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Abstract 
In this paper, a new method is presented that helps identifying pipe flaws in guided-
wave inspection results. It is based on the evaluation of flexural components extracted 
from data sets acquired with a multitude of magnetostrictive sensors uniformly 
distributed around the pipe circumference. In addition, to prove its efficiency, the 
method will be applied to both simulated and experimental data and the results will be 
compared. Finally the nature of the separated wave modes will be confirmed comparing 
the experimental wave velocity information to data available in the literature. 
Keywords: long range inspection; monitoring; guided wave; ultrasonics; 
magnetostrictive transducer; angular profile. 
 

1. Background 
 
Methods that apply guided wave technology for pipeline screening purposes have seen 
important technological improvements in the past years, gaining more and more 
popularity amongst industrial users. Existing commercial instruments use 
piezoelectricity or magnetostriction to generate guided acoustic waves in pipelines and 
for their further detection [1], [2], [3]. Transduction principle, transducing material, 
geometrical configuration and spatial distribution of the transduction elements are only 
some of the main differences between the two technologies that make them suitable to 
different particular applications. Piezoelectric instruments (PZT) that are commercially 
available use multi-element Tx/Rx transducer ring, while magnetostrictive commercial 
systems (MCS) use a continuous Tx/Rx transducer strip bonded around the pipe 
circumference. These two configurations bring significant differences between the two 
systems in what wave generation and acquisition is concerned. 
The multi-element transducer ring configuration of the PZT systems allows a better 
wave generation process like for instance the focalization of the transmitted guided 
wave for a better identification and characterisation of discontinuities [4], [11]. On the 
other hand, the number of elements in the ring has to be greater than n where F(n,1) is 
the highest order flexural mode whose cut-off frequency is within the bandwidth of the 
excitation signal [5]. In the acquisition process, this configuration allows wave mode 
separation, thus asymmetrical modes generated by asymmetrical discontinuities (mainly 
defects) can be evaluated to clearly discriminate defects from the other pipe features[6], 
[11]. 
The sensor configuration of commercially available magnetostrictive guided-wave 
systems can be described in a simple way as a single continuous transducing element 
attached to the pipe and surrounding the circumference independently of the pipe size 
[7]. With this configuration the generated wave mode is always symmetrical (torsional) 
and no asymmetrical modes are generated. In addition, less wave control can be 
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achieved with a single channel transmitter. In the acquisition process, asymmetrical 
modes generated by defects can be observed with certain difficulty because of the use of 
a single receiver. 
In [8] and [9] new configurations for magnetostrictive systems were proposed. They 
uses the same continuous transducer as described earlier for the generation of 
symmetrical torsional waves while the acquisition system is formed – in the last case- of 
multiple acquisition elements that are uniformly distributed around the pipe 
circumference. 
In this paper, the capacity of the new acquisition system to perform mode separation 
will be demonstrated. In the first phase, mode separation procedure will be explained 
using simulated data obtained with FEM commercial software. The second phase will 
consist in the application the procedure explained in the previous step to experimental 
guided wave signals acquired on real pipes and in-service pipelines. Finally, the nature 
of the wave modes will be confirmed comparing wave velocity information with data 
available in literature. 
 
2. Preliminary tests and computer simulations 
 
The way that asymmetrical wave modes can be retrieved from the acquired torsional 
signals was already described in [10].  
In order to extract the circumferential displacement of the flexural component then local 
circumferential displacements of the torsional guided wave mode are necessary [12], 
[13]: 
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where:  
ufa –average circumferential displacement of the flexural component in the time instant 
t, reference angular position θ0, defect angle ∆θd.  
ut – local circumferential displacement of the torsional component located in 
circumferential point Pn, instant t, for a defect of angular extent ∆θd. 

FEM commercial software has 
been used to simulate the 
propagation of acoustic guided 
waves into pipes that were 
similar to those available for 
laboratory experiments. Initially 
ufa was evaluated for flaws 
having angular extent ∆θd=360°, 

270° and 90° respectively, and θ0 was varied from 0° to 360° in 72 steps of 5° as it 
follows:  θ0(n) =(n−1)⋅5°,  n =1, 2, …72. The amplitude |ufa(t;∆θd,θ0)| is maximum when 
θ0=0, 180°. These values are related to the symmetry plane of the defect (Figure 1). 
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Figure 1: defect geometry 



 
 

