ABSTRACT

CLAUNCH, ELIZABETH-LANE CARSON. Smart Composites: Optical Sensors Embedded in
3D Orthogonal Woven Fabric for Structural Health Monitoring Applications. (Under the
direction of Dr. Abdel-Fattah Seyam and Dr. Kara Peters).

Unexpected failure in structures such as airplanes, bridges, and dams can have catastrophic
effects. Structural health monitoring (SHM) is a way to monitor the integrity of such structures
so that any critical deformation can be detected and acted upon immediately. Compared to most
current SHM systems, which are applied to a structure’s exterior, this research aims to introduce

a polymer optical fiber (POF) based system that is an integral part of the construction material.

Due to their fiber-like structure, optical fibers are well suited to be incorporated in textile
composites. 3D orthogonal woven (3DOW) preforms are an excellent host for optical fiber
sensors because the yarns are arranged in straight paths. During composite fabrication, a POF
can be woven directly alongside yarns in the 3DOW preform, creating a smart composite. This

allows access to interior locations where other sensing methods may not be able to detect.

The overarching objective of this research is to prove smart composites composed of POF
sensors embedded in 3DOW composites can function as viable structural health monitoring
systems. Testing of this system mimics accidental impacts that can occur during a structure’s
lifespan by exposing the smart composite specimens to multiple low energy impacts at a
localized site. The composite sensor system efficacy is then evaluated by establishing a
relationship between the sensor’s location, composite damage, and the resulting POF signal. This
is used to determine the best location for optical fiber sensors to be placed within the composite

so that they can accurately predict structural damage before failure occurs.

More effort is needed to bring the optical fiber sensor technology to a fully mature readiness
level. A market study also accompanies this work, which aims to identify technological trends

and future end uses of the optical fiber sensors through a strategic text-based analysis method.
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Chapter 1: Introduction

Man-made materials are continuously evolving. With the popularity of the internet of things,
everyday structures can be connected to the world, gathering usage metrics, and alerting the user
to potential structural danger. Structural health monitoring (SHM) is one method to achieve this
and consists of an intelligent system incorporating sensors, data transmission, computational
power, and processing ability inside structures for real-time monitoring of structural conditions.
A successful SHM system will positively impact the structure by ultimately increasing the safety
of the structure, increasing the structure’s longevity, and reducing the cost of maintenance and
inspections. It should also be accurate at predicting failure within the structure through the

quantitative information provided [1, 2].

Safety and failure prevention are strong motivations for implementing SHM systems. Civil
structures are often complex and expected to be fully functional under severe environmental
conditions such as high winds, storms, and earthquakes. These incidents present extreme loading
that may compromise the integrity of the structure and lead to total failure that results in
casualties, social, and economic problems. Therefore, it is necessary not only to monitor
structural status (stress, displacement, acceleration), but also environmental parameters (wind
speed, temperature, and quality of the foundation) with a complete SHM system [3]. Another
issue with structures is that many are being used to their maximum capacity or past their
intended lifespan. For example, many structures built in the 1960s and 1970s are now considered
deficient by today's design standards and present a need to be monitored more frequently.
Systemic visual inspection, instrumentation, load capacity tests, field measurements, and long-
term performance monitoring and assessment are all viable tests that may be performed on a civil
structure to ensure its integrity throughout its lifespan. SHM can provide information and
eliminate many of these specifications, allowing physical inspections to be need-based instead of

scheduled.

Poor maintenance and inspection programs can also cause accidents. The Aloha airlines incident
is one example in which the fuselage failed during flight [4]. The failure mechanism was
multiple fatigue cracks that potentially could have been noticed with better inspection methods.
Other modes of failure could be due to poor manufacturing and unexpected load conditions. The

use of new materials in construction, such as composites also creates a need for monitoring



because real-world performance experience is still limited in many cases [1]. For important
novel structures, sensors are often installed during the construction phase for early monitoring.
Minor repair can then be performed to avoid major damages that require costly renovation or

even reconstruction [1].

The overarching objective of this research is to prove smart composites composed of POF
sensors embedded in the 3D orthogonal woven fabric can function as viable structural health
monitoring systems. Three levels have been outlined in order to examine different aspects of this
objective. The first aims to understand the relationship between a composite’s impact resistance
and POF signal loss, to identify if the embedded sensor is sensitive to a damaging event. The
second level aims to determine the sensitivity of the sensor related to its location from the
damage event. This will help achieve the best configuration for the desired sensing application.
Since optical fiber sensors are not yet a mature technology, the third level aims to observe
technological trends and potential markets for the sensors. Understanding these relationships is
an important step toward the proposed smart composite system being implemented for industrial

use and achieving the benefits associated with structural health monitoring of structures.



Chapter 2: Literature Review

2.1. Introduction

The concept of smart materials can be considered a step in the general evolution of man-made
objects. Human production often follows a trend from simple to complex. This trend in structures
started with the use of homogenous materials, supplied by nature, was followed by multi-
materials (in particular, composite materials) which allowed the creation of structures adapted to
specific uses. The next step in the evolution consists of making the properties of the materials
sensitive, controllable, and adaptive so that they can adjust to changing environment conditions

[4]. SHM systems fit into this step of evolution through making materials sensitive.

Structural health monitoring involves the integration of sensors, smart materials, data
transmission, computational power, and processing ability inside structures. This research
investigates a novel SHM system based on a sensor that consists of a polymeric optical fiber
(POF) embedded in a 3D orthogonal woven (3DOW) composite. Signal loss in optical fibers
serves as the basis to interpret the structure’s current health. This review focuses on the
components that make up successful real-time monitoring systems and discusses the current uses

of SHM systems.

2.2. SHM Sensor

The sensor is a key component in SHM and can detect and measure several parameters by
comparing the measured value to a known. There are many types of sensors both in use and
being investigated for SHM applications including strain gages, accelerometers, ultrasonic
sensors, optical fiber sensors, acoustic sensors, and piezoelectric sensors [5-7]. Some of these
sensors are difficult to deploy over large structures or are unable to withstand harsh
environments [6]. Traditional electric load monitoring systems, such as accelerometers and
strain gages, often require cumbersome wiring, can be large and difficult to embed in a structure
[7]. In some cases, the signal can’t be discriminated from the noise because of the
electromagnetic interference. A possible solution to these issues is optical fiber sensors which
have distinctive advantages over other sensing methods such as multiplexing capability,
flexibility, high sensitivity, immunity to electromagnetic interference, and the ability to embed

such sensors into the structure [8]. The following sections discuss optical fiber sensors which are



especially interesting because of their fiber-like structure which can be easily integrated into a

smart textile system.
2.2.1. Optical fiber characteristics

The term optical fiber indicates a special form of optical waveguide with a circular cross-section,
which is flexible and can be produced at great lengths [9]. They are most well-known for their
use in communication to transmit light over longer distances and with higher data rates than
other forms of communication. Use and testing methods for standard telecom optical fibers have
paved the way for current SHM systems. Today, optical fiber sensors have been established as a
new and innovative measurement technology in several fields, such as material science, civil

engineering, light-weight structures, and geotechnical areas [10].

All optical fibers are composed of a core, a cladding, and sometimes another outer protective
layer shown in Figure 2.1 [11]. In order to transmit a light signal effectively through the core of
the fiber, the core and cladding are composed of two optically dissimilar materials. The core is
the interlayer and is typically made of a material with a high reflexive index. The cladding
surrounds the core and is made of a material with a low reflective index. Light waves are
trapped and carried within the core by reflection at the interface between the core and cladding of
the optical fiber [9, 12, 13].

a) Protective Layer

Cladding

Core o

Cladding

b)

Cladding

Figure 2.1. a) A typical structure of an optical fiber with the core, cladding, and optional
protective layer. POF does not require a protective layer. b) Side view of an optical fiber



There are two classifications, single mode and multimode when it comes to light propagation in
optical fibers. In single mode fibers, the light waves are all distributed in space the same way.
Single mode fibers typically consist of a small core, and the light propagates nearly straight
down the fiber at shallow angles relative to the core and cladding [14]. They are best suited for
long distance communication, as they have only one strong propagation mode [14, 15].
Multimode fibers consist of a larger core, 50-100 pum, and contain more than one propagation
mode [14]. Typically, larger cores simplify connection and allow for the use of lower cost
electronics. However, the bandwidth to distance limit is lower and these fibers are typically

better suited for shorter communication applications [15].

