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HIGHER ORDER EFFECTS IN THICK RECTANGULAR
ELASTIC BEAMS*

ALAN SOLER
University of Pennsylvania. Philadelphia. Pa. 19104

Abstract—Governing equations for the rectangular strip are investigated to obtain solutions which show the
relationship between classical beam theory and higher order theories. The exact equations of plane elasticity
are reduced to a coupled set of ordinary differential equations by expressing all dependent variables as series
solutions containing Legendre Polynomials in the thickness coordinate. Legendre Polynomials are particularly
advantageous for this analysis because their completeness. convergence and orthogonality properties are well
formulated, and because the usual stress resultants of classical beam theory appear naturally as coefficients
of the polynomials P, and P,. The coupled ordinary differential equations are obtained in a form such that
proper truncation of the series to obtain approximate theories is immediately apparent. The coupling effects
are investigated and a possible method of obtaining an approximate solution to the fully coupled equations
without truncation of the series solutions is suggested. A sample problem is worked out in detail to illustrate
the application of a new approximate theory.

NOTATION
L length of rectangular strip
h thickness of rectangular strip
x, ¥ axial. thickness coordinates
n dimensioniess thickness coordinate = 2y/h
N.M,Q classical stress resultants of beam theory
T.. 1. S, higher order stress coefficients
U, g, W classical beam theory deformation variables
v, W, higher order deformation coefficients
P.n) Legendre Polynomial of integral order n
INTRODUCTION

ENGINEERING theories for determination of elastic stress and deformation fields in a large
class of beam, plate and shell type structures are reasonably well established and have
been extensively utilized in design analyses. However, due to approximations inherent
in their derivation, these classical theories are limited in their application to configurations
having thickness much less than some other characteristic dimension. Thus, these theories
cannot be applied with any guarantee of accuracy to the analysis of deep beams, or to
thick plate and shell configurations. Also, the classical theories are invalidated when
local effects predominate (such as in contact or stress concentration problems): in these
instances. the theories fail because the characteristic dimension of the problem is of the
same order as the structure thickness.

The range of validity of the classical theories has been extended somewhat by the
inclusion of effects such as shear deformation, and transverse normal stress; however, at
least in the theory of shells, the inclusion of these effects alone apparently may not neces-
sarily imply greater accuracy in results [1].

* This work has been supported by NSF under grant GK-892 to the University of Pennsylvania.
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The work to be presented here is an initial effort in a general study to obtain a unified
analytical theory suitable for analysis of local effects in beams, plates and shells, as well
as for general stress and deformation analysis of deep beams, and of thick plates and shells.
The material here only treats the development of a theory suitable for application to
deep rectangular strips. This theory is of interest in its own right: it is noted, however.
that the investigation is primarily undertaken because it is iogically the simplest first step
to demonstrate a general philosophy of approach to be later applied to the important
problem of thick shell analysis.

No attempt will be made here to completely catalogue previous investigations into
this area of interest: however, some brief mention of some of the works which have in-
fluenced this author’s thinking is in order. Horvay considered end effects in rectangular
strips [2] and built up, using an energy method, sets of orthogonal polynomials to represent
the self-equilibrating stresses imposed on the end of a rectangular strip. Some of the work
here will be a re-examination of Horvay's problem from a different point of view.

Higher order effects due to wave propagation in infinite plates were examined by
Mindlin and Medick [3]. Their work was based on systematic reduction of the three
dimensionai equations of motion to a two dimensional set by expansion of all dependent
variables in series involving Legendre Polynomials.

St. Venant effects in thick axisymmetrically loaded cylinders were investigated by
Mendelson and Roberts [4], and by Kaehler [S]. Their works had as a basis of approach
the solving of all unknown variables exactly in terms of the transverse shear stress. The
shear stress distribution was then obtained using collocation methods.

Finally, contact stress effects in thin strips have recently been investigated by Feng
and Goodman [6]. Following the lead of Mindlin and Medick, these authors also used
Legendre Polynomial representations for the dependent variables. In this author’s opinion,
however, their final results are seriously in doubt since they predict that the decay rate of
the stresses away from the contact region will be a strong function of Poisson’s Ratio.
This is in direct disagreement with the predictions of the exact theory which requires that
the decay functions be governed by a biharmonic equation not involving material
properties.

