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The evaluation of circumferential and longitudinal strain is significant in a pipeline 
integrity monitoring. Through this study, fiber Bragg grating (FBG) sensors and 
resistance foil strain gauges (RFSG) sensors were applied to monitor and measure the 
circumferential and longitudinal strain on a thick-walled pressurized pipe. The 
experimentation was conducted on 0.6 m-long A53 seamless carbon steel pipe 
subjected to uniform internal pressure by using a hydro pressure test pump ranging 
from 0 to 5 MPa. The result reveals the excellence repeatability of the FBG sensor 
during loading and unloading of the pressurized pipe if compared to the RFSG sensors, 
with the percentage error varies from 1.08% to 6.17%. In term of linearity, FBG sensor 
exhibits low percentage error with 0.12% and 3.89% for longitudinal and 
circumferential strain respectively, while the RFSG sensors have a significant 
percentage error with 0.33% and 0.03%, respectively. These results confirm the stability 
of FBG sensor to be considered as a realistic sensor instrumentation for pipeline health 
monitoring. 
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1. Introduction 
 

Pipes and pressure vessels have been broadly utilized for decades and becoming a source of 
importance in engineering technology as a medium to convey and store high-temperature liquids 
and gases [1-3]. They have a multitude of applications in industry including power plants, oil 
refineries, submarine technology, aircraft fuselage as well as gas reservoirs. These pressure vessels 
must be designed and constructed to satisfy specified integrity requirements. In oil and gas 
infrastructures, the critical evaluation of the internal pressure of pipelines is exceptionally crucial 
with regard to their integrity, safety and cost-effectiveness. A rupture in a pipeline will lead to a 
serious environmental damage and suffer huge losses if leaks are not immediately detected. 
Corrosion and stress in the pipeline are two major contributions to the leakage accidents in a pipeline 
industry and thus monitoring these parameters had become an important research topic [4]. A 
pipeline is considered to be a pressure vessel with comparatively stable inner pressure during a long-
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term service operation. Thus, the indirect leaking monitoring method can be designed by measuring 
the effects of changes in internal pressure. With an increase of internal pressure, the circumferential 
and longitudinal strain can be measured on the outer surface of the pipeline. In addition, the local 
corrosion of pipeline can also be detected as corrosion rate, that will reduce the wall thickness of the 
pipe, which in turn causing the circumferential strain is gradually increased [5]. Following these 
factors, a circumferential and longitudinal strain measuring procedure utilizing FBG sensor was 
deployed to predict the leakage due to changes of internal pressure. 

In the last decade, the popularity of optical fibers for real-time structural health diagnosis has 
expanded significantly. Optical fiber sensors such as locally high-precision fiber Bragg grating (FBG) 
sensors dominating the engineering field as the most promising sensing technology with its great 
features for multiplexing capability, lightweight, immune toward electromagnetic interference (EMI) 
and radio frequency interference (RFI) fields thus applicable in harsh conditions [6-8]. 
Understandably, for a larger surface area of the structure will require innumerable sensors for SHM 
application. On the contrary, FBG sensor with multiplexing capability had presented these 
qualifications when numerous sensors can be multiplexed and combined together to form one single 
optical fiber [9, 10]. Moreover, this innovative sensor can provide a good automated sensing 
measurement, also durability and reliability, thus improve the measurement quality in contrast to 
previous conventional sensors that are combining both heuristic method and visual observation for 
validating the behaviour of structure [11]. This intelligent behaviour of FBG sensor had drawn great 
interest from many in-field researcher’s community and also engineering professionals to cope with 
the problem more effectively [12]. 

In this study, the FBG and strain gauge sensors were installed on the pipe to measure the surface 
strain subjected to an internal pressure. Based on the advantages of FBG sensors in distributed strain 
measurement, FBG sensor is selected as a suitable candidate for real-time pipeline monitoring. In the 
meantime, a strain gauge was used as a comparative device element since it is already established in 
structural health monitoring. An experimental study was carried out to evaluate the behaviour of 
both sensors and compare it with theoretical values. In the end, conclusions were drawn on the 
behaviour of the both sensors to measure a surface strain on the pipe vessel based on the internal 
pressure impact.      
 
