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Abstract. The emphasis of this keynote lecture is to present an overview of the
numerical simulation of fields and waves and their application in non-destructive
testing (NDT). Several numerical methods are discussed: finite integration technique
(FIT), finite difference method (FDM), finite element method (FEM), the boundary
element method (BEM), and the method of moments (MoM). The numerical
modelling of ultrasonic, microwave, and eddy current NDT inspection techniques is
discussed. The numerical modelling of coupled wave field problems like the
piezoelectric transducer and the electromagnetic ultrasonic (EMUS) transducer is
presented. Applications of the computer simulation in the NDT of isotropic and
anisotropic materials, pipeline inspection, a wheel shaft, concrete structures, and of
hot-wire inspection are given and discussed.

Introduction
The computer simulation of different types of fields and waves in nondestructive evaluation
(NDE) is gaining more importance, e.g. the modelling of ultrasonic, eddy current, and
microwave problems in NDT. Fig. 1 and Fig. 2 display typical sketches of setups used in
nondestructive testing (NDT) and material characterization. Fig. 2 shows a typical transient
echo signal of the setup shown in Fig. 1 applying a pulse-echo experiment. Various
numerical techniques are applied today to model transient wave fields in ultrasonics and
electromagnetics: the finite difference method (FDM), the finite element method (FEM),
the finite volume method (FVM), finite integration technique (FIT), and the boundary
element method (BEM) as a subclass of the method of moments (MoM). This paper mainly
focuses on the application of the FIT, BEM/MoM, and FEM.

Figure 1: A typical setup applied in
nondestructive testing/material
characterization with ultrasonic
wave fields: a block of steel with a
perfect scatterer (backwall breaking
crack with stress-free boundary).
TX: transmitter; RX: receiver
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Figure 2: A typical A-scan (A:
amplitude) received in a pulse-echo
experiment: the echo signal from
the ultrasonic scattering of a 45°
shear wave by a back-wall-breaking
crack (see Fig. 1) computed with
the EFIT modelling tool

1. Governing Equation of Ultrasonics and Electromagnetic and Coupled Wave Fields
1.1 Fundamental Equations of Ultrasonic (US) and Electromagnetic (EM) Wave Fields
The basic equations of (linear) ultrasonic and electromagnetic waves and fields are the
governing equations of (linear) acoustics in gases and non-viscid fluids of (linear)
elastodynamics in solids and viscid fluid as well as Maxwell’s equations for non-moving
media which read in differential form [1-3]:
∂
Acoustics (A):
j(R, t ) = −∇p (R , t ) + f (R , t )
(1)
∂t
∂
S ( R , t ) = ∇ i v ( R , t ) + h( R , t )
(2)
∂t
∂
Elastodynamics (E):
j(R, t ) = ∇ i T(R, t ) + f (R, t )
(3)
∂t

∂
S(R, t ) = I + : ∇ v ( R , t ) + h( R , t ) ,
∂t

(4)

∂
B(R, t ) = −∇× E(R, t ) − J m (R, t )
(5)
∂t
∂
D(R, t ) = ∇× H(R, t ) − J e (R, t )
(6)
∂t
where j is the linear momentum density, p is the pressure, f is the volume force density,

Electromagnetics (EM):

S the scalar deformation, h the injected deformation rate, T the Cauchy stress tensor of

2nd rank, S the deformation tensor of 2nd rank, I + denotes the fourth rank symmetrisation
tensor acting on ∇ v by a double contraction “:”, S the deformation tensor of 2nd rank, B
the magnetic flux density, E the electric field strength, J m the magnetic current density, D
the electric flux density, H the magnetic field strength, J e the electric current density. In
order to get three coupled systems we have to introduce constitutive equations, which read
for time invariant instantaneously and locally reacting inhomogeneous anisotropic materials
j(R, t ) = ρ (R ) v (R, t ),

S (R, t ) = κ (R ) p(R, t ) .

