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In this paper the Fourier transform is used to derive the elastodynamic Green function of
a plate on a viscoelastic foundation subjected to impulse and harmonic line loads. The
solution is first given as a convolution of the Green function of the plate. Poles of the
integrand in the integral representation of the solution are identified for different cases of
damping and load frequency. The Green function corresponding to an impulse line load is
obtained and can be numerically computed. The theorem of residue is then utilized to
evaluate the generalized integral of the Green function corresponding to a harmonic line
load. This representation permits one to construct algorithms for the parameter
identification of the inverse problem involved in a pavement non-destructive test. Validation
of the result is partly verified by comparing the static solution of a point source obtained
from this paper to a well-known result.
© 2001 Academic Press

1. INTRODUCTION

Non-destructive testing (NDT) and evaluation have received much attention in the field of
pavement engineering since the 1980s (see references [1-4]). As two of the most commonly
used non-destructive testing devices for pavement structural evaluation, both falling weight
deflectometer (FWD) and Dynaflect apply dynamic loads on the pavement surface. The
primary difference between the loads applied by the FWD and the Dynaflect is that the
former is an impact load, while the latter is a steady state load, i.e., a vibratory load (see
reference [2]). The structural evaluation is achieved based on the response of the pavement
structure to the dynamic load.

Given the complexity of the inverse problems, currently, a widely used technique for the
parameter estimation of pavement structures involves the use of the forward static analysis
of the pavement structure, and then a comparison of the measured response with the
calculated response. Usually, the physical model for simplifying rigid pavements (cement
concrete pavements) is a plate on either an elastic Winkler foundation or an elastic
half-space (see reference [5]). Parameters of pavements are eventually determined by
selecting the parameters of a pavement structure whose calculated response is closest to the
measured response in terms of certain objective functions (see reference [6]). Clearly, since
the calculated response of the pavement is based on the static analysis, which ignores the
time, inertial and damping effects, the theoretical model is apparently inconsistent with the
realistic loading condition (see reference [3]).

To better understand the dynamic response of pavement structures to the FWD and
Dynaflect loading, it is indispensable to analyze the fundamental response of pavement
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structures under impact and vibrating loads. Several finite-element procedures have been
developed to carry out the response of a thin plate to dynamic loads (see references [7-9]).
Regarding the analytical solution, the response of an infinite plate on an elastic foundation
to harmonic plane waves has been investigated for many years. Deshun [10] applies the
variational principle to solve the vibration of thick plates. The vertical vibration of an
elastic plate on a fluid-saturated porous half-space subjected to a harmonic load is
investigated by Bo [11], in which the Hankel transform is used to convert the governing
equation to a Fredholm integral equation of the second order and numerical calculation
can then be carried out.

Another motivation for studying this problem is the fact that the fundamental solution of
plate plays an important role when the boundary element method (BEM) is applied to treat
the dynamic problem of a plate resting on an elastic foundation. It has been demonstrated
that pavement loading is a random process (see reference [12]). The boundary integral
equation suitable to analyze the static response of a plate on an elastic foundation is derived
based on the analytical representation of the static fundamental solution of a thin plate. The
availability of the dynamic fundamental solution of a thin plate is theoretically of value for
applying the BEM to the dynamic analysis of a thin plate.

This paper studies the analytical solutions of a thin plate (i.e., the rigid pavement model)
on a viscoelastic foundation subjected to an impulsive line load and a harmonic line load.
The impulse response of the plate serves as a fundamental solution for constructing the
dynamic response of a plate to the FWD load in the time domain, and the harmonic
response of the plate serves as a fundamental solution for constructing the dynamic
response of the plate to the Dynaflect load in the frequency domain.

2. THE GOVERNING EQUATION

Figure 1 depicts the co-ordinate system and significant dimensions. The infinite length of
the plate runs along the x- and y-axis respectively. Three assumptions are made to simplify
the mathematical model of a thin plate. These assumptions are: (1) the strain component ¢,
in the perpendicular direction of the plate is sufficiently small to be ignored; (2) the stress
components 7., T.,, and o, are far less than the other stress components; therefore, the
deformation caused by .., .,, and o, is negligible; and (3) the displacement parallel to the
horizontal direction of the plate is zero.

