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Abstract—The present paper uses a recently developed technique to obtain solutions for an
elastic plate acted upon by loads with finite characteristic dimensions. Exact two dimensional
transform solutions are derived for a plate suddenly loaded on one of its bounding surfaces.
The transform solutions for a general load are rearranged into infinite sums representing
multiply-reflected shear and dilatational waves. The interpretation of the infinite sums is
verified by ray tracing. The final expressions are used to deduce the Green’s function for the
velocity. Numerical results are presented for a step function input.

INTRODUCTION

In recent years, several computer codes have been developed to solve wave propagation
problems for linear and non-linear material laws. These codes involve loads applied over
finite spatial regions. The development of the codes was made necessary by the practical
application of the solutions to determining structural response, and also by the fact that
the analytical solution of problems involving these loads leads to extremely difficult mathe-
matical analyses, even with simple linear material laws. Although the numerical codes have
been used to solve very complicated, but realistic problems, there remain many questions as
to their accuracy. Within this context, the present work, dealing with an elastic plate, is
intended as a sample solution for comparing computer generated solutions.

The most common elastic sources that have been used in the past are points, infinite lines,
and plane sources. However, very few analytical papers dealing with finite loads have been
published, and much work is needed in this area. The simplest problem in this category is
that of an axially symmetric load, and, for this case, solutions exist for various material
geometries [1-5]. To consider more general types of sources, the author undertook the task
of developing analytical tools to solve problems with finite sources [6-8]. The key to the
development was the introduction of a parameter which acted as the spatial analog of
artificial viscosity. The parameter made possible an extension of de Hoop’s transformation
to problems where the solution has singularities on the real axis of the Fourier transform
plane. The present paper contains the necessary analysis for finite loads on a plate.

In references [6-8], there was only one ““interface,” and no reflected or transmitted waves
appeared. Results will now be obtained for two or more interfaces. These results will be
derived by the technique of reflectivity and transmissibility coefficients. The technique

+ This research was supported by the United States Atomic Energy Commission.
1 Member of Technical Staff, Code Application Division.

33

1JSS Vol. 11 No. 1—C



34 Freperick R. Norwoop

consists of finding the s-th reflected and transmitted waves from the (n — 1)-th reflected and
transmitted waves. To consider types of problems more general than those treated previously,
one must begin by developing suitable reflectivity and transmissibility coefficients for various
kinds of interface conditions. The reflectivity coefficients to be presented here are intended
to serve as a guide for developing three dimensional reflectivity and transmissibility coeffi-
cients, and are most closely related to those discussed by Phinney[9]. These coefficients
relate the displacement potentials of the incoming field to the displacement potentials of the
reflected field.

An elastic plate is the simplest structure where interfaces become important. In fact, in
many respects, wave propagation in elastic plates is analogous to propagation in layered
spaces, as was indicated in [26, p. 281]. Procedures for developing solutions can be very
similar, and several wave types encountered in layered-space problems also appear in plate
problems. By these arguments, it seems reasonable to investigate wave propagation in a
plate and develop requisite reflectivity and transmissibility coefficients. The problem of a
plate suddenly impacted on one of its bounding surfaces is considered here, and the exact
two dimensional transform solution is derived for general loading conditions. The transform
solution is then rearranged into infinite sums representing multiply reflected shear and
dilatational waves. The interpretation of the infinite sums is verified by doing a ray tracing
analysis of the problem. This ray tracing involves the use of reflectivity coefficients which are
derived in the process. As in [6], the present two dimensional work will serve as the basis for
the forthcoming three dimensional analysis.

The general results are used to find the Green’s function for the velocity. This Green’s
function is then used to deduce numerical results for a step function stress input over half of a
bounding surface.

PLANE CASE

The basic ideas will be developed via the two-dimensional case. These ideas will be pre-
sented in detail since they are directly applicable to the three-dimensional case. The reader is
assumed to be familiar with Cagniard’s technique as given in {6-8]. After the posing of the
problem, the formal solution will be obtained by the usual application of integral transforms.
Ray theory will then be used to rederive the formal solution. Ray theory will be the main tool
for solving the three dimensional plate problem and layered half space problems with finite

loads.

