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A B S T R A C T   

Interactive anomalies of pipelines represent important contributors to pipeline incidents, but monitoring inter
active anomalies is challenging. This paper presents an approach to monitor interactive bending and dent de
formations that occur at the same pipeline section. The proposed approach utilizes distributed fiber optic sensors 
to measure strain distributions of pipelines with a high resolution (0.65 mm) in real time. Steel pipes instru
mented with fiber optic cables along their length and circumference directions were tested under four-point 
bending to generate interactive bending and dent deformations. The strain distributions measured from the 
distributed sensors were analyzed to detect, locate, quantify, visualize, and distinguish interactive bending and 
dent deformations in the loading process. The strains measured from distributed fiber optic sensors aligned with 
those measured from fiber Bragg grating sensors, displacement sensors, and computer vision. This study en
hances the ability to monitor interactive threats in pipelines, contributing to improved condition assessments and 
infrastructure resilience.   

1. Introduction 

Pipelines offer a highly dependable method for transporting energy 
products such as oil and gas, especially in challenging conditions such as 
deep water and underground [1]. Despite the benefits of pipelines, the 
potential threats to pipeline integrity, arising from various anomalies, 
become more pronounced with the expansion of pipeline networks. 
There is a compelling need for extensive research and development to 
enhance the capabilities of detecting and assessing the anomalies of 
pipelines at an early stage. 

In literature, numerous sensing technologies have been developed 
for monitoring individual anomalies of pipelines such as electrochemical 
methods for corrosion [2], caliper methods for dents [3], and electrical 
strain gauges for cracks [4]. However, there is a scarcity of methods that 
can detect multiple types of anomalies that coincide in a pipeline section 
simultaneously. Those anomalies that occur at the same position of a 
pipeline are called interactive anomalies, which can result in a higher 
likelihood of failure than individual anomalies. For instance, pipelines 
are susceptible to ground motions such as faults and landslides, which 
tend to cause bending failures. Meanwhile, third-party construction and 
excavation activities can exert pressure on pipelines, causing permanent 

plastic dents locally. The dents may appear in sections subjected to 
bending, thereby leading to combined bending and dents at the same 
position of a pipe. According to the Pipeline and Hazardous Materials 
Safety Administration (PHMSA) of United States Department of Trans
portation, combined threats have caused large risks to pipeline safety 
than individual threats because different threats often promote each 
other [5]. Research showed that dents posed greater risks when they 
occur on the compression side of a pipeline [6]. This is because of the 
significant curvature alteration of the pipe wall within the deformed 
region, resulting in an abrupt change in angle. Consequently, it is 
important to monitor bending and dents in the same position. 

To detect interactive anomalies, computer vision methods have been 
developed, capable of identifying and quantifying various types of 
damage, such as cracks [7], corrosion [8], and dents [9]. The vision- 
based techniques employ non-contact sensors, such as cameras [10], 
laser scanners [11], and other digital imaging devices [12]. However, it 
is important to note that vision-based methods are limited to surface 
measurements and susceptible to various environmental factors such as 
precipitation and lighting conditions, which may affect their perfor
mance significantly. 

In addition to vision-based methods, various sensing technologies 
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have been developed for inspecting pipelines. One of the popular 
methods is to use in-line inspection (ILI) technologies by employing 
pipeline inspection gauges (PIGs), which are robots equipped with non- 
destructive testing (NDT) devices such as calipers and magnetic flux 
leakage devices [3,13,14]. As PIGs pass through pipelines, their sensing 
devices are used to detect pipeline anomalies, providing valuable in
formation for assessing pipeline conditions [15,16]. However, there are 
“unpiggable” pipelines that cannot be inspected using PIGs, and it is 
difficult to analyze data from various sensing devices [17,18]. In addi
tion, ILI is typically performed periodically with substantial time in
tervals that poses challenges for timely identification of pipeline 
anomalies [19]. 

To enable timely detection of anomalies, in-situ sensors have 
attracted increasing interests. For example, fiber optic sensors have been 
applied for real-time monitoring of pipelines because of their various 
advantages such as high precision, physical and chemical stability, 
durability, immunity to electromagnetic interference, and small size 
[20–22]. Fiber optic sensors can be categorized into point sensors, such 
as grating-based sensors and interferometer-based sensors, and distrib
uted sensors which utilize a single fiber optic cable to continuously 
monitor the entire pipeline length and provide thousands of sensing 
points [23]. 

