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" ABSTRACT

Influence of Residual Stresses and Geometric "\
- Imperfections on Buckling Strength of
‘ . Stiffened Compression Flanges of
. Steel Box Girder Bridges

-
o

" Eugene G.Thimthardy, Ph.D. , ‘ ' L
¢ Concordia University, 1988 e

An experimental and analyt:ical investigation of the influence of residual stresses
and geometnc 1mperfccuons on buckling behavxour and ultimate strength of stiffened .
_compression flanges of steel box girder bridges is repoxyad in this thesis. ¢
An extensive field investigation of the existing initial imperfections in steel box
girder bridges performed for the first time in North Americd is presented. Included are
the magnitude and distribution of residual stresses and geometric imperfections produced .
during fabrication. The latter data, supplen;cnted by measurements on existing box girder °
_bridges are meant to define a realistic and reliable set of tolerances to be used both in

- ~.design and fabrication of box girders.in Canada.

The influence of residual stresses and initial geometric imperfections on the bigkling
behaviour and ultimate strength of steel box girder bridges was experimenally
investigated by the test to failure of two large scale cantilever models. In each ca

different levels of initial imperfections were induced during fabrication. In both models

the failure was initiated by plate buckling in the compression flange and signiﬁca'nt
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interaction between the plate and stiffeners occurred prior to collapse of the entu'e
- cross-section. o o '~ : . . R
A mc‘jomtical r;lodcl for analyzing the large deflection élastimplastic response of the
_stiffened plates typfoaf of tho's\e found in box girder bridges is described. - tnite element *°
méthod is used to ﬁumérically solve the plate equations. A single-layer yield function
with an associated flow rule is used to define the plate behaviour in,the plastic range, ‘
while von Mises criterion and the assoclated Prandtl-Reuss equations of plasncny arc
employed for stlffcners An updated Lagranglan formulation is used throughout thls
study associated w1th BFGS (Broyden—Fletcher-Goldfarb-Shanno) method for iteration. ~
. ~Comparisons of the predicted values using the present aoproach and previously published
experimentdl and theoretical results confirm its soundness. Superiority of the discretely
stiffened plate approach used in the present study for predlctlon of the ultlmatc loads over
some of the existing simplified metho?s is proved by very good agreement of the former
with the experimental results of physical models. .

. A parametric study which includes a practica} range of plate panel and stifféner
slenderness ratios is presented. Realistic levels of initial defonn;\ﬁons and residual
stressés are considered. It was found that the effect of initial imperfections is marked for
slenderness ratios in the range 30 to 60. Uitimatc load curves applicable to design of
stiffened compression flanges are defined for the slenderness ratios suitable to design and
levels of initial imperfections specific to box girder fabncfﬂ'On

Itis concludcd that the study of isolated stiffened plates contnbutcd towards better
understanding of the overall collapse’ behaviour of steel box girder bridges, but the
intcracuvc effects, such as stress redistribution; need further consideration.
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NOTATIONS
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Z%’;.'j‘l area of cross ‘section of box girder or stiffened plate
* plate area {
stiffener area
addedcross-section area of weld
'pancl length, span of stifféﬁeir, weld leg
aspect ratio \
: slenderness ratio
fillet weld area per pass
panel width, weld leg ‘)\
 plate panel slepdctnessiatio‘ .
stiffencd plate width C :
coefficient with dimension of stress S
incremental material property tensor

weld throat, width of triangular and rectangular tcnsidn block
either side of a weld

modulus of elasticity or Young's modulus
- ta?n%ent modulus ] ‘

. linear strain tensor

stiffener eccentricity Lo
yield function
centre of gravity

13 Ll "
deviatoric stress tensor
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INTRODUCTION _
1.1 Steel Box Girder Briviges: A His torical Review
of Their Development

The idea of using tubular sections in the design of steel bridgesfoundits first

application in construction of the Brittania Bridge (1846-1850).

- The bridge (Figure 1.1) designed by Robert Stephenson was built to carry the

Chester and Holyhead railway and it was a major landmark in the development of bridge

"and structural engmeermg Stephenson's wrought- iron tubular bndgcs were designed .
based upon detailed tcsts pcrformed by Fairbain and Hodgkinson on large scale models’
[1-3]. ’ . (

The lack of sound knowledgc regarding the behaviour and theory of strugtures during
the early part of the 19th century was the main reason for conductmg experimental work in-
providing the background for the solution of important structural engineering problems.

,  The experiments carried out in connection with construction of the Brittania Bridge
are, even today, of great interest to engineers working in areas of thin-walled structures
[4] They represent the world premiere of tcstmg steel box girder bridges in order to
predxct their load-carrying capacity and thc,buckhng behaviour of their componems webs
and flanges.

In the design and construction of the Britannia Bridge "the work of civil cngineeﬁi
involved not the application_.of existing theoretical knowledge but the design and

dcvclopmen{ of wcﬁniqnes that provided empirical fmowlnge" [5]) from which later

1
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developments could arise.

. > .
For almost a century, no steel box girders werd built and the main reason seems to be ™

" the difficulties encountered in design'and fabrication of such structures..

The post Second World War developments in dwclding and in preéiéion gas cutting
techniques as well as the advaﬁccs in structural theories, made possible the development of
more efficient monolithic stﬂxcturcs, in which plates are the principal elements. The new
fabrication technologies and the introduction of the orthotropic steel deckioncept in bridge
design in Germany, revolutionized the design of steel highway bridges and revived the use
of box girders.

L ] g .
In recent years, owing to their economic and aesthetic appeal, the use of box girders

in bridge construction, largely piénecrcd' in Germany, has become more popular outside .

that country. Steel box girders have been and continue to be used in conjunction with

orthotropic steel decks or composite concrete decks. The first major bridge using the

* orthotropic steel deck and having two supporting box girdcts‘was opened to traffic in 1951

in Germany. T’his bridge, the Dusseldorf-Neuss Bridge, has spans of 103-206-103 m,
and was the first of many major long-span steel bridges to use the boy; girder with steel
deck.

In 1954, the Waser Bridge at Porta, Germany was the first to use the single,
torsionally-stiff steel box girder. This was followed by the construction of many bridges
employing the siee‘]l box girders, not only in Germany, but also, in other European
countries. -

In 1965, the first bridge of this type was built in North America. It is the 690ﬁ1

Concordia Bridge in Montreal, Canada. It consists of a single box girder utilizing four

" web plates. In 1967, the first two steel box girder bridges having orthotropic decks were

completed at nearly the same time in the U.S.A. They were the San Mateo-Hayward

Bridge in California and Poplar Street Bridge in St. Louis.

In the following years, the use of steel box girdefs in bridge construction has
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expanded rapidly all over the world. Tociay the box shape represents the most versatile and
popular structural system and this is mainly due to ﬁe ideal distribution of metal resulting
in great strength in bending and in torsioﬁ Such structures not only provide a saving in
weight but also reduced resistance to wirid, improved acrodynamic stability, ease of
maintenance and a graccful appearance. ‘
New weldmg procedures have advanccd the box girder to a h:ghly economical

position. As the cost of any structure is largcly contmllcd by the cost#f fabrication and of

~ construction materials, bridge types that are economical will be in demand. As bndgc

engineers look for reducti\ons in weight and cost, the box girder will become more
attractive even if its behdviour is not yet fully understood. | o

The history of the Britannia Bridge, introduction of orthotropic s‘tccl decks and of
modern steel box girder bridges, exemplify one major feature of structural art, namely, that
the new designs precede new theories, and that practice in adv‘anScd engineering precedes
the jurisdictions that draw up national codes and specifications. Illustrative of this is the
fact that the German orthotropic deck plate and box girder qonstmction evolved before any

codes were written for them. '
1.2 The Steel Box Girder: A Specific Bridge Structure . ®

Development of the steel box girder bridges continued successfully until the end of
l9§9. Up to this time the results of theoretical and ,cxpcfimcntal studies performed on
orthotropic steel decks had been rationalized [6] and incorporated as design methods based
on linear elastic theory in German code {7) and American guidc:; (8,9]. The remaindcr of

steel box girder members were dcsxgncd by extrapolating the cxlstmg provis:ons of
standards for steel plate girder bridges }hgn in force [lOolZ]

Due to the structural efficiency of steel box girders, lhinncy plates were needed in
d‘csigr- of their component members than previously used in i)lite ;irden. For these

slender plates, instability was not the only problem needing careful consideration in
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design, but imperfection sensitivi& was also greatly increased. In order to cope with the
new situation, increased safety factérs against buckling were considered as was the case

with German code DIN 4114, [10].

However, the general behaviour of a steel box girder as a bridge structure, where

influence of geometric imperfections and residual stresses can affect their buckling

strength, was not clearly understood. It has been ascertained that these were the major
factors contributing to a series of collapses of box girder bridges between 1969 and 1971.
These accidents, in which fifty-one men lost their lives, are in chronological order as
follows : ~ | )

o November 6,11969: The Fourth Danube Bndgc in Vienna (Austria).

o June 2, 1970: Milford Haven Bridge, over the Cleddau River, in Wales (Great

Britain). \ '
o October 15, 1970: West Gate Bridge, spanning the Ylam.i RivFr, in Melbourne
(Australia). “

o November 10,'1971: Rhine vaer Bx;ldge, at Koblenz (West Germany).

All these fallurcs which occurred during erection, caused a general uneasmess about
the rclxabxhty of the whole concept of the box glrdcr as a structural clcmanThelr uncertain
behaviour near buckling or even in post-buckhng conditions, has been commented "on
throughout the world [13-26]. Ofﬁcial investigations [27-29] in a’g fou;' countries showed

. . ~

In Great Britain, following these accidents,work was stopped on all box girder

bridgesunder érection and des1gn and traffic restrictions were imposed on exlstmg ones .

.. <
[30]. Atthe sametime, a committee of inquiry under the chairmanship of A.W. Merrison,

was appointed to examine the design rules and methods of analyses used for box girder

bridges. A report was prepared by this committe¢ and new design rules formulated -

L]

[31,32}.° %
Finally, it was concluded from the failures that more exacting design, fabrication and
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erection methods have to be formulated and followed, and that they must be backed by
sufficient fcsearch. This fact 'has been clearly expressed by A.W. Merrison in his |
" "Introduction” to the Intemational Conference on Steel Box Girder Bridges [33]: |
"I have little doubt that the steel box 'girder must be the best studied constructional -

element in the whole history of engineering.”
, Indeed, box gfrder design involves consideration of many effects which are of second

order importance or non-existent in conventional single web plate girder design, and as

such, it demands sophisticated engineering. Nonectheless, it represents an ideal way of

building certain types of bridges and none of the accidents which occurred revealed any

fundamental weakness of the concept.

In order to clarify and understand the behaviour of each con{poncni and the whole

qu girder, Fxtcnsivc research programs have been undertaken mostly in Europe. These

research programs have included‘both analytical and experimental work oﬁ models and real

structures. The major studies were performed in England [34-36], Belgium [37-56] and’

Germany [40-42). Their preliminary conclusions were:

1. Thin, stiffened plates forming the flanges and webs of box éirders require special
analysisi -tak‘ing into account, either explicitly or implicitly; the initial geometric

imperfections and residual stresses produced during fabrication. \

2. Classical linear plate buckBing theory xippears(tb be on the unsafe side in the design of

steel box girdcr members, so that application of the ultimate strength theory of
initially deformed stiffened panels should be considered in order to improve the
existing situation, In this regard, an extensive rescarch programme on such panels
must precede the development of design formulae.

3. The structural interaction l:etween flanges md\webs of box girden is so different
from plate girders that methods used in the design of plate girders um\o} be
ext:apolated to box girder webs. ‘

.4, There appean to be insufficient knowledge of the“u'mmtc capacity of complete or
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‘ 'pﬂ(tially complete steel box girders and the proper evaluation of sﬁfety’ during
. ;
construction and in-service depends on a sound understanding of behaviour at the
ultimate states. To achievethis goal, more experimental research is needed:

13 Em\ t of Residual Stresses and Geometric Impeifections
he Buckline S h of Steel Box Girder Brid ,

The ddrimental effect of residual stresses and initial out-of- straightness has for a

loné time been recognized in the design of steel rolled and welded columns. Their

influence wa&‘invcstigated for the first time in the early 1950's by Osgood-[43] and Yang .

et.al. [44]‘ a_nd later developed by Tall [45], Massonnet [46] and Bjorhovde [47].

All of these studies were conducted pﬁmﬂy to arrive at a better assessment of the
column and its behaviour, but with a view towards developing rule¥ for practical design
purposes. Unfortunately, the existence of residual stresses and geometri§ iml')'erfection‘s in
’wglded stiffened plates was overlooked durin'g the early period of box girder bridge
construction, and these were the major. factors which precipitated the failure of the four
bridges. For such suulctural elements used extensively in ship building and box girder

. bridges, other types of imperfection, hsoimc of which are unavoidable, occur during
fabricﬁtion and .compound the ,cffccts of the initial-ones existing m plates and rolled
sections. “

- In real bfidge structures, plane plates, straight stiffcqefs' and stress free states, do not
exist. The existing residual stresses and geometric imperfections cause initial inu;mal
eccentricities which have to be added to unavdid;blc load eccentricities. Thus, in the case
of compression members, bending deformations grow non-linearly with the load so that

the stress-deformation.diagram is a curve with an increasing curvature as shown in Figure

- 1.2. There is no doubt that in assessing the ultimate strength of stiffened plates, the

. residual stresses and geometric imperfections must be taken into account [31,32].

Due to the random variation of residual stresses and geometric imperfections their
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influence on overall behavmur and ulhmatc strength of steel box gi!du' bridges bycomes m
exceedmgly complcx problem to solve. The magnitude of residual stresses and geometrlc

imperfections induced during fabrication of full size welded structures, is influenced by
many parameters which cannot all be included in a simplg\?nnula. Since the existing
‘analytical and numerical solutions and formulae are at best only good approximations, it is

desirable to rely on experimental measurements.

conducted in Belgium [38], Germany [40}, United Kingdom [48), Czekoslovakia [49} and

‘ Romania [50], for example, jn which residual stresses and/or geometric impcrfcctipns
were measured on actual box girder bridges.

Regarding the influence of residual stresses and g;:omcm'c imperfections on the

" ultimate strength of steel box girders and their components, the unanimous opinion is that

. mare experimental research is needed in order to support the pmdicu’ons;obtainex from

used for columns, i.c. in a semi- probabxhstxc manner.

From the point of view df statistical interpretation of test rcsults. it seems that

building engineers were in a much stronger position than the actual bndge engineers,

K—— because they could test to failure hundreds of full size columns in order to define their
ultimate strength statistically (47, 51]. In the case of steel box girder bridges, the tests

\ ‘were and are performed on reduced scale models, hardly large enough to simulate the
behaviour of prototype box girders and their géometric imperfections [34-39]. Regarding
the magnitude of residual stresses, it should be noted that no similitude exists between

-~

welding residual stresses ind/uccd in a real structure and a reduced ‘model, and for this
reason they should be measyred on both, in order to define their magnitude and their

influcnce on the ultimate strength.

box girder bridges, mosf of the tests and analytical models were performed and developed
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Folldwing the failures that occurred in the early 1970's, several investigations were -

— " analytical and numerical models, and that they should be treated in a similar way to those

Cue to the cor_npléxily of the problems encountered in the design and research of steel
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for compression flanges which have been shown to be the most sensitive parts of: the .

| ;su'ucfurc. Fe%)er tests and theoretical models have focussed on the webs and diaphragms

and just a very few on con'_xplete steel box girders. In the latter c'aisc, mathematical
formulation of box girder member interaction as well as the &atabilizing effect of residual
stresses and geometric imperfections become an exceedingly complex problem while the
experimental tests ;cnd to be unduly expensive. However, both kinds of investigation are
required to achieve further underétanding of thc behaviour of box girder bridges.
14 Assessment of Residual Stresses and

Geometric Imperfections

The changes that occurred during the past three decades in structural safety
philosaphy at an'intcmau'onal Jevel, aimed at assuring adequate safety against the structure
or structural element being rendered unfit for use, had a great impact on design of steel box
girder bridges. Almost 'cv?rywhcre, thqrc isa gcner’a{ trend to abandon the allowable

stress theory embodied by the global factor of safety concept applied to stresses.

Gradually, it is being replaced by the semi-probabi(lisﬁc theory of limit states where partial

factors are applied to the resistance of a member of a structure and to the loads, in order to
check its safety and serviceability. According to the new cdnccpt, each structure must
comply with the ultimate limit states, which correspond to the maximum load-carrying
capacify and with the serviceability limit states, which are linked to the criteria governing
normal use and durability [S2-54]. The method of ;alculaiion is based on experimental data

including tests on scale model and prototype structures, with the application of scientific
o —

‘principles expressed in a statistical manner. 2

From the structural safety viewpoint, the introduction of the ultimate limit states
concept had tremendous consequerices. The Small displaocmcnf elastic model, that was the
backbone of the li;ncar plate buckling theory, became unsuitable and has begun to be
replaced by large displacement clasto-plastic models Which are ':riom realistic and take into

1 4
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account residual stresses and geometric imperfections induced in r%l structures during = ;

‘ fabrication and manufacmnng processes. .
' "For analyzmg safety of steel box girder bridges in the new context, n is necessary to
~ consider and limit the actual imperfections. A set of realistic and easy to control tolerances
should be established which sgtisfy the requ‘i;emcms 01; the optimum structure. To define
realistic values of tolerances, the magnitude of existing geometric imperfections in actual
_ structures-has to be mvesﬁéawd and statistically intcrprc}ed
Regarding the appliéati‘on of the new theory in cxisting and new draft codes, it must
be noted that none of them contain rules which are totally based on cnucal buckling theory

(even allowmg for the varying factors of safety which are used), or on the.nlnmatc strength '

theory for plate structures. There are traces of both philosophies to be found in codes ™
seemingly based on one or other of the two main schools of thought. This is to be
expected as neither the elastic theory, even with modifications, is fully satisfactory, nor ca.g(
it bc claimed that there is sufﬁc:em information available from recent research to base all.
sections of the codc on mclastlc ulhmate strength approaches.

Actual phllosophxcs artbuckling theories used in the design of steel plate and box
girder bridges in four continents, are presented in Table 1.1., while the codes to which
- reference is made are listed in Appendix A. i —
\ | - Itis striking to observe in Table 1.1 that the effect of residual stresses an& geometric

-imperfections on the buckling strength of steel plate structures is taken into account in
- - almost every code, either explicitly or implicitly but no reference to this is found in the
" Canadian ones. Regarding the prescribed values of structural imperfections it should be

noted that in the case of the European and Japanese Codes these are based on éxpeﬁnwnul ‘\

- N T

"mmmm on real box girder bridges- while there is no ‘lgch information in North
America. | ,
~ Most of the early ana]yucal and experimental studies performed in North America on

e SR

box girders [59,56], dealt with elastic behaviour. Very little information on their
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,behavmur in inelastic range 1s available [57]. Lumted results were subsequently obtained
by Parr and Maggard 58], Corado and Yen [59], Tupuln [60] for straight box girders, and
by Culver and Mozzer [61-63], Heins [64,65] for curved box girders.
Even today, a dearth of experiméntal results involving residual stresses, geometric
“imperfections and their effect on the ulfirhate strengthof steel box girders in North America
exists. As such, no specific tolerances for these bridges and their components, have been’
prescribed either in Canada [66-70] or in the U.S.A. [71,72]._Suggested tolerances in an
American proposaf [73], are an extension of the European ones {74,75]. They do not.have
an experimental basis as those in Europe, and nobody knows if they can be cbnsidered as
representati\‘/e for steel box girders in North America, nor if they can be subscribed to by
steel fabricators on this continent.
. Now that a limit state design approach has been introduced in Canada in dcsign
- bridge codes at the provincial level [68], and indeed is pmscd to be extcndcd to the riational
level [67], an extcnswc research programme was undertakcn to address this problem

[76,77]. The research programme ifi which the author participated took into account the

specific geometry of steel box girders designed and built in North America which in many
respects are different from those constructed in Europe.

14

1.5 Aimsand Scope of Thesis

* \_Thére are three major aspects of the work being reported in this thesis.

Firstly, an extensive field investigation of imperfections in steel box girder bridges

performed for the first time in North America is presented. Included are the magr‘)itudc and
distribution of residual stresses and geometric imperfections produced during fabrication.

The laitcr data, supplemented by measurements on existing box girder bridges, are meant
to define a realistic and reliable set of tolerances to be used both in design and fabrication

of box girders in Canada.

. Secondly, the influence of residual stresses and initial geometric imperfections on the

14
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ultimate buckling strength of steel box girdér i)ﬁdgcs is investigated. In this regard, two
large scale cantilever models having identical cross sections but differ;nt induced residual
stresses and geometric hnperfeéfions, were tested to failure. It was, and is, expected th.at
the tests will px:ow'/idq useful info};nigtion regarding the existing rclationshipé between

component collapse and overall collapse of stiffened compression flanges of steel box

girders affécted by the presence of residual stresses and geometric imperfections.

Thirdly, an elastic-plastic large deflection computenzed analysxs which accounts for -

both geometric and material pon-linearities was used in pcrforrmng an cxtcnsxvc parametric
study on the behaviour and collapse of stiffened compression flanges with geometries

ﬁ&cific to Canadian practice. In this régarci the ﬁﬁte element approach was used taking
into account the versatility of this method in non-linear analysxs The study considers the
effects of slendcmcss ratio of plate panels and stiffeners, rcsxdual stresses and initial

geometric imperfections of plate panels and stiffeners. Prior to embarking on the

iy

parametric study, validation tests were performed on the finite element model developed.

The results generated for plates with practical levels of imperfections agree well with
&

strength predictions based on the available experimental data.

¥y

Finally, design recommendations based on the numerical results are proposed for

, - possible use in future design of stiffened compression flanges of box girder bridges in

I

Canada. '
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Table L1. Methods and Theories Used in Design of Steel Highway Box Girder Bridges :
' Design Method Buckling Design , Account for
Allowsble’” Limif  Lincar . Residu) | Geomewic -
Stresses States - Elastic Inelastic ", Stresses . Lmpetfections
NonhAmgrica ‘\ %
A. 1. US.A. - Code : © o ° ] e ®
A. 2. US.A. - Proposal . o o] o 0 o
A.3. Cansda-Code . o . ] ~ e . ] ®
A. 4, Canada - Revision L ° ° .. o .
A.S. Canada - Onnario . ! !
© Code ° ° o o ° .
. Western Evrope - - .
A.6. Austria o e .o ° ° 0
A.7. Belgium o » L ° ° 0. 0
A.8. Germany L0 e o L o o,
A.9. France ° (o] o .. S - "o
* A, 10. Great Britdin s 0 o o (< 0
A. 11, Swizerland  ° o ° ° ° ..Q 0
A.12. ECCS. o o , © o °o. o
E .E L)
A. 13. Czechoslovakia ° o o ° o ]
A. 14. Germany ° . °o . ° o ‘e
A. 15, Hungary o ™ ) - o - o )
A. 16. Poland o -® © . o . o
A. 17. Romania 0 L o L o, 0
A. 18. Soviet Union L o - o ) S - °
m d ) i . ’ '
- ¢
I\k. 19. Japan ° ® ) 0« ) ] e, .
South America - : ) r
A.20 Brazil - e .+ o, -0 » o .0 .0
, ; e .
*Note : The sice bridge design codes are listed in Appendix A. Legend .
. f%} o -Yes o
o e - No
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CHAPTER I

 THERMAL AND RESIDUAL STRESSES IN PLATES DUE TO WELDING

.‘3 . N ‘ ?
2.1 i

?

‘Residua] stresses are defined as those sigesses that would exist in a body if all
external loads were removed. In metal structures, they are most often caused by
non-unif‘oriﬁ ‘plastic straining which occurs during various manufacturing stages due tp
either heating or ocfonnaoon.

‘Residual stresses can affect large portions of the metal structure %r areas on an atomic .
soahe and they are generally defined as macrostresses and microstresses, respectively.
Six:ce the structural qngineor is mainly concerned with mgorostrcsscs, on]y these will be
considered in the remainder of this dissertation. For the scope of this thesis, thc analysis of

residual stresses is exclusively restricted to those stresses which result from plastic
. -

deformations set-up by welding. As such these stresses result after cooling has taken

' placc the Mternal stresses produced durmg the process of hcaung and coohng are known

as thermal stresses. . - ¢

During the welding process, each weldment is locally heated by the welding arc. The
changes and non-uniform temperature aistnbutlon in the weld and parent metal regions

near the weld as w#dmg progresses is the main characteristic of this process. Th

complex thermal cycles cause changes in the microstructure of the, heat-affected zone,
. N _,s’

transiént thermal stresses and metal movement and findlly the development of Tesidual

’

stresses and distortion in the final oroduct. ' ‘ »
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The existence of residual stresses in welded structures has, in most cases, a

. _deleterious effect on their behaviour under applied loads. They are the stresscs which

affect the brittle fracture and fatigygrof tension members as well as the buckling strength of .

‘compression members. In the latter case, the presence of compressive residual stresses in
the regions located some distance away from the weldments and their associated
accompanying distortions can substantially decrease the critical buckling load. In order to
assess the effect of residual stresses and distortion on strength and behaviour of welded
structures, their magnitude and distribution needs to be known. '

Until now, the only reliable means of assesSing residual stresses has been by
experimental méthqu; dcvclopmcr;t of analytical and numerical'methods have been, and
continué to b:, the subject of many investigations.

In order to understand the mechanisms /and the effects of various factors on the
magnitude and distribution of residual stresses ih weldments, the following steps must be
follo-wed: _ : n -

1. Analysis of heat flow. |

2. Analysis of transient thermal stresses.

3.  Determination of non-elastic strains.

4. Analysis of residual stresses.

In orécr to analyze thermal stresses and metal movement during welding, it is first
necessary to analyze the heat flow during welding. Diagrammatically, Figures 2.1 and 2.2
show tl;c temperature distribution along with the temperature changes and resulting
stresses in a plain and stiffened plate, respectively, during welding.

Due to non-¢lastic strains which occur in the welded areas, the derivation of the
temperature distribution is perhaps the most important and most difficult step towards the
analysis of thermal and residual stresses. Once timc distribution of plastic deformations is
determined, analytically or éthcnwise. the residual stresses can be incorporated'into an

elasticity problem that includes non-elastic strains.

e



2.2 HeatFlow in Weldments

i

The importance of accurately predicting the temperature distribution during welding
has been recognized for many years by both scientists and engineers involved in areas of

welded structures. This importance stems from the fact that most of the phenomena

" subsequently encountered, such as residual 9strc-sscs, distortion, metallurgical

transformations, etc., have their origin in the uneven temperature distribution and the fast
heating and cooling rates that occur during the welding operation.

Distribution of temperature in welded structures depends on many factors, such as the
thickness and size of ;‘)latcs, the\geometry of the joint and weld, energy-input, speed c;f
welding, position of the weld, and all t};c different thermal properties of plate material.

Due to the excessive complexity of the heat flow in welded structures, the early
analytical solutions made some simplifying assumptions which, in the light of the present
knowledge, cannot be accepted fully.™In order to solve the highly non-linear govcxlnin!g
partial differential heat flow equations, the following assumptions are commonly made:

1.  The material is solid at all temperatures and no phase changes occur.

2. The physical properties .of the cgnductin g medium are constant with

temperature.

3.  The heat losses through the surface of the conducting medium to the

~ surrounding atmosphere are ncglccth.

4, ° Heat created in electric welding by the Joule effect is ncglihgibléﬁ

s. . The cgnducting medium is infinitely large in the two-dimensional case (line
heat source) and semi-infinitely large in the three- dimensional case (point
source). ‘

6. The temperature distribution is quasi-stationary, i.e. the temperature
distribution around’ the heat source would not change if viewed from a

coordinate system moving with the heat source.

B 4
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Based on the above assumptions, Rosenthal [78-80) and Boulion and Lance Martin

[81] developed, for the first time, simultaneously and independently, the gencral

| temperature distribution equations for the two- (2.1) and three-dimensional (2.2) cases,
respectively: where, - | | ' | | D

T= Q e, K, (Avr)
2nt kh

(2.1)

Q AvE e-).vr
T= - ——— - -
2nkh - R \ (2.2).

where, . ) .
§=x-vt - . , )
2. 212 .
r=E+y)'S
R i @2 + y2’+ z2)1I2

Frmaals W

Equations (2.1) and (2.2) have been derived also in modified forms by different
investigat&s and can be found in other existing references i82,83].
" To validate the analytical solutions, experimental tests have bgcn performed during -
the years [84,85]. It was found that the accuracy of the analysis is reasonably high in
areas not too close to the welding, but drops considerably in the heat-affected zone and the
o weld metal. The lack of accuracy in this latter case can be.attributed to the timpliﬁe_ad.

. unrealistic assufnptions for those areas. Indeed, ‘the thermal coefficients k (thermal

‘ condu;:ﬁvity) and 12 A ithcrmal diffusivity) do vary with temperature [86] and physical 3 / )
properties of material [87,88] and are not constant as they are assumed most often. |
Grosh et. al. [91}, pavc shown that the presence of the molten pool, which lengthens
as wcl&ing progresses, makes ti:e accurate prediction of temperature histories practical
impossible for alfexisting conditions by the line source equations. Defining the melting
isoterm by simple algebraic cxpressio;\s. they used this as one boundary condition to solve
the heat flow equation by the finite difference method. |

<
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" Measurements of thermal cycles by Coward and Apps [92] have further shown the

existence of some inflection points in the isotherm curves due to latent heat of fusion and

transformation of austenite to ferrite.

) (With the advancement of computer tcchnnology and such techniques as the finite
element method, the computation capability has been increased tremendously. Remarkzytble
by their contributions to the development of computer aided analysis of heat flow in
weldrlncnts are the inchtigations performed by Myers et. al. [88], Pavelic {93], Masubuchi
[94], Ueda [95], and others [96-101]. _

Until now, even with the advancement in computer aiged analysis, the study of heat

flow in weldments is limited to relatively simple cases which are far too simple to represent

| the actual welded structures. In real structures, there are many factors affecting the
" temperature distribution among which heat losses and the final heat input are very little
known. In order to develop reliable numerical methods, more studies in this area should

be done, and all of them validated against carefully conducted experimental tests.
23 Thermal and Residual Stresses

23.1 Analytical and Numerical Analysis

. 1
It has been mentioned in Section,2.1 that residual stresses are the results of plastic

' dcformétions and that the calculation of thermal and residual wciding stresses requires a
complete knowledge of temperature distribution in the joing members at all imes during the
welding process. }

In the light of present howledgc an investigation of residual stresses based on an
elastic solution should not bé accepted, but this was the case in the pioneer years of
arc-welding.

