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Natural disasters, in particular earthquakes, can cause damage to pipelines with 
disastrous humanitarian, social, economic, and ecologic consequences. Consequently, 
real-time, and automatic or on-demand assessment of damage to pipelines after the 
earthquake is essential for early emergency response, efficient preparation of rescue 
plans, and mitigation of the disastrous consequences.  

This paper presents the first phase of development of a method for buried pipelines 
health assessment based on distributed fiber optic technology, in which the sensors are 
both  bonded to pipeline and embedded in soil. It includes determination of sensor 
topology, identification of required sensor properties, selection of sensors, development 
of installation procedures, and implementation. 

The first phase of the project included validation of general principles of the method 
through a large-scale testing.  A thirteen-meter long real-size concrete segmented 
pipeline was assembled in a large test basin filled with soil, and tested under simulated 
permanent ground displacement (PGD). The basin consisted of two parts: the movable 
north end and the fixed south end. The movable north end of the test basin was attached 
to four hydraulic actuators, which were used to apply controlled displacement of the 
basin.  

As a part of validation, the results obtained from distributed sensors were compared 
with resistive strain gauges. The method is presented in details and results of validation 
test are analysed and discussed.  
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ABSTRACT: Natural disasters, in particular earthquakes, can cause damage to pipelines 
with disastrous humanitarian, social, economic, and ecologic consequences. 
Consequently, real-time, and automatic or on-demand assessment of damage to 
pipelines after the earthquake is essential for early emergency response, efficient 
preparation of rescue plans, and mitigation of the disastrous consequences. This paper 
presents the first phase of development of a method for buried pipelines health 
assessment based on distributed fiber optic technology, in which the sensors are both  
bonded to pipeline and embedded in soil. It includes determination of sensor topology, 
identification of required sensor properties, selection of sensors, development of 
installation procedures, and implementation. The first phase of the project included 
validation of general principles of the method through a large-scale testing.  A thirteen-
meter long real-size concrete segmented pipeline was assembled in a large test basin 
filled with soil, and tested under simulated permanent ground displacement (PGD). The 
basin consisted of two parts: the movable north end and the fixed south end. The 
movable north end of the test basin was attached to four hydraulic actuators, which were 
used to apply controlled displacement of the basin. As a part of validation, the results 
obtained from distributed sensors were compared with resistive strain gauges. The 
method is presented in details and results of validation test are analysed and discussed. 

1 INTRODUCTION 

Natural disasters, in particular earthquakes, can cause damage to pipelines which 
transport life and society sustaining supplies, such as water or hydrocarbons. 
Earthquake damage to pipelines can have disastrous humanitarian, social, economic, 
and ecologic consequences. Consequently, real-time, and automatic or on-demand 
assessment of damage to pipelines after the earthquake is essential for early emergency 
response, efficient preparation of rescue plans, and mitigation of the disastrous 
consequences. Assessment is particularly challenging for buried concrete pipelines. 
Earthquake-induced damage for pipelines is in general classified as being generated by 
transient ground deformation (TGD) or permanent ground deformation (PGD) [1]). 
Historical records are concordant with a widely accepted opinion that the most serious 
cases of earthquake-induced damage to pipelines were generated by strong ground 
motion or site failure, i.e. by permanent ground deformation (PGD) (e.g. [2]), and that is 
why this research focus on the damage generated by PGD. The distribution of PGD 
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depends on several factors, such as intensity and duration of earthquakes, site grade, soil 
type, type of pipe, and the location of the water table (e.g. [3]). 

