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Abstract

The transient response of a linearly elastic structure made of a layer overlaying a half-space, subjected to
a normal point force on its free surface, is investigated. Both welded contact and frictionless sliding are
considered at the interface. This paper presents a method to calculate the response, for a wide range of
loading durations (7'), on the axis of symmetry of the configuration (in the layer and the half-space).
Equations of the boundary—value problem are manipulated in an integral transform domain and the
Cagniard—de Hoop method is used. The final form of the exact analytical solution is a sum of contributions
corresponding to the rays of the generalized ray theory; little computational effort need be developed for
evaluating each contribution. While this theory has only been used to obtain early-time responses, long-
time responses—up to 30 times the transit time of P-waves in the layer—have been calculated for this study.
This work was conducted to help characterize the stress transmitted in the human lung (half-space) when
the thoracic wall (layer) is subjected to a non-penetrating impact. Depending on T, multiple reflections of
waves in the layer or typical low-frequency response are observed. The influence of the contact condition
with respect to T is elucidated.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The investigation presented in this paper arose out of the need for a better understanding of the
transmission of mechanical energy within a layered structure subjected to a non-penetrating
impact on its surface. In order to assess damage due to dynamic loading, both amplitudes and
time histories of stresses and displacements may be relevant. In many cases when the structure can
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be modelled as a stack of linearly elastic materials, analytical methods can be considered and
histories obtained with great accuracy and little computational effort in a form that often yields
much physical insight (as opposed to purely numerical methods like boundary or finite elements
methods).

Mencher [1] investigated the simplest layered medium: a plate of infinite extent. He set the basis
of a method that eventually yields exact analytical solutions for displacements and stresses under
concentrated dynamic loading. Mencher obtained closed form solutions for the epicentral
displacement, due to a buried source of pressure waves, as a sum of terms each corresponding to a
wave reflected a certain number of times on the plate surfaces; this type of solution has later been
referred to as a generalized ray solution [2], (see Ref. [3] for a review of the generalized ray theory)
and is in general associated with the Cagniard—de Hoop method [4,5]. Following Mencher’s work,
many authors have contributed to the field by developing new solutions for the response at any
receiver location and for various types of concentrated loadings in both axisymmetric [6-9] and
non-axisymmetric [10,3,11] configurations.

In parallel with the method of solution for the calculation of the plate response, methods based
on the generalized ray theory were developed for geophysical applications to compute synthetic
seismograms in layered media with an arbitrary number of parallel layers (see Refs. [12,13] for
reviews of the method). A typical generalized ray solution is not obtained straightforwardly by
solving the elastodynamics equations with given boundary conditions but is constructed by
intuition: the generalized rays to take into account are numbered and the analytic expression for
the contribution of each ray is built by assembling different blocks—terms of a product—which
stand for the type of source, the polarization of the wave at the receiver and at the source and
coefficients of reflection/transmission. Doing so, many problems of wave propagation in stratified
media can be treated without explicitly solving the tedious boundary—value problem.

In the most general cases—tridimensional configuration and arbitrary receiver location—each
generalized ray contribution has an analytic expression that is not obtained in closed form and
their evaluation requires some numerical computations. As a consequence, numerical results with
the generalized ray theory have only been obtained in situations where a few number of rays need
to be taken into account. In the generalized ray theory, the rays combine into ray groups [3], each
of which contains all the rays that have undergone a given number of interactions—reflections
and transmissions—with interfaces of the layered medium. In a plate excited by a point force on
one of its surfaces, the number of rays in a group is 2"*!, where #n is the number of interactions of
the rays with surfaces; in a layered medium, the number of rays is even more important since each
wave that hits an interface gives rise to two reflected and two transmitted waves.

The complexity in the form of the solution for each ray is minimum for axisymmetric
configurations where the receiver and the source are placed on the axis of symmetry; in such cases,
exact analytical closed-form solutions can be derived in a plate. In the same source/receiver
configuration in layered media, only one equation (the solution of which is the Cagniard contour)
must be solved with a numerical method at each time instant, so that accurate solutions are
obtained with little computational effort [14]. For arbitrary receiver and source locations, the
generalized ray method is much more costly with respect to numerical computations because an
integral must be evaluated for each ray; furthermore, since the contributions of head waves and
surface waves must be calculated individually (and added to body waves contributions), the
method must be implemented very cautiously. With receivers and source on the axis of symmetry,
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head waves never contribute; and interface waves need only be computed for receivers on the
interfaces.

In the present paper, the response of an elastic structure made of a layer overlaying a half-space
and subjected to a time-dependent normal point force on the free surface is investigated
(see Fig. 1)—this configuration is axisymmetric. Two contact conditions are considered at the
interface: welded contact and frictionless sliding contact. The paper is focussed on the special case
where the receiver is placed on the axis of symmetry (in the context of assessing the energy of
impact transmitted in the half-space, these locations are those where maximum amplitudes are
expected).

The aim of this paper is to present a method to obtain the exact solution of the elastodynamics
problem for a wide range of loading durations. The results presented demonstrate that the
response to relatively “long” impulses—of duration about 30 transit times of P-waves in the
layer—can be calculated in practice with little computational effort by using the generalized ray
theory. The low computational cost of each ray contribution in the configuration considered
makes it possible to handle the several millions of rays required to obtain long-time responses.
The algorithm of the calculation code is made efficient by generating the rays systematically by an
iterative process.

In this paper, the derivation of the solution is constructed from the elastodynamics equations
and the boundary conditions by using a matrix formulation. Doing so, the generalized ray
decomposition of the solution is obtained as a result and not by intuition. This method has
become popular recently [15-18]. Analytical solutions are derived in a Laplace—Fourier transform
domain which is the dual of the time—space domain, and the inverse transformation for each ray
contribution is performed by means of the Cagniard—de Hoop method. Even though in the
present paper results are only given for receivers on the axis of symmetry of the configuration,
the methodology—except for some details of the inverse transformation procedure—and the
computational scheme presented are valid in the general case.

