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Abstract 

Structural health monitoring (SHM) of a pipeline due to wall thinning is still an issue in many pipeline 
industries, such as gas industries and nuclear power industries. Surface acoustic waves (SAWs) are 
suitable for characterizing and monitoring structural surface condition of a pipeline. Although wedge 
sensors are still useful for non-destructive testing (NDT), it is difficult to attach the sensors 
permanently on the structures for the health monitoring. However, inter-digital transducer (IDT) can 
be considered for SHM on the site. In this paper, SAWs generated by IDT sensors in a pipe structure 
are modeled using finite element analysis (FEA) method. The SAW behavior in the wall-thinned pipe 
is analyzed through the numerical simulations and tests, and then a novel NDT concept of 
characterizing of wall-thinning defect in pipelines is proposed. 
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1  Background 

Ultrasonic guided waves (GWs) and surface acoustic waves (SAWs) are elastic waves that are excited 

and can propagate in structures where they are guided and confined by structure’s boundaries. They 

can be interacted with defects in structures, and they could be detected by analyzing the signal of 

propagating waves. GWs and SAWs provide a potentially very attractive mean of inspecting large 

structures since they can propagate much longer distance with lower signal attenuation levels. 

Considerable interests in applications of GWs for non-distructive testing (NDT) and structural health 

monitoring (SHM) of plate-like structures have been observed recently [1~4]. However, GWs 

propagate with at least two modes at any given frequency, and they are generally dispersive which 

tends to make the received signals complex and too difficult to be analyzed. On the other hand, SAWs 

are non-dispersive and sensitive to surface defects. The surface penetration depth of SAWs is 

approximately one wavelength, which can be beneficial for many NDT applications. However, a 

major drawback of using SAWs for NDT is the difficulty of generating SAWs, where the most 

commonly used method involves a wedge and a comb [5~7]. In both cases, SAWs are created by 

converting compressional waves generated by a longitudinal mode in piezoelectric plate into SAWs 

using sensor attachments, which add weigh, size, and complexity to the sensor concept. In the wedge 
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method, the critical launch angle is determined by the SAW velocity in the material, so the wedge 

should be changed according to the materials. Both wedge and comb methods also are not effective in 

aspects of energy transmit because they need to have two contact interfaces, which are between the 

transducer and the wedge/comb, and between the wedge/comb and the material under investigation. In 

addition, these sensors are quite expensive so it is difficult to permanently attach the sensors on the 

structure for SHM.  

Recently, many researches have interested with inter-digital transducer (IDT) sensors for NDT or 

health monitoring for structures [6~9]. An IDT sensor consists of a top electrode which is two comb-

shaped metal electrodes, a piezo-electric substrate and a bottom electrode as shown in Fig. 1. When a 

voltage is applied at the top and bottom electrodes as shown in Fig. 1(c), compressions and dilatations 

are generated on the surface of IDT sensor, and then those generate SAWs on the surface of the 

material. IDT sensor is not only able to excite narrowband and single mode waves that propagate in 

the desired direction but also compact and economical so it can be permanently mounted on or 

embedded in the structure.  

In this paper, SAWs generated by IDT sensor in a pipe structure are modeled using finite element 

analysis (FEA) method. The SAW behavior in the wall-thinned pipe is analyzed through the 

numerical simulations and tests, and a novel NDT concept of characterizing of wall-thinning defect in 

pipelines is proposed. 

    

 

(a) 

 

 (b) 

 

(c) 

Figure 1: Schematic diagram of IDT: (a) top electrode, (b) bottom electrode, (c) cross-section of IDT sensor. 

 

2  Design and Simulation of IDT Sensor 

A typical schematic diagram of IDT a sensor was presented in Fig. 1. A IDT sensor generally consists 

of three layers such as the top electrode (Fig. 1(a)), the piezoelectric substrate and the bottom 

+ - + - + - + - + -

Bottom Electrode    -
Piezoelectric Substrate
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electrode (Fig. 1(b)).  The characteristic of SAW signal output generated by a IDT sensor (e.g. wave 

profile, phase and frequency) can be modified by selecting design variables such the number, length, 

width of fingers, and spacing between fingers. The wave strength depends on the number of fingers 

and their length, and the wavelength is determined by the finger spacing of the top electrodes.  

