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Abstract-Based upon the linearised theories of the bending and stretching of thin plates, an
analysis is presented for the interaction between non-prismatic beams and an orthotropic
concrete plate. It is shown that an exponential representation for the steel beam profiles provides
a suitable basis for studying interaction in continuous non-prismatic beams, and for deducing
suitable effective widths of slab for design purposes. The influence of" elastic" shear connection
modulus is studied, as well as the effect of the varying flexural rigidity of the steel beams. The
dependence of interaction on sh~ar connection modulus in continuous beams is demonstrated
through deflexion and slip characteristics, and so also is the dependence of interaction on the
severity of the variation of flexural rigidity. The solution can be specialised to the limiting case
of prismatic steel beams and a concrete slab and also to the solutions of rectangular plates
with certain edge conditions.

INTRODUCTION

Earlier works on shear lag in composite beams [1-4], and others have been limited to thin
concrete plates, assumed isotropic, acting compositely with simply supported steel or
reinforced concrete ribs, and have not taken into account the influence of the interface
elastic shear connection (in the form of studs or dowels) on shear lag. Mention must also
be made of an earlier paper by Newmark et al. [5] on the influence of shear connectors in
composite beams which, however, ignored interface uplift. A more comprehensive investiga­
tion which took this into consideration was later presented by Adekola [6], while another
recent paper by Adekola [7] investigated the influence of elastic shear connection (in the
form of studs or dowels) on shear lag in the concrete plate of interacting prismatic beams
and an "isotropic" concrete plate. One significant conclusion of [7] is that effective widths
based on deflexion considerations are more rational than those based on concrete plate
in-plane membrane stress considerations.

The first part of this paper deals with the interaction of steel ribs elastically connected
by means of shear connectors to an orthotropic plate. The results are suitable for studying
situations where, in addition to longitudinal ribs, lateral or secondary ribs, either of
reinforced concrete or steel beams, exist. The present work not only incorporates the
influence of the elastic shear connection, but also extends the theory to continuous beams
with an exponential profile, as a convenient idealisation of the more common typical non­
prismatic profiles of continuous bridges.

Making use of Hubers [8] elastic constants for a concrete plate, the second part of the
analysis deals extensively with the case of equal real roots of the characteristic equations.
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Fig. 1. Coordinate system, beam profile and, composite assembly crosssection.

This is motivated by the fact that concrete is the material commonly used for bridge decks.
Of course, the results obtained are easily specialised to the case of complete isotropy.

The results reveal the marked effect of shear connection modulus, ks ' as well as the in-

fluence of the severity of flexural rigidity variation (represented by ~) on transverse deflex­

ion. The slip also exhibits a characteristic that does not appear to have been previously
noticed. Effective width of a slab acting with a steel beam has been deduced by taking
the external moment as an invariant and, thereby, using the moment-eurvature relationship
to deduce a new increased stiffness at any point over that for the steel beam alone at that
point. Effective widths so determined show that as the shear connection modulus, ks '

increases effective width values increase correspondingly, thereby resulting in increased
flexural rigidity of the composite assembly. All these are shown in the form of graphs and
tables.
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(1)

(4)

(3)

A uniformity of method has been maintained by employing potential functions for both
the displacement and stresses, as well as the deflexion surface, using Fourier series representa­
tion.

FORMULATION OF THE PROBLEM

We are concerned here with the transverse and lateral deformations of an orthotropic
elastic plate occupying the region Ixl < a, Iyl < 00, where (x, y) denotes the two-dimen­
sional rectangular cartesian co-ordinates.

In the absence of body forces, the fundamental system of field equations which govern
the equilibrium problem for orthotropic plates is:

The stress-displacement equations

au" OUy )
U"" = Cll a; + C12 a;

au" oUy
uyy = C12 oX + C22 oy

(
au" OUy)

U"y = C66 oy +~

The displacement equilibrium equations

02U a
2

u 02U )
Cll oxt + (c12 + C66) oX 0; + C66 Oyz" = 0

(2)
02U 02U a2u

C22 Oy/ + (c12 C66) ax 0; + C66 ax/ = 0

where ci/s are elastic constants. With straightforward algebraic manipulations a general
solution of the preceeding equations is:

a
u" = ox ('1'1 + '1'2)

a
Uy = oy (Pl'1'l + P2 '1'2)

