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The observation of surface wave propagation is investigated with regard to possible
application in quality assurance and fault detection. In solid media surface waves such as
Rayleigh or Lamb waves indicate faults and damages due to phenomena like reflections and
mode conversions. In order to visualize the surface displacement fields the Pulsed Electronic
Speckle Pattern Interferometry (ESPI) is used. The potential of this technology is shown
exemplarily on a slab track segment for high speed railway traffic as well as prefabricated
sleepers. Some theoretical considerations are presented which are concerned with health
monitoring of thin plates by use of Lamb waves.

1. Introduction
Modern infrastructure includes a vast variety of technical systems which have to be kept
under surveillance in order to avoid malfunction and accidents. Typical examples are steel
and concrete bridges, pressure vessels, railway vehicles as well as railway tracks, and
transmission lines, to name just a few. Especially aerospace structures are in the focus of
improved inspection techniques, since a considerably amount of life cycle costs is due to
inspection and repair and since damage can lead to catastrophic failure. Moreover, the
increasing application of fiber reinforced plastics in lightweight aerospace structures is
currently demanding for advanced monitoring systems.
The fast and efficient detection of visible and hidden structural damages of engineering
structures is the main goal of non-destructive testing and structural health monitoring. A
reliable monitoring technique would allow for adjusting maintenance intervals in accordance
to the real requirements so that a reduction of the operating costs is expected.
Numerous methods exist for quality assurance or preventive maintenance of technical
systems. In the case of plate and shell structures the difficulty in identifying the damage is
caused by the complex phenomena of damage initiation and evolution including various
failure modes which have to be detected reliably. Among others, techniques based on elastic
waves play an important role for damage detection.
The aim of this work is to investigate the potential of the Pulsed Electronic Speckle
Pattern Interferometry (ESPI) in the detection of faults. After excitation of an elastic wave in
the specimen under investigation the ESPI technique allows for the detection of faults
through observation of the structural response at the specimen surface. Irregularly
propagating waves are an indicator of reflections, refractions or mode conversions which
may be caused by faults and defects.
Another ongoing research objective which is also addressed in this work deals with the
integration of devices for health monitoring into structural systems. Small piezoelectric wafers
may serve in both functions, as a source for wave excitation and as a sensor for wave
detection. Especially high-frequency waves in thin plate and shell structures (Lamb waves)
may be generated. This technology avoids laborious scanning and allows for the observation
of large areas by a single sensor.
The organization of the manuscript is as follows: In the next section a brief introduction
into the physics of wave propagation is given with special regard on the characteristics which
allow for fault detection. Since the Pulsed Electronic Speckle Pattern Interferometry (ESPI) is
applied to observe the surfaces of the specimens optically a brief introduction in this
technique is given subsequently. The main part of the manuscript deals with the presentation
of experimental results. First, a segment of a slab track is under investigation, especially the
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quality of the bonding between the pre-fabricated sleepers and the site-mixed concrete. The
quality assurance of concrete sleepers is the concern of the following investigations. Barely
visible cracks occur when the sleepers are manufactured and are to be detected by an
adequate measurement technique. In both cases, surface waves have successfully be used
for fault detection and the Pulsed Electronic Speckle Pattern Interferometry (ESPI) has
proven to be an appropriate technique for surface wave observation. Finally, some
theoretical considerations are presented which are concerned with health monitoring by use
of Lamb waves.

2. Wave motion in elastic media
In the analysis of wave motion in elastic media the Lamé-Navier equations serve as a
starting point. These equations may be considered as the local formulation of the balance of
momentum in which Hooke’s law of an isotropic media has been introduced in order to
replace the stresses by displacement derivatives. Thus, the well known equation