Existing technologies employed for inspection of buried pipelines are mainly based on 
the use of devices that can be inserted in the interior of the pipe. These devices may 
contain various types of sensors, typically depending on the type of the pipe. The most 
common device used for inspection of metallic pipelines is the so-called pig. It is a 
small package containing mostly two types of sensing transducers: remote field eddy 
current and ultrasonic transducers (e.g. [5]). For concrete pipelines, cameras are either 
placed on a robot and moved through the pipeline using the robotic system [6], or they 
are simply installed at a manhole access point. Besides the use of a camera, ultrasonic 
systems can also be used when the internal area of a pipeline is accessible [7]. The 
acoustic and ultrasonic transducers can also be installed on the surface of the pipe. 
Piezoelectric elements can be mounted on the walls of the pipe and they can introduce 
guided elastic waves, called Lamb waves, into the walls of pipe. However, Lamb waves 
are of limited application for concrete pipelines due to their high attenuation [8]. 
Remote sensing technologies for monitoring concrete pipelines deployed above the 
surface, are infrared thermography systems (ITS) that capture thermal images of soil 
altered by leaks due to the rupture of pipe [9], and ground penetrating radar (GPR) that 
captures reflections from boundaries of two different dielectrics and detects damage as 
alterations. Both technologies are challenged by reliable image interpretation. Although 
several existing technologies are employed for assessment of pipeline health condition, 
none of them is entirely suitable for the real-time automated operation. In general, they 
require manual operation and data analysis which adds subjectivity to the process. 
Recent researches propose novel approaches to the assessment of the pipeline health 
condition. They are based on the self-detection capacity of cementitious materials, i.e. 
on the damage induced changes in their electrical properties [10] and acoustic properties 
[11] combined with the use of wireless technologies (e.g. [12]). These researches are 
under way and have a very promising potential for applications on buried structures 
[13]. 

A novel method for real-time, automatic or on-demand, assessment of health condition 
of buried pipelines after the earthquake is under development. The method is based on 
the use of distributed fiber-optic sensing technology and it focused to concrete 
segmented pipelines, but it can be extended to steel continuous pipelines. Besides the 
assessment of damage the method can be used for long-term structural health 
monitoring and operational monitoring, which will serve as an important input for life-
time maintenance activities. The central part of the project, validation testing, is 
performed at NEES Lifeline Experimental and Testing Facilities at Cornell University. 
In a broader scope, the validation testing involved participation of several other 
univiersties: University of Michigan, Ann Arbor; Virginia Tech; Merrimack College; 
and Purdue University. Strain gauge measurements collected by University of Michigan 
were compared with results obtained form fiber optic sensors, in order to have better 
understanding of their functioning. The general principles of the method were validated 
by the testing and results are presented and discussed in this paper. 

2 DISTRIBUTED SENSING 

The method researched and developed in this project is based on the use of distributed 
strain and temperature monitoring system. Strain sensing is proposed, since the PGD 
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actually strains the pipe, while temperature sensing is proposed since the damage of 
pipeline is often correlated with leakage that can be indirectly detected as a change of 
thermal parameters in the surrounding soil [14]. Finally, the distributed technology is 
proposed taking into consideration particularly large lengths of the pipelines and the 
uncertainty of the location in which the damage can occur. Distributed sensor (or 
sensing cable) can be represented by a single cable which is sensitive at every point 
along its length. Hence, one distributed sensor can replace thousands of discrete sensors. 
Moreover, it requires single connection cable to transmit the information to the reading 
unit, instead of a large number of connecting cables required in case of wired discrete 
sensors.  Finally, distributed sensors are less difficult and more economic to install and 
operate. An illustrative comparison between pipelines equipped with distributed and 
discrete sensors is shown in Figure 1 (this schematic drawing does not refer to real 
case). 
 

 

 

 

 

 

 

 
 
Figure 1: Distributed vs. discrete monitoring (schematic).    Figure 2: Layout of sensors 
in parallel topology. 

3 SENSOR TOPOLOGY 

The capability of distributed FOS to reliably detect and localize damage depends on 
their topology, and more specifically, on their total number and position on the pipeline 
and in the soil.  Topology of sensors depends on the expected pipe failure mode, which 
depends on the pipe type. A segmented gravity pipe was available for the method 
validation test, and the focus in sensor topology determination was to this type of pipe. 
Based on experience in previous tests, the failure of segmented pipe occurs mainly by 
crushing of bell-and-spigot joints [13].  

