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Abstract. Impact-Echo (IE) measurements on concrete structures with compact
dimensions are influenced by geometry effects, i.e. reflections especially of the
surface waves at the boundaries of the test object, which in fact can lead to
misinterpretation of the results. In contrast to the normal reflection arrangement, in
which the excitation and the measuring sensor are placed on the same side of the
specimen, measurements were carried out in a transmission arrangement, where the
impactor and the measuring sensor are placed opposite to each other. This serves to
reduce the influence of surface waves, and to investigate further their responsibility
for the existence of geometry effects. Results obtained from laboratory specimens
with smooth surfaces were still seriously affected by geometry effects. Numerical
simulations led to the conclusion that surface waves travel around the edges of the
specimen, thus creating geometry effects even on the opposite side. Measurements
on a specimen, which was cut out from a bridge structure and had irregular
connecting planes between the excitation and the measurement side, proved to be
remarkably less affected.
In order to analyze and visualize the surface wave propagation an arrangement is
used, in which the excitation is fixed at a certain point on one plane of the specimen.
A transducer scans all planes of the specimen in phase with the excitation. Time
slices show the instantaneous wave field on all planes of the specimen. These are
compared with numerical simulations. In particular, it can be proved that surface
waves indeed travel around the edges of a specimen with smooth connecting planes,
thus creating geometry effects even in the transmission arrangement.

Introduction
Impact-Echo
Impact-Echo is a method for non-destructive testing in civil engineering and has been
successfully applied among other testing problems for thickness measurements and for the
localization of defects inside concrete structures. The principle of the method is based on
the analysis of multiple reflections after mechanical impact excitation (Figure 1). A small
steel sphere or hammer is tapped on the surface of a concrete structure and creates stress
waves, which propagate through the material. They are reflected at external boundaries
(backwall) or defects inside the structure. A transducer is placed next to the impact point
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and picks up the surface displacements caused by the arrival of the sound waves. In order to
make the multiple reflections become distinctively apparent, the time domain data is
transformed into the frequency domain – normally using Fast Fourier Transform (FFT).
There is a direct relationship between the frequency and the depth of a reflector [1]:

2 d = cL ⋅ T =

cL
⇔ d = cL
f
2f

c L : Longitudinal wave velocity
d : Depth of the reflector

Eq. 1

T:

Period

f : Frequency

Its application as a scanning method in combination with a visualization technique for the
analysis has definitely improved the capabilities of the method [2, 3, 4, 5]. The
measurements are done along parallel lines with equidistant points. For the visualization of
the results the frequency spectrum of each point (“A-scan”) is plotted in grey scale or colorcoded (Figure 2). If we combine the A-scans of the consecutive points of a line, we receive
an image, which shows a vertical cross section of the test object along the measuring line.
This image is called the impact-echogram or (frequency domain) B-scan. Apart from the
analysis of just one scan line, it is possible to load a whole measurement grid comprised of
a series of parallel scan lines. We can then cut a section perpendicular to these B-scans at a
certain frequency and thus obtain a view of a plane parallel to the surface. This slice at a
certain depth is called a (frequency domain) C-scan.

Figure 1 (left): Principle of Impact-Echo
Figure 2 (right): Principle of the B- and C-Scan Data Visualization.

Geometry Effects
For test objects with compact dimensions, it can be observed that they are always
influenced by the so-called geometry effects, which are caused by reflections especially of
the Rayleigh (R)-waves from the edges of the specimen [6, 7]. This is illustrated in
Figure 3.
In a single point measurement it would be impossible to distinguish between direct P-wave
reflections from the inside of the test object and geometry effects. They can only be
identified in the impact-echograms (Figure 4), by means of applying impact-echo as a
scanning method and visualizing the results as described above.
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Figure 3: P- and R-wave Reflections from the Edges
of the Test Object. [4]

Figure 4: Geometry Effects in Cross Section
Impact-Echogram (B-Scan) [4]

In this paper further investigations regarding the geometry effects are presented. The
experimental results are compared with those of numerical simulations using the
Elastodynamic Finite Integration Technique (EFIT, [8]).
1. The Transmission Arrangement

The aim to reduce the direct effect of the R-waves on the measurement led to the
idea of placing the sensor on the opposite side of the excitation (transmission arrangement)
as shown in Figure 5.
Normal Reflection Arrangement

Transmission Arrangement

Figure 5: Comparison of the principles of the normal reflection arrangement and the transmission
arrangement discussed in this paper.