The response of a layered structure subjected to dynamic loading depends both on the relative
stiffness of the materials and the duration of the loading. The response to a “‘short” impulse can
be described in terms of waves while for a “long” impulse the characteristic dimensions of the

Point force

Fig. 1. Model configuration and co-ordinate system.
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structure play a major role. For the structure considered in this paper (Fig. 1), a possible
criterion for determining a priori the relative importance of wave versus structural phenomena
is the ratio of the duration of the impulse with the transit time of a wave to cross the
layer thickness once. If the ratio is far from one, then approximate theories may be considered;
the method of solution presented, which is free of approximation, is especially useful in
cases where the ratio is close to one—i.e., when the wavelengths involved are of the order of
magnitude of the characteristic dimensions. As the method yields an exact solution of the
elastodynamics problem, long-time, static values (obtained after equilibrium, when the structure
has come back to rest) are obtained, even though the solution is expressed in terms of waves
propagating.

The analysis presented in this paper was motivated by interest in the response of the human
thorax subjected to a short pressure impulse, as, for instance, when a bullet is stopped by a
bulletproof jacket. In this context, the layer and half-space correspond, respectively, to the
thoracic wall and the lung. Since for the specific wave propagation problem under consideration
there is no quantitative data available on the possible viscous mechanisms of energy dissipation in
biological tissues, these mechanisms are not taken into account in the material models. However,
viscous dissipation may somewhat modify the conclusions of this paper relative to the
propagation of energy in the thorax model. The present work is a continuation of the work
presented in Refs. [14,19], which dealt with similar model configurations and the same method of
solution, but in which only the contribution of the first group of generalized rays transmitted in
the half-space was considered. With the results presented in this paper, some mechanisms of the
transmission of energy in the lung are elucidated.

Note that the method presented can be used for any set of values for the elastic properties of the
layer and half-space. Typical engineering applications are found in non-destructive evaluation of
materials.

The present paper is organized as follows: with this introduction as background, Section 2 gives
a description of the configuration and the basic equations. In Section 3 the exact solution in a
Laplace—Fourier domain is obtained as a sum of generalized ray contributions by using a matrix
formulation. The transformation of each ray contribution back to the time—space domain is
briefly presented in Section 4. Section 5 is devoted to the implementation of the method. In
Section 6 the results of some computations for a material configuration and loading durations
relevant to our biomechanical application are collected.

2. Description of the configuration and formulation of the problem
2.1. Configuration and definitions

Consider the structure represented in Fig. 1. It consists of a layer of infinite extent
(medium 1) with thickness /# overlaying a half-space (medium 2). The layer has a free
surface, referred to as surface I, and the interface with the half-space is referred to as surface II.
At surface II, the contact condition is, alternatively, perfect bonding (welded contact) or
perfect sliding (smooth contact). Both media are linearly elastic, homogeneous and isotropic;
for the characterization of the elastic properties, the Lamé constants 4 and u are used. The
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mass density is denoted by p. Throughout this paper, superscripts (1) and (2) refer to media 1 and
2, respectively; however, superscripts may be omitted in equations valid for both media, if no
ambiguity results.

The position is specified through the co-ordinates (x;,x»,x3) with respect to a Cartesian
reference frame #£(0; X1, X2, X3) where O is the origin and (X, X3, X3) is an orthonormal basis for
the space; the x3-axis is taken perpendicular to surfaces I and II. The free surface of the layer
coincides with plane x3 = 0 and the structure is localized in the half-space x3 >0. Time is denoted
by ¢. The elastic response is characterized in % by the components ¢;; of the Cauchy stress tensor
and by the components v; of the particle velocity v.

At the origin of the Cartesian reference frame (i.e., on the free surface), the layer is
subjected to a dynamic point force of direction x3; hence both pressure (longitudinal) waves
and shear (transverse) waves with vertical polarization are induced in the structure. Shear waves
with horizontal polarization are not propagated in the configuration considered; however, the
method of solution may be used with a point force of arbitrary direction, hence the formalism
used in the sections to follow includes the possibility of dealing with shear waves of horizontal
polarization.

Pressure and shear waves are denoted P- and S-waves, respectively; in the rest of the paper
letters P and S are used for quantities relative to P- and S-waves, and each time a comma appears
between P and S means that the quantities relative to P- or S-waves, respectively, must be used.
Wave speeds are defined by cp = /(4 +2u)/p and cs = \/1t/p, and wave slownesses by sps =
1/cps. Media are at rest for #<0.

Throughout the paper, the following notation convention is used (unless otherwise specified):
vectors are typed bold upright; matrices are typed bold upright or black-board boldface upright

(e.g., D).
2.2. Governing equations, boundary and initial conditions
The equation of motion in the structure is
ajal] - palvf = 03 la] = 1523 3, (1)
where 0; and 0, denote, respectively, partial derivatives with respect to x; and to time, 9; is the
Kronecker symbol and Einstein’s summation convention is used. The time derivative of Hooke’s
constitutive law for an elastic isotropic medium is introduced as

5[0’1‘]' - ;LSUSanqu — ,u(@,-vj + ajl)l’) = 0. (2)

Boundary conditions at the free surface: At surface I (plane x3 = 0), the free surface conditions
and the definition of loading are associated with the equations

013(x1,X2,0,7) = 023(x1,%2,0,2) = 0,  033(x1,X2,0,7) = 00P(1)d(x1)d(x2), (3)

where ¢(¢) describes the history of the loading (with ¢(¢) = 0 for 1<0), gy its strength and 9 is the
Dirac function.
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Sliding interface: The boundary conditions associated with sliding frictionless contact at surface
II (plane x3 = &) are

[v3] =0, [o33] =0,
6(113)(x1,x2,h, 1) = agg)(xl,xz,h, =0,
Ggé)(xl,xz,h, 1) = agé)(xl,xz,h, 1) =0, 4)

where [.] denotes the jump of a quantity across the interface.
Welded interface: The boundary conditions associated with welded contact at surface II are

[o13] =[on]=[03]=0 and [oi] =[v2] =[vs] =0. (5)

3. Solution in the transform domain

The first of the two main stages in the derivation of the solution of the elastodynamics problem
as stated in Section 2 is described in this section. The subsequent steps yield a solution in a
Laplace—Fourier domain in the form of an infinite sum of terms, where each term can be identified
with a generalized ray wave constituent (or, shortly, a ray) of the generalized ray theory.