In the present IDT design, the wavelength, λ, was determined from the formula fr=λ/C, where fr is the 

resonance frequency and C is the SAW’s velocity in a monitored structure. The design value of the 

resonance frequency was selected with 500 kHz. The wavelength was calculated as 5.87 mm, and 

then the finger spacing and finger width of the electrodes was determined 1.467 mm.  

Numerical simulations were couducted to identify the properties of the SAWs generated by the IDT 

seosnor by calculating the frequency response, wavelength and the the surface wave velocity using 

FEA. The FEAs were performed using the implicit solver in ABAQUS Version 6.14 package. Fig. 2 

shows the FEA meshes of the specimens, which are pipe structures without a defect and with the 36% 

wall-thinning and 73% wall-thinning defects, respectively. The meshes were constructed using plane 

strain eight-node quatratic elements, namely CPE8R in ABAQUS so the decay of the amplitude of the 

SAWs was not modeled. To simulate the transmitted load from the IDT sensor, the nodes located 

below the fingers of top electrode were excited with force signals in the form of a five-cycle tone-

burst with the frequency of 500 kHz. Because the IDT sensor plays a role as the transmitter and the 

reviver at the same time, the analysis data were extracted at the point attached the IDT sensor. The 

material of the analysis models was 304 stainless steel, of which properties were listed in Table 1.  

 

(a) 

 

(b) 

Figure 2: Finite element mesh of pipe structure (a) without defect and (b) with wall-thinning defect. 

Young’s Modulus (GPa) Poisson’s Ratio Density (kg/m3) 

205 0.3 7,850 

Table 1: Mechanical properties of 304 stainless steel. 
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3  SAW Propagation Behavior in Wall-thinned Pipe 

3.1 Wave Propagation Behavior Simulation 

The FEA was used to investigate the interaction of SAWs with a wall-thinning defect in a curved 

plate. The behavior of the pipe structure by the SAW propagation during 4 round turn was presented 

in Fig. 3. Unlike the behavior of the as-received pipe shown Fig. 3(a), in the behavior of the wall-

thinned pipe, some wave packets were generated between the main packets, being generated every 

round turn of the SAWs. Also, there is no amplitude attenuation the as-received pipe (Fig. 3(a)) 

because the attenuation was not modeled in FEA. However, the amplitude of the main wave packets 

in wall-thinned pipe decreased according to the increase of the number of the round turn (Fig. 3(b) 

and (c)). Fig. 4 shows the normalized radial direction displacement vector. The SAWs generated from 

the IDT sensor are largely bi-directional in nature as shown in Fig. 4(a) but let’s focus on the SAWs 

traveling clockwise, which were marked with a dotted circle in the figure. When the waves passed 

through the wall-thinned area, they behaved like GWs as shown in Fig. 4(b). After passing out of the 

wall-thinned area, the packets of SAWs were divided into two wave packets of SAWs propagating on 

the top surface and the bottom surface (Fig. 4(c)), and the SAWs on the bottom surface went faster 

than those on the bottom surface (Fig. 4(d)).  

The wave behavior of the pipe structure with wall-thinning defect was shown in Fig. 5. The original 

wave packet generated by IDT sensor was named as “W” and the Energy of the wave packet was 

expressed as “E.” After passing out of the wall-thinned area, subscript “(on)” and “(in),” which mean 

outside and inside surface on the nth round turn respectively, were appended immediately after the 

name of the wave packet and the energy on the last round turn. Therefore, W and E on the nth round 

turn is expressed as W(on or in) (on-1 or in-1)…(o2 or i2) (o1 or i1) and E(on or in) (on-1 or in-1)…(o2 or i2) (o1 or i1), respectively. 

