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This paper investigates the propagation of guided ultrasonic wave in pipes with bends using finite 

element simulation. The defect detectability in pipes with bends, using time delay focusing and 

synthetic focusing by common source method (CSM), are studied. Results show that the time delay 

focusing technique improves the confidence in detecting a small defect (3.8% cross-sectional area) 

beyond the bend, but it is unable to detect defects close to other features like welds or bends. 

Meanwhile, CSM is able to improve the defect detections beyond and close to welding and bends. 

However, a reference image of a defect-free pipe is needed to detect defects near to the weld.  

Keywords: focused guided wave; pipe with bend; finite element simulation 

 

1. Introduction 

Pipelines serve as important transport structures for various engineering sectors like the 

petrochemical, food processing, sewage treatment and nuclear industries. The use of guided 

ultrasonic waves is a robust non-destructive evaluation method that can inspect long pipes quickly. 

Over the past two decades, considerable progress has been made on guided ultrasonic waves as a 

non-destructive technique for rapid long-range pipe inspection. An analytical solution of guided 

wave propagation in hollow circular cylinders was first found by Gazis (1959) and potential use of 

guided waves for pipe inspection was investigated by experiments by Silk and Bainton (1979) and 

Bottger, Schneider, and Weingarten (1987). In the 1990s, experiments were carried out and 

confirmed the potential of guided wave in detecting defects in pipes (Alleyne and Cawley 1997; 
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Alleyne, Lowe, and Cawley 1998; Ditri 1994; Lowe, Alleyne, and Cawley 1998). In recent years, 

Pattanayak, Balasubramaniam, and Rajagopal (2013) investigated the feasibility of using guided 

waves to inspect eccentric pipes and tubes. Studies have also been conducted under various piping 

conditions and structures such as sand burial (Leinov, Cawley, and Lowe 2013), pipe supports 

(Predoi , Vasile, and Petre 2013) and welded elbow pipe (Nishino et al. 2010). To aid in 

understanding guided waves, the global matrix technique (Lowe 1995) and semi-analytical finite 

element formulation (Gavrić 1995; Liu and Achenbach 1994) were also developed to describe the 

dispersion relations of guided waves in pipes. Up until now, guided waves were applied to detect 

different types of defects, including circumferential notches (Demma, Cawley, and Lowe 2003), 

sludge (Ma, Lowe, and Simonetti 2007), axisymmetric defects with varying depth (Carandente, Ma, 

and Cawley 2010), multiple circular holes (Løvstad and Cawley 2011), defect beyond weld (Zhang, 

Luo, and Rose 2006), complex defect profiles (Moreau, Velichko, and Wilcox 2012) and corrosion 

defects (Carandente and Cawley 2012). Other cases like pipes with fluid loading (Aristegui, Lowe, 

and Cawley 2001) and coated pipes (Ma, Simonetti, and Lowe 2006) were also pursued by various 

researchers. 

However, most research and development has concentrated on the use of guided wave on 

straight pipes only. Pipes with bends, on the other hand, received relatively less attentions due to 

several difficulties. Defect detection based on the reflection signals scattered by the defects can be 

interfered with by or confused with the reflection signals due to welds, which are commonly used to 

join pipe bend to straight pipes. In addition to that, mode conversion and dispersion of guided 

waves occur as waves propagate through bends and degrade the reflection signals. Several methods 

have been used to derive the dispersion relations and to describe the propagation and scattering 

behaviour across the bend, including semi-analytical finite element formulation (Hayashi et al. 

2005), analytical (Sanderson et al. 2013), numerical (Demma , Cawley and Pavlakovic 2005; 

Verma, Balasubramaniam, and Rajagopal 2013)  and experimental approaches (Nishino  et al. 

2006). There are also several papers on detecting defects in bent pipes with a defect at the bend 
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(Miki et al. 2010; Predoi and Petre 2013; Yamamoto, Furukawa, and Nishino 2014) and beyond the 

bend (Rose et al. 2005). 