Based on literature review, distributed fiber optic sensors (DFOS) 
have been applied to monitor different types of individual anomalies of 
pipelines, such as crack, leakage, dent, corrosion, and so on [24–38]. 
Distributed temperature and strain sensors were strategically deployed 
along pipes to measure temperature and strain distributions 
[24,33,36–38]. These measurements were utilized to evaluate the con
dition of pipelines. For example, Lalam et al. used distributed fiber optic 
sensors for flow monitoring [36]. Li et al. used distributed fiber optic 
sensors to monitor pipeline leakage and pipe-soil interaction [37,38]. 
Fiber optic sensors were also employed to detect and quantify pipeline 
corrosion through monitoring corrosion-induced dimensional changes 
[25,26,32,34]. Alternative methods for assessing pipeline corrosion 
involve the measurement of chemical substances or humidity levels 
associated with the corrosion process [29,35]. Furthermore, a compre
hensive literature review of DFOS utilized for monitoring pipeline 
deformation subjected to strain transfer effect was provided in reference 
[30]. Brillouin scattering-based distributed fiber optic sensing technol
ogies, such as Brillouin optical time domain analysis and Brillouin op
tical time domain reflectometry, are available for long-haul operations 
(> 100 km) [27,28]. 

Currently, there is lack of research on applying DFOS to monitor 
interactive anomalies, which often occur in realistic pipeline structures. 
Specifically, two main challenges have been identified from literature: 
(1) It remains unknown whether DFOS can be applied and how they can 
be applied for interactive anomalies. The main challenges of monitoring 
interactive anomalies using DFOS are associated with the complexity of 
strain fields that are dependent on different anomalies. (2) Research on 
strain-based evaluation methods of interactive anomalies severity is rare 
[39]. There is an urgent need for developing practical and effective 
methods to quantitatively discriminate anomalies using DFOS data. In a 
nutshell, it is still unclear how to monitor interactive anomalies based on 
DFOS. Specifically, when a DFOS is utilized to measure interactive 
bending and dent on pipelines, the following questions still need to be 
answered: (1) How do dents affect the strain distribution in fiber optic 
cables installed on a pipe subjected to bending deformations? (2) When 
will interactive bending and dent be initiated on pipelines? (3) How to 
evaluate and discriminate bending and dent based on DFOS data? These 
knowledge gaps have stalled wider applications of DFOS because it is 
unknown how to properly interpret the distributed strain sensing data in 
the presence of interactive bending and dent deformations. 

To address these challenges, the overarching goal of this study is to 
develop an approach for assessing and discriminating global and local 
deformations of pipelines using DFOS. The main research objectives are 
threefold: (1) To investigate the performance of DFOS for monitoring 

bending and dents occurring at the same position of a pipe. (2) To 
develop a method to assess pipeline condition using DFOS, including the 
processing and interpretation of sensor data for condition assessment. 
(3) To develop an interactive deformation model to quantitatively 
evaluate interactive dent and bending effects under different loads by 
using normalized power spectra. 

To achieve the above objectives, in this research, laboratory tests 
were conducted using pipe specimens instrumented with DFOS. The 
pipe specimens were subjected to four-point bending to investigate 
interactive bending and dent effects. Strain distributions were measured 
from the DFOS and utilized to detect, locate, quantify, visualize, and 
separate interactive threats of bending and dent deformations. 

This research has two main novelties: (1) A new strain-based dent 
severity evaluation method is developed to monitor the dents of pipe
lines subjected to bending deformations. The method is different from 
the current practices that use dent depth-based criterion for dent 
assessment, which may lead to an inaccurate conclusion [40]. (2) A 
model is developed to discriminate interactive effects between bending 
and dent based on DFOS data. This research supports the early detection 
of interactive anomalies and helps improve the maintenance and man
agement of pipelines. 

The remainder of the paper is structured as follows: Section 2 in
troduces the fiber optic cables, the sensing principle, and the proposed 
methods; Section 3 presents the laboratory experimental program con
ducted using large pipes; Section 4 analyzes and discusses the experi
mental results; and Section 5 summarizes the new findings obtained 
from this study. 

2. Methods 

2.1. Research framework 

Fig. 1 shows the framework of this research. Distributed fiber optic 
sensors are deployed on the surface of pipelines to measure strain dis
tributions along the length of the distributed fiber optic sensors. 

The measured strains are used to determine the strain distributions 
and deformed profiles of pipes. Then, the strain distributions are utilized 
to evaluate the dent severity of pipes. Finally, an interactive deformation 
model is developed to quantitatively evaluate interactive dent and 
bending effects using normalized power spectra. It is envisioned that the 
interactive deformation model is applicable to support early detection of 
interactive anomalies. More details about the distributed fiber optic 
sensing, interactive deformation model, and calculation of deformations 
are elaborated in Sections 2.2 to 2.4, respectively. 

2.2. Distributed fiber optic sensing 

2.2.1. Fiber optic cables 
Two types of telecommunication-grade single-mode fiber optic ca

bles (supplier: Fiber Instrument Sales) were used as DFOS (Fig. 2). These 
fiber optic cables served as both distributed sensors and transmission 
lines. The fiber optic cable used for strain measurement comprised a 
glass core (diameter: 8.2 μm), a glass cladding (outer diameter: 125 μm), 
an inner coating (outer diameter: 190 μm), and an outer coating (outer 
diameter: 242 μm). The core and cladding are the sensing parts. Light 
waves are propagated along the cable through total internal reflection at 
the core-cladding interface. The inner coating consisted of a soft acrylic 
layer to ensure durability and protection from mechanical impact, and 
the outer coating consisted of a stiff acrylic layer to protect the glass 
fiber from abrasion and environmental exposure. The elastic moduli of 
the glass fiber, inner coating, and outer coating were 72 GPa, 0.6 MPa, 
and 2 MPa, respectively. A polyvinyl chloride (PVC) tight buffer layer 
with a diameter of 900 μm was applied to further enhance the me
chanical strength and facilitate the operation of the fiber in practice. 