In the following, the derivation is only presented for welded contact condition at surface II; the
derivation for sliding contact is similar.

Taking into account the time invariance of the configuration, the equations given in Section 2.2
are subjected to a one-sided Laplace transform with respect to time. As an example, the time—
space domain particle velocity v;(x, ) is transformed to its Laplace—space domain counterpart
0;(x, p) according to

8,(x,p) = /0 exp(—pi)uy(x, 1) dr,

where p is real and positive. Subsequently, the shift invariance of the configuration with respect to
x1 and x; is exploited by applying a two-dimensional Fourier transformation to the Laplace-
transformed equations. The Laplace—Fourier domain counterpart or, shortly, the transform
domain counterpart ¥;(ki, k2, x3,p) of v;(x, 1) is

j(k1, k2, x3,p) = / / explip(kix1 + kax2)]0; dxy dxa,

where pk; and pk, are the real Fourier transform parameters.

After elimination of the stresses o11, 01, and g2, in the transform domain counterparts of (1) and
(2), six transform domain unknown state quantities remain to represent the wave field in each
medium; they are arranged into the “motion-stress” state vector b = (&, i, ¥3, —613, —623, —&33)T
(here T means transpose operator). In both media, the differential equation for b takes the form [13]

d3b = —pAb, (6)
where A is a (6 x 6) matrix. Instead of solving (6) straightforwardly, it is convenient to introduce the
linear transformation

b = Dw, (7)
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where each column of matrix D is an eigenvector of matrix A. The normalization and ordering of
the eigenvectors is the same as in Ref. [13]. The six components of W, called the “wave vector”, stand
for six independent wave motions each specified by a polarization and a direction of propagation
with respect to the x3-axis. For later use, w is split in two parts

W
= = — P = - = = \T
w= <V_v+ ) ’ w = (Wl’ W27 W3) > W+ = (11}4’ WS: }1}6) >

where W™ is associated with up-going waves (direction of decreasing x3) and w* with down-going
waves (direction of increasing x3); w; and w4 represent amplitudes of P-waves, w, and ws of
S-waves with vertical polarization and, finally, w3 and ws of S-waves with horizontal polarization.
The matrix D is partitioned in (3 x 3) sub-matrices defined by

D, D,
D= ,
D; Dy

where
icpk) icssggle*l —iszil icpky —iCSS‘;k]S*l —iszil
D, = 1cpks iCSS§k2S71 ik1S71 , Dy = icpkr —ichquzS’l ile*I ,
—0ps§ csS 0 CPS§ csS 0
—QﬂiCpS§k1 —ZMiCSX/ﬁSPI MiS§k2S71
D; = —2,ui0ps§)k2 —2uicsyk,S™! —,uisjfle_1 ,
2ucpy —2,uSch§ 0
2uicpstky  —2picsyki ST —pisSkr ST
Dy = | 2uicpstky —2uicsykaS™'  pisSkiS™' |,
2ucpy 2uSch§ 0
where S = —(k? + k3), x = 0.55% — S? and 53° = (s} — S22 1n order to keep the square roots

single valued in the derivations to follow, the complex quantities s_f S are chosen so that ‘R[sf S1>0,
where R[x] denotes the real part of x.
Substituting (7) into (6), the following differential equation for the wave vector is obtained

where A is a diagonal matrix whose non-zero terms /A; are the eigenvalues of A defined by [13]
/11 = —Sg), iz = —S?, /13 = —S“;, 14 = SI;, /15 = S?, /16 = S“;.

The six solutions of Eq. (8) have the structure of inhomogeneous plane waves propagating in
direction x3

Wy = Wy exp(_p/ln-)@)- (9)

Note the use of a bar to distinguish w, from the term w, in factor of the exponential. In
parenthesis appears the phase of the transform domain wave. For quantities in medium 1, the
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phase is chosen zero at surface I and for quantities in medium 2, the phase is chosen zero at
surface II.

Solving the elastodynamics problem in the transform domain consists of determining b)) via
w() in the layer and b® via w® in the half-space (the solutions are coupled by the interface
conditions). In medium 2, the three components of wW®~, which are associated with /1, with
negative real parts, are necessarily zero in order to satisfy the radiation condition (the amplitude
must decrease when the distance with the source increases).

Until now, only the equations of motion have been used; the determination of the nine terms
(W) and w'?) in factor of the exponential in Eq. (9) follows from a system of nine linear equations
derived from the boundary conditions.

The transform domain counterpart of the boundary conditions at the free surface (3) is

Gi3(ki, k2, 0,p) = God(p)dis, i=1.3, (10)

where ¢(p) is the Laplace transform of ¢(¢). The action of the point force, expressed in Eq. (10), is
stored in the following vector:

(¢) -0ambpanor
6= =(0,0,00¢(p),0,0,0)",

where 6 and & are vectors with three components. Upon introducing the expressions of the
stresses as given by Eq. (7), relation (10) is rewritten

D{wh~ + DW= 6. (11)

(The bar over w(D* has been omitted because the phase is zero at the free surface.) The transform
domain counterpart of the welded contact conditions (5) is

B ky, ko, b p) = 82kt  kas hup); 800k Koy hop) = 62k, ko hp), i=1.3.  (12)

Upon introducing the expressions of the stresses and velocities as given by Eq. (7), relation (12) is
rewritten

D% + DY — DPWt =0,
Dgl)v—v(l)f i Dgl)v‘v(m _ ])E‘Z)W(z)+ =0. (13)

(The bar over w®* has been omitted because phase is zero at the interface.) Eqs. (11) and (13)
combine to form a system of nine linear equations:

DY DY 0 ) /wh-
DU DU —pP | | W | =
D(31)|]— Dgl)ﬂ+ _Df) w+

(14)

S O Q¢

where ¥, which contain the exponential terms, are defined according to

Di'w " =D W, 1=1,3 DR =DPIwOr, =24, (15)
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that is,

exp(—pA\"h) 0 0
I~ = 0 exp(—pAh) 0

0 0 exp(—pigl)h)
exp(—pAh) 0 0
I = 0 exp(—pA{"h) 0

0 0 exp(—pitPh)

3.1. Transform domain solution in the layer

Upon rewriting w®7* in terms of w~ and w'"*, relation (14) is rewritten as a system of six
equations for w'!)

