for web yielding and crippling, similar to the CHBDC. For interior loads, the

resistance to web yieldinguRs given as:

2 B vE. & O [2.33

w h e rp & a iesistance factoty is the web thickness, N is the length of bearing, k is the
distance from the outer face of the loaded flange to the web toe of the fillet weld,vand F
is the yield stress of the web.

The resistance to web crippling is calcutbby:

8 o O

. )
M A 2.34
2|3,naqppvo 3 [2.34]

where d is the depth of the girderjg the thickness of the loaded flange and E is the
modulus of elasticity forsteeL. hi s equati on r ef | eRdbeytsdnthe des
Newark(1997).

2.5.3 Eurocode 3 Part 15 Design of Plated Structures

The effects of web yielding aratippling were treated separately in previous versions of
Eurocode3. However, based on work by Johansson €2801), the two design checks
were merged with a local web buckling check and now appear together in one design
section (EN 1993-5, 2006). Tlke design procedure for resistance to transverse forces is
presented in the following equations. The main difference between the way the procedure
is presented in Eurocode 3 and the original proposal (Equgfidds 2.18]), is that the
function relatingthe critical buckling load to the yield load is now applied to the loaded
length (I) as opposed to the yield resistance.
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The resistance to transverse loading is given as EqUatibon 3 5 ] w1 V8 la eeduetiono

factor equal to 1.1, is the yield stres of the web, and ts the web thickness.

£, O
& — [2.35

T he f un)astther appligd ¢do the loaded length) tb obtain a modified effective
length (Lefr) given by:

, 21 [2.36]
w h e kand |are given by Equatiorf2.37] and[2.38] respectively.
™
? —  p8r [2.37]

I 0 ¢Op 1 i A [2.38]

In Equation2.38], s is the patch load length,i$ the flange thickness andiand m are
constants defined by Equatiof2s39] and[2.40] respectively. A limit of the panel width
(a) is placed on the loaded length to ensure that the calculated panel resistance is limited to

the physically loaded web panel.

) /EA
' Eo6 [2.39
i Mtc— if 1 8®, otherwisd Tt [2.40]

T he f unr)istdependentrethe slenderness parameter given by Eqjzadibp

10 A&
&

[2.41]

The slenderness parametkt) (s dependent upon the loaded lenggh the welthickness
(tw), the yield stress of the weby{J, and the elastic critical buckling resistancer)(F

expressed as:
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. 0
&  TBE %o [2.42]

where E is the modulus of elasticity andisithe web height. The buckling coefficientXk
is dependent on the loading arrangement as shown in Ediirethe web height ¢, and

the panel width (a).

Type () Type (b) Type (c)
A5 15 15
=1 1 B
' A

Figure 2.11: Transverse loading arrangements corresponding to specificck/alues.
Adapted from Eurocode 3 (EN 1993 5, 2006)

For the purposes of this thesis, the patch load is applied through one flange and therefore

kr is calculated by Equatid.43] which corregonds to Type (a) in Figuz11.

. E

Equation[2.26], which accounts for the combined action of patch loading and bending
moment, is a required Euroco8echeck. The interaction must be calculated when the
moment utilization is greater than 50% (Johansson 208al,). It is important to notiat

the interaction equation has not been verified for box girders and, to date, is only valid for

I-shaped plate girders (Guide to Eurocode 3, 2010).

2.5.4 Commonalities among the Design Codes

All three codes require the use of finite element software when a particular design
parameter exceeds code specified limits. However, details on the type of analysis to
perform and the extent to which geometric imperfections should be included in tr@sanaly

is vague and is left to the discretion of the design engineer.
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A maximum depth to thickness ratio for girder webs is specified in all three design codes
to prevent web breathing. Web breathing occurs wherolplane flexing of the web
under repeatetransverse loads (i.e., loading perpendicular to the longitudinal axis of the
girder) causes fatigue cracks in the vicinity of the seeHange junction. In addition, all
three design codes explicitly recommend that the effect of any transverse Isiaoling

be translated onto the plane of the web through the angle of inclination for inclined box
girder webs.

2.6 Summary

As shown in the previous sections, a significant amount of research has been conducted to
develop an understanding of plate and elgirder behaviour when subjected to patch
loading or combinations of patch load with bending and/or shear. Although some of the
research (Lagerqgvist & Johansson, and Roberts et al. for example) has been incorporated
and formatted for design code use, pineposed equations have not been verified for box
girder geometries. Some researchers (Wolchuk, 1981) have expressed that equations

developed for-shaped plate girders cannot be directly applied to box girders.

The range of tested girders in the literature is relatively narrow in terms of girder cross
sectional geometry and girder span lengths. The majority of the literature in this area has
focused on short span girders where the magnitude of normal stressldungling is not
representative of some practical applications (i.e., girder launching).
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CHAPTER 3 EXPERIMENTAL PROGRAM

3.1 General

This experimental program was designed to obtain and monitor stress levels in the webs of
steel box girders of the Shubenacadie River Bridge, during the girder launching phase of

construction. Field data was collected during the months of January andryedfri014.

The collected field data was intended to provide an understanding of the behaviour of box

girder webs, in real time, during launching. The stress results were also used in an attempt

to verify the finite element model developed in this study.

3.2  Existing Bridge Background and Site Features

The Shubenacadie River Bridges are located oiHM& 102 between exits 10 (Milford)

and 11 (Stewiacke). The original bridges were constructed in 1975, with one bridge
accommodating Halifax bound traffic i separate bridge carrying Truro bound traffic.
Significant deterioration of the bridge girders necessitated the replacement of the
superstructures of both bridges whereas the existing piers were deemed to be structurally
sufficient to accommodate the wesuperstructures. The Halifax bound structure was
replaced first. The identical Truro bound structure was replaced after the completion of the
Halifax bound structure. Figu®1 is a view of the Halifax bound structure during
construction and Figure 3i8 a satellite image of the bridge site which was taken during
construction of the Truro bound structure. Both figures identify major features that are
common to both the Halifax and Truro bound structures. Any reference to structural bridge
components ato bridge construction activities herein are in relation to the Halifax bound

structure only, as all field testing was performed on this structure.

The bridge superstructure consists of a four span, double steel box girder system, with a
composite concretdeck. Figur&.3 is a schematic plan and elevation view of the Halifax
bound structure with both girders in their final condition. Girder 1 (the North girder) was
launched first, followed by Girder 2 (the South girder). Both girders were constructed on
the West approach and were launched toward the East abutment. As shown i8.Bigure

the site features three permanent piers, as well as a temporary bent that was constructed
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between piers 1 and 2. The temporary bent consisted of a truss platform suppdrieein
circular steel piles and was used to reduce the cantilevered span of the girders during

launching, between piers 1 and 2.

EMPORARY BENT

Figure 3.1: Halifax bound structure during construction (north girder shown)
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Figure 3.2: Satellite image of the Shubenacadie River Bridge construction site
(Google Maps, 2015)
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Figure 3.3: Schematicplan and elevation views of the Halifax bound bridge
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3.3 Test Specimens

Field testing was conducted on both box girderthefHalifax bound structure. During
construction, each girder was launched independently. All structural steel pertaining to the
box girders, stiffeners, and diaphragms confedito (CSA) G40.21Mi 350WT, where

WT indicates weldable noteiough steel. Albracing and miscellaneous steel confedn

to (CSA) G40.21M 350W, where W indicates weldable steel.

Figure3.4 is a crossectional view of a typical trapezoidal box girder. Nominal dimensions

of the two tested sections are listed in Taéble The dimesions of the two cross sections

differ in top flange width and thickness, as well as bottom flange thickness. Note that the
geometry of the flanges.€., width and thickness) change along the length of each girder

to accommodate varying levels of longitoal bending moment, while the overall depth

and thickness of the webs remain constant. Thus, the tested web panels, on which strain
gauges were installed, corresponded to a unique-sex$®n on each girder. Also note

that there was no WT bottom flangéffener present at the strain gauge location on
Girder2.
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Girder

Strain gauges were installed at a different longitudinal location on each girder in an effort

Wy

!
i
51
- w
Southern WT Niarthern
\ Web Web
I
I
- b2 - b
Figure 34: Geometry of a typical box girder cross section
Table 31: Nominal dimensions of tested box girder sections
b1 t1 b2 t2 h w w1 WT
mm mm mm mm mm mm mm Stiffener

650 60 2400 40 1500 14 3000 WT305x70
400 25 2400 22 1500 14 3000 N/A

to capture different stress levels in each web panel. Bablprovides information on the

location of the centre of the gauge field with respect to the Egstrdigm of each girder.

A

ofi

el dé refers to a cluster of uni

axi

al

These locations were selected such that stresses from a maximum cantilever could be

generated three times during the launch of Girder 1fi@edimes during the launch of

Girder 2, as illustrated by Figur8s and3.6 respectively, where the location of the gauge

field is highlighted in red in both figures.
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Table 32: Location of the gauge field & web panel dimensias

Girder Distance of centre of gauge field a a/h Ratio
with respect to East diaphragm (Stiffener spacing)
(mm) (mm)
1 31855 2770 1.833
2 19390 5540 3.693
| | East Tip
l ™ ™ 0
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Figure 3.5: Schematicelevation view of the progression of the gauge field from the
West to East abutment for Girder 1

In the case of Girder 1, the strain gauges were installed at a di€3486& mm)rom the
Eastdiaphragnthat wasgreder than the distance between pier 1 and the temporary bent,
as well as th distancédetween the temporary bent and pier 2. Therefore, cases B and C,
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shown in Figure8.5, were not tested. In the case of Girder 2, the strain gauges were
installed at a shter distance (19390 mm) from the Ed&tphragmwhich enabled the test
of all 5 locations. Unfortunately, due to inclement weather, the site was temporarily

inaccessible and therefore case B was not tested.

East Tip
A E\
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East T:p
=
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PER1 i PIER 3
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D a 1
I| | 1 ()
WEST mn\mw | _L_l EAST ABUTMENT
PIER1 ———— " PER3
TEMPORARY BENT PER 2
East Tip
[ [ ]
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| i | -
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PER1 L) " bims

TEMPORARY BE\T PIFR 2

GIRDER 2 - TEST CANTILEVERS
(A.C.D.E)

Figure 3.6: Schematicelevation view of the progression of the gauge field from the
West to East abutment for Girder 2

Figures3.7 and3.8 illustrate a partial plan and elevation view of the longitudinal gauge
field arrangements for Girders 1 and 2 respectively. The gaugesimgtalled on both

sides of the Southern web of each girder. Further, the gauges were placed in the centre of
each tested web panel to limit the restraining effect provided by web stiffeners. The width

of the tested web panels differ because the spadingrtical web stiffeners (a) varies
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along the length of the girder. Although the thickness of the bottom and top flanges
increased at the shop splice location (see Figu8k the web plate, on which web strain

gauges were installed on Girder 2, remaio@atinuous.

31855 mm .
____________________________ = i S — _________/\___!_\
&\ W |  EastTio
= ““'\'g_ =zF = — = — - - = b - = b — \\ — \
_____ T e e e e
| =
GIRDER 1: TOP FLANGE GAUGE PLAN
LOCATION
::E'_:J':.:'_ E HOP SPLICE EﬂStng
1

GIRDER 1: WEB GAUGE LOCATIONS

h=1500 mm

ELEVATION (Bracing not shown for clarity)

a=2770 mm

Figure 3.7: Partial plan and elevation views of the gauge field on Girder 1

East Tip

GIRDER 2: TOP FLANGE GAUGE LOCATION

PLAN
LICE SHOP SPLICE East Tip
GIRDER 2: WEB GAUGE LOCATIONS
h=1500 mm

a = 5540 mm

ELEVATION (Bracing not shown for clarity)

Figure 3.8: Partial plan and elevation views of the gauge field on Girder 2
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3.4  Material Properties

Material properties were obtained from material and mill test reports (MTRS) provided by
Cherubini Metal Works (CMW), the fabricator of the Shubenacadie River Bhdge
girders. Tensile testing of raw plate coupons was completed by each steel mill that supplied
plate for the girders. The MTRs reported the steel plate yield strgadfifate tensile
stress, k; % elongation of the coupon, and chemical analysidtsfem each raw plate that

was used to fabricate the girders. CMW also provided material traceability documentation

to identify the individual plates used in each girder segment.

Table3.3 below summarizes the average yield stresses for girder web#angds,
respectively, within the girder segment on which strain gauges were installed. The modulus
of elasticity, E, for each raw plate incorporated into the bridge girders was not provided in
the MTRs and therefore, E was calculated using the 0.2% ofttlibd prescribed by the
ASTM A370-22 standard (2022). Calculated values for E are presented in Table 3.3.

Table 33: Shubenacadie River Bridge steel plate properties

Girder Location of Girder Flange/Web Plate Fy E
Segment Containing Thickness (MPa) (MPa)
Strain Gauges (mm)
Girder 1 Between the first and Top Flange 60 388 194 000
second eastmost field Web 16 454 227 000
splices (refer to Bottom Flange 40 365 182500
Figure3.7)
Girder 2 Between theeastmost Top Flange 25 413 206 500
end of the girder and (Section A)
the eastmost first fielc Top Flange 35 413 206 500
splice (refer to Figure (Section C)
3.8) Web 16 448 224 000
Bottom Flange 30 406 203 000
(Section C)
Bottom Flange 22 444 222 000
(Section A)
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3.5 Field Test SetUp

A total of 28 web strain gauges were installed on each girder with 14 gauges on each side
of the web. The strain gauge arrangement for both girders is depicted in FRwurkere

the vertical (s) and longitudinal (b) spacing of strain gauges are giveabie3.4. The

panel width (a) and the roller bearing length (r) are also given in the table. Uniaxial gauges
were orientatedertically, and biaxial strain gauges were oriented such that one leg was

vertical and one leg was horizontal.

