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Abstract. The ultrasonic guided wave testing, an efficient technique operating in 
pulse-echo mode, is being widely used for Nondestructive Evaluation (NDE) and 
Structural Health Monitoring (SHM). It can realize the long-range inspection from a 
single sensor position, which is suitable for detecting defects located at inaccessible 
areas. Furtherly, the guided wave testing based on magnetostrictive effect can 
generate guided waves in the tested structure without physical contact. However, the 
non-contact characteristic determining the magnetostrictive sensor (MsS) has a 
relatively lower signal-to-noise ratio (SNR) when compared with piezoelectric guided 
wave sensors.  
 In the literature, different methods have been applied for the MsS to improve the 
SNR. Some investigators focused on optimizing excitation parameters and sensor 
configurations to increase the magnetostrictive coupling efficiency. Furthermore, 
some signal processing methods were introduced to improve the SNR as well, such as 
Discrete Wavelet Transform, Wigner-Ville Distribution, etc. However, under the 
condition of invariable excitation parameters and specified sensor configurations, 
how to improve the SNR during the guided wave propagation process is seldom 
studied.  
 In this paper, a new signal enhancement method based on mechanical 
attachments is purposed for the pipe inspection. Due to the fact that mechanical 
clamps change the stress boundary condition of the tested structure, these clamps 
produce large wave reflections and the guided wave energy mainly propagates 
between mechanical clamps (testing range). By placing the transmitter close to the 
clamp, waveform superposition occurs at the position of the receiver for the third 
defect echo signal, which is demonstrated from the simulation. Hence, the defect can 
be well identified by the enhanced defect echo signal, especially when the first defect 
echo signal can hardly distinguish from the noise. Considering the waveform 
superposition is independent of the defect position in testing range, the effect of the 
blind range for the guided wave inspection can be eliminated. A laboratory-based 
experimental study is carried out whose results indicate the amplitude of the third 
defect echo signal increases by 35% when compared to the first defect echo signal. 
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1. Introduction  

As one kind of essential equipment for material transmission and energy conversion, 
pipelines have been widely used in petrochemical and energy industries. Due to the 
long-time operation, the failure types such as corrosion, crack, or deformation will be 
encountered in the pipeline, which may finally lead to safety accidents. Therefore, periodic 
inspection is required to insure the security situation of pipelines.  

Since 1970s, nondestructive testing (NDT) technology, such as the widely used 
magnetic flux leakage, eddy current, X-ray and ultrasound testing technique, has been 
supplied for pipeline inspection. These techniques are proved to be effective and practical 
[1-5]. However, all of them need move sensors along the tested pipe during the inspection, 
which leads to a low detection efficiency. With the numbers of pipelines increasing rapidly, a 
more efficient testing technique is required to meet the practical needs.  

The ultrasonic guided wave testing technique, operating in the pulse-echo mode, can 
realize the long-range inspection from a single sensor position, which is suitable for detecting 
the defect located at inaccessible areas [6]. Due to the fact that the piezoelectric sensor needs 
to be attached on the tested pipe, the magnetostrictive sensor (MsS) can generate guided 
waves with the advantages of non-contact, high inspection efficiency and easy installation. 
However, the non-contact characteristic causes the MsS has a relatively lower 
signal-to-noise ratio (SNR) than the piezoelectric one [7]. In addition, with the consideration 
of signal attenuation, it becomes harder to identify the defect after a long-distance 
propagation in the pipeline.  

In the literature, different methods have been applied for the MsS to improve the SNR. 
As the magnetostrictive coupling efficiency is mainly affected by the interaction of static bias 
magnetic field and dynamic magnetic field, some efforts were made on the static bias 
magnetic field and the driving current of the transmitter coil. The research results showed 
that there exists a suitable static bias magnetic field and the SNR increases with the 
amplitude of the driving current in the transmitter coil [8]. Some researchers also were 
engaged in the optimization of the MsS configuration. The configurations of both transmitter 
and receiver, including permanent magnet distribution, the segment and layer numbers of 
coils and the connection of multilayer coils, were optimized to improve the SNR of 
longitudinal guided wave inspection for elongated ferromagnetic structures [9-10]. 
Furthermore, some signal processing methods were applied to increase the SNR as well, such 
as discrete wavelet transform [11], Wigner-Ville Distribution [12], etc. As can be seen, most 
research focused on excitation parameters, sensor configurations and signal processing 
methods, which can be ascribed to signal enhancement methods of the signal generation or 
post-processing. However, how to improve the SNR during the guided wave propagation 
process is seldom studied.  

