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. ABSTRACT -/ ' .
T - R 7 . .
_ . T ) E/ RN ) -
. A stiffness method .of dnalysis of the conventional -° ,
-

_orthotropic steel bridge decks is propésed by idealizing

the deck as a plate,’stiffeneg/only in the?longitudinal‘

o

direction .and beiﬁé cpntinugus over flexible transverse .
¢floor beams. The main girders are assumed to provide simple
supports “to the deck. The basicf theory of eccentrically

stiffened plate is incorporated in this method, conSidering
? . \

both open.and closed type stiffeners., The proposed stiff-

!

ness method_and the desig‘n'method_oi_Eélikah:EsslingeLare —

| + /

- compared by applying them to solve seyq;al'bridge decks of .
various proportions to check the sufficiency of the design '
method in a wide range of deck configurationé.‘ i

i . . .
. - Lot

An experimental investig&tion was conducted to - ¢
‘obserVeJthé behaviour of the deck and the”stress distribution’ _—
under static lpads. A twin plate girder br{dge model with an

orthotropic steel deck haviﬁg closed ribs was fabricated for

testing. The test rggults, when compared, showed a favour-:

able agreement with resulfg predicted by the proposed analyﬁ Tl
. - ”‘, ’ . .[ ‘;

b

tical method. . , - ! | .
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TNTRODUCTION'

[ * - -
a . N N

1.1 ‘ORTHOTRéPIC STEEL DECK BRIDGES - GENERAL , o »

-4
’ developed flrst
-l ;

swer to the -

) -
.A new type ©f bridge constru

in Europe aﬁber thé Second World War as( an

-

shortage of steel and other materlals, replaces the conven=

tional concrete deck by a steel plate stiffened in both i S
longltudlnal and transverse directions together w1th a<th1n .

wearing surface on top. . Bridges WIthlthls ter of deck are = -

“6ften referredxtohas "Orthotropic Steel Deck" bridges.

_An orthotropic plate, also known as'%rthOgonal—aniso—
troplc plate, possesses dlfferent elastlc properties in two
mutually perpendicular dlrectlons. Structurally, this may
be'aceleved for a steel plate by stiffening it with cloeely.

spaced stiffeners in two perpendiculkar directions. The P L

dlfferent rlgldlties of the plate in thege directions-charac- S




£

, .

oA

- P 2

4,

reduction in the dead weight of sych a bridge
considerable saving of the materiais required-f

el % ture.‘:$ The particigation of the deck in, the actidn of the

' main members reduc{h the étrpctura depth giving the bri%?e
a slender appearance. Thebgponoﬁy and structural -efficiency

of this system have led to numerous bridge constructions with

3 these decks in the last two decades. - o

The deck platé performs several structural functions.
It acts ai’top flange of the longitudinal st{ffeneré,_the

transverse floor beams and the main girders. The complex

.
.

structural action and the resulting stress in the deck being

3 .

. . of concern to the designers, the desirdbility of research

.on the'gubje¢t has been apparent right from the beéinning. -

3
- .

. The early development of the theories and design methods

B for the orthotropic steel deck occurred in Europe, pa;ticuléf-
) P : i v, ) |

j : . A/, ly in West Germany, where the first construction of such a bridge
' ~  took place. It was only in the late 1950's and early 19%0's

that interest in this new concept spread to North America.!’%’3 -

“

- and the first bridges were built *’%. oOnly recently, has '

|
| , . inﬁerest in this type of construction and research ph the

Iy ‘.subject gained a foothold in this coqtineﬂt. In the last

' © decade, several paﬁor orthotropic steel deck bridges have béen»,

built in North America showing a diversified application o?x:f‘ ‘53“
these décks in a variety of bridge systems,.including box R
- girder, cable stayed

v

and éusbeqsioh bridges.. anp'rébept1y~ffg,;if'

N s . ’a.tﬂ . 1:2 ‘o oo
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- bUth orthotropic steel deck bridges are shown in Fig. 1l:.1.

i 5 . o

.z ) ' . : S . 'g:
"::jx 1.2 STRUCTURAL SYSTEM
. i; T In the usual form of the construcfion, Fig. 1.2,
AW . ! . g

‘]Jhe steel deck plate is’ stiffened by.welding~é“serie§ of

closely spaced lbngitudinal stiffeners or ribs and transverse

v

f

stiffeners or floor beams to the plate. Based on the types of

stifﬁener,{orthotropic steel decks are essentially of two

' - ‘ -

B

types: : .

;
Vi
i

B

"= . . (i) Decks with toisioﬁally soft or "open ribs" and

- . N
. i i , < : ;
‘.\ : l - ’ '

(ii) Decks with torsionally sti¥% or "closed ribd".

. { by

e N ! ,' \( - ” ‘: ~ .
we -2 - . . The first type consists of\thé’open slender sectionsy
: ’ X . - /

that have little torsional resistance, Fiéi 1.3a.) 1In Euroﬁe}’

the bulb-flat sections .are preferrgé and frequently used due'

to their favourable structural probertieSu On the other *

. hangd, the ‘cloged ribs corisist maxnly of the box . sectlons and

Y-sections or the "Keltch? t pe stxffeners, Flg. 1.3b,

i
N P

. which possess considerable tor lonal resistance. "

- s <
B
«

The transverse floor’beams are usuyally of inﬁertéd

/
/

T—type sections, the upper flange of which is a portion of

the deck plate. They are essentxally of the same shape for

.

o bOth ‘types, of the deck While ‘the spac1ng of the 1ongltadin—'f7:;f

e al rlbs, controlled maf?ly by the strength and defleetiéh"”
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/' ' .of the deck plate, is usually close, the floor beams’are ' o

K spaced at relatlvely 1arge intervals .and thlS depends upon ‘ 1
- ‘ the type of ribs, 1oad1ng,,and overall systém of the

! structure. 1In the caseﬁe£4the deck with® 'closed. xibs, the - ' - ‘

floor beams are ncrmaliy gIaced at. 1arger spacing than that - e w

. ' wh%ch would be required in a deck with opeg)rlbs:\gecause ; ‘
of the better transverse load distribution egpacit?hand

N .higher stiffness of the former.: ' ) . |

L e =

-

Both types of deck have their ad¥&ntages and dis-'- nE

advantages, some of which are largely associated with the
f‘ _ manner of construction ®’7,  In a recent article ®, the

— author has considere¥ thé'use of open ribs as more favour- '

-

able, in order to avoid the intensive local ‘deformation and

* ' damage of the wearing surface due to sharper‘loca% deflec-
= / ‘

tions .of the deck plate and larger differential deflection

. near the line of floor beam supports. (It is worthwhile to

M .

mention here, that a comprehensive review of various possible

P o forms of orthotropic deck.construction made in Reference 9

| . N

- . concludes that there is a very little difference. in weights be-:

- L}

' tween twb types of deck under the same geometrical conditions.

K ‘ ’ " The fabrication of such a complicated all-welded
e ") . construction is df vital concern, as it controls léréely tﬁe .
K choice of the section and the cost involvement. Varlous ‘methods

i :-\, - have been used in fabrlcatlng these decks depending mainly on

the practice of . the company and the available equlpment LA

&

“‘ Ry i
’wﬁmﬁﬁw 2



,
1]

However, the general practice in North America so far has been

’ /// " to run the longitudinal ribs continuously through’ thé floor

i

beam cutouts which are cérefully shaped to fit around’the ribs.

B
v

1.3 PREVIOUS RESEARCH WORKS .
: : N

Although research studies in the orthotropic steel «

-

bridge deck started after the Second World War, a considerable
A ' IS
o .
9 amount of work has been done in developing metheds to*analyze

"
3

the deck. Most of the earlier work was done in Eurbpe,

"

- particularly in West Germany. Whilst a great number of reseafch
work deals mainly with the mathematical models, relativeiy few ’.
v?._ N - 4 .

b '1are devoted to-the experimental investigations on-physﬁcal

- models. A comprehensive review of all existing mathematicél

Lo - T

: and experlmental works -in this area is not intended, because
:many'of‘them have been‘repbrted in References 6, 7 and 10,
’, | Consequentlyn\:nly the significant hlghllghts will be examined *

. : and a few of. the latest works.w1ll be reviewed. For clarlty, -

v ' | » .
; they are divided into two parts: : A
® - , . .
(1) Theoreticai_studig$? and - N
. (ii) Experimental studies. - ‘ [\ . o ,
3 - . ' L L LT S

R l.;.l Theoretical Studies . L < i .

-y 7. T el

o : A survey “of the available analytlcal methods p@bposed ' '~‘§

.

by nuUmerous 1nvest1gators to analyze the orthotroplc deck

e ,éhows that a large number



‘the "as built deck" is idealized as an equlvalent ortho~ ‘

"ed;oze9 the deck® thus transformlng the actual dlSCOHtlHUOUS“

‘al riéidity and w . is thé deflection at coordlnates x

o . N .
h .
. "
- 1 . . .
B

Al

distinct approaches. 1In one'approach a widely used one,

, i
|

tropic plate and the governlng eqfiations of such a plate are

applied in various wdys. The second proach is cOncerned

%

with a rigorous treatmentfof the eccentrically stlffened
plate which, however,‘invélves more complicated mathemat;cal }
analysis. - : - > 3

In the first approach the rlgldltles oF the longi-~ °

~

tudinal and transverse stlffeners are con51dered as dlstrlbut-

1

structural system into an equlvalent orthotroplc plate. This

’B
.

method of elastic equivalence was proposed first by Huber!?!”!?

and baeéﬂ\on/his theory of orthogonal anisotropic plate, the o

. !
governing differential equation of such a plate is
‘ ‘¢

Y -

- " % N . W .
p, &% + 2H W, D 3w p(x,y) (1.1) o
X b 2 Y 4 :

- ax l Ix33y dy ‘ .-

\ N 3 ' A |

where’’ Dx‘ and D } aré the flexural rigidities in the X
and Y directlona, respectively, H is the effectlve.torsion-'
and y under the loadlng p. Solutions to many problems in -
orthotroplc plate are glven in the books of Lekhn1tskii‘§

and Timoshenko!"“.

Corneliue‘f\ was the first to apply Huber's theory of .

equivalent orthotropic plate to analyze the orthotropie steel.




bridge deck’gnd derived the formulas necessary for(;ye eva;ﬁa- v

tion of mqmente and forces induced by.yarioué.types of loadings.

?

° ’

,For torsidnal rigidity of the substitute system, a value
dete;mined;empirically from the .tests on a mddel‘was used.

. o

+ i t .
. In order to obtain the local stresses under loads -

bﬁetween the floor beams which cannot be determined from the ideal-"
-ized plate with assumed continuously distributed rigidities,. a
refinement of the above method was proposed by Mader.'®

- o -

-
”

»

In the course of time, various approaches were made by

- &

a number of investigators applying ba51ca11y the orthqtr0p1c

plate theory in different forms. Mention can'be made of the

17 18

grid method, usevof the'influence surface ‘and the txans~ .« o

formed coordinates method!®. Evolution of. these methods . to--
gether’with brief outlines are giveqwin References 6 and 7. -

_+ °All of the methods referred to.abdve are, however,

1

iatheg\in&plved‘fer design»purpo%es. Inj;95?,'Pe1ikan and
:Esslinger2° develeped a simplified method for the‘design'of
the stt{{fned steel plate decks, using an abbrevxated for@,of
Huber s equatlon. In this approach the parameters of 1;tt1e(
influence inEquatien‘(l.I) are‘dlsregarded. The method, due f'- :t;

to its relative simplicity and reasonable accuracy, has. been -

widely used in the design of many orthotropic deck bridges.:® - " ./ . ¢
T . : ' . T, LN

It is 1mportant to note that in all these methods, it AT

L

has been customary to Separate the decr strﬁc;y;e‘from_ﬁhe;




main éarrying me
I

deterﬁined andﬂf

ers, for which stresses are initially
en they are combihed with those resulting
of the main carrylng system The latter is

M-Q'
determined with the . usual assumptlon that the deck plate with -

, from the.actio

the longitudinal Yibs acts as the top flange of the main

S members.
- . : &

h

« The design method of Pelikan-Esslinger is based on

~

il

{ three 1ndependeﬂt structural component systems. In System 1,

the deck acts as top flange of the main carrying members and
S 3.
in System II, the computation of momerits and stresses’ in’the

.

‘deck alone, isolated as'an independent .structure, are darried

: -

-~ out in twq steps. First, the forces are calculated assuhing
that- the deck plate with ribs are continuous over infinitely
rigid floor beams and then to these values, additional effects

due to the elastic flex1b111t1es pf floor beams are super-

3

imposed. In System 'II1I, the deck plate is con31dered to act

I

locally between the ribs supportlng the loads,‘and trans“

mitting the reactlon to the ribs. = -7 e .-
— 4 ) \y P

Based primarily on this approach, in 1963J the

’ ' ’ ’ : ', i,

American Institute of Steel Construction published a Design
Manual®for the design of orthotrepic stéel plate deck bridges

in order to promote interest on this continent in their
- ) : P ‘ '
construction and to provide criteria for the design of such

~

structures. A comprehensive discussion of the basic theory




The method of elastic equivalence, when apblied to’ an
orthotropic deck, represents 'an approximate treatment in the
sense that the actual deck has stiffeners located only at the

bottom of the plate, showing asymmetry with respect to the

.middle surface of the plate. As such, the neutral surfaces

of the deck in ﬁending about two axes parallel to the direc-

tions of the stiffeners do not usually coincide and increase

the complexity of determining the orthofropic rigidity factors.

Moreover, at the middle surface of the deck the strain is not
zero and this indicates the presence of additional shear

stresses that are disregarded in the orthotropic plate theory.

21,22

Pflliger was the first to attack the problem.

rigorously. He obtained the force-displacement relations for

such a typical plate element. His works, together with those

23

of Trenks , Giencke %*727, Massonnet ?® and others, have

<

resulted in a refined analysis of tﬁe stiffened plate.

The elastic behaviour of such a deck under bending

can be rigorously described by three simultaneous differential

’

equations expressing ee deformaéion components of the deck.

The middle surFace of the deck plate is taken as the refer-

ence plane fo convenlence and the displacements at any point

l
in the deck,. ré.measured in terms of the dlsplacements of 1t.
sy e

Expressxng ‘th dlsplapements in trigonometric seriesy 1t is.

' p0551b1e to combine the/three differential equations into a

single elghth order dlfferentlal equatlon of . the form

o




and may be considered rlgorous as long as the deflectlon of

‘ deszgn of/the orthotrOplc bridge decks, are rev1ewedAby

®q3°w. 38w %y 98w - 3w "
1 ‘

-+ Dy + y—-———— +
s+ D2 2 ‘D 4 S e .8 . : ,
3y* -+ ax tay* Ix“dy ayr”

: ; : ..
wheée D; to Ds ére expressed by the geo@etric‘and“ v .

/

elastlc characteristics of the plate and ribs and Q dependé‘ ’ﬁ
i

upon the fourth- order 'derivatives of loadlng p(x,y) The |

development of the theory and the generalized' solutions for
v 3

various surface loadings are also presented by Clifton, o
N " ’ ' [y . .
Chang and Au 2?° and vitols, Clifton and Au 3°, S |
& . . LY B !

« -~ \
e

+ It should be noted that these analytical investiga-

tions are based on the structural theory of the first order

the deck is small enough to ellminate the second order effect., Cow

. [
»

" The effect of discontinuity of the rib arrangement
in' the deck was also considered in the case of open ribs by '

Schumann 3%, - Attempts have been made by dlfferent

authors 22725/27 t5 determine rigorously the effective ' .

tonsioﬂal rigidity of the closed rib system.

¢

Most of the research works, published in the pe;iod

1961 to 1967, and pertaining to the struetural action and

N

‘ K

Flrmage \°, where the author has alsc presented briefly the"




14

7

‘ methods are the modifications of \Cornelius' solution by Chu

32

' and Krishnamoorthy , the application of eigen-funptions by

P

Schaefer ®? to determine stresses in the rib and plate due
to bending, the inclusion of second-order membran; stress in é{ A
the deck by(Adotte 3% and the approach of Coull 3%who presented |
the direct stress analy51s of orthotropic bridgé slabs, by

reducing the governing partial differential equation into a

set of ordinary linear differential_eqﬁations.‘

Further studies in this field show the application .
of such methods as the slope-deflection, the finite differ-
ence and the finite elements in analyzing the deck. Heins and

Looney 3°

employlng the slope—deflectlon and the/flnlte
difference, and Dowling ®7 utilizing the finite difference,
have attempted to present solutions, basically using again

" the equivaleﬁt orthotfopic plate theory. Heins and Yoo 38 o
haée appliéd a grid.technique to solve the entire bridge .

system, lncludlng the lnteractlon of the main girders. Thg

finite element metpqﬂ of analy21ng the stlffened plate is

bo

presernted by Williams and Scordelis *°, McBean "°, Powell
!' '+ and Ogden “l and Tinawi %2. While the approaches‘in .
. . References 39-41 are restrlcted to the open-type stlffeners{

those of Reference 42 include bqth open and closed—type

)
i

)

", stiffeners. A\ - i L,

v ‘ | 1.3.2 Experimental Studies

Experimental‘investigations'were also conducted to -




investigate the performance and behaviour of the ‘orthotropi

bridge decks. Informative reports of some early experiments

4

are contained in References 7 and 10. Among the earliest

works, mention can be made of those done by Kldppel *? in -

combination with others, from which useful data pertaining t

the behaviour of the deck were obtained. He%also showed tha

\

the ultimate:load -carrying capacity of the deck is maﬁy times
’ |

1
i

greater than the load in the elastic range.

Test results reported by Nayuoka, Okabe and Hori “**

confirmed the plate—iike behaviour of the orthotropic steel

élate deck, and found satisfactory agreement between the h

computed and measured values for loading within the elastic
range. Als&} the problem of determining the effective width
of the deck plate acting as the top flange of the main support-

ing girder has been looked into, both experimentélly and A

45 37

theoretically, by Kondo, Kamétsy,and Nakai Dowling

" made some tests on an orthotropic deck model, the deck plate

being stiffened'by 8ix closed ribs of trapezoidal shape. '
. 4 -
However, the model had little resemblance to an actual deck, i !

A

‘due to the lack of any continuity of the ribs through a

number of floor beams.

0 R = ’ ' N ' i - |
. B 3 ‘ \ /\
lg,

- To perform major experimental works on the full-size o
structures, the California Division of ‘Highways *° has
designed short-span bridges with orthotropic decks to investi- ' -

gatc the'o§éraﬂ.strugtu§al behaviour, as well as fabrication |




'*“ measurements of the Vagaville skew bridge have been reported

. . . C n 16

‘

and erection problems. The studies of static and dynamic

» [y

.

by Bouwkamp 47, Good, agreement was claimed between the

l" p2)

re§ults of the experiment and the proposed theoreticgl
andlysis. Bouwkamp and Powell also conducted some field tests
. on an orthotropic steel deck bridge, the results of which can

be found.in Reference 48. Results of the field investigation

¥

on an|aluminium orthotropic bridge ‘deck is reported by Sharp “°.

’

For theoretical analysis, the method qf Pelikan-Esslinger was

used.

' ' .
0 - &

Fatigue tests. were also conducted to fihd the

H B i

behabiour of orthotropic—steel decks under a f}gctuating load- -

-

50

ing. The works of Davis and Toprac and Erzurumlu and

\\

51 can be mentioned in this connection. Decks stiffened

Toprac
both by ‘conventional and biserrated trapezoiddl ribs were
considered in the later  investigation.

[y

’

An experimental iﬁvestigation, conducﬁed by Troitsky:-
and Azad °? on-a p%exiglass bridge model with an orthotropic - o
deck found tha% the.AISQ Design Manual‘provides satisfactory -

metheds of calculating bending streeees in the -deck and |
suggested a procedure to determ;ne.eﬁe stresses in.the o ,.‘\
cantilevered part of'ag'orthoé;opic debk having open ribs.- AU :‘1f

Test results from the experlment on a three panel orthotroplc

deck %rldge model, reported by Glockner, Verma and de Palva "

\ (

cohcluded that Pellkan~Essllnger s method %8= dequate fbr safe
“Jv\ \ :
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- design of an orthotropic steel bridge deck.

e '

-

1.4 SCOPE AND OBJECTIVES v

v
\

Of all the various methods. for analyzing the orthotro-
pig bridge deck, the most pracpibal one for design purposes \
is that of'Pelikan-Esslinger. However, it is known that the

method is essentially an approximate one, due to the many

i

simplifying' assumptions that are associated with it.

It is also.known that Huber's equation for an ortho-
: !

tropic plate, if applied to an orthotropic steel bridge deck,
‘introduces some error. The actual deck can be substituted as

’ an equivalent orthotropic plate if ﬁhe gtiffeners are dispos-,

n

ed symmetrically about the middle'su;face of the plate. %
\ '
Consequently, all methods based on the idealization of ang

4
equivalent orthotropic plate provide hpproximate solutions..

[
vx

. A look at existing'orthotropiﬁ deck bridges will . .
‘ o ' . |
reveal that most of ‘the deck configurations fall within a narrow' =, -

it

C o - 2N
. range and a tendency may be observed to use somewhattzf::::r . T
, deck proportioning. This is especiall tﬁue for Nor i= 5
’ 1

1 - L

can bridges, as seen from Table %.i. The apparent reason . ;?
is that design methods have been proven adequate 1n ‘providing j

satlsfactory solutlons for these decks.' However, for a wlde

¢

‘range of the deck propqrtloning with a varlety of varlables, "

- the rellablllty of the approxlﬁate method and its acceptablllty . :éfﬂ

" PR has not been carefully evaluated and compared with a more *.
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"configurations.

,the deck is rectangular and the two opposite.edges, suppofted

-‘as follows: x

19

exd%t theory. This clearly indicates the desirability of a
ré?{ﬁed analysis, which should be based on a mathematical
model closely resembling the actual structural system, and
may form a gobd basis of'évaluating the degree of reliability
and accuracy of a design method in a-wide range of deck
h

} } ;
; \ p
For this purpose, it is 1ntended to use the rlgorous‘

f
theqry of eccentrically stlffened plate 1730 and apply it

to analyze the decks. The structure will be idealized as a

stiffened plate continuously supported by flexible floor

beams. Ih the conventional prthotropic deck construction,

the floor beams are spaced far ‘apart and thus it would be - -
inaccurate to assume their rigidities as distributed along R '{
the transverse direction over the entire width of floor beam

spacing. It is more-appropriate to consider them as elast;c,

supports to the stiffened plate. Furthermore, to simplify R

the complex mathematical operations, it will be assumed that

by the main carrying.members, dre simply supported: The
assumption of a simple éupport éonditipn is generally satisfied
if the bridqe has two open type main girders hgwing re- g

b, 8-

The 1deallzed structure is then represented in FPig. 1. 4b

latively small tor51onallrlgldltieSQ“QQ(gﬁ@wa

The primary objectives of this research are
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\ i) . To develop a .computerized method incorporat-
| A ing the basic theory of stiffened plate to readily 7
v . | enalyze the conventionaljorthotiopic steel bridge
decks and find relevant solutions.
: \ (ii) Compare the‘results of the proposed method with | o
\ those obtained from the design‘methoq of Pelikan-
’ ' _L .Eselinoer by applying both to aoalyze decks with o
| ] ';\ _ various’b¥oportiohs. .
N 4 d
i)

e 8
Conduct an experimental investigation on a

bridge model to check meaningfully'the theoretical
. J

predictions and observe the deck behaviour under
‘ . \ static loads.

