61

Structural Eng. /' Earthquake Eng. Vol 4. No.2, 277s-287s.. October 1987
Japan Society of Civil Engineers (Proc. of JSCE No.386,/1-8)

THE THEORY OF CURVED, MULTI-CELL BOX GIRDER BRIDGES
- UNDER CONSIDERATION OF CROSS-SECTIONAL DISTORTION

By Tsuneo USUKI*

The theory of curved, thin-walled, multi-cellular beams and a method of determining the
stresses and deformation, including warping, are presented. The equations governing
small displacements in the linear elastic range are derived using the principle of virtual
work. The solution includes the distortion of the cross-section, the influence of shear
deformation, and the variation of longitudinal fibre curvature.
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1. INTRODUCTION

The theory of torsion bending is generally used for the analysis of curved box girder bridges on the
assumption that the shape of the cross-section does not change. Based on this assumption, research has
been performed on the effects of variation of longitudinal fibre curvature, i. e., Refs. 1) ~5). On the other
hand, the methods for analyzing curved bridges with considertion of cross-sectional distortion can, when
the subject is limited to box girder, be classified into beam theory, the generalized coordinate method,
folded plate theory, the finite element method, the finite strip method, combined use of the finite element
method and the finite strip method, combined use of the finite strip method and the finite difference
method, combination of the finite element method and the generalized coordinate method, etc.

In this research, the beam thory is used with the prime object of smoothly combining the theory of
torsion bending and the cross-sectional distortion of curved beams, For summaries of analysis methods
other than the beam theory, refer to Refs. 6) and 7).

Research dealing with the cross-sectional distortion of curved box girders using the beam theory is rare
compared with that for straight box girders, and to the best of the author’s knowledge, it is limited to the
research report by Dabrowski®, the theory evolved therefrom based on the equations obtained from the
research?, and the theory induced from a similar position to Dabrowski'”. In beams with a square
cross-section, the warping of torsion and that of distortion are coupled. However, in Ref. 8) an analogous
equation to the beam on elastic foundation is derived by disregarding this coupling. Although this equation
is frequntly used in the designing of intermediate diaphragms of steel box girder bridges because of its
simplicity, it is quetionable whether it can be applied to single- and multi-cell box girder bridges with a
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large curvature,

The object of this report is to derive governing equations of the curved multi-cell box girder bridges with
deformable cross-section in parallel with the theory of torsion bending in order to equally evaluate the
coupling of torsion and distortion of the cross-section. Although this research is an extension of the
author’s report on straight multi-cell box girder bridges!” into curved multi-cell box girder bridges, asin
that report, an equation is derived using the principle of virtual work, and the cross-sectional distortion
pattern is extracted by orthogonalization of the warping resistance marix. The deformation caused by a
secondary shearing stress that equilibrates with the warping stress of thin-walled elements is called the
secondary shear deformation. The effects of this deformation are particularly remarkable in the torsion
bending phenomenon of a closed cross-sectional member, Therefore, this report also takes into account the
effects of this deformation in order to preserve the striciness and conformability of the theory,

Research has been performed on the distortion of curved, thin-walled, open cross-sectional members
using the beam theory by making kinematic consideration of each plate, i.e., Refs.12) and 13). In these
open cross-sectional members, there are no problems of coupling of warpings of torsion and distortion, and
the secondary shear deformation is not taken into consideration because of its small effects,

2. COORDINATE SYSTEMS AND ASSUMPTIONS

A cylindrical coordinate system (&, p, §) is used as shown in Fig, 1 and axis of the cylinder § coincides
with the center of curvature of the beam. For any cross section of the beam, a rectangular coordinate
system (x, y, z) is used. The neutral axis formed by connecting neutral point N of the cross-section is
called the x axis, and the principal axes y and z are determined at right angles therefrom. The angle
between the p axis and the y axis is assumed to be 8. In addition to this coordinate system, a coordinate s
that passes the centerline of wall thickness and coordinate 7 at right angle to the coordinate s are also
used. The origin of the coordinate s coincides with the neutral point N of the cross-section, and this point
is connected to an optional position on the plate constituting a cross-section with an imaginary plate of zero
thickness?,

Basic assumptions used in this report are as follows

a) The cross-section consists of plates, the centerline of the wall thicness of which forms a straight

line, k

b) The plate thickness } is small in comparison to the plate width 5.

