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Abstract—The equations of the approximate theories for the dynamics of thin elastic plates are obtained by
applying formal asymptotic expansion techniques to the exact three dimensional theory of dynamic elasticity.
The usual boundary conditions of the approximate theories are derived from a boundary layer and diffusion
layer analysis.

1. INTRODUCTION

ONE of the most satisfactory derivations of the classical equations governing the static
deflection of a thin plate is that due to Friedrichs and Dressler [2]. Starting with the three-
dimensional linear theory of elasticity for an isotropic homogeneous medium these authors
use formal perturbation expansions in powers of the plate thickness to solve a boundary
value problem for a plate. They obtain an “interior” expansion whose leading term satisfies
the classical plate equations and with later terms giving “thick™ plate corrections. In
addition a “boundary layer” correction important near the edge of the plate is added to
provide a uniformly valid expansion. The investigation of this boundary layer correction
also provides a systematic derivation of suitable boundary conditions to use with the
differential equations governing each term of the interior expansion.

The present work uses the technique described above to investigate a dynamic problem
for a thin elastic plate. The word “gentle” in the title refers to the fact that only moderate
rates of loading (defined explicitly in Section 2) are considered. In the dynamic case expan-
sions analogous to the interior and boundary layer expansions of the static problem again
occur. However additional “diffusion” and “long-time” interior expansions must also
be added to construct a composite expansion which is uniformly valid in both space and
time. These three additional expansions are required to describe the diffusion of bending
effects away from the edge of the plate and the relatively slow build up of bending vibra-
tions. The various classical equations governing the transverse and extensional vibration
of a thin plate (see Love [3, pp. 496-497]) and the associated boundary conditions all
arise naturally in the systematic development of the expansions mentioned above.

In the development of this work the four different expansions were investigated con-
currently and some procedures followed depend on the observation of the interaction
of the various expansions. For this exposition the expansions are considered consecutively
and therefore certain procedures are temporarily justified by reference to a “preliminary
investigation” and then fully justified by the results of a subsequent section.

t Part of this work is based on the author’s doctoral dissertation [1] presented in 1968 to the Division of
Engineering and Applied Science, California Institute of Technology.
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The methods used here are formal in nature ; it remains to be proved that the composite
expansion obtained is a valid approximation for the exact solution of the problem con-
sidered.

The recent derivation of various asymptotic dynamic theories for cylindrical shells
by Johnson and Widera [4] uses methods similar to those applied here.

2. FORMULATION OF THE PROBLEM

An initial-boundary value problem for an elastic plate with a minimum diameter 2R
and thickness 2k is considered. The fact that the plate is thin means that the parameter
¢ = h/R is small. In order to exhibit the dependence of the problem on ¢ explicitly we
introduce the nondimensional independent variables x, y, z, t defined by

X Y z  _af
T =7 Z =, =75
R 7R h R

where X, Y, Z, T represent the physical coordinate system (with the midplane of the plate
in the X Y-plane), and c, is the shear wave velocity for the material of the plate. Non-
dimensional dependent variables are also introduced: all stresses are divided by the
Lamé shear modulus g for the plate material and all displacements are divided by the half
thickness h. Now our problem can be stated in the following dimensionless form. We
wish to find the displacement vector u(x, y, z, t ; &), with components u, v, w, satisfying the
equations of motion

@.1)

X =

ot,, [06, 01\ 0%
= 2.
3z “( ax ay) “oz =0 (2.22)
oy, 0Ty, %y
z Py X == =0 22b
e ( P ) : (2.2b)
da, [0t Ot,\ 0w
= T 5 3y ) —E T = 0, (2.2c)

for x,yeC, —1 <z < 1 and 0 < t < co. Here C is an open, simply connected region in
the xy-plane bounded by a smooth curve I'. The stress components o, 0,,6,, T,,, Ty, Ty,
appearing in equations (2.2a, b, ¢) are related to the displacement components as follows:

= @-2¥ +3(oca (e 2)21) (2.3a)

=(x—2)— +£|:(cx 2)2 g—j}:l, (2.3b)

+ la— 2)(6" au (2.3c)

Ty =t (6“+6") 2.3d)
Jy 0x
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_ v ow
T, = 6_z+85’ (2.3¢)
ou ow

Txz = é;'i‘sa, (230
where a = c?/c3 and c, is the dilation wave velocity. Before prescribing the boundary
conditions we must explicitly define what is meant by the word “‘gentle” in the title:
if the time scale associated with the prescribed loading is comparable to the time required
for a shear wave to travel across the minimum diameter of the plate then we say that the
loading is gentle. In this work we assume that all prescribed stresses are gentle and thus
the use of the time variable ¢ as defined in equation (2.1) follows naturally.