02 a2

U"" = Cll iJx2 ('1'1 + '1'2) + C12 ay2 (Pl'1'l + P2 '1'2)

02 02

Uyy = C12 ox2 ('i\ + '1'2) + C22 oy2 (Pl'1'l + P2 '1'2)

02

U"y = C66 oX oy ('1'1 + '1'2 + Pl'1'l + P2 '1'2)

where et.i and Pi are constants connected through

et.f = [(C12 + C66}Pj + c66]cll }

= [c12 + C66(1 + PJr 1C22 Pi
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from which we deduce that the constants a i are the roots of the equation:

cll C66 a4 + [(c12 + C66 )2 - C~6 - Cll c22 ]a2 + C22 C66 = 0. (5)

The satisfaction of the equilibrium equations shows that the functions t¥ i satisfy the
equations

(6)i = 1,2.(8~2 + af :;2) t¥ i = 0,

In the case of equal real roots it can easily be shown that the complete solution of the
field equations becomes

)
!

81j;
aV y = 8 Y - 4(1 + v) - j X

(Jxx (82
(
2) _1(aX at¥)I\- = - + v - Ij; - 4(1 + v) - + v- >-

cll 8x 2 ay2 ax ay (

( ,,2 82 ) (" ~\TJ) )(Jyy 0 _j oX OT
-- = v-+- Ij; -4(1 +v) v-+-
a 2 c li 8x2 8y2 8x 8Y

(Jxy. a21j; 1 8 8
-2 = (1 - v){- - 2(1 + v)- (- + -.)x}
a CII 8x8Y ax at

(7)

where

Ij; = ¢ + XX + Yt¥,
y

Y= -.
a

(8)

Equations (7) are analogous to the Papkovich-Neuber representation of the solution
of the field equations of equilibrium for isotropic bodies.

On the other hand, the field equations associated with the bending and transverse deflexion
of an orthotropic plate are given by

(9)

(10)
a4 w 84 w 84 w

D x ~ + 2Ha---Z-a2 + Dy~ = q,
uX X y oy

where w stands for the deflexion, M x and My for the bending moments and M xy for the
torsional moment, q for the load, and H, Dx' Dy, D j , Dxy for constants characterising
the rigidity of the plate.
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To the foregoing equations are to be adjoined the conditions of simply supported edges;
namely

W = M x =0

for x = ± a, y = ±(2n - l)b, n = 1, 2, etc.;
the conditions of stress free edges: namely

forx=±a, \yl <00;
the conditions of symmetry

ow
u =~=o

y oy

(11)

(12)

(13)

(14)

(15)

for Ix I < a, y = 0;
and the condition of equilibrium of internal and external forces and moments at the cross­
section of each longitudinal rib.

OZMr + ! ~ (d OF) _ oQc + p' = 0
ox2 2 ox x ox ox

where
o {02W OZW}

Qc.l = - 2 oy Dy oyZ + H oxz '

and the overall depth of the non-prismatic beam dx at any section x is given by

dx = De-· lxl • (16)

The corresponding second moment of area I(x) for a symmetrical I-shaped cross-section
having the profile of 16 is representable by

3

I(x) = 10 LJre-r£lx l
r~O

(17)

(18)

(19)

(20)

where Jr's are non-dimensional constants characterising the geometry of the section, and
e is another constant.

oZM
ox/ = - Es{I(x) . W. llll + 2I(x),1 . W,lll + I(X),l1 . W,l1}'

where (x, y) = (Xl' xz) represents the two-dimensional coordinates while a comma followed
by an index implies partial differentiation with respect to the corresponding variable.

of fb o(Jxx
- =-t -dy,
ox -b ox

which implies that

F = 2t C66I (1 + 13;) Olf'i I .
,~l oy y~b

Finally, we must satisfy the following condition of compatibility of longitudinal strains at
the slab-beam junctions in the following manner (see for example [7] for the arguments
leading to the derivation of this relation):

(ER)-lF + 1(dx + t)w 11 - oUx =ks-lp 11'
, ox '
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where ks is the modulus of shear connection, whilst the cross-sectional area of the steel
I-section, R, at any point x is of the form

(21)

(22)

Ro being the cross-sectional area at the origin, and the constants characterising the geometry
of the section are k o and k 1 •

We must also satisfy the conditions of symmetry in the lateral direction (i.e. y direction)

ow
U =-=0

y oy

aty=±(2n-l)b, Ixl <a.

