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behavior of different kinds of boundary conditions. Note that
absorbing conditions could of course have been used instead
of the periodic conditions on the vertical edges, as in the previ-
ous test. All model parameters remain the same as before. The
source is located at xs = 2908.33 m at a depth of zs = 1700 m be-
low the surface of the sea. The line of receivers is composed of
50 receivers going from xr1 = 3200 m to xr50 = 5400 m at a depth
of zr = 1500 m. The horizontal mesh follows the shape of the
sea floor in order to be able to impose the matching condition
between domains at the sinusoidal interface. The length of the
records is 2.1 s and the time step is �t = 0.7 ms; therefore
the total number of time steps is 3000. The time step is chosen
to be relatively small because of the fact that GLL points are
clustered towards the edges of each spectral element, thereby
creating small grid cells that reduce the value of the Courant
stability condition of the explicit Newmark scheme. All other
parameters remain the same as in the flat model simulation.

Snapshots of the velocity vector shown in Figure 6 illustrate
the complexity of the wave field, in particular the presence

FIG. 5. Horizontal (top) and vertical (bottom) components of
velocity recorded by a receiver located in the elastic medium,
when an explosive source is placed in the same medium. The re-
ceiver records the direct P-wave (a) and a superposition of the
reflected P-wave and P-to-S converted waves (b). The dashed
line, which is almost superimposed on the solid line, is the an-
alytical solution, the dotted line is the difference between the
two curves amplified by a factor of 5. These residuals are very
small, which demonstrates the accuracy of the modeling tech-
nique, in particular for the S-wave converted and reflected at
the interface.

of curved reflected and transmitted waves, triplications, and
interface waves. Seismograms of the two components of veloc-
ity recorded at the line of receivers are shown in Figure 7. The
main phases that can be distinguished are (a) the direct P-wave,
(b) the strongly curved reflected P-wave on the first anticline
on the right, (c) the P-wave reflected off the first anticline on
the left [symmetric of phase (b)], (d) the P-wave reflected off
the central syncline, which undergoes a time delay and there-
fore a triplication, (e) various transmitted P-waves, (f) various
transmitted P-to-S converted waves, (g) the P-wave reflected
at the surface of the sea, and (h) a slow phase traveling along

FIG. 6. Snapshots of the velocity vector at times t = 0.875 s (top)
and t = 1.575 s (bottom) for a sea bottom with strong sinusoidal
topography. The cross indicates the position of the source, and
the dashed line between the diamonds is the line of receivers.
Strongly curved reflected waves (b, c), triplications due to the
topography of the sea floor (d), transmitted P-waves (e), and
transmitted S-waves (f) can be observed. The direct P-wave
(a) undergoes total reflection at the surface of the sea (g). The
slow event traveling along the sea floor on the second snapshot
(h) is interpreted to be a Stoneley wave. This slow event can
be observed mainly on the second snapshot. On both vertical
sides of the mesh, waves coming back from the other side of the
mesh, due to the periodic conditions used in this simulation,
can be observed.
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FIG. 7. Seismograms of the horizontal (top) and vertical (bot-
tom) components of velocity recorded at the line of receivers
shown in Figure 6 for the case of a sea floor with strong sinu-
soidal topography. In addition to the strong direct P-wave (a),
the curved reflected phases (b) and (c) and the triplication (d)
can be clearly observed.

the interface, which is interpreted to be a Stoneley wave (Biot,
1952).

CONCLUSIONS

We have shown that the use of a velocity potential in homo-
geneous acoustic regions allows us to use the spectral element
method for modeling wave propagation near a fluid-solid in-
terface. Correct matching conditions between the fluid and the
solid regions are enforced based upon a weak formulation of
the interface equations. The discrete system obtained is solved
in the context of an explicit prediction-multicorrection time
scheme. With this choice of parameterization, the mass ma-
trix is diagonal, unlike when pressure is used as the unknown
whithin the fluid, and unlike when the variant of the spectral-
element method based on a Chebyshev formulation is used. In
the case of a model with a flat interface, the agreement between
the spectral element solution and the analytical solution is ex-
cellent. The method is also able to take into account models
with strong topography at the fluid-solid interface. In that case,
the wavefield is complex and includes numerous triplications
and interface waves. Future work will focus on inhomogeneous
fluids for which a scalar velocity potential cannot be defined.