L Y
: ) (*v) " Check the vaLLQify of the conventlonal proce-
. \ . '
' {
N \ -

dure .to determine the stresses in the deck due to
. , -

-~

13 Toor
| girder bending. , . ' ,
. A o - _
. . ‘ } ) o . C;"
- |
/- ————

\

In this analysis, - -the material is assumed to be
elastlc and homogeneous.

For experimental investigation,
all teets were confined w1th1n the elastic range of the

R
B materiél used, : - Je o ”: wf:
T s OU\I‘LINE OF THE THESIS ' |

H 2
.v
v
N o
ol

. . \'|
N ! - :
.
1 .t
.
BT ’

_he;e.

Thg contents of the thesis are briefly outlined

In Chapter,Z, the basic equations of eccentricalxy

4 r‘

> e
“f\
&%%‘

',Sr{e




I :
‘stiffened plates are reviewed and modified to apply to the'

t

\case of the conventional o?thotrOpic bridge decks. Plates .:
stiffened with bath open and closed ribs are considered. |
Due to the mathematical complexity in incorpbrating the tor-
sional rigidities of a closed rib, the approximate modified

27

torsional rigidity of such a rib proposed by Giencke , 1s

used in the governing differential equations.

‘ - ;
Chppter 3 contains the pfoposed method of solution _

of an orthotropic deck. The yidely‘spaced transverse floor

beams are treated as elastic sgpports to the deck with

appropriate spring constants to refleét their flexib;;iéies; _ \

The stiffness matrix of a typical panel between floor beams and

the simple suppo}ts of main girders is formulated, and a

stiffness method of analysis for the entire deck, ana;ogous

to that of a continuous beam proﬁlem, is presented, toééther.

with a brief description of the main features of the computer

progrém.

4

Chapter 4 contding the application of the proposed

1
o8

. v
method and comparison with the design method of Pelikan-
Esslinger by applyind both of them to analyze several decks
with different cohfiguratiqns. Both types of rib, open and

closed, 'are considered, and parameters such as stiffener size,
7 . . F
span and spacind etc., are varied. ‘ '

>
r

In Chapter 5, the experimental part of this .investi-
. j .
gation is described in detail. Begfnhihg with the model
‘ : i '

o

Y

]
! o .
} . » . ’ “ ”»
L ! st
. : - : P
A - . + M Al . + -
; . s \ . . N ST
. . o . -0 . ,
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’

A

LB -~
K] P

material and fabrication, the entire test program with all
instrumentations and'experimental techniques is systematically |

-~ presented. . . ,
9 : :

¢

\ ’

Chapter 6 contains the test.results and their presenta- |
. : . . o

tion with a comprehensive discussion. Test measurements are |
in the form of strains and deflections. The results are
d compared with the analytical values obtained both from the

proposed. method and that of Pelikan-Egslinger.

. .
¢ 3

‘Finally,rin Chapter 7, the entire work is briefly

~ " summarized followed by a_set of conclusions derived from this

research. 1In the light.of this study, some recommendations

are made for future research work in this area. .

\
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|, CHAPTER 2 L o
. ‘; - - \ YL : .

N . > 5
- BASIC EQUATIONS OF E{_CCENTRICALLY\STIFFENED PLATE .

- -

- »

2. ASSUMPTIONS S - L -

4 .

\;7,"' " . ) :
The "ds built orthotropic steel deck" is idealized

v

: . ) ) S
as indicated in Figure 1.4 and will be treated basically as .

a\piate stiffened eccentrically only “in the ,longitudinal or ‘ ‘

the y-direction. The foiiowing ,ass_umptions’é are made in the -7
developfient of the basic equations. .

. a
- R
- M \ '

\

(i) The material is h_oxlldgeneous} isotropic and S
: ) ¢ . !
b ( I
linearly elastic. IV |

1
.

.
4 - v .. - .
. \ . :

« " (id) The deck.plate-is flat and is of\ constant L
{”tﬁickness. : o | \ \ oL T

~ ' t - . “ -
., (did) ' The stiffeners are rigidly cormnected to the

plate and are geomet:ica}ly identical with-uniform m

- L3

N & S e .
but clese spacing. ‘ SR : *

"2 - 4
2 ’ ‘
' «”

‘{iv) . The t rsional resistance of the ribs-due ti) RS
) ! , " xS

' e . ' N
,warpingais. eglecteq. oo : ‘ : . T EY
‘ . [ . , ’ %Y

N 4
* ] . ‘ .
/

vy . The'plane ﬁctipns' remain plane with respect ‘i

<
. - -y

5 . 'to the -mic}dl &qurface‘ of the plate before and aﬂie;
0 bemding. . |- o T e T




. y . A typical orthotropic plate element stiffened

eccentrically with open ribs in the y-direction is shown in

P

.

igure 2.1, together with the forces acting on the-positive

v ' aces. Due to asymmetry, the middle surface of the plate
does ‘not céincide with the centroigél axis in the y-direction.
Lo " ) ’
‘ _Thus, the forces: Nx’,Ny Vxy .
increase the complexity of the problem.

and . Nx . or - Nyx are present anﬁ .

5

K

" In the refined analysis of such a plate, the govern

o . W
differeén

N
—~

ﬁial'equations are expresséd in terms of the displace

i~ -

ments’; 4, .v and w, of the middle surface of the plate in the

N LI . " \ * s
dixections x, y and z, respectively. The displacements at
ahy pdint'afe related to those at the middle sprfacéﬁ ?

) 4

- # /

Referring to Figure 2.1, the basic equations are - &

written as follows: N B "

° N "

" 2
Strdin-displacement relations:
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_ _ c / i i
N : RN ¢ / - - :":j.
\ ' ‘ 2 '~:\g K : L
\ au v - ‘3w o
: - Y = + - 22 e " (203) ,
‘ N R A e |
. i
k ‘ ' . . ' 1
;e €x and €y are the normal strains in the x and y direc- '
N tions, respectively, and y is the shearing strain at - _- " <
o . . . Xy ' ; , N
» ordinate z. o R
- (b) . Stress - displacement. relations - ’ ) o
- ) v | . . . , . .‘a’\" , 1;
/ for e plate
r . )
’ E Ju d oV 2w eyt
o, == [o - 2 — + (o - 2 =) ] (2.4)
. X . l_uz X - -Q—Y- ayz.
Co- -E -V 32w du 33w ‘ |
o = zZ — + -2 —— 2.
. A ° Y l_uz [W ayz H (H ) ax2 )J - ( 5’ ) .
. g / ‘ ’ . o . ‘ . ‘ \
' T - _E du . av'_ " 3%w I S
ny = TTZ *1{ (-3-1_?- + '3-5? n 22 '—"——‘axay) . . (2.6) .
* ’ t L " S
T ' ;0 : ~ and for the rib - Lo ;
: < ] ° ‘A - [ . ( - ’ .
PR . . I 2 * - B r

‘= ‘glf_’_
E(.(,y

«

ki
b2

h;}iwi'
AT ER +
A

faral
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«(c) Fox¢e-d isplacement relations ‘ ,
) | , : e
au oV /! ‘
= * (e ;
.- - I}x Et (ax + uW) (2.8)
{ / X‘ A

. Q Ny
\ . yz Y oy ax2ay” ¥ ay?
! |
e - b ] 8w |
R, = [— + (2-p) —] . :
) . q ox? IxdYy .
/ . . ' - ] /’ ) « . . ,
- ", ‘ I N . NS
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1 .
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- . R
) . z
- - N
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o e
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¢, 3
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]

= moment 6f aréa P\ *aboﬁ£ the middle -
- .surface. of the plate ‘

‘EI(1- u) ’

axay

1

E[I(l—u) + J*]Bxay

above equations

modulus of elasticity,

:c&

Poisson's ratio, a3

thickness of isotropic plate,

area of the rib in the y-direction per
unit width in the x-direction

[ »
- t
h

- t [ .
1-p2
R l . -
= £ Cos ) . L
2 (T+1) ) . . :
= A_ 4 %" . ‘ , ‘
o &
= = moment of 1nert1a peq unit
12(1-u ) . ' width of:.plate

about
plate

moment of inertia Of area
the middle surface of the

Iy + I-" .

torsional constant ‘of Ehe open rib per
unit, 1ength in the x-direction xor pure

to;sﬁig



3 _ , x
S = 2 (1+y) A '

Rx,Ry{ = reactions at the supported edges parallel
to the y-axis.and x-axis, respectively.

' - /
¢
'
s

. Satisfying the equilibrium conditions of a plate

~

- 2

element when acted upon by any normal loading P = p(x,&),

the following three differential equations are obtained:

.
-

92u azx d°u- ,
t* t + t = |

‘-
"y

: s = 3%v 3%u d%v Pw”
A — + ¢ + £t —— - § — = 0 2.20
Yay2 ! 9X9y 3x2 Yay3 . ( ) '

v

3w . = 3w 2%v

o Igiﬂ-+ (2I+3%) + - 8 B %- T (2.21)
ax* . - ax?ay? Yay® Yoy? L

s ‘ , . N - v ) .

.. 4 i t - t . .. '\, ’ . . “ .
1 ;zzl_us . - . o N

. . - .

. Eliminating u and v’ from the above éifferéﬁtiai’

.
. B

equations,’ an eigﬁth”ordér differential equétion ;n terms of

¥ 3 .

* <
.

_“ w can be obtainedfih the form - .




’

tat*I

£q2T ~ €221 = 2t2t*I ~ t*ﬁ&l - ErT

2¢2%2T .- 2t1%T '+ 2t*A I + t,A I 4+ tot*T
<t 171 yr 7o B2hy 281y

4 EXE J* - 2612TJ% + 2t5210*% (2.23)
[ TR - 260II 2t I (2

= £*S 2 4+ £12T - t£22T =~ 2t,A I - t*E T,
Py Py TR Yy 2%y vy

"= B _taJ*
yz

- t28..2
Sy

»

»
g:-
-
'

The set of three simultaneous partiél differential

EQuatlons (2.19 -~ 2.21) of fourth order or the single differr , .

w !

< ential equation of elghth order (Eq. 2. 22), “describes the ‘
deformation of a stlffened plate with open stiffeners subjact—
,ed to a normal loadlng.~ ' R

'2.3 DECK STIFFENED WITH cnossu.nxns

3
¢

! cal plate alement atiffaned by closed rmbs are ﬁﬂdwn in ':ﬂ
nrigure 2 2. Due to\the geometrica wchaxacteriati 3, v

.
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| . : SV .
. [ Y

‘/’”~rib,'of‘ali quantities”shown in Figure 2.2, only N, and .
ﬁyx may possibly have force"disﬁlecement relations different

from those in the case of open ribs. A

i

If the angle of twist per unit length of the closed .

rib‘is'assumed to be the same as thitfof~themmiddle surface

.,
P e gy

of the plate, the geometrical configuration of the deformed

!

deck would be represented by the dotted line in Figure 2. 3a.

2
¢

j \ . . .
The expression for Myx can be written then, with relative

simplicity, - as given in References (22) and (29). However,

this assumptlon overestimates the actual value of the tor51on— -
“al rlgldlty of the structural‘sy tem and is ‘valid only in .t e

case of a SUfflClently thlck or rigid plate which would permit

3

the deck - to have a smooth deflectlon curve, as indicated ﬁy :

the dotted line. . '

a . . . o
_ ) -
- ! In an actual case, however, the deck plate is rela- .. s

tlvely thln and flex1ble and deforms due to shear transfer

"in the ﬁransverse or the x-dire\tion. The geometry of the /

deck after bendlng thus corresponds to the wavy curve as.

shown by the solid‘llne in Flgure 2.3a. As a»result, the o S

full theoreticﬁl torsional rigidity of theiribs, correspond-
ing'to their geometry and‘p1§EE‘thic§ggss, is not fully
utilizedo - 1 . . ' , L ] s

- - - .
B S
‘ . '
!

"As shown in Figure 2.3b, the torsional rotation of

’

the daformed rib per'unit length is not the same as that oﬁ
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. [ + . .

. s . . ) .
- .

o .- equality in the angie of twist constit/:utes—\ a rather difficult
problem to correctly express and use tHe value of the torsion-

al rigidity. The actual rib rotation, A, is related to the

N plate rotation as ~ ° . o , '
o , ) _ ’ .
Gy v . i

.. ’ ’ — . _"Bw‘i - v Lt -
B | A =m0 (220

~

‘

\
\

\

‘ .
) -
\

:

In order Lo write the general ‘expression for M'yx

c?:nsidering the deformation of the rib in Figure 2.‘3b, three -

effects are to be'distinguished. First, the deck plate -alone

4 2 . 1 :
undergoing a twist of %E‘g_f -will be subjected to a torsional ~ .

moment M. ;. given by R

332w . : .
Moye,1 = ELO-W g | (2.25)' .

' A v
S
The torsional mament M yx,2" due to the twisting of °
. . 74
" the rib alo;xe, can be €xpressed by the formula for torsion_u?f‘ i

1
L.

thin-wdlled hollow rpnexﬁbers as %% ; e . - -y
. H EK | vt . 1 N ‘ - = ,‘9‘
M CL AP S S 13 © (2.26) ,'

3y



" ' ’ Where js is the shear modulus,| A 'is the area

- eqclosed/gymthe box rib, bp is the width of the plate within
. ' 1 |
the rib, is the thickness of the rib aﬂd Lg is the

. 1
" developed: length of the rib section, as|shown in Figure 2.4.

L With notation : - - , -
S | | ¢ g . ok (2.270) '
‘ . . F l\\ ] ’ i
o EbK' Ry T (2 28)u |

\
v

The- forizontal shear  force Ny . acting at the

mlﬁdié//trface of the plate ls-eccentrlc 'with’ respect to the

-

shear centre of the closed rlb and therefore. an additional

! .

tor31ona1 moment My ' must be applied to sattisfy the

Xx,3 ‘
equilibrium requirement. If the shear flow in th&closed ~ = -

-séction due to this twisting. moment is designated by F;,

* then from membrane analogy °' o . |
,_ % R
) | . v \"‘/"//'//:' ‘ i ‘} e
ra [ : Myx . 3 = - 2A F ’ ‘ z’-, .\i-r 4 - (2 .:??) ‘T\ ,,' l;‘ j
. and s . i B ‘ L - . _' . .. .'
. 2 . ~ . . A
S % | )
- . "F, A i I Nyx‘ S . ~(2 30) .
' - - t t. :

N ‘ . . oy

o LIS
}

- ] e

, Due to the’ shear flow caused by th to;sibnal

.moments My, 2 and M yx,30 the horxzontal hearing force ae

at the middle surface of the deck plate is ot qiven by the

s, ‘(}p\

5 i e
s:.:&ﬁ%‘%ﬁ “

: ‘c -
X "“’* wigd ?ﬁrfg&)"
R




|
|
|

. ’ same expreSsiopabvér the entire width of the plate, b. ' o

However, as the sum of the horizontal components of the shear

7

.~

flow due touer“' and M ’ arouhd the perimeter of -the
er Yr3 4 ) |

closed rib is zero, the net horizontal shear force per unlt ’
eng;h in the x-direction. Stlll remalns the samz For?/

elative simplicity, therefore, the same expres ion for '

Nyx as used in - the case of open ribs can also be applred in '(

this case. ’ s

-

LS

. With the values of N . from Eq.. (2.10) and F, .-
from Eq. (2.30) . _ e ]
e ,
* . Ab s - e
Et fu., 3dv, 4
» M = - P (24 ) 7 (2.31) -
f ‘ ye,3 0 Pp, Tay (ew Y X
. €T )
-~ N /,/,
Designating T , . :
. ///// Ab . w. ° E
S K= g LP 3 U (2.32)
. ///,/'/ .—E A T
o £+ = )(““) : o
~ : o
7 ~ . ‘ . ! : e
T o o au, dv - -
T Myx,3’.— - ?!Kz (_3—1; + H) ‘ . - (2.33) . "

.

Total torsional moment ° My acting per unft length in the

a

x-direction is

-which leads to :



b

o 38
4
S : 1
' - M = -nEI(l—u)%éiﬂ - EK = 8* + Ek, (284 Yy o 35)
t -~ ., yx I3 xay y a BX 4 .”‘.
. . ] © ‘V.\
. : H
) The expression of Myx involves the partial %
. . S

derivatives of the disglacements u,v.and w, asjwell as the

! dhgle X which is related to w by Eq. (2.24). CGiencke *°

" has attempted to solve the general dlfférentlal equations,

taking into con51deratlon the rotatlon A, but the treatment is

too complicated toqapply in the analysis of an acthal bnldge

»

<

Qeck. The problem, however,'can be 31mp11f1ed con51derably\
lf'the value EK %% is replaced by'a modlfled value '

2

. ]
EK, %;55, where * EK; 1is a mQre reduced valpe than; EK . The

" value of Ki can be used iggzg<fm3tely in the following
s ’ 1 ' L N .

form ? ~r usihg-ogly the first compdhent T
s ’ o i ‘ v

;t;"‘ -d ‘ ¢ ’ & l,‘ . ( o ’ R
_ , N o EK- ‘ . |
. . . . BEKi = (2.36) .

Yoo . . l " ( )z EK' . .. >
% N - . , $1 o , Y «,.,n , . ,

’ . ‘ ‘ ce y 0

X SR ’ ‘ ‘ ’ \ “*#;>z_‘
L - where, K . is a geometrical constant of' the rib and the plate,
e . . , e
f

- 1 glven in Reference (26), and £ i§ the ’‘span, length of tﬁe
- - ~— ¢’

gﬁb. . - . ‘ e . «
,, =~ e ey . v
. Co : o Lo v ) ;
. o The rearranged equation for, .M is then
| iy .. / . A . ¢ : R yx h . \
. £ . J ' - ' T o
| — s Y ) P} ” R . i
- . S, M= - E[{I( ) +. K1} K2 (38 4 Yy 1237y 0
- SR S xsy dy © e T
. :“ N , ‘?.4 &q . . - B - v ° ’ 1 'I h
[l 1 ~
. : ' I3 .
" I > q \ - .
] , ;,/ , R -
o ~ - o A O
] ) T . e Ly
E \ , N A [ Se . f - "uv‘
| oo T ' Lo
Q * “: N "\ Y I i )‘}. «




. . - . T

Consequently, the reaction Ry at the supported ‘edge

3

.
ol

parallel to the x-axis, is 'given aS«‘@: _>\

7(
W 33w

3
R = - E[T IV, {1(2-u) ¥+ K1}
¥ Y ay® 3x2 oy

32 '3ty 32y .
s + +.
Sy 0wt K2 33y )]

ax?

c\ ’ - .
The value of M Xy remains the same as in the case

<

, of.open ribs. '~ Using the new value of Myx from Eq. (2.37),

b

“the governing dlfferent}al Eq. (2.21) becomes in the case of

L4 N
.
>

closed rlbs . »w
. .

:
L)

4 Y
I &% L (21 + K,)—2¥

. ax™ ax?ay?

3 3
28 .y 2 ¥y = E - (2.39)

axayz w a]&z oy

bl
f It is seen that Eq (2.39) reduées.éo'Eq. (2.21)
by lettlng K, J*' and Kz =n0. Egs. (2.19), (2.20) and ,

K 3‘1 r
c (2. 39), describg the deformatlon of. a plate stiftened by‘closed

\

ribs and belng sub;ected to an arbltrfry normal loading P.
/ .

. . <

H

-

2.4 .SOLUTION OF DIFFERENTIAL EQUATIONS

It-is necessaryldnly to consider th

Yoo

equations for the clesed ribs, . namgl Egs.




. . -~ - . oo
(2.39); as these eqhations can be modified easily to apply' .
them in the case of opén ribs, by simply substituéing

Ky = J* "and X, = 0. | :

o . * ‘ {
In the case of a rectangular plate with two opposite

edges, x = 0 and x = a, being simply supported, Figure 2.5,
d/single series solution of Levy type can be formﬁlated for
‘the displacements u, v and W representlng‘the homogeneous

solutlon of the differential Egs. (2 19)5 (2.20). and 12.39)7\:,

which are expressed as oy
M o
W, = I W sin mx )
m=1 " /
-ﬂ N ! °

oo e 1

) g = LI U_cos mx (2.40) '
-+ h m=1 M L f
J
o ¢ : .

v, = L V_sin mx . ‘ '
h m=1 " y : |

whore m = mm/a ‘and Wm'Um, and Vo

N

Y . Ol';ly. - ' \I

As presented in Reference (30), the functions W, L «{ \'

Y

U; and ,vmr can be writteq‘in‘tﬁé followihg form. for thé sl g%

mth component of the series: .

S
Vg i
o
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, . 4 SyMy . LTS8 my ) . '
‘ P n = jzltxjmcjmg + K(j‘-i-tl)m(;(j-Hl)me 3 (2.42) -
: g f : .
[ : |
. Lo % sjfﬁy o ) -sjfﬁy
» o m T LRGeS T Rgrn g T 1 (2483)
o . where Clm’ ceseey .CBm are the arbitrary constants to be . '
‘e . determined from the_ boundary conditions at 'y = :L%, ‘and kL
8 -m*S_t1S." N
, (K. = . AN N
o IM L (%-t25.2) (B S.2-t2) +[t;28.%2 "
y ¢ | ( 28 )(Aij 2), 178 » .
i'( I ' . * ‘ (2044) )
' . -m S_(t* -~ £25.2) ot
‘ I y_( 28 ) , '
M~ (e*-t,8,2) (R S, 2%-t t,28,2 :
. : (t*-t2 3 )(A'y 5 2) 1784 T
. _ » ] .
‘ /
C ) 1so ] o
T I , K.o = K,iyn )
o ' . jm (3+4) s o
) o . (2.45)
. LN . - . ) 2 - . :v
o~ . \ ‘ Rj;n,— R(j+4)m (J ‘1' .Q....' 4) oo ; ,
E l . - . ¥ N "\ . ",j ) »
The: values of + S;, % S\ 2 Ss and * S; are
g , eight roots of the eighth order f»ol nomial
- !;' . _
- ST = 8 6 4 2

£

-
"

(=)

' gy ! .. )
asS + ayS + asS + a8 +

a i . -

- ‘, . s 1 ) :. : ‘ -, ’p. L

‘ ’ (S ! . .