The strain gaugewere strategically placed in an effort to capture the strains along the
width and height of the web, in the vicinity of the critical buckling height. This height
corresponds to the elevation where the maximurobptane deflection would occur at
buckling. This height was determined by performing a buckling analysis on a finite element
model of a critical section of the girder. The analysis used to determine the critical buckled
heights for this field testing is presented in Appendix A. In this studygritieal height,

Hecr, corresponds to the elevation as shown in Figue
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Figure 3.9: Elevation and sectional views of the web and flange strain gauge
arrangement

Table 34: Vertical and longitudinal spacing of web strain gauges

Girder a b Her S1 2 S r
(mm) (mm) (mm) (mm) (mm) (mm) (mm)
1 2770 325 594 297 297 360 294
2 5540 325 564 282 282 360 294

Additional strain gauges were installed on the top surfaces of the top and bottom flange as
shown in Section BB of Figur&9. The longitudinal location of these gauges corresponded
with the centerline of the web panel gauge field for each girder. Forpdxatine top and
bottom flange strain gauges for Girder 2 were installed at 18880rom the East tip of

the girder. A uniaxial strain gauge was installed at the centre of the top flange and was

oriented parallel to the longitudinal axis of the girdebiaxial strain gauge was installed
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at the centre of the bottom flange and was oriented with one leg parallel and one leg
perpendicular to the longitudinal axis of the girdBne number of gauges used in the
arrangement was primarily dictated by limitausoof the data acquisition equipment used

for this field testing.

3.6 Data Acquisition Equipment & Instrumentation

3.6.1 Strain Gauges

The strain gauges used for this field testing were-@GBM Precision Strain Gauges,
purchased from OMEGA Engineering. Due to product availability at the time of testing,
gauges with different grid sizes were purchased. The grid size varied fromt8 7mm

and the gauge factors ranged from 1.99 to 2.14. Further information pertaining to the strain
gauges used in the experimental program, including individual gauge type, location,

channel, and gauge factor can be found in Appendix B.

Installation of strairgauges took place in the fabrication yard in January of 2014, prior to
the transportation of the girder segments to site. Strain gauges were installed in accordance
with guidelines published by Mictfbleasurements (Vishay Precision Gro@f14), for
straingauge installations with NBond 200 adhesive. A 250@J U radiant propane heater

was used to locally heat the steel webs to allow for proper bonding of the gauging
adhesives. A covered enclosure was built to protect the installation area from winter

weather and care was taken to minimize the potential contamination of the strain gauges.

Lead wires were soldered to ribbon leads prior to bonding the gauges to the steel web. Once
protected, the lead wires were soldered 4o, 22gauge audio wire. This ive was
secured to the webs (shown in FigBr20) to prevent movement during transport of the

girder as well as during launching.
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Figure 3.10: Completed gauge field on the outside web of Girder 2

Each gauge was tested prior to transportation to check if it was functioning properly using
a TML TC-31k digital strain meter, shown in Figuell. A dense plastic sheet was used
to cover and proteché gauges on both sides of the web during transportation.

Figure 3.11: Testing of a uniaxial strain gauge on the inside web of Girder 2
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Upon arrival to site, the girder section containing the test web panel was placed on launch
pads on the West approach. The data logger was then wired to the strain gauges and the

gauges were tested again to ensure working order.

3.6.2 Data Acquisition Equipment

The data logger used for this testing was a Campbell Scientific CR5000. Tetaieel
Campbell Scientific multiplexers were used to increase the channel capacity of the data
logger. A total of 32 channels were utilized. The ability to view strains in real time was
achieved by installing a Sierra Wireless Raven XT modem and antetraagmit data. A

12V external battery was used to power the data acquisition system. The battery was
housed in a Rubbermaid container, and two 4uighsity plastic cabinets were used to
house the data logger, multiplexers, and wireless modem. Stexd plate used to secure

the cabinets to the girder. The cabinets were bolted to the mounting plates, which were then
clamped to either the WT bottom flange stiffener or the WT plan bracing. RBdie
depicts the arrangement of the data acquisition equipinstalled on Girde2. The

CR5000 and multiplexers are shown in FigBrE3.

To observe temperature strain, an additional uniaxial strain gauge was installed on an
unstressed portion of a steel mounting plate. The location of this gauge is idestified a
yellow area, to the right of the battery housing unit, in Fi@ut®. The properties of this
strain gauge were consistent with those installed on the box girder webs. However, this

strain gauge was installed in the laboratory at Dalhousie University
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Figure 3.13: Photos ofthe CR5000 data logger (left) and two multiplexers (right)
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The data logger was programmed to record straidimga at a rate of 0.09z, or one
reading every twentgeconds for Girder 1. The recording rate was increased tdz(fdr

the test on Girder 2 to better accommodate the actual pull speed of the girder. In each test,
the data logger was programmed toetdikeen strain measurements at each interval. The
first three and last two measurements of each interval were omitted, and the average strain

of the remaining ten measurements was recorded.

3.7  Test Procedure
Data acquisition equipment wasstalled on Girder 1 once the required number of girder

segments were set onto launch pads. To track the physical position of the gauge field
throughout the entirety of the launch, the West abutment was selected as a reference datum,
and a length of 1 (5 m to the East and West of the centre of the gauge field) was marked
on the Southern web atni intervals. Identical 1fn intervals were then marked on the
Southern web so that as the gauge field (shown in FRjliry passed over consecutive
piers, a caesponding interval would pass over the West abutment. The time that each
interval passed over the centreline of the West abutment was recorded. This time was then

correlated with a time stamp from the recorded data to obtain the strain reading.
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Figure 3.14: Gaugefield of Girder 1 approaching pier 1

The camber profile of the girder was monitored throughout the launch. The camber affects
the spanning distance of the girder during launching. When the bottom flange is not in
contac¢ with a particular roller bearing, the actual span is longer and therefore load effects
are more significant. In addition to monitoring the position of the girder throughout the
entirety of the launch, the average temperature of the web and flangesardsdausing

a thermometer.

Upon completion of the first girder launch, a shunt calibration was performed as per the
guidelines outlined in Micrdeasurements Tech Note T8.4. The shunt calibration was
performed to assess the sensitivity in the entireutti for each channeli.é., the
combination of the strain gauge, lead wires, and gauge wire) and was used to adjust the
gauge factor for each strain gauge accordingly. A resistor with a resistance ob8#i50

was used in the shunt calibration. Follogithe shunt calibration, the data acquisition
equipment was disassembled from Girder 1 and installed on the WT plan bracing of
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Girder2. Again, intervals were marked on the Southern web to track the position of the
gauge field on Girder 2 accordingly. Felling the shunt calibration for Girder 2, the data
acquisition equipment was disassembled and removed from the girder.

3.8  Potential Sources of Error from Field Testing

This section discusses the main areas of potential error which may have affected the
accuracy of the experimental results. These potential sources of error include, but are not
limited to, difficulties associated with cold weather strain gauge installatguipment

malfunctions, and construction issues during girder erection.

Strain gauge installation was conducted outdoors in Dartmouth, Nova Scotia, in January

2014. The adhesive, and other fluids that were used to prepare the steel for bonding of the
strain gauges, required the steel to be within a specified temperature range. Although a heat
gun and radiant heater were used to locally heat the web to an acceptable installation
temperatureambient elements (i.ewinter wind may have cooled the stesimediately

after the application of the heat gun, causing gauging fluids to freeze, and thus preventing

the gauge from properly bonding to the steel.

Further, malfunctioning strain gauges may have been caused by overheating of the strain
gauge grid fronsoldering operations and subsequent rapid cooling. This could cause a lead
wire to become brittle and break. If the break occurred after the gauge was protected, the

break would not have been visible.

One temperature gauge was used in the test setlupaapositioned on the interior of the

box girders (on thbottom flange stiffenefor girder 1 and on the plan bracing for gir@gr

During launching, drastically different steel temperatures were noted between the interior
and exterior sides of the weland flanges. The use of a single gauge positioned at one
location may not have been sufficient to capture the effect of thermal strains over the whole

Cross section.
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During field testing, the internal battery of the CR5000 data logger (responsible for
powering the internal clock) died over a tgay break in construction. This was noticed
and corrected during field testing. However, without calibration from the manufacturer, the
presence of inherent errors related to the recorded time stamps, for exaamphin

unknown to the author.

Finally, construction equipment and construction practices, not specifically related to
launching, may have introduced additional stresses into the girders. Sources such as
varying girder pull speeds, lateral stresses fatt@mpting to straighten the travel path of

the girder on the roller bearings, jacking of the girder while the gauge field was passing
over a pier, and increased dead load from ice and snow inside the girder, may have
contributed to producing potentiakyroneous data. Future similar experimental programs
could attempt to pause the launch at critical locations to remove potential dynamic effects.
Instead of utilizing a data logger system, once the launch has been paused, the strains could

be manually readsing a strain meter.
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CHAPTER 4 EXPERIMENTAL RESULTS

4.1 General

The experimental program was designed to record the stresses experienced by the
Shubenacadie River Bridge box girders during launching. The stress data was intended to
be used to verify the numerical model. The experimental program did not involve loading
the girders to the point of failure of any part of the cross sedlus.chapter presents the

data collected during the experimental program and provides a discussion on the observed
stresses.

As the strain gauge field passed over a support, strain readings were recorded in 1 meter
intervals, starting 5 meters ahead of the gauge field and ending 5 meters behind, as shown
in Figure 4.1. The intent was to observe the change in strain at eaghlitdedevelop an
understanding of the web stress pattern as the gauge field passed over a support. However,
due to the varying pull (launch) speed experienced in the field, the observed change in
strain between consecutive intervals was negligible. Thexebnly the strains and stresses

observed when the gauge field was located directlyebhaoller support are presented

herein.
|
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Figure 4.1: Elevation view of strain recording locations
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4.2  Global Load Effects

Table 4.1 below presents the global load effects resulting from the dead load of the girders
corresponding to the positions of the strain gauge field and associated cantilever lengths.
The global load effects were used to calculate the expected flangal stresses and web

shear stresses (refer to Section 4.3 below).

It should be noted that the ptenstruction girder launch sequence involved the use of a
crane to control girder tip deflections as the east end of each girder arrived at Pier 3. The
cranewas to fully release the girder once the girder was supported by rollers at Pier 3. The
longitudinal strain gauge locations were selected to observe repeatable stresses along the
length of the launch. This would have allowed for the maximum cantileve reeabzed
at three locations in the case of G1 and at four locations in the case of G2. However, during
construction, the contractor did not follow the original launch sequence. Instead, the crane
connected to the east tip of each girder much earliarahticipated. The crane connected
to G1 once an approximately 10 m long cantilever was launched beyori] Pi¢ne case
of G2, the crane connected to the east tip once an approximately 10 m long cantilever was
launched beyond Pier 3. In doing so, thene removed an unknown portion of dead load
from the system; the slings between the crane hook and the girder were not slack as the
girders were launched. As a result, the stresses at the gauge field were not repeatable
beyond Pier 2 for G1 and beyond P&for G2. Only the stresses that are quantifiable
through static analysis and, in the case of G2, repeatable, are presented in the following
sections.

Table 41: Global load effects

Data Location Cantilever Total Moment Shear(kN)  Shear(kN)

Set of the Length  Reaction (k-Nm) Immediately Immediately
ID Stain (mm) (kN) East of West of
Gauge Gauge Field Gauge Field
Field
Centerline
G1-A West 31855 889 -5550 -397 442
Abutment
G2-A West 19390 463 -1959 -202 261
Abutment
G2-C Pier 1 19390 482 -1959 -202 280
G2-D Pier 2 19390 502 -1959 -202 300
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4.3  Theoretical Stresses at Gauge Field

The theoretical flange normal stresses and maximum web shear stresses from the global

|l oad effects are presented in Tablewd4d. 2. T
andrn OUand the maxi my wereschlalated usng the griaciplef U
mechanics with the material properties specified by the fabricator as reported in Chapter 3.
Girder 2 shows repeatability between data sets A, C, and D in terms of the top and bottom

f | an g e vasvarieseskghtly between data sets A, C, and B tluthe varying back

span lengths as the girder was launched.

Table 42: Theoretical stresses

Data Set ID OTe CBrF UMax
(MPa) (MPa) (MPa)
G1l-A 43 -36 11.8
G2-A 34 -19 3.3
G2-C 34 -19 3.5
G2-D 34 -19 3.8

4.4  PostProcessing of Recorded Data

Data loggers measured and recorded the resistance of the strain gauges throughout both
girder launches. To obtain the change in resistance, the initial output resistance at the time
of strain gauge installation wasibtracted from the recorded resistance at the time of
interest (i.e., when the strain gauge field was centered above a specific roller). The change
in resistance was thermally corrected to remove the influence of thermal strains. The
corresponding straiwas calculated using Equation [4.1] (Campbell Scientific, 2006) for a

quarter bridge strain gauge:

T @16 QBT p
& ¢60

[4.1]

wher e: elU is the diinthechangenn etestrical nesis@mnce andr ai n
GF is the gauge factor adjusted per the shunt calibrdtiamould be noted that strain
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gauge rosettes were not used on the webs of the box girders. Therefore, the orientation of
experimental stresses presehteerein correspond to the direction of the strain gauge

placement.

