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Abstract 
 
Ultrasonic guided wave testing is a novel technique used for inspection of various waveguides including pipe 
structures. Guided waves are ultrasonic waves that propagate differently from the more commonly known bulk 
waves. The use of axisymmetric guided modes has shown advantages of good penetration and good sensitivity. 
For a better understanding of the propagation and reflection of these waves in pipe structures, an experimental 
study of non-axisymmetric modes is carried out in this paper. The bubbler immersion ultrasonic testing technique, 
which incorporates a plastic wedge, provides a specific incident angle for the transducer. This incident angle 
produces the desired L(0,2) mode in the pipe, although some other flexural modes are also generated due to beam 
spreading. Using this setup, experiments are carried out on a steel pipe. Furthermore, a wavelet analysis is used to 
enhance the sensitivity of the test method. The non-axisymmetric ultrasonic guided waves seem to be a fast and 
simple approach for inspection of pipe structures. 
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1. Introduction 
Defect detection is a crucially important means of preserving industrial facilities, railroads, pipelines, etc. 
Ultrasonic guided waves provide the possibility of defect measurements over long distances. Propagation of guided 
waves are totally distinct from conventional bulk waves. Contrary to bulk waves, these waves can be propagated 
in different types of modes including longitudinal, torsional and flexural ones. Longitudinal and torsional modes 
are axisymmetric ones but flexural modes are asymmetric. Even when only axisymmetric modes are used for 
inspection, asymmetric reflections can occur due to non-axisymmetric defects. Additionally, guided waves are 
dispersive waves. It means that their phase and group velocities can be influenced by frequency and thickness of 
the waveguide. As a result, inspection of pipes using guided waves has its specific complexities. The first solution 
for the propagation of guided waves through pipes was presented by Gazis [1,2] using elasticity theory. Then, Silk 
and Bainton [3] investigated the generation of guided waves using angle beam method and generated the L(0,1) 
and L(0,2) modes through pipes. Alleyne and Cawley [3] developed a dry-coupled transducer system to generate 
axisymmetric modes through pipes. Lowe et al. [4] proposed that the fastest mode within the non-dispersive 
frequency-thickness range should be used to minimize the dispersion effects.    

 The aforementioned difficulties even compound in non-axisymmetric inspection due to severity of generation and 
propagation of flexural modes. However, by considering the fact that non-axisymmetric inspection provides a 
faster and simpler approach, some researches have been attempted to explore and enhance the use of non-
axisymmetric guided waves for pipe inspection. Shin and Rose [5] investigated the use of non-axisymmetric 
guided waves for tubing inspection. They experimentally measured the circumferential distribution of generated 
guided waves by an angle beam partial loading at various distances. 

  
       2.    Experimental procedure 
The pipe which has been inspected here is a 400 mm. OD, 1 mm. thickness carbon steel one. Six different defects 
has been created on it. The minimum size defect is a notch with a dimension of 5mm (0.4% of cross sectional area) 
in the perpendicular direction relative to pipe axis, and the maximum size defect is a 30mm defect (2.3% of cross 
sectional area) in the same direction. Other four defects are 10, 15, 20 and 25 mm notches. To implement the 
bubbler immersion testing technique, a plastic wedge which provides a specific incident angle leading to the 
generation of the desired mode L(0,2) has designed and manufactured. The manipulated probe here is a 1MHz 
Panametrics immersion one. A manually controlled 5072-PR Panametrics pulser-receiver is used for the data 
acquisition process. Figure 1. shows the wedge, probe, pipe and the pulser-receiver setup during the test. 
 

M
or

e 
In

fo
 a

t O
pe

n 
A

cc
es

s 
D

at
ab

as
e 

w
w

w
.n

dt
.n

et
/?

id
=

19
13

2



IRNDT 2016                                                                          Proceedings of the 3rd Iranian International NDT Conference 
Feb 21-22, 2016, Olympic Hotel, Tehran, Iran 

IRNDT 2016- T03112 
 
 

            

        
Figure 1. Wedge, probe and pipe and the pulser-receiver setup 

 
 

3. Mode characteristics 
Unlike bulk waves, guided waves are dispersive waves. It means that their phase and group velocities can be 

influenced by frequency and thickness of the waveguide. Two indices, circumferential order M and mode number 
n, are used to describe guided wave modes in pipes. Three types of mode are described: longitudinal, torsional and 
flexural can excite in cylindrical waveguide. All of these guided wave modes propagate in the axial direction of a 
pipe. When M=0, the acoustic fields of the modes are axisymmetric along a cylinder circumference, otherwise, 
the modes are non-axisymmetric. Longitudinal modes L(0,n) and torsional modes T(0, n) are axisymmetric, and 
the flexural modes F(M, n) represent the non-axisymmetric modes. 

In guided wave propagation, the phase velocity is usually different from the energy traveling velocity. Both 
phase and group velocities vary with both pipe thickness and frequency. Figure 2. shows phase velocity dispersion 
curves for a carbon steel pipe. Some of the longitudinal modes L(0, n) and flexural modes F(M, n) are shown in 
this dispersion diagram. Material properties and dimensions of the sample steel pipe are given in Table 1. As 
shown in Figure 1. it is possible to have a multiple number of guided wave modes at a constant frequency, but all 
with different velocities. Actually, this curve is the key guide for determining the incident angle of the wedge 
through Snell’s law, in which the desired mode L(0,2) will be generated. As the phase velocity of F(1,3) mode is 
close to L(0,2) mode , the desired mode will be probably accompanied by F(1,3) mode [6].     
 