One way to improve the detection of defects in pipes with bends is to use focused guided 

waves. Focused guided waves have been successfully used in detecting defects in straight pipes. Li 

and Rose pioneered the development of angular profile tuning and have shown experimentally that 

defects which are difficult to spot due to poor signal-to-noise ratio (SNR) can be detected using 

angular profile tuning (Li and Rose 2002). Variants of angular profile tuning techniques such as 

frequency tuning focusing and sub-channel focusing have been developed and experimentally 

validated (Rose et al. 2005). In addition to angular profile tuning, Kang et al. (2011) also used 

signal based focusing, a natural focusing method based on Fink’s time delay method (Fink 1992), to 

demonstrate the effectiveness of the focusing technique (Kang et al. 2011).  Furthermore, Hayashi 

and Murase developed a synthetic focusing method where defects can be detected by studying the 

spatial waveform images generated (Hayashi and Murase 2005). Davies and Cawley also developed 

a synthetic focusing method for pipes, called the common source method which was successfully 

applied to detect circumferential and axial defects (Davies and Cawley 2009; Ratassepp, Fletcher, 

and Klanson 2011). The only attempted effort in applying focusing techniques to pipes with bends 

was carried out by Rose et al. (2005). In their experimental study, axisymmetric excitation was first 

used to inspect a defect that is located beyond the pipe bend but the results showed that it was 

unable to reliably show for the existence of defects.  

In this study, in order to improve the detection of defects in pipes with bends, two focusing 

techniques are studied. The first focusing technique is time delay focusing in which different time 

delays are imposed on different transducers so that energy can be focused at a desired axial 

location. The second focusing technique is the common source method in which signals are post-

processed such that synthetic focusing can be achieved. 

 

2. Computational model 
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2.1 Finite element model 

In order to investigate the effectiveness of using focusing techniques to detect defects in pipes with 

bends, two cases are studied numerically. The first case investigates the detection of defects beyond 

bends; the second study explores the detection of a defect near the bend. 

Case 1 Defect beyond bend 

      We duplicate the case used by Rose (2005). The finite element model consists of 100 mm 

schedule 40 steel pipe (i.e., internal diameter of 100 mm, pipe wall thickness of 6 mm) with a length 

of approximately 1.83 m. The first straight section, where the guided wave is excited is about 460 

mm long and the second straight section, after the bend, is about 920 mm long as shown in Figure 1. 

The bend is a 90° bend and has a bend radius of 274 mm. Two welds are introduced before and 

after the bend as shown in Figure 1. The weld is 7.6 mm wide and 1.5 mm tall and is anisotropic. 

The material of welds is 316L industrial austenitic stainless steel and the anisotropy is described 

accordingly (Zhang, Luo, and Rose 2006) and the material properties is as shown in Table 1. Defect 

is introduced 305 mm after the bend as shown in Figure 1. The defect is a drill-through circular 

notch with diameter of 12.7 mm and takes up a cross-sectional area of 3.8%. A simple drill-through 

hole is chosen as the defect in order to allow relevant comparison against the work of Rose et al. 

before a more complex defect profile is pursued in subsequent work. 

Table 1. The Young's modulus, Poisson ratio and density of the materials used. 

Material Young’s 

modulus (GPa) 

Poisson 

ratio 

Density 

(kgm-3) 

Steel 200 0.33 7850 

316L 200 0.3 8000 

 

Case 2 Defect near bend 
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       In this case, the defect is located near to the bend weld. As the defect is close to the bend weld, 

the reflection of the weld interferes with the reflection of the defect, making detection difficult. The 

finite element model consists of 2-inch schedule 40 steel pipes (external diameter 60 mm, wall 

thickness 4 mm) that are joined together with a 90° bend by welds as shown in Figure 2. Total 

length of the pipe is approximately 750 mm. The bend has the same diameter and thickness and has 

a bend radius of 76 mm. The welds are 4 mm wide and the height is 0.8 mm and their material 

properties are the same as the weld described in the previous section. Both the straight sections are 

of equal length at 300 mm and the defect is introduced 5 mm after the second weld. The defect is a 

circumferential notch of 30° circumferential extents centered at the extrados and is 1 mm wide 

axially.  