4.5  Experimental Results

The following sections present the longitudinal and vertical web stresses as well as the
longitudinal flange stresses recorded during the G1 and G2 launches. Refer to Figures 3.7
and 3.8 for the global locations of the strain gauges for each girder.eStegssreported

for both exterior and interior sides of the web from strain gauge pairs that were installed at
the same vertical and longitudinal positions on opposite sides of the web. Figures 4.2 and
4.3 depict a schematic of the gauge numbers, showheined boxes, for strain gauges
installed on the outside and inside surfaces of the south web, respectively. The pairing is

summarized in Table 4.3.

Table 43: Strain gauge # paring

Web Gauge # Paring:
OutsideWeb 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Inside Web 15 16 17 18 19 20 21 22 23 24 25 26 27 28
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South Web, Outside Surface
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C/L GAUGE FIELD
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Figure 4.2: Strain gauge numbering schematic outside web surface

South Web, Inside Surface

Figure 4.3: Strain gauge numbering schemati¢ inside web surface
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The stain gauge numbers correspond to the recorded stresses shown on Figures 4.4, 4.5,
4. 6, and 4. 7. These figures f eat-landesida r ed
and righthand side diagrams represent the measurements obtained on the anotbi

inside web surfaces respectively. In the following figures, positive values represent tensile

stresses and negative values represent compressive stresses.

4.5.1 Girder 1 Recorded Stresses

The stresses obtained from the launch of G1 at the instean the centerline of the strain

gauge field was located directly above the west abutment roller support are presented in
Figure 4.4. The legend in the figure shows the types of stress being measorath i
datao indicates ma lwharenno tataomas recdrded Inithe icase, g a u ¢
gauges 12 and 13 on the outside face of the web malfunctioned and gauges 18, 20, 21, and

26 on the inside face of the web malfunctioned.

WEST EAST | EAST W
NO DATA
I
-37 INO DATA -50 | -17 NO DATA -37
|
45 -2 1 | NO DATA -25
] E] |
-46 73 -57 | -33 NO DATA -89
E| E E | ]
13
I
-33 -32 -27 | -33 NO DATA
[ E [ I
Gauge Field Centerline: | Gauge Field Centerline:

Outside Web Inside Web

Web Fold Line

Legend:

Longitudinal Web Stress (MPa)
Vertical Web Stress (MPa)
Longitudinal Top Flange Stress (MPa)

Figure 44: G1-A results
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Thefollowing observations can be made from the&data presented in Figure 4.4.

Longitudinal flange stress:

1 The longitudinal top flange stress (42 MPa) shows good agreement with the
theoretically predicted stress (43 MPa).

1 The bottom flange straigauge was damaged by ironworkers before the girder
launch began and no data is available to compare to the theoretical stress.

Web stresses at lowest row of strain gauges:

1 The lowest row of strain gauges was installed 297 mm above tsarfageof the
bottom flange plate. The vertical stresses at this elevation show good general
agreement through the thickness of the web. Good agreement is observed between
gauges 1, 2, and 4 on the outside face of the web with a maximum difference of
6MPa bet welkoufinegd gauges. The stresses
show a difference of 1 MPa on the inside face of the web.

1 The longitudinal stresses at gauges 2 and 16 are positive indicating tensile stresses.
However, based on the reaction from the roller #trednegative bending region
below the neutral axis associated with the cantilevered condition, it would be
expected that the stress would be compressive. In addition, there iMRa2l
difference in longitudinal stress between the inside and outsideesigathe web.

Web stresses at middle and upper rows of strain gauges:

1 The middle and upper rows of strain gauges were installed 594 mm and 954 mm
above the top surface of the bottom flange plate, respectively. Unlike the lowest
row, in general, the vedal stresses at the middle and upper rows do not show
similarities across the neighboring gauges and through the thickness of the web.
The longitudinal stresses at the middle and upper rows also vary significantly

between adjacent gauges and gauges ooppesite side of the web.

In summary, the top flange longitudinal stress compares well to the theoretically predicted

stress butthe other recorded stresses do not provide reliable results.
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4.5.2 Girder 2 Recorded Stresses

The stresses obtained fronetlaunch of G2 are presented in the figures below. Three data
sets are available for G2, which correspond to the instant when the centerline of the strain
gauge field was located directly above the west abutment roller suppeft, f@gure4.5),

Pier 1 (@-C, Figure 4.6) and Pier 2 (&2, Figure 4.7).
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Web i Web
Web Fold Line

Legend:

Longitudinal Web Stress (MPa)

Vertical Web Stress (MPa)

Longitudinal Top Flange Stress (MPa)
Longitudinal Bottom Flange Stress (MPa)

Figure 45: G2-A results

The following observations can be made from theAG#ata presented in Figure 4.5.
General:

1 There appears to be a general trend in longitudinal stresses where compressive
stresses are observed near the bottom of the cross section (lowest row of gauges)
and the stresses gradually increase to tensile stresses near the upper portion of the
cross setton (upper row of gauges). Stresses are observed to be small at the middle

row of gauges, but tensile in nature. This trend corresponds to the middle row of
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gauges being slightly above ttieoreticaineutral axis. The middle row of gauges

was installed 8 mm above the elevation of tHeeoreticaheutral axis.

Longitudinal flange stresses:

1 The longitudinal top flange stress (22 MPa) is less than the expected top flange
stress (3MPa). Similarly, the longitudinal bottom flange streskl(MPa) is less
than the expected stress 619 MPa).

Web stresses at lowest row of strain gauges:

1 The lowest row of strain gauges was installed 282 mm above the top surface of the
bottom flange plate. The vertical stresses at this elevation show fair general
agreement tlmugh the thickness of the web between gauges 1 & 15, 2 & 16, and 4
& 18. Fair agreement is also observed between neighbouring gauges 1, 2, & 4 on
the outside face of the web and between gauges 15, 16, & 18 on the inside face.
The maximum difference in ssg between web gauges on the lowest row is 8 MPa.

1 The longitudinal stresses at gauges 3 and 17 show good agreement, with a
difference of only 1 MPa.

Web stresses at middle row of strain gauges:

1 The middle row of strain gauges was installed 564 mm abeve®phsurface of the
bottom flange plate. There is good agreement of vertical stresses between the centre
and west most gauges (gauges 7, 9, 21 & 23).

1 Opposite vertical stress orientations were observed between gauges 5 and 19.
Gauge 5, on the outside dfet web depicts a compressive stre8MPa) but a
tensile stress was observed at gauge 19 on the inside of the web (6 MPa). The
magnitudes of stress are in the range of the expected maximum shear stress.

1 The longitudinal stresses at the middle row ofistgauges (gauges 6, 8 10, 20, 22,

& 24) show good agreement on both sides of the web with a maximum difference
of 4 MPa through the thickness of the web.

Web stresses at upper row of strain gauges:

1 The upper row of strain gauges was installed 924 mmeatt@/top surface of the

bottom flange plate. There is fair agreement of the vertical stresses at gauges 11,
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12, 14, 25, 26, & 28 with a minimum difference of 2 MPa and a maximum
difference of 7 MPa through the thickness of the web.

1 The longitudinal stregs at the upper row of strain gauges show excellent
agreement with both gauges 13 and 17 indicating a tensile stresMéfal5

15
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-1 3 -3 | 20
|
-12 -18 -8 4 4 1
m a | — | E
-7 -8 12 | 31 42 34
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Centerline: Qutside . | Centerline: Inside

Web Web
Web Fold Line

Legend:

Longitudinal Web Stress (MPa)

Vertical Web Stress (MPa)

Longitudinal Top Flange Stress (MPa)
Longitudinal Bottom Flange Stress (MPa)

Figure 4.6: G2-C results

The following observations can be made from the@@ata presented in Figu4.6.

Longitudinal flange stresses:

1 The longitudinal top flange stress (18Pa) is significantly less than the
theoretically expected top flange stress (34 MPa). Similarly, the longitudinal
bottom flange stressi(1 MPa) is less than the expectdess {19 MPa).

Web stresses:

1 There is a 20 40 MPa difference in vertical stress between gauges on the interior
and exterior surfaces of the web. The stresses on the inside face of the web are

tensile and no apparent trend is noticeable vertically or longitudinally. The stresses
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on the outside facef the web are generally compressive and, similar to the interior

face, no obvious trend is noted. The opposite stresses on the interior and exterior

surfaces of the web would tend to indicate inward bending of the web panel.

1 The longitudinal stresses time outside face of the web are compressive while the

stresses on the inside of the web are predominately tensile. No obvious trend is

noted.

In summary, the longitudinal flange stresses are approximately 50% less than the

theoretically expected values atitere are significant variations in stresses through the

thickness of the web. The results from this data set are not reliable.
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The following observations can be made from thedG@ata presented in Rige 4.7.

Longitudinal flange stress:

1 The longitudinal top flange stress (27 MPa) is less than the expected top flange

stress (3MPa). Similarly, the longitudinal bottom flange stresk3(MPa) is less
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than the expected stress df MPa). The orientatiaof the observed stresses are
consistent with the theoretical stress orientations however, the magnitudes of top
and bottom flange stresses are lower than expected by 7 MPa and 6 MPa,
respectively.

Web stresses at lowest row of strain gauges:

1 The verticalstresses on the exterior side of the web (gauges 1, 2, & 4) show fair
agreement with neighbouring gauges. However, poor agreement is observed on the
interior face of the web (gauges 15, 16, & 18) with a maximum difference in stress
of 28 MPa between gaugié5 and 18.

1 The longitudinal stresses at gauges 3 and 17 are consistent at 1 MPa, however based
on the location of the gauges, compressive stresses would be expected here.

Web stresses at middle row of strain gauges:

1 The middle row of strain gauges wastalled 564 mm above the top surface of the
bottom flange plate. There is good agreement of vertical stresses among
neighbouring strain gauges 5, 7, and 9 on the exterior side of the web and good
agreement of vertical stresses among gauges 19, 21, amdti28 ioterior side of
the web. The stresses are compressive on the outside of the web and tensile on the
inside of the web which would tend to indicate inward bending of the web panel.

1 The longitudinal stresses at gauges 8, 10, 20, 22, and 24 are aimdilare within
3 MPa of each other. These small stresses are consistent with a small bending stress

near the centroid of the section. The stress at gauge 6 appears to be an outlier.

Web stresses at upper row of strain gauges:

1 The upper row of straigauges was installed 924 mm above the top surface of the
bottom flange plate. There is fair agreement of the vertical stresses through the
thickness of the web with a minimum difference of 4 MPa occurring between
gauges 14 & 28, and a maximum differenc8 bfPa occurring between gauges 11
and 25.

In summary, no obvious trend of longitudinal or vertical stresses is noted. The vertical

stresses observed at the middle row of gauges would tend to indicate inward bending of
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the web and this is loosely apparanthe lowest and uppermost rows as well. The flange

stresses are approximately 30% lgesthe theoretically expected stresses.

4.6 Concluding Remarks

The experimental program involved the field monitoring of two steel box girders as they
were erected via the launching method. Due to the unexpected change of launching plan
where a crane was used to control girder tip deflections after the instrumewtadiorade,

data fromonly one location was collected for G1 (reduced ftbrag. Similarly, data from

only three locations was collected from G2 (reduced from four).

In general, although some individual trends are noticeable between data sets, the
magniudes of these stresses vary to a significant extent which put the quality and accuracy
of the results in question. While the exercise of field monitoring is valuable, the results
underscore the difficultgf achievingquality and consistent information @mded for the

field monitoring in the first place. Consequently, it was decided that the data collected will
not be used to verify the finite element model presented in the subsequent chapter. As a
result, the finite element modedquired verificationthrough other methods including
comparing the finite element model to analytical results and other work available in the

literature.
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CHAPTER 5 FINITE ELEMENT ANALYSIS

5.1 General

A finite element study was conducted to investigate the effects of critical parameters on
the web panel buckling capacity of steel box girders subjected to combined patch loading
and bending moments. The data collected during the experimental prograntemasd

to verify the outputs from the G1 and G2 finite element models. However, due to the poor
quality of the experimental results, the finite element models were verified using other
methods. This chapter describes the development of the finite elencelel and its

verification.

The finite element modeling was carried out using Altair@&FSAME 3D Structural
Analysis Software Version 2022.2 (Z)2S-FRAME is a commercial software capable of
modeling geometric nonlinearities and it offers a large nurobelement and boundary
condition formulations which makes it a robust finite element package for structural
engineers. Its simplicity and easy implementation make it an attractive analysis tool in the
consulting industry. As the current study investgatteel web panel buckling in the elastic
stress range, as is consistent with launching situations, linear elastic material properties are

considered appropriate for this work and are sufficiently handledFRAME.

5.2  Description of Elements

The finite element models were constructed using two different element types available in
S-FRAME. The flanges and web plates were modeled using 3D quadrilateral thick shell
elements and the bracing members were modeled using 3D beam elements. The shell
elements have both cwof-plane (bending) and iplane (membrane) capabilities which
makes this element type suitable dmalyzinggeometries that are susceptible to geometric
nonlinearities as well as large displacements and rotations. The beam elemeniaxaal
elements with tension, compression, torsion, and bending capabilities. A summary of the
element properties and degrees of freedom (DOF) for elements used in the numerical study
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is presented in Table 5.1. It should be noted that where approphatbeario-shell
element rotational degrees of freedom (i.e., bracing metok®ox girder web joints) were

released to simulate the behaviour of the connections.

Table 51: Element summary

Element Type Number Translational DOFs Rotational DOFs
of Nodes (At Each Node) (At Each Node)
Quadrilateral 4 Uy, Uy, U, d, y,d d
Shell
Beam 2 Ux, Uy, U, dx, Yy d d

5.3  Material Stress-Strain Relationship

Two groups of linear elastic material models were usedpoesent the behaviour of the

steel plates which make up the box girders. The first group, shown in Figure 5.1, was used
to validate the data collected during the experimental program. The individual elastic
moduli, E, for specific flanges and webs, basedthe material test reports (MTR)
provided, were incorporated into theFRAME verification finite element model. In
practice, girders erected via the launching method are designed so that the stresses
developed in the girders remain within the elastomez All the material models
implemented were linear elastic up to the respective specified yield stress for each section
(web or flange plate) based on the MTR.

