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Applications of Inverse Scattering Methods

to Flaw Reconstruction in Elastic Material
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For the engineering judgment based on the quantitative non-destructive evaluation (NDE), it is

of primary importance
reliable method using
imaging. In this thesis,

to determine the geometrical features of flaws in the infrastructure. The
the low frequency ultrasonic wave needs to be developed for the flaw
the linearized inverse scattering methods based on the Born and Kirchhoff

approximations are investigated to reconstruct the size, shape and orientation of flaws from the
scattered ultrasonic waveforms in the relatively low frequency range. The abilities of the Born and
Kirchhoff inversions are simulated first by numerically calculated scattering amplitudes with the
boundary element method (BEM), then confirmed by experimentally measured waveforms. For
applications to the actual field of NDE, the following points are discussed:

(1) Fast inversion

(2) Flaw type classification

(8) Multi-point measurements

This thesis is composed of 7 chapters. The schematic flow-chart of this thesis is shown in Fig.1.
Each chapter is summarized as follows.
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Fig.1: Outline of this thesis
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1. Introduction

When the ultrasonic testing is applied to the infrastructures such as concrete structures, the
ultrasonic waves in high frequency range are attenuated. Since the primary advantage of the
ultrasonic wave is the ability to penetrate into the deep part in solid, the quantitative method
using the low frequency ultrasonic waves needs to be developed for the flaw imaging in
infrastructures. As imaging techniques for flaws in an elastic material, the linearized inverse
scattering methods are investigated in this thesis. The historical background of the linearized
inverse methods 1s shown in this chapter. .

2. Linearized Inverse Scattering Methods

The unified two (2-D) and three dimensional (3-D) elastodynamic inversions are formulated in
this chapter. These methods are based on the Born and Kirchhoff approximations for unknown
displacements in the integral representation of the scattering amplitude. Born inversion
reconstructs the characteristic function I’ which represents the inside-of flaws, and Kirchhoff
inversion reconstructs the singular function y which has the value only on the boundary of flaws.
From the formulations of two inversions, it is found that the only difference of the Born and
Kirchhoff inversions is a factor {ik,}, where k, is the wave number of type o = L or T (L:
longitudinal, T: transverse). The factor {ik,} can be interpreted to be the difference of filters in
Born and Kirchhoff inversions. The combined use of Born and Kirchhoff inversions leads to the
clasgification of flaw type between crack like flaw and volumetric flaw.

Born and Kirchhoff inversions are expressed for two types of transducer configurations, one is
the ultrasonic pulse-echo mode and the other is the pitch-catch mode. The pulse-echo mode can be
carried out with the fast inversion technique. The pitch-catch mode is applied to the multi-point
measurements for the sake of the highly accurate inversion. The usefulness of the fast inversion
and the accurate inversion with the multi-point measurements is discussed in the numerical
simulations in Chapter 3 and the experimental measurements in Chapter 4.

3. Inversions by Numerical Analysis

The shape reconstructions of flaws are demonstrated by the numerically calculated scattering
amplitudes with the BEM. Here, 2-D flaw models are tested by the ultrasonic pulse-echo and
pitch-catch modes. It is verified that the Born inversion can reconstruct the inside of flaws and the
Kirchhoff inversion can the boundary of flaws. The Born inversion can be applicable not only for
the weak scatterer but also for the strong scatterer like a cavity. Since the Kirchhoff approximation
is based on the reflection at the flaw surface, the combination of the Kirchhoff inversion and the
pitch-catch mode provides the effective tool for the shape reconstruction. From the numerical
results, it is also found that the shape of flaw can be reconstructed when the incident beam with
the sufficiently wide radius stimulates the flaw.

The fast inversion, flaw type classification, multi-point measurements are simulated, and the
versatilities of the techniques are confirmed in this chapter.

4. Inversions by Ultrasonic Measurement

The shape reconstruction of flaws is verified with the experimentally measured waveforms by
the L-L pulse-echo and the L-L pitch-catch modes. Aluminum specimens including the 2-D
artificial flaws are prepared and the scattered waveforms from the flaws are measured. To extract
the scattering amplitude data from the scattered waveforms, a data processing based on the linear
time-shift invariant system is proposed by means of the reference wave from a hole.