4. Results and discussion 
4.1. Defect size effect 

As said before, six notches have been created at different circumferential angles of the pipe. The notches have 
been located 30 cm away from the right edge of the pipe and the wedge placed at the distance of 30cm from the 
defects. So, by having the distance constant, we can investigate the effect of defect size on the amplitude of the 
reflected echoes. By considering the reflected echoes from defects with different sizes which are shown in Figure 
3., one can see that the amplitude of reflected echoes increases significantly by increasing the defect size. 5 mm 
defect is approximately not discernable in the Figure4.(a). Additionally, it can be seen that back wall echoes act 
conversely, i.e., as the defect size increases the reflected back wall echoes weakens. This can be described by the 
amount of energy which can reach the wall after being reflected by a bigger defect.  
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Figure 2. Phase velocity dispersion curve for carbon steel pipe, 400 mm. OD, 1 mm. wall thickness. 

 
 
 

 
Figure 3. Effect of notch size on the reflected echo shape. 
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Figure 4. Reflected echoes from different notch sizes at the constant distance of 30 cm; a) 5 mm. notch, b) 10 mm. notch, c) 15 mm. notch, 

d)20mm. notch, a) 25 mm. notch, b) 30 mm. notch 
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4.2. Distance effect 
It is obvious that the amplitude of propagating waves decreases due the attenuation in solid media. However, by 
considering the presence of dispersion phenomenon and severe presence of flexural modes in non-axisymmetric 
guided wave inspection, investigation of distance effect in propagation of these waves becomes crucially 
important. In order to achieve this goal, the wedge placed at two different distances from the 30 mm defect. The 
results are shown in Figure 5. As it can be seen, the more the inspection distance increases, the more the reflected 
echo from the defect weakens. It seems that distance has stronger effect on wave shape relative to defect size. This 
can be the result of the subtle discrepency in the velocities of L(0,2) and F(1,3) which ends in the seperation of 
these modes whitin propagationg the long distances. 
 

 
Figure 5. Reflected echoes from 30 mm. notches at different distances; a) 15 cm, b) 30 cm. 

 
5. Signal processing 

Signal processing offers a wide range of techniques. Fourier transform, which is the most popular approach, has a 
serious drawback. Time information gets lost when transforming to the frequency domain. When looking at a 
Fourier transform, it is not possible to determine when a particular event took place. To overcome this negative 
feature, wavelet analysis is being used. This analysis is a windowing technique with variable-sized regions which 
uses a time-scale region instead of time-frequency one. Wavelet analysis is the breaking up a signal into shifted 
and scaled versions of the mother wavelet. Wavelet analysis is capable of revealing aspects of data that other signal 
analysis techniques miss, aspects like trends, breakdown points, discontinuities in higher derivatives, and self-
similarity. Further, because it affords a different view of data than those presented by traditional techniques, 
wavelet analysis can often compress or de-noise a signal without appreciable degradation [7]. 
 
 

5.1. Continuous wavelet analysis 
 
Continuous wavelet transform (CWT) is defined as the sum over all time of the signal multiplied by scaled, 
shifted versions of the wavelet function  [7] : 

 

( , ) ( ) ( , , )C scale position f t scale position t dt
   

The result of the CWT are many wavelet coefficients C, which are a function of scale and position. Multiplying 
each coefficient by the appropriately scaled and shifted wavelet yields the constituent wavelets of the original 
signal. 
Although in some articles wavelet analysis has been used to enhance the signal to noise ratio of non-axisymmetric 
guided wave testing [8], we used this tool to enhance some other aspects of the approach. One of the positive 
points we achieved using the wavelet transform was enhancement of the sensitivity of the system. As discussed 
earlier, a 5 mm defect is approximately not discernable through an A-scan. By using a CWT, we can discern this 
effect clearly. The suspected 5 mm. defect is shown in Figure.6. By zooming on this region one can see from 
Figure.7 that the defect is obvious in wavelet coefficients diagram, while it is not still discernable even in zoomed 
A-scan signal.          
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       6. Conclusion 
The non-axisymmetric ultrasonic guided waves testing seems to be a fast and simple approach for inspection of 
pipe structures. Presence of undesired flexural modes (in this case F(1,3)) makes non-axisymmetric inspection 
method more complicated. Because of the high frequency of the probe (relative to similar works in the guided 
wave inspection of pipes field) we were able to determine smaller notches compared to usual guided wave pipe 
inspection methods (notches of about 0.8% CSA). In addition, defect size and distance had converse effects on the 
amplitude of the echoes reflected from defects. The effect of distance was more sever in the shape of the reflected 
echo and made it wider. Using a CWT, we were able to enhance the sensitivity of the approach and detect defects 
smaller than 0.5% CSA.   
 
 

 
Figure 6. Wavelet analysis of reflected echo from the 5 mm. notch at the distance of 30 mm. 

 
 

 

 
 

 Figure 7. Zoomed wavelet results at the suspected defect location. 
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