Y 1 . ’ . P -



F ! i N
. “ '.; . L 4. )
’ = /t2 (BT - s2 -
2y Y Y) . \\ .
N 2__ 1 '
*ST + £, - taI -—2tAI ‘j:\*AI
- rﬁ“"ﬂ‘ﬂ ' » s
. Lt ‘ ,,l )
N T”Ayter - Syt1Kz(§1 -t2) P
' 2 2 o — — ,_ ' — .
- 2t;I + 2t*A T + t2A I + tot*I :
, - ETAyR T BBy P2t
‘ , (2.47)
. o -2 2 v
. + Kit*A! - Ki1(t1 - t2) ~ K2t*S ‘
: Y , Y “
B | ‘ 9 ) - 2 t o _ ‘ ‘.. . .
Lo a = - t2I - 2tt*L - t*A I -~ K;it*t ‘
B B : e S |
-.n * LI .. L) ‘ K {"' !
' a1 = fBatat*I .
‘ : , . ‘ )
\ > ’ ' S # . :
¢ - . 1 ' ' :
* The above coefficients as to ai; reduce to ‘
as to a; as given by the expressions in Egs. (2.23) in the. . )
case of 6pen ribs, by letting Ki =-J* and Kz = 0.
; , oo For an acfual brldge deck w1th open type .xibs, out \
\
. of eight roots fro+ Eq. (2.46), two pairs, say, * S, ‘and
o, r R R = : . . ‘
o + 8, are alwdys real and the remaining pairs, £ S3 and * Sy, =
' ., are complex conjugates. .A‘prooﬁ of| this is given in. ' 1{
' . AppendixI : ‘ : ,‘,.-j';-/ ) L = .,
. ' . . B ‘ . - r#.
w
, ; However, for an’ orthotroplc deck with closed ribs, : ’ ”5-5
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real éndakhe remaining'two pairs are complex conjugate or all
; | !

the four pairs are real. In the case Of all pairs of roots -

being real, the expréssions for displabement functions“in,

i .

1}

Egs. (2.41-2.43) become relatively siﬁplg. ‘However, /they
become somewhat complicated, if thelt%o pairs of roots are

complex conjpgateé. Dealing with this casé and designating’

the complex conjugate roots as ' -

(2. 48)

= o - iB
where both - @ and B are real, Eqgs. f2.41?2.43) can be re-

)

arranged, ;eélizing that the gonstants ij

the complei conjugate roots are also complex ccnju?até. This

agssociated with

leads to the following expressions of fhe'displacement func-

tions in-temms of the new constants, C; (i,....., 8).

L

simy ; By " omy -
C&me + szg + 2Csme .?088 ny

.

- oy sy -saily
4 Zc“mg .sing my t Com® + C.m®
; s . ‘ e '
+ 2C é_amy:cosB my + 2C__e qmy.éinB wy
ST m o : sm- , 3

ﬁ,

i .
- [ . —
'
i

r




. _ o amy
[‘Kan\r cosf my - Ksm' sinf my] - 2C

i [.me : . -
; _ Y “ } -simy . '“
[Kamr siwg my + Jmi ¢osf my] + Klfm C.n® \ ,
' - {2.50)
-sa'r_r{y , —aiﬁir ‘ J
T+ sz Csme +,ZC7me . [Kamr cosBf my -

3

+ s
Ksml sing my] + 2Came %

meiy ¢

- Ko cosf my] / .
' S 1my s,my omy )

V. = + +'2c e - |
m le 1m . Rzm 2m r+2 3m ; A
- . . Ve ‘
2 _ _ © omy AR
. '[-I.{amr cosg my - I,{smi sinf my:,l N chme A P

. ’ i ‘\' ‘ ¥
- - - ‘ -3 u'ﬁy o
[Ramr sin my + R .. cosB myl - R Csme ' R
| o ‘ (2:51) .. 7

. ' -Szay -ou—tfy ﬁ ) K ‘_' " T el o

~ Rom qsme - 2C7me ( Jmr cos8 my Co T
© ’ ) : -a‘-!ﬁy ' ~ .«

+ Rsmi sinB 1,n¥]: * ZCem‘
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In the above eqﬁatioxis R

& , : K3m Kgmr + i Kami

e b ———— "

: - ‘K = K -3 .
‘ f - M smr J'Ksmzl.

.

In’ the case of the’ applied loading width
symmetric with respect to the x-axis, " the aber isplagcement -

. functions gre reduced to the following forms, kn

(jﬁﬁe disp'laceme\ntsi' wm and Uml ‘must be symmetri

. Therefore:

.MUt be aritisymmetric with respect to the x-axi
§ ’ - ot i Lo
5

N

. ! . -
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vooar d.
* \‘“‘
o
A
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my + 2K2-m‘sz' co’sh S my
’ s

1

Clm cosh S

c
my COSBmy

3

i K

+ 4cC

7

-~

‘4c

sinamy -~

sinfmy

B

- sinhou;ny + K

hamy ]

cos

cosfmy -

*
.
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)

el

. e
wn R
>y o :
=
“ o'} + .
+ ] o
> - 18
1B MI 8
o Kol
) - 0
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< s . 0
=
ot
n
E

my

4

C
2
homy - R

2mm
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-
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coshamy] - "4C..m [l_iamr 51}1(:3
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' For the case of an ant

isymmetric lvading about t
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h ' , ) : ) 48 -
\‘ . . , ; “ e - W '
- . R . \‘.\::\"" . ‘
S o . \ \\\ .
T . = 2K si h s + 2K _ C sinh S.my + .
p ) . ;Um '2K1m Clm n 1my am Com 2my -
1/, ' ’ i

4C [k 51nhamy cosfmy —X i shamy

3m ymr
o ) ?2.57) p
" g "s:&nﬁmy] -~4C“mr [Kamr coshom sinBmy +
. l‘ K’ ) ‘h :i— _ J rd ’ a L
) : . K pi sSinhomy cosB'my
\ 4'- . - L_ /,' _ ' :
Via = Zle Clm~ cosh Symy + 2Rzm C,m osh Spmy -
. A 4Cam [Ramr cosfmy coshamy - Rami sinfmy.
S e o (2.58) )
sinhamy] - flcum [Ramr sinBmy s:.nhamy‘ + ‘ .
»'_ N ’ - , ! - i {
a ’ P Romi cosBmy  coshomy ] |
For the partlcular solut:.on of Eqs. (2.19),(2.20)
K and (2 39) , the loading P on the deck 15'expfessed by the 2
’ . Fourier sine series, cgvéring the eptire width, a, of the
plate gs ‘ . D e - '
\ } . . o . 0 ) ‘ — N //’/,:/’ X '
. ‘ P = IoQ sin mx - ' " (2.59)
. X . . n=1 . //,// ) , . o . N ) .

. . . Y

- where Qn is the amplitude ‘"Qf \t_pe mth _component loading

. "~ of -the -Fourier sine series.” I o
L ’ ) . '

‘

-~ It can be shown with. the aid-of the. differential |
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Equations (2. 19), (2. 20) and (2. 39) . thai: the part:.cular ’ o
selutions for the da.splacements wp, Up and Vp, in order
to ‘be c¢ompatible, -both Up and Vp must be zero and that ’
only Wp .exists,- Wp is expr_esséd as . 4

, W_ = I a_ sinmx * . 2.60)

P ’ m=l T ' ( ) ¢ -
whe're ]
’ Q T
, a % o (2.61).  °
> - m* EI y . ‘
v, . ’ ““ - Y. . -
The final displacements are then - .
- w = I ’ (W_+ a_) sin mx (2.62) |
. m=p " ‘ ' ;
w o= X U, cos mx’ : (2.63) -
¢‘ ) . mhl N , ) . . ! - . - 5-
. . . o ¢ ‘ ‘.. i B . -\)
, , v = % V_sinmx. - . (2.64) T
. m . ) &
- o m=1 - s ) . } ‘ “r
‘In order to complete the general solution of 'the . ~_ L

plate .subjected to a loading P = plx,y), ‘i:he arbif:rary con~- '

stants: .C; ~ are to be determiried fromfthe boundary co g;tions .

at’ supports y =+ 8/2 and the cond:.tlons ‘of contn.nui:ty* at;«%w_w
‘e:.ther edges of the loaded strip. For a loading width bef"ng* =

a,symmetric with respect to x—axis, Figuré. 2,5, the compléte

,solution for the plate involvea 24 unknown constants .'t/b

O
! y,a.."'«‘-:{\; '\’zrv' Ay
A R L
A ST A g M
MR ZYRREN N
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determined, there being 8 new constants for, each of three

regions of the loadéd and unloaded strips,’ However, iﬁ the
'loading™width.is_placed symmetrically about the x-axis,

e = 0 in Figure 2.5, the number of arbitrary constants to be

determine
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CHAPTER 3.

METHOD OF ANALYSIS.OF ORTHOTROPIC
BRIDGE DECK

3.1 INTRODUCTION

1 o ' - .

'~ Due to any loading on the deck of the idealtized

structure, Figure 3.1, the deck plate will undergo a vertical
\\

N : '
deflection and rotation-at kach of the floor beam supports.
Free Dbody of a distorted panel of this system, Figure 3.2,

indicates certain indeterminate end’ forces, as well as the

»

-

result:.ng deflectlons and slopes which %ould conform with

the . geometry of, the deformed structui:e. The slope-:-deflec-

~tJ.on equations at a support line relatlng the end displace~

ments to the end actlons can be set up, if the panel st:.ffness
corresponding to the degrees of freedom ,Jnamely the rotatlon e
and deflect:.on, are somehow determined. For ehch 8Upp0rt then,
there will be two eguat:.ons an(; for a structure w:.th n . numbers ’
of floor beams, 2 n humbers of- smmultaneous equations are

-

ava:.lable to solve for the unknown displecements- at sgpporfe’;

\ Thus;-the approach of the stiffnéss method, as applied to a

"cor'xtinu_ous beam analysis, maﬁr also be extended in. this case.

!
N . N . - . , .
]

Thls obJect:Lve can be »acha.eved it the applied load
’ on the deck is represented by a ser:,es of s:.nusoidal component
loads extending over the entlre width, a, of the deck ‘

smusoidal 1oading for a plate pa.nel with edges X = 0 '
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1 -

X = a”and with arbitrary support COaaitions:at the.edges 5:

’f_ Y = z 71 wilffpmbduce sxnu501dal deflectlons, rotaqlons, oo
’ ¢

nee T moments, and shears in the y-dlrection at any location y.

- _____This is apparent by observ' g that the expre551ons for the

\"l

term sin mx.» The si usoxd.l affln;ty between the load,and
‘deformations in:the y«ditectioﬁ is an important factor in.

. obtaining the stiffness matrix for a typical panel.
. | e - -* - .
A | s,

- R v e N
3.2 TRANSFORMATION OF EQUATIONS IN MATRIX FORM . €

For the gomputer dpplications, it is netessary. to
ekpress the equatioﬂs'of the displacements, .forces and
/‘ g " - N ‘ 1

'stresses as glven ln C apter 2 in the-more convenient matrix

¢ forms. If the amplltu es of the dI lacements and the necess~ e

ary derlvatlves of these functions are assembled in.a 51ngle

v

column vector, ‘the forces and stresses, whlch are dlrectly ) p
related to them, cah be obtalned by Smely pre-multlplylng

the vector with a transﬂprmatlon matrlx. - ‘
i "z \\ ) ?
’ - ‘,V A

~

. 'If " {B} is the column vector contalnlng the*ampll—

tudes of the dlsplacements and their partlal derlvatlves in -

W 8 w 8 3v,- 92 v
“" El%e Order, W, u, V, 'a-'y" a 2 ' 5""‘, ——— d 'é_y— then

LT T ey = e e L (3,

.
. - - B e
S " e, °
- . > . -
o .

* ‘ . £ ... ,..-. C. ~ " ‘ ,
wWhere [Cf] is a reetabgﬁlarfmatrix of the size 9 x 8 .whose
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elements are the valuq@ of the coefficients associated with

{C} in ther expressions of the displacement functions and.
. ’ .

’

their derivatives, for a'given -y.

AP

The necessary forces

_premultiplying {B}"

‘moments and reactions, the amplitudes are given as

L

-

.
1

and for the stresses

¥

[

. A2
(o - o o -
M. ] - [bax0 0 0. "bBis0 0 0 0
J%y 210 0 0 bzs 0 bzy 0 0
\= -E | . ’ T )
Mo 0 0 bysbsu 0 0 0. 0 bss
Ry L0 "0 bribyy, 0 bug 0 bus bus].”

with a transformation matrix.

B

2

~

—

and stresses are obtained by

For the

o

- .‘\\ ‘ v
'(JX“q . Tdyr dae 0 0 d:s’0 d;7 /0 0 "1’ , ) :
0};’ doy d22 0 0" das O d27 O 0 et , -
B i 3
{o_ I~ . 2 |0 0 dss dss O 0 0 0 %se B p (34
1 xRy l1-u } ; SO i _
] ° co. - .
o] | 0.~ 0 -0 "0 dys O dyy O 0 p
\ Y J N - - P
where ) - S ) ) .
l b;; = - I?l-le; »b'ls' = ui ¢ > . .
. ' -— t _' . S, .
c b2y = —am2I; by, =(Iy; bz = - § ~
. by; ="- fﬁkz; ’b_a/u = {(1'_1{)11 + kl};ﬁ; ‘bag a -k, .
L P = Wk, by, =R{(2-u)T + kM2, b =T, .
g Cs - _ ST Y .
s "' byg = -8 ; byg = mky - . e ,
- . ? i
oo




da2a

dss

~din

=

L}

~ m?ugz;

m2y; dia

m(l-u)/2; dsy

dz22,

i

=m;

-dis = -uz; diy

1
-
=

=y ; dzs -2;

- /
~mz (1-y); dss =(1-u)/2

diy.

i

“dus = ~2(1-u?); duy 1-p? (3.4)

above expressions for Myx o,
By '

It should be noted that in the

'and Ry, those appllcable for closed rlbs are used.

» equating k1 J* and k, = 0, the above formulae can be’

- 2

.used for open-ribs. S '

3.3 PANEL STIFFNESS MATRIX . g .

T g 7T ? : ( .
" The stiffneSs‘matrix*for a typical panel'can be

.determlned by solving the 1nd1v1dual plate~problems, as shown’

in Flgure 3.3. 4

From the nature of the displace nt.functlons

W, u and v, and Egs. (2.16) and (2.14) or (2.38)

moments and - reactions in the y-direction, it is
.

for a given sinusoidal rotation at one edge,

the moments and reactions at the edge rotatfed and at the

z -
/

fixed edge are so sinusoidal.

i .

L1kew1se, 1f one fixed edge oo

o—

: : v is subgected to a 81ne-wave type deflectlon, Figure 3«3(0), L

¢ . .
¢ : . : L
. ¢ the induced moments, and reactions at both fixed edges,j\ i
- ‘ | - |
are also distrlbuted asi51ne curves. o : - ;

< : , v
, o . . o . & . . .
. S .3 e §o
4 o Y

3.3.1 Vnit Sinusoidal Rotation at an Edge - /(/ , L

© N
»

-The'following)ardréﬁe eigﬁt.boundary_conaifions;to

determine the eight unknown constantsfbf&pgeﬁ_(2.4}-2,43f




1 »
I .

SIMPLE SUPPORT

¢ /
N Y e
. r

ES

FIXED EDGE

-

\ sIMPLE SUPPORT

A. TYPICAL DECK PANEL

ECK PANEL DUE TO UNIT SINUSOIDAL. DISPLACEMENTS

B RAB" Srn} SINm}F" RBA = erf SIN mX
Y ¢ B. INDUCED MOMENTS AND REACTIONS DUE TO
i . UNIT - SINUSOIDAL 'ROTATION AT EDGE_ A
g . = 8, STN. WX
, ' MAB =
, 'an = 8, STN X Ryx = 8,gSIN WX
, 5 . ~C. INDUCED MOMENTS AND ‘REACTIONS DUE TO
’ » UNIT  SINUSOIDAL DEFLECTION - AT EDGE A -
. : . ‘ . . ) \ . . . . ‘,
A FIG.3.3 - END MOMENTS AND REACTIONS OF A TYPICAL. ,
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| i » . e . -y : .
o , 57 )
. | 3 | )
. F ) . , " 9 I
. S representing the homogeneous [solutipyn for an unloaded platie e

- "+ subjected oély~to a rotation.! 6 = 1 sin mx, at the edge’

Yy = %, as shown in)Figufe 3.3b). : S
. \ . . N

.

. . " (3.5a) ©

(supported along the x-direction)(3.3b)

(assumed) ) . (3.5¢)

_ © .. (3.54)
. ’ / , . 2

1

_ (3..59?
7 (3.s8) 0
.- -{3.59) -

R ¢ W

“
W

e T Due to the rotation of the edge y = g, companled
by the end. forces, the digplacement. amplltude v ?ssoc1ated ‘
’w1th the rotatlon has to be determlned This caﬁ be obtamned oo
. from the. conditlon that at the neutral line parallel to the '

x-ax1§, located at,dlstance Z, from the middle surface of - Cooet e
the plate,: thé strain is zero. It is possible to determine ,
o . L 4 ’ v o
the value of 2z ip the.conventional_manner due to the L
\'.ll o ,."\. auv'— ‘: '
covﬁxtxon that, at the rotated edge,‘ ,gi.is,zero.

P i .

the strain

.



M | - ]
- = azs v + azy

. [ . , ©

}\

r

[
- ",In suffix notation

a

(3.6) R y

' 3y e ay_z . ,~ '
i ; s Simultaneous eqﬁationé relating th bougdary values .
-in (3.5) can be written in the matrix form a - <
] - [Al{c} =:({F} ) (3.7) ;
where A is an 8 X 8 matriyx containing the co- ‘ — -
efficients associated with eIyht constants {C} ih the -
linear Egs. (3.5) .and F. .is~a column matrix of”fhe form
. . , . ) A4 g ’ ! I3
5 i, - | AT 3.8) |
. {r}; = {0,0,¥,1,0,0,0,0} (3.8)
- ) - s e I | 5 ﬂL
- Therefore 7 . R o ,
. . ¢ .t . , . - )." ) »‘: ":‘ Az . B )
- . . * ' ‘ _’1 o ) “4‘.,' ¢ ;4 ’ .
o - {c} = [a) {F} i ‘ ' (3.9)
If the elements in the matrix r[iJ-l " are denoted. by :
‘.c ‘ | hd .- {? . : .;
a'ij (i,j =1, ..."8), the matrix multiplicatifpn of Eq. (3.9)
yields , 7 ; |
1 - ' ? ‘ ,:v. N
Cn. " o o
. Lo ' Cor : ¢3.10) -
ind 5\ ) . '.' c N
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. Designating the values of derivatives ,é—g and
' . . - . . M ay .
v . __ L . :
§§~‘at the edge y = 3 as . - .
. ) C ¢ .
W L biC 4 baC_ 4 ... + BeC _ = b.C. g
: ) (3.12)
v y . ‘
—— = d C + d c + . o0 ’+ d = cCo
7 . oy 1€ z{zm °Cam d jm
i " v - “Vv -

. LN ‘ = ' . .
where Qj “and dj are the coefficients associated with
ij in the expression of Ehe derivatives. = * . \

‘ e e ’ .
\

Using the values of Cim from Eq. (3.11), we -

‘obtain ' : ,
2 ’ ’ =
W - b a! T+b. al ) .
’ ay? J I8 Jp e
. f! S (3.13)
av LR I ' : . ) '
-, —— = d, a, v + d. a.
3y J s ,'.&J“,Jh, ‘
P Substitutinglexpfessions (3.13) into the relation-
ship of (3.6) - . .
d,a, v+ a (b.a. ¥ +B.a ) 3.14a)
' ’ a. v .a. = a, v + Db.a. : .
.o 3s 370 Te T3 e ] ( ‘,é)
{ . - :
. : i X .
which on simplification yields )
. ’ ) B ’,\) ) 5 ; <7 o .
- * - d ‘a' -‘ z b a| ] < 8 . e
‘ g w3 e T B P3%. e e T
‘ -V T g Bar - d.ar. - 1348 ©
) ’ e;j Js J Js. L A I T '




\ vV being determined, the unknown comngtants ncjm/ban
then be evaluated from Eg. (3.11). The require amplitudes
: A I ..
. emn'ern'emf and‘ erf of the end momenFe_and react pne in

. Figure 3.3(b), which form part of the penel stiffnes;\hatrix,'

’

can thus be'calculated £ ron Eq {3.2). The displacements and A, 2
ﬂ‘stresses at any deSLred location on- the deck can also be . ’

determlned from Egs. (3.1) and (3 3),, respegflvely .

3
s - A - t

3

3.3.2 Unit Sinusoidal Deflection at an Edge )
) . .o : .

)

- Co With the edge::y =;§ subjected to a unit sinusoid-
‘ al defiection w = '1 sin mx, as shoWn in Flgure 3.3(c), the

late problem can be solved u51ng the follow1ng boundary

condltlons. : ‘\\\“ ‘ ’
1 ) . { . .-‘
At’the ed e y o=k o
' T g y 2 R ) a 2 LY @ .
’ \ P 4 - ;v . - R ' i v ‘ )
“ ‘w = 1 sin fix ‘ “ .. - (3.15a)
d. =0 R . .7 43.15Db)
- v o= 0. o ‘ (3.15¢)
. o™ o o spa -t - (3.15a)
N » .. ay ' ) e . -
. I | _—
at’ the edge y =+3 co ‘ :
- . .".L..} * w ) = d ‘l. . “~ (3.'1-58)
L7 . u = o - . © (3.15%)
) vV = "0 and ” L Bs9)
e e e e QW =00 0 . - A3. 3‘5"’
) SRy o o . \ .
. ~ R : e VT




L

_— e The unknown constants ij' are given by .- -

RN T (- S VR ¢ 3 7 (3.16) "-

. -1 ' - . A -
wWhere [A] is the same matrix as obtained in the -

: 2
. and thé matrix {F} contains all zero elements except for

<. case of unit'rotaﬁion with no deflection at the edge y =2

N

__ . - » 'D,'
-~ ' . . .J e « '
Therefore o ) : . . .
- ‘ | L .
ri ) [ ¢ .
- ‘
; C. = a, '
. jm J1 .
- I . . R , . '
: : (3=1, ... 8) "« (3.17) :
. - L. . 5. : )
; . ‘ . . ° )
it = ty I -

- Y

- .
. g M 1

S Determining!gcjm,'the fixed end moments and reactions | :

. . . .
j § s ’ . A .