(λ + µ )u j , ji + µ ui , jj + ρ f i = ρ ui

is obtained in which λ and µ denote the Lamé constants, uj denotes the displacement field, ρ
is the material density and f the distributed volume specific body forces. An index separated
by a comma indicates differentiation with respect to the designated coordinate and a
superimposed dot with respect to time. Solutions of this differential equations are given in
many textbooks, cf. [1] or [2], and are not repeated here for brevities sake.
In the case of an unbounded elastic media it is well known that two and only two types
of waves are propagated, namely the compression (P-) wave and the shear (S-) wave.
These types of waves are fundamental to the following considerations.
In the case of semi-infinite media the existence of a boundary comes into play and
distinguishes this problem from the latter. The analysis leads to the phenomenon of mode
conversion that occurs when waves encounter a free boundary. This means that in the case
of an incident P- or S-wave, both a P-wave as well as an S-wave may be reflected. Similar
effects are observed at the interface between two elastic layers. In the analysis of the
reflections Snell’s law is fundamental. The result of the respective mathematical problem, i.e.
differential equations including boundary condition is interpreted as a surface wave which is
a third type of wave. These waves have been named after Lord Rayleigh who showed that
their amplitudes decrease rapidly with depth. Depending on Poisson’s ratio of the media the
velocity of propagation is somewhat less than shear velocity. Rayleigh waves are nondispersive.
Lamb waves belong to another type of waves which is found in traction-free thin plate
and shell structures. Their formation may be considered as a consequence of P- and S-wave
reflections at the surfaces of plates and shells. Many textbooks, e.g. [2], deal with the Lamb
wave theory which is not repeated here for that reason. From the analytical solution of the
governing equations one obtains the result that an infinite number of wave modes propagate
in plates and that at least two modes exist at any frequency. In structural health monitoring
the fundamental symmetric (S0) and antisymmetric (A0) modes are typically generated
without excitation of higher modes. Lamb waves are generally dispersive. They are able to
propagate over long distances in thin plate and shell structures with low attenuation so that
they are attractive for health monitoring techniques. Due to their short wavelength Lamb
waves are also applicable for the detection of small faults.
The above addressed theory of wave motion in elastic solids is fundamental when the
characteristics of wave propagation are used for fault detection. Faults can be considered as
disturbances of an otherwise homogeneous elastic body which cause reflections, refractions
and mode conversions of waves. These phenomena have to be captured by an appropriate
measurement technique. In the following, a brief introduction into the Pulsed Electronic
Speckle Pattern Interferometry (ESPI) is given which allows for surface wave observation.

3. Pulsed Electronic Speckle Pattern Interferometry (ESPI)
The following brief overview is a condensed description of the principles of ESPI and of its
general characteristics. Further details can be found in [3] and [4].
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Basics
The principle setup consists of components for the generation of coherent light, the actual
interferometric setup for splitting and recombining the object illumination and the reference
light as well as the data acquisition devices and components for the control of the experiment
and for data postprocessing.
Coherent light sources are mostly continuous or pulsed lasers adjusted in wavelength
and energy to match the requirements with reference to the specimen properties and the
nature of the processes under investigation. The use of coherent light facilitates the
observation of interference effects. The interference effects one is interested in are the laser
speckles that result from the scattered object illumination light. The object illumination is split
from the laser beam. The properties of the interference pattern change with rigid body
motions relative to the interferometric arrangement as well as with surface deformations. This
is the variable optical path of the interferometer.
The second part of the laser beam, the reference light, is used for the interferometric
measurement. It is directed along the non-changing optical path of the interferometric
arrangement. If the reference wave is in form of another, non-changing speckle field, the
interferometer uses a speckle reference wave. In the alternative case of a plane reference
wavefront, it is a smooth reference wave interferometer.
Both object and reference beam, are recombined within the coherence length of the
employed laser. The resultant is a speckle pattern formed from the coherent addition of the
speckle pattern of the scattered object illumination and the reference beam. The intensity
distribution of the speckle pattern is recorded by electronic devices, e.g. CCD cameras.
Each recorded speckle image encodes in its speckle intensity distribution a single state
of the object. The motions or displacements, respectively, between initial and displaced
object state result in speckle intensity variations due to an interferometric phase change.
Comparative analysis of the speckle intensities in subsequent interferograms yields
information about the interferometric phase change of each speckle undergone from the first,
initial object state to the second, i.e. displaced object state.
The interferometric phase change is the basic information. Depending on the particular
interferometer setup, it corresponds to out-of-plane or in-plane displacements, or gradients.
The interferometric phase change itself can be visualized in phase images. It may then be
used for the qualitative assessment of the quantity it represents. The quantity that the
interferometric phase change is representing has to be calculated. Several parameters of the
interferometer and recording setup may be necessary for the calculation. Their accuracy
therefore has influence on the derived quantity.
A wide variety of visualization effects is state of the art for the presentation and
interpretation of the measurement results.

