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Abstract: One of the possibilities for the foundation pile damage of offshore wind turbine is due to seawater corrosion. 
Therefore, a real time thickness detection is necessary for the wind turbine maintenance. This paper developed a waveguide 
system to detect the thickness change of the foundation pile. The transducers and angle-variable wedge employed in the 
system for L(0,2) mode detection were self-made. The group velocity of the echo signal was measured to verify the 
thickness change. The result show that this system is useful for thickness detection and health monitoring of the pile. 
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I.INTRODUCTION 
 
Due to the offshore wind turbines is located on the 
center of sea. The pile structure of turbines are 
corroded day after day. Therefore, we desire to 
develop a system can monitor health of pile structure. 
Guided wave is a fast and efficient method on 
monitor pile health. 
Guided wave method had been widely used in 
ultrasonic non-destructive testing engineering. Most 
of application used non-dispersion mode frequency 
region to be the test[1]. In recently decades, some 
researches used frequency which is dispersion region 
to did  test[2]. Because of the dispersion effect in the 
pipe structure, the group velocity will change with 
pipe thickness change. Due to the phase velocity in 
the dispersion curve is calculated by the pipe 
geometry structure. So that we detect pipe thickness 
by measure the group velocity change in the pipe. 
Guided wave testing method can fast and detect a 
long region. Due to dispersion effect and complicated 
vibration mode, make it difficult on using guided 
wave on application. If we want to use guided wave, 
we have to know the characteristic on the pipe 
structure. 
 
II. DETAILS EXPERIMENTAL  
 
2.1. Wave equation of the Longitudinal wave 
In cylinder coordinate system, we assume the pile of 
the wind turbines is a pipe structure with inner radius 
a and out radius b. As show in the below figure 1. 

 
Fig.1. cylinder pipe structure system 
 

The boundary condition on pipe surface is free stress 
condition. At radius ar   and br  ,the surface  
 

 
stress 0  rrzrr . The equation of motion for 
a homogeneous, isotropic, linearly elastic medium is 
given as [3]: 
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Where u  is the displacement vector,   is density, 
  and   are Lame’s elastic constants, and 2  is the 
three dimensional Laplace operator. The 
displacement vector field u  can be decomposed into 
a rotational component H


  and a irrotational 

component   by using the Helmholtz 
decomposition [4]. That is 
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In addition,   is a dilatational scalar potential and H


 
is an equivoluminal vector potential. Substituting the 
displacement of decomposition, Eq.(2.2), into the 
equation of motion, Eq.(2.1), then we get two 
equation of the divergence and the curl. 
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LC  and TC  are the phase velocity of the 
longitudinal wave and shear wave. 
Eq.(2.4) is called the Helmholtz differential 
equations. And the potential   and H


 fields also 

satisfy the wave equation. The general solution can 
be divided into product of functions for each spatial 
coordinate. The wave is assumed to be a harmonic 
oscillation, and the general solution are expressed as 
[5] : 

       trkiezGGrGH  


321,  (2. 6) 

Where  rG1

 ,  2G
  and  zG3

  are the field variation in 

each spatial coordinate. k


 is the wave vector, r  is 
the position vector, and   is the circular frequency. 
It is should be known that the wave is assumed only 
propagating in the axial and circumferential direction 
for real part of the wave vector, and the attenuation 
described in the imaginary part. 
 
Substituting Eq.(2.6) and the boundary conditions 
into Eq.(2.4) yield a system of differential equations 
which can be solved numerically. It can get three type 
of mode and dispersion curve describing the wave 
propagation characteristics in pipe structure. The 
Longitudinal mode (L) is one type of the three mode 
and axially symmetric. This mode had been solved 
from Gazis D.C [3]. Theoretically, a longitudinal 
mode only has radial and axial displacement 
components without circumferential displacement. 
Hence, the characteristic equation of the frequency is 
derived as [3] : 

        01111  aYbJbYaJ   (2. 7) 

Here, for 0n , the boundary conditions are 
satisfied if 022  k . J   and Y   are derivatives 
of the first and second kind of Bessel function. By 
using this equations, the dispersion curve of the 
longitudinal mode can be plotted by the values of 
inner, outer radius and wave velocity in the material. 
 