The prescribed boundary conditions on the faces of the plate are

oxy,1,t58) = *pPx, 3. 1), o fx,y, —1,t;8) = *pPAx, ,0),
(2.9
T,(x,y, £1,t;8) = 0, Todx, y, £1,t;¢) =0,

for x, yeC, 0 < t < o0, where C is the closure of C. Here and in what follows a superscript
always matches an associated power of &. The selection of the order of the boundary
condition above as 0(¢*) is not expected to be obvious at this stage. However, to be con-
sistent with the small displacement assumption of linear elasticity we only wish to consider
displacements uniformly of 0(1) or smaller. It turns out that direct stresses of 0(e*) on
the faces of the plate are the largest possible stresses producing the required 0(1) displace-
ments. These remarks also hold for the other boundary conditions given below. It should
be noted that since the problem is linear a change in the order of the prescribed boundary
conditions will be accompanied by the same change in the order of the solution for the
displacements. Therefore a problem with boundary conditions of some other order in ¢
can be solved simply by multiplying the solutions for the displacements obtained below
by the appropriate power of ¢ followed by the corresponding change in superscripts.
Still more general boundary conditions in the form of a polynomial in ¢ or a power series
in ¢ can be solved by superposition.
The boundary conditions on the edge of the plate are:

0= A, y,2,t), T, = 28x,y,2,8), T, =hVx,),2,1) (2.5)

for x,yel, —1 <z< 1,0 <t < o. Here n refers to the direction normal to I and s
refers to the direction tangential to I'.

General initial displacements lead to the propagation of waves which multiply reflect
at the faces of the plate. Since we wish to avoid such small scale propagation effects in
this work we assume initial quiescence. That is:

u(x, y,z,0;¢) =0, g;(x, ¥,2,05¢) =0, (2.6)

for x,yeC, -1 <z < 1.

In later sections the stretching and bending effects require different treatment. In fact
we find that the bending effects occur with two time scales. To take account of this fact
we must separate the long-time behaviour of the prescribed boundary stresses from their
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short-time behaviour. We assume the alternative representations for the data in the form
P, v, 0) = PY(x, y, )+ P(x, y, et) 2.7

with similar results for p?, f®, g® and h®. Here the term p{¥ represents the short-time
effects and pY¥ represents the long-time effects. The properties required of the data, such
as smoothness and asymptotic behaviour, are discussed when they become important in
the later sections. At present we just prescribe that the data are sufficiently smooth to
allow solutions for u, v, w of (2.2)—(2.6) which are at least twice continuously differentiable.

3. INTERIOR EXPANSION

Following the procedure of Friedrichs and Dressler we seek a solution u = u; where
u;, the interior expansion, has the form

ugx,y,z,t;8) = eul(x, y, z, )+ e2u?(x, y, z, ) + - - - (3.1)

The choice of the order of the leading term in the interior expansion as ((g), based on a
preliminary investigation, avoids some unnecessary algebra, but is not fundamental to
the method. We could equally well assume a leading term of (1) and deduce the result
u!® = 0. We now substitute the expansion (3.1), and corresponding expansions for the
stress components, into the equations (2.2)2.6) and solve the problem associated with
each power of ¢ sequentially. From the leading terms in the equations of motion (2.2a, b, ¢)
we obtain

ot oty doy
0z 0, oz 0, oz 0, (32)
where as above the subscript i refers to quantities associated with the interior expansion.
In general it is not possible to satisfy all the prescribed boundary conditions with solutions
of (3.2) however by ignoring the edge conditions temporarily (as in the static case, see [2])
we can proceed. The general solutions of (3.2) are independent of z and in order to satisfy
the prescribed boundary conditions

00y, £, =dx, y, 1,0 = e¥(x,y, £1,£) = 0

we must take 7{}} = t{}) = ¢{}’ = 0. Then from the stress displacement equations (2.3c, ¢, )
we obtain u{) = U, o{V) = V) and w{) = W) where U{", V(¥ and W are arbitrary
functions of x, y and ¢ only.