Characteristics
In general, ESPI is a non-contact measurement technique because of its interferometric
nature. ESPI can be made out-of-plane sensitive for the measurement of surface
displacements or in-plane sensitive for measuring displacements or gradients. In any case
these quantities are captured full-field. Since ESPI employs coherent light for object
illumination and reference light it is sensitive to displacements at least in the order of the
wavelength of the laser light.
Sequential measurements of slow processes are possible if ESPI is used with
continuous wave lasers. Used with pulsed lasers, ESPI has the capability of measuring
stationary processes, e.g. harmonic vibrations or transient phenomena, e.g. impact excited
wave propagation effects.
Pulsed ESPI is a differential measurement technique rather than an absolute one.
Because of its intention for use with harmonic and transient measurements, the obtained
information corresponds in most cases to a change in displaced object states. In contrast,
ESPI that is used with continuous wave lasers allows in principle for the tracking of evolving
displacements.
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4. Experimental results: Quality assurance of a slab track
Modern railway traffic which is characterized by increasing travelling speeds and rising axle
loads requires imperatively further development of track systems. Various solutions are
under investigation: on the one hand side, ballasted track systems which have proved their
worth for decades are further developed, cf. [5] and [6], on the other hand side, slab track
systems are currently drawing increasing attention. The basic constituent of a slab track
systems is a concrete plate which distributes the rail loads to the subsoil. A typical fault which
is observed in a particular construction is a poor bonding between pre-fabricated block
sleepers and the surrounding site-mixed concrete. Such a fault may occur during the
construction of slab track systems when the site-mixed concrete is filled into the formwork
and surrounds the pre-fabricated block sleepers.

Figure 1. Segment of a slab track as a test specimen for investigations on the bonding
between pre-fabricated sleepers and site-mixed concrete

Experimental setup and test execution
For the experiments a full scale test segment of a slab track was provided by the
Bundesanstalt für Materialforschung und –prüfung (BAM). This specimen was used for
comparative laboratory studies, cf. [7], and is shown in Figure 1. The dimensions are 2.0m x
2.7m x 0.24m. The specimen consists of six block sleepers which are linked by means of
non-prestressed reinforcements as can be seen in Figure 2. During manufacturing of the slab
track system, the space between the sleepers is filled with site-mixed concrete. Therefore a
single block sleeper regularly shows five interfaces with the surrounding concrete. In order to
manufacture a specimen with predefined faults to be detected the interfaces of particular
block sleepers have been intentionally prepared in such a way that a proper bonding is
avoided, e.g. by integration of foils or Vaseline layers. These kinds of preparation have been
applied to four of the totally six block sleepers, and only to selected surfaces. Table 1 gives
an overview about the individual sleepers and their intended bonding.
In the beginning of the investigations, the rails have been dismounted in order to be
able to fully observe the wave propagation and to provide unhindered optical access to the
upper surface of the slab track segment. Later, the rails were mounted in order to verify that
the measuring technique gives also reliable results for this more realistic configuration.
Therefore, in these subsequent experiments, the coupling of the block sleepers by the rails
and its influence on the wave propagation was also taken into account.

4

Figure 2. Reinforcement of the test specimen [7]
A customized three dimensional ESPI setup (DANTEC Dynamics Q 600) forms the
core of the measuring devices. The trigger system for tracking the propagating waves due to
the impact is also custom built and transfers signals generated by the impactor to the internal
Q 600 trigger. For the experiments the optical setup was prepared in such a way that two
neighbouring block sleepers in lengthwise direction could be inspected in parallel. For in situ
investigations, an optimization of the optical setup is possible in order to allow for the
simultaneous observation of laterally adjacent block sleepers during the inspection ride.
block sleeper according to Figure 2
types of interfaces
block sleeper 1
fully separated by foils
block sleeper 2
fully coupled
block sleeper 3
lateral surfaces separated by foils
block sleeper 4
fully coupled
block sleeper 5
bottom surface separated by foil
block sleeper 6
lateral surfaces separated by Vaseline
Table 1. Scheme of the bonding constructions within the test specimen [7]
In order to generate the surface waves the test specimen was excited by an impact.
For this purpose, either an impulse hammer was used or a weight of 150g was dropped from
a defined height. A very important issue is the proper triggering of the laser pulse by the
impact signal in order to be able to observe the propagating wave. For future in situ
measurements it is planned to manufacture a monitoring vehicle on which an impact
mechanism is mounted which allows for a reproducible excitation of every sleeper at the
same respective location, cf. [8].