In this paper, a new signal enhancement method based on mechanical attachments is 
purposed for the pipeline inspection. Considering the limited excitation energy of guided 
waves, the signal attenuation will lead to a low the detection sensitivity after a 
long-propagation distance. In order to solve the problem, mechanical attachments are applied 
for improving the SNR during the propagation process under the condition of invariable 
excitation parameters and specified sensor configurations. Due to the fact that mechanical 
attachments change the stress boundary condition of the tested pipe, these attachments 
produce large wave reflections and the guided wave energy mainly propagates between 
mechanical attachments. The interval of mechanical attachments is defined as the testing 
range. Consequently, the artificial testing range can weaken the influence of signal 
attenuation. Through placing the sensors and mechanical attachments at suitable positions, 
waveform superposition of the defect echo signal should occur at the position of the receiver. 
Hence, the defect can be well identified by enhanced defect echo signal, especially when the 
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first defect echo signal can hardly distinguish from the noise. Section 2 details the theoretical 
analysis to illustrate the key influencing factors which determines the signal enhancement 
effect. In section 3, the finite element (FE) model is established to simulate the inspection 
process, focusing on testing the feasibility of this signal enhancement method. A verification 
experiment is carried out to verify the simulation results in section 4. Brief conclusions are 
presented in the last section.  

2. The principle for signal enhancement 

Body waves are mainly used in the conventional ultrasonic testing (UT). Only the area where 
the testing sensor covers can be detected, a point-by-point inspection is required, which leads 
to a low detection efficiency and high cost. For an infinite homogeneous isotropic elastic 
medium, longitudinal waves and transverse waves (belonging to body waves) can exist, 
which propagates in their respective velocities without coupling. But the situation becomes 
different for the medium with finite dimension, called the waveguide, such as plates, rods and 
pipes. Due to the constraint of boundaries and mode conversions at the border, longitudinal 
waves and transverse waves will generate ultrasonic guided waves propagating along the 
waveguide. Therefore, ultrasonic guided waves can be regarded as a kind of stress waves, 
which is formed by the superposition of body wave reflections at the boundaries of the 
waveguide. Furthermore, different guide wave modes will be generated in different 
waveguides with the same excitation parameters.  

According to the generation principle of ultrasonic guided waves, the boundary of the 
waveguide plays a crucial role, which influences propagation properties of ultrasonic guided 
waves. For the pipeline inspection, mechanical attachments placed along pipe, such as 
clamps, hangers and pipe supports to hold the pipeline in place will reduce the guided wave 
testing performance. These attachments can produce large reflections that masks defect 
signals and reduces the testing range when the torsional mode T(0,1) is adopted for 
inspection [13-14]. Furtherly, Kwun et al. pointed out that the behaviour of a mechanical 
clamp was like a high-pass filter, so the effects of the mechanical clamp on the torsional 
guided wave propagation were markedly reduced at frequencies higher than 100 kHz [15]. In 
previous studies, their goal is to reduce the amplitude of mechanical attachment signals. On 
the contrary, our work focuses on strengthening the interaction of mechanical attachments 
and guided waves to realize the enhancement of defect signals during the guided wave 
propagation process.  

In order to interpret signal enhancement method based on mechanical attachments 
clearly, the testing principle need to be introduced firstly. In this method, the mechanical 
clamp, a widely used mechanical attachment, is applied to produce a large wave reflection by 
changing the stress boundary condition of the tested pipe. As the guided wave energy mainly 
propagates between mechanical clamps, the reducing testing range can weaken the influence 
of signal attenuation as well as the effects of features which are not in this testing range, such 
as the supports, defects, etc.  

Based on the actual working condition of the pipeline, a part of the tested pipe 
(defined as the testing range) where the defect probably occurs is selected for a special 
inspection. Install the mechanical clamps at each end of this range (marked as A and D) with 
an interval of L as shown in Fig. 1. The mechanical clamp can produce echoes, which are 
similar to the end echoes in conventional guided wave inspection, to limit the guided waves 
mainly propagating in this testing range. The transmitter is placed close to one of the 
mechanical clamps, while the receiver is placed at position B with a distance of L1 away from 
the transmitter. Supposing there exists a defect at position C in the testing range with a 
distance of L2 and L3 away from the receiver and the mechanical clamp, respectively.  
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Fig. 1. Schematic diagram of the sensors and mechanical clamps installation  

 
As guided waves are excited at position A and propagate through the testing range, 

the amplitude of the first defect echo signal can be expressed as  

                                                      (1) 

Where A0 and A1 are the amplitude of excitation signal and the first defect echo signal, 
respectively. RD is the reflection coefficient of the defect, which is related to the type and size 
of the defect.   is the attenuation rate of the testing signal. Negative sign before   signifies 
the guided wave energy decreases while propagating.  