The fiber optic cable for temperature compensation consisted of a 
fiber optic strain cable, a layer of aramid yarn, and a cable jacket. The 
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aramid yarn made from Kevlar® is crimped to the cable jacket. There
fore, forces applied to the cable are taken by the aramid yarn instead of 
the fiber. Thus, the fiber optic cable is free of mechanical strains and 
only sensitive to temperature. Finally, a jacket is applied outside the 
yarn and fiber further mechanical protection. The jacket is typically 
made of a soft plastic material with a thickness of about 1 mm. 

2.2.2. Sensing principle 
Rayleigh scattering is a phenomenon in fiber optic cables where 

transmitted light undergoes elastic scattering due to the irregular 
microstructure of the fiber. One example of such irregular microstruc
ture is the variation in glass composition, leading to changes in the 
refractive index and density of the fiber. This research adopted the 

Optical Frequency Domain Reflectometry (OFDR) technology to mea
sure strain and temperature based on Rayleigh scattering at reference 
and perturbed states. In each state, a light wave is launched into the fiber 
optic cable, resulting in Rayleigh backscattering. The backscattered 
signal is collected along the fiber length. At each point of the fiber, the 
amplitude of the backscattered signal is plotted against the wavelength 
of the light. Fast Fourier Transform (FFT) is applied to obtain intensity 
versus frequency data. A cross-correlation operation is then conducted 
between the reference and perturbed states, identifying a frequency shift 
for each location along the optical fiber. The frequency shift is associated 
with the strain and temperature changes of the fiber core. The distance is 
determined by calculating the traveling time of the backscattered light 
wave [35]. 

Fig. 1. Framework for assessing and discriminating interactive dent and bending in pipelines.  

Fig. 2. Cross sections of the fiber optic cables for measuring: (a) strain, and (b) temperature.  
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In this study, a data acquisition system (model: Luna ODiSi 6102) 
was adopted to conduct OFDR measurement. The manufacturer- 
specified accuracies for strain and temperature are 5 με and 0.9 ◦C, 
respectively [40]. The maximum sensing length of the system is >200 m 
in each channel, and the system has eight independent channels [40]. 
More details about the sensing principle and prior applications of OFDR 
are available in references [41, 42]. The frequency shift observed in the 
measurements is associated with changes in strain and temperature: 

Δλ
λ

=
Δυ
υ = KT T + Kεε (1)  

where λ and υ refer to the mean optical wavelength and frequency, 
respectively; KT and Kε refer to the temperature (T) and strain (ε) cali
bration constants, respectively. The values of KT and Kε were experi
mentally calibrated as elaborated in our previous studies [25,41]. 

In this study, an OFDR system and laboratory experiments were used 
to develop and evaluate the proposed approach. In real practices, it is 
often unnecessary to monitor the entire pipe length since interactive 
threats usually exist in certain risky regions such as the regions with 
severe ground motions. The proposed technology and OFDR system can 
be applied to monitor critical segments of the pipeline network. In real 
practices, if the length of the pipeline segment that needs to be moni
tored is longer than the maximum sensing distance of a single channel of 
an OFDR system, multiple distributed sensors can be used for different 
portions of the segment. When the data acquisition system has multiple 
channels, it can be placed in the middle of two adjacent segments to 
double the measurement distance by using two channels for both sides of 
the pipe length. An alternative solution of extending the sensing distance 
is to use Brillouin scattering-based systems which can achieve sensing 
lengths longer than 100 km. A tradeoff for the longer sensing distance is 
the lower spatial resolution. For example, a pulse-pre-pump BOTDA 
(PPP-BOTDA) system had a sensing length longer than 1 km while the 
spatial resolution was up to 20 mm [43–46]. 

2.3. Interactive deformation model 

The proposed sensor deployment pattern is shown in Fig. 3. A pair of 
DFOS that include a distributed strain sensor and a distributed tem
perature sensor are deployed on the surface of a pipe in a helix pattern. 
The distributed temperature sensor is used for temperature 

compensation. When the pipe is subjected to bending, the distributed 
strain sensor measures strains, showing periodic changes along the pipe 
length, as shown in Fig. 3(a). These periodic changes of strain distri
bution are consistent with the experimental results from previous 
research [39]. 

The periodic changes are attributed to the deployment of DFOS, 
which pass through the compressive and tensile zones of the pipe back 
and forth. As the load increases, the magnitudes of the strains increase 
while the periodic pattern retains. To characterize the periodic feature of 
a strain distribution, FFT can be performed to convert the strain distri
bution from a spatial domain to a frequency domain. The characteristic 
frequency is denoted by f1, which is determined by the deployment (i.e., 
the spacing between adjacent loops) of DFOS. 