Denote the displacement of the plate in the z direction as W (x, y, t). Based on these
assumptions and the fundamental equations of elastodynamics, the governing equation for

Figure 1. A thin plate resting on a viscoelastic foundation.
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the deflection of the plate can be derived by considering the balance of all the forces acting
on the element (x,x + dx; y,y + dy). Those forces are the impressed force distribution
F(x, y, t), the shearing force, the restoring force from the foundation ¢(x, y, t), and the
inertial force phd?W /0t>. The well-known result is (see references [13, 14])

2

0
DV*V*W(x, y,t) + phos WXy, 0) = Fx, 3. 0) = q(x y, ), (1)

where the Laplace operator V2 = §%/0x? + 0%/dy*. Also, the so-called stiffness of plate
D = Eh®/[12(1 — u?)], h is the thickness of plate, p is the density of plate medium, and
E and p are Young’s modulus of elasticity and the Poisson ratio of the elastic plate
respectively.

As one of the most commonly used foundation models in rigid pavement design (i.e.,
cement concrete pavements), the Winkler elastic foundation model performs well in many
circumstances (see references [13-16]). The Winkler foundation model assumes that the
reactive pressure is proportional to the deflection of the plate, that is ¢ = KW. The term
K is called the modulus of subgrade reaction. The assumption that K is constant implies
linear elasticity for the subgrade. In reality, damping effects appear in any dynamic system.
If the damping effect of the subgrade is considered, the restoring force ¢ = KW + CoW /ot.
This is a viscoelastic foundation model consisting of a spring of strength K and a dashpot of
strength, C, placed parallel. Substitution of the restoring force into equation (1) gives

2

0 0
DV2V2W(x,y,t) + KW (x, y,t) + Co Wy ) +phas Wix,y,t)=F(x.p.0). (2)

3. THE GREEN FUNCTION

According to the theory of mathematical-physical equation, the Green function of
a partial differential equation represents the fundamental solution of the equation as the
load condition is in the form of the Dirac-delta function (see references [13,17]). For the
current problem, the Green function of the plate is defined as the solution of equation (2),
given that the external excitation F(x, y, t) is characterized by

F(x) = 8(x — Xo), )

in which X = (x, y, 1), Xo = (X0, Yo, £o), 8(X — Xo) = d(x — x0)0(y — ¥0)d(t — to), and 4(+)is
the Dirac-delta function. It is defined by

| ot = wopseadx = @

Define the three-dimensional Fourier transform and its inversion as

fe=rrren=|" |7 7 semexn-ignax (52)

— 00 — 0

r=rfen=eo [ [T [0 feeisode, (5b)

— 00
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where & = (&, n,w), F[-] and F~'[-] are the Fourier transform and its inversion
respectively. To solve the Green function, take the three-dimensional Fourier transform of
both sides of equation (2):

D(&* + n*)2G(&; xo) + KG (& Xo) + iCoG(E; x0) — pha®G(&; xo) = F(8), (6)

in which F(&) is the Fourier transform of F(x), and the displacement response W (x) has
been replaced by the symbol G(x; X,) to indicate the Green function, in which x represents
the spatial position where the response of interest is located and x, represents the source
position where the load is applied. Also, the following property of Fourier transform is used
in the derivation of equation (6):

FLf®(®)] = (i0)"F[ f ()] ™

_ Since F (&) is the representation of F(x) in the frequency domain, we also need to evaluate
F(&). This can be implemented by taking the three-dimensional Fourier transform of both
sides of equation (3),

Fo= [ [T [ ot sopexp(= igndx = exp(~ g ®)

in which the property of the Dirac-delta function, i.e., equation (4), is utilized for evaluating
the above integral. Substituting equation (8) into equation (6) and realizing that equation (6)
is an algebraic equation, we obtain

G(& Xo) = exp(—i&xo)[D(¢? + n*)* + K +iCw — pho®] L. ©)

The Green function given by equation (9) is in the frequency domain and we need to convert
it into the time domain. To achieve this, we take the inverse Fourier transform of
equation (9) and obtain

G(X; Xo) = (2n)_3f J j exp[i&(x — Xo)][D(¢* + n*)* + K +iCw — phw*]~ ! dE.
(10)
Formula (10) is the Green function of the plate on a viscoelastic foundation. The Green

function serves as a fundamental solution of a partial differential equation. It can be very
useful when dealing with linear systems.