The first elasto-plastic solution was given t:y Boulton and Lance Martin [81] in 1936.

In their published analytical and experimental results, it was shown that welding induced

3
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plastic deformations in and near the weld and that the residual stresses resulting after
cooling were due to these non-elastic deformations.

| A new aqd still actual concept in the study of thermal and residual stresses was
introduced by Rodgers and Fletcher [103]. Dividing the time between the onset of welding
and end of cooling into a ::Wf intervals, the thcrmalnstress pattfm has been
determined graphically at the“end of each interval. Based on thermal stress patterns the
stress history dﬁring the welding process was obtained. It was concludqd that the final
stress graéiicnts near the weld were deterniined by the cooiing rate shortly after welding.

Fujita [104], following extensive experimental and theoretical studies on am'mal and

€ residual stresses in welded plates, presented a graphical method for their determination.

‘The methoﬂ, similar to that of Rodgers and Fletcher [103] considers the equilibrium of
forces about the boundary of the plastic deformation due to the weld. By using
temperature resistant strain gauges and an automatic recording equipment he succeeded to
perform a \uniquc experiment in w‘.hic'h both temperature and thermal stresses were
measured during the wc‘ldingcof a plate. His tests provided valuable information regarding
, the temperature distribution in welded plates, namely, that in the case of plates wider than

about 250mm, the iso}hcm curves can be assumed to be identical with those in an infinite

\"/l @

plate. .

Tall [45, 105] used the same step-by-step graphical procedure to determine the
residual stresses in edge and centre welded plates except that the temperature distribution
was calculated by Rosenthal'’s formula (2.1) for two-dimensional !!eat flow. Addisionally;
the temperature dependent material properties and the extent of plastic deformations were
taken into account. Hchver, the temperature gradients in the direction of welding do not
seem o have been considered.

Recently, Gatovskii [106] used the same stcé-by-swp approach to study the effect of
phase trax;sfonnations d}x;ing the heating cycle. it was shown that the resulting volume

changes could give rise to a zone of elastic compression in the middie of the yield tension

)
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area. Moxham [107] developed a much simpler and yet more useful method for estimation
of thermal and residual stresses based on the ideas put forward by Wells [108]. Taﬁng the

Tyay value from Rosenthal's work, Moxham showed that there would be a trapezoidal

tension block around the weld. It was found that predicted shrinkage force in the tension
block depends solely on the heat input per unit length of the weld. Taking account of the

cléstic stress distribution in the rest of. the section, he idealized the pattern of residual

: <
stresses in a centre welded plate as a-uniform zone of compressive stresses balancmg a

rectangular tension blotk (Figure 2.3.d). A broadly similar analysis was dcveloped by
Okerblom [109] and his associates [1 10-112] in the(U.S.S.R.

Dévelopmcnt of modern computers and numeric;al methods have introduced
considerable flexibility in simulation and computation of thermal and residual stresses.
Based on Tall's anzjlysis, Masubuchi et. al. [113] developed a computer program for
one-dimensional analysis of thermal stresses during welding. First, the tcmperaturc

distribution around the movmg arc was calCulated usmg Rosenthal's formula 2.1). In

calculating stresses, it was assumed that longitudinal stress O, is a function of the latcral

distance y only, and that transverse stress O'y and tangential stress Txy are zero. The field
, N

was divided into a set of transverse strips and beginning with a strip some distance ahead
Q
of the welding arc, where the temperature change is negligible and stresses were elastic,

the stresses in  adjacent strips were calculated by. adding stresses due to temperature

. increments. Figure 2.1 summarizes the.Tall's approach and Masubuchi's analysis )

computer program. .

An improved one dimensional analysis program was developed at MIT [{14] which
cc;nsidered strain hardening of the material and-included total and plastic strains. The latter
are vr:ry important when comparing theoretical results with experimental data, since strains

rather than stresses are the measure in experimental analysis. More recently, the program
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‘has un&ergonc further development and can handle certain practical pamnetm such as
weld location, distortions and multipass welds.

Following a combined theoretical and experimental study, Masubuchi [115] drew the
followipg conclusions: > . 1

1. Residual stresses at the weld are equal to yield tension regardless of the

welding parameters.

2. The width of the tension block increases as welding speed increases; while

 keeping the heat input per unit length constant.

3.  The heat input per unit length is the most signiﬁcan\t factor affecting the width

" of the tension block anq has a non-linear variation.

In.1970, Iwaki [116] developed a two-dimensional finite element program for the
analysis o; thermal. stresses which occur during the bead-on-plate welding. This first
effort, continued by Urushihara [117] was significantly improved later by Muraki [118]
who expanded the two-dimensional program so that thermal stresses during butt-welding
as well as those during bcaci—on»plfltc 'wclding could be analyzcd

Kamtekar {119, 120] developed a rigorous two-dimensional theory for ‘the c‘cntral

bead-on-plan by using the finite difference techniques to solve the governing heat

gow equation. His program calculated the total and plastic strains at different stages

during welding taking into account the elasto-plastic behaviour and variation of yield stress

with temperature. Using the method of successive elastic solutions as an improvementof

his method [121],'the relationship between the weld*grinkage force and the heat input was
studied and the effect of coincident two-pass welds was examined.

Further refinement of the existing methods used in thermal and residual stress
analysis during welding have been made by Hibbit and Marcal [122], Beer (123}, -
Masubuchi [124,125) and others [l’ ,127] to mention just a'few‘ of the most recent

contributions.

At present, probably one of the most crucial subjects in thermal stress analysis is how

7,
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to model the metal and effects of metallurgical transformations thatioccur during welding.
In this regard, Papanglu [97] extended the api:lication of finite element method to
three-dimensignal problem of heat flow and thermal and residual stresses in weldments. In
his computer program, fle has considered the material temperature dependent properties,
surface heat losses, and the effects of transient strains and stresses produced by the
allotr‘obic phase transformations due to welding.

With the new developments in computer technology, the recent methods used in
<simu1ation and computation of heat flow, thermal and residual s_treéscs in weldments,
became increasingly sophisticated in that the finite efémex;t method enables any bound’a:y

-condition, any heat input and any variation of material and thermal properties to be used.

However, unless assumptions are made, computation costs become prohibitive. As
. shown previously, one of the major assumptions and one of the largest unknowns is the
magnitude of heat loss at the weld. Most of the re,fer'ences'have not included it.
Traditionally, heat losses have been assumed as 35 percent although it has been rccogmzed

¥ ' that a variation exists since there is a tremendous variation in the welding conditions.

‘ To date, the study of heat losses and heay input and the dc;ernﬁnaﬁon of whiCpart of
the heat flow creates thermal and residual stresses in welded plates, has not been conducted
to any finality. Until heat losses and actual heat inputs are known relatively accurately, the
sophisticated computations will be of little practical use, except to indicate trends in the
influence of the variation of factors of spécial interest.

Although studies up to the present have been primarily within laborﬁtédes and limited
to very simple cases, it is hoped that soon it will be possib;e to extend the computer-aided

analysis to more complex realistic structures.

" ) \ . »
2.3.2 Approximate Methods for Calculation of Residual Stresses

. - , Despite the latest achicvements in computer-aided analysis, one should not forget that
all methods used in the computation of residual stresses in real Wwelded structures are still
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also by other mvcsngators [45,50].
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approximations. This is due to many factors affecting them. Among them structural,
material and fabrication parameters are the most impostant.
" The stuctural parameters include the geom':“u'y of the structure, plate thickness and

Jjoint typé. The material parameters.include types and condition of the base plate and

filler-metal material. Among the fabrication parameters are the welding process, including
shielding metal-arc, submerged arc, and others whereas the procedure parameters include
welding current, voltage, arc travel speed, preheat and intgrpass temperature, etc. The
assembly parameters involve welding sequence, degree of constraint and others. Due to
‘existing interaction of the three sets of parameters and their possible combinations, a highly
complcx system of residual stresses is locked into the welded members.

In a structural element fabricated with longitudinal welds, it is found that the welds
themselves, togethgr with the parent metal in their immediate vicinity, are invariably
stressed up to yield in tension. The rest of the section must be in a state of residual
compression in order to preserve longitudinal equilibrium.

A typical residual stress distribution for a stiffened welded plate obtained by taking

_longitudinal strain readings with a mechanical extensometer before and after its fabrication,

is shown in Figure 2.3.a. Similar’strcss patterns for welded members have been reported

2

3

In order to define the effect of resMual stresses on the buckling strength of
compression members, it was, and is, considered necessary to know the level of
compressive residual stresses existing in each welded member prior to application of
external loads. | '

Due to the complex distribution of residual stresses in welded structures, it is

_ convenient to use some simple, approximate formulae for their calculation and to assume

idealized residual stress patterns. ,In this regard, the contnbuuons of Gibson [128], White
[129] and Dwxght and Moxham (130] are ngmﬁcant.

Simple one dimensional g:onsidemions show that there should be a trapezoidal
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" tension block around any weld of reasonable length, but in a real platq’, where the stresses
are two-dimensional, the exact shape of the tension block is difficult to predict. However,
a number of suggestions have been‘made by previous researcheérs aﬁxong which mqemidal
(45,107,131}, triangular [45,132,133,134] and rectangular [45,119,130) ar¢ the most
frequent (Figure 2.3). | |

The rectangular tension block proposed by Dwight and Moxham [130] was, and is,
still considered the most convenjent for application to the buckling problems being
recommended or used in somne official provisions [32, 135,136]. In the case of idealized

rectangular residual stress pattern (Figure 2.3.d) the average stress actually arising in the

compression zone ( Oy,) is assumed to be balanced by yielding tension blocks of width nt
at the edges and this is generally estimated as two-to-four times the weld thickness [130].

The stress oy in the tension zone is assumed to be the yield stress of the parent plate, the o

higher yield of the actual weld metal which applies to a small area of the tension zone being
ignored. Considering longitudinal equilibrium, the following relation between G, andn
is obtained: -

2n
b/t-2n

c

0, =0, (2.3)

From the structural engineer's point of view, it is desirable to relate residual stresses

with size of weld rather than currents and voltages.

Gibson [128] was the first who has shown that the, a'mount of heaf required to _dcposit
a given volume qf metal is independent of weld parameters and that the amount of yielding
plate material depends on the volume of wclé\metal. ,

Assuming a twc;-dimensional distribution of\the i;eat flow from the welds and no heat

losses from a plate of given thickness and given thermal history at its edges, it was found

that the width of the tension block nt is practically independent of the overall width b,
provided b/t is over'25, a value below which local buckling ceases to govern anyway

t
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[130]. ' L :
For two or more plates meeting at a weld, where the temperature boundary conditions

are identical, it is shown that o is the same for each plate, regardiess of existing

differences in thickness, and can be expressed by the approximate relationship:

CA, |
- ‘ 2.4)
cy 'z.ti 4 -

Mt =Nty = e =

where, . .
Zt, = Sum of plate thickness ‘
A, = Cross section ama of added weld metal
« C = %ﬁcieut with dimensions of stress
The theoretical value of C is given by: .

. 96E.x 2
C=—= = 13000NMmm’ . 2.5

w - -

: 2
Taking into account the.simplifying assumptions made in the calculation of residual
stresses, it is recommended that the value of C, be adjusted basing it on experimental data ‘
rather than Equation (2.5). ‘

Generally, a largé scatter can be noted in the C value, ranging frdml 5000N/mm?
[120] to 7S00N/mm? [110] with a suggested value of 6000N/mm? [130). |
Alternatively, instead of Equation (2.4), it is possible to use an expression based on
known heat input to the weld [120,129,130]. | |
'Sulgstituting Equation (2.4) into (2.3) yields:

2A,C .

C = ()'y ,
b.Et.0,-2. A,C

rc

(2.6)

- When two plates are joined by filled welds of leg, a, (Figure 2.4), A ,=2 (0.682) to

allow for a little lcom/'cxity/concavity, while for butt.welds, A, is equal to the weld added
< ' : -
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metal, ‘ .

It is noteworthy that the .the simple analysis presented depends on a number of

simplifying assumptions and is.expected to give only a guide to the likely residual suéss
levels. The derived equations apply only to continuous single-pass welds, using any

common processes. For all the other cases, correction factors should be applied to

-

presented relations.

2.33 Experimental Analysis
. v
2.3.3.1 Methods for Measurement of Residual Stresses  * .

Many techniques have been used and devél\oped for measuring residual streés,es in
metals. Since research efforts first became directed at residual stress determihation,
virtually every conceivable method of monitof‘ing dfsplaccments' has been employed.

The available methods for measuring residual strains have been reviewed over the

years by many investigators including Trcutfng etal [137], Tebedge et.al. [138], Parlane .

[139], Mosubuchi [ 140] and others [141-146].
For ease of reference, these can be classified into the following groups:
1. Direc°t measurement techniques
2. Stress-relaxation techniques
3. X-ray diffraction techniques -
4, Ultrasonic techniques
N Magneto-elastic techniques
6. Moire and associated techniques v
'7. Cracking techniques |
Taking intoaccount the vlarge pragtical applicability of the first two techniques, only
these are presented m more detail. ,,
Direct measurement techniques have been, and are, extensively used in determination

i " -
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of residual strains induced by welding in built-up members. Strain changes due to welding

are obtained from the differenge between measurements made on the member surface
. .

\ ‘ before and after welding. Biaxial effects can t;c taken into account by .making

' . *  measurements in two or three directions. , A T

:I'he ;riethod is simple and very efficient, especially in the case when only strains in

~ the cc;mprcssion area of welded structures are dcs{rcd and wliere these are in the elastic

~ range. The main advantage of the method is that it does not destroy the speci}\{cn in order

to-define the ‘magnitude and distribution of residual strains. It allows the ub;:'of the same

specimen in pérfonning further tests under apblicd loads and assessing the influence of

¢ residual ;strcsscs on their strength ;1nd behaviour.
Many special de.viccs ﬁavc been devised for the determination of strains, which
include high mechanical or elcctrical extensometers [14‘7- 149] using relatively large gaugc

lengths (10 200m®Y) that have been dcfmcd by small balls§pccncd into the surface of

‘ buxlt—up member before welding,. Schematxcally, thc method is presented in Figure 2.5,
and the Bauart- Pfender gauge was used in performing such measurements for the actual
study bcmg reported. A photograph of this device is shown in Figure 2.6.

' An alternative is the use of indentations in defining the gauge length, but generally
thif method is considered less accurate.

° Stress-relaxation techniques provide reliable quantitative data and are probably the
mostewidely used for measuring residual stresses in hot- rolled shapes and welded |
structurés when the whole existing induced residual stresses are needed.

In the :sm:ss-r'elaxation techniques, residual stresses are dctcrmfned by measuring the
elastic-strain release that takes place when a specimen is partially or entirely sectioned. lln
most cases,- cicctrical or mechanical strain gauécs are used for measuring the strain
release, but there are cases when grid systems, brittle coatings or photoelastic coatings can

be successfully used for ‘the same purpose. An inherent disadvantage of su'ess-rclaxanon "
" techniques is that thcy are destructive methods; the specimen must be partiglly ﬁrentmly .

»
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sectioned. '.
In an asscss.ment'- of rcsiciual strains by stress-relaxation techniques, the centre hole
dnlhng [150-161], trepatdiing [162,163] and saw cwg [164,165] methods have been -
used wnh good confidence in measurement of surface residual strains. s
Regarding the use of the other available techniques such as X-ray diffraction
[166-170], ultrasonic [171,172], magnetic [173,174), Moire fringe [175] and cracking

[176,177) for residual strain measurements, one should note that some of them are still in

an experimental stage, some are time consuming and expensive while others are not very
accufate Emd provide only qualitative and not quantitative data. '
Based on measured residual strains, the residual s/treéscs are calculated using the’
“ st}aightforwgrd E‘l'asticity theory until the material yielded; théreafter, the increnitntal

plasticity theory can be used [178-180]. " N :
- 2332 Experimental Investigations

Since the analyncal solutions are at best only 1,00d approximations, it is desirable to

v /“ a rely on gxperimental data in assessing the magnitude and distribution of residual stresses

/ in welded stryctures. | , ' oo

N ) *  The measurement of weldingtrcsidual stresses in plates has been pursued almost since

= the bfginnhg of mc;dcm weldin% . (;’ '

' Wilson and Hag [182] conducted tests on centre welded plates of vaﬁoug widths and
lengths and found that magnitude and distribution of residua:]'strcsse's is \a{ffected by plate,
width when this is lesythan about 250mm.

Nagara}ja Rao a{nd Tall [183] in a summary of theoretical and’expcrirqental work;wf
performed in thé field of residual sttesses up to 1961, have investigated the effect of plate .

; . ) size and welding procedure on welding residual stresses. They studied both single-pass
and multi-pass welds deposited by manual arc process. In ail c:iscs, the specimens were
fong ‘and only longitudinal strains were measured by “the sectioning method.
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Unfortunately, they made no attempt to relate the weld shnnkage force to the welding
paramctcrs Stresses in n:glons ad_;accnt to the weld were mvanably found to cxceed the
material yield stress. ‘

ch,arﬂing the measured residual stresses in steel welded plates, one should note the
existence of many contribytions which include those performed by Bjérhovde et.al. [183]
and Gencsoy and O'Leary [185]. ‘

Following on their investigation into welding residual stresses inlstccl plates,
Nagaraja Rao and Tall [186] studied the stresses in structural shapes fabricated by
welding. They considered H,T,L and box sections and concluded that residual stresses in
each component plate could be predicted from the stress distribution existing in separate

plates wggged along both edges, centre welded or welded along one edge.

Odar et.al. [187] performed an extensive experimental investigation of residual .

stresses due to welding and cutting in welded and unwelded "T- 1" plates. The residual
stress pattern and magnitudes were presented for a wide range of plate and weld sizes.
The effect of different types of electrodes, number of passes, weld size and, mainly, the
geometry of plates, were discussed.

‘Several other investigators conducted tests to csmbéisb@thc magnitude of residual
stresses in welded shapes. These include Alpsten and Tall [188], Tebedge and Tall [189],
" Gatto et.al. [190], and Toprac [191]. : i '
‘Distribution of residual stresses in welded steel plate girders was studied by
" Kamtekar [119], White [129], Owen [192] and Leggatt [193].

Vast‘[l94] using the stress-relaxation method, studied the magnitude and

distribution of residual stresses in a large welded steel box girder. Mainly, due to chosen ~

welding sequence, the final stress pattern was irregular, varying from tension to
compression.
P ol

Guil and Dowling [195] measured the wcldmg residual stresses in stiffened flanges

of ten quarter-scale box girder models using the direct measurement technique. Based on
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results of these measurements, Dowling and Frieze [196) discussed the magnitude and
distribution oi' residual stresses in relation to the flange geometries. Although if'was
observed that &rains caused by welding the stiffeners to the plate may be predicted with a
fair degree -of confidence, these authors have found that important. changes in strain
—-—dasmbutmn occur while assembling the box flanges and webs and that these are beyond
KRN accurate estimation. | F
To define experimentally the buckling strength of stiffened plates, Horne ar;d
6 i\lorayanan [197,198] studied the magnitude of distribution of welding residual stresses in
| 34 such plates by the direct measurement method. The measurements were ‘made on the
plate and on the stiffeners alc‘mg tue centre of each representative panel. A comparison of
rcsidual stresses induced b): continuous versus intermittent wclding; was done. It was
shown that in the latter case, welding produced much smaller compressive stresses in the
plate panels than did continuous weldjng. B \
Mo;e recently, such measurements on stiffenéd steel plates were performed in Canada
by the author [199-201].and the research results are.discussed in more detail in Chapter Il
and Chapter IV. .

.
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a. Fillet Welds
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L . o b. Butt Weld
' g Figure 2.4 Typical Welded Joints Used in
Fabrication of Steel Bridges
hund ' &
! | |
Y 9 A . -8 ’ o
A7 7 A : S~'m
- a. Principle of Direct. Method
. : ' .
2 / l N : l l ' l l ’ ~
oy pang gy jy oy pem—y
B OB 08 0 .
- ‘ | b. Linear and Rosette Gauges . 5 / C
Y - \, - \'
" | Figure 2.5 Direct Method for Measurement of
o S Residual Stresses
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<

EXPERIMENTAL INVESTIGATION OF STRESSES
IN STEEL BOX GIRDERS '

3.1 Introduction

-~

f{esidual stresses and geometric imperfections have been and remain the major
flaws which occur durmg fabncauon]of weldcd structures and cause the unpmrmcnt of the
bucklmg strength of their comprcss:on members. ,

Although the strains caused by weldmg in relative simple sections may be predicted
with a fair degree of confidence, it is found that a considerable alteration to the magnitude
and distribution of residual strains may occur while assembling more complex structures as
the flanges and webs of steel box girders. In these cases, the theoretical prediction is
beyond ‘accurate estimation and the only reliable way for their assessment remains the use
of experimental methods.

In the investigation bcmg reported in this chaptcr, girders fabricated for two recently
constructed steel box girder brxdgcs, the Burlington Skyway Bridge in Burlington and

,Hunt Club-Rideau Bridge in Ottawa, were scrutinized in order to define the whole stress
history existing prior to the application of liyc loads, i.e. residual stresses induced during
 fabrication and stresses caused by dead load during (conslrucﬁon. '
The main goal of the performed investigation was fo give a clear sense of the
importance of residual stresses in relation to the design of steel box girders in Canada and
to suggest a simple expedient solution which can be used to define the magnitude of

J36
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residual stresses induced in the compression steel box girder members.
3.2 Dpsjgnh and Fabrication Details

Regarding the two steel highway bridges which were investiéMd. one should note
the major differc,nccs\bctwccn their structural form, the number of steel box girders ant:l
their dimensionsj A general view xmdG cross sections for the Burlington Sk.yway Bridge
can be seen in Figure 3.1 and Figure 3.2, respectively. “Similar details are given in Figure
3.3 through Figure 3.5 for the Hunt Club-Rideau Bridge. ‘ v

Structural parameters of major mtcrﬁst for the two bndges are listed in Table 3 1.
From this table, one can see that compression panel slenderness ratio, b/t, rangcd from
27.3 t0 35.0, and slenderness ratio of longitudinal stiffeners, a'r, from approxxmatcly 35to0
44, Thf: material used in bgth bridges was Grade 350A as presgribed by

CAN3-G.40.21-M81 [202]. < . ;

The two bridges were fabricated by first manufacturing subassemblies of all the

stiffened components and then welding them together. Fabrication details for
~y

subassemblies and box girders are given in Figure 3.6 for the Burlington Skyway Bridée
and Figure 3.7 for the Hunt Club-Rideau Bridge. |

o

In order to contro} and reduce as much as possible the welding deformations, each

steel fabricator, Frankel Steel Ltd. in Milton for the Burlington Skyway Bridge and
4

Dominion Bridge-Sulzer Inc. in Montreal for the Hunt Club-Rideau Bridge, have used *

special fabrication beds in their shops for the welding of each subassembly and the whole
girder. The subassemblies were generally manipulated so that welding could be completed
in the normal downhand and horizontal/vertical positions.

Longitudinal stiffeners weré cut from wide flange shapes and stnighteneci For
fabrication of ﬂang'ewbas‘semblies, the longitudinal stiffeners were first tack welded on
plates by intcnninc{n gmggcred welds of about 30mm at intervals of ibout. 500mm.

Welding of longitudinal stiffeners to the botiom flanges was performed in the sequence

£ T
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' given in Figure 3.8 for the Burlington Skyway Bridge and Figure 3.9 for the Hunt
. Club-Rideau Bridge. '

Prior to general assembly of the component members, in the case of the Hunt

Club-Rideau Bridge, the bottom flanges weh; cold-bent in order to satisfy the required
curvature imposed by the varying depth of its girders. A similar welding sequence was
followed in the final assembly phase of each girder. The transverse stiffeners (and
diaphragms where applicable) were attached to the flanges and webs by tack wcléls
equispaced about their centre lines. The welds connecting subas;emblies were then
compieted by following th::seq\;ence prescfibed by each fabricator and conform to CSA-
W.59-1982 [203].

Détails of welding parafncters used in t-he fabrication of bottom flanges for each
bridge are given in Table 3.2. The nominal size for the fillet welds connecting the
longitudinal stiffeners™o the bottom flange and the bottom flange to the webs are given in
Table 3.3. Average measured weld areas are also included. )

The average of measured weld cross-sectional areas were/‘:lctemined from

approximately 25 measurements per weld. Leg lengths (a,b) and throat (c), as defined in

Figure.2.4, were measured for each profile and the fillet weld area per pass was calculated

from:

v

1 /‘z 7 2 :
awre-z-c a +b +c’/5 (3.1)

The term ¢2 /5, in Equatipn 3.1 was ‘used to allow for'the small coi\vcxity of \\.r;elds
" .

[1301. ‘
33 " Residual Stresses

3.3.1 Measurement Results

Welding residual stresses were obtained from determined strains by -using the direct
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measurement method described in Chapter 1. A: Bauart- Pfender gauge, with an accuracy

of 10-3 mm (Figure 2.6), was used to perform the strain measurements overFuge
lengths of 100mm at have been defined by small steel balls of 1mm in diameter peencd
into the plate surface (Figure 2.5). ‘ ’

Because the access to thc' underside of the stiffened plates (webs m{d flanges) was
not feasible during fabrication and later after construction, measurements were taken on the
top s,t’xrfacc only (outer fibre values). Imorder to define the mid-plane strains and eliminate
bending cffeqts, the plate bow over the cansometér gauge lengths was measured 'using a
depth gauge and it's effect on the strain readings was allowed for.

To compensate for temperature changes for each set of measurements, readings were
taken on a reference bar which is part of the extensometer hardware (Figure 2.6) and was
supported s6 as to remain unstressed. Taking into account that the major objective of the
performed investigation was to define the influence of residual stresses and geometric
imperfections on the buckling strength of steel box girders, the strain measurements were
concentrated in compression regions which were expected to be most highly stressed under
loading, i.e. near the pier-diaphragms.

Additionally, to define the influence of plate thickness on magnitude and

’
. ) ) -~ . ’
distribution of welding residual stresses, strain mcasurérncnts were taken and in the bottom

flange panels situated close to the central mid-span of the Hunt Ciub«Ridcau Bridge. Only
longitudinal strain readings were, taken, and the Poisson cffe;t ignored in the case of the
Burlingtor! Skyway Bridge. This was done bascd on observation that no transverse
stiffeners were welded to the bottom flange plates (Figure 3.2) and web panel ratios, a/b,
were very large. For the latter, the effects of welds c?nnccting the transverse stiffeg\crs to
the web plates were very small on the middle of the panel where gaﬁgcd section was, and
they could be disregarded.

I the steel box girder members.of the Hunt Club-Rideau Bridge it was considered

essential to take longitudinal as well as transverse strain readings, so that the Poisson's
. \
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ratio effect caused by the weld shrinkage in the two perpendicular directions (Figure 3.5) -

could be taken into account. ! n
| Details of the gauged panels and stiffeners as well as gauge positions are give:n in

Figure 3.10 for the Burlington Skyway Bridge. Similar details are given in Figure 3.11
and Figurc 3.12 for the C1 and E1 girder of the Hunt Club-Rideau Bridge. The gauge
layout for the latﬁ:r b;ld;cxs shown in Figure 3.13.

Strain measurements were made at the following fabrication stages over a period of
about one year: ‘

Sjﬁgg_Q: On platcs and stiffeners on fabrication beds after taék welding of
longitudinal stiffeners to the plates. . | ‘

Stage 1: After main fabrication of stiffenjcd welded plates on fabrication beds, i.e.
welding of longitudinal stiffeners, after complete ¢ooling. '

Stage 2: After complete fabrication of steel box girders in the shop, prior to their
shipment to the site, |

From differences in strain measurements performed at each fabrication stage, one

"could assess the magnitude of residual strains produced in the stiffened plate members by

welding of longitudinal stiffeners (‘ts1 0) and those caused by welding and assembling of
o , 's

the complete fabricated box girders ( €, ;). The total residual strains ( €, .0) induced in the

steel box givrders are consequently defined by the difference between Stagb 2 and Stage 0

of strain measurements, )

As no attempt was made to record the large tensile strains in the immediate vicinity

~ of the welds between stiffeners and plates, where material has an elastic-plastic behaviour,

it was found that all the measured strains were in the elastic range. Generally, these strains

were compressive in the plating, and tensile in the stiffener outstand. The strains being in
the elastic range, they could be readily converted to stresses by using classical formulae.

The stress distribution in scrutinized members, i.c. webs, bottom flanges and

!
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longitudinal stiffeners 6f the Burlington Skyway Bridge are plotted in Figure 3.14. Figure
3.15 and Figure 3.16 depict the stress pattern for C1 and E1 girder, respectively, of the
Hunt Club-Rideau Bridge and the members previously mentioned.

: Corresponding residual stress values are given in Table B.1 through Table B.3 of
Appendix B. : L o ®

3.3.2 Analysis and Prediction of Residual Stresses  *
o . :
Reference to the above figures and tables shows the existence of a scatter in

magnitude of residual stresses induced in each cﬁmponcnt member of the two steel box
girder bridges. Generally, most of the residual stresses induced in the compression flange
plates and adjacent webs during fabrication were compressive (Figures 3.14 to 3.16
inclusive). However, at the juncﬁon of w.cbs to bo‘ttom flange of the Burlington Skyway R
Bridge, some tcns.»ile stresses were noticed (Figure; 3.14). In the stiffener outstands, as ¢
exp?cted, tensile residual stresses were recorded (Figures 3.14 through 3.16). Their
occurrence can be attributed to the longitudinal shrinkage of welding acting under the
centroid of the stiffener and its associated effective pla@ng. Nevertheless, on the tips of ‘
stiffener c;utstands of the Burlington \Skyway Bridge, both tensile ‘and compressive \M’

> residual stresses could be observed (Figure 2‘&.1,4). It would seem from these observations
that the outstands stresses arc,@c more dependent on such fgctors as sequence of )

welding and methods of fabrication.