With the further increase of the applied load, local dents will be 
generated at the loaded spots, as shown in Fig. 3(b). The presence of dent 
deformations will influence the strain distributions and introduce high- 
frequency components to the periodic changes of strain distributions. 
The characteristic frequency of dent deformations is denoted by f2, 
which is associated with the deployment pattern of DFOS as well as the 
dent deformations. 

This paper proposes to detect the presence and development of dents 
based on the measured strain distributions from DFOS deployed on 
pipelines. The appearance of new high-frequency components (f2) is 
used to judge the appearance of dents in a pipe. The positions of inter
active zones are utilized to determine the positions of dents in the pipe. 
The severity of dents will be assessed by the magnitude of the strains, 
which are elaborated in the next section. 

2.4. Calculation of deformations 

A general description of the strains at a dent spot of a pipe is shown in 
Fig. 4. The strain is composed of a longitudinal strain (εx) and a 
circumferential strain (εy). Each of these strains can be further divided 
into a bending strain (εb) and a membrane strain (εm). The membrane 
strain is even along the wall thickness, whereas the bending strains 
exhibit linear changes from the inner to the outer surface of the pipe 
wall. 

The governing equations that describe the relationship between the 
strain and the out-of-plane deformation are shown as follows [47]: 

εb
x = (R + h)

∂2w
∂x2 (2a)  

εb
y = h

∂2w
∂y2 (2b)  

εm
x =

∂u
∂x

+
1
2

(
∂w
∂x

)2

(2c)  

εm
y =

∂v
∂x

−
w
z

+
1
2

(
∂w
∂y

)2

(2d)  

where u, v, and w are the displacements along the longitudinal (x), 
circumferential (y), and radius (z) directions, respectively; εb

x and εb
y are 

the longitudinal and circumferential bending strains, respectively; εm
x 

and εm
y are the longitudinal and circumferential membrane strains, 

respectively; h is the distance from the mid-surface (neutral plane) of 
pipe wall; t is pipe wall thickness; and R is the mean radius of the pipe. 

If the pipe is only subjected to bending and dent, the membrane 
strain (εm

x ) can be neglected [47,48]. Since the direction of dent is 
negative along radius z and the maximum bending strain occurs at the 
external surface (i.e., h = t/2), eq. (1) can be rewritten into a simplified 
form: 

Fig. 3. Conceptual illustration of strain distributions measured from a pipe 
subjected to bending: (a) before the generation of dent; and (b) after the gen
eration of dent. “N.A.” denotes neutral axis. 
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εx = εb
x =

(
R +

t
2

) ∂2w
∂x2 (3a)  

εy = εb
y + εm

y =
t
2

∂2w
∂y2 +

∂v
∂x

−
w

R + t
2
+

1
2

(
∂w
∂y

)2

(3b) 

If the longitudinal strain profile along the pipe is measured, the 
bending deformation of the pipe can be calculated by integrating the 
differential eq. (3a): 

w(x) =

∫x

0

∫x

0

εb
x

R + t
2
dxdx + Ax + B (4)  

where A and B are the constants determined by boundary conditions. 
According to trapezoidal integration, eq. (4) can be re-written as: 

wn =
sd

4
(

R + t
2

)

[

(2n − 3)εb
x1 + εb

xn + 4
∑n−1

i=2
(n − i)εb

xi

]

(5)  

where wn is the displacement of the n-th point; and sd is the distance 
between measuring points. 

The membrane and bending strains can be combined into an equiv
alent strain (εeq) on the exterior surface of a pipe, as shown in eq. (6), 
and εeq can be utilized to evaluate dent severity [47–49]. In engineering 
practices, appropriate empirical criteria can be adopted based on εeq. For 
example, a dented pipe is safe when the maximum εeq is smaller than 6% 
in reference [45]. 

εeq =
2̅

̅̅
3

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

εx
2 + εxεy + εy

2
√

(6) 

Based on the equivalent strain, an indicator is defined to characterize 
the severity of dent, as shown in eq. (7): 

Rεeq = max
{εeq

6%
, 0

}
(7)  

where Rεeq is defined as the relative dent severity based on the equivalent 
strain. 

3. Experimental program 

3.1. Materials and specimen preparation 

Laboratory experiments were carried out to evaluate the iterative 
effects of bending and dent that occurred at the same position of pipes. 
The material of investigated steel pipes is commonly used for the 
transmission lines of natural gas and hydraulic fluid according to stan
dard ASTM A500 [50]. The outer diameter and the wall thickness of the 
pipes were 114.3 mm (4.5 in.) and 6.02 mm (0.237 in.), respectively, as 

specified by the manufacturer. Two different lengths (1550 mm and 
2550 mm) of pipes were tested. The chemical composition and me
chanical properties of the investigated pipes are listed in Table 1. 

Distributed fiber optic strain sensors were installed on the surface of 
pipe specimens in the designed layout according to following steps:  

• Before the installation of sensors, the pipes were immersed in an 
acetic acid solution (concentration: 5%) to remove surface rust, and 
they were cleaned using alcohol wipes.  

