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Abstract 
Damage detection capabilities in pipes are under influence of attenuation factors as high values of attenuation and large 
variability with pipe condition result in unpredictable guided wave test (GWT) range. In this paper, an accurate finite 
element model (FEM) is prepared by applying pigging data of a gas pipeline for simulating existing local and pitting 
corrosion areas including material properties and thickness loss. The scanned data can be processed with reduction in 
radius against circumference and axial direction. Importing pigging datasets to ABAQUS software is carried out by use 
of Python scripting in order to automatic assignment of material properties for each single element of the model. 
Finally, the effects of attenuation factors such as scattering due to corrosion damages, material damping of coating and 
leakage into surrounding soil media are investigated through exciting longitudinal L(0,2) and torsional T(0,1) modes. 
The attenuation values are found to be larger for T(0,1) mode in all of the investigated cases. 
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1- Introduction 
Wall thinning due to corrosion has been identified as a major reason for pipeline failure. hence, the need for predicting 
the integrity of the service life of the pipeline has led to developing new reliable methods. Smart pipeline pigging is 
commonly used in oil and gas industry to inspect the interior of a pipeline by means of a non-destructive testing 
method. Pigging however can reduce the pipe’s thickness and also is needed to stop the pipe service while operating. 
Alternatively, guided wave testing (GWT) could have been employed as the recent advances has approved its reliability 
on unpiggable pipelines, road crossing, etc [1]. On the other hand, the interpretation of GWT results is complicated due 
to producing different wave modes, dispersion phenomenon and various sensitivity of different modes of surface and in-
depth defects. Therefore, the characterization of guided wave modes has to be accurately investigated. 
Guided waves are ultrasonic waves guided by the geometry of the structure in which they propagate. These waves 
vibrate in low frequencies along the pipeline to several meters from a single point using a pulse-echo transducer 
bracelet wrapped around a pipe [2]. vibration modes in cylindrical structures are based on three major behaviors: 
longitudinal and axisymmetric, L(0,m), torsional and axisymmetric, T(0,m), or flexural and non-axisymmetric, 
F(n,m).The m indicates harmonic variations of displacement around the circumference and n, is to indicate the 
incremental order of the modes of vibration within the wall. Furthermore, the torsional wave mode has circumferential 
displacement, whereas the longitudinal wave modes have generally axial and radial displacement [3]. 
The resolution of the GWT results is affected by the dispersion and the attenuation of the wave modes. Dispersion can 
limit inspection resolution due to losses in signal to noise amplitude ratio (SNR) which will result in complicated data 
interpretation as the reflection can become distorted [4]. Figure 1 illustrates the phase velocity dispersion curves of 
zero-order guided wave modes for a nominal 20inch schedule 20 steel pipe calculated using GUIGUW software [5]. As 
it can be seen, in frequency region of 0-100 kHz, T(0,1) wave mode is nondispersive at all frequencies and the L(0,2) 
wave mode is mostly non-dispersive at some frequency, hence T(0,1) and L(0,2) are the most commonly used modes in 
GWT.  
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Figure 1. Phase velocity dispersion curve of the zero-order guided wave modes for 
a 20 in. steel pipe schedule 20 (outer diameter: 508mm and wall thickness: 8.7mm). 

 
2- Mechanisms of Attenuation 
Most of the limitations of GWT range are because of attenuation factors associated with output signals of an inspection. 
Comparing with a plain pipe, these factors arises from several sources [1]:  material damping, e.g. coatings such as bitumen;  scattering, e.g. from corrosion pits;  reflections, e.g. from features such as welds;  mode conversion, e.g. bends and branches by both reflection and mode conversion of symmetric mode into non-

