EDGE EFFECTS IN THE REISSNER-MINDLIN PLATE THEORY *
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Abstract. We study the behavior of solutions of five different boundary value problems for the Reissner-
Mindlin plate model emphasizing the structure of the dependence of the solutions on the plate thickness.
The boundary value problems considered are those modelling hard and soft clamped plates, hard and
soft simply supported plates, and free plates. As proven elsewhere, the transverse displacement variable
does not exhibit any edge effect, but the rotation vector exhibits a boundary layer for all the boundary
value problems. The bending moment tensor and shear force vector have more pronounced boundary
layers. The structures of each of these boundary layers are explored in detail. In particular, their strength
depends on the type of boundary conditions considered. They are strongest for the soft simply supported
and free plates, weakest for the soft clamped plate, and intermediate in the other two cases. For the soft
clamped and hard simply supported plate, the boundary layers vanish near a flat boundary, but this is not
true for the other boundary value problems. In order to illustrate the theory explicitly, we construct and
analyze the exact solution to all the boundary value problems in the special cases of a circular plate and
of a semi-infinite plate subject to a particular loading. We also examine the cases of an axisymmetrically
loaded circular plate and a uniaxially loaded semi-infinite plate. In these special cases, the edge effects
disappear entirely.
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NOMENCLATURE. Boldface type is used to denote vector quantities, including
vector-valued functions and operators whose values are vector-valued functions. Script
type is used to denote matrix quantities and sans serif type is used for higher order tensor
quantities.

C tensor of bending moduli

curl  (vector) curl of a scalar function
D scaled bending modulus, = F/[12(1 — v/?)]

div (scalar) divergence of a vector function

div (vector) divergence of a matrix function (applies by rows)

E Young’s modulus

g scaled loading function, = transverse load density per unit area divided by ¢3

grad gradient of a scalar function
z 2 X 2 identity matrix

I,,I>, modified Bessel functions of order 1 and 2
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k shear correction factor

M tensor of bending moments

n unit vector normal to the boundary, directed outward

s unit vector tangent to the boundary, directed counterclockwise

t plate thickness

tr trace of a matrix

a =12k

6 =12k + 12

A Laplace operator

£ (matrix) symmetric part of the gradient of a vector function

¢ shear force vector in Reissner-Mindlin plate theory

K curvature of the boundary

A = Fk/[2(1 4 v)]

v Poisson ratio

p, 0 boundary fitted coordinates, distance to nearest boundary point and arclength
parameter value of that point, respectively

(o) rotation vector in Reissner-Mindlin plate theory

b0 = grad wy, rotation vector in biharmonic plate theory

o} interior expansion functions for ¢

®p radial component of ¢ (for circular plate)

bo angular component of ¢ (for circular plate)

D, boundary expansion functions for ¢

X cutoff function, identically one near boundary

w transverse displacement in Reissner-Mindlin plate theory

wo transverse displacement in biharmonic plate theory

wj interior expansion functions for w

Q region occupied by the midplane of the plate

o) the boundary of the region 2

1. INTRODUCTION. The Reissner-Mindlin model for the bending of an isotropic
elastic plate in equilibrium determines w, the transverse displacement of the midplane, and
¢, the rotation of fibers normal to the midplane, as the solution of the partial differential

equations
(1) —div CE(¢p) — M ?(gradw — ¢) = 0 in Q,
(2) — Mt~ ?div(gradw — ¢) = g in Q.
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Here € is the two-dimensional region occupied by the midsection of the plate, ¢ is the plate
thickness, gt3 is the transverse load force density per unit area, A\ = Fk/2(1 + v) with F
the Young’s modulus, v the Poisson ratio, and k the shear correction factor, £(¢) is the
symmetric part of the gradient of ¢, and the fourth order tensor C is defined by

CT=D[(1-v)T +vtx(7)Z], D=

for any 2 x 2 matrix 7 (Z denotes the 2 x 2 identity matrix). Note that the load g has
been scaled so that the solution tends to a nonzero limit as ¢ tends to zero.

Solutions of the equations are minimizers of the energy functional

(¢,w)r—>/9BCS((]&):8(¢)+%At‘2lgradw—¢\2—gw dx.

To obtain boundary conditions, we restrict the boundary behavior in the class of functions
over which we minimize. For example, if we insist that ¢ - n and ¢ - s (the normal and
tangential components of ¢) and w all vanish on the boundary of €2, we obtain a model of
a clamped or welded plate, which we call hard clamped. If we impose ¢-n =0 and w =0
on 0f), but do not restrict ¢ - s, we obtain another model of clamping, which we term
soft clamped. By standard variational arguments, we derive in this case a third (natural)
boundary condition, namely that s - CE(¢)n = 0 on 9. In general, we may impose or
not each of the three essential boundary conditions ¢-n =0, ¢-s = 0, and w = 0, thereby
obtaining eight distinct boundary value problems. We consider in this study the five with
the greatest physical significance, which are listed in Table 1.
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Table 1 - Boundary conditions for various boundary
value problems for the Reissner-Mindlin plate model.

