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Abstract 

Sensitivity and range of inspection are the main parameters that describe the quality of Guided Wave non-destructive 
testing of pipes. They become even more interesting when the pipe to be tested is buried or coated with a material that 
produces high attenuation effect on the propagating waves. In this paper the relationship of the attenuation over the 
inspection range and sensitivity has been discussed. Furthermore, the correlation between the two parameters has been 
evaluated to measure the attenuation values for diverse applications: unburied PE coated pipes, unburied bitumen 
coated pipes and buried PE coated pipes.  

Keywords: Guided Wave NDT, long range, inspection, pipe monitoring, magnetostrictive sensor, attenuation, range, 
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1. Background 

Guided Wave NDT (also known as Long-Range UT – LRUT) is becoming increasingly requested 
by pipeline and plant operators for fast and cost-effective screening of extensive piping in power 
plants, oil&gas and chemical plants . 
Its cost-effectiveness is mainly given by its capability to inspect coated and buried pipes while in 
service, but also by the possibility to check for corrosion over long pipe segments from a single 
sensor position. As a consequence, when establishing the degree of performance of an inspection 
using Guided-Wave NDT, the two parameters that are taken into consideration are the maximum 
inspection distance and the size of the smallest defect that Guided-Wave NDT is able to detect at 
that distance. 
Guided-Wave instrumentation uses collars of sensors to generate low-frequency ultrasonic guided 
waves in cylindrical structures like pipes. The same collar can be used to detect waves reflected by 
defects or other discontinuities present along the inspected pipe segment (see Figure 1). Transducers 
used in commercial guided-wave instruments are based 
on piezoelectric or magnetostrictive elements to 
generate/receive low frequency ultrasonic guided 
waves. 
Independently of the instrumentation which is used to 
generate and receive guided waves in pipes, wave 
propagation is affected by some factors like pipe 
geometry (T-branches, welded joints, U-bends), state 
of integrity (good state or heavily corroded), coating 
material (paint, PE, FBE, bitumen etc) or surrounding 
media (soil, water, air). Wave attenuation (gradually loss of energy during acoustic propagation) is 
one of the effects that occurs on guided wave propagation. It has, among other factors, direct 
consequences on both the sensitivity and the range of investigation. 

Figure 1 Guided Wave NDT system
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2. Guided-Wave propagation in pipes 

Ultrasonic guided waves (GW) are structure-
borne elastic waves that propagate along the 
length of a structure (called waveguide) along its 
geometric boundaries.  Their properties 
(velocity and displacement pattern) vary 
significantly with the geometric shape and size 
of the structure and wave frequency; in contrast, 
bulk waves used in conventional UT depend 
only on the structure's material. The frequency 
range in which Guided-Wave NDT usually 
operates is between 10kHz and 200kHz. Figure 
2 shows dispersion curves of various wave 
modes  [ 1], [ 2]. 

While guided waves propagate within their 
wave guide they suffer a gradual decrease in 
amplitude (attenuation), which reduces the range 
of inspection and its capacity of detecting smaller defects (sensitivity). 

2.1 Attenuation of guided waves 

The preferred wave propagation mode in Guided-Wave NDT (see Figure 2) is the fundamental 
torsional (T(0,1)) for its lack of dispersivity. On the other hand, longitudinal modes like L(0,1) and 
L(0,2) are less used for pipe inspection because of their dispersive nature (group velocity is a 
function of frequency). Moreover, torsional mode is favorite for guided wave inspection of liquid 
carrying, coated or buried pipes because of its low interaction with external and internal media. This 
is due to its displacement pattern i.e. the magnitude of vibration is dominant in circumferential 
direction over the radial direction.  
Despite the use of torsional mode for guided wave 
inspection, wave attenuation is still a decisive issue that 
affects inspection performance mostly regarding its 
range and sensitivity.  
Attenuation is the decrease in amplitude of the wave 
propagating along the pipe in axial direction. Referring 
to the pipe geometry shown in Figure 3, the attenuation 
rate can be defined as: 