(e.g. W(i1) is a wave packet on the inside surface at the 1st round turn, and W(o2i1) is one on the outside 

surface at the 2nd round turn and was divided from the W(i1) at the 1st round turn.) It was assumed in 

this study when the wave packets pass through the wall-thinned area, some energy is transferred to the 

other side with the ratio of α. Thus, in Fig. 5(a), E(o1) and E(i1) were expressed as (1-α)E and αE, 

respectively. In Fig. 5(b) the reflected wave from the wall-thinning defect was detected, and then the 

displacement by the SAWs on the inside surface (W(i1)) and the outside surface (W(o1)) was detected. 

The displacement on the outside surface is much less than that on inside surface because the IDT 

sensor was attached on the outside surface. Also, the SAWs on the inside surface were detected faster 

than that on the outside surface because of the difference between two perimeters on the inside and 

outside surfaces. Fig. 6 shows the schematic diagram showing wave behavior at the 2nd round turn. 

The W(i1) and W(o1) in the last turn were divided into the W(i2) (i1) and W(o2) (i1), W(i2) (o1) and W(o2) 

(o1) ,respectively, as shown in Fig. 6(a), and then W(o2) (i1) and W(o2) (o1) became the main wave packets 
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as shown in Fig. 6(b) with the time delay between the wave packets, td (≈2π(Ro-Ri)/C). In this way, the 

wave packets were divided and the wave energy was distributed through the pipe as the number of the 

round turn increase. Therefore, it was thought that the wall-thinning defect can be identify by 

analysing the very complex and peculiar signals after the 2nd round turn. 

 

Figure 3: Top surface behavior of (a) as-recived, (b) 36% wall-thinned and (c) 73% wall-thinned pipe (FEA). 

 

 

(a) t=0.0016 ms 
 

(b) t=0.0032 ms 

 

 

(c) t=0.0056 ms 

 

 

(d) t=0.128 ms 

Figure 4: Nomalized radial direction displacement vector due to SAWs traveling along pipe circumference 

clockwise. 

 

(a) 

 

(b) 

Figure 5: Schematic diagram showing wave behavior in pipe structure with wall-thinning defect at 1st round turn. 

E
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E(o1) =(1-α)E
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(a) 

 

(b) 

Figure 6: Schematic diagram showing wave behavior in pipe structure with wall-thinning defect at 1st round 

turn. 

 

3.2 Verification of Simulated Wave Propagation Behavior 

The SAW propagation test for the wall-thinned pipe was designed to verify the simulation results 

presented previous section. Fig. 7 shows the test specimen and the test set-up. The radius, thickness 

and material of the test specimens are the same as those used in the FEA. The length of the specimens 

is 200 mm but in FEA the thickness was not considered because the plane strain element was used.  

The behavior of the pipe structure obtained from the test during 3 round turn was represented in Fig. 8. 

The overall behavior was quite similar to the FEA results, but the decay of amplitude for the SAW 

was clearly observed unlike the FEA results. The difference occurred because the decay was not 

considered in the modeling process in FEA.  

 

(a)   

(b) 

Figure 7: (a) Test specimens and (b) test set-up for SAW’s propagation test. 

E(o2)(o1)= (1-α)(1-α)E
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Figure 8: Top surface behavior of (a) as-recived, (b) 36% wall-thinned and (c) 73% wall-thinned pipe as results 

of test. 

From the results discussed above, we feel that good correlation was realized between the FEA results 

and the test results for the SAW propagation in the wall-thinned pipe. Thus, the FEA technique for the 

identification of the SAW propagation in the wall-thinned pipe was validated. Therefore, it turnd out 

that the wall-thinning defect can be identify by analysing the very peculiar signals after the 2nd round 

turn. Due to not only this charateristic but also the small size and cheap price of the IDT sensors, the 

SHM system or the smart structure system using IDT sensors can be applied to pipeline industries to 

ehnence the safety, reliability, maintenance efficiency and economic efficiency. 

 

4 Summary  

In this study, the surface acoustic wave behavior in the wall-thinned pipeline was analyzed through 

the numerical simulations and tests, and a novel NDT or SHM concept of characterizing of 

circumferential wall-thinning defect in pipe structures is proposed. It is expected that the inter-digital 

transducers can be applied to SHM system or smart structure system capable of providing diagnosis 

without interrupting the operation and ehnencing the safety, reliability, maintenance efficiency and 

economic efficiency.  
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