Essential Natural
¢ -n=0
hard clamped ¢-s=0
w=2~0
¢o-n=0
soft clamped s-C&(pm=0
w=20
n-CE&(Pn=0
hard simply supported $-s=0
w=20
n-CE&(P)n=0
soft simply supported s-C&E(pm =0
w=20
n-CE(P)n =0
free s-C&E(pm =0
g—: —¢p-n=0

For each of the first four boundary value problems, there is a unique solution for any
load g. For the free plate, a necessary and sufficient condition for the existence of a solution
is that the load satisfy the compatibility conditions

(3) /gdw:/xgdw:/ygdwzo.
Q Q Q

Moreover, in this case, the solution is not unique. If (¢,w) is a solution, then so is
(¢ + gradl,w + 1) for any linear function [.

From Eqgs. 1 and 2, we deduce that
gradw — ¢ = —t*/\div C (),
divdiv CE(¢) = g.

Formally taking the limit as the thickness t tends to zero in the first equation, we obtain
Kirchhoft’s hypothesis

¢o = grad wy

(where the subscript 0 indicates the limit at ¢ = 0). Inserting this result in the second
equation we then obtain the classical biharmonic equation of plate bending

(4) DA%wy =g.

4



Solutions of this equation are minimizers of the energy functional

1
wo — / {iCE(gradwo) : E(grad wy) — gwo | de.
Q

To obtain boundary conditions for the biharmonic model we may proceed as we did for
the Reissner-Mindlin model, enforcing or not each of the conditions wy = 0 and dwg/In(=
¢o - n) = 0 on 9. Note that if wy vanishes on 9 then so does ¢q - 8 = dwy/ds, so this
quantity cannot be constrained independently. Consequently, we only obtain four distinct
boundary value problems in this way, the three most significant of which are listed in
Table 2.

Table 2 - Boundary conditions for various boundary
value problems for the biharmonic plate model.

FEssential Natural
Wy = 0
clamped Owo
==Y _p
on
wo = 0
simply supported 92wy

1—v +rvAwy=0
( )8712 0

0 0 62w0 au)()
A 1 —p)— (=<0 70
n wo + ) 83(85871 & 0s

2
(1_1/)(()8&)20 +rvAwy=0
n

)=0
free

A fundamental difference between the biharmonic model and the Reissner-Mindlin
model is that the solution of the former is independent of the plate thickness t (except
through the scaling factor ¢3 which we have absorbed into the loading function g), while
the solution of the latter depends on the thickness in a complicated way. In particular, the
solution exhibits a boundary layer for small ¢. More precisely, certain derivatives of the
rotation vector vary rapidly in a narrow layer around the boundary. The existence of a
boundary layer (in some sense) for the Reissner-Mindlin model has been noted by several
authors (see Refs. 5, 4, 6, and 7, Chapter 3.5). In Refs. 2 and 3 we analyzed in detail the
structure of the dependence of the solution on the plate thickness. These results apply
generally, assuming only that the boundary of 2 and the loading function g, are smooth.
We briefly recall the principal results here.

Let ¢ and w satisfy Eqs. 1 and 2 and one of the sets of boundary conditions found in
Table 1. The transverse displacement admits an asymptotic expansion (as t — 0) of the
form

(5) w~w0+tw1+t2w2+~-~.

5



The functions wg, w1, etc., appearing in this expansion are smooth functions on €2 inde-
pendent of t. There is no degeneration in w as ¢ tends to zero (that is, w converges to wy
uniformly in the entire domain €2, and all the derivatives of w converge uniformly to the
corresponding derivatives of wy). We term Expansion 5 a regular expansion. Its leading
term, wy, satisfies the biharmonic equation (Eq. 4) and appropriate boundary conditions
(i.e., if the boundary conditions for the Reissner-Mindlin problem are hard or soft clamped,
then the boundary conditions for the biharmonic problem are clamped; similarly for simply
supported and free boundary conditions). The other terms, wy, wa, etc., of the expansion
may be obtained as solutions of other biharmonic problems. Explicit recipes are given in
Refs. 2 and 3.

The rotation vector ¢ admits an asymptotic expansion of the form
(6) ¢~ (g0 +tpr + P2+ ) + X(Po + 1Py + *Po +---).