A guided wave is excited at the outer edge of end A and travels across weld B, bend C, weld D 

and meets defect E before it reflects from end F. The monitoring probes are at end A, coinciding 

with the excitation points. In this study, the T(0,1) mode is used. The T(0,1) mode enables the use 

of time delay focusing and the common source method. Excitation of the torsional T(0,1) mode is 

shown in Figure 3.   

A grid independency study was conducted. The time steps were discretized such that there were 

16 nodes in one period of the investigated frequency and the spatial element sizes were discretized 

such that there are at least 16 nodes in one wavelength corresponding to the modes being 

investigated. The wall thickness was also discretized such that there were two elements across the 

thickness which allowed representation of mode shape up to second order guided wave modes. 

 

 

2.2 Time delay focusing algorithm 

Time delay focusing was first proposed by Fink (1992) for medical ultrasonic lithotripsy. It has also 

been successfully applied to guided ultrasonic waves for straight pipe inspection (Kang et al. 2011). 

The time delays can be conveniently calculated by analyzing the cross-correlation of the reflection 
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signals. Given N transducers across the circumference, the normalized cross-correlation of each 

discrete individual reflection signal 𝑓𝑓1(𝑡𝑡),𝑓𝑓2(𝑡𝑡)⋯𝑓𝑓𝑁𝑁(𝑡𝑡)  with the reference signal 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)  can be 

calculated by:  

𝐾𝐾1(𝜏𝜏 = 0) =
∑ 𝑟𝑟1(𝑡𝑡).𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)𝑡𝑡2
𝑡𝑡1

�∑ [𝑟𝑟1(𝑡𝑡)]2𝑡𝑡2
𝑡𝑡1

.∑ �𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)�
2𝑡𝑡2

𝑡𝑡1

,

𝐾𝐾2(𝜏𝜏 = 0) =
∑ 𝑟𝑟2(𝑡𝑡).𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)𝑡𝑡2
𝑡𝑡1

�∑ [𝑟𝑟2(𝑡𝑡)]2𝑡𝑡2
𝑡𝑡1

.∑ �𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)�
2𝑡𝑡2

𝑡𝑡1

,

⋮

𝐾𝐾𝑁𝑁(𝜏𝜏 = 0) =
∑ 𝑟𝑟𝑁𝑁(𝑡𝑡).𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)𝑡𝑡2
𝑡𝑡1

�∑ [𝑟𝑟𝑁𝑁(𝑡𝑡)]2𝑡𝑡2
𝑡𝑡1

.∑ �𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)�
2𝑡𝑡2

𝑡𝑡1

.

    (1) 

      Only the reflection portion of the signals is calculated and is gated between t1 and t2. Finite time 

delays, τ are then added to the signals and cross-correlation of the time delayed signals and the 

reference signals are then: 

𝐾𝐾1(𝜏𝜏) =
∑ 𝑟𝑟1(𝑡𝑡−𝜏𝜏).𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)𝑡𝑡2
𝑡𝑡1

�∑ [𝑟𝑟1(𝑡𝑡−𝜏𝜏)]2𝑡𝑡2
𝑡𝑡1

.∑ �𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)�
2𝑡𝑡2

𝑡𝑡1

,

𝐾𝐾2(𝜏𝜏) =
∑ 𝑟𝑟2(𝑡𝑡−𝜏𝜏).𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)𝑡𝑡2
𝑡𝑡1

�∑ [𝑟𝑟2(𝑡𝑡−𝜏𝜏)]2𝑡𝑡2
𝑡𝑡1

.∑ �𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)�
2𝑡𝑡2

𝑡𝑡1

,

⋮

𝐾𝐾𝑁𝑁(𝜏𝜏) =
∑ 𝑟𝑟𝑁𝑁(𝑡𝑡−𝜏𝜏).𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)𝑡𝑡2
𝑡𝑡1

�∑ [𝑟𝑟𝑁𝑁(𝑡𝑡−𝜏𝜏)]2𝑡𝑡2
𝑡𝑡1

.∑ �𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)�
2𝑡𝑡2

𝑡𝑡1

.