D D wl)-
=o0.
R R R P AT
Or in compact form
Dw = 6. (16)

Assuming that D is non-singular, the solution of this equation can be formally expressed as
wl’ =D 6. (17)

The velocities and stresses in the time—space domain may, at this stage, be calculated from
b = DD(D ') by performing inverse Laplace and Fourier transformations; different methods
(numerical methods, calculation of residues, etc.) may be used that only yield approximate
solutions. In this study, an alternative procedure which makes use of the Cagniard—de Hoop
method and yields exact solutions is used. The method requires an appropriate form of the
transform domain solution to be derived from (17); in particular, all the terms where the
Laplace transform parameter p occurs should be in the form exp[—pg(ki, k2, x3)], where g is not
function of p.

The subsequent derivation follows in essence the methodology presented by Ma and Lee [15]
(see also Refs. [17,18]) for calculating the response of a plate of infinite extent subjected to a
dynamic in-plane loading. Let the matrix D be split into two parts,

D=G+S,

Gl 0 0 S1
G = S =
( 0 Gﬂ]*)’ (SZH‘ 0 )

where G, G,, S; and S, are (3 x 3) matrices. Upon defining R = —S™'G, relation (17) takes the
form

with

wh =1d-R)'S e, (18)
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where Id denotes the identity matrix. Finally, denotings = S™'e and expanding matrix (Id — R) ™!
into power series of R, relation (18) takes the form

wlh=Id-R)'s=>" Rs. (19)
k=0

(See Ref. [16] for a discussion of the convergence of the sum in Eq. (19).) The components of s can
be viewed as the amplitudes of the waves generated by the point force at the free surface. The vector
s is split into two parts: s = (§,5)", where § and § are vectors with three components defined by

G0 (p)
2 4R

§=1(0,0,00"; s§= (spa1, 55155 1S, 0)T,

where Apy = s2s318? + 43 is the “Rayleigh wave denominator”. Noting that (S;17)'G,I" =

"S5 !G,I", matrix R may be written under the form

0 ["Ryl*
R = , (20
R 0

where R; and Ry are three by three matrices given by
RI = —SI_IGH; RH = —52_1@2.
Matrix Ry which only depends on the properties of medium 1, and matrix Ry, which depends both

on the properties of media 1 and 2, are the well-known reflection coefficient matrices at surfaces I
and II. Both have the following form:

Rip RGp 0
Rye=| RE, RE, 0 |, K=LII
0 0 R?HSH

where the subscript SH stands for S-waves with horizontal polarization. The coefficient RaKﬁ is
associated with an incident wave of polarization o reflected as a wave with polarization . The

calculated coefficients are given in Appendix A. The compact notation

11 —2pish I . —p(la+7is)h
Rppe™ Rgpe P14 0
RH = |]+RHH+ = — Rgseip(;“‘J”lS)h Rgseizpkh 0 , (21)
0 0 R§ysge™ 4"

is used in the following (superscript “(1)”” applies to all 4, in Eq. (21)).
Giving the form of matrix R shown in Eq. (20), the power matrices R have specific forms for
even and odd values of &k

RF — (RuRy)? 0
0 (RiRyp)’

K 0 Ri(RiRp)’
Ri(RiRy)! 0

), k=2q Vgqe N,

>, k=2q+1Vqge,

where /" is the set of all natural numbers including 0.
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Combining (7), (9) and (19), the final form of the transform domain solution is found to be
bV (k1 k. x3.p) = Z Z D) (R¥s), exp(—piVx3) = Z B = Z(bfz’q +B5.).  (22)
-0
where (.), (or [.], in the following) denotes the nth-component of a vector and

6
b, =" D[RRy, exp(—pixs) Vge. v,
n=4

3
by, = Dy Ru(RiR)%], exp(—pAlxs) Vge . (23)

n=1

The form of solution (22) is identical to the solution obtained by intuition with the generalized
ray method. Indeed, a component 5?1) is basically a sum of many terms, each of which corresponds
to a generalized ray. The amplitude of each term of the sum is the product of a component of the
source vector s with reflection coefficients and a polarization term contained in matrix D. The
phase term associated with each ray, is a product of exp(—pxl(l)xg) with exponential terms, of the
form exp(—pA"h), included in Ry;. The summation over 7 is the summation of the contributions
of the waves of different polarizations arriving at the receiver. Each term of the sum over k is
called a ray group and contains the contributions of rays which have been reflected & times on the
ld?/er boundaries. As can be seen from the sequences of reflection coefficients in (23), bflz)q and
bl 2441 are associated with down-going and up-going waves, respectively. As an example, the first
three groups containing the rays which have been reflected zero, one and two times are detailed
below:

~(1 —psPy S
bf‘;o) = Digs4e™ 7" 4 Dissse 57,

l;gjll) :D14RH s4€ —Ps3 (2/’! X3) + D4R S e p(sp(h ‘(})+s~5/1)

—p(sP S(h— —psS(Oh—
+ Di5R25S4€ p(sy hts5(h—x3)) +Di5RgSSSG ps; (2h x3)’

[7512) — 14R5>PR”PS e psf(2h+x3) +D14R R N sqe —p(s} (h+w)+s3sh)
+ DRy, RYpsse 7t 4 py R RU s p 253t
X DlsRPSREPS4e —p(2sFh+s55x3) +D’5RSSRH 546 p(53h+s (h+x3))

+ DzSR SRH ss5e p(sfh—i—s (h+x3)) +D5RSSRI 5565 (2/1—0—\;)

where superscripts ““(1)”” have been omitted for quantities D;, and sf S The ray group 1;5_10) contains
ray P and ray S which are the direct P- and S-waves arriving at the receiver (Lamb’s pfoblem for
a half-space); the ray group b( ; contains the waves reflected once on surface II, rays PP, SP, PS
and SS; the ray group 151.;12 contains the waves reflected once on surface II and once on surface I,
PPP, PSP, SPP, SSP, PPS, PSS, SPS and SSS.
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(IPenotmg by [bl 2q] (resp. [b(2 1)) the contribution of a single generalized ray to Ef.;lz)q (resp.
l,Zq +1)> the symbolic forms of the rays are

[l;gz)q] DY) H Risy exp [ <Z sSh 4 }~,(11)x3>] , n=4,56,
2q

2q

(b5, 11= D5 ] Runsrexp [-,;(Z sﬁ’shug‘)m)], n=1,2,3, (24)

2g+1 2g+1

where [[ Ry, denotes the product of n scalar reflection coefficients, s, denotes the amplitude of
the wave generated at the source level, and subscript # is associated with the polarization at the
receiver.

