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ABSTRACT 
 
As the foundation of existence and development of cities, underground pipeline has become an important part of 
lifeline engineering. Pipes are laid underground for conveying liquid, gas or loose solid. Pipeline leakage or 
damage caused by corrosion occurs frequently. Pressure inside the pipe raises expansion which results in 
circumferential strain in pipe wall. Resulting from the combined effect of pressure and corrosion, the pipe wall 
will tenuate and the circumferential deformation will increase. In this paper, a new method to monitor pipeline 
corrosion by monitoring circumferential strain indirectly has been proposed and verified to be feasible through 
experimental and Finite Element Analysis. This method can be also applied to other pipeline corrosion 
monitoring. A new way has been provided for monitoring and management of underground pipeline, and real-
time long-term monitoring of pipeline structures. 
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INTRODUCTION  
 
Real-time monitoring and diagnosis of structural performance of key projects, to discover damage location of 
the structure and to evaluate its security and predict its residual life, has an extremely important significance on 
improving operational efficiency of engineering structures and ensuring the safeties of lives and property of the 
people. It is also an important field in the development of civil engineering. Fiber grating has the advantages of 
simple structure, high sensitivity and accuracy, anti-electromagnetic interference, strong reliability, good 
stability, quasi-distributed measurement, easy network formability, and being able to achieve real-time online 
monitoring, etc. Therefore, it has been widely applied in structural health monitoring.  
Under severe working conditions, the accident consequence of urban underground pipeline is very serious. It is 
an urgent problem to realize effectively real-time online health monitoring on urban underground pipeline and 
timely recognize the cumulative damage (e.g. Y Li et al. 2008). In recent years, FBG, as a new type of light 
source device, has become a hot spot in sensing research. Corrosion of underground pipeline can not be 
observed directly and the leaking location cannot be surveyed timely. In this paper, a new method for 
monitoring corrosion of underground pipeline to solve these problems has been proposed. In this method, 
packaged FBG sensors have been attached to the outer wall of pipes. The extent of corrosion can be indirectly 
determined by monitoring circumferential strain. Through experimental and finite element analysis, this method 
is verified to be feasible and deserved to be applied and promoted. A countermeasure is provided for disaster 
prevention and mitigation of underground pipelines. 
 
FINITE ELEMENT SIMULATION AND ANALYSIS 
 

 
Solid elements, pipeline element C3D20, were used in the finite element model. In the model, According to 
thickness, the pipe has 6 sections, which simulate 6 different extent of corrosion. Material and geometry 
properties are tabulated in Table 1. In this example, an analytical step is defined to carry out static calculation 
under internal pressure. According to the specific circumstances of the test, the boundary conditions at both ends 
of the model were set as fixed support. 
Figure 1 and Figure 2 present that the stress contours of the pipe model under different pressure respectively. 
Same variation disciplines as those in the test results can be observed from these figures. Under different 
pressure, the stress variations are different at the same location. Under constant pressure, the stresses at the 
locations with different thickness are different. Strain variation is gradually reduced with the increase of 



thickness. It turns out that with the increase of the extent of corrosion, wall thickness is reduced and the stress at 
the defect location is increased. Thus, we can determine the extent of corrosion according to the monitored 
strain. The defect location may be determined according to the location of the sensor that reflects larger strain. 
Thus, remedial measures can be made as soon as possible. The simulation results are in good agreement with the 
theoretical ones, which further demonstrates the feasibility of the proposed method. 
 

Table 1. Material and geometry properties 
E μ Pipe inner diameter Pipe outer diameter 

3.4Gpa 0.2 85mm 

88mm 
89mm 
90mm 
91mm 
92mm 
93mm 

 

                 
Figure 1. Strain nephogram when P1=3430Pa               Figure 2. Strain nephogram when P2=6860Pa 

 
EXPERIMENTAL STUDY AND ANALYSIS 
 
Under the guidance of pipeline corrosion theory and finite element analysis, experiment model and detection 
method of FBG sensors were designed, and the experimental results were verified. 
 
