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Solution analytique pour la propagation d’ondes en milieu

hétérogene acoustique/poroélastique. Partie I : en dimension
2

Résumé : Nous nous intéressons a la modélisation de la propagation d’ondes dans les milieux
infinis bicouche acoustique/poroélastique. Nous considérons le modele bi-phasique de Biot
dans la couche poroélastique. Cette premiere partie est consacrée au calcul de la solution
analytique en dimension deux a l'aide de la technique de Cagniard-De Hoop. Cette solution
a été validée a l'aide de comparaisons avec des solutions obtenues par un code numérique.
Dans la seconde partie de ce rapport nour traiterons le cas de la dimension trois.

Mots-clés : Modele de Biot, ondes poroélastiques, ondes acoustiques, couplage acous-
tique/poroelastique, solution analytique, technique de Cagniard de Hoop.



Analytical solution 3

Introduction

The computation of analytical solution for wave propagation problems is of high importance
for the validation of numerical computational codes or for a better understanding of the
reflexion /transmission properties of the media. Cagniard-de Hoop method [, [6] is a useful
tool to obtain such solutions and permits the independent computation of each type of waves
(P wave, S wave, head wave...), moreover it makes a link between transient and plane wave.
Although it was originally dedicated to the solution of elastodynamic wave propagation, it
can be applied to any transient wave propagation problem in stratified medium. However,
as far as we know, there are very few works dedicated to the application of this method
to poroelastic medium. In [9] the analytical solution of poroelastic wave propagation in an
homogeneous 2D medium is providds and in [I0] the authors compute the analytical solution
of the reflected wave at the interface between an acoustic and a poroelastic layer in two
dimension but they do not explicit the solution of the transmitted waves.

In order to validate computational codes of wave propagation in poroelastic media, we
have implemented the codes Gar6more 2D [§] and Gar6more 3D which provide the complete
solution (reflected and transmitted waves) of the propagation of wave in stratified 2D or
3D media composed of acoustic/acoustic, acoustic/elastic, acoustic/poroelastic or poroelas-
tic/poroelastic layers. The 2D code is freely downloadable at

http://www.spice-rtn.org/library/software/Garcimore2D.

We will focus here on the 2D acoustic/poroelastic case, the three dimensional and the
poroelastic case will be the object of forthcoming papers. The outline of the paper is as
follows: we first present the model problem we want to solve and derive the Green problem
from it (section 1). Then we present the analytical solution of wave propagation in a stratified
2D medium composed of an acoustic and a poroelastic layer (section 2). Finally we validate
our results through comparison with a numerical solution(section 3).

1 The model problem

We consider an infinite two dimensional medium (2 = R?) composed of an acoustic layer
QT = Rx] — 00,0] and a poroelastic layer Q= = R x [0, +oo| separated by an horizontal
interface I" (see Fig. [ll). We first describe the equations in the two layers (§ILT and §L2 ) and
the transmission conditions on the interface I' (§L3]), then we will present the Green problem
from which we will compute the analytical solution (§[LAI).

1.1 The equation of acoustics

In the acoustic layer we consider the second order formulation of the wave equation with a
point source and zero initial conditions:

Pt — V+2AP+ = 00y f (1), in Q+X]07T]7 (1a)
c 1 + . +
U"=-—vPH, Q" x]0,7], (1b)
P
P+($7y70) = 0> P+($7y70) = 0’ in Q+ (1C)
U+($7y70) = 0> G+($7y70) = 0’ in Q+ (1d)

RR n°® 6509
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Acoustic Layer

Q-‘r

Poroelastic Layer

Figure 1: Configuration of the study

where

e P71 is the pressure;

e U™ is the displacement field;

e VT is the celerity of the wave;

e pT is the density of the fluid.

1.2 Biot’s Model

In the second layer we consider the second order formulation of the poroelastic equations [,
2, 3]

p U, +p;, W —V-57 =0, inQ x]0,T], (2a)
. - 1 . -
p;Us —I—p;W +FW +VP_:O, in Q_X]O,T], (2b)
YT =NV U, In+2ueU,;)—-p" P I, inQ x]0,T], (2¢)
1
WP‘+ﬁ‘V-U; +V-W™ =0, in Q~ x]0, 77, (2d)
U, (z,0) =0, W (x,0) =0, in Q7 (2e)
U, (z,0) =0, W (2,0)=0, inQ, (2f)
with
2 _
()3
(V.X7);, = Z 8x-J Vi=1,2, I, is the identity matrix of Ms(IR),
j=1

