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Abstract 

Several methods are currently being used for nondestructive evaluation of pipelines. In the last few years, ultra-

sonic guided waves have received much attention as a tool for inspection of oil and gas pipelines. This is due to 

the capability of these waves in propagating over long distances with little energy loss. In this paper, the possi-

bility of detection of pipe defects, such as grooves and holes, is investigated using an array of angle-beam trans-

ducers. Identification of guided wave modes is done by means of a 2-D FFT analysis. The analysis demonstrates 

that the asymmetric excitation leads to generation of longitudinal L(0,2) mode in addition to the undesirable 

flexural modes that make the interpretation of results difficult. In order to eliminate the undesirable flexural 

modes and to increase the amplitude of the longitudinal L(0,2) mode, the pipes were excited by axisymmetric 

guided waves. The results showed that the axisymmetric discontinuities, e.g. axisymmetric grooves, can be dis-

tinguished from asymmetric defects, e.g. a hole, by checking the mode conversions that take place in each case. 

 

Keywords: Ultrasonic guided waves; Longitudinal L(0,2) mode; Mode conversion; axisymmetric excitation.  

1. Introduction 

Millions of kilometers of pipelines are currently being deployed all over the world to transport vast volumes of 

oil and gas. These pipes may be threatened by defects such as corrosion, cracks in welds, and damages from the 

excavations and natural disasters over time. In case of occurrence of a leakage in these lines, there will be serious 

economic and environmental damages. Consequently, inspection of pipelines to avoid failures is critically neces-

sary. There are many techniques to examine and identify defects in the pipes. Ultrasonic testing is one of the 

most commonly used non-destructive tests with the ability to evaluate and identify defects. Conventional non-

destructive testing methods are time-consuming due to their point-to-point inspection scheme. To overcome 

these problems, extensive efforts by researchers have led to the emergence and development of new methods of 

inspection by ultrasonic guided waves. These waves propagate in waveguides (structures with specific shapes 

like plates, pipes, and rails) and can propagate long distances from the source of wave generation. The inspection 

process with the ultrasonic guided waves requires sufficient knowledge of wave propagation in structures and the 

wave behavior in dealing with discontinuities in the structure. Settings such as mode selection, frequency, 

boundary conditions, etc. are among the most important parameters of the ultrasonic guided waves inspection. 

Inspection of pipes with guided waves dates back to several decades ago. In 1991, Imperial College NDT group 

began a project to develop a technique for the inspection of corrosion in long tubes (longer than 10 meters) using 

guided waves. Alleyne and Cawley developed a system in order to produce an axisymmetric L(0,M) mode in a 

pipe [1]. In this system, a ring of transducers was mounted on a tube with a number of piezoelectric transducers 

in a dry-coupled manner. The number of piezoelectric crystals depends on the highest flexural mode order at the 

excitation frequency. Shin and Rose used asymmetric excitation with the angle beam probes, in which flexural 

guided waves were created in addition to the longitudinal modes [2]. Barshinger and Rose identified corrosion in 

insulated and non-insulated tubes with L(0,2) mode at a frequency of 500 kHz, using a ring of angle beam probes 

[3]. They also investigated the effect of insulation on energy attenuation of different modes at different frequen-

cies. Dema et al. investigated the effects of parameters such as defect size, frequency, tube geometry and defect 
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position on the cross-section of the pipe in the reflection of L(0,2) and T(0,1) modes [4]. Maghami et al. simulat-

ed the L(0,2) mode with a ring of eight angle beam transducers positioned evenly around the tube showing that 

by limiting the angle between transducers (eight symmetrical excitation points around the circumference of an 

eight inch pipe), pure L(0,2) mode can be generated [5]. In 2001, Wilcox et al. examined the effect of dispersion 

on long-range inspection of tubes using guided waves [6]. They measured the wave dispersion curves using the 

minimum and maximum velocity of the wave packet. In 2011, Zheng et al. used finite element method to inves-

tigate the propagation of symmetric guided waves and their mode conversion due to interaction with symmetrical 

grooves [7]. 