Statement of the problem

In a rectangular coordinate system, consider an elastic plate confined to 0 <y <h. A
normal load is suddenly applied, at time ¢t =0, to the surface y =0, as shown in Fig. 1.
The governing wave equations are

R

612‘72(1) = 5'2-‘ 5 C22 Vz\i! =

Ny

52 V- =0. M

The potentials ® and { are related to the displacements through

u=V®D + Vxy, )
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LOAD = +uglx, )

aliih

PLATE

y
Fig. 1. Geometry of the general problem.

where ¢, and c, are the wave speeds, pc,2 = A + 2, pc,® = u, A and p are the Lamé constants,
and p is the material density. The stress-strain relations needed in the sequel are

1 6u,- au~
‘r,-j=lV2(I)5,-_,-+2u8ij, Sij=§(—a‘_x;+$!i), (3)
where d;; is the Kronecker delta. The initial conditions are taken as
O(x, y, 0) = 00(x, p, 0)/ot = Y(x,.y, 0) = AV(x, y, 0)/ot =0,

representing quiescence at ¢ = 0. It will be assumedt that u, vanishes everywhere and that
u, and u, are independent of z. These assumptions give 7,, = 1,, =¢,, =0, and ¥ = ¢,
where e, is the unit vector in the z direction. The boundary conditions for the problem are

To(X, 1, 1) = 1,(x, h, 1) = 1,(x,0,1) =0, 6]
Ty(x, 0, 1) = pg(x, 1), (5)

where g(x, t) is the loading function.

Formal solution

The one-sided and two-sided Laplace transforms to be used here are defined, respectively,
by the equations

Feey.p) =L = [ Sy, e d, (62)
1 ct+ioo

foy 0 =5= | T pe dp, (6b)

Py =] Feeypetdx, (72)

Fanp = [y pe ek, (76)
MY —jow—¢

where ¢ is chosen to the right of any singularity of . In accordance with Lerch’s theorem

t These assumptions yield the plane strain case[10, p. 11].
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[11, p. 345], it is sufficient to assume in (7) that p is a real positive number, for this guarantees
a unique inverse. In (7b) the path of integration lies within the strip of convergence [12].

The application of (6a and 7a) to the first of equations (1), using the indicated initial
conditions, leads to the ordinary differential equation for ®* and its solution

2G,L
dy2 +p2k2®L = alzpzél‘, ac; = 1‘ (8)
DLk, y, p) = A(k, p)e P ¥ 4 B(k, p)ePn ©
nik) = (@ — k)2, Ren(k) > 0, (10)

where for definiteness the branch Ren; > 0 is selected. Similarly, one finds that
Jk, v, p) = Clk, pye =P ®” + D(k, p)er™ . (11
The transform of the stress equations (3) leads to
Tk, v, P)up® = (a,® — 2k3)®(k, y, p) + 2kn,(k)[ - Ck, p)e™Pr=t
+ Dik, p)em ),
Tk, y, p)up® = (ay® — 2k, y, p) — 2kn, (k) — A(k, p)e™ P ®»
+ B(k, p)e?mtmy),
The application of the boundary conditions (4 and 5) yields, after some algebra,
2p*(a,® — 2k*)A(k, p)
gk, p)

(12)

(13)

=Mk, X, V)[R*(k)(1 — XY) + S*(k)Y(X — Y)
+ R(SHH( — YD), (14)

2 2 2
27(@” = 2BED) ik, X VROXY(XY — 1) — SHROXCX — Y)

g"(k, p)
+ RISEXHY: 1)), (15)
p*C(k, p)
PP ik, X YRUNXY — 1) — SE)X (X — V)],
g = X VIROXY = 1) = SOX(X = V) (16)
2
PDRP) ik ¥ V)ROOXY(XY — 1) — SK)Y(X — YY), (17)

2kn (k)§*(k, p)
In these expressions, one defines

R(k) = (ay* — 2k)* + 4k*n (K, (k).

S(k) = (a,” — 2k*)* — 4k, (k) (),

X =exp[—pn(k)hl, Y =exp[—pn,(k)h],
dl(k, X. Y) = R()(XY — 1)? = S* k)X — Y)?;

g*(k, p) and R(k) are identified, respectively, as the double transform of g(x, t) and the
the Rayleigh characteristic function.

The solution to the plate problem may be obtained in a wave expansion form by the
technique of Article 41, Reference [13]. The technique has been used in [1, 2, 14-22]. The
convergence of the resulting series has been discussed by Mencher[21] for a three-dimensional
point source, who also outlines the next steps to be taken in the solution. The wave expansion



Transient response of an elastic plate to loads with finite characteristic dimensions 37

form may be obtained by writing.#(k, X, Y) as
1Mk, X,Y) = R*Kk)[1 —2XY + X?Y? — S*(k)(X — Y)*/R*(k)], (18)

and expanding in the neighborhood of (X =0, Y = 0). This can be done by a Taylor series
expansion[1] or by using the relation 1/(1 — z) =Y z" valid for |z} < 1[2 and 14-21]. This
gives the infinite sum & defined byt

y=R2kﬂk,X,Y=°° ",
(k). #( ) "go(a+ﬁ) 19)