INRIA
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and (U} ) is the solid strain tensor defined by:

1 /0U; aU;
EZ](U) - 5 <8$] + 8@3) '

In (@), the unknowns are:

e U_ the displacement field of solid particle;

W~ =¢" (U F U, ), the relative displacement, WJI being the displacement fiel of
fluid particle and ¢~ the porosity;

P, the fluid pressure;
e Y7, the solid stress tensor.
The parameters describing the physical properties of the medium are as follows:

o p =¢ ppt (1 — ¢ )p; is the overall density of the saturated medium, with p, the
density of the solid and Py the density of the fluid;

Pw =0 Py /¢~ , a~ the toruosity of the solid matrix;

e K~ =k /n~, k~ is the permeability of the solid matrix and 7 is the viscosity of the fluid;

m~ and 3~ are psotive physical coefficients: = =1 - K, /K

-1
and m~ = |:¢_/Kf_ + (B~ —¢7)/K;| , where K is the bulk modulus of the solid,
KJT is the bulk modulus of the fluid and K is the frame bulk modulus;

p~ is the frame shear modulus, and A\~ = K" — 2y~ /3 is the Lame constant.

1.3 Transmission conditions

Let n be the normal of I exterior of Q7. The transmission conditions on the interface between
the acoustic and porous medium are [5] :

W™ -n=(U"'-Uj;)-n,
P_:PJ'_’ (3)

Y~ n=—-Phtn.

RR n°® 6509
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1.4 The Green problem
We won’t compute directly the solution of (IH2H3) but the solution of the Green problem:

]5+ - V+2Ap+ = 5r5y—h5ta in Q+X]O7T]7 (4&)
. 1 .
at = _p_+vp+, in Q*x]0,77, (4b)
priy +pp i —V-oo =0, inQ7x]0,7], (5a)
e — [ g— 1 . — - ] -
Py Us T Py W +Fw +Vp~ =0, in O X][)?T]’ (5b)
o =N V-u, In+2u"e(u;) — B p I, in Q7 x]0,7], (5¢)
1

ﬁp—+g—v.us—+v.w—:0, in Q7 x]0,77, (5d)

w -n=(u"—u;)-n, onl
p-=pT, onI' (6)

o n=-pn. onT

The solution of ([[H2HF) is then computed from the solution of the Green Problem thanks to
a convolution by the source function. For instance we have :

P (x,y.t) = p*(2,y, ) < () = / pHay, ) f(t—7)dr
0

We also suppose that the poroelastic medium is non dissipative, i.e the viscosity n~ = 0.
Using the equations (BdEd]) we can eliminate o~ and p~ in (@), we obtain the the equivalent
system:

priy +pp T —a V(Veug)+p” VX (Vxug)—m 7V(V-w™) =0,

(7)
Py g +py - —m~ BT V(Veug)—m” V(V-w™) =0,

with o™ = A7 +2u~ + m‘ﬁ_Q.

And using the equation (HL) the transmission conditions () are rewritten as:

N L,
u5y+wy :_,0_+ D s
-m B~ V-u;, —m V-w =p,

Oytgy + Opugy, =0,

(A" +m” 7))V ug + 20" Oyug, +m”V(V-w) = —pt.

INRIA
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We decompose the displacement fields u} et u; on irrotationnal and isovolumic fields (P-wave
and S-wave):
u, =VO, +VxVU,  ; w =VO,+VxU,. 9)

We can then rewrite the system ([) in the following form:
A=©~ — B AO®™ =0,

U, — Vg A, =0, (10)

where ©7 is a two vector: © = (0,,0,)!, A~ and B~ are two 2 x 2 symetric matrices:
P~ py AT +2u” +m(67)7 mTpT
AT = _ ; B = )
Py Pw m= " m-

and

is the S-wave velocity.

We multiply the first equation of the system () by the inverse of A. The matrix A~'B
is diagonalisable: A~!B = PDP~!, where P is the change-of-coordinate matrix, D =
dz’ag(VP_f2, VP_S2) is the diagonal matrix similar to A~'B, Vp_f and Vp are respectively the
fast P-wave velocity and the slow P-wave velocity (Vps < Vpy).