In the following sections, an exact solution to the plane problem of the rectangular
strip will be formulated in a manner such that the interrelation between classical beam
theory and higher order theories is explicitly brought out. The exact formuiation is
developed in a form which is particularly amenable to consistent reduction to obtain
approximate theories of any order. A possible application of perturbation techniques to
the problem is then briefly discussed although not pursued in detail. Finally. a sample
solution is obtained using a higher order approximate theory to illustrate local effects.

DERIVATION OF GOVERNING EQUATIONS

Consider the thin rectangular strip of Fig. 1. Assuming generalized plane stress, the
governing field equations are:
co, 2 dio, Ca
B .. ) n=2vh —+
cx  h On ) éx  h on

By
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y

n=2y/n
e —— h
[ L |
[~ 1
FiG. 1. Beam configuration.
Associated with equations (1) are the boundary conditions :
n = +1,all x: Oy = T(X): 0, = quX)
n=—1allx: Oxq = Tr(X): 6, = qr(x)

x=0,L,alln u or g, specified, and
' Or g, specified.

In the work to follow, certain classical definitions are useful :

2 hi2
N(x) =f o,.dy: M(x) = f ya, dy
2

—h/2 —h/

hi2 ] h/2
Q(x) =f Oy dy: Blx) = 3 vudy

—h/2 —h/2

In addition, define
T,(X) 4+ 72(x) = p(x): T(X)— 1L (x) = p*(x)

GulX)+qr(x) = g(x): qu(x)—qr(x} = g*(x).
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)

4)

(5)

Noting boundary conditions (2), assume stresses o,, and ¢, in the convergent series

representation

oxn = SO(X)+S1(X)’7+ Z S..(X)[Pn('l)—Pn—z('I)]

Gr] = ZO(X)+ZI(X)’7+ Z Zn(x)[Pn{n)_Pn—Z(n)]
n=2

where
p(x) = 28¢(x):  p*(x) = 28,(x): gix) = 2Zy(x):  q¥x) = 2Z,(x)
and

Sulx), Zy{x).n = 2

(6)
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are as yet undetermined functions. By virtue of equations (4) the function S,(x) 1s related
to Q(x) in the form

p‘—U—S 2(x) = QIx)ih (7)

The dependent variables uix,n), wix,n). o.x,n) are also expressible in convergent
series form:

wx,n) =Y U P wix,n) =Y Wi oPm: o.= Y TP (8
n=0 n=0 n=10
Orthogonality of the Legendre Polynomials makes this representation particularly con-
venient for expressing boundary conditions at x = 0, L. Note that relations

Uiix) = hf(x)2: To(x) = Nix)h: T,(x) = 6M(x)/h? {9)

exist between classical beam theory variables and the variables of equation (8).

The procedure to obtain higher order theories is now apparent. Having represented all
of the dependent variables in the form of convergent series, we substitute into equations (1),
and, after eliminating the n dependence, we obtain sets of ordinary ditferential equations
for determination of U,(x), W,x), T,(x), S.(x), Z,x). The following relations involving
Legendre Polynomials and their derivatives are used:

P =P, —P_2n+l n=0 {10}
where
) =d( )dn: Pim=0,7y<0
P, =nnP,—P,_,)n°—1) = nin+ WP, —P,_ ),2n+1n?=1) 111
o (n+1n+2) nin—1)
- = —(P  ,-P)- (P, =~ P, ;) 12
(=D, (2n+1)(2n+3)( ne2 ) (2n+1)(2n—1)( 2 1)
S (n+ Hin+2) 2nin—1)
P INP—P,_)= = (P, ;= P)— = (P, = P, _,
N Tu R TE A R Foug Y el 3 )
(13}
(n—2}(n=73)
- _p
B[ M
Using equations (6), {8) and (10) in the first of equations (1) yields
< 22n+ 1) d
)3 JTﬁ - n,+ Spcrp Py =0 ()= a (14
n:() ! n d-\‘

Since the P,(n) form a complete set of functions in the interval —1 < 5 < [, to saunsfy
equations (14) for all x, n we must require that