Parallel topology [14] is selected as the best feasible configuration for both sensors 
installed on the pipe and sensors embedded in the soil. For the installation on the pipe, 
the paralle topolgy consists of at least three parallel sensors installed (glued) along the 
pipe as shown in Figure 1 up. Minimum three sensors are needed to fully describe 
spatial deformation of the pipe [14]. These sensors provides with many-fold information 
concerning the pipeline condition: (1) each sensor provides for strain distribution along 
its length, (2) combination of parallel sensors provides with bending and compression 
information at each cross-section, and (3) each sensor is sensitive to local strain changes 
at each point (e.g. due to cracks).  

For the sensors installed in the soil the parallel topology consists of at least one sensor 
installed parallel to the pipe. The sensor in the soil cannot provide with spatial 
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deformation or damage of the pipe, but it can detect and localize the movements in the 
soil that can potentially imperil the pipe, and it can point to endangered locations. 
Although this approach is not direct, it can be very efficient if proven to be reliable, 
since the embedding in the soil is significantly simpler and faster than bonding sensors 
onto the pipeline. 

The parallel topology was tested and its suitability for segmented pipe monitoring was 
confirmed by the test. Position of the sensors as tested is given in Figure 2. 

4 DISTRIBUTED SENSORS 

There are three main principles for distributed sensing using fiber optic sensors: 
Rayleigh scattering, Raman scattering, and Brillouin scattering. Stimulated Brillouin 
scattering has been selected because it is the least sensitive to cumulated optical losses 
(e.g. due to manufacturing and installation), and it allows for monitoring of 
exceptionally large lengths (e.g. a single reading unit with two channels can operate 
measurement over lengths of 10 km, while remote modules can be used to triple the 
monitoring lengths).  

The selection of the sensors was performed taking into account several criteria such as 
(i) quality of strain transfer from the pipeline to the sensing optical fiber, (ii) cost per 
sensing fiber, and (iii) capability of sensor to withstand large deformations that can 
occur in soil and at points of damage of the pipeline. However, these three criteria are in 
mutual contradiction. A very good strain transfer from the pipe to the sensor provides 
with accurate information concerning the strain measurement, however the damage on 
the pipe can damage the sensors. In addition, the sensors with very good strain transfer 
are expensive, which especially counts in the case of pipelines where very long 
distances are to be monitored. For the purposes of this research, the sensors that have 
less good strain transfer from the host structure to the measurement optical fiber may be 
more suitable. The benefits of such sensors are twofold: they will be able to “survive” a 
significant damage of the pipe and significant movements of the soil, and they will be 
several times less expensive than the accurate sensors.  

Four types of sensors were selected for tests and they are briefly presented here. “Tape” 
and “Tape2” sensors (see Figure 3) features high strain transfer, high accuracy and high 
cost; two other sensors are considered: “Profile” sensor (see also Figure 3) with 
moderate strain transfer and moderate cost and “Cord” sensor  (see Figure 4) with weak 
strain transfer and low cost. 
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Figure 3: Views to Tape sensor (left) and                          Figure 4: View to Cord sensor 
(sensing cable). 

Profile sensor (right). 

5 INSTALLATION PROCEDURES  

In order to guarantee the strain transfer from the pipe to the sensors, it was decided to 
glue the sensors over the entire length of the pipe. Clamping the sensor would be time 
consuming and expensive as the full circumference of the pipe has to be accessible at 
large number of closely spaced points. The adhesive was carefully selected for each 
type of sensor in order to match with materials to be bonded. In particular, adhesive 
should provide not only good adhesion of Tape sensors to the pipe, but also 
delamination of sensors in the case of cracking of the pipe in order to prevent damaging 
of the sensor [14]. The four sensors installed on the pipe at location L1 (see Figure 2) 
for the method validation test are shown in Figure 5. The inspection of the sensors after 
the test has shown good adhesion of sensors over the body of the pipe (no delamination) 
and, as expected, a delamination of the Tape sensor in cracked zones of the joints, 
which prevented the damaging of the sensors. The sensors installed in the soil were 
simply placed at its position and covered with soil.  