The purpose of this paper is to experimentally investigate the possibility of inspection of groove and hole defects 

in a pipe using axisymmetric L(0,2) mode. We further evaluate the differentiation between an asymmetric defect 

such as a hole and a symmetric discontinuity such as an axisymmetric groove or a circumferential weld. Experi-

ments are conducted on the standard oil and gas transmission pipes with symmetric excitation of pipes using 

angle beam transducers. The experimental results are analyzed and compared with finite element simulations.  

2. Guided waves in pipes 

Guided waves in pipes are much more complicated than in the plate-like structures. Lamb wave theory assumes 

that the plate is infinite; however, the boundary conditions are continuity instead of infinity in a hollow cylinder. 

In a cylinder, there are three main longitudinal, torsional, and flexural modes that are designated as L(0,n), 

T(0,n) and F(m,n), respectively. In this notation, m represents the circumferential harmonics and n is the counter 

variable. The m=0 represents axisymmetric modes L(0,n) and T(0,n), which are widely used in the ultrasonic 

testing of pipes [8]. 

2.1 Dispersion 

Guided waves are classified as short- (< 1 m), medium- (< 5 m) or long-range (> 5 m) depending on their dis-

tance of propagation. For testing structures such as pipes, plates, rails and pressure vessels, long-range guided 

waves are preferred [7]. These waves are non-dispersive and have a low-frequency range. In the long-range 

inspection, guided waves are generated by a transducer and/or a ring of transducers from one or more excitation 

points on the structure. The transmitted and/or reflected waves are then detected by the same or another receiv-

ing transducer [9, 10]. Guided waves may propagate in different modes in a pipe structure. Choosing the right 

mode and frequency for the long-range inspection is very importance. Propagation of a wave packet at various 

speeds at different frequencies is called dispersion. On a dispersion curve, the steepest the slope, the higher the 

dispersive of that mode. This characteristic leads to a change of the waveform along its path [7]. As the wave 

advances, its waveform expands and its amplitude reduces. This results in lower detection resolution over long 

distances.  

3. Experiments 

Experiments are conducted on two steel pipes with outer diameter of 220 mm and thickness of 4.8 mm, each 

having a straight weld-seam and axisymmetric artificial defects in the shape of grooves, see Fig. 1. 10 mm diam-

eter through-hole is also drilled on the 3 m pipe at a distance of 0.85 m from the excitation point, see Fig. 1a. 

Eight angle beam transducers with central frequencies of 540 kHz are used as transmitters and mounted evenly 

around the pipe by a hard plastic ring. An angle beam transducer, identical to other transducers, is used as the 

receiver in order to capture the signals at the eight angular positions of the pipe. A tone-burst signal consisting of 

6 cycles of a 540 kHz sine wave was generated by a USB-UT350T pulser-receiver controlled by LabView. Each 

signal was averaged 200 times.  

3.1 Methodology 

Each guided wave mode has unique characteristics for the inspection of cylindrical structures. The longitudinal 

L(0,2) and torsional T(0,1) modes are used more than flexural modes due to their desirable features including 

simple wave structure, ease of interpretation of signals, and non-dispersive behavior at the low-frequencies. As 

the product of the excitation frequency and pipe thickness (fd) increases, larger number of guided wave modes 

are generated in the pipe [11]. By using the dispersion curve and Snell’s law, one can calculate the transducer’s 

angle and create a desired mode in the pipe. Fig. 2 shows the phase velocity dispersion curves of a steel pipe 

with an outer diameter of 220 mm and thickness of 4.8 mm. 
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Figure 1. Schematic of the experimental setup. 

  

 

Figure 2. Phase velocity dispersion curves of a steel pipe with an outer diameter of 220 mm and thickness of 4.8 mm ob-

tained by the GUIGUW software. 