In multimode fibers, the refractive index profile can be uniform (step-index fibers, SI) or graded
(graded-index fibers, Gl). In a step index profile, the fiber has a constant refractive index across
the entire cross-section for both the core and cladding. This causes light rays to travel in straight
lines, shown in Figure 2.2a, which are completely reflected at the interface of the core and
cladding. The individual rays travel different distances, resulting in varying transit times. Graded
index profile, on the other hand, minimizes the difference in travel time. In Gl, the core has a
radius dependent refractive index and the cladding has a uniform index. As demonstrated in
Figure 2.2b, rays in the middle of the core travel a short distance, but because of a higher
refractive index at the center of the core, these rays also travel slower than the rays toward to
edge of the core. The rays closer to the cladding in the core have a longer distance to travel, but
they travel at a faster speed due to the lower refractive index near the cladding. Thus, the light
rays are propagated at similar transit times. The refractive index profile is typically included in
the naming system for optical fibers for its importance to the functionally, namely the
transmission capacity of the optical fiber.
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Figure 2.2. Refractive index illustration in a fiber with a) step index profile b) graded index
profile [9]

Attenuation is a process encountered by light as it passes through a fiber. When light passes
through a straight optical fiber, the power of the light decreases exponentially with length [9].
There are certain events that can cause more attenuation. These mechanisms can be classified as
either intrinsic or extrinsic. Intrinsic losses typically originated inside the fiber and can include
absorption of the constituent material and Rayleigh scattering. Both depend on the composition
of the optical fiber and cannot easily be eliminated. Extrinsic losses, however, occur outside of
the fiber and can more easily be avoided. Radiation losses which occur from bending are an
example of an extrinsic loss. Macrobends occur from bends with large dimensions, such as
rolling an optical fiber on a reel. As the bend radius decreases radiation losses increase. Small
scale, fluctuations in the fiber axis are called microbends [15]. These losses can be detrimental to
the power of light, thus the goal when dealing with optical fiber sensors is to minimize loss by

careful manufacture and installation.



2.2.2. Optical fiber materials

Many of the characteristics of optical fibers are determined by their materials. There are two
main material categories when dealing with optical fibers for use in sensing applications. The
first and most widely used are silica optical fibers also known as glass optical fiber (GOF).
GOFs have the benefit of having a high strength, small size, and low attenuation. They however
also come with a low tensile strain and a tendency to be brittle. These optical fibers cannot
handle bending and require multiple protective layers, such as a polymer layer to reduce abrasion
and a protective outer jack to protect the core in situations where bending may be present [16].
When deployed as a sensor such protections can result in inconsistencies between the
measurement of fiber strain and structural strain [17]. The addition of a third layer is also another

step in the processing and an added cost.

The other category is polymer optical fibers (POF) in which the core is typically made from
polymethylmethacrylate (PMMA), Polycarbonate (PC), Polystyrene (PS), or fluorinated polymer
(PF).[18, 19] The cladding layer is generally made of fluorinated polymers. The first PMMA
core was developed in the 1960s by Dupont [15]. POF technology, however, has been slow to
take off because of high attenuation associated with PMMA, PC, PS cores. This limited them to
communicate at a short distance. One of the main reasons behind the high attenuation is the C-H
bond vibration absorption, which can be reduced by replacing hydrogen atoms with heavier
atoms such as fluorine, chlorine, and deuterium. These polymers decrease the attenuation to <50
dB/km at the visible region of the spectrum, which is five times lower when compared to a
PMMA optical fiber [19, 20]. It wasn’t until 1996 that an optical fiber composed of amorphous
fluorinated polymers was developed which exhibited a lower attenuation. PF has an attenuation
that is five times lower when compared to a PMMA optical fiber [19, 20]. This makes it possible
to extend the measurement length up to 500 m and allows POF to be more competitive with GOF
in this aspect [20].

Generally, GOFs have better thermal stability and lower attenuation. POFs, however, have
significant advantages in areas where GOFs fall short, exhibiting high elastic strain limits, high
fracture toughness, high flexibility in bending, and high sensitivity to strain [11]. The main
advantage of POF lies within the fracture resistance and flexibility. The elastic limit of a POF,



such as PMMA, is around 10% compared to silica at 1-3% [11, 18]. Plastics used in POF also
have a lower density and lower cost than silica, resulting in overall lower weight, and typically
less expensive optical fibers [11]. Unlike the GOF, POF can be fabricated with a large core
diameter with less protected layers [21]. POF core diameter ranges from 50 pum to 1,000 pm, this
is larger than the GOF core diameter which ranges from 10 um to 100 um [22]. The core,
cladding, and overcladding dimensions of a perfluorinated POF are pictured in Figure 2.3. Using
a large diameter core simplifies the light coupling through the fiber, but it can potentially create
issues when embedding the fiber in a material if it is large enough to affect the properties of the

material.
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Figure 2.3. Cross-section of a graded index, perfluorinated POF with dimensions: core- 50 pum,
cladding- 90 um, and overcladding- 490 um [23]

2.2.3. Optical fiber sensors

Based on their operating principle, optical fiber sensors can be categorized into three main types:
interferometric, grating-based and distributed [6, 7]. Each category has a variety of types,
targeting diverse measurement parameters and applications. In general, interferometric sensors

are most suitable for single point detection. Grating-based and distributed sensors can be used for



quasi-distributed and distributed measurements respectively. Table 2.1 gives an overview of the
major sensor types, and what parameters they typically are capable of measuring.

Sensors are either intrinsic or extrinsic. In an intrinsic sensor, the quantity being measured acts
directly over the fiber and changes some physical properties of the optical fiber [14]. These
changes produce a change in the properties of the light traveling inside the fiber. In this type of
sensor, the light never exists the optical fiber. Two examples are curvature based sensors and
Bragg grating sensors [14]. In an extrinsic sensor, the light modulation happens outside of the
sensor. The fiber only carries light from the source to the sensing part and from the sensing part

to the detector [14]. Fabry-Perot sensors are a typical example of an extrinsic sensor.

Table 2.1. Overview of optical fiber sensors

Category Specific sensor type Measurement parameters
e Fabry-Perot e Strain
e Mach-Zehnder .
. ) e Refractive Index
Interferometric sensor e Michelson
e Temperature
* Sagnac e Velocit
e SOFO sensors y
e Ramen scattering e Strain
Distributed sensor e Rayleigh Scattering e Temperature
e Brillouin Scattering
e Fiber Bragg Grating e Strain
Grating-based (FBG) e Temperature
sensor e Long period Grating e Vibration
sensors e Pressure

Interferometric sensors which detect optical phase differences between two light waves with the
same frequency [6]. In this type of sensor, the measurements depend on the intensity of the light
passing through the optical fiber and on the occurred interaction inside the optical fiber [24].
Sensors based on Mach-Zender and Michelson interferometers use long period gratings and
photonic crystal fibers [25, 26]. These sensors have been used to measure refractive index [27],
temperature [28], and velocity [29]. Sagnac type interferometers have mainly been applied to

rotation measurements. Fabry-Perot is one of the more successful SHM sensors found in the



category and is typically used to monitor strain. Low coherent (SOFO) sensors are also very
successful in the realm of SHM and have been deployed in bridges, buildings, oil pipes, and
tunnels. They, however, are only suitable for the measurement of elongations and contraction at
a low speed and are not capable of detecting impact damages [7]. Interferometric sensors have
the advantage of being small and can be easily integrated into a structure without affecting its
mechanical properties. They are also known for having high resolution. The major disadvantage,
however, is that they have a low multiplexing capability which limits their application to

measurement of a relatively low number of points [6].

Distributed sensors are a type of sensor in which the fiber is not directly affected by the
measured parameter [19]. In distributed optical fiber sensing systems, the fiber itself becomes the
sensor by detecting changes in the characteristics of the light scattered, caused by variation in
physical parameters along the fiber length. The optical fiber is used to carry or transmit light to
the outside of the fiber, where the light is influenced by the measurements, and then receive the
light to measure the change in its intensity. Rayleigh, Brillouin and Raman scattering are types of
light scattering used in these optical fibers. Rayleigh and Brillouin scattering are most
commonly used for strain measurements and can be detected in both time and frequency

domains [6]. Raman has been used mainly for temperature measurements [30].

Grating-based sensors have an inherent capability to measure a multitude of parameters such as
strain, temperature, and pressure. This allows them to be a forerunner for SHM applications.
Fiber Bragg grating (FBG) optical fibers, are considered the most mature grating based sensors
and have been studied for a wide variety of mechanical sensing application including monitoring
of civil structures (highways, bridges, buildings, dams, etc.), smart manufacturing and non-
destructive testing (composites, laminates, etc.), remote sensing (oil wells, power cables,
pipelines, space stations, etc.), smart structures (airplane wings, ship hulls, buildings, sports
equipment, etc.), as well as traditional strain, pressure and temperature sensing. These sensors
are often targeted as the major leading technology for SHM, in contrast to other competing

optical fiber sensor technologies [7].
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A Bragg grating is a periodic variation in the refractive index along the fiber core [1, 14]. The
inscription is typically achieved using excimer lasers or UV sources and a method for generating
the spatial pattern [6]. When a broadband signal passes through the optical fiber, a wavelength
corresponding to the period of the index, known as a Bragg wavelength, will be preferentially
reflected [11]. This leaves the rest of the incoming light to pass without altering its properties.
An FBG can be used as an optical filter to block certain wavelengths or as a wavelength specific
reflector [14]. When local deformation is present, the grating’s period varies and the reflected
wavelength changes accordingly allowing detection of strain. In fiber reinforced composites,
FBGs are one of the most popular and reliable solutions for stain monitoring [8]. The main
advantage of fiber gratings for mechanical sensing is that these devices perform a direct
transformation of the sensed parameter to optical wavelength, independent of light levels,
connector or fiber losses, or other FBGs at different wavelengths [6].