2 ‘ In order to define the residual stresses to be taken into account in the design of

bottom flanges of such structures in Canada, a statistical intgrpretation of existing data eas A
performed. For the case of residual stresses produced by welding of longitudinﬁ’ttiffencn

| to the plating, the mean, standard deviation and th.e 95 pcrcc“nt confidence limits were
defined for each bridge and their aggregate data in Table 3.4. Based on statisBcal data
presented in this table, and especially on comparison of the mean vai\:es, one can note

A
major differences in stress magnitude from one structure to another, ranging from 15.2

!
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‘flanges of the Burlington Skyway Bridge and the Hunt Club-Rideau Bridge, have

R e N
DA

42

h 4 \
MPa to 32.4 MPa. Referring to the'mean value of the aggregate data, one can see that this

represents about 8 percent of the yield stress (350 MPa) of the material used in the /
fabrication of the two bridges. - . ;

- w

. As méntioned in Chapter II, in order to predict with bcttcr accuracy the compressive
stresses in the plate caused by welding of stiffeners, the C‘ value in Equation 2.6 should be
defined based on experimental dat4. Using the linear regression and statistical data from

Table 3.4, a graph relating 6, to ZA |, / Zbe~ been plotted in Figure 3.17. The ,
solid line defines the mean of thec plotted Qa&wotted lines represent the 95
percent confidence limits, A value for the constant, C, based on the plotted mean line has
been deduced as 5150 MPa. This compares with the range of values found b‘y Kamtekar
(119] on tests of SOOO‘M‘P?. Although the mean result gives good correlation with
experimentally measu'red values, one should note that there is a significant scatter in the- §
measured values from the mean. |

Subsututmg C—S 150 MPa in Equatlon (2 ) and ysmg the average of measured weld

areas, A, , from Table 3.3,a value of 32.6 a, i.e. 9.3 percent of the material yield

stress, \;vas found for welding-residual stresses. Comparing this value with that of .080'y :
defined in Table 3.4, for the mean of aggregate data, one can see that a fairly good
correlation exists between them. 3 '

f’or residual stresses induced in complete fabricated structures, simillir stafistical
parameters are- listed in Table 3.5. Reference to this table shows that at this stage of

fabrication, the initial differences between the residual stresses existing in the bottom

increased substantially ranging from 18.3 MPa to 68.8 MPa, respecn{ely Taking into
account the maJor differences existing in de stress magnitude at this fabncatlon stage, an?
the factors which,affected them, only data pcrtmcnt to each bridge were analyzed.

Reference to Tables 3.4 and 3.5 shows, regarding to magnitude of residual stresses,
¥
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o  Fabrication technologies affect them significantly
o Relatively small changes are produced during the final assembly of medium
steel box girders with straight flanges; _y2*

o An important increase can occur in the case of haunched box girders due to

cold bending of their flanges used to configure their shape to the varying depth
of webs. ”

. "y
Based on the mean values given in the last two tables, one can conclude that final

residual stresses of 0.1 oy and O 2 oy are to bc cxgccted to bc induced in compression” . ,

flanges of steel box girders with constant and varying depth, respectively. In the latter
© case, a variation of residual stresses with the radius of curvature of the bottom flange has

to be anticipated. <

3'4 S‘ I I I ., B a’ c .

The stresses produced during construction stages of the two steel box girder
bridges were determined in the same gauged regions where r‘ésidual strain measurements
Were taken. Using the gauge points and instrumentation previously reported, the strain
measurements on the site were performed at the following construction stages:

Stage 3. After erection of stz;él box girders.

Stage 4: After emplacement of the concrete déck.

v " Prior to erection, strain measuremer?ts were made on each individual girder in order

to determmc if a shakc out of compressive residual stresses has occurred during
transportation to the site. It was found that this operation dxd not have any notxccable effect’
on the initial residual stresses and consequently they were not treated separately.

- ' The stress dlstnbutlon in the scruhmzeg webs, flanges and longltudmal stiffeners are

plotted in Figure 3.14 for the Burlmgton Skyway Bridge. Figure 3. 15 and Figure 3.16
’ [
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depict the stress pattern for the C1 and E1 girder, respectively, of the Hunt Club-Rideau
Bridge. The corrcspox;_ding induced stresses during constu;:ﬁop stages are given in Table
B.1 through Table B.3 of Appendix B. It is veviden‘tl from the above figures that no major
changes in initial stress path distribution occurred after loading.

Regarding the existing compressive stresses in the bottom flange regions situated
near the pier—dg;phragms, following bridge completion, it will be noted from Table B.1
and Figure 3.14 for the Burlington Skyway Bridge and 'i‘able B.2 and Figure 3.15 for the
Hunt Club-Rideau Bridge that: . e

)
o Induced average stresses during bridge construchion represent 3213 percent and

- 28.4 percent of the material yield stress, respectively;

-0 The average of total stresses induced prior to the application of the live loads, i.. -

[

by fabrication and construction, range from about 0.37 Gy, to 0.48 Oy »

s
¢

respectively.
a B
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‘. CHAPTER IV

GEOMETRIC IMPERFECTIONS IN STEEL BOX GIRDER BRIDGES

| . o :

} i\

1 4.1 Introduction

- ( Merrison Rules [32] draftcd 1mmed1ately after the accidents occurred in the
early 1970's were virtually unacceptable for fabncators due to the very cxactmg and
difficult-to-conn'\ol tolerances prescribed in these speciﬁcatéons. It was poig\tcd out that
such tolerances would i;xcreasc the cost of fabricationgsubstantially, and affcct‘thc

v \ development of steel bridges makipg them uneconomical. In this regard, two of the
| mc;pmmendaﬁons made by Professor Massonnet in i976 at the Tenth Congress of IABSE
in Tokyo are very conclusive and part of them are reproduced hereunder [204]: . .
"9.4. The Merrison Rules must now be replaced, as soon as possible, by more .
- ~ simple specifications because they are hampering the development of long ’
span bridges .."s o . -
. 9.5, A set of realistic and easy 0 control tolerances should,be established .:."

7
” - Regarding prescribed tolerances, 1t should be noted that fabricators usually look for a *

set of quality standards which are clear and easy to implement without altering their actual

procedures. Quality levels acceptable to them are those which can be achieved with a low

9 o
e rate of rejection. e * )

For those not directly involved in fabrication, it is very difficult to exert any
& significant iifiuence on industry practices, or even to determine the cost of prospective

changes in practice. L o B
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Accondingly, the new design methods should be adapted to the existing state of good
fabrication, so as to pros'idc the required degree of safety rather than doing the reverse,
namely, to impose stringent and costly controls for an unquantifiable benefit in strength.

It is clear for everybody inyolved in the area of design and fabrication 'of steel
bridges, that fabrication tolerances must be'imposed, but they ha/ve to be reasonable and
simple to apply. The only way to reach this objective is to. base them on extensive
Lrneasurements on exisﬁng structures and to define them by a commission composed of .
researchers, design specialists and fabrication and erection engineers working together.

4.2B_asc§_ﬁzt_thzﬁ;ss‘.:ssmsnmﬂalmm
o Stiffoncd Plated Menm]

The actual development of steel plate structures implies the need for tolerances based
directly on the strength criteria as a step towards more rationally designed structures. That
means that these tolerances-rcfer* solely to those affectmg the strength.of steel plate
structures and that they may ‘not provxde an adequate standard for workmanship, e. g .
matching of connecting parts appearance, etc.’

/

If there is acceptance of the need todke into account and to limit the actual

imperfections, uncertainty remains regarding the extent to' whi the capacity of the

structure is affected by these im;ﬁ'erfections and in deciding which are the optimal limit
imperfections. This is reflected by the diversity of tolerance levels that exist in standards
of practice among countries of the industrialized world. Such specifications are in most

cases linked and reflect the experience and traditions of the fabricators, and that is the main

4

T
‘'
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‘
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’
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Generally, a selection of highway bridg?s suitable for the survey is done acconding to the
following criteria:

o bridge system | /

o different steel fabricators nnd erectors

o type of stiffening °

o dimensions of plates and panels

In most cases, the measurements are made in order to establish the magnitude of

out-pf-plane deviations of stiffened panels and out-of- straightness of stiffeners as

spec1ﬁed in Figure 4.1 and conforming to the most existing standards. ' R
The measured geometnc imperfections must always be referred to a base gauge lcngth
and this is generally def'med as a, b or 2b, as shown in Figure 4.2; the deflection being that
at a mid-point of the gauge lmém. ‘
- It should be noted that de?'litions and methods of measurement of pﬁge .
out-of-flatness are different in various codes. Most of them prescribe the maximum
d;hection relating only to the width of the panels. The Merrison Rules [32] and the new
British Code [206] present an original method of moasuring out-of-plano déviations based
on the proposal of Horne [207] and Chatterjee [208]). It consists of measuring the
deflection in the middle of the panel along a line parallel to its longer edgc ovcr a gauge
length of 2b not b, as 1s shown in Fxgurc 4.3. This is done in order to eliminate the -
"hungry horse” component whlch is conmdcrcd to have no dclctenous effect on the: .
ultimate strength of platcs ‘ . © .
In pcrfornung the measurements of geometric unperfectlons, other methods canbe '
used [74 75], but their application is sometimes restricted by the levcl of accuracy or by the
cost involved. . , >
After measurcment, due to the random variability of data, the statistical analysis has to
be used in order to deﬁnc the type of distribution, its central tbndency and scatter. The

‘ probabxhty density dxstnbuuon of the data is gencrally approximated by a normal °

2 5 b » ¢ '
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ﬁ * A
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GauSS-Laplacc one. Howcvcr, sometimes from the analyms of measurement results, one
" can see that they follow another distribution which may be log*normal exponential,
folded-normal or even a Weibul distribution,. . .+ © . Y e
Measurement data can be analyzed in cxther of two ways
1.‘ By using algebraic values, i.e. regpecting the sense" of out-of— plan e_ss, and

V>

Pl

By using absolute values. o -
' ‘"Both forms of data have been used, but in mast cascs; the abso!utc values are e
preferred. In’dced; from the viewpoint of the buckling strength of stiffened plates, only the K ;
magnitude of imperfections is im'port%gt ’

As representative value in defining the existing imperfections and fabrication

tolerances, the 95 p;rcentfrac’tilc“ is generally used'[74,75] and accci)tcd [52,53].
N r

43 Imp_c[fs:gﬁg. ns in Steel Box Girder ' ‘ o

% . ) !
4.3.1 Limitations of Exjsting Codes - - “

Introduction of limit states philosophy in the design of steel bridges at provincial [68]
and national levels [67] in Canada, implies a better understanding of all factors affecting
the safety of such structures. To develop reliable load factors an extensive Igad survey was "
done [209-211]. No information exists on which to base resistence factors“‘as applied to
steel bridges and to steel box girders in particular. The resistance factors developed for
steel highway bridges by Kc‘:'nnw‘y and Baker [212] based on data used in buildin1gs
[213,214] cannot be considered as r¢presentative for such complcx structures
The uncertainty regarding the magmtude and mfltﬁ'nz:c of rcsxdual stresses and
geometnc imperfections on steel box girder strength appeared to be the major factor in
. rcsti'ict.ihg the span of box girder bridge§ to 75m [68] even though the applicability gf ‘.
actual codes to all the other types of bridges is extended to spans of 125m [68] and 100m
[66,67). It should be fioted that the increase i span from 50m, prescribed until 1983 by -

t
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the previous Ontario Highway Bridge De&xgn Code, fo 75m specified by the new onc [68]
. \

has been based solely on confidence z“ during the prevxous years and not on some

speclﬁc research results, or indeed, by a gmﬁcaht nnprovcmcnt in fabncatlon mdustry

Taking into account that in the near fut&re the new code revxsxons will tcnd to have

. 1O restrictions regarding steel box glrder bridges, what appears to be needed arc some"

]

tolerance limits and appropriate performance factors that reflect Canadian fabrication

technology and which would be apl;r;ﬁriatc for spans exceeding 75m.

4.3.2 Experimental Research Programme . { - <

' \ L » . .
¢ Until now, no Canadian bridge code has addressed the question of tolerances for

steel Box girder members. In order to fill this gdp, an extensive experimental research

programme was proposed and cartied out between 1982 and 1985, at McMaster . )

@

University. o .o .
The purpose of the work reportcd in this. -chapter has bcon to define a sct of ;eahstu{
tolerances for steel plated members of box girder bridges fabricated in Canada and which
may be incorporated in the f-ugue editions of Canadian bridge codes.
.T’o achieve this goal, the actual-geometric imperfections have been measured on nine
steel box girder bridges across Canada: three new and six existing. The medsurements

have been extended on new and in-service bridges in order to obtain as much data as

possible on which to base realistic tolerances. Having chosen bridges across the country,

it was antlclpated that average fabrxcatmg conditions or significant d1ffercnces in the value

-

of imperfections from province to province would be evident.

In the case of new bridges, geometric imperfcctions were mcasurcd in the shop,
during fabrication and on the site, after their completion. This was done in order to de}me
the mﬂucnce of dead load on bchavxour of stiffened panels, cspecxally in compression
“areas, and poss:blc changes in magmtudc of initial imperfections.

All bridges included in this study have spans exceeding 50m, have large cross

. R t
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sections and are continuous over imcrisr supports. Their cross sections included singfe,

twin and multi-boxes, with orthon'opxc or concrete decks The ne\gatxve moments which .
occur ovcr ‘the support regions induce sxgnlﬁca.ét comprcssnvc stresses in the bottom \
ﬂanges. Smce 1mpcrfect10ns are of~concem in these areas, the major part of the

& measurement progr;ammc was concentrated here. v '
The steel box girder briciges used in the stildy are as follows:
1. Paris-Drinkwater in Sudbury, Ontario. (Figure 4.4)

2 ‘ Glen MOF’IS near Brantford, Ontano (Figure 4.5)

3. Portage in Ottawa, Ontario. (Fxgurc 4. 6) . - e ;
h4 Muskwa near Fon Nelson, Bntlsh Columbia. (Figure 4.7) |

. 5.’ Robert Campbell in Whitehorse, Yukon. (Figure 4.8) o
s ~ T 6. Mission in Mission, British Columbia. (Figure 4.9)

I 4 - ' )
* " 7. =Ottanabee near Peterborough, Ontario. (ﬁigure 4.10)

8.  Burlington Skyway near Burlington, Ontario. (Figure 3.1)
9. . Hunt Club-Rideau in Ottawa, Ontario. (Figure 3.4) %

A short description of these bridges is given in Appendix C and some of their

pertinent features are summarized and presented in Table 4.1.
3 The research programme included mca'surcments of out-of-plane deviations of web
. and flange pfmels an;i out-of-straiéhtncss of lohgitudinal and transverse stiffeners. The
latter were measured only ‘on Mission and Hunt Club-Ridesu Bridgcs' which have
significant spans. A description of the measurement techniques used in this study is givm '

in the research report [76).

o
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433 Measurement Results - Y .
433.1 Loaded Bridges  ° | o

‘Due to the random variability of geometric imperfections, thc application of statistical
methods developed for data analys1s [214-222] unphcs the use of a large number of"

measurements. In the survey pcrformcd on the nine completcd bridges, i.e. with full dead

lpad, a total of 8317 measurements were made on plate panels and 1912 on stiffeners.

Regarding t}alate pagels, one can note that each panel is characterized by its
thickness and width, which generally differs from one bridge to another. As such, tht;
value of out-of-plane deviation can be a function of these two pag'amctcrs To be consmtcnt

N . with the data of others the, measurement results have been expressed for dlffcrcnt
thicknesses as the ratio of out-of-plane deviation, Ap, and the panel width, b, for websqanq
flanges and as ratio of out—oi;-su'aighmess, Ay, and the span, a, for stiffeners.

All data have been' analyzed in both ways: using algebraic and absolute values. It

"was found that the algebraic data obtained for each individual bridge as well as for their
aggregate, normal Gauss-l_aplaccndisnitl)ution curves fitted very “;c}l, as shown in Figure
;1.11 (a & c). In the case of absolute values, the data tended to follow an exponential or a
folded-normal distribution: (Figure 4.11, b & d).

Taking into account that, from the viewpoint of ultimate buckiing strength only thel
magnitude of geometric imperfections is important; the absol:xic data solely will be
analyzed in this study. More details in connection 'with data intcrpreiation, plotted
histograms and statistical analysis can be found in the research reports [76,77] and
[223-225]. o °

\ Statistical zfnalysi; of measurement results were undertaken for each bridge and their

) aggxegatc by processing the data on the computer. For plate elements, the mean, standard
dcvxauon and 95 percent fractile, dcfmed for each bndgc and various tluclcncsscs, are listed

in Tablc 4\2 and for, their aggregate in Table 4.3.

\
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Table 4, 4 presents the same statistical parameters established for longltudmal and
transverse suffcncrs for individual bridges and their aggregate. '

Using the statistical parameters defined in Table 4.2 and Table 4.3, a line
rcprcscntmg the variation of Aplt versus thickness was plc;tted f& webs in Figurc 4.12 aqd
bottom flanges in' Figure 4.13. From both figurés, one can note the general tendency to
reduce the out-of-plane deviations,as panel thickness i increases. ’

' Represenhng the variation of non-dimensional paramcters Ap/b versus b/t for webs
(Figure 4.14), flanges (Figure 4.15) and their aggregate (Flgurc 4.16) and using the linear
regression as a statistical method for ﬂncfing a straight line that best fits a set_of data point,

the following three equations were derived:

Ap L b5 1 for webs 4.1

t  132°.T 20 E Lo Gl
A 1 b 1 o B :

—g = evees |, e = cm— 4-2.

rak v R for flanges : .( a)
A ' .

S ....1... . 2 - _1... for aggregate data - ’ (4.3.&)
t 139 "t 36 (webs & flanges)

For practical purposes, in the range of b/t from 30 to 60 generally used in bridge

]

design a good approximation of the above equations is given by: )

A 1 b
Dt
n 50 T for webs | ~ (4.1.b)
A 1 b ' :
—t = e | — : 42,
el T for flanges ‘ (4.2.b)
A : | ’ :
£ = TSLG L . for aggregate data (4.3.b)
t t (webs & flanges) ’

As can be seen from Figure 4.14 through Figure 4.16 and Table 4.5, the best

approximation is given in the case of bottorn flanges and aggregate data where the error is

Jess than 6 percent for (b/t) = 30 and 1 percent for (b/t) = 60.
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Taking igto‘ account that very small differences exist between the three e_qﬁaﬁops, the
|
Equation (4.3.b) is. recommcndcd to be used in defining the out-of-plane deviations of

plate panels, wcbs and ﬂangcs exxstmg in loaded bridges in Canada.

chardmg out-of-straightness, a value of Ag = a/600 can be cons1dcred realistic for
o longitudinal stiffeners and this can be extended even to transverse stiffeners where the

number of data is still too small to draw another conclusion (Table 4.4).

. 43.32 Unloaded Bridges

-
In defining the magnitude of geometric imperfections produced during fabrication of °
stcel. box girder bridges, the same procedures applied before on loaded bﬁdge§ were used.
In the case-of the Burlington Skyway Bridge (Figure 3.6) and the Hunt Club-Rideau
-Bridge (Figure 3.7), the’measur;ments were made in the shop after each girder w;s
completely fabricated, while in the case of the Ottanabee Br,idge (Figure 4.17) it was done
on the sik" before erection. ‘] |
Statistical parameters defined forjblatc(panels of thc three bridges and their aggregate
are hsted in Table 4.6, while those for out:of- stralghtncss of stiffeners in Table 4.7. A
comparison of geométric imperfections det;med with and wnthout dead load, is glven in
Table 4.8 for both, plate paneis and stiffeners. As is evident, an increase of 9.6 percent is
produced under the dead load in out-,of-ﬂatncs; of panels, while only 6.2 percent was
observed in the case of longitudinal stiffeners. For transverse stiffeners, nq significant
/ —

changc was found

Extending the above values to Equauon (4.3. b), this can be written as:

AL 1 b — .
~ t165 Tt (4.4.2)
T T | "
. b -6 ‘ _ » © . (4.4.)
1‘ . .(ﬂ‘
-
ﬁ ¢ e
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Equatxons (44) can be consldered as representanve for the outpf- piane devgnons
of plate pancls produced during fabrication of steel box gu'der bndges, and arc suggeswd
for Eosslblc incorporation in future codes o " .

" 1 R
. y ‘ .
‘ 4-4 cnmnham_w_xm_l!mmm

‘1

Tolcrance‘ limits on geometric imperfections of steel box bridges have been

established in many countries. One of the most liberal among European countrics is that

Ap/b = 1/250 for out-of-plane deviations and A° /a = 1/500 for out-of-straightness. of
stiffeners (Table 4.9) [75]. However even these speclﬁed limits are commonly exceeded
in steel box girder bridges built in these countries.

It was clear to code writers involved in research of this ;)roblcm that such a limit was
not realistic from the point of view of availabl: technoiogy. As such, a task group was
struclg to propose a more reasonable tolerance. They recommended a value of 1/200 for
deforn;z{ﬁon of plate panels and 1/500 for deformation of stiffeners [74,?5] which was
'believcd to provide an acceptable limit for the industry to adopt, and which should be

 adopted in structural design as well, in order to provide the required sat:ety margin.

It is evident from Figure 4.12 throﬁgh Figur;:-4.16 that most of the bridges studied
in Canada would not meet even the proposed tolerances for out-of-flatness of pancls but
most of them are within the suggested limits for qstraxghtm:ss of suf}éners (Tablc 4, 4)

Comparing the 95 percent fractile rcsults from this study (Table 4.2) with those
obtained in other countries, Table 4.10 for plhtc pangls and Tablexd 11 for stiffeners, one
can note that measured deformations of platc panelsm steel be box glrder bridges i in Canada
are not vcry different from those found in some European countnes In West Gcrmany "
fifty percent of the out-of-plane deviations of web panels and twenty-five percent of )
botwfn flange panels exceed the german spccificd limit of b/250. In Czechoslovakia,

bottom flange panels were in violation of the same limit by up to 46 percent [75,226].
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5 L Only in Belgmm and the United ngdom [227] the measumd deformnnons ag# within the o
: hmlts of pr?scnbcd tolcmnm o i P £ /
» v ‘ Based solely on Canadnan data, it would seem that : 3 reahstxc tol fance limit for -
\ — out-of-plane devxatlons of plate pancls should be defined by usmg Equati (4. 6) and this /
Voo ‘ 1s suggested for new bndge code revisions.
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CHAPTERV

EXPERIMENTAL ANALYSIS OF BUCKLING BEHAVIOUR
. OFSTEEL BOX GIRDERS

D )

5.1 [ntroduction
'Y

The tests described in this chapter formed, as mentioned in Chapter I, part of
a rescarch programme dealing with the influence of geometric and structural unpcrfccuons
on the buckling behaviour of continuous steel box girders used in bndge dcsngn
" The purpose of the experimental programme was to carry out ultimate load'tcsts on
'model box girders with imperfections similar to thosc‘%xlstmg in real bridges, and to obtain
data on the bucklmg behaviour of their components, especxally of their compression
flanges, in the area of pier sections. To simulate the existing conditions near the support
region of a contmuous box girder bndge i.e. high shear and negative moments, the tests .
. / were canécd out under point load on. a simply s\‘xppox"tqd double overhangicantilever box
girder model. The structure was designed, fabricated and tested in order to define the
_influence of different geometric and structural impe;'fections on the bucicling strength of
«  compression flanges. In this regard, it'should be noted that the ‘box girdér model was,
designed specifically to produce bottom flange failure under ultimate load. Details of this
model and the behaviour of the two cantllevexs tcsted up to collapse are dxscussed in the

followmg sections.

| - 101
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5.2 Design and Fabrication of Stecl Box Girder Model 4

\

5:2.1 Design Details
v
To assess experimentally the influence of geometric imperfections and residual

stresses on the buckling strength of steel box girders, a minimum of two tests was

considered essential: one to involve a girder having as near to a proposed tolerance limit of

geometric imperfections as feasible [73,75], the other conducted on a box girder with as

" near to the normial practice state of imperfections existing in Canada{és possible [76,77].
Several considerations were involved in the dcﬁbemﬁdns about the physical models to
be tested. ?hey woul& have to be subjected to predominantly compressive stressing of
their bottom flange, énd possess, nominally at least, identical cross-sections and structural
parameters to allow for a basis of judging the eﬂ‘eci of different structural and geometric

imperfections on the buckling strength of comprcssic\m flange plate panels. The double

e

overhanging cantilever girder appeared to be the most appropriate and economical structure N

far the cxperimen?s to be undertaken (Figure 5.1). -

' While it was believed that a Hunt Club-Rideau pier girder should serve as the
prototype for geometric similitude,‘it bccame; apparent that these constraints would affect
final detailing. Finally, some compromises in the scaling of components had to be made.
Consequently, a constant depth gk@g was concc;ved for the model. " For ease of

I fabrication and later for observation of critical compression flange components, the tension
flange, which in the case of the prototype structure consists of a full width stiffened plate
similar to that of thc\ bottom flange (Figure 3.5), comprised two plates concentrated over
the webs. To maintain torsional rigidity of a closed section, cross-frames were provided
between the intc;r&diatc and the end diaphragms. _

The cross-section of the box girder model was roughly a quarter scale of the Hunt
Club-Rideau pier section. Prototype loading was simulated by the use of point load which

v
A
4_:2
:

induced the high shears and negative moments expected at the support section of a

SGEIN P
~ ¥
A



. e aA L RS A
7 mete e 8, B 2
AR A A N T,

103

continuous box g&rder ,

The model was desxgned such that normal dwlgn and fabncatxon procedures could be
employed. The minimum platc size used in the fabrication of the model was Smm thick.
This enabled the use of normal wclding.proces&s with realistic weld sizes so that
"fabrication imperfections” similar to those found in real bridges, would be produced.- The
model c?ntained two intcnnediatr; load-bearing diaphragms, each cantilever being tested as
a point loaded simply supported girder. Figures 5.2.a and 5.2.b show typical web and
flange layou-ts'. Figures 5.2.c and 5.2.d present typical cross sections of the box girder .
model. "

It will be observed that the bottom flange of the model consisted of a st;ael plate with .

four equally spaced longitudinal Tee stiffeners across it c<’>mpared with six for the
prototype; in adciition more widely spaced and deeper transverse stiffeners were en\Ployed.
The change in the number of longitudinal stiffeners was effected to render more slender
compmssmn flange panels which are known to exhibit greater scnsmvny to geometric and
structural imperfections. The panel width-to-thickness ratio, b/, thcreforc was mcreased
from 32 to 45 and represents an approximate upper limit for box girders designed in
.Canada. 5 | - '

The central region of the girder, subsequently to be located between supports, defined
as B and C sections (Figure 5.1), were supplied with transyerse stiffeners at relatively
close spacing, ostenéibly to prevent a failure occurring there. . L |

) An increase of web thicl.cness of 25 percent compared with the pfototype structure
was provided in the case of the box girder ﬁ;odel in order to ensure the %niﬁaﬁon of
buckling failure from.the bottom fiange. . : . \

" Details of the structural parameters of the model are presented in Table 5.1. The box

. girder model was designed in accqrdance with actual provisions of the Ontario Highway
Bri&gc Design Code [68] for cofnpositc bridges (Claixseo 10-11).- Based on these

provisions, ) . S
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the critical buckling stress was computed as G, = 322 MPs, and consequently the ¥
nominal resistance m;>mcntMn = 7360 KN.m which corresponds to jack loads (2P) of
1470 kN. The full moment capacity of the model calculated using the actual yield sres
value of 374 MPa was found to be 8570 kN.m which corresponds to jﬁk loads (2P) of

1714 kN. |

2
5.2.2 Materials

The pteel sp;ciﬁcd for construction of the model was Grade 350A as prcscnbe\d by |
CAN3-G40.21-M8} [202] and similar to that used in the fabrication of the Hunt
" Club-Rideau Bridge. To establish the actual static yield stresses, tensile tests were
conducted on coupons cut from the plates and shapes used in fabrication of the model.
The s;peciﬁe& and observed values of tensile yield stresses and ultimate stnengtﬁs are given
in Tablc 5 22, Also listed in Table 5.2 are measured thicknesses of the plate components of
the modcl One can observe that these thicknesses vaned up to 4.5 percent from the

nominal rolling thickness.

E 4

5.2.3 Fabrication Details

KBt:c to the thin plates used in t!lc design of the steel box girder model, local su,ucmra]'
steel fabricators declined an invitation to bid on the model's comtmcﬁon.‘ However,
National Steel Car Limited of Hamilton, which specializes in the fabrication of thin walled.
welded steel containers and railway freight cars,’did agree to build the model to the
specifications described. “ |

The model was fabricated by first ?mmfacmring subassemblies of all the stiffened
components and then wclding them together to form the completed structure, Figures 5.3
to 5.5 show examples of ﬂange, web and diaphragm subassemblies dunng fabrication. A
 view of ti.e completed structure is given in Figure §. 6.
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| The work was carried out on 2 specially prepared steel working ‘iab}e (Figure 5.5)
. which facilitated dimensional control of weiding distortions and measurement of residual
strains during the fabrication pfo'cess. Care was taken to retam the sequence of operations
for constructing the mode! as are currently used m fabrication of bridge components. Tilc
subassemblies \\'rere manipulated so tﬁat welding could be cor;lpleted in the normal,
downhand and horizontal/vertical positions. b _
For fabrication of the bottom flange subassembly, the longiﬁgdinal stiffeners were
first tack welded on the plate by iritermittent staggered yvelds of about 30mm at intér\;als of
about 500mm. Finally, the welding was performed in the sequence given in Figure 5.7.

‘To develop disparities of imperfections in the two cantilever ends of the fnodel, different
fillet welds were used in attaching longitudinal stiffeners to the bottom flange plate.