2. Methodology  
2.1 Pipe 
 

The theoretical calculations of longitudinal and circumferential strains induced in the carbon steel 
pipe test were calculated by using two-step process. In this case, thick-wall theory is derived from 
theory of elasticity since the ratio between the inner radius of the pipe and the thickness of the wall 

is less than 10 ( 
𝑟𝑖

𝑡
 ≤ 10) [13, 14]. Firstly, the stresses act upon the principle axis were determined 

by using the formula of Lame’s theory [15] 
 

σ𝐿 =
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where σ𝐿 and σ𝐶  are the longitudinal and circumferential stresses respectively.  𝑃𝑖  is the internal 
pressure applied onto the pipe, 𝑃𝑜 is an outside pressure which in this case is assume 𝑃𝑜 = 0, 𝑟𝑖 is the 
internal radius of the pipe, 𝑟𝑜 is an outside radius of pipe and 𝑟 is the radius at point of interest which 
𝑟 = 𝑟𝑜 since the outer strain surface is validated in this experiment. From the above stresses 
calculations, the strains output can be calculated in the next step by using these formulas [16] 
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ε𝐿 =
1

𝐸
(𝜎𝐿 − 𝜈𝜎𝐶) (2) 

  

ε𝐶 =
1

𝐸
(𝜎𝐶 − 𝜈𝜎𝐿) (3) 

 
where ε𝐿 and ε𝐶  are the longitudinal and circumferential strains respectively, 𝐸 is the Young’s 
modulus and 𝜈 is the Poisson’s ratio of the pipe vessel. 

In this experiment, a 0.3 m-long 4-inch pipe is designed consisting two seamless A53 carbon steel 
pipe, each pipe is welded to a steel flange ANSI B16.5 by using a fillet weld at one end while the other 
end is weld to a rectangular plate. Both flanges that used eight bolted joints evenly distributed 
throughout the round steel flanges are connected using the bolts that are tightened to 50 Nm torque. 
The pipe has an external diameter of 114.3 mm, an internal diameter of 102.36 mm and a nominal 
wall thickness of 6.10 mm. Their material properties for Young’s modulus and Poisson’s ratio are 202 
GPa and 0.29 respectively. Two cylindrical blocks with a thickness 4 cm are used to hold and stand 
the pipe.  

The pipe is connected to T-100K Kyowa test pump by a hose as shown in Figure 1. The hydro test 
pump will generate a pressure inside the pipe vessel by pumping the water from the water bath tank 
into the pipe. The pressure gauge positioned hydro test pump will provide an output pressure supply 
inside the tank.  
 

 
Fig. 1. Pipe and hydro test pump setup 

 
2.2 Sensor and Interrogator 
 

The FBG sensor used is an acrylate coated single-mode (SM) fiber which made of silica glass, 
having a diameter of 10 µm and its clad diameter of 125 µm. The FBG sensor will measure the changes 
occur in the Bragg wavelength. Two FBG sensor with a wavelength of 1550 nm (FBG 1) and 1556 nm 
(FBG 2) were adopted by multiplexed these two sensors into a single line optical fiber to measure the 
longitudinal and circumferential strain respectively. These grating with a resonance wavelength 
range of 1550 nm were selected due to the higher strain sensitivity which approximately near 1.2 
pm/µε [17]. The two selected FBG sensors must be different in Bragg wavelength in order to avoid 
any spectral overlap [18]. These sensors are bonded on the surface of the pipe in an orthogonal 
geometry on the principle axis of the pipeline by using cyanoacrylate glue as shown in Figure 2. The 
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strain sensitivity of directly-adhered FBG sensor is 1.2 pm/µε [19, 20]. Under a constant room 
temperature at 27.5 °C, the relationship between the changes of the central wavelength of the FBG 
(∆𝜆𝐵) and the strain can be expressed as follows [21, 22] 

 
𝛥𝜆𝐵 = 𝜆𝐵(1 − 𝑝𝑒)𝜀 (4) 

 
where 𝜆𝐵 is the central wavelength, 𝑃𝑒 is the effective photo-elastic coefficient of the fiber with a 
fixed value of 0.22 for a germanium doped silica fiber and 𝜀 is the strain acts on the optical fiber. 
 