From a mathematical point of view, solution (24) is suited to the application of the Cagniard—
de Hoop method because the Laplace parameter p only appears in the factor in the exponential.

3.2. Transform domain solution in the half-space

From (14), w®7 is rewritten in terms of w(+

Wt — T

TH w
where
Ty = [(D}")"'DY — @) 'DY1 (D) ~' DY — (DY)~ 'DY).

The components of Ty have exactly the same mathematical expressions as the transmission
coefficients of plane waves and Ty is the well-know transmission coefficient matrix of the form

T T 0
- | T T o
0 0 Ty,

Calculated expressions for the coefficients are given in Appendix A.
Given the solution b;. 2, for down-going waves (associated with w)") as expressed in Eq. (23),
the transform-domain solution in the half-space is

b()(kl,kzaxz,[?) Z fzz)q, (25)
q=0
where
b3, = ZUMMW&%MMme m). (26)

The form of solution (26) is identical to that obtained by intuition with the generalized ray

method. The first two groups of transmitted waves are detailed below for illustration.
55?()) _ D(z) TIPS o Py s (s —h) + Dgi) Tg)SSe*P(Sﬁ”h+s§:2(xsfh))
+ D(-?T},IS S4efp(s§;1h+s§;2(x37h)) + D(.? quls Ssefp(sg‘“h+s§?2(xrh))
1 i B
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Point force
X, X, X,

group 2 group 4 group 6
Layer
\ Half-space \ \
vX3 receiver VX3 A va

Fig. 2. Illustration of the ray groups. Only rays of type 2 (arriving in the half-space) are shown. Each ray is built with
segments, where each segment represents a journey between surfaces I and II, or between a surface and the receiver (last
segment). The group number is the number of segments of the rays of the group. Only one ray of each group is shown.

2 _
bz 2 T

D(Z)TII RI RII 54 e—p(3s§:lh+35;2(x3—h)) + D;Z‘)T}I)IP Rg . Rgss4e—p(2s'§;lh+sf;lh+s§;2(X3—h))
D(Z)Tu RI RSP gee Py s s (v —h) + D(_Z)Tu R Rsss o Py st st (s =)

% D(z)T RI L RIIPS e—p(zs”‘h+s“h+s”u3 m 4 D(Z)T RIS RI sy e—p(s;’i‘h+zs§;'h+s§;2(X3—h))

. D(_z)Tn RI R" ss efp(s3 25y hetst P (s —h)) + D(Z)T;IP Rg < RU I sse —p(3s3 s (x3—h))

% D(Z)TH RI RIIPS e —p3st s (x3—h)) + D(Z)T})IS Rg , RHSS efp(ZsPIthsgz(xz h)
D(Z)TIS R RSPS e—p(zsg’ hetsy s S (=) + D(2)TI R Rss Se—p(2s§ 'het B B2 (o3 —h))

5 D(Z)T” RI R“ 54 efp(ZsplhjLéSthrs 2(x3—h)) + Dgz)TLqu RIS < RHSS4efp(s§:1h+2sf;lh+s§;2(x;711))

_ D(Z)T R RSPS o P65 h 283 sy (s =) + D(.Z)T R Rsssse P33 sy (xs—h)

An 111ustrdt10n of ray groups 1n the half-space 1s sketched in Fig. 2. The group b( is constructed
from b , that is, each wave in 5 in 1s a wave of Bt i transmitted with P or § poldrlzatlon The series
of terms of groups b( , can all be constructed systematlcally from (26).

Denoting by [b 7 the contribution of a single ray to 5% ing> the symbolic form of the contribution
of a ray is

[B55,] = D' Toy 1] Rims: exp [—p(Z 5h+ 2D (s h))], n=4,5,6, (27)

2q 2q+1

where T!! is a transmission coefficient and the definition of the other quantities are the same as for
(24). And, as before, from the mathematical point of view, Eq. (27) is suited to the application of
the Cagniard—de Hoop method.

4. Solutions in the time—space domain
The second and last stage of the derivation of the solution of the problem stated in Section 2 is

described in this section. The procedure described below yields the time—space counterpart for
each term of the solution in form (24) and (27).
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The solution for a single generalized ray contribution in layer (24) and in the half-space (27) is
of the form

[6:i] = Bi(S) exp[—pg(S)], (28)
where

Bi(S) = Dg,i) H Ry,s,  (down-going ray in the layer),

2q
Bi(S) = Dg,? H Ry,s, (up-going ray in the layer),
2q+1
(Qy — Pl : :
Bi(S)=D;,'T, H Ryns,  (down-going ray in the half-space).
2

The inverse Fourier transform of (28) is
0 0
[bi(x, p)] = (p/2m)* / / B;(S) exp[—pg(S)] dk, dks, (29)

which is the Laplace transform of the time—space solution for a generalized ray contribution
[bi(x,1)]. The Cagniard—de Hoop method is applied to (29). In essence, the method consists of
changing the variable of integration and of deforming a contour of integration in the complex
plane so that an equation—the Cagniard—de Hoop path of integration—of the form ¢(S) = 7,
where 7 is real and positive, is satisfied (see Appendix B). Eventually, the inverse Laplace
transform is found by inspection. The details of the derivation of the solution for a receiver
located on the x3-axis were given in Ref. [14]; the final solution is

[bi(x3,)] =0 for t<T,,

1 (30)
[bi(x3,1)] = 5 Oudp(1)*R[Bi(S$)S0,S] for t=T,,

where T, denotes the arrival time of the wave associated with the contribution (see Appendix B),
time convolution is denoted by =, and S is solution of the Cagniard—de Hoop contour equation.
The solution of the Cagniard—de Hoop contour for a receiver in the layer has an explicit analytic
form (solution given in Appendix B); for a receiver in the half-space, the contour must be
calculated with a numerical method of solution.