22n+1
T ix)+ -L—)smm =0 n = 0. i

th
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Similarly, substitution into the second of equations (1) yields (after some rearranging of
summation indices)

x 2

) {<s;—5;+2>+;(2n+1)zn+1}Pn<m = 0. (16)

n=0

To ensure satisfaction of the above equation for all , we must require that

Q'(x)+g*x)=0 (17)
Si~S.., = —2(2';“)2“,(3:); n>l (18)

where we have used equation (7) to obtain equation (17). Since ¢,(x. n) does not appear in
boundary conditions at x = 0, L, we use equation (18) to eliminate the functions Z,(x),
n > 2 from further considerations ; hence, the normal stress g, is written as

Pn+ 1(’7)“3.—1('7)]

2n+1 (19)

g x. 1) = Zo(x)-i—Zl(x)n—%1 Z (S,’,—S;,”)[
n=1
We recall that Zy(x), Z,(x), and S,(x) are known functions dependent solely on surface
stresses at n = + 1. .
Substituting (8) and (19) into the third of equations (1) yields an equation similar in
form to (14) and (16). Requiring satisfaction of this equation for all » yields the set of
ordinary differential equations:

h
EU, = T,- vzo—%(s1 —53)

, vh
EUI = Tl‘—vzl—_(S2"S4)
10

h| S, - 2(2n+1)S, Sns
7;'+‘_ Snl_(n+)sn+1+n3

2{2n—1 @n=-1)(2n+3) 2n+3
Using (8) in the second stress—strain relation yields a series involving P, and series involv-
ing P, and P,— P,_’,. Using equation (11) to eliminate P,, multiplying the entire equation
by #*— 1, and using equations (12) and (13) eventually leads to the result

(20)

n>2.

EU,

2E & (n+1)n+2) . 2Z, 2Z,
T"=0""—m3—_wn+l(Pn+2—Pn)_T(PZ—PO)+T(P3_P1)

© )+ T, T,
+ Ty 2 P.,~P
Z‘o‘ 333 | omas ona1 |2

ﬁ x n+1)(n+2)
2,5 Cn—-1D02n+1)(2n+3

h & (n+D)n+2) 128,41~ S543) (Sh43—Sm45)
2,5 0C2n+3)2n+5) 2n+1 2n+17

)[S;~1—S;|+1](Pn+2_Pn) (21)

+

](Pn+2—Pn)'

The functions (P, . , — P,) are a complete set for equation (21) in the interval ~1 <n <1
and hence to ensure satisfaction of (21), the coefficients of (P,.,— P,) on each side of
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{21) must be equal. Hence, after some manipulation, we obtain:

Zoh [T, 28, 38, S, .-

M =g +'2E[3‘"T]+4E[—_7+§§} =
Zh bl T T S; S, S,

W, B e e 23

= 25[ 3 [ T4E[ 7179 763 =)

and, forn > 2

vhi T, T,
Waealx) = Z"E[zws_ﬂﬁ]
(24)

N Seei . 3Sen 3y S
4E] (n—-D@2n+1) (2n—=1D2n+35 Cn+H2n+7) 2n+3C2n+7 |

Substitution of equations (8) into the final shear stress displacement relation of equa-
tions (1) feads to essentially the same type of terms involved in the previous stress—strain
relation. After similar manipulations using equations (10), (11) and (12), we obtain the set
of ordinary differential equations

2U,,+1(x)= 1 {Sn-snuz_wrj]_ L I:S"”_S"*4~W/+a} nx>=0 (25
n ) <

h (2n+1) G

DECOUPLING OF THE EQUATIONS

The set of equations (15), (17), (20), (22), (23}, (24), (25) are the governing equations
necessary to determine the functions U ,{x), W,(x), T.(x), (n = 0) and S,(x) (n = 2). It is of
interest to note that they have been derived without making use of any orthogonality condi-
tions. These equations can be put in a form which clearly indicates the higher order effects,
and which permits consistent truncations to obtain approximate solutions. The procedure
1s as follows:

. Equations (22)~(24), and (15) can be used to obtain W, for n > i entirely in terms
of the stress functions §,.{(x).

2. Using these results, the functions U,{x) (n > 2) are obtained solely in terms of the
functions S,,(x) from equation (25).

3. Differentiation of equation (20), and application of equations (15) and the resuits
of step 2 yields a set of coupled equations involving only the functions S,(x). Once
these equations are solved all of the other functions are determined in terms of the
functions S,(x).