Using the change of variables & = (®ps, @ ps)t = P71O, we obtain the decoupled system
on fast P-wave, slow P-wave and S-wave:

& — DAD =0,

_2
v, - Vg AV, =0, (11)
\Il'u) - _p_{qjuv

Pw

Finally, we obtain the Green problem equivalent to (HIBIG):

it — VAPt = 6,0,_10:, y>0
b7~V PAD =0, ic{PS,Pf,S} y<0 (12)
B(p", @5, Pp,, Pg) = 0, y=0

RR n°® 6509
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where we have set &g = W, in order to have similar notations for the Pf, Ps and S waves.
The operator B represents the transmission conditions on I':

1 Py -
p—+ay (P11 + Pa1) O3y (P12 + Pa2) O3y (p—j; —-1)83, p*
o
_ - (- - (3 g
T D R ‘7/351 TP gy 522 Pl o, i
Q5. Pf Ps
o Qp
S 0 2P1102, 2P1202, 02, — 92, Ps
o
L 1 Bao By 24783, 1+
with
A" +m B P +mBP _
Byg = ( m_p )_121 mp 207 +2p P10,
A +m B )P +m B P _
By = A M8 &_122 UG
Ps

To obtain this operator we have used the transmisson conditions (B), the change of variables
@) and the decoupled system ([[I).

Moreover, we can determine the solid displacement w_; by using the change of variables
@) and the fluid displacement u™* by using (@H).
2 Computation of the analytical solution

In this section we present the expression of the analytical solution of the Green problem
(§Z2), the proof of the result is detailed at §Z31 To simplify the presentation of the theorem
we have used some notations that we present at §2.T1

2.1 Notations

To state our results, we need the following notation and definitions:

1. Definition of the complex square root. For ¢ € C\IR™, we use the following
definition of the square root g(q) = q%:

g(q)*> =q and Re[g(q)] > 0.

The branch cut of g(g) in the complex plane will thus be the half-line defined by {q €
IR™} (see Fig. B). In the following, we’ll use the notation abuse g(¢) =i,/q for ¢ € R™.

2. Definition of the function «* and «; . For i € {Pf,Ps,S} and ¢ € C, we define
the functions )
1 2
) — 2
KT (g) = <V+2 +q> :

INRIA
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S

Figure 2: Definition of the function z — ()

k; (q) = <V%_ + q2)

For a sake of simplicity, we’ll omit sometimes the dependance in ¢ and only write k™
and k.

and

NI

Remark 2.1. The branch cuts of k™ are the two half lines

1
{q € C|Re(q) =0 and |SIm(q)| > v

and the branch cuts of k; are the two half lines
1
{g € C[Re(q) =0 and [Sm(q)| 2 =}

3. Definition of the reflection and transmission coefficients. For a given ¢ € C, we
denote by R(q), Tps(q), Tps(q) and Ts(q) the solution of the linear system

_ - ]
R(q) -
ot
AQ) Tps(q) 1 1 13)
! Tps(q) 2wtV 0 |
| Ts(q) | 1
where the matrix A(q) is defined by:
- ) ) 7 -
_p_+ pr(P11+P21) %PS(PH—I-PQQ) iq <p_]:_1)
m- m-
1 - - 0
Alg) = P_f2 (B~ P11+ Par) VP_SQ (B~ P2 + Pa2) ’
0 2iqrp, Pu 2iqkpg P12 </1§2 + q2)
|1 As2 Az 2iqu” kg

RR n°® 6509
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with
()\_ + m_5_2> Pii+m= P o,
Ago = ) +2p Kpg P11,
()\_ + m_ﬁ_2> P12 +m™ 3 Pa o
A473 = —3 +2u" Kpg Pio.
VPS

Property 2.1. We easily check that R(—a +ib) = R(a+1ib) and T;(—a + ib) =
Zi(a+1b).

4. Definition of the arrival time of the volume waves.

(a) For a given point (x,y), we define the arrival time of the incident wave by

0+ _ Va2 + (y—h)?

inc — V+ ’

(b) for a given point (x,y), we define tggf the arrival time of the reflected wave by

O+ _ Va2 +(y+h)?

ref — V+ ’

(c) for the definition of the arrival time of the transmitted ¢ wave (i € {Pf, Ps,S})
t?_, we first have to determine the fastest path from the source to the point (x,y):
we search a point £y on the interface between the two media which minimizes the

function
2 + h2 _ )2 + 2
- YR e
|4 Vi
(see Fig. B)). This leads us to find &y such that

€o n §o—x
VIVE +h V(@ — &) + v
From a numerical point of view, the solution of this equation is done by computing
the roots of the following fourth degree polynomial