 

Angle beam transducers used in this study have a central frequency of 540 kHz and a bandwidth of 475-590 

kHz. According to the phase velocity dispersion curve, L(0,2) and F(1,3) modes approximately have equal veloc-

ities at this frequency band. It is expected that both modes show up with asymmetric excitation of the pipe. The 

slight difference between the group velocities of these two modes causes the arrival time of the reflected signals 

to be approximately at the same instance in the short range. However, the dispersive properties of these two 

modes cause the signals to widen and separate in the long-range inspection, which is unfavourable due to making 

the inspection interpretation more complicated. 

Angle beam transducers used in the experiments do not have one single incident angle, but a band of incident 

angles due to beam divergence. The variations of the incident angles leads to the excitation of unwanted flexural 

modes. An experiment was designed to determine the different modes that are being generated in the pipe by the 

transducers. The results were analyzed by 2-D FFT [12, 13] as shown in Fig. 3. Fig. 3 shows that L(0,2), F(1,3), 

F(1,4) and F(1,2) are simultaneously excited in the pipe with relatively high energies.  

According to Maghami et al. [5], by symmetrical wave excitation in 62% of the periphery of the pipe at 8 points 

using angle beam transducers, the flexural modes are eliminated and the amplitude of L(0,2) mode is increased. 

Fig. 4 shows the simulation results of asymmetric excitation (one angle beam transducer) and symmetric excita-

tion (eight angle beam transducers). The experimental tests conducted by Asgari et al. [14] under symmetric and 

asymmetric excitation conditions confirms the simulation results reported in [5].  
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Figure 3. 2D-FFT analysis performed by an angle beam transducer in asymmetric excitation of the pipe. 

 

In the asymmetric excitation scenario, the reflection signal of L(0,2) and F(1,3) modes from the symmetric 

groove and the pipe end are separated from each other, see Fig. 5a. This is due to the difference in the group 

velocities of the two modes which results in the separation of echoes at long distances. When the excitation is 

symmetric, with suppression of flexural modes, the reflection signal of this mode from the defect and the pipe 

end are not observed and the reflection echo of the L(0,2) mode is amplified, see Fig. 5b. Fig. 6 shows the 

transmitter belt (8 transducers) and receiver belt (1 transducer).  

 

Figure 4. Simulation results, a) asymmetric excitation (1 probe), b) symmetric excitation (8 probes) [5]. 

 

Figure 5. Experiment results, a) asymmetric excitation (1 probe), b) symmetric excitation (8 probes) [14]. 

 

 

Figure 6. a) Asymmetric excitation with one probe, b) symmetric excitation with eight probes, c) pulser-receiver. 
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4. Results and discussion 

4.1 Symmetric and asymmetric excitation 

There are two methods for eliminating the flexural modes and generating a pure longitudinal L(0,2) mode. The 

first method is to use a ring of polarized piezoelectric transducers, in which the number of transducers is more 

than the highest order of flexural modes at the excitation frequency [1]. The second method is using angle beam 

transducers that can excite a certain mode by limiting the incidence angle. In this paper, the latter is used to cre-

ate the L(0,2) mode with eight transducers mounted evenly around the pipe. In case of one angle beam transduc-

er, L(0,2), F(1,3), F(1,4) and F(1,2) modes are all generated together. Using eight angle beam transducers instead 

of just one single probe suppresses the flexural modes and amplifies the desired L(0,2) mode. 

4.2 Mode conversion 

In guided wave inspection of pipes when the incident wave hits a discontinuity, it may reflect, scatter or experi-

ence a mode conversion. These phenomena may result in the wave energy loss, noise and unwanted echoes 

which make it difficult to interpret the results. In inspecting the pipes by using the L(0,2) mode, mode conver-

sion is possible when the wave encounters axisymmetric discontinuities such as circumferential grooves and 

welds and non-axisymmetric discontinuities such as corrosion, holes, and cracks. When the L(0,2) mode inter-

acts with an axisymmetric discontinuity, the L(0,1) mode is also generated [5]. The difference in group velocities 

of these two modes results in two separate echoes from one single defect. If the L(0,2) mode interacts with a 

non-axisymmetric discontinuity flexural modes, and in particular F(1,3), may also be generated. 