Here the first sum on the right hand side is a regular expansion as for w. The first two
terms satisfy ¢9 = gradwy, and ¢ = gradw;. However, it is generally not true that
¢ = grad ws. The second sum represents an edge effect or boundary layer. To describe
it we introduce a coordinate system fitted to the boundary. To any point a of €2 which is
sufficiently close to the boundary, there corresponds a unique nearest boundary point xg.
We associate to @ the coordinates p and 6 giving, respectively, the distance |z — x| and
the arclength along the boundary from x( to some fixed reference point on the boundary
(see Figure 1). We also associate to & a normal vector n = n,, namely the unit vector in
the direction of x(, and a tangential vector s = s, which is equal to the vector n, rotated
counterclockwise 90°. Note that this construction assumes that 0€) is smooth, that is, has
Nno corners.

Returning to Expansion 6, the functions @, @1, etc., have the explicit form
B; = e VIR E (p/t,0)

where F; is a smooth function, independent of ¢. Each €; may be determined as the
solution of a certain system of ordinary differential equations in the stretched variable
p/t. Because of the exponential factor, these functions are negligibly small outside a layer
about the boundary of width proportional to ¢t. Near the boundary, they vary rapidly in
the direction of the normal: 9&;/0n = O(1/t), 0°®;/dn* = O(1/t?), etc.

Since the boundary-fitted coordinates are only valid in a region near the boundary, the
functions @; are only defined in that region. Therefore, we introduce the cutoff function
which equals zero outside of the region, and which equals one in a region near the boundary.
Consequently, the products y®; appearing in the expansion 6 are defined everywhere in
Q. (Actually, for the two particular regions we consider in Sections 3 and 4, the circle and
the halfplane, x may be taken to be identically one.)
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Fig. 1 - Boundary fitted
coordinates p and 6 for the point .

Table 3 - Terms which vanish in the boundary layer
expansions 5 and 6 for various boundary value problems.

hard clamped w1 o3 Dy, D, by -n

soft clamped w1 o3 Dy, D1, Py | P31
hard simply supported w1 o3 D, D, D1
soft simply supported — — P b -n
free - - @ P, -n

For each of the boundary conditions, certain of the terms in expansions 5 and 6 vanish
(no matter for what load or boundary). Moreover, in all cases, the first nonvanishing ®;
is purely tangential, i.e., has zero normal component. The vanishing terms are listed in
Table 3.

Note that ¢; and wy vanish for the first three boundary conditions, but not the other
two. Thus, in these three cases the difference between the Reissner-Mindlin and biharmonic
solutions is of order ¢? in the interior, while in the remaining two cases it is of order t.

The strength of the boundary layer for ¢ is determined by the relative orders of the
initial terms of the interior and boundary layer expansions. Since we have normalized the
load so that the solution is always of order one with respect to ¢ in the interior (i.e., ¢¢
is always nonzero), the determining factor is the power of ¢ before the first nonvanishing
term of the boundary layer expansions. Thus, from Table 3, we see that the soft simply
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supported and free plates exhibit the strongest boundary layer, the hard clamped and hard
simply supported plates have a weaker layer, and the soft clamped plate has the weakest
layer. In each case, the normal component of ¢ (recall that the normal direction is defined
in a neighborhood of the boundary) has a weaker boundary layer than the tangential
component.

Even for the soft simply supported and free plates, the leading term of the boundary
layer expansion is of order ¢t. Thus for ¢t small, the boundary layer has a small effect on
¢. However it has a more pronounced effect on various quantities derived from ¢. For
example, the bending moment tensor, M = CE&(¢), depends on the first derivatives of
¢ and has a boundary layer of one order higher than that for ¢ itself. Thus for the soft
simply supported and the free plates, the edge effect on the moments is of the same order
as the moments themselves. The shear force is given by the vector

¢ =M *(gradw — ¢)

(which we have again scaled to be O(1) in the interior at ¢ tends to zero). Since the first
two terms of the interior expansions cancel, we obtain the asymptotic expansion

¢~ A(gradws — @) + t(gradws — 3) + -] — x(t ' + o+ -+ ).

Thus, for the soft simply supported and free plates, for which @ is generally nonzero, the
boundary layer dominates the shear force vector in the boundary region, and we have a
very marked edge effect. For the hard clamped and hard simply supported plates, the edge
effect is an order one effect on the shear, and for the soft clamped plate it is an order ¢
effect.

Figure 2 shows the exact solution of the boundary value problem for the soft simply
supported circular Reissner-Mindlin plate of radius 1. The load g is taken to be cos®6,
the elastic coefficients are £ = 1, v = 0.3. (The exact solution to this problem can
be determined as explained in section 3.) Results for the transverse displacement and a
component of the rotation vector, the bending moment tensor, and the shear force vector
are shown plotted along a radius of the disc for a thick plate, a moderately thick plate,
and a thin plate. The radius was taken along the positive z-axis for the displacement and
along the positive y-axis in the other three cases. Note that the boundary layer is clearly
visible in the large derivative of the bending moments for the thin plate. It is even clearer
in the shear, which becomes very large in a tiny boundary layer for the thin plate.

