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The Analysis of Cylindrical Orthotropic Curved Bridge Decks
Calcul des tabliers de ponts courbes a orthotropie circulaire

Die Berechnung kreisférmag-orthotroper, gekrivmmter Briickenplatten

YAU KAI CHEUNG

Ph. D., MICE., Associate Professor of Civil Engineering, University of Calgary,
Calgary, Alberta, Canada

Introduction

The rapid development of the modern highway interchanges required the
use of more and more curved structures. Such structures are usually either
plain curved slabs or are made up of a system of slabs and multiple stiffening
girders. These multiple girders are usually arranged orthogonally along the
radii and arcs of concentric circles, and can be treated as an equivalent cylindri-
cal orthotropic plate [1, 2]. Much of the research conducted in this field so far are
on curved girder bridges, in which the structure is analysed either as a curved
beam or an assemblage of curved beams, although CouLL and DaAs [3] made
some experimental and theoretical investigations into the behaviour of uni-
form thickness isotropic curved slab bridges, while CERADINI [4] attemted
the approximate solution of an orthotropic bridge for a line loading with a
simple sinusoidal variation. The most advanced work done on this topic
appears to be due to a paper by YoNEzAwA [5], in which he studied the static
and dynamic behaviour of curved orthotropic bridges with edge girders.
Unfortunately, the analysis is only valid for uniformly distributed loads and
constant thickness slabs.

The finite strip method developed by the author has been applied success-
fully to the analysis of orthotropic right bridges [6]. In this paper, the method
is extended to solve also the problem of orthotropic curved bridges. In fact,
it will be demonstrated that any right bridge deck can be analysed by the
same computer programme by simply adopting a very small subtended angle
together with a large radius.

In this method, the bridge is divided into a number of concentric circular
strips, each strip being simply-supported at its two ends. A displacement func-
tion of the form ¢ (r) i (6) is chosen for the strip, in which ¢ (r) is a beam



42 YAU KAI CHEUNG

function with undetermined parameters, and i (8) is a Fourier series which
satisfy automatically the support conditions. A stiffness matrix can be devel-
oped and the whole bridge is then analysed by the standard stiffness approach.
The advantage of this method over conventional finite element method lies in
the fact that a two-dimensional problem is now reduced into a one-dimensional
~one, with the result that a very compact narrow band matrix with a small
number of unknowns is used in the analysis. Because of this simplification the
computer programme for such an approach is comparatively short and also
little input data is required for its execution.

Problems involving interior or edge beams can be included in the same
way as indicated in a previous paper [6].

Analysis

A. Displacement Function

The bridge is now assumed to be divided into a number of curved strips,
each strip having constant orthotropic properties of its own, but can differ
from adjacent strips so as to approximate radially variable property problems.
Such a strip can be found in Fig. 1.

free

Fig. 1. Curved bridge and typical strip.

The boundary conditions for each strip are:
at 0=0and =«

w=0 and My= -—Dg;l—(
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The polar coordinates (r, ) are obviously suitable for this problem, while

further simplification can be achieved by introducing a dimensionless para-
r—"ri rs—1":g
b 2
r=r;, R=2.
A suitable deflection function in terms of the parameters R and 6, and
satisfying all the boundary conditions can be given as

meter R = . Thus we have at r=r;,, R=0 and at

, in which b =

3 1 R3
— __R24 _ RS . — R24 ,
v _m=1,§;..oo [(1 4R +4R )w’m_‘_b(R o * ) {/’lm (1d)
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+(ZR —ZR)wjm+b(—4——7)¢jm sin——,

where w;,,, ¥;, etc. are the generalized displacement parameters of the mth
term along the sides of the strip. In general it is neither possible nor necessary
to use an infinite number of terms, and depending on the nature of the loading,
three to eight terms have always been found to give accurate results.

The deflection function given in Eq. (1d) is a compatible function, since
all function values and its first partial derivatives along the common boundary
of two adjacent strips will match uniquely.

Eq. (1d) can be written matrically as

/4
W, k
w=CW=[C0,0,...C, ]y - {=2C,W,, (2)
: 1
Wi
in which
3 1 R3 3 1 R® R? mm 0
—(1-2p2L> ps _Rea) (2 Rpe_l g3 iR ¥ (P
C’m_[(l 4R+4R), b(R R+4), (4R 4:R)’b(4_ 2)]sm -
and W, = {wzm Pim Wim ¢jm}T .
B. Stiffness and Load Matrices
The curvatures of a plate in polar coordinates are given by [7]
_Zw
or?
— Xr
1{1 2w ow k
X=10 T N3 A TR ®)
Xrf 2(Pw 1 0w
“r\ero6 r o6

B, can be obtained by differentiating C,, with respect to » and 0, and its
explicit form is given in Appendix I.
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The moment matrix for cylindrical orthotropic plates can be found in the
same text [7], and we have

Mr Dr VHDi' 0 — Xr &
M={My:=|\vDy Dy O | —xg(=>XDB,W,. (4)
M, 0 0 Dyl |2xe)

Here D,, Dy are bending rigidities for directions » and 0; D, is the twisting
rigidity:

E. Byt Gyt3
D, = 12 (1 —v,vg)’ DO_IQ(I—V,.VQ)’ D = 12 °
For an isotropic material
E 1—v
D = = = .
,=Dyg=D = 181 =) D, 3 D

The expression for the total potential energy of each strip is given by

=%J..f _MrXr“M0X0+2Mr0Xr0)Tdrd6
0 r (5)
—f W qrdrdd—[{w ;3 (P M, P, M7 rdg,
0 r; 0

in which the first integral denotes the strain energy of the strip, the second

integral the work done by distributed surface loads, and the third integral

the work done by edge forces acting along the sides of the strips.
Substituting (3) and (4) into (5)

=%Of°f T serdrdd— Jfo‘OTqrdrdB [ {w;pew, s} (P M, P, MY r df =

Ti i
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If the load g is also resolved into a sine series in the circumferential direction
similar to the deflexion function, then

in ™0 i 2o k- k sin nm0
q=q131n“+Q231n~+‘ +qk81n = Z , (7)
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Eq. (6) can now be written as

U= 3y [ Wi 55D Byrards) W~ Wi (0%g,sin ™27 raras
m=1,k 0 r; 0
n=1,k 9 (8)
~ W sin m; n 7 {P M,, P, Mm}TrdH] .

The integrals with respect to ¢ are all orthogonal and therefore each term
of the series can be treated individually and then summed to give the final
results. Therefore only one typical term will be used in all subsequent deriva-
tion.

Differentiating Xq. (7) with respect to the generalized displacements of
each term one after the other and equating each of the differentials to zero
will yield a set of 4 simultaneous equations. '

eU _(oU oU oU aU
EWm~ 8w@'ma¢‘imawjma¢']'m

—Homgmsmm”erdme—j{za M,, P, M

tm Lt jm g
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0 7

i ™79 9
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S,, 18 a square symmetric matrix similar in form to a stiffness matrix and
F,., F,, to load matrices in structural analysis. In the present computer
program these matrices are obtained by numerical integration.

The stiffness matrix of a generalized finite element is always singular and
cannot be inverted, while here §,, is no longer singular due to the pre-set
conditions. As a result of this, the coefficients along a row or column of the

matrix for a particular force component will now no longer add up to zero.

Overall Stiffness Matrix and its Solution

The final equations for minimizing the total potential energy of the whole
bridge can be obtained by summing up the contributions from the individual
strips, similar to assembly procedure of beam stiffness matrices. The resulting
equations are solved by a narrow band matrix solution technique to yield the
nodal displacement parameters, which in turn will give the internal moments
of each strip when used in conjunction with Eq. (4). The results of each term
are then summed automatically by the computer to give the final results.

Numerical Examples and Discussions

The first example attempted deals with the analysis of uniform thickness
isotropic curved bridges, and the theoretical and experimental results obtained
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by CourLL and Das [3] are used as a check on the accuracy of the present
method. Two model bridge slabs of both perspex and asbestos-cement, each
with an included angle of 60°, are loaded with central point loads at three
different radial positions, the inner and outer edges, and at mid-radius respec-
tively. A comparison of the deflections and bending moments along the central
section are given in Figs. 2—4. In general, there is good agreement between
all sets of results. The finite strip method consistently gives higher moments
under the load points when sufficient number of terms are taken (8 terms in
this case). However, if only 3 terms are used, the maximum values then are
much closer to the theoretical results of Coull and Das, who also took only
3 terms for their analysis. A point of interest is that the higher terms (i.e.,
after the 3rd or 4th term) only affect results in the very vicinity of the point
load.
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Fig. 2. Radial distributions of mid-span de- Fig. 3. Radial distributions of mid-span de-

flexions due to unit load at (a) outer edge, flexions due to unit load at (a) outer edge,

(b) mid-radius, (c) inner edge; asbestos- (b) mid-radius, (c) inner edge; perspex
cement model. model.
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Fig. 4. Distributions of tangential and radial

bending moments at mid-span due to load

at (a) outer edge, (b) mid-radius, (¢) inner
edge; asbestos-cement model.
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Fig. 5. Distributions of tangential and radial

bending moments at mid-span due to load

at (a) outer edge, (b) mid-radius, (c¢) inner
edge; perspex model.

A typical run for one loading, using 8 terms and 8 strips, took under half
a minute on the medium speed IBM 360-50 computer.

For bridges with cylindrical orthotropy, a similar comparison to that made
in the previous example is not possible because of the lack of relevant experi-
mental data. It is therefore decided to test the computer programme by
analysing a cylindrical orthotropic bridge with a very small subtended angle
but a very large radius, and then compare the results with those obtained
from an orthotropic right bridge program, the accuracy of which has been
proved beyond doubt. The geometric data for the various cases are as follows:
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I. R, =199.5, R, =200.5, « = 0.006 radian,
II. B, = 99.5, R, =100.5, « = 0.01 radian,
HI. R, = 49,5, R, = 50.5, « = 0.02 radian.

€

The point in common is that the circumferential length at mid-radius and
also the length (E,— R,) are always equal to unity.