According to the guided wave propagation process, there exist two propagation paths 
for the third defect echo signal as shown in Fig. 1, namely A→D→A→C→B and A→C→A
→D→B. For the third defect echo signal, waveform superposition will occur at the position 
of the receiver with the same propagation distance. So the amplitude of the third defect echo 
signal becomes larger and can be written as  

                                  (2) 

Where A2 is the amplitude of the third defect echo signal. RC is the reflection 
coefficient of the mechanical clamp. Compared with the amplitude of the first defect echo 
signal, the enlargement ratio of the third one is presented as  

                    (3) 

From Equation (3), the enlargement ratio n depends on the reflection coefficient of 
the defect RD, the reflection coefficient of mechanical clamp RC, the attenuation rate of the 
testing signal   and the length of the testing range L. But it is not relevant to the position 
where the defect locates in the testing range, which means as long as the defect exists in the 
testing range, the amplitude of the third defect echo signal will increase all the time. 
Identifying the defect through the third defect echo signal, the increasing amplitude not only 
improves the SNR, but also well works for the case that the first defect echo signal can hardly 
distinguish from the noise. 

In addition, the enlargement ratio n becomes larger while the reflection coefficient of 
the defect RD gets smaller. Therefore, this signal enhancement method is more effective for a 
small size defect.  

3. The finite element simulation 

In order to test the feasibility of the signal enhancement method mentioned above, a 
corresponding finite element (FE) simulation is conducted in the commercial finite element 
software, ANSYS, to analyze the process of defect detection.  
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For this case, a 3-D finite element model of a homogeneous isotropic steel pipe, 
whose material properties are density of 7,850 kg/m3, Young’s modulus of 2.1×1011 Pa and 
Poisson’s ratio of 0.28, is considered. The outside diameter of the pipe is 25 mm and wall 
thickness is 2.5 mm. To reduce the calculation amount of the simulation, the length of the 
pipe is set to 1.2 m. Here, the pipe end is regarded as the mechanical clamp, corresponding to 
the value of RC equalling 1 in Equation (3). No other damping is added to the model, the 
simulation signal attenuation is only caused by material damping. A part-circumferential 
notch with 2.5 mm axial length, 1 mm depth and one- twelfth of the circumference (30 degree) 
is introduced to the simulation model, which is placed 800 mm away from the left end. A 
five-cycle 150 kHz sine burst in a Hanning window is chosen for the input. The axial force, 
loading on the nodes at the left end of the pipe, is applied to generate the longitudinal guided 
waves, as shown in Fig. 2.  

 
Fig. 2. The finite element simulation model of the tested pipe 

 
The simulation signal is obtained by accumulating the axial displacement of all the 

nodes at the same cross section. The total time of the simulation is 1 ms for recording the 
simulation signal as shown in Fig. 3.  

 
Fig. 3. The defect echo signal enhancement in the simulation signal 

 
In Fig. 3, P is the passing signal, D and E signify the defect echo signal and the right 

end echo signal of the tested pipe, respectively. The subscript number signifies the times of 
the corresponding echo signal appearing in the simulation signal. Owing to the waveform 
superposition, the amplitude of the third defect echo signal (marked as D3) is larger than that 
of the first one (marked as D1) in Fig. 3. The enlargement ratio is 1.43, which means the 
amplitude of the third defect echo signal increases by 43% when compared to the first one. 
According to the group velocity dispersion curve, the notch is calculated to be 817 mm from 
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the left end of the pipe based on the Time of Flight (TOF) method, which is close to the actual 
position of 800 mm.  

As for the part-circumferential notch in the simulation, equivalent cross-sectional 
area loss of 3.56%, the first defect echo signal may mask in the noise for a practical 
inspection, the increasing amplitude of the third defect echo signal can be utilized to identify 
and locate the defect. The simulation results demonstrate that the effect of signal 
enhancement is inspiring, but the reflection coefficient of the mechanical clamp RC is 
assumed to be 1. In order to guarantee the enlargement ratio more than 1, the reflection 
coefficient of the mechanical clamp RC should be no less than 0.82 based on Equation (3). So 
the structure of the mechanical clamp becomes crucial, which will be discussed in the next 
section.  