@ =2XY + M*(k)(X — Y)?, B = —X2Y? M(k) = S(k)/R(k).
Equations (14-17) may now be written in the desired wave expansion form:
PP Ak, p)R*(k) = " (k, p)(a,® — 2k*){R(k) + [S(k) — R(IXY — S(K)Y?}&#,  (20)
P*Clk, p)R*(k) = 2kn,(k)§"(k, p){— R(k) + [R(k) + S(K)IXY - S()X*}#,  (21)

2R*(k)p*(a® — 2k*)B(k, p) = §*(k, p){[S*(k) — R* (KXY — S(K)[S(k) + R(k)]X
+ RORKE) + SOIX* YD, (22)

p>D(k, p)R*(k) = 2kn,(k)g"(k, p){—[R(k) + S(k)]XY + S(k)Y? + R(k)X?’Y?*}&#. (23)

The substitution of (20-23) leads to the analog of equation (24) in Ref. [21], where it was
stated that the resulting form ‘““strongly suggests that each integral (resulting from the
infinite sums) is the mathematical representation of one of the reflected waves.” The same
interpretation is given in [14-22]. In the next section, it will be shown that this interpretation
is correct, provided that like powers of X?, XY, and Y? be grouped together.

The usual application of transform calculus had led, after considerable algebra, to equa-
tions (20-23). In most applications, however, one is interested only in a few reflections;
thus, most of the terms in these equations provide superfluous information. The ray tracing
technique of the next section will provide the terms required for the first few reflections in a
more straightforward manner.

Ray tracing solution

The solution to the posed problem may be obtained in a wave expansion form by con-
sidering three canonical problems. These canonical problems generate reflectivity coefficients
that may be used in other problems. Figure 2 presents the geometry of these problems.

Canonical problem A

For this problem, one considers an elastic half-plane to which a normal load is suddenly
applied, at time t =0, at the surface y =0. Equations (1-5) are applicable here, with (4)
replaced by the single condition

T,,(x,0,1) =0. (24)

The solution for the half plane are obtained by setting B(k, p) and D(k, p) in equations
(9-13) equal to zero, and deleting the boundary conditions at y = A. In this case, one finds

p*A(k, p)R(K) = G (k, p)(a;® — 2k?), (25)
p*C(k, p)R(k) = ~2kn,(k)§"(k, p). (26)

+ This step will be justified by the ray tracing solution.
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Fig. 2. Geometry for the canonical problems A, B and C.

These two expressions represent the limit of equations (20-23) as either p or 4 approach
infinity. The limit p — oo yields the short time solution which is valid for ¢ < a,k, where
a,h represents the dilatational travel time to the surface y = . The limit # — oo converts the
plate into a half-plane. These two limits are obtained from equations (20-23) by setting
X =Y =0, to obtain B(k, p) = D(k, p) =0 and also equations (25 and 26).

Canonical problem B
In this problem, a half-plane is given by y < A, with the free boundary at y = h. The
incident wave is given by the potentials

&)pL(k’ Vs P) = A(k’ P)ie_pnl(k)y’ (27)
¥,"(k, y, p) = Clk, p);e P, (28)

where the subscript p indicates the direction of the incident wave (positive y-direction). In
this problem one needs to determine the potentials of the reflected field using the stress
boundary conditions at the surface y = 4. The reflected potentials are given by

®,4k, y, p) = Bk, p), e ", (29)
¥, (k, y, p) = D(k, p),e? >, (30)

The total field is the sum of the incoming and reflected field, and is given by equations
(9-13), with the proper subscripts added. The application of the boundary conditions



Transient response of an elastic plate to loads with finite characteristic dimensions 39

leads to

R(k)D(k, p), = —4kn,(k)(a,® — 2k*) X YA(k, p); — S() Y C(k, p);, (31)

R(k)B(k, p), = 4kny(k)(a,® — 2k*)X YC(k, p); — S(k)X> A(k, p);. (32)

To identify the reflectivity coefficients, one now writes (29 and 30) in the form
&Lk, y p)) (&)pl'(k, h P))
2 VP — Ay — | g} 33
(e ) =0 = el e 43
epnib(y—h) 0
H(y—h) = 0 P0G =h | (34)
R R
.@ = DDpP SDP)’ 35
g (Rnsp Rsse 33)

Rppp = —M(k) = Rgsp
Rspp = 4kny(k)(ay? — 2k*)/R(K),
Rpsp = —ny(k)Rspp/n(k),
where the first subscript in the reflectivity coefficients indicates the kind of incoming wave

(shear or dilatation); the second subscript, the kind of reflected wave; and the third sub-
script, the direction of the incident wave.