Selected results
Figure 3 shows experimental results of block sleepers 1 and 2 after impact excitation applied
at the railseat area of block-sleeper 1. The joints are built as follows: Block sleeper 1 is fully
separated from the surrounding concrete by foils whereas block sleeper 2 is completely
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coupled. The wave propagation time from the impact to the first exposure is 1.2ms and the
pulse delay is 0.2ms in all the experiments presented in the following. It is obvious that the
area of block sleeper 1 shows an interference pattern and thus a dynamic behaviour which is
fully decoupled from the surrounding site-mixed concrete. On the other hand, block sleeper 2
is well integrated in the interference pattern of the surrounding concrete indicating the good
bonding. Therefore, the phase maps give valuable information about the quality of the
bonding. If a block sleeper is not well bonded to the surrounding site-mixed concrete, the
propagating waves are reflected and, additionally, the block sleeper under investigation
shows an individual dynamic behaviour. Although block sleeper 2 is completely coupled
small offsets can also be detected in the interference pattern in the transition zone. The
reason for this phenomenon is that the pre-fabricated sleepers which are produced in a
factory have a higher density than the surrounding site-mixed concrete. The difference of
density results in an impedance difference which causes slight reflections and refractions of
the incoming waves.

Figure 3. Left: Arrangement of the pre-fabricated sleepers 1 (above) and 2 in the test
specimen. Right: Associated phase map due to impact excitation at sleeper 1 (rails not
mounted).
The respective dynamic displacement field is shown in Figure 4. The same phenomena
are visible: While the well bonded block sleeper 2 shows a deformation behaviour which is
well adapted to the surrounding site-mixed concrete, gaping joints are visible between block
sleeper 1 and the surrounding area which result from displacement differences.
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Figure 4. Dynamic displacement fields of sleepers 1 (above) and 2 as well as of the
surrounding site-mixed concrete (rails not mounted)

6

Observed area

First direction

Second direction

Third direction

Figure 5. Observed area and phase maps of the three detection directions
Compared to the one dimensional ESPI-technique, the three dimensional
measurement system provides additional information of the displacement field. As wave
propagation phenomena lead to three dimensional displacements of material particles, some
flaws, voids, and discontinuities can be detected from the resulting in-plane displacements
rather than from the respective out-of-plane component. So, it is possible to observe in-plane
displacements directly and not only from small effects in out-of-plane direction which are due
to contraction.
Figure 5 shows corresponding phase maps of the three detection directions. The
structure was excited by an impulse hammer. Again, the time from excitation to the first
exposure was 1.2ms, however, the delay of the two laser pulses was 0.1ms. The
corresponding displacement components in x-, y-, and z-direction are shown in Figure 6.
Here the x-displacement component is significant higher at sleepers 1 and 5 compared
to sleepers 2 and 4 indicating the improper bonding. The y-displacements give further
information. Again, the magnitude of motion of sleepers 1 and 5 is larger than that of the
other sleepers and the surrounding concrete structure. The z-displacement leads to similar
results and visualizes large out of plane displacements at sleeper 5. The vector plot is the
combined presentation of all three displacement components. The resulting in-plane
displacements obtained from the x- and y-directions are depicted as arrows. The zdisplacement is shown in a fringe plot. It is clearly visible that improper bonded sleepers can
be detected from both the z-component of the displacement field and from the in-plane
displacements which show pronounced discontinuities at the joint surfaces.
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Figure 6. Displacement components and vector plot of the observed area

5. Experimental results: Crack detection in concrete block sleepers
In the automated fabrication process of block sleepers which are used for slab track
constructions cracks frequently occur in regions which may be crucial for a long life span.
Time consuming and not very reliable manual inspection methods are currently applied in
order to ensure good quality.
As an alternative ESPI based investigations are proposed in the following. Impact
excitation is employed for generation of surface wave propagation and subsequent
vibrations. All cracks were detected with ESPI and interpretation of results as well as
assessment of applicability was supported by accompanying vibration experiments with a
scanning laser vibrometer.