Initially, fillet welds-of about 3.0mm were used on half of the plate (cantilever A and

central pal.'tyB). After checking the magnitude of residual stresses and out-of-plane

deformations induced by welding in this past, a slightly héaviér weld was applied to the
other half (central Part C and cantilever D), i.c. 2 4.0mm fillet weldleg. )
Except in the webs and flanges which were made from more than one sheet and
w;here butt wélds had to be used to join them, continuous fillet welds were uged
throunghout the model fabrication. Details of welding parameters used during
manufacturing of the box girder mode] are given in Table 5.3. The nominal and actual size '
- of the fillet welds connecting the longitudinal stiffeners to thcle bottom flange and the bottom
flange to the webs are listed in Table' 5.4.

" Prior to final assembly, internal jigs with &;dges and clamps were used to correctly

- position the webs between adjacent transverse stiffeners and tack welds were used in
éqnnecﬁng subassemblies. Finally, the fillet welds bctwéen the webs and the bottom

- flange were laid dos',vn commencing at the centre of the model anci progressing toward the
ends. After complete Ifabricatign, and prior to the shipmexit, the 'modcl was surveyed

to record aécuratcly the "as fabricated".dimension.s such as the exact spacing of stiffeners,

7 R R ¥
v




R S

106

}

etc.
5.3 Initial Imperfections ,
53.1 m;smmm

g
Mcasmemcnts of “residual strains induced during fabncaum of the box girder
modcl were takcn by using the same instrumentation and procedure applied previously in
the case of the Burlington Skyway and Hunt Club-Rideau Bndgc and described at length

in Chapters III and IV. Since the main objective of this expc;imcntal programme was to .

define the influerice of structural and geometric imperfections on the buckling strength of
steel box girders, the gauge points used in residual strain measurements wer;: distributed
around the cros; sections where. failure was expected to occur. Details of the gauged
panelsland Pfcher strain gauge layouts are given in Figures 5.8 and 5.9.

w To define the residual strains produged by welding and assembly, stnﬁn readings

were taken at the following fabrication stages of the model:

Stage O: On p'lates and stiffcn%;,nftcr tack welding of longitudinal stiffeners.

Stage 1: After manufacturing and complete cooling of stiffened welded plates, i.e.

welding of longitudinal stiffeners.

T .

Stage 2: After complete assembly of the stiffened plate components: k

The strain induced differences €, , and €, account for these two stages of

construction, whhc dcnotc.s‘ total strains (e, ,pluse,,). As these values were
! €20 10 PlUs &5 '

il

found to be in the elastic range, they were readily converted to stresses. Consequently,

stress distributions, thus obtained, are plotted in Figure 5.10 for cantilever A and Figure

; 5 11 for cant:lever D. w

‘While adrmttmg that there were lumted data available for a stausncai interpretation of

residuz! stresses, it was the only means by which measurements could be linked to those

performed on real bridges. Table 5.5 presents the mean, standard deviation and 95 percent

. L]
g +
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fractile limits of residual stresses induced in the two cantilever ends of the model by
welding of longitudinal stiffeners to the plating, and after complete assembly respectively.

Reference to the above figures show that welding induced residual stresses in Stiéé 1
of fabrication were compressive in web -and bottom flange plates of both sections.
Comparing the average residual stresses given in Table 5.5 for cantilevers A and D, it is
lrcat_iily seen that their magnitudes of -28 and -35 MPa, respectively, were controlled by the

amount of welding used. For the latter, this represents an increase of 30 percent. It is

noteworthy to mention that residual stresses produced by welding of longitudinal stiffeners -

to flange plates were comparable in the case of the model (especially cantilever A) and the

' real structures referred to in Chapter IIL ;

Regarding residual stresses existing in longitudinal stiffener outstands after this

manufacturing stage, it should be noted from Figures 5.10 ax_xd 5.11 that they were tensile

" in cantilever A and cqmprcssivc in ca‘nti'levcr'D, with a variation of their rhagnitude across

cach flange. The average stress valucs‘ for the four s&ffcncm welded to the bottom flange
are listed in Table 5.6 for both cantilevers, '

A considerable and unpredictable change in magnitude of residual stresses induced in
box girder modcl' was produced after complete assembly (Figures 5.10 and 5.11). In
particular, as can be seen from Table 5.5, the average values in bottom flange of cantilever
A and D were -52 and -57 MPa respectively, indicating increases of 95 and 65 percent, at
this final stangc substantial change in the magnitude of residual stresses is noted at
the level of the first longitudinal stiffener in web W.1 of cantilever A (Figure 5.10). Here,
an increase from -34 to -84 MPa, i.e. a 148 percent is produced aftgr complete fabrication.
Comparing these stresses with those developed in cantilever D at the same scction,' one can
note from Figure 5.11 that in the latter, the increase from -45 to -63 MPa represents only a
42 percent change. ' » |

A significant increase in the level of residual stresses in the final stage of model

fabrication was also noted at the level of the longitudir;hl stiffener outstand of %ﬁlqver A,
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ie. ‘from an average of 15 to 65 MPa (Table 5.6). In t.h'e case of cantilever D, a relatively
small increase was obscrved in one of the centralstiffencrs, a dscrease in the other, whilea
change from coﬁprcssjgn to tension is noted in thos;z close to the webs (Figure 5.11 and
Table 5.6). . . | |

2

Based on all observations made after complete fabrication of the box girder model,
one can conelude tlii;t generally, at this siagc, the stress magnitude is less predictable. It 1s
prabable that the final stress magnitudes and their di§uibuﬁons were greatly in_fiuénced by
the actual detailed fitting and clamping procedures as chl as the welding sequence 'uscd in

. | the final assembly process. ,, )
g * ) -

5.3.2 Geometric Imperfections

Measurements of geometric imperfections were made on all of the bottom flange and
web compression panels and longitudinal Tee stiffeners of the two halves (A + B) and (C
+ D) of the model: ;:ach half being characterized by different sizes of welds and -
consequently, by different induced rcsidua} stresses.
Consi_dcring that geometric imperfections produced during model fabricatiort had to
be linked to those existing in real bridges, a statistical interpretation of all available data
was undertaken.
" ‘The statistical parameters defined for each half of the model and considered specific to

each cantilever, are given in Table 5.7. For the two cantilevers A and D, the ratio

of out-of-plane deviation to panel width, A‘;)lb, was 1/205 and 1/153 for the botto flange
and 1/104 and 1/97, respectively, for the webs.

- . The out-of-straightness of longitudinal Tee stiffeners to stiffener length, A;/a, \
. \ \
defined as 1/737 and 1/652 for cantilever A and D. N [

. Based on data from Table 5:7, one can consider that the main objective was ﬁna))& -

successfully accomplished: the geometric imperfections existing in the two cantilever ends

-
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" were closely rclated to prescribed tolerances [73,75], and actual geometnc mpcrfecnons ‘
. established in Canada [76,77] o

. Referring to the final residual stresscs Wthh in fact, produccd thcsc geometric
. unpcrfecnons, it should be noted that they were higher than those measured in real  bridges.
In fact, this was expected to oceur due to the reduced thickness of plates used in the

fabrication of the model and their susceptibility to heat input and fitting procedures.

5.4 Tests Rigs and Instrumentation
5.4.1 Point Load Test Rigs

A loading and support system was . fashloncd for experiments in ordcr to protect

one end of the girder while subjestmg the other one to concentrated hydrauhc jack loads
- Diagrammatic layouts of these rigs are shown in Figure 5.12.

5y
S

The intermediate rcacﬁons were provided in each case by means of ty:d cylindrical
bearings resting on a steel beam supported by concrete biocks on the .lqbora;tory flaor.
Durjng the test, the girder was held down by bearings mounted on an overhead cross-beam
situated in the vertical plané of the other intermediate diaphragm\ A gcs\cral view of the
loading rig is given in Figure 5.13 and a front view showing the loadmg system in Fxgure
5.14. The bearings were symmetncally placed about the centrc-hne but were sct inboard
of the webs, as they were in the prototype structure - the Hunt Club-Rideau Bridge.” -

Wim the intermediate point loads-on the bottom flange, each caﬁtilever was in the
same relation to the existing conditions.at ts\support ofa contmuous girder. Testing the
model in this position slmphﬁed the design of the loading and deﬂecuon rigs and facilitated
the complete and continuous observation of the compression flange and webs, insidé and

) outside, during the tests. | -

As is cvxdent from Figure’ 5. 14 two hydrauhc jacks were used for loadmg the

T T6

canglever tips of the model. Each one was of 1780 kN capacity and had a  maximum travel
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v of lSOmm. “This loadmg system was preferable to the useof & smgle central jack since it

wouldrmmmlze any tendency of the girder to twist, wouldallowaunifprmuuleonmued
- ' ; loadmg, and would ensure adequate jacking capacity to attain failure. Dunng testing,
1. loadmgs were increased in increments of 100 kN (50 kN per jack) to a level of 1200 kN
o Increments of 50 kN were subsequent]y apphed until the failure load was reached.

- —

._,~ - N . - . J
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"5.4.2.1 Load Measurement

In order to provi&e the maxunum accuracy of the ioading system, two load cells were

lisedin series ‘'with the two jacks (Figure 5.14). Prior to the test of each cantilever, the

- < load- cells were calibrated mdmdually to 1000 kN to vahda{the accuracy of-load
, ' _ measurements . .’T' ’ * 4.
. - )

5.4.2.2 Deflection and Deforination Measurements .

"To measure both mmal deformauans and deﬂecuons undér load across the width of
)w bottom flange, four electrical displac€ément transducers were used. ~ -
“ The bottom flange and web panels bctwecn the support diaphragm and- the first
transversc stiffener cncounteredwn route to the cantilever ends were considered to be
cntlcal for each of the tests Consequently, a carnage was constructed to support the four
2 dlsplacement tmnsducers mounted on a beam. Readings of the transducers were taken-at
pre-marked sections on the /model, by moving the ea;dage onvil. frame assembly below the
" underside of the bottom flange (Figure 5.15). Each transducer was arranged to measure
tlte deflections of 11 i)oints across the lwidtia T};e rectangul)ir grid pattern thus formed,
consisted of 44 points from whxch deflection profiles could be drawn. Displacement .
outputs frorn the transducers were dlgttued with a data acquisition system. Détails of the

locanons of gnd pomts are shown in the secnonal views of thure 5 16. To measure the



.

¢ “ * in measuring strain gauge deformations during each loading test. _‘

deflection of 11 points across the depth of each web in the same sections where the

,electrical displacement transducers were positioned (Figure 5.17), the depth gauge and the
bar previously uséd in the measurement of out-of-plane deviations were utilized.
T? monitor the de&ections of the girdcr during the tests, ten dial gauges were

positioned along the planes of the webs (Figure 5.14).

e

.’ 5.4.2.3 Strain_Measurements

8 - B oy

To determifje the load -induced strains over cross sections of the cantilevers, about

160 linear and rosette type strain gauges were useci. Webs, top and bottorn flange plates,
and the. longitu;iin;ii_ stiffeners of both webs and flanges wére strain gauged. The majority
of ;auées were bonded to th'e ;:riﬁcai ébmponents and sections where the failure was
qupected to occlur: Two cross sections for each cantilever, as denoted in Figure 5.18, were
identified for the monitoring. In order to determine axial and b;nding comBonents of
stggxs in the Elating, strain gauges Wcre placed on both facés of the plate. Where it was
adequate to measure the strains in or:e direction only such as on stiffener outstands, linear
strain gauges were used, but where transverse and‘ longitudinal com;)onehts wérc needed,
rosette type gauges were applied. The gauge layouts for the two cx"oss sections defined in
Figure 5.18 are presented in Figures 5.19 and 5.20. It should be noted that in the case of
sections 2 and 3 {Figures 5.18 and 5.20), i.e. close to the intermediate diaphragm, the
strain gauges were bonded gnly on the insiciez of the box; hov;cvcr, the numbering scheme

%9 . &

for identifying gauge positions was retained. Some details of gauged components (webs,

abottom flange and stiffeners) are given in Figures 5.21 t0 5.23

. An OPTILOG Data Acquisition and Control System connected to a computer Digital
PDP II, Model VCA414H togder with strain indicators (model P-3500) were used

r
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55 Testing Procedure

%
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Upon installation on the test rig and prior to any load application, éach cantilever was

surveyed to record accurately the "as fabricatcd'f dimensions. No major differences were
foupd between the designed and fabricated structure. Additionally, measurements of

residual strains and geometric imperfections were made at this stage.

"5.5.1.1 Residual Stresses

.To ascertain if. any redistribution of residual stresses induced after final assembly of
the box girder.model had occurred during transportation and crcction;'mcasurcments of
residual strains were taken and recorded. Indeed, as can be seen from Figures 5.10 and

5.11, some alterations did arise, but generally they v{rc not very significant.

5.5.1.2 Qut-of-Plane Deformations : “ .

. : , \ :
Using the instrumentation described in section 5.4.2.2, transverse and

longitudinal profiles of both webs and bottom flange were recorded for each cantilever

prior to their testing.

In an effort to keep the number of readings down to a manageable size, only regions
where failure was expected were monitored closely. Thus, in both cantilevers A and D, a
detailed study of initial impcrfc.ctions were only carried out on those panels irfvolved in the
final collapse, i.c. bay OT (Figures 5.16 and 5.17). For this bay longitudinal profiles of
the stiffeners, the panel centre-lines between stiffeners and the edges of the model were
plotted along with transverse profiles of the cross sections indicated in Figures 5.16 and
5.17. All plotted deformations are relative to planes connecting the four comers of the web
and bottom flange plates and defined by their intersection with the support diaphragms and

S

transverse stiffeners.
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Transverse and longitudinal profiles of the initially deflected shape of ti\c
compression flange, sﬁffcneré and plate panels are given in Figures 5.2.4.a and 5.2.4.b.
Ipﬁgitudinal and transverse sections of the girder are included to indicate the positions of
the grid lines. ) ‘ ‘

It was noted that, in general, both the longitudinal stiffeners and plate panels bowed
- towards the surface were stiffeners were welded. Reference to the transverse profiles
(Figure 5.2.4.a) shows that the deformcgl shape of the bottor,n flange tends to be a single
overall bow towards stiffener outstands with superimposed ripples. It is'very likely that
this inward bowing of the bottom flange was greatly influenced by the deformation of the
transverse stiffenér (T) oriented inwards. Based on longitudinal profiles of out-of-plane
deviations (Figure 5.2.4.b), "a general tendengy to follow a single asymmetrical overall
curve oriented towards stiffener outstaﬂds \‘avas observed for both plate panels and
stiffeners.

The initial deformations plotted in transverse and longitudinal directions for the two
webs, WI and W2, are illustrated in Figures 5.25 (d & b) and 5.26 (a & b), respectively.

Transverse and longitudinal profiles of the two unsymmetrically stiffened webs show
that the deflections were significantly greater in the tepsion regions than in compress‘ion
arcés, and were oriented inwards in most of the cases. Generally, in thc,ég}ransvcrse
direction, an irrégular shape of the web plate panels is noted. In the longltudmal direction,
the plate panel deformations followed an asymmetrical (W1) or a symmetncal (W2) curve
while the stiffeners presented some small ripples superimposed on otherwise gcntle

clrves, most of them oriented towards the plate surface where stiffeners were attached.

b. Cantilever D
Transverse and longitudinal profiles, similar to with those presented for cantilever A,

L 4
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are depicted in Figures 5.27.a and|5.27.b for the compression flange of cantilever D, -
A completely different pattem of out-of-plane deformations can be noted in this case
compared to cantilever A. Transversally, (Figure 5.27.a) the bottom flange bowed
' ‘ outwards, with the over;dl deflected shape being that of a cu'rve with very pronduncpd
ripples superimposed. Referring to this figure and to the longitudinal profiles given in ‘
V4 . Figure 5.27.b, one can see that longitudinal stiffeners deflected outwards while the plate
panels displaced inwards. It should be noted that this unusual pattern of deformations was'
mainly due to the existing bow of transverse stiffener (T) oriented away from its outstand, |
which is clearly illustrated in Figur;: 5.27a.
Transverse and longitudinal profiles, showing the initially deformed shaped of the

. two webs, W1 and W2, are givcn‘ in Figures 5.28 (a & b) and 5.29 (a&b), rcspectivcl‘y.

Reference to\ these figures shows that in the tension region of we!t;yl, an irregular
shape of deformations *occurrcd, oriented ‘both inward and outward, while i;I the
compression areas all deformations were oriented towards the ;tiffener outstands. In the
&se bf longitudinal profiles, a wave form.of out-of-plane deviations is noted in the tension
zone. Relatively soft curvés with small ripples are the main char;\cta'istics of the deflected
shape of plate pahcls and stiffeners in the compression area. Transversally and

. longitudinally, t‘hc web W2 had considerable inward dishing with some exceptions in the
compression area where minor outward deformations are noted.

" Based on all existing data presented in Fi“gures 5.24 t0 5.29, one can conclude that
the plate panels and longitudinal stiffeners of cantilever A generally bowed towards the
surface where the stiffeners were welded. Movement of the plate pinels in this direction
was expected tO occur as a result of transverse shrinkage of the fillet welds connecting the
stiffeners to the plates. However, the outward‘defonmtiom of longitudinal stiffeners of

" cantilever D have to be‘rzticed, and these should be related to those of transverse stiffener

" (7). In he longitudinal direction, the resulting profiles were that of an overall bow ‘with

p
toa .0 .
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superimposed ripples. Frcqﬁently, these were mo&ified at the transverse stiffener
positions where plate deformations were affected by both longitudinal and transverse
welds. |

) Th}: longitudinal profiles pf the bottom flange edges in the plane of the web .plates,
showed the existence of some deformations similar in nature, but smaller in magnitude
v _ than those of the plate panéls and stiffeners. At diaphragms, irregularities in the transverse
profiles of the webs and bottom flanges were very frequent. All these deformations could
. have resulted from a small degree of misalignment and lack of accurate fit-up specific to the

v _ fabrication process. | .
| ' As shown in Figures 5.24.a and 5.27.a, the initial deformation of transx;crsc
. stiffeners could change the whole deformation pattern in th\e adjacent plate panels and
" longitudinal stiffeners (Figures 5.24.b and 5.27.b). These changes occurred in the
\magnitudc and distribution of out-of-plane deformations of bottom flapge components
Cduring final assembly and are closely related to the major alterations produced in the
residual stress distribution in the two cantilevers, A and D, during final assembly (Figures

5.10 and 5.11). '

& Finally, it should be noted that measured out-of-plane deformations of the plate
panels and Iongitudir'la; st{ffeners in bay OT of the cantilevers A and D were generally in

line withthose defined on statistical bases (Table 5.7). However, the lérger defofmations
_of two longitudinal stiffeners of cantilever A are to be noticed (Ay/a = 1/430). =«

~ 2

*5.5.2 Preliminary Tests . :

To obtain information on the elastic behaviour of each cantilever and to chec[ the
¢ satisfactory functioning of the rig and instrumentation, the first loading cy les were

+

restricted to loads within the estimated elastic range. Both strains and deflections were

- - recorded during loading and unloading for each load increment.

)
s
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5.5.3 Ultimate Load Tests

3
N . > H '] b':
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" Following the initial tests in the clastic range, each cantilever A and Dwas

loaded incrementally to collapse, Once yielding had become si_gniﬂcaht, each load

increment gpplied by the jacks tended to droop from an instantaneous value to a lower’

sustained value.’ To maintain the achieved load level, the jack pressure was increased

steadily over a period of about 25 to 35 minutes. Thxs was necessary to allow the spread

| ,of plastlcxty in crititally stressed areas of the model When the sustained lopd was

reached, the magnitude of strains and defox:maﬁons was recorded, after which further loed g
increments were apélied. |

Regarding the ultimate load test of the two cantilevers, it should be pointed out that
during the first test performed on cantilever D, this failed at the jack loads (2P) of 1440kN
in a region \which had not been instrumented, i.e. in the bay adjacent to the support in
region C. Despité close spacing of transverse stiffeners, failure was apparently caused by
the bending moment cc;mbincd with higher shear forces existing‘ on the C side of the
support. To makedpos‘sible the retesting of the model and to prevent the occurreunce of a
similar phenbmenon during‘the test of cantilever A, both regions B-and C if\ proxjmity of -
the support diaphragms were stre‘ngthened with addifidnal longitudinal stiffeners.

Retesting of cantilever did indeed result in failude of &"ne expected critical panels.

Details of the load tests and tost results are given in the next section.

5.6 ‘Behaviour Under Load and Test Results
. . A
o s
5.6.1 General '
The loading history of the two cantilevers A and D of the box girder model may be ‘

" raced by reférence to the overall load-deflection relationship presented in Figure 5.30.

The plotted deflections are the average of the ﬁp‘def'le%tion‘s induced by load, measured in
the plane of the end diaph}agms (Figure 5.14). Predicted deflections based on elastic beam
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theory in which allowance was made for the sl{ear action (whichﬂ accounted for 33.4
percent of the total deflection) are also indicated. ‘ |
The differences between compuwd and observed deflections appear to be mamly duc _
to the presence of restdual stresses ‘in thls welded structure. The notlccable dxsparmcs \
between canulever A and D with the increase of deformations in the lattcr are the result of
the higher resxdual stresses induced during fabrication in- canulever D as 1llush'ated in
Figures 5.10 and 5.11. , ° o .
Up to the jack loads (2P) of 1000 kN the obserch deflections at the tip éf the two.

_cantilevers increased almost linearly with load and agreed well with calculated values.

.chond this, there was an evident departuré from linearity in the load;dcﬂection
relationship. Even with an increasing loss in overall girder stiffness, it should be noted
that there wcrc no significant losses until the maximum load was rcachcd “The
load—deﬂecuon curves thus shows a sharp peak with a dropping unloadmg path.
Dcﬂccpons of the plate panels and longlmd{nal stiffeners started to develop from

early stages of loading following the initial path of defor;nations, at léast for the first set of
load increments.

The collapse of both cantilevers A and D was triggered by buckl;ng in one of the plate

» panels of the conipression flange. No'buckling of the longitudinal stiffeners 6f both webs

* and bottom flange was observed until th? peak load was reached. There was no sighiﬁcant

lateral buckling of the longitudinal stiffeners of the cgmpression flange even after the

oqcum:nce of collapse. _ g

The longitudinal stresses in the cross sectxbns of the two cantilevers dlsplaycd an

. almost uniform distribution throughout the tests‘ These stresses, especlally "during the

loadmg stagcs when the model behaved elastically were in good agreement with those

~ calculated using simple beam theory. Generally, an unloadmg at the centre of the bottom

'ﬂange occured prior to the jack loads (2P) of 1200 kN. Thc effect became more

. pronounced un%ér the next load mcrements particularly in secnons 2and 3 of cannlever A
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and D, resi)ectively, ear the support diaphragm.

562 Cantilever A - -
5.62.1 Deflections_and_Deformations ~ |

" Up to the jack loads of 1200kN, the initial deformations of the plate panels
‘and longitudinal stiffeners grew steadily following their initial paths, with no sighs of
~ buckling evident. The growth of deformations for 400 kN load increments including the

ultimate valie of 1450 kN is illustrated as transverse anél -longitudinal profiles

' plotted for each component in Figures 5.31 to 5.33.
a. Compression Flange

Figures 5.31 (a,b&c) present diagrammatically the changes that occurred

throughout the test in the shape of deformation profiles of the compression flange.

Reference fo these figures shows that prior to the collapse of the model, all bottom flange

components deflected inwardly. The first major deformation occurred in the centre of the

LIS

‘ plate panel (h) as sbown in Fiéurcs 5.31.a and 5.31.b when the applied loading peached A
1400 kN, Under the next load increment of 50 kN the 1450 kN load could be maintained
only foFa few _minutes. During fhis interval, the deformation of the plate panel (h)

_ d;:vclopcd rapidly and triggered the buckling of the whole stiffened flangé and adjacent,

"webs. After the collapse of the girder, the loads dropped to 1210 kN and any attempt to
 -increase it failed. ) | ‘ '
| Outside and inside views of the cantilever A, after its collapse, are'prescmcd in

' Figures 5.34 (a & b) andﬂ 5.35 (a & b) for the compression flange angi web W2,
mwﬁveli The regular buckled pa evg, of the stiffened ﬂhnge panels can be clearl)" seen
in Figure 5.34.a while'those of web panels are shown in Figure 5.35.a. The sinusoidal

wéve forms in both transverse and longitudinal Mﬁoﬁs in which the buckling of the

Y




PR N NI SR Y5 17
T A N S N s PR
v . L p; B o g
. . T . . &
. 119 s LIPS ot g , .
- - - -:ﬂ
' R
. . - 5
. ' A

| compression flange evolved, are shown in Figures 5.31.a mdQS.B l.c. /All loﬁgiu;di;al
Co «;tiffeners, however, deflected towards their stiffenenoutstands in'a half.-wave sinusoidal
‘ | form (Figure 5.31.c). .

Diagrammatically, Figure 5.36 illustrates the de;relopment of plate panet (h) and
adjacent longitudinal stiffener (g) deformations (the maximum ones) in relation to the
overall girder response to load increase (curve 1). In the case of the plate panel (h), a
linear iircase of deflection up to 1400kN load is noted (curve 2), followed by a sudden
e drop: meanwhile a non-lineaf relationship (curve 3) isv the main characteristic of the

longitudinal stiffener (g) This suggests that model collapse (cixrve 1) was precipitated by |
' the collapse of the plate panel which during the loading process, exhibited the maximum

&eﬂcctions. |

It is worthy to note that the first plate panel which buckled wa's the one in which the
maximum residual stresses were found (Figure 5.10) and that no failure of longitudinal
Tee stiffeners of the bottom flange occurred prior to the collaﬁsc of the whole stiffened
flarige. There was no significant lagpral buckling of the longiu;dina] stiffeners of

compression flange even after the collapse (Figure 5.34.b). o \

b. Webs

Transverse and longitudinal profiles of deflected webs and their evolution during
the load tests are shown-in Figures 5.32 (a & b) for web W1 and ’Figurcs 5.33 (a &b) for

web W2, . ',
Deflections under load of the web longitudinal stiffeners and plate panels which were

. subjected to longitudinal in-plane compressive strcg{scs were genérally oriented in the

direction of their initial deformationg. These deflections were rather smaller than those
produced in the web panels subject to i:i-plane tensile stresses. 'Cha:\ges in the opposite
" - =~ sense to those initially existing -were frequently noticed in the Iatter (Figure 5.32.a and

5.33.a). These changes in sign would likely be attributable to development of the tension
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. field acnon during loading (Figure 5.35.a).

The non-linear growth of web deformations with load noted from a relatively early
stage c\ould be conndered as characteristic for initially deformed web plates but these did
not appear to affect significantly the overall web stiffness until the peak load was reached.
The webs merely exhibited post buckling behaviour; they certainly did not collapse prior
to the failure of the compression flange. It is suspected that they could provide the strength
to sustain much more load than the 1450 kN. ' ‘

No buckling of longitudinal web stiffeners was noticed prior to th\c 'girdcr collapse.

At failure, the web panels adjacent to the compression flange buckled in line with the
distorted flange panels causing the web-flange corners to collapse too (Figures 5.31.c, -

5.32b and 5.33b).

5.6.2.2 Stresses

Load induced stresses in box girder model components were calculated on the basis
o of strains measured during the load tests. The stress distributions in sections land2

(Figure 5.18). for several load stages starting from 400 kN when the model bch;ved
ela;ﬁcauy until the maximixm~ sustained load of 1400 kN are illustrated in Figixrcs 537t
5.40. The lines through the points where strain measurements were taken (Figures 5.19  °
and 5:20) are drawn rr{crely to jndicate the stress tresg from one point to another and mustﬂ |

not be considered as represestative of the actual stress distribution.

-

a.CQmim;iQn.Elanz:

D1stnbuuon of longuudmal mid-plane stresses in sections 1 and 2 of the bottom
ﬂangc is diagrammatically shown in Figures 5.37 and 5 39, respectively.

The differences between sections 1 and 2 consisted not only in stress magnitudes but
also in 11{eir ‘distribution across the compression ﬂange'. The non-uniform stress.

distribution with higher stresses near the extreme longitudinal stiffeners, observed in

A}
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section 2, may be attributed to the proximity of the support diaphragm and bearing plates

welded to the bottom flange which restrained the compression flange dpformétions in those

regions. . : N
For the longitudinal stiffener (g) and centre of the compression flange panel (h) which

as shown in section 5.6.2.1 were cn't%cal, the growth of local strains with overall deflection
of the model is given in Figure 5.36.

It is interesting to note that the growth of strains in the plate panel (curve 4) and
longitudinal stiffener (curve 5) became non-linear at a relatively early stage of loading (800

kN). This could be the result of the high residual stresses existing in these areas as

mentioned in section 5.6.2.1 and which 'may have ca\}sed carlier plastic redistribution of
strains. When the ‘sum of the applied stresses and residual stresses presented in those
sections reached the yield limit, they were directly responsible for the ihcreasir;g loss in
overall girder stiffness recorded beyonﬁ the load of about 1000 kN (curve 1).

As illustrated in Figure 5.39, the yiéld occurred initially in the compression flange
near the ‘longitudinal stiffener (i) at the load of 1200 kN. Under subsequent load
increments when the jack loads reached 1409 kN yielding then occurred in two other
locations: near the lonéitudinal stiffener (c), (symmetrical with (i)), and at the web W1 to
bottom flange connection (a).

The final load increment which mcreased the load to 1450 kN produced yneldmg‘

essentially of the whole compression flange and led to failure. Considering the average of

52.1 MPa for residual stresses existing in the compression flange prior to the loading
(Table 5.5) one can ascertain that even at the load of 1400 kN the entire bottom flange

N

An examination of the stress distribution in the stiffener ohstands (Figure 5.37)

would have been on the verge of yielding.

reveals their linear variation across each stiffener flange. For the given applied loads, as a
result of the continuous bending inwards of the longitudinal stiffeners (Figure 5.31.b), the
. average stresses il their outstands-were-éfnaller than those produced in the compression
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flange.

It is of interest to note from Figure 5.36 that the mid-plane stresses in the centre of the

plate panel (h) and those near the longitudinal stiffener (g) of the compression flange :

increased practically at the same rate indicating that the model strength was derived from

both stiffeners and the associated plating.

b. Webs

Longitudinal stress distributions in the mid-plane of the two webs W1 and W2 are
diagrammaticillly illustrated in Figures 5.38 and 5.40 for sections 1 and 2, respectively, at

§eve1:al loading stages of the box girder model .