The equations in their final form are summarized as follows: The equations for the
determination of the functions S(x) are:

8
Sniey — (”n—3)(7n+ S, + (7n— D2n—3)Cn+3){2n+ 5)S,. (x) = F(x) (26)
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where forn = 2,3

_2@n=3)@n+8),  @n=3)@n-1) o, 4 Qnt3H2n-1Cn+5),

F A 4 —— e ————
) 32n+1)2n+7)"" 62n+1)2n+7)"" 3R2 n+1) ne3

@n+3)2n+5)Z,., (2n+5) _i(2n+3)(2n+5)(2n—5) .
32n+1) h2Qn+1)"""' 3R2 (2n+1) ol

and forn > 4

_ @n+3)2n+5) . +2(2n—~3}(2n+5) y 2(2n~—3)(2n+5)Siv
6(2n+1)2n+7)"""2 T 32n+1)2n-5)""""' " 32n+ )2n+7)" "3
_@n=3)2n-1) . 42n=3)2n+3)(2n+5)
6Q2n+1)2n+7)" """ 32n+ Dh?

42n—3)2n—1){(2n+5) _,
N 3(2n+ h? nrd

Fx) =

"
Srv-l

Using equations {4), the functions U,(x) are given as:

n=273
_E 38, _ 6(2n+1)S, .,
SE{ 2n—3)2n—1(2n+3) 2n—-1D2n—-3)(2n+3)2n+5)

e Sy
CEn—-D2n+3)2n+7) 2n+3)2n+5)2n+7)

_ WZz,_, +h(1+v/'2) Sa-1 22n+ 18,47 Spsa
4EQn—-1(2n-3} E 2n—1 (Cn-1DC2nr+3) 2n+3

nz4

Uyx) =

(29

N e N -
S8E{(2n—=3)2n—-1(2n—3 (2n-502n-1)(2n+3)
B 62n+1)S, ., N 45,43
2n—12n-3)2n+3)2n+5 Cn—D2r+3)2n+7) (30)

_ w5 hl+vw2)f S,oy  22n+1)S,45  Spas
2n+3)2n+35)2n+7) E 2n—1 (2n—D{2n+3) 2n+3|

Ufx) =

The normal stress functions T,{x) for n = 2 are given by the last of equations (20}, while the
functions Wj{x} (n > 1) are given by equations (22)~(24). The above system constitutes a
set of 4n—8 equations. The assumed series solutions contain 4n—2 unknown functions
of x. The remaining six equations are obtained from previous results which have so far
not been utilized to obtain equations (26)+30); namely equations {15) for n = 0, 1, equa-
tion (17), the first two of (20), and equation (25) for n = 0. These six equations can be
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written in terms of classical beam theory resultants (using equations (7) and (9)) as:

, y(x)  hip*
‘VI—FP*(.\') = 0: EUO = N/h_.v[i%_-%g %—‘*53)1‘
) hp{x) Ehg oM g¥tx) hi{p Q .
M-0+5= =0 R = I T/l ARt b

60 plx) Siuxy W,
"+y¥(x) = 0: B+ W, = = -
AR FeWo = SGhm 06T 56 73
To complete the problem formulation, we must specify the boundary conditions 1n
terms of the series coefficients. Using the orthogonality relations for Legendre Polynomials,
we have at x = 0, L

u= Z U, Poln): Oy = E 6x,,Pn“7)
n=10 n=40
132)
w= Y WL Ty = Y G L)
n=0 n=0
where
al
(Zn+ Dy, = 2 ' uP (n)dn
v -1
133)
~l
20+ DGy, = 2 J & Pd) dr etc.
-1
Hence, the required boundary conditions at x = ¥ are
i, =U%X) or &, = T(X)
and
w, = W(X) or 4, =I(5(3)-S5,.,(X) i34)