 
Figure 2 and Figure 3 show representations of simulated data transformed according to 
(1). In this case the asymmetrical mode is the flexural of order 1, and is represented for 
72 angular positions by the coloured lines. The overlapping thick dashed line represents 

the average torsional displacements: ( ) NtPuu
N

n
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The three figures correspond to defects 
having angular extents of 3600, 2700 
and 900 respectively. The simulated 
results show no flexural component for 
the flaw having ∆θd=360°, while it 
remains constant for the other flaws 
with ∆θd≠360°. On the other hand, uta 
is the one that changes in amplitude as 
a function of ∆θd. As a consequence, 
for flaws having radial extent ∆R , the 

2.9 3 3.1 3.2 3.3 3.4 3.5 3.6
-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

time (ns)

360 deg flaw --> average torsional and local flexural

 
Figure 2: average torsional & local flexural for a 360º flaw 

 
Figure 4: Amplitude profile of the F(0,1) impulse 
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Figure 3: average torsional & local flexural for 270º & 90º flaws 



torsional to flexural ratio (TFR) can be defined as: ( )[ ]0,max
0
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An important aspect to be noticed is that high TFR correspond to a high degree of 
asymmetry for a given discontinuity. Moreover, as it was explained previously, an 
F(0,1) impulse is characterized by a specific amplitude profile with two absolute 
maximums (at 00 and 1800 because of the maximum asymmetry) and two absolute 
minimum points as shown in Figure 4. The amplitude profiles computed over the entire 
axial length of the inspected pipe can provide information on the presence of 
asymmetric discontinuities, their circumferential position and their angular extent. 
As an example, the following test considers a pipe with two artificial discontinuities one 
of each being a complete 3600 symmetrical feature, while the second one is a 900 
artificial flaw. The two features are positioned at 2 m and 2.4 m respectively, from the 
initial impulse. 
In the following, three representations of the results are shown:  

1. The RF representation of the T(0,1) average signal � the two discontinuities 
cannot be differentiated as the two T(0,1) reflections present the same shape and 
amplitude; 

2. An amplitude based representation [9] of both T(0,1) and F(0,1) � a slight 
difference between the F(0,1) amplitudes can be noted in correspondence of the 
two discontinuities: a higher F(0,1) generated by the asymmetrical flaw with 
respect to the one generated by the symmetrical discontinuity; 

3. The amplitude profile of the F(0,1) computed along the axial direction; colour 
intensities correspond to flexural displacement amplitudes computed with 
respect to the torsional component. The flexural component is highlighted by its 
characteristic magnitude profile with two absolute maximums and two minimum 
points and the asymmetrical flaw is clearly distinguished from the symmetrical 
discontinuity.   

 

 

 

 
Figure 5: Test results- average T(0,1) signal, amplitudes of T(0,1) and F(0,1)  

and colormap representation of F(0,1) 
 



The low amplitude flexural component located in correspondence of the artificial 
symmetrical discontinuity (and the transmitted wave at 0.6m) is thought to be caused by 
the imperfection of the signal generation, i.e. a slightly asymmetrical torsional signal 
was generated. The flexural at 3.6m corresponds to the imperfect cutting of the pipe. 
Further experiments and field tests will underline the way how mode separation is able 
to provide valuable information on the geometry of the reflecting discontinuities. 

 
 3. Experimental results 

 
The guided wave system that was used 
for the experiments consists in two major 
parts: 

1. Transmitter – an electromagnetic 
coil placed over a 
magnetostrictive strip bonded to 
and completely surrounding the 
pipe circumference; the 
transmitted wave is a torsional 
symmetrical wave; 

2. Receiver – a multi-channel collar 
completely surrounding the pipe 
circumference; each receiving 
channel gets activated through a 
channel multiplexer; a complete 

data set corresponds to a 3600 acquisition along 
the pipe circumference. 

In this section, several experimental results will be 
presented, that use the first order flexural mode to 
identify pipe flaws. Flaws and other discontinuities 
were created by bonding pieces of metal to the external 
pipe surface. Two types of data representation were 
used:  

- Amplitude based representation of both T(01) 
and F(0,1) wave modes that helps identify all the 
discontinuities present along the tested pipe. 

- Coloured map of the amplitude profile 
distribution corresponding to the F(0,1) wave 
mode that emphasises asymmetrical 
discontinuities. 

 
Characteristics of the test pipe as well as the features 
identified within the represented data are described in 
the table corresponding to each test. 
 
8” pipe with artificial flaws 
 
An 8” pipe was prepared with a series of artificial flaws 

having various geometries. The colormap representation gives indications on the degree 

 
Figure 6: magnetostrictive collar and 

multiplexer used for the tests 
 

 

 
Figure 7: Flaws on the 8” 

pipe 



of asymmetry of each discontinuity. There is also a low amplitude flexural component 
in the transmitted wave that is due to the imperfect wave generation. It has to be noted 
the high amplitude flexural of the small artificial flaw located at 2.5 m compared to the 
much lower flexurals generated by the larger artificial flaw at 2.6m. Furthermore, the 
flexural component at the end of the pipe can be explained by the imperfect pipe 
cutting. 
 