Particular issue for the sensor installation was abrupt changes in the geometry of the 
pipe at joints. Sharp changes in geometry can create excessive local bending of the 
sensor that may result either in rupture of the sensor during the burring or in high 
attenuation of optical signal; high attenuation of optical signal will make the 
measurement impossible or unreliable. In order to protect sensors during the burying 
and to provide for continuous strain transfer it was decided to add small “bridges” made 
of plastic at joints location, where the geometry of the pipe changes abruptly. The 
method validation test has shown that this solution was not good: during the crush of the 
joint the bell was pushing the “bridges” that resulted in sensor damage (see Figure 6). 
Thus the installation procedures for sensors area at the joints should be improved. 
 

 

 

 

 

 

 

 
Figure 5: Distributed sensors installed on the pipe.    Figure 6: Damage to sensors due to 
the “bridge”. 
 

6 METHOD VALIDATION TESTING 

The method validation testing was performed at The Cornell Large-Scale Lifelines 
Testing Facility, the NEES site at Cornell University (Cornell NEES Site). The Cornell 
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NEES Site contains a large test basin in which a pipeline can be assembled and tested 
under simulated PGD. The basin is a 3.4 m wide, 13.4 m long, and 2.0 m deep steel-
frame box with wooden walls. It consists of two parts: the movable north end and the 
fixed south end. The movable north end of the test basin was attached to four hydraulic 
actuators, which were anchored in massive concrete counter bearings. During the test, 
the hydraulic actuators were used to apply controlled displacement of the basin. The 
joint between the north and the south end was designed in a way that a transverse fault 
oriented 50 degree relative to the longitudinal length of the basin can be simulated (see 
Figure 7). 

A segmented concrete pipeline specimen was assembled in the basin. It consisted of five 
2.4 m (8 feet) long segments, assembled using 25.4 cm (10 inches) long bell-and-spigot 
joints sealed by grout. The inner and outer diameters of the pipe body were 30.5 cm (12 
inches) and 40.6 cm (16 inches) respectively, while the outer diameter at the joint was 
50.8 cm (20 inches). Short segment of the pipe was added at the movable (north) 
extremity in order to provide for mechanical connection with the frontal and rear walls 
of the basin. Schematic view to the pipe and the basin is given in Figure 7. It is 
important to highlight that not all the pipe segments had the same mechanical 
properties. The segments #1, #2, #3, #5 and short extension in movable part of the basin 
had identical mechanical properties, while the segment #4 was built of fiber reinforced 
concrete and had much higher stiffness and resistance. The sensors were installed in 
parallel topology (see Section 3), as shown in Figure 2. Before the test started a 
reference (“zero”) measurement was performed. Then the movable part of the basin was 
displaced for 25.4 mm (1 inch) and one measurement is performed. This procedure was 
repeated until cumulative displacement of 304.8 mm (12 inches) was reached. 

 
 
 
 
 
 
 
 
Figure 7: Schematic representation of test basin and the pipe. 

7 DATA ANALYSIS 

After the first step of load (displacement of 25.4 mm = 1 inch) the crushing of sealing 
grout occured in joints #2 and #3. This was accompanied by slight relative movment 
between the pipe segments. The crushing of joint bells occured only after the third step 
of the load. The tape sensor at location L1 functioned properly during the first step of 
the load and the results are presented in Figure 8. Two unusual strain changes are 
observed, high tension close to joint #2 and high compression close to joint #3. These 
unusual strain changes actually correspond to the locations of actual damage on the pipe 
(i.e. crushing of grout). No damage was detected at the other joints for 25.4 mm (1 inch) 
displacement. 
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Figure 8: Tape sensor measurement at location L1 with detected damage and strain gage 
data comparison between distributed sensors and discrete strain gauges after the 25.4 
mm (1 inch) displacement. 

Tape sensor data was compared with strain gauge measurements, see Figure 10. The 
strain gauge sensors were not installed at joint (their purpose was not damage 
detection), but over the body of the pipline, next to the Tape sensor. The results 
obtained from two different systems are in a very good correlation, except in three 
points where some discreepancy is noticed (see Figure 8). The reasons for the 
discreepancy is currently under analysis, and will be investigated in the second phase of 
the project.  