    (2) 

       The time delays to apply to each transducer 𝜏𝜏1,𝜏𝜏2 ⋯ 𝜏𝜏𝑁𝑁 are the time delays that return the 

maximum cross correlation K where 

𝐾𝐾1(𝜏𝜏1) = max(𝐾𝐾1) ,
𝐾𝐾2(𝜏𝜏2) = max(𝐾𝐾2) ,

⋮
𝐾𝐾𝑁𝑁(𝜏𝜏𝑁𝑁) = max(𝐾𝐾𝑁𝑁) .

     (3) 

      The process of a guided wave inspection involving time delay focusing can be summarized as 

follows: 

1. Carry out pipe inspection using axisymmetric excitation, e.g., T(0,1) mode. 

2. Capture reflection signals that are due to the defect from all N number of transducers. 

3. Calculate time delays required as elaborated below. 
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4. Re-excite the guided wave by applying the calculated time delays to each transducer. 

5. Capture the reflection signals again and analyse if a defect is present. 

 

2.3 Common source method algorithm 

Common source method (CSM) is a synthetically focused guided wave technique proposed by 

Davies and Cawley (2007, 2009). A guided wave is excited at all transducers to maximize input 

power and the signals are received and recorded at each transducer. The recorded pressure field is 

decomposed into angular spectrum and phase shifted before it is reconstructed as an image field in 

space. 

        Consider a wavefield recorded around the circumference as p(θ, z=0, t) consisting of vectors of  

 𝑓𝑓1(𝑡𝑡),𝑓𝑓2(𝑡𝑡)⋯𝑓𝑓𝑁𝑁(𝑡𝑡)  where  𝑓𝑓1(𝑡𝑡),𝑓𝑓2(𝑡𝑡)⋯𝑓𝑓𝑁𝑁(𝑡𝑡) are the signals sampled at the edge of the pipe 

(z=0, z is the axial location) of each transducer and at variable circumferential location of θ. The 

decomposed angular spectrum of the wavefield can thus be defined as: 

                  𝑃𝑃(𝑘𝑘𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐 , 𝑧𝑧 = 0,𝜔𝜔) = ∫ ∫ 𝑝𝑝(𝜃𝜃, 𝑧𝑧 = 0, 𝑡𝑡)𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗𝑒𝑒−𝑗𝑗𝑗𝑗𝑡𝑡∞
−∞ 𝑑𝑑𝜃𝜃∞

−∞ 𝑑𝑑𝑡𝑡.      (4) 

       Essentially, this is a 2D Fourier transform of the recorded wavefield and thus the recorded 

wavefield can be obtained by taking the 2D inverse Fourier transform of the angular spectrum. 

                      𝑝𝑝(𝑛𝑛, 𝑧𝑧 = 0, 𝑡𝑡) = ∫ ∫ 𝑃𝑃(𝑘𝑘𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐 , 𝑧𝑧 = 0,𝜔𝜔)𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗𝑒𝑒𝑗𝑗𝑗𝑗𝑡𝑡∞
−∞ 𝑑𝑑𝑛𝑛∞

−∞ 𝑑𝑑𝜔𝜔.                    (5) 

      In order to generate the angular spectrum at different axial positions (e.g., 𝑧𝑧 = 𝑧𝑧1), spatial phase 

shifting is applied as follows: 

𝑃𝑃(𝑘𝑘𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐 , 𝑧𝑧 = 𝑧𝑧1,𝜔𝜔) = 𝑃𝑃(𝑘𝑘𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐 , 𝑧𝑧 = 0,𝜔𝜔)𝑒𝑒−𝑗𝑗𝑘𝑘0𝑧𝑧1𝑒𝑒−𝑗𝑗𝑘𝑘𝑛𝑛𝑧𝑧1 .   (6) 

The first exponent accounts for the phase shift of the incident plane wave which travels with the 

wavenumber 𝑘𝑘0 from axial location 𝑧𝑧 = 0 to = 𝑧𝑧1; while the second exponent represents the phase 

shift of the reflected plane wave as it travels from 𝑧𝑧 = 𝑧𝑧1 back to 𝑧𝑧 = 0 with wavenumber 𝑘𝑘𝑗𝑗. It is 

to be noted that the reflected plane wave consists of several wave modes but they are all 

approximated to have the same wavenumber at the dominant fundamental mode. 
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     The wavenumber of the incident plane wave 𝑘𝑘0 and the wavenumber of the reflected plane wave 