2 2 2 2 2 212
RN 1S U (LN [5C TN A S T
VT % Vo VT VT V- |74 1%

(2 (2

t'(&o) = (14)

&o is thus the only real root of this polynomial located between 0 and x which is
also solution of ([[4]). Once & is computed, we can define

- VEFR  Ja AP
7 VJ,- V—

7

5. Definition of the paths in the complex plane for the computation of the
volume waves. For computing the solution we’ll use the following paths in the complex
plane :

INRIA
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(a)

(b)

RR n°® 6509

Source )
(0,h) Medium 1

V+

Medium 2

Figure 3: Path of the transmitted ¢ wave

For the reflected wave we define

N y+h [t2 1 r
Y (t)——lr—2t+ , ﬁ_ﬁ fOI‘t>W.

For the transmitted waves, we first need to define the functions

1 1
_ 1 2 ? 1 A
Fi (q,t)z—y<f+q> +h<W+q> +iqr —1
for i € {Pf, Ps,S}. Before defining the paths in complex plane, let us recall some
of the properties of the functions F; (see [ [I4, [7])

Property 2.2. For each t € IRY, F; (q,to) admits at most two Toots.

Property 2.3. There is one and only one ty € IRT such that F; (g, to) admits a
double root qu. This root is purely imaginary and tg corresponds to the arrival time
of the wave: tg = t9~. Moreover Sm(qo) <0 if x >0 and Sm(qo) >0 if x < 0

Property 2.4. For t > t?ﬂff(q,t), admits exactly two roots, which have the
same tmaginary part and an opposite non-zero real part.

We are now able to define the path v, (t) for t > t?_ as the only root of F; (¢,1t)
whose real part is positive. From a numerical point of view, we won’t directly
compute the roots of F; (¢,t) but we will derive a polynomial F' of fourth degree
from it such that the roots of F, (q,t) are also roots of F. 7, (t) will be the only
common root of F' and F; (¢,t) with a positive real part.
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Remark 2.2. The derivative of v; (t) can be easily computed thanks to the implicit
function theorem :

b 0 _ i (t) i tiz

“ (ﬁ +’Y¢_2(t)>% (P +070)°

Since F; (q,t) admits a double oot at t = t?_, the functions dﬂgt(t) are singular at
this point, however this singularity behaves as [7]

a

_2
t2 — ¢

and can therefore be integrated.

Remark 2.3. For the reflected wave, the path v*(t) is actually the root of the function

1
1 2
]:+(q,t):(y—|—h)<v+—|—q> +igqr —t

6. Definition of the arrival time of the head waves.

e For the reflected wave (y > 0). There are two conditions for the arrival of a
reflected head wave at point (x,y)

(a) The velocity V* must not be greater than all the velocities in the bottom
medium: VT < Vipax with

Vimax = max(V;" )ietps,ps,s}-
(b) The point (x,y) must satisfy the relation

2] VT

>
\/a:2+(y+h)2 Vinax

If these two conditions are realized th+ the arrival time of the reflected head wave
is such that Iy T (") = 2—. It is easily obtained by choosing ¢ = —— (if z > 0)

ax

or g = g — (if z < 0) in the expression of F1(q,t

_y le
Vn%ax Vn%ax Vinax

e For a transmitted wave (y < 0). There are two conditions for the arrival of a
transmitted head wave i at point (:c, Y):

(a) The velocity V,” must not be greater than all the other velocities in the bottom
medium: V,” < Vipax with

Vinax = max(V") je(pf,ps,s} j#i

INRIA
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(b) The double root of F; (g,t~) must be lying on the branch cut of one function

:‘ij.

~(t97) > .
v () v

If these two conditions are realized t - the arrival tirne of the transmitted head
wave i is such that |y, (t'7)] = (if

. ax
1

(if £ < 0) in the expression of F;”

e — \x!
Vrr21ax vr?lax max

7. Definition of the paths in the complex plane for the computation of the head
waves. For computing the solution we’ll use the following paths in the complex plane :

z>0)orq=y

(a) For the reflected wave we define

h[1 e
vt () = i (y;f \/W—2+%t> ittt <t <t and 2z <0
T T
h[1 P
U+(t):i<y+ ’/W__2_£2t> ittt <t <" and 2 >0
r T T

(b) For the transmitted waves, we’ll use once again the functions F, (g, t) after having
recalled the following properties:

Property 2.5. For t?_ <t< t? the function F; (q,t) admits exactly two imag-
inary roots q1(t) and qa(t) such that

Sm(q1(t)) € [Sm(v; 7)), 1/Viax| and Sm(0yq1(t)) <0
m(g2(t) € [~1/Vimax, Sm(y; (£7))] and Sm(drqa(1)) > 0

If 2 >0, Sm(y; (t97)) < 0 (property EZ3), so that ; (t°7) lies on the branch cut

{qG(C]éRe(q)zoand %m(q)<—v1 }

Therefore we need the path ga(t) to bypass the branch cut and we define

dv; (t (T - (T
N (2] Y R U S

(i +v;2<t>)% (o)’

If 2 < 0, we need the path ¢1(¢) to bypass the branch cut and we define

Im (dvzit(t)> =Qm | —y v (¢ +h v () +iz | >0.

RR n°® 6509
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2.2 Main result

Theorem 2.1. The pressure and the displacement in the top medium are given by
¢ ¢
P @nt) = Pl 4T ont) and wt) = [ vE ) dre [ o o) dr
the displacement in the bottom medium is given by

t
u; = / v (2, y,T)dr withv™ =vp, +vp, + g,
0

where
° p;rnc(ﬂfvyvt) and V;lc(x,y,t) correspond to the incident wave and satisfy :
f gt = ift> 10
pinc 797 - 27.[. t2 2 9 ch,
T y+2 )
p;rnc(x’ y,t) =0, else.
tx
Vincﬁ(x’y’t) - 2’ ift > tznca
2rptry /12 — T
’/inc,z(%yat) =0, else.
and
tly —h) .
VinC,y($7 y7t) = — th > t(Z):l_C’
2rptry /t2 — e
Vz'nc,y(337 y,t) =0, else

with r = \/x? + (y — h)?%.

p;[ef(:z,y,t) and V;:ef(x’y’t) correspond to the reflected wave and satisfy :

Cx + (2t + +
ot (ayt) = - (T (v (t)R(v (t)))’ it <t <19 and & > 4
ref /[ r2 2 re r Vmax
T V+2 - t
Re (k* (v ()R (1)) ,
+ . 0+
Preflt:y:t) = — : P>t
s V+2 - t
p—;ef($7y7t) = 0) 6186,
Cx syt + () + +
(g ) = > (v ()" (v7(¢))R(v (t)))7 it <t <19 and & > 4
ref ﬂ-p+ 7”22 _ t2 ’I’Cf r Vmax
V+
2 A +(~t +
gty = RGO ORGTO)
7”€f,m - + r2 _ t2 ref
p V+2
ref (z,y,t) =0, else

INRIA
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and
( S +2( +( +
Sm (kT (0T (t))R(vT(¢)) v+

vt (zy,t) = — ( ), ifth+<t§t0+ and > ,

Tef,y ot /t2 _r2 ’I’Cf r Vmax

p V+2
Re (2 (7 (RO (1) .

v (z,y,t) = , ift >0t

refy ot /t2 2 ref’

p V+2

V;:ef,y(x’y’t) =0, else

with 1 = \/2% + (y + h)? and Viax = max(Vpy, Vps, V).

o U;f(:v,y,t) corresponds to the the transmitted Pf wave and satisfies:

;

and ‘%m (U;f(t(l);f))‘ > VL’

max

_ o he 0—
_ P L 3 dvp thpf<t§tpf
Vppa(y,t) = — e <wpf(t)fpf(vpf(t))7f(t)> ,

; Piige (s _ m&r o
V(@ -1 = %%e (wpf(t)TPf(VPf(t))d—?(t)> . ift >t

V;f@(a:,y,t) =0, else
and
_ o h— 0—
- Py - - dUPf zftPf<t§tPf
1) =ty )T ) —L (¢
ypﬁy(a?,y, ) - e </€pf(vpf( ) Pf(UPf( ) dt (1) and ‘%m (v;f(t?;f))‘ > %,

_ P o B dvp , _
Vpry (2,4, 1) = %3‘36 (ﬁpf(vpf(t))Tpf(vpf(t))%(t)> , ift> t%f,

ulgﬁy(ax,y,t) =0, else
with Vinax = max(Vpg, Vg).

o vy (x,y,t) corresponds to the transmitted Ps wave and satisfies:

([ _ Pio - o wdup, if tﬁ? <t<tp,

Vps.o(T,Y,1) = 7?]?6 <1'UPs(t)TPs(’UPs(t))7(t)> " and ‘%m (U];s(t??_s))‘ > T

; Pi2ge (i NI e
VPs@(x,y,t) - %éRe <17P3(t)TP8(7Ps(t)) df (t)> ) 'Lft > t(I)Ds’

1/1357x(a:,y,t) =0, else

RR n°® 6509
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and
0—
B Pro B o dvp > ifth- <t <10
) = 2R N Tps (v (£)) —L5 (¢ - 1
g0 01) = TR (s O T )G 0)) N
_ P _ _ dvp,
Ve yl@.0:8) = 2R (s, (0 ) Ton O ) IE20) )it > o
1/1357y(x,y,t) =0, else

with Vinax = max(Vpy, Vs).

o vg(x,y,t) corresponds to the transmitted S wave and satisfies:

] Lo (v il <<l
alt) = 2R (s EEOTEE OG0 ) S S 1
_ i 1§R _, _ T _ d’}/g . 0—
Vs,z(%y’t) T e | rg(vs () Zs(vg (t))ﬁ(t) s it >ty
Vs_’x(:r,y,t) =0, else
and
( .o h— 0—
- o o dvg if e <t <t
et = 2R (OB ) GEw) "L .
vg (z, )———éR 2 (1) Ts (0 (1) 5 1 ft> %
e e (is TsCs )5 (0), ire >l
v, (z,y,t) =0, else

with Vinax = max(Vpy, Vps).

Remark 2.4. For the practical computations, we won’t have to explicitely compute the prim-
itive of the functions v, which would be rather tedious, since

(/Oty(f)d7> = v </0tf(7-)dr>.

Therefore, we’ll only have to compute the primitive of the source function f.

2.3 Proof of the theorem

Let us first apply a Laplace transform in time

+o0o
u(z,y,s) = / u(z,y,t) e st dt,
0

and a Fourier transform in the x variable

“+oo .
ks, y,s) = / i(z,y,s)e™" da.

— o0

INRIA
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to (I2) we obtain

= ; y >0,

52 4 0%t b(y—h)
T T

2 28—
5 o\ s 007
(F‘ka) ¢ — o =0, i€ {Pf,Ps, S} y <0,

7

Where B is the Laplace-Fourier transform of the operator B.

From the two first equations of ([[H), we deduce that the solution (P, (®; );cips.ps,s}) i

such that N N N
P = Pipe +pref’

1 +( ko +(ka
Ao~ —sly—hls (Bz) o+ _ —syrt (k)
leC 8/{’_ (k_z)e ,pref R(kx,S)e ) (16)

S

k

b7 = Ty(ky,s)e > ()i e {Pf,Ps, S},

for y = 0, or, from( [[H):

. . —sthr(kTI
B(R(kxa8)7TPf(kCC78)7TP8(kI78)7TS(kx7S)) =-B <67k707070> .

After some calculations that we don’t detail here, we obtain that (R(ky, s), Tp¢(kz,s), Tps(kz,s), Ts(kz, 5))
is solution of

- - - kz\
R(ky, 5) (%)
ot
A <kx> S2Tpf(kz73) e_ShK+(sz) 1 (17)
s T T ot (k242 :
$ S2Tp3(k)x, S) 28’{4_ (?) V+ O
i 52Ts(ky, s) | ] 1 |

From the definition of the reflection and transmission coefficient given at § Il we deduce
that

Rkss) ] [ R(%)
82Tpf(k2x,s) 1 Tpf k?z)

S P .
Sszs(km,S) 5 Tps (k?z)
k

s?Ts(kz,s) | Ts (2=

RR n°® 6509
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Finally:
At At +
p _pinc+pref’
1 +( kz 1 k +(kx
At ot —sly=hlst(E2) o+ "R <_x> —s(y+h)rt(5z)
p: = e s /P - € 57
inc g+ (k?z) ref g s (19)
by = L () emslom (B)-met (52))
q)Z:S_glz; ? € Yk s s ) ZE{PfaPSaS}v
\
and o .
u :ulnc+uref’
: ()
- _ s kg -+ o . s ) At
inc,z p+s2 inc’ uinc,y_SIgn(h y) pts Pines
: ()
At Tt At s ) ot
uref,:c - 1p+32pref’ uref,y_ pts Pyt (20)