¢) The structural material satisfies Hooke’s Law. :

d) The extensional strain in the direction of the coordinate s is zero,

J
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Fig.1 Coordinate System.

278s



The Theory of Curved, Multi-Cell Box Girder Bridges
Under Consideration of Cross-Sectional Distortion 63
e)  Displacements of the positions of the neutral point N and the shear centre M when distortion takes
place are disregarded as they are extremely small.
f) In the calculation of displacement due to distortion the system is assumed to be a folded plate
structure with simply connected edges.
g) Inthe calculation of lateral bending moment the system is assumed to be a folded plate structure with
rigidly connected edges.
h) In the estimation of normal stress the displacement in the direction of the p axis due to distortion is
disregarded as it is extremly small.

3. BASIC EQUATIONS

(1) Strain and displacement Assuming that the displacement components in the direction of the p,
8, y, z axis at an arbitrary point A on the centerline of the wall thickness are r, u, v, w, respectively,
the following relationship exists between displacements and strains at that point

__lou v 2w __ow

T30 e Moy Fooz - a~f)
_1ov, 9 (u _ow, ov _low, 0o (u

Tor=", 8B+p8y(p>’ [ T IR ao+”az(p>

Also, if the displacement in the direction of coordinate s at the point A can be expressed as f, the shearing
strain on §-s plane would become as follows

Sl S O () s
7es—p 89+p88<p> (2)

The infinitesimal length dx can be obtained by the following equation using the distance Ry between the
centre of curvature and the neutral point N of the cross-section

AT RN -+ +vveerermeemms e (3)
Using Eq. (3), Eqs. (1) and (2) can be rewritten, and by substituting 8 for x, the following is obtained :

_2 (B N, r v _ow

&= ox < P u)—!— o' T oy ¥ oz

Ru  _ 0 [(Ruy 1,0 (Ru _ow 80 Ry _ 9 [(Rw¢ 1, 0 (R

77””_830 [( 0 > U]+ay ( 0 u), [ 8y+az’ 0 Y=g [( 0 > w]+8z ( 0 u)

............................. R (4 . a~f)
Ru B[R\ 1L 0 (By N e
?7xs—“£[<p)f}+as<p u) (5)

Although the shearing strain due to simple torsion, that is the primary
shearing strain, is considered in these equations, the strain due to secondary

shearing stress is not considered. Following the conventional beam theory, to
take this secondary shearing strain into account, in this report, the in-plane
displacement component is fixed, and only the out-of-plane displacement
component g, is reduced to ;. In other words, if the reduction in warping due

to secondary shearing strain is expressed as u,, it could be derived from Fig.2

as follows Fig.2 Shearing strain.

If the primary shearing strain and the secondary shearing strain can be expressed as 7 or and ¥s, se,
respectively, the total shearing strain y,; would be expressed as follows

Yes= Yes, pr+ s, s * 1L ( 7 )

Using Egs. (6) and (7), Eqgs. (4) and (5) can be rewritten as follows
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(2) Basic conditions
a) Condition of strain

u,>+

If the elastic beam deforms, strains occurring in the beam can be expressed as a sum of the rigid
components and distortional componets of the cross-section, By distinguishing them with suffixes R and
D, respectively, the assumption for a rigid cross-section would be

k(Ey)x"—"O, (e0)r=0, (7yz)kz()| ...................................................................................... (1)