The second group consisted of a single material model, shown in Figure 5.2, and was used
to define the material behaviour in the parametric study. The standard material properties
were used for steel where an elastic modulus E, of 200,000 MPa and a yieldstoéss F

350 MPa were assumed.
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5.4  Girder Model Length & Finite Element Mesh

For efficiency, a segment of each girder length was isolatedrautlled instead of
modelling the entire girder. The web panel of interest occurs when the roller is located
between two vertical web stiffeners. A comparative test was carried out to assess the effects
of modelling a ondvay long girder segment (i.e., tleagth of a girder between two vertical
braced frame locations) versus the effects of modelling a-tagéong girder segment.

Figure5.3 shows the extents of the dm&y and threday finite element model.

Roller Support Location

Typical Vertical Brace Location (at K—Frames)l

Figure 5.3: Extents of onebay and threebay finite element models

In each case, the global load effects were applied to the models at the girder ends where
each girder segment was isolated from the entire girder. As shown in Table 5.2, the stresses
at the centerline of theeb panel above the roller support are similar for almeand
threebay long model. Therefore, only the elb@y scenario is modeled going forward. It
should be noted that the small difference inA&hottom stress can be attributed to the
presence offte WT bottom flange stiffener and the patch load which alters the bottom

flange stress distribution.
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Table 52: One-bay versus threebay stresses above roller support

Model FE Top  Theoretical FE Bottom  Theoretical FE Web
flange Top flange Flange Bottom Stress at
Stress Stress Stress flange Stress Hcr,
(MPa) (MPa) (MPa) (MPa) (MPa)
G1-A 1 Bay 42.2 43.0 -33.1 -35.8 -4.6
G1-A 3 Bay 41.8 43.0 -33.3 -35.8 -4.7
G2-A 1 Bay 35.4 34.1 -19.9 -18.7 -1.0
G2-A 3 Bay 35.1 34.1 -19.8 -18.7 -1.2

A convergence study was conducted to determine the appropriate mesh dimensions for the
finite element model. Three different element sizes with edge lengths of 100 mm, 50 mm,
and 25 mm were analyzed using a #ioear bucklinganalysis. The results of the
convergence study are provided in Tah/@ A mesh with a 50 mm edge length is shown

to provide sufficient accuracy and computational efficiency.

Table 53: Mesh convergence study results

Model Mesh Ske Buckling % Difference Computation
(mm) Factor Time
G1-A 100 4919 - 7 Min, 4 sec
G1-A 50 4.902 0.34 32 Min, 38 Sec
G1-A 25 4.896 0.12 7 Hr, 03 Min
G2-A 100 3.541 - 4 Min, 26 Sec
G2-A 50 3.535 0.17 18 Min, 32 Sec
G2-A 25 3.532 0.12 3 Hr, 43Min

The girder finite element models were constructed using shell elements for the webs,
flanges, and stiffeners. A node was located at the centroidal intersections between webs
and flanges so that the two planes could be meshed and so the verticakdistaveen

top and bottom flanges could be maintained. This resulted in the web extending into the
top and bottom flanges by half of the thickness of each flange. The relative area of the
overlap compared to the overall area of the cross section is antatdoes not have an
appreciable impact on the analysis. Figures 5.4 and 5.5 summarize the discretization of the
cross section as well as the stiffening and bracing elements for G1. Figures 5.6 and 5.7

summarize the finite element discretization for G2.
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Figure 54: G1 model discretization (cross section)

Figure 5.5: G1 model discretization (isometric view)
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Figure 5.6: G2 model discretization (cross section)

Figure 5.7: G2 model discretization (isometric view)
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5.5 Initial Web Geometric Imperfections

The initial web oubf-flatness was considered in the analysis by incorporating a scaled
first buckled mode shape into the finite element modglr€i 5.8 below shows an example

of the first buckled web mode shape for G1.

e

Figure 5.8: Initial web out-of-straightness shape (G1 cross section shown, G2

similar)

The maximum permissible deviation from|l a t moefer girdersywith intermediate
stiffeners on one side of the web is given by Table J.5(a) of CSA W59 (2018). For webs
having a thickness of 14 mm and a 61l east
web height or @stspetifieceas £0rmmsAnzex C.50fBurocode (2006)
suggests that the amplitude of the initial geometric imperfections be equal to 8086 of
maximum fabrication tolerance. It should be noted that only the maximuof-flatness

at the centerline of ehganel (i.e., one vertical plane) was measured to be 6 mm for both
G1 and G2. But the web cof-flatness profile for the entire panel was not measured. Since
the entire panel was not measured, it was decided to apply a maximifflatiess of

8 mm tothe G1A and G2A numerical models to be consistent with the limits from CSA
W59 (2018) and the guidance provided by Annex C.5 of Eurocode (2006).

The general process used to create a numerical model with an initial geometric
imperfection involved first running a linear buckling analysis to determine the first buckled
mode shape. The buckled geometry of the webs was then scaled to achieve a maximum
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amp | i t ud easshbwnin.Figurexsabove, and saved as the initial model geometry.

5.6 Boundary Conditions & Load Application

Loads and boundary conditions were applied in the models to simulate an isolated girder
segment on launching rollers.oads were applied such that static equilibrium was
maintained about the centerline of the rollers. Vertical reactions from the rollers were
applied as point loads at the centerline of the webs. Weak translational springs were
provided at the ends of the dwls, at the flang&-web junctions, to ensure overall model
stability. The springs were also used to check for residual reactions at the ends of the girder.
Reactions at the springs would indicate excessive warping of the cross section and an error

in the model.

To simulate the bending and shear load effects at the critical section (i.e., at the centerline
of the roller), the equivalent static internal loads were calculated at the ends of-theeyone
girder segment. Figure 5.9 depicts an example ofyihieal loading condition applied at

one end of the numerical models. Bending stresses were converted to axial forces and
applied to the top and bottom flanges to produce tensile stresses in the top flanges and
compressive stresses in the bottom flangeaStoeces were applied as vertical point loads

acting along the webs.
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Figure 5.9: Example of the loads applied to the cross section

5.7  Nonlinear Buckling Analysis

SFRAME®&s nonlinear b u ¢ k Inanlmepr staticahdytraditisnali s a
linear buckling analyses. First, a nonlinear static analysis is performed where the applied
load is divided into increments and as each load increment is applied, the geometry and
internal stress state is updated. Thenpbihekling analysis is performed which computes

the buckling load factor (eigenvalue) and corresponding mode shape (eigenvector).

The lowest eigenvalue returned from the buckling analysis is obtained and assessed. If the
value is less than 1.0, the girdeill buckle under the current applied loading. If the

eigenvalue is greater than 1.0, the applied loading would need to be scaled by the obtained
eigenvalue in order to reach a buckled state. For the purposes of this research, the applied

loadingwas mulp | i ed by the eigenvalue, >, and th
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buckling heightt 4, was taken as the. critical buckl

5.8  Verification of the Finite Element Model

As mentioned previously, the experimental results cannofulde relied upon for
verification of the numerical model due to erroneous readings. Some attempts were still
made to comparneeb stresses from th& model results with some experimental readings

for completeness of the study. This comparison is presengettion 5.8.2. Additionally,

the verification of the numerical model was conducted by comparing results of FE models
with longitudinal flange stresses calculated using classic beam theory (Section 5.8.1) and

with experimental results from availableesliaiture (Section 5.8.3).

5.8.1 Verification of G1 and G2 Flange Stresses

The longitudinal top and bottom flange stress results from the FE models were compared
with those obtained from classical beam theory. Figures 5.10 and 5.11 show the stress
distribuion in girder segments GA and G2A respectively. Flange stress results from G2

C and G2D are similar to GA.
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Table 5.4 summarizes the flange stresses at the location above centerline of the roller
support from the finite element models as well as the theoretical strasswown, there

is good agreement between the theoretical and results from the models. The flange stresses
from the numerical models are within 5% of the theoretical values, except for tAe G1

bottom flange stress which showed a difference of 8.3%.

Table 54: Comparison of flange stresses between numerical and theoretical models

Model Theoretical FE Top % Theoretical FE Bottom %

ID Top Flange  Flange Diff. Bottom Flange Stress Diff.
Stress Stress Flange Stress (MPa)
(MPa) (MPa) (MPa)
GLA 43 42.2 1.9 -36 -33.1 8.3
G2-A 34 35.4 4.0 -19 -19.9 4.6
G2-C 34 34.4 1.2 -19 18.6 2.1
G2-D 34 34.3 1.0 -19 18.3 3.8

5.8.2 Comparison of the Experimental Versus FE Web Stresses

Although the experimentally measured stresses were deemed not fully reliable, it is still
felt a worthwhile exercise to show the comparison of experimental and numerical results
for the completeness of this study. This exercise was conducted with expatiresults

of G2A and G2D. Figures 5.12 and 5.13 show comparisons of the experimental and
numerical longitudinal and vertical web stresses ofAGihd G2D respectively where the

left portion of each figure presents the longitudinal stiesdsibution,and the right portion
shows the vertical stress distribution. The figures depict a localized segntkatveéh

taken directly over the roller from FE models. These stresses were taken at-{hlamaid

of the web and are represented by the coloured aonmtdhe values in the red boxes are
the experimentally obtained results, averaged between the inside and outside faces of the

web.

The following observations can be made from theAG®eb stress data presented in
Figure5.12. For the longitudinal stress he difference in stress between the FE model

and the experimental data at the lowest row of data points is approximately 5 MPa. Both
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FE and experimental results indicate compressive stress at this location. The difference in
stress between the modeldeexperimental data along the middle row of data points ranges
from 3 MPa to approximatelyl0 MPa. The stress predicted by the FE model at the upper
row of data points is MPa and the experimentally obtained value is 15 MPa, resulting in

a difference of BMIPa. Both FE and experimental results indicate tensile stress at this
location. For the vertical stresses, the difference between numerical and experimental
values are generally within 8 MPa of eaxther. The stress orientations are in agreement

for thelowest and middle rows. The trend where compressive stresses are present at the
lowest extreme of the web and tensile stresses are present at the upper regions of the web

is apparent.

Figure 512 G2-A longitudinal (left) and vertical (right) web stresses
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The following observations can be made from theBG®eb stress data presented in
Figure5.13. For the longitudinal stressese tdifference in stress between the FE model

and the experimental data at the lowest row of datags approximately 13 MPa. Good
agreement is observed between the FE and experimental results at the middle row of data
points with a maximum difference of 1.5 MPa. The difference in stress between the FE
model and the experimental data at the lowestabdata points is approximately 9 MPa.

For the vertical stresses, the differences between the FE and experimental results are all
within approximately 4 MPa of each other with the exception of two outliers in the lowest
row. In general, although some aatoints show very good agreement between the FE and

experimental results, some data points showtéapoor results.

12 505

Figure 513 G2-D longitudinal (left) and vertical (right) web stresses
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5.8.3 Verification of the Plate Girder Model from Literature

The results of linear buckling analyses of three plate girders from the literature were
replicated in order to develop confidence in the box girder models &ndR3 ME 0 s
analysis capabilitieS'he work of Granath et al. (1999) (¥8kapter 2) was used to further
verify the model. A brief summary of salient information of the work by Granath et al.

(1999) is provided here for ease of reference.

The three girder specimens examined by Granath et al. consisted-shafidd sections
subjected to patch loading. The test set up used is shown in Figure 5.14. The geometric and
material properties of the three specimens are presented in5Slalidelow whereyf, and

fys refer to the yield stress of the web and flange respectively. The vertical stiffener spacing,
a, varied from 1008 mm to 1626 mm.

i ] g -

a o L.

| = |

Figure 5.14: Test set up by Granath et al. (1999)

Table 55: Relevant propaties of girder specimens tested by Granath et al. (1999)

Girder hw tw (mm) fyw bt (mm) ti(mm) fyr (MPa) a (mm)
ID (mm) (MPa)
Al13p 239.8 3.8 830 1185 12 844 1008
A61p 439.9 3.8 830 120.0 12 844 1626
A71p 320.7 7.9 762 120.5 11.9 844 1405

An example of the stress distribution from th&@&me model for specimen A61p is shown

in Figure 5.15. The critical buckling heightds,, measured from the bottom edge of the
web, and stresses obtained from the finite element models are compared with those
presented by Granath et al. (1999) in Table 5.6.
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Figure 5.15. Example of the critical web buckling stress (specimen A61p shown)

Table 56: Comparison of FE results with specimens from Granath et al. (1999)

Girder Hecr Granath Her sFRAME l?lcr Granath ﬁcr S-FRAME % Diff.
ID (mm) (mm) (MPa) (MPa) Uer
Al3p 100 110 15.0 14.8 2
A61p 200 220 7.2 6.9 5
A71p 160 180 44.7 43.9 2

As shown inTable 5.6, good agreement is observed between the results obtained by S
FRAME and those presented by Granath et al (1999). The maximum difference in critical
stress was 5% with models A13p and A71p showing results within 2% of each other. The
result of the comparative study demonstrates that the model developed uBR4NE

can predict the critical elastic bucking capacity of plate girders with an acceptable level of
error.