METHOD OF SOLUTION

Assuming that the load q admits of the Fourier series representations
rIO

q = Dx I qn cos(Knx),
n~l

we construct the deflexion surface in the form

for distinct real roots, and

(23)

(24)

rIO

w(x,y) = I {K;qn + A:, cosh(Kn Y) + A:
2

Ysinh(Kn Y)}cos(Knx) (25)
n~ 1

for equal real roots, where A:" A:
1

, A:, and A:2 are as yet undetermined superposition
coefficient, while

,l} = H + J-(H)2 _-Dy , H = D1+ 2D
xy, D

x
- D

x
D

x

Yi=yjA i i=I,2

and assuming Huber's elastic constantst for concrete

we obtain the case of equal real roots with

Y = yjA.

Now and henceforth a bar (-) on any superposition coefficient would refer to the case
of equal real roots.

t From these constants, the relationship between the constants Cll, C22, C12, and C66 can be deduced
for concrete.
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We now construct the stress functions suited for the solution of our problem as follows:
For distinct real roots,

00

'P(x, y) = 2: {Ani" cosh(K"Ym)cos(K" x) + B"m cos(L"y)cosh(L" xm)}. (26)
,,=1

For equal real roots,
00

cjJ = 2: (Ant cosh(Kn Y)cos(K" x) + B" cosh(LnX)cos(Lny»
,,=1

00

'P = 2: A"I sinh(K" Y)cos(K" X)
,,=1

00

X = L B"2 sinh(L" X)cos(L"y)
,,=1

(27)

where Ani' A"2' Ani' A"2' B"I' B"2' B"t and B"2 are again undetermined superposition
coefficients, Y retains its previous definition whilst

x = ocx, Ym = y/ocm,

m= 1,2, K" = (2n - 1)n/2a, L" = (2n - l)n/b.

By applying the boundary conditions of (12), (13) and (22), and by employing certain
routine mathematical techniques «(9), p. 198, 2·671) we obtain relationships between the
various superposition coefficients for the deflexion surface and the stress functions respec­
tively. These techniques are omitted in this paper, however these relations are simply stated
here as follows:

A* _ )'1 sinh(KnbA;I) *
'" - A2 sinh(K"bA -1) A"2

A:, =- K;I{1 + K"br 1 coth(K"br l)}A:2

A _ oclf32sinh(K"boc;l)
"I - - (I . h(K b -I) A"2

OC21'1 sm "oc 1

- _1{3 - v -1 -1 }-
A", = K" 1 + v - K" boc coth(K" boc ) A"2

B = _ (1 + (32)cosh(L"oc2 a) B
"I (1 + (31)cosh(L" OC 1 a) "2

- L -1( 2 )_1{2(1 - v)cu 2 }-
B"I = " oc Cll - CI2 1 + v - (oc cll - cI2)L"a tanh(L" a) B"2

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)
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(37)

(36)Br = 0 + f32)L; cosh(Lrcx2a){CX2 tanh(Lr cx2 a) - cx1 tanh(L
r

cx
1
a)}B

r2
•

Jj = L {O - V)«(l2Cl1 + C12) . h(L) L r aa }B-
r r (1 )( 2 . sm . rcxa + . r .+ v CX Cll - ( 12 ) cosh(Lraa) Z

We now apply the equilibrium condition (14) and again by employing routine mathe­
matical techniques and standard results ([9], p. 196, 2'663; p. 203, 2,674), the equilibrium
equation for the composite assembly reduces to

and

(39)

where

(40)

(41)

(42)

and

. -1 {I + (_l)n+me-w 1- (_l)n+me-W}
Fmn = sKnKmsmh(Kmba2 ) 102 + (K

n
+ K

m
)2 - 102 + (K

n
_ K

m
)2 • (43)

The quantity Pm' the transverSe load per unit length acting on the beam element, includes
the external applied loads and, in the case of shored beams, the beam self weight Pms which
for the beams being considered in this analysis is given by

p = 2Po {( _ I)rn+l k o + kt[e + (- l)m+1K rn ]} (44)
rns a Km 1;2 + K~

where Po is the maximum intensity of the self weight.
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Employing precisely the same procedure as that used in the satisfaction of the equilibrium
equation (14), the satisfaction of the compatibility condition (20) now reduces to

for distinct real roots where Sr* is as previously defined for distinct real roots and