Applying the same procedure to the 0(¢?) equations of motion and boundary conditions

we obtain the following formulae for the ((¢?) displacements

(1)
ufz) = - ava“,x +UE2)5
oW
@ = —7— — +V@,
y
w® = 2= 2A‘”+ we,
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Here U@, V* and W? are arbitrary functions of x, y and ¢, and A{"), the average dilation,
is defined by the equation

outh  ayh
A = L -
) Ox + oy
Using the results from the 0(¢) and 0(e2) problems the 0(¢*) equations of motion become :
o) o) oot
6z+F"_0’ e +F, =0, 3z —+F, =0,

where F,, F, and F, are functions of x, y and ¢ only defined below. The (¢*) term of the
boundary conditions (2.4) can only be satisfied, giving solutions 3} = 143} = ¢ = 0,
provided that the following restrictions on F,, F, and F, are imposed:

4o—1) PUD PUN UL 3a—4 2VED

_ _ - 33
E a® ox? oy? a2 Ty Oxdy ’ (3.3a)
3u—4 02U 22V 4a—1) 02VD a2V
—— =0, 3.3b
F= a  Oxdy e o oy*? ot? (3:30)
and
PPw

The initial quiescence condition (2.6) is satisfied at this order by taking

ouln  oviy  owih
W=y = h =L =L 2 34
vi Wi ot ot ot G4

at t = 0. These conditions are sufficient to determine the solution of (3.3c) as Wl = 0.
However, boundary conditions as well as initial conditions are required for the solution
of (3.3a,b). In general the prescribed boundary data (2.5) depend on the thickness co-
ordinate z and therefore cannot be used to determine U{") and V{!’. The boundary layer
analysis of Section 5 leads to the conclusion that the interior expansion need only take
account of the thickness average of the prescribed stresses. Anticipating this result we take

P = f F®Ax, y,2,1)dz,
o (3.5)
W@es [ fPnand,
-1

for x,yel' and 0 < t < o0. These conditions, together with the initial conditions (3.4),
fully determine U{" and V(.

By differentiating (3.3a) with respect to x, (3.3b) with respect to y and adding we obtain
the equation

2A(1)
=D go g AT _ (3.6)
o o
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where V2 = 6%/0x?+ 02/0y®. Equation (3.6) can readily be identified as the plate wave
equation (see Love [3, p. 497]) when rewritten in terms of physical variables. Similarly by
differentiating (3.3a) with respect to y, (3.3b) with respect to x and subtracting we obtain

201}
V2O - a;: =0, (3.7)

where QY = gUM /0y —0V{V/dx is the average rotation. Equation (3.7) is the classical
equation governing the torsional stretching of a plate (see Love [3, p. 497]). Thus the
leading terms in the interior expansion describe the propagation of the average stretching
effects (dilatational and torsional) into the interior of the plate.

Proceeding to the higher orders in equations (2.2)(2.4) we can obtain successive
terms in the expansion for w;. All terms have the form of a polynomial in the thickness
coordinate z with coefficients depending on x, y and t (details of the expansion and the
corresponding expansions for the stresses are contained in [1]). At each order the terms
independent of z, writtenas U® V¥ and W®, k = 1,2, ..., arerequired to satisfy equations
similar to (3.3a, b, ¢). The important fact about the higher order equations corresponding
to (3.3a,b) is that their right hand sides contain successively higher derivatives of the
data p{¥ and p% and also derivatives of the lower order terms U%*~2 y&-2 k-4,
V&= ... Therefore we can only calculate as many terms in the inner expansion as the
smoothness of pi®, p5¥, f® and g® allow. In fact it can be shown that the equations for
UPand VI k =1, 2, ..., N all have twice continuously differentiable solutions provided
that p{¥ and p$¥ have N — 2 continuous derivatives uniformly of (1) in comparison with &,
and provided that £ and g* have N continuous derivatives uniformly of 0(1) in com-
parison with &.