Figure 7. Left: Prefabricated sleeper and crack sensitive region. Right: Large crack.
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Experimental setup and test execution
Figure 7 shows a block sleeper which served as a test specimen in the investigations
described in the following. Four configurations were investigated: one sleeper without cracks
for reference purposes, and three others with large, fine, and extremely fine cracks,
respectively. This classification of the crack size is based on an assessment by the naked
eye. Figure 7 also shows the region of interest at the specimen with the large crack which
was highlighted for demonstration purposes.
The experimental setup for crack detection is shown in Figure 8. The steel
reinforcements at the bottom of the block sleepers are fixed to a steel plate. A custom built
impact excitation device was chosen for wave generation and placed at one end of the
sleeper. Its lower part is also visible in Figure 8.

Figure 8. Sleeper with impact excitation device and accelerometers.
Again, the customized three dimensional ESPI setup and the above mentioned trigger
system are employed. For accompanying vibration measurements accelerometers which are
also visible in Figure 8 were mounted at several locations. A Hewlett Packard HP 35650 four
channel spectrum analyzer was used for signal analysis.
All the sensors of the three dimensional ESPI system were employed for the
experiments. However, only the data of the sensor directly located above the center of the
sleepers were used for the analyses of the surface displacement field or the displacement
gradients, respectively. This sensor was selected due to the fact that the surface is not plain
so that it is partially hidden to the other sensors. The observed area is shown in Figure 9.
The recording of the two corresponding interferograms in double exposure technique
was triggered by the afore-mentioned impact excitation device. The particular time at which
the wave propagation or later vibrations, respectively, are captured was selected by
appropriately chosen time delays of the laser control and the custom built external trigger
system.
For the interpretation and the assessment of results, the ESPI measurements were
accompanied by harmonic excitation experiments which were observed by a Polytec PSV
scanning laser vibrometer.

Selected results
Some results from the experiments with the block sleeper with extremely fine cracks are
presented in the following.
The photo captured by the sensor is shown in Figure 9, left picture. The inclined
regions are clearly visible. A phase image of the vibration state taken by the same sensor at
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about 12.5 10-3s after trigger time is also presented in Figure 9, top right. At this time, the
transient process of wave propagating across the sleeper is already finished. The
discontinuous fringes in the right part of the phase image and the fringe pattern which is
broken in this way indicate the occurrence and the location of the crack. Since cracks cause
discontinuities in the displacement field, the displacement gradients were analyzed and also
shown in Figure 9, bottom right. In this figure the crack is clearly identified by the dark area
and can precisely be distinguished from the otherwise smooth surface. The corresponding
out-of-plane displacement plot is shown in Figure 10. Again, the discontinuity in the
displacement field indicates the crack precisely.

Figure 9. Left: Observed region of the sleeper. Top right: Phase image. Bottom right:
corresponding displacement gradient plot.
Figure 10 also shows the vibration shape (vibrometer velocity) of a sleeper without
cracks captured by the PSV scanning laser vibrometer at harmonic excitation at f = 2980Hz.
The discontinuities in the observed area are due to limitations of the measuring system which
result from the inclinations of surface parts. This experiment confirms the interpretation that
the vibration mode at which the ESPI measurement successfully discovers the crack is a
torsion mode. Therefore, the cracks are obviously discovered at vibration states that can also
be excited harmonically. The cracks then cause sudden distortions in the displacement field.