On the other hand, the strain (e,)5 (&), and (%,), due to distortion are not zero, However, as
mentioned in assumption f), if the displacement in the direction of coordinate n due to lateral bending of

the plate is assumed to be zero, and only the member-rotation as a rigid body is considered, the following
equations would be obtained, also taking into account assumption d)

I(ey)nzo, (e2)p=0, (7yz)D=0' ...................................................................................... (1)

b) Condition of continuous warping

As shown in Egs. (8), the warping u, of a straight beam corresponds to (R,/0) u, of a curved beam.
Therefore, the condition of continuous warping can be expressed by the following equation,

Ry .
mas( )ds O (F==1,2, wve, ) ++ererverrerrimemeeemeieesic e ettt ettt (10)

In this Eq. (10), ¢ is the cell number and m is the total number of cells. This equation can be conveniently
divided into the two followings using Eq. (6), so that it conforms with the theory of torsion bending

R .
ey ( ud )ds 0l, fas <‘_“Uz ds=0] (i=1,2, s, ) orovrervememmnesreivneniennnn, (I, V)
By substituting Eq. (9 - b) into Eq. (IV), the following equation is obtained :
R . ,
ﬁ.;‘i Yoo, se@S==0]  (F==1,2, ++e, ) +erererermmmsemeeemmees et cece ittt (V)

¢) Equilibrium condition of forces acting on an infinitesimal plate element
If the length of two sides of plate element with thickness # can be given as p-df and ds, the follwing
relationship exists between normal stress g,, shearing stress r,, and distributed load ou(8, s)¥

%;“gg(pzfset)+%%(aet)+pwtzo ............................................................................. (11)

In order to change the differential § above to x, (R,/0) oy is used instead of ¢, in a similar manner to the
conversion of y,, and Eq. (3) is substituted into Eq. (11). The following equation is obtained :

(Ij)h:) [(RN)Zszt} (_f;ﬁ) ax(”xt)+p”t ZE(] vttt e ettt eas (12)

As the primary shearing stress does not relate to the normal stress, the Eq. (12) can be divided into the
two following equations :

<"§)ﬁ) 3s [(Ig )zrxs’”’t]:o (%) 888 [(jg )ths,sét]+(%ﬁ>2*§5(oxi)+p~t=0 ..... (V, V)

(3) Displacement in the plane of cross-section

3

In Egs. (8), as the definitions of strain components ¢,, ¢, and 7,, are identical to those of a straight
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beam, the displacements in the plane of cross-section can be derived from a simple integral calculus using
strain conditions (1) and (1), as in the case of straight beam, as follows" :

[_\{]s)

v=1(x)—(2— ZWo(x)— 23(z— Zu)as)7{x)

)
-t

i

; PSP NP RS (13 - a,b)
w={(x)+y— yM)qD(:c)+Z(y Yo 8)7{2)

Where, 75(x) and ¢(x) are the bending displacements in the dlrectlon of axes y and 2z, respectively,
o (x) is the angle of rotation, % (x) represents the magnitude of the basic distortion (i). The
coordinates of shear center M are y,, z,, and the coordinates of the center of rotation of each plate at the
basic distortion (i) are y,;, zv. A function g,(s), which takes a constant value for each plate, gives a
linear correlation between the angle of rotation of each plate for the basic distortion (i) and the
distortional angle 7, (x). From the above equations, the displacement f becomes as follows

F=nlx)cosa+ t(x)sine+ o(x) TT“*‘é%(x)rpi ...... ST SRS U E SN SIS UR PO CUSR UL (14)

Where, q is the angle between the y axis and each plate. The distance from the shear center to each plate
rr and that from the distortional center of rotation of each plate to the plate 7, are expressed as follows
re=(y—ynsine—(z—zxcosa ‘

ro=l(y— posina—(z—zodcosalads) (i=1,2 - ) [T (15-a,b)
(4) Displacements in the directions of the coordinates x and p
By integrating Eq. (V) and applying Hooke’s Law, the following equations can be obtained.