𝑘𝑘𝑗𝑗 can be calculated as follows: 

𝑘𝑘0 = 𝜔𝜔 𝑐𝑐𝑠𝑠⁄ ,          (7) 

𝑘𝑘𝑗𝑗 = �(𝑘𝑘0)2 − (𝑘𝑘𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐)2,    (8) 

where 𝑐𝑐𝑠𝑠 is the bulk shear velocity of the pipe and 𝑘𝑘𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐 is the circumferential wavenumber. For a 

pipe that is sampled in equal spacing with N transducers over the circumference, 𝑘𝑘𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐   takes the 

value of −𝑁𝑁 2𝑟𝑟⁄  to   𝑁𝑁 2𝑟𝑟⁄  in steps of 1 𝑟𝑟⁄ , where r is the radius of the pipe. 

      The 2D inverse Fourier transform of the angular spectrum at 𝑧𝑧 = 𝑧𝑧1 is the reconstructed lateral 

image of the wavefield at the axial location 𝑧𝑧 = 𝑧𝑧1. 

𝐼𝐼(𝜃𝜃, 𝑧𝑧 = 𝑧𝑧1) = ∫ ∫ [𝑃𝑃(𝑘𝑘𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐 , 𝑧𝑧 = 𝑧𝑧1,𝜔𝜔)]𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗𝑒𝑒𝑗𝑗𝑗𝑗𝑡𝑡∞
−∞ 𝑑𝑑𝑛𝑛∞

−∞ 𝑑𝑑𝜔𝜔.  (9) 

       An image corresponding to certain frequencies within a temporal bandwidth can also be 

obtained. The total angular spectrum at 𝑧𝑧 = 𝑧𝑧1 is obtained by summing all angular spectra within 

the temporal bandwidth ∈ Ω. 

𝑃𝑃�(𝑘𝑘𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐 , 𝑧𝑧 = 𝑧𝑧1) = ∑ 𝑃𝑃(𝑘𝑘𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐 , 𝑧𝑧 = 𝑧𝑧1,𝜔𝜔)𝑗𝑗∈Ω                 (10) 

      The total angular spectrum is thus inverted by Fourier transform over 𝑘𝑘𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐  to generate the 

lateral image. 

𝐼𝐼(𝜃𝜃, 𝑧𝑧 = 𝑧𝑧1) = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼�𝑃𝑃�(𝑘𝑘𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐 , 𝑧𝑧 = 𝑧𝑧1)�    (11) 

Slices of lateral image are generated for all axial locations inspected and the final image is obtained 

by stitching together all the slices of lateral image. 

 

       The process of a guided wave inspection involving common source method can be summarized 

as below: 

1. Carry out pipe inspection using axisymmetric excitation, e.g. T(0,1) mode. 

2. Capture the signals from all N transducers and export them to a numerical 

processing device, e.g., a computer. 
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3. Generate the CSM image via the algorithm as described above and interpret the 

result. 

 

3. Effectiveness of focusing techniques for defect detection in pipes with bends 

3.1 Performance for detection of defect beyond bend  

Figure 4 shows the displacement-time response at the excitation end of the pipe when it is excited 

by an unfocused T(0,1) mode with 35 kHz input frequency. The first pulse is the excitation pulse 

while the second pulse can be identified as the reflection from the first weld by its travelling time. A 

faint but distinct reflection is observed around 550 µs, which corresponds to the second weld. The 

reduction in strength is likely caused by mode conversion to higher order flexural modes. The next 

reflection is observed at 700 µs and it is the defect reflection as calculated from its travelling 

distance and time taken and it is noticeably more dispersed with a wider reflection wave packet.  On 

the other hand, knowing that the T(0,1) mode will undergo mode conversion as it passes through the 

welds and bends, it is thus not safe to label the result as showing a defect. Rose et al. also observed 

similar reflections (Rose et al. 2005). The second weld was unidentified from their experimental 

findings as they observed three main reflections similar to the response in Figure 4. 