Canonical problem C

In this problem, a half space is given by y > b, with the free boundary at y = b. The
incident wave is given in terms of the elastic potentials and one must find the potentials of
the reflected wave. The potentials for the problem are obtained from equations (27-32) by
interchanging the subscripts i and r, and by setting # = b, P = N. This leads to

q)rL(k7yaP) —_ . (qj)NL(k’ b’p))
(W(k, 4 p)) =HE =02\ 5 k. b, p) (36)
_ (Roon Rspy\ _ 5 -1
A = (R RSSN) = 37

RDDN = "‘M(k) = Rgsn»
Rspy = —4kn,(k)(a,® — 2k*)/R(k),
Rpsy = — (k) Rspn/n2(k).

Application of the results

In the original formulation of the problem, there were 4 unknowns which were found from
equations (12 and 13) by applying the boundary conditions. Each of the canonical problems
A, B and C involved only two unknowns. Thus, in each case, the algebra involved was
simpler than for the original problem. The results of these problems will now be used to
generate the displacement potentials of the original problem

Define these potentials as the infinite sum

(&>L(k, B (cBL(k, »7)

5 Yk, v, p)

Ik v ) T (38)
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where the first term is obtained directly from the canonical problem A and the subsequent
terms are found recursively as will be indicated. From the results of problem A

O (k. y.p)\ _ _
(7t 2 20): = Gtk ot (-t (39)
7= (%72 Gk oy = gMk. p) i ReK) (40
- _Zkrll(k) b »P '—g ’p p . )

The first solution is now used as the incident wave for the canonical problem B, and the
results represent the second term of the sum. Thus

DLk, y. p)) v
Loy =Gk, p) H(y — NRp H (=)L (k). 4
(e 200) = G p) (5 = oty =Byt k) @1
This now serves as the incident wave for the canonical problem C, where b is selected as
zero, and the resulting expression corresponds to the third term of the sum; that is,

(k. y, p))

> = Gk, p) A (= )Ry A (—W)R, H(—h) L (k). 42

(l//L(k._}’.p) s ( P) ( y) N ( ) r ( ) ( ) ( )
The process is now repeated whereby the expression for the (2#n — 1)-th term serves as the
incident wave for the canonical problem B, thereby producing the 2s-th term. Then the
2n-th term serves as the incident wave for the canonical problem C, thereby producing the
(2n + 1)-th term. By this recursive process, one finds that

~L(ksy' )) =Gk H(—y)M" Ak =0,1,2 43

(¢~L(ka }’-[7) 2n+1‘ ( .P)jf( _}) ( )’ n A ( )
if(k’y, )) =Glk.p) H(y — NR, H(—h) M"A(k =0,1,2 44
(l//L(k, YsP) 2n42 (k- #0 " ’ (= © ! B “

where .# represents the matrix for a reflection at each surface; that is, # = %y #(—h) -
R, H#(—h). This reduces to

= ('" ””*2), 45)

My My
myy = X[Rppy X — Rspy Rpsn Y1,
My = YRppy Rspp(Y — X),
my1 = XRppy Rpsn(X — Y),
iy = Y[Rppy Y — Rpsy Rspy X 1,
Rspy Rpsy = Mz(k) - L
This matrix satisfies the characteristic equation

M =l + PL. (46)

where o and f are given by equation (19). This equation may be used recursively to find
powers of # in terms of .4 and the identity matrix . This givest

+ Recall that [1#/2] = n/2 if n is even, and [n/2] = (n — 1)/2 if n is odd. These results were obtained by the
recursive scheme shown in Appendix A.
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M =a M +b,], a =1b =0, 47)
(n121 7, _

) (" . ')a"‘z’ﬁ’, n=0,12,..., (48)
buy2 =Pay.y. n=0,1,2,.... (49)

Expression (38), with the auxiliary relations (39-49) represents a rearrangement of
equations (20-23) such that equal power of X2, XY and Y? are grouped together. This may
be seen more easily by writing

Ok, . p)\ _ 3 3 -
(F 2 20) = Gtk LA (=) + H(y = DR, H RN S AV, (50)

The term # = 0 generates the lowest order terms in powers of X2, Y2, and XY in equations
(20-23). The term n =1 gives the second lowest terms in equations (20-23), and so on.
Thus, in equation (50), the term n = 0 represents the waves arising from the impact loading
and the first reflection, and the nth term represents the waves arising from the (n — 1)-th
reflection at the surface y =0 and the nth reflection at the surface y = h. Equation (50)
contains all the information in equations (20-23).

Having verified that equation (50) reproduces the results of equations (20-23), one now
proceeds to writing a, in a more useful form. This is done by using the explicit values of «
and f given by (19). The desired form isf

n—1
a, =3 (,,f*’ )(XY)"-‘-'D', n=1,23...,

=0 1 —r

D = M*(k)(X — V)%

Discussion of the plane case

The plane case has served to verify in detail the equivalence of the formal transform
solution and the ray tracing solution. This is an important verification which gives validity
to the previous papers where such an equivalence was assumed. The ray tracing method
conveniently separates like power of X2, XY and Y2, corresponding to separating the
waves in order of reflection. Thus, for a given value of ¢, one may easily decide how many
terms are needed in the solution. The form of the solution as given by equations (43 and 44)
seems to be the best suited for applications.