oo or=T5 (_%ﬁ)z.@, Tas, or= (};"’) T(tx) ...................... e (16 - a, b)

Where, G is the shear modulus, T (x) is an integral constant arising from the integration with respect to
s. By substituting this Eq. (16 - a) into Eq. (9 - a) and integrating with respect to s, the warping can be
expressed as below using the condition of continuous warping ()

u(x,s)= [1+<c%sN,8)y (smﬂ) }E(x) [ (1+—y—cosﬂ> (Iz::sinﬂ)z (S;znﬂ>wr}7)(x)

- {(—ﬁ— cosﬂ)y-&-—g—ﬁ (1 - s1 ﬁ) (c%iﬂ )wr} ¢(x)— wre'(x)— é WeyYHX) o 17)

The unit warping functions can be defmed as follows

y(s)=fscosads, z(s)=[ssinads, w,(s)z%} 08[ (ﬂg)_)zﬁ_( Ry )3%}&9

o(s)
th(S) }(éi) A [(%)ZTH—<:({£))3 W;i}ds (l e, m)

Where, — & (x) is an integral constant arising from the integration with respect to s and geometrically
equals the magnitude of displacement of the point N in the direction of the x axis. The definition of the
primary shear flow function of torsion ¥, will be omitted here as that has been given in various references.

(18 - a~d)

The primary shear flow function of distortion ¥y, can be expressed in the same form as that of torsion. R,
is the distance between the center of curvature and the shear center,

Displacement in the direction of the coordinate p at an arbitrary poiht A on the coordinate s of the
cross-section can be given by rearranging Egs. (13), as below

fz —RN{ [ C%S'B nlx)+ smﬂ &x)— (—~ sm,8+~—~ cosﬂ)@(x)] 1
+ [S—Eg ¢(x)} y+ [E—%SN—B qv(ac)] z] ......................................................................... 19)

However, the displacement component due to distortion is disregarded as it is extremely small compared

with that due to bending, as stated in assumption h).
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(5) Stress

To simplify the derivation of the equations, a vector representation is introduced. The displacement
function vector ¥, direction vector r, primary shear flow vector ¥ and unit warping function vector w are
defined below (Superscript T means transpose) : k

Vi=( 7 ¢ ¢ n = ), r’=0 cose sine 7 Tm  Tem)

F'=0 0 0 U Tp - Up), w=(1 Y Z Wr W Wem)
Using these equations Eqgs. (17) and (19) can be rewritten as below :

u(x, 8):_wTBV,, ,,-(x, s)=-RNwTCV .............................................................. (21 -a, b)

Where, matrices B and C become as shown below ;

Blank sections in these matrices are all zero elements,
Assuming that the axial displacements %, and u, hold the unit warping function in common, Eq, (21 - a)
can be divided into the equations shown below using the relationship in Eq. () :

ux, S)=—w BV, Ux, 8)=—w BV, oo retreiesereaiaaaa, (22 - a, b)
However, the following relationship exists :
L e /APPSR P PO (23)

By substituting Eqs, (21 - b) and (22 - a) into Eq. (8 - a) and applying Hooke’s Law, the following
equations can be obtained : k

R
= _7‘! w(BV,+CV), ox=—E % WBV A+ CV)reverrrreemnemmnmaniiiiieiiieeee e (24 - a,b)

Where, E is the Young’s modulus,
The primary shearing strain and stress can be expressed using the condition of continuous warping )
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by the following equations
Ruyeur _ o (ReyE |
Yoos, o= ( ) ) BV, ,mm_.(;( ; ) BV eeveeeeeeeetaee ettt (25 - a, b)

The secondary shearing strain and stress can be obtained using either of the two methods. That is, by
substituting Eq. (22 - b) into Eq. (9 - b), and using Hooke’s Law, the following equations are obtained :