Granath et al. (1999) classified A71p as a stocky web, A61p as a slender wali3and

as having a web with intermediate slenderness. The authors demonstrated that the failure
mode of the stocky web (A71p) was by web yielding, and the failure mode of the other two
girders was by buckling. The authors did not distinguish between welb Imackling or
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web crippling, but the progression of failure described by Granath et al. (1999) indicates
the failure mode of A13p was by web crippling and A61p was by web panel buckling. P
is compared to the web yieldimgsistanceByy (Eqn. [2.31]), ad cripplingresistanceBrc

(Egn. [2.32]), in Tabl&.7. As shown in the table, the failure modes described by Granath
et al. (1999) appear to be accurate @ssBhe limiting value for A71p and:Rs the limiting

value for A61p. Although the FE modptedicts that web panel buckling would be the
failure mode for A13p (#= 159 kN), the value for web crippling is similar{B 175 kN)

and therefore the failure mode could be by either panel buckling or cripiplsiguld be
not e dupwabsettd.@in equations [2.31] and [2.32].

Table 5.7: Comparison of the critical buckling load to the web yielding and
crippling resistances

Girder ID Pcr Granath & S-FRAME Bry (kN) Brc (kN)
(kN) Eqn. [2.31] Eqn. [2.32]
Al3p 159 213 175
A61p 85 213 175
A71p 811 440 757

5.9 Summary

In this chapter, a numerical model using the finite element method was developed to
simulate the behaviour of steel trapezoidal box girders subjected to bending moments and
concentrated vertical patch loads. The finite element analysis program capadnildies
subsequently, the girder models, were verified using classical beam theory, experimental
results from this study and experimental results from literature. It is unfortunate that the
experimental results from this study did not provide conclusiveicaibn of the FE
model. The comparison of the model against the classical beam theory andfresults

literature showed the developed mocih predicthe stress and buckling load accurately.
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CHAPTER 6 PARAMETRIC STUDY

6.1 General

A study of various parameters affecting the behaviour and capacity of box girder web
panels subjected to both bending moment and patch load was conducted, and the results
are presented in this chapter. The numerical models described in Chapter 5 wane used
this parametric study. The parameters investigated included the thickness of the box girder
webs, the height of the webs, the inclination of the webs, the transverse stiffener spacing,
the bottom flange and top flange thicknesses, and the influenceldfivduced residual

stress. In total, 104 finite element models were analyzed as part of this parametric study.
The chapter concludes by comparing the FE results to current code prabgce

appropriate.

6.1.1 Girder Geometry Development and Applied Loading

The Shubenacadie River Bridge box girders were designed to minimize the overall girder
depth to facilitate the approach grades and other existing site conditions. As a result, the
geometry of those girders is not exactly representative of typicatjipder geometry for
bridges with similar spans. In other words, the Shubenacadie River girders are relatively
shallow with thick flanges whereas bridges with similar spans would typically have deeper
girders with thinner flanges. As the main purposthisfresearch was to develop a general
understanding of the behaviour of fsltale steel box girder webs encountered in practice,

a survey of recently erected (within approximately 10 years) steel box girders using the
incremental launching method in Afitic Canada was conducted. The geometry of these
bridge girders is presented Table 6.1 with the symbols defined in Fdure
Representative models used in the parametric study were derived from the geometric
envel ope of these gefens tbahe ongitudimal distanbel betweén. 1 ,

transversaveb stiffeners.
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Figure 6.1: Box girder geometric schematic
Table 61: Summary of girders used to create the parametric study envelope

Girder b1 1 b2 t2 h w hiw d a a’h
& (mm) (mm) (mm) (mm) (mm) (mm) (°)  (mm)
Section

Shubenacadie River BridgeA
400 25 2300 22 1500 14 107 79 5540 3.7

Shubenacadie River BridgeB
650 60 2300 45 1500 14 107 79 2770 1.9

South River Bridgé 1
500 25 2300 20 2400 16 150 82 6500 2.7

South River Bridgé 11
800 60 2300 45 2400 16 150 82 3305 14

West River Bridgé A
550 30 2250 22 1900 14 136 79 3120 1.6

West River Bridgé B
550 45 2250 30 1900 14 136 79 6240 3.3

Indian SluiceBridgei B
400 25 2080 22 2100 14 150 86 5180 2.5

Indian Sluice Bridgé D
600 60 2080 38 2100 14 150 86 2500 1.2

Sydney River Pedestrian BridgeB
500 30 2150 20 2100 14 150 85 5715 2.7

Sydney River Pedestrian Bridge
500 50 2150 30 2100 14 150 85 5715 2.7

Sydney River Bridgé A
600 30 2850 25 2300 16 144 77 5415 2.4

Sydney River Bridge B
900 60 2850 45 2300 16 144 77 2710 1.2

Max 900 60 2850 45 2400 16 150 86 6500 3.7
Min 400 25 2080 20 1500 14 107 77 2500 1.2
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In this parametric study, the bending moment and patch load applied to the finite element
models corresponded to the loads generated by the steelesgiit condition of a 20 m

long launch cantilever and 201long back span. The applied bending momethisatritical
section was 3500 kih and the corresponding reaction (patch load) at the roller support
was 700 kN, or 350 kN per web.

The critical buckling stresses presented herein were calculated using the eigenvalue
method. A stefoy-step example of thprocess used to calculate the critical buckling

stresses from the FE models is included in Appendix C.

6.1.2 Finite Element Model Characteristics

Similar to the finite element models described in Chapter 5, all finite element models
developed for the parametric study utilized approximately 50 mm by 50 mm shell elements.

A linear elastic material model was used for the steel girders with a yield strength
FF=350MPa, el astic modulus E = 200 000 MPa ar

Global load effects were applied to an isolated-loeng girder FE model segment. The
shear force at each end of the isolated segment was applied to the girder webs and the
bending mment was resolved to axial forces applied at the top and bottom flanges. The
patch load (roller reaction) was applied vertically below the bottom flange and was400

long. The FE model did not provide longitudinal or transverse restraint from thetooller

the girder bottom flange.

The width of the top flanges;owas 550 mm and the width of the bottom flangewas

2300mm in all FE models of this parametric study. In addition, unless otherwise noted

(see Section 6.5), the thicknesses usedhertop flange,i1t and bottom flangep,twere

42mm and 30 mm respectively. A WT section (\805x70) was used in all models to
prevent bottom flange buckling and &6forced
flange. The presence of a bottom flarsgéfener is common in practice, especially near
negative moment regions, and therefore bottom flanges are generally sufficiently stiffened

to resist compressive stresses encountered during girder launching situations.
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6.2  Effect of Web Thickness

In this section, the effect of varying the girder web thickness, w, from 10 mm to 16 mm
was studied. The associated panel slenderness ratio, h/w, was also varied by virtue of
changing w. A typical range of web thicknesses from the bridge girders presented in
Table 6.1 is 14 to 16 mm. However, CSA S6 (2019) permits girder webs to be as thin as
10 mm. Therefore, four finite element models were created with the geometries presented
in Table6.2, noting that all other geometric properties were kept constant whiveethe
thickness varied. The buckling streds, and the buckling patch loadPobtained from

the finite element analysis are also presented in Table 6.2.

Table 62: Geometric properties & FE results per web; effect of web thickness

h W FE Results

Model# = (1ym) (mm) @ € W a(mm) ah = e Pe (kN)
Al 2075 10 83 209 5760 2.8 3.5 618
A2 2075 12 83 174 5760 2.8 7.3 1026
A3 2075 14 83 149 5760 2.8 13.8 1684
A4 2075 16 83 131 5760 2.8 32.3 3887

35 w=16mm X
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Figure 6.2: Critical buckling stress versus web panel slenderness for web thicknesses
of 10mm to 16mm
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Figure 6.2 plots the critical buckling stress versus web slenderness ratio h/w, as the web
thickness varies from 10 to 16 mm. It shows that as the web slenderness increases, i.e. as
the web becomes thinner, the critical buckling stress decreases, howetera
diminishing rate. It shows that the change in critical buckling stress is greatest between the
16 mm and 14 mm thick web cases (with a rate of reduction of 103%) and less drastic
between the 12 mm and 10 mm thick web cases (with a rate of redofclib®). CSA S6

(2019) permits web slenderness ratios up to 168, as referenced by the vertical red dashed
line in Figure 6.2. The code maximum was developed from fatigue testing on beams with
unstiffened webs and the limit was set to prevent fatigue ergdhki the flangego-web

welds. For webs under flexural compression, the h/w limit for a Class three web is set to
be 102 (CSA S6, 2019). As shown in Tables 6.1 and 6.2, the slenderness ratio is commonly
larger than 102. Therefore, local buckling of thessreection would be expected and this

is evidenced by the relatively low values of critical buckling stresses in Table 6.2. It should
be noted that the panel width and height for this series of models were 5760 mm and

2075mm respectively, which represemtelatively large unstiffened panel.

6.3 Effect of Web Height

The effect of varying the girder web height is studied in this section. Web heights d61500
3000 mm, increasing in 500 mm increments, were modelled while keeping the other
geometric propdies constant. For each web thickness @ftd 16 mm studied in the
previous section, four web heights were studied. As a result, 16 finite element models were
created with the geometries presented in Table 6.3, along with the bucklinglstressl

thebuckling patch load, 42 obtained from the finite element analysis.
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Table 63: Geometric properties and FE results per web; effect of web height

h W FE Results
Model # = mmy  (mm) @ (W a(mm) ah = g P (kN)
BL1 1500 10 80 152 5760 38 86 840
BL2 2000 10 80 203 5760 2.8 44 622
BL3 2500 10 80 253 5760 2.3 14 496
Bl4 3000 10 80 304 5760 19 15 415
B21 1500 12 80 127 5760 38 122 1435
B22 2000 12 80 169 5760 2.8 88 1035
B23 2500 12 80 211 5760 23 7.0 821
B24 3000 12 80 253 5760 1.9 6.2 675
B31 1500 14 80 109 5760 3.8 231 2066
B32 2000 14 80 145 5760 28 153 1551
B33 2500 14 80 181 5760 23 120 1206
B3.4 3000 14 80 217 5760 1.9 11.5 1011
B41 1500 16 80 95 5760 3.8 455 2836
B42 2000 16 80 127 5760 28 353 2243
B43 2500 16 80 158 5760 2.3 263 1715
B44 3000 16 80 190 5760 1.9 225 1410

Series B model results are shown in Figure 6.3 where the critical buckling stress versus the
web slenderness ratio is plotted for each web thickness. In general, it shows that an increase
in h/w, due to an increase in the web height, also results in@ededn the critical buckling

stress. Regardless of the source of the h/w increase, whether it be the reduction in the web
thickness or an increase in the web height, the greater the h/w, the lower the critical
buckling stress. Also as similarly observaedhe previous section, the rate of decrease is

not linear; the rate of reduction becomes less pronounced as the web slenderness shifts to
a high value region. This observation underscores that the web slenderness ratio h/w, as
opposed to web thickness web height alone, captures the influence of the geometric
properties on buckling stress. It is interesting to note, however, that for a given h/w ratio,
the thicker web results in higher critical buckling stress. In other words, when h/w is
equivalent beteen webs of different thicknesses, the thicker web carries a higher buckling

stress.
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Figure 6.3: Critical buckling stress versus web panel slenderness for web heights of
1500mm to 3000mm

6.4  Effect of Web Inclination

In this section, the effect of varying the girder web inclination is assessed. Previous
research on plate girders is limited to ttese where the girder webs are vertical. Since
trapezoidal box girders have inclined webs, the effect of web inclination is assessed in this
section. In this study, the angle of the w
that a web inclinadn of 9¢ indicates the web is vertical. Five angles of web inclination

were studied corresponding to web slopes presented in Table 6.4. CSA S6 (2019) does not
allow webs to be sloped less than 4:1 (or 76°) to limitaftdlane bending of box girder

web plates. In order to encompass this limit, the maximum slope considered in the study

was 3:1 (or 72°) and used as the lower bound for the data set.
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Table 64: Web inclination and corresponding slope

Model # Web Inclination (°) Web Slope (Vertical:Horizontal)

Cl1.X 90 -

C2.X 85 12:1
C3.X 80 6:1
C4.X 76 4:1
C5.X 72 3:1

Similar toSeries A and B data sets, each slope was modelled using four web thicknesses
and a web height of 2500 mm was considered, resulting in 20 FE models for this series.
Table 6.5 presents the girder geometries included in this portion of the parametrisstudy a

well as the FE results.

Table 65: Geometric properties and FE results per web; effect of web inclination

Model # h w d ( hiw a a/h FE Results
(mm)  (mm) (mm) Gcr (MPa)  Per (KN)
Cl.1 2500 10 90 250 5760 2.3 3.0 521
C2.1 2500 10 85 251 5760 2.3 2.9 516
C3.1 2500 10 80 254 5760 2.3 2.9 503
C4.1 2500 10 76 258 5760 2.2 2.8 487
C5.1 2500 10 72 263 5760 2.2 2.7 467
C1.2 2500 12 90 208 5760 2.3 10.4 860
C2.2 2500 12 85 209 5760 2.3 9.7 852
C3.2 2500 12 80 212 5760 2.3 8.6 830
C4.2 2500 12 76 215 5760 2.2 8.0 804
C5.2 2500 12 72 219 5760 2.2 7.1 771
C1.3 2500 14 90 179 5760 2.3 17.3 1291
C2.3 2500 14 85 179 5760 2.3 15.3 1277
C3.3 2500 14 80 181 5760 2.3 13.2 1245
C4.3 2500 14 76 184 5760 2.2 12.8 1205
C5.3 2500 14 72 188 5760 2.2 12.0 1156
Cl4 2500 16 90 156 5760 2.3 24.0 1803
C2.4 2500 16 85 157 5760 2.3 22.0 1781
C3.4 2500 16 80 159 5760 2.3 20.0 1734
C4.4 2500 16 76 161 5760 2.2 18.9 1678
C5.4 2500 16 72 164 5760 2.2 18.1 1609
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Figure 6.4: Critical buckling stress versus web inclination

The critical buckling stress versus the web inclination is presented in Figure 6.4 for four
web thicknesses. The CSA S6 (2019) limit of 76° is represented by the vertickshed

line where values to the left of the line are not permitted by CSA S6 (2019). While there is
a general trend, especially for thicker webs, indicating an increase in the critical buckling
stress as the web inclination increases, the extent ®finbrease is insignificant. For
example. For a web thickness of 16 mm, the buckling stress df wedOinclination is

27% higher than that of a 76f web inclination. As the web becomes thinner, the extent
of this increase as a result of web inclinattbminishes. At a web thickness of 10 mm, the

effect is nearly none.