(7)

j(R, t ) = ρ (R ) v(R, t ),

S ( R , t ) = s ( R ) : T( R , t ) .

(8)

D(R, t ) = ε(R ) i E(R, t ),

B(R, t ) = μ (R ) i H (R, t ) .

(9)

where ρ (R ) is the mass density at rest, κ (R ) is the compressibility, s(R ) is the
compliance tensor of 4th rank, ε(R ) and μ(R ) are the permittivity and permeability tensors
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of 2nd rank. The formal comparison of the three sets of equations governing the wave fields
exhibits a considerable similarity stimulating a unified treatment of the numerical
modelling. For example, the modelling tools AFIT, EMFIT, EFIT result from the
application of the FIT [2]. Fig. 3 shows the interrelationships of the 2-D and 3-D codes.
Numerical results are presented in [2, 3, 6-11].

Fig. 3. The numerical tools EMFIT, AFIT, and EFIT, and their interrelationships in the two-dimensional
case

1.2 Fundamental Equations of Piezoelectric (P) Waves and Fields

Piezoelectric waves, also called elasto-electric waves, rely on the following constitutive
relations

D(R, t ) =

εS (R ) i E(R, t ) + e (R ) : S(R, t )

(10)

pe

S(R , t ) = [d (R )]231 i E(R , t ) + s E (R ) : T(R , t ) ,

(11)

pe

ε S is the permittivity tensor of 2nd rank at S = const. , e
is the piezoelectric coupling
pe
E
tensor of 3rd rank, s is the compliance tensor of 4th rank at E = const. , and d

piezoelectric coupling tensor of 3rd rank, i.e. e

pe

=d

pe

pe

is the

: [s E ]−1 . The upper indicial

notation “231” indicates the order of transposition of the unit vectors. Within the
electroquasistatic (EQS) approximation [4]

E(R , t ) = −∇Φ (R , t )

(12)

with the scalar electric potential Φ (R , t ) , which must satisfy the elliptic Poisson equation

∂
∂
⎡
⎤
∇ i ⎢εS (R ) i ∇ Φ(R, t ) ⎥ = ∇ i e (R ) : I + : ∇ v(R,t) − ρe (R, t ) ,
pe
∂t
∂t
⎣
⎦

(13)

where ρe is the electric charge density. Numerical modelling examples can be found in [1]
and references therein.
1.3 Fundamental Equations of Electromagnetic-Ultrasonic (EMUS) Waves and Fields

There are two different ways to excite ultrasonic waves in an electrically conducting solid
material, either a Lorentz force distribution is excited or, if applicative, we make use of the
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piezomagnetic effect (biased magnetostrictive case). In the first case a (magnetic) Lorentz
volume force density according to
f ( R , t ) = f m ( R , t ) = J ec ( R , t ) × B 0 (R )

(14)

is generated, where B 0 (R ) is a static magnetic flux density in general generated by a
permanent magnet configuration and J ec ( R , t ) is a transient electric eddy current density
given by Ohm's law for field quantities

J ec (R, t ) = σ (R )iE(R, t )

(15)

e

with the electric conductivity σ e tensor of 2nd rank. In the moving conductor case due to
the particle velocity of the ultrasonic wave Eq. (5) reads [5]
∇ × E( R , t ) = −

∂
B(R , t ) + ∇ × [ v (R , t ) × B(R , t ) ] .
∂t

(16)

Within the magnetoquasistatic (MQS) approximation Eq. (6), reads [4]
∇ × H (R, t ) = J e (R, t ) .