4. Experimental verification 

To verify the effect of signal enhancement in the FE simulation, a damaged pipe, with the 
outside diameter of 25 mm, wall thickness of 2.5 mm and length of 2.8 m, is used as the 
specimen. The notch, equivalent cross-sectional area loss of 14.43%, is 800 mm away from 
the left end of the pipe. According to the research by Cheng et al. [13], the insertion of a layer 
of elastomeric material, such as a rubber gasket, between the pipe and mechanical clamp 
could significantly reduce the clamp signals, which is a common practice used in vibration 
isolation. Therefore, the mechanical clamp should directly surface contact with outer 
diameter of the tested pipe to strengthen the guided wave interactions with the clamp. 
Besides, to ensure the reflection coefficient of the mechanical clamp RC no less than 0.82, a 
series of mechanical clamps are installed side by side as shown Fig. 4. The mechanical clamp 
array is installed at the position of 1.2 m from the left end so that the testing range contains 
the notch. The experimental setup is illustrated in Fig. 4.  

 
Fig. 4. Schematic diagram of the experimental setup 

 
A three-cycle sine burst is chosen as the excitation signal with the same frequency of 

150 kHz used in the simulation. The axially polarized permanent magnets are installed at the 
left end to apply the axial magnetic field. Both transmitter coil and receiver coil, consisting of 
copper wire (0.49mm outer diameter), are 30-turn solenoid coils. Based on the 
magnetostrictive effect, the transmitter coil, carrying alternating current, is placed at the left 
end of the tested pipe to excite the longitudinal guided waves and the receiver is placed next 
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to it. The sine pulse excitation current, generated by an arbitrary waveform generator 
(Agilent 33522A), is amplified by a power amplifier (Xindak XA8800MN) and loaded on 
the transmitter coil. The induced voltage of the receiver coil is amplified by a pre-amplifier 
(SR560) and then stored by an oscilloscope (LeCroy HDO4034). As a comparison, the same 
experimental setup is adopted without the mechanical clamp array. The original testing 
signals obtained from these two conditions of the damaged pipe are shown in Fig. 5(a) and 
Fig. 5(b), respectively.  

 
(a)                                                                                   (b)  

Fig. 5. The defect echo signal enhancement in the testing signal under different conditions (a) Without the 
mechanical clamp array (b) Without the mechanical clamp array 

 
In Fig. 5(a), D1 is the first notch echo signal and E is the right end echo signal of the 

tested pipe. Due to the non-contact characteristic of the MsS, the SNR of the testing signal is 
relatively low, which decreases the detection sensitivity and reduces the testing range. What's 
worse, the first notch echo signal D1, appearing in the rising period with a small amplitude, is 
hardly to identify. In addition, supposing that the defect is near the MsS, the first defect echo 
signal should appear before 0.25ms. The information of the defect can not be extracted from 
the testing signal and the blind range is nearly 600 mm from the MsS.  

In this case, the mechanical clamp array is applied for defect detection. In Fig. 5(b), 
other than the echo signals D1 and E, the first clamp echo signal C1, the second clamp echo 
signal C2, the second notch echo signal D2 and the third notch echo signal D3 are also 
appeared in the testing signal. As the mechanical clamp array causes the waveform 
superposition, the amplitude of the third notch echo signal D3 increases by 35% when 
compared to the first notch echo signal D1. Combining the simulation results and Equation 
(3), the reflection coefficient of the mechanical clamp is calculated to be 0.91, which satisfies 
the requirement above. So mechanical clamps formed in an axial array along the pipe is a 
good choice for the proposed signal enhancement method. Besides, identifying the defect by 
the third notch echo signal, the effect of the blind range for guided wave inspection can be 
eliminated. According to the propagating path of the third notch echo signal, it can be 
inferred that the notch is 829 mm away from the left end of the pipe. The relative error of the 
inferred position and the actual position is 3.63%.  

5. Conclusion  

As the non-contact characteristic causes the magnetostrictive guided wave testing signal with 
a relatively low SNR, a new signal enhancement method based on mechanical attachments is 
purposed for the pipeline inspection in this paper. Due to the change of the stress boundary 
condition of the tested pipe, these clamps produce large wave reflections and the guided 
wave energy mainly propagates between them. Therefore, the testing range is the interval of 
the clamps, which can be adjusted artificially based on the need of inspection. By placing the 
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transmitter close to the clamp, waveform superposition occurs at the position of the receiver 
for the third defect echo signal, which is demonstrated from the simulation. The defect can be 
well identified by the enhanced defect echo signal, especially when the first defect echo 
signal can hardly distinguish from the noise. Considering the waveform superposition is 
independent of the defect position in testing range, the effect of the blind range for the guided 
wave inspection can also be eliminated. In order to insure the effect of signal enhancement, a 
mechanical clamp array is applied to increase its reflection coefficient in practice. A 
laboratory-based experimental study is carried out whose results indicate the amplitude of 
the third defect echo signal increases by 35% when compared to the first defect echo signal. 
Future work will focus on a more effective mechanical clamp design, as well as the 
application of this signal enhancement method on in-service pipelines.  
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