 � � ���·��	
����
���� � ��� �� � (Eq. 1), where Ai, i=1, 2 is 

the wave amplitude evaluated in position zi, i=1, 2 . 
Attenuation rate depends on the material of the waveguide (pipe) and its surrounding area and on 
the wave frequency. 
It is known that inspection on bare pipe (uncoated and positioned above ground) presents the lowest 
attenuation, while attenuation increases on coated and/or buried pipes. Moreover, attenuation 
increases when high wave frequencies are used in the inspection. For example, in [ 3] the authors 
plotted attenuation rate vs wave frequency for the fundamental torsional wave in pipe coated with 
coal-tar-enamel under various depths of soil cover. 
Attenuation of propagating guided-waves reduces the Signal-To-Noise Ratio (SNR) of detected 
signals, affecting the quality of inspection. 

Figure 2  Frequency spectrum  

Figure 3 Pipe Geometry  



2.2 Sensitivity and range of guided wave inspection 

The guided wave propagating along a pipe reflects back its 
energy when encounters discontinuities like metal-loss defects 
or geometric features such as welds or pipe supports. The 
amount of energy reflected is in direct relation with the cross-
sectional area variation that corresponds to the above 
discontinuities.  
The effective size or relative cross-sectional area of defects in 
pipes – σdef is computed with respect to the total cross-
sectional area of the pipe wall as shown 
in Figure 4. 
Studies and experimental work[ 4], [ 2], [ 5] with low-frequency guided waves have shown that the 
amount of energy reflected by regular shape defects is approximately proportional to the ratio 
between the cross-sectional areas before and at the discontinuity location respectively. Suppliers of 
guided wave instrumentation usually claim that the smallest defect that can be detected has a 
relative cross-sectional area σdef around 5% of the total pipe-wall cross-section. The σdef value is, 
however, a function of the distance sensor-defect and of the attenuation characteristic to the pipe to 
be inspected.  
Sensitivity refers to the smallest defect that guided-
wave NDT technique is able to detect. When it 
regards guided-wave inspection it refers to the 
cross-sectional area of defects. 
Inspection range can be defined as the maximum 
distance in axial direction from the sensor position 
at which a defect with a given cross-sectional area 
generates a reflected wave that can be detected by 
the guided wave sensor itself.  
There is a relation between inspection range and 
sensitivity. The size of the smallest defects 
detectable increases when a longer inspection range 
has to be achieved, or the inspection range decreases 
when the detection of smaller defects is requested. 
This is a reason why one should consider both inspection range and sensitivity when evaluating 
guided wave inspection performance. Moreover, knowing the pipe condition, geometry, position 
and coating material, one should estimate its characteristic attenuation and provide information on 
the possible inspection range and sensitivity. 
A relationship between attenuation, range and sensitivity can be determined assuming the following 
simplified conditions [ 6 ]: 

• the inspected pipe is straight and no weld, clamp support or any other geometrical feature is 
present; 

• the reflection coefficient R of the guided wave is equal to the defect size σdef% relative to the 
pipe wall cross-section; 

• the noise level N doesn't change when the guided wave is transmitted or received; 
• the amplitude of the signal decades as A2=A1*10-αdB*(z2-z1)/20 (Eq2). 

Being α- the attenuation rate; 
d- distance sensor-defect or range of inspection; 
and considering: 
(SNR)Tx – signal-to-noise ratio for the transmitted guided wave signal; 
(SNR)Rx – signal-to-noise ratio for the received guided wave signal 
we have: 

Figure 4 Effective size of defects  
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Figure 5 Relationship between attenuation, range  

and sensitivity  



(SNR)Rx=(SNR)Tx·σdef%·10-αdB·2d/20, 
or 
d·αdB/m=[(SNR)Tx,dB-(SNR)Rx,dB+ 20·Log(σdef%)]/2 [dB] (Eq.3)  
This equation can be plotted as shown in Figure 5, where (SNR)Tx=40dB and (SNR)Tx=3dB. 
Figure 5 demonstrates furthermore the drastic impact of high attenuation on the range of guided 
wave inspection. Therefore, in order to be able to detect a given minimum defect size, the range d is 
inversely proportional to the attenuation α. For instance, for σdef%=5%, d·αdB/m=5,5dB; as a 
consequence, on a bare pipe with characteristic attenuation α=0,03 dB/m, d=183m whereas on a 
buried pipe with characteristic attenuation α=3,0 dB/m, the range of inspection d=1,83m. 
The high attenuation in buried pipes explains the short inspection range achievable compared to 
above ground bare or even coated pipes. 