4.3 Discussion 

Signals obtained from symmetric excitation of the pipe by 8-transducers and one single receiver at eight different 

angular positions around the pipe (every 45 degrees) are shown in Fig. 7. This measurement is carried out to 

evaluate the possibility of detecting an axisymmetric groove with an average depth of 2.3 mm (thickness depth 

of 48%) and an axial length of 5 mm at a distance of 3.3 meters from the excitation point. The pipe end echo, 

L(0,2) mode, was received at all eight angles. The reflected echo of L(0,2) mode was also received from the 

groove at all angles. In addition to these two echoes, an echo at all angles except 90° and 45° at the instance of t1 

is observed, see Fig. 7. This signal is the reflected echo of L(0,1) mode from the groove due to the mode conver-

sion of L(0,2) to L(0,1) in dealing with the axisymmetric defect.  

Another measurement was conducted on the setup illustrated in Fig. 1a  to evaluate the identification and locali-

zation of a thru-hole with a diameter of 10 mm (non-axisymmetric defect) and an axisymmetric groove defect 

with an average depth of 1.7 mm (thickness depth of 35%). As shown in Fig. 8, the L(0,2) mode pipe end echo is 

received at all eight angular positions. In addition, the reflected echo of this mode is received from the groove at 

all angles except 45° and 135°. The lack of strong echoes in these angles might be due to the inconsistent and 

lower depth of the groove than the other measured angles. Although the hole is located at a particular angular 

position on the pipe and is non-axisymmetric, the signals show the presence of reflected echoes of this disconti-

nuity at other angles too. This could be attributed to the mode conversion of the longitudinal mode L(0,2) to the 

flexural mode F(1,3) and the higher order F(n,3) modes. Therefore, this setup can detect a non-axisymmetric 

discontinuity even if the receiver is not directly pointing to the it. The echoes resulted from the mode conversion 

of L(0,2) to L(0,1) due to interaction with axisymmetric groove are indicated by t1. The signal at time t2 in Fig. 

8 is probably due to the reflection of F(1,4) from the pipe end. 

 



IRNDT 2018  

 

 

Figure 7. Detection of an artificial defect, groove, with symmetric excitation at 8 different angular measurement points 

around the pipe, note that the experimental setup is as shown in Fig. 1b. 

 

Figure 8. Detection of artificial defects (through-hole and groove) by a symmetric excitation at eight different angular meas-

urement positions around the pipe. The experimental setup is as shown in Fig.1a. 
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5. Conclusion 

Inspection of multiple defects in oil and gas transmission pipelines by guided waves was considered in this pa-

per. The wave modes generated in the pipe by angle beam transducers were initially investigated using a 2-D 

FFT analysis. Experiments were then designed to identify defects such as holes and grooves with an axisymmet-

ric excitation. The 2-D FFT analysis confirmed that in addition to the longitudinal L(0,2) mode, undesirable 

flexural modes are also created in the pipe when the excitation is non-axisymmetric. The experimental results 

showed that by axisymmetric excitation, the flexural modes are attenuated and consequently the amplitude of the 

longitudinal mode is amplified. In addition to the transmission and reflection of guided waves, mode conversion 

may also occur when the wave encounters discontinuities. It turned out that the L(0,1) mode might be generated 

due to the interaction of L(0,2) with an axisymmetric defect. In addition, the results showed that the flexural 

mode F(1,3) as well as higher order modes F(n,3) may also be generated due to the interaction of L(0,2) mode 

with a symmetric defect. The mode conversion phenomenon can help in the classification of defects. 
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