 
Fig. 2. FBG and RFSG sensors layout in an orthogonal position on the 
pipe’s surface 

 
A super-luminescent diode (SLD) light source manufactured by ThorLabs was used with an output 

power of 112.0 mA being set. The light source is connected to the FBG sensors by using a circulator. 
Figure 3 displays a schematic illustration of the sensor instrumentation. The back-reflected spectrum 
from the FBG sensor was captured by optical spectrum analyser (OSA) and monitored by using a 
computer or PC. 
 

 
Fig. 3. Schematic illustration of the experimental 
layout for FBG demodulation instrument 

 
The conventional RFSG sensors are used to compare the result data obtained by the FBG sensors. 

These sensors are mounted and glued to the pipe surface in adjacent with FBG sensor to measure 
the circumferential and longitudinal surface strain measurement (refer to Figure 2). The gauges are 
made of a metal with a resistance of 120. 4 Ω and gage factor of 2.08. The NI USB-9219 data 
acquisition system is applied to measure the strain variation. A DASYLab software is then used to 
communicate with the National Instrument (NI) hardware by using NI-DAQmx driver. 

FBG 2 
Circumferential 

(1556 nm) 

FBG 1 
Longitudinal 
(1550 nm) 

RFSG 1 
Longitudinal 

RFSG 2 
Circumferential 

 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 84, Issue 2 (2021) 1-9 

 

5 
 

2.3 Test Procedure 
 

The distribution of surface strain induced in the seamless A53 carbon steel pipe was investigated 
by measuring a circumferential and longitudinal strain. The pipe was internally pressurized by using 
the tap water and performed under a series of pressure ranging from 0 to 5 MPa with a maintained 
temperature under control room temperature in 27.5 °C. The internal pressure is increases with a 
step of 1 MPa and maintained for at least 3 minutes in each step. 

Under a constant temperature room of 27.5 °C, the initial central wavelength of FBG sensor is 
recorded at 1550.6432 nm (FBG 1) and 1556.4728 nm (FBG 2) as shown in Figure 4. The wavelength 
shift of FBG sensor is recorded from 1 to 3 minutes for each step to reach its stable condition. The 
test process is then repeated for three (3) times with loading and unloading step, in order to analyse 
the resilience and repeatability of both FBG and strain gauge sensors. 

 

 
Fig. 4. Initial central wavelength spectrum of two multiplexed FBG sensor 

 
3. Results and Discussion 
 

The strain response in longitudinal direction was recorded at different pressure steps by 
pressurized the pipe to maximum of 5 MPa and then de-pressurized the pipe to its initial condition 
in order to validate the spectrum shape variation. The recorded data of longitudinal surface strain is 
plotted in Figure 5. 

 

 
                                                       (a)                                                                                                 (b) 

Fig. 5. Plots of measured longitudinal strain during loading and unloading step using (a) FBG sensors 
(b) RFSG sensors 
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The longitudinal strain measurement data obtained as shown in above figure portrays a good 
reasonable agreement between both sensors. The strain response is initially proportional to the 
pressure. Throughout the test, it can be seen that the strain response of the FBG sensors does not 
vary and possess good stability and repeatability during loading and unloading period. The stability 
of the output signal is a main feature to validate the robustness of these sensors for SHM systems. It 
is important to achieve a repeatable data measurement for the precise strain output. However, the 
patterns of RFSG sensors are not truly consistent within the three replication trials and a hysteresis 
response is observed which is not detected by the FBG sensors. The RFSG sensors generate much 
noise compared to FBG sensors that significantly influenced the data precision of the RFSG sensors 
especially when the strains are relatively small. 

Meanwhile, the strain response in circumferential direction was recorded and plotted in Figure 6 
when the pressure is increased and decreased for loading and unloading period. 
 

 
(a)                                                                                                  (b) 

Fig. 6. Plots of measured circumferential strain during loading and unloading step (a) FBG sensors 
and (b) RFSG sensors 

 
Similar with longitudinal strain, circumferential strain response is initially proportional to the 

applied pressure. In can be clearly seen that the circumferential strain possess a same trend pattern 
with a longitudinal strain which showing the FBG sensors possess higher repeatability and stability 
output compared to RFSG sensors. Comparing to Figure 5, the circumferential strain is much larger 
than longitudinal strain following the normal strain ratio 1:2 of longitudinal and circumferential 
direction of pipe under internal pressure [23]. The instrument repeatability error for both sensors 
were calculated and summarized in Table 1. 
 