Sr = (ERo)-la{2tc66(Pl - P2) K r sinh(Kr bIXl l)[1 + kok; 1K;ERo]
IX2 PI

+koERoKr2{COSh(KrblXll) _ IXlP2 S~nh(KrbIX~:)}
IX2 PI smh(KrblX 1 )

R: = t{(ko D + k1t)gmr + klDhmr}. S:
2{ . h -1' { , -I IX I P2sinh(Kr bIX l

l
)}}Rr = K r 15Kr Sill (Kr bIX2 ) + ks cosh(Kr bIX2 )-. l'

IX2PI smh(Kr bIX l )

15 = 2tC66(PI - P2)/IX2PI'

Ur-l = b3 Sinh(Lr IX 2a){1 _ IX I tanh(LrIX 2a)},
IX 2 tanh(LrIXla)

-2 ()m+l {I +P2 IXi IX~}
Vmn - ko -1 K mUn 1 + PI . (IX lLn

)2 + K~ - (IX2Ln)2 + K~ Lncosh(LnlX2a)

+ kILn U) IXi(1 + P2)cosh(LnIX2a) {(e + IX I Ln) + (_l)m+ 1 . K me- (e+a,LnJa

l (1 +PI)cosh(LnlXla) (e+IX 1Ln)2 +K;'

(45)

(46)

(47)

(48)

(49)

(50)

+ (e - IX1Ln) + (_l)m+ 1 • K me-(e-a,LnJa}

(e - IX 1Ln)2 + K;'

_ IX2{(e + IX2Ln) + (_I)m+l. K me-(e+a2 LnJa+ (e - IX 2Ln)+ (_l)m+l . K me-(e-a2 LnJa}}

2 (e + IX2 Ln)2 + K;' (e - IX2Ln)2 + K;' ,

(51 )

(52)

_ ako t _ 2 1 00 _ 2
- -2- Km qm + 2J/n {(koD + k l t)gmn + klDhmn}qn, (53)

where the constant S: takes the previous corresponding definition and the other constants
now take the form
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S, = aA(ERo)-l + koks-
1k;]sinh(K,ba- 1)

+ koK, a{3
1

- vcosh(K, ba- 1 ) _ . K, ba-
1

},
+ v smh(K,ba- 1)

K- 1

T {(ko D + k 1t)9m, + k 1Dhm,}· S"

(54)

(55)

R, = K,{AK, sinh(K, ba- 1) + ks{3 - v . cosh(Kr ba- 1) _ . K, ba- 1_ }}

I + v smh(K,ba 1)

A = 8tc66a-1(1 + v)-t,

U - 1 _ L b{~ (X2Cll + c12 . h(L·) Lnaa.}, - , • 2 S111 n QW + ,
1 + V rt Cll - C12 cosh(Lnrta)

V. =4akoLnKm(-l)m+1cOSh(LnCta){ (l-V)C12 _ Ct2L~ \
mn Ct2L~ + K;, (1 + V)(Ct2Cll - cd Ct2L~ + K;,!

X{8 + rxLn + (_l)m+ 1Kme -(e-aLn)a + I; - CtL. + (_l)m+1.Kme-<e-aLn)a}

(8 + rtLn)2 + K;, (8 - rtLn)2 + K;,

k rt 2L 2
+ 1 n

(e + rxL.)2 + K;f

X {K;' - (8 + rxLn)2 - (_l)m+ 1. Kia(K; + (8 + rxLn)2] + 2(e + ctL.»)e-{e+aLn)Q}

[(8 - rtLn)2 + K;,}2

X {K;, - (8 - ctLn)2 - (_l)m+ 1Km(a(K;' + (8 - aLn)2] + 2(8 - aL.»)e -{e-aLn)Q}

V. = 4Un(-lYLn K r ct-
1

sinh(Krbct) {(I V)-l _ rt-
2
K; }

rn rx-2K2 + L2 + ct 2K2 + L2 '
r n r n-

(56)

(57)

(58)

(59)

(60)

and for both cases of distinct and equal real roots 9mn and hmn have the following definitions

-efl +(_l)n+m·e-ea l_(_l)n-m.e-ea}

9mn - t e2 + (Kn + Km)2 + 1;2 + (Kn - Km)2 '
(61)