6.4  Effect of Web Stiffener Spacing

The effect of varying the web stiffener spacing, i.e., panel aspect ratio, while keeping the
web height constant, is studied in this section. Wi#fleisers provide oubf-plane stiffness

to the web as well as frame the web panel. Web stiffeners form boundaries for a web panel.
Panel aspect ratios of 0.5 to 4.0 were modelled by changing the web stiffener spacing from
1 mto 8 m, in increments of 1 Mable6.6 presents the girder geometries included in this
portion of the parametric study as well as the FE results. Similar to Secticasd®3,

four web thicknesses were included in this section resulting in 32 FE models.
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Table 66: Geometric properties and FE results per web; effect of stiffener spacing

) ) FE Results

w a stiff S
Model # (mm)  (mm) d ( hiw (mm) afh (mm) Ucr Per
(MPa)  (kN)

D11 1985 10 83 200 1000 0.5 16 43.5 1190
D1.2 1985 10 83 200 2000 1.0 16 10.8 721
D1.3 1985 10 83 200 3000 15 16 3.9 654
D1.4 1985 10 83 200 4000 20 16 3.9 645
D1.5 1985 10 83 200 5000 25 16 3.8 643
D1.6 1985 10 83 200 6000 3.0 16 3.8 641
D1.7 1985 10 83 200 7000 35 16 3.8 639
D1.8 1985 10 83 200 8000 4.0 16 3.8 638
D2.1 1985 12 83 167 1000 0.5 16 67.1 1830
D2.2 1985 12 83 167 2000 1.0 16 21.3 1169
D2.3 1985 12 83 167 3000 15 16 8.9 1082
D2.4 1985 12 83 167 4000 2.0 16 8.4 1070
D2.5 1985 12 83 167 5000 25 16 7.6 1064
D2.6 1985 12 83 167 6000 3.0 16 7.5 1060
D2.7 1985 12 83 167 7000 35 16 7.5 1056
D2.8 1985 12 83 167 8000 4.0 16 7.7 1051
D3.1 1985 14 83 143 1000 0.5 16 94.7 2591
D3.2 1985 14 83 143 2000 1.0 16 33.3 1731
D3.3 1985 14 83 143 3000 15 16 14.9 1626
D3.4 1985 14 83 143 4000 2.0 16 14.8 1606
D3.5 1985 14 83 143 5000 2.5 16 14.7 1596
D3.6 1985 14 83 143 6000 3.0 16 14.6 1587
D3.7 1985 14 83 143 7000 3.5 16 14.5 1579
D3.8 1985 14 83 143 8000 4.0 16 14.4 1569
D4.1 1985 16 83 125 1000 0.5 16 121.5 3440
D4.2 1985 16 83 125 2000 1.0 16 47.1 2398
D4.3 1985 16 83 125 3000 15 16 33.8 2263
D4.4 1985 16 83 125 4000 2.0 16 31.6 2233
D4.5 1985 16 83 125 5000 25 16 31.3 2215
D4.6 1985 16 83 125 6000 3.0 16 30.5 2199
D4.7 1985 16 83 125 7000 35 16 30.3 2184
D4.8 1985 16 83 125 8000 4.0 16 30.1 2167

CSA S6 (2019) does not specify a maximum value for panel aspect ratio for web buckling.
However, the code does limit a’h to 3.0 in order to include the effect of tension field action
in web shear resistance calculations. In practice, the panel aspecs geirerally kept

below 3.0. However, for the purposes of this parametric study, and because values of a/h
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exceeded 3.0 in the table of surveyed bridge girders (see Table 6.1), the maximum a/h ratio

modelled was 4.0.

The data from Series D1, D2, D3 abd is plotted in Figure 6.5 to show the effect of the
web stiffener spacing on the critical buckling stress. For all web thickness studied, the
aspect ratio of 2.0 is shown to be the dividing boundary. Below this bounidary (
a/h< 2.0), an increase iaspect ratio significantly reduces the buckling stress and whereas
the aspect ratio effect is negligible above this boundagy, @/h>2.0). The most
pronounced reduction in the buckling stress occurs when the aspect ratio increased from

0.5 to 1.5 and the rate of this reduction is nearly the same for all web thicknesses.

140
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D3.X: w=14mm
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$ 80
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= 60
40
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0.0 1.0 2'0a/h 3.0 4.0

Figure 6.5: Critical buckling stress versus web panel aspect ratio for stiffener
spacing of 1m to 8m

6.4.1 Effect of Stiffener Thickness

In this section, the effect of three stiffener thicknesses (16 mm, 25 mm, and 40 mm) on the
critical buckling stress were compared. The girder ptasefrom model series D.4 were

used as the baseline as this series had 16 mm thick stiffeners. An additional 16 models were
created; 8 models with 25 mm thick stiffeners (D5 series) and 8 models with 40 mm thick
stiffeners (D6 series). The panel aspetiosavaried from 0.5 to 4.0. In all cases, the

stiffeners were modelled as full depth stiffeners with a width of 200 mm. Table 6.7
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describes the girder geometries for Series D5 and D6 and presents the FE results.

Table 6.7: Geometric properties and FE results per web; effect of vertical stiffener

thickness
" g , FE Results
w a stiff
Model # mm)  (mm) () hiw (mm) a/h (mm) Cler Por
(MPa) (KN)

D5.1 1985 16 83 125 1000 0.5 25 138.9 4129
D5.2 1985 16 83 125 2000 1.0 25 69.7 2428
D5.3 1985 16 83 125 3000 15 25 44.7 2268
D5.4 1985 16 83 125 4000 2.0 25 42.7 2235
D5.5 1985 16 83 125 5000 25 25 39.5 2217
D5.6 1985 16 83 125 6000 3.0 25 35.2 2200
D5.7 1985 16 83 125 7000 3.5 25 34.1 2184
D5.8 1985 16 83 125 8000 4.0 25 33.9 2168
D6.1 1985 16 83 125 1000 0.5 40 140.8 4211
D6.2 1985 16 83 125 2000 1.0 40 70.7 2468
D6.3 1985 16 83 125 3000 15 40 46.8 2273
D6.4 1985 16 83 125 4000 2.0 40 44.2 2237
D6.5 1985 16 83 125 5000 25 40 41.2 2218
D6.6 1985 16 83 125 6000 3.0 40 37.5 2202
D6.7 1985 16 83 125 7000 3.5 40 35.0 2184
D6.8 1985 16 83 125 8000 4.0 40 33.9 2169

D4.X: 16mm Thick Stiffeners, w=16mm
D5.X: 25mm Thick Stiffeners, w=16mm

120 D6.X: 40mm Thick Stiffeners, w=16mm

0.0 1.0 2.0 3.0 4.0
a/h

Figure 6.6: Critical buckling stress versus web panel aspect ratio for vertical
stiffener thicknesses of 16mm tdOmm
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The data from Series D4, D5, and D6 is plotted in Figure 6.6 to demonstrate the effect of
the web stiffener thickness on the critical buckling stress. As shown in the figure, an
increase in critical buckling stress is evident for the 25 mm thidlerséifs compared to

the 16mm thick stiffeners for all aspect ratios. A further increase in thickness to 40 mm,
however, does not result anoticeable increase in buckling stress. In other words, there
is no practical benefit to using 40m thick stifferers instead of 25 mm thick stiffeners to
stabilize the girder web. It is also observed that using a thicker web stiffener for increasing

the buckling stress is only beneficial for aspect ratios less than 3.

6.5 Effect of Flange Thickness

In this section the effect of flange thickness, {top), and 1 (bottom), on the critical
buckling stress is considered. The top and bottom flanges of box girders bound the web
plate and therefore are considered as boundary conditions. In order to compare the
effectiveness of the top versus bottom flange thickness a normalized ratio of flange

thickness to web thickness was usefv(br t/w).

Three thicknesses for the top flange and three thicknesses for the bottom flange were
studied in combination with two aspectioa as detailed in Table 6.8. A total of 10 FE
models were analyzed in this section. In this series of FE models, the height, thickness, and
inclination of the web were kept constant. The height of the web was 1985 mm, the
thickness of the web was 14 mand the inclination of the web was 83°. The FE results
from this section are presented in Table 6.8.

Series E1 and E2 were used to evaluate the top flange effects and Series E3 and E4 were

used to evaluate the effect of the bottom flange. The criticeilimg stress versus the
flange to web ratio is presented in Figure 6.7.
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Table 68: Geometric properties and FE results per web; effect of flange thickness

‘ ) 3 FE Results
1 2 5
Model # (mm)  (mm) h/w (mm) ah tiw tow Cler Per
(MPa) (KN)
El.1 30 30 143 5760 29 21 - 17.8 1777
E1.2 45 30 143 5760 29 3.2 2.1 17.8 1583
E1.3 60 30 143 5760 29 4.3 - 17.8 1466
E2.1 30 30 143 2880 14 2.1 - 32.8 1823
E2.2 45 30 143 2880 14 3.2 2.1 32.8 1624
E2.3 60 30 143 2880 14 4.3 - 32.8 1501
E3.1 45 40 143 5760 2.9 - 2.9 21.1 1877
E3.2 45 20 143 5760 2.9 - 1.4 12.6 1112
E4.1 45 40 143 2880 1.4 - 2.9 39.8 1992
E4.2 45 20 143 2880 1.4 - 1.4 24.0 1175
45
40
35
30
g 25
=3
520
] o @
15 —e—FE1.X: a/h=2.88
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Figure 6.7: Critical buckling stress versus the ratio of flange to web thickness

As shown in Figure 6.7, the orange and blue lines are essentially flat indicating that
increasing the thickness of the top flange has no appreciable effect on the critical buckling
stress, espedla with tall webs. Conversely, the bottom flange appears to have an effect
on the critical buckling stress. The yellow and grey lines in Figure 6.7 show that as the
ratioof t/ w i n c g @&sa m@Eeases. I the case where the panel aspect ratiigtis 1
(yellow line), a rate of increase of 79% was observed by increasing the bottom flange from
20 to 40 mm. For the panel aspect ratio of 2.88 (grey line), the rate of increase was 42.5%.

This indicates that the bottom flange is more effective in providibhgundary restraint
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than the top flange. This is expected as the bottom flange, a continuous plate, is expected
to provide more stiffness than the top flange consisting of twejaioted individual
plates.In addition, the thicker the bottom flange, tim@re the patch load is distributed
through the flange (i.e., a longer length of web is loadad}her, comparison of the orange

and grey lines shows the effect of flange to web thickness ratio on increasing the buckling
stress is more pronounced in ttese of aspect ratio of 1.44 vs. 2.88. In other words, the
benefit of using a thicker bottom flange is associated with the panel aspect ratio, i.e.,
distance between web stiffeners. Closely spaced stiffeners enable a greater increase in

buckling stress asresult of bottom flange thickness increase than widely spaced stiffeners.

6.6  Effect of Residual Stresses

In design practice, the effects of residual stresses are typically not explicitly included in
analysis as the effects are reflected in the load and resistance factors. Residual stresses were
not considered in the numerical model verification phase ofdbearch. The effect of

residual stresses was studied in this section.

Based on available literature on welding induced residual stresses of plated structures, the
idealized residual stress pattern is shown in Figure 6.8 (Asadina & Roddis, 2020) where

OrT @ N ke rapresent residual tensile and compressive stresses respectively. This pattern

was applied to the models with 3 50 MPa adopt eckrfaalmodele val u:c
Two | evels of ¢ o0 mprceversstutdied and éheyiwdre 1@¢d 25% r e s s
ofy, which correspond to 6mediumdéd and Oheav
(Jo et. al, 2020 and Asaich & Roddis, 2020). The baseline FE models used for the 0%
residual stress case were A2 and A4 which had 12 mm and 16 mm thiclegpbstively.

Residual stresses were applied in the FE models as prestresses in the quadrilateral elements.
The widths of the tensile and compressive residual stress blocks were calculated to equalize

the magnitudes of compressive and tensile force on@athelement of the cross section

(i.e. net longitudinal force on the cross section = 0 KINjble 6.9 presents the girder
geometries and residual stress levels included in this portion of the parametric study and

results are shown in Table 6.9 and Feyaro.
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Figure 6.8: Idealized longitudinal residual stress profile applied to the FE models

Table 69: Properties of girder models and FE results; effect of residual stresses

d h/w al/h

Model # h w
(mm)  (mm)

F1.1 2075 12
(A2)

F1.2 2075 12
F1.3 2075 12
F2.1 2075 16
(A4)

F2.2 2075 16
F2.3 2075 16

)
83
83
83
83

83
83

174

174
174
131

131
131

2.8

2.8
2.8
2.8

2.8
2.8

(MPa)
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O
URT

0

I3 3T

Urc FE Results
(M Pa) CICI‘ PCI’
(MPa) (kN)
0 7.3 1026
10% (F) 6.7 935
25% () 6.1 856
0 32.3 3887

10% (F) 30.3 3641
25% (F) 281 3369
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Figure 6.9: Critical buckling stress versus applied residual stress

Series F data is plotted in Figure 6.9 to show the effect of compressive residual stresses on
the critical buckling stress for two web thicknesses. In general, the critical buckling stress
is reduced as the compressive residual stress increases. Th@neduobre pronounced

in the case of the thicker web. For the 12 mm thick web casatthefreduction in critical

buckling stress wa4.8% as theresidual stresgariedfrom 0% to 25%wvhereas theate of
reduction wad6.8%6 for the 16 mm thick web casThe magnitudes in reduction of critical
buckling stress are considered low. It should be reiterated that this study focused on stresses
in the elastic range. For the post yield or post buckling regions, presence of residual stresses

may have a more profind effect.