N 5 . s _(k _
Uy = lkxpuq)pf + lkxplgq)Ps + SKkg <f> (I)S

~n— — kz x — — k:c z . —
Ugy = SKp; <?> Pllq)pf + SKpg <?> Pqu)Ps — lkxq)g
The rest of the proof is a direct application of the Cagniard-de Hoop method (see [4l, 6, 14, [T3,
11, 7, M]) and we only detail the computation of i_, p. =ik, P12 @, since the other ones are

very similar. We define Viyax = max(Vpy, Vs), since. Vps < Vpy it is clear that Vp, < Vipax.
We apply an inverse Fourier transform in the x variable to 4 and we set k, = ¢s to obtain

sx,Ps

[1]

+o0 +o0
gy ps = / P p (e s (v @it —@)tiar) g — P12 / (q)dg.  (21a)

sz,Ps oo 28T 28T J_oo

We now have to define a path in the complex plane, so that (—yli}s(q) + het(q) + iq:v) =
t € R, this can be easily done thanks to the function v5,(t). Therefore we define

Iy = {70 |5, <t < R} and Ty, = {350 6, <t < R}

We represent the path I'p = I‘E U Ty in Figs. B and B for x < 0 (for x > 0 the path
would be similar but in the half plane Sm(q) < 0.). We denote by Dp the real segment
[—1vps (R)]; |vp S+(R) ].  Asshown in the two figures, we have to consider two possibilities:

1
o if [vp,(t%,)] > 7 (FigHl), then I'p does not intersect the branch cuts of the functions
max

k; or kT and we close the path by the two arcs of circle Cr and CE represented on
Figll By Cauchy’s theorem :

/L)RE(Q)dQ+/(;+E(Q)dQ+/p

R

E(g) dq+/ E(q) dg = 0.

R Cr

Moreover, by using Jordan’s lemma, we have:

li = —
dim ot (q)dq =0,

INRIA
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1ps (R)] Dn Ve ((R)| Re(q)

Figure 4: Integration path if [y, (t%)] < 1/Vinax-

Figure 5: Integration path if [v5,(t%.)] > 1/Vinax.

RR n°® 6509
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then
+00
/ E(q)dg = —/ E(q)dg = —/ =(q)dg - / Z(q) dg-
- It 1—¢oo J_roo
Let us now use the change of variable ¢ = —y5,(t) on I'; , and ¢ = yp,(t) on T'T__:

+00 0 o & s
/_ =(q) dg = /O&iygs(t)’]’ps(ygs(t))d’y;it(t)e_“dt— /toﬁw;s(t)Tps(—vﬁs(t))d’y;t(t)

tPs

From the property EZTl we deduce Tps(vp,(t)) = Tps(7p,(t)) and

— —dp(t) . PNGTA Q)
ps () Trs(—1py () == = =19, (0 Tps(vp, () =2
Then
o P L _ dg (t s
Uy, ps(T,y,8) = /to_ —8;2%6 <1’yps(t)’]'p5(’yps(t)) ’ydt()>e tdt
Ps

o] t
= / [/ I/;x(ib,y,T)dT] e Stdt.
9~ LJo

Ps

We conclude by using the injectivity of the Laplace transform that

t
Us_x,ps(%y,t) = /0 V(2 y,7)dr, for t > t?;s

1
if |vp S(t(}{gﬂ < v (FigHl), then I' g intersects the branch cuts of (at least) one function

max

(K; )ie{rp,s and we have to bypass it thanks to the paths
1
Tr="THUY, with T3 = {U;S(t) + [th. <t < t(};s}

(see Fighl) and we close the path by the three arcs of circle C, CE and cg represented
on Fighl By Cauchy’s theorem :

/ Z(q) dq+/ E(Q)dq+/ E(q) dq+/ E(Q)dQ+/ E(Q)dQ+/ E(q)dg = 0.
DR Cg FR TR E CR

Using once again Jordan’s Lemma, we prove that the integrals over Cp, C’E and cp
vanish when R tends to infinity and that

/_:O =(a)dg = - /_m E(q) dg — /uoo =(q) dg.