(62)

The superposition coefficients A~, A~, A'2 and A'2 become determinable by solving,
through a segmentation procedure, the series equations resulting from the application of
the composite assembly's equilibrium and compatibility conditions taking as many terms as
we please.
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(63)

MIDDLE SUPPORT REACTION

The longitudinal profile, assumed for the steel beam in the foregoing analysis is that
typical of a two-span continuous bridge of the beam-deck type. It is therefore necessary
to deduce the value of the middle support reaction arising from applied loading. Let wQ(O, b)
be the deflexion at the support section, x = 0, due to the applied loading Q (which may
consist of self weight, point load and superimposed load) and WR(O, b) that due to an applied
unit load alone at x = 0, then by the principle of superposition, if there is to be no vertical
displacement at the middle support section, the unknown central reactionR due to the loading
Q is given by

R = _ wQ(O, b)

WR =l(O, b)

The transverse deflexion w(x, y) at any point in the plate becomes w(QJCx, y) + W(R)(X, y)
thus introducing new superposition coefficients in the transverse deflexion equation and
consequently in the stress functions in the form given below:

A~ni = A:iQ
) + A:iR

)

A:ni = A:/Q) + A:/R
)

Beni = B~¥) + B~f)

etc.

(64)

Using these relations these coefficients, deflexion, displacements, and stresses can be
computed.

Case of no interaction

We can infer from the preceeding analysis deflexions for the case when the concrete slab
is merely resting on the ribs and not physically connected to them. In that case, the interacting
axial forces between the two elements (i.e. concrete plate and steel beam) become zero.
Consequently all the superposition coefficients A'S and A'S become zero and the strain
compatibility condition becomes indeterminate. Under these circumstances the equilibrium
condition alone determines uniquely the solution for no interaction condition. The solution
for this condition is obtained by setting A'S and A" to zero in (38), for the case of distinct
real roots, and in (39) for the case of equal real roots, thereby making the corresponding
deflexion w(x, y) determinable.

Effective width factor may be defined, from a consideration of membrane stress distri­
bution, as a fraction /3st of the available width of the orthotropic slab that contributes,
at constant maximum longitudinal stress 0"xx max' a force equal to the interacting axial
forces F. Hence

-F
/3t= 0~

s 2bO"xxlY=b

where F is as previously defined in 19.
An alternative approach in the estimation ofeffective width factor is to employ the moment­

curvature relationship for a beam. Let the moment-curvature relationship for a steel beam
alone subjected to a given loading system be given by

EJ.(x)· W O•ll = - M (66)
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where, at the point x, EJs(x) is the flexural rigidity of the steel beam, M the external mo­
ment due to applied loading and Wo the deflexion of the steel beam. Let us now suppose
that a composite section consisting of the same steel beam and a concrete plate under the
same conditions of support and loading have an equivalent flexural rigidity E,'/c(x); the
moment-curvature relationship for the new assembly now becomes

(67)

w being the deflexion at x of the composite section whilst M retains its previous definition.
Since in equations (66) and (67) the bending moment M at the point x is an invariant

these two equations combine to give

(68)

from which fix) is readily determined. Employing transformed section theory, it is now a
simple matter to deduce the effective width factor f3M from the relationship:

f3it + 2bf3~ {Es Rix)(3dx + 6tdx + 4t2
) - 12(EJc(x) - EJix)}

t Cll

3Es Rs(x)
- b2 4 [Esfc(X) - EJix)] = O. (69)

t Cll

Effective width factors deduced from either membrane stresses or moment curvature
relationship do not present the true picture in the region of the middle support where cracks
would tend to develop in concrete. Nonetheless, by taking concrete together with its rein­
forcement as an orthotropic material, they provide some estimate of effective widths in
this region.

SOME SPECIAL RESULTS

Prismatic beam

The solution for the limiting case of a prismatic steel beam interacting with an orthotropic
concrete plate can be obtained by setting e, the constant parameter defining the beam profile,
to zero. In the limit as e tends to zero we find that L mn tends to zero for all values of n
whilst gmn and hmn both tend to zero for all values of n not equal to m and to a when n is
equal to m. Fmn tends to zero for n not equal to m and to - K n

2 a sinh(Kn bazl
) for n equal

to m, and

From this limiting process the compatibility equations will have the factor (ko + k 1)
which will cancel out in both equations.