Some of the terms of the boundary layer expansion for ¢ involve the curvature of the

boundary, and some of these vanish when the curvature is zero. For example, one can
compute in the case of the hard simply supported plate (see Ref. 2) that

1 0 A wg V%%
by = — p/t
2 6k(1—1/)8 ds *
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Fig. 2 - Transverse displacement, rotation, bending

moment, and shear force along

a radius of the unit disc for

the soft simply supported Reissner-Mindlin plate.

Now for the hard simply supported plate, wg satisfies the boundary conditions for the

simply supported biharmonic plate given in Table 2, whence one easily shows

(%JQ

Awy=k(l —v)—

on

Hence, if the curvature k is identically zero, then @5 vanishes. In fact, it can be shown that

in a neighborhood of a flat section of the boundary, all the @; vanish. For the soft clamped

plate problem we can also show that the @; vanish if x vanishes identically. However, the

solutions of the other boundary value problems experience an edge effect on straight as

well as curved boundaries.




The theory just described can be found in more detail, along with a rigorous mathemat-
ical justification and a number of applications, in Refs. 2 and 3. In the following section, we
illustrate this theory in the case of a circular plate with a particulary simple load, a case in
which we are able to derive the exact solution and the expansions explicitly. In Section 4,
we consider a semi-infinite plate (the plate problem posed on a halfplane) to illustrate the
effect of a flat boundary. In Section 5, we consider briefly the simplifications which arise if
the load is axisymmetric on a circular plate or uniaxial on a semi-infinite plate. In these
cases, the expansions become extremely simple, and the edge effects disappear altogether.

The determination of exact solutions and their interior and boundary layer expansions,
which is given in Sections 3 and 4, involves a great deal of computation which, while in
principle elementary, is very cumbersome. In the following section we give a reformulation
of the Reissner-Mindlin system which simplifies the construction of exact solutions to some
extent. The computations leading to Tables 4, 5, and 6, and the expansions at the end
of Sections 3 and 4 were performed using the Mathematica computer algebra system and
were independently verified using the Maple computer algebra system.

2. CONSTRUCTION OF EXACT SOLUTIONS. Our basic construction de-
fines a solution to the Reissner-Mindlin equations in terms of three functions, v, m, and g,
which satisfy the uncoupled partial differential equations

(7) DA’y =g,
(8) Am =0,

2 A 0
(9) 1ok q+q=0.

We define ¢ and w in terms of these functions by the equations
(10) ¢ = gradv — A" 't*(grad m + curlg), W= -ANDEEAv+v— A 12m.

It follows that,
gradw — ¢ = —\"'t*(Dgrad Av — curlg),

and so
— M 2div(gradw — ¢) = D A%v = g.

It also follows easily from the definitions that
div C&(¢) = Dgrad Av — curlg,

SO
—div CE&(¢) — M %(gradw — ¢) = 0.

Thus, for any functions v, m, and ¢ satisfying Eqs. 7-9, we obtain functions ¢ and w which
satisfy the Reissner-Mindlin equations, Eqgs. 1 and 2.
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It remains to satisfy the various boundary conditions described in Section 1. For each
of the boundary value problems given in Table 1 we prescribe corresponding boundary
conditions on v, m, and ¢. Since Eq. 7 is fourth order, while Egs. 8 and 9 are second order,
we need to give four boundary conditions. Three of the boundary conditions are clear: we
merely substitute the formulas given in Egs. 10 into the boundary conditions for ¢ and w.
Thus, for example, in the hard clamped case we get

0y (2 00)

on on  0Os
ov 1,0 (Om  Oq\
a5 (a_ %) 0

AN IDEPAv+ v = N""Pm=0.

As a fourth boundary condition, we choose v = 0 in the hard and soft clamped and hard
and soft simply supported cases, and m = 0 in the case of the free plate. Note that in the
case of the free plate, this boundary condition, together with the differential equation 8,
implies that m vanishes identically.

3. THE CIRCULAR PLATE. We now specialize to the case where the domain €2
is the unit circle and employ polar coordinates r and . For the soft and hard clamped and
soft and hard simply supported plates we take as the load function g(r,6) = cosf. This
load does not satisfy the compatibility conditions given by Eq. 3 necessary for existence
of a solution in the case of a free plate, so we use g(r, ) = cos 26 in that case. We do not
take the simplest load, g = 1, since in that special situation there is no boundary layer.

Consistent with the use of polar coordinates, we decompose the rotation vector into

its radial and angular components
¢r = prcosl + ¢pasinh, ¢g = —¢pysinf + o cosb.

As remarked in Section 1, ¢, will have a weaker boundary layer than ¢g.