The calculation of the integral over I' | is done as in the first case and we only focus
on the calculation over T o:

/YJm E(q) dq = /_ E(q)dq+/q(+oo =(q) dq

+oo +

INRIA
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Let us now use the change of variable ¢ = v (t) — 1/R on Y} and ¢ = vp (t) + 1/R
on TE:

/TR E(q)dq = /tt(l)’si <U;s(t) - %) Tp, (Uﬁs(t) _ %) dvléii(t)e_ﬂdt

Ps

the 1 1\ dvp, ()
- i vp,(t)+ = ) Tps (u—s t +—> — L2 emstqy,
L7 (vt + ) o (v + 5 ) 22

Ps

Because of the branch cut, it is clear that

limTpu(vp,(0) + 1/R) # Jim_Tiy(vp,(t) = 1/R),

R—+00

however, from the property 20l we deduce Tps(vp (t) — 1/R) = Tps(vp,(t) + 1/R) and
following the definition of the square root of a negative number given at sec. 211, we’ll
make the notation abuse

lim Tps(vp,(t) + 1/R) = Tps(vp, (1))

R—+o00
to obtain
t, dvp (t
/ E(q) dq - / 2,UI_DS(IS)%TH (TPS(UI_DS(t))) %()G_Stdty
Ttoo th t

ps(®)

. — dv . .
or, since vp (t) and —L=== are purely imaginary:

%

/T n E(q)dg = — /t 2 <i UI_Ds(t)TPs(U;S(t))deli(t)> e=stdt,

Ps

Finally we have

19 _
S d t
ﬂ’s_x,Ps(xvyv S) = /tlj %%6 <1 U;S(t)']'ps(v;s(t))m> e Stdt
Ps

" / T <i v;s<t>7ps<v;5<t>>dﬁs<t>) g

ST
Ps

o) t
= / [/ Vlgsm(:r,y,r)dr} e Stdt
tho LJo ’

P

and we conclude by using the injectivity of the Laplace transform that

t
us_:n,Ps(x7y7t) = /0 V;s,x(xvva)dTa for t > t};a;
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3 Comparison with a numerical solution

In order to validate our analytical solution, we have compared it to a numerical one obtained
by C. Morency and J. Tromp [I2]. We consider an acoustic layer with a density pt =
1020 kg/m? and a celerity V* = 1500 m/s on top of a poroelastic layer whose characteristic
coeflicients are:

e the solid density p; = 2500 kg/m?;
e the fluid density p; = 1020 kg/m3;

the porosity ¢~ = 0.4;

the tortuosity a= = 2;
the solid bulk modulus K = 16.0554 GPa;

the fluid bulk modulus Kf_ = 2.295 GPa;

the frame bulk modulus K, = 10 GPa;
e the frame shear modulus = = 9.63342 GPa;

so that the celerity of the waves in the poroelastic medium are:

e for the fast P wave, Vpy = 3677 m/s
e for the slow P wave, Vps = 1060 m/s
e for the 1) wave, Vg = 2378 m/s.

The source is located in the acoustic layer, at 500 m from the interface. It is a point source
in space and a fifth derivative of a Gaussian of dominant frequency fo = 15 Hz:

3 5 20 1 2
f(t):4.10107}—§ [9 <t—%> 47;_; <t—%> _47}_; <t_%> ]e—g(t %)

We compute the solution at two receivers, the first one is in the acoustic layer, at 533 m from
the interface; the first one is in the poroelastic layer, at 533 m from the interface; both are
located on a vertical line at 400 m from the source (see Fig. ). We represent the y component
of the displacement from ¢t = 0 tot = 1 s. on Figlll The left picture represents the solution at
receiver 1 while the right picture represents the solution at receiver 2. On both pictures the
blue solid curve is the analytical solution and the red dashed curve is the numerical solution.

Both pictures show a good agreement between the two solutions.

4 Conclusion

In this paper we have provided the complete solution (reflected and transmitted wave) of the
propagation of wave in a stratified 2D medium composed of an acoustic and a poroelastic
layer and we have validated the solution through comparison with a numerical solution. In a
forthcoming paper we will use this solution as a basis to derive the solution in a three dimen-
sional medium. We will also extend the method to the propagation of waves in heterogeneous
poroelastic medium in two and three dimensions (the two-dimensional case has already been
implemented in the code Gar6more 2d).

INRIA
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Receiver 1
Source 1
400
OF m 533 m
500 m
O 533 m
[ ]
Receiver 2

Figure 6: Configuration of the experiment

x10° x 10

—— Cagniard de Hoop —— Cagniard de Hoop
41 - = =Numerical 1 2.5¢ - = = Numerical

0 0.2 0.4 0.6 0.8 1 ~o 0.2 0.4 0.6 038 1
t t

Figure 7: The y component of the displacement at receiver 1 (left picture) and 2 (right
picture). The blue solid curve is the analytical solution computed by the Cagniard-de Hoop
method, the red dashed curve is the numerical solution.
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