The corresponding equations for an isotropic plate are easily deduced from these results.

Plate bending

The solution for an infinitely long orthotropic rectangular plate simply supported along
the edges x = ± a and carrying equally spaced (along y) transverse point loads can be deduced
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from these results by setting E/lo to zero. The transverse deflexion becomes

_~ -4{ _ KnAiA~Pn [AICOSh(KnYAll)_A2COSh(KnYAl"I)]} (K)
w(x, y) - L. Kn qn 2 2 . b I) . ( I cos nX .

n~ I 2Dy (A I - X2) smh(Kn ),1 smh KnbAl" )
(71a)

(72a)

We obtain the solution for a rectangular plate simply supported on opposite edges (x = ± a)
and clamped at the remaining edges (y = ± b) by setting EIJo to 00. The deflexion w(x, y)
and the moment My are as follows

( )
_ ~ -4 [1 KnA I tanh(KnbAl"I)cosh(KnYAl l )

W x, Y - L. Kn qn +, . ( -I' -I
n~ I -\2 smh KnbA I ) - Al tanh(KnbA2 )

KnA2 Sinh(KnbAll)SeCh(KnbAl"I)COSh(KnYAl"I)] ( )
- . 1 I cos Knx

).2 sinh(KnbAI ) - )'1 tanh(KnbA2 )

(74b)

(73b)

(71 b)

(72b)

The fixed end moments at y = ± b are given by

I
- ~ K;;l qn {A2 tanh(KnbAl"I)cosh(KnbA11) - Al Sinh(KnbA11)}

My y~b - Dy L. . 1 .? 1 I cos(Knx).
n~1 Al 11.2 A2 smh(KnbAI )- Al tanh(KnbA2 )

(74a)

In the case of equal real roots, with Al = A2 =). say, equations (71a-74a) pass over into

00 { ).3p
w(x, y) = ~ Kn-

2 K;;2qn - 4D . h(K
n

b' I) [K;; 1(1 + Knbr I coth(Knbr I»
n-I y SIn n A

. cosh(Kny).-I) - rly Smh(KnYA-I)]}COS(KnX),

(

[tanh(KnbA -1) +Knb). -1]cosh(Kny).-I) +]
(

~ K- 4 1 Knyrltanh(KnbA-I)sinh(KnYA-I)
wx'Y)=n~1 n qn - sinh(Knbr1)+KnbA I sech(KnbA I) cos(Knx)

(

[tanh(Knbrl) - Knb).-I]cosh(Kny)·-I) +)
M _ D ~ K2A -2 KnA -I tanh(KnbA -I) . Y sinh(KnYA -1)

y - Yn~1 n sinh(KnbA I) + KnbA 1 sech(Knb).-I) cos(Knx),

M I _ = D f K2) -2 {Sinh(2Knbr
1
) - 2Knb).-I}

y y-b Y/;;'1 n' qn sinh(2KnbJ. 1) + 2KnbA 1 cos(Knx).

Data used for computation

/0 = 1·309579 x 1O-3m4

Ro = 1·969300 x 10- 2 m2

ao = 0·587 407
bo = 0·412593
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Maximum intensity of beam = self weight = 1·49 kN/m
Concrete plate thickness = 0·152 m
Half span of continuous beam = 4'0 m
Applied point load in each span = 250 kN
Based on Hubers constants for concrete [8], the following elastic properties are assumed
for the concrete plate.

I~

I

I

2S4mm

I 24mm,...---....... """T

_ ~m

625mm

Fig. 2. Dimensions of steel beam at middle support section.

3
D = cllt

x 12'

RESULTS

Table 1. fiM at load point k = 0'4 at full interaction for various
diD

C22

Cll

1·5

1S( 0'2 0·4 0·6 0·8 1·0

t 0'318 0'171 0·115 0'086 0'069
t 0·229 0'126 0'086 0·065 0'052
! 0·067 0'042 0·030 0·023 0·019

t 0'296 0·156 0·104 0·079 0·063
t 0'216 0·123 0·085 0·064 0'051
! 0'063 0·039 0·027 0·021 0'017
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Table 2. f3M at middle support section for load at k =0·4 at full
interaction for various d!D