Written in polar coordinates, the construction of the previous section gives

4, = ov )\12(3771_1@)

or or rof
10w 1,0 (10m Oq
¢9_r80 At (r89+5)
0°v 10w 1 0%v
— D\ 2 2 R )
A t(ar +7“67“+r2892) v—A"2m

where v, m, and ¢ satisfy Eqs. 7-9.
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In the case of the soft and hard clamped and soft and hard simply supported plates,
we easily see from the form of the load that

v(r,0) =V (r)cosd, m(r,0)=M(r)cosf, q(r,0)=Q(r)sinb,

for some functions V', M, @ of one variable. Substituting in Eqs. 7-9 we get

D [V////(r> + ;V”/(T’) . %V”(T) + :’3 V/(T> — %V(T’):| =1,
M () + TM(r) — 5 M(r) =0,
-3 |20+ 10 - 00| + @ o

It is easy to compute the general solution of these ordinary differential equations. Excluding
solutions for which the functions or first derivative are unbounded at the origin, we obtain

V(r)=r*/(45D) +ar®* +br, M(r)=cr, Q(r)=dI(ar/t).

Here a, b, ¢, and d are arbitrary constants, & = v/12k, and I; denotes the modified
Bessel function of order 1. To determine the constants a, b, ¢, and d, we substitute these
expressions for ¢ and w into the boundary conditions given in Table 1. This gives three
linear equations, to which we append the equation v = 0 as explained in the previous
section. The resulting system of four linear equations in four unknowns may be solved to
give the results in Table 4. The solution for the hard clamped plate is also given in Ref. 4.
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Table 4 - Exact solutions to the Reissner-Mindlin
equations on the unit disc with ¢ = cosé.

¢r = [4r3/(45D) + 3ar? + b — A~ + r AT A2 I (ar /t)] cos O
¢g = [-13/(45D) — ar? — b+ cA™1? — daX "'t (ar/t)] sinf
w=[r*/(45D) — A7'*r? /3 + a(r® — 8DA™1rt?) 4+ br — cA™'?r] cos 6
= [-5Dt3 L1 (ao/t) + o (A + 5D?) I{(e/t)] /(2D )
b= [7Dt3 I (a/t) — a (A + 7Dt?) I{(a/t)] /(6D f)
R P
d=Mt/f
f=15[ADt3L (a/t) — o (A + 4Dt?) I (er/t)]
= [~ (a®X + 5a2Dt* 4+ 10Dt*) I (o/t) + 2at (A + 5Dt?) I1(a/t)] /(2Df)
= [(a®X 4+ Ta?Dt? + 14Dt*) I (ao/t) — 2t (X + 7Dt?) I{(a/t)] /(6D f)
daSI%fI‘;e 1 = [~ (a/t) + 20Nt (a/t)] / f
d=2\?/f
f=15[(a?X + 4a%Dt? + 8Dt*) I (a/t) — 20t (X + 4Dt?) I (or/t)]
a= [6Dt*(1 — v)I1(o/t) + a (4X + \v — 5Dt? + 5Dvt?) I{(o/t)] /(2D )
- b= [-7Dt*(1 —v)1(a/t) — a (6A + Av — TDt? + 7TDwit?) I{(e/t)] /(6D )
simply c=—aX1—-v)I{(a/t)/f
supported d= —M(1—)t/f
f=15[-4Dt3(1 — v)I1(a/t) — o (3X + A\v — 4Dt? + 4Dvt?) I{(a/t)]
a= [ (4a® + v + 10t?) I (ao/t) + 10atI{(a/t)] /(2D )
ot b= [(6a%+ o?v + 14¢%) I1(a/t) — 14atl{(c/t)] /(6D )
simply c=a?(1—v)1(a/t)/f
supported

d=2)/(Df)
f=15[(30® + a®v +8t?) I (a/t) — 8atI{(a/t)]

In the case of a free plate, we proceed similarly to obtain the exact solution. In this
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case v, m, and ¢ have the form
v(r,0) =V (r)cos20, m(r,0) = M(r)cos20, q(r,0)= Q(r)sin20,

where V', M, and @) solve

2 9 9
D [V””(r) + V() = V() + T—SV’(T)] =1,

M(r) + EM(r) — g M(r) =0,

135 |0+ 10 - 500 + ) =0

r
Solving, we obtain
V(r) = (r*logr)/(48D) + ar* +br*, M(r) =cr?, Q(r) = dlxy(ar/t).

Finally, we solve for a, b, ¢, and d, using the boundary conditions for the free plate and
the supplementary boundary condition m = 0, to get the results in Table 5.

Table 5 - Exact solution to the Reissner-Mindlin
equations on the unit disc with
g = cos 26 and free boundary conditions.

