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Abstract. This paper presents the numerical modelling of the ultrasonic
nondestructive inspection of a wheel shaft of an ICE train. Defects and corrosion
formed on the shaft must be detected and characterized to ensure the safety of a
train. The elastodynamic finite integration technique (EFIT) is a powerful simulation
tool applicable for efficient modelling of the ultrasonic NDT of complex geometries
of real-life situations. Computer simulations are performed in pulse-echo mode for
various angle shear wave probes of GE Inspection Technologies, such as the
WB 45-2, WB 70-2, WB 45-4, and WB 70-4 probe, with their respective
characteristics. Excited creeping waves are visualized when a shear wave impinges a
curved surface of a wheel shaft. The detection of cracks present on the curved
backwall surface and the influence of crack depth and crack orientation have been
studied based on numerical modelling. The influence of the probe carrier frequency
and the time history is also investigated, whereas the applied transducers operate at
2 MHz and 4 MHz. Effects of different curvature radii along the backwall surface of
the shaft are observed. The factor of roughness formed on the shaft is also studied
for various practical roughness levels. Modelling results are time-domain snapshots
of the ultrasonic wave field and recorded synthetic A-scans in high frequency mode.
These A-scans are processed to obtain A-scans equivalent to the display of an
USN 52 measurement device.

Introduction
A wheel shaft of an ICE train in general has arbitrarily curved surfaces which makes the
ultrasonic (US) nondestructive testing (NDT) of such a part a challenging task. In order to
study this complex NDT situation the numerical modelling of such a problem with the
elastodynamic finite integration technique (EFIT) has been proved very efficient [1-5]. This
paper explores in a parameter study the influences of the curved backwall surface and
various parameters such as the crack depth, crack orientation, carrier frequency, and angle
of the transducer, roughness at the backwall caused by corrosion and variation in the
curvature radii of the backwall surface. In Sec. 1 we initially study the nature of a creeping
wave excited at a curved surface for an impinging shear wave [6, 7]. Sec. 2 presents EFIT
simulation results computed of a selected part of a wheel shaft of an ICE train where
different crack parameters and transducers are studied. Simulation results for different
curvature radii present in the wheel shaft and different roughness levels as a model for
corrosion are presented in Sec. 3 and Sec. 4, respectively.
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1. The Nature of a Creeping Wave Propagating on a Curved Surface
In this section the nature of a creeping wave excited by a shear wave impinging on a curved
surface is studied. In Fig. 1 the excitation and propagation of a creeping wave at a curved
surface shaped as a half circle is displayed for a raised cosine pulse with one and four
cycles and a carrier frequency of fc = 4 MHz, RC1 and RC4, respectively (see Fig. 2). The
creeping wave C is clearly visible in both examples. In the next situation we reduce the half
circle to a quarter circle with a crack of d = 1 mm depth at the curvature (see Fig. 3). In this
simulation we model a 45° angle shear wave probe WB 45–4 with a centre frequency of
fc = 4 MHz and a raised cosine with four cycles (RC4) as the time history [8-11]. Timedomain snapshots of the ultrasonic wave field and the received A-scan are displayed in
Fig. 3. The probe emits a main shear wave, a mode-converted pressure wave, and diffracted
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Figure 1: 2-D EFIT modelling of the propagation of a creeping wave excited by a shear wave impinging on a
curved surface in the shape of a half circle: a)-c) RC1 pulse excitation, d)-f) RC4 pulse excitation

waves from the two probe edges. The left travelling Rayleigh wave from the right
transducer edge (R) is clearly visible in the A-scan. When the incident wave field hits the
crack, a creeping wave is reflected, which has lower velocity than a shear wave. A creeping
wave is a wave diffracted around a shadowed surface of a smooth body such as cylinder or
2

sphere [6, 7]. The creeping wave (C1) is observed as the main reflection echo in the A-scan
in Fig 3.
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Figure 2: Time history and frequency content of the raised cosine pulses with n cycles (RCn); RC1 pulse:
a) time history and b) frequency spectrum; RC4 pulse: c) time history and d) frequency spectrum
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Figure 3: Elastodynamic wave scattering when a shear wave is impinging a curved surface shaped as a
quarter circle with a crack. a) and b) 2D-EFIT time domain snapshots showing the Rayleigh surface wave at
the surface indicated by R and creeping waves on the curved surface indicated by C1 and C2

2. 2-D EFIT Simulation Results – Parameter Study
2.1 Geometry for the 2-D EFIT Modelling
The geometry for the 2-D EFIT modelling of the NDT of a wheel shaft is shown in Fig. 4.
In all simulations an open boundary condition is applied at the left and right boundary and
the stress-free boundary condition is used at the top and bottom boundary. All modelled
transducers are shear wave angle probes and have the nomenclature WB β–f, where β is the
angle of incidence and f is the carrier frequency. The transducer is positioned at a distance x
from the left end in such a way that the emitted shear wave makes an angle β with the
normal of the mounted surface. A crack is placed on the curved surface as shown in Fig. 4
and Fig. 5. The angle α indicates the orientation and d is the depth of the crack.
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Figure 4. 2-D geometry for the 2-D EFIT modelling of the US NDT of an ICE train wheel shaft