The production of FBG has proven more difficult for POF compared to GOF because the
physical mechanisms for grating fabrication are different in POFs and have not been as widely
researched. With POF, the dominant mechanism for inscribing gratings is through
photopolymerization [11]. Gratings have been generated in POF, but several reports use polymer
cores associated with higher attenuation, such as PMMA [1]. Recently Koerdt et al. [23] has
demonstrated that Bragg gratings can also be generated on a perfluorinated POF, Figure 2.4. The
gratings in the core were done with a krypton fluoride excimer laser and the phase mask method.
The created polymeric optical fiber with Bragg gratings has a higher failure stain than GOF due
to the polymeric nature. This is essential for SHM application where high strain may be
observed. These fibers have promising stability, reliability and are a positive step toward
polymeric FBG sensors for use in SHM applications.
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Figure 2.4. A grating period of 1um perpendicular to the fiber direction and a yellowing core
region are observable in the POF [23]

Di Sante suggested that one of the main challenges for both FBG-based and distributed sensing
techniques is the development of reliable methods to monitor key structural parameters related to
damage inception and growth over large structures [6]. Large scale adoption of these sensors for
SHM is also hindered by issues regarding sensor performance, detection capabilities, size and the
lack of a standardization and certification framework. But if designed and packaged properly,
optical fibers can be a very robust sensing method [1]. With further advantages in research and

development of the sensor technology, these issues are expected to improve.

2.3. Optical fiber loss testing method

All load-bearing structures will experience some level of damage during their lifespan. Using a
parameter to evaluate the effect of damage on the structural performance, such as in SHM, can
be fully achieved only when the nature of the damage is understood and characterized [13]. The
basic steps of SHM in the case of damage monitoring are that the damage is detected by a sensor,
the damage is then located and identified, and then the severity of the damage is determined.
After this, the damage is reported and the necessary steps are taken, such as sending out a
warning or making repairs. In this process, one of the most challenging steps is identifying the
location and type of damage. Non-destructive techniques such as X-ray or ultrasonic inspection
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are often used and can give important information about local damage, but do not have the
ability of real-time monitoring needed for SHM and often require disassembly of the structure or

of a part for further inspection [5].

In the case of optical fiber sensors, there are several methods for testing attenuation and optical
fiber quality. These test methods, such as optical signal loss test and optical return loss test,
measure the loss of optical fiber using end to end loss technique, where damage may be detected
by a fiber breaking and transmission going from on to off, but this does not tell the user the
location of defects that cause such power loss [16]. For decades, measuring optical fiber
transmission loss was the only avenue for measuring optical fiber signal loss. These loss tests
consist of a light source such as a laser device and power meter. Helem Neon (650 nm) is often
used as a light source and located on one end of the optical fiber. An optical detector is located
on the other end and is connected to a power meter. This loss test can be used with glass or
polymeric optical fibers but can only measure the transmitted loss through the optical fiber
without determining the location of the problem or identifying the reasons behind the loss. The
main disadvantage of the loss test is that the test is maintained on both ends of the fiber, which
means the light source has to be connected to one end and the detector and the power meter have
to be connected to the other end. This test method can’t be used to determine the location of the
problem so this test has to be repeated at different lengths in order to determine the location of

the defect or the problem.

2.3.1. Optical time domain reflectometry

Optical time domain reflectometry (OTDR) is a technique based on time domain detection.
OTDR using Rayleigh scattering was initially developed for fault detection in the telecom field,
based on loss of light at the damage location [6, 31]. Since its development OTDR has been used
for testing optical fibers during installation, maintenance and restoration of optical sensor based
systems by monitoring fiber attenuation, micro-bending loss, diameter fluctuations, and fiber
length [32, 33]. Advanced OTDR can be used to determine the fiber signal loss, return signal
loss at each connector, fusion splices, the location of defects, and may assist in defining the
causes of the fiber signal loss [10, 16, 34]. It is often used to measure attenuation in distributed

glass optical fiber sensors and has been used in research to physically sense bending and

13



clamping mechanisms [34]. The use of OTDR has had less popularity with POF sensors because
of its high attenuation and expected large dispersion [35]. The increased physical flexibility,
however, of POF material is particularly valuable when using OTDR in confined regions [13].
Therefore, OTDR still serves as a possible method for a POF distributed sensor and is being used

in research settings [34-36].

There are two light levels in OTDR, a constant low level created by the fiber called Rayleigh
backscattering and a high-reflection peak at connection points called Fresnel reflection. Rayleigh
backscattering is used to calculate the level of attenuation in the fiber as a function of distance. It
is a result of light hitting impurities and defects inside the optical fiber, depicted in Figure 2.5.
When this happens the impurities can cause the light to scatter and be redirected, resulting in
both signal attenuation and backscattering. Fresnel reflections detect physical events along the
fiber and occur when a sudden change happens to fiber refractive index (i.e. change from fiber
material to air). This causes the light to reflect back on the fiber and appears as a spike in the
OTDR trace. These reflections typically occur at connectors, fiber breaks, and the ends of the
optical fiber [37]. Fresnel reflections lead to what is known as dead zones, the length of time
during which the detector is temporarily blinded by a high amount of light. This occurrence is
like when a human eye receives a strong flash of light from the camera in the dark, or light from
the headlights of a car at night. The eye is temporarily blinded and needs some time to recover.
In OTDR, time is converted to distance, and more reflection causes the detector to take more

time to recover, resulting in a longer dead zone.

One of the main advantages of OTDR is the single end nature of the test method, requiring only
the operator and instrument to qualify the fiber and find defects. In OTDR based on Rayleigh
scattering, the backscattered light signal is measured. To perform the measurement, short light
pulses are coupled at one end of the optical fiber. The light is transmitted through the fiber and
undergoes Rayleigh scattering along the fiber length, illustrated in Figure 2.5 [9]. A proportion
of the light is backscattered and results in a reflected pulse detected at the input [32, 34]. A
reflection or excess loss is observed in the spectra when there are defects, disturbances, or

discontinuities in the fiber [32, 35]. The total time duration for the light to travel from the input
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to reflect the input again is also measured [38]. From this backscattering measurement,

statements about the attenuation curve and local disturbances can be made.

Pulsed laser Rayleigh scattering
Bl = —'?Iﬁ ]
Particle

Signal
Processing

-

e

B
-4

Figure 2.5. Illustration of OTDR function, Rayleigh backscattering in the optical fiber, and the
resulting spectra

The major restriction of OTDR, especially related to SHM is low spatial resolution of 1 m. With
OTDR, the low spatial resolution in necessary to achieve a higher dynamic range. By increasing
the laser pulse width, the signal to noise ratio increases, hence the dynamic range increases,
while the spatial resolution of the OTDR system decreases by increasing the laser pulse width
and increasing the bandwidth of the photodetectors [40, 41]. For certain distributed sensing
requirements such as crack detection in building materials, a crack width less than millimeters in
width can be an issue for the OTDR to detect because of the spatial resolution [39]. Regardless,
researchers have found ways to use OTDR based on Rayleigh scattering in SHM applications.
One approach is to use a “zig-zag” method to detect cracks in a structure. In this method, the
optical fiber sensor is embedded in a zigzag pattern and monitored by OTDR [3]. When a crack
forms within a structure, such as the bridge deck, the optical fiber intersecting with the crack at
any angle other than 90° has to bend to stay continuous [12]. This disruption in the fiber is
considered micro bending and results in a sharp drop in the optical signal. The light intensity loss
is detected and located by means of the OTDR equipment, therefore locating the position of the

crack within the structure.
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OTDR is the first generation of fiber optic distributed sensors and allows damage location

monitoring, but its use and application are limited. OTDR based on Raman (ROTDR) and

Brillouin (BOTDR) scattering are more recently being employed for distributed sensing

applications. In both mechanisms, spectral components are affected by environmental

parameters, which allows observation of temperature and strain. Table 2.2 provides a comparison

of these distributed sensing methods. In ROTDR evaluating the intensity ratio between the anti-

Stokes and Stokes components of the spectra can provide information about temperature [7].

Brillouin scattering is produced by the interaction between light and sound [39]. The frequency

of light scattered in BOTDR is dependent on temperature and strain and thus evaluating the

spectra, can determine changes in the external environment [7].

Table 2.2. Distributed sensing methods

OTDR ROTDR BOTDR OFRD
Sensing e Fiber loss e Temperature |e Temperature | e Temperature
Parameters e Break location e Strain e Strain
fé’sitl'j‘t'i o |e110m e1m e 1.5m e 10 pm-10 mm
e Wide e Infinite sensing | e Infinite sensing | e Faster rate
applications points points e High spatial
Advantages e Long range e Long range resolution

Large dynamic
range

Disadvantages

e Detection
limitations

e Large
Bandwidth

e Temperature
only
e High Cost

e Cross
sensitivity

Shorter range

2.3.2. Optical frequency domain reflectometry

OTDR does have some limitations including uncertainty in measurement location, and the need

for a very large frequency bandwidth [6]. These limitations may be overcome using a Rayleigh

scattering based technique called optical frequency domain reflectometry (OFDR). The

mechanism of the OFDR technique is to obtain the backscatter information of a fiber in the

frequency domain by measuring the complex transfer function of the fiber and subsequently

calculate the impulse response in the time domain by conducting an inverse fast Fourier

16



transform [42]. By repeating the measurement process along the fiber length, it is possible to
obtain a measurement of strain [6]. This method provides a distributed measurement of multiple
reflections along the fiber with high spatial resolution but also enables detection of loss and fiber
attenuation at a quality comparable to OTDR [42]. OFDR has advantages over OTDR for
applications that require a combination of high speed, sensitivity, and resolution over

intermediate length ranges [41]. OTDR, on the other hand, is better suited for longer range, low-
resolution system-level applications.

