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Electromagnetic and elastic wave
scattering and inverse scattering
applied to concrete
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Electromagnetic and elastodynamic scattering and inverse scattering techniques are
combined to provide a better understanding of wave propagation and obstacle
imaging in concrete. In particular we propose an electromagnetic inversion
algorithm for ground probing radar data to include information about the dipole
moment of the antenna; a new elastodynamic inversion scheme is even capable of
processing the complete pressure and shear wave information as contained in the
components of the displacement vector simultaneously, where we compute the
necessary synthetic data with the numerical EFIT code (Elastodynamic Finite
Integration Technique) as extended to statistically inhomogeneous media in order to
validate the inversion algorithm. © 1997 Published by Elsevier Science Ltd.
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Nondestructive testing in civil engineering (NDT-CE)
comprises the application of electromagnetic
wave (microwave) and elastic wave (ultrasound)
scattering and inverse scatteringl. A comparison
between several pulse-echo methods for concrete can be
found in Reference 2. This paper concentrates on three
items:

1. Application of the electromagnetic vector imaging
algorithm HD-POFFIS to locate metal ducts in
reinforced concrete (HD-POFFIS: Hertzian Dipole
Physical Optics Far-Field Inverse Scattering),

2. Numerical modelling of elastic wave propagation and
scattering in concrete with the EFIT code (EFIT:
Elastodynamic Finite Integration Technique) to get a
better understanding of the wave phenomena in
concrete,

3. Application of the elastodynamic vector imaging
scheme EL-FT-SAFT (EL-FT-SAFT: Elastody-
namic Fourier Transform Synthetic Aperture Focus-
ing Technique) in order to get information about the
geometrical dimensions of a concrete structure like
the thickness, or to detect voids or delaminations in a
metal duct.

Figure 1 shows a typical reinforced concrete sample with
a metal duct (diameter D =10cm) and a mesh
reinforcement (mesh size 18 cm) covering only one half
of the sample. The metal duct is filled with mortar.
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Relevant parameters of the concrete are: strength
category B4S5; Portland blastfurnace cement HOZ35L;
grading curve ABS; total water/cement ratio 0.48. At first
we apply the electromagnetic vector imaging algorithm
HD-POFFIS to measurements, which were made with a
commercial ground-probing pulsed radar by Dr
Maierhofer and the Bundesanstalt fiir Material-
forschung und -priifung (BAM) in Berlin. Then we
model the elastic wave propagation and scattering in
concrete with the numerical modelling code EFIT in
order to understand the physical wave effects in more
detail. Finally we apply the elastodynamic image scheme
EL-FT-SAFT to a modelled rf-data field in order to
determine the thickness of a concrete sample which is
under investigation.

Electromagnetic waves applied to
concrete: NDT-CE with microwaves

Electromagnetic waves in the time domain (variable
f) are governed by Maxwell’s equationsm. These
read in integral form for a finite surface S with the
contour C:
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Figure 1
reinforcement (3 cm and 37 cm deep)
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where R is the vector of position, B is the magnetic flux
density vector, E is the electric field strength, D is the
electric flux density vector, H is the magnetic field
strength, J is the electric current density vector, n is the
outward normal unit vector of S and s is the tangential
vector of C. We model concrete as a non-magnetic non-
dissipative isotropic material which is homogeneous with
respect to the relative permittivity ¢,. Then the electro-
magnetic constitutive equations are given by:

BR, ) = ,oH(R,7),  D(R,?) = e6E(R,?) (3)
where g is the permeability and ¢ is the permittivity of
free space; hence, we neglect the finite permeability of
Portland cement due to iron content.

The above integral version of Maxwell’s equations is the
basis for the finite integration technique (FIT) which
results in the MAFIA code as a general electromagnetic
modelling program[m]. Even if this version is in every
textbook on electromagnetic waves, we rewrite the
equations here because our numerical EFIT code is
close to FIT, and hence it is based on an integral version
of the equations of elastic wave motion, which is not so
popular.