. . 4 . , - 4
/ as well as the displacements and stresses at any point, can .

|
K [ . ‘
| , . P . . Yo ‘
| . -8 . .’ ‘ . ’ ( - 1
# . be evaluacee The values of . 6,6 . ,8 . and .8 ¢ determif- o
‘ - ed from this analysis provide the remaining part of the stiff- - -
. . ’ . ( N E

ness matrix. : :

- . ) . . . . ‘,' . - "

’ The stiffness, matrix,, Sr,"is then ccnstructed in

s terms of amplltudes of forces as follows u51ng the new sign

. s

conyventions and 1ndex1ng requence,as depicted 1n Flgure 3. 4
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3.4 FLOOR BEAM STIFFNESS

[N
¢
"

- s -
i

’

i

~
; 3

structure stiffness matrix. .~ - A

-

.

In. the previous development of- the ‘panel stiffriess

—
i/ assuming that it possesses both the flextural and- torsional

-

l.
|
|

calculating the yertj,cal flexibility of the beams .
~ ) t . . . “ ' ‘

o ‘ The vertical stlffness of lthe simply supported floor -’

point due to bend:.ng, 6b’ is gn.ven by .

& - - 3

K

P ‘{c‘ by =R SIS - | ﬁ 7 . F gin ax o

“

web cutouts for, the pasSage of the ribs,, wh:.ch is ,éa common

-+ the beam may not be negllgz.ble and should be considered in

.W:

o " beams can be computed by exam.tn:.ng ‘again the smuso:.dal

7 "load, F = F' sin mx, on the beam, the deflection at any

-

ed. However, the interaction.of the flexible floor beams -has
o _ L, T
to be taken into account, in order to generate the overall

" The flexibility effects ¢f the beams can be computed
] stiffneés. In. the case of floor beams with shorter spahs' and

‘fabrlcatlon pract:.ce in North Amerlca, the shear def]Ject:Lon in,

i

affinity between, the load and deflection. For.a sinusoidal )

. matrix, Sy only the stiffened’ plai:e action has been consider-~, _

-




r : - : ' .
D s i R . H . . 4
Sy . . . .

.;’ib

h ] . \"‘ ? - » » © X ’ ) » 3 )
W where - EIb = flextural rigidity of the beam, is assumed -
. . N : : Y . . . .
e . uniform. T o e e . ;
. ( | T . . - | y
. v . . - . L' . ) . - ) . . '/~ .
-~ .. .. The deflection due to shear, 657 is .given as- i K
. . C e R . ‘ el ﬂ«'

o - s = —r Sainmx (3.20) L

e , i, m4 GAW . .
-— N ¢
. ’ . ’ . * . . o0
. P ,

in-which . GA ~ .represents the'effective shear frigidity of C

. -

. the beam. . ' ' '

| . . “The total defleétionzdl of the beam is then -

. .

r , . . '

S - M2 GA + W' EI, / R }
.ot § = Gs'+ §, ® ——— , P sif mx o 3 21) o
i

o T b W2 GAW . iﬁ” ‘EI /.3

! v

-3

The vertlcal stlffness or the sprlng constant of D -

!
the beam KS,,becomes equal to - L oo |
. ‘ . A . —2 - -_~ . ) * P . '
: load m GA, . W EIb ' S nos : -
'Ky = Feflection.” 7 o . ' 3.2z -
) o Tomt GA b omt EIb S .
- ; ’ . o . N
- . ' : . . . .
' . In the case where shear deéflection is neglected, o

“ig given-‘as . _ ' T L -,

' N ‘ b - N ‘ ) E
é t‘r .
/
...+ . If thé sSamduly .
’ . L N 5 ~.- s f'u:
rotation, ¢ = &' sin mx, the dlstrlbuted torque on the beam,

My , coﬁsideg%nguod@y thp effect of pure torsion, bedomes

:




S , L . - .
" sinusoidal vertical 1q§d and torsional mament of amplitudes.

= . v

- . -

m, = - 61, :24’ ;=T G ¢ sin ko (3.24)
| here éJb = the ‘t;rsic;na;ll riéid;t%'iq'f t:e floorbeam X - ‘\
\ "' RS%B%ieaa%‘stiffness of the floor ‘beam, Ly is .‘, ’ u.
then | . ; ' ) - g ' it
- " ¥t=;3-,1:———=éf:-5-5 - M GJy - | B - (3.25)
‘ \Téére£ore, if'a simp}y suppor;eé“beam is subjedteéAa g

to a sinusoidally varying deflection and rotation, the
\‘ L]

’

‘ ’

F. and m_ " are given. as

n - t P . \ R - ,
4 P T ” . ’ : *;ﬁ
. X §
Fol o 0 18
v iﬁ-z GA . X_!i. . EI s r "o .‘ °
: = — Bl (328
— -~ el ul
t 0 . TOm GJB‘fLQ . :
- t . . :
. g SO
' ) . .. @ -~ b ’l /-.1 _"‘ J
3.5  EZXED_END ACTIONS DUE TO LOAD ~ - S /f St
s ’ ' \’ ' ’ !.
. : - R S P o
Express;ng the applzed load on the particular , of L
panel into Fourier sine series, the plate proﬁlem with the ) i g:ﬁ
. ! e { s
\: “:m;‘
'edges y-= % ‘7 - as flxed, can be solved, gpply;ﬁg the . T
b I SR
" conditions of contxnulty at the junctions of ;koaded and T &kyfg
unloaded Stnlps, as indicated -in Chapter 2yt énd using the’ }“"' ij‘ﬁé
. 4 v, S O : ‘l" "";:f’“
, i
v \‘ Y ‘[‘ :“;
. i



o | . © can be con81dereé\as loads dlstributed on relatlvely small

f?é" “‘ " arqas ~/1f the loading width ln the. Ly- direction ?c ;ls ' ‘ h'
i:! - not symmetrical about the x—axls of thé(panel the: solutlon A
§g§. ] ’l for each comp9nent loadlng\{equlres 24 sxmultaneous linear )
iﬁi F « equatlons to solve for 24 unﬁ\bwn constahts for the dlsplace-
§§\ ‘. 11 ment’ functlons. Thus, the size of the input matrlx, contaln—
gg?. o . ing the values bfvh%e coeff1c1ents a55001ated with these‘ '

;g' - constants becbnes 24 R 4 .»Thff,¥§ a rather large matrix ,

§§ ‘ vhiéh;’hewever,,can be teduced'to,thg size of 12 x 12 by ' v

éb% ' kgeplacing the .dpplied loading into a pair of.sxmmetrical and,

=

? . e - ¢
L A -

. antisymmettieal loadings with -respect to the x-axis, &s

Wi
e Sy

S Al

3
%330 - shown'in Figure 3.5. When the solutionsﬁ@or the four substitut*
fg, ed loadlng cases are superposed the actual rfesults for ‘the
u . N s
§i~ partlcular loadlng component. lS obtalned for the pl%Fe. The
1.
3.

P & 4

2
Boen

i flxed end moment% and the reactxons are thus known as well as

Ty, . . r .
B rﬂ - oy s ‘Al 5 : i

LG

‘ft’

%ie : »xany geS}red dlsplacement and stresses~1n the plate. , <.
‘"’,Ih " » . . 4 \ . . N " . s

3‘” /A : - : . .o

v . $ i : .
i 3.6 - SOLUTION BY STIFFNESS METHOD ey “

; . v y - R R - h A - )

I b - / o ) " N
' After establlshlng'the panel°st1ffne§s matrlx andr

i
»
\

' fixed end actlons dde to the applied 10ad1ng on the panels e

o tﬂe stlffness method.canjbe readlly applied to solye the v
. " Lo IR / . PN N ,' _/! ‘ . i ) .
R , 2. r' s . B . e \ s Lo

s

| 2 o

i .

| S
i

B
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FIG *3 5 BREAKDOWN ‘oF ‘A LOADING INTO. A PAIR -
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s entire sﬁruotufe: The technique of such a computerized approach
. \ ) . ‘ B ‘ . .
i can be’ found in References ‘(55) and (56). . . 7

— - . . J ’ , . .. ‘
" 5 . T . - e . S &,

- . ;
| ‘ ‘ ~

~ .

‘] A

. . The overall stiffness matrix, S, for a bridge struc- =~

ture with n numbers of floor beams~w1ll be 2n x 2n, and can VR

’\‘\\\f " be assembled followxng the arblgkary numberlng 1ndex, as~ . T ;
| ‘ indicated in Flgure 3.4. The terms 'in the,leadlng dlagomal g

w o offthe matri&_ﬁ, will also contaln the values representlng the .

v 7 i . '

g stlffness of the’ fldor beam in- proper sequence. If the.

35’,:" . fixedfend—actlohs dye to the applied loading‘are designateg' . .

,
Y, ; - , ’ -
A . e & .. ~ -

by the matrix {A_}| assembled in actordance with .the numbering _

system, as depiotedqin Figure 3.4, the matrix {Dj}'containinq ‘ ‘
, B r : . s /

4

tﬁe‘unknown iisplaoemente.at'floog beam suppo¥ts, is giyen by E s

¢ P ‘ . , . . ' i
g , . , I

. ’ ‘ _1 . . e . ..
S pgd =817 a) | JRCIEL I

A Y

PO 2 y o \ . ) ‘
¥ - The unknown dlsplaceménts at each support belng ~ ,Hu

, ' : . ¥ ,
9. "determlmed the final deflectlon at any point’ c n be evaluated

T v, . : s
X\é from the follow1ng relaxlon. o . : . '
4 . % . L <
N B At ARt et - €3.29) - -
t' K?'b‘ y o . I o il C 7 = L ; .
' . where |w- is the final deflectlon wf is the deflec- :,

tlon due to the load actlng on the flxed—end panel “Lw J 1s
& ,oge

o T the Tow vector caﬂtalnlng the . deflectlons'due to the unit e @

car 2w dlsplacements computed_preVLQusly, and {D } is’ the dLSplace~'- " o7,

. \ - -
e ments of the -floor. beams correspondlng to the degrees of , . e




freédqm at the ends of the panel—undef consideration. All

. deflections. referred to are computed at the same location .
o : - .

- :\ .on the deck.

.- iIn the same. manner, the stresses at any' particular

g, . . : . . LR N »

/ ‘ " point can be ‘evaluated from}gge similar relationship.
TN ~ . 0 = og + L‘osJ {o} . S B30 :
- ' . ’ Ir N ‘ ‘ ’ . i i v b -' . .
/.1$\H where 07 O¢ and oé . are all re¢ferred to- any -of the stresses £
* N . . ,.‘ . . . . '
: - ' B - iy ——— . - 4
R IR
"f\ * It shauld- be‘noted that for each loading component
) : v ‘
N /b the serles, there is a new ‘matrix [S] and in each case, *

5t 9 P
-« the dlsplacements Qjﬁ are to be evaluated fromﬁEq. (3.28)-.

'
~ N ¥

Therefore,'for the final'solutiéh o the values of deflection"

S ©

[ S v

and stresses obtalned from each component of the series are

.

,
d -

t . - to be added S&gebralcally

" . “ ~ ‘.
e . - . :

b . 2 ‘ . . ' e ¢
. 3.7 PRACTICAL&CONgiPERATIONS N ) ) . .

s - . - * s « - . -~ s B
! . SN ) . . )

e ‘f Although the me od analySLS resented 1s capabIev
;o p

$

| o Df evaluatlng the deflection and stresses‘at any - deslned
. P ® 'Y A -

_ - ; locatlon of the deck, for. deslgn purpose, howe%er, 0n1Y

» . ’ .

) the maximum stnesses in the‘deck plate and:tgs rlbe ane of ,
i pract%cal‘im oftance‘and use. These occur at the mx&span of

.f: the rib bétw en floor bean S\;hICh correspond to the max;mum -
et p031t1ve mom nt and/at ] rib support corresponding to‘then” ﬁ\\
Lo P , . , RV

-
v




P o ’ ’ o -~ \l‘ /"‘"}.""' $\‘7( | ’
/ —_— stresg‘agj the m:.ddle of the rib~ span 1s produced when the load..\'

1s placed at the s ame - 1ocat10n, and the max:Lmum stress at the
. 4 ' support occurs when the load actsat a partlcular distance on
. - | ' S

either side of the support under consideration. For design
Y ] :

purposes, this distance can be taken as' that given in

Referencés (6) and (7). Again, the maximum deflection of the

“rib will occur at the middle of the rib spar when the load is-

»

pdaced at the mldspan. Therefore, it 1s suffrcrent to consider

only these two sectlons, namely, .the mlddle of the rlb span
and the rib support to evaluate “the: maxrmum stresses and

deflectlon fo; a particular mov:rngWheel load

~—
0

The actual bridge structure'consists of a large'number

-

v

-of floor:;bea:ms and as 'sucl:i, it wguld be 1mpract1cal tao con51der

w

all of these ‘in the ~analysis. . The contlnulty effegt can be
» }!? ~

adequately taken into account, if only a number of/panels, at

‘t

least four, are consrdered on e:.ther side ‘Of the sectlon belng

investigated. The effect of a load actJ.ng on a remote panel
I . .v ~

ks negligible at the set:ti«on under conﬁsideration.v, °

2

: I

3.8, COMPUTER ‘PROGRAM ' . . *

. '
o b P .

' g T LR 0 F o .
Lo o © A computer program was developed inq»rp‘orating the g,

& O

proposed method to readlly analyze an orthotroplc bridge deck..

» . ~

N ‘I‘he program was wrltten in FORTRAN and ryp on CDC 6600. o
o :‘!‘ 4 - N L vt g . k o ’I
£ ’
L. For the sake of brevity, the ess ntial feature of

. ) : A
the ent:.re program is only presented ) F gure 3.§-_, "Ithe' \;r -, f i




{

.Main Program

© N ] . [

Controls the entire program. All necessary

data are rEad

™

. 4
1 c

Determines the roots of polynomial and the
coefficients, .K
‘used ‘once only -

Subroutine #1

Cim and le.

Required to be

-

3

Generates the elements of [Ce] for evaluatlon

Subroutine $2

-

of dlsplacement functions and their deriva-

tives at a given value of Y

,
-

¢

.

Subrout J.ne #3

%

Calculates the fixed end actions due to the
applied loading as.well as the stresses and

Yeflections

$

»

Subroutlne #4

I .

B

Genefates the - panel stlffness matrlx, SRr

[

and ‘the deflections and stresses due to unlg
dlsplacements .

4 N » il

-

.

’

‘ ‘ 'Subroutine #5 §

Assembles overall structure stiffness matrlx,

s, and evaluates D
resulting stresses

gnd def

Calculates the
lections

@

. ~ 14

Al

\ .

\s»

o

Output

Summed values of the stresséS\and deflectzon
are prlnted out as flnal solutions :

?

<

‘.




hol

{ 14

! ~ R
Py LR
L SN

S

-

e

~ -

T G

LR
.
v

"y

. SJISZIS$13HJ

ot

~R- are also determined.

of [C ] for the evaluatlca of dlsplacement functions and. T \\'f
thelr derlvatlves at a’ given value of Y. .Subrcutlne 3 *"j, . \i
lcalculatesfthe flxed end actlons correspondlng to a component !
loadz{.’ng -of the series and evaluates the desired stresses and o e \

»panel stx!fness

.
.

requlred input data lncludes«the structural dimensions of

N

the plate and rlbs, elastlc constarnts, loadlngs and also th

structural characteristics of the floor beams (values of \(

A, Iy and Jb).

be :considered for a satlsfactory account of the contlnulty b

Fi

Effect is also needad.

. 77
- , .

Subreutine 1 determlnes tﬁe roots of the elghth order
l(‘ <
polynomial and allocates the values of necessary parameters

& 4 )

o and 'B. 'Using them;-the values‘of ki and

~ Subroutiné'é genératéthhe elements .

-

displacements. .

. Ve
M « o , N

¥

s i
3

.
’

. @
. Subroutlne 4 .determines the elements of-a typlcal

. . o . H ol

.

matrix, as well as the deflectlon and stresses ST

.

Subroutlne 5 assembles the

due to, the ﬁnlt dlsplacements.

overall structure stiffnessﬁmatrix and gives the unknown

displacements at Supportsf It also ev&luates the resultlng o

' stresses and def ctlons co;respondlng to a partlcular

-

The ,program prints out some.important data .

component'loadlng.

;n tha stages bf computatlon, in addltion ‘to the final values . “‘1

’e

of the deflectlon and stresses at- the desired locatlons pn

Iy

the deck. ‘ . \ ’

Ce:
@

/

SN




CHAP‘I!ER 4 -

. . APPLICATION OF THE PROROSED METHOD ° .- " . ' .
§ . AND COMPARISON WITH PELIKAN-ESSLINGER _
Lo . I : W ' i C R

7o ‘

4,1 INTRODUCTION - , 1
: . A . '

In thls Chapter, the’ pneposed method and. the design
- .ot

,: ‘ met¥§d of Pellkan-Essllnger are both applied to iolve oo

3.

.

a2, .

; several hypothetlcal decks of various groportlons. At

o l first, as an example,“a deck str cture stlffened w1th Open-

"
N - -

rlbs 1s selected to demonstrate the appllcatlon of the pro— e

S .

1

. o posed method follow1ng whlch the two sets of theoretlcal N

- résults ‘from the analyses of several decks,.stlffened by .

’ e e

both open and closed rlbs, are prese ted and compared

’ v » -,

’ ) A C e S, , ‘ - -
- « . , K -
) " ) Fo;ythe.shape of stlffener , f£ilat sectlons .and the 9 T
'»i' :‘ commerC1 1ly available - sectlons are cons1dered,lrespec- : o |
d: o ltioek; a the open type and the closed type. Toe ;eadiiy . at
. ' ©. . avaflabl sectlonal prbpertles of ‘the ¢losed rlbs 37 helped . -
) : ' to reduce the.copputatlonal'work and Was malnly the reason B 1
}, i ""a ] "", . : ;o S
| s For Smellciﬁy, a 51ng1e}yhee1 load is assumed toz ] .
‘, oo act at he mlds an of a rlbgOf a typlcal decw ‘under consld- | -
Wi ‘ ‘to have a’ favou;able comparlson w1th;
‘; cee ‘ he fleX1b111ty of the floor’
N R ogal deformatlons are both neg-

R s lec ed«un the proposed ref“ned analys;s.'{
bel ’ i fAf. ,

K [
. s - .
.

;41

- IRy b N T

i
-4 [
..
3 , P " \';/ 4
§ o - .
<
N 1 ‘




o~

“

4.2 EXAMPLE BRIDGE. DECK

-'..
\

o
v

The. solutions from, the proposed method are readil§““

obtained using the computer program as developed. For the.

application of thé design method of Pelikan-Esslinger, the’

‘design charts and procedures as given in References (6=7)
- are used to analyse decks stiffened by open ribs. However,

for decks égving closed ribs, a computer program incorporat-

1ng the design method is used. The prbgram, written in

Fortran, is developed primarily, to use it in the,theoretical

analy51s of ‘the model brldge deck undertakeh in thé experi- .

mental program. Whlthqyt the convenlent use of sﬁch a’

B

program, it would have been dlfflcult and 1abor10us to use

-

the desagn method - approprlately, because of- the geometric ??

1un1tatlons 1mposed upon the model.

'\ N . . *I
Athypothetlcal brldge structure as shown 1n Flgure

g:. 1
4 1 1s selected to démonstrate the~ appllcatlon of. the pro—

“‘;—\r

posed method " The deck plate is -4 ln. thlck, stlffened by

-

longltudlnal open ribs of size 8 in. x % in, thick which’

z

are spaced 12 in. centres.‘ The floor heams are located at
PR 3 =

cevery 6 ft. centre and a¥te arbltrarlly assumed of - havlng

moment of 1nertia I = 200. 0 in*. . The flexibility’ﬁ?“the

b

' beams due to shear deflectlon is ignored 1n/thls particular,

t f

example in order to have a fayourable comparlson with the

, e

results from Pellkan-Essllnger § method.

. x
I /) ¢ - . N
p” , .o ) . . jor
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3

& ..

|

¢

a

taey are assumed to provide only the‘simple supports to the

deck:

A single load of 20 kips, distributed on an area of

.24 iq. x 16 in. is placed symmetrlcally on the central panel

»

of.the seven—Span contlnuous deck structure, as shown 1n

Figure 4.1;

5

\
i " From the computer solutlon, the roots of the poly-.

nomial are ‘determined as

‘ S1 =

o Sz, =
83 ‘=.

: and :

- ' Sy =

‘& . ", . )
*-»which gives ./
o =

. and . .
o ] B

» ', . The coefficients Ky

~ 'kl =
= e
£ K, =
Ky =
r
. and ) \
T Kai =
~ 4
) - Rl -
a
i
- / ./‘: Ré&\'—
R =
, s
o ' R3- =
’ . ¥ 1
ot ,
Lo .

»
-

&

1.23665

0.75836

0.14384

0.14384

v .

-

. 70:14384

0.132531

11.75583'

e

cpmpu@ér‘solutions.

.

”

+

°

N

v
4

0.13252i
0.13252i

m
2. 57240 m .
0.00703 -

© 0.00015 m o
6.80271 M .
4.16811 -,
0.03935 .ﬁ"
0)03881 ‘@ :

m and,gjm

o

AR

i

are then‘evaluatedbae’

!

N A

With tpe completed data on structural character

\

»
"
o
*
! i
4
3
~
_ L
@ s .t
-
- o #
‘\..',
[ R

L.

the deslreﬁ stresses and deflections are obtalned from the’

These valqes correspondlng to the, two ~

istlcs,

"

(%)

ar




. ) < ; g , ) s ¢
locations, A and B, on the deck, Figure g1, represent the’
maximum stresses and deflections 'of “the deck for the given .
loading, and are shown in Table\4.l. The satisfactory con-

vergence in stresses, assumed wHen the- stress change is less
. . . . N /

than 0.1 ksi, was obtained at cycie m = 25, Tﬁe convergence g e
in deflection is very rapid and, after only a few cycles,

the change becomes negligible.  The values of elastic con-

starits, E and j-.are taken as equal to 29 x 10? and 0.3 - 8 )
respectively. . R ' ‘ o !

The results from the'proposeJ analysis are shown in .

'Tableﬂ4.l. A second run with assumed torsxonal constant

1]

"X
Jb' of the floor beam is l 0 in"* ' produced hardly any change
in results, 1nd1cat1ng that tor51onal rlgldlty of open type .

floor beams/has small 1nflue?ce. The results obtained from o 1.
3 b Y - ,
the—éesxgn—ﬁﬁthod of Pellkan—Essllnger are also shown in o o

-‘

"Table 4.1 to. c0mpare them with those from the proposed

method It is seen ;hat the longitudinal- stresses at the

bottom of the r1b at both locatlons A and B, and those at}{
~ top of the deck plate at locatlon B are in good agreement.

s

However, those at top of. ‘the deck plate at- locatlon A show A

.

N R

some dlfference. . . .
1 . 3
v g - . . -0 e

) & N ’ '. .