A study by Liehr, Nother, and Krebber [42] presents the use of OFDR with multimode GOF and
perfluorinated POF. In OTDR, changes in the backscattering of light can be used to locate and
detect strain along the length of a POF. The authors show that this change is also observed with
the OFRD technique, Figure 2.6, and at a faster rate of 1 second measurement time compared to
existing OTDR devices which operate at 2-minute measurement times. This measuring technique
is an important improvement of current POF strain sensor technologies for applications in SHM
where real-time results are critical for strain detection and it opens the door for new SHM

applications due to dynamic measurement possibilities and increased accuracy over traditional
sensing methods.
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Figure 2.6. a) OFDR measurement compared to b) OTDR measurement for a 1.5 m section of
perfluorinated POF strained to 3% [42]
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2.4. Composite design

Composites are a combination of two materials, the filler, and the matrix, that optimize and
leverage the advantages of each. The bond between these constituents, known as the interface, is
a region with distinct properties that plays an important role in mechanical performance and must
be also considered during fabrication. The choice of material for the filler and the matrix is
determined by the desired combination of properties, intended application, and method of
manufacture. In many industries, such as aerospace and marine, there is a high value placed on
lightweight, high strength, and corrosion resistant materials. The low density of composites
compared to traditional structural materials meets this high standard, and also provides the added
benefit of lower fuel consumption and faster speeds for aircraft and ships. The structure of the
Boeing 787 Dreamliner, for example, is composed of 50% composite materials by weight and is
one of the first aircraft which is clearly designed to allow SHM systems to be embedded,
particularly for impact detection [4, 6]. Figure 2.7 shows where composites are currently being
deployed in the Boeing 787.
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Figure 2.7. Use of composite materials in Boeing 787 [43]

Boeing also claims that composite structures require less scheduled maintenance than non-

composite structures. For example, the Boeing 777 composite tail is 25% larger than the 767
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aluminum tail but requires 35% fewer scheduled maintenance labor hours, because composites
have a reduced risk of corrosion and fatigue compared with metal [43]. With the use of metal,
there is the risk of fatigue cracking and corrosion experienced with traditional aluminum floor
beams. The 777 model has been flying for more than 10 years with more than 565 airplanes in
the fleet and to date has not replaced a single composite floor beam [43]. Composites are a
perfect candidate for SHM systems since they offer unique, tailorable advantages over traditional
materials and help meet the goals SHM by lowing overall maintenance time and costs and
increasing the safety of the structure. This section discusses the materials and practices used to

create these materials and how sensors can be embedded to create a smart composite material.

2.4.1. Composite properties

Conventional engineering materials are usually classified into metals, ceramics, and polymers.
Like composites, each single phase material has advantages and disadvantages which dictate
their end use and application. Metals tend to be heavy, but they are chosen for their high strength
and toughness. Ceramics are brittle, but they are often used for strength and thermal resistance.
Conventional polymers tend to have low strength, but they are often chosen for situations which
require ductility and lightweight. Industries are increasingly requiring materials to have unusual
combinations of properties that cannot be met by conventional metal alloys, ceramics, or
polymeric materials. A unique advantage of composites is that their properties can be tailored to
fit different types of loading conditions by changing the materials involved or the structure of the

matrix.

Property maps are a convenient way to compare the property combinations offered by
composites with those of conventional materials [44]. Relating two properties of material was
pioneered by Ashby and resulted in diagrams similar to the one found in Figure 2.8 which shows
Young’s Modulus (E) as a function of density (p) [44]. These diagrams are useful for comparing
ratios of two properties, and from them, a material of maximum performance can be selected.
Steel and concrete are widely used traditional building materials for their high strength, but as
shown in Figure 2.8, carbon fiber reinforced composites (CFRC) offer a similar E value to steel
but with reduced density and glass fiber reinforced composites (GFRC) have a similar E value to

concrete with a reduced density as well.
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Figure 2.8. Diagram of Young’s modulus as a function of density which demonstrates that
composite materials (CFRC and GFRC) are competitive with traditional materials such as steel
and concrete [45] (Chart created using CES EduPack 2018, Granta Design Ltd.)

Despite the advantages and success of composites their adoption as a common building material
has not been widely accepted. Composites are more complex than their traditional counterparts,
and durability and safety issues are a concern for some industries. One of the major concerns
with implementing composites as a structural component is their reaction to damage. In a
composite, large anisotropies in stiffness and strength are possible and must be considered during
design. This represents a departure from conventional engineering practice, in which an engineer
designing a component commonly considers material properties to be isotropic [44]. The
mechanical differences in the materials used for the matrix and reinforcement can result in
relatively unpredictable behavior involving the initiation and propagation of damage. Failure of
composites is a multistage process in which the failure may be triggered in a certain mode, but
propagation and final failure mode may differ for the initial mode [44]. In many cases, composite
failure gets initiated internally and only once the failure has propagated cannot be observed
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externally. Internal failure of composites can manifest as breaking of fibers, microcracks in the
matrix, debonding between fiber and matrix, and delamination [44]. This type of failure can be
difficult to observe and monitor through routine external inspections. It is also difficult to
estimate the remaining strength and residual life of the structure [6]. A significant amount of
research has been conducted in order to investigate the influence of defects, especially those
caused by impact, on the strength and life of composite structures [6]. SHM can play a critical
role in aiding this research and can offer insight, through sensor feedback, about the material
during the design and construction phases.

2.4.2. Classification of Composites

Composites are often classified by their matrix and filler materials. In industry, there are three
main classes of composite based on the matrix material. The most common are polymer matrix
composites (PMCs) that usually consist of a polymer matrix embedded with glass, carbon, or
aromatic polyamide fibers such as Kevlar [46-48]. Another class is metal matrix composites
(MMCs) which are most often implemented for high-temperature use. The third class is the
ceramic matrix composites (CMCs). CMCs function opposite to PMCs in which the filler
contributes to toughness and the matrix provides the majority of the strength [44, 49].

Three main categories are typically identified when discussing composite reinforcement:
particle, fiber, and structural. Particle reinforced composites consist of particles distributed
within a matrix [50]. Large particles are often used to restrain movement of the matrix and
impede crack propagation. With smaller particles (0.01-0.1um), known as dispersion
strengthened composites, the particle-matrix interaction occurs on an atomic or molecular level.
In this type of composite, the matrix bears most of the load. Concrete is the most common

example of a particle reinforced composite.

Structural composites are those which consist of several two-dimensional (2D) layers bonded
together. The properties of structural composites depend on both the constituent material and on
the strategic geometric design of the layers. Laminar composites and sandwich panels are two of
the most common types of structural composites. Laminar composites are composed of 2D layers
of aligned fibers, randomly distributed fibers, or woven fabric [44, 50]. The layers are stacked

and bonded together such that the strength direction varies with each layer to achieve the end

21



property goal. Sandwich panels are designed to be lightweight beams or panels having relatively
high stiffness and strength. A sandwich panel consists of two outer sheets that are separated by
an adhesively bonded core. Typically, the outer sheets are made of a stiff material and the core
material is lightweight and has a low modulus of elastically. These stacked composite structures
have found use in a wide variety of applications including roofs, wind turbine blades, and aircraft

wings.

Fiber reinforced composites are composed of fibers embedded in a matrix material. The design
goal of fiber-reinforced composites is typically to create high strength at a reduced weight. The
filler consists of either continuous fibers or discontinuous fibers which can be aligned or
randomly oriented. Discontinuous fiber composites contain short fibers, nanotubes, or whiskers
as the reinforcement and can be anisotropic if the fibers are aligned, or quasi-isotropic if they are
randomly oriented. Continuous fiber composites consist of long fibers which can be parallel,
oriented at right angles to each other (crossply or woven fabric), or oriented along several
directions (multidirectional continuous fiber composite) [50]. The fiber in this type of composite
is responsible for a significant percentage of the applied load. The matrix typically has a lower
stiffness and strength than the fiber and serves to protect, align, and stabilize the fibers, as well as

transfer stress from one fiber to another [51].