2.2. Dispersion curve 
The dispersion curve describe the solutions of the 
wave equation and satisfy the boundary conditions. 
This curve provide information about the phase 
velocity, group velocity and mode shape. The phase 
velocity dispersion curves display the information for 
determining how to excite and receive a specific 
wave mode. The group velocity is the guided wave 
travel speed at a specific frequency. It is also the 
velocity of energy propagation for guided wave. 
Phase velocity and group velocity are related to each 
other as the following equation [6] : 

k
k p

p 




V
VVg  (2. 8) 

Here, gV  is group velocity, pV  is phase velocity, k  
is wave number. By measuring group velocity, we 
can identify modes with different group velocity. A 
general program, call Pcdisp[7] a toolbox of the 
Mathlab. The Pcdisp software is available for the 
prediction of the dispersion curve of cylindrical 
geometry system. By using the Pcdisp software, we 
can predict the phase velocity and group velocity of 
the longitudinal modes. The parameters for Pcdisp to 
calculate dispersion curve is given in table 1. 
 

Table 1: Experiment pipe structure parameters 
Wave speed (m/s) 5050 

Poisson’s ratio 0.29 

Density (kg/m^3) 7932 

Outer radius (mm) 44.5 

Thickness (mm) 4.5, 5.5, 6.7 
 

 
Fig.1. L(0,2) mode Phase velocity of dispersion curves for three 

different pipe thickness. 
 

 
Fig.2. L(0,2) mode Group velocity of dispersion curves for 

three different pipe thickness. 
 

Our transducer central frequency is 1 MHz . From the 
Pcdisp prediction in Fig.1 and Fig.2, group velocity 
and phase velocity have little change at operating 
frequency. Three different color line in the figure are 
three different pipe thickness. From the phase 
velocity, we can decide how to excite and received 
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L(0,2) mode on the pipe. The group velocity is the 
wave propagating velocity directly measuring from 
experiment on the pipe. 
 
2.3. Experiment apparatus 
Experiment used a 1MHz transducer made by 
ourselves to pulse and received guided wave signal 
on the pipe. The pulse mode is pulse-echo mode with 
a variable angle wedge as shown in the Fig.3. The 
transducer is set 255 mm (L) far from the pipe edge. 
Excited guide wave propagating along the pipe and 
get signal from the same place. 
Due to measure group velocity, transducer will have a 
little displacement L  along pipe axial direction to 
make wave signal have time delay. Then we can 
calculate group velocity from time delay and 
transducer shift. 

 
Fig.3. Acrylic variable angle wedge. 

 

 
Fig.4. Pulse echo apparatus for measuring group velocity. 

 
III. RESULTS AND DISCUSSION 
 
3.1. Selection incident angle of L(0,2) mode 
One type of method to excite guided wave is using 
variable angle wedge. It can choose a specific guided 
wave mode by selecting an incident angle. The 
incident angle can be calculated from the phase 
velocity pC . The equation of this relation is from 
Snell’s Law as show in the below [8]: 

pw CC



90sinsin  (3. 1) 

Here, wC  is acrylic wedge wave speed about 2700 

(m/s), pC  is phase velocity predicted from 

dispersion curve about 3300 (m/s). The incident angle 
is about 56  from equation. The excite mode is 

decided from the incident angle and wedge 
longitudinal wave velocity. If the wave mode of 
phase velocity is close to the excited phase velocity 
region, it is possible for be pulsed. 
 
3.2. Measure group velocity 
From the effect of dispersion, the phase velocity will 
have different value with group velocity. From the 
Eq.(2.8), if the phase velocity derivative value 
become large, the difference value of phase and 
group velocity will larger [9]. The experiment 
apparatus as Fig.4, the transducer shift L  is 10mm 
in this experiment. The experiment result echo signal 
is shown in the below figure. Blue line is the signal 
with no transducer shift, and the red line is signal 
with shift: 

 
Fig.5. Echo signal of 4.5mm pipe thickness. 

 

 
Fig.6. Echo signal of 5.5mm pipe thickness. 

 

 
Fig.7. Echo signal of 6.7mm pipe thickness. 
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3.3. Experiment result 
The comparing result is show in the below Fig.8. 
Group velocity of the experiment is very close to the 
theory. The trend of the experiment is also matching 
with the theory result. The error of the experiment is 
approximate under 5 percentages. 

 
Fig.8. Theory and Experiment result. 

 
CONCLUSIONS 
 
Due to monitor pile health on the pipe structure, the 
guided wave method is an effective and useful 
method. We choose the operation frequency of L(0,2) 
mode which the frequency is little close to the 
dispersion region. Despite, it make the propagation 
distance become shorter and waveform have little 
deform, dispersion effect is connect pipe thickness 
and guided wave group velocity in this research. 
From the experiment, it is very useful on the monitor 

pipe structure health by using L(0,2) mode dispersion 
region.  Realize the destination of stable pile structure 
safety and reliability. 
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