The details for the plane case have been presented here primarily for the reason that the
procedure will be applicable to more complicated problems. For these problems, the ray
tracing details need not be repeated, but those details peculiar to the more complicated
problems may then be included in the analysis. For example, in the three dimensional case,
one may abbreviate the details connected with equations (38-45), and proceed to write
equations corresponding to equations (46-50).

Sample problem

To effect the final inversion, §X(k, p) must first be specified. Suppose, as an example,
that g(x, t)u is a uniform load applied for x > 0, and, to determine the Green’s function in
time, suppose that g(x, ) has a Dirac delta function behavior in time:

g(x, ) = —6()H(x). (51)

T See Appendix A.
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As was done in[6-8], this loading function is considered as the limit £ — O of the expression
[—exp(—x£)8(t)H(x)], where the limit will be taken at an appropriate step in the solution.
The formal application of the transforms to this bracketted expression gives

Gk, p) = —0 < ek < &fp, (52)

pk—¢&
with the indicated strip of convergence. This means that ¢ in equation (7b) may be selected
as zero. To illustrate the form of the contributions, one now proceeds to find the velocity
in the interior of the plate.

From equation (2), it follows that

5Kk, 3, 5) = —p 3 BHK. 3 p)y = ma (0= 13K 3, ) (59
B4k, . p) = 2" 3. (k04K 3, )y + (RN~ 1Y B 3. L (54)

The details of the inversion of the two-sided Laplace transform on x are similar to those in
[23], and therefore only an outline of these details will be given here. From equations (47,
50 and 52), it follows that there are three cases to be outlined below that need to be investi-
gated. In each case, the singularities in the k-plane of the integrand are the branch points
at +a,, ta,, and the simple poles at +1/cg, and &/p, where cg is the Rayleigh speed
(Fig. 3). From the results of [6 and 23], one concludes that the solution will have the form

Uj(x’y’ t)zvlj(xﬂy’ t)+UZj(xvya t)v j=x,y,

C
2 PATH T

+1 PATH I

cur cur
¢

1 3
R

x— BRANCH POINT
o— POLE

k-PLANE
Fig. 3. Integration paths in the k-plane.

for x > 0, where v, ; represents plane waves directly under the load, and v,; represents the

remainder of the velocity. For x < 0, one obtains equations analogous to (27 and 28) of [6];
that is

VX, ¥, ) = Ua(— X, , 1),

U3,(X, ¥, 1) = —03,(—X, y. ).

Therefore, it is sufficient to direct attention to the region x > 0.
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The first case involves terms of the form

flL(k’ Y, p) =

k
X0, expl—pm (g, 69)

where z is a function of y, 4, and n. This form leads to the inversion integral

e Fikk)

I eXp[ pm(k)z — pkx] dk. (56)

fxyp =2

As was done in[23], for x > 0 one closes the contour to the right of the integration path, as
shown in Fig. 3. Paths I and II are Cagniard paths [25] along which Im(n;z + kx) =0,i =1,
2. This results in

Fi(k
Fitx 3 p) = = FyElp)expl—pm(Elp)z = xE) + 5= | pklg >é

Path 1

expl—pm(k)z — pkx] dk.  (57)

It is now appropriate to take the limit as £ goes to zero. Then, the first term is identified as
the Laplace transform of — F;(0)(t — @,z), and the second term is transformed as in
equation (18), Ref.[23]. The final result for this case is

Fi(ky) 0k,

[y 1) = — FAO)3(t — a,2) + e [ o R

] x1(t, x, z) (58)

ult,x,2)=Hit—ap), p*=x"+7°

iz(t H2
+( 2 p) s

ki(x,z,t) ==
p? p
and k; was deduced from t — k;x — #,(k;)z = 0. Terms of the form (55) represent waves
which started as dilatation and their dilatational reflections.
For the second case, one has terms of the form

Fy(k)
Jt ks v, p) = —— z expl=pna()z]. (59)
The inversion integral is
Fy(
Fusop =L f " 22O exol—pnathgz — phnl ak

By closing this contour to the right of the integration path shown in Fig. 3, one finds that

Fy(k
Fa(x, v, ) = — F;(¢[p)expl~po(&/p)z — xE] + E%_ f ka(—)c

Path II

exp[ —pn,(k)z — pkx] dk.
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Proceeding as for equation (57), one finds, using also the results of [23],

Sopt) =~ —a2) + e ¥ 2Kk (60)