Time delay focusing is applied by calculating the time delay of the reflection at 700 µs as shown 

in Figure 5. Time delay is the largest at the region around nodes number #40 to #70. Nodes #40 to 

#70 at the edge of the excitation correspond to the circumferential position of the intrados of the 

bend. In other words, if a customised coordinate system (r, θ, ξ) with the origin at the centre of the 

excitation end of the inspected pipe where r and θ correspond to the radial and circumferential 

direction respectively and ξ-direction corresponds to a line in the pipe where all the midpoint of the 

cross section of the pipe falls on (i.e. the axial direction of the pipe that also bends with the pipe 

bend), nodes between #40 to #70 represent the same θ-coordinate as the intrados of the bend. 

Waves have a shorter travel distance when propagating through the intrados and thus need to be 

delayed. As a result, maximum time delay is observed at these nodes. 
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Figure 6 shows the displacement-time response at the excitation end when T(0,1) mode which is 

focused by time delay focusing is excited. When compared to the unfocused excitation, it is similar 

as there are only three main wave packets, namely the excitation, reflection due to first weld and 

reflection due to the notch. However, three main differences can also be observed. Firstly, the 

excitation pulse of the focused wave exhibits a noticeable lag which is expected given the time 

delay imposed. Secondly, the reflection due to the first weld is smaller in amplitude, suggesting that 

energy is not focused at that point. Thirdly and most importantly, there is an increase in amplitude 

for the third reflection pulse. Reflection coefficient increases from 6% to 9.7%, representing a 60% 

gain. The gain confirms the presence of anomaly at the axial location concerned. However, it is still 

undetermined if it represents the second weld or a defect, but it does increase the confidence that 

there is an anomaly beyond the bend where a local follow-up inspection will be desirable. In Rose 

et al.’s work, they managed to increase the amplitude by 50% using angular profile tuning and 

confirmed the defect by its circumferential position as amplitude fell when they focused onto other 

circumferential positions. While it does not offer as much reflection amplitude gain as compared to 

time delay focusing, it does confirm the defect. The confirmation reduces additional inspection cost 

as follow-up inspection will be on defect sizing and characterization, instead of detecting and 

confirming the defect. 

 The image produced by CSM identifies the defect as an elliptic hot spot as shown in Figure 7. 

As a synthetic focusing technique, the common source method has a distinct advantage, i.e. it does 

not require re-excitation and information can be processed entirely offline. Few features can be 

identified from the image. The first two features are the two circumferential anomalies at axial 

locations of 0.6 m and 0.9 m. The second weld can be spotted clearly while it is undetected in 

previous studies. The second weld is spotted at the right location, but the first weld is spotted 

slightly behind its actual axial location, which is approximately 0.45 m from the excitation end. A 

hot spot is also seen around 1.2 m, where the defect is located axially from the excitation. High 
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distortion of image is also observed from 1.8 m onwards, which is where the pipe ends. Defect size 

can be estimated by observing full width at half maximum (FWHM) of hot spot. In Figure 7, we can 

see that the hot spot has a FWHM of 2.6 λ when compared to the wavelength of the excitation as 

extracted from the lateral image slice. Meanwhile, the notch size corresponds to 0.14 λ. When notch 

size decreases from 0.5 λ to 0.3 λ, an upward trend of FWHM is observed where it increases from 

1.3 λ to 1.6 λ. Consequently, it is probable that the FWHM of 2.6 λ is indeed corresponding to the 

defect and thus the defect is successfully located. 

      Comparing common source method to time delay focusing, CSM is clearly superior as it is able 

to confirm a defect. Additionally, CSM requires post-processing that takes a few seconds while sub-

channel and frequency tuning can take a long time as only one region can be focused on at a time. 

With the defect location unknown, these methods will take a considerably longer time to sweep 

through the whole pipe axially and circumferentially.  

 
3.2 Performance for detection of defect near bend  

An axisymmetric T(0,1) mode with input frequency of 70 kHz was excited around the 

circumference of the end of the shorter straight section of the pipe. The displacement-time response 

for T(0,1) guided wave mode at the excitation end for a defect-free pipe is as shown in Figure 8. 