• Fiber optic cables for strain measurement were attached to the 
exterior surface of each pipe using tapes at discrete spots, following 
the designed helix pattern. The tape was used to temporarily hold 
fiber optic cables in place.  

• A fast-setting ethyl cyanoacrylate glue (commonly known as “super 
glue” or “strain gauge glue”; manufacturer: Starbond; viscosity: 150 
cPs) was used to attach the fiber optic cables to the pipes at discrete 
points between the tapes. Once the glue was set, the tapes were 
removed. The removal of tape must be careful to prevent damage to 
the fiber optic cables.  

• A two-part epoxy (manufacturer: ProMarine Supplies) was applied to 
the fiber optic cables for a strong attachment with reliable strain 
transfer between the pipe and fiber optic cables. The epoxy was a mix 
of two components (i.e., resin and hardener) with a mixing ratio of 
1:1 by volume. The thickness of epoxy was about 250 μm, which was 
around one tenth of the thickness of the pipes. The width of epoxy 
path was about 4 mm to 6 mm. Epoxy was cured in air at room 
temperature (22 ◦C ± 2 ◦C) and under normal humidity (50% ± 5%) 
for 24 h. 

3.2. Test set-up, instrumentation, and loading protocol 

Each pipe was loaded under four-point bending to generate bending 
and dent deformations at the middle span using a load frame, as shown 
in Fig. 5(a). The pipes were supported by two V-shaped blocks and 
vertically loaded by two rollers attached to a spreader beam at the 
middle span. The distance between two loading points was 750 mm. The 
distances between two supports were listed in Table 2. 

The tests were conducted under displacement control at a constant 

Fig. 4. Distribution of the different strain components of a pipe with a constant wall thickness.  

Table 1 
Chemical composition and mechanical properties of investigated pipelines.  

Chemical 
compositions 
(wt%) 

C Mn P S Cu 

≤ 0.3 ≤ 1.4 ≤ 0.045 ≤ 0.045 ≥

0.18 

Mechanical 
properties 

Elastic 
modulus E 
(GPa) 

Yielding 
strength 
σyd (Mpa) 

Tensile 
strength 
σt (Mpa) 

Elongation 
(%) 

σyd/σt 

≥ 200 ≥ 290 ≥ 400 ≥ 23 ≤ 0.9  
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displacement rate (1 mm/min). The applied loads were measured by a 
load cell embedded in the load frame. Three linear variable differential 
transformers (LVDTs) were used to measure the displacements of two 
supports and the mid-span section of the pipes. A high-resolution camera 
was utilized to provide computer vision measurements of the de
formations of pipes. 

The deployment of the fiber optic cables is shown in Fig. 3 and Fig. 5. 
One end of the fiber optic cable was connected to the data acquisition 
system (model: Luna ODiSi 6102) to perform OFDR measurements, and 
the other end of the fiber optic cable was free. Path-1 to Path-3 (green 
color in Fig. 5(b)) were installed along the length direction of the pipe 
specimen firstly, and then Path-4 (orange color in Fig. 5(b)) was 
installed in a helix pattern along the circumference direction of the pipe 
specimen. Path-1 was installed at the bottom of the pipe; Path-2 was 
installed along the neutral axis of the pipe; Path-3 was installed near the 
top of the pipe, and the precise position of Path-3 is shown in Fig. 5(c). 
The distance between adjacent helix lines of Path-4 for each pipe 

specimen is detailed in Table 2. In addition to the use of DFOS, eight 
fiber Bragg grating (FBG) sensors were installed on Path-1 to Path-4 
along the same direction as the DFOS to provide an additional set of 
strain measurement data. 

3.3. Investigated cases 

A total of eight pipe specimens were investigated, which were 
grouped into two categories, designated as S1 to S6 for Category A and 
S7 to S8 for Category B. Specimens S1 to S6 were short pipelines with a 
1550-mm distance between the two supports. Specimens S7 to S8 were 
long pipelines with a 2550-mm distance between the two supports. 

Specimens S1 and S2 were the reference specimens, which were 
intact before the load testing. For specimens S3 to S8, the contact sur
faces of sections under loading points were pre-weakened by pre-loading 
those section under loads up to 110 kN to generate local imperfections 
which then promoted the generation of local dents during the formal 
testing. Specimens S1 to S6 were used to investigate the interactive ef
fect of bending and dent, the layout of fiber optic cables, and the dis
tance between adjacent loops of fiber optic cables for short pipes. 
Specimen S7 and S8 were used to investigate the interactive effect of 
bending and dent for long pipes. The details of the sensor deployment 
and adjacent helix spacing of optical fiber are listed in Table 2. 

4. Results and discussions 

4.1. Load-displacement curves 

The load-displacement curves of the pipes are shown in Fig. 6. All 
pipes showed similar two-stage curves: (1) elastic stage, where the load 
linearly increases with the displacement; and (2) plastic stage, where the 
load increases with the displacement with a decreasing slope. The pipes 
exhibited typical global bending deformations and local dent de
formations at the two loaded points. 