It is also easily shown that the solutions for W{?¥ k = 1,2, ..., involve 2k repeated
integrals whose integrand consists of various (2k — 2)th order denvatlves of pt¥ — p§". There-
fore, for this part of the interior expansion we consider the short time effects only and use
P —pS" instead in the solutions for W{*%. Here p{*) and p'» have the same smoothness
properties as those prescribed above for p“’" and p4Y and in addition p{¥, p§Y ~ O(1/e2¥*1)
as t —» oo. This decay requirement avoids the non-uniformly valid long-time behaviour
of w;as a 2N + 1th order polynomial in ¢t otherwise predicted by the higher order equations
corresponding to (3.3c).

4. LONG-TIME INTERIOR EXPANSION

With the modification of the interior expansion to describe short-time bending effects
only it now satisfies the boundary condition

o.ix, v, £1,t58) = '[P+ p§) £ 451 — B5V)).

To investigate the remaining long-time bending effects we introduce a new time variable t
defined by the scaling T = et : a choice suggested by the discussion at the end of the previous
section. We now seek a solution of the problem (2.2)2.6) in the form u = uyx, y, z, t; &)+
u/x, y, z, T; ¢), where u, is called the long-time interior approximation (a subscript | always
indicates an association with this approximation). Now substituting in (2.2)42.6) and using
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the properties of the interior expansion we obtain the governing equations

a’rle a0-:«:1 6Txyl 462ul

e s( Ew + 3y —t Fr 0, (4.1a)
0ty | [0ty Oo,\ 0%

oz +8('—‘—ax + ay - ? =0, (41b)
00y [0t Oty ,OPw

pe 8( pm + 3y T = 0. (4.1¢)

Note that equations (4.1a, b, ¢) are only valid up to the order at which the interior expansion
is truncated. The relationship between stress components and displacement components
is unchanged by a scaling in the time variable and therefore equations (2.3a-f) also apply
here.

On the faces of the plate the boundary conditions are

4
&
%, y, £1,75¢) = i?(p(ft)—ﬁ(f)),

4.2)
szl(x’ »t 191;8) = Tyzl(x’ Y. i’l,T;S) =0,
for x, yeC and 0 < t < c0. On the edges of the plate
Oy = ng(Z)_dni’ Tps = szg(Z)_Tnsiv
’ 43)

— 31,3
Tpzt = € h( )_tnzia

for x,yel', —1 <z <1 and 0 < t < co. Initial conditions are also required to complete
the problem. These are derived from the analysis of the diffusion expansion of the next
section and will be discussed later.

We now assume a solution for u, in the form of a power seriesin e;u, = u{? +eu{V + ...,
and following procedure of Section 3 solve for successive terms. The leading terms are
(higher order terms are given in [1]):

oW oW®
u = —ez 0xl + ey v, = —ez 6yl + e 44)
Wl = W§0)+ LN
The function W% depends on x, y and 7 only and is required to satisfy the equation
4(o—1) WP
g VWO = 1Y) (4.5)

When rewritten in terms of physical variables equation (4.5) can be recognized as the
classical equation of the approximate bending vibration of a thin elastic plate (see Love
[3, p. 497)).

Suitable initial conditions and boundary conditions to be used with equation (4.5)
are derived in Sections 5 and 6, respectively.

When higher order terms are obtained in the expansions (4.4) it is found that w, is
even in z corresponding to a purely bending type of deflection. This is to be expected
since the interior expansion developed in Section 3 describes the average stretching effects
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with uniform validity in time. Higher order terms in the expansion for w, involve functions
of x, y and 1, W say, satisfying equations similar to (4.5) with right hand sides depending
on derivatives of p{* and p$¥. It is found that with p{*) and p"’ satisfying the same smooth-
ness conditions as p{"’ and p“" the long-time mterlor expansion and the interior expansion
truncate at the same order.

5. DIFFUSION EXPANSION

The combined expansion u;+u, obtained in the previous two sections satisfies the
equations of motion (2.2), the initial conditions (2.6) and the boundary conditions on the
faces of the plate (2.4) [all up to O(¢") with N determined by the smoothness of the prescribed
data). However, in general the boundary conditions on the edge of the plate are not satisfied.
In the static case Friedrichs and Dressler [2] described the average stretching and bending
effects with an interior expansion and found that the nature of the distribution of the
prescribed edge stresses through the thickness of the plate only influences a region near
the edge called the boundary layer. Therefore, for a static problem an interior expansion
and a boundary layer expansion are together sufficient to give a uniformly valid approxima-
tion to the solution. In the dynamic case the bending moment diffuses away from the edge
quite slowly. The long-time interior expansion of Section 4 can be used to describe the
latter stage of this diffusion process, however some other expansion is required to describe
the initial stage. A preliminary analysis showed that this initial diffusion of bending moment
could not be contained in a region as small as the static boundary layer which is 0(g) in
thickness, and suggested a scale of O(¢*) instead. Therefore we introduce the variables
s and p = n/e* where s measures arc length around I and n measures distance along a
normal to I'.