 
 
Table 1: Features detected on the 8” pipe and their characteristics 

Pipe Geometry Features detected 
Position Geometry 

Diameter Length Coating Type Axial 
(m) 

Circumf 
(deg) 

Radial 
(cm) 

Axial 
(cm) 

Circumf 
(deg) 

Transmitted 
wave 0.6 - - - - 

symmetric 1.8 - 0.2 2.3 360 
flaw 2.5 30 0.2 1 5 

symmetric 3.2 - 0.02 5 360 
flaw 3.6 0 0.2 2.5 110 

reverberation 4 - - - - 

8” 5m 
Not 

present 

Asymmetrical 
pipe end 4.8 - - - - 

 
PE coated pipe 
 
Extraction of the flexural component has also been tested on a pipe coated with Fusion 
Bonded Epoxy (FBE) that had an artificial flaw positioned at about 10.5 m from the 
pipe’s left extremity. The artificial flaw is clearly identifiable on the flexural colormap 
due to the characteristic amplitude profile. The indication located at 13m is due to 
multiple reflections between the flaw and the right pipe end. 

 

 
Figure 8: Results of tests performed on the 8” pipe 



 

 
 

 
Table 2: Features detected on the 10” pipe and their characteristics 

 
6” in-service gas pipeline  
 
A 6” gas pipeline has been tested to confirm the procedure for flexural component 
extraction. Several artificial flaws have been created along the pipeline, using the 
procedure described previously. The test covered a pipeline section of about 30 m in 
both directions from the sensor position. The extraction of the flexural component 
allowed identifying asymmetrical discontinuities from a series of discontinuities 
including symmetrical ones, and pipeline welds.  
An important issue regarding this final test is mode separation taken place due to 
differences in the wave velocity between the flexural component and the torsional one. 
Mode separation can be noted more easily on small diameter pipes and performing 
relatively long range tests. In the case of the 6” pipe, the delay of the flexural 
component with respect to the torsional can already be seen in correspondence of the 
flaw positioned at 13m. The estimated velocity of the flexural component was 3210 m/s 
compared to the 3250 m/s which is the velocity of the torsional mode guided wave. 
These values are confirmed by the data available in the literature [14]. 
 
 
 
 
 
 

Pipe Geometry Features detected 
Position Geometry 

Diameter Length Coating Type Axial 
(m) 

Circum
f.(deg) 

Radial 
(cm) 

Axial 
(cm) 

Circumf 
(deg) 

Flaw 10.5 0 0.2 2.3 45 
Pipe end 12 - - - 360 10” 12m FBE 
Reverbera

tion 13 - - - - 

Figure 10: Results of tests performed on the 8” pipe  
Figure 9: 10” pipe 



 
 
 
 

Table 3: Features detected on the 6” pipeline and their characteristics 
Pipe Geometry Features detected 

Position Geometry 
Diamet

er Length Coating Type Axi
al 

(m) 

Circum
f.(deg) 

Radial 
(cm) 

Axial 
(cm) 

Circumferent
ial (deg) 

Transmitted 
wave 1 - - - - 

Symmetric  2 - 0.02 1.8 360 
Weld 5 - - 0.5 360 
Flaw  7 0 0.2 1.8 90 
Flaw  13 0 0.2 1.8 90 
Weld 15 - - 0.5 360 

Flaw 
25.
5 

90 0.2 1.8 90 

Weld 27 - - 0.5 360 

6” >100m Paint 

Flaw 29 0 0.2 1.8 110 
 
4. Conclusions 
 
In this paper, a new flaw identification method was presented that can be used in guided 
wave NDT performed with a usual magnetostrictive transmitter and a multi-channel 
receiver. The method is based on the evaluation of flexural components extracted from 
data sets acquired with a multitude of magnetostrictive sensors uniformly distributed 
around the pipe circumference. The efficiency of the proposed method was tested in a 
series of experimental tests performed on both dismounted pipes and in-service 
pipelines. The nature of the separated wave modes was confirmed in the last test 
performed on the 6” pipeline by evaluating the wave velocities. 
Extraction of flexural components from data acquired by the multi-channel 
magnetostrictive collar provided not only for the identification of the asymmetries 
(potential flaws) but also for the estimation of their gravity, which is of vital importance 
for the maintenance operations that are to be scheduled as a consequence of inspection 
results.  
 
 

 

  
Figure 11: 6” in-service gas 

pipeline 
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