¢r = [r3/(48D) + r®logr/(12D) + dar® 4+ 2br — 2er A\~ 't? + 2dr A" 2 Iy (o /1))
X cos 20
¢g = [—r3logr/(24D) — 2ar® — 2br + 2eA™ *r — daX™ 1) (ar/t)] sin 20
w={r?[-8A712 + (r*/D — 1227 't?) logr] /48 4+ a(r* — 12DA~1r?t?)
+br? — A" 12r?} cos 26

({ A+ (1 — )[3\ — TD(a? + 1262)]} [ao(a/t) + 42aD(1 — V)tIQ(a/t)> /(24D F)
({4>\ 1 6D(a® + 82) — (1 — v)[A — D(a? + 28¢2)]} Ia(r/1)
0

—2aD(17 — 11y)t1§(a/t)) /(8D )

d=-\1+2v)/f
f= 12({2)\ — (1 =)A= D(a? + 12%)]} o (a/t) — 6aD(1 — I/)tlé(a/t))

Having computed the exact solution to the various boundary value problems, we can
derive asymptotic expansions like those given in Formulas 5 and 6 directly. To do this,
first we substitute asymptotic expansions for I3 and I] into the equations given at the
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top of Table 4 and for I, and I} into the equations at the top of Table 5. The required
expansions are given in Ref. 1, Chapter 9.7 as

e? (4n? —12)  (4n? — 12)(4n? — 3?)
In(z) ~ 2= { EECHE 21(82)2
(4n? — 12)(4n? — 3%)(4n? — 5?)
and
) e* (4n?+1-3)  (4n? —1%)(4n® +3-5)
[n(Z> ~ Qmz |:1 B 1'(82’)1 2'(82)2

(4n? —12)(4n? = 3%H)(4n? +5-7) N o N
J— o e z — 0.
31(82)3

When we substitute these expansions in the formulas for a, b, and ¢ (but not d), the terms
e/t and /27« /t all cancel, leaving the quotient of two power series in ¢, which can be
reduced to a single power series by standard manipulations. For example, for the hard
clamped plate we get

aX\ — TAt/8 + [5aD + 57\ /(128)]t* + - - -

“™ Z30aDX + 105Dt/4 — [120aD? + 855D/ (64)]t2 + - --
1 12 N t3 N
30D 30\ ' 30a\ '

From the form of w, in particular the fact that it is independent of d, we can see that w
will admit a regular (power series) expansion in t for all the boundary value problems.

On the other hand, when we substitute these expansions in the formula for d, the
exponential and square root terms remain. Now d enters the formulas for ¢, and ¢y
multiplied by I,,(ar/t) and I/ (ar/t), respectively. Consequently, the terms involving v/t
will cancel, while the exponential terms combine to give a factor of e~*(1=")/t = e~ V1Zko/t
Thus the terms involving d, and these alone, determine the boundary layer expansion. Since
this term includes a factor of t? for ¢, for all the boundary value problems, it will always be
the case that the radial components of @3 and and @, vanish. For ¢y, the corresponding
factor is the first power of t, so only @y need have vanishing tangential component in
general. For the hard clamped and hard simply supported boundary conditions, d contains
an additional power of ¢, so in addition the radial component of &, and the tangential
component of @, also vanish. For the soft clamped case, there is a factor of t2 in d, so the
radial components of @5 and @3 and the tangential components of ¢, and @5 vanish in
this case.

In fact, using elementary manipulations, we can compute as many terms of the asymp-
totic expansions of ¢ and w as desired. The first several terms are given below. (For the
hard clamped plate these results are also basically contained in Ref. 4.)
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Hard clamped

1-— 9T2 + 8T3 (]. — T2)t2 (1 )/t —2t3
o~ —a(l=r)/t | ___ "2 0
¢ [ 90D sDa(1—u) T 5D —v) €08

—1 + 3T2 — 2T3 (3 — T2>t2 —a(l—r)/t 2t2
~ _ . a(l-r 1 Vsing
%6 { 90D 5Da2(1—v) T 5Da2(1—v) S

r—3r3 4 2rt N (117 — 1072 — r3)¢? N 0
W~ S+e 5 COS
90D 15Da?(1 — v)

Soft clamped

1—9r% +8r3 (1—7r?)t? 4t
~ —a(l-r)/t |~ . 0
br { { 90D " 5Da2(1-1) " } e [151)@4(1 " } cos
—1 -+ 37“2 — 2T3 (3 — T2)t2 _ (1_ )/t —4t3 .
~ _ a(l—r 0
& {{ 90D BDa2(1—v) T 5Dl —v) S
r—3r3 + 2rt n (117 — 1072 — r3)¢2 n cosd
90D 15Da?(1 —v)

Hard simply supported

s 6 + v —36r2 —9ur? 4 24r3 + 8urd (54 3v + 3r? — 3ur?)t?
" 90D (3 + v) 15Da2(3 + v)?