Continuous fibers can be produced in a variety of geometric preforms using technology
originally developed for textile processes: knitting, braiding, and weaving. With knitting, the
yarn is arranged in a repeating series of intermeshed loops so that the orientation of fibers is
changing continuously in three dimensions [44]. There are many knitting configurations
possible. The volume fraction of fibers in knit composites, however, is relatively low and large
matrix pockets cannot be avoided [44]. The 2D fiber arrangements produced by braiding are
similar to woven fabrics and are typically used to create flexible tubes. Woven fabrics can be
configured into many designs such as plain, satin, and twill weaves. These fabrics are flexible
and allow draping so that nonplanar structures can be created. Both braided and woven structures
also lead to pockets in the matrix at cross-over points, and thus the maximum fiber content is
often less than in laminated composites made by stacking unidirectional plies [44]. Weaving for

22



use in composites can also have unfavorable characteristics in terms of mechanical properties,

fiber interlacing, and crimp.

2.4.3. 3D woven preforms

Textile methods can be configured into 2D fabrics, often used as layers in laminar composites, or
for the production of three-dimensional (3D) fabric preforms [52]. In 3D techniques, the goal of
research has been to develop processes that can produce complex performs in an automated,
cost-effective manner [53]. One of the most prominent features that separate 2D fabrics from 3D
are that they have a substantial dimension in the thickness direction formed by layers of fabrics
or yarns [54]. The manufacturing of thick composites lowers fabrication costs due to reduced
labor time when multiple layers of 2D fabric plies are replaced by one or a few 3D woven plies

providing the same required thickness in a composite structure.

3D woven preforms can be classified into those that can be manufactured on conventional
weaving technology and those that require specially made weaving machines/devices [54]. The
most common multiply and multiaxial 3D weaves are a type of angle interlock performed on 2D
weaving machines that use cam, dobby, or Jacquard shedding mechanisms [55, 56]. Multiply
weaves can be created by stitching through the raising and lowering of harnesses with a
conventional loom. One significant drawback of the process of weaving multilayer fabrics on
conventional 2D weaving machines is that it creates a high level of yarn interlacing. This leads to
a high degree of fiber crimp which can negatively affect the mechanical properties of the
composites [57]. Another drawback is fiber damage that can be caused by the moving parts [56].
This type of weave is acceptable for some types of applications, but for some others, having zero

crimp is more desirable.

The second type of 3D woven preform is known as a 3D orthogonal weave and is produced on a
special 3D weaving loom, which requires three sets of yarns compared to the conventional two.
The structure of the 3D orthogonal weave is shown in Figure 2.9. The X-yarns (red) are
orthogonal to the Y-yarns (blue) and do not interlace. Since there is no interlacing, there is
minimal crimp between the X- and Y-yarns which results in increased properties of the final

composite. The Z-yarns (green) interlace through the entire thickness of the preform, binding the
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layers together. One concern with composites is that they are susceptible to damage, mainly
delamination in the Z direction between layers. Interior delamination significantly affects
performance by degrading stiffness and reducing the load bearing capability of the structure [13].
An additional benefit of 3D orthogonal weave is that it adds reinforcement in the thickness
direction and prevents delamination. Two of the goals of SHM are to increase the longevity of
the structure and reduced maintenance time and cost. This orientation of fibers helps SHM meet
its goal by providing added reinforcement and preventing one type of common damage from

occurring.

Figure 2.9. Structure for 3D woven orthogonal preform: X-yarns: red, Y-yarns: blue, Z-yarns:
green [58]

Since the 1970's a wide range of processes have been developed to produce 3D orthogonal
woven preforms. These range from techniques using relatively conventional weaving
mechanisms but with multiple weft insertions, to processes that have very little in common with
the traditional weaving process. Generally, with 3D orthogonal weaving machines, the warp ends
are not required to be drawn through the heddles of the shedding mechanism, which reduces the
amount of fiber damage during the weaving process. Only the Z fibers have to be moved up and
down, thus they are drawn through heddle eyes. The first 3D looms were patented in 1974 by
Fukuta [52] and Greenwood [59]. Most of the 3D looms that came later closely resemble these

two designs with slight improvements. The earliest 3D weaving machines were only capable of
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creating solid rectangular fabric sections with a fixed width and it was not possible to cut such a
product to the desired shape because of the lack of interlacement. These drawbacks were
overcome by Mohamed and Zhang in 1992 [60], Figure 2.10. This loom was one of the first to
produce commercial 3D orthogonal woven preforms and has the ability to create a 3D fabric
with a desired cross-sectional shape. This set up differs in the way that Y- and Z-yarns are
supplied and fed through the loom. The Y-yarns are supplied from a creel instead of a warp beam
and feed through dents in the reed in a matrix form arranged according to the desired cross-
sectional shape of the product. Thus, the shape of 3D woven fabrics can be arranged during the
weaving process, producing near net shape fabrics such as I-beams. This fabric can then be

placed straight in a mold without any additional labor work.
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Figure 2.10. Side view and 3D weaving loom patented by Mohamed and Zhang [60]
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The Z-yarns are split into groups along the fabric width operated by separate heddles. The X-
yarns are inserted from both sides of the machine based on the length of yarn needed to form the
desired shape [61]. The loom features the simultaneous insertion of all filling yarns, thus the
machine productivity (in terms of the product volume, not length) can be fairly high even at low
speed. A similar version of this machine was donated to the college of textiles by 3TEX and has

been used in several research projects [36, 58].

Despite the potential benefits of 3D woven composites, their commercial use has been limited to
a number of niche applications in aerospace and civil engineering fields where the use of
traditional composites was most readily accepted. When comparing relatively new 3D woven
preforms to well-established 2D preforms there are many challenges that hinder their widespread
use. The main issue inhibiting 3D woven composite structures is that the cost is currently higher
than the 2D prepreg or fabric laminates for many applications [62]. There are many reasons
behind the high cost such as the use of special machines that increase the initial cost of
production. Production speed is also low 20-30 cycles per minute compared to conventional 2D
looms that operate at 200-300 cycles per minute or higher, sacrificing time and money [57].
There are also challenges with the material itself when compared to traditional materials. 3D
products do not fully satisfy all the desired criteria for the composites sector in areas such as high
energy adsorption, good impact resistance, good formability, good through thickness stiffness,
strength, and fatigue resistance to flexural and torsional strains. This makes use of these less
desirable than the well-established materials for some applications. Mouritiz et al. lists several of
the issues affecting the use of 3D woven fabrics in very demanding applications and suggests
that they may be better suited for less demanding applications such as in automobiles and
containers [63].

Since 3D weaving is a relatively new technology, there are also many challenges associated with
being a new and not well-established industry. Commercial applications in composite sectors
usually require well-established design strategies that relate the functional properties of a product
with its structural parameters and material properties [53, 61]. There is a high cost associated
with certifying 3D and other new materials for use in load-bearing structures, such as bridges,

when compared to 2D composites that have been well established for decades. Along with this,

26



most design engineers are unfamiliar with this type of reinforcement and use of a 3D
reinforcement may not even be part of their knowledge base. These challenges are only likely to

be resolved with time, use, and research.

Although the structure is not yet produced in large commercial quantities at low-cost Chen,
Taylor and Tsai state that “3D woven fabrics as composite preforms have an important role to
play in the development of advanced textile composites” [54]. A great deal of effort is being
expended into reducing the costs associated with the manufacture of these preforms. Education
of designers and manufacturers in the correct use of these composite materials will also be
critical to their introduction into new products. This can be addressed by educational institutions
and industrial conferences. If the cost can be reduced there are potential markets in the areas of
protective armor, infrastructure, industrial and biomedical components [53]. These markets

would also allow room for interesting SHM applications.

2.4.4. Embedding Optical fiber in a composite

Due to their small size and flexibility, optical fibers are well suited to be incorporated in textile
structures, such as the preform component of a composite. The advantages of embedding an
optical fiber in a composite are the enhanced protection of the fragile fiber sensor and the
possibility of strain monitoring and damage detection in different interior locations where
other sensing methods may not be able to easily examine [6, 8, 12, 13]. This combination of
advanced composite material and optical fiber sensor results in a smart composite structure that
offers advantages over traditional sensors. Sensor integration in composites, however, can
present a number of issues and shortcomings that need to be addressed. This section discusses
the use of 3D orthogonal woven composites as a host for optical fiber sensors and the
potential benefits and difficulties associated with embedding optical fiber sensors in this

material.

In order to prevent movement of the fibers within a composite, the fiber optical sensors can be
woven into the structure either by 2D, 3D, or 3D orthogonal weave (3DOW) structure. In this
setting, 3DOW has advantages over others because of its structure. As noted in section 2.2.1,

optical fibers exhibit high attenuation when subject to bending. With 2D weaving an optical
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fiber would be incorporated as a warp or weft yarn and therefore experiences micro bending in
the form of crimp as part of the weave type. With 3DOW, the warp and weft yarns are on
straight planes in the X or Y direction and woven together with a third Z-yarn. The POF can be
part of the X- or Y-yarn plane and therefore avoid unnecessary bending. This structure is
depicted in Figure 2.11 in which the POF is incorporated as an X-yarn in the 3DOW structure.
The X-yarns (red) are orthogonal to the Y-yarns (blue) and do not interlace. Since there is no
interlacing, there is no crimp between the X- and Y-yarns which results in increased properties of
the final composite and a level surface for the POF to travel. The Z-yarns (green) bound the

layers together.

