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Abstract. A lot of failures in mechanical components are caused by fatigue.  
Therefore the detection of fatigue damage at a very early stage is important. 
Rayleigh waves can be used to detect cracks that evolve from the surface of a 
mechanical structure.  
 In this article a method will be proposed to detect a growing fatigue crack 
based on the variability of the measurements due to the opening and closing of the 
crack.  In contrast to classical ultrasonic measurement methods, that use a high 
voltage pulse, an optimized multisine excitation signal with small amplitude is used.  
Moreover this method can be used in operating conditions: the normal operation of 
the structure doesn’t have to be interrupted and the device doesn’t have to be 
disassembled. 

Furthermore, it is possible to estimate the severity of the damage, i.e. the depth 
of the crack, since the penetration depth of a Rayleigh wave is related to the 
frequency. 

The proposed methods are validated on a steel beam that is fatigue loaded with 
a force signal.  

Introduction  

Most of the NDT-methods [1] that are currently used in practice have an important 
limitation, namely they are off-line: the normal operation of the structure has to be 
interrupted and the device often has to be disassembled. This implies a non-availability of 
the device and a large life-cycle cost.  Moreover the health of the device between two 
periodic inspections is uncertain. 

Nevertheless on-line fatigue crack detection techniques cope with several challenges: 
• The methods have to be robust: during operation a large amount of 

environmental noise is often present. 
• The methods have to be reproducible and should be un-ambiguous. 
• The damage, i.e. the crack, has to be detected as early as possible. 
• During monitoring a lot of data has to be measured and treated so the techniques 

should be easy, fast and computationally simple. 
• In normal operating conditions there is not much space available for sensors and 

measuring equipment and often the most dangerous spots of the device (i.e. the 
spots where the crack should occur due to high stresses) are not visible to the 
eye. 

With regard to these challenges, the Surface Acoustic Wave (SAW) [2] technique is a 
suitable candidate.  Indeed, the sensors and the instrumentation are quite compact and 
because of the use of high frequency transducers a high sensitivity can be attained while 
being robust with respect to environmental conditions.   
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Several methods that use SAW for the detection of cracks on mechanical structures 
were proposed in [3], [4], [5].  The method presented in this paper uses a low voltage multi-
sine SAW excitation where the transmission of the signal is evaluated while the crack is 
opening and closing. 

In the following sections an on-line method will be developed.  Then the 
experimental set-up and the validation of this method will be discussed.  Finally, 
conclusions will be drawn.  

1. The Proposed On-line SAW Approach  

Assume that the structure under test is periodically excited by a low frequent fatigue 
load (this load can be the operating load of the component or a simulation of the load on a 
test bench).  While the structure is excited, a multi-sine ultrasonic surface wave (with 10 
components from 1 to 10 MHz) is continuously transmitted between a sending and 
receiving surface wave transducer.  The received transmitted signal is measured during the 
fatigue load sequence [6]. 

The transmission of these signals depends on the stress state of the structure.  When 
the crack is closed the surface wave is almost completely transmitted, while the SAW is not 
transmitted through the crack when it’s open.  Moreover the transmission of the surface 
waves is influenced by the depth of the crack since the penetration depth of the SAW is 
inversely proportional with the frequency.  The amplitude modulation and the frequency 
dependency of the penetration depth are used in order to detect cracks in the structure.  

The received ultrasonic (time) signals are Fourier transformed and the ten 
components Xi (1 to 10 MHz) can be found (Figure 1). 
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Figure 1: Multisine with 10 components in time and frequency domain 
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The transmission of every component is studied.  Ten measurements (n = 10) are 
taken into account and the variability, i.e. the standard deviation of each component is 
evaluated: 
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When no crack is present the variability will be small. Due to changing operational 
conditions (e.g. temperature) and possible small movements of the sensors (the sensors are 
also vibrating) the transmitted signal can drift.  When a crack occurs the difference between 
the spectral components of the received signal will enlarge (due to the opening and the 
closing of the crack) and the variability of the received signal will grow.  

2. Experimental Set-up  

2.1 Introduction 

To validate the approach explained in the previous section, a steel beam is fatigue 
loaded in a test rig.  In this way a propagating fatigue crack was created.  The test set-up 
with a detail of the ultrasonic measurement transducers is shown in Figure 2.  A crack 
propagation gage was glued onto the side of the beam in order to have a reference for the 
actual crack depth.  More details with respect to the fatigue load, the crack propagation 
gages and the SAW transducers are given in next paragraphs. 

 

 
 

Fig. 2: Overview of the test set-up (top) and detail of the measurement sensors (bottom): (1) transmitter, (2) 
receiver, (3) crack propagation gage, (4) actuator, (5) beam support 

 

2.2 Fatigue Load  

The test specimen is a steel beam with dimensions 450x12x10 mm.  The beam was 
excited by a hydraulic actuator at a frequency of 1 Hz and amplitude of 8 mm.  The 
distance between the actuator and the beam supported on the roller is about 140 mm.  In 
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order to know when the beam is pushed down (opening of the crack) or pulled up (closing 
of the crack) the force on the load cell of the hydraulic actuator was measured. 

2.3 Crack Propagation Gages 

To obtain the crack length as a reference for the SAW measurements, Micro-
Measurement type TK-09-CPA01 crack propagation gages were glued onto the side of the 
beam under test (Figure 3). 