Inverse scattering

We assume that the metal duct and the rebars of the
mesh reinforcement are conductors with infinite con-
ductivity o = oco. In order to locate the metal duct in
reinforced concrete we apply a commercial ground-
probing pulsed radar, which has been modified in some
detais. The antenna is a microstrip butterfly antenna
with a centre frequency of f,=900MHz and a
bandwidth of B =1GHz. The size of the antenna is
18cm x 32cm. An outline of the antenna geometry is
given in Figure 2. The butterfly antenna is approximated
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Reinforced concrete sample with a size of 80 cm x 50cm x 40cm (¢, ~ 7) with an embedded metal duct (3 cm deep) and mesh

by an electric dipole p = pg(w)p with the unit vector p
and the spectrum pg(w). The time history of the
excitation pulse is given by the first derivative of a
Gaussian function. Based on linear physical optics (PO)
within the Kirchhoff approximation we have derived the
following vector backprojection algorithm in the time
domain for the illuminated top surface of the singular
function:

EMpy _ SVE (R —-R)-n
Tu (B) - Zyco JJSM |B — B’lz — []_3' (B - BI)]2

- 2
X Q-Em<g’,g=%]g—g’|)ds’ 4)

A singular function of a surface has a delta-function
property on that surface: it peaks there in a way that a
three-dimensional volume integral over all space reduces
to a surface integral due to a generalized sifting property.
This means that we have solved the inverse scattering
problem once we have determined the singular function
of the scatterer under concern.

This inversion scheme is called Hertzian Dipole Physical
Optics Far-field Inverse Scattering (HD-POFFIS)“"”.
A scalar version of POFFIS can be found in Reference 5
and for further reading about inverse scattering
see references 6, 7. We applied the formula (4)
to measurements of the concrete sample shown
in Figure 1. The phase velocity in concrete is
&SP = ¢o/VT = 1.134 x 10 m/s with a relative permit-
tivity €, ~ 7 resulting in a wavelength of A" = 12.6cm
at centre frequency. We measured 21 points in the x-
direction and 498 points in the y-direction, and at each
point 512 time samples were recorded. Then we applied a
linear interpolation in the x-direction and we took every
sixth sample in the y-direction yielding a 3D data field of
121 x 84 x 512 samples. Figure 2 shows threc-orthogo-
nal slices and Figure 3 shows an isosurface of the
reconstructed illuminated top surface of the singular
function. Both figures exhibit a good agreement with the
given geometry of the metal duct (see Figure 1). Because
of shielding effects of the mesh reinforcement on the right
half of the sample, the right part of the metal duct is
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Figure 2 Three orthogonal slices of the reconstructed illuminated top surface of the singular fuction ~EM (R), showing the metal duct in the
reinforced concrete. Lower right: geometry of the microstrip butterfly antenna

missing in the reconstruction. To test the influence of the
vector character of this inversion scheme we made a
further reconstruction with a purposely wrong dipole
direction p = e,. This leads to some defocusing effects
which are also present if we restrict ourselves to the scalar
FT-SAFT imaging algorithm®’| which does not at all
account for the vector character of the electromagnetic
field.

Elastic waves applied to concrete:
NDT-CE with ultrasound

Elastic waves in concrete are governed by Cauchy’s
equation of motion and the equation of deformation
ratel'®!!l. For the sake of the applicability of the finite
integration technique, these equations are given in the
somewhat unusual integral form for a finite volume V'

with the surface S by:

J”V%B@’ Hav =#s9'l(3, £)ds

+ J”V fR,1)dV 5)
J j j V%g(g’ Hdv = #s sym{nv(R, 7)}dS
+ J J JV h(R, r)dV (6)

where p is the momentum density vector, T is the second
rank stress tensor, S is the second rank strain tensor, v is
the particle velocity vector, f is the source of force
density, h is the source of the second rank deformation
rate tensor, n is the outward normal unit vector of S and
sym {nv} denotes the symmetric part of the dyad nv.
We assume concrete to be a non-dissipative isotropic

Figure 3 Isosurface of the reconstructed illuminated top surface of the singlar function 'yEM (R), showing the metal duct in the reinforced

concrete
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inhomogeneous material. Accordingly the material
properties are given by the following constitutive
equations

PR =mE®YRD), SRO)=5®):IRY

(7)
where p, is the volume density of mass at rest and s is

the compliance tensor of rank four. For the isotropic
case the compliance tensor reads:

giSO(B) — A(B)I__I+M(B)(gl324+gls42) (8)
with
_ AR) _ 1
AR =rmp®ram;  ®-nm
)

where A, p are Lamé’s constants and 1 is the unit dyadic
or the idemfactor.

EFIT modelling

For the numerical modelling of elastic waves in concrete
we use the elastodynamic finite integration technique
(EFIT). A description of this method is given in
References 12, 13 and first examples of the numerical
modeling of elastic waves (ultrasound) in concrete and
applications of an inverse scattering algorithm can be
found in References 14, 15.