_iﬁ Vs, Se:,@%(gﬂ wT)B Vs, {%’.". Fus, se:G% (% wT>B Phoee el (26 - a
Symbol~is supplemented to distinguish them from the shearing strain and stress to be obtained by another
method, The other method is a method using the equilibrium condition of forces (V]). By substituting Eq.
(24 - b) into Eq. (VI) and carrying out integral calculus with respect to s and applying Hooke’s Law and
determining the constant of integration from Eq. (N) ’ - the following equations are obtained

— (S Q) " A & sz
ros=g () O BV ev—¢ ()P o b
; Rl Rovt fo gy [ - a,
oo 0= (") (s t‘p) BVi+cv)—(7)) L -
Where, the follwing definitions shall apply :
_ [ Bs : — (SN . e .
Sts)= [ Sy wdF, fulz,s)= [ (52) pdF (28 - a,b)

Vector & and function g, take constant values for each cell of the cross-section (see Ref. 4)).

From the above the total shearing strain and stress can be shown as the sum of Egs. (25) and (27), as
follows

yxs=<%> T gy +€ < N)Z,(_AS:?QZ (BV/+ CVf)w%; (%ﬁ)zfrt ...................... -
G( ) T gy +E( )(S O By Cv)— (1;N>2f~tqw ,

In the secondary shearing strain and stress obtained by the two methods, if the equivalence of the work
done by them is assumed, the following equations of vitrual force and virtual displacement would be given,

‘/V‘é\’l'xs, sexs, sed V=j;3rxs, se¥xs, sed v, ’/;sz, seé\')'xs,sgd 14 ::V/V‘T:cs, seé\};xs,sed Voeeremeenieeeeens (30 - a, b)

Where, § means the virtual component and [---d V means the volume integral. By substituting Eqs. (26)
v
and (27) in this Eq. (30 - a) and by rearranging, the following equation is obtained :

E ppyr _ (S—0) (fi—aw Y e,
L RBVI+CV)-§ /( ISZ QI gE 4 FR(V - Vi)=0 (31)
where warping resistance matrix F' and shear correction matrix R are defined by
_((By\ o = (B (S=8) (S= @) e .
F= F(ﬂ Jww'dF, R—ﬁp) . 2L aF (32 - a,b)

(6) Orthogonal conditions

By premultiplying the equation obtained by substituting Eq. (21 - a) inte Eq. (I) and the equation
obtained by substituting Eq. (27 - a) into Eq. (IV)’, by constant valued vector ¥ respectively, the
following orthogonal conditions can be obtained '

22 (2 w)or=o

Gf(RN (S— @)T AF(BV"+CV’)— Gf(&v)w (fnth) JF=0

(7) Lateral bendmg moment
If the element of curved girder in which the length of the neutral axis is 1 is cut out, assuming this to be a
box frame, the following flexibility relation exists between vector m of the unknown lateral bending
moment at each corner and vector 7y of the change in the angle of the corner :

....................... (33-a,b)
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Am—E’/:O ............................................................................................................. (34)
The ﬂex1b111ty matrix A is given as shown by the following equatlons :
é\u 6\12 """ é\m MM
O O o Oon Oy= ( ) ds
A=E ! : L e, 35 . a~c
: : : 1(8)2“1‘5(11—2)"21(;*) t%(s) ( g
- N
O Ona - O oy #

Where, M; is a function of bending moment when a couple of moments in the opposite direction of magnitude
1 is acting on the corner () in a “primary structural system” and y is the Poission’s ratio. The vector of
the change in angle of the corner can be made to correspond with the displacement function vector V using
transformation matrix T, which calculate the difference in the angle of rotation between each plate and the
adjacent plate for the basic distortion, as follows®

YTV e B OSSO (36)
By eliminating y from Eqs. (34) and (36) the lateral bending moment vector m is expressed as follows :
m :EA“l TV ............................................................................................................ (37)

(8) Governing differential equation

By expressing the virtual work of an external forces as A, and that of an internal forces as A,, from the
principle of virtual displacement the following can be obtained