We now try a solution u in the form of a composite expansion

u=ulx,y z,t;e)+ulx,y, z,t; &)+ uldp, s, z, t ; &), (5.1)

where u, is called the diffusion approximation (a subscript d always refers to this approxima-
tion). The equations of motion, in terms of the displacement components u,,4, u,, u.; and
the stress components 0,4, G4, 624, Tusg> Tnzds Tsza ATE:

0Ty | 00, OTpsg 1 1 0%y
P +¢t o — - |: 2s +- ( Sd_and)_ —& Freaie 0, (5.2a)
0ta | 4Ot 8[005 2 ,0%uy
32 —+e ap +- K_Etnsd —¢& 6!2 = 0, (52b)
aazd a‘[:nzd atszd 1 2 62uzd -
0z op ( o a ™ TF e T 0. (5.2¢)

for0<p<ow,0<s<L, —1<z<1and0<t< oo, where L is the length of I,
a(s) is the radius of curvature of I' and r = (1 —¢&*p/a). Note that the actual finite but large
domain for p has been replaced by the approximate semi-infinite domain. Since we expect
the bending effects considered here to be unimportant away from the edge this appears
to be a reasonable approximation (a similar approximation is made in the static boundary
layer analysis of [2]). In fact, as is discussed later, this approximation is only valid for a
limited time.
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The equations relating stresses and displacements are:

Gug = (a— 2)6””‘ &a;‘_;us“:z (a(;‘:’—%um,), (5.3a)
0= (2~ 2) — e} —2)6“"‘ “(ag;‘—éu,,), (5.3b)
= 6g;d+8*(a—2)ag—;d+£a_2(ag;d——:;u,,d), (53¢)
ths = sﬁggu (ag;"+lus,,), (5.3d)
Toa = % f 6;:, (5.3¢)
o= Bty 3 O (5.3f)

nzd=—a—; ap .

Substituting the composite expansion (5.1) into the boundary conditions (2.4) and (2.5)
we obtain the following boundary conditions for the diffusion expansion :

Oz4 = Tnzd = Tsza = 0’ (54)

atz=+1for0<p<ow,0<s<Land0 <t < 0;

0y =EfP—0,,—0,, (5.5a)
=é& g(2) Tnsi — Tnsis (55b)
Tnzd = 83h(3)_‘cnzi_‘rnzla (550)

atp=0,for0<s<L —-1<z<land0 <t < 0.
Similarly the initial conditions are

6u,,

U= =0, (5:6)

for t = 0 everywhere in the plate. Since we expect the bending effects considered in this
section to be important only near the edge p = 0, as well as introducing an approximate
semi-infinite domain for p, we introduce the decay condition

lim w; = 0, (5.7)
p—r
for0<s<L,—1<z<land0 <t < .

Now following the standard procedure an expansion for u, in the form of a power
series in & is assumed: u, = euf’ +etuP + - - - . Here the expansion has a leading term of
O(¢) in order to match the prescribed edge conditions Equations (5.2)«5.4) can now be
used to systematically derive the general form of the term u{’, k = 1,3, 2,.... The leading
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terms are:
@Um aU(z) @U(l’
und_—.-— +~-~.usd="82 + -,
(p (p ’ ds
2 (5.8)
Uy = eUY +etUDP + 2 Za=20Uy +UZ |+
2 a  0p? ’
where U'Y) is a function of p, s and ¢ satisfying the equation
Ho—1) *UY o*UY
DIV TV, (5.9)

30 ap* or?

Similar equations govern the behaviour of higher order terms U®1k = ,2,3, ... occurring
in (5.8). In all these equations the variable s only appears as a parameter, however in the
right hand sides of the equations for U%, k > 2, derivatives with respect to s of the lower
order terms occur. Therefore the expansion for u, can only be extended for as many terms
as smoothness with respect to s allows. In fact with the boundary conditions which we
derive later and the initial conditions below, it can be shown that in order to obtain all
terms up to U we require the data prescribed at p = 0 to possess N — 1 derivatives with
respect to s which are uniformly 0(1) in comparison with e.