6.7 Comparison of Rr with CSA S6 (2019) Web Bearing Resistances

As described in Chapter 2, the current CHBDC evaluates unstiffened web bearing capacity
by calculating the web yielding,B and web crippling, B, resistances (CSA S6, 2019).

For ease of reference, they are reproduced below from Chapter 2.
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"B x. pm® [2.31]

! PpE B x &% [2.32]

As the web thickness is the main geometric parameter in these equations, the critical
buckling loads obtained from theveb slendernesBE studywere compared with these
equat i onpswasasktes k0 fan the comparison. It should be pointed out that the
calculations consider the web (or portion of) fully yielded or partially yielded (crippled in
the inelastic range). While FE results were obtained in the elastic range for panel buckling,
the comparison is intended to shed light on applicability of thde ameb resistance
equations on panel buckling evaluation. ValuesBBd B for the four web thicknesses
considered in the study are provided in Table 6.10.

Table 6.10: Bry and Brc values for web thicknesesconsidered

Web Thickness (mm) Eqgn. [2.31] Eqgn. [2.32]
Bry (kN) Brc (kN)

10 2450 1213
12 2940 1747
14 3430 2378
16 3920 3106

Figure 6.10 shows the®alues from the FE analysis plotted against the web yielding and
crippling resistancedt can be seen that all the FE critical panel buckling loads are less
than the web yielding (blue line) and web crippling resistances (green line). In other words,

for the panels considered, the web slenderness is in the range that panel buckling in the

el astic range is trigger gx0.8bsaused foralesigm, thep pl i n

web crippling resistance will compare with the FE results better. Howesggl, does not
fully predict the panel buckling capacity with an adequate safety margin for some results.
In conclusion, the web yielding and crippling resistance equations are not sufficient in

predicting the panel buckling behaviour and capacityviens with high slenderness.
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Figure 6.10: Critical load versus web thickness for varying h/w ratios

6.8  Comparison of Rr with Eurocode 3Part 1-5 (2006)

A comparison of the FE critical buckling loads with the web plate buckling formula
currently presented in Eurocode 3 (2006) was also conducted. The Eurocode equations
follow the principles of the classic plate buckling theory with a refined evaluatidatef p
boundary conditions (see Equation [2.43]). However, they have not been verified for large
web panels (i.e., large h/w and a/h ratios) commonly found in trapezoidal box girders.
Details of the Eurocode equations are found in Chapter 2 and a samplatwaicof the

critical buckling load using the Eurocode equations is included in Appendix C.

For this comparison, FE study results from the data groups assessing the web slenderness
and web aspect ratios were used. Figure 6.11 shows the comparisoticarbuckling

loads versus h/w ratios for a constant value of a/h. Both FE results and code values show
an evident decreasing trend of critical buckling load as h/w increases for all aspect ratios
considered. For a given aspect ratio, the Eurocodatieqs provide an accurate estimate

of buckling load as web slenderness h/w varied.
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Figure 6.11: Critical load versus h/w for (a) a/h=1.9,(b) a/h=2.8, and(c) a/h=3.8

103



Figure 6.12 compares the critical buckling loads versus web aspect ratio a’/h for a given
web slenderness ratio h/w. In general, the Eurocode values compare well with the FE
results, both suggesting that a/h of 2.0 is the separation point, beyond wheeisimgra/h

ratio has little effect in changing the critical buckling load.

However, the following discrepancies between the Eurocode values and FE results are
noted. For h/w=125, the Eurocode values show an overprediction of buckling load for when
a/h<2.0. This overprediction is most pronounced when a/h is in the range of G&th1.0

a magnitude obfip to40%. On the other hand, for h/w=200, the Eurocode values show an
underprediction of buckling load for when 2.0<a/h<4.0 with a magnitude of 15% for this
entire aspect range. For h/w=167, in between of the two aforementionedriséesssde

values, the Eurocode values had the best agreement with the FE results.

While developed for evaluation of plate girder web buckling, this comparison exercise
shows that the Eurocode performs reasonably well for evaluation of box girder web
resistane where panel buckling is concerned. From a practical standpoint, a/h<1.0 and
a/h>3.0 are not commonly encountered in practice, the discrepancies as described above
may not have practical significance. Overall, the Eurocode equations are proven to be
adeqate and accurate for the evaluation of web resistance when panel buckling in the

elastic range is concerned.
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary

This study was conducted to develop an understanding of the buckling capacity of steel
box girder webs subjected t@action forces and bending moments typically encountered
during girder erection viancremental launchingCompressive stresses due to reaction
forces and negative bending moments found in the lower region of girder webs, especially
between vertical stiffener locations, can cause web panels to buckle out oivplméhe

stress experi@ed by the web is within the elastic range. The treatment ofptnsl
bucklingis notexplicitly addressed in CSA S6 (2019Y¥hile some guidance is provided

in Eurocode 3 Part-% (2006) this hal not been evaluatefdr box girder geometried.his
studywas then motivated tprovide field data supplemented by nuioal results to gai

a better understanding of panel bucklogaviour and capacity for steel box gird#usng

launching

In the field monitoring portion, strain gauges were installed on the webs of two steel
trapezoidabox girders that were incrementally launched over the Shubenacadie River in
Nova Scotia. The purpose of the figlthnitoringphase was to record stresses in the webs
of the girdersluring erectiorandto verify the results of subsequent FE models. Significant
challenges were encountered with the instrumentasiod the data collected during this

phase of the research was deemaiccompletely reliable.

The numerical portion of thresearch included the development of finite element models
capable of predicting the buckling behaviour and capacityedfs of steel box girders
subjected toconcentrated compression and flexufde finite elementmodels were
verified usingresultsfrom the literature. A parametric study was then conducted to
investigate the effects of several kggometricparameters on the critical web buckling
capacity Finally, the numerical results were used to assess the critical buckling formula
prescribed by Eurocode 3 Parbwith respect t@pplicability on box girder geometries

commonly found in Atlantic Canada.
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7.2 Conclusions
The following conclusions are deed from both the fieldnonitoringand FE analysis
portions of this research:
1 The data collected during the field monitoring phase of the research showed large
variations irnthe recordediata Although some trends were noticeable between data
sets, stress repeatability was not observed/achieved and therefore it was deemed

that the feld data was not reliahle

1 Results from the literature (i.e., work by Granath et al, 1999), were successfully
replicated by the Fihodel This indicates thate developed modé& capable of
predicting the buckling behaviousnd capacityof girder webs and that FE

modelling is a good alternative for further studies

1 Based on the results of the parametric study, the most influential parameters on the
web buckling capacity are theeb slenderness ratib/w, and the web panel aspect
ratio, a/h The critical web buckling stress was assessena range of h/w and a/h
ratios. Theollowing observationsvere made

0 As the web slenderness ratio incregadether due to the reduction of web
thickness orthe increase in web heighthe critical buckling stress
decrease The rate of reductigrhoweverdiminishesas the web becomes
thinner.

0 As the panel aspect ratio increases, the critical buckling stressades.
However, the decrease isedigible for a/h values greater than
approximately2.0. The failure mode for panels with aspect ratios less than
0.5 was observed to be by web crippling rather than web panel buckling.

o The effect of increasing the angle of inclination (i.e., increasing the
verticality) has a more pronounced effect on thicker webs compared to
thinner ones. In the case of thicker webs (16 mm thick for example), as the
web inclination increased, the criticdluckling stress also increased.

However, in the case of thinner webs (10 mm thick for example), the
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increase in critical buckling stress from increasing the web inclination was
negligible.

o The bottom flangenas more pronounced effect on tlogitical bucking
stresghan the top flangeAs the bottom flange bame thicker, the critical
buckling stressncreasd, whereas the increase in top flangethickness
hadnegligible effecon the critical bucklingtress.

o Two levels of welding includedesidual stress were included in the
parametric study and were found to produce a decrease in critical buckling
stress in the order of 15%. It should be noted that this study focused on the
stresses in the elastic range and for post yoelobostbucklingregimes, the

presence of residual stresses may have a more profound effect.

1 In this study, the critical web buckling loads were found to be kgsificantly
less in come casethan the corresponding web bearing resistances (yielding and
crippling) prescribed in CSA S6 (2019). Therefore the web bearing resistance

eguations are not suitable for predicting the web panel buckling capacity.

1 The critical web buckling equatieprescribed in Eurocode 3 Parb12006) which
was developed forshaped plate girderare shown teredict the critical buckling
load of box girder websith acceptablaccuracy for web panels in the elastic stress

range.

7.3 Recommendations
The following recommendations and suggestions for future work are developed from
observations during the field monitoring and numerical study:
1 In lieu of full-scale field testingscaled box girder geometrjesuitable for lab
testing could béabricated.

1 Perform field testing irseasons where the weather is more stabtiiong more

thermally neutral seasofise., not in the winter)
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If full scale launch monitoring was to Ibeconductedpausethe launch at critical
cantilever locations angait until the dynamic effects of the launch are dampened
to take a manual reading of the straiBtaborate continuous monitoring is not

required for FE model verification.

Recordtest specimemitial out of flatnessmeasurementwithin the boundariesf

an entire web panel fancorporationinto the FE model.

Consider the use of strain rosdtre-axial) type gauges, instead oféxial gauges,

in order to capture the full state of stress at a given location on the test specimen.

Consideration of th restraining effectdue to friction,of the launching rollersn

the boundary conditions coule incorporated in future work.

A FE model with nodinear material and geometric properties should be developed
in order to understand the web paoapacity through the entire stress range (i.e.,
elastic to plastic)Varying levels of bending moment and patch |lshduld be
considered in the parametric studyully capture theritical bucklinglimits under

different loadng conditions.
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APPENDIX A

Table A.11: Procedure todetermine thecritical buckling height, Her, of Girder G1.:

Step 1
Determine global load Effects at ends of thbeg longgirder segment

Shubenacadie 2D Girder Global Load Effects Summary
G1-A6 Cantilever Length = 31855 mm
Dead Dead VoL VoL

Location| West Load Load West East RXN

of RXN: | Abutment| Moment Shear (kN) (kN) (kN)
(KN-m) (kN)
West 3 Bay -2618 354

CL Field -5550 492 -397 889
East 3 Bay -2567 -237

Step 2

Determine G1 section properties at strain gauge location:

i
|
3,000

o
Ye)

o

)

___________________________________________________________________ :_)|(
”””””””””””””””” 300 X

]

<

3,650
Figure A.1: G1-A cross section (S-rame, 2023)
G1-A Section Properties

Area (A) 223000 | mn?

Elastic Centroid Offset X (X) 1825 | mm

Elastic Centroid Offset Y (Y) 722 mm
Moment of Inertia X (Ix) 1.12E+11| mnt
Moment of Inertia Y (ly) 2.96E+11| mm’
Elastic Section Modulus Bottom X (Sx| 1.55E+08| mm®
Elastic Section Modulus Top X (Sx1) | 1.28E+08| mm®
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Step 3

Determine noddlorces to apply in FE model:

Web | Roller
S Erame Bot. Bot. Force | Force
Inputs: G1-A Top Flg. | Top Flg. Flg. Flg. Per Per
Stress Force Stress | Force | Node | Node
(MPA) (KN) (MPA) (KN) (KN) (KN)
West | 3 Bay -20.5 -1595.3 -16.9 | -1621.5| 11.8
CLField| -43.4 -3382.0 -35.8 | -3437.4 88.9
East | 3 Bay -20.1 -1564.3 -16.6 | -1589.9| -7.9
Step 4

Perform buckling analysis to determine the point of maximum web deflection ang

obtain H

183 Analysis Type

Analysis type options

() Linear Static

() P-Dekta Static

() Nonlinear Static

) Nonlinear Quasi-Static

O Unstressed Vibration

() P-Delta Stressed Vibration

() Monlinear Stressed Yibration

() Unstressed Response Spectium
() P-Delta Stressed Response Spectrum
() Linear Dynamic Time History

() Nonlinear Dynamic Time History
@® P-Delta Buckling

(") Nonlinear Buckling

() Linear Static Moving loads

(C) Nonlinear Static Moving Loads

Solution trail detail
Section Titles -

Eigenvalue Extraction Method

(@ Subspace Iteration [for large models)

() Jacobi Threshold [for small models)

Figure A.2: G1-A buckling analysis set up (SFrame, 2023)

Subspace Parameters

M ax lterations 100
Tolerance 1.000000E -0gf
Total Buckling Modes 1

Buckling Analysis For

(@ Load Cases
() Load Combinations

Load Case Number

’1_

1-DL

Check Model

Cancel

Defaults

Advanced...

e f.

;

Help
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Step 4 Continued:

AALTAR S-FRAME

Enterprise Version 2022.2.0
© 1995-2022 Altair Engineering Canada, Ltd.