3
+ee=n/t ot +---| pcost
15Da3(3 + v)

s { —6 — v+ 12r2 + 3vr? — 613 — 2urd (=5 — 3v —r? + vr?)t?
9 ~Y

90D(3 + v) 15Da2(3 + v)?

pematmmye [ =22 L
15Da?(3 4+ v)

6r + vr — 12r3 — 3ur® + 6r* 4+ 201t
w v
9OD(3 + V)

(r —r2)(91 + 58v + 1102 + r — 2ur + v27r)t?
+ +--- pcosf
15Da?2(1 — v)(3 4+ v)?
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Soft simply supported

s 6 + v — 3612 — 9ur? + 24r3 4 Surd n (1—v)(1—3r?)t
r 90D(3 + v) 15Da(3 + v)?

2
+ ema(1=m/t 2t +---| pcost
15Da2(3 4+ v)

5 —6 — v+ 12r% + 3vr? — 6r° — 213 n (1—v)(r?2 = 1)t
’ 90D(3 +v) 15Da(3 + v)*
—2t
—a(l-r)/t | —=v .
e {15Da(3+y) * ]}SmQ

6r +vr —12r3 —3vrd + 6rt +2urt (1 —v)(r —r3)t
W~ + 5=+ pcost
90D(3 4 v) 15Da(3 + v)

Free

p {3(17 —dv—12)r — (1—=v)(29+3v)r3  r3logr (1+2v)r(v+1r? —vr?)t N

144D(1 — v)(3 + v) 12D 3aD(1 —v)(3+v)?

—a(1—r)/t —(1+2v)¢° 9
+e {3042D(1—y)(3—|—u)+ cos 20

p 317+ 4v +v*)r+ (1 —v)(194+3v)r®  r’logr (14 20)r(2v + 1% —vr?)t
o 144D(1 — v)(3 + v) 24D 6aD(1 — v)(3 + v)?

—a(1=n)/t (1+2v)t P
o e {6041)(1—@(3”) * sin 20

3(17 — 4v — v?)r?2 — (1 — v)(19 + 3v)r*
. 288D(1 — )3 1 )

rtlogr + (1 +20)r*(2v +r? —vr?)t + .-+ pcos20
48D 12aD(1 — v)(3 + v)?

17



4. THE SEMI-INFINITE PLATE. In this section we consider the semi-infinite
plate, i.e., the case when the domain € is equal to the half plane y > 0. For the loading
function we take g(x,y) = cosz. This load is compatible with the existence of a solution
for the free plate, so we may use it for all five boundary conditions. We again use the
construction of Section 2.

Based on the form of the load, we seek v, m, and ¢ as

v(z,y) =V(y)cosxz, m(z,y)=M(y)cosz, q(x,y)=Q(y)sinz,
where V(y), M(y), and Q(y) satisfy

DV"(y) —2V"(y) + V(y)] =1
M"(y) — M(y) =0,
0

2 (
~ Q") — Q) + QM) =

Solving, we obtain
V(y) =1/D+ae™¥ +bye ™, M(y)=ce ™, Qy)=de /",

where 5 = 12k + t2. Solving for the unknown constants from the boundary conditions
in Table 1 and the supplementary boundary condition (v = 0 or m = 0), we obtain the
results given in Table 6.
Finally, straightforward algebraic manipulations give the following asymptotic expan-
sions.
Hard clamped

e ¥ +ye ¥ —1  2(1+y)e Yt —ay)t 2t2 _
¢1 { D Da?(1 —v) i e Da?(1 —v) i i

[ye™v 2ye V2 2t3
¢2N{ v ve )+-~-]+6_ay/tl7)+-~-}}cosx

D  Da?(1-v Da3(1 —v

l—e ¥V —ye ¥ 2(1—e Y +ye¥)t?
w ~ +
D Da?(1—v)
Soft clamped

—I—---]cosx

e +ye ¥ —1 2(1+y)e Yt? .
¢1 I D Da?(1 —v) * i
[ye Y 2ye Y2
02 | D Da?(1 —v) * cos e
[1—e ¥ —ye™¥ 2(1—e Y +ye¥)t?
w D + Da2(1— ) + cosx
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Table 6 - Exact solutions to the Reissner-Mindlin
equations on the upper halfplane with g = cosz.

1= [~1/D —ae™V —bye ¥ +cA 27V — dBA " e Y/ sing
2= [—ae ¥ +b(l —y)e ¥ +cA e Y — dA\"t2e PV cos
w= [1/D+ X2 +ae ¥ +b2DA\ 12+ y)e ¥ — e~ H2e Y] cosa
a=-1/D
hard b= (—B\/D—pt> +t3)/f
clamped c=—B\/f
d=-\/f
f=BA+26Dt* — 2Dt?
a=-1/D
soft b=—(A+Dt?)/(Df)
clamped c=—\f
d=20
f=XA+2Dt?
a=-1/D
S}}ggfy b=—1/(2D)
supported | ¢=10
d=20
a=-1/D
oy | b= {260+ (£ = 9))A+ DL~ )]}/ (2Df)
supported | ¢ = —BA1 —v)t/f
d= =AM+ D1 —v)t?]/(Df)
f=-XN+t3)+ (1 —v)t[BA — Dt(3 —t)?]
a=v[A - D(5 +t*)]/(Df)
free 22 SV/(Df)
d=2\v/f
f =22+ (1—v)A— D(B— 1)
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Hard simply supported