Table 1 
Repeatability errors for both FBG and RFSG sensor 
Sensors Sensor position During loading condition 

(%) 
During unloading 
condition (%) 

FBG 1 Longitudinal 1.08 6.17 
FBG 2 Circumferential 0.75 2.08 
RFSG 1 Longitudinal 17.91 35.07 
RFSG 2 Circumferential 3.34 18.25 

 
From an above Table 1, FBG sensors possess lower much lower repeatability errors with a 

percentage of 1.08% and 6.17% for longitudinal strain during loading and unloading period 
respectively. Meanwhile, for FBG circumferential strain, the percentages were recorded at 0.75% and 
2.08% repeatability errors during loading and unloading condition. The lower repeatability errors 
indicated that the FBG sensors were constant in data measurements throughout the test. However, 
higher repeatability errors in longitudinal and circumferential strain value were recorded by RFSG 

0

50

100

150

200

250

300

0 10 20 30 40

S
tr

ai
n

 (
µ

ԑ)

Time (min)

1st trial
2nd trial
3rd trial

0

50

100

150

200

250

300

350

0 10 20 30 40

S
tr

ai
n

 (
µ

ԑ)

Time (min)

1st trial
2nd trial
3rd trial



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 84, Issue 2 (2021) 1-9 

 

7 
 

sensors with a percentage error of 17.91% and 3.34% for loading condition and 35.07% and 18.25% 
for unloading condition respectively. Such discrepancy in data measurement could be suspected that 
RFSG sensors were suffering due to hysteresis error. 

Next, the comparison of both surface strains was done by plotting the average value for 
longitudinal and circumferential strain versus pressure as can be seen in Figure 7. The Eq. (2) and Eq. 
(3) were used to provide a theoretical prediction of the strain values. 
 

 
                                                      (a)                                                                                                  (b) 

Fig. 7. Average strain data versus pressure for (a) longitudinal strain and (b) circumferential strain 
 

In this respective Figure 7, the errors in the data measurement are clearly noticeable between 
both sensors with a theoretical prediction. Based on Figure 7(a), FBG sensors had a higher linearity 
compared with RFSG sensors with 𝑅2 = 0.9988. On Figure 7(b), the linearity of FBG sensors is 𝑅2 = 
0.9611 which much lower than RFSG sensors. It can be concluded that in term of linearity, FBG 
sensors exhibit an excellent linearity at the longitudinal strain measurements, with an accuracy error 
of only 0.12% for FBG sensors while 0.33% error for RFSG sensors. Meanwhile, RFSG sensors were 
much better for circumferential strain measurements with an accuracy error of 0.03% compared to 
FBG sensors with 3.89% error; however, the RFSG sensors suffer a systematic error. It clearly 
observed that the readings in both sensors were slightly above the theoretical value. These 
distinctions in readings might be due to a slight deviation in the angle alignment of the sensors and 
also the inconsistency in surface finishing or non-uniformity in the pipe thickness due to internal 
defects [24]. More tests are required to investigate its origin. However, since both FBG sensors 
patterns are much closer to the theoretical prediction values and possess higher stability output, it 
can be argued that FBG sensors are more accurate [15]. 
 
4. Conclusions 
 

In this paper, a clear comparison between FBG and RFSG sensors has successfully presented by 
measuring the surface strain of a thick-walled pipe vessel subjected to internal pressure. It can be 
concluded that FBG sensors possess a better stability and repeatability data output with a lower 
percentage error ranging from 1.08% to 6.17% when compared to RFSG sensors with an error ranging 
from 3.34% to 35.07% in longitudinal and circumferential strain output respectively. In term of 
linearity, FBG sensors have the appearance of being more stable with a percentage error 0.12% in 
longitudinal strain and 3.89% in circumferential strain measurement. In the meantime, RFSG sensors 
recorded higher percentage error in longitudinal strain output with 0.33% error while in 
circumferential strain output; lower percentage error was recorded with only 0.03% error. However, 
these RFSG sensors suffer a systematic error due to hysteresis error. Therefore, it is clear that FBG 
sensors are more reliable in real-time monitoring and detecting the pressure variance in a pipeline. 
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