In order to solve for U!Y initial conditions and boundary conditions are required.
Using the initial quiescence condition (5.6) we deduce the initial conditions

(1)

ﬁ(p, 5,0) =0, (5.10)

(1) 0
(p.5.0) = 2

for 0 < p < o0, 0 < s < L. We expect the boundary condition at p = 0 to involve the
average bending effects, namely, bending moment and shear force. The boundary layer
analysis of Section 6 leads to the adoption of the following boundary conditions for U'}:

8(a—1) 2UL _ J @
3 p? 0,s,1) = — —1Zf (s, z,t)dz, (5.11a)
B3UY
T 080 =0. (5.11b)

for0 < s < L,0 <t < oo. Similarly the boundary conditions for U3’ are:

8(x—1) *UE 4a-2)1 au‘,l)
T ap2 (0’ S, t) - ( 3a ) a 4 (0’ S, )9 (512a)
8(ax—1) 63 Uy

1 1
= —_—— (2),
w0 05,0 = — f_lzf (s, 2, 1) dz

a 1 1
—% f zg3)s, z, t) dz— hBXs, z, 1) dz, (5.12b)
-1 -1

for0 <s < L,0 <t < co. Similar conditions hold for the higher order terms. Note that
we have used the short-time quantities /%, 2'®) and ;'® in the boundary conditions (5.11)

and (5.12). The reasons for this procedure are best exhibited by an investigation of the
validity of the assumption that the decay condition (5.7) holds uniformly for all time. It



An asymptotic analysis of the gentle dynamic loading of an elastic plate 1405

can easily be shown that solutions of equation (5.9) satisfying the initial conditions (5.10)
and boundary conditions (5.11) do not decay as p — oo for times as large as 0(1/¢). To
overcome this difficulty we must match the expansion for u, on to the long-time interior
expansion ;. This matching process (described in detail in a separate work [5]) is carried
out by selecting the initial conditions for u,, say w, = ¢@+ea'V+ ---, ou/ot = b+
eb'V + .. at t = 0, such that u, and u, are equivalent asymptotic expansions at some
intermediate time scale, say t* = \/ (e)t. This matching procedure requires that the boundary
data associated with the diffusion expansion decay with time. Therefore in this section we
use only /@, @ and h*® and require them all to be of order 0(1/t*') as t —» co. This
allows the diffusion expansion to be extended up to 0(¢") provided that in addition these
functions all possess N derivatives at ¢t = 0 uniformly of 0(1) in comparison with &.

6. BOUNDARY LAYER EXPANSION

In order to resolve the question of the nature of the solution near the edge of the plate
and to decide which boundary conditions are appropriate for the equations governing the
two interior expansions and the diffusion expansion we now investigate the boundary
layer expansion we conjecture that for the gentle loading prescribed the detailed structure
of the edge conditions is unimportant outside a boundary layer similar to that of the static
analysis. To investigate this idea we introduce the boundary layer variable { = n/e. The
equations of motion and the stress—displacement equations in terms of {, s, z and ¢ can be
readily obtained from equations (5.2) and (5.3) by substituting p = \/(E)C and therefore
are not reproduced here. We now try a solution of the complete problem in the form

u(x, y,z, t;8) = wix, y, z, t; &) +ufx, y, z,7; )
+up, s, z, t;e)+ul, s, 2, t; €), 6.1)

where u, represents the boundary layer correction.
The boundary conditions for the boundary layer correction are obtained by substituting
the proposed solution (6.1) into the boundary conditions (2.4) and (2.5). These are:

Opp = Tszp = Tpzp = 0’ (62)

atz = +1,for0<{<ow,0<s <L and 0 <t < oo. The introduction of the semi-
infinite interval for the variable { is consistent with the idea that the boundary layer term
is unimportant except near the edge. Later we show that the errors resulting from this
approximation are negligible. The other boundary conditions are

242

Oy = €f P —0pi— Oy~ pa, (6.3a)
2,2

Tusp = £°8'2) = Tngi— Tt — Tpzas (6.3b)
31.(3

Tpzp = € h( )_Tnzi_‘cnzl'"rnzd, (630)

at {=0,for0<s<L, -1<z<1and 0 <t < oo (the subscript b always indicates
association with the boundary layer correction). From (2.6) we obtain the initial conditions
du,

u,=—='=0 fort=0, (6.4)
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0<{<w,0<s<Land —1 <z < 1. In addition we impose the decay condition

Clim u, =0 (6.5)
for0<s<L,—1<z<1andO0 <t < oo. This requirement is consistent with the con-
jecture that the boundary layer correction is only important near the edge of the plate.