“4.3 DECK STIFFENED BY OPEN RIBS

N . — ’ . ’ . fos ’ ;‘i; . ' ’ ‘ ¢
The general arrahgement“of the decks under -con- ;

1

)sideration is shown 1n Fiqgure 4.2, whick L% 51m11ar to the

onejprevioqsly.chdsen as an example bridge deck. The S
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o - dimen51ons t and b as well as the rib size and rlb span\are v
varied. Table 4.2 contalns gpe dlmen81ons of decks wﬁxch o

. . are also numbered for an‘easx%reference to a_particular' -

PR

. ‘ B s
deck structure. 1 - : - S

A‘single wheel load pf*zc‘kips, distributed‘sn fn
: .,-':'-f area of .24 in. x 16 in.}'is,assumed to act at ﬁidspan'gf
‘ ~
~ the central rib of the seven span contlnuous deck structure,

_ as 1nd1cated in"Figure 4. 2. The.floor beams ;§e assumed- to

~
I4 ¢ LN - ¢

‘ have moment of inertia of 200.0’}n“ . The proposed method

and Pelikan—Eselihger's method are both applied to solve'

| these decks ;nd the results are Qreeepted in Figures 443 ~ o

- 4.14. As%the,maximum gtresses are of concern'to\th de- N
'81gners, those correspondiné to the locatlons A and B,__f

l

Figure 4.2, are evaluated only. They are presented in

/
/

.Figures 4.3 - 4 8, whxdh show the varjiation of stress at
top and bottom of the loaded rib with the change in the rib

+ span. For the rib si e, 8 in. x % in. the maximum rIR\span

< s .

~ . is 1ncreased up to 12 ft.’ 7 ’ - :

* .
* f A H \
[ N .

‘ ébneldered is 10 ft, whereas for larger rlb sizes,. the‘eian ' : f{

¢ =il

P&guree 4.3 4:4.6 show the stresees,at bottom of the -
- rib at. both’ locatlons A and B. An examxnatzon OF the ‘plots A Bﬁffﬁ

o shows that in general there is a good agreement between tpe N

,;',two sets of results. e &eeibn method lniicates higher g;p




| ' s, . e 4 ) -

. ' | C TABLE 4.2 - ' ..
A , T
T . . . DIMENSIONS OF HYPOTHETICAL DECKS WITH OPEN RIBS ___ -~ .«
‘ - - \ ; . ’ . . ,
J Deck - Rib size - K b i
) . | Deck | plate d x t Sgacn'.gg Rib span % .
No. | thickness .. F ot Tibs in feet \ ?
t, in inch| in inch b, in ]
- . ) inch. , -
‘ I 3/8 8 x 1/2 12 4-100 1y
. ‘ , ) .
S 1/2 8 x 1/2 12 4 ~ 10 _

5/8 - 8 x 1/2 — 12° . 4 -10 ' ‘

3/4 87 172 12 4-1 - . .

T R R)

3/8 X 83 x 9/16 12 6 - 12

. 6 3/4 | 8ixo9/16 | 12 |. 6 -12 ‘ :

, 3/8 9% x %/8' | 12 6 -12 o
S . ' . . ' ' e
_ . 8 ©3/4 8 %' 1/2 15 . 4 - 10 , L
‘ - 19 3/8 8 x 1/2 w0/ 4 -0 | .
. ! " ‘ -

. . 10 3/4 . | 8% x 9/16
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-~ i increasingly conservative with high 2 estimate of the max i~

T mum~ rib 'stresses. For the range corrs.;i.dered th&”strehsses‘
. /obtalned from the design method are generally about 6% to
30% higher, depending upon the deck proportlons. Such in-
creasjing dev:.ations with longer spans are not "howevér un-
N expected and can be attrlbuted to the fact th%.t the design

vmethod ignores’ the contlnulty of the deck in the x-dlrectlon. : ‘

. ‘ ;  In this procedure, the rib with a certaJ.n portlon of the deck‘ . g

plate 1s assumed to-act as an J.ndependent beam. " e

i

v ' ‘ b,
Regardmg the longJ.tud.lnal stress, y' ‘at top of .

+the deck plate , those a;t mldspan of the loaded rib, i.e. at ; N

,locatlon B, show a good agreement, as seen from Figures 4.7a

’

and 4.8a. Depend)m;g dn the deck plate thickness, the re- -

. !
-° . sults from the des:.gn method a.re either slightly hlgher or . {\ r
lower than tl'@e from the proposed method hlgher values

., are belng for relat’:rvely thin ,deck plates. It is-alsq /ob-‘ K
<ol B '?A'K ’ .2 ’ i L .‘, ' -
+. Served that the two sets of resu}@‘are usualiy close for P ’

]
v ! ? -

r- . . Y ©

all rib sizes and spans, _unllke those at bottom of the rlb. ‘ :

- v . e .
- . L] N .

The - longrtudmal deck plate stress at locat:l.on A

as determmed from t}xe two methods, Wlfferences '

f . PN
- — L.

* as seenfrom Figures 4.7p &nd 4. 8b. Both methods, however, R

indicate low values ‘pf stresses, with results from leellkan-s ! . Y

Essl:.nger 8 method being higher 1n magnitude.

o e————

‘. R

\ ‘,. R - o

In order to. fmd. the d:.str:ibﬂtion of ongit
] \‘ YR

stresses across ?zhe width of deck, Figures 4 ~9 and 4,

oo *+

’ Iq"“, v
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plotted with stresses at top and bottom of ‘the ribs located
on either side of the loaded central rib. . It is clearly . . °

seen that the.longitudinal stress decreases rapidly with the s

increase in transverse distance, indicating that tlie !

"directly loaded rib carries a major part of the load ahd - -

that the load distribution in the lateral direction is' re- :

stricted only to a ‘small part ‘of the deck.

L T A s
. - ~
P . v

The effect of tﬁe deck width, a, on t;he_ stresses of
the ceotrally’ :/l).o,aded rilo oxf in its: load carrying capacity is B
a;Lso ‘examined by c'omparing' t,:he\ stressee‘ when the deck width -
"is increased to 15 £t. ‘from, 10 ft, keeping the floor beam
flexibilitir constant. This is done by‘six‘nply increasing the

moment of inertia_of the floor beams ta 1012.0 in*. in pro- ° N

/ o

portlon to the- fourth power of the rat:.o of the spans. The
results, entere&;,,:.n Table 4.3 for two rib sizes, indicdte

that there is no significint .change in the stresses obtained

“

by the proposed method. This can be explamed by observmg '

that the stlffness of the deck in the transverse or the .

x-dxrectxon, wha.ch depends upon the plate thlckness, is very -- v ”'{

small compared with that in the longitudinal or the - b

Y-direct.lon. / Therefore, the width of deck: has snall in-

' £1luence upon’: e load transfer in. the transvers. directiom‘," S, T

ey, P
LI
,, - . . o . coLe B

-

LI . - M NT
In order to check further the above conclusion, i‘.he

rib next to the central rib is loaded at midspan with idem

tical loading for the decks marked J. nnd 6. 'l‘he maximm
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. : little change to those obtained fof\the central rib when
\ ¥

\ it is,loaded. This confirms the above conclusion, and more
' . ‘ important, it validates the assumption of the desjgn mekhod
to a certain degree,. where the load distribution among'the
{ . . o

Yo * ribs is indepéhdent of the width of the deck as long as

P - >
-
< ?

. - there are sufficient numbér of ribs on either side of the ° ,
9(}? ) ' ’

" loaded area. - o AP

' . - N :

1

* To f£ind the effect of £loor beam f£lexibility on the -

stresses, Figures 4.11 and 4.12 are plotted using different

v

values of the relative rigidity ratlo of the rib to the floor
.w}

beam as ,defined in Refefénces (6- 7) It is seen that the two

v

sets of curves for stresses gy at toP of the deck plate at

B are' in good agreement for all values of Y. However, those

.

at A show closer agreement only Wlth stlffer £ loor beams .
(smaller 'y) and show relatively longer differences with in=-. \\

creasing Y. Observing more or less a constant difference

’

between the stresses at bottom of the rib for all values of Y

.
° 1

it may be concluged‘that the procedure outlined in Refer-

~

ences (6-7) for computation of floor beam flexibility for L

. . . : p

'Pelikan—Esslinger's method is satisfactory conqeﬁying the-

. xib stresses and the deck plate stress atlmldspan of the rib. . % .

i

- . e

‘The deflectlons of -the r1b determlned at 1ocat10ns s

T

A and B by the proposed'method are shown in Flgures 4 13 and

‘4.14. From ‘the natute of the curves, 1t is seen that they// *“

are™got directly prOportlonal to the span of the rgb
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- " 4.4 DECKS STIFFENED WITH CLOSED RIBS

Ve . . . _ . . = ’
L4

( " The general arrangement of the decks stlffened by"

@~ Ty

- closed ribs 1s shown ;n Flgure 4.15. The types of the closed

I
-u ~&

— | rib are choseﬁtarb;trarlly from the commercxall§ available -

s Sectlon as llsted in Reference (57) . The rlb SLZes “the }

DN
° N .

. centre té centre spac1ngs and sp he deck plate

'

thickness are varied. Table 4.4 contaig“the. imensions of

v - ~

"f"”.
I

“these decks;todethep with- their designations. -
= . o S . b . s

- All decks are assumed agair to consist of seven

P

panels and are subjected to a single wheel load of 20 kigs -+~ -
at middle of the.central rib, as indicated in Figure 4.15.

The floor beams {ave moment of inertia being equaf to_

»

200.0 in* . | » ' ST )

M :

»
o Two seﬂs of values of stresses at top and bottom of
. .-.n‘»-\“ ! "“\ .

‘the loaded Ilb at locations A ‘and B are presented 1n Flgures e

4, 16'- 4 21. The stresses at' bottom pf :he r1b obtaxned ‘ ol

[y ". L) , +

se direction
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\ - TABLE 4.4 ” Y ‘
Y . " ’ Y — - SR
/A . R DIMENSIONS OF HYPOTHETICAL DECKS WITH CLOSED RIBS _ !
: I - . ' o
L : . 2 ‘ N e
- Deck Deck : s ‘ s Cle L
; . iden-, |plate Rib partiiculars ~ - K .
‘ | - tifi- | thick- ] Rib span ,f//k
; cation xgesg -d Xt ‘ b | Designa-| Lin feet
NN No. i{mf{n - in.inch in inch tion*l
. RN N ¢ -l r, -
‘ 1C 3/8 - 8 x 5/16 24 . 85 7-15 -
¢ - \
v . 2C 5/8 8 x 5/16 24 85 7~15"
- 3C. 3/8 11 x 5/16 24 115 . 7-15 4
o ot \ . = . ' ) ,
| 4c 3/8° 10 x 5/16 24 105 7-15 -
‘ { sc 1/2, - |10 x 5/16 | 24 105 7-15 /
B B 1-Y 1/2 10 x 5/16 | 22 105 - |TT7RIS
Ry " 10 1/2 10 x 5/16 28 1105 7-15 ,
RN - o 3/4 - | 10 x 5/16 2¢ . | 105 7-15 .| ‘
‘_' _ \\ B .. * Designation in accordance with Reference 57 ’ :
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’

deck, which depends upon the effective. torsional rigidity, ’

\

increases with the increase in the rib sp&n. In other words,

st

> “ e . N
the directly loaded rib carties lesser load with the in-

crease in its span.”’ . )

~ |

The longitudinal stresses at-top of the piate:are

shown in Figures 4.19 - 4.21, and they indicate more or less

“the similar findings .as in the case of open ribs. Better
- , : s
agreement between two sets of results igﬁgbserved at loca-

tion B, compared with that at location A. o

@ 2

The distribution of longitudinal stresses across
the width of deck at*section B is shown in .Figures 4.22 and

4.23. It is.seen that the stress,decreases rapidly from a

.

peak value at the load position with the increabe of the
; ;

transverse distance from the loaded rib. The effective

fa

participation of the deck in darrying the load increases with

. the increase in.rib span, but still is restricted to a smaller

'
+

part of the deck width which is, however, greater than that '

in the case of open ribs.*: .

.

1

The deflections of the deck at locations A and B

" are shown in Figures 4.24 and 4.2%, which indicate éhat'the"

H

' deflection-curves,flatgen somewhat with the increase in. the

rib span. In other words, the rate of increase of the de- !
\ .

flection quickly reduces with larger spans.

LN
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4.5 CONCLUSIONS . . o

i K -
The presentation and discussion of the results &

lead to the following conclusions, = . - L.

- -

1. The proposed analytical method can be uged to

determine adequately the stresses and deflectiqns of the

, ' ' deck. ’

-~
. f
- '

|
2. The design method of Pelikan—Esslinger provides , %
satlsfactory estimate of the magnitude of stresses 1n the -

depk. The results are usually h1gher and thus, can be -

| o
\
\

ey

used for a safe desrgn of a deck structure. 5
o . 3. Pelikan-Esslinger's method.becomesmincreasingly o

S

o
N

. . 4. The closed ribs can span a 1on§er dié;ance with-
. t%~ ‘ : . ' '\
L out significantly increasing the maximum or critical
stresses obtained with commonly used spen lengths. o
1 , s {

. . 5. The width of der has insignificant effect on, Eﬁe :,1 R

stresses in the ribs locate near the centre of the deck, pro*’

L] ' ' ' ‘

vided that the flexibility bf the floor beams remain conﬁtant : i‘f

. and, that there are sufficient number of ribs on either sidel

.

=l

N " of the loaded rib.- : ' ' SR

6. The effectxve parthipation of the deck in trans-:”'

B o

)

ooy
s e e

‘yerse direction 1n canrying 1oad i& :estricted to aeamall

-
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- width of the deck.

idth of the

ilve Wl

the effect

However,

'

larger for decks

ively’

lat

ion’is re

irect

in transverse d

in

deck

t

with closed ribs than those having open ribs.
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F . : "' CHAPTER 5-. . -

‘ " EXPERIMENTAL PROGRAM

s 4/

[ T . . -

5.1 INTRODUCTION - , . .

L\

- [}
‘-

. = An experimental program was plannea in this research
- to examine the structural behaviour of an orfh_otroﬁic b;'c'idge
deck and to check the analytical predic;tions more meaning-~
,fully.‘ The behaviour of an orthotropic deck having open ribs

- Was investigated by Troitsky ‘and Azad °2 in an earlier study.

N ' For this ‘test program, therefore, an ’orthotropic steel bridge

. : deck model w1th closed ribs was selected The primary

‘

objectives of the’ éxperimental program were:
- ’ "

o (1) To examine t;;e stress d;stributlon and the '

. .. .elastic behav:.oéxr of the Qeck.

3
+ ans

£o An

N K .

~ . . l

(ii) To compare the test results with those predict—- .

K4

< ed by the analytieal methods, , . . ;

(iii) To check the coixv’entional method of super--
’ ' posit:.on cf stresses due to. bending of ﬁhe ortho- ) i

: . tropic deck a.nd the main girder. _ o / v

i
3 ‘ . . ' . . . < . . )
. . ¢
5 . ‘ i . ’ f N }
3 , . " ~ +
'

e It is expected that the experimental information |
L ‘.; obtaxned on t.he above items would add to the available test

RN data in this area and be useful to: check the reliahility nf

. . . o
W 7 "'4-' PR o o N Lot . »
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- . ) The expern.mental tests were’ performed on a simple’ L

span plate gz.rder bridge model with a four-panel orthotropic: &

4

A steel/bmdge deck on top. The longitudinal ribs or stlffeners
used were of box-type, with rounded bottom. The static loads T

distributed on small areas to simulate the actions of wheel
; y \

| . . loads were restricted to be within -the elastic range of t&’e ‘ {/

’ N

steel used. 07

7

po

For theoretical analysis of the model, the proposed .

]

refined analytical method and the design method of Pelikan- - -

Esslingei:' were used. This Ch'apter deEcribes in detail, the
<y

experlmental prggram, which includes the model des:.gn, fabri- .

catlon, mstrumer?tatxons and the test procedures.
- 2
e
- . . o .

5.2 MODEL SIZE AND MATERIAL - : S

+

For an experimental 1nvestlgatlon of th:n.s type, the : .

prime conmderat:.on is the pxoper . s:.ze and matern.al for’ the

model to be used. This is usually dictated by ‘the cost of - ’ woo

constructlon, the avallable 1aboratory facilities for testlng } x :

and the usefulness of the model in obtain:.ng the desired. [
,'degree of performance. -After comparing seVeral ‘alternatives

and g.erposals , it was finally decided to usé steel as the:

model material and to- restrict the size of the model to a

‘maximum of 26' - 0" in . 1ength %nd 5' - 6" 'in width." These
[ f

d:.mensions were the permj,ss:u:)].ei3 limits, taking intc consi,derq

\),é

tion the facilities and the a\railable space unﬂer the exisi:-

‘ﬂ‘\«

’1, ing testing f:ame
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~

o

The use of steel as model” materlal offered the "r
greatest leverage in claimlng the model behav:.our to be direct-
ly comparable with an actual orthotaropic steel bridge deck,
essentially due to thé\lnvolvement of the same material and

s:.mllar detalls of construction in both cases,

5.3 - MODEL DESIGN AND FABRICATION

— PR [

The model for the’l test was 24" ~ 0" long between the y

centres of the end hearings and 24' - 6" in overalls length.

Five torsion!lly stiff trapezoidal ribs with round bottom
-~ . :L

were welded at 12" centres to‘a 3/16" thick deék plate. The

-\\ =

.

width of the deck was 5' - 0% between the main@é- The \\

floor, beams, spaced 6' - 0" centres, and the girders weré of

X

inverted T-sections. The model dimensions’ and details are R

shown in Figure 5.1. ' »

' ’

. In proportlona.ng the model, a thickness less than ) . 'Z_',

3/16" was not considered for the deck plate and the rib to oot
" i
aveid any, problem in welding and fabrication. The model = - ' °

dimensions used in this test were not obtained. by thé scaling! o "
" down of a particular prototype. This was virtually impossible . . Vo

'+ due to so many restrictions. However, this did not_ pose ‘any -

3

problem in this investigation, since the same model was ,,test- ‘

‘ed and analyzed like a bridge, it?elf{.' T

K

4

e " The model was designed initially, following the
method outlined in Beferencea (6) and (7) . to indicate a ‘,
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f \ .
steel used, whén a chosen load of 10 kips was assumed to act

at the midspan of .the central rib. The load‘ﬁas taken as

dlstrlbuted, ‘on an assumed .area of 8" x 12", 91mulati?g the

action of a wheel load. ‘ \'/ )

— o

—

~

'The médel was fabricated from stee;,conforming to
ASTM A36 and standard Canadian fabrication agﬂ weiding
proeedures. Ail welding was ‘done by manual stick electrodes.
While'welding the eold-fcrmed troughs or ribs to the deck

plate, care was taken to avoid undesirable distortion qu

the building up of exceseive residual stress. The ribs were

«

run continuously through the floor beam web cut-outs, which
were shaped to conform with the r1b geometry and were welded

to them. The fabrlcated model was delivered and flxed to its

position for testing, as one piece. ' Y

- “

‘l 5.4  TEST SET-UP

.

i
’

. For all tests,.the moael was supported under a
testing frame. 1In the first phase of the testing, the glrders
were provided ‘with J.ntermedlate supports in addition to the
end supports, as shown in Flgure 5.2, to eliminate the girder
bepding'under a load. Although a contlnuous support.along
the length of the. glrders would have been morQ de81rable for
thLS'purpose, the structural arrangement of the test frame,'

~ 1

. made such a set—-up 1mpraet1cal. However, the support arrange- -

' ment used was satlsfactory, in the’ sense that the §mall girder "~"ﬂ

bending £6r the short span was negligible., rn the seeonﬁ Phﬁéa |
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X , t
. of the testing, the girders were simply supporﬁ:ed at the-

end supports, which permitted the g:.rders to rotate freely at o

T

ot " the ends. The weight of the model itself, was ample to hold

~ it firmly in its position, durihg‘the whole experiment.

» '

Three sections of the model were chosen for testing,

Section P being near the rib support and Sections Q and‘'R
; corréspond;i.r;g.’ to the midspans of the rib, -as indicated in

‘ Figure 5.3. Electrical strain gages were used at these

v

sections to measure the strains. Since the strain gages at

»

the 'undersi/c}g of a rib could only be placed just.outside the

" ! .

floor beam web, Section P was chosen 1 in. away from the centre . .

n v . o

of the floor{ beam web. ) o ‘ -

‘Three-element rosettes were fixed at the top of the

deck to’ £ind the strain field. Single gages were tx‘ised both®*in

v

the longitudinal and transverse directions for theé ribs .to .~ . . .

=
| e 3
.
>

measure the'strains in the respective directions. It was

. pécessary only  to instrument the half width of the model, ) o
as the r 1ts can be predicted by the ‘use of ‘the principle .
of symmetry. Dial gages with graduations of 0.001 in. jege
used to record the c‘lef'lections. 'I‘héy; were: iifinly held o.nf wa e
_ Ry shtands a;nd connected to the 1pcatio'!ns v‘vhere the dei:‘lect;ion, . ‘ ;"ff’g
r - ‘ ; measdrements“were‘sought. Figures 5.3‘and.'5.4 shqw/resl:;ec; T »

L]
. !

., tively, the locat;ions of the strain gages and dial gages used

n . :Ln .,test:Lng the model. ‘ To J.dentify the ri.bs, they were marked

. ~j\:,,_' . .as indicated in: Figure 5 jl Ribs 1, 21. and 3L Wexe xnstm- .
‘ mented only, wh:l.ch $! xiatitutgd the’ ha1f~wiath Of thé n\odel* . 4
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¥ - . Two 8" x 12" x 1/2" thick. rubber pads, togethe \w1th

a steel plate of 8" x 12"// 374" tthk on top, were use? as a ’

- ~ P

unit under each loading to distribute the load on an area of
. 8" x 12", simulating the action of a wheel load. The bottom P

f £y . :
. —-pad _had the necessary cut-outs to clear the strain gages on

~

€ R ' ¥ .
top of the deck. The loss of contact area of the pad with the ‘ -

., deck plate was small. - . e ' -
The loads were apﬁl ed to the deck by means of a

. A )

hydraulic jack of 20 kips capacity, operated by a Structural

v Loading System of Gilmore type. The jack was fastened to a

movable support block hung uqder”fhe bottom flange of a cross-

beam of the testing frame, Figure 5.5. The cross-beam, o

g

supported by the maln beams, can be moved to any position along
.+ the frame, thue permitting the.jack to be fixed ae any desired
location for loading. For a SLngle load on the model, the
beaang -end of the jack was directly placed on the top of the ;_
pad.‘ However, for two of the loads acilng on a llne parallel .f f«'“

‘to the ribs, the jack was held agalnst the top flange of a

i simply supported beam on the deck. The support actions of the . . -7
| beqy, provided the desired loading. . - o I S

! 5. N - - w‘ % ‘\?'