The results for the various bridges under a central point load are summarized
in Table I. It should be noted that the results of the right bridge are nearly
identical with those of case (I), while cases (II) and (III) also give nearly the
same values, but with the unmistakable tendency to become more flexible at
the external radius side with progressive curvature.

The last example demonstrates the versatility of the method. An imaginary
bridge of the same dimension as the perspex model and with abrupt change
in thickness is analysed under dead load. It should be mentioned that the
input data required for this case is no more than that for a uniform thickness
case, since each strip always contains its individual bending and torsional
rigidities. Only three terms of the series are needed in this analysis, because
convergence is very rapid for uniformly distributed loading. The deflexions
and bending moments for the central section are plotted in Fig. 6.
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Fig. 6. Distribution of deflections and moments at midspan of variable thickness bridge under
dead load.

Conclusion

It has been demonstrated that the finite strip method is an ideal tool for
the analysis of curved bridges with cylindrical orthotropic properties. This
method is simple in concept, easy to program, requires minimal input data,
fairly small computer storage and little time to run.
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Notation
w displacement normal to plane of slab
D,,Dy,v,,vg, D, cylindrical orthotropic constants and rigidities
r,0 polar coordinates .
w;, Py displacements and rotations along side ¢ of strip
Wim > Pim displacement and rotation parameters of the mth term along
side ¢ of strip
P, M, shear forces and radial moments along side ¢ of strip
P, .M, shear force and radial moment parameters of the mth term

along side ¢ of strip

References

1. HurringTON, N. J.: Theoretical Determination of Rigidity Properties of Orthogonally
Stiffened Plates. T. of Appl. Mech., Vol. 23, 1956, p. 56.
2. YoNEzAwA, H.: A Study of the Stiffness of Beam Bridges. Transactions, Jap. Soc. of
Civil Engrs., Vol. 54, 1958, p. 43.
3. CouLr, A. and Das, P. C.: Analysis of Curved Bridge Decks. Proc. Instn. Civ. Engrs.,
Vol. 37, May 1967, p. 75-85.
4. CeErADINI, G.: Théorie des pontes courbes & poutres multiples. IABSE, Vol. 25, 1965,
p. 51-64.
5. YoNEzaAwA, H.: Moment and Force Vibrations in Curved Girder Bridges. Proc. ASCE,
Vol. 88, No. EMI, Feb. 1962, p. 1-21.
6. CHEUNG, Y. K.: Analysis of Orthotropic Right Bridges by Finite Strip Method. 2nd
Int. Sym. on Concrete Bridge Design, Chicago, March 1969.
7. LEKHNITSKII, S. G.: Anisotropic Plates. (Translated from 2nd Russian edition) Gordon
and Breach Science Publishers, 1968.

Summary

An analysis of cylindrical orthotropic curved bridge slabs is presented in
this paper. The slab is divided into a number of concentric circular strips, and
the stiffness matrix of each strip, which is simply supported at its two ends,
can be formulated by expressing the deflected form as a product of a Fourier
series in the circumferential direction and a beam function in the radial direc-
tion. These individual stiffnesses are assembled and solved to give the nodal
displacements and subsequently the internal moments. The method has a
number of advantages. It is simple yet accurate, versatile yet easy to program
and to execute. Furthermore, the program can be accomodated on a small
computer such as the IBM 1130.
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Résumé

Ce rapport présente un calcul des tabliers de ponts courbes & orthotropie
circulaire. La dalle est divisée en un certain nombre de bandes circulaires
concentriques simplement appuyées aux deux extrémités. La matrice de rigi-
dité de chaque bande peut étre formulée en exprimant la déformation comme
un produit de séries de Fourier dans la direction tangentielle et comme une
fonction de poutre dans la direction radiale. Ces rigidités individuelles sont
assemblées et résolues, afin d’obtenir les déplacements nodaux et les moments
internes. Cette méthode présente bon nombre d’avantages: Elle est simple,
précise, facile & programmer et variée dans ses applications. De plus, le pro-
gramme peut étre adapté & de petits calculateurs électroniques tel que I’IBM
1130.

Zusammenfassung

Dieser Beitrag gibt eine Analyse der kreisférmig-orthotropen, gekriimmten
Briickenplatten. Die Platte wird in eine Anzahl konzentrischer Streifen auf-
geteilt. Die Steifigkeitsmatrix eines jeden Streifens, der an seinen zwei Enden
einfach aufgelegt ist, ergibt sich, indem man die Biegefliche als ein Produkt
einer Fourier-Reihe in Richtung des Umfanges mit einer Balkenfunktion in
Richtung des Halbmessers anschreibt. Diese einzelnen Steifigkeiten werden
zusammengefalt; die Losung gibt die Knotenverschiebungen und hernach die
inneren Momente.

Dieses Verfahren zeigt eine Reihe von Vorteilen: Es ist einfach und trotz-
dem genau, vielseitig und trotzdem leicht zu programmieren und auszufiihren.
Weiterhin kann das Programm von sehr kleinen Elektronenrechnern, wie zum
Beispiel der IBM 1130, bewiltigt werden.
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