When the incident wave is transmitted from one side of the specimen, the illuminated side of
flaw can be reconstructed. And it is shown that the scattered wave components in the low
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frequency range are essential for the shape reconstruction of flaws in the present methods.

5. Shape Reconstructions of 3-D Flaws

The 3-D linearized inverse scattering methods are investigated for the shape reconstructions of
flaws in the 3-D elastic body. The performance of the 3-D linearized inverse scattering method is
examined first by the numerically calculated backscattering amplitude. Then a 3-D flaw model in
an aluminum specimen is reconstructed with the measured backscattered waveforms.

For the practical use of 3-D inversion, the 3-D inversion formulas are modified in order to
reconstruct the cross-sectional view of flaws from the backscattered waveforms obtained at a
measurement section. The cross-sectional views of the reconstructed image show that the inversion
with the wide incident beam gives the representative flaw size and the narrow beam gives the
cross-sectional image of the flaw.

6. Macroscopic Flaw Reconstruction in Inhomogeneous Material

A shape reconstruction method of the macroscopic flaw in an inhomogeneous material is
proposed by taking into account of the order of scales for the flaw, inhomogeneities of the material,
and the wavelength of the elastic wave. The frequency dependency of the phase velocity due to the
inhomogeneity of the material is introduced into the inversion algorithm. The frequency
dependency of the phase velocity is estimated by the Kramers-Kronig relation with the numerical
analysis. The effect of the volume fraction of the inhomogeneities on the shape reconstruction is
discussed with the two specimens, one is 5% and the other is 10% volume fractions. In this
inhomogeneous model, the image resolution of the flaw reconstruction for the specimen with 5%
volume fraction is superior to the flaw with 10% volume fraction.

7. Conclusions

The summary of each chapter and conclusions are described in this chapter. The following three
points were investigated for application of the linearized inverse scattering method throughout in
this thesis. These were examined by the numerical analysis and the usefulness is verified by the
experimental measurement.

(1) Fast inversion
The principal operation of the linearized inverse scattering method is the integration of
scattering amplitudes in the K-space, where K-space consists of the wave number and the
observation angle. Here the FFT is introduced into the integration of the inversion algorithm.
The computational time of the inversion is dramatically improved without loss of the image
resolution (see Fig.2).

Rough estimation of calculation(multiplications) Calculation time

measurement direction(d6): 36
wave number (dk;): 100

(Gauss-Legendre | Gauss-Legendre rule: 4point X 4point 35.937sec
quadrature) output interval(Ax,): 40 X 40

36 X 100 % 42 X 40%=9.216 X 107(times)
Fast technique Ni=N,=128

Numrical integration

(2D-FFT) (N;N2/2)loga(NN;)=1.147 X 10%(times) 0.049sec
Fast technique L147x10° 1 0049 1
Numrical integration 9.216 % 107 803.5 35937 7335

(CPU:Compaq Alpha 21264 667MHz(Dual), RAM:512MB)

Fig.2: Performance of the fast inversion technique.
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(2) Flaw type classification

The Born inversion is sensitive to the
volumetric flaw but not to the crack-like
flaw. On the other hand, the Kirchhoff
inversion reacts to both boundaries of
volumetric and crack-like flaws (see
Fig.3). From these results, the combined
use of Born and Kirchhoff inversions is
proposed to discriminate the crack from
the volumetric flaw. It is confirmed that
the procedure of this flaw classification
works effectively for experimentally
measured waveforms.

(3) Multi-point measurements

The multi-point measurements are
introduced into the inversion for the
pitch-catch mode. The multi-point
measurements are achieved by
switching the transmitting points,
and the geometrical functions
obtained for each transmitting point
are superposed to perform the shape
reconstruction. Even if the dynamic
interaction effects of flaws are
included in the measured waveforms,
it is possible to reconstruct the flaw
shape with the high accuracy (see
Fig.4).

anme i

T INTE I T O

[TT R ] IS TS T T B T S (YR

= mnn
Born inversion Kirchhoff im ersion

cavity o

transducer y

© Terack
aliminum

specimen .

-~ N

X
AO=10"

R

measurement area

Fig.3: Shape reconstruction of a cavity and an artificial crack
by measured waveforms in the frequency range
0.1~1.8MHz (L-L pulse-echo mode).
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Fig.4: Shape reconstruction of a cavity and an artificial erack
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