4.2. Strain distributions 

Representative strain distributions measured from DFOS are shown 

Fig. 5. Test set-up and sensor installation of a representative steel pipe subjected to four-point loading: (a) photograph of test set-up; (b) layout of sensor (in green 
and orange colors) installed on the pipe - elevation view; (c) layout of sensor installed on the pipe – cross section view. Dash lines indicate fiber optic cables deployed 
at the back side of the specimen. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Investigated cases for interactive effect of dent and bending deformation.  

Category Group Sensor 
deployment 
pattern 

Adjacent helix 
spacing (mm) 

Distance between 
two supports (mm) 

A 

S1 Longitudinal 
(control) 

– 1550 mm 

S2 
Longitudinal 
(control) – 1550 mm 

S3 
Helix +
Longitudinal 

50 1550 mm 

S4 Helix +
Longitudinal 

50 1550 mm 

S5 Helix +
Longitudinal 

50 1550 mm 

S6 
Helix +
Longitudinal 100 1550 mm 

B 
S7 

Helix +
Longitudinal 

100 2550 mm 

S8 Helix +
Longitudinal 

100 2550 mm  
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in Fig. 7. The vertical axis represents the measured strain values, and the 
horizontal axis represents the distance along the length of DFOS, with 
the zero distance at the connector of the data acquisition system. In each 
figure, the length range of the DFOS has been selected to show the strain 
distributions within the length of fiber optic cables installed on the pipe 
specimen, and the length of fiber optic cable that is not attached to the 
pipe is not displayed. In each figure, the curves that are shown in 
different colors represent the strain distributions measured from DFOS 
deployed on pipes under different load levels. As the applied load in
creases, the magnitude of strain increases correspondingly. The lengths 
of the pipes that are subjected to interactive bending and dent are 
marked using green boxes. The strain distributions in each path are not 
perfectly symmetrical because the loads applied at the two loaded sec
tions are slightly different due to the adopted test setup. 

In specimen S5, the strain distributions on Path-1 at the bottom of the 
pipe showed typical global flexural strain distribution under four-point 
bending, and only two very small local peaks at the point loads were 
observed in the bottom strains, which indicates that the interactive ef
fect is not obvious. However, for Path-2 at the neutral axis of the pipe 
and Path-3 near the top of the pipe, an obvious interactive effect was 
observed at the two loading points, which makes it easy to detect and 
locate the pipe length subjected to the interactive effect of bending and 
dent. The non-zero neutral axis strain distributions along the full length 
of Path-2 in Fig. 7(a), Fig. 7(c), and Fig. 7(e) are attributed for multiple 
reasons. The primary reasons for the non-zero neutral axis strains are 
due to localized circumferential deflections and stress concentration, as 
discussed in reference [51]. The secondary reasons include slight shift of 
the position of the fiber optic sensor in Path-2 from the neutral axis of 
the pipe in the sensor installation process, and slight rotation of pipe in 
the loading process. Regarding Path-4 in a helix pattern, the strain dis
tributions near the two loading points showed an “M” shape, which is 
consistent with the interactive effect of bending and dent shown in 
Fig. 3. With distributed fiber optic sensor network of Path-1 to Path-4, 
the interactive region was determined along the longitudinal direction 
and helix direction. The results from different specimens are slightly 
different, but the trends are consistent overall. 

The strains measured from distributed fiber optic sensors and FBG 
sensors were compared in Fig. 8. FBG-1 to FBG-6 measured strains along 
the longitudinal direction in Path-1 to Path-3; and FBG-7 and FBG-8 
measured strains along the helix direction in Path-4. The data is 
analyzed via linear regression, and a coefficient of determination (R2) is 
calculated for each sensing point. The slope of the fitting line is used to 

correct the results from the distributed sensors. The results indicate a 
strong correlation between the results obtained from the distributed and 
FBG sensors. 

4.3. Deformed profiles 

The bending deformations of the pipe specimens were reconstructed 
according to eq. (5) and compared with the data from the computer 
vision system and three LDVTs, as shown in Fig. 9(a). The solid lines 
represent the shapes of the deformed pipe obtained from computer 
vision [20], and the black dash lines represent the shapes of the 
deformed pipe derived from the strain distributions measured from 
DFOS [20]. Symbols “*” show the deflections of the pipe obtained from 
the three LVDTs. The considered load increased from 0 to 60 kN. Fig. 9 
(b) indicates that the deformed shapes obtained from the three methods 
are consistent, highlighting the efficacy of the deformation reconstruc
tion methods based on computer vision and DFOS. 

Fig. 9(c) compares the strain reconstruction results and LVDT-2 
measurement results of mid-span deflection of pipe bottom. The calcu
lation and measurement results of mid-span deflections agree well with 
each other. A straight line can be used to fit the data, and the coefficient 
of determination (R2) is 0.9999, which indicates a robust correlation. 
The slope of the fitting line (0.9967) is used to correct the results from 
the distributed sensors. The discrepancies among the deflections ob
tained from three methods were attributed to inherent inaccuracy of the 
sensors, data acquisition systems, and positions of the distributed sensor. 
For example, the fiber optic cables were not exactly installed at the 
bottom lines of pipes, and the pipes were rotated slightly in the loading 
process. 