Reference to these figures shows that in both sections of the two webs, a departure

from linearity in stress distribution is noticeable from the beginning of lﬁading. The

non-linearity in stress increases are attributable to the existence of high residual stresses
in the stiffened areas (Figure 5.10) as well as to the larger initial out-of-plane deformations

of web plate panels and stiffeners. The higher and more non-uniform stresses developed

in section 2 during the load test could have resulted from superposition of the “

above-mentioned causes and the proximity of the support diaphragm, whcfe,Aduring

fabrication, additional transverse residual stresses were induced by welding of the"

-

diaphragm to the web plate.

Yielding occurred in the web W1 at 1400 kN in its Jower panel, i.e. at the corner
web-bottom ﬂgnge. Following the next load increment, failure of the entire structure

It is interesting to note that stresses in the longitudinal web stiffeners (Figure 5.38)
;cmained very small throughout the load teés. The fact that longitudinal web stiffeners
were ot continuously connected over the transv;rsésﬁffc?crs and dxaphragms (in the case
of the bcx girder model and real bridges) is the main explanation of these discrepancies. In
actual conditions, the stresses inducec}\ in longitudinal web stiffeners were those caused by

o
\ . -

Vo -

"
o
B,

o e T . o

3
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the defomanon of the web plates dunng the loading process, thh some additional stresses -
from the bcndmg moments mcumed by the jack loads acting on the stmctme

3 s

AY

563 CantileverD

5.63.1 Deflections and Deformations

A continuing growth of the initial Yottom ﬂﬁxge and web deformation statés

characterized the behaviour of cantilever D of the box girder model throughout the loading

tests. The pattern of displacements for several loading stages Between 400 kN and the

failure load of 1500 kN is illustrated for each component in Figurés 541 to 5.43.

!

a. Compression Flange

-~
s

;

The presence of higher initial residual stresses and larger out-of-plane d;fonnau'ons in

the compression flange, are believed to have affected the overall Rchaviour of cantilever D
duﬁng the load tests. .

Diagrammatically, the changes occurred in the shape of the compressxon ﬂange

deformations at several load stages starting from 400 kN up to the failure load of 1500 kN

_ are given in Figures 5.41.a and 5.41 (b & c) for transverse and longitudinal profiles, -

respectively. Réference to these figures shows that prior to the }'aﬂum, all platc panelsand

longltudmal stiffeners deflected inwards. As 1llustrated in Figures 5.41.a and 5.41’b,
further increases in out-of-plane deformauons occurrcd in the plate panel (h) in the early
stages of loading, namely at 800 kN. Under subsequent load increments, the deformation
grew-steadily but no sign of buckling was dctectcd until the apphed load reached 1200 kN.
-chond this level, all deformations continued to grow until thc last sustained jack loads
(2P) reached 1475 kN..Finally, upon mcma§Mg the load to 1500 kN this value could be

maintained ohly fér a short time interval during which the deformations of plate panel (h) *

~{icvcloped rapidly and triégcred the buckling of the entire compression flange and the
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adjacent webs. y
| Once the girder collapsed, the jack loads dropped to 1110 kN and any attempt to
increase them resulted ohly,in further.growth of deformations and a continuing decrease of
loads. o : “

Othsi&e and inside views of the compression flange after the collapse of cantilever D
are depicted in figures 5.44.a and 5.44.b. An overall view of the failed bay OT and a
cross-section’are shown in Figures 5.45 and 5.46. | ' ‘

The sinusoidal wave form in which buckling of the compression flange evolvéd in the
[ransverse direction ﬂcan be clearlyiseen in Figures 5.41.a and 5.46, while that in_

.- longitudinal direction in Figure 5.41.c. All longitudinal stiffeners, sfmila}r to those of |

cantilever A, deﬂéc_tcd inwards in half-wave sinusoidal form (Figure 5.41.c.).

The growth of deformations in the plate panel (h) and in the adjacent longitudinal
, stiffener (g) in relation to thq,‘ovcrall girder response 'to the load increase (curve 1), is
illustrated in Figure'5.47. Right from the early stages of loading ’(@ kN), one can see
signiﬁcan; differences in the path of deformations, namely a non-linear increase ?n the
former (curve 2) and a linear one in the 1attcr’(curvc 3). | '
The buckling occurred in the plate panel (h) and non-linear growth of its deformations
under load are *attn'butablc to the highest residual stresses existing in this plate panel
(Figure 5.11).
. Regarding the longitudinal stiffener (g), it should be noted that its linear increase of
deformation with load was not an accidental one. Its behaviour was closely related to the
3 smallest initial out-of-plane deviation (Figures 5.27.b and 5.41.b) and residual stresses
induced in the neighbouringlongitudinal stiffeners across thcbomprcs‘sion flange (Figure
5.11). |
Curv;s 2 and 3 of Figure-5.47 show that the collapse of cantilever D (curve 1) as that :
of cantilever A was precipitatéd almost immediately by the plate panp\! (h) collapse. This |
panel exhibited the maximum deformation during the loading process. . (

B«
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The observations made previously for cantilever A concerning the behaviour of
longitudinal sﬁfféne;s are also applicable for cantilever D; no buckling occurred prior to the
collapse of the entire compression flange and no lateral bugkling, even sub@quently
(Figure 5.44.b) K

b. Webs

Transversal and longitudinal profiles of deflected we:bs illustratfng changes that

occurred in the deformation pattern at several loading stages, are given in Figures 5.42 (a

,& b) for web W1 and Figures 5.43 (Q, & b) for Web W2,

Generally, the plate panels in comprcssioﬁ regions of ihe webs exhibited an increase
of their initial déformation,.in most cases, oriented towards the stiffener outstands (Figures
5.42.a and 5.43:a).l These deformatiéms, as expected, were rather smaller than those of
plate panels situated in tension areas. Changes in sign to those initially existent after
fabrication were noﬁccd in the latter regions 'dnfring the loading programme.

Prior to the gird?f féilunc, no buckling of longiwdinal web stiffeners was noted. At

collapse, the web panels adjacent to the compression flange buckled in: line with this,

causing the web to flange corners to fail as well (Figures 5.41.c, 5.42.b and 5.43.b).

5.63.2 Stresses . -
B Y ’ &

Stress distributions in seetions 3 and 4 of cantilever D (Figure 5.{8) for some of the
load stages up to the last sustained load of 1475 kN are shown in Figures 5.48 to 5511t

should be noted that these stresees do not include the residual strtesses and are due only to
externally applied loads. : ' . B

- a. Compression Flange

s

Distribution of longitudinal mid-plane stresses in sections 3 and ¢ of the bottom
" flange is diagrammatically illustrated ix'x Figures 5.48 and 5.50. Similar stress patterns with

o - ¥
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those previously dispiayed in sections 1 and 2 of cantilever A can be observed also in the
two cross sections of cantilever D. An almost uniform distribution is indicated up to 800
kN load in sec;ion 4. Beyond th}s, a sliéht non-uniform distribution became evident. The
non-uniform distribution of sméscs noticeable in section 3 can be attributed, as in the case
of cantilever A, to the proximity of the support diaphragm and bearing plates welded to the
bottom flange, which acted as constraints on compression flange deformations.

The growth of local strains in the longitudinal stiffencr (g) and ccn_trc‘ of the
compression flange panel (h) previously found as critical, with overall deflection of the

cantilever is given in Figure 5.47. It is interesting to note that the growth of strains in the

plate panel (curve 4) and longitudinal stiffener (curve 5) are almost linear up to the ultimate -

sustained load of ™85 kN, despite non-linearity of deformations noted in the former. It

should also be noted that the stress rate increase in both plate panel and longitudinal

stiffener was practically the same until the pe?xk load was reached. This indicates that the
box girder model strength was derived from both stiffeners and associated plating with a
continuing stress redistribution from one to another.

As shown in F-igurer5.48, the yield occurred for the first time at the connection of the
compression flange with longitudinal stiffeners (c) and (i), and WebWw1 (a). Increasing
the load to 1475 kN resulted in yielding in oth‘cr two points: centre of the plate panel (f)
and w"eb W2 to compression flange connection. A further increase of load to 1500 kN
essentially produced yielding of the cntirl: compression flange and its consequent collapse.

' Considering the average of 57.1 MPa for residual stresses existing in compression

flange prior to the i‘ding (Table 5.5), one can see that, yielding occurred in (c) and (i) ‘

sections at about _1200 kN.
An examination of &c stress distribution in the stiffener outstands (Figure 5.50)

reveals their linear variation acrqogs each stiffener flange. Due to continuing bending
AL

' mwards of the 10n§itudinal stiffeners (Figure 5.41.b) which induced tensile stresses in

" their outstands, a reduction of compressive stresses due to overall bending resulted.
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. b. Webs
sttnbuuon of * xmd—plane stresses in the ° longitudinal direction at scveral
, loadmg stages in webs W1 and W2 of the cantilever D are shown in Figures 5.49 and 5.51

’ ~— - for sections 3 and 4, respectively.
’ Devistion's from linearity across the web depth can be observed in both sections, but
they are more evident in section 3, close to the support diaphragm (Figurc 5. 49)F;i11e

non-linearity of stresses can be considered as the result of high residual stresses and large

out-of-plam defonnatxons induced in the web plates during fabrication. The hxghcr and
&

specified earlier, namely the proxi‘mity of the support disphragm and additional transverse
residual stresses produced as the result of welding to the web plate.

of interest to note that they are larger thagethose found intcantilever A. Their magnitude

and sign (teﬂsxon or compression) have been greatly affected by their contact with the

dlaphragm plate as was evident durmg final inspection of the model.

5.7 mmmmmmmmm
\‘ ) (y

The observed ultimate moments of 7000 kN.m for cantilever A and 7375 kN.m for

- respectively.. They represent 81.7 and 86.1 per sent of the nominal resistance moment

- calculated using the measured yield stress apd plate thicknesses of all components.
H;wew;cr, when the limiting moment is predicted on the basis of the limiting compression
flange capacify given by clause 10-11..4 of the Ontario Highway Bridge Code, then the

xﬁaidmum moments achieved were approximately 95 and 100 percent of the calculated
I 4

values. The _eorresponding mid-plane compression flange average stresses, O,

: v
induced by the ultimate sustained moment were 299 and 314 MPa, for cantilever A and D,

more non-uniform stress distribution in section 3 can be attributed to the same causes

Regarding the stress magnitude in the longitudinal wcb stiffeners (Figure 5.51), it is

cantilever D correspond to maximum sustained loads of 11400 kN and 1475 kN, ‘ '
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e Up to jack loads of 1200 and 1150 kN the behaviour of the two cantilevers A and D
* was generally elastic. Beyond thes—e loads, their stiffness began to decrease gnduilly until
the peak loads were reached. Calculated overall deflections based on simple beam theory in '
whicl: allowance was made for shear deflections agreed well with the observed deflections
as long as ;'he box girder model behaved elastically. -

* Both cantilevers failed by buckling of the longitudinally stiffened compression ﬂangé
between the support diaphragm and first trgnsvcrse stiffeners. k. '

' No local buckling of longitudinal stiffeners was detected prior to the collapse of each \
’% - cantilever. 4

There was evidence in the tests of large deflection and typycal post buckling
behaviour of the compression flangeplate panels (Figure 5.48). |
\ Deflection of the compression flange panels and longitudinal stiffeners cominenced at
a fairly early stage of loading. They were ‘oriented i;lwatds and followed the ctirection of
the initial &efprmations;

"As comprcssion‘flange deflected inwards, the outstands of the longitudinal stiffeners
had somewhat reduced average stresse} as the secondary tensile stresies were added to the
compressive stresses due to overall bending. .

It would further appear that the ultimate strength of the compression flange was

affected by the presence of residual compressivé stresses in the flange plate, since these

-

stresses were responsible for early non-linear behaviour as reflected by the load-deflection  *

curves.
: . . L
Another factor which may have adversely affected the strength of the compression P
flange was the orientation of initial deformations of the transverse stiffeners.
The increase of web deformations under load did not appear to affect significantly the_
ovesall web and girder stiffness and.this was probably dné to the developmnt’of the ¥
tension field action in the web panels. | ‘ o - -
rt :’:,;:
. —_ < 5
. 4 »
' I - ‘,:
b, L N 3
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TableS.1  Structural Paiameters of Box Girder Model

Cantilever
¢ ' " Structural A A D *
Parameters ~ Bottom Bottom
Webs Flange ‘Webs Flange
Thickness (t) 5 8 5 -8
(mm) .
Panel Length () 1075 1075 1075 , 1075
(mm)
N Plaﬁng ! : Lo
Panel Width (b) 240 360 240 360
, mm) ,
) bit 85 45 85 T 45
ceab 4.48 299 448 299
- Size _ LxgSx45x5  MTx75x4.2 LAS5x45xS MT75x4.2
o . Longiudinal 1 13.90. 17.86 1390 17.86
Stiffeners - (mm) .
arr 7734 60.19 77.34 60.19 ,
. ' Nominal ! Actual* -
A ' * 4529 47134
’ (mm?)
Ay . : 16600 17368
P (mm®)
‘ Overall I, oo 1283%0x10° 14.192 % 10°
' (mm’) -
‘. G : 617 613 e
- (mm) .
S S 6
max 20.810x 10 23.144x 10
(mm3) - o
smi-3 . : 20.799 x 106 22854x 10 ¢
(mm")
< None A 'I‘oulAm ) ¢
N Abf Botiom Flange Area r
G Centroid Distance to meexumﬁbaofbouom flange .
- Based on measured data from Table 5.2 .
-
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CHAPTER VI -
NONLINEAR ANALYSIS OF STIFFENED
: o COMPRESSION FLANGES '
6.1 Introduction

With the emphasis beiﬂg placed increasingly on the use of limit state philosophy,
including a knowledge of the ultimate limit states, attention has inevitably turned to
considerations of material nonlinearity as well as geometric nonlinearity in the ax;alysis of
plates. Not surprisingly, there is far more information available about the stability of plates

based on linear elastic theory than there is on nonlinear elastic behaviour and much more on

the latter than on the large deflection melasnc stability problem. It is bcyond the scope of ‘

this study to review in depth the cxlstmg works related to plate analysxs and the readeris
referred for a fuller coverage to the references [229-237] Howcver, takmg into account

that thc actual methods used in nonlinedr analysis of stiffened platcs wcre dcnvcd from

+ severdl earlier valuable studies of 1solat§d plates and plate panels, first in the elastic range

and then in the elastic-plastic one, a short'review of the most important contributions in this

" area is done firstly. Works rclated to the analysis of stiffened plates follow.

b

Neither part is considered to be exhaustive but it is hoped that most of the more

important and relevant works have been mcluded which provide a state-of-the-art review.
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62 Behaviour and Load Capacity at Collapse
‘The load carrying ¢apacity of a compression plate can, in general, be limited by elastic
buckling, elastic-plastic buckling or yielding. Although there are methods and many graphs

A

Bkt

N b
[ aiat
-

and charts available for calculaton of elastic critical stresses [229-236] the effects of )

imperfections and material non-linearity on the ultimate buckling strength cannot be
assessed by these.
The behaviour and ultimate load capacity of plates at collapse can properly be predicted

only by application of large deflection theory and consideration of reduction in stiffness due

. toyielding.

6.2.1  Isolated Plates

" The large deflection equations used in nonlinear analysis of plates were derived by
‘von Karman [238] in 1910 and later modified by Marguerre {239] to ;ke into account initial

geometric imperfccfio‘hsi These equations have been extensively used in large deflection

analysis of isolated plates in the elastic range by many investigators. Ambng the major

, contributions related to this subject the works of Levy [240, 241], Coag [242], Yamaki
' [243), Walker [244, 245] and Williams [246-248] are worth noting. !

Due to mathematical complexities involved, most of the work related to elastic-plastic

behaviour of plates has only been carried out in the last two decades. During this period

the solutions of bc;m geometric aiid material nonlinear problems have been greatly facilitated '

by the development of computers and the parallel advances in numerical methods, Before
this many simplifying assumptions' have had to be made and the results were limited to
special cases of loading, boundary conditions, etc. One of the approximate techniques used
to“c:’stimatc the collapse loads is the piastic mechanism approach. By assuming a rigid
plastic collapse mechanism, an upper bound to the collapse load can be found from the
intersection of the elastic loading curve with the plastic mloﬁing curve. This lppl:uch
was used by Murray [249], and by Korol and Sherboune [2301 who compared their results
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%zim ‘experimental data [251]. Tt was shown that the upper bound theoretical values were
much hxgher than the test results. Using representative strips to mod)el an expmmcntally
observed mechanism, Davies et al. [252] obtained better correlation. 1

Turning to more exact analysis, Masgorinet [253, 254) proposed to solve the
incmmcntél large dcﬂc;:tion cﬁuationa by the methods of Basu and Chapman [255] and to
include plasticity by means of a single-layer formulation (area approach). Unfortunately, at
that time the memory of the available'co;z(putcrs was to small to manage the information
needed. | g

Moxham [256} ‘developed a finite element variational-energy approach to solve the

large deflection equations taking into account plasticity. 'In this study, nearly square simply ‘

supported plates with the unloaded edges unrestrained were examined under uniaxial -

compression. Both initial geometric imperfections and residual stresses were considered.

The theoretical study was supported by tests [257].

Little [258] used a Rayleigh-Ritz energy minimization procedure in his analysis. An

+ incremental theory of plasticity was used and geometric and residual stresses were included

in this invesiigation. o

Frieze [259] and Dier [260] expressed the large deflection e‘quations in finite difference
form and solved them by dynamic relaxatioh. Both apply edge displacements incrementally
so that at the end of an increment the elastic-plastic rigidities can be calculated for use in the
next increment. Frieze used a single-layer yield function developed by 'Ilyushin [261]
whereas Dler apphed a multi-layer approach as proposed by Harding [262). The von Mises

yield cntcnon and Prandtl—Reuss flow rulé\was used at each layer. Yam [263] alsoused a

.smglc-laycr plastxcxty approach but solved the finite dlffcrence ;ﬁuatmns by

Newton-Raphson technique. Cnsﬁcld [264-265] used the finite element method and a
modxficd Ilyushin smgle layer approach [267] to account for plasticity. To reduce the

computer storage and time required to perform non-linear analysis Crisfield later introduced )

the Ivanov's yield criterion in his studies [268]. A discussion of the existing elastic-plastic
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analysis mid numerical results can be fbund in a review done by Bradfield and Ch_hdny v

[269]. ' ' T ‘

4

6.2.2 S.nm:nz&ﬂal.:s B '

%

The nonligcar analysis of s‘tiffcn’ed plates has been the subject of many investigations .
due to wide practical applicability of these structural elements.

. Tﬁeowﬁcal solutions, taking into account membrane stress rediétrfbutions and Bas;d
on large deflection theory for the post-buckling behaviour of stiffened plates, have been
developed but generally overestimate the strength [270]. A theoretxcal method - ot'
determmmg ‘critical load" of a long orthotropic plate with longitudinal edges mply
supportcd against out-of-planc displacements but free to move in the plane of plate was put
forward by Chapman and Falconer [271]. Expressions for the elastic buckling and
post-buckling characteristics of an initially deformed orthotropic plate were derived. Yusuff
[272] and Aalami ind Ghapman [273] included lso initial imperfections in their analysis of
orthotropic plates. Soper [274] derived the large defleétion equations for stiffened })lates
and Mansour [ has extended his linear orthotropic plate theory to nonlinear mﬂysis
including the c@' of initial deformations and combined Jsading. Sherboumne, Marsh and
Liaw [276] investigated the post-buckling and ultinate strength of stiffened pl;ncs using the
minimum potential energy method and rigid-plastic theory, respectively. I‘nitiﬂ.

imperfections were neglected. Theoretical results were compared with experimental data

'and some discrepancies were noticed. These were attributed to edge defor;'nationl. and

eccentricity of loading which occurred during the test programme.
To predic% the buckling behaviour and ultimate strength of stiffened plates, both

s . b ] ;
- geometric and material non-linearities have to be oonsidemd. Due to extreme mathematical

compiexity in a theoretical treatment, closed-form soluuom do not exist. There are
essentizlly three main }pproaches adopted for the analysis of stifferied oompm:ion plates:
the strut approach, the orthotropic plate approach and the ducrﬁ; stiffened plate approach,
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\ The strut approach assumes that the stiffened ﬂange is replaced by a series of , '
mdepcndent struts consisting of a stiffener and an associated plate width. Moolani and
Dowling [277] defined efféctive width data for the column section using large deflection
e‘lasﬁc-plastié analysig of stiffened plates. Previous studies of Moxham [278], Utﬁe [279]

and Moolani [280] considered a width of the flange plate equal to the spacing of the
stiffeners, and limiting the stresses in the plate to the levels predicted by a buckling analysis

of the plate panels. ‘Similar studies based on the strut approach were performed by Home
[281], Frieze [282, 283], Dwight and Little [284] and Murray [285, 286].

f)espite the fact that this 1approach is the simplest, the solution remains difficult, .
becausé the stresses vary with the bending moment along the strut and also from one strut t¢*
another because of the stress and deflection variations between ‘stiffeners, resulting either

', from shear lag or from buckling. - C

It is worth noting that this approach rcprcscnts the basis of the British, [287] and of the
Czechoslovak [288] methods for desngn of comprcssxon Qangcs

The orthotropic plate approach was developed by Maquoi and Massonnet [289]. The
basic idea of this method consists in replacing the stiffened compression flange by an
equivalent orthotropic plate. The failure criterion adopted is that of limiting the mean
longitudipal stress along the unloaded edges of the orthotropic panel to the yield' value.
Seve;ral attempts to improve the method were done by Steinhardt [290], Rubin [291], Balaz
[292] and more recently by Jetteur [293-295] who included the effect of shear lag. The
major drawback of this approach consists in thé fact that it does not considcf the effect of
residual st}esses; it é{nnot pmyidc a rigordus basis for @msenﬁng the actual inelastic

-,
behaviour of all component members of a stiffened plate and it cannot take account of the

elastic-plastic interactive local and overall buckling which may occur between the plate and
stiffeners. |
The discretely stiffened plate approach ‘pfovides the most accurate evaluation of the

.actual behaviour of a stiffened plate from the beginning of loading up to collapse. It

o ape e IR < % )
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involves an inelastic large deflection analysis, in which the plate is considered to be

eccentrically stiffened by discméc-stiffener;,‘and ‘equilibrium and compatibility is enforced
along their connection lines. Tlus allows both local and overall b‘uckirig behaviour to be
inodelled and the effects of stiffener ecccntn'city, material nonlinearity and geometﬁc and
structural 1mperfectxons to be mcludcd The govcrmng large deflection equatnons can be
expressed in finite difference or finite elcmcnt form and solved numerically by means of
computer programs. ' : ¥ |

»Taking into a::count the enormous amount of wmpuﬁné‘t{m required to perform such
analysis, it is un}ikgly that this approach will ever become a design tool. It is, and will
probably remain; ofily applicable to research §uch as in the investigation of the actual
buckling behaviour of stiffened plates of different gbometﬂcs and their assemblies.

The post-buckling behaviour of stiffened plate panels was investigated first in the
clastlc rangc by Basu et al [296] using a finite difference formul@on and Newton-Raphson
mcthod to solve the nonlinear equations. Geometric xmpcrfccnons and rcsxdual stresses

were not included. ‘

The finite element method, due to‘its versatility, has proven to be a powerful tool in
structural analysis and has been extensively used in the analysis of ulnmate strength and
collapse behaviour of stiffened plate panels. Papers related to this heading were prescmed
by Soreide et al. [397, 298], Nordsve and Moan [299] and Fujita et al. {300). All these

studies were restricted to the analysis of collapse behaviour of isolated stiffened plate panels
under different boundary conditions and edge loadings. In the formers {297, 298], only the

geometric imperfections of the plate were considered while in the others both residual

stresses and initial deflections were taken into account.

Investigations which include the effect of residual stresses, geometric imperfections”

and plasticity on the collapse strength of complete stiffened plates are scarce. To the

author's knowledge, only two papers related to this subject were-published: one’ by '

/\, .
Komatsu et al. [301] and the other by Webb and Dowling [302]. In their study, the former
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g used a combination of modal analytical techniqué and finite element method to reduce the

size of the global tangential stiffness matrix, from which a sub:v»t;mtial reduction of the
computing cost resulted. Only flat stiffeilers were considered in this investigation. Webb

and Dowling applied the dynamic relaxation.iechnique to solve numeﬁcaﬂy the governing
equations expressed in finite difference form. The formulation cov;:rs anglc_and'tecvs'et‘:tion ,
stiffeners but numerical sc;lutions are presented only for a sen';s of plates stifféned by? \
rectangular flats. In both studies plates with only two longitudinal stiffeners were

considered and validation of the numerical models was done against previous experimental

data.

o . 3

6.3 Practical Rules for Stiffener Design .
- ‘; é"‘ ' ’

The independent I¥1ck‘1ing modes that may occur in the stiffened compression flange

of a box girder depend on the relative sizes of plates and stiffeners and include:

R F )
a. local buckling of stiffener components .
B b. local buckling of the plate panels between the stiffeners
c.. buckling of longitudinally stiffened panels between transverse stiffencrs
, d. overall buckling of the orthogonally suffened flange between the webs N

These buckling modes may interact with cach other depending on the rclanvc‘
proportlons of the flange components. ‘ 4

In general, thc transverse stiffeners are designed such that the overall buckhng mode ‘
(d) does not control the design. - . : ' > RN

The design rules for the stiffeners are gcnerall); fc;rmulatcd so that the iinx;ﬁng design
stresses are not governed by local or torsional buckling of the longimdijlal stift;cncrs (a).
Flat stiffeners are not recommended for use in compression flanges, as local torsional
buckling modes are highly sensitive to initial imperfections . The fall in load carryifxg ‘
capacity, after the peak load, is marked and can lead to collapse of the entire stiffened plate.

Investigations to define the efficiency of various stiffener configurations on the
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 [305] but their results have limited practical value. ’ .
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buckling strength of stiffened pistes have only been dons using linear elastié theory [303].
No ngorous clastic-plastic analyslsj:as been developed to dahe covenng the effects of initial
nnpcrfecuons and residual stresses on the interactive buckling between the stiffener outstand
on the one hand and either the plate buckling or overall stiffener buckling on the other hand.

Recent attempts have been -madc by Brunk and Duddeck-[304] and Dinkler and Krdplin
) J

6.4 Finite Element Modelling of Stiffened Com mss’ign Elanng;

_The b}xék]ing, behaviour and ultimate, strength of stiffened plates and their assemblies
used in'thc fabrication of box girder brid§€s can be studied by experimental methods, as

" presented in Chapter V or by thcorctxcal methods. For such structures the géometric

parameters govcrmng thc behavxour of each stiffened platc are:

stiffener gcomctxy and arrangemcnt

n

. aspect ratio of plate panels between stxffcncrs

slenderness of the plate (width/thickness)

initial geomctnc unpcrfecnons a .

Other paramctcrs are rcsxdual strcss¢:s and material nonhncanty

If 4 deterministic approach is to be adoptcd for the analysis, all of thcsc parameters

must appear in the mathematical formulation. If an experimental programme were to

" investigate the influence of each and all of these parameters, an enormous amount of time
" and money would be required. The approach genc‘rally' adopted is to de\}elop theoretical
\m(odcls and check them against carefully conducted tests on large scale models for which

the values of most of the above parameéters are known. Subsequently, numerical
simulations usmg computer programs ‘are used to pcrform parametric studies to gmmhzc
the cxpenmcntal results. "
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In view of the sensitivity of the compression flange to residual stresses and geometric
‘ imperfections, as well as to various stiffening arrangements, a parametric study on the
. behaviour of this structural component of bo__x girdoers was considered necessary. A
paramctric study of the buckling behaviour and ultimate strength of a complete box girder
was considered to be prohibitively expensive. |
The ﬁnifc element model developed and used in performiﬁg the parametric study
simulated the comprgfésion flange of box girder models tested previously and described in
Chapter V. A typica‘} configuration, mesh pattern, ‘matgri,al properties and boundary
conditions of this stigfcned plate, are shown in Figure 6.1. ; o
The major assumptions made in this study are: :

_ - the material has a linear isotrcgic strain hardening behaviour

- the unloaded edges of the stiffened plate are free to pull-in and rotate, but no
out-of-plane ﬁxovenicnt is allowéd

, N \
B ~ . - neither lateral bending nor twisting of the stiffeners can occur, thus the stiffener

failure is assumed to occur through yielding with no associated local buckling.

Both geometric and material non-linearities are considered in this numerical analysis.

J L Plasticity in the plate is assumed to be governed by the Ilyushin yield criterion, while in the
e | ' .stiffeners the von Mises yield condition a§sociated with the classical flow th@ is applie'ii.

. The goveming nonlinear equations a‘l’éf solved numerically in conjunction with specified
;. b o boundary’ﬁgnditions using the finite element method. U%)datcd Lagrangl:an formulation is

adopted and large displacements, large rotations but small strains are assumed in the
analysis. To maintain-stability over the peak lc;ad, displacement rather than stress
increments are applied on edges normal to the stiffeners such that at the end of each
increment the elastic-plastic rigidities can be calculated for use in the next incremcm.\'

Y

Essentiaily the method is an incremental tangent stiffnes$ approach using the nonlinear

formulation. The soundness of the present finite element model has been validated by
~ » .
comparison with the existing experimental data and other large deflection elastic-plastic

.9
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analysis, using dﬁa the finite element formulation or alternative theoretical lppmlphes

In performing thjs study’ the finite element co;npuwr program ADINA available at
" Concordia University was used.  Time dependent loads/displacements are applied to the
structure in the ADINA program by means of time functions. Using this assumption in
static analysis, time is only a convenient variable whicch defines different load intensitics and
correspondingly different configurations. In nonlinear analysis, the finite element system
response is effectively evaluated using an incremental swi)-‘by-stcp solution of the
equilibrium ‘equations. In this case the basic appmacﬁ is to assume that the solution for the
discrete time t is known, and tha; the solution for the discrete time t + At is required,

P

where At is a suitable chosen time increment.