We now assume a series representation for u, in the form u, = £%u{® +efu{f)+ - - - [the
powers of ¢* must be included since the boundary conditions (6.5) depend on powers of
&? arising from the diffusion expansion]. The lowest order problem obtained by substituting
this expansion in the problem given above has the following governing equations:

2 2
6‘5&2;) aoﬁtb)

o ot =0, (6.6a)
oty o3
z o = (), 6.6b
0z o (6.6b)
0?0t
= SC" = 0. (6.6¢)
The corresponding boundary conditions are
oF =T =Tm =0 atz=tl; (6.7)
and
o = [P -~ — o3, (633)
o = h— o <, (6:8b)
o) =~ e, (639

at { = 0. From the decay condition (6.5) it follows that

2 2 2 2 2 2
aslb}’ ng)’ J(Zb)v T::z}n Tslst)as ngll - 0 as C — 0. (69)

In equations (6.9)6.12) the variables s and ¢ appear only as parameters and in terms of {
and z the problem is equivalent to a static elasticity problem for a semi-infinite elastic
strip. An explicit solution for this problem cannot be readily obtained, however conditions
necessary for the existence of a solution are easily deduced. These conditions, corresponding
to self equilibrated end loads, are obtained by integrating the equations (6.6a, b, ¢) with
respect to z between the limits +1, and respect to { between the limits 0 and co. After
using the boundary conditions (6.7) and the decay conditions (6.9) we obtain the condi-
tions

1 1 1
f 6@ dz = f @) dz = f @ dz =0, atl=0. (6.10)
-1 -1 -1

Two more conditions are obtained by multiplying (6.6a, b) by z and then integrating as
above:

1
f 262dz =0, at{ =0, (6.11a)
-1

1 o 1
f f 3¢, s, 2, t)dl dz +J 2130, s, z,t)dz = 0. (6.11b)
-1 Jo -1
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Using the boundary conditions (6.8a, b) and the results from the previous sections, the
first two parts of (6.10) give

1t 1
6&%’=§f fPdz, r$.§2=1 f g?dz, (6.12, 13)
1 2)_,

for x, yeI". This provides a rational derivation of the boundary condition (3.5) previously
adopted without justification. The last part of (6.10) is identically satisfied since 72,
72) and 12, are all zero. Using the boundary condition (6.8a) in the condition (6.11a) we
deduce the condition

1 1 1
f zf@dz = f zeP dz+ f 263 dz, (6.14)
-1 -1

-1

for x, yeI'. From Sections 4 and 5 we know that the long-time effects must be associated
with 62 and the short-time effects with ¢'2). Therefore we take

1 1
wo)f e @ e s
-1 -1

for x, yeI'. Here 62’ = zZ? and ¢'2 = zZ!Z and the T’s are functions independent of z
whose explicit forms in terms of W{® and U} respectively are easily obtained from the
results of Sections 4 and 5. The first part of (6.15) provides the rational derivation of the
boundary condition (5.11a) assumed previously without justification and the second part
of (6.15) provides one of the boundary conditions required to solve equation (4.5) for
W{0, Repeating the whole procedure for the 0(s¥) boundary layer equations we obtain
more necessary conditions for solution which provide boundary conditions for higher
terms in the expansion w;, u; and u,. The boundary conditions (5.11b) and (5.12a) follow
from these calculations.

