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Abstract 

In ultrasonic testing of pipes by longitudinal ultrasonic guided waves, the insulation layer that covers the pipe largely 

affects the propagation of guided waves resulting in the loss of wave energy. Therefore, it is more convenient if the tests 

are done in pitch-catch configuration such that the transmitting probes are different from the receiving ones. In this 

paper, the possibility of detection of defects in insulated pipes using longitudinal guided waves is experimentally inves-

tigated in a pitch-catch configuration. An angle-beam ultrasonic probe generates the L(0,1) guided wave mode in the 

insulated pipe and a similar probe picks up the signal at a distance of 2.5 m away from the transmitter. The two probes 

are moved together around the periphery of the pipe and the signals are collected at certain intervals. The test results are 

then shown as both A-scan signals and B-scan images. Presence of a defect in the pipe significantly affects the ampli-

tude of the received signal and is easily detected in both A-scan signals and B-scan images.  
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1. Introduction 

Fluid transfer pipes are widely used in oil, gas and petrochemical industries. Different types of defects such as corro-

sion, weld cracks, and damages from the excavations and natural disasters threaten these pipes over time. Hence, regu-

lar inspection and monitoring of these pipelines in order to guarantee their integrity and safety is crucial. There are 

many Non-Destructive Evaluation (NDE) methods available for examining pipes and detecting defects. Ultrasonic test-

ing is one of the most commonly used NDE techniques with the ability to test and identify many different types of de-

fects. Because of their easy implementation, bulk waves are commonly used in conventional ultrasonic NDE. However, 

they are time-consuming due to the point-to-point characteristics of the inspection method. In contrast to bulk waves, 

guided waves propagate over long distances and have the potential to go beyond complicated structures such as elbows. 

They also make it possible to inspect the entire structure from a single probe position without the removal of soil or 

insulation. Due to these advantages, guided wave techniques can provide us with a faster and more economical way for 

the structural inspections and screening of defects. Therefore, they are increasingly being used for the long-range non-

destructive evaluation (NDE) and structural health monitoring (SHM) techniques. 

Theory of guided waves has been studied extensively over the last decades. Lamb (1917) and Rayleigh (1945) first 

investigated guided waves propagation theories in the bounded structures. Transfer Matrix Method (TMM) (introduced 

by Thomson in 1917) and Global Matrix Method (GMM) (introduced by Knoppof in 1950) are two computational 

methods used to describe wave propagation in the multiple layer structures. The problem of ultrasonic wave propaga-

tion through a hollow cylinder can also be solved using the above techniques. Ghosh (1923) developed the first mathe-

matical solution for the longitudinal, axisymmetric wave modes in a rod. Gazis (1959) obtained the complete solution of 

the guided wave propagation in an infinite hollow cylinder. His solution treated both axisymmetric (longitudinal and 

torsional) and non-axisymmetric (flexural) wave modes. Theoretical calculation of the wave modes in hollow cylinders 

with viscoelastic coatings can be difficult due to the computation difficulties encountered in the matrix methods. Pavla-

kovic et al. (2001) analyzed the axisymmetric longitudinal modes in the embedded bars and experimentally verified the 

theories. Barshinger and Rose (2004) derived analytical solutions for the axisymmetric guided wave modes in viscoe-

lastic coated pipes by using the global matrix method. Luo et al. (2005) showed that the solutions obtained by [Simo-
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netti (2004) and Predoi et al. (2007)] may be safely exploited to approximate hollow cylinders with a thickness to radius 

ratio less than 10%. Ma et al. (2006) investigated the scattering of the fundamental torsional mode from an axisymmet-

ric elastic epoxy layer (representing a sludge layer) inside a pipe. Mu et al. (2008) calculated the phase velocity and 

attenuation dispersion curves of a pipe coated with a viscoelastic layer by SAFE method. Barshinger and Rose (2002) 

identified a corrosion defect in the insulated and non-insulated tubes with L(0,2) mode at a frequency of 500 kHz, using 

a ring of angle beam transducers, and they also investigated the effect of insulation on energy attenuation of different 

modes at different frequencies. Attenuation of the fundamental torsional guided waves in a coal-tar-enamel-coated pipe 

was experimentally investigated by Kwun et al. (2004) at a frequency range of 5–30-kHz. They confirmed that the at-

tenuation coefficients in the coated pipe increases approximately linearly with the frequency. 

 

Guided waves travel in bounded geometries (plates, rods, and pipes) which are called waveguides. The guided waves 

inspection requires sufficient knowledge of the wave propagation in the structures and its behavior in dealing with dis-

continuities in the structure. Settings such as mode selection, frequency, boundary conditions, etc. are among the most 

important parameters of the ultrasonic guided waves inspection. In practice, most pipelines are isolated by various types 

of coatings for the protection purposes and/or buried under the soil or water. These boundary conditions may alter the 

wave propagation characteristics in the pipes and consequently have an adverse effect on the inspection range. 