Monitoring Theory of Pipeline Corrosion  
 
Pipe stress formula is derived according to elasticity and mechanics of materials in Sun Li et al. (2012). The 
relationship between the pipe wall thickness and the pipe wall circumferential strain can be expressed as 

E
PRh

yε
=                                                                        （1）

Formula (1) (L Sun et al. 2012) is suitable for monitoring pipeline corrosion. Pressure P can be regarded as 
substantially constant. When underground pipeline corrodes, the thickness of pipe wall will be reduced. As can 
be seen from Eq. (1), this will increase the circumferential strain

yε . Therefore, an inverse relationship exists 
between the pipe wall thickness and the circumferential strain. Variation of pipe wall thickness can be 
determined through long-term monitoring of circumferential strain variation, thus we can further determine the 
extent of corrosion.  
Temperature is an important parameter that must be considered in structural health monitoring. In order to 
eliminate the influence of temperature on strain measurement, it is necessary to use extra fiber grating 
temperature sensor for temperature compensation during actual pipeline corrosion monitoring. 
 
Model Design 
 
In the experiment, organic glass (polypropylene resin) was used to simulate underground pipes. Polypropylene 
resin possesses the characteristics of low elasticity modulus, high strength, fine texture and good machinability. 
It’s the ideal material to be used to simulate the pipeline (M H Zhang et al. 2007). Elastic modulus of organic 
glass is taken as 3.4GPa. 
The pipes were made into continuous uniform models, as shown in Figure 3, with length L = 1.5m, the inner 
radius R = 85mm, thickness h = 3 mm, h = 4mm, h = 5 mm, h = 6 mm, h = 7mm, h = 8mm. Different wall 
thickness is used to simulate different corrosion content. A packaged FBG strain sensor was pasted at the 
location with different wall thickness (except h=5mm where is the outlet), respectively numbered as 1#, 2#, 3#, 



4#, 5#. A fiber grating temperature sensor was laid freely near the pipeline in the same temperature field to 
compensate the influence of temperature on strain. Sensors used in the experiment were steel packaged 
sensitizing fiber grating strain sensor. The sensitization structure of the sensor is shown in Figure 4. We 
packaged and demarcated it by universal testing machine. Then we obtained the strain sensitivity coefficients of 
the sensors, as tabulated in Table 2.  
The strain sensitivity coefficient of ordinary sensor is about 1.2 nm/με, but the data in Table 2 shows that the 
strain sensitivity coefficients of the sensors demarcated in the experiment are larger than 1.2 nm/με, which 
illustrates that the sensors achieved sensitizing effect during the packaging process and it ensures more accurate 
monitoring results. During the packaging process, sensitizing effect will be different for different sensors due to 
human error and systematic error. The sensitizing effect of some sensors is satisfactory, while that of the others 
did not achieve the desired goal.  

 
Figure 3. Sketch of the test structure (Y Li et al. 2008)  

 
Figure 4. The schematic diagram of FBG strain sensor with enhanced sensitivity 

 
Table 2. Strain transmission coefficients of FBG sensors 

Number Wavelength Strain sensitivity 
coefficient 

1# 1547.500nm 2.7500nm/με 
2# 1552.200nm 1.5415nm/με 
3# 1563.641nm 1.3510nm/με 
4# 1564.658nm 2.5000nm/με 
5# 1532. 500nm 3.5000nm/με 

 
In order to prevent the pipelines from scrolling and make the pipe be forced evenly, the pipes were put straight 
in a wood slot covered with sand. These two factors will change the stress state of the sensors and affect the 
monitoring results. Then water is poured into the pipe through the inlet until the pipe is filled with water, 
keeping the surface of water connected to the measuring cylinder constant. The Fiber Bragg Grating Sensors 
used in the experiment were clamped on the pipe wall using the same organic glass piece to keep the material 
properties consistent, avoiding the loss of strain transfer and make monitoring results more accurate. 
Finally, pour water into the measuring cylinder and keep the liquid level stable to a certain height. There will be 
corresponding pressure inside the pipe, so that the stress state of the pipe changes. Thus, the wavelengths of the 
sensors will be changed because the sensors are pasted on the surface of the pipe. At the same time, the 
wavelength reflected back by the sensors at different locations with different thickness differs. During the entire 
experiment, laboratory temperature variation is so small that it can be neglected even when processing the data. 
 