Figure 2.11. 3D orthogonal woven structure with embedded POF allows minimal bending and
better performance of the optical fiber for use in SHM [36]

Despite the many advantages of embedded optical fiber sensors, integrating them into structures
can also lead to several issues. One issue is the distortion of the composite structure. Even
though optical fibers are small, and have a fiber-like appearance, a standard telecom fiber has a
diameter of 125 pum which is much larger than common fiber reinforcements such as carbon fiber
(5-10 pm) and glass fiber (4-32 um) [6]. Smaller diameter fibers (40-60 pm) have been
developed for sensing purposes, but even these have a noticeable size difference compared to
their host fibers. It has been demonstrated, however, that these optical fibers do not produce any
significant modification of the mechanical properties of the host structure if positioned well in
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the composite [6, 64]. Even the 125 um fibers exhibit low distortion of the hosting material when

embedded parallel to the composite fibers in the laminate [65].

POF tend to have larger diameters than GOF. When embedded, this fiber can create matrix rich
pockets due to the size difference. Schukar et al, [66] studied the effect of large diameter (1000
pm) on a laminate structure composed of glass fiber and epoxy resin. Multi-mode PMMA POFs
with 1,000, 500, and 250 pum diameter were used. The POF was aligned parallel to the
reinforcing fibers so that the composite glass fibers were not bent by the POF. Voids around the
POF of 500 and 250 pm were less than that of 1,000 um diameter fiber. As expected, the 250 um
POF created the least disturbance to the structure geometry, but this fiber produced more
attenuation than the standard 500 um size [66]. These results conclude that smaller diameters
optical fibers are less disruptive to the structural integrity of the host material, but may be more
sensitive attenuation caused by the preform structure. GOF is constructed with comparatively
small diameters, but they are too fragile to be incorporated into many structures. POF produced
using perfluorinated polymer can be constructed with a smaller diameter than PMMA. As
advances in POF technology result in smaller diameters, there will be greater opportunities for

POFs to become an integral part of materials.

Another problem area is the entry and exit point of the optical fiber in the composite material,
which is prone to breaking [8]. These points are especially sensitive during composite
manufacturing processes such as vacuum bagging, which can result in micro bending losses from
the stresses of the curing process. Care must be taken to avoid sharp curvature of the fiber and
prevent high optical loss. Several authors have explored options for mitigating this problem. The
simplest solution is the use of small plastic tubes, often referred to as furcation tubes, which
protect the fiber along short sections both inside and outside the material. The tubes are usually
made of polytetrafluoroethylene (PTFE also known as Teflon) material of polyvinylidene
fluoride (PVDF) [6]. Di Sante exhibited success with this method while implementing the
vacuum bagging technique to manufacture composites with embedded FBG sensors for use as a
sailboat mast composite [67]. Another solution is to integrate a fiber connector at the edge or
surface of the laminate. Embedded connectors are specially designed so that the female part of

the connector is embedded, and are often miniaturized to be less invasive [6]. The embedding of
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the connector can, however, potentially decrease the strength of the composite. Even though the
optical fiber is protected when embedded, the optical fiber is very delicate and may break outside
of the composite materials as well. Luyckx et al. has a unique solution to this problem and
suggested that research should focus on eliminating the entry point entirely by wireless

transmission of data from the embedded sensor to the readout unit [8].

2.5. Applications of Optical fiber in SHM

Composites were originally developed for the aerospace industry, but increasing focus on
industries outside of aerospace is resulting in a reassessment of how and where composites can
be used [53]. Today, they are found in the aerospace, transportation, marine, energy,
infrastructure, biomedical, and recreational industries. Since composites are already being used
for many applications, implementing SHM systems involving optical fibers embedded in a
composite component would result in a simple transition. This section provides an overview of
both glass and polymeric optical fiber based SHM systems and the applications in which they are

currently being explored in research and industry.

2.5.1. SHM in Civil engineering

Civil structures are often complex and expected to be fully functional under severe
environmental conditions such as strong winds, storms, and earthquakes. These incidents present
extreme loading that may compromise the integrity of the structure and lead to total failure that
results in casualties, social, and economic problems. Therefore it is necessary not only to monitor
structural status (stress, displacement, acceleration), but also environmental parameters (wind
speed, temperature, and quality of the foundation) with an SHM system [3]. Another issue with
structures is that many are being used to their maximum capacity or past their intended lifespan.
The average bridge in the United States is 43 years old and of all bridges in the united states
9.1% were found to structurally deficient in 2016 [68]. SHM systems can provide real time
information on the integrity of such bridges to ensure their safety for the future. According to a
recent report on the global distributed optical sensor market, civil engineering is widely adopting
the use of distributed OF sensors to enhance the inspection accuracy and efficiency. [69] With
the implementation of optical fiber systems, high cost is a concern, but severe environmental
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conditions and the large scale of civil infrastructures make these systems beneficial alternatives
for several structural systems such long-span bridges, railway bridges, tall buildings, and

pipeline systems [70].

Bridges

Bridges are subject to environmental derogation, extreme loading, and impacts caused by cars or
ships that can result in significant damage to the structure. In addition, many bridges, especially
those made with reinforced concrete, are deteriorating faster than they can be repaired or
replaced [12]. The American society of civil engineers states that 9.1% of bridges in the USA
were structurally deficient in 2016 [71]. Fortunately, the most established application of
structural health monitoring technology is for use in newly built and existing bridges. Monitoring
systems have been implemented on bridges in several countries including Europe, the United
States, Canada, India, Japan, Korea, China [3, 72].

Identifying damage to a bridge when it first occurs can be beneficial to its overall integrity. The
key parameters monitored with these systems are strain, temperature, cracking, and corrosion of
the reinforcement [12]. In long span steel-concrete bridges, cracks may develop due to structural
behavior, materials, and/or construction flaws. They may also be caused by overload, thermal
loading, concrete shrinkage, and creep [14]. Crack openings, larger than 0.15-0.2 mm allow
excessive penetration of water and chloride ions, leading to corrosion of steel reinforcements.
[12] Conventionally, crack detection and monitoring for bridges have been carried out by visual
inspection. The procedure is time-consuming, expensive, and sometimes unreliable. Optical fiber
based crack sensors have the ability to monitor and locate several cracks with one fiber.

Studies have been conducted for measuring crack propagation in concrete [73], but they can also

be used in composites.

In one of the earliest studies for strain sensing, Takeda [74] investigated using PMMA POF
sensors embedded in a carbon fiber-epoxy composite structure to detect and monitor crack
propagation. This study depended on the occurred local deformation of POF during the
transverse crack and its effect on the optical signal loss of POFs sensors. A tensile test was

conducted on the prepared samples to obtain a relationship between the optical power, strain, and
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transverse crack density. An end to end loss technique using a light emitting diode (LED) was
conducted to measure the optical power in parallel with a strain gauge to measure the strain.
Embedded POFs sensors were found to be a powerful and inexpensive way to detect and monitor
the local crack density in composite laminates [74]. Due to its high strain limit, the POF survived
beyond the failure of the laminate. The sensor was shown to detect the presence of the cracks,
but its sensitivity to spatial properties of the crack and other parameters related to failure were
not evaluated. The most successful SHM systems require a sensitivity of multiple parameters in
order to provide accurate damage assessment.

The appearance of widespread failures in bridges has highlighted the importance of effective
monitoring systems, which are able to identify structural problems at an early stage, guaranteeing
the safety of the public. After catastrophic failure of the 1-35W Bridge in Minneapolis, which
collapsed in rush hour traffic during a resurfacing project, a hybrid SHM system was
implemented on the new bridge. The structure originally failed due to increased concrete
surfacing load caused by construction supplies and equipment and resulted in 145 injuries and
thirteen fatalities. A hybrid SHM system was installed on the new St. Anthony Falls Bridge to
measure dynamic and static parameters and prevent future failures. It includes 323 sensors and
continuously gathers data on the bridge performance and health evolution through approximate

analysis [75].

There are many examples of SHM systems that have been established on currently used bridges.
The first bridge to use carbon fiber composite pre-stressing tendons was a bridge in Calgary,
Canada [12, 16]. Researchers at the University of Toronto embedded FBG strain and temperature
sensors in both the composite and steel reinforced girders to monitor the behavior during
construction and under serviceability conditions. In order to circumvent the limited extensional
strain that glass optical fibers can withstand fiber sensors were attached to pre-stressing tendons
after they were placed under tension [16]. If this step were implemented today and POFs were
used instead, this step may not be needed because of the higher strain limit of POF compared to
GOF. The objective of the sensors was to monitor the performance of the new carbon fiber
composite material, compared to traditional steel, over time. Results from the Bragg grating

optical fibers showed that the system was capable of measuring the global changes in the internal
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strain distribution within the bridge associated with concrete aging and ground movement for

both the carbon fiber and steel tendons [76].