(17)

For a moving conductor due to the particle velocity of the US wave B(R, t ) and E(R, t )
can be represented by a magnetic vector and electric scalar potential, A(R, t ) and Φ (R, t ) :

B( R , t ) = ∇ × A ( R , t )
∂
E(R, t ) = − A(R, t ) + v × ∇ × A(R, t ) − ∇Φ (R, t ).
∂t

(18)
(19)

These potentials must satisfy the parabolic (magnetic) diffusion equation
∇ × ⎡⎣ ν (R ) i ∇ × A (R , t ) ⎤⎦

⎡ ∂
⎤
−σ ( R ) i ⎢ − A (R , t ) + v (R , t ) × ∇ × A ( R , t ) − ∇Φ (R , t ) ⎥ = J ee (R , t ) ,
e
⎣ ∂t
⎦

(20)

where the electric current density J ee ( R , t ) is an impressed electric current density. The
application of the FIT yields the so-called EMUSFIT, which is a mixed explicit ellipticparabolic-hyperbolic solver, consisting of an elliptic magnetostatic (MS) solver (MSFIT), a
parabolic magnetoquasistatic (MQS) solver (MQSFIT), and the hyperbolic EFIT solver.
Fig. 4 summarizes the PFIT and EMUSFIT algorithms. Numerical results are presented in
[2, 3, 6, 7].

Figure 4: The PFIT (left) as a combination of the EQSFIT and EFIT, and the EMUSFIT (right) as a
combination of the MSFIT, MQSFIT, and EFIT
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1.4 Fundamental Equations of Eddy Current (EC) Fields

The eddy current modelling is based on the parabolic (magnetic) diffusion equation given
in Eq. (20), where the velocity v is replaced for moving conductor by v c , and if the
conductor is not moving we have v c = 0 .
1.5 MPI Implementation of AFIT, EFIT, and EMFIT on a Beowulf Cluster

For 3-D modelling application a MPI version, MPI stands for message-passing interface
[12, 13], of the tools AFIT, EFIT, and EMFIT is available. These MPI versions can be
executed very efficiently for instance on a Beowulf cluster (see Fig. 5).
Process

1 / CPU 1

Domain
Decomposition

Process 2 / CPU 2

Process 3 / CPU 3
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1

2
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Process 4 / CPU 4
Process 5 / CPU 5

3
Process 6 / CPU 6
Process 7 / CPU 7

6
8

7

Process 8 / CPU 8

Figure 5: MPI implementation of AFIT, EFIT, and EMFIT: a) outline of the domain decomposition, b)
beowulf cluster at our department

2. Numerical Tools
The numerical tools applied in the following examples are:
•
•
•

Finite integration technique (FIT): the FIT is based on the direct discretisation of the
governing equation given in the previous section.
Finite element method (FEM): the FEM solves the underlying field equations using
the Galerkin method.
Boundary element method (BEM)/method of moments (MoM): the BEM is a
subclass of the MoM, which approaches the eddy current field problem by solving
the underlying boundary integral equation (BIE) for the equivalent sources.

Selected numerical modelling packages to simulate the example given in this paper are:
•

EFIT [2] based on the FIT

•

Faraday 6.2 [14] based on a hybrid BEM/FEM technique

3. Modelling Examples
As a lack of space only modelling results for two NDT situations are provided in the
following sections.
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3.1 Nondestructive Testing of Tendon Ducts

The NDT of concrete structures plays an increasing role in civil engineering. As the
stability of post-tensioned structures depends on the state of the tension wires, the
investigation of tendon ducts is one of the most essential testing problems. As an example
we demonstrate the scattering of the ultrasonic wave field generated by an A 1220 shear
wave transducer. The block of 0.5 × 0.5 × 0.3 m3 contains an 80 mm tendon duct with a
100 mm concrete cover. The tendon duct contains 12 steel wires with a diameter of 12 mm
each and is filled with a material having the properties of mortar. In one of the simulated
experiments a small air gap is located within the tendon duct but in front of the wires.
Fig. 6 compares 2-D cross-sectional snapshots out of a 3-D snapshot of different
geometries: Fig. 6b a tendon duct filled with mortar without any steel wires, Fig. 6c a
tendon duct with wires but without a grouting defect and Fig. 6d a tendon duct with a small
air gap. In the case of a mortar filled tendon duct, the wave is reflected at the front but the
amplitude is very small, a focusing within the tendon duct may appear which may lead to
an indication of the back wall of the tendon duct. In the case of an optimally grouted duct,
indications from the interior of the duct may appear but because of the irregular ordering of
the wires and the low frequency of the wave, imaging would not really give the geometry.
In the case of an air gap, the interior of the duct is shielded and an indication of the defect
would be possible.
a)

b)

c)

d)