U ‘ S : . Tl

en ) " A Data Acquisition Syétem.for sfrain ahalysis was . "

. ‘ { avallable to record all strains automatxcally'on a magnetic R

R

5

tape at any instant of loadlng. All the stxazn gage " [~2

v

1eads were connected to the Qhannels of this recorder.~ lv1fiﬁ~

Figure .5, 6 shows the bata»Aequisitien System and thE}Gilmoxe

A
o I;
T
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Structural Loading System used in the test. A 'model view and

test set-up are shown in Figure 5.7.

-

5.5 EXPERIMENTAL PROCEDURE

Before any load was applied to the deck, all strain
gage channels in the Data Achuisition System were set to indi-
cate zero readings and the initial dial gage readings-were -

taken. The jack was fixed to the‘right”position and

» dnitial load of 4 kips was applied slowly By operating the

Gilmore Structural Loading System. With a brief pause to
© ]

stabil;ze the whole system, all the strain gage and dial gage

readings were recorded. The loading was then infreased in

steps of 2 kips, and in each case, measurements

When the load reached the maximum value,as indicated'iq

"Test Sequence" for the paftiqular load position, the *jack was

v

then moved to a new location and the wﬁple procedure was .. ' e

> .

repeated. : - - . v

5.6, TEST SEQUENCE - | .

~

o . The whole testing was performed in two phases. In.
. : }

the first ﬁhase, the girders were supported with additional -

intermediate supéorts to pre§ent them ffom .an appreé e
amount of bendlng under’a load.A Test data.fzgm/ﬁhis phase

produced the results correspondlng to the bending of the m.

e .

_— orthoéropic degk»alone.,.rn the : seconﬂ‘phase of the testing,

3 "y ,‘,\

the girders weré a&lowed to deflect freely betweeﬁ‘%ég'

,lx
e,d







[}
e

- supports under the application of a load. This case corres~

-

ponded to an actual bridge behaviour, where the girders and |

the deck are subjected to a combinéd bending.

& 4
’ ' For botl¥phases of the testlng, three general

loading cases were used: loading case A, corresponded’ to a
single load and loading cases B and C were comprised of

two loads. Figure 5.8 shows the 1oading cases and their

pos;b;ons on the deck. )

B
o, .~ -
v

!

“ty* All the five ribs were loaded in sequence, stertihg f
from one side and moving‘the load on the deck acrcgswtge width,

as indicated in Figure 5.9. For each position of a loading

case, the icad W in Figudre 5.8, applied by the hydraulic jack,’
was increesed in steps of 2 kips, starting with an initial
value of 4 kips. The maximum dagnitude.was 10 kips, when
Ribs'1, 2R and 2.L were loaded. However, for Ribs 3L and 3R,
the maximum magnitude of W was incxeased to 12 kips. For all :

loadlng cases, the stralns and deflectlons were recorded.

. . . (5 - .
5.7 TEST MEASUREMENTS < = . \" ,

All experimental data were;pecorded, follcw;ng the

/
test sequence and procedure, as stlpulated earlzer. In the

s

first phase of the.test, when the glrders wére held against ;

the deflectlon, all ‘the test data*ccrresponded to the bendlng

of the orthotrOpic deck, alcne. . o oy
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In the second phase of the test, when the girders:

*

were simplg sﬁpported at thei; ends, éhe gtrains measured.
correeponqkd‘to the combined bending of the girder and the ortho-
tropicdeck. The rib deflections obtained would give the

total deflection of the rib and the girders. Thus, the _
difference in the values obtained ie the two phaees of tes}iné,

would éresenttthe effeﬁ; of the girder bending.

-

For each loading, the Data Acquisition System recorded
’three sets of readings. The average of these readings} which
was' usually close, was accepted as the final measured stra@nl
for the,loading. 1In ordei to vefify the experimental proce-
dure and consistency of the strain‘gaje readings, some of the
loading cases were gepeate@. The t@o sets of readings corres-
. ponding‘to the same loading agreed closely,_thus indifating ‘
the test measurements werersatisfactory.. The streins were
converted to stresses applying Heeke\s law with the modulusf‘ -

of elastibity and Poisson's ratio, as being equal to 29,000_I !

| | - ‘ f o
The dial gagé'readinge indicating the measured deflec- .
Eions were also recorded for all léqging cases. With a con~- . °
centric loading on the deck, the sxmilar readxngs registered
by the dial gages fmxed underneath the glrders indicated- ani

, equal share of the’ load carried by the glrders. However, under

.diﬁferent, as expected, and the measured values could be useé

-

4",‘\

ksi, and 0.30, respectively. " < S e

an eccentric load on the deck, these dial gage read;ngs we:e.ﬁ:v ;'

:.#' : \l’)cn‘::{ '§ Anih %
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. e . i ,

- " to éredict the possible maénitude of the load_cairied by ’ T

- . . :
. r .

‘'each girder. -
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: CHAPTER 6
TEST RESULTS AND DISCUSSION

|

and ‘the

6.1 INTRODUCTION ‘
Test data 'obtained in this experiment
{
f. the.' model are

‘results from the theoretlcal analyses
of Wthh Figures 6.1-6.20 are,
T

»

presented in Figures 6.1-6.24,
: " )
related to stresses and_strains at vari?us locations on the
= .

, P v :
odel and the remaining figures tov the.load-deflection
‘ s, together

\

g

For a better presentation, the res

\

behaﬁiqur. t
with their discussiop and interpretation.are grouped into
: i . V4

separate heaﬁings of
Stress and strain

sl)
(ﬁ Defléctiow.'
-] i :
6.2 swnéss AND STRAIN '
The two sets of results correspendfng to the two
under each phase

.”:

’ -,
o
.

an§ the deck

/

phases .of experlment are presented sepaxately
|

‘to dlstlnctly 1dentify the structural actlo s
behavxour. e LT

6.2.1 First Phase of Test

~

M

RS
72 SO P

-,
* g



directly with the analytical solutions. The theoretical - °
values obtained wero based on the assumption that the deck

was simply supported longitudinally along the main girder .

supports. The supoort cond?tioﬁs were approximately oéﬁis?
.fied in this test by having the main girders of the open

-type with relatively small torsional rigidity.

Figures 6.1-6.5 show the measured and calculated

longitudinal stresses at.locations 1, 6 and 11, on the top C

of tho deck plate and{at the bottom of Rib 1, at Sectionén
P, Qsanq R, when Rib 1 was subjected to loading cases A, B
-and C. An examination of olots indicates that the expéri-z
mental stresses were almost linear with loads in the range
considered arid those at the bottom of the rlb agreed closely
with the theoretical values obtained, from both the.proposed

refined analysis and the‘design method of Pelikan~Esslinger

(P-E method). The latter values™ at the. bottom of the rib

were, however, the iargest of all in magnitude. It was also,

observed by both ‘measurements and analyses that the stresses

v

in the deck at Section P, due to.the loadiobvoése A, were .
i ‘ A T

almost similar to those due to the loading case B. In.

genéral, the stresseswat‘the‘ﬁottom of'the‘r&b indicated by

the proposed method were found to be hlgher in the order of

4-10% than those measured ~ In comparison with thxq,’those b "

’ - -

ot from Pelikan-Esslinger's method were 6—20? hxgher..

- vt »

“
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T tudes of the stramns at the top of the deck and’ the bottom of o

v L .
\ "‘ lﬁ_
ot
A : C
~ ¢ ° - [ ’
f{ * et R

© 139

2 . .
were in good agreemgent, belng slightly higher in magnitude’ {
than those given 6; both analytical methods. On a percent- {
‘age basis, the measured_stresses were about 11% higher than
those given by the proposed ﬁethod, compared with abooé 20§
higher than those indioated by Pelikan-Esslinger's oé%hod(
However, at location 1, thch was‘c;pse to the floor beamn,
the discfépancy between the anaiitical and experimental
results was relatijoly larger. Whilefﬁhe design meEhod indi-
ated stresses about 55% more than those obtéinod experi- -
ntally, the results ffom the proposed analys%s were, in gen-
eral, 40% lower than those'meaSure&. It should be empha- -
sized that the df;éss magnitudeé at lécation 1 were relatively
small for a good.comﬁaoison and, therefore, the percentage—'
\wise deviations are not too significant. - In obtaining the | L
solutions by the analytical methods, the required moment of .
ineréi; of the floor boom was calculated, taking into con-

- sideration an effective width of the deck plate as a flange

" of the floor beam, in accordance with References (6) and (7).

Figure 6.6 shows the load versuszéhe'longitudinal N

y strains atjthe top of the deck plate, and at the bottom of

—

Rib 1 at Sections P and Q, when the rib was subjected to .
loading Cases A and B. " The plots again show that a favourable o
comparison existvaétween“the neasuredﬂstréins and the énaljti-

cal values from the proposed analysxs. The relative magnl- | ’:35

the rib quickly indicated that the neutral axis of the loadéd
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'1oaded rlb. The part101pat1en of the adjacent rlbs in the” !

.
-, . +

rib was close to the deck plate, as expected..-As seen from
; J s

Figure 6.6, the analytical strains in the'longitudinal
dlrectlon, obtained from the proposed method of analysrs, ‘.

/were in better agreement with the measured strains than

were the respectlve stresses. !

-

/—~ g

The @itudinai strain distribution aldng the depth

of loaded Rib 1 is ‘indicated in Fibure‘G.?,\gg/éections P and

Q, due to the loading Case A, with W = 10 kipsx\\The
Y ] M /' Il

measured strains corresponded approximately to a linear dis-

’

tribution. The depth of the neutral axis, as indicated by

the measured strains varied slightly at Sections P and Q,

KN

and were located approx1mately’l/5 of the overall depth of the’

rib from the top of the deck plate. The théoretlcal neutral

axis found from Pelikan—Esslinger's method was at a distance

-

of 1.37 in. from the top of the plate. ) ' LR

. . . :

, .~
..-“\\ ’

o Wlth Rib 1 bexng loaded,‘the velues of the long1tudi-i

nal stress measured at the top and bottom of Rib 2L, are shown

.

in Figure 6.8. For the same loading, the measured stress ‘at

'

¢
H

tne bottom of Rib 3L was negligible. From the relatxve ;
magnitudes of the rib stresses ¢ it was observed that the major

portion of the applied load was carried dlrectly by the

‘

»or

carrying loads de eased rapldly with the anrease in trans-

-verse distancd from the loaded rib. SR .):'.“f =

ZI ’
/

»




k]

'

. A. AT SECTION Q |
« ‘. .' /
Js .

;
i

FIG , 6. 7- MEASUR D LONGlTUDINAL

AXES - FOR RIB
OADING = CASE A

. NEUTRA
“TO L

' , A C
¢ + .
. a-,*..,); ' - . L o
. . N - FREY
N » - AR« "
’ ! * . y . n‘( -
N * “.'w. YA o Ty
‘ ¢ EUe
- N . . Ya vy, e RS
. v ST O A S
[N L
\ ' RN e SRR Y el ™
el . ; ;
B - ‘ - TR LI N ey
LR N B ,‘ “J er\ %
S Te Ve e R N
L R R ‘4,»;‘;«“,- TS
S £ YNNI R ,,,,n)- ST NN
Lo R T "‘2; f‘v,.:"«.'*e\su RS i g
RO S Bl e
PO R S22 » AT A AR :«-)
ooRT s AR S v, R
R A S ‘rf":v‘.;‘"‘{'i‘«‘.-”g }:}pn‘;{.‘? £ 1}» =35
RN 5 Wlad X3 v
4 3,:5:(/ PRers ?‘"”“i’}f”y"% i ARG
ARSI gt cARRE ST &é:: F

- »w
~ y \ ' “
. . V
_ S
“
~ - . .
LN
B . . B
) (78) . ‘ -y
v . PR
i .
7 . e
{ - N -
| § AP .
; . . .
- i . N L
o
- ‘ . » !
L. . B
1 . . t N ,
. v,
- L -
: - ! -
L) ’ AN
* -
’ R
. A . #
a . - L
A

STRAINS AND = .-
| WHEN ssusaacmo o

T
B




’\ ;. N \ . 6 ° '; ) . . o TN o B ' . -i: . -' 1.43 .a' : l,. :{':
.' - ) o , : '< . e . 7 ' /. . 3
. 4\“\/ ” . . . [N '. ; . . ' S ) i . ", . . =
. ~ . LOCATION _ LOADING CASE A - CASE B " - - -
S . AT RIB | —O0—0— A B
o . , AT RIB 2. —O—-—O—- —lye e T -
: T 1 1 7 .,
- o.g / E Jou i : o
o 7 ’l o, § . . . ’ s -
T Z g . ) .
g '\f , . ; N 5 y ‘ :
° . Q . - .
. 2 4 .
g | _ T
i o ‘ ] I N I P - )
- -6 -8 -0 - -2 . S
: . . ] STRESS IN KSl ‘ S . .- J
? ' B . .A ' v
- ' © A. AT TOP OF PLATE' :@ . e
, , ‘ . vl xSt . r -; . . ‘ . ~::::‘
o , ' IO""?"“? l A : : L
. ! 1% . S
) , ‘ ) . .
| el 1o
: ¥ | : " '
| [ ;‘6_'o g 0
C - ’ E o
; , \ - — ' .
o ‘. .
. ; ’ A -4 ’ : . . ,
13 , 4 \ ) , ° ) N s
LR ' R T T N Wt SN N O
- 0 | 4 8 2 16 20 24 .28°°
A L . . STRESS IN‘ks1 Y 0
A a,}.AT "sarrom os;, a'ia, L
PR FlG 6. 8.- MEASURED LONGITUDINAL STRESS. m‘.‘nEcx nur-: m

t"
l

1 5%
.
{

o,

s
s

Eohr

<

ool DECK; BENDING AT. SECTION: @ ‘WITH:

‘e
3
(,b~:>4;,



o

" was rather high and eVen greater than that predicted by the

The abo?e‘cbnclusion/was further confirmed by the ' .

. "' ¢ ' & ’l : N ’ .
test resuits presented in Figure 6.9, where the lop@ytudinal
stresses are plotted at the top and bottom of Ribs %, 2L ‘ .
and 3L, when Rib 2L was subjected to the loading cases A and

J

B, - Witﬁ_the»chéﬁge of the load position from Rib 1 to Rib 2L,
the stresses at the bottém of Rib 1 were reduced to about '

1/5 of Fhe previpous values, and those at the bottom of Rib 2L

-

were increased to almost 6 times. The substantial drop of
stresg at Rib 1l-and almost an equal increase of stress at

Rib 2L from the values when Rib 1 was loaded confirmed the

4

previous observation that the directly loaded rib contributed

greatly to the load carrylng action and was subjected to the S

3 . o )

highest stress in the deck.

. Figure 6.10 shows the trdhéverse-st:gsé in the deck .
P & - ’

plate'at locations 1 and 6, when Rib 1 was loaded. The maghir

tude of the measured transverse stress.under the loaded area : ‘

proposed analysis. The 51gn1f1can§ transverse stress indica-

ted thedylate action of the deck in the transverse direction. - | ' .
. - ’ ‘ ‘ ) B

.
.

The plots of measured and calculated longitudinal - S,

stresses across theé width of. the deck pﬂate at Sections P S éy}

4

and Q are shown in Figu}ews.ll, with the load acting at

LI

Rib 1. It demonstrates éhat the deck plate stress is not -

_uniform over the "effective width of the. plate, acting with -

the loaded rib as assumed in the deslgn mgthod,
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‘References (6) and (7). The longitudinal stregs in the deck ©Og
plate was'’ rqaximum at the' 1ocation"of the applied loading. PR 2
. @ “‘\ ) . ‘ . J'{“ . ‘ a. .
N \' ' - o . N - ~ -
&6.2.2.‘ ﬁécond Phase of Test ' \ . o

T . ' ¢ L3

Measured stresses in the deck due to the combined | s
bendlng of the orthotrOplc deck and the glrders, as- obtained ,
from thls part:of the test',v are- shown .in Flgures 6.12, 6.13- ‘
‘and 6.14 when Rib 1 1; loaded For theoretlca;“ values, 1t /

e ! «
?ggas necessary to calgulate the additional stresses in the : T 1
- "”. . > ! 0-' , . L v
e . .
‘ deck due to girder bﬁending. This was accomplished in the 1
|

s

f(ﬁloymg manner. The bending moment in the.girder was com-'
' }

o S f e - I‘

/ puted, assumlng that the appl;ed load w transferred ,to the |

. i ) i ) )
\ o floor beams ' b.y ribs %n a manner analogou to a cont:.nuous ‘

I:; .
beam on several supports; he appg.led- load, in turn, ‘was_trans- ‘ |

. . ¢ Y
mitted to the main girderg by the floor beams acting as ;

.simpie‘beams\.‘»:'rhe\. sec modulii of, the “der were computed,

~

consn.dermg the, half-width of the deck to be effect:.ve as’ the .

o8

%ﬁ top flange. The, theoretn.cal values obtalned J.Q:thls manner |

are shown in: Flgures 6‘m and appear  1oY compare fa— ) Q
2 FY s
vourebly w:Lth the measured stresse%., ‘It can be concluded from )

thJ.s comparlson that the assumed load d:.strlbﬂ:.lon was satls-
fgctory for practical purposes. { . . _ .

ision. more meanlngfully,

L

- To/‘verify the above con

an attiempt was made to fi\nd the experimnntal stress dlstribw- ‘\

tion across the width of the deck at Sections P "and Q, due to;

K}

~ ' . I
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']

;_ o the bending‘of the girder aione. This was ‘done by sub- ’

tractlng the measured stresse‘ in the first phase from those A

\

obtalned'from this phase of thé test under an identical

\

loading:. The experlmental values are plotted in Figure 6.15
together with the theoretical values. It is observed that
the measured stress varies across the. width of the deck and

‘has a maximum value at the top of the girder, which exceeds

h
e é., slightly, the maéﬁitude of the uniform theoreticaltetréss. -

The ratios of the lowest:to the highest measured stress

, -
1

; correspondlng to each stress dlstrlbutlon varied from 0.65 to

;o 0.72. | D I L

1 “ -
{ e

The plots of the measured longltudlnal stresses in -
\WQ " the deck along the transverse sections for dlfferent positions
of 1oad;ng on the deck are showp.ln Figures 6,16 and 6.17. It
is q?ickly observed that the deck plate stresséis maximum |
again, at the location of the applied loading, which was also

‘the case in the first phase of ‘the test. The figures show_

E S

,that the deck plate stress decreases rapx?ly with the increase

w
3

ln the transverse dlstance from the centre 11ne of the deck,
‘ indlcatlng agaln that the directly loaded rib carrles the “ R

o major pagt of the applled load."

P

¢ o P}

R Cen ' ?he bending étresses in- the girder,'as'calculated - C

\" o 2 and determlned experlmentally, are shown in Flgures 6 18 and flﬂiﬁ

e T <

RN 6 19, for- the various load pos;tions‘ép the deck. ‘The bottom S

';~. ‘ flange stress meésured on tﬁe inslde face of the flange, i e.
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" between the measured and calculated stresses shows that the

‘the bottom of the girder varled from 2.0 to 2 3. If the 1oad

- at the bottom of the girder can be pred;cted accurately ‘by the - ;f

2

at the gage iocation{ agfees closely with the theoretical -

values, as seen from.Figures 6.18 (aj and 6.19 [(a), when

the applied 1oadiﬁg was concentric, with respect to the

longitudinal axis of the deck. The girder stresses were

Ly

computed, assuming half-width of the deck was effective in

acting “as the top flange for such loading. A good agreement

orthotropic deck participated in the action of the main - —- - -

carrying member ‘and the,theoretical*piocedure to determine

&

‘the girder bending stresses were satisfactory.

Flgures 6. 18 (b), 6.18 (c), 6.19 (b) and 6.19 (c)

show that with the increase i the eccentrlcity of the applied
loadlng, i.e., as the load was moved closer to one glrder, the
top and bottom stresses in the girder- were n@t 1ncreased by
the saine proportlon, and that the top stress lncrement was
relatlyely hxgher., As the load Was moved fro; Rib 1 ta Rlb 3L,

the ratios of the new stress #o ‘the origipal stress varled

v ! @

from 2.8 to 3.0 for stresses measured at the top and those at ’

placed .at R1b 3L, is dlstrlbuted between the glrders in the " ‘, .
same manner- as in the case of a 51mp1e beam, the stresees at 'h ‘
both the’ top and bottom of the near girder would be 1.8 times
the stress caused by the same 19ad when placed at Rib 1, ¥

using“ihe same'sectioﬁ modulii. Thishshows that .the stress

'/
conventional metpqd, even for an asXmmetrical loadlng about

coe ]

,,,,,
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-

depth of the glrder, from the _top of the deqk plate. ?This‘wés
_gf the half-width of the deck, as the effective top flange of
6bserved'from Figure 28 that the neutiél,axis moved downwards,

» i.e., towards the bottom flange; With the load approaching

o whatﬂwhen the load moved ‘from Blb‘lkto Rib 3L. -~

Toar w0

the longitudinal axis of,the deck. . . 2 ) S

|‘
v - i

Referrlng agaln to Figures. 6 18 and 6.19,  the larger
stress’ increment at the top of the glrder, compared with the
bottom stress when the load moved. nearer the girder, indicated
that the effectlve width of the deck contrlbutlng to the | ' Lo
actlon of the glrder was reduced Thls would apparently .

*

change the posxtlons of the neutral axis of the girder.

- An attempt was made tolverify the ebove(observétion
and to locate the nectraluaxis meanih%;ully, fer different load
positions on the deck with the plot of 'the measured, strains
at the three locatlons on the gltder. Flgure 6.20 shows
the approxlmate locations qf the neutral axis at Sectlon Q,
for different p031t10ns of the loading Case A. For the
symmetrical loeding about the lcngltudinal axis of the’dirder}
i.e., when Rib 1 was loaded, the experimentally déiefmihéd e
neutral axis was located épproximately l/7'of\the ovefall 3 ©
close to the theoretlcal neutral axis at a depth of 7.70 in. -

from the top of the plate, determlned w1th the consmderation

thé girder. For the other positions of the loadings, it is

~ \ ‘ - . s

the glrder. Thxs indicated again, that the effeetive width .

of ‘the qrthotropic ‘deck..acting as flange, was: reduced - some- ”";v
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6.3 DEFLECTION -~ . . : . o

. O * - ~

. ‘ o " For a concentrlc load on the model the deflectlons ofe -

~
-

‘the girder, as measured by dial gages, are”. shown in Flgure 6. 21
< together with the calculated values. The measured deflections
- shown are the average of'qbth the girders recorded byqthe : e

‘dial gages, which were, however, almost’identical. The deflec-
tlons at P and Q for both loading Cases A- and B, were almost

.