Having completed the development of the governing equations and boundary condi-
tions, we comment briefly on the results. The expansion of all of the dependent variabies
in series of Legendre Polynomials has enabled us to decouple the boundary conditions,
but it has led alsc to a formidable and infinite array of coupled ordinary differential equa-
tions. A closed form exact solution to these equations is not obtainable: the best that can
be expected is a closed form approximate solution obtained by some consistent truncation
of each series. In the author’s opinion. the advantage of the formulation developed here is
twofold : first, the development in terms of Legendre Polynomials assures convergence of
the series, so that the consistent inclusion of more terms in each series to obtain higher
approximations leads to a better solution: secondly, the development presented here
seems to indicate quite clearly the truncation necessary to obtain a consistent theory of
any order. For example, suppose it is desired to develop a consistent approximate theory
in which the highest order term in the shear stress involves S, . ,(x). The second of equa-
tions (34) immediately imphes that for consistency in the boundary conditions, the series
for w(x, n) must truncate after the term involving W, (x). Similarly, equations (15) imply
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that the series solution for 6.(x,n) should include the term involving T7,. (x). Finally,
{(noting the order of the normal stress coefficients) a consistent boundary condition, as
given by the first of equations (34), requires that the series for u(x, ) should be truncated
after the term involving U, . ,(x). Hence, we may label as an nth order approximation a
theory which contains all terms in the respective series up to and including the following
terms:

nth order approx. (S, 5(x). Wi(x), T, 1(x). U, 1 1(x)). (35)

The single exception to equation (35), of course, will be for n = 0 where we should also
include the functions Ty(x) and Uy(x). For example. we give the governing equations and
boundary conditions for a consistent second order theory which includes the first higher
order effect in both the symmetric and the anti-symmetric distributions.

Svmmetric problem
N +p¥x)=0
, vh p¥h| vh? (36)
w o S 20 g70 9 L 42
iv__ 7 Qn - . jv —_— ” 37
SimESitESi = T Tl G7)
[ p* 10 g(x)h*  h(1+v/2)] p*(x) 10
Jx) = —— E 87 |~ ‘ — ¢ 38
U2t 8E[14 63S3i| 2%E VT E | 6 2™ (38)
, vkl p* 10,
qgx)h vh[T, NJ] h[p* 3
= e —Zsyl. 40
Wil =E *aE {5 W |TaE| 5T (40)
At x = 0. L, we have
U, or N specified: U, or T, specified, and W, or S;— p*,2 specified. (41)
Anti-symmetric problem
Q' +g*x)=0
, n
M'—Q+5plx) =0
Eh® vh?[ 3g* hp’ vh3 ) } (42)
Th =M 2[ *20 | T60°4
. _ 60 px) S, W,
W = r -
PrWo=Gr 106756 3

L 88, 3960 33 .. 1[p* 0" 132[p" ¢
SEmpaSat a0 = g +14[2 P “3)
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-1 {p 0\ 14 hg* hl+v2)[L{p Q| 14
y(x) = S . ) R VA it ML Chd) [ £ NS B (44
Vsl = 3¢ [45(2 h) 4955“} 0E° E  |5\27 n) a5 '
Cw1p o) 14, .
_gth vh[ Ty M K20 Q) S,
Walx) = 12E+2E[7 | TIE| TR T (46)

Atx =0,L
W, or Q,h specified, and hB/2 or 6M/h? specified |

|
# 147)
W, or ‘

g——%-—&) specified and U, or T; specified
Note from equations (37(39) and (43}-(45) that the equations to determine the higher
order stresses are independent of material properties; as noted in the introduction. u
theory not possessing this characteristic cannot hope to give valid approximate solutions
for the field variables of the rectangular strip probiem.

Solution of the above equations, subject to the given boundary conditions, vields
stresses and displacements as

hf(x)

ulx, ) = Uplx)+——n+U,(x)Py(n)+ Us(x)Ps(n)

Nix) 6Mix)

ox.n) = p +~—hz 1+ TH(x)P,y{n) + Ta{x)Ps(n)
wix. n) = Wh(x)+ Wi(xin+ W, (x)Py{(n) (48}
(X)  p*(x) (x X ,
GoplX, ) = p, _¢_p | q+[¥—%j’(i’z(n)— D)+ S5ixHPs(n)—1)

+ S0P — Paun))

glx) g*x) htp*
galx. = !1_ +(‘1‘?"I_6{p”,“53(-\')}(132“1)*‘ b

h ¥
i [%Jr}hA—S;(x)J(PJ(n)—n).

Classical beam theory for bending and extension of the strip (the n = 0 approximation)
is seen to be just equations (36) and {42) with S;ix). S,(x). and W;(x) omitted. Note that
the lowest order theory includes shear deformation and transverse normal stress etfects.
Further reduction to a Kirchhoff type theory neglecting such effects can only be justified
numerically, or by order of magnitude analysis of the zeroth approximation equations.
This is not surprising as we have insisted that a minimum criterion for an acceptable theory
be that all of the equations of elasticity are approximately satisfied for any truncation of
the series solutions.