 

 
 

Figure 3: Crack Propagation Gage 
  

These gages consist of a number of resistor strands connected in parallel.  When 
glued to a surface, the propagation of a crack causes successive open-circuiting of the 
strands, resulting in a known increase of the total resistance.  The crack propagation gage 
consists of 20 grid lines (strands), with a spacing of 0.25 mm.  The monitoring of the crack 
with such a gage is very sensitive and reliable, but the use this type of sensor has several 
disadvantages: 

• Expensive method due to the destructive nature of the gages. 
• The gages can only be used on a smooth surface. 
• Accessibility of the measuring spot: the gage can’t be positioned on top of the 

crack because all strands would snap at once. So the lateral side of the crack 
should be accessible. 

This means that the applicability of this method is limited to simple structures and 
damage scenarios. The result of the crack length measurements are shown in Figure 4. 
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Figure 4: Voltage over the crack propagation gage 
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2.4 Ultrasonic SAW Transducers 

To create the SAWs two Panametrics 10 MHz surface wave transducers (type V544-
SM) with ABWML-4st-90 wedges were attached to the beam.  Between the transducers’ 
wedges and the beam glycerine is inserted as a coupling liquid.  A multi-sine excitation 
signal with 10 components between 1 and 10 MHz is applied using a HP33130A arbitrary 
waveform generator.  The received signals were measured using a digital Agilent 54624A 
oscilloscope. 

3. Experimental Results 

The evolution of the transmitted amplitude of the spectrum of the 5 MHz component 
is shown in Figure 5.  The amplitude of the received signal is shown in function of the 
number of measurements.   It can be seen that from a certain moment, after 6500 
measurements, the amplitudes vary a lot.  This variation can be explained by the existence 
of a crack. Depending on the stress state of the crack (open or closed) the surface waves are 
transmitted or not.  

 
Figure 5: Amplitude of the transmitted 5 MHz component 

 
In Figure 6, a comparison between the transmitted 5 MHz and 2 MHz components is 

made.  One can see that the variability of the 2 MHz components starts at a later moment.  
This can be explained by the fact that the penetration depth of the surface waves is 
inversely proportional to the frequency.  This means that the high frequency component is 
more sensitive to small cracks than the lower frequency component and is thus able to 
detect a crack in an earlier stage.  This provides a means to estimate the actual crack depth 
(the 5 MHz wave penetrates about one wavelength which is approximately λ = c/f = 0.6 
mm for steel, with a Rayleigh velocity c of about 3000 m/s [7]).  
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Figure 6: Comparison between the 2 and 5 MHz component 

 
A study of the variability of the different components is made, were the standard 

deviation over 10 measurements is made.  The results for the different components and the 
crack propagation gage are shown in Figure 7. 
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Figure 7: Variability of the transmission of the SAW 
 

The crack propagation gage shows the growing of the crack starting at approximately 
measurement 5200.  The evolution of the variability of the different components can easily 
be explained.  At a certain moment, when the crack is initialized the variability starts to 
grow.  This is caused by the variation of the transmission of the SAW due to the opening 
and closing of the crack.  When the crack is too deep, the hydraulic actuator can’t entirely 
close the crack, so transmission lost is permanently observed: the variability drops. 

One can also remark the frequency dependency with respect to the penetration depth 
of the surface waves.  High frequency components are more sensitive to small cracks.  This 
is shown by the raising of the variability of the components: the higher the frequency, the 
sooner the variability begins to rise.   

Thus, the crack growth can be detected in an early stage by use of the high frequency 
transmitted surface waves.  The beginning of the raise of the variability of the spectrum of 
the transmitted wave indicates the detection of a crack.  The 5 MHz component is able to 
detect the crack in an earlier stage than the crack propagation gage (measurement 2500). 
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Conclusions 

In this article an on-line method was proposed to monitor the health of a structure 
during its operational loading.  In this method a multi-sine Surface Acoustic Wave (SAW) 
is continuously transmitted and the transmission is recorded.  The method using the 
variability of the amplitude of the spectrum of the transmitted wave, due to opening and 
closing of the crack, appeared to be able to detect the presence of a fatigue crack in a very 
early stage.  Of course the applicability is limited to those situations where the crack opens 
and closes during operation.  This is the case for many airplane components as for instance 
the slat track (device that is used to enlarge the surface of the wing at take-off and landing).  

Acknowledgements 

The financial support of the Fund for Scientific Research, Flanders, Belgium (FWO 
Vlaanderen); the Institute for the Promotion of Innovation by Science and Technology in 
Flanders (IWT); the Concerted Research Action `OPTIMech' of the Flemish Community; 
the European Community (Sixth Framework Programme and EUREKA); and the Research 
Council (OZR) of Vrije Universiteit Brussel (VUB) are gratefully acknowledged. 

References  

[1] L. Cartz, Nondestructive testing, ASM International, 1995.  
[2] J. David N. Cheeke, Fundamentals and Applications of Ultrasonic Waves, CRC Press, 2002. 
[3] U.B. Halabe, R. Franklin, Fatigue crack detection in metallic members using ultrasonic rayleigh 

waves with time and frequency analyses, Material Evaluation 59 (2001), p424-431. 
[4] B. Zurn, S.C. Mantell, Nondestructive evaluation of laminated composites using rayleigh waves, 

Journal of Composite Materials 32 (2001), p 1026-1044. 
[5] S. Vanlanduit, P. Guillaume, G. Van Der Linden, Online monitoring of fatigue cracks using ultrasonic 

surface waves, NDT&E International, Vol 36 (8), p 601-607. 
[6] S. Vanlanduit et al., Tracking of cracks in airplane components using nonlinear surface wave 

propagation techniques, DAMAS 2005 
[7] L.W. Schmerr, Fundamentals of ultrasonic nondestructive evaluation: a modeling approach, London 

Plenum Press, 1998. 
 

7