&

64.2

In the updated Lagrangian (UL.) formulation a0\ variables are referred to the

* configuration at time t and the baslc virtual work cxpressxon using 2nd Piola-Kirchhoff -

stress and Grccn -Lagrange strain tcnsors is o

t+At t+AL t+At .
S. 6" e Yv = "*AR .
Jt,, S R : - . (6.1)

where

t+AIR - HAth 8 l+At t+At ff suis t+At ds ( 6.2)
L+A, t+At, :

" An approximate solution to (6.1) can be obtained by linearizing this equilibﬁum equation of
‘motion as

t t L+AL
I Cijm "8 cij ‘av + le o 5"'1u dV= "R- N 8 e“ (6.3)

The soluti6n can further be improved by iteration and the equation, solved repetitively for
k=1, 2,73..., becomes <. , A
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t+At_(k-1) (k-1) t+AL i
J'H-At Vik-1) tij 8t+At ¢ dv 6.4)
and the displacer'nents arc‘updated as follows :
i t+Atu (k) “Aufk 1) + A\l (k) t+Atu(0) - tu o (6.5)

i i
It should be noted that for k = 1-equation (6.4) reduces to (6.3) and that relations in
6.5) corresbond to a modified Newton-Raphson iteration.

Term dcﬁmnon and further detaﬂs regarding the finite element equlhbnum equations
used in ADINA program are glven in references [306, 307]

6.43  Choice of Elements

-~ :
The choice of element geometry used in the present analysis was based on a careful
review of the finite elements available in the library of the ADINA program and some

comparative tests. Finally, the three node plate/shell element and three dlmensxonal
two—node beam element have been proved to be the most suitable for discretization of the
platc and longitudinal stiffeners, respectively. Using this combination the analysis of
stiffened plates is effectively performed with the current version of ADINA.

The three-node flat plate/shell element has six degrees of freedom per node

corresponding to the global coordinatef#xes (Figure 6.2). The total element stiffness matrix

is formulated by superimposing a plane stress membrane stiffness K4, a bending

stiffiess Kp and an in-plane rotational stiffness K6, and is defined as

§=-‘_SM+-]SB+ Ko, _ (6:6)

: t
It should be noted that the element membrane stiffness Ky, is simply the constant

strain plane stress stiffness matrix of the three-node element while the bending stiffness

- «

p :
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matrix Kp is formulated using the Mindlin theory of plates [308] with shear deformation -

included. The superposition of K4 and Kg in a three dimensional space yields an

clement stiffpess matrix that in a local coordinate system has zero in-plane rotational .

" stiffness. The value of K6, equal to 104 times the smallest bending stiffness is thus
added into this degree-of-freedom to obtain six dcgroes-of-ﬁwaﬁ node. This value is
chosen to remove the in-plane rotational singularity frdm the element stiffness matrix when
the local x-y-z axes coincide with the global X-Y-Z axes.

A detailed discussion of the membrane K,, and bcnding Kp local matrices is given

&t

- by Bathe [306] and Batoz and al. [309], respectively, while the complete formulation is
summarized in the references [310,311]. “
Considering the formulation of gh:: three-node plate/shell element, the following

) \
observations should be made: \ X .

~

- The element does not model shear deformations when ap;.)li\cd to the analysis of -

thin plates and shells 3

- Str;ss resultants-(membrane forces and bending moments) are employed in the
clement formulation, so that the integration is only performed over the mid-surface
of theclement

°-  In elastic-plastic analysis the membrane and bending stiffnesses are in general

coupled. In this case both stiffnesses are integrated using numerical integration

- The clastic-plastic model for the plate/shell clcrpent is based on the flow theory and
the use of the Ilyushin yicid criterion. This yield condition operates directly on
the stress resultants, i.c. the membrane forces and bending moments, and hence

numerical integration is only pcrfon:ned over the mid-surface of the element.
- A major advantage of using the three-node flat plate/shell element in analysis is that the

outpat in the form of stress resultants (membrane forces and bending moments) facilitate the

interpretation of the results.

The beam element is a two-node Hermetian beam with six degrees-of-freedom per

/ | s V

nm’f'

¥
of S
3
:'}3
' 1



U o :
i 5 oty -

VoA mO R LSS ., N EIRROREE A, 4 2%
T e . i

\ 212

node. The displdcements modelled by the beam element are: cubic transverse

: d:splacemcnts linear longitudinal dnsplacements linear torsional dssplaccments and warpmg
- dmplaccmcnts Thc element is formulated based on the Bernoulli-Euler beam thcory
_ corrected for shear deformation effects if requested. In linear analysis the element matrix is

evaluated in closed form whereas in all nonlinear analyses the element matrices are ‘

calculated by numerical integration using the Hermetian displacement function: hence in

elasto-plastic analysis only the stress-strain relationship is modified. This stress-strain

rélation is based on the classical flow theory with the von Mises yield criterion and is

derived from the three-dimensional stress-strain law. The derivation of the heam element

matrices employed in geometric nonlinear analysis is presented in detail by Bathe and
Bolourchi [312]. They demonstrated that the updated Lagrangian formulation is more
effective than the total Lagrangian formulation, and hence the former is used in ADINA.

For numerical evaluation of the tangent stiffness matrices of beamelements cmi)loyed
\ .

_ in this study, a twb dimensional integration scheme as shown in Figure 6.3 was applied.

As can be seen, five and seven intégration points were used along the longitudinal axis and

H

.the depth of the beam element, respectively.

& ’ _ \
6.4.4. . Three-Dimensional Assemblage ‘

-«

-

' Finite element modelling of the stiffened plates analyzed in the present work was
achieved by considering equilibrium at the plate-stiffener interfaces-and enforcing transverse

and longitudinal displacement continuity between these elements. The former were imposed

_ tobe the same for the two interconnecting elements. However, the axial displacement of the

eccentric stiffener must be compatible with the in-plane displacement of the plate elements

a.longL t’hcir contact lines A(Figure 6.4). This condition translates into the following constraint

equations
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u:t = u}' +e, 6}"
W = - 68
'e" . o' L . (6.9)
where | ‘ . . \ :
| o2 e 2
ax‘ ‘ ox

and 'eg' is the eccentricity of the stiffener centroid with respect to the middle plane of the

plate Figure 6.4,

645  Meshes
. " ] {
{ . B
“The accuracy achieved in a finite element analysis is related to the number of nodes

used in defining the mesh size. Reﬁning the mesh of any structural component generally
requires an increase in the number of elemerits in the other components. To define the

optimum mesh size from the point of view of computing cost and accuracy of the results,

several trials i;\he elastic range were performed using different numbers of nodes and -
configurations. The mesh pattern presented in ngure 6.1, for, which 20:7 nodes were used

for the plate and 9 nodes for each stiffener, was found to be the most efficient. To reduce .

the computing cost, only a quarterof the stiffened plate was analyzed as shown in Figure

6.1. ' ¢ 3 . b

64.6  Constitutive Equations

The f\mdmcntal distinction between an elastic md inelnuc nmlym lies in that in the
latter the stmss-stmm relationship at time t depends on the stress and strain history. To
define e inelastic response of the structure an incremental stress-strain relation must be
established. | | ‘
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As previously shown, the basic equation (6.3) emplbyed in this study to calculate the
incremental displacements is the mcmmtal virtual work equation of the UL. formulané‘ ‘
. Therefore, this formulation which always operates on the Cauchy stresses (the true physical
stmsses) can be applied directly to describe the material behaviour.
Using the nsual approach of flow theory, three other properties in addition to the
elastic stress-strain relation must be specified to dcscribt:. the elastic-plastic behaviour of a

matenial:

! 1. ayield criterion, which defines the multiaxial stress state at the onset of plastic
- flow. ‘ . .
2. aflow rule, which provides the constitutive relations relating the ihcremental -
plastic strains to the current state of stress and the stress increrhents subsequent to
yielding. '
3. ahardening rule, which spc\ciﬁes the changes in the yield condition during plastic

y flow.

£
.

Details regarding the incremental theory of plasticity can be found in references [313 -
318]. *

For the isothermal condiiior;s and isotropic hardening material considered in this

study, the yield can be defined at time t as '

£t ot
Foyp 0 =0 (6.10)

11

where 'k is state variable which depends on the plastxc strains ¢, i - USing the normality

prmCxple and rcsmctmg the analysxs to an associated flow rule, the function 'F in (6.10) can
be used to cafculate the plastic strain increments
de —v‘x a‘F
i , X S;;

-

' where A is a proportionality factor still to be determined. Since during plastic dcfonriation -
'F = 0, the differential of this function yiclds

Co 4 (6.11)
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OF . - F . p
;t—-dcﬂ + -i—l-; de“- =0
oy 0 o

where do,; and de'; are differential increments in stresses and plastic strains.
To evaluate the stress increments the relation’

. d6 = C¥(de - de")

| (6.13)
is used, where CE is the elastic stress-strain matrix. Using for con;renience the following
notation ' c '

'y =2:£ P By -i} ' ‘
7o, e _ (6.14)
or in matrix form ’

r'd

1 T t t "t t t t
q =[q11 Q2 933 24y, 2‘1232‘131]

lpT tq N tq'r CBfa

~ The 'abovc stress-strain relation depends on the yiclﬂ function 'F and cqus;qumﬂy for

each yield function 'F assumed, related yield criteriggn be derived. | |
In the case of the von Mises yield criterion with isotropic hardening, applied for beam

elements in this study, the yield function 'F is given by

. . (6.15)
t T t t. t t t t
p =[ Pin P Py3 Pz Py Pax]*
the scalar A, can be defined based on (6.11) to (6.13) as
| t T E ' ‘e
_ q C-de . \
A= t Tt tTEt (6.16)
, p'q+q Cyq
' Substitution of (6.11) and (6.16) into (6.13) yields
do = C¥ de ' - (6.17)
where the matrix CEF represents the instantaneous elastic-plastic stress-strain matrix:
Et_ ~EtT '
FocE._C9C 0 618)
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t 1¢2 : , .
'F=l,-3'd] (6.19)

’

‘where J is the second invariant of the d'eviatoricvstmss tensor defined by

I - 1e ¢ . ‘ .
2 = 7 55 Sy (6.20)
in'which the fs;; are the deviatoric stresses
’!t ,
t ot Omsg .. ¢ t -
§= c?--—g—&ij 5 O =Z I é (6.21)
m .
5 0 fori#j
j =) 1 fori=)

and toy is the yield stress at time t.

This yield stress is a function of the plastic work per unit volume *Wp, defined as ‘

W, |
j ot P . .
‘W, = J; ¥ o, de; | (6.22)
Evalu;ting tqij and tpij yields
‘g ="s; ; 'py="H'o, \ . . (623)
™ where
- 2 . doy .
3 Y dW, - . (6.24)
For strain hardening materials where data from simple axial tension tests are available
| : = 2 B ’
{ =73 \ E- E. (6.25)
“where E is the Young's modulus and Eq the tangent modulus.
»

The yield criterion adopted in the present analysis for plate panels was.developed by
. _ Iyushin [261] for thin shells _obéying von Miscs yield criterion. In this approach the yield

is considered as a sudden full-depth phenomenon determined on the basis of values of the

o
.
_—
v ~
Lo -, -
N i .
. - . ‘
.
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layer is used in the present work.

R ks —‘-'F;,_) "v',‘r
" e

stress Tesultants rather than stresses, and subsequently ignores the surface yield that
normally occurs in advance of membrane yicld. The gradual spread of plasticity through the
’platg: depth can be*:.ccounted for by using a multi-layer analysis. However, because less
computer time and storage is required for a single-layer approach than for a multi-layer

solution, there is a significant advantage in using the former, and consequently the single

The Iyushin criterion used in the ADINA program is formulated in terms of the stress

resultants, the membranc forces and bending moments (Figure 6.5). The model is based on

the Ilyushm yield condition, an assoclatcd flow rule using the Ilyushm function and bilinear

1sotroplc hardening. The former is defined as
—_ _ 2
LF =tQM +tQB + IFQMB"I Y- (toy) =0
where

Q, =%{(‘N’1)2+(‘N2)2-‘N, 'R, +3¢R,)%)

' = -5— (M) + (M-, M, + 3¢ )P )

t — —

N I e _ e e
QMB‘h {(3(N M lNz‘M2)+lei‘Mz‘

L
%(lﬁlt +tN2‘M1 )}
¥= input parameter

Lo, = yield stress

(626

6.27)

(6:28)

(6.29)

Since the Iluyshin model is formulated using stress-resultants, no integration through

the element thickness is performed in the calculation of element matrices. Thus considering

the yielding of a plate element of an integration point, the element is elastic until the entire”

section becomes plastic.

AT
Bsidie i v rrar g



.- B P R A SR I L

, e . e . S a N U
Qg s - o . . R -
S ) . , - *, . 218(’ . A g .

‘ - LT

- ¢ . ’ 1 - €T

. . .

# -

o

S e
32!{ :h}?‘j"gﬁ

- 64.7 Geometric imptecions ) | R
. Initial deformations are mcluded in nonlinear analysls of stiffened plates by speclfymg

~ acontinuous function A (X, Y) from which initial nodal dxsplacement can be evaluated.
f\'i‘his function has been defined to simulate closely the initial deformations of plate panels

and stiffeners encountered in real bridges and is expressed as
A" (X, Y)= ()P Ag sin (—?)sixf(%!ﬁ o™ A sin ( 1';)5) © (6.30)
where . . <
| . "(Yb)  forp=1 |
o=
: (®-Y/b) forp=n

0 for 1<p<n
m=< - M
. 1for p=1,n

A

Thé coordinate axes, X and Y and a plot of this function are shown in Figure 6.1. In
equation (6,30) the first term defines the plate panel deformations whilc the second one the
stiffener deformation effect. In this relation, p and n represent the plate panel number and
the number of plate panels of the stiffen:; plate, respectively.

Considering the wide range of practical geometric parameters covered in the present

study a computer prograxfx was written to perform thé necessary'calculatioﬁs.
648 ResidalStesses. = "

In the.present study an healiud distribution consisting of two edge strips at tensile
yield, in equilibrium with a central strip in uniform compression, is taken to represent the

welding residual stresses in each plate pane] (Figure 2.3.d). This distribution is modified to

suit the finite element mesh. The residual orcc attributed toa node is determined by '
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averaging the total force under the idealized pattern acting on a width of plate equal to half
the mesh length on eithier side of the node.
The idealized welding residual stresses are in equilibrium only in the case of perfectly

flat plates. Consequently, for a plate with initial geometric imperfections, before the

application of the external loads, these stresses and displacements must be relaxed until an ..

equilibrium configuration is reached. This was done by calculating the out-of-balaneei}oads '

and applying the BFGS (Broyden-Fletcher-Goldfarb-Shanno) method for iteration. The
total deflection at the end of the run was comgzircd with the required geometric
imperfections. If the difference was greater than the preset value (5 perceht) the initial

geometric imperfections were factored and the run was repeated until the deflections were

close to the required values. The effect of initial stresses is included in the element -

assemblage through the load vector lil defined as

o

— T o
Rl = g‘ j o B(m) Tl(m) ‘}V(m) (6.31)

I(m)

where is the clement initial stress vector due to residual welding stresses.

" 6.4.9 Solution of Non-Linear Equations

To accomplish the objective of the present study where an incremental analysis had to-
be performed, the following basic equations were used at time t + At,

AR="*R-"F=0 L (632)

" where t"A‘R represents the load vector due to the cxtcmally applied nodal loads, **A'F is the

vector of nodal point forces that are équivalent to the clement stresses and AR defines the

out-of-balance load vector. The vectors 4R and ‘*'A'F in equation (6. 31) are both

evaluated using the principle of virtual displacements. ‘

The out-of-balance-load vector AR corresponds to a load vector that is not balanced by
!

1
'

{‘

I
gk
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element stresses, and hence an increment in the nodal point dxsplacemcnts 1s mqun'ed. To
update the nodal point dxsplacements iterations are carried out wnhm each load mcrement.
For the case when the Newton-Raphson metliod [324-328] is applied, the xteratlvc g

pquations become

. ARGD _ g tsAtp(-D) N - (6.33)

:fX:K(n D Ay® - AR k - S (634)

. bty () _ tedt l‘l‘“) + Au® . (6.35)

" where t+AtK(-1) is the tangent stiffness matrix in iteration i - 1.
Since an incremental analysis is performed with time (or load) steps of size At, the

initial conditions in this iteration are

t+4t - (0) , s ‘
K” =K _ : '
" Y ‘ o(636) v

HALRO) _tp : ) ’ . (637)
L HALLO) _ty X | (6.38)

The equations (6.33 - 6.38) are obtained by line&?zi?g the responsé of the finite
element system about the conditions at time t. In each iteration Performed i]nv (6.34) an.;
out-of-balance vector is calculated which yields an increrﬁent in displaccmcnts obtained in ~
(6. 35) The iteration is continued until the out-of-balance load vector AR(“I) or the-
dnsplaccmcnt increments AU®) are sufficiently small. Smcc these calculatlons bccomc
prohibitively expensive when large order systems are considered, the BFGS

’ (Broydcn-Fletcher-Goldfarb-Shanno) method-was applied for iteration of non-lmcar
- systems of equations in thxs study. The method prov1des a compromise bctwecn the full

reformation of the stiffness matrix employed in Newton-Raphson method and the use” of a.

stiffness matrix from a previous configuration as is done in the modified Newton method;

» “ J!'{’l
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6.5 Validation of Finite Element Model
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it has been proved to be very efficient in the solution of many ron-linear problems.

In the BFGS method a displacement vector increment which defines a "direction” for

the actual displacement increment is evaluated as

AT = (FARNED (g ATy SN (6.39)

Completion of the search dxrecnon being done without a matrix update or a costly matrix

' factornzanon provides an opnmum solut:on to non-linear finite clement equations. ‘A

detailed descnpnon of the BFGS method is ngcnm references [306, 307, 328, 329] and
‘applications of this méthod in—[330°]. ) '

Prior to embarking on non-linecar analysis of stiffened plates a series of tests

. were carried out on beams, columns, plates and stiffened plates using numerical

formulation, The structural members were chosen such that different material properties

. and various loading @nd b@ndary conditions could be used in verification of the finite

element formulation. Comparisons with published experimental data and theoretical results

obtained using the finite element or an alternative numerical approach were made. Tests in

" the linear elastic range on beams and simply. supported and clamped plates under in-plan;

loading and uniformly distributed loads ugjng different finite element configurations

available in the library of ADINA program were performed initialy. The results were found

to be in very good agreement with calculated theoretical values. However, in this section.
for beams and columns, only the numerical results from non-linear elastlzé-pla'stic analyses
| are reported. To reduce the computing time the member symmetry was considered and only ‘ |
. half of the beam or a quarter of the plate was a‘nalyzc;L

—

el
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*  this did ﬁot happen. Instead, a close agreement between the clgséé*analytical predictions

6.5.1  Beams and Columns

a. Fix-ended beam
B

_ The efficiency of the three-dimensional Hermetian beam eclement in non-linear
analysis was checked during an elastic-plastic study of a fix-ended beam subject to a central
point load. The material properties and beam geometry are defined in Figure 6.6.

The beam which is identical witls that cxperimcntally\testcd and numerically analyzed
by Campbell and Charlton t331] was scrutinized using an irregular mesh with ten
Hermetian beam elemJents. Finer rﬁesh divisions were l'xsed at the centre and ends where
plastic deformations weiea expeeted to occur. Due to symmetry of the member only the
half-span was modeled. The load was applied in ten e?jual load (or tiﬁle) steps with
stiffness reformation and equilibrium iterations using BFGS method in each step. Fi'gure'
6.6 depicts the relationships between the applied central load ar;d the ceﬁual deflections
defined m this study and previously obtained experimental and numerical results.. The -

’ relationship between the axial forces and the centyal deflection is shown in Figure 6.7. For _
eomparison, in both ﬁéures the Crisfields's results [332] are alsd included. A good
correlati(;n of the present finite clemcn; results with the experimental data is achieved in the

“early loading stages, up to about 0.55 kN. Thereafter, the difference between predicted and

experimental values becomes quitggobvious.

> In their comments on this surprising phenomenon Campbell and Charlton show that
even though the initial plastic flow was expected to occur at about 56 pcréent of the primary

collapse load in the tension faces of the section where the bending morhent is maximum,

and the\cxperimental results, up to the primary collapse load is noticed. However, no

indication of such behaviour wagnoted either in the deflection increase rate or cracking of

the brittle resin coat on the beam. :I'hsy attributed this phenomenon to the presence of an

upper yield stress which leads to a more abrupt tranition curve, from elastic tc; plastic
;

0
. r
N\ . A ’ I

-, ) ,ﬁi’j, ’ a




R 4 . o, T N N IE SR CAre - Cah e & Yk AR e iy
‘ e . P R ST A

223‘, e

behaviour.

The existing differences between t.he: present study and that of Crisfield [332] are
considcréd to be mainly due to the applied finite element formulations.' The latter used
Dyushin's yield criterion as a function of suéss resultants within each element, while in the

" former the von Mises yield criterion was q\mploycd. Additionally, Crisfield applied the arca

approach for evaluation of the element stiffness matrix, while in the present model

numerical integrations using Néwton-Cotes rule was used.

<

/

To gain confidence in the application of the Hermetian beam element in buckling

b. Uniaxially compressed columns

" related problems, the load-central deflection relationships for two types of columns were

analyzed.

Firstly, a simply sup—pprtcd strut with a rectangular cross section and slenderness ratio

of 69 was analyzed (Figure 6.8). This replicates the work reported by Crisfield [332] for

“"comparison purposes. In this non-lincar analysis an initial imperfection of L/1000 is

considered at the mid-span of the column. The resulting load-central deflection curves from
’the two analyses are given in Figure 6.8.

The second column considered is a two-span ;ncnibcr. having a T-section and
slenderness ratio 6f 100 (Figure 6.19). The rcsglts of the present stud,y are given in Figure
6.9 and compared with those of Moan and Soreide [533] and Crisfield [332]. .

Referring to Figure 6.8 and 6.9, one can note a good correlation. bctwécn the present
and previously defined curves. ’ T

In pcrfor‘mingk the strut analysis, based on symmetry considerations, only half of the.
column length was modeled. Ten Hermetian beam elements of equal length were used to
divide the half-épan lcng\th in botecases. The loads were applied in ten equal load steps

with stiffness reformation and equilibrium iterations using BFGS method in each step.



FEnEr o R > -
L. FEnFomE T > e
- AR REX A R Y
o o AT v
R )
' \
:

6.5.2 Elmm;ﬂasnc_lim . -

a. Simply supported plate with restrained edges
.. subject to uniformly distributed lateral load

The purpose 8‘? this test in which the loading of the plate is ot related to the buckling
problems was to check the program in performing Igrge deflectign elastic analyses.

: The classical solution of this problem was derived by I.;vy [240] who used a double
trigonometric series to solve von Karman's [238] large deflection equation. Recently,
Crisfield [264] solved the plate equations using the finite element formulation. Rectan’%ar
fimte elements with five dcgrees of freedom per node were considered in his study

The geometry and matetial properties of the plate used in the present study are
presented in Flgurc 6 10 The same figure shows a companson between the author's
solution agnd that due to chy and Crisfield for the load central-deflection curve, Very good
agrccmcnt can be noticed. However, larger discrepancies are found in the predicted stresses
(Figure 6.11 and 6.12). Levy [240] noted oscill‘atory convergence fc;r the deflection terms

"and indicated that ten series terms (as against the six uséd) would be necessary to achieve
one percent accuracy for the central deflection. No similar comments wcrf; made with
respect to stresses, which, being derived from the deflections, are bound to be less accurate.

In performing the finite element analysis, constraint equations were used to model the

uniform in-plane edge conditions. Regarding the plate behaviour, it is worth noting that this

analysis involved severe non-linearities because the plate, initially only in bending action
was subjected to increasing membrane action with increasing load. Thjs resulted in a
stiffening effect and the application of the BFGS method was required for iteration. Also,
tight tolerances and small i;)ad steps had to be used i.c. 20 load steps up to the final lodd
ratio qa¥/Et4 = 400." For every load step the stiffness was reformed and the BFGS method

of equilibrium iteration employed. *




-
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While the previous plate problem gives some necessary information on the accuracy of

the program in the elastic range, 8 more stn'ngént test is given by a plate subject to in-plane

oy
loads. Such a plate during the Joading process passes through a softening phase which is
opposite to that previously described for plate under lateral load.

The post-buckling behaviour of simply supportéd plates subject to uniform in-plane
I

'comprcssxon was previously investigated by Levy [240], Coan [242], Yamaki [24,3] and

Walker [244] using analytical methods. Among the cxxstmg solutions for plates with initial
geometric 1mperfcct10ns, the most accurate is consndcrcd that of 'Y amaki [243]. He used a
double sine series, with four coefficients to solve Marguerre's {239] fundamental equations.
Even though thcsc results are applicable to'a very limited range of,problems, their main
value consist m that they have become a yardsuck for judging the accuracy of the other
methods, especially numerical methods. i

The material properties and geometric characteristics pertinent to the plate used in this
study are given in Figure 6.13. Initial gco}ncuic imperfections are induced as singlc
half-sine waves in both directions and expressed mathematically as

. TX ., Ty
W, (x,y)=0.1t¢, sm-a—sm—;

.(6.%0)

where a is the side length of the square plate and t its thickness. The plate.is uniformly
compressed by imposing specified displacements along thc' loaded edges. Two boundary.
conditions related to the unloaded edges were considqr,ed.‘ In one case the edge is free to
pull in: in the other, the edges are constrained to remain’straight. ’lqn cach case the
magnitudes of the applied in-plane loads can be evaluated by integrating the element
stresses. Figure 6.13 prosents comparatively}the present results and those of Crisfield's
and Yamaki's. All of them are depicted as curves plotting the average stress ratio (G,/0,)
versus central deflection ratio (w/t). As can be seen the computed displacement mpome
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in this study agrees very closely with the other two.
In performing this finite clement analysxs, similar procedures with those described in
(6.5.2) were applied.

6.5.3 Plates in the Elastic-Plastic Range
a. Simply supported plate subject to uniformly distributed lateral load o

The same plate as in 6.5.2. was tested in the elastic-plastic range. The results are
shown in Figure 6.14 and compared with those of Marcal [334] and Ohtusubo [335]. Both -

applied triangular finite elements in performing the non-linear analysis but their approaches
are diffcren;. The former employed the incremental or tangent stiffness approach using an
" Euler forward difference technique in defining the generalized displacements, approach
specific to thé earligr stage of develq'pmcnt of non;linear analysis. The latter considered the
Ritz procedure with the initial strain concept applied in plast'iq analysis.

For reference, Levy's'results were plotted in Figure 6.14. Good agreement can be
seen between the present results and those of Ohtsubo. The existing dii;fg.rences between
these and those of Marcal are probably due to the different finite element formulations used
in each case és;;ecially in the plastic range. Unfortunately, the investigations of Marcal and
Ohtshubo were terminated at an early stage and no comparison is possible after this with the

present one which has been extended further. ~

'b. Simply supported imperfect plates subject to uniaxial in-plane loads

1. Plates without residual stresses
C

Two plates of aspect ratio a/b = 0 875 wnh b/t ratios of 55 and 80 were tested under

umaxlal in-plane compression. The unloadcd edgcs were ftee ‘to move-and the initial

imperfections were defined by only a single half-sine wave with
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W, (x,y) =0.001b sin %y , (6.41)
" Thesc initial imperfectior;s are introduced through the nodal coordinates, in the finite
clement program. The ovérall problem in these analyses was to define thg behaviour of the
plates as the uniform end shortening u isprogressively increased, and in particular to find
the ultimate load that the plates could sustain. Material properties and geometric
characteristics for the two plates are included in Figures 6.15 and 6.17, respectively. In

each case the results are compared with the findings of tl;“c finite elements analyses

performed by Crisfield [264] and Moxham [256] and experimental data reported by .

-

Moxham {257]. It is worth notinét;ha; Crisfield used Ilyushin yield criterion in his studies
but in a modified f.orm [267].

Figures 6.15 and 6.17, which plot the average edgc stresses versus the average edge
strains in plat\csl with Grc/"y = 0.0, for b/t = 55 and b/t = 80, respectively, show a close
agreement of the present results with those c;f the other two authors. Similar observations
can be made when the curves defining the relationship between the average edge stresses
and central deflections of the plate are compared in Figures 6.16 and 6.18.

The small discrepancies noticed can be am'ibutcd to the different finite element

formulatxons

2. Plates with residual stresses

The same'plates were analyzed considering the effect of residual welding stresses on
their buckling behaviour and ultimate strength. A simplified rectangular block distribution
(Figure 2.3.d) was used in thxs investigation. For the reasons shown in Section 648a
number of iterations under zero external load were required until the equilibrium
configuration for the prescribed initial geometric imperfections was reached. This was done
by calculating the out-of-balance loads and applying the BFGS method for iteration.

“The éollapse loads computed in this study agree closely with the two previous

L]
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investigations as shown- in Figure 6.15 for b/t = 55, and (rm/cry =0.12 and Figure 6.17

for bit = 80, and G,/ay = 0.08. For b/t=55 a slight fall-off of load is noticed for the plate

' analyzed by Crisfield. However, for the plate with bit = 80, after the peak load is reached,
a decrease in s;iffncss due to yielding is more evident in the present analysis than in the
othérs (Figure 6.17). As already mentiori'ed, these differences are mainly due to the
different approaches used in finite element modelling of the plates.

A very good agre:emcnt betweeﬁ the three studies is even more evident when

\

comparing the average edge stress-central deflection curves in Figure 6.16 and 6.18 for

b/t = 55 and b/t = 80, rcspectiveiy. ’

The final test, where the Hermetian beam elements and triangular plate/shell.elements
were employed, refer to non-linear analysis of stiffened plates. The stiffened plate used in

the present study (Figure 6.1@) has the same geometry and material properties as that

previously icstcd by Fukumoto et al. [336] and numerically analyzed by Djahani[337], and_

.Webb and Dowling [302] using the dynamic relaxation method. Initial geometric

imperfections were considered only in an overall sinusoidal form defined, in mm, as

0 . X . mY A o
A (X,Y) =1.03 Sin —a— Sin —];;- (6.42)

‘'~

' Two levels of residual stress were assumed in these numerical studies, namely o, = 0.0

and oy, = 0.4 Oy
A The test results, together with the load-st}ortening curves obtained in the present and
premmsly mentioned numerical studies, are shown i‘n Figure 6.19. In general, there is
good agreement with the predicted va}ucs prior to thc/pcak loads. However, at these loads
and beyond them some discrepancies can be noticed. They can be attributed to differences

in l;oundary restraint applied along the loaded gdg\e.‘ In the Djahani analysis an edge free of

shear was considered, whereas in the present study and the Webb and Dowling analysis

—
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4

the edge was assumed to be restrained. For the latter solutions, which tloyly diverge at

and after the peak loads, the discrepancies are also due to the different formulations used to |
! solve the governing non-linear equations. For all analytical solutions, the predicted u}ﬁmaw L

load is greater than that experimentally detcx'mined.. Similar observations were made by

Fukumoto et al. and they were attributed to the existence of some differences between the

aqtual and assumed residual stresses used in numerical calculations.