4. THE IMPULSE RESPONSE FUNCTION

The impulse response function (IRF) of the plate plays an important role when
constructing solutions corresponding to non-concentrated loads. We define the IRF as the
solution of equation (2) given that the term on the right-hand side of equation (2) takes the
form

Frre(x) = (2r0) " '0(y)0() [H(x + 7o) — H(x — 10)], (11)
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where r, is the half-length of the line load and H(x) is the Heaviside function, defined as
H(x) = 1 for x > 0, H(x) = 0 for x < 0, and H(x) = 1 for x = 0. According to the theory of
linear partial differential equation, the solution of equation (2) given that F(x) is taking the
form of formula (11) can be constituted by integrating the Green function in all dimensions,
ie.,

W(x)zfoO JOC JOO F(x0)G(x; xo) dx,. (12)

— o0 — 00 — 00

Denote the IRF as h;;,.(Xx) and replace the symbol of displacement W (x) in equation (2) by
hiime(X). Substituting equations (10) and (11) into equation (12) and applying property (4) of
the Dirac-delta function twice, we see that

O R e H(r3 — x3)exp(i&x)exp(—iéx)
hL"""(x)‘WJJ Jwzro[D(fz+n2>2+K+ij—phw2]dadx°' ()

To evaluate this generalized integration, note that

© H(r3 — x3)exp(—iéx) dxg = o exp(—iéx) dxe = sin g“r()’ (14)
—» 27'0 —ro 27'0 éro
in which the Euler formula
exp(ig) = cos¢ + ising (15)

is used. Compare equations (13) and (14), we can rewrite equation (13) in a more concise
form,

1 S (R (e sin &rgexp(i€x)
hrine¥) = (7753 L J% L oD@ + P + K + iCo — phor1 &> 10

Formula (16) is the IRF of the plate corresponding to a line load of the form of
equation (11). For the IRF corresponding to a point load Fp,;,,(X) = d(x)d(y)d(t), it can be
simply obtained by taking limit on both sides of equation (16), i.c.,

eXP(i“;X)
poin(%) = J j j D(E%2 +n*)? + K +iCw — phw? dé. (17)

Here, the following limit is used in the derivation:

. sinér
lim

ro—0 él"o

= 1. (18)

5. THE FREQUENCY RESPONSE FUNCTION

In this section, we use the Green function obtained in the previous section to construct
the frequency response function (FRF) of the plate (i.e., the time-harmonic Green function
of line loads). Denote by W (x) the solution of equation (2) given that the external load is
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a harmonic line load with the center located at the origin of the co-ordinate system, i.e.,
Frrp(x) = (2ro) ™ "H(r§ — x3)0(y)exp(iQ1), (19)

in which Q is the frequency of the harmonic load. The solution of equation (2) with the
right-hand-side term of this type, i.e., equation (19), becomes a steady state solution, which
can be expressed as

W (x) = Hpine(X, 2)exp(iQt). (20)

Here, H;;,.(x, Q) is denoted as the FRF of the plate. Expression (20) simply means
that, although the response of the plate may have a phase difference with the external
excitation, which is reflected in the FRF, both the response and excitation have an identical
frequency Q.

Substituting equations (19) and (20) into equation (12) and applying property (4) of the
Dirac-delta function twice, we see that

[ N (N sin érgexp(i€x)exp[i(Q2 — w)to]
W(X)_J J J J—oof"o[D(fz‘H?z)z+K+icw—l)hw2]d&dto- @D

— 0 — 0 — 00

Notice the equality of integration

f " exp[[i(@ — w)to] dto = 275(2 — o). (22)

— 0

Substituting equation (22) and reapplying equation (4) to formula (21) gives

| F J ) sin &ro exp(iot)exp(iEx) dedn. (23

WO )L L @@ T K v ice - phe]

— 0

By comparing equation (23) with equation (20) it is straightforward to find

1 J% Joo sin érgexp(i&x) dé dl’]. (24)

Hpine(x, Q):W o Ero[D(E2 + 1) + K +1CQ — phQ?]

Similar to the case of the IRF corresponding to a point load, the RFR Hg,,(x, Q)
corresponding to a concentrated harmonic load Fe,,(x) = 6(x)d(y)exp(iQt) can also be
obtained by taking limit 7o — 0 on both sides of equation (24), i.e.,

R T Y exp(i&x)
Heml, ) =505 f J-w D@ + 177 + K +1C0 — phee 497 @)

— o0

As formula (25) contains a double generalized integral, it is time consuming to evaluate
equation (25) if the numerical computation is carried out. Indeed, the FRF given by
equation (25) can be further simplified to a single generalized integral.

Define co-ordinate transformations

x =rcosb, y =rsin0, & ="{cosy, n = {siny. (26)
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Substitute equations (26) into equation (25) and reorganize the terms:

HCon(ra Q) =

| Joc Jzn exp{i[r{sin(0 + ¥)1} S Cdgdy. (27)

2n)? Jo Jo D*+ K +i1CQ — phQ
Here, the following equality is used:

sin f cosy + cos Osinyy = sin(0 + ). (28)

Applying Euler formula (15) to equation (27) we obtain

1 J"O JZ" cos[r¢sin(0 + ¥)]

Heon(r, Q) = —
con(r ) o D(*+ K +iCQ —ph

0

From the theory of special function we know that the Bessel function can also be expressed
in terms of integration (see reference [18]).