6‘Aa+ b‘A‘_O ............................................................................................................. (38)

SAaz.éﬁpQ&Ustpdﬂ+Mp~§u1dFﬂd0+;PQL‘8'UQ;;+;PNJ‘()\UU

6A;= “£ﬁ0x3£x+ os0est+ onden+ szayws+ Tsn‘h’sn‘*‘ Tmcé\ymc)dede

Where p, and P, are the distributed load and concentrated load acting transverse to the axis of the beam,
and py and Py, are the distributed load and concentrated load acting parallel to the axis of the beam.
From assumption b) 0,= r5,= 1,50 in the above equation. Also, the virtual work of normal stress o,
due to cross-sectional distortion can be rewritten as the virtual work of lateral bending moment,
Therefore, by replacing the variable using Eq. (3), the following equations can be derived,

_[[e o S
A= [ £ £ pedvedsdr+ [ £ oy Do dFdt 5 Padvat TPubu,

A= — [ [ £ “I%J (0w0ez+ T25072s)dF + mTé‘r]dx

Displacement g, in the direction of transverse load action p, or P, can be given as below :

'UQ(:L', s):r*TV .................................................................... RS L TR LR PRP RO PPIPY (41)
Where the vector r* is defined as follows
r*Tz(O COSO'* Sina* fr‘;f 7‘%1 e 'rgm) ................................................................ (42)

in which ¢* is the angle between the y-axis and the direction of the load acton, 7% is the distance from the
shear center M to line of action of the load and 7%, is the distance from the center of rotation V to line of
action of the load when the basic cross-sectional distortion (i) occurs(see Ref. 16)).

By substituting Eq. (40) into Eq. (38), and also substituting Eqs. (22 - a), (24) and (29) and by
rearranging them using the relationship in Eq. (30 - b), finally the following governing equation and two
boundary conditions can be obtained :

EB'F(BVY+CV")—GB"JBV' +ECTF(BV,+CV)+ELV= fF -1%; por*ds+ BT £ 7{”; pywdF

xi
EBTF(B V;”WL CV/)_GBTJBV/“BTf_% prdF +ZPQir;k =0 ........................... (43 . a~c)
FAILN i x6

EB'F(BV/+ CV)+BT§P~, w;

=0
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Where, torsional resistance matrix J and frame resistance matrix J; are defined as follows

—f(RN>££dF e A N A T N A (44 - a

(9) Stress resultants
The warping moment vector M, primary shearing force vector Q,,, secondary shearing force vector @,
and total shearing force vector @ are defined as follows

M= FUdoF9 Qprzﬁfxs; ordF, Qo= Fz':cs, serdF, Q= FfzsrdF """" (45 ° a~d)
These elements are expressed specifically as follows :

MT:(Nx M. My er Mwm o Mw.vm), er:(o 6 0 Mr,m- QPl,p’r QPm,pr)
Q§e=(0 Qy Qz Mrse Qrse QPm,se)9 QT=(0 Qv Q: Mr Qpm - QPm)

However, following relationships exist
Mr=Mr, pr+Mrse, Qoi=Qp, pr+ Qrr, ses *+° v Qrn= Qom, prt Qpm ge *+ieersissriatii il 47
By substituting Eqs. (24 - b), (25-b), (27 - b) and (29 - b) into the stress terms of Eqs. (45), and by

rearranging, the following equations can be obtained
M= —-EF(B Vi+CV), Qu=GB"JBV', Q.=—EB'F(B V'”+ CV)+B" F%N pywdF

Q= GB"JBV' —EB'F(BV/"+ CV’)+BT£%NprdF ............................................. (48 . a~d)

From these equations the following expression can be obtained

Qse=BT(M'+£-£; prdF) ............................................................ ST TIPSR (49)