1# 2# 3# 4# 5# 

0.2m 0.2m 0.5m 0.2m 0.2m 0.2m 

1.5m 

5mm 4mm 3mm 6mm 7mm 8mm 

Measuring cylinder 

Wood tank 

Simulated pipeline 

Water outlet port 
 

Transparent water pipe Water intake 
Control valve 

Pigtail 

The clamping member 

15mm
 

7.5mm
 

7.5mm
 

Grating Package member 



 
Experiment Results and Analysis 
 
According to Y Li et al. (2008), the relationship between the wavelength and the strain is given by εαλ ε=∆ . 
Therefore, variation of wavelength can be obtained through the corresponding variation of strain. The 
experiment results are presented in Table 3 - Table 8 and Figure 5. 
 

Table 3. Strain variation when P1=3430Pa 

  h=3mm h=4mm h=6mm h=7mm h=8mm 
Test data (με) 29.091 21.129 14.064 12.8 11.143 

Theoretical data (με) 28.583 21.437 14.292 12.25 10.719 
 

Table 4. Strain variation when P2=6860Pa  

  h=3mm h=4mm h=6mm h=7mm h=8mm 
Test data (με) 59.273 42.258 29.608 25.2 20.857 

Theoretical data (με) 57.167 42.875 28.584 24.5 21.437 
 

Table 5. Strain variation when P3=2881.2Pa 
  h=3mm h=4mm h=6mm h=7mm h=8mm 

Test data (με) 25.091 18.488 12.583 10.8 8.857 
Theoretical data (με) 24.01 18.008 12.005 10.29 9.003 

 
Table 6. Strain variation when P4=3194.8Pa 

  h=3mm h=4mm h=6mm h=7mm h=8mm 
Test data (με) 27.273 20.049 13.323 11.6 10 

Theoretical data (με) 26.623 19.967 13.312 11.41 9.984 
 

Table 7. Strain variation when P5=3694.6Pa 

  h=3mm h=4mm h=6mm h=7mm h=8mm 
Test data (με) 30.909 24.431 14.804 13.6 11.714 

Theoretical data (με) 30.224 23.091 15.394 13.195 11.545 
 

Table 8. Error analysis of the test results 

 P1 P2 P3 P4 P5 
Theoretical data deduced 

from the test（Pa） 3479.3 6942 2969.4 3225.2 3745.5 

Theoretical data（Pa） 3430 6860 2881.2 3194.8 3694.6 
Error（%） 1.44% 1.20% 3.06% 0.95% 1.38% 

 
The comparison between experimental and theoretical data in Table 3 to Table 7 shows that the test results are 
relatively close to the theoretical data even though the test was conducted indoors, ignoring the impact of 
environment and temperature, and the data is ideal. It turns out that this sensor is quite suitable for monitoring 
pipeline corrosion, and the proposed method is stable and accurate. 
Figure 5 presents the stress - strain diagram when the wall thickness h = 4mm. A phenomenon can be observed 
from the figure. Under different pressure, different strain variation occurs at the location with the same wall 
thickness. There is a good linear relationship between the pressure and strain variation. Therefore, such a sensor 
is suitable for health monitoring of the pipeline structure, and this method can be used for real-time strain 
variation monitoring of pipeline from another point of view. Figure 6 presents the relationship between 
thickness and strain when the internal pressure P = 6860Pa. When the pressure is constant, the strains produced 
at the locations with different wall thickness vary. There is also a good linear relationship between thickness and 
strain. With the increase of wall thickness, strain variation gradually decreases, which is in good agreement with 



the theoretical results. The pipe wall thickness will be reduced under corrosion, the extent of corrosion can be 
determined according to strain variation. 
Table 8 presents a comparison between the pressure derived from the test data with the theoretical pressure, 
together with the error between the test and theoretical data. It obviously further illustrates that the proposed 
method to monitor pipeline corrosion should be promoted. 

 

Figure 5.  P-ε relationship when the wall thickness h=4mm 
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Figure 6. h-ε relationship when the pressure P=6860Pa 

 
CONCLUSIONS 
 
Through experiment and finite element analysis, the proposed new type of corrosion-resistant sensor is proved 
to possess characteristics of easily manufactured, reliable performance, nondestructive to structure, extended 
service life. Moreover, it is suitable for long-term monitoring of temperature and strain under severe conditions. 
The method provides online real-time monitoring strain variation of pipeline, so that the weak location of the 
pipeline can be discovered timely and remedial measures can be taken to reduce the running risk. Therefore, the 
safety of pipelines and overall economic efficiency can be improved. 
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