2n

Jo(z) = (2m)~ ! f cos(z cos ¢) de, (30)

0

in which J(-) is the zeroth order Bessel function of the first kind. Substituting equation (30)
into equation (29) gives the final result of the FRF:

1 r“ Jo(rd)

H Q)=— d¢. 31
Con(ra ) o DC4+K+1CQ—thZ€ C ( )

2n

Moreover, if the same co-ordinate transformation (26) is employed to simplify equation (17),
the IRF hp,;,(X) can be further expressed in a more concise form as

o Jw Jo(r{)exp(iQ21) £dedQ. (32)

1
hpoim(rs 1) = ——
Pomt(r? ) (27'[)2 J—oc 0 DC4 + K + ICQ — thZ

So far we have obtained the FRFs Hy;,.(x, Q) and Hg,,(r, 2) in the rectangular and
cylindrical co-ordinate system respectively. By comparison of equations (16) and (24), it is
clear that, on the one hand, the FRF is the Fourier transform of the IRF, while on the other
hand, hpi.(X) = 27) "' [, Hrie(x, Q)exp(iQt)dQ. In general, the FRFs given by
equations (24) and (31) are complex functions and can only be calculated numerically.
However, in some special cases the FRF can be analytically evaluated.

6. SPECIAL CASES

6.1. STATIC SOLUTION

It is of interest to examine the static solution by applying results (24) and (31). If the static
solution obtained here is the same as the static solution obtained using other procedures,
the correctness and validity of this paper can be verified to some degree.
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For a static load, we have Fri,. ga(X) = 2ro)  'H(r3 — x2)5(y) and Feop_sa(X) = 6(x)S()).
The static solution of equation (2) corresponding to the static load can be achieved by
letting Q = 0 in equations (24) and (31):

1 N e sin &rgexp(i&x)
HLine_sta(X) - W JVOO Jw fro[D(fz T ;72)2 n K] dé df’], (333)

HCon_sta (I") =

IJOC Jolrd) ¢+ gr. (33b)

21 o DE*+ K

Expression (33b) is consistent with the known result (see reference [19]).

6.2. ELASTIC FOUNDATION

If damping is ignored in equations (24) and (31), the viscoelastic foundation degrades to
an elastic foundation and the FRFs become

_ e sin &rgexp(i§x)
Mot 0= || s K 09
1 [~ J
Henlr @) =3 | pra i 39

It is of interest to evaluate the integral of equation (34) for the displacement response of
the center of the load. In this case, we have

sin({rqy cosy)

1 2n Moo
0.0 = i |,y @ K ooy 4 o

where the equivalent stiffness K = K — phQ? and the transformations &= ¢cosy
and 5 ={siny are used in the derivation of equation (36). We have the Taylor
expansion

sin({ry cos ) 1 ® L (Crocosy)y™ ™t 2 LI cos?n
0 w: Z(_l)%:Z(_)O—w(y)
o COS Y rocosy =, (2n + 1)! v=0 2n + 1)!
and the integration evaluated by parts
2n 2 2k+1 27
(2n)!(k!)* cos v Cn)ly 2n(2n)!
My dy = = . 38
L cos™y dy [S ny Z 027 %k + i) T 2y ||, T2y OV
Substituting equations (37) and (38) into equation (36) we obtain
1 © (_ l)n 2n 0 uZn
Hyie (0, Q d 39
00 =55 o 1 )y ™ )

where u = {2
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(@) (b) b (o)

K/D

- 0 (-K/D)'* u

0 u 0 u I?/D\

Figure 2. The curves of the integrand for different cases: (a) Q < Q,, (b) Q2 = Q, and (¢c) Q < Q.

For the case of the excitation of a harmonic point load, He,,(0, Q) can be obtained by
taking the limit on both sides of either equation (39) or equation (35). It is noted that
lim,_,Jo(z) = 1 and we can further evaluate equation (35) for the limit as

1 [~ Jo(r0) 1 [~ 1
He,,(0, Q) = lim — =— 7d . 40
con(0, 2) o 2n _L D{* +K — thzg ‘ 4nD Jo u? + K/D ! (40

The integrand (u?> + K/D)™! is drawn in Figure 2 for the non-negative region of u. In the
following, three distinct cases of the harmonic frequency Q will be discussed for evaluating
HCon(Oa ‘Q)