2.2 2-D EFIT Simulations with a WB 45-2 transducer
In the 2-D EFIT modelling situation given in Fig. 5 the probe is positioned at a distance of
x = 155 mm from the left boundary of the wheel shaft (see Fig. 4). The crack has a depth of
d = 2 mm with an orientation angle of α = 67.5°. The A-scans in high frequency mode and
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Figure 5. 2-D EFIT modelling results of the simulation of the US-NDT of a wheel shaft with a crack of
depth 2 mm and orientation α = 67.5° and a applied WB 45-2 probe: a) A-scan in HF display mode, b) Ascan in USN 52 display mode, c) –d) 2D-EFIT time-domain snapshots of the ultrasonic wave field
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Figure 6. Comparison of EFIT simulation results for different crack orientations and depths with various
transducers: a) Crack orientation α = 22.5°, b) α = 45°, c) α = 67.5°, d) α = 90°

in a form equivalent to the display of an USN 52 measurement device is shown Fig. 5a and
5b, respectively, where we use an additional amplification factor of 12 dB. 2-D timedomain snapshots at two different time points of the incident and reflected ultrasonic wave
field are shown in Fig. 5c and 5d, respectively. Each echo signal in the A-scans can be
interpreted with the help of the time-domain snapshots. The echo 1 is an artificial echo and
comes from the roughness of the discretised backwall surface using a Cartesian grid in
EFIT. The echo 2 is the main reflection from the crack. In this example it consists of a
superposition of the corner reflection and crack tip echo.
2.3 Comparison of EFIT Simulation Results
A comparison of all EFIT results achieved with the shear wave angle probes, i.e. WB 45-2,
WB 70-2, WB 45-4, and WB 70-4, for different crack parameters, depth and orientation, is
given in Fig. 6, where for each probe the recorded echo amplitude is plotted as a function of
26.75
X

53.5

Figure 7.
Geometry for
the 2-D EFIT
simulations to
study the
influence of the
radius of the
curvature

53

R1

0

100

5

5

crack depth by keeping the crack orientation fixed (Fig. 6a-d). The echo amplitudes are
determined from the A-scan in USN 52 mode. Fig. 6c shows that for a crack depth of
d ≤ 2 mm the amplitude response of the WB 45-2, WB 45-4, and WB 70-4 probe is
increasing and that for d > 2 it is almost constant, this means, it becomes difficult to
estimate the depth. But, for instance, the WB 70-2 probe has a good amplitude response for
a crack depth of d > 2. According to this comparison it is possible to select an optimal
probe.
3. Influence of Radius of the Curvature
The influence of different radii of the curvature along the backwall surface of the shaft is
explored. The geometry shown in Fig. 7 has radii along the curved backwall surface, which
are different from those of the geometry shown in Fig. 4. Fig. 8 reports EFIT results
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Figure 8. 2-D
EFIT
simulation
results: a) Ascan in high
frequency
mode, b) Ascan in USN
52 mode, c)e) timedomain
snapshots of
ultrasonic
wave
propagation
and
scattering;
creeping
wave
excitation
and crack
scattering

applying a WB 45–4 probe. The crack has a depth of d = 1 mm and an orientation of
α = 90°. The echo signal received from the scattered shear wave at the crack is indicated in
Fig. 8 with an index S1 and the creeping wave is indicated with C.
4. Influence of Roughness
In real-life, the shaft surface has a certain roughness due to corrosion. Such effects should
also be detected to ensure the reliability. 2-D EFIT simulations are performed for different
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Figure 9. Geometry for the
roughness simulation, the level is
defined by the parameters d, g,
and t.
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Figure 10. A-scans of 2-D EFIT simulations using a WB 45-2 probe and applying different roughness levels:
a) no roughness, b) d = 200 µm, t = 200 µm, g = 200 µm, c) d = 200 µm, t = 400 µm, g = 200 µm d)
d = 200 µm, t = 400 µm, g = 400 µm
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roughness levels. Fig. 9 shows how the roughness is introduced. The simulations are
performed with WB 45–2 test specimen. The A-scans in high frequency and USN 52
device mode for different values of roughness are depicted in Fig. 10. Again, echo 1 is an
artificial echo and comes from the roughness of the discretised curved backwall surface
using a Cartesian grid in EFIT. Echo 2 comes from the corner where the curvature joins the
plane backwall surface where the roughness is introduced. One can observe the changes in
echo 2 and the reception of additional noise after echo 2 as a function of the roughness
parameters.
Conclusions
Based on numerical simulation with the 2-D elastodynamic finite integration technique
(EFIT) the nondestructive inspection of a wheel shaft has been analysed. The nature of
creeping waves has been studied. Synthetic A-scans and field snapshots have been
computed for different probes, geometries, and crack parameters. A-scans are documented
for all simulations in high frequency and USN 52 device mode. The selection of an optimal
transducer for the NDT of a wheel shaft has been discussed. Elastodynamic scattering
effects have been studied extensively. The influence of corrosion has been investigated for
different roughness levels. The numerical modelling tool EFIT has successfully performed
the tasks of numerical modelling of the ultrasonic NDT of a wheel shaft. The modelling
results can be used to understand, to optimise, and to enhance the NDT of such a complex
structure like the wheel shaft under concern.
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