The exact solution to the rectangular strip problem has been essentially reduced to a
determination of the functions S,{x), n > 3 bv solving the coupled equations (26}-i28).
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We examine the consequences of determining the homogeneous solutions S,{x} by neglect-
ing all coupling terms in the equations: that is, we assume S,(x) is given by the equation

8
,,Hx)—— 2(7n H2n+58 ., + }4("’11——1)(An N2n+3)2n+35)

xS,+1(x) =0 n>

(9]
N
L

The solution is given as

i=1

4
x
Sn+ 1(x) = Z Al(..‘ y €XP (#SLI h)
with the characteristic roots given as

Un+1 = 12[Q2n=3)2n— D)(2n+3)2n+ 5)/6]1"* exp( £ ig,+ 1/2):

N 2n—-1)(2n+3) 12
=t s 2.
@aes = fan [ (2n—3)2n+5) J "= (50
The two lowest root sets are
Uy = +4155+2-2901; s = +7-300+31201i (51)

These values are in good agreement with those obtained by Horvay using an approximate
energy approach [2]. However. as n increases, we obtain from equation (50)

s = £10:05+380i:  p, = +12:90+399; etc. (52)

and the agreement with Horvay’s approximate results becomes somewhat poorer. The
above computations and comparison with other works indicates that coupling effects
in equations (26)-(28) become more important for large values of n, and are negligible
for the lowest values of n. An area for further study immediately suggests itself. It may be
possible to construct a perturbation scheme of solution to approximately solve equations
{26-(28) for all n. Such a scheme would introduce a perturbation parameter ¢ such that
the right hand side of equation (26) would be £F,(x) instead of F,(x). The perturbation
scheme would evolve a solution for S, . ;(X) in powers of ¢ as well as a solution for 4, ,
in powers of . Setting ¢ = 1 in the result may yield improved approximate solutions.
A perturbation technique well suited for this suggested approach has been recently
investigated by the author [7, 8]: its application to the rectangular strip problem in the
above suggested manner is currently being investigated and will be reported on at a later
date.

APPLICATION OF THE THEORY

As an example of the possible utilization of the approximate theory contained in
equations (36)—(46), we examine the beam problem illustrated in Fig. 2. It is of interest
to determine the stress distribution in the immediate vicinity of the highly localized
pressure distribution. Specializing equations (36)-46) to the particular pressure distribution
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of Fig. 2 yields the following governing equations which are of interest in determining local

stresses
N =0
24 504 21 Pla\*?
Sy - h-2—53 +Ah—4$3 =5 ﬁ(ﬁ) expt—ux-m
.3k, 10h o Pa* i
U.ix) = ﬁ%_:lE(l \fx_)SJ(xH-IéE expt —ax. m
Sk?,, 10 . Pua’ ‘
Th(x) = 2-5553—5T1153——%—h expl —ax/h)

P
Qlx) = s {exp(—ax/h)—1]

PL 2x 2h
M(x) = —| | =——— —expt—axh)

4 L alL
88 3960 LIP [a\* , _
Sy - }FS4+_h4_S* = —W(E (1—6,a*)exp(—ax/h)

Th? 14h P {a*
) = S 2 S —— (14 v.2) | expl—axh
Vs = [ogopo+ g5 1 T V=14 105[18 v )]e"p ax

Ty = Th? 5 14h , Pa [al
U = 158074 T 3504 T 10k 18

1.

——IJ expl —ux:h)

q=qoexp(—ax’/h)

)+

I Rigid block

3 N
3 \

3 \ N
D —— Pin support—
s 1Y R

N

:

| : -l

| L/2 1

F1G. 2. Beam loading tor sample problem.

P{l+v:2)

10E

A
[}

In obtaining the above equations, we have already made use of the boundary conditions

NIL2) = M(L2) = Q(0) =0

i
th
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Solutions for the shear stress functions S;(x) and S,(x) are

| L L
Sy(x) = COEC[x/hJ+C1ES[x/h]+CZEC[ﬁ—E:I +c3£s[ ‘J

h dh h
?.IPe ( " ”
207k xp(—ax/h) (56)
—_ —_— —| L x —t L X
Siux) = DOEC[x/h]-%D,ES[x/h]+D2EC[2—h——Ej| +D3ES[§E—Z:'
11uP
- 7’; exp(—ax/h) (57)
where
y = 1-24/a%+504/a*: u = (1—6/a*)/(1—88/a®+3960/a*) (58)
and

ES(y) = exp(—4-155)sin(2:29y)
ES(y) = exp(— 7-300y) sin(3:12y).