One more boundary condition is required for the solution of equation (4.5) for W{°.
In order to obtain this condition we must consider the 0(¢*) boundary layer equations.
At this order the equation comparable to the last part of equation (6.10) is

1 (2)
J' 0, 5,2, ) dz = f f ( T _ - g},) dC dz. (6.16)
-1 -1

From the 0(¢?) boundary layer equations it follows that {1 | 72} dz = 0 for all {, and then
combining equations (6.11b) and (6.16) we obtain the result

1 a 1
f Tab(0: 5,2, 1) dz + f 2230, s, z, 1) dz =
-1 S J_ 1
Using the boundary conditions (6.3b, c¢) this becomes

1 6 1 1 a 1
f h® dz+—f zgPdz = J ) dz+— f ztd dz
-1 osJ_ 1 dsJ_ 1

-1

1 a i
+ f 3 dz+ % f zt3 dz,
-1

SJ-1



1408 M. J. O’'SULLIVAN

for x, yeI". This relationship can be decomposed into its short-time and long-time parts
to finally obtain

1 A 1 1 ’; 1

f R dz +(;—f g?Pdz = f 3 dz+ {,:— f zt$2) dz, (6.17a)
. s 4 _ sy
1 R h) 1 1 a 1

f A9 dz 4~ f P dz = f V) dz 4+~ f 212 dz, (6.17b)
-1 [A N -1 aS -1

for x, yeI'. Conditions (6.17a) and (6.17b) provide the remaining boundary conditions
required for the solution of the equation for U'% and equation (4.5) for W{® respectively.
In fact (6.17a) leads directly to the boundary condition (5.12b). When rewritten in terms of
physical variables the second part of condition (6.15) and condition (6.17b) can be recognized
as the classical boundary conditions of Kirchhoff (see Love {3, p. 297)).

Other boundary conditions required for the determination of higher order terms in
u;, u, and u, follow from the analysis of higher order boundary layer problems. The variables
sand t only appear as parameters in the boundary layer problems and therefore the smooth-
ness of the 0(¢?) boundary layer term with respect to these variables is exactly the same as
the data. In the higher order problems derivatives with respect to s and t of lower order
terms appear as non-homogeneous terms in the governing differential equations. Therefore
the boundary layer expansion can only be extended as far as this smoothness permits.
However the restrictions already imposed in Section 3 require N continuous derivatives
of f@and g for0 < s < Land 0 < t < oc, therefore the boundary layer expansion can
be extended to O(e"). Also since f® = g'? = 0 for t = 0 this smoothness requirement
ensures that the boundary layer expansion satisfies the initial condition (6.4).

Following the work of Johnson and Little [6] it is straightforward to establish that the
boundary layer corrections decay exponentially with { and therefore the decay condition
(6.5) and the approximation of domain produce errors which are negligible.

7. SUMMARY

The combined expansion u = u;+u,+u,;+u, formally satisfies all the conditions of
the problem (2.2)~2.6) up to 0(c"), where N is determined by the smoothness of the data.
It remains to be proved rigorously that the expansion obtained in this way is a uniformly
valid asymptotic approximation to the exact solution.

The leading terms in the two interior expansions satisfy equations identified as the
classical equations of thin plates. The boundary layer analysis of Section 6 provides a
derivation of the classical boundary conditions of thin plate theory. The higher order
terms in the expansions can be regarded as thick plate corrections with the analysis presented
here giving an indication of the limits of the applicability of classical dynamic thin plate
theory in terms of the smoothness, in time and space, of the applied loads.

At the start of this work it was thought that the Timoshenko plate equation might
arise naturally from the perturbation approach. However, the only procedure leading
to this equation involved changing the usual algorithm of asymptotic analysis where the
problem associated with each order of ¢ is treated separately. If two successive orders of
¢ are grouped together then the Timoshenko equation is obtained as the equation governing
the leading term in a modified type of interior expansion. The general usefulness of this
latter procedure seems limited and it was not studied further.
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Ab6crpakT—ITlonyuyaloTcs ypasHenus upubnukKeHHbIX TEOpHit, AT JHHAMHMKH TOHKHX YNPYTHX I1acTHHOK,
nyTém npuMeneHus (GOpManbHbIX CHOCOB0B aCHMHTOTHYECKOTO Pa3jIOkKEHHA, NPEMEHHUMBIX B TOYHOMH
TPEXMEPHON TEOPHH AUHAMUYECKOH YyNpPyroctH. Onpeaensorcs OOLIKHOBEHHbIC IPAHUYHbBIE YCJIOBHMA
RIS OPUOIMKCHHBIX TEOPHIl, HCXOAR M3 AHAJIM3A TPAHHYHOTO ¥ Au(HY3HOHHOIO CIOEB.