\

" 6.6, Non-Linear Analysis of Stiffened Compression Flange
on-Lincar Analysis of Siffened Compress

6.6.1 Introduction

The satisfactory correlation of theoretical results derived for isolate components of box
girders with thc results of experiments performed on structures composed of assemblies of
such'members is a very difficult task. The assun?ptmns used in developing the t.heoret:ca.l
models relating to material propcmes, boundary conditions, etc. are generally
| over-simplifications of the real conditions. For example, in the cases under discussion the !
stiffened plate boundaries in the theoretical model are considered to lie in the same plane,
: whereas the real plate boundaries almost certainly dg; ' Furthermore, the actual bottom
. flange, which is continuous over the transverse stiffener supports on two edges and
» continuously connected with the webs on the other two, is idealizeq in the theory as an
- isolated stiffened plate with edge restraints only, approxjmating those pro;rided by the
' flange continuity and web-flange joint. Regarding initial geometric imperfections, one_
%  should note that the assumed values are at best'good approximations®of the real
deformations. In the case of residual siresses, for which the magnitude and distribution is -
very difficult o define, the idealized pattern sed in the analysis of stiffened plates isavery - - -
simplified model of that which occurs in practice. It is useful to be aware of the existing |
differ=nces between theoretical and experimental models, when considering lhecomhﬁon

S A e

of numerical and test results described in the remainder of this chapter. Similar = °
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. observations have also to be extended to the next chapter where the results of the parametric

study are presented.

6.6.2 Boundary Conditions

To simulate the compression flange situated between the webs and two adjaccrit
transverse stlffcner;s of the box girder model, a simple support and non-deflecting edge

were taken as the boundary conditions. The former condition allows the plate panels to
deform in the elastic cntu;al bucklmg mode in which no rotational restraint is provided by
the slender webs or adjacent panels in the transverse and longitudinal directions. . The latter
condition was assumed not only ?ecausc of the difficulty in cstablisﬁ'yxg the appropriate
v&ﬁcﬂ spring stiffnessl&to be used in representing the support provided by each web and
n'ansvirlse stiffener, but also bccaqsc this idealization apf)roximatcs closgly the true
situation. To model the restraint provided by the transverse stiffeners, the tangential
deformation was' constrained along the loaded edges. For the unloaded edges there was no
restraint against in-plane movement. .

In the longitudinal direction uniform displacement was selected for the in-plane

loading condition and applied normal to the end of the stiffened plate. This was selected for

three reasons. Firstly, in the critical buckling mode, symmetry dictates that this is the

correct condition. Secondly, and more importantly, from the numerical analysis point of

view, applying displacement rather than stress boundary conditions enables the unloading
part of the average stress-average strain curve to be followed. ’Ihinily, stress boundary
conditions other than zero stress value cannot readily be ‘used where lagti -plastic
behaviour is analyzcii because penetration of the yield surface could happen \thi would
conflict with one of tl}e basic assumptions used in th.c'developm'cng of ::onsn'tutivc equations
in the, plastic range (Eq. 6.12)." Details regarding the boundary conditions gﬁecifically
applied to each edge of the analytical mode] are given in Figure 6.1.
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~ 663 itial Imperfections | . -

Initial deformations of stiffencd plates considered in this study were defined by
Eq. 6.30. The value of tﬁis developed equation consists in that it can closely simulate the ‘
'pattern of initial geometric imperfections cxistix;g in the bottom flanges of box girder
_ bridges. Even wi'th minor modifications the quxation can take into account the
~ out-of-straightness' of transverse stiffeners, 10 attempt to simulate such dcfcérmations was
| made in this argalysis. Iq the finite element modelling, plate pan;:l deflormations of
A‘i)/b =1/200 and Ap/b= 1/165, which closely approximate the values .Of impcrfcctio;\s
. measured for the bottom flange of cantilcvc‘rs A and D, respectively, were used. Héwever, |
two levels of out-of-straightness of longitudinal stiffeners were considered in each case‘,
namely Ag/a = 0.0 and A¢/a = 1/500. .
. Residual compres§ive stresses Op. = 0.15 Oy equivalent to the average measured
stresses in the bottom flagge of the box gi;dcr model were employed in the numerical
analysis. The idealized rectangular distribution shown in Figure 2.3.d was asgumed and

applied for each plate panel of the stiffened plate. »

P

L
6.6.4 Idealization and Discretization

ny

. The Hermetian beam elements and triangular plate/shell elements described in
,section 6.4.3 were used in the discretization of longitudinal stiffeners-and plate panels of the
4

compression stiffened flange, respectively. With regard to longitudinal stiffeners, both
T-sections and equivalent flats, able to provi}le the same moment of inertia as defined in
Table 6.1, were considered. In performing the finite element analysis, the former were
idealized as composed of two eccentric beam elements subjected to the constraint conditions
desctibed in section 6.4.4. The latter were prop(;nioned such that the dcpth-to-thiclmes;
ratio ‘hy/t;) was equal to 10, as subsaquer;tly used in-the parametric study presented in the
next chapter. In this case the stiffeners were constrained'to behave like the T-stiffeners used
v in bridge design, i.c. o lateral bending and twisting was allowed.
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Considering the symmetry conditions, only a quarﬁef of the stiffened plate was
analyzed using the mesh shown in Figure 6.1, | .
* The material properties used in this analysis are similar to those defined by tests for the
 box girder model (Table 5.2), i.c. yield stress equal to 374 MPa and 377 MPa for the piate
and longitudinal stiffeners, respectively. Additionally, it was assumed that the modulus
of ela;ticity E = 200 GPa, tangent modulus E = 0.001 E and Poisson's ratio v =‘0.3. |

6.6.5 Theoretical Results

o

- . [

In discussing the results, attention is concentrated on the relationships between the

‘out- of-plane deflections along the centre line of the stiffened plates and the in-plane
shortening of the plate, and between the membrane forces (N,) and the end shortening of
the plate. For con.venienc\e the membrane force (N,) is exprcssoa as membrane stress,

Oy, = Ny/t, and the end s;hortening as an’average strain of the plate, €y = u/a. These are

further non-dimensionalized by dividing the former by the yield strcés, G, and the latter by
the yield strain, ey, (ey =0y, / E). 'Ih;,\out—of-planc deflections were also expressed in a
non-dimensional form as A/L‘ ‘ ’

The out-of-plane deflections at rmd—span of the platcs snffcncd with T and ﬂat
stiffeners are plotted against average applied strain in Fxgurcs 6. 20 and 6.22 for initial plate
panel deformations of Ap/b = 1/200 and Ap/b = 1/165, respectively. In each case two levels
of initial out-of-straightness of stiffeners were considered: Ag/a = 0.0 and Aj/a = '1/500. In
both ﬁggrcé’ one can see how the deflection pattern changes during loading, being
‘transformed finally into a sine Wave. Longitudinally, each plate panel, which initially was
deformed in a half sine wave, failed by buckling into three half waves.

Figure 6.21 and 6.23 shows the apphcd membrane stresses at the centre ot‘ the plate
versus the average applied strain for initial out-of-plane deflections of plate panels of Ap /b
= 1/200 and Ay/b = 1/165, respectively. Regidual stresses are not included in the values
shown. In all c::ascs an almost uniform and identical distribution is noted uﬁ to e‘/ey =0.6.
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At gyley = 0.6 the first yielding in compression occurs in the plate as shown in Figure 6.24
which depicts the loid-shortenir;g curves for simulated compression flanges of the box
gu'dcr model. The yielding occumng at this stage results from superposmon of the applied
loading stresses on the initial resldual compressive stresses.

It 1s worth noting that for these snffenee plates, the yxcld stress and clastxc-plastxc
critical stress are almost equal and 1t is not possible to separate thc yielding and buckling.
Buckling is obvious in Figures 6.20 and 6.22 beyond ealey = 0.8 The unloading seen at the
centre of the plate panels in Figures 6.21 and 6.23 is due to buckling. A(iding the residual
stress of 0'15°y to the stress at the centre of each plate panel at 5a/ey = 0.8 brings the stress
close to yielding.There is a stress redistribution towards tiae plate panel edges which,
initially in tension due to residual stresses (Figure 2.3.d), respond elastically to subsequent
straining of th? plate.

- Tfne first compressive yielding at the extreme fibre of the stiffen?rs occurs at ealey -
0.8 and results in a reduction in the stiffened plate stiffness, as shown in Figure 6.24 by
the increased non-linearity. Under the end shortening increment from 0.8 to 0.9, t!le central
r::gion of each plate panel has yielded and makes no pont’ribution to the stiffness, but the
stress at the stiffeners increases; th‘c load carrying capacity of the plate is provided by the
stiffeners ar§d : reduced effective Wjdth of the plate panel (Figure 6.21 and 6.23). At ealey
= 0.9 the peak load is reached and the unloading follows, & scen in Figure 624,

Comparing the data for the same level of initial out-of-straightness of stiffeners, in’

Figure 6.20 and 6.22 for deflections and Figure 6.21 and 6.23 for stresses, o major
differences are noted. However, an initial geomcqié impe:fections in the sﬁffeﬁeﬁ causes &
growth of deformations of the stiffeners, as seen in Figures 6.20.b and 6.23;b. ‘

It has to be noted, based on data presented in Figures 6.20 to 6.23, that there are no
impostant differences in the behaviour of plates stiffened with T-sections and flats
constrained to behave like T-stiffeners 5o long as the same moment of inertia is provided.

The smal} discrepancies observed in Figure 6.20 and 6.23, only. after the buckling of the
\ i 5
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plate, are due to minor ciiffctences in slenderness ratios of the two types of stiffener as -
shown in Table 6.1 and the above figures. - - " :

6.6.6 Comparison of Experimental and Theorefical Results

r

The most convenient experimental value with which the theoretical results should be

compared 1:s the average membrane compressive stress in the plate dctcrrqincd at maximum
load. This average stress calculated for the compression flange of cantilevers A and D of the
_ box girder model is compared with the predicted values in Figure 6.24. As can be seen
" good agrcementl is achieved for the plate in cantilever D (A;/b =1/200, Ag/a = 1/500
and Orc/Oy, = 0.15). The ;mau difference between the predicted and experimentally

determined ultimate loads, suggests that the simulated conditions were close to tho§e of the
physical model. In the case of cantilever A (A%/b =1/200 , Ay/a = 1/500 and /0, =
0.15) the difference betwée;x the theoretical and experimental ultimate loads is 6.3 percent.
Tﬁis difference is likely due to the fact that in the analytical model edges were straight ,’.
while in the tested cantilever A an initial deformation of 1/720bs was found for the
transverse stiffener bounding the bay which failed. _ wr |

There is also close aé/récment between the theoretical and experimental results when

the patterns of deflection are compared; Figuré 5.31.a, section P-P for cantilever A with
Figure 6.20.15, and Figure 5.41.a, section P-P for cantilever D with Figure 6.22.b.
Com;aaring Figures 5.37 anc; 6.21 for cantilever A and Figures 5.50 and 6.23 for caniile;/cr
D, where readings are only available up to yield in the test model, the correlation is also
good |

The analytical model developed gives predictions that are close to test results, and in
close agreement with accepted analysis as discussed in section 6.5. There is thus full
confidence that the modcl: and associated procedures, can be used to perform valid

J

parametric studies.
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. Table 6.1 Structural and Geometric Properties
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CHAPTER VI
PARAMETRIC STUDY .
L d

7.1 Introduction

Aiming at anticipating the basjcf types of collapse modes which mg'ght be expected to
occur in discretely stiffened plates subjected to uniaxial uniform compression, a systematic
'study was considered necessary. Thischapter describes a pflramctric study which covers a
range of practical geometric parameters and its purpose was to investigate the influence of
geometric initial imperfections and residual stresses on the s&ength and stiffness of
compression flanges which are typical of those used in box girder bridges in Canada.

The analytiél model described in Chapter VI was used in the analysis and the finite
elpfnent mesh shdwg in Figure 6.1 was adopted throughout. In each case the existirig
syn{metry was employed to reduce the actual analysis to only one quarter of the stiffened
plate. ” , : e

The material properties considcrgd in this study are as follows: yield stress oy = 350
ﬁ?a, modulus of elasticity E = 200000 MPa, tangent modulus E = 0.001E, Poisson's

ratio v = 0.3.

7.2 Preliminary Study

t

Censidering the large number of parameters involved in this analysis, a preliminary

-

study aiming at defining the partiéixlar values to be used in the major part of the w%rk was

259
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undertaken. In doing this, the analytical model used n finite element analysis of the Plaie
- stiffened with flats and sign;;la{ﬁng the compression flange of the tested model (Figure 6.1)
was used (b/t = 42.9 and a/r = 48.2). The same'material and geometric properties as
defined in Figure 6.i4 for this model were also employed. The main parameters ‘chosen
for this investigation were the residuél’fs%resses, it;itifal oul-of-plane deformations of plate

panels and out-of-straightness of longitutlinal stiffeners.

7.2,1 Initial Imperfections o -
- )

»
The values of initial out-of-plané deflections of plate panels were chosen to

correspond to the limiting values prescribed by the existing codes or recommended for

Consideration in the new Canadian bridge code revisions. They ranged between Ap/b =
13

" 0.0 and A;/b = 1/150. .For t}le initial out-of-straightness of longitudinal stiffeners two

limiting values were considered: Ag/a = 0.0 and Ag/a = 1/500. The latter represents the "
maxirr;um deflection recommended in almost all the existing codes, while the former refers
to the ideal structural eiemcnt.

The influence of residual stresses on'buckling behaviour and ultimate $trength of
stiffened plates was studied by considering four leyels of compressive stresses ranging
from Gyc/Cy = 00 t0 6;/0y =02, °
7.2.2 Discussion of Resuits
| . . ~

The peak average end compressive strééscs expressed in non-dimensional form as
"u/"y corresponding to the initial imperfections given above are summarized graph{cany )
in Figure 7.1. The figure shows for all levels of residual stresses an almost identical path
with a decrease of the ultimate stref;gth of only 1.5 percent at A;/b = 1/150 comparing with
that at A;,/b = 0.0. Referring to Figure 7.1.b onc can see that for the stiffened plate with

14
f . .
! f
o . .

’ \
|
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initial imperfections of Ag/a = 1/500, Ay/b = 1/150 and G,c/0y = 0.2 the dltimate strength
represents about 93 percent of the plate without initial imperfections (Figure 7.1.a).

Figure 7.2 shows the effects of the same parameters but this time the peak average

end sgresses are plotted versus the residual stresses considered. A linear variation of the

peak stresses can be noticed in all cases and they reduce consistently with the increase in
residual stress level and geometric imperfections. As previously noted the reduction of the

ultimate strength is relatively small in each case, with a maximum of 7 percent obtained for

" the combined initial imperfections (Figure 7.2.b). Regarding the linear variat{o.n noted in

Figure 7.2 it is worth noting that this is obtained for a relatively stocky plate (b/t = 42.9
and a/r = 48.2) and the results cannot yet be generalized to slender plates, for which some

additional studies should be done.

13 Main Parametric Study
+7.3.1  Parameter Definition . ‘

In view of the l}mltcd effect of initial geometric impcrfections' and residual stresses on
the ultimate sir;g.gﬁm of stiffened plates with geomnetry close to Canadian practice , as

discussed in Section 7.2, it was decided to pursue the analysis in the second stage b)}
considering only the values specified-in Table 7)1 as parameters. One can see from this

table that additional values to those of practical int¢rest were considered, namely A /a=0.0

and crc/(’y = 0.0. They were selected in order to define the effect of each ;;aramctcr and

their combinations on the ultimate strength of stiffefied plates.

L w

'Additional parameters studied in this second stage were the plate slenderness (b/t)

and stiffener slenderness (a/r). In the latter the

stiffener acting in conjunction with a width of plate equal to b. The values of these
parameters are given in Table 7.1 and correspond tp those extensively used in design of
box girder bridges. However, to extend the study to slender stiffened plates, which are

interesting from the theoretical point of view, slegdernesses of b/t = 80 and a/r =70 and 80

dius of gyration r is calculated for a
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were included. In performing this study, the panel slenderness b/t is varied by changmg

F

the plate thickness only.

Flat stiffeners constrained to behave like T-sections were used.The variation of
stiffener slenderness (a/r) in each case was obtaine:d by changing the cross-sectional area of
the stiffener while mainta'ining the depth-to-thickness ratio (hg/t;) equal to 10. This
ensured that the load-carrying capacity of the plate-stiffener assembly was not limited by
Jocal instability of the stiffener itself. ; “

The load-shortening curves are presented in non-dimensionalized forms. In each
diagram the abscissa represents the average strain applied to time end of the plate)(ea)
divided by the strain corresponding to uniaxial yield{ey); whilst the ordinate is the average
stress determined at the end of the stiffered plate (o;l) non-dimensionalized with respect to

\

yield stress (cy)

7-3-2lﬁis.cu§sjpn_9£8ﬁm:s : £

Load-shortening curves for crc/c = (.2 are shown for all cases in Fxgures 7.3t0 7.8 and

selected solutions are discussed in more detail in the following. For thc other two values
considered, i.e. Grc’“y = 0.0 and 0.1, only the peak stresses are presented and

summarized graphically in Section 7.4.

Slendeme&s ratioa/r=30

Load-shortening-curves for the stiffcﬁcd plates with élendcmess ratio a/r = 30 are
shov‘vh in Figures 7.3.a and 7.3.b for initial out-of-straightness of stiffeners of A:Ia =0.0
and A;/a = 1/500, respectively. In both figures one can see thap residual compl?e?sive
stresses cause the occurrence of yielding in the plate well before the ultimate capacity is
reached.The initial dgformation of stiffeners (Figure 7.3.b) affects slightly the ultimate

loads, and a reduction‘of 3 and 2 percent is noted for b/t = 30 and 80, respectively, when

‘ compan:d with those determined for plates free of such imperfections (Figure 7.3.a).

» -
b -
" »

L7 ™, “

ot /?
'
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b/t = 30 and 40

Considering the b/t ratio , it will be observed that the load-shortening curves

~ \
for b/t = 30 and 40 are practically identical. In each case there is a linear load-shortcning

n the plate at a relative strain, €,/e,, of about 0,7,

y’
Deflections at the cefitre of the plate (Figure 7.9) remain small throughout thc load

o~

history, and they increase more rapidly after €,/ey =1 0 - ' N

Applied stresses, excluding residual stresses are almost uniform across the stiffened

plate up Eo a strain level ealey y

compressive stresses, the first yxeldmg in the platc occurs (Flgurc 7.3) and furthcr end

= 0.6 (Figure 7.10). At g,/e, = 0.7, due to residual
shortening causes the stress increase in the arcas ad_]acent to the stiffeners (Figure 7@@?
These areas, which initially were in-tensile yield (Figure 2.3.d) remain in the elastic range
and are able to provide additional strength up to ea/ey = 10 (Figures 7.3 and 7.10). The
peak loads of 0.93 and 0.90.0‘1P the mean yield in cémprcssion are sustained by the
stiffened plate with Ag/a = 0.0 and Ag/a = 1/500, respectively. Further shortening leads to
increased deformations with straining of the.plate at constant load (Figures 7.3 and 7.9).
The initial deformation of the stiffeners has a small effect on the ultimate strcngtl;.

Failure of stiffe'ncd plates with b/t < 40, with and without such imperfections, occurs

. »~ . ‘

i
by yielding across the plate before buckling.

It is,worth noting that the reduction of the ultimédte strcngth’of these plates rcprcschts

about half of the value of residual co'mpressive stress when the effect of initial deformation

of stlffcncrs is also taken into account ( Grc‘ 0. 203( )

\, m _3 . von
' T
b/t =50

-~

For thgstiffened plates with b/t = 50, the load-shortening curves in Figure 7 3are
similar to those for b/t = 30. '

X v
Deflections at the centre of the plate increase slightly in the direction of thf initial

-

¢
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Vs
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deformations (Figure 7.11b).  + \ f

.+ The stress distribution is alost uniform (Figure 7.12)up 0 eyfe, = 06. At £yfey =
.. 0. A\which corresponds ‘to‘the strain'level at which the buckling occurs, the yiéiding due to

N . R \ .
the sum of residual and applied stresses in the plate is incipicnt\(Figuf 7.3). This pecomes -

.. ’ K . S 3 )
evident at ea/ey.: 6.8, as shown in Figure %1 1 where the ‘change in mode shape can be
seen. Beyond this strain the local buckling of the plate panels causes the rapid increase of
| deflections at the centre of the plate ( Figure 7.11) and unloading at mg,c\cnu'e of each platé

panel and an increase in stress at the stiffeners (Figure 7.12), followed by an overall
E . . R ] T

unloadiﬁg. ’ N ‘
.
. . T “
For the plates with stiffener imperfections (Figure 7.3.b), the ultimate load is
reduced by 3 percent. v . , ’W
I E . . :
. .bit=80 : L - B
‘ Z

. For the stiffened plates with b/t = 80, the nonyncar load-shortening relationship

starls from the very early stages of loading (Figure 7.3) as local buckling occurs at t»:a/éy

= 0.35, “In Figure 7.13 and 7.14. The buckling mode at t»:a/l»:y = 0.4, seen in Figure 7.13 '

leads to the stress distribution shown in ngurc 7.14. No major deformation of stiffeners

occurs even at maximum load. The load carrying capacity of this type of plate is provided
by the stiffeners actiné in conjunction with partially effective l;iate panel}. The plate panels
buckle as single plates of aspect 1:ati6 3:1 restrained from deflecting out of plane along the
four edges. - e

& -

Geometric imperfections in the stiffeners have no effect on the ultimate loads of these
stiffened $lender plates, where the buckling is mpstly elastic. «

In general, based on the information p'rescn;éd n l:-‘igurc 7.3 and Figl;rcs 7.9 to 7.14,
one can conclude that for the stif'fened plates with a/r = 30 an _initial_ deformation of
longitudinal stiffeners of Ay/a = 1/500 makes no major difference in the magnitude and

distribution of deformations and stresses.

L]

I
)‘7



- ~ Slenderness ratio a/r = 50 ‘ . | J s
‘ - , | )
< : The load-shortening curves for the stiffened plates wnhm this category are presented
-  in Fxgurc 7.5. Gen;rally, Figure 7.5 shows a behaviour sumlarto that described for the
.pl'ates with ar = 30, wxqa lower peak loads. It will be observed that the loa&-shortcniqg
curves for b/t = 3(") ‘axid 40 are now distin?:t: even though thc;c‘is little differences in 'the:ir
~ failure loads. In fhe range of b/t = ?;0 to S0 the first cs)mpres‘sive' yield in the stiffener
occurs soon after the first yi;:lding of thé platc, anci this is more evident for the. plate with .
(" an initial out-of- stralghtness of stiffeners (Figure 7.5.b). It is to’ be notcd that as the size of
‘the stiffeners is reduced hlgher comprcssxvc residual stresses are mduccd in their upper

> -

Pans to ethbratc the tensile resxdual stresses at the bottom, and this causes yielding in the

_ stiffener at an carher’stagc relative to yielding in the plate, as secg in Flgures 75t078. ° .

) <

>

! bt=30 - . | e

i Behavior of plates with b/t = 30 in this category approaches that of the stiffened

plates with a/r = 30, as the plate panels remain stable up to the peak load. There are minor

increases in deflections due to the lower snffcner rigidity (Figure 7.15), but with little
effect on the sness vanatlon (Figure 7.16). -
I , The effect of initial deformation of stiffeners on the ultimate strength of plates is
similar to that foru ar=30 ' ‘
_ Failure is. caused by yielding across the platé before extensive overall buckling

!
‘ occurs.

b/t=50

In stiffened pﬁtcs with'a/r =50and b/t=50 buckﬁné of the plate panels occurs before
ylcldmg As the stiffeners mmam stable, the peak mean stresses are machcd at gg/Ey = 0.8

(Figure 7.5). Beyond this, dlffcrences are to be noted in the pattcm of deformauons and .

v, - - 1

2 ‘ . .
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overall behaviour of ihe stiffened plates. For stiffeners

-~

without ini:ial dchrmatiOns, due to
. the smaller size of the stiffeners, yielding at the tip of the section result; in overall pl;tte
deflection in the negative direction, as shown in Figure 7.17.a. In the case of plates with
initial out-of-straightness of stiffeners, the deflections increase in direction of the initial

deformations. The difference in the failure modes affects the stress distribution as can be

.seen in Figure 7.18. However, no significant changes are produced in the ultimate loads

gi\"cn in Figure 7.4.

b/t=80 . T ’

For the stiffened plates with air = 5_6 and b/t = 80, the load-sl'lortening relationship,
shown m Figure 7.5, reveals a non-linear behavior which develops at earlier stages, of
loading due to plate buckling ard shows that the initial geometric imperfections of.
stiffeners has no effect on the ultimate loads. The plate panels buckle elastically ate,/e, =

0.35. This is shown by the change in buckling mode seen in Figure/7. 19 and the change in
. h ] ' ] o B

stress distribution in Figfre 7.20 at ealey =04, . S

' Y |
Slenderness ratio a/r = 80
Although such a high slenderness ratio is not usual in bridge design, these stiffened plates
were studied in order to complete the picture of the buckling behaviour of these stljuctl{ral
.elements in the elastic-plastic range. . ' '
\ The load-shortening cur;(es for this type of plate are given in Figure 7.8. As the
stiffener becomes unstable, the non-linear behaviour develops at an early stage of load‘ing.
- Ir;itial deformation of the stiffeners (F‘igure 7.8.b) affc;:ts the ultimate loads by up to 12
percent when b/t < 60, but has less effect on the plates with b/t = 80, for which plate

buckling governs. Referring to the same figure, it will be observed that, with initial

deformations of the stiffeners, first yielding in compression occurs in the plate and

stiffeners almost simultaneously. After the peak loads are reached, the yielding in tension
. R

3
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* of ;hgéﬂjsﬁyffeners is noted. : ) ' . \ .
q . . - 9(51‘:' s , ! -
. ‘ \ b/t=30 . ' '

ot - Stiffened plate with b/t = 30 is characterized by overall buckling as shown by the.
deflection pattern given in Figure 7.21, Buckling occurs at Eqley = 0.7 at which value first
yielding is also recorded. This accounts for the rapid increase in deflection after sa/ey =06

- ——as shown in Figpre 7.8. The increased deflections produced after Ealy é 0.6, under

subsequent end shortening increments, causes the loss of the effectiveness at the centre of
the plate and an increase in stress at the plate edges as shown in Figure 7.22. Yielding of
the two edges of thle stiffened plate terminates the fe—distribution process. The effect of the
initial out-of-straightness of stiffeners is evident when‘comparin‘g, the Figure 7.22.a and

7.22.b and causes a reduction of the peak loads in Figure 7.8.b of 10 percent. .

b/t =50 ' .

'i'he overall behaviour of stiffened plates with a/r = 80 and b/t = 50 is similar to that
witﬂ b/t = 30 because the stiffeners buckle first. This behaviour is clearly seen when -
comparing Figure 7.21 with 7.23 and Figure 7.22 with 7.24

In the case of stiffened plates without initial deformation of stiffeners (Figu're 7.8.a),
the first yielding in compression of the stiffenersﬂoccurs at Ea/ey = 0.7, avalue which

A
corresponds to the critical buckling stress for the stiffener. However, the plate sustains

,additional loading, perhaps due to transverse membrane action. Within the next end

shortening increment, the deflections grow rapidly as shown in Figure 7.233).a followed by
| a sharp decrease of the effectiveness z;t the céntm of each plate panel.
) For the stiffened plates with initial imperfections of stiffeners , yielding in stiffeners
and plate occurs almost simultaneously at Eafty = 0.6. Afterwards, a clear reduction in.
stiffness is noted . The peak load is reached at ea/ey = 0.8 as shown in Figure 7.8.b where

the local buckling of the plate panels occurs. Afterwards, a substantial growth of
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plate panels and stiffened plate (Figure 7.24.b). Reduction of the ultimate load in this case

’

is 12 percent,

9

it = 80 - | ¢

Behaviour of the stiffened plates with a/r = 80 and b/t 80 does not differ generally

. from that described for a/r = 30 and 50. The platue panels buckle at Saley - 0.35, well
befofe the stiffeners buckle or yield. The reduction of load carrying capacity due to the
initial geometric imperfection is 5 pe\rcent. This smaller reduction occurs because buckling

3

of plate panels goverr;.

7.4 Ultimate Load - Slenderness Curves

Load-shortening curves such as those given in Figure 7.3 to 7.8 are of little practical

usle because designers are 01}1y interested in the maximum load which a structural element
* can sustain safely. For this reason, it was decided to present the results ofi the parametric
study in a more acce,ssib'le form. The ultimate strengths of stiffened pldtes obtained in the
" parametric study have been used to plot ultimate strength-slenderness curves in Figure
7.27 to 7.29 showing the effect of residual stresses and initial stiffener imperfections on
o/b =

%
1/165. The ultimate strengths in these figures were defined for the parameters considered

s‘trength. In all cases the plate panels have. an.initial out-of-plahe deflection of A

in this study and presented in Table 7.1.