Few wave packets can be identified. The first wave packet is the incident wave packet. The second 

and third wave packets, at 220 μs and 340 μs respectively, are the reflections due to the two welds 

of the bend. The reflection of the second weld is stronger than those observed in case 1 because the 

defect is located very close to it. A small wave packet at around 450 μs is likely a weak higher order 

reflection from one of the welds while the large wave from 520 μs is the reflection from the end of 

the pipe. 

      The time delay used for T(0,1) is shown in Figure 9 and its displacement-time response at the 

excitation is presented in Figure 10. Comparing the response of focused T(0,1) to the unfocused 
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response in Figure 8, the amplitude of the reflection is even weaker. Reflection coefficient of the 

notch reflection for T(0,1) is 6.4%, representing a drop of 16% from unfocused reflection. Another 

trial was attempted with the axisymmetric longitudinal L(0,2) mode. The L(0,2) mode can be 

excited by inducing stress in the axial direction around the circumference of the pipe. The time 

delay employed for L(0,2) is shown in Figure 9 and its displacement-time response is compared to 

the unfocused response, which is presented in Figure 11. The reflection coefficient for L(0,2) is 

4.4%, a drop of 22% from the unfocused response, similar to what is observed with the T(0,1) 

mode. This leads to the idea that time delay focusing may only be suitable for a small notch, like 

those presented in case 1 (Figure 6) but not a notch that extends 30° circumferentially, as seen in 

case 2. The main differences between the two cases are the excitation frequency, general dimension, 

size and location of the defect. The higher excitation frequency is to allow a reasonable resolution 

without exciting higher order flexural modes and is selected in a way to suit each case. The 

difference in dimensions is not likely to affect time delay focusing significantly. The bigger size of 

the defect should make focusing even more prominent. The likely cause of the failure in focusing is 

the location of the defect. The defect, being too close to the weld and the bend, is unable to benefit 

from the focused energy. The guided wave interacts and scatters due to the weld, and thus energy is 

not concentrated onto the defect. Another plausible reason is that the reflection pulses that the 

algorithm is based on contain higher order modes due to the welds and bends. This results in 

miscalculation as cylindrical beamforming effect is not formed properly when interfered with by the 

bend and welds. 

     Figure 12 shows the CSM image representing the pipe with welded bend with a 30° 

circumferential defect. Few features are identified. Firstly, at 0.35 m, an axisymmetric feature is 

observed. This represents the first weld which is 0.3 m away from the excitation end. Secondly, at 

0.55 m, there appears to be an axisymmetric feature but also a hot spot of similar magnitude. It is 

likely to be the second weld with the defect image superposed on it. The intensity of this anomaly 

increases with increasingly larger defect as can be seen from Figure 13 which shows the CSM 
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image of the pipe with a 90° circumferential defect. From 0.7 m onwards, distortion can be seen and 

pipe ends at 0.75 m. Figure 14 shows the sum of circumferential image slice for images without 

defect, with a 10° defect and a 30° defect. The amplitude is only 10.9% when there is no defect. 

When there is a 10° defect and a 30° defect, amplitude increases to 11.9% and 17.6% respectively. 

The amplitude difference between a 10° defect and no defect is marginal and can be easily masked 

by noise or any other uncertainty. Furthermore, the amplitude of the 30° defect is similar to the first 

weld and could have been easily mistaken for a defect-free second weld as well. Thus, searching for 

the 30° defect relies on prior knowledge of the CSM image of a defect-free pipe. Comparing CSM 

to time delay focusing, it is obvious that CSM is superior as it is able to detect the defect. However, 

the need for a reference images makes CSM a considerably less attractive technique to detect a 

defect that is near to the weld.  