1=2,3 leEl at X!
x2 = H(@t —ayp),

xy=Hlt —ax — 2(a,” —a,*)'?] — H(t — a; p),

tx iz
ky(x,z,1) = ;z“ + E(tz —a,* pH)'?,
tx z .
ky(x,z,8) = = — —(a," p* —t)'2,
P

where k, and k5 were deduced from t — k; x — 1,(k,)z = 0. The term / = 3 is applicable only
for x in the range ¢;x > ¢, p.
The third case is a generalization of the preceding two cases and involves terms of the form

Fi(k)

f3tk, v, p) T

exp[—pn, (k)w — pn,(k)z]. (61)

This case reduces to either the first or the second case, depending on whether z or w are
identically zero. In this discussion, however, z and w will be assumed nonzero. For x > 0,
once again, the contour is closed to the right of the integration path. The details of the
integration are similar to those in the first case, resulting in

Falx, v, p) = = F3y(&fp)expl —pny(Elp)w — pna(Efp)z — x¢&]

p_ £k
oy fpk —z xpl—pmlw = pny(k)z — plex] dk, - (62)
Path 11

where Path III is also a Cagniard path along which Imn(k)w + y,(k)z + kx] = 0. Con-
tinuing as for equation (57), one finds the final result for this case:

f30x, p, 1) = = F3(0)3(t — ayw — a5 2) + %e[l;jilj;_) %] Xall, X, 2, W), (63)
¥alt, x, 2z, w) = H(t — t3), (64)

where k,, as a function of x, z, w, and ¢, is deduced from
t—nlkaw — palky)z —kyx =0, 63)

and, like k,, k, has a positive imaginary part. t; represents the value of t at the intercept of
Path 111 with the real axis.t Chapter 5 and Appendix 1 of Ref.[24] discuss various properties
of k, on the Cagniard path; however, for the present paper, these discussions need to be
expanded to cover information needed for a numerical evaluation of the results. For
clarity’s sake, this expansion will be accomplished in Appendix B. From the results of
Appendix B, t; > a,w + a, z.

+ Appendix B indicates how #; may be found.
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Since all of the difficulties which might be encountered in the transform inversion of
9,Land §," have already been treated in equations (55-65), it now remains to determine the
specific form of f, /5, and f; arising from each value of # in equations (53-54). It seems
reasonable to expect that, just as in the case of ®,, ¥,, 4", and a,, a general form could be
derived for f;. Rather than to spend some effort deriving this general form, one now proceeds
to obtain specific contributions to », and v, . These contributions will be given by v(x, y, t, ®,)
and v,(x, y, t, ¥,), i = x, y.

From equation (43),

- GL(k, p)
PLik _§ 2 _ pp2ye k)

k, y, p)s R (a,” — 2k%)e , (66)
B4,y oy = — 2heny (10 LKD) e oy, (67)

2R(k)
This leads to
M =~ Py
R(k)(pk — &)

which is of the form (55), with F,(k) = —k(a,? — 2k*)/R(k), and z = y. Thus, by equation
(58), it immediately follows that

fij(k’ Vs P q)l) =

2 — 2k,?
ve(x, 3, 1, @) = - R [(a—z-__‘) ok,

—_— t
‘C17U.R(k1) at ]XI( ' y) (68)
where Y1 and kl are given by (58) upon substituting y for z. AlSO,

r’l(k)(aZ _2k) -—pm(k)y

~I‘k, ,p, D
B P ®) = = k=B

which yields, via equation (58),

k 2 _ 2
Uy(X, »t, @)= C22 ao(t — a;y) — [ﬂl( 1)(a; 2k7) Ok,

e E}X:(hx,y} (69)

Likewise

2kn, (k)n, (k) e~ Pn2(k)y

~ Lk -
Uy ( » Vs Ds Ipl) R(k)(pk _ 6)

~ L — 2k2’71(k) —pn2(k)
SR T

These expressions are of the form (59) and automatically yield the results

e 2y, (kny(ky) akl
1=2,3 an(kl) 6t

2k (kp) ok,
AR = — E -
0y(X%s s 1Y) ’%",:2,3 niR(k,)) ot Xi> (n

vx(x’ y» t’ lljl = (70)



46 Freperick R. NorwooD

where k, and yx; are given by equations (60), with z replaced by y. Equations (68-71) represent
the exact solution up to ¢ = a4, at which time the terms from » = 2 begin to contribute.
From equation (44),

g“(k, p)

éL(k’ Y, p)Z = m

(a2 = 2k2){IM(K) — 1]X Y — M(k)X2}ePrit»,

This leads to

k(a,? — 2k?)
R(k)(pk — &)
— M(k)yexp[ —pn, (k) (2h — )1}

The first term of the curly brackets is of the same form as equation (61), with w = 4 — y and
z = h, while the second term is of the same form as equation (55), with z = 24 — y. One can
thus write the solution