Equation (40) can also be written as

(4n¢D)~1 J (Z2+1)"1dz, Q<Q,,
0

Heon(0, 2) = (4nD)~ ! J z7%dz, Q=20Q,, 41)

0

(4n¢D)~1 f (22—=1)"1dz, Q> Q,,
0

where ¢ = (|K|/D)'/?, and the resonance frequency Q, = /K/ph.
For the case Q < Q,, it is straightforward to develop the integral of equation (41) into
a closed form, i.e.,

o0

He,,(0, Q) = arctg ul = A[1 —(Q/Q20)*]1 12, 42)

=il S

J_

in which 4 = (8./KD)~!.It can be seen that the amplitude of Hc,,(0, ) tends to be infinite
as the harmonic frequency approaches the resonance frequency.

For the case of Q = Q, since [z ?dz = —z'|{, a singularity of the order o(z™ ')
appears when evaluating an integral of this type. This means a resonance phenomenon will
occur if @ = Q. Therefore, the integral of equation (41) becomes infinite and does not exist.

For the case of Q > Q,, the complex function technique is used to evaluate this
generalized integral. Two poles of the first order are found and they are, respectively,
located at (—1, 0i) and (1, 0i) of the complex z-plane. Since integral (41) is integrated along
the positive direction of the real axis, the pole at (—1,0i) does not contribute to the
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Im (2)

Re (2)

, (1,0)
v >

Figure 3. Integral contour for evaluating equation (41) in the case of Q > Q.

integration. As far as the other pole is concerned, it is exactly located on the positive real
axis. However, if a small amount of damping is present, and this is always the case for any
physical dynamic system in reality, this second pole will be slightly lower down into the
fourth quadrant of the complex plane. Therefore, if an integral route is selected along the
positive direction of the real axis, there is no need to construct a small contour, such as
a half-circle with minus radius, to avoid encountering this pole.

The contour for evaluating this integral, plotted in Figure 3, consists of three segments, in
which C represents a quarter-circle with a radius R. Clearly, no pole is embraced by this
closed contour.

According to the theorem of residue, integration (41) along the closed route becomes zero

as R - oo, 1.e.,
R 0
3{3: lim <p.v.f H >=0, 43)
R= 0 o JcJr

in which the abbreviation, p.v., represents the Cauchy principal value of the integration
(dnpD) ™' [¥ (z> — 1)” 'dz. For the z value along the route [%, it is clear that we have
z =lexp(in/2) and dz = exp(in/2)dl. Hence, the integration

0

=i(4n¢D) 'arctgl|y =i(8¢D) . (44)

For the z value along the contour C,, we have z = exp(i3)R and dz =iexp(i$)RdJ as
R — + co. The integration [, becomes

lim [(47@0)1 L o 1)1(12} = lim [(4n¢p)1 Lﬂ/z%dg} — 0. (45)

Comparing equations (43)-(45) and rearranging the order of the terms of formula (35), it is
found that Hp,;,;(0, 2) becomes

Heon(0, Q) = —iA[Q/Q0)* — 11712, (46)
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(2)

[N I VS B Y N T e
1

FREF at the center of the load (A)

0 L L L L L L L L L
0 01 02 03 04 05 06 07 08 09 10

Harmonic frequency/resonance frequency

FREF at the center of the load (A)

0 L L 1 I 1
1 2 3 4 5 6 7 8 9 10

Harmonic frequency/resonance frequency

Figure 4. The FRF function H,,(0, 2) against the ratio of Q/Q,: (a) Q < Q, and (b) Q > Q,.

The amplitude of FRF at the location (x, y) = (0, 0) with respect to the frequency Q2 of the
external load is shown in Figure 4. It can be seen that the amplitude of H,,(0, ) tends to
be infinite as the harmonic frequency approaches the resonance frequency.

7. CONCLUSIONS

The Fourier transform is used to derive the integral representation of the time-harmonic
Green function of a plate under a line load. The dynamic deflection of a plate on
a viscoelastic foundation subjected to both impulse and harmonic line loads are obtained by
using the integral transformation method. The solution is first given as a convolution of the
Green function of the plate. Poles of the integrand in the integral representation of the
solution are identified for different cases of the foundation damping and the load frequency.
The IRF is then obtained and can be numerically computed. A closed-form solution in
terms of algebraic series corresponding to the FRF of the plate under a concentrated load is
obtained. Numerical computation is used to illustrate the variation of FRF with respect to
harmonic frequency. This analytical representation permits one to construct algorithms for
the parameter identification of the inverse problem involved in pavement non-destructive
test. The validity of the result is partly verified by comparing the static solution of a point
source obtained from this paper to a well-known result.
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