4.4. Strain-based dent severity evaluation 

Strain distributions from Path 1 to Path 4 cover both length and 
circumference direction, and the intersection points of different paths 
can be used to evaluate the severity of dent deformation, as shown in 
Fig. 10(a). However, due to the inclined angle of Path 4 in a helix 
pattern, the strain distributions from Path-4 cannot be used for evalu
ation directly. The circumferential strains (εy) of intersection points is 
calculated according to eq. (8): 

Fig. 6. Load-displacement curves of specimens under bending: (a) S1 to S6; and (b) S7 and S8.  
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εy =
εf4̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + α2
√ (8a)  

α =
s

π
(
2R + t + rf

) (8b)  

where εf4 is the strains obtained from fiber optic cable Path-4 (helix 
path); α is defined to consider the inclined angle between helix path and 

pipe axis direction; s is the distance between adjacent helix path of Path- 
4; and rf is the radius of outer coating of the fiber optic cable. 

By substituting Eq. (8) into Eqs. (6) and (7), the severity of dent can 
be evaluated. The dent severity indicator (Rεeq ) at the intersection points 
can be further converted into engineer-friendly images to interpret the 
data for assessing dent. Representative results for pipe specimen S8 are 
shown in Fig. 10(b). The images are created by performing coordinate 

Fig. 7. Representative strain distributions measured from the distributed fiber optic strain sensors deployed along the pipe specimens: (a) Path-1 to Path-3 of 
specimen S5; (b) Path-4 of specimen S5; (c) Path-1 to Path-3 of specimen S6; (d) Path-4 of specimen S6; (e) Path-1 to Path-3 of specimen S8; and (f) Path-4 of 
specimen S8. 
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Fig. 7. (continued). 

Fig. 8. Comparison of the results of strains obtained using distributed sensor and measured by the FBG sensors on specimen S8: (a) FBG-1; (b) FBG-2; (c) FBG-3; (d) 
FBG-4; (e) FBG-5; (f) FBG-6; (g) FBG-7; and (h) FBG-8. 
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correlation: The round surface of the pipe is unfolded to a plane. Half 
circumference of the pipe is the height of the plane, and the length of the 
pipe is the length of the plane. The black dots on the plane show the 
intersection points. 

By correlating the coordinates, the relative dent severity (Rεeq ) of the 
steel pipe can be mapped to a plane. Because Path 1 to Path 3 were 
installed on the front of pipes, only a half of the external surface is 
displayed, and the other half can be obtained by symmetry. The data 
between adjacent intersection points were obtained through biharmonic 
interpolation by using the surface fitting function of MATLAB [19]. 
Then, the full contours of relative dent severity under different loads 
were plotted to visualize dent severity. 

In Fig. 10(b), the legend shows that the colors represent the magni
tude of relative dent severity (Rεeq ). The areas of the pipe subjected to 
high relative dent severity values are shown in red color, indicating that 
the areas have severe dent. It is observed that the local dent effect 
became obvious until the loading value was larger than 30 kN, which is 
consistent with the load-displacement curve. The locations and severity 
of the dent identified from the contours were also in good agreement 
with the visual inspection results. 

4.5. Discrimination of dent and bending 

The strain distributions on Path-4 were used to differentiate bending 
and dent deformations. With the increase of loads, strain distributions 
were turned into a frequency domain and replotted into a power spec
trum, as shown in Fig. 11. The magnitude of power at the maximum load 
level is normalized to one and represented by color. It is observed that 
global bending effect occurred from the beginning of the test, but the 
local dent effect became obvious until the loading value was larger than 
30 kN, which is consistent with the load-displacement curve. 

Moreover, if the normalization strategy is changed to: The magni
tudes of powers at each load level are normalized to one (Fig. 12), it is 
observed that local stress concentration effect is detected almost from 
the beginning of the test (the loading value was smaller than 8 kN), 
which is much earlier than the occurring of local dent effect. Such early 
detection capability of local stress concentration is promising to enhance 
the safety and operational management of pipelines. 

Fig. 9. Deformation results from of the bottom of specimen S8 obtained from shape reconstruction, LVDTs, and computer vision: (a) vertical deflection results; (b) 
comparison of mid-span deflections from three results; (c) measurement accuracy of the mid-span deflection of pipe bottom. 
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4.6. Limitations and future research 

This research represents a feasibility study on the monitoring of 
interactive effects of bending and dent in pipelines using distributed 
fiber optic sensors in a laboratory setting. Future research needs to be 
performed to further understand the performance in field applications. 
In real practices, many practical factors must be considered, such as the 
cost related to the sensor, the sensing range of a single fiber optic cable, 
the durability of the adhesive. 