symmetric modes;  leakage, e.g. bulk waves leak into surrounding materials such as soil or concrete 
In case of buried pipelines, test range is greatly reduced due to two mechanisms: material damping of the coating and 
leakage into the embedding material [6]. Studying the leakage is separated into two categories [1]: weakly loaded and 
strongly loaded waveguides. The weakly loaded are those which has low effect on wave properties, e.g. pipe fluids such 
as water and the strongly loaded wave guides are those which change velocities and mode shapes of the waves, 
embedding material such as concrete.  Na and Yoon [7] studied the attenuation effect with different fluids in the pipe 
and presented the attenuation curves based on the numerical calculations. They also observed that the attenuation is 
considerably low in the frequency region of 20-100kHz. Dispersion of the first two longitudinal modes, L(0,1) and 
L(0,2) wave modes were studied empirically in a cylindrical structure filled with liquid [8]. They observed that the 
dispersion curves of the L(0,2) wave mode dramatically alter when there is a liquid filled in the structure but there is 
less change for the L(0,1) wave mode. Attenuation of embedding materials in different structures are also studied by 
some researchers [9-11]. Leinov et. al. [6] measured the attenuation of L(0,2) and T(0,1) over different sand conditions, 
including loose, compacted, mechanically compacted, water saturated and drained. Other researchers have focused on 
viscoelastic coatings for deriving the governing dispersion relation in coated pipes [12-15] and in buried coated pipes 
[16-18]. Furthermore, Kirby et. al. [19, 20] studied the scattering of L(0,2) and T(0,1) modes from defects in coated 
pipes. 
The aim of this study is to investigate the effect of scattering and leakage attenuations in guided wave testing of a gas 
pipeline in order to recognize the possibilities and limitations in detecting by L(0,2) and T(0,1) modes. 
 
3- Finite Element Analysis 
The FEA has been performed to study the potential of T(0,1) and L(0,2) wave modes propagation in attenuating 
circumstances. A three-dimensional model is made using ABAQUS 6.14 Finite Element software. A hollow cylinder is 
modelled as a nominal 20inch schedule 20 steel pipe (outer diameter: 508mm and wall thickness: 8.7mm) with an axial 
length of 5m. The material properties used for steel were considered as: Density, ρ = 7930kg/m3, Young’s modulus, E 
= 200GPa and Poisson’s ratio, ν = 0.3. Linear eight node brick elements, C3D8R and CIN3D8 were used for finite and 
infinite media respectively.  
Equally spaced, 36 circumferential points were selected for transmission and reception. The excitation function is 8 
cycle Hanning windowed tone-burst with center frequencies of 10-80 kHz. In order to excite longitudinal and torsional 
modes, compression and shear loading were used respectively. 
 
3-1 Scattering Modeling 
In order to investigate the scattering from real pipe damages, a novel technique was used to employ smart pigging 
results of an ethylene gas transmission pipeline. Wall thinning due to corrosion were captured by scanning the section 
of the pipe. The scanned data were processed to get appropriate output in cylindrical coordinates with reduction in 
radius (R) against circumference (T) and axial direction (Z). As shown in Figure 2, the metal loss thickness is defined 
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on a grid along circumferential, M1, M2, ..., Mi and longitudinal, C1, C2, ..., Cj directions. The assignment of thickness 
was then performed by defining nodal thickness on pipeline automatically using Python scripting. As it can be seen in 
Figure 3, the corroded area is mainly positioned between 3 and 10 o’clock and is maximum 300 mm in length. The 
maximum metal loss was also considered 30% on the 8.7mm thick pipe. The effect of attenuation due to scattering from 
these internal corrosion damages is eventually investigated. 
 

 
Figure 2. A schematic representation of corrosion pits assignment on a pipeline. 

 
 

 
Figure 3. Corrosion damages area mapped on the pipeline in terms of metal 

loss thickness (outer diameter: 508mm and wall thickness: 8.7mm). 
 
3-2 Leakage Modeling 
In order to simulate a typical gas pipeline condition, the pipeline is completely covered with 4mm thick coal-tar coating 
and embedded 1000mm in soil. The attenuation at the exposed section of the pipe is due to material damping while in 
the embedded section the leakage of energy into the soil is added. Two separate finite element models were designed 
for a coated pipe without surrounding media to study the material damping of coating and a coated pipe surrounded by 
infinite soil media to study the added effect of ultrasonic guided waves leakage. Figure 4, shows a schematic illustration 
of the leakage model. Material properties of coal-tar-enamel coating and unsaturated soil are as given in Table 1. 
 

 

Figure 4. Schematic illustration of the buried pipeline model. 
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Table 1. Material properties. 