ACKNOWLEDGMENTS

The authors thank Emmanuel Chaljub, Jean-Pierre Vilotte,
Anthony T. Patera, and Fabio Maggio for fruitful discussions.
The comments of Johan Robertsson and of two anonymous
reviewers helped improve the manuscript. The authors also
gratefully acknowledge the support provided by DIA Consul-
tants, and discussions with Terumitsu Tsuchiya. Partial support
was also provided by UMR 7580 of the CNRS, by NSF and
NEHRP, and by the David and Lucile Packard Foundation.

REFERENCES

Bermudez, A., Hervella-Nieto, L., and Rodriguez, R., 1999, Finite el-
ement computation of three-dimensional elastoacoustic vibrations:
J. Sound Vibr., 219, 279–306.

Biot, M. A., 1952, The interaction of Rayleigh and Stoneley waves in
the ocean bottom: Bull. Seis. Soc. Am., 42, 81–93.

Canuto, C., Hussaini, M. Y., Quarteroni, A., and Zang, T. A., 1988,
Spectral methods in fluid dynamics: Springer-Verlag.

Casadei, F., and Gabellini, E., 1997, Implementation of a 3D coupled
Spectral Element solver for wave propagation and soil-structure in-
teraction simulations: European Commission Joint Research Center
Report EUR17730EN.

Clayton, R., and Engquist, B., 1977, Absorbing boundary conditions
for acoustic and elastic wave equations: Bull. Seis. Soc. Am., 67,
1529–1540.

Craggs, A., 1971, The transient response of a coupled plate-acoustic
system using plate and acoustic finite elements: J. Sound Vib., 15,
509–528.

Faccioli, E., Maggio, F., Paolucci, R., and Quarteroni, A., 1997, 2D and
3D elastic wave propagation by a pseudo-spectral domain decom-
position method: J. Seismology, 1, 237–251.

Hamdi, M. A., Ousset, Y., and Verchery, G., 1978, A displacement
method for the analysis of vibrations of coupled fluid-structure sys-
tems: Internat. J. Numer. Meth. Eng., 13, 139–150.

Hughes, T. J. R., 1987, The finite element method, linear static and
dynamic finite element analysis: Prentice-Hall International.

Kiefling, L., and Feng, G. C., 1976, Fluid-structure finite element vibra-
tional analysis: AIAA J., 14, 199–203.
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APPENDIX A

DISCRETE WEAK FORMULATION

In this appendix, we present expressions for the terms ap-
pearing in the discrete weak formulation (17) of the fluid-solid
coupled system of equations (10)–(11), after having multiplied
equation (11) by the density of the fluid ρ0. The volume terms
in the solid and in the fluid are
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∑

es

N∑
i=0

ωi

N∑
j=0

ρi j
e wi j

e,N · üi j
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The coupling terms between the fluid and the solid regions,
which involve 1-D integration along the interface �i , φ being
known from the acoustic side and u̇ being known from the
elastic side, are
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and the absorbing terms, which involve 1-D integration along
the absorbing edges �s

abs and �
f

abs in the fluid and solid regions
are
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We have used the abbreviated notation ρ i j
e = ρe(ξi , η j ), wi j

e,N =
we,N (ξi , η j ), and so on in the above expressions. The sums

∑
es,∑

ef,
∑

eis,
∑

eif,
∑

eas, and
∑

eaf correspond to sums over the
elements in the elastic medium, fluid medium, along the cou-
pling interface on the solid side, coupling interface on the fluid
side, absorbing boundary in the solid, and absorbing bound-
ary in the fluid, respectively. The 1-D Jacobian (i.e., the length
element along the interface) is denoted by J 1D

e . These expres-
sions are used in equation (17) to build the global linear system
(18). The reader is referred to Komatitsch and Vilotte (1998)
and Komatitsch et al. (2000) for further details regarding the
spectral element formulation.