3. Experimental estimation of guided wave attenuation 
The above section described the relationship between attenuation, range of inspection and 
sensitivity in the case of guided wave inspection or monitoring of pipes. In this chapter several 
experimental tests will be described. The tests have been performed on various pipes, bare or with 
different coating types, located above ground or buried. The test pipes were located in two different 
sites and provided by eni gas&power division and by E.ON Ruhrgas, respectively. A 
magnetostrictive strip sensor – MsS – and a multi-element magnetostrictive collar were used for 
guided-wave generation and data acquisition (Figure 6). 

 

Figure 6 a) strip&coil transducer; b) signal conditioning; c) Ms collar  

For each case the acquired data was used to estimate the attenuation rate α. To do this, reflections 
from at least two similar discontinuities (such as two welds) were used: A1, A2. 
Guided waves reflected from defects - even artificial, eventually present on the tested pipe were 
used to verify the validity of the above relation. 

3.1 Case1: Unburied PE coated pipe 

The first case to be tested was a PE – Polyethylene – coated pipe, 12” OD, unburied provided by 
E.ON Ruhrgas, Germany. The pipe presented several artificial defects described schematically in 
Figure 7 where they were labeled as d1, d2, d3, d4 and d5. The pipe was tested from both ends 
(M01 and M02) and the reflection from the largest defect revealed at 4 m from M01 and at about 
8m from M02 was used to estimate attenuation. Test results are shown in Figure 8 - A-scan 
diagrams of data normalized with respect to the pipe-end reflection.  

Except for d5, which was actually a broken weld, the other defects had relative cross-sectional areas 
between 0.9% and 4%. As a consequence, their attenuating effect on the wave propagation was 
neglected. Applying Eq. 1 and substituting A2 and A1 with the amplitudes of normalized reflections 
from d5 in both directions respectively, and z1 and z2 with double the distance from M01 to d5 and 



M02 to d5 respectively (considering the wave is transmitted and reflected back), the attenuation rate 

for a 16 kHz test is: � 
��
� � � ������	
�.��

�.���
�� !�".�#$ � � 0.27 ��

�  

 

Figure 7 PE coated pipe and defects (d4 and d5 are internal defects)  

 

 

 
Figure 8 Test results for the 12” OD, PE coated pipe, above ground: 16 kHz A-scan data;                    

directions: M01����M02 (up) and M02����M01 (down)   

3.2 Case 2: Unburied PE coated large OD pipe  
 
The second test situation was the inspection of 
another PE coated pipe, 48” OD located above 
ground (see Figure 9). The pipe was provided by Eni 
Gas&Power Division, Italy.  
The transducer was installed in correspondence of a 
pipe end and data acquisition was performed using 
incident waves with frequencies of 8, 16, 32 and 64 
kHz respectively. In order to estimate attenuation of 
guided waves propagation along this pipe, several 
reflections from and between the pipe ends were 
registered as shown in Figure 10.  
The attenuation rate for the test frequencies used were computed after performing an exponential 
fitting through the maximum amplitudes of the repeated echoes from the pipe ends and following 
Eq2. Table 1 lists the attenuation rates in dB/m estimated after the tests on the PE coated, 48” OD 
pipe shown in Figure 9. 
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Distance (m)

12,80 0,25 0,5 0,75 1 1,25 1,5 1,75 2 2,25 2,5 2,75 3 3,25 3,5 3,75 4 4,25 4,5 4,75 5 5,25 5,5 5,75 6 6,25 6,5 6,75 7 7,25 7,5 7,75 8 8,25 8,5 8,75 9 9,25 9,5 9,75 10 10,2510,5 10,75 11 11,2511,511,75 12 12,2512,5

Figure 9 PE coated pipe, 48” OD  



 
Figure 10 Test results for the 48” OD, PE coated pipe, above ground: 16kHz (up) and 8kH (down)z A-scan data  