For a detailed comparison the two arrangements were tested in automated
measurements. Using scanning systems on both sides of the specimen, the measurement
heads (Olson Instruments) were positioned directly opposite to each other. For every
position, measurements were obtained in transmission as well as in reflection arrangement.
In a first step, the tests were carried out on compact specimens with smooth surfaces
and rectangular shape (Figure 6). The results in the transmission arrangement were still
severely influenced by geometry effects (Figure 7).
Measurements on a specimen, cut out from a bridge structure (Figure 8) and having
irregular connecting surfaces between the excitation and the measurement side, proved to
be remarkably less affected. (Note that the pictures in Figure 8 show the specimen in a
horizontal position; for measuring it was lifted up and the measurements were carried out
according to Figure 6).
Numerical EFIT simulations in combination with experimental investigations of the
surface wave propagation (described in chapter 2) came to the conclusion that these effects
were mostly caused by R-waves propagating around the edges of the specimen, thus
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appearing on the backwall as well. This means that for the practical use on box girders,
where no connecting surfaces between the inside and the outside exist (Figure 9), the
results should indeed be reduced to a minimum.
Scanner 1

Scanner 2

Figure 6: Experimental setup for measurements in combined transmission and reflection arrangement.
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Figure 7: Average B-Scans obtained from measurements in combined transmission and reflection
arrangement on a laboratory specimen with compact dimensions and smooth surfaces (Figure 6)..
All impact-echograms show obvious geometry effects.

Figure 8: Specimen, cut out from a bridge structure, therefore having irregular shape and irregular
connecting surfaces.
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Figure 9: Comparison of the B-Scans obtained in reflection and transmission arrangement on
a specimen with irregular connecting surfaces (Figure 8) between the excitation and the
sensor.

This could be proved by automated measurements taken on a railway bridge in
Duisburg (Germany). While the results obtained in the normal reflection arrangement were
severely influenced by geometry effects (Figure 10, left), the ones obtained in the
transmission arrangement hardly showed any more interferences by these effects (Figure
10, right). The signal-to-noise (interference) ratio and the clarity of the results were highly
increased.

Compact Specimen (Laboratory)

Box Girder

Figure 10: Paths of R-waves on a compact specimen in the laboratory and on a real box girder bridge .

Normal Reflection Arrangement

Transmission Arrangement
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Frequency / kHz

Figure 11: B-Scans obtained from a box girder bridge. Severe interference by geometry effects in the
reflection arrangement, successful elimination of these effects in the transmission arrangement.
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3. Investigation of the Surface Wave Propagation

In order to visualize especially the surface wave propagation and to capture the arrivals of
the spherical waves at the surfaces, the experimental setup shown in Figure 12 was used.
The excitation was fixed on one plane of a specimen, while a transducer scanned three
planes: the excitation plane itself, the backwall and the bottom of the specimen. For each
sensor position the fixed impactor hit once. All measurements were taken in phase with the
excitation pulse.
a)

b)
Sensor
Excitation

Sensor

c)

Excitation
Excitation

Sensor

Figure 12: Measurement of the wave field at the surface by scanning a) excitation plane, b) rear plane, c)
bottom plane.