Figure 6: 3-D EFIT modelling of the ultrasonic wave scattering/diffraction at tendon ducts in concrete: a)
3 D geometry, b) scattering at an empty tendon duct, c) scattering at a fully grouted tendon duct with steel
wires, d) scattering at a tendon duct with air gap in front of the steel wires

3.2 Scattering Properties of the Steel-Concrete Interface

The experimental verification of the above modelled geometry poses some problems [15,
16] Therefore an experimental setup has been designed to examine the behaviour of
ultrasonic waves at the steel-concrete interface in a much more elaborated way. A concrete
specimen was built with plates of steel of different thicknesses and surface parameters.
Some air gaps in form of polystyrene plates behind the steel plates were incorporated. To
model these situations a series of simulations were performed. One influencing factor might
be some very small delaminations in the interface leading to complex reflection coefficients
which were not taken into account previously. Fig. 7 shows snapshots of three different
modelled geometries: a 20 mm steel plate in the depth of 100 mm in homogenized concrete
insonified by an A 1220 shear wave transducer at a carrier frequency of fact = 55 kHz and
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two plates with a 20 % and a 40 % shield of small air bubbles in front of the plate. Two
results are interesting to notice: the reflected amplitude of the wave is changing, though not
dramatically, but the form of the signal is changing as the two A-scans in Fig. 7e and 7f
indicate and this effect can be found in the experiment [15, 17]. Further results of the
numerical modelling in NDT in civil engineering (NDT-CE) are given in [8].
a)

b)

c)

d)

e)

f)

Figure 7: Investigation on the scattering behaviour during the transition of concrete to steel assuming
different amount of air bubbles in front of the steel changes the signal behaviour of the reflection: a)
modelled geometry: small air bubbles in front of a 20 mm steel plate, b) 3-D EFIT modelling of the plate
without air bubbles, c) 3-D EFIT modelling of a 20% coverage with air bubbles, d) 3-D EFIT modelling of a
40% coverage with air bubbles, e) signal of the plate with 20% air and f) signal of the plate with 40% air

3.3 Simulation Results of Eddy Current (EC) Sensors

In this section the 3-D numerical modelling of the hot wire steel inspection with 3-point
eddy current (EC) sensor is presented (see Fig. 4). The non-moving conductor case is
considered. The 3-point EC sensor has 1 excitation coil and 2 receiver coils. The excitation
coil is excited by a sinusoidal electric current of 10 mA, with carrier frequency of
fc = 60 kHz. The simulation is performed by the hybrid BEM/FEM software tool Faraday
a)

b)

Figure 8: 3-D eddy current modelling with Faraday 6.2 [13]: a) and b) snapshots of the eddy current density
distribution at the surface of the hot wire steel
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6.2 [14]. The hot wire steel has a longitudinal surface breaking crack of a length of
l = 5 mm, a width of w = 5 mm and a depth of d = 5 mm. The induced eddy current is
shown as an example in Fig. 8. Further 2-D examples are provided in [9].
Conclusions
In this paper we have presented results of the numerical modelling of waves and fields in
nondestructive testing. The fundamental equations of ultrasonic and electromagnetic as
well as coupled wave fields, like the piezoelectric and the ultrasonic-electromagnetic case,
and the eddy current case have been presented. 3-D numerical examples are given for the
NDT in civil engineering (NDT-CE) the eddy current testing of hot wire steel. In these
examples the FIT, BEM/MoM, and FEM have been applied in the numerical computations.
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