' Figure 7.27 presents the peak mean stresses in i'njtiall.y stress free plates (- (S,.clcy =
. 0.0) with and without initial geometric imperfectiohs of stiffeners. Even though- these datz;

have no pfgctical abplication, they help to show theeffect of some of the parameters

considered on the ultimate load of stiffened élétes. They are used as reference data, in

showing the effect .of residual stresses on the ultimate strength of plates, an'd provide the

information regarding the relative effect of each and combined parameters on the ultimate

POTAT Y W T T TR AT SR A ST M s
L L R R 3 3
. ‘

deflections is seen in Figure 7.23.b with the loss of effectiveness at the centte of both ‘
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+ + loads for stiffened plates. ' » ’ "
{ ’ . v,
It will be observed from Fighire 7.27.a that the full squash (yield) load of the stiffened

.platesis attainable, e:'en with the existence of an initial pg-of-planc deflection of plate
panels of A;,/b = 1/165, for plates with slendeme$ses of a/r = 30 and b/t = 30 to 40. J/
A 3 percent reduction of the ultimate loads is generally pfoduccd by the initial
deformaﬁ'on;of stiffeners of A;/a = 1/500 in the platfs with a/r = 30 to 48 and b/t = 30 to 60 -
(Fggure ‘7.27.b). For b/t in the’same range, and‘ a/r = 50 to 60, the reduction is 5 and 6 n
percent, respectively. In the case of pl;tesh'vvith a/r' = 30 to 80 and b/t = 60 to 86 the effect '
of initial geometric imperfections is very small as the plate panel puckles elastically, well
" before yielding starts.

; " L&
To show the effect of residual stresses'of 6;./6, = 0.1 and 0.2, typical for box girder

Yy
bridges in Canada, yJtimate strength curves are plotted in Figure 7.28 and 7.29,‘
respectively, and compared with Figure 7.27. \

« For csrclo'y = 0.1 (Figure 7.283 @ere is only a small effect (<2 p&ccnt) on the
strength of stiffened ‘plates without initial imperfections. For the plates with initial
irnpcrfcctionsl of stiffeners, the maximum reduction in strength is 4 percent . When stress
free plates with no i@ﬁal deformation of sﬁffépcrs (Figure 7.27.a) are compared with those
hav{ng both geometric imperfections and residual stresses (Figuré 7.28.b), the maximum
reduction of ultimate loads is 6 percent. - \

For o,./G, = 0.2, as shown¥h Figure 7.29 the effect of residual stresses is evident .

y
in all cases, except b/t =80. The reduction of the ultimate loads is 6 percent for the plates

3

without initial deformation of stiffeners and 8 percent for the plates with initial

) out-of-straighthcss of stiffeners. The combined effect of residual stresses and initial

deformation of stiffeners causes, when compared bwith stress free plates and no initial
deformation of stiffeners, a reduction of the ultimate strengths of 10 percent, as seen by
comparison of Figure 7.27.a and Figure 7.29.b. |

It has to be n;)tcd that the effgcts of residual stresses, initial plate panel and stiffener
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imperfectionsare not directly additive. Thus, the reduction of -1.5 percent (Section 7.2.2)
‘ produced by the out-of-plane deflection of plate panelé Ap/b 1/165 cannot be slmply
* . added th the above values. ‘ f ‘
7.5 Discussion of Parametric Study - ] :
In discussing the predicted behaviour of//tiffcncd plates, it is convenient to define -

three zones in Flgure 727 to 7 29 which are r? ted to the predominant mode of fallure

-Zonel - fallure, occurs by yielding across the stiffened plate before buckling
" Zonell - failure occurs in an </:wcrall mode as the result of the interaction
between yielding, 17/31 buckling of plate panels and flexural failure of
stiffeners y
Zone III - failure is procer,?ed by elastic buckling of plate pancls
In zone I, the ultimate strength is less sensitive to initial gcomcmc unperfcctxpns but =
is" affected more by residual stresses. For plates havnr}g no residual stresses, the
load-shortcnihg curves rise steadily until general yielding occurs at ea/ey = 1.0 and are
almogt horizontal after this : int. Introduction of initial geometric imperfections lowers the
maximum load. / ‘ | )

" “The effect of resi?{al compressive stresses is to cause yielding when the applied
loading reaches Oy - O At this point there is a marked reduction in the in-plane stiffness
— of the plate. Under subsequent suainmg , the central region of each plate panel contributes

nothing to the taﬁg/cnt stiffness, since the material irhthis area is yiciding The edge strips, v
. shown in Figurg 2.3.d, were initially at their yield stress in tension. Thcy now cany low
tresses and ?‘spond elastically, contributing to the in-plane stiffness of the plate.
In thls zone, the stiffened plates fail due to overall yxeldmg _
In / ne II, the ultimate strength of stiffened plates is most affected by both residual ¢
stresse$ and initial geometric imperfections. In this zone,\it is not possible to sepdrate the -

€

<
)
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effect of yielding and buckling, and fmlurc occurs by their inte“raction . )

The initial out-of-straightriess of stifféners affects slightly the peak loads, while
rcsxdual stresses have a more pronounced effect. The effect of out-of-planc deflections i is
reduccd because the ultimate strength is reached in the post-buckling range; where the largc
growth in out-of-plane deformatmns swamps most of the initial deformation effects.

A complex interaction between :'esidual stresses and initial geometric imperfections
occurs in this zone, b{u their individual effects are not additive. Their combined action is
less than the sum of their independeng effects. ..

In zone I1], the stiffened pldtes buckle well before yielding starts. Buckling s

, followed by a growth in the out-of-plane deflections of the plate panels but with a

stiffeners as’ the ultimate load is reached This pattern applies to all plates in thls,
- }

* slendemess range and the /ﬂy changes noted are the values at which the plate buckles and

at which yielding starts.

7.6 Application to Design and-Comparisons with
gopicationto Design v

residual stresses °'rc’°y = 0.1 and 0.2, respectively, are considered appropriate: for
* calculation of ultimate loads of stiffened plates with initial geometric imperfection typical
- in Canadiz;n fabrication. Taking into account that they include a larger range of slenderness
ratios , a/r and b/t, than' that currently uscd in th\c box girder bricfgc design, their

- apphcablhty can be extendcd to other structures.
‘Iﬁg@lnmate load-shortening curves ngen in le‘g\uc 7.28.b and 7.29.b, being based
on a parametric study which is unique at this time, are not directly comparable with the

4

results or other design methods proposed and published so far. Howe§cr, to illustrate the

‘accuracy of other existing methods[281, 284,289,337 and 338] in the prediction of the

collapse loads, a comparison with the experimental and’thcorctical results of the prestnt

4

continuing rise in the load. Eventually, yielding occurs adjacent to, but not at the

- The ultimate strengths of stiffened plates defined in Figur-c‘ 7.28.b and 7.29.b for -

-I

- el
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study is shown in Table 7.2. The accuracy of the discretely stiffened plate approach -
relative to thc other methods in the predxcnon of the failure loads is seen in this table, N!" _
A companson of the experimental and theoretical ultimate strcsses determined in

\

work with the ultu)‘late stresses given by the most recent bndge code provisions is shown o '
in Table 7.3. From this table it will be observed that the ulnmatc arcngth determined
based on the Canadxan codl:: [68] is almost 1dent1cal Wwith that determined in the present

. theoretical analym: xshxch s 5 percent higher than the experimental value. Howcver all
the other codes give a design value of 80 percent of the experimental value.

The ultimate strength of stiffened plates with geometry similar to that used in the

' . parametric stud)ll-,féalculated according to clause 10 - 11.2.4 of the Ontario Highway
s Bridge Design Code (OHBDC) [68] are given in Figures 7.27 to 7.29. |

With successive introduction of. initial out-of-straightness of stiffeners and residual

| stresses the stiffened plates become underdesigned in the range of b/t = 30 to EO as shown

‘in Flgurcs 7.27.b to 7.29.b. From Figure 7.30, which depicts graphlcally the ratios of the

ultimate strengths determined from the parametnc study and those calculated according to

OHBDC, it will be observed that for the plates with As/b = 1/165, Ay/a = 1/500 and 6,,/o,

= 0.1 and 0.2, the ultimate strength is overestimated by 7 and 11 percent respectively, at

b/t = 30. At b/t = 50 the two procedures agree. For the stiffened plates beyond this range,

the code gives smaller ultimate strengths than those determined in the parametric studj}.
MS is mainly due to the neglected post-buckling behaviour in,&.le plate panels.
It can be concluded, based on comparison§ made in Figures 7.27 to 7.30, that the
,actual code provisions for design of steel box girder bridges are safe only for initial stress )
free plates wi‘th no initial geometric imperfections. For stiffened plates with ﬁractical levels
of initial imperfections and b/t < 50 (range extensively used in box girder design), the code
- = overestimate the ultimate strengths by maximum 7 and 11 percent for °rc/°'y =0.1 and

0.2, respectively. *

4

4
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. Parameter . NotaEh\A . Value ,‘ —

1. Out-of-Plane Deflection L ‘ .' '
of Plate Panels Ap/b \ - 1/165 .
2. Out-of-Straightness of . o . : '
’ Stiffeners Afa . . 00 : . 1500

- o
' 3. Residual Stress Orc/ O‘y 0.0

y , 4. Plate Panel Slendemness . . e

- Ratio. , bt | 3 40 50 - - 80
© ., 5. Stiffener Slendemess - & ‘ L
. Ratio ar : 30 40 50 60 70 ' 80 ‘
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Figure 7.11 Deflections at Mid - Span of Stiffened Plates.
a/r=30; b/t=50; 0 ) Oy = 0.2; 0y = 350 MPa.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

.
,
o
81 Summary , .
Ed . -
v

R An extensive field investigatfon of imperfections existing in steel box girder bridges

built in Canada was presented.”’ Includc'd were the magnitude and distribution of residual
stresses and geometric imperfections produced during “fabricatigg. The latter data
supplemented by measurements on existing box girder bridges were meant to define a

-realistic and reliable set of tolerances to be considered in both the design and fabrication
codes Telated o these bridge structures.

When considering the magni'tud; and distribution of measured residual stress; it was.
concluded that fabrication technologies affect them significantly. Relatively minor changes
are produced during final assembly of me&ium steel bc;x girders with stfaight flanges. Aln
important increase of stresses can occur in the case of haunched box girders as a rcs;nlt of
cold bcndiﬁg of stiffened flanges used to configure their shape to the varying depth of
webs. Residual compressive stresses in the range of 0.1 Oy to 0.2 oy are expected to be

-induccd~in stiffened flanges of medium steel box girder bridges Qs prcsénuy built in Canada.

a . Based on Canadian data, a tolerance limit of b/165 for out-of-planc deflections of plate
panels and /500 for out-of-straightness of stiffeners are considered reasonable. The lma
refens to both longitudinal and transverse stiffeners of angle and tee shapes.”

The influence of residual stresses and initial geometric imperfections on the buckling

306
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behaviour and ultimate strength of compression flanges of box girders was experimentally
invc;tigatcd by testing two large scale cantilever models to failure. In each cantilever,
different levels of initial imperfections were induced in their compression flanges during
fabrication by.varying the weld size connecting the stiffeners with the plate. It was found
that residual stresses and geometric imperfections affect the failure loads, but for the values
used, the difference between the ultimate loacis was only 5 percent. The cantilever with
smallcr' residual stresses and initial plate dcfomations failed at the lower load. This seems to
have been due to the initial out-of-straightness of the transverse stiffener bordering the
section which collapsed, aiid to the existence of larger put-of-straighmess in two of the
longitudinal stiffeners. X

The formulation of an analytical model for analyzing the large deflection elastic-plastic
response of stiffened plates has been successfully accomplished. Both residual stresses and
initiangeomctric impegfections were included in this formulation. A single-layer yield
criterion and an associated flow rule were adopted and finite element method was used to
solve the plate equations. An updated Lagrangian formulation was employc'd throughout
this study, together with the BFGS iteration method. The soundness of the present
| approach cwas checkedlagainst other cxi;ting methods by comparing the results from each
method, and a very good correlation was found.

The superiority of the discretely stiffened plate approach in the prediction of the
buckling behaviour ahq ultimate strepgth'of stif{encd piatcs was proved t:y comparison with
experimental data and the results obtained by usmg some of the existing simplified analytical
midels. Analytical predictions of the behaviour and strength of stiffened plates were carried
out for a simulated compression flange of the experimentally tested box girder model.
Based on very good agreement between the theoretical predictions and the results of tests
on two cantilever beamé, where diffefences of only 1 and 6 percent were found, an g

extensive parametric study on stiffened plates was carried out. Practical levels of residual

stresses and initial geometric imperfections likely to be encountered in steel box girder
» o

“«




g TTE T T TIRR T f—“,ﬁ.ﬁi}l’,s‘;m‘ RRG G e N L L o
AR LLC
N

308 .
fabrication were considered. Plate panels and stiffener slenderness uuos in the nnge
currently used in design of these bridge structures were also employed as parameters. To
complete the picture of stiffened plate behaviour, an extension to slender plates and

)
 stiffeners was done and the results are worth noting.

»
Y

8.2 Conclusidas - | jf\ﬁ

=" This study of isolated stiffened plates up to and bcyor;d peak loads adds to the basic
~ data on the subject hand contributes towards a better understanding of the collapse
behaviour of steel box girders. .Although the interaction of the compression flange with the
adjacent components, such aé the webs and diaphragms of the box girdcr. was not
considered in the analytical modcl a very good agrccmcnt between the predicted and
expenmental behaviour and ulnmatc strength w&\obtamcd : X
From the parametric study the following conclusions weré drawn:
1. Stiffened plates designed according tc; current provisions of the Ontario Bridge Design
Code are undcrécsigncd in the range of b/t <\50, ducto the neglected effect of initial
geometric imperfections and residual stresses. For typical initial geometric imperfections of -
A;/b = 1/165 and Aj/a = 1/500, the stiffened plates with b/t = 30 and residual stresses of
0.1and 0.2 Gy, are underdesigned with 7 and 11 percentrespectively. 2
2. New and useful data on stiffened plate behaviour have been generated Qnd ultimate
load curves applicable to design have been presented. Three basic types of stiffened plate
behaviour have been identified: 1) failure by yielding across the stiffened plate before
buckling, 2) failure in an overall mode as a result of the interaction between yielding, local
. buckling and flexural failure of the stiffeners and 3) failure precipitated by plate pl.nel
buckling. . ‘ . .
3. The ultimate strength of stiffened plates with a plate ;‘nncl ratio (b/t) and stiffener
slendeness ratio (2/r) in the range of 40 to 60 are the most affected by the combined effect
of residual stresses and initial geomctrié imperfections. Outside this range the plate panel
. ‘ §
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deformations have a nﬁnor effect on the plate behaviour and its ultimate strength. The effect
of. out-of-straightness of longitudinal stiffeners and residual stresses remain evident in all
cases but the effect of the latter is diminished in the stiffened plates with b/t = 60 to 80
where failure occurs by plate buckling. For plates with b/t = 80, and a/r = 50 the initial

deformanon of stiffeners has the maximum cffect with a reducion of ultimate strength of 12

- percent

4. The presence of residual stresses has no obvious influence on the initial behaviour of
stiffened plates. However, y‘ielding occurs sooner and both strength and stiffness are
thefeby reduced: the higher the residual stresses, the earlier the onset of yielding.
5. Compériﬁg stiffcncci plates with slendemess ratios of b/t and a/r in the range.of 30to
60 and having no residual stresses and initial deformations of stiffeners with those having
initial gé:orxiciric imperfections of A°p/b = 1/165 and A‘;/a = 1/500, and residual stresses of
0.1 Oy and 0.2 Oy maximum reductions of 6 and 10 percent, respectively, are caused.

6. The combined effects of initial geometric impcrfectior;g and residual stresses vary with
the géometric parameters of the stiffened plates, and usually are less than the sum of the -
mdcpendent effects.

7. The experiffiental and theoretical results presented in this study, substantiate the

deleterious effect of residual stresses and initial geometric imperfections on ultimate strength

of stiffened plates used in box girder design. Considering ‘the adverse effect of inital
imp'erfections, tolerance limits of A;/b = 1/165 for out-of-plane deflection of plate panels

and Ag/a = i/500 for out-of-str;;.'ighmess of stiffeners should be specified in the fabrication

d

8.3 Future Work ' -

As further experimental data on stiffened plates and box girders becomes available it
could be useful to correlate these results with the theoretical ultimate strengths predicted by

the present study. In this way the effect of the various parameters considered can be
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confirmed or modified. . "

An ‘extension of the present study to the analysis of existing interaction between the
steel box girder components is needed to provide the information related to redistribution
of stresses between webs, flanges and diaphmgm§. "I‘his will lead to a more compl}‘u:
understanding of the ultimate load behaviour of box girders m,pxat simple but rational rules
can be developed for the design c;f these structures. )

The use of random initial imperfections as encountered in bridge fabrication will
provide a more realistic picture of box girder behaviour and strength.

The effect, if any, of sloped webs on the buckling behaviour and the ultimate strength

. -of box girders should be examined .bccausc of their extensive use in box girder bridges.
The influence of initial deformations o% transverse stiffeners on the behaviour and
ultimate strength of compression flanges, as well as their interaction with the other

\ ’ K1
components is of importance, and the work might be extended to such problems.
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APPENDIX A

STEEL BRIDGE DESIGN CODES SN
)P' .

' \ t \

USA.
A.1  AASHTO - Standard Specifications for Highway Bridges. American Association of

State nghway and .Transportation Officials. 13th Edition, Washington, D.C,
1983. ~

-

A2 PROPOSAL - Proposed De51gn Specxﬁcatlons for Steel Box Girder Bridges. Final
Report. Department of Transportation, Federal Highway Administration,
Washington, D.C. Report No. FHWA-TS-80-205, January 1980.

Canada

A3 CAN 3-S6-M.78 - Design of nghway Bridges. Canadian Standard Assocxaﬁon,
Rexdale, Ontariq, 1978.

A4 CAN-S6-M.78 - Revision to Clause 7, Structural Steel. Revision. Design of

Highway Bridges Rexdale, Ontario. 09.31.82

A.5. OHBDC - Ontario Highway Bridge Design Code: Mxmstry of Transportatlon and
Commumcatloﬁi Downsvigw, Ontano, 1983. ’

WestmBuoge ) °
A.6 ~ONORM B 4003. Teil 2. Berechnung und Ausfuhrung der Tragwerke: algemeine -

Grundlagen; Strassenbahnbrucken, Osterrexchxscher Normenausschuss, Wien,
1979.

' )
A7 NBN-51-001. Ponts en acier. Mxmstere de Travaux Publiques. Bruxelles,

1977. , ‘ I
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Germany

A.8 DIN 1073 - Berechnungsgrundlagen fur Stahlemne Strassenbrucken. Deutscher

Normenausschuss Beuth Vertrieb, Berlh, 1979.

-

DASt Richtlinie 12. Bculsncherheltsnachmse fur Platten Deutscher ausschuss fur
Stahlbau, 1978.

Frange ‘
A9 Ponts metallique d'autoroute. Ministere de Travaux Publiques, Paris, 1980.
Great Britai

A.10 BS 5400. Part3. Steel, Concrete and Composite Bridges. Code of Practlcc for
Dcsngn of Steel Bridges. British Standard Institution, 1982

Switzerland

A.11 NORME SIA 161. - Construction metalliques, Zurich, 1979.
A.12 E.C.CS. - European Recommendations for Steel Construction, Bruxelles, 1978.
East Europe

A.13 CSN 73 1401 - Design of Steel Highway Bridges. (In Czech), Praga, 1979.

A. 14 TGL 1073. Berechnungsgrundlagen fur Stahlerne Stmssenbruckcbﬁnu&cr

Democratische Republik, 1978. ) :

A

i : 7 a h | [

4

. . <
A.15 Steel Highway Bridges. Design Prescription. (In Hungarian), Budapest, 1979.

J
A.16 Designof Stéel\Highway Bridges. '(In Polish), Warsaw,.1980.

- Romania .

A.17 STAS 1845-81. Design Provisions for Stcel nghway Bridges. (In Romanian),
Bucharest, 1981.

L

S.III. ,

A.18 GOST 3142. Steel Highway Bridges. . Dcmgn Provmqns (In Russxan), Moscow,

1979.
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A.19 Design of Steel Highway Bndgcs. Ministry of Transportatlon, ’ 7‘
Tokyo, 1979. ‘ \ -

A.20 Branhan Code for Steel Bndgcs,. Vol. 1 and 2, (Draft), UNIDO Pro_;cct,
- BRA/75/003, 1983.
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FABRICATION.AND CONSTRUCTIONINDUCED :
STRESSES IN LONGITUDINAL DIRECTION ’
, . IN STEEL BOX GIRDER BRIDGES
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Table B.1.-Stresses in B B
able | Gx:deruﬂmngkywayndge

A

- Longitudinal Stresses (MPa)
 Gauge
Member  Position S10

.
Wi~ -4 254  -538 -1376 -13  -792 -82.8
w1.2 -60 -146 :382 -1052 -86 -23.6 -67.0 L
w13 286 -30.4 440 . -842 298 -13.6 ' -40.2 o
w2.1 -3 264 -544 -1372 -3.1° -80.8 -82.8
w2.2 -47 -174 -414 -108.8 -.-12.7 -240 -674°
w2.3 233 298 422 - -808 -298 -12.4 -38.6
F.l -2 218, -490 -1300 220 -708 -81.0 ]
F.2 -6 -184 452 -1240 -178 -263 -78.8.
F3 -34  -94 2392 -1214  -60 298 -82.2
_ F.4 116 -13.6  -41.6 -1238  -20 -280 -82.2
@ . FS5 -166 -21.4  -50.2 -1316 -48 -288 -81.4
: F.6 -182 222 4738 -1252  -40 -256 -71.4
F.7 -148 -18.6 -36.0 <1096 -38 - -174 -713.6
F.8 -180 -17.4° 424 ° -1158 - .6 -250 -734
F.9 262 226 -532 -1338  +36 -306 -80.6
» F10  -186 -25.4  -502 21260 -68 -248 -75.8
F.11 250 218  -498 -1316 -32  -280 -81.8
F.12 100 -17.2 476 -1330 -72 -304 -854 |
F.13 -50 -12.4 2360 -1152 -74  -236. -79.2 g
F.14 -52 -17.0 416 -117.0  -118 -246 -75.4
F.15 -16° 332 -592  -1388 +348 -924 -79.6
S1.1 -13.0 246 522 . -1204  -116 -276 -68.2
S1.2 -34 376 432 566 -332 -56 -13.4
S1.3 406 50 - 466 - 19.8. +144  -8.6 -26.6
S1.4 24 442 322 -24 418 -114 -352
S2.1 202 264  -56.8 -1320 -58 -304 -752
S2.2 -72  -44 422 -696 +28 -104 -274
— 8§23 20 204 6.8 360 +184 -13.6 -42.8
S2.4 132 470 30.2 -212 4338 -168 -51.4

Notes:  (1-0) - induced by weldmg ‘of longitudinal stiffeners
. (2-0) - after complete assembly
- after erection
(4-0) - after concrete deck pour
(2-1)-inducedbyﬁnalusembly ‘ ) Co- \ '
. (3-2) - induced by erection '
rgg-:&) - due to concrete deck pour

Gangepoanonsdeﬁnedmﬁg 3.10°
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Table B.2-Stresses in Hunt Club Rideau-Bridge

Girder C1
Longitudinal Stresses (MPa)
Gauge .
Member Position ©,, G,5 0, O Oy O3z  Opg

Ww.1 00 45.1 972 -1645 45.1 -52.1 -67.3
w.2 -0.3  -30.9 -61.3 -109.2 -30.6 -304 -47.9
w.3 -83 -284 -50.7  -95.0 -20.1  -223 -44.3
w.4
W.5

-164  -27.3 -40.0 -80.2 -109 -12.7 -40.2

322 382 460 -679 -60 -78 219

v, N Fl1 '-100 -545  -68.7 -1538 445 342 <651
F.2 -11.1 499  -882 -150.3 388 -383  -62.1

'F.3 -17.1 -54.7  -89.2 -156.6 376 -345  -67.4

F4 -33.8 -70.8 -1083 -176.9 -37.0 -375 -68.6
\ F5 -40.6 -84.6 -1239 -190.1 440 -393 -66.2
: F.6 -40.8 -83.0 -112.1 -1817 422  -29.1 -69.6

. F7 365 676 -952 -1635 313 276  -68.3
F.8 -23.7 484 -76.1 -1451 -24.7 -27.7 -69.0
F.9 2372 652 -99.1 -1626 280 -339 -635
° F10- 448 -822 -1203 -1864 374 -381  -66.1
F.11 456 -864 -121.1 -1943 408 -34.7 -73.7
F.12 -37.3 700 -100.6 -169.7 -32.7 -306  -69.1
h F.13 -31.2 624 -914 -156.9 -31.2  -29.0 -65.5
F14  -384 -72.0 -1056 -1675 - -336 -336  -619
F.15 -41.7 -83.6 -1195 -1870 -41.9 -35.9 -65.7
F.16 428 -786 -1053 -170.1 -358 -267 . -64.8
F.17 278 -56.1 -89.6 -151.0 283 -335  -614
F.18 -22.8 253 ., -63 -667 48.1 -31.6 -60.4
S.11 428 914 -1336 -1922 4386 -422  -586
812 276 522 128 -506 246 -394  -634
S.1.3 254 6438 19.8 -512 394 -450 -710
S.14 214 646 140 -586 432 -506 -72.6
- 821 -534 932 -1434 -207.0 -39.8 -502  -63.6
S22 338 812 378 -232 474 -434  -61.0
S.2.3 474 89.2 432 -172 41.83 -46.0 -60.4
! S24 376 746 218 -482 370 528  -700
S31 420 -866 -1254 -175.6 4.6 -388 . -50.2
" 83.2 302 704 306 -234 ° 402 -398 -540
$.3.3 406 . ‘T1.2 326 -224 366 -446  -55.0
S34 382 696 18.1 -4338 314 -514 -620
Notes:  Stress subscript definitions identical with those given in Table B. lGauged
positions defined in Figure 3. 13
- - J
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Table B3-Stresses in Hunt Club-Rideau Bridge
- Girder E1
‘ Longitudinal Stresses (MPa)
> Gauge
Member Pom:og_ G0 Y29 O Y49 Or1 O3p - .04y
W.6 -1.0 404 -T38 -1204 P4 334 466
w.7 -112 424 -712 -1058 312 -288  -346
W.8 -350 -536  -780 -1070 -186 244  -290
F.1 -39 . 509 -203 393 450 306 59.6
F.2 -11.8  -508 -246 282 -390 262 52.8
F.3 -185 552 -305 163 367 247 © 468
F.4 -209 -546  -364 25 <337 192 389
F5+ 371 -707 | -550 -90  -336 157 46.0 '
F.6 362  -703 ~ -522 - - 0.1 -341 181 52.1 ‘
F.7 -233 486  -3QS5 37 253 181 342
F.8 -174 396  -286 58 222 110 344
F.9 -304 -60.1 414 -18 297 187 39.6
. F10 411 663  -41.9 1.5 252 244 434
F.11 -41.8 -694 475 2.0 —2:5/.6 21.9 49.5
F.12 -323 557 <332 107 234 225 43.9
F.13 -25.8 494 - 261 119 236 233 -38.0
Fl14 257 530 -324 106 273 206 @ 430
F.15 -356 626 454 -56 ° 270 172 39.8
Fi16  -362 -602 -363 107 --240 239 47.0
F.17 2236 433 -221 143 -197 212 364
F.13 -146 261 463 | 751 40.7 202 28.8
S.l1 366 -700 479 -133  -334 221 34.6 ’
S.1.2 125 542 741 024 41.7 «19.9 28.3
S.1.3 17.8 679 91.8 1239 - 501 239 32.1
S.14 251 573 982 1315 ° 502 229- 333
s21 -398 668 -39.7 -11.2 270 271 285 x
S.2.2 215 683 90.3 1165 46.8 220 26.2 ’
5.2.3 299 771 1012 1306 472 241 29.4
S.2.4 23 71 92.1 1186 49.8 200 26.5
$3.0 325 5117 436 -129 246 135 20.7
S3.2 263 689 81.8 1045 426 129 22.7
$.3.3 388 840 98.2 1239 452 142 28.7
$.3.4 397 970 1052 1281 51.0 145 220

Stress subscript definitions identical with those given in Table B.1
Gauged positions defined in Figure 3.13
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APPENDIX C

N " .SHORT DESCRIPTION OF STEEL BOX GIRDER BRIDGES
ON WHICH GEOMETRICAL IMPERFECTIONS HAVE BEEN MEASURED

3

1. Paris-Drinkwater Bridge is situated in Sudbury, Ontario and crosses a Canadian
Pacific railway as well as adjacént streets on botH sides. It carries four lanes on its

continuous steel-concrete composite box girders.

2. Glen Morris Bridge crosses the Grand River and a railivay near Brantford, Ontario.
This two-lane bridge is a steel-concrete composite structure connecting the east to-the

west bank of the river. It is continuous over four spans. -

3. Portage Bridge crgsscs the Ottawa Riverin Ottawa. The bridge is similar to the

others being a composite steel-concrete structure. It is continuous over three spans

‘ and supports four lanes of traffic.

L N _
4.  Muskwa Bridee over the Muskwa River is located near Fort Nelson, British

_ Columbia, at mile 297 on the Alaska Highway. It has two lanes, is a steel and”

.

- concrete composite bridge and is continuous over two spans. o
. Q A - IR

5. Réber; Campbell Bridge crosses the Yukon River in Whitehorse, Yukon. This is a

four-lane, steel-concrete compoéite bridge that is continuous over two spans.

)
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Mission Bridge over the Frazer Riber is located in Mission, British Columbia and is
the largest box girder bridge on which measurement of geometrical imperfeéﬁonﬁ’

- have been madp. Itis a cantilever, four-lane, single, orthotrobic sfeel box structure.

Ottanabee Bridge over Ottanabee River is located near Peterborough, Ontario. The

bridge is a composite steel-concrete structure, carries two lanes and is continuous

over four spans.

.

The new Burlington Skyway Bridge crosses the iiurﬁngton Bay and is situated on
south bound of Queen Elizabeth Way between Hamilton and Burlington, Ontario. It

has four lanes and is composed from a main bridge and two approach bridges. The

main bridge is prestressed concrete box girder, contim;ops over three spans. Each
approach bridge has fifteen spans and its length is covered by composite

steel-concrete girders, continuous over eight and seven spans, rcspectivcly.'

The Hunt Club-Rideau Bridge over the Rideau River located near Ottawa, Ontario,
is similar to the others, being a composite steel-concrete sttucture. It is continuous’

over three’gpans and has both vertical and horizontal curvature.
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