Another notable bridge using optical fiber sensors is the Shenyang Boguan Bridge, Figure 2.12a,
in North East China. It has a unique “ribbon” style with the highest arch being 67 meters [17]. To
ensure the safety during construction and service, an SHM system, Figure 2.12c, consisting of
five different types of sensors (FBG strain sensors, FBG temperature sensors, accelerometers
anemometers, and global positioning systems (GPS) revivers) was designed and installed on it.
These sensors collect the signals and deliver them to the PC-based data acquisition system

providing information about the structure.
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Figure 2.12. a) An aerial view of the Shenyang Boguan Bridge b) Full-scale FE model
c) Distribution of sensors in the bridge [17]

A subcategory of bridges that has a high potential for SHM application is railroad bridges. In
railways and railway bridges, SHM systems could be installed to measure rail imbalance and to
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improve safety and measure parameters such as train speed and weight [75]. Systems such as
these have already been established on several railroad bridges, such as the Han River railroad
bridge, which is the biggest steel truss bridge in Korea [70]. A total of 46 sensors are installed on
this bridge, 20 of which are FBG optical fiber sensors for measuring strain and temperature [70].
SHM are able to measure real-time responses from a railroad bridge under train-transit and
environmental loadings, offering data about the use and integrity of the bridge. The research and
application of SHM on railway bridges will provide useful data and prevent large scale failure

and loss of property.

The application of SHM technology to bridges is very mature and will only continue to mature
with technological developments and with confirmation of long term performance. Ko and Ni
speculate that “the envisioned future for bridge health monitoring uses an array of inexpensive,
spatially distributed, wirelessly powered, wirelessly networked, embedded sensing devices
supporting frequent and on-demand acquisition of real-time information about the loading and
environmental effects, structural characteristics and responses” [72]. As noted, many of these are
already being successfully applied and perhaps widespread use of embedded optical fibers

sensors is on the horizon.

Buildings

Along with the expected natural loading scenarios that one might predict for bridges; buildings
and specialty structures may also be subject to unnatural hazards. A gymnasium, for example,
may experience vibration from thousands of people jumping to music. In order to ensure the
safety of the structure and the people in it, SHM would be a useful system to employ. An
interesting example of this is the Sports center of Dalian in China [17]. The major buildings in
this structure include the gymnasium, stadium, natatorium and media center, Figure 2.13a, which
are all typical long-span special structures and have been equipped with SHM systems to survey
the variation of key physical parameters and to provide the real-time observations of structural
safety. In the gymnasium, the location of maximum stress was discovered based on the FE
model, Figure 2.13b. More than 200 FBG sensors were installed on the cable anchor, the truss,
and the strut to monitor the cable force, the stress and the compression stress [17]. Buildings and
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specialty structures like this are maintained using SHM to add an extra safety factor for the

patrons and to provide lower cost and more accurate monitoring of the structure.

a) Media center Stadium
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Figure 2.13. a) Sports center of Dalian in China b) FE model c) Location of sensors [17]

Another interesting application is the protection of historical buildings. In 2001, FBG sensors
were installed on the primary arch of the Cathedral of Como in Northern Italy, built in 1396, to
identify any significant structural deterioration and to protect the cultural heritage [3]. Another
application is to protect historical buildings from earthquake damage. The motivation is to
strengthen the masonry body and to detect the condition of the structures damaged or endangered
by earthquakes. In this application, mainly vertical cracks are detected and monitored. Habel
and Krebber suggested that smart textiles embedded with polymer optical fibers are the perfect
system for this task because POF sensors have a high breakdown strain and the ability to resolve
the location of the crack [10]. Many buildings are being used past their intended lifespan and
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exhibit a need to be preserved for reasons of cultural significance. SHM could prove to be the

perfect systems for these tasks.

Beams

Most mature SHM systems use glass FBG sensors for structural monitoring. The use of POF is
relatively new in the industry and in many cases still in the research phase. One group, for
example, conducted research on POF attached to composite beams for use on civil structures.
Kuang and Cantwell [77] attached POF sensors to a composite beam to monitor the free
vibration response after low energy impact. The composite beam material was made of eight
layers of woven carbon fiber reinforced with epoxy resin. A 1 mm diameter PMMA POF
adhered to the surface of a composite beam. Optical transmission efficiency was studied to check
the integrity of the POF sensor after the bonding process and this showed no effect on POF
properties. Impact tests were conducted away from the POF sensors to prevent damaging the
sensor and at energies ranging from 2 to 8 J. After each impact test, a residual flexure test was
conducted for each damaged specimen. Results showed a significant effect of the impact test on
the residual flexural test results and that POF sensors are capable of characterizing and
monitoring the damping of the damaged sample [77]. 3DOW preforms would also be beneficial
for use in beams and would combat some of the challenges associated with the method used by
Kuang and Cantwell. With 3DOW, all layers can be woven together in the shape of a beam,
minimizing the processing time. The structure of 3DOW also allows the optical fibers to be

embedded in the composite for better sensor damage protection.

In another study, Kuang and Cantwell [78] investigated the use of POF sensors for monitoring
the dynamic response of both cantilevers and simply supported beams under dynamic load
conditions. POF sensors were attached to the surface of a plastic beam and were also embedded
in carbon fiber composites. A flexural loading condition test was conducted on the prepared
cantilever. For the two sensors, one end of the POF was attached to a light source and the other
end was connected to a light detector. Cantilever vibration was created by putting different
weights on the tip and POF sensor data signal was collected during the beam vibration. An
impact test using a free weight drop test was also conducted to evaluate out of plane deflection of

the composite beam. Impact tests on simply supported carbon fiber reinforced beams
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demonstrated the sensor’s ability to monitor out-of-plane deflections during the impact event.
Results from flexure strain versus POF signal showed a decrease in the light intensity as flexure
strain increases. Authors in both above studies only evaluated the impact energy that caused
failure. They did not investigate other impact energy levels or the relationship to sensor data for
partial damage. This is an important parameter to consider for SHM applications as one of the
objectives is to alert to possible failure before it occurs. The ability to implement optical fibers in
beams is an important step toward widespread use of SHM as damaged or outdated beams on an

existing structure can be easily replaced with more advanced materials.

Pipeline and offshore platforms

Another major application for SHM is in the oil and gas industry to measure temperature,
pressure, chemical composition, acoustics, strain, and to detect and minimize leaks within
pipelines [75, 79]. Land pipelines are subject to damage from landslides, excavation, theft,
corrosion, and earth movement [3]. A leak could cause large scale environmental damage and
economic losses. Optical fiber sensors can be used to identify when and where failure occurs
[80]. A success story of an SHM equipped pipeline in Indonesia proves that this technology is
useful to the industry. This pipeline had been equipped with a vibration sensor and the system
operator was alerted of a major event that caused damages to the pipeline. Upon further
inspection, it was discovered that a landslide had occurred and a section of 24-inch pipeline was
fully exposed [3]. The author of this article notes that “the monitoring technology demonstrated
its unique potential in health monitoring of long pipelines since such accidents to pipelines could
not be easily detected by other conventional methods” [3]. Clearly, this incident proves the

necessity of embedding sensors on pipelines.

Offshore pipeline systems are the main platform to send the oil from offshore to onshore.
Offshore platforms carry their own unique risks such as collisions with supply boats and ocean
waves which can negatively affect the structural safety [17]. It is therefore beneficial to monitor
the real-time strain variation of the platform with SHM. After reviewing SHM systems being
used in offshore engineering applications, Li et al. concluded that systems based in the FBG
sensors exhibit unique advantages in the field of offshore engineering ranging from its long-term

durability, good reliability, and flexibility of installation [17]. Kwon et al. performed a

37



feasibility study on oil leakage monitoring for offshore pipelines using Brillouin optical time
domain analysis sensors and found them to be successful at monitoring these factors as well [80].
Composites with embedded optical fiber may also prove to be a good candidate for this
application because of their resistance to corrosion that may occur from contact with the ocean.
Although there is not currently widespread use of SHM systems in pipelines, it is considered one
of the fastest growing applications for optical fiber sensors [69]. They are beneficial to this

industry and have the ability to prevent large scale environmental damage and economic loss.

2.5.2. SHM in Aerospace

Like many structures, aircraft, especially military aircraft fleets around the world are operating
beyond their designed life cycle. This poses a need for the health of the structure to be monitored
in real time to reduce the cost and need for rigorous on-ground inspection and maintenance [7].
With SHM it is possible to monitor many aspects of an aircraft’s flight to ensure a safe journey
for crew and passengers. Wings can be fitted with a system to monitor in-flight wind loads such
as dynamic strain. Landing gear loads, flap deformation, and cracking can also be monitored
with sensors [75]. The majority of the research related to SHM systems for aerospace use
concludes that FBG sensors are the most promising sensor for this application [6, 7, 75, 81].
Continuous, real-time monitoring will not only increase operational safety, but also increase
understanding of fracture mechanics of composites, and lower the cost associated with manual

inspections [81].