Cord sensor survived all 12 increments of the simulated ground movement, and the 
results are presented in Figure 9. In order to interpret the measurement of Cord sensor it 
is necessary to understand that the strain measured by optical fiber is not equal to the 
strain on the structure because the strain transfer depends on the friction between 
measurement optical fibers and the two packaging tubes (see Figure 4). Hence, the 
measurement fibers can slide inside the body of the Cord sensor for higher level of 
stress and strain, when frictional force is exceeded.  

The part of Cord sensor installed on the pipeline registered  the strain change due to 
damage in joints #2 and #3 (black arrows), but for displacements in the range of 25.4 – 
203.2 mm (1 – 8 inches), it was difficult to distinguish it from the other strain variations 
(due to sliding of the fibers in the cable). For higher levels of displacement, the damage 
detection is performed more reliably, as the high strain in the diagram (marked by black 
arrows). Sliding of the fibers makes impossible to qualitatively evaluate whether 
damage increased or not. Two additional zones of a concentrated high strain are noted at 
extremities of the pipeline (gray arrows in Figure 9, left). There was no damage at these 
locations and the observed pattern can be explained mainly by the sliding of the fibers 
transferred from the parts of the sensor embedded in the soil (see Figure 2).  Thus, Cord 
sensor can be used to detect and localize the damage, but only higher levels of the 
damage can reliably be identified by analyzing series of measurements, and not just a 
single measurement. 

The part of Cord sensor embedded in the soil at location L3 (see Figure 2) successfully 
detected ground displacement and location of the shear plane, as shown in Figure 9 right 
(black arrow). Besides the sliding of the fibers inside the sensor body, additional sliding 
of the sensor with respect to the soil was also possible. Due to sliding, a reliable 
detection and localization of the damage was possible only for higher values of ground 
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displacement and by analyzing the time series of the measurements. At the end of this 
section, it is important to highlight that Cord sensor survived all 12 increments of the 
ground movement under severe soil displacement, crushing of the joints, and the 
displacement of the “bridges” used for the installation. 

 
 

 

 

 

 

 

 

 

Figure 9: Cord sensor measurement at locations L1 (on pipe, left) and L3 (in the soil, 
right) with detected damage (indicated by black arrows). 

8 CONCLUSIONS 

The first phase of research and development of a novel method for real-time, automatic 
or on-demand, assessment of health condition of buried pipelines after the earthquake 
has been successfully accomplished. It included determination of sensor topology, 
identification of required sensor properties, selection of sensors, development of 
installation procedures, and implementation and large-scale testing. Parallel topology is 
suitable for detection and localization of damage induced to concrete segmented pipes, 
and for detection of ground displacements. The adhesives used for the sensor 
installation on the pipeline were properly selected and performed well. However, the 
use of the “bridge” structures at the location of joints was not successful and actually 
the “bridges” damaged more sensors then the crushing of the joints itself. Thus further 
research will focus on the improvement of the installation procedures for the areas at the 
pipe joints.  

Tape sensor reliably and in real time detected and localized the damage in pipe joints, 
i.e. crushing of sealing grout in the joints. Direct comparison with straing gauge 
measurments has shown in general a very good agreement. Discrepancy is found only in 
few points and reasons for the discrepancy will be analysed in the second phase of the 
project.Cord sensor detected and localized the damage to pipe joints, however due to 
sliding of the fibers within the body of the sensors it is necessary to analyze time series 
of measurement, rather than a single measurement. Reliability of damage detection for 
the Cord sensor is challenged for smaller levels of the soil displacement. Similar 
conclusions are valid for the capacity of embedded Cord sensor to detect the 
displacement of the soil. Thus general principles of the method were validated through 
the method validation testing. Directions for improvements are future research are 
identified, and will be followed in the second phase of the project. 

The second phase of the project will focus on further validation of the method and 
implementation issues that arose during the test. 
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