5. Numerical calculations
5.1. Computer program

A computer program has been developed based on the theory presented above. It mainly
consists of (i) numbering and constructing all the rays arriving in a given time window, according
to Egs. (22) and (25) and by using the formula for the arrival times; (ii) calculating the time—space
domain response for each ray according to Eq. (30) with 0,¢(t) = d(¢). For the purposes of
numerical implementation, rays arriving at a receiver in the layer—rays of type 1—and rays
arriving at a receiver in the half-space—rays of type 2—are treated separately. Eventually, all the
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contributions are summed. The elastodynamic responses due to ray groups of increasing order are
calculated successively, and independently. Note that the amplitude of each ray in a given group
diverges with time while the sum of the amplitudes of all the rays in the group is convergent (this
was first mentioned by Mencher [1]). The structure of the computer program is sketched in Fig. 3.

The number of rays in a group increases in powers of two with the number of segments: a group
of rays with n segments contains 2" rays.

Ray coding: The information on each ray is coded in a sequence of parameters. Sequences for
rays of type 2 include: (i) the number of segments of the ray group; (ii) the number of P segments;
(iii) the polarization at the source and at the receiver; (iv) the number of reflection and
transmission coefficients of each type (Rhp, Rhg, Ryp, Ryg, REp, RU¢, RY,, R, T, TH, TL,,
TL,). Sequences for rays of type 1 contain the same quantities except the transmission coefficients.
It is important to note that the sequence codes do not depend on time nor on the position of the
receiver.

The various sequences associated with one ray group are obtained by iteration, departing from
the set of sequences of the previous group; the sequences of the first ray group are used in the
program for the initialization of the iterative process.

Degenerescence of rays: In a given ray group, many rays that are actually different have the
same sequence of code (for example the rays of type 1 PPPSP and PSPPP have the same
sequence). This phenomenon, referred to as degenerescence, must be taken into account in order
to minimize the computation time and required memory space. Calculating ray groups of more
than a few segments without taking degenerescence into account is practically impossible. The

Recei inthel of tvpe 1 la Calculatesthe contribution of ray
eceiver in thelayer (ray of type1) group s
Sequences of Build the sequences of g"'?: R Sequences for group sg
roup sg-1 i _
?sgi 3?ven for group sg L : Calculation of arrival times
i and Cagniard contours

initialisation) ~ ----mrmmmemmmem s F

Build the sequences of group sg-1
(reflected on 1) (sg=1 given for

i
| Calculation of source and
: polarization terms.

initialisation) ; Calculation of
''''' (E)Bfu;}lrc:);[]t;e Ssgequencs i transmission/reflection
: (transmitted) coefficients
; Assembling all terms for

eachr. roduct

Build the sequences of (P )

roup sg-2 (reflected

gn ”|;)sg ( Sum the amplitudes of all rays
(take into account the number

Receiver in the half-space (ray of type2) | 1b of occurrences of each ray) 2

Fig. 3. Synopsis of the computer program that calculates the response as a sum of generalized ray contributions. The
group number (number of segments of the rays) is denoted by sg. The discontinuous lines correspond to stages at which
degenerated rays are eliminated. In boxes la and 1b are illustrated the iterative generation of the ray sequences. In box 2
is illustrated the kernel of the program which calculates the space-time domain contribution of a ray group.
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number of degenerated rays in a group increases with the number of segments of the ray group,
for instance, among the 67,108,864 (22°) rays of type 1 with 26 segments, only 7232 have different
sequences and actually need to be computed. The number of occurrences of a given sequence is
stored together with the code of the sequence.

5.2. Program verification

Many analytical solutions available in the literature have been used to check the stress and
displacement (or velocity) responses calculated by the program.

The solution of Lamb’s problem (dynamic point force acting at the surface of a half-space), as
given by Johnson [20] has been implemented and the results perfectly match those obtained with
the authors’ program. The static solutions of Lamb’s problem [21, p. 412] have also been used.

It could be checked that the program properly handles the generation of rays, treatment of
degenerescence and summation of ray groups by calculating the long-time (static) response of the
layer to a step of force (¢(7) = H(#), where H(z) is the Heaviside step function) with sliding contact
condition at the interface and taking numerical values for the mechanical parameters of the half-
space such that it can be considered as rigid in comparison with the layer. These material and
loading configurations correspond to a static solution obtained by Lur’e [22]; in his calculations,
Lur’e considers a rigid half-space and an arbitrary distributed load at the free surface. For a point
force of unit amplitude normal to the free surface and a receiver on the x3-axis, the displacement is

_h /fﬂ * Xo(2)
T RITRY S Y. [ ()

Xo(yz) = llz [yh cosh ph sinh yz — yz cosh yz sinh yh 4 2(1 — v) sinh yz sinh /], (31)

u3 dnd{, where A(yh) = 2hy + sinh 2hy,

where z=h —x3, y = (> + Cz)l/ 2 and v is the Poisson ratio of the layer. (Note that there is a

singularity in the integrand of (31) at y = 0 that must be dealt with in the evaluation of the
integral.) The long-time response of the layer is calculated with the generalized ray solution at
location x3 = 0.015 with 2 = 0.02 and p, = 1750, cp; = 1678, cs,; = 685 (setting 4, = 104; and
U, = 10u, is enough for medium 2 to be considered as rigid). Comparison with the static solution
obtained with (31) is shown in Fig. 4 in a time window corresponding to the calculation of the first
20 ray groups. Both the responses with sliding and welded contact at surface II are plotted; sliding
contact corresponds to the solution of Lur’e and is in agreement with the static value; the response
for welded contact condition is shown for comparison.

6. Results

The numerical results presented in this section are relevant to the study of non-penetrating
impact on human thorax. In the structure shown in Fig. 1, the layer and the half-space correspond
to the thoracic wall and the lung, respectively. The model is used to characterize the transmission
of energy in the lung, which is a biological tissue having little resistance to dynamic loadings [23].
The material parameters of the media are given in Table 1; they are such that medium 1 is “hard”
in comparison with medium 2. From the viewpoint of wave propagation, the impedances of the
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Fig. 4. Displacement u3(¢) in the layer for a step of force (¢(t) = H(¢)) at the free surface, the half-space being rigid, for
sliding and welded contact at the interface. The straight horizontal line corresponds to the static response obtained by
Lur’e [22] for sliding contact.