The cost includes the cost of fiber optic cables, sensor installation and 
maintenance cost, as well as sensor operation cost. One of the advan
tages of the presented sensing technology is that the fiber optic cable is a 
commercial telecommunication-grade single-mode fiber optic cable 
which is cost-effective compared with other types of sensors such as fiber 
Bragg grating sensors. The unit price of single-mode fiber optic cable is 
at a scale of 0.1 dollar per meter. 

The fiber optic cable can be embedded in or attached to the surface of 
monitored structure using adhesives. In this study, the fiber optic cable 

Fig. 10. Severity of dent deformation of pipe specimen S8: (a) distribution of intersection point on pipes for evaluating dent severity; and (b) development of dent 
severity under increasing loads. 

Fig. 11. Normalized power spectrum of a strain distribution for differentiating bending and dent.  
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was manually installed with a speed of 5 m per minute roughly, and it is 
possible to automatically install fiber optic sensors using robots in the 
future. The lifespan of the distributed fiber optic sensor is mainly 
controlled by the lifespan of adhesives. In this study, a two-part epoxy 
was utilized as the adhesive. When epoxy is maintained well, the life
span can be 20 years or longer. If a longer lifespan is needed, more 
durable adhesives such as ceramic adhesive which can bear with harsh 
environment can be adopted to replace epoxy in the installation of fiber 
optic cables. 

The sensor operation cost mainly includes the costs related to the 
data acquisition system and operator. Although the data acquisition 
system involves an upfront cost, a system can be shared to operate many 
fiber optic sensors simultaneously. For example, the distributed fiber 
optic sensing system used in this research has eight channels, and the 
measurement length of each channel is longer than 200 m. When the 
sensor gauge length is set at 0.65 mm, each channel provides >300 
measurement points in each measurement, and the eight channels pro
vide >2400 measurement points, equivalent to >2400 individual point 
sensors. In this research, the distributed fiber optic sensor data were 
analyzed manually using the proposed approach; however, it is possible 
to perform data analysis and interpretation using machine learning 
models because various machine learning methods have been developed 
to automatically interpret distributed fiber optic sensor data for moni
toring cracks [52,53]. 

In real practice, pipelines are subjected to more complex effects such 
as corrosion and cracks, which may also compromise the durability of 
the epoxy glue and optical fibers. For instance, fiber optic cables can 
possibly be cut by severe dents and cracks. It is essential to further 
develop the monitoring technologies by considering more types of 
interactive anomalies and long-term interactive effects in future 
research. A threshold-based warning method needs to be developed 

based on assessment data for real-time alarm of pipeline condition. 
The discrimination of bending and dent effects relies on relatively 

simple data analysis in this research, aiming to develop an engineer- 
friendly data analysis protocol. However, the powers of the bending 
and dent effects are largely unbalanced, and the bending effect has a 
higher power than the dents, as shown in Fig. 11 and Fig. 12, making it 
inconvenient to identify dents precisely. It is promising to develop more 
advanced data processing and analysis methods based on signal analysis 
and machine learning to achieve intelligent interpretation of the DFOS 
data [52–54]. 

To digitalize pipelines for automation in maintenance and manage
ment, Fig. 13 is presented based on the monitoring methods developed 
in this research. The function of DFOS that provides real-time moni
toring of the pipeline condition is similar to the function of “sensory 
nerves” that sense the condition of biological systems. This paper has 
addressed the measurement of detailed strain distributions and inter
pretation of DFOS data. Further research is needed for developing the 
digital model of pipeline which is updateable by using the DFOS data in 
real time. The digital model can be accessed in mobile devices, as stated 
in reference [27]. 

5. Conclusions 

This paper presents an approach to assess and discriminate interac
tive bending and dent in pipelines using DFOS, aiming at enhancing the 
ability to monitor the interactive anomalies of pipelines. Based on the 
above investigations, the following conclusions are drawn:  

• Distributed fiber optic sensors can be used to monitor interactive 
bending and dent via measuring the detailed strain distributions of 
pipelines subjected to mechanical loads. The measured strain 

Fig. 12. Normalized power spectrum of a strain distribution for identifying stress concentration.  

Fig. 13. Flowchart of achieving updateable digital models of pipelines by utilizing DFOS data.  
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distributions can be utilized to trace, localize, and discriminate the 
interactive effect of bending and dent, which represent global and 
local deformations.  

• The interactive effect of bending and dent can be monitored using 
the proposed normalized three-dimensional power spectrum 
method. The initiation and development of stress concentration can 
be located and assessed from an early state (load <8 kN), much 
earlier than the occurring of dent (load >30 kN). Such an early 
detection capability is important for enhancing the safety of 
pipelines.  

• The proposed methods for evaluating deformed shapes achieved 
high accuracy (R2 = 0.9999). The evaluation results of the bending 
deformations of the pipe specimens were validated using the evalu
ation results from computer vision and LVDTs. The locations and the 
severity of local dent deformations of the pipe specimens identified 
from the contours were consistent with the load-displacement curves 
and the visual inspection results at different load levels. 
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