The inspection feasibility of the notch and hole defects in a bare pipe by an axisymmetric L(0,2) mode excitation was 

experimentally investigated [1]. Due to the damping property of insulation, a low frequency ranges of 20-100 kHz is 

recommended for the inspection of coated pipelines [2]. The first and second symmetrical longitudinal modes and fun-

damental torsional mode can be a good candidate for the inspection of coated pipes [3 ,4]. The purpose of this paper is 

to evaluate the detection of an artificial defect (notch) in a Bitumen coated pipe by the excitation of an axisymmetric 

L(0,1) mode.  

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), respec-

tively. 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 [5]. 

 

2.1 Dispersion 

Guided waves are divided into two short-range and long-range categories based on the propagation distance. For testing 

structures such as pipes, plates, rails and pressure vessels, long-range guided waves are preferred [6]. These waves are 

non-dispersive and have a low-frequency range. In the long-range inspection, guided waves are generated by a trans-

ducer and/or a ring of transducers from one or more excitation points in the structure. The transmitted and/or reflected 

waves are then detected by the same or another transducer [7, 8]. Guided waves may propagate in different modes in a 

pipe structure. Choosing the right mode and the frequency for the long-range guided wave inspection is at utmost im-

portance. Propagation of a wave packet at different speeds as the frequency varies is called dispersion. This characteris-

tic causes a change of the waveform along its path [6].  

2.2 Attenuation  

Another characteristic of guided waves is the attenuation property. The attenuation coefficient determines the amount of 

wave energy loss per unit of propagation distance. Most of the wave modes in the pipes exhibit high attenuation coeffi-

cient in the presence of damping boundary conditions and it is further increased at higher frequencies, leading into the 

amplitude reduction of the wave propagation distance [3]. Figure 1 shows the attenuation dispersion curve of a standard 

8-inch pipe with a 4-mm thickness bitumen coating (test pipe), which is calculated by the GUIGUW software [9, 10]. 

L(0,1) mode has a low attenuation coefficient in the frequency range of 10-90 kHz, however, it increases as the fre-

quency increases. The attenuation coefficient of L(0,2) varies alternatively at the range of 0-150 kHz, however, at fre-

quencies below 35 kHz, it is an optimal mode for the inspection of a coated pipe. Figure 2 shows the phase and group 

velocity dispersion curves of the pipe under test. According to these diagrams, the high-damping 4-mm thickness coat-

ing, has caused intense changes in the velocity of modes at different frequencies. 
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Figure 1. Attenuation dispersion curve of the pipe. 
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Figure 2. Dispersion curves of the coated pipe used for experiments (a) phase velocity, (b) group velocity. 

3. Experiments 

In this study, experiments are performed on a standard insulated gas pipe. This pipe is 5 meters long and has an external 

diameter of 220 mm (8 inches) and a wall thickness of 4.8 mm. This pipe is made of carbon steel with a 209 GPa elastic 

modulus, a density of 7850 kg/m2, and a Poisson ratio of 0.3. According to the API standard, this pipe has a 4-mm thick 

insulation made of grade 2 bitumen reinforced with fiberglass. Table 1 gives the acoustic properties of grade 2 bitumen 

with a density of 1.5 g/cm3 [11]. 

Table 1. Properties of grade 2 Bitumen coating. 

Material CL (m/s) αL (Np/lambda) CS (m/s) αS (Np/lambda) Density 

(kg/m3) 

Grad 2 bitumen 1860 0.271 755 1.16 1500 

 

Two angle beam probes, one as the transmitter and one as the receiver were used in the experimental tests. In addition 

to L(0,1) mode, flexural F(n,1) modes are excited in asymmetric excitation with one probe at the frequencies below 100 

kHz owing to the probe wedge angle and the phase velocity dispersion curve (see Figure 2.a). On the other hand, this 

mode is slightly attenuated at the frequency range of 10-90 kHz. To create a desired tone-burst signal with 6 cycles at a 

proper frequency, a USB-UT350T pulser-receiver controlled by LabView software was used.  

3.1 Methodology 

Guided waves propagation in pipes coated by a viscoelastic insulation layer has particular complexity due to the high 

absorption of energy. On the other hand, the variation of boundary conditions due to the presence and absence of insula-

tion in different areas of the pipe makes the propagation and interaction of guided waves with discontinuities more 

complicated. In the inspection of the coated pipe by the pulse-echo method, the reflection signal from the end of the 

pipe was not detected, however, the L(0,1) mode was received at a relatively long distance by the pitch-catch method. A 

technique was therefore developed based on the pitch-catch method to detect defects in the coated pipes. In this method, 

the transmitter and receiver probes are positioned at a certain angle of the pipe circumference at a fixed distance, see 

Figure 3. The pipe circumference is then thoroughly scanned to capture all the signals in a pitch-catch configuration. 

(a) (b) 
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Important to note that the probes should sit on the opposite side of the pipe, allowing it to receive a given mode with a 

constant amplitude at all angles.  

 

 

Figure 3. Schematic of the experimental setup. 