Table 1

Material parameters and wave speeds in media 1 and 2

A H P c§ ch Za! M P2 e b
(MPa) (MPa) (kg/m?) (m/s") (m/s') (MPa) (MPa) (kg/m?) (m/s") (m/s")
3285 821 1750 685 1678 0.4 0.26 600 21 40

media are of different orders of magnitude, hence the layer and the half-space are said to be
weakly coupled, and the typical results obtained may be valid for other weakly coupled structures.
The thickness /4 of the layer is set to 2 cm. Both welded and sliding contact conditions at surface 11
were considered in the computations. (The most appropriate contact condition to model the
thoracic wall-lung interface is probably sliding. Indeed, the lung and the thoracic wall are
separated by a small potential space—the pleural cavity—which contains a lubricating fluid
allowing the media to move easily on each other.)

Throughout this section, only receivers located on the xs3-axis are considered, that is, x| =
x = 0; in the rest of this section, only the x3;-co-ordinate is specified.
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The time history ¢(¢) of an impact is modelled by a four-point optimum Blackman window
function [13] of duration 7 and of unit amplitude. Its second derivative is

3
8up() =0 for t<0 and t>T, and 8,p(1) = —Q2n/T)’ > bun’ cosmnt/T)
n=0

for 0<t< T, where by = 0.35869, by = —0.48829, b, = 0.14128 and b3 = —0.01168. The amplitude
of the loading is set to g9 = —1.

The duration of the impulse is considered with respect to the transit time in the layer (h/cp.; =
11.919 ps), which is a characteristic time for the response of the structure. Figs. 5 and 6 show
typical responses for various loading durations in terms of the stress 33, in the half-space at a
receiver placed on the x3-axis at 5 mm from the interface. Both ““short” pulses—of a duration of
about or less than the transit time—and “long” pulses—of a duration several times the transit
time—are considered. For short pulses (Fig. 5), the responses obtained with sliding or welded
contact were indistinguishable. In the plots of Fig. 5, the arrival times of the waves with multiple
reflections at the surfaces of the layer are manifest; the energy arriving at the receiver for a long-
time after the pulse has ended. Slight differences due to the contact conditions are observed for
long pulses (Fig. 6); both amplitudes and shapes are influenced (in particular, the response is
shorter with sliding contact). In the plots of Fig. 6, it is seen that for loading durations of more

80
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_60 | | | | | | | | |
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time (us)
Fig. 5. Stress g33(¢) for a receiver in the half-space at 5 mm from the interface for welded contact. —, impulse duration

T =5us;---, T=11.919 ps (equal to the transit time in the layer).
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Fig. 6. Stress a33(7) at a receiver in the half-space at 5 mm from the interface for impulse durations 7" = 100 and 200 ps.
—, welded contact; - --, sliding contact.

that 10 transit times, the wave phenomena observed in Fig. 5 are replaced by vibrations of small
amplitudes. For longer loadings, the response has almost the shape of the input pulse and
vibrations disappear.

Although all the responses shown in Figs. 5 and 6 correspond to a loading of unit amplitude,
large discrepancies in the amplitude of the response are observed. It is seen that the shorter the
loading, the greater the amplitude of the transmitted stress. In other words, the results
demonstrate that a load applied slowly generates stresses of smaller amplitudes as compared to
the same load applied rapidly.

Fig. 7 shows the response to a 100 ps-pulse at receivers in the half-space at various distances d
from the interface; it is seen that the shape of the pulse does not change during the pro-
pagation and that the amplitude only slightly decreases. These characteristics, typical of weakly
coupled bimaterial, were already reported in Ref. [14]—the low decreasing of the amplitude
of the waves in medium 2 was shown to correlate with the small geometrical spreading associated
with a weak curvature of the wave fronts. Plots of Fig. 7 may be compared to those of Fig. 8
which correspond to a material configuration resulting in strong mechanical coupling (the
parameters of medium 2 are set to p, = 600 kg/m?, 1,=1640 MPa, u,=410 MPa, the
parameters of medium 1 are as indicated in Table 1). With this material configuration, the
propagation patterns are very different to those of the weakly coupled case: the amplitude
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Fig. 7. Stress g33(f) at receivers in the half-space at various distances from the interface d (in mm, indicated on the
figure) for an impulse of duration 7" = 100 ps (welded interface).

of the pulse decreases rapidly with the distance from the interface, and the pulse shape changes
during propagation. It is interesting to note that the amplitude at about 10 cm from the interface
is of the same order of magnitude for the two material configurations—weak-coupled and
strongly coupled cases—although the amplitude close to the interface is more than 50 times larger
for strong coupling.

Kinematic response of the layer: As a consequence of weak coupling between the layer
and the half-space, the kinematic of the layer is only slightly influenced by the presence of
the half-space. In particular, as shown in Fig. 9, the kinematic of the layer under a ‘“long”
dynamic loading is close to that of a plate of infinite extent calculated with the classical theory of
plates. The response at the epicenter of a plate for a dynamic point load excitation is calculated
with [24]

P
v3(1) = W—D—ph ¢(1),

where D = (ER?)/(12(1 — v?)), P is the loading amplitude, E and v are Young’s modulus and the
Poisson ratio of the layer, respectively. It is seen in Fig. 9 that, as could be expected, the longer the
pulse, the better the correlation between the plate and layer responses.
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Fig. 8. Stress o33(¢) at receivers in the half-space at various distances from the interface for an impulse duration
T = 100 ps (welded interface). The material configuration chosen offers good mechanical coupling between the layer
and the half-space. The curves correspond to the same receiver locations as those indicated in Fig. 7.

7. Conclusion

In this paper a method has been presented to calculate the response of a structure made of a
layer overlaying a half-space subjected to a dynamic point force applied on the free surface. The
method of solution yields an exact solution of the elastodynamics problem in terms of generalized
rays; however, the generalized ray solution is not obtained by intuition” but as a result of
algebraic manipulations in a Laplace—Fourier transform domain. The mathematical expression of
each generalized ray contributing to the response in a given time window is derived systematically
from the form of the solution. The method presented is independent of the material parameters of
the layer and the half-space.