(10) Orthogonalization of warping resistance matrix

When the principal coordinate system in Fig, 1 is adopted, all the unit warping functions based on the
assumption of rigid cross-section form orthogonal set with one another, However, as the basic distortions
are optionally selected, their unit warping functions are not orthogonal. These unit warping functions of
distortion are orthogonalized successively under the three following conditions
i ) “Warpings of distortion” and “ warpings of rigid cross-section” are orthogonal. i) “Primary shearing
strain of distortion” and “primary shearing strain of torsion” are orthogonal. iii) “Warpings of distortion”
are orthogonal with one another and at the same time “primary shearing strains of distortion” are
orthogonal,

From the above three conditions a matrix of orthogonalization K is obtained and by using it,
transformation of the matrices of various sectional properties can be performed (see Ref. 11)) . Matrices B
and C, which are charecteristic of curved beams, can be transformed as follows

K'BK © B, K 'CK 5 i i, ET T SN (50)

(11) Relationships between the siress and stress resultant

As vector V'’ is eliminated from Egs. (25 - b) and (48 - b), which represent primary shearing stress by
means of the stress resultant, the following equation is obtained

2 .
I;”) ft T (51)
Where, J* is a nonsingular matrix obtained by deleting the row and column of the terms containing zero
diagonal elements in matrix J. ¥* and Q¥ are vectors that can be obtained by deleting the elements
corresponding to the transformation from J to J*

Similarly, by eliminating (BV{+CV) from Eqgs. (24 - b) and (48 - a) and (BV?-+CV") from Egs.
(27 - b) and (48 - c), the stresses can be represented by means of the stress resultants, as follows :

s, o1 <

E’! Trv—1 —— & 2_(_‘5:__@)1 -1 —1
- wF M, Trs, 50 (p) I F (BT) Qse ..................................... (52.3’ b)
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However, the load terms are omitted in this description,
(12) System of first-order ordinary differential equations
The derivative of the displacement function vector V, is called here the “generalized slope vector”

0!:: V; .................................................................................................................... (53)
and the state vector z is defined as follows

2'=(V 86 ' M: Q) ................................................................................................. (54)

As a system of ordinary differential equations in z is obtained using Egs. (43 - a), (48) and (53),

dz ‘ k

a_:;___ Az+ b( ) .................................... (55)

Where, coefficient matrix 4 and load vector b (x) are defined by Egs. (57) and (58), respectively, in
which E is a unit matrix and P is defined by the following equation

D:F‘IRF"I ........................................................................................................... (56)
[ 0 | BYE+DJ)'B 0 | LBE+DH DB
JE UV D S LE ISR
A= E U PPy N (57)
0 {—GJE+DII'B{ 0 [E J(E+DJ)"DIB"
. EL 0 Lo—C ;' | |
i 1, if g ([ B\(S— @) Us—an) qN) 7
& BE+D M F [(51)55 dF =D [ - puwdF |
0
b= Rovs(S—0) faman) . o a e (58)
—J(E+DI)F ()55 L 4F —\E—J(E+DJ)"D| [£- pavdF
o —ﬁﬁ; por*ds |

4. CONCLUSION

Governing equations of curved, multi-cell box girder bridges with deformable cross-section were
derived, in which the effects of shearing strain and variation of longitudinal fibre curvature were taken into
account, Therefore this theory as it is developed here can deal with continuous, curved girder with large
curvature, ‘ k

In the theory, it was shown that displacement y of a straight girder corresponds to (R/p) u of a curved
girder, and a change was made to the equilibrium condition of the forces, Due to this change the
equilibrium of forces is not satisfied in a strict sense, but this was considered to be unavoidable in order to
maintain conventional theory and to secure an uniqueness of distribution of secondary shearing stress.

While deriving the governing equations, coefficient matrices B and  were introduced, aiming at
correspondence with the case of a straight girder. As R,/p equals 1 in the case of a straight girder,
matrices B and C are transformed to a unit matrix and a zero matrix, respectively. Transformed the
equations of this report, such as this, the equations become the equations of straight, multi-cell box girder
(see Ref V). : :
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