5.5k, y, p, @) = — {IM(k) — 1]exp[—pn (k)h — pny(k)(h — p)]

_ (@ = 2k Mk — 1] %} B
B 3 1 Ba) = e TiR(ky) (e, %, b h =)
(ay® — 2k HIM(k,) ok,
+ e [ iR(k;) E] 0t X, 2h — ), (72)

with k, and k, satisfying t = n,(ks)h + n(k)(h — y) + ks x and t = n,(k))(2h — ) + ki x.
The inversion for other values of n proceeds in the same fashion.

Numerical results

To complement the preceding theoretical development, the response to a step time input
will now be determined from equations (51-72). In this case, boundary condition (5) reduces
to 7,,(x, 0, t) = — uH(t)H(x). This response is given by

t
o(ix,y, 1) = fo v(x, y, 1), H(t — 1) dt,

where v stands for either v, or v,, and the subscript ¢ identifies the solution to an impulsive
loading; that is v(x, y, ), is the expression contained in (51-72). For the numerical calcula-
tion it is more convenient to use the identities

ok, ingk,)

ey mthy)
ot (tZ _ anZ p2)1/2 4

= 1’2, —_ T -
h ot (a2 pt — )2

For k, one uses equation (65) to find

s o EmaOLon (O 6) — ks — k()21
where k on the right side is set equal to k. By the form of dk;/dt, i =1, 2, 3 and equation
(B.5), one realizes that these quantities introduce singularities at arrival times. However,
these singularities are integrable.
The actual integration was performed using a Legendre-Gauss algorithm in a CDC-6600
computer. The final plot is given for the point x = 0-54, y = 0-54 and Poisson ratio of 0-25.
In Fig. 4 the dimensionless time T = ¢c, /A and the dimensionless velocity v,/c, are used. The
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Fig. 4. Y Velocity for x = y = 0-5h, and Poisson ratio = 0-25.

dimensionless arrival times of the first eight waves are T = 0-500, 0-707, 1:21, 1-22, 1-50,
1-58, 196, 2-34. The first wave is a plane wave below the load; the second, a cylindrical
dilatational wave emanating from the point x = y = 0; the third, a head wave; the fourth, a
cylindrical shear wave also emanating from the point x =y =0; and the fifth, sixth, and
seventh, reflected waves.

In Fig. 4, one sees the jump in the y-velocity at the first wave arrival. The second wave is a
release wave which reduces the y-velocity induced by the first wave. Another jump occurs at
the arrival of the fifth wave, which is a reflected plane wave. In each case, the value of the
jump is 1/3. These graphical results are typical of results found at other points sampled in the
neighborhood of y = 0-5h. The x-velocity has no jumps and is zero up to the arrival of the
second wave.

DISCUSSION

In the present paper, impact on an elastic plate was considered. An analytical solution was
derived by the usual application of integral transforms. Then, using reflection coefficients,
ray theory was used to derive another analytical solution. By matrix theory and the use of
the interactive program Reduce 2, these solutions were shown to be equivalent. The form of
the transform of the solution, as obtained here, made it obvious that there were only
three types of integrals for the transform inversion. Thus, in the numerical evaluation for the
first five waves, one only needed to change the definition of Fi(k),i =1, 2, 3, to find the x or y
velocity. In fact, the program used to evaluate the y velocity was used to evaluate the x
velocity by changing a few computer cards, deleting the plane waves, and relabelling the
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output. The most important result, however, is that the two dimensional results presented
here are readily applicable to the three dimensional case to follow, just as was the case in [6].

Following the results of [6], the solution for a uniform load acting on the strip of finite

width: y =0, —a <Xx < g, is then given by

0i(x, 1) = vix + @,y 1) —vi(x —a. p. 1),

where the superscript s identifies the solution for the strip, and v;(x, y, t) is the solution for
the uniform load acting on y =0, 0 < x < 0.