Cn R 0·2 0-4 0·6 0·8 1·0

Cll

t 0·313 0·169 0·113 0·085 0·068
! 0·262 0·146 0·100 0·076 0·061
i 0'110 0·082 0·061 0·047 0·038

7 0·292 0·154 0·103 0·078 0·0621l"

1·5 ! 0·245 0·134 0·091 0·068 0·055
i 0·102 0·073 0·053 0·041 0'033

Table 3. 13M at load points for various load positions, side ratios

and C22 at complete interaction
Cll

b
a

0·8 1·0Cn 0·2 0·4 0·6

Cll Load
positionk

0·2 0·233 0·124 0·084 0·063 0·051

1·0
0·4 0·264 0·140 0·094 0·071 0·057
0·6 0·197 0·102 0·068 0·051 0·041
0·8 0·013 0·005 0·003 0·002 0·002

0·2 0·225 0·118 0·080 0·060 0·048

1·5
0·4 0·255 0·133 0·089 0·067 0·054
0·6 0·190 0·097 0·064 0·048 0·039
0·8 0·011 0·004 0·002 0·002 0·001

Table 4. f3M at middle support section for various load positions,

side ratios and Cn at complete interaction
Cll

b
a

Cn 0·2 0-4 0·6 0·8 1·0
Cll Load

position k

0·2 0·232 0·123 0·082 0·062 0·050

1·0
0·4 0·228 0'119 0·080 0'060 0·048
0·6 0·204 0·105 0·070 0·053 0·042
0·8 0·151 0·077 0·051 0·038 0·031

0·2 0·222 0'115 0·077 0·058 0·047

1·5 0·4 0·218 0·112 0·075 0·056 0-045
0·6 0'196 0·100 0'066 0·050 0·040
0·8 0·146 0'073 0'049 0·037 0·029
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DISCUSSION AND CONCLUDING REMARKS

The analysis has demonstrated qualitatively the influence of partial interaction on shear
lag in continuous non-prismatic beam concrete deck systems.

The effect of shear connection on deflexion characteristics, Fig. 3, is very marked, exhibit­
ing' as would be expected from a physical conjecture, a reduction in deflexion with increasing
shear connection modulus. Deflexion curves at no interaction and at full interaction give
the extreme cases. A similar phenomenon exists with the slip characteristics which exhibit
negative values in parts of the span. The results in respect of slip show that negative slips
can in fact occur in composite beams with supports juxtaposed as in the present problem,
and most probably in continuous beams with other configurations of supports and profiles.

IO~k. ,,(HiS

Fig. 3. Deflexion and slip characteristics for various shear connection modulus for load point
k = 0·6 and aspect ratio of 0·2.

Figure 4 further demonstrates the stiffening effect of the concrete plate on the steel beams
through the variation of shear connection modulus with the ratio of deflexion of the inter­
acting elements to that of the steel beam above. Figures 5(a and b) show, respectively,
effective width factors obtained at the loaded point and at the middle support section as

they vary with both aspect ratio, ~. and the shear connection modulus k•. These effective
a
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Fig. 4. The influence of shear connection modulus on deflexion of composite assembly.
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Fig. 5(a). Variation of effective width (at loaded
point) with aspect ratio and shear connection

modulus.

Fig.5(b). Variation of effective width at middle
reaction section with aspect ratio and shear

connection modulus.
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width factors, deduced from the comparison of the moment-curvature relation of the compo­
site assembly to that of the steel beam alone, taking moment as an invariant at corresponding
appropriate points, exhibit little difference between support values and the values at the
loaded point. This is also noticeable for all other load positions except when the loads are
0-8a from extreme supports, where effective width values under the loads vary hapazardly,
although the values at the support section still exhibit the general trend of Figs. SIb). It is
thought that at this point the load is very close to the point of contraflexure of the composite
assembly and consequently bending moment values are very small or close to zero giving
rise to unrealistic values of effective width factors.

0·.-'-----------------------------

:::::::::::::::::============~,.0 •
k,,02===========:-_---:'.0.

d 7
0"6

ol.ol!~~_..L-____l___-L____l '____..L..___'____L..______' ~

~M 0·'

j(,,,O·.2

_""""'''''''''''''''''':::::::::::::::::::::=:=:==:=:=:=:=:=~~:=:=:=:===,k " Q. 6

.. 0 •

d \
o ••

lOOk,---E,

Fig. 6. Variation of effective width with shear connection modulus for different load positions
and severity of variation of flexural rigidity.