Table 1 Attenuation rate for different GW frequencies  

Guided wave frequency f(kHz) Attenuation rate α(dB/m) 

8 0,04 

16 0,14 

32 0,5 

64 1,33 

3.3 Case 3: Half-buried PE/FBE coated pipeline 

A pipeline half-covered with sand was provided by Eni Gas&Power Division to be tested with 
guided-wave NDT (Figure 11). The pipeline was coated with PE and FBE – Fusion Bonded Epoxy 
– 48” OD and had about 70 m of longitudinally welded pipes between two dielectric joints. The test 
frequency was 16 kHz, and the guided wave mode – 
torsional T(0,1). The A-scan results in Figure 12 show 
reflections corresponding to several circumferential 
welds and one generated by the far dielectric joint.  
In this case, the attenuation was estimated by using 
the reflections from two distant circumferential welds: 
at 3 m and 22.5m respectively from the sensor 
position (see Figure 12). 
Applying Eq. 1, we have the attenuation rate: 
α= 0,17 dB/m.  
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Figure 11 PE/FBE coated, 48” half-burried

pipeline  



 
Figure 12 PE/FBE coated, 48” half-buried pipeline: A-scan, 16kHz results  

3.4 Case 4: Buried PE coated pipe  
The 12” buried pipe was provided by E.ON Ruhrgas, Germany. The pipe was PE coated and had 
about 1m of sand and soil covering it. Four access locations were available (Figure 13) where the 
guided wave magnetostrictive transducers were installed.  

 
Figure 13 PE coate pipe, buried  

The guided wave test frequency was 16 kHz and the wave mode torsional – T(0,1).  
The procedure to evaluate guided wave attenuation in this case, consisted in two separate data 
acquisitions (see Figure 14): 

1) Guided Wave generation in access point M3 and reception in M2. In this step, the 
unattenuated wave was registered. 

2) Guided-Wave generation in M3 and reception in access-point M1. In this way the attenuated 
guided wave impulse that traveled through the underground PE coated pipe is registered. 



The attenuation rate is then computed with Eq. 1, substituting A1 and A2 with the maximum 
amplitude of the guided-wave impulse revealed in M2 and M1 respectively: α=1,6 dB/m. 

 

  

 

Figure 14 Measurement of transmitted (M3����M2) –up, and attenuated wave (M3����M1)- down   

3.5 Case 5: Bitumen coated pipe  
A 12” bitumen coated pipe was provided by E.ON Ruhrgas A.G, Germany to be tested with 
Guided-Wave NDT. The pipe was about 4 m long and was positioned above the ground as shown in 
Figure 15. 
The tests using pulse/echo modality – with Tx/Rx transducer positioned at one pipe end – did not 
revealed the reflection from the opposite pipe end, thus indicating a high attenuation rate. In order 
to estimate it, the receiver was installed at the opposite pipe end with respect to the transmitter. In 
this way, the guided wave impulse can be measured before and after the propagation through 4m of 
bitumen coated pipe. The frequency used for this test was 16 kHz and the wave mode was torsional 
– T(0,1). 



Applying Eq. 1 to the two guided wave impulses revealed in M9 and M10 respectively (Figure 15), 
the attenuation rate is: α=7dB/m. 

 
Figure 15 12”” bitumen coated pipe and results  

4. Relation between range of inspection and sensitivity  
When referring to inspection performances of guided-wave NDT technique as a long-range 
inspection technology, the parameter that has to be specified is the possible range of inspection in 
relation to the requested inspection sensitivity. This relationship can be found as described in 
section 2.2 using Eq.3 with input parameters f(kHz), α(dB/m), SNRTx and SNRRx.  
With the SNRTx characteristic of the Guided Wave instrument used in inspections, the SNRRx (the 
detection threshold for a defect) and the attenuation rates α measured in the tests described in 
section 3, relationship range-sensitivity can be computed using Eq.3. The input parameters for Eq.3 
and their values are listed in Table 2. Figure 16 shows the graphical representation of the inspection 
sensitivity versus range, where sensitivity is expressed as the minimum defect size detectable. In the 
figure, each plot represents a specific case of pipe, coating type and positioning as shown in Table 
2. All the relations sensitivity-range were computed for tests at 16 kHz. 