AbcTpakT — B npentaraemoii paboTe ucnonb3yerca HeAaBHO pa3paboTaHHbIH METO, B LEbIO
[IOJTYYeHHUS PEeIUEHUH OJIA YIPYToi IUIACTHMHBI IOA BJHAHHEM HATPY30K C KOHEYHbIMM Xapak-
TEePHCTHYECKMMH pa3MepHOcTAMHU. OnpenessitoTcs TOYHbIE IBYXMEPHbBIE TPeOOpa3OBaAHHbIE
peLIeHUst 1S NUTACTHHKH, BHE3AMHO HATPYXEHHOM MO OMHOI W3 €e OrpaHMYaloulMx MOBEPX-
Hoctell. [lna obwelt Harpy3kH mpeo6Gpa3oBaHHOe pelleHHe pacroJiaraercs eule pas B Gec-
KOHEYHBIE CYMMBI, KOTOPbIE NPEACTABIAIOT COO0# MHOTOKPATHO OTPaXXEHHbIE BOJIHbI CABUTA
W MPOAONbHBIE BOMHBLL MHTepnpeTauns GeCKOHEYHBIX CYMM MpPOBEPEHA MOCTPOEHHEM XOla
siyueit. TIpUMEHSIOTCA OCTATOYHbIE BLIPAXKEHWS IS BbiBoAa GyHKUMH [prHA AN CKOPOCTH.
Harotcs YHCIIeHHBIE Pe3yJIbTaThl IS BBOJA CTYMEHYATOH DYHKLIHH.
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APPENDIX A
Derivation of a,
Equations (46 and 47) imply the recursive relations
a,,, =oa, + b, (A.D)
by+1 = pa, (A.2)
with the initial values g, = 1, b, = 0. It is important to note here that these recursive relations
could easily be solved by the theory of difference equations [28, pp. 9-19]. Equivalently,
powers of the matrix .#, defined by equation (45), could be obtained by writing .# = kAk™!
as per [29, pp. 64-67]. However, the form obtained for powers of .# is not suitable for the
required wave expansion. To find explicitly the expressions for a, and b,, the algebraic

manipulation system REDUCE 2 was used in the PDP-10 version [27]. This gave the
following results:

a = (o) =@+ py
it
N\
“= (o)
a4 =oc[(
St
(

@+p'
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For simplicity, only the terms for (« + ), i =0, 1, 2 are indicated here. Terms for higher
values of i may be easily identified. These results led to equation (48), which was verified by
mathematical induction. When the explicit values of « and § given by (19) were used in the
recursive relations (A.1) and (A.2) the result obtained was

a, =nf(n ner )(XY)""“D', D = M*(k)(X — Y)2,

r=0 —r—1

This result was also verified by mathematical induction.
APPENDIX B

Properties of k,

For the third case, the Cagniard path is given by Im[n,(K)w + n,(k)z + kx] =0, and may
be found by solving

1(k) = ny(kw + ny(k)z + kx (B.1)

for k, in terms of w, z, x and ¢, where ¢ is a real parameter. For fixed values of w, z and x, ¢
may be considered as a parameter which generates Path IIl. By the branch cuts selected,
n,(k) is imaginary on the real axis of the k-plane to the right of the point k = a,. Since t is
real, this implies that the intercept of the path with the real axis must satisty 0 < k,,,, < a;,
with no branch cut contribution arising in the third case. Thus, the third case is similar to
the first case. Equation (B.1) corresponds to equations (5-5) and (I-1) of [24] and therefore
one concludes that the values of t on Path [I1I must satisfy the inequality t > a,w + a, z.
When equation (B.1) is rationalized one finds that

Ak,* — 4KKk3, + 2Pk,* — 4Qk, + E =0, (B.2)

A = D? —4z%w?, K =1txD, 0 =txT

P = DT + 2t*x? + 2z*°w?(a,? + a,?).

E=T?—-4z’w%a,%a,?, D =x*+ 2 + w?

T=1t>—2%a,” —a,’w?.

When w =0 (or z = 0) equations (B.1 and B.2) reduce to those for determining k,(x, z, t)
[or k,(x, w, )]. Note that z and w play similar roles in equation (B.1) and that 4K4~'
represents the sum of the four roots of (B.2). Thus one deduces that the roots of equation
(B.2) differ from k,(x, z, t) and k,(x, w, t) by terms which vanish when zA vanishes. This
limiting behavior is observed in the following approximate roots valid in the vicinity of
zw = 0: (a) the approximate root

Ak = txM + i[AM(T — 2zwa,a,) — t*x*M?*]'/2, (B.3)
M=x* 422+ w? = 2zw
satisfies equation (B.2) with the last term of P replaced by 4z°w?a,a, . and (b)
Ak = txM + i{AM[T — zw(a,* + a,*)] — *x*M*}'/? (B.4)
satisfies equation (B.2) with the second term of E replaced by —z?w?(a,? + a,%). Numerical
results indeed verify the arguments given here.

The time ¢, required in equation (64) may be found by the following argument. The
Cagniard path corresponds to the path of steepest descent, and. hence. the intercept with the
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real axis, denoted by k,, is the solution of dt/0k = 0, where ¢ is given by (B.1); i.e.t
or
5, =%~ wkImk) = kfna(k) =0. (B.5)
Ok/ k=,

When the root &, of dt/0k =0 is found, then t; = t(k,) is found from (B.1).

1 ks is the saddle point.