Figure 10: Left: Displacement field indicating the crack. Right: Vibration mode at
f=2980 Hz.
However, an assessment of the actual size of the cracks and thus of the extent of the
damage is not feasible yet by use of the ESPI measurements. For this purpose, a series of
phase images would have to be taken in order to capture the maximum crack opening. In this
context it should be taken into consideration that the object states can only be reproduced
within a reasonably small temporal resolution depending on the actual experimental setup.
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6. Further results: Lamb wave generation in a steel plate
The following theoretical investigations serve as a basis for experiments on Lamb waves in
thin plate and shell structures. These investigations are of great practical importance for the
further development of structural health monitoring systems.
Current research is concerned with various types of structural health monitoring
systems. Passive systems monitor plates and shells for acoustic emissions which are
generated from impacts or newly developing or propagating cracks. In contrast, active
systems interact with the structure and analyze the reactions. Examples of active systems
are the conventional ultrasonic testing methods and, more recently under development,
testing procedures on the base of Lamb waves, cf. [9]. The latter technology benefits from
the fact that Lamb waves spread out over large areas of the plate and shell structures under
investigation so that they do not need to be scanned. A multitude of Lamb wave transducers
exists, e.g. wedge-, interdigital-, electromagnetic-, capacitive micro machined ultrasonic
transducers, and piezoelectric wafers. In order to develop and optimize these transducers, a
fundamental knowledge of the mechanical problem related with Lamb wave generation is
necessary.

Figure 11: Left: Modelling of a piezoelectric wafer actuator bonded to a steel plate.
Right: Shear stresses transferred to the steel plate.
The numerical results presented in the following deal with a piezoelectric wafer which is
bonded to the upper surface of a steel plate. In the analysis of the problem, only the stresses
which are caused by the piezoelectric wafer and which are transmitted to the steel plate are
modelled, cf. Figure 11. An analytical solution [10] has been carried out in order to preestimate the structural response and to prepare subsequent experimental investigations.

Figure 12: Displacement in y- and x-direction of the antisymmetric (top) and symmetric
(bottom) Lamb waves at the upper surface of the plate.
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The following results are calculated for a steel plate with the geometrical parameters
d=2.4mm, a=4.5mm and the material parameters E= 210GPa, ν=0.3, and ρ= 7800kg/m3. The
shear stress is τ=100kPa and the excitation frequency 12000πHz. At the given frequency,
only two propagating modes exist, namely the symmetric S0-mode and the antisymmetric A0mode. In Figure 12 the displacements along the surface are plotted. Another plot is given in
Figure 13, where the displacements of the asymmetric mode through the thickness of the
plate (x-coordinate fixed) are given. It can be seen, that the displacements uy are constant at
a given x-coordinate and that the displacements ux vary linearly across the thickness. Since
the complete displacement vector field was computed, it is also possible to validate the given
boundary condition.

Figure 13. Displacements in y- and x-direction of the antisymmetric Lamb wave along
the thickness of the plate at a fixed x-coordinate.

7. Summary and conclusion
The experimental investigations presented in this paper have definitely shown that the ESPI
technique is a powerful measurement method for the observation of surface waves.
Furthermore, the observation of surface waves has proven to be an appropriate means for
fault detection and quality assurance.
Measurements obtained from a segment of a slab track have clearly shown that block
sleepers which are improperly bonded to the surrounding site-mixed concrete can well
distinguished from those block sleepers which are fully connected. The phase maps which
are directly obtained during the measurement procedure are well suited for this purpose.
Further investigations are necessary to get more precise information whether other typical
faults can also be detected, e.g. improper bonding of the reinforcements.
For quality assurance of block sleepers, impact excited surface wave propagation and
subsequent vibrations were observed. All cracks discernible by NDT methods common for
this application were also detected by ESPI. The data interpretation was accompanied by
vibration experiments with a scanning laser vibrometer. In this application the observation of
vibration effects subsequent to the transient wave propagation yielded more distinct results
than the observation of the wave itself.
Although the observation of wave propagation effects for damage detection in
specimen made of concrete and of a scale several times larger than the block sleepers has
been proven feasible and useful, its applicability to specimen of smaller size depends even
more on the relation of specimen dimensions, propagation velocity, and characteristic
damage size.
Finally, some theoretical considerations were presented which are generally applicable
for systematic investigations on the generation of Lamb waves by piezoelectric wafers for
structural health monitoring purposes.
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