Figure A.3: G1-A buckled shepe and Hr (S-Frame, 2023)
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Table A.12 Procedure todetermine thecritical buckling height, Her, of Girder G2:

Step 1
Determine global load Effects at ends of thbeg longgirder segment
Shubenacadie 2D Girder Global Load Effects Summary
G2-A6 Cantilever Length = 19390 m
Dead VoL | VoL
Location| West Load RXN
of RXN: | Abutment Dead Load Moment (ki) Shear West| East (kN)
(KN) | (KN)
(kN)
West 3 Bay -223 150
CL Fied -1959 261 | -202| 463
East 3 Bay -640 -115
Step 2
Determine @ section properties at strain gauge location:
3,000 400
1] RN R
——F o
™~ o
< o
3 i
B S0 A N 0 B A bl
2,300 X
| | | { oy
| |
3,400

Figure A.4: G2-A cross section (S-rame, 2023)

G2-A Section Properties
Area (A) 114000 mn?
Elastic Centroid Offset X (X) 1700 mm
Elastic Centroid Offset Y (Y) 566 | mm
Moment of Inertia X (Ix) 4.44E+10| mmt
Moment of Inertia Y (ly) 1.44E+11 mm*
Elastic Section Modulus Bottom X (Sx| 7.84E+07| mm®
Elastic Section Modulus Top X (Sx1) | 4.52E+07| mm?®
Elastic Section Modulus Y (Sy) 84800000 mn?®
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Step 3

Determine nodal forces to apply in FE model:

Web
S-Frame Inputs: Force | Roller
G2-A Top Flg. | Top Flg.| Bot. Flg. | Bot. Flg. Per Force Per
Stress Force Stress Force Node Node
(MPA) (kN) (MPA) (kN) (kN) (kN)
West| 3 Bay -3.9| -108.6 -2.1 -152.9 5.0
CL Field -34.1| -953.9 -18.7| -1343.3 46.3
East| 3Bay -14.2| -283.2 -8.2 -431.0 -3.8
Step 4

Perform buckling analysis to determine the point of maximum web deflection ang

obtain H

183 Analysis Type

Analysis type options

() Linear Static

() P-Dekta Static

() Nonlinear Static

) Nonlinear Quasi-Static

O Unstressed Vibration

() P-Delta Stressed Vibration

() Nonlinear Stressed Vibration

() Unstressed Response Spectium
() P-Delta Stressed Response Spectum
() Linear Dynamic Time History

() Nonlinear Dynamic Time History
@® P-Delta Buckling

("1 Monlinear Buckling

() Linear Static Moving loads

(C) Nonlinear Static Moving Loads

Solution trail detail
Section Titles -

Eigenvalue Extraction Method

(@ Subspace Iteration [for large models)

() Jacobi Threshold [for small models)

Subspace Parameters

M ax lterations 100
Tolerance 1.000000E -0gf
Total Buckling Modes 1

Buckling Analysis For

(@ Load Cases
() Load Combinations

Load Case Number

’1_

Check Model

Cancel

Defaults

Advanced...

e f.

1-DL

:

Help

Figure A.5: G2-A buckling analysis set up (SFrame, 2023)
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Step 4 Continued:

2\ ALTAIR

Enterprise Version 2022.2.0
£ 1995-2022 Altsir Enginesring Canada, Ltd

Figure A.6: G2-A buckled shape and Hr (S-Frame, 2023)
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APPENDIX B

Table B.1: Strain gaugeproperties - G1

1. Manufacturer: Omega Strain Gauges

2. SGD Series Specifications:
a. Service Temperature75 to 200°C
b. Max. Strain: 30 000 micro strain
c. Excitation Voltage: 9.5 to 13V

d Gauge

Resistance 350¢q
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CGh;l:]gneel#/ Gauge Type Orientation E:(;g?
1 Uniaxial SGD-5/350LY11 Vertical 2.14
2 Biaxial SGD-3/350RYB21 Vertical 2
3 Biaxial SGD-3/350RYB21 Horizontal 2
4 Uniaxial SGD-5/350LY11 Vertical 2.14
5 Biaxial SGD-3/3506RYB21 Vertical 2
6 Biaxial SGD-3/350RYB21 Horizontal 2
7 Biaxial SGD-3/350RYB21 Vertical 2
8 Biaxial SGD-3/350RYB21 Horizontal 2
9 Biaxial SGD-3/350RYB21 Vertical 2
10 Biaxial SGD-3/350RYB21 Horizontal 2
11 Uniaxial SGD-5/350LY11 Vertical 2.14
12 Biaxial SGD-3/350RYB21 Vertical 2
13 Biaxial SGD-3/350RYB21 Horizontal 2
14 Uniaxial SGD-5/350LY11 Vertical 2.14
15 Uniaxial SGD-5/350LY11 Vertical 2.14
16 Biaxial SGD-3/350RYB21 Vertical 1.99
17 Biaxial SGD-3/350RYB21 Horizontal 1.99
18 Uniaxial SGD-5/350LY11 Vertical 2.14
19 Biaxial SGD-3/350RYB21 Vertical 1.99
20 Biaxial SGD-3/350RYB21 Horizontal 1.99
21 Biaxial SGD-3/350RYB21 Vertical 2
22 Biaxial SGD-3/350RYB21 Horizontal 2
23 Biaxial SGD-3/350RYB21 Vertical 1.99
24 Biaxial SGD-3/350RYB21 Horizontal 1.99
25 Uniaxial SGD-5/350LY11 Vertical 2.14
26 Biaxial SGD-3/350RYB21 Vertical 2
27 Biaxial SGD-3/350RYB21 Horizontal 2
28 Uniaxial SGD-5/350LY11 Vertical 2.14
30 Uniaxial SGD-5/350LY11 Longitudinal 2.14
32 Uniaxial SGD-7/350LY11 Temperature | 2.14

Notes:




Table B.2: Strain gaugeproperties - G2

Cg‘;?g:g Gauge Type Orientation S;;g?
1 Uniaxial SGD-7/350LY11 Vertical 2.14
2 Biaxial SGD-3/350RYB21 Vertical 2
3 Biaxial SGD-3/350RYB21 Horizontal 2
4 Uniaxial SGD-7/350LY11 Vertical 2.14
5 Biaxial SGD-6/350RYB21 Vertical 2.13
6 Biaxial SGD-6/350RYB21 Horizontal 2.13
7 Biaxial SGD-6/350RYB21 Vertical 2.13
8 Biaxial SGD-6/350RYB21 Horizontal 2.13
9 Biaxial SGD-3/350RYB21 Vertical 2
10 Biaxial SGD-3/350RYB21 Horizontal 2
11 Uniaxial SGD-7/350LY11 Vertical 2.14
12 Biaxial SGD-3/350RYB21 Vertical 2
13 Biaxial SGD-3/350RYB21 Horizontal 2
14 Uniaxial SGD-7/350LY11 Vertical 2.14
15 Uniaxial SGD-7/350LY11 Vertical 2.14
16 Biaxial SGD-3/350RYB21 Vertical 2
17 Biaxial SGD-3/350RYB21 Horizontal 2
18 Uniaxial SGD-7/350LY11 Vertical 2.14
19 Biaxial SGD-6/350RYB21 Vertical 2.13
20 Biaxial SGD-6/350RYB21 Horizontal 2.13
21 Biaxial SGD-6/350RYB21 Vertical 2.13
22 Biaxial SGD-6/350RYB21 Horizontal 2.13
23 Biaxial SGD-3/350RYB21 Vertical 2
24 Biaxial SGD-3/350RYB21 Horizontal 2
25 Uniaxial SGD-7/350LY11 Vertical 2.14
26 Biaxial SGD-6/350RYB21 Vertical 2.13
27 Biaxial SGD-6/350RYB21 Horizontal 2.13
28 Uniaxial SGD-7/350LY11 Vertical 2.14
29 Biaxial SGD-3/350RYB21 Transverse 2
30 Biaxial SGD-3/350RYB21 Longitudinal 2
31 Uniaxial SGD-7/350LY11 Longitudinal 2.14
32 Uniaxial SGD-7/350LY11 Temperature 2.14
Notes:
1. Manufacturer: Omega Strain Gauges
2. SGD Series Specifications:
a. Service Temperature75 to 200°C
b. Max. Strain: 30 000 micro strain
c. Excitation Voltage: 9.5 to 13V
d Gauge Resistance 350¢q
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APPENDIX C

Table C.1: Worked example - critical buckling stress

Step 1
Determine global load Effects at endsookbay longgirder segment
Model #: B3.2
Dead Load Dead Load Shea| RXN
Global Load Effects| Moment (kNm) (kN) (KN)
West 1 Bay -3500 350 200
East 1 Bay -3500 -350

Cantilever length = 20 m

Step 2
Determine girder section properties at critical section (section directly above the
leading roller support):

| Wy |
tlll by | b, |

-
W
=
1

A
t
[ = i
ty b,

Figure C.1: Box girder section schematic

B3.2 Section Properties:
by (mm) 550 wz (mm) 2970
t1 (mm) 42 Webslope (°) 81
bz (mm) | 2300 Siop (MMP) 1.15E+08
to (mm) 30 Sottom (MNP 1.6058E+08
h(mm) | 2000 Avop i (MNP 46200
w (mm) 14 Abottom fi (MNP) 69000
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Step 3
Determine axial flange forces, web shear forces, and roller reaction forces:

Crop (MPa) 30.45
Top Flange Force (kN) | 1407
ljbottom(M Pa) 21.80

Bottom Flange Force (kN)| 1504
Shear Force per web (kN)| 175
Roller Reaction per web (kN 350

Step 4
Discretize FE model and calculate nodal forces:
Model Discretization: Load Inputs at Bay Extents:
# Top Flange Nodes 14 | Top Flange Force per Node (kN)| 100.5
# Bottom Flange Nodes| 25 (E;(?\'I[';om Flange Force per Node 60.2
# Web Nodegper web) | 20 | Web Force per Node (kN) 8.75
# Roller Nodegper web)| 5 | Roller Force per Node (kN) 70
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Step 4 Continued

Figure C.2: Nodal loads applied in FE mode(S-Frame, 2023)

Step 5
Run buckling analysis (see Appendix A for analysis type dialogue bbxai8e
2023).
Scale resulting mode shape to 8 mmaximum web amplitude. Save geometry as th
initial geometric imperfection:
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Step 5 Continued
B3 Update Geometry >

Update Geometry With Scaled Mode Shape Ok
Maode Shape Description |Mcu:le Shape B Factor =4 570584

Cancel

tode Shape Mumber E

Frame Imperfection |E rfn

Figure C.3: Example of update geometry window; 8 mm imperfection appliedS-
Frame, 2023)

Step 6
Runnonl i near buckling analysis to obta
height H:
Parametric Study Feee Lot
Filename: MODEL B3 2 - BUCKLE TEL
GRAPHICALRESULTS - Buckling Anatysis For Load Case 1. Mode shape 5. Load Factor = 4431441
Engineer: RC
Load Case 1
Mode Shape =5
Load Factor = 4.4324
% Error =0
2
nt
O\ ALTAIR
S-FRAME

Enterprise Version 2022.2.0
© 1995-2022 Alwair Engineering Canada, Lid.

Figure C.4: Model B3.2 buckled shape and Hcr (S-rame, 2023)
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Step 6 Continued

Results:
> = 4
Her = 800 mm

4324

Step 7

Run nonlinear static analysis and extract web stresscat H

&3 Analysis Type
Solve For Load

v Cases " Combinations
Analysis type options

() Linear Static

) P-Delta Static

(® Nonlinear Static

() Nonlinear Quasi-Static

) Unstressed Vibration

) P-Delta Stressed Vibration

) Nonlinear Stressed Vibration

) Unstressed Response Spectium
() P-Delta Stressed Response Spectium
() Linear Dynamic Time History

) Nonlinear Dynamic Time History
) P-Deka Buckling

() Nonlinear Buckling

() Linear Static Moving loads

() Nonlinear Static Moving Loads

Solution trail detail

Section Titles v

[ Exclude beam stress stiffness

[ Exclude shell stiess stiffness
[ Include Incremental Results

" Both

Convergence Criteria
) Absolute
® Relative

() Absolute with rotations
) Relative with ratations

Displ Tolerance |1|

Force Tolerance |.0
Energy Tolerance |0

Convergence parameters
Static Ld Increments | 10

Max Iterations |50

Nonlinear Static Analysis

[ Use displacement control method

x
Check Model

Cancel
Defaults
[ it

Help

Figure C.5: Non-linear analysis set up (S-rame, 2023)
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Step 7 Continued

Figure C.6: Model B3.2 nontlinear static stress results (S-rame, 2023)

Result:
0 -35MPa

Step 8
| cud at e 0

Ca
ljcr = a* U
Ucr = (4.4324)*(3.5) =15.5 MPa (Compression)

Calculate B
Pe= o*( Roll er RxnN)
Per = (4.4324)*(350) =1551 kN
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Table C.2: Calculation of Bry and Brc from CHBDC (CSA S6, 2019)

CHBDC (CSA, 2019) Clause: 10.10.8

"B x. pnd

" p8 B x &%

Es= 200000 MPa

F = 350 MPa

N = 400 mm

W = 14 mm

t= 30 mm

Qpi = 1.0
Results

Bry: 3430 kN
Brc: 2378 kN
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Table C.3 Calculation of Fcr from Eurocode 3 (EN 1993 15, 2006)

Eurocode 3 (EN 1993-%, 2006)

. 0O
& T8 %E_
e E
©® C A
E= 200000 MPa
tw= 14 mm
hwslope: 2028 mm
a= 5760 mm
Results:
ki = 6.25
Fer = 1522 kN
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