For each measurement plane the results can be visualized as time slices, which are
shown in succession, so that the wave propagation becomes apparent. The experimental
results are compared to those obtained from numerical EFIT simulations.
Figure 13 shows a selection of time slices obtained from the measurements as well
as from the EFIT simulations. Detailed animations of the calculated 3-D wave field
obtained by volume rendering of the EFIT data can be found in [10].
In the B-scans (Figure 14) the amplitude is shown in grey scale over time and
position in the x-direction of the specimen. The slopes of the patterns in the B-Scans reveal
the velocity of the related wave front on the measured plane. While surface waves
propagating with constant speed along the surface will show up as straight lines, the
arrivals of the spherical waves will appear curved.
The experimental results correspond to a high degree with the simulations.
In the B-scan of the excitation plane, a straight line designated as aP1 (and due to
symmetry a second one designated as aP1) with relatively low amplitude can be seen. Its
slope corresponds to a velocity of 4200 m/s. This is the (spherical) longitudinal (P-) wave
measured at the surface. It is followed by the slower wave fronts aR1 and aR1’
respectively. These are the Rayleigh (R-) waves also created by the impact. Their amplitude
is by far higher than the amplitude of the longitudinal waves. The velocity obtained from
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the slope is 2500 m/s, which is around 60% of the velocity determined for the P-waves; this
is roughly the ratio expected according to theory.
The first wave front appearing on the backwall of the specimen shows up as a
curved line in the B-scan. This is the arrival of the P-wave bP1 after around 0.11 ms, which
is in accordance with the above-determined velocity of 4200 m/s and a thickness of 0.50 m.
The subsequent arrivals (multiple reflections) of the P-wave (bP2, bP3, …) show up as
parallel patterns with a mostly constant distance of around 0.23 ms. However, due to the
superposition with other patterns, it becomes more and more difficult to identify them. This
demonstrates the necessity of the analysis in the frequency domain.
At the times when the longitudinal waves reach the edges of the specimen (i.e. the edges of
the B-scan), some straight lines originating from the edge can be seen in the B-scan, which
are again parallel to each other. Their slope as well as the fact that they appear as straight
lines corresponding to a constant velocity show that they must be R-waves. The question
that arises is whether these are caused by the mode conversion of the spherical waves when
reaching the edges of the specimen, or whether the R- waves created on the excitation side
travel around the specimen and therefore appear on the backwall as well. A detailed
examination shows that both cases occur. bR1 appears already at a time of 0.2 ms measured
from the impact time, i.e. before the R-wave aR1 on the excitation plane has even reached
the edge. Therefore, bR1 cannot have its origin in an R-wave travelling around the
specimen. Furthermore, it can be seen that bR1 occurs mostly at the same time as the Pwave bP1 reaches the edge. From these facts it can be figured that bR1 is indeed caused by
mode conversion of the P-wave bP1 reaching the edge.
However, the fact that the R-waves from the excitation plane also travel around the
edges of the specimen becomes obvious especially in the time slices (Figure 13). After the
impact the wave propagation on the excitation plane itself is observed (Figure 12a). After a
short delay (the transit time through the specimen) the P-wave arrives on the backwall
(Figure 12b). After a further delay the P-wave arrives at the bottom plane (Figure 12c).
Finally, the propagation of the R-wave around the edge of the specimen can be directly
observed (Figure 12d).
Conclusion

The tranmission arrangement proved to be effective for impact-echo measurements on
objects where no connecting surfaces exist between the excitation and the sensor. For
measurements on the box girder bridge it was possible to reduce the geometry effects to a
minimum.
Using a special experimental setup consisting of a fixed impact source and a
scanning sensor it was possible to visualize the Rayleigh wave propagation as well as the
the arrivals of the spherical waves at the surfaces. The experimental results highly
correspond to those obtained from numerical EFIT simulations.
The experimental as well as the numerical results both proved that the longitudinal
wave, which is the fastest wave front, carries only a small part of the impact generated
energy, while the slower R-wave contains the major part. The R-wave propagates around
the edge of the specimen, which is in accordance with the results obtained from the
measurements in the transmission arrangement.
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Experimental Results

Numerical EFIT Simulation
a) 0.075 ms

b) 0.125 ms

c) 0.187 ms

d) 0.4.75 ms

Figure 13: Comparison of the experimental results with numerical 3-D EFIT simulations. For four selected
times, snapshots of the excitation plane (top left), the backwall (bottom left) and the connecting plane (right)
are shown.
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Experimental Results

Numerical EFIT Simulation
Excitation Plane

Backwall

Figure 14: Time B-Scans in horizontal direction of the specimen.
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