The adaptation of composites in the aerospace industry could make the implementation of
composite based SHM with embedded optical fibers a relatively simple and necessary transition.
Composites also increase the need for SHM due to the relatively unknown nature of composite
damage progression discussed in section 2.4.2. Damage can occur at any stage during the use of
the aircraft. Impact damage can result from tools dropping during manufacturing and servicing,
runway stones hitting the aircraft during take-off, bird strikes during flight, and weather-related
issues such as hail and lightning [6, 82]. Among the strategies to reduce the consequence of a
bird strike, flight crews should be provided with useful information to detect a bird strike while
in flight, in order to take appropriate action and maintain control of the airplane [6]. Low-

velocity impacts often caused by dropping tools can generate barely visible impact damage. This
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can result in indentation, delamination, or fiber/matrix cracking, which can lead to severe
reduction in the strength and integrity of composite structures [81, 82]. Hence there is a great
concern to detect such damage and assess its extensiveness. The ability to monitor these
conditions will likely result in increased use of composites in aircraft because it will increase the
confidence in their structural capabilities, and lower the cost associated with their use since
approximately one-third of acquiring and operating composite structures is associated with

inspection.

Since impact damage is a critical concern to aircraft design, several research groups focus on
impact detection systems. Tsutsui et al. [83-85] have been developing an impact damage
detection system based on the use of both embedded multi-mode and single-mode small diameter
optical fibers. The detection system relies on the optical loss due to bending of the structure and
the embedded fiber after impact events. It has been found that the maximum amplitude of optical
loss in a multi-mode fiber is related to the impact load. The authors also used several small
diameter FBG sensors in the systems to estimate the impact location from the difference in time
of arrival of the shock waves to the sensors locations. This is a highly important parameter in
SHM and is one of the areas where optical fibers offer advantages over other sensors. Vella et al.
used a full spectrum interrogator of FBG for detection of impact loading [86]. The authors used
the system to detect low energy impacts (11.6 J) in a 24 layer composite specimen with an FBG
sensor embedded at the midplane, 16 mm from the impact location. The specimen was impacted
repeatedly until perforation and spectral measurements were taken and analyzed [86].

Guemes et al. [87, 88] reported a series of experiments on CFRP panels to detect delamination
and changes in strain caused by impacts. A sensing grid was created by arranging optical fiber
over the entire structure to monitor with spatial resolution down to a few millimeters. The
chances of detecting the damage location increased substantially with respect to the use of quasi-
distributed techniques which also require more complicated schemes of detection based on
multiplexing techniques. Each time damage causes a change in the strain field, it is possible to
visualize it through images representing the strain level over the structure and its local gradients,

thus creating a map of strain distribution.
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SHM is also an important feature to incorporate in the space side of aerospace as well. Fiber
optical sensors have been considered for use in satellites, launchers, and atmospheric entry
vehicles [89]. Space is a very challenging environment for any sensing system and is
characterized by microgravity, vacuum, radiation, large thermal variations, and mechanical
vibration from launch [89]. Fiber optical sensing systems offer many advantages in this
environment such as insensitivity to electromagnetic interference, lightweight, flexible, efficient
multiplexing for high sensor capacity, multi-parameter sensing, and the potential to embed in

composite structures [89].

In spacecraft, SHM could be implemented during processing to access the quality of
manufactured parts, monitor the temperature during the propulsion stage, or monitor the integrity
of the spacecraft exterior during reentry into the atmosphere [75]. It is envisioned that SHM will
provide near real-time information on structural integrity and report abnormal behavior to
astronauts and support personal [90]. Figure 2.14 shows how sensors, in this case, small
piezoelectric sensors, may be attached or embedded into the spacecraft structure to enable
passive and active detection of structural damage. A system based on optical fiber sensors would
appear similar to this set-up, especially in terms of data transfer and analysis. SHM may also
help to address the safety of commercial space vehicles in development since it would record
structural integrity during all stages of space flight. SHM could also play a prominent role in
space vehicle recertification for the next flight and potentially reduce turnaround time. SHM
technology is seen as an important element in improving the safety of space travel and reducing
spacecraft operation cost and has the potential to revolutionize assessment and qualification of
space vehicles [90]. The aerospace industry may be the next big industry to incorporate
widespread use of SHM systems due to the need for continuous monitoring and ease of

incorporation of SHM systems.
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Figure 2.14. A concept of a spacecraft structural health monitoring system [90]
2.5.3. SHM in Other applications

Wind Turbines

Renewable energy, such as wind energy, is an important and popular topic, and even SHM has a
place within this topic. A wind turbine is a vertical structure with many critical points that should
be monitored to ensure the best performance of the structure [75]. In order to make wind energy
more economically competitive with traditional fossil fuels, wind turbines should operate as
continuously as possible. One of the main challenges in completing this goal is a component
failure, which can lead to considerable long stoppages and cause significant economic loss and
social impact [91]. The most common type of damage is blade damage and tower damage [75]. It
is reported that wind turbine rotor blades are failing at a rate of around 3,800 a year, 0.54% of the
700,000 blades that are in operation worldwide [91]. The blades are made of fiberglass, which
has a low modulus and can be damaged by moisture absorption, fatigue, wind gusts, or lightning
strikes [91-93]. As shown in Figure 2.14, materials, manufacturing process, structural design and
loads are all interactive factors that may play into the failure of a blade. The blades are the key
element in a wind power generation system and account for 15-20% of the total turbine cost [75].
Wind turbines often provide minimal initial warning when they fail, and sometimes continue to

operate for a large number of cycles with little reduction in strength and elastic properties.
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Damage will then propagate quickly to failure that has the potential to cause significant damage
to the wind turbine as a whole [75, 92]. This window of time where the turbine continues to
operate allows the perfect opportunity of SHM to detect damage and signal for repairs because

total failure and damage to a wind turbine are inflicted.

Materials

Structure

Figure 2.15. Factors contributing to wind turbine blade failure [91]

Currently, the damage and fatigue lifetime associated with the wind turbine blade is difficult to
access and sometimes results in blades being retired before their life is over. Most of the research
with relation to wind turbines is related to manufacture and production with minor research
related to SHM [93]. The SHM research that is being accomplished mainly focuses on vibration
detection and monitoring. For these reasons Liu, Tang, and Jiang suggested that optical fiber
sensors are promising to measure strain in wind turbines for lifetime prediction and the
monitoring of the stress level in the blades [93]. Sensors could measure temperature and strain in
critical points of the blades of wind turbines, and alert of minor damage before it is able to
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become critical [75, 92]. Similar to other examples mentioned in this review, a condition-based
maintenance program using SHM information could minimize the time needed for inspection of
components, prevent unnecessary replacement of components, prevent failures, and improve the
availability of power, resulting in higher availability and lower cost of this renewable energy

resource.

GeoTextiles

Another SHM application with positive environmental impact involves geotextiles. Due to
complex geological conditions and nonlinear properties of soil and rock, geological structures
such as foundations, tunnels, and dams are too complex to be accurately understood [16, 94].
The existing technologies to monitor these structures have drawbacks such as a large number of
cables for multi-point measurements, electromagnetic interference, signal loss in long distance
transmission, and low reliability making this application a good candidate for SHM with
embedded optical fibers [95]. A group in Switzerland, led by Inaudi, made the point that a well-
designed bridge should not require active monitoring during most of its lifetime [16]. This group
instead put their focus in underground civil projects, such as pilings and tunnels, because of the
poor understanding of the surrounding geological structures. Piles, consisting of a pre-stressed
steel bar, reinforcement stirrup, and high strength concrete are used as reinforcement in
geotechnical structures such as slope, excavation, and highway pavement. They are also
important because they support structures and protect them from shocks and earthquakes.
Damage can occur to piles during installation, or at the interfaces between the pile and the
surrounding environment, thus increasing the need to monitor the stress distribution of piles [95].
Monitoring structural deformation in these systems could provide useful information. Audi’s
group has equipped anchoring cables used to stabilize rock slides with OF measuring devices
[16]. It has also been proven that deformation of geotextiles can be evaluated by measuring the
POF elongation using the optical time-domain reflectometry analysis [10]. Landslides are a
common natural disaster in the eastern countries. Monitoring for landslides will allow for earlier

warnings and a reduction in loss of property and lives [95].
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Biofouling

Another environmental application of POF sensors is for monitoring the environmental
parameters including flow, biofilm growth, turbidly, toxicity, humidity, rotation, and
fluorescence [96]. Biofouling is when unwanted organisms attach to a surface and are most
frequent in marine and medical industries. One example is that barnacles use a protein-based
cement to adhere to ship hulls which create drag and results in higher fuel consumption. Scale,
calcium carbonate deposits that form on surfaces and interfaces when hard water is heated or
cooled, is a problem in heat exchangers because it reduces heat transfer and restricts flow [96].
Wong et al. investigated the ability to use a POF sensor to measure the very early stages of
biofilm growth and found the sensor to be very effective at early detection for biofouling [96].
POF sensors were embedded in a woven carbon fiber epoxy prepreg composite. End to end loss
technique was used to measure the power loss using an ultra-high luminescent LED as a light
source and light-dependent resistor and a low-cost commercial data acquisition system.
Biofouling and scale can cause reduced performance of systems that are in contact with water,
and it would be beneficial to monitor, detect, and remove the build-up with an SHM system
before it can become a problem.

2.6. Conclusion

This section reviewed background information on the components used to create smart materials
for SHM systems including optical fiber sensors, optical fiber loss testing methods, and
composite materials. SHM systems can be very beneficial to the industry with the ability