EC(y) = exp(—4-155y) cos(2-29y):
EC(y) = exp(— 7-300y) cos(3-12v):

To obtain the stress distribution near x = 0 neglect end interactions so that only constants
Co,Cy, Dy, Dy need be evaluated. Equations for determination of these constants are
obtained from the condition that at x = 0,

§3(0) = §54(0) = U,(0) = U5(0) = 0. (60)

Once the integration constants are evaluated, the Jocal stress distributions are obtained
from equations (48). In Fig. 3, for example, are plotted the local shear and axial stress
distributions for the case of the ioading decay parameter “'a’" equal to 20. This value for
“a” gives a reasonable representation of a localized loading; the applied pressure is
reduced to 1/e? of its value at x = 0 at the point x = 01 h.

In Fig. 3(a) is shown the shear stress distribution as a function of n at various stations
along the beam. As is to be expected, the distribution in the immediate vicinity of the
loading exhibits considerable deviation from the classical assumed parabolic distribution.

(59)
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736

ALAN SOLER

IS RS
7 /
asl 7 yal 7
28 ./ 23 o
06t 4 -5k /
7 7 ) o
Daf ///-Classical begm aal - Classical
/ thgory including theory
o transverse normat
o2+ 4 stress effect o2 /
I/
4
" L i kY L A
-2:0 =10 o] -0 2:0 0] ~1-0 / ] ¢] 2:0
hZ
L_0-2 b L-g2
Pd PL 2
, /
7, =04+ g -04at
p) x X .0
/8 h =0 o P O-i
V -Cer /AR
V. /,
/ /
-0-8f / -8
/. f
54 - -c} . —or
FiG. 3(b). Axial stress profile (A/L = 0-083).
O / o® °r v
/
/ c/ 4
o8t A 0-3} 5
/. .
’
cer / _-Classical beam o-6r /
n o //theory including n &
/ transverse normal 7 e
4k / al lassical
0-4 / / stress effect 0-4 o C 'hsesogt;
{ / on bending /
a2t / moment ozl -/
By
; 4
N 4 i L L . L i
-20 =0 /10 -0 2C o] =1-0 //O -0 20
/ n2
k-0-2 T L -02
/e oL ]
/
/ r—0-4 /—o«u
// X /‘ X .
/s T=o n——O-l
/f-0e / -ost
// //
/ t
2 -osl ; 7 -ost
~d
A ; ./
«* ol ; F e
i

FiG. 3(c). Axial stress profile (i, L = 0

As x is increased, the transformation to a parabolic distribution becomes evident. For all
practical purposes, the parabolic distribution is essentially established at x = 0-4h. Note
that the shear stress distribution is independent of the thickness to length ratio of the
beam.

In Figs. 3(b), 3(c) and 3(d) are piotted similar results for the axial stress distribution.

The solution for the axial stress is a function of the thickness to length ratio h'L. The
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first ratio gives a beam configuration that is usually considered as being describable by a
classical beam theory. The second ratio gives a beam configuration that can be classed
as moderately thick: beams having this depth to length ratio have heretofore been
examined using some theory including transverse normal stress and shear deformation.
(Such theories are classified in the terminology of this paper as zeroth order theories.)
Figure 3(b) shows that for the thinner beam, local effects are not too important (for the
particular loading used here) and the stress distribution is adequately described for design
purposes by the linear distribution of classical theory. It should be noted, however, that
there is a 12 per cent error in the prediction of maximum stress at x = 0; hence, in certain
design situations, the application of a higher order theory might be in order even for the
thin beam described. Note that at x/h = 0-1, the linear distribution has essentially been
established.