Table 2 Input parameters for Eq.3  

Crt. Pipe, coating type, position Wave frequency (kHz) Attenuation 
α(dB/m) 

SNRTx 

(dB) 
SNRRx 

(dB) 

1 12”, PE, above ground 16 0,27 40 3 

2 48”, PE, above ground 8 0,04 

16 0,14 

32 0,5 

64 1,33 

3 48”, PE/FBE, half-buried 16 0,17 

4 12”, PE, buried 16 1,6 

5 12”, Bitumen, above ground 16 7 



Table 3 Defects present on the inspected pipes, their cross-section and position  

Defect Cross-section- σ (%) Distance- d (m) Detected (y/n) 

PE, above ground 

α=0,27 dB/m 

d1 0,9 2,93 n 

d2 3,6 3,17 y 

d3 2,7 3,61 y 

d4 0,3 3,8 n 

d5 25 4,05 y 

To give an example on the utility of this representation let's assume that for the inspection using 
guided waves NDT on a series of pipes, a 5% sensitivity threshold is requested. In order to estimate 
the cost reduction for using long-range inspection instead of local techniques we need to know what 
is the minimum distance that can be left between two consecutive data acquisitions. Considering 
that a guided-wave NDT transducer can inspect both directions from its location, the required 
distance will be double the range of inspection for the requested sensitivity threshold.  

 

Figure 16 Range vs sensitivity for 16 kHz for input parameters from Table 2  

The solution to this problem for the particular pipes considered in this work is found in Figure 16. A 
5% sensitivity threshold can be achieved at about 1m on the bitumen coated pipe, positioned above 
ground, at about 7m on the buried PE coated pipe and at more than 20m on the PE unburied pipe. 
The axial distance between two consecutive guided wave data acquisitions is then 2m on the 
bitumen coated pipe, 14m on the buried, PE coated pipe, while in the case of the PE coated pipe 
positioned above ground, the distance between two consecutive guided-wave transducers can be 
more than 40m. 
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Figure 17 Defects present on the unburied, PE coated pipe (detected, or not)  

To validate the relationships plotted in Figure 16, we placed on the same graph represented in 
Figure 17 for the unburied, PE coated pipe (case 1) the defects detected or not, that were known to 
be present on the inspected pipe. Defects were here represented with dots(.). Table 3 summarizes 
the defects and their characteristics. 
Symbols (dots) on the graph in Figure 17 represent artificial defects that were present on the 
inspected pipe described in the case 1. Each defect (symbol) is identified by his axial position on 
pipe (distance (m)) and the size of its relative cross-sectional area (defect size (%)). In order for 
their detection to be possible with guided waves at 16 kHz and given SNRTx and SNRRx, each 
defect (symbol) in Figure 17 has to be positioned above the plot corresponding to its pipe. For 
example red dots are defects present on the unburied, PE coated pipe (red plot). Those that could be 
detected are positioned above the red plot, while smaller or distant defects are located below the red 
plot.  

5. Conclusions 
In this paper various pipes were tested with Guided-Wave NDT using magnetostrictive sensors. The 
pipes had various dimensions and coating types, some of them were placed above the ground, while 
others were buried underground.  
In each case, the attenuation rate α was estimated, followed by the computation of the relationship 
between range of inspection and sensitivity. Its representation in Figure 16 reveals the possibility to 
classify each Guided-Wave inspection carried out in this work: 

1. low attenuation: pipes placed above ground, coated with PE of FBE; 

2. medium attenuation: underground pipes coated with PE or FBE; 

3. high attenuation: pipes coated with bitumen, or other similar coatings. 

The results described in the sections above help the operator decide if the Guided-Wave solution for 
a pipe screening is economically convenient, considering that the pipe needs to be cleared of any 
coating in correspondence of each GW sensor position. For instance, in certain cases, when buried 
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or bitumen coated pipes need to be inspected, high attenuation rates doesn't allow longer ranges of 
inspection. In such cases, installation of permanent GW sensors for long-term monitoring could be 
the most economically convenient solution. 
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