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ABSTRACT

Non-invasive identification of penetrable solid defects using elastic waves is a topic of considerable
interest in mechanics with applications to nondestructive material testing, medical diagnosis, hydrocar-
bon exploration, and underground object detection. In the context of seismic surveys, comprehensive
three-dimensional mapping of subterranean structures is typically associated with the interpretation of
a large number (often thousands) of motion measurements using elastodynamic or acoustic models that
are inherently based on domain discretization (e.g. Plessix et al., 1999). In contrast, this investigation is
concerned with problems where detailed 3D mapping of buried objects is required and only a few sur-
face measurements can be made. In such instances the boundary integral equation (BIE) formulations,
which provide a direct mathematical link between the observed waveforms and geometric/material
characteristics of a hidden object, can be used to effectively compensate for the limited field data (see
Colton and Kress, 1983, for acoustic problems).

The focus of this study is the development of an analytical and computational framework for the iden-
tification of penetrable solid defects using an elastodynamic BIE approach. The defects are assumed
to be homogeneous and bonded to the matrix; for the purpose of elastic-wave identification, they are
characterized by their boundary (i.e. the surface that separates them from the matrix), elastic tensor,
and mass density. Following a classical approach, the inverse problem is reduced to the minimization
of a cost functional quantifying the misfit between experimental observations (the values of surface
displacement at sensor locations) and their simulations for an assumed defect configuration. The pre-
dictive model used in this study is based on a coupled system of regularized boundary integral equations
(Bonnet, 1999; Pak and Guzina, 1999). For efficiency of the gradient search technique employed by the
inverse solution, sensitivities of the cost function with respect to defect parameters are evaluated via an
adjoint problem approach which, besides the matter of elegance, offers a superior computational perfor-
mance relative to finite-difference sensitivity estimates. This is accomplished by generalizing upon the
shape sensitivity approach (Guzina et al., 2003; Bonnet, 1995) for impenetrable defects, and introduc-
ing an adjoint-field-based material sensitivity formula. As the latter is expressed in terms of a domain
integral (over the volume of a trial inclusion) and hence is not well suited for applications within a BIE



framework, a direct differentiation approach based on the material-parameter derivative of the governing
integral equation is also developed for the computation of material sensitivities. A similar BIE-based
treatment of the shape and material sensitivities has been recently proposed by Zacharopoulos et al.
(2006) for optical tomography, featuring the scalar Helmholtz equation with a complex wavenumber.

For identification purposes, the shape and material sensitivity formulas developed in this study are cou-
pled with a nonlinear optimization algorithm towards the solution of the 3D inverse scattering problem.
The numerical results, which employ a direct boundary element method, BFGS quasi-Newton mini-
mization, and the augmented Lagrangian cost functional (as a means to deal with physical inequality
constraints), demonstrate the feasibility of identifying the geometry and material characteristics of de-
fects hidden in a semi-infinite solid from a limited number of waveform measurements taken on the
material surface. In future applications, the proposed approach may be used as a tool to refine prelim-
inary imaging results obtained using non-iterative and computationally fast sampling methods for the
qualitative identification of penetrable defects (Guzina and Chikichev, 2007; Guzina and Bonnet, 2006;
Guzina and Madyarov, 2007).

References
Bonnet, M., 1995. BIE and material differentiation applied to the formulation of obstacle inverse problems.

Engng. Anal. with Bound. Elem., 15:121–136.

Bonnet, M., 1999. Boundary Integral Equations Methods for Solids and Fluids. John Wiley and Sons.

Colton, D., Kress, R., 1983. Integral Equation Method in Scattering Theory. John Wiley and sons.

Guzina, B. B., Bonnet, M., 2006. Small-inclusion asymptotic of misfit functionals for inverse problems in acous-
tics. Inverse Problems, 22:1761–1785.

Guzina, B. B., Chikichev, I., 2007. From imaging to material identification: a generalized concept of topological
sensitivity. J. Mech. Phys. Solids, 55:245–279.

Guzina, B. B., Madyarov, A., 2007. A linear sampling approach to inverse elastic scattering in piecewise-
homogeneous domains. Inverse Problems, 23:1467–1493.

Guzina, B. B., Nintcheu Fata, S., Bonnet, M., 2003. On the stress-wave imaging of cavities in a semi-infinite
solid. Int. J. Solids Struct., 40:1505–1523.

Pak, R. Y. S., Guzina, B. B., 1999. Seismic soil-structure interaction analysis by direct boundary element methods.
Int. J. Solids Struct., 36:4743–4766.

Plessix, R. E., De Roeck, Y. H., Chavent, G., 1999. Waveform inversion of reflection seismic data for kinematic
parameters by local optimization. SIAM J. Sci. Comput., 20:1033–1052.

Zacharopoulos, A. D., Arridge, S. R., Dorn, O., Kolehmainen, V., Sikora, J., 2006. Three dimensional recon-
struction of shape and piecewise constant region values for Optical Tomography using spherical harmonic
parameterisation and a Boundary Element Method. Inverse Problems, 22:1509–1532.