For the thicker beam (h/L = 0-35), the situation is considerably different. A consider-
able deviation from linearity exists in the vicinity of the local loading and gives rise to
maximum stresses which are much higher than the linear distribution prediction. If h/L
were further increased, the deviations would of course be more and more significant and
eventually would be of a non-negligible character over the entire length of the beam.
From the work done so far, it has not been possible to establish an upper limit to the
application of the second order theory used in these calculations, but it is quite likely
that for much larger h/L ratios, a higher order theory would be in order. Further study
of this question 1s now going on and will be reported on at a later date.

For design purposes, an important result is the value of the maximum axial stress.
The table below presents an indication of the per cent error involved when one uses a
classical theory for stress prediction. The numbers in the table are values of the error
parameter E defined as

E=2x2790 109 (61)
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where
7., = axial stress predicted by second order theory

= axial stress predicted by classical beam theory

Q
“
|

TABLE |. VALUES OF E FOR DIFFERENT A/L RATIOS AT DIFFERENT AXIAL STATIONS

S xh
R 0 01 02
hil >
e e — e e e — [ —
0-083 E=1215 545 034
0-35 E =4337 20-57 249
CONCLUSIONS

This work presents a derivation of a beam theory incorporating higher order
St. Venant effects. The governing equations are derived by systematic reduction of the
two dimensional elasticity equations. Although the reduction initially yields an infinite
set of coupled ordinary differential equations which describe the behavior of the field
variables, a consistent truncation scheme is easily evolved to reduce the set to a finite
array incorporating as many higher order effects as deemed necessary for particular
applications. The equations for a second order theory involving the first two higher order
effects are presented and a sample calculation is included to show effects of local loading.

It is felt that the second order theory presented here can be effectively used to study
contact problems involving rectangular strips. Although application to beam problems
is of considerable interest: of far greater interest. in the opinion of the author, is the
possibility of extending the derivation to shell configurations to obtain consistent theories
exhibiting local effects. (Such a theory when evolved should also shed some light on the
probiem of determining a best first order shell theory.) A shell theory exhibiting such local
effects may match almost exactly all of the 3-D elasticity results presented in [1], (which
were heretofore used to examine and compare only first order shell theories).
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AbcTpakT—Hccnenytotes perysampoBanble YPAaBHEHUR TPAMOYIOJIBHOH NOMOCHI € UEABIO NOJyYeHHs
peileHuii, KOTOPbIE YKa3bIBalOT H2 3aBUCUMOCTb MEXAY KNACCHYECKOH Teopuel OAIKH H TEOPHSIMH BhICILNX
panros. CTporue ypaBHEHMA NJOCKOH YNPYTrOCTH CBOAATCR K CONPAXEHHOR CHCTEME OOGBIKHOBEHHbIX
AndpepeHUUATbHBIX YPABHERWR TTyTEM NPEACTABACHUA BCEX 3aBHCMMBIX NEPEMEHHBIX B BHAE PELUICHHi B
pAnax, KOTOpbIC 3aKIHOMaOT NOAMHOMSBI Jiekewapa B koopauHate Tonwwebl. [Nonunomsbl JlexaHapa
0COBEHHO N0E3HbIE A% ITOTO METONA B BUAY KX YAOOHOI (hOPMYAUPOBKH CBOMCTB NOMHOTbI, CXOAUMOCTH
M OPTOTOHAABHOCTH, M NOITOMY, 4TO OOBIKHOBEHHblE DPE3YJILTAThl HAMPAMKEHUA KIACCHYECKOH TEOPHH
0anok OKa3bIBarOTCH MO HaType KodpduuueHTaMu noauHoMoB P, v P,. [peacrasieHHsle B TaKOM BUAE
conpsxenHble 00bIKHOBEHHble b depeHUranbhbie ypaBHeHHA N03BANAIOT HA TO. YTO MOXHO OTOPOCHTH
¥acThL PAAOB C LEbK TMOJYYEHHA HEMELNEHHO NpuONMkeHHoro peiuenus. Uccneayrorcs a¢dexTbl con-
psiXKEHUMs ¥ TPENNONAraeTCss METON ONpeneNeHUs NPUENHKEHHOTO PellieHus LIS NOJHbIX CONPSKEHHbIX
ypaBHeHui, He OTOpachlBas 4acTH PsOB B pELIEHUSX B NOJKHOMax. Pa3spaborano neTaisHO npobuyio
3anavy ¢ Heabio WITOCTPALWY NIPUMEHEHHA HOBOH NPUOAHKEHHON TEOPHHK,