51m11ar, with little change, as revealed from both measurements ¢~

e,

and calculatlons,,and, therefore, those at Section P are only

shown in E?gure 6.21. %The deflections:at Section R for }oading

Case C, areAalso.shown; For'theoretical values, the deflection
, | 'due to both bending and shear derorhations of the girder were

[

considered, the 1atter being about'&&&\\f theé former. For o

these computatlons, the girder was assumed to,be loaded by the o

- ) T

floor beam. reactlons. For the deflectlon due to bezdlng, the

'half-wrdth of the deck was taken lntoraccount in' computing ;}- .

‘,

/

the flexural: rlgldlty of “ the glrd?f. The calculatlon of shear’ ' .

N

; deflectlon was based ;\Vthe gross cross-sectional area of the - T

‘web. The measured deflectlons, only beirng slightlg hxgher, L

-

‘agreed favourably with the theoretxcal,valnes,’;ndlcating S
' . again, that the assumed girder loading and:.the protedure to -° ‘,wh
r compute the girder deflection,was satisfactorxJ " It further - ‘%~f
-showed the participation of the orthotrooié'deck in. the lﬂ |

’- . : .

action of the main carrying girder. ; -

) . R . . v .o
‘ - . . w4

a .7 .. With the .application of an'éccentric,1oading,ptheh:

®

.

~
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ko : ' . .
d1al gages for both girders recorded dlfferent readlngé as = '

’ eXpected, FJ.gure 6.22. ﬁxt was obse&ved “shat the deflection - .

,_ ~

of the girder- nearathe load was 1ncreased approx1mately by

ééquentlcal amount, as the other glrder decreased compared

t -~ I3

to, that,due to concentric. 1oad1ng. This -was. malnly because
the‘;ncrease in- the load* carrled by the near glrder was equal

to the’ magnltude of the load that the czthef\g.’ci.tétea:Jvza_s_.w ©

e e — A S

relleved of. The theoretlcal values of deflectlon for -

’

eccentrlc loadi based on” simplified asSumptlons, are alsp .

shown 1naF1gure 6.22, to check the aCCeptlblllty of such
) 4 '
computatlons.‘ It was agaln assumed that the floorﬂbeams

transfer the 1oad to’ the glrder by simple beam actlons} and R

P -:

that the flexural rlgldlty of the glrder was “the same as in = .. - Q'

k tﬁe case gf concentrlc loadlng. An examlnaglon of’the curusv f'qu
1n Flgure 6.22 reveals that desplte sdfhe dlfferences between
(-the caiculated and measured deflectlons, the sxmpllfled
procedure maykbe used to predlct a deflectldﬁ satlsfactory ’
for practacal p/;g/seg.' . "‘1 b r 4 N
] o

- s
‘
. ! « . n

- [}

L}
~ ¥

_— 5,2' o . ‘ @ o ‘ , L
T . To jndicate more clearly -the change in the dl@ler'

thR,-Wlth respe t to the varlous p051tlons of a'ioad across
thevwid{h of\ ] deck Flgure,ﬁ .23 as drawn,.mhlch shdws . .
- both the measured and calculated deflectlons of a glrder. TV
‘ It 1; observed/that the load&dlstrlbut}on between the glrder ) .
' ;br an egcentrlc lpadlng, based on the assumption of a ., ¢ A

smmple beam actron, lS not qulte correct, Wthh was also
‘\/’ "

notaiearlier in ‘the case of bending strsss measurements for. A +‘ﬂ

»
-~
-
.
. 2%
-
-
-
r




s

- . . ' ’ "“71

1 ‘ . S o . : ) 1‘
|

|

o . o 164 oo

“ . COMPUTED MEASURED ' T coe
‘ GIRDER | -0~ GIRDER | .NEAR TO LOAD - |
GIRDER" 2 e P , WP, W A . .

(0 3 : : '/ﬁ) . ‘WA a L

. o ol ,/ 4 N ‘1
2 8l e * r

o~ - / » oo . -

Z *

(o)
—
W
ey,
R
4
s

LOAD W
T
N

‘N
~
{

a
.
[ Y

X

o
=

TS 40 6 _ 7 80 .- 100 & = °

IR ¢ oL DEFLECTION IN 102N, . o
’ i ’ ’ ¢ ’ ' . ¢ . - 4 L I : ‘ ' %
, T ... _ A. RIB 2L LOADED . T L .
ST © L : ’ ‘ . . :

- ga"’ ]‘; '. ~ « -
x‘ smad ' \‘ O' . 4 1] -
vz ! : T e ro / ’
, I ! p Ny} Y 3 &
- 'GQI - d /s ™
z | ) : , , -
o
2 4
o ! :
- .
AY

)
+
-
. .
-
f K]
.
N , . A «
. 3 - . :
- B i .
- - . N . .
- < . Ay
. . . . - v ’
PN . - ’
. ‘ -
. . « f
) | | |

4 ’ , - In ‘ ) .“\‘l

0 ‘20 40 60 8O

v ‘ - »>

"0 v 7.7 ' DEFLECTION IN' IO , D
¢ ~‘.,’ ‘ PN " . . ) v ’, ’ , ‘. ',))‘ /.ﬁa ) . J RlB ‘3 L'f LOADED \ . ’ - I .‘ B Y "‘
-, ” .FIG. 8. 22 - DEFLECTIONS OF GIRDER. AT  SECTION P FOR - '}
- ‘i, ECGENTRIC 10ADING ( LOADING' CASE A).- .o
b "\‘0‘ “ i l'. ‘( i - », u’;,'({_- . N v\ g r RN - »‘,‘.
! ’ " : a7 / ﬂ ., » ..
' ',.‘. T G = ty “‘




o
-
. N L.
. * ;
- . .
© : : e * ‘ "
* ’
- * ‘ I .
< . ; - . s .
- . " . . . . ) . ]
‘ “
- 2 ) . .
B .
. ESth 4 - - i
¢ . )
. i 4 4 . P s
& iy B R - .
- . : . .
¢
. b

-+ - - LOADING. CASE A A
N . : . ©  .COMPUTED . P
: \7 . L 'MEASURED - — ~0—— |

Fs

Lo \g1oo =

¢ L .2

¢ -

-~

. . ;
o + +y o, > Pl v
- .
- ’ i

, . ¢ g ! ) B
6' ': |2' S |2“ b o la" L lzlt ) H 6. . et R
L ] , -~ » -—}‘ % —~]

"oa

o . a7 "7 LIOCATION ON  'DECK: RIB CENTRES .. = . "

-

-~ v ' R
- . . |
» » .
] , )

’ . ' \ v

*! s , R )
. i .
¢

kY ’ e ¢ ¢ » ° t ® .
N . . . \ “ - . B - o

- . . 7 . S )

3 . - ’ . . , )
. . .. l
£ - ‘ . < R .. . , : l
b ., . hnd P -
: . -
- .
. . % ’ ot ~ S — -
- Id vl o .
»o. ,
¢ . . 4
” , ]
s -

.. Fe.6.23- DEFLECTIONS OF -'GIRDER- FOR * VARIOUS LOAD -~ o
LT .=, POSITIONS ACR\é)SS‘*-'?’THE WIDTH [OF DECK™. =, -
ety e e AT SECTION P L e

.
-
[y




.

.

R 1nd1cat1ng that the deflectlon of a rib can be predlcte

-

the girder. However, as seen from Figuré 6.23;. such a - ‘
- < - Y LR . .

- ‘ e - »

simplified assumption can be satisfactorily used: for prac- . i

tical purposes without the loss of significant accuracy.: . I
‘ e ‘ e S :

4 S

. - PR

p . “
4 . A -

C 'The deflections at ghe mi&épan and at the floar , - ’

-
S

beam- support of Rib 1. arewshown in Flgure,s 24, for loadw

ey " € ¥ 3

ing Cases A and.c. The.theoretlcal deflections, as obtalned

from_ghe reflned analy31s,Jare also shown.' A favdurable g

. e . > p

comparlson between tbe two‘sets oﬁ’values ﬁgs observed o -~

satasfactorlly by the propoéed analytmcal method.
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. SUMMARY AND CONCLUSIONS "~ . - . .. . L

. A stlffness method of analys1s of t conventional‘
— - orthotroplc steel brldge deck is proposed by 1dea1121ng the g ‘\\~
dec§ as a plate, stiffened only in the longltudlnal dlrec- S \

’ tion and being contlnuous over flex1ble transverse £1oor - . -

w, ©

- o . beams.f The main-girders are assumed to prov1de 31mple suph ’
, ) .
ports to the deck. 1iIn thls method the ba51c theory'of an oot 4

e ‘ eccentf;cally stlffened plate 1s lpcorporated conSLderlng - o

: ~both opeﬁ\and closed type stiffeners’ or ribs. -The/ methed ,
o £ B A $
. is readilyfprogrammed'on COC 6600 to obtain desired solu- L,

o - . b,

.uh é) , R . g{b s . L., ‘p i . . ¢
- : tions conveniently from ‘the computer. =~ <o . - .
4 RN ! . “r -7

N . ‘ " Ag , Te y . . ‘¢
- o v The proposed method and the de51gn method of i o

‘ .“

. ‘ Pellkan—Essllnger are compared by applylng both of them to - .
P « y & K . - -
: o® .
. - solve severad hypothetlcal decks of various proportlons.‘
LA ’ The¢parameters such as, the~deck plate thlckness, the r1b R

. .
. n . v

|,,»f"“'» 'SLZe, the rib span ‘and their’ spac1ngs, are varled in order
P 0

to compare both thé“e\?ethods in a w1de range otheck pro- . i

o : e v . . -

.o ‘portlonlng P

- .

,{; stress dlstrlbutlon in’ Jit, and to compare it Wlth the ana— ~ f" L

'“‘15“ A ﬁytacal 801utions. oA thn plate glrder-bzidge model w1th an " :Y}}?




! ’ / ) . B
. - R E 169 ¢ .
A - R N LN . Ty . 4
w0 “ ‘ ’ ) : &k—“’\
under static loads. ’The loadlngs on the deck was restrxcted
so as to keep the stress in the deck well below the yleld ;
‘ ’ 3
stress of the steel -used. ’ :
. * t Y‘. * 1
. N o . 7 ) .
*7.2 CONCLUSIONS . s . ’ .
H ¢ - . -), ’ s ’ 4 *g i . " . "r ‘ . )
) Based on the theoret:,cal 1nvestlgatlons carr;Led out
J.n thd.s research, the follow.mg conclus:.ons are ’formulated, ' o
' L, The propgsed stlffness method ‘of anally‘s'ls of o o ’
: . orthotropic steel bridge decks can.'be_usléd ade- )
‘qua,tely to'anaiyse a deck structure to obtaih' " X
' 1nformatlon relevant to’ the actual behaviour of )
& , ' the deck The computerlzed method readlly deter- - :
£, mJ.n,Es the des:.red ‘stresees and deflectlons of the T
cgeck. - - LT T T
. - [ ‘[\‘ . , o . o ‘,

L2 ‘I‘he smpla.fled de51gn method of Pellkan—Essl:mger S

eévaluates: maxxmum stresses, 1n the deéck whxeh are - .
(. - -satlsfactory for pract:.cal purposes. The results‘ o C
...+ a e. usually hlgher in magnltude and thus can be J

'7“, 677 u ed safely to des:.gn an orthotropn.c steel’ bridge ST J

. | deck The method however, ljecomes« iawcreas:x.ngly ' ) h ;
e , I ponservatn,ve w;th longer r1b spans for open tYpe l'
Jxribs. "l L S ; ‘\1/’ S
P v o' et - ’ ‘h' . m\ s ’ ) ' [ - ) 4‘) ' ;.
; . 'rhe width of the ée‘e’k ween s:.mple supports qt' _ g
2 . x*‘ . L

5 ¢ the mam glrders h::s tle influénw on the magni- 0’\?
4 ¢ ~, e @
oo ,t’ude of the maximun stresses int the nbs 1ocated . fj ’1
S L f;owards thf iiddle of the deck,’ provided the £ ng*
SRR S ERSa
/ . .yA ‘ S Y L . . 4 ;v‘f.u:*,’g

._{.___.‘




5.

re%earch lead to t e follow1n ‘con lu51ons, w1th regara to “((

~

B The effective transverse deth of deck’ ‘in carrylng

better load distnibuting

. ribé .

rthe stress increment with

6.

" . .
- a
- B N 1 4 s Y ¢ - {.

flexibility of the f£loor beams remalnsdconstant .

s

and that - there 1s a sufflclent number of ribs on

o
.

.

either side of .the loaded rib.

the applied load is, relatlvely small, even for . . L

.

decks with’ closed ribs. oweverk cloéed“rlbs have:

i 4 : . ) e

apaC1ty than the open
_ The t;ansverse loa dlstrlbutlon Capac1ty

" of the closed rlbs 1ncreases w1th tHe lonqer rlb .
, < ‘ e, . i
Spans.' ;L : ;i - "; . t“ L,

It appears economical to span the rlbs longer as

” a

lonﬁer'spans is rela- .

]

the main cafryindejmberS'a

, simple. span tw1n—gl der brldée, w1th 1ts span suf-

1

entire deck can be/coqgldered as flawge mater al m5

of one gxrder.: tiafacto

n tne girder.

Th;s assume@ n'is s

for .

o,
»




@t 3

P SRR [ ‘ The longitudidal‘stresé in the deck plate and ribs

o ' '.( /Egg/be determlned satasfactorlly follow1ng the.con-.

. -

ent;onal method of super9051tlon of stresgei»due

. P

— ‘ - to the deck bendlng and glrder bending. "

‘ -

8. The longitudinal stress in.the deck due to bend&ﬁg.'
B , of the main girders is not uniform over the. full .

, . width of ‘the deck for concentric loadings._as'. , Lo
g ‘ . usualily assumed in theory. - '
Ce - . . ) : - | |

' © © 9. -The effective width of the deck acting with a -

s girder varies gomewhat with the’position of load~

\\ ‘ e - ::"
‘ - e 1ng and as such the neutral axis of the glrder 1s : ..

' . d

also dependent upon the load posxtlon. However, e

oL . ’ for practlcal purposes, half—W1dth of. the deck.may' . -
- : - -8

. Ca . ‘ be con51dered as top flange of a glrder.

: . « ’ . - . [
. I * ) \-\ ‘b . \ :( O ‘ )
"

. - -]

. !
P - =-10.. mhe load transfer on "the deck ‘is propqxtlonal to - '

- b (A

L o S 1ts dtiffness. Almost the full load is carrled by = -

‘ ) the ribs to the floor beams which, - in'turqy tranemitf C

‘o < v o4

/ f .
it to the main, carrylng members. © - ; s s
- “ A

G S PP VRS S R , v ! - 4

The: deflection ‘of a simply SU§ported~ﬁwiﬁégirder U

E bridge with an”orthotropic deck-gan be prediétea cet

m:l.th sufflcztent accura;yfveons%rlng half-—w:Ldth of ‘
b, C

) , Y

the deck as effectrve in computing the flextural e

R g e
.¢ * - -
. - ’ .

rigldity Qf the girder in questha -antl u31ng simple N
\ . e o
beam foxmulae ﬁor deflectlon due to bendlng and Lo ot
¢ L ’ .o wso‘ o ! ‘, I
shear. AV g H S LT : T
; C i ' . S
‘ ) ) . j\,-, O (
7 . v U AT , °
R A s o
oo e " ¢ - S
o o e t‘ A S S
¢ * ( " . N f" oy L4 : n ""’ 4 7 . L 4V:LA\MM\




» . .+ 7.3 SUGGESTIONS FOR FUTURE RESEARCH WORK - N

" “In tHe light of this study, the folldwing suggestions .

.

for futute reséarch work in the field of orthotropic steel” - .
- ! ) . Y] ’ -
12 .

; //deék bridges %re‘proposed;

o AP -In recent years, more brldges have been bullt with . -

" M cantllevered orthotroplc de¢ks. It is de51rable, . 1

- 4
s
. N . o

. - <+ therefore, to develop ‘a rlgorous mathemat1cal - e

«

. - , -
T .- analysis of,the canﬂilevered orthotrop;c deck, -

7 - ‘ ‘ ' based on whic% the.de51gn method of Pelikan- : " al"

; A Essllnger tan be modlfled to be used in the de51gn -
.~ . . &

[N

.o of such decks W1th sufflclent accuracy. It Can'be LT

P " N . » T R ' ~-——~

L I mentloned here that the de31gn of & cantllevered .ot

’

. IR - deck stlﬁfened by open rlbs can be furnlshed by

. . . &
. / : Pellkan—Essllnger s method taklng into cons:.deration

: s . .y the modlflcatlons proposed by Tr01tsky and Azad.sz. . \\f
;é“ . . . .’ 1;‘: . M ' ' . : S ‘ : . ‘

. 2." "The 1nfluence f the wearlng urface on the behav-. P E
: e, P ;

R . iour of-the deck in partlcqlar on the load dlstrl*; o

S ’ butlon area of’ a wheel load, should be thoroughly

et rd
B - " : N

IR i'y.j:if - 1nvest£gated by both static and dynamic’ tepts per- - ) :

~ formed onzmodel bridges. The allowable 11m1t of the
el deck plate deflection betweeﬁ r1bs and that of a rib
B o o '_ between- flogr beagerneeds to be carefully established

R L. v oo in oxder to have a wearing surfeqe free of severe 4f“'

. ’ . - v - L. ’ . o ‘ . [P
R , : . P J . P Y :
L e R . 4cracks. N A T " .
W - . * . . rl Wt . . Py N
: . ; . .

. . P . /

co L e . - -, . S ; ¢ a
P ' . > fo \ ! X
K

@

.~_-'711'f'g 3;,“I§ has been observéa by,th;s study and others'ﬁadet’




. in this area that the design method of -Pelikan~

) _that for'more eEOnomical design, attention.should .

' ult:.mate strength of orthotrbplc steel decks, ’11:

. [ I . . .o
2 would also b; possible"to span ribs a fonger a

Esslinger offers d safe- and satisfactory desié;n ) !

of the-conventional orthotropic b;:idge decks of *

'
1

usual proportions. It is apparent, therkfore, - -

' be orle,nted more on the new conceptf of orthotrop:.cl

constructlon, 1mprovement of fabrlcatlpn methods. .7 . ;

and deta:.ls, rather tha‘n on the lmprovement of S R '

- El

the des:.gn method ’ BRI : o

<’f P

; \
N P

t. s

« M

In order to take advantage of the proven hlgh

, « P o &

is necessary to develop a sultable wearmg surface e

thet vfguld .conform’ easxly ‘with the deformed

structure w1thout los;mg the necessary‘bond and * ‘ e

- , /
. “

‘ « i

serviceability limit. Wi}th'Such a, wearing surface, -

»
» voT

dlstance, thus’ mak:.ng an economlca} deSJ,gn of the

s
* . . 4 ,

w
-~

deck.



! .~ " . 'REFERENCES . Co

¢ K . 5 ’ -
1. .. BHotcthkiss, J.G., "New Ways to'Cut Bridge Weight Lead
> to Record Spans", Engineering News-Ré€cord, No. 7, . :
. . November, 1957. . - LT -

K ‘
2
r . I N - ¢

v 2. lWolchuk, Ri, "Orthotr pic Plate Design for éteel L o
" Brigges", Civil Engineering, February, 1959. C- <

[3. Troitsky, M.S., "Orthotr pic De51gn in’ Modern Bridge cro
, ﬂprnglneerlng Paper No. (10, The Engineering Institute . Ny
- . » of Canada, Annual Genera Meetlng, une, 1962. .. :

e ‘ B ¢ $ L F' 3 . : . . L
. ‘ .

4. Hardenberg, G., “De51gn of the Superstructure of the
Port Mann Bridge"," The Engineéring. Instlﬁute of Canada,
Engineering JournaI July, 1961 oo

I e

.
H - .

LAY 5"
©* B ddfféter, L., "First. U. S Orthotroplc De51gn - The
o . ' Poplar Street Brldge", Proc. of Ameérican. Institute -of "’ 7
+ Steel - Constructlon, National’ Englneerlng Conference, . v
1962. - ; ’ -
~," A : : ﬁ . , ‘ . L
‘ ,3 . ) .
-6." "Design Manual for OrthotrOplc Steel Plate.Deck Brldges“ :
ol ‘American Institute of Steel Constructlon, New York o , I
o 1963. : . L . T ~

L s : Syt

¢ . N ‘ * *
o ] . R ‘ . , l ¢
' . v, N 4 . -

7. Troitsgy: M.S..,. "Orthofr ElC‘Brl oﬁ Theory and DeSLQh"“; .
R Second Edition, The James Llnc n Arc Welding : A
. “ . . Foundations, Ohlo, ‘1968. , | L c |-, e

s H

o ; ) | .
. I i . ‘I‘,ﬂ_a.

. . . ‘ LT e, e - - .
.,8:; Kunert?® K., "grthotropi¢ Steel Decks in Germany",’ e
- Proceedings of the Conference on Steel Bridges, The = “ . -

: British Constructional SEE“IWorEfA93001at10n Léd., ce
L Lonth June, 1968 : , ‘ N RS

-

. .
‘ st f - <
4 N - . . \ Y . . . . ¢

g, 'Graéél, H., "Entwurf von Leiqhtféhrba‘ﬁén", éﬁblicdtithq ""\,
. International Association for Brldge d Structural -, .. SR
f ot Engineering, Vol. 25, 1965. AN ' '

° -k e P [ . .. T

v FF I
P P Lot e
[ . . N
> ’ . * - - <o
A - <. . - . . t . P , AR e -,
v - s o B . . ' [~ : ‘ . . . J C
P . . T a ‘. . PR )
8 . ‘ ‘ - . . .y . .
v ) . .- . R . . , . . o . - . e e,
. owm [ S, e v - o 2 CPLE | v, e
' S . R R - » R N g 0 . .o .
o . s . T, . o Y ! . ’
. . 4 . - . A . , . L.
i (PN N ‘ . . . et
s ; . B ¢
r . ' i




v
te
-
"
1)

2 . . ’ . ‘.
. : . . ‘ .o _r..,

.10, Flrmage, D.A., “Report on Invest;gatlon of Orthotroplc 4
, Plate Bridges", ‘American Iron and Steel Institute, s o
< ‘Bulletin- No, 7, February, 1968. ted ‘ | / |

1l.. Huber,.M T.,,"Dle Grundlagen einer rationellen Berechh'

- .aung der Kreuzweise bewehrten Elsenbetonplatten" !
Zeitschrift des Osterreichischen. Ingenieur-ugd Archi-~ ,
teEien—Verelnes, Vol 66, 1914 , . . o

& © -

|
. . Ly
: 12. Huber, M.T., "Dle Theorle ‘der. Kreuzwelse bewehrten - | |- b
e Elsenbetonplatten Der Baulngenleur, No. 4, 1923.,- ' ‘

- P3 ‘ ~ -

13. Lekhnltskll, S. G.,_“Anlsotrgpic PlatesP,;Gordon‘énd
BreacH’Publlcatlons, 1968. S o

. .
i . " . ) .
’ . -
’

14. Tlmoshenko, S. P., and W01n6wsky-Kr1 ger, .,"Theof'
of Plates and Shells", Second Edltl n,. McGraw-HlII‘Bbokf
Co. Inc., 1959. . ) S

2

. { [
A o

) . - . .. .o .
;

15. Cornellus, W., "Die Berechnung der Ebenen Flachentraéi

werke mit Hilfe der Theorie Orthogonal-Anisetropen . -
Platte", Dex Stahlbau; February, March, Apr11 19§2 L

- , P}
- - i

K

X by y

16. . Mader, F. W,, "Berechnung Orthotroper Platten unter 0T
Fldchenlasten,Randmomenten und. Randdurchbelg ngen",

’ .Der Stahlbau, Vol ~26, 1957

f i
‘ , . . b .
/ . ¢ 1y .'9.7 ’ .
v, . -
. : o "

~— 5

17. Massonne£ Ch., -"Method de calcul des ponts a poutres
multiples tenant compte’de léur resistance’ 3la totsxonﬁ-~
Publications Internatipnal Assoclation for Brldgé'énd o
Structural Englneerlng, Vol. lO, 1950.- ' ' P

;
- * . , P (‘
ST ® . . o . y i

(13

"

. . =

-°,o T »

"18/:'Homberg, ﬁ., and Welnmexster, J., "Elnflussflachen»
“fur Kreuzwerke" Zweite- Auflage, SErlnger Berlln, 195§

© 19, Glrkmann,_K., “Flachentragu*gk%" Vlerte Anflage," o
o Erxnger, Berllnf 1956. , L. .