2e Y +ye Y —2

¢ = 2D sinz
" e Y +ye Y cos
= ——~2 —cosx
? 2D
2—2e Y —ye ¥ 2(1—eY)t?
“ 2D Da?(1 —v) cos e

Soft simply supported

[2e YV +ye V-2 (1—v)ye ¥t oyt t 11 .
¢1 2D 5Da | TC Da T

(=Y —y 1—v)(1—y)e vt —t? ]
¢2N{ e + ye +( V)( y)e _}_”‘:|_|_e—04y/t l_+ }COSIL‘

2D 2D« Da? |
2—2Y—ye ¥ (1—v)ye Yt
ww{ 2D + 5Dar +---|cosx
Free

b1 ~ [_(1—V)(3+1/)—|—1/(1—|—1/—y—|—uy)e_y_4y(1+y—y+uy)6_yt+”l
! D(1-v)(3+v) aD(1 —v)(3+4v)?

+ e/t vt +---| psinz
aD(1—-v)(3+v)

Bo ~ [_ v(2-—y+rye™ 4w2-ytvye ¥t }
D(1—-v)(3+v) aD(1 —v)(3+v)?

4 eov/t vt +---| peoszx
a?’D(1—-v)(3+v)

" [(1 —v)B+v)+v(l+v—y+rvy)e ¥ Adv(l+v—y+vye Yt
D(1-v)(3+v) aD(1—-v)(3+4+v)?

+} cos T
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5. Axisymmetric and Uniaxial Loads. The general construction given in Section 2
simplifies considerably for a circular plate with load independent of § or for a semi-infinite
plate with load independent of x. In this case v turns out to be identical with wg, the
solution to the corresponding biharmonic problem, m is constant, and q is zero. Since q
vanishes, there is no edge effect.

Suppose that the plate domain €2 is either the disc or the halfplane, and that the load
g depends only on 7 or y, respectively, in the two cases. Let wg be the solution of one of
the boundary value problems for the biharmonic equation listed in Table 2. Then wq also
depends only on 7 or y. Set

2
¢ = grad wy, w:wo—X(DAwo—m),

where m equals zero for the free plate and equals the constant value of A wy on 02 in the
other cases. It is easy to see that ¢ and w satisfy the Reissner-Mindlin equations. If wq
satisfies the boundary conditions for a clamped biharmonic plate, then ¢ and w satisfy the
boundary conditions for both the hard and soft clamped Reissner-Mindlin plates. Indeed,
that ¢-s = ¢-n = 0 follows immediately from the boundary conditions for wy. Combining
these with our choice of m also implies that w vanishes on 0f2. Finally,

Owy _ Owo
0s0n K@s ’

s-CE(@)n=D(1 - v) (

which vanishes because wy and dwg/In are constant on 9f.

In a similar way, it is easy to see that if wq satisfies the boundary value problem for a
simply supported biharmonic plate, then ¢ and w satisfy the boundary conditions for both
the hard and soft simply supported Reissner-Mindlin plates, while if wg satisfies the free
plate biharmonic problem, then ¢ and w satisfy the free plate Reissner-Mindlin problem.

Note that for these loadings, the rotation vector ¢ is independent of ¢ and agrees with
that of the biharmonic theory, while the transverse displacement w differs from wg only by
the addition of a term of order t2. The interior expansion for w reduces to two terms. Let
us also note that the problem of a circular plate with a uniformly distributed load is often
used as a benchmark problem for Reissner-Mindlin solvers. We see here that it is a rather
atypical problem.

6. CONCLUSIONS. We have described the detailed structure of the dependence of
the solution to the Reissner-Mindlin plate model on the plate thickness. This theory, which
was derived and justified for a general smoothly bounded plate by the authors in Refs. 2
and 3, is exemplified here through explicit computations in the case of a circular plate and
a semi-infinite plate. These cases conform in detail to the predicted behavior, confirming
the sharpness of the general theory. In particular, the transverse displacement exhibits no
edge effect for any of the boundary value problems considered, while the rotation vector has
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a weak boundary layer whose strength depends on the particular boundary value problem.
The weakest layer occurs for the soft clamped plate, the strongest for the free and soft
simply supported plates, and the hard clamped and hard simply supported plates are
intermediate. The moment tensor and, especially, the shear force vector, exhibit stronger
edge effects than the rotation vector in all cases. In the case of a flat boundary, the edge
effect disappears for the soft clamped and hard simply supported plates, but not in the
other cases. The case of an axisymmetric or uniaxial loading is quite special: in this case
the edge effect disappears entirely for all the boundary value problems considered.
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