 

4. Conclusion 

This paper investigates guided wave propagation in pipes with bends numerically. Time delay 

focusing technique and synthetic focusing by CMS are both employed to further improve the 

detection of defects.  The time delay focusing technique improves the confidence in detecting a 

small defect (3.8% cross-sectional area) beyond the bend, but it is unable to detect defects close to 

other features like weld and bend. CSM is able to improve the defect detections beyond and close to 

welding and bend. In addition to being successfully applied to a pipe with bend, CSM correctly 

identified the existence of a notch beyond a welded bend. In detecting more challenging defects, 

like those close to a weld or bend, a CSM image of a reference previous state of the pipe is required 

to improve the reliability of detection of a defect that extends 30° circumferentially. Also, a 

reference image of a defect-free pipe is needed to detect defects near to the weld.  Recommendation 

to use CSM is straightforward, due to its relative ease and cost effectiveness to implement and the 

lack of repetitive excitations as is the case with time delaying focusing. Effect of defect location, 
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both axially and circumferentially, as well as defect size can be further investigated via parametric 

studies in future.  
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Nomenclature 

𝑐𝑐𝑠𝑠 Bulk shear velocity of the pipe 
𝑓𝑓𝑗𝑗(𝑡𝑡) Discrete reflection signal captured at transducer n 
𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡) Reference discrete reflection signal 
j Imaginary number √−1 
𝑘𝑘𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐 Circumferential wave number 
𝐾𝐾𝑗𝑗 Normalized cross-correlation of discrete reflection signal n 
𝑘𝑘𝑗𝑗 n-th wavenumber 
N Number of transducer 
p(θ, z, t) Recorded wavefield in a cylindrical coordinate system with axial coordinate z and 

azimuthal coordinate θ in time t 
𝑃𝑃(𝑘𝑘𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐 , 𝑧𝑧,𝜔𝜔) Wavefield in frequency spectrum 
r Radius of pipe 
z Axial location 
θ Azimuthal location 
𝜔𝜔 Angular frequency 
𝛺𝛺 Temporal bandwidth investigated 
𝜏𝜏𝑗𝑗 Time delay at transducer n 
ξ Axial coordinate of a pipe with bends 
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Figure 1. Numerical model of the pipe with welded bend and defect beyond the bend. 

 

 
Figure 2. Numerical model of the pipe with welded bend and defect near to the weld. 



 
Figure 3. Excitation of the torsional T(0,1) mode. 

 
Figure 4. Displacement-time response at the excitation end of the pipe when excited by an 

unfocused T(0,1) mode. Displacement considered is the sum of all circumferential displacements at 

the nodes monitored. 
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Figure 5. Time delay applied to focus onto the defect beyond the bend. 

 
Figure 6. Displacement-time response at the excitation end of the pipe when excited by a T(0,1) 

focused by time delay focusing. Displacement considered is the sum of all circumferential 

displacements at the nodes monitored. 
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Figure 7. CSM image of a pipe with welded bend and a defect beyond bend when inspected by 

T(0,1) guided wave. 

 

 
Figure 8. Displacement-time response at the excitation end of a pipe with welded bend without 

defect. Displacement considered is the sum of all circumferential displacements at the nodes 

monitored. 

-1

-0.5

0

0.5

1

0 100 200 300 400 500 600

N
or

m
al

is
ed

 a
m

pl
itu

de

Time (µs)



 
Figure 9. Time delay applied to T(0,1) and L(0,2) mode to focus onto the circumferential defect that 

is near to the weld. 

 

 
Figure 10. Displacement-time response of the excitation end when excited by a T(0,1) mode 

focused by time delay focusing. Displacement considered is the sum of all circumferential 

displacements at the nodes monitored. 
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Figure 11. Displacement-time responses of the excitation end when excited by an unfocused L(0,2) 

mode and one focused by time delay. Displacement considered is the sum of all axial displacements 

at the nodes monitored. 

 
Figure 12. CSM image of a pipe with welded bend with 30° circumferential defect near to the weld 

when inspected by T(0,1) mode. 
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Figure 13. CSM image of a pipe with welded bend with 90° circumferential defect near to the weld 

when inspected by T(0,1) mode. 

 

  
Figure 14. Sum of circumferential image slice of pipe with no defect, 10° defect and 30° defect. 

0

0.2

0.4

0.6

0.8

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

N
or

m
al

is
ed

 a
m

pl
itu

de

Axial position (m)

0
10
30


	manuscript guided wave rev 240316_2
	List of Figures rev 240316