The analysis was limited to points on the axis of symmetry of the configuration (x; = x, = 0);
in this case the time histories of velocities and stresses in the structure can be calculated with
minimum use of numerical methods (in particular, the response at a point in the layer is obtained
in closed form). It is thus possible to calculate the very large number of generalized rays required
to obtain responses in relatively large time windows. The results presented in this paper
demonstrate that exact solutions, for a tridimensional problem, can be obtained in practice with
the generalized ray theory for impulses of about 30 times the characteristic time of the structure
(i.e., transit time in the layer). Responses obtained by summation of about 500 x 10° generalized
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Fig. 9. Velocity v3(7) at the bottom surface of the layer for “long” loading durations 7' =200 and 300 ps. —,
generalized ray solution; - - -, solution from the classical theory of plates.

rays are presented (of course, due to degenerescence, many rays need not be explicitly computed).
As an indication of the computational efforts developed, the computation time required to obtain
the results presented is less than 1 h on a standard personal computer, and the responses plotted in
Fig. 4 required about ninety seconds.

A practical limit arose in the computations for ray groups containing more than about 30
segments (which corresponds to loading durations of more than 30 transit times). This is due to
the fact that the amplitude of each ray diverges with time (while the sum of all the rays of a given
group converges), in such a way that the first rays calculated (say those of ray group one) have
very large amplitudes at large times when the rays of higher order groups arrive at the receiver:
When these large amplitudes are summed, numerical errors are induced.

Concerning the biomechanical application, the results contribute to elucidate the response of
the thorax to loadings of various durations. Typical impacts of “high’-velocity projectiles result
in loading durations in range 1-500 ps. The method and the associated computer program make it
possible to determine, for arbitrary loading history and a wide range of impulse durations: (i) the
maximum amplitudes of velocities and stresses transmitted; (ii) the time elapsed before
the structure returns at rest; (iii) the effects of the contact condition (sliding or welded) assumed
at the thoracic wall-lung interface.
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Appendix A. Reflection and transmission coefficients

The explicit expressions of the coefficients are obtained through the derivation of the solution in
the transform domain presented in Section 3. They are equivalent to the well-known coefficients
for plane waves.

Reflection coefficients at surface I (free surface):

S:1
S2 - /CI)AR 1

Rpp = Rss = (S13D;1S
Rps = (—2cpassusy 11S)Agh:  Rsp = Qspacsasy 1184z}, (A1)

where Ag = 54’ s3 $.S% + z} is the Rayleigh wave denominator.
Reflection and transmission coefficients at interface II (welded contact):

Rpp = (F(bsy! — es5%) — H(a + dst's3%)S?)D 7!,
Rps = (—2s§;l(ab + CdS§;28§;2SCp;1)(Cs;1D)il,
Rgp = (2s‘39;1(ab + cdsg 2s§ Ses.1)(cp, D)

Rss = (E(bsy™" — ¢s3%) — Gla + dst2s3)S?) D71, (A.2)

Trp = (2p155° Fepa)(Depa) s Tps = (—2pysy HScp1)(Desa) ™!,
Tsp = (2p153" GSes.)(Depa)™ s Tss = (2p53y " Ecs.)(Desn) ™!, (A.3)
where
a=p,(1 = 2¢5,8%) — py(1 = 2¢5,5%); b= py(1 — 2¢5,87) + 2, ¢5,, S,
¢ = pi(1 =25, 5%) + 20565087 d = 2pacsy — piCsy),
Ezbséyl —|—cs§)2, F:bsggl —|—cs§2,

G:a—dsglsfz, H:a—dsgzsgl, D = EF + GHS>.
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Reflection and transmission coefficients at interface II (frictionless sliding contact) [25]:
Rpp = (ExFy + FxG)H ™", Rsp = (—4Fap ¢85 11)(Hep) ™',
Rps = (4Fpcpasy ) (Hes:) s Rss = (—ExFi + FaG)H ™,
Tpp = (4F pycpazn oS~V Hepo) ™'y Tsp = (4F1picsasy 7o) (Hepa) ™,

Tps = AFipyepayysy N Heso) s Tss = (AFipesasy s32S)(Hesa) ™ (A.4)
where
Ep =214,,S "Arsm;  Fp = 055555,
G = 24, (s3"'s3™"S — 2SN, H = (FiE> + F2E)),
where

P.m _S:m o2 2 _
Arm = 5378578 + )y m=1,2.

Appendix B. Cagniard—de Hoop contours

Cagniard—de Hoop contour in the layer: Variable S that defines the Cagniard—de Hoop contour
for a receiver placed on the x3-axis is the solution of an equation of the form

t=g(S) =Y _ s h+ 55V . (B.1)
The solution for (B.1) was obtained in Ref. [14] and is reproduced below. Rewriting (B.1) under
the form
T= (WlhiX36/gp)S§;] + (l’lhiX35ﬁs)S§;l,
where f = P or S is the polarization associated with the last ray segment and dgg = dpp = 1,

dsp = 0ps = 0; m and n are, respectively, the number of P and S ray segments (not counting the
last segment). Denoting Hp = (mh=+x30gp) and Hg = (nh+ x30s), the arrival time 7, of the ray is

Ta = HPSP;l + Hsss;l.
The Cagniard—de Hoop contour is given by

S=+,/s5,— Y2

with 4 = [(Hpssa + Hssp1)® — T2 + 77,

where, if Hp# Hg
y _ Hs — Hp\/4
HE— H2
and if Hp = Hg=H
Y = [2H sgo(spa + s50) + 70 — To12tH) ™.

Cagniard—de Hoop contour in the half-space: Variable S that defines the Cagniard—de Hoop
contour for a receiver placed on the x3-axis is the solution of an equation of the form

T = g(S) = ZS?S;Ih + S§’S;2(X3 — h),



Q. Grimal et al. | Journal of Sound and Vibration 276 (2004) 755-780 779

or, by using the same notation as for the contour in the layer,
T = mhsy!  nhsy' 4 (h — x3)s552, (B.2)

Unless m + n = 1, the solution S of (B.2) must be calculated with a numerical method.
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