Captured signals at different angles around the pipe are then stacked up to create a 2D heat-map. and a two-dimensional 

image in which the horizontal and vertical axes represent the angular positions and the time history of data respectively. 

This allows to measure the variation of the wave amplitude and mode conversion due to any kind of discontinuity, such 

as defects between the probes.  

 

4. Results and discussion 

Figure 4 shows the wave structure of the L(0,1) mode in the test pipe at frequencies of 36, and 61 kHz, calculated by the 

GUIGUW software. Wave structure is the pattern of displacement along the wall thickness of the pipe for a certain 

guided wave mode. Wave structure of L(0,1) mode shows that this mode has considerable displacements amplitude 

along the thickness of the insulation. 

 

 

 

 

 

 

 

 
 

Figure 4. The wave structure of L(0,1) mode in an insulated steel pipe with the coating thickness of 4 mm at frequencies (a) 

36 kHz and (b) 61 kHz.  
 

Figure 5 shows the received signals from the transmitter probe at frequencies of 36, and 61 kHz. Experimental tests 

were carried out on an insulated pipe by a pitch-catch method with a separation distance of 2.5 m. According to arrival 

time of the signals, the L(0,1) and F(n,1) modes are excited in the pipe. Given the group velocity of these modes in 

Figure 3.b, these wave packets have the same group velocity and are therefore received at the same time. The difference 

is in their propagation path and wave structure. The propagation path of the L(0,1) mode is straight. In other words, it is 

transmitted and received at the same angle of the pipe. However, the flexural modes may be received at angles other 

than the transmission angle of the wave. Figure 6 shows the angular profile of the generated wave at a distance of 2.5 m 

at a frequency of 36 kHz.  

As shown in Figure 6, the generated wave has the highest amplitude in the 0-degree angle. At this angle, both transmit-

ter and receiver probes are placed facing each other on the pipe. This angle was therefore selected as an optimal angle 

for the circumferential scan. 

To investigate the effect of discontinuities on the signals in the circumferential scan and to discern a defective pipe from 

an intact one, the test was initially performed on a non-defective coated pipe. A notch defect was then machined be-

tween the transmitter and the receiver probes. Signals were captured from both states of intact and damaged cases. Fig-

ure 7 illustrates the 2D heat-map on an intact pipe at a frequency of 36 kHz, showing a fairly uniform amplitude 

throughout all angular positions. 
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Figure 5. A typical of the measured signals on the coated pipe using a pich-cath measurment with a seperation distance of 2.5 m at 

frequencies of a) 36 kHz and b) 61 kHz. 

 

 

Figure 6. The angular amplitude profiles of the L(0,1) and F(1,n) modes at a frequency of 36 kHz with a seperation distance of 2.5 

m.  

 

Figure 7. Circumferencial scan on the intact sate of the coated pipe at an excitation frequency of 36 kHz.  

Figure 8 shows the 2D heat-map of the circumferential scan on the coated pipe in the presence of a notch defect at the 

excitation frequency of 36 kHz. The effect of the notch defect is clearly visible on the amplitude reduction of the L(0,1) 

received signals between the 125-175 degree. This experiment was also performed at 61 kHz excitation frequency and 

similar results were obtained as shown in Figure 9.  

 

(a) (b) 
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Figure 8. Circumferencial scan on the damaged coated pipe at an excitation frequency of 36 kHz, showing significant amplitude 

reduction at the defect zone.  

 

 

Figure 9. Circumferencial scan on the damaged coated pipe at an excitation frequency of 61 kHz, showing amplitude drop at the 

defect zone.  

In this method, the defect causes a drop in the amplitude of the transmitted wave; therefore, the existence of defects in 

the pipe can be qualitatively detected by the reconstruction of a 2D heat-map. Using this method and the mode conver-

sion phenomenon of longitudinal symmetric guided waves in dealing with discontinuities, one can calculate the defect 

distance from the wave’s transmission point; On the other hand, positioning the defect in the pipe's circumference and 

quantifying the dimensions of the defect in the circumferential direction is possible by creating a pure longitudinal 

mode [12, 13]. 

 

5. Conclusion 

In this paper, the inspection of coated gas pipes was experimentally investigated using ultrasonic guided waves. The 

guided waves are strongly attenuated in the Bitumen coating, resulting in the reduction of the amplitude of guided 

waves over a short propagation distance. This results in a drop in the sensitivity of the process if the test is done in 

pulse-echo configuration. A pitch-catch inspection technique which could identify any reductions in the amplitude of 

the signal makes it possible to examine a large portion of the pipe with good accuracy. The L(0,1) mode was generated 

in the insulated pipe at a frequency range below 100 kHz using an angle beam transducer. The L(0,1) mode has good 

sensitivity and low attenuation which makes it suitable for this kind of tests. Tests were carried out on an 8 inch pipe 

and the results were saved as both A-scan signals and B-scan images. The results show that the technique is capable of 

detecting defects at relatively long distances. The length and circumferential position of the defect can also be estimated 

to some extent.  
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