Material 
cL 

(m/s) 
cS 

(m/s) 
αL/ω 

(µs/mm) 
αS/ω 

(µs/mm) 
Density 
(g/cm3) 

Coal-tar-enamel 2.3 1.0 0.01 0.1 2.5 
Unsaturated soil 1.0 0.1 0.5 2.5 1.9 

 
4- Measurement Methodology  
Independent tests conducted for all of the above-mentioned conditions using both T(0,1) and L(0,2) guided wave 
modes. Different central frequencies, 10 kHz to 80 kHz, were used for each mode to allow some overlap of the 
frequencies in the range covered. The attenuation characteristic is obtained from the ratio of the signal amplitudes 
measured from the pipe end reflections [6]:  10 1 020log

2

A A

L
     (1) 

where A0 is the reference reflection amplitude, A1 is the measurement amplitude and L corresponds with the pipe length. 
In this study, 2L is 9m based on the distance between transmitter and receiver. Both measurement and reference 
reflections are received similar to a pulse-echo technique. Reference reflection amplitudes were obtained using bare and 
defect-free pipe model. 
 
5- Results and Discussion  
A numerical model was presented for capturing the scattering of real corrosion damages. A range of frequencies were 
used to excite T(0,1) and L(0,2) modes. Figure 5 shows the scattering of T(0,1) from the simulated corrosion pits. Since 
the corrosion pits are in longitudinal direction, the torsional wave mode is reflected more effectively. As shown in 
Figure 6, the attenuation values are in the range of 0.008-0.15 dBm-1 and 0.05-0.27 dBm-1 for longitudinal and torsional 
modes respectively.  
 

 
Figure 5. Scattering of T(0,1) mode at 80 kHz from corrosion pits. 

 

Figure 6. Attenuation measurements of scattering as a function of frequency.     . 

 
Attenuation measurements of the T(0,1) and L(0,2) modes at central frequencies between 10-40 kHz applied on coal-
tar-enamel coated defect-free pipeline. As the attenuation effect of the coating is due to the material damping, the 
attenuation values are initially calculated for a coated pipeline without soil medium. The attenuation of torsional mode 
found to be larger than that of the longitudinal mode and the attenuation of both modes is proportional to viscoelastic 
material properties. An illustration of Von-Mises stress wave propagation through simulated 4.8mm coated steel pipe is 
presented in Figure 7 to show the damping of the coating. Afterwards, the coated pipeline is investigated in case of 
buried in soil. Figure 8 shows the leakage effect of L(0,2) guided wave mode into surrounded soil media. The results 
show that the wave attenuation increases with embedding in soil. and the attenuation is higher in coated pipe compared 
to the bare coated pipe. As can be seen in Figure 9(a), attenuation of T(0,1) mode is in range of  0.23-2.06 dBm-1 and 
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1.22-3.48 dBm-1 for unburied and buried respectively. Furthermore, Figure 9(b) shows the attenuation values of L(0,2) 
mode in the range of 0.01-1.23 dBm-1 and 0.63-2.21 dBm-1 for unburied and buried pipeline respectively. A steady 
increase of attenuation with frequency is observed in both cases. In case of buried, the attenuation is increased 
significantly with soil covered, since the surrounding soil pressure leads to better coupling of coating layer to the 
pipeline and wave is more absorbed by leakage mechanism. On the other hand, as the shear attenuation of both coal-tar 
and soil materials are higher, the torsional mode is more attenuated. 
It should be noted that the exact characteristics of wave attenuation are under influence of pipeline content and 
operating pressure, coating material and thickness, surrounding soil type, compaction and moisture which require to be 
investigated thoroughly. 
 

 
Figure 7. Cross section view of coating material damping, L(0,2) mode at 35 kHz. 

 
 

 

Figure 8. Leakage of L(0,2) mode at 35 kHz in soil medium.  
 

  

Figure 9. Attenuation measurements as a function of  frequency; (a) T(0,1), (b)  L(0,2). 
 
4- Conclusions 
The attenuation of ultrasonic guided waves in bare, coated and embedded pipes has been studied using two longitudinal 
and torsional modes. Both L(0,2) and T(0,1) were excited in a range of frequencies in order to analyze scattering from 
non-uniform damages. A numerical model was presented for capturing the scattering of real corrosion pits. It was 
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demonstrated that attenuation values are dependent on selected frequency for both longitudinal and torsional modes. 
Viscoelastic material damping of coal-tar-enamel coating and leakage into infinite soil medium also greatly increased 
the attenuation of guided waves in the pipe. The attenuation values found to be higher for torsional T(0,1) mode 
compared with longitudinal L(0,2) mode due to effect of shear attenuation. In order to reach acceptable ranges for 
buried pipelines inspection, more researches are needed to develop a powerful guided wave system and overcome the 
attenuation factors. 
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