L 4 ’ ,A‘l/‘ . i
an, W., and Esslinger, M., “Dle Stahlfahrbahn, T e
und Konstruktion“, M.A.N. Forschungsheft




o N N . - ' . N
N ’ ! ’P ] - ' N ) »
e, , . . ) . - ) . 1
w/ “ * ’ \ ) . . : ’ ~ ?6

3

r}
'
.
“
£
-

A 21. " Pfli er, A., "Zum Beulproblem der anisotropen Rechteck- .
S R platte", Ingenieur—Archlv., Vol 16 1947, ‘

- — - 2

. T —~ N |
. 22, Pflilger, A., "Pie Orthgtrope Platte mit Hohlstéifen“} ' -
. 7' " Osterrelchlsches Ingenreur-Archlv., vVol. 9, No, 2, 1955. .
‘ . N . . " ]
\ ‘ . R , ' e .
) , 23.  Trenks, K., YBeitrag zur Berechnung orthogonal aniso- .,
BN <~N, -+ ' -troper Rechteckplatten", Der Bauingenieur, Vol. 29,° .
' No. 10, 1954. ST

N . s NE
- « ' N
- - .
. ? - ~ - »
’

- 24. Glencke, E., "Die Grpndglelchungen fiir d;e Orthotrope
" Platte mit exzentrischen Strelfen Der Stahlbau ’

A ~ Vol. 24, June,.1955. ' . ‘ :
X . - - : . . . . -
25. Giencke, E., "Die Berechung von durchlaufenden Fahr- )
i bahnplatten", Der Stahlbau, Vol. 12, No. 27, September, °

. November, December, 1958. . , .

., .. [ i N N
. -
‘

*~ .
-.26. Giencke, E., "Die Berechnung vpn Hohlrippenplatten",
Der.Stahlbau, Vol., 29, January, February, 1960. N

)
SNt

- . - : o e 4

27. Giencke, E., "Elnfluss der’ Steifen—ﬁxzentrizitﬁt suf .
'Beigung und Stabrlltat Orthotroper Platten’, Beitrige
Aus Statik Und Stahlbau, Verlags=GmbH, Kdln, 1961.

’~- °

. 28, Maésonnet, Ch., "Plaques et quues Cylindriques Ortho-

. tropes a Nervures Dissymetriques®, Publications, Inter-
national Association, for Brldge and Structural Enginheer-:

. ing, No. 19, 19\59. ' . o :

S~ \ Y “ . ) N :

. \ ~ o ° \\_, ! T, . ’ :

. 29. Clifton, R.J., Chlang, J.C.L., and Au, T., "Analysis

. . o, Orthotroplc Plate Bridges"”, Journal of.the Structural

L “Division, ASCE, vol. 89 No. ST5, Prgb Paper 3675,~
o ctQEer, 1963 .- .

'R » P
PN

3

—.. *'° 30. Vitols, V., Clifton, R.J., and-Au, T., "Analysis of
. Composite Beam Bridges by Orthotropic Plate Theory®”,
¢+ - Journal ofe the Structural Division,. ASCE, Vol. 89,
~+ ' No. ST4, Proc.. Paper 3584 August, l963$




- ' .- ~ ' ) ' w
. =31, Schumann, H., "Zur ‘Berechnung orthogonal-anisotroper.’
S ‘ ?, - Rechtecksplatten unter Berlicksichtigung der diskontinuier-

lichen Anordnung der Rippen', Der Stahlbau, Vo. 29, 1960.

\ -, ' .

Chu, K.H.y and Krispamoorthy, G., "Use of Oxthotropic .
Plate Theory in Bridge Design", Journal of the Struc-' ’
tural Division, ASCE, Vol. 88, No.. ST3, Proc.. Paper 3157,

June, 1962. . : Lo .- ,

4

- o
N

Schaefer, W., "Berechnung von ElnflussflaChen fiir die
Statlschen Groessen imehrfeldriger orthotroper Fahrbahn
Platten mit Hilfe von Eigenfunktionen", Stahlbay, N
Vol.o33, No. 6, June, 1964, B '

N ~

Adotte, G.D., "Second Order Theory in Orthotfopic _— .

‘Plates", Journal of the Structural Division, ASCE, Vol.93, -
‘No. STS, P;oc. Paper 5520, p.343, Octoﬁér,\1967

S

_
‘Coull, A., "Direéct Analysis of Orthotroplc Bridge Slabs", ‘.
‘Journal of the & uctural Division; ASCE, Vol 90, No.

ST2, April, 1964. y

7 o

1) '

'
S~

Heins, C.P., and \Looney, C.T.G., "Bridge Analysis Using
OIthOtrOplC Plate‘Theory", Journal of .the Structural

Division, ASCE, Vol. 94 No. ST2, Proc. Paper 5822,

February, 1968. - \ . o
‘Dowling, P. J., "The Behaviour of.Stiffened Plate Bridge :
‘Decks Under Wheel Loading", Ph.D., Dissertation, Imperial
College of Science and Technology, University of London,
London, 1968. ° .o 1

A ’ N

Helns, C.P., and Yoo, C.H., "Grld Analysis of Ortho- .
tropic. Bridges"”, Publications: International Association
for Brldges and étructural Engxneerlng, No. 30-1, 1970%

« «

v,
Wllllam, K. J., and Scordelis, A.C., "Analysis of. Ortho—f.Jﬁ
ropic Folded Plates with Eccentric Stiffeners", SESM = . ;s
port No. 70-2, Un&yer31ty of Callfornia, Berkeley, AL
| aleornia, 1970. '~ - R P
SN - o o ,* Cos

¢t .
s JHe s
AR,

WJ} o
:"w'

c&%
w%ﬁﬁ%ﬁ

f iy .
i g
'\;.nw‘%x igdty

e

S FE \I‘;




41.

44.

48.

45... )

'Bridge with Steel Deck Plate", Japan Society of ‘Civil
Englneers, Transactlons, No. 86, October, 196<.

.1968. ) ‘ ‘ T

"of an Orthotropic Steel Deck Bridge", Vols. I and II, -

~ - ~

McBean, R.P., "Analysis of Stiffened Plate by the =~ '+ .’
Finite Element Method", Ph.D. Thesis, Stanford University,

- o / . . ¢ " T
Powell, GuH., and Ogden, D.W., "Ana;y51s of Orthotropic
Steel Plate Bridge Decks", Journal of the Structural
Division, ASCE, Vol. 95, No. STS Proc. - Pﬂﬁer 6563,

p. 909, May, 1969. S

[N

[y
Y

.
B -

Tinawi, R.A., "Behav10ur of" Orthotroplc Brldge Decks",
Ph.D. The51s” McGill University, Montreal 1972

- -

‘ a

KlGeppel, K., "Zur orthotrepen,Platte aus Stahl. Die
‘Neue KOln-Milheimer Briicke", Commemorative Book published

by the City of Cologne, 1951. ' ' . N

- - \ ‘ = ‘ a
"k N [}

Naruoka, Okabe, T., and Hori, K.,‘"An Experimental Study

on Model Continuous Beam Bridge with Steel Deck", ,» .

Publications .International Association for Brldge and . °°

Structural Engineering, No. 18, 1958. -

Kondo, k.,‘Komagsu,“S., and Nakai, H., "Theoretical 'and
Experimental Researches on Effective Width of Girder '

< . . . ‘s

o . ! . '
. » .

pavis, R.E., and Bender, 0., "California Builds Experi—
mental Orthotropic Plate Bridge", Civil Englneerlng,

(New York), Vol. 34, No. ll, November, 1964 AR
. z . . b

: * . !

A DN N

Bouwkamp, J.G., "Behaviour of a Skew Stéeerecka;idge o
Under Static and Dynamic Loads", Report Ne. SESM 65-2, : . .
Dept. of Civil Engineering, University of Ca}ifornlah - L
Berkeley, Callfornla, June, 1965. . Ceom = Lo

, . )
. S . \ I
.

<
¢ - L
“ . ol

Bouwkamp, G. J., and Powell G H., "Structural Beth1our O

Report No. SESM 67-27, University of Califoynia, * R
BerkeIey, aITfornla, November, 1967.. . P

Sharp, M1, "pield Tests of Alumlnium»Orthotropic ~
Bridge‘Deek", Journal of thé Structural‘Dlvision.'ESCE,

VOl. %5, No. sT‘II‘“Pré . Paper 6920, November, 1969.

(.\\'

M)



‘ ’ 50.

55..

57.

59.

LY

'Canada, Vol. 14 No. A-3, Mar?h 1971.

McGr
a

5G.

- f

‘Davis, H. L.,\and“Toprec, A.A., ."Fatigué Testing of 7. - Y;

Ribbed Orthotropic Bridge Elements", Research Report
No.77-1, The Centré for Highway Research, The
University of Texas, Austin, Texas, June, 1966. ;

-

[y

Erzurumlu, H., ‘and Toprac, A A., "Fatigue;of Orthotroplc
Steel Decks", Journal of the Structural Division, ASCE, |
Vol. 98, ST 4, Proc. Paper 88?3 April, 1972. - ' |

~

A
Ll r
v ~

Troftsky, M.S., and Azad, A.K., "Ben@iﬁg and Torsion in

Orthotropic Deck Box Girder", Journal of'the Structural I
Division, ASCE, Vol. 98, No. ST 9, Proc. Paper 9le8, S
Séptember, 1972. . . .- , - R

.

- S @, f ;

Glockner, P. G.} Verma, K.K., and de Paiva, H.A.R., "Study

of the Behaviour of a Three-Panel’ Orthotroplc Steel Plate .
Deck", Transactions of the Bngineering Instxtute of

.

.
N b - v

Timo henko, S.P., and Goodier, 'J.N., "Theory of Elasticity" .
iw-ﬂill Book Co. Inc., .Second Edition, New York.

]
' o~

. f"\@‘ . . N N

Gere, J.M., and Weaver, W.dr., "Analysis-of Framed
~ Structures”, D. Van Nostrand Company, Inc., Toronto, , Ot e
1965, . e 1 i : : . '

' ~1 . 5 [l
t b : :
Weaver, W. Jr.,“"ComEuter Proqrams for Structural Ana1y81s“w»
D. Van Nostrand Company, InC., Toronto, 19662 ‘ :

e .
— . oy —_
v o

P s

"OrtHotroPlc Brldge Decks usinq:Bethlehem Stand rd Ribs",
Bridge -Design Alds, Bethlehem Stee@ ¢orporat197/

Bethlehem. . o

T Itsky, M. S., and Azad A.K., "A stlffness Method of :'?g

Analysis of Orthotropic Steel Bridge Deck", Papér pre- > e

sented at the Fourth Canadian Congress of Apélled C s

Myhanics, Montreal, May, 1973. S R . RERRE S
* . . , ! T ' “":

Troxtsky, M. S., and Azad A. K.,n“Analys;s of Orthotropac: ﬂn;J¢§§

. Steel Brxﬁge Decks by a Stifﬁness Method", Proceedings.
of . the Institution of C;vxl Epglneers, London, Vol.\S X
June, 19733 . e




R A

‘ 620

»

i~

Troitsky,
Orthotr
of Civi

M.S., and Azad, A.K.

Engineering, Sir George Williams University

Montreal, November, 1971.

.

L]

’

LN

,\ "Refined'Analysis of
ic Steel Bridge Decks", Repart No.l, Faculty

’

A I

<

v

n

i ] ¢ L. . _
v 61. Troitsky, M.S.,.and Azad, A.K., "Refined Analysis of’

Orthotropic Steel Bridge Decks™, Report No. 2, Faculty

, of Civil Engimeering, Sir Geérge Williams Universi

“ Montreal, March, 1972. /

v

o

tSkY, aM-\S'. and \Azad, vA.I(o '

rthotropic Steel Bridge Decks™, Report No.
Faculty of Civil Engineering, Sir George Williams

University, Montreal, 1973.

J..

-—

-

ty.

Refined Analysis of

3

»

.

~r g
.

g

~

‘

-

4t
;
i
¢
%
‘,3

R




P . ] A '; . - . ; - . :
. . e x : 181 .
s v - . /
- . : . . .
c‘ ' J - . ) -~ ] N .
- T o APPENDIX A ’ ‘ N
. j"@‘ . \ ‘ . . . .
, . .* 7 ROOTS OF EIGHTH ORDER POLYNOMIAL . . .
t [ ), . ) g ' : \L' a . : .
. ' + ' For an actual grthotropic bridge.deck of usual
proportions and stiffened by open type ribs, it can.be shéwn . .
that the polynomial in Eq. (2.46) yields always. two pairs of. R
‘real roots and two pairs of complex conjugate roots. L
L ' - Va . ot
; - . ﬁﬁeplacing s2 by, x and using ¢oefficients valid S
) for the case of open ribs, Eq. (2.46) reduces to -a quartic
- ‘ equation of the farm ‘ c
‘ A i . 2 T s s
AN . . S’ . , : .
. - asx" ¥ ayx® + ax® + azx tar =-0 . (a.1)
' . N k e o, N .I . ¢ ’ - ' [
F N . Y : .
R . Where the coefficients - as ' to A1 are given by . ¥ |
ld 7’ -~ Al . . I - . . — e
- the expressions (2.23). 2 e i T
- . . . ' : o L : - |
N ‘A ' . / ’ " W‘ ‘
A Dividing by as, Eq. (A.l) can be written as S »
' 5 ’ b+ . . . [ ' et
. o X N . . ' - . o s
: ) ' ‘ ) @ N r ‘ " - - ’ . . ' ‘
;.<v ‘< "' o, ' ’ > x" + 3 " : 2 < ' - ' i o
. . , p1x° '+ pax® + pax + py = 0 ,(a.2)
/L$ o -‘ )‘ ) ) ? . \l ' : . : . - L a v ' . ' o
i -~ . ;.}‘ , . - N PTY PR O . ' . ?
. : . R . N rd . \:_. . 0‘7 “. . . ., et A g, B2
' where . " o S ,/ L '
o Pr o= aw/asi o p2 = asfas. o - (A3) 1
Loe o0 Ry = axfasi pemar/as o0 0ot
* ° -2,; AP I o, N o PO S A N R .
el Y 7 v g et - N AT A . e . e et
, ~\‘j 57 , A - L i ~.‘. - . . " S ',1:‘%;: . ;:'
v b e et e g T e
“- In okder: that Eq. ,st.(Ar_.Z)‘ ‘Hag two real roots. and-.two'.
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. . 'complex cénjﬁgate roots, the discriminant,' A, for the ’

..'. ) . B - ' g v . ‘ , . R ‘ v o . .
| © ' equation must always be a negative:quantity. A is.given as . "\
. A, ' ( ' ' -

M A N v N ,
- S - A= - 4£° - 27 ¢ . {A.4) S
. ) .' v 4 9 . © hoe ‘ «
’ o _ ’ f = pip3 - 4py |» §~P2° ' (5-55)
. N .\ \ , . - ) .
. - - , , \ . . ” .
and . \ . .
N [ ' e o [
. . ° . 5o : 4 ’ . < "' ) . R °
: * C e e 2 -+ }_ . g - 3_. 2 =3 . .
g F.-"P Pu -+ 3 P1P2P3 f 3 P2P p 27 P, (A.5Db), ’
‘ The expressions for.pi,pz2.,p: and pqlobtaihed from -
. p L .
. ’ " Egs. (A.2) and (2.23) indicate ‘that, while p{ and pj; - are o
o\ * ) f M . ' , et b ’i
~always negative guantities, pz : and py have positive values. o
. Since the mpment of inertia, I, of the deck plate is small
N B 1. - ‘_~'( . : )
.. compared tomother.valuéﬁ, the numerical ‘magnitudes of ﬁhesgl., -
R ",mwcoeﬁficiehté are in adescéndingcuﬁer-with pi being the ' s

largest and ps being the smallest of all. Fu:tre;more, it . -\”

) .«  is also evident that the values of p; and "p4. are also p S

. » N wT
' 1 N e, M
'

small compareé with the values%gf p1 and p;. Therefore £
. . . \: . t . . .
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» - £.o= "8 -5 P, and (A.6c) - A\
‘ﬁ N Co g =8 2 p? - {A.6d) '
| , g 27 .
| ' where i T .
I " . ' . : e ’ '
. . p ‘ a1 a .8 3 - ¢ ‘
. . 8¢ = pips and 6 = pipy+ 3 Pip2bs + 3 PPy . (A.Be).
S L ‘ “ Both 6 £ and S'g Are relatively small compared with
| ! other terms in f and gq. D , v
. . M . 4
1 , . S - . : L
f _ < v = a - ap? + Lisph oL ps @.7a), -
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i N ' Ignoring the small terms in £3 and, g2 , A can B s

be expressed from Eq (A.4) as . o L o o .
. ‘ ‘ . - = g 2 _ 4 ’ s a '
e A f(ﬁfpz) ¥ (8gp2)p, + M'gpz-- (A.8)
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| = it (8 pupe o B(BL)2
8 = 4pipil 153 pup2 ..f(pz) psl}
: ' _ Further rearranging, A can be wriiten in the form

v
’

A = .4(p1p2)? [~ pj'l-\ps{pz - %(S—j—)z}] (a.9¢c) . .

- ' » K

.

'
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. -  From the relative values of p1 and pz2 obtained
from Egs. (A.2) and (2.23), it can be shown'tt.x’at the terni_

in the sécoxid bracket is always positive for an actual bridge

'deck having open ribs.' ‘I‘hes,’ the term ix} the third bracket
of the above equation b'e.comes,”hega_tive, which makes the

’

discriminant, A, a negative quantity. Therefore, the pdly-

°
b

nomial in Eq. (a.1l) }'las alwéys a'pair of real and a pair of

complex conjugate roots.
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- . L PROPERTIES OF BRIDGE MODEL . ST e
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. . - P N ) o~ * R - . N . S o ) ‘
< < b The propérties of the.bridge nmodel usedg'fin the' . o7
. ' theoretical analyses are -given below. C - .
.t “ - . . ’ v, . . . P
K B.1 PROPERTIES OF MAIN GIRDER . o i . - .
. . ' ’ ’ . P » . “, / : o . .
) 9 * . . ” (:v - ‘) . -’p ,
. ~ In calculating the moment of inertia and section , L
. - (4 . - . R4
T moduln. of each gn'der, half-w1dth of ‘the deck is. cons:.der- o
. - . ed as the tqp flange. Referring to Figure B.1l e | s
) 5 . . > v R . . ’ 'Y ! |
* |\ . L% . . . o a i ® ° 0 -

Depth of ‘neutral axz.s from top of deck, 1’! & 7. ‘f!’O "ixi.“
-Moment ‘of inerta.a about . X-X axis,I L e 1524 0 - :I.n"

Section mdaulus at top of gixder, S b h

Section modulus at bottom of girder,
sectiqn modulus at :lnside face of bottciu
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. uee “B.2 PROPERTIES OF RLB AND’ FLOOR BEAM USED N R
. " - .- .PELIKAN-ESSLINGER® § meTHOD . - ‘ ;
i ’ : . - ) ' . x « \; L o ‘r ', . ’
| L § . ] ) . “ . ‘ . . . . - g;xi"
. B.2.1 Rib" o - ,
‘ . 4"‘0 ’ : X . . ./
- . i{ 3 heY ) - .’,' -
- - ., Referring to Figure B.2 « :
s e T S ‘ /
IR . et - L .. : o
e . e 12,727 | '
I3 ) . - - f‘( / » ’ . -~ -
- . ’ - L4
. ' ! : , .
. oy N .
. ° - . T
W : ‘ . S : '
- e Effective width of deck plate = 12.’72 in .
C ; ;‘ ' ‘Developed length of rib, Ly = '
: : Area enclosed by rib, A- = _
" Torsional constant, X, = ' = :
: * - 'y .= 1.373in |
e ‘ , R ’ B / * . R l} ) * K' ) - ',(
j‘:‘ - . . » Ixx/ = 12084 1ns ) ‘ ' - :» ,i;'j
LT S e, . VSxt .3 9.35 in o T L ‘i":
A ; o be = 3.54 in® ' ' J
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rigidity = 0.0323.

' ' B.2.2" Fldor Beams o B . T ' . ‘
A "+ " Effective width = 13.20 in - : |
N B ' Y = 1.348 in v
s . . . =‘ " h | N -'
) ‘ . \Ixx 86.l18 1n' _ ,
. ' - Relative rigidity ratio,y = 0.0045 I
: T : L . o :
_ B.3 DATA OBTAINED FROM PROPOSED METHOD . , - ' ’
‘Roots of polynomial are ) o | :
. ;./// . ° N E ' .o -
| - oo Sy = 1.37113 ° K o
| / : . Sz = 0.590268 ' e v
A T Ss =  0.260614 D A o

0
P
n

0.081631 » ' . T

. -
& , . [ “

: - ~ The coefficients ij and ij" are evaluated'as ', R

: o Ky = 18.5200m

: L kK, = 9vi1.55585@m .-

Ky = =0.028831m

A = -0.000201 &
o = T710m8F
R 3.56062 & .
N | ~0.166150 W canid.y
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