Due to the additives and air inclusions which may occur
in the material, concrete is very inhomogeneous. Usually
concrete consists of cement and several additives like
basalt, plaster, biatitgranite. The maximum aggregate
size, grading curve, water/air concentration of every
additive can vary. Figure 4 illustrates on the left-hand
side the utilized concrete model for the EFIT modelling
and on the right-hand side an enlarged detail drawing.
The base material is hydrated cement and the additives
are biatitgranite, basalt and plaster with a maximum
aggregate size of 8 mm and we used the grading curve BS.
The additives are modeled by 60000 ellipses varying
statistically in size, orientation and additives; details can
be found in reference 16. Every material cell of the EFIT
grid can cover different material parameters. The total
number of the ellipses is only limited by the number

tl) ¥ o

Figure 5 EFIT-|v|-snapshots of the elastic wavefield in concrete

of material cells. In this example we have
2000 x 2000 = 4 x 10° material cells. The concentration
of each aggregate size refers to the grading curve B8. We
used a normal pressure probe with a centre frequency of
Jfc = 80kHz. The time history of the pulse is modelled by
a raised cosine with two cycles. The probe has a diameter
of D=5cm. Snapshots of the elastic wavefield are
shown in Figure 5. We recognize at ¢, the near-field of the
excited elastic wavefield. At ¢, we identify a prominent
pressure wave followed by a shear wave, head waves, and
Rayleigh waves at the top surface, the latter having a
stress-free boundary condition. Because of the open
boundary condition of the Higdon type of the left and
right boundaries, a concrete plate of infinite extent in the
horizontal direction is actually modelled. At the bottom
boundary we applied a stress-free boundary condition
also. The backwall echo of the pressure wave shows up
very clearly at 5, which propagates back to the top surface
where it is recorded by the normal pressure probe.

Inverse scattering

To tackle the inverse scattering problem in elastody-
namics we use an elastic vector imaging algorithm which
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Figure 4 Left: concrete model for EFIT modelling; right: detail drawing
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we called the ELastic Fourier Transform Synthetic
Aperture Focusing Technique (EL-FT-SAFT). It is
based on the linear elastic far-field inversion including
a near-field far-field transformation .The formulation of
the diffraction imaging algorithm is based on Huygens’
principle. This reads in linear elastodynamics for a
volume ¥ with the closed surface S:

#sg'-[z@',m-g@—x,w)—

.‘_l.(gla LU) * él(g - Blvw)]dS,

*J J Lf@"w)-g(x—g,w)dw

uR,w) ReW\S
0 ReIR\V

with n' being the outward normal unit vector of the
surface S, Z is the triadic and G the dyadic displacement
Green function of free spacz[u]. Application of the
equivalence principle leads to a representation of the
scattered field on the surface S. The particle velocity
vector of the scattered field is then given by:

1=®0) = {Ps{u®.e) - Z(® - R,0)

- -T[R,w)-GR-R,w}dS  (11)

Introducing the far-field approximation in Equation (11)
we get the definition of the linearized far-field scattering
amplitude for perfectly stress-free scattering surfaces
Qsaﬂ(R, w). Then, with the approximation of physical
elastodynamics (PE) as compared to physical optics,
the illuminated part of the singlular function in
the bistatic or pitch-catch mode of operation is given
by the elastodynamic far-field algorithm in K-space[”],
the spatial three-dimensional Fourier space of the
scatterer:

~ 1 H A ~
T (K) =m¥§§’b‘ (R ki, ) - Coap(R, w),
Yop B3R
a,8=P,S (12)
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Figure 6 Modelled rf-data field (left) and EL-FT-SAFT reconstruction (right)

with
N 1 N a o~ N
Vos " (R ki, w) = o Rt (ki, ) (R, ki) : T (R, )
(13)

where « and 3 denote the exciting and receiving mode, R¢
is the reflection coefficient, ug, is the vector frequency
spectrum of the transmitted signal, n, is the stationary
phase normal and:

73
T4, w) = - 25 (IR + 2,RRR) (14
73
T(R,) = 25 4RI+ RP - 2RRR) (1)
Po -

are the prefactors of the triadic far-field Green function:
2R w) =T R,W)G Rw), B=PS (16)

G%’(R, w) denoting the scalar Green function. yE(R) is
then calculated by applying a three-dimensional inverse
Fourier transform with respect to K. Equation (12)
represents the essence of the elastic vector imaging
algorithm EL-FT-SAFT. Figure 6 shows on the left side
the rf-data field which has been ‘recorded’ (modelled) at
the top surface of the concrete sample and on the right
side the EL-FT-SAFT reconstruction for an assumed
average sound velocity ¢y, which is required by the
inversion scheme. The backwall of the concrete sample
can be clearly identified. The thickness of the sample
appears to be smaller because the averaged sound
velocity ¢y does not properly account for all the
multiple scattering by the concrete inhomogeneities,
which determine the real physical wave speed.
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