Figure 6 demonstrates the influence of the severity of variation of the profile, with the
middle support cross-section as in Fig. 2 for all profiles considered, on effective width
factors at various ks • It is clearly demonstrated that this severity has a marked influence
on PM' While the general trend of PM with ks remains similar, the values of PM become

d d7 d I h l' 'dreduced as - decreases Although between - = - and - = - t e re atIVe magmtu es, at
D' D 8 D 2

least qualitatively, of effective width factors for load positions k = 0,2, k 0·4 and k = 0·6

d I . h fl' .remain consistent, however at D = 8 there occurs a complete mter-c ange 0 re atIve magm-

tudes which cannot as yet be explained.
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Tables 1 and 2 give respectively effective width factors at the loaded point and at the

d fl"middle support section for various ratios of D for the case 0 comp ete Isotropy, l.e.

Cn = 1 and for the case C22 = 1·5 at full interaction.
Cll Cll

Tables 3 and 4 on the other hand give respectively full interaction effective width factors
at the loaded point and at the middle support section for various positions of applied point

C22
loads for the case of complete isotropy as well as - = 1·5.

cll

p

',0

2·0

3·0 .

4·0

0'6

• 7
D"'". ,
D".

. 'Olla

Fig. 7. Deflexion characteristics for different severity of variation of flexural rigidity.

Finally, Fig. 7 illustrates the effect of severity of variation of beam depth on deflexion.
d I

It is deducible from this curve that D< 2: will always result in excessive transverse deflexions

and should therefore be avoided in design.
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Pe310Me - Ha OCHOBaHl111 Jll1Heapl130BaHHbIX Teopl1if 113rl16a Ii paCTlDKeHlili TOHKI1X nJlaCTI1H,
npe.L\CTaBJlllIOT aHaJllf3 B3aliMO.L\eifcTB1111 Me)f(.L\y Henpl13MaTI1'IeCKIIMIi 6aJlKaMIi Ii 0pHlTpOnll­
'iecKoif 6eToHHoif nJlI1Toif. HalllJlJol, 'iTO nOKa3aTeJlbHOe npe.L\CTaBJleHlle npo<pliJleif CTaJlbHblX
6aJlOK rrpe.L\CTaBJllleT rro.L\xo.L\lIll.\liii 6a311c .L\Jlll JoI3y'ieHJoIli MOJleKyJlllpHOrO B3aliMO.L\eifcTBl1l1 B
HerrpepblBHblX HerrpJol3MaTJoI'ieCKIfX 6aJlKaX, Ii .L\Jlll paC'ieTa C UeJlblO rrpOeKTl1pOBaHl1l1 f10.L\­
xO.L\lIll.\eif 11 3<p<peKTliBHoif llllfplfHbI IlJlacKoif nJlIITbl. l-by'iaeTCli BJll1l1Hl1e <<3JlaCTII'iHOro»
MO.L\yJlll ynpyrocTI1 COe.L\liHeHlfli 11 3<p<peKT li3MeHlIIOllleifclI )f(eCTKOCTIi no OTHOllleHlilO K
1f3f116y CTaJlbHbIX 6aJlOK. 3aBlfclfMoCTb B3aliMo.L\eifCTBlfli OT MO.L\yJlll yrrpyrocTIf B HerrpepbIB­
HblX 6aJlKaX .L\eMoHCTpllpyeTcli xapaKTeplfcTliKaMIf )f(eCTKOCTIf rro OTHOllleHlf1O K 113flf6y If

nJlaCTIf'ieCKoMY C.L\Blfry, JoI TaK)f(e .L\eMOHcTpllpyeTcli 3aBlfCI1MOCTb OT CTeneHIi lKeCTKOCTII ITO
OTHOllleHlf1O K 1f3r1f6y. PellleHlfe CBO.L\I1TCli K OrpaHI1'ieHHoMy cJlY'ialO npIl3MaTIi'ieCKIIX
CTaJlbHbIX 6aJlOK, K nJlocKoii 6eToHHoif rrJlIITe Ii TaKlKe K npliMoyrOJlbHblM rrJlIITaM C orrpc.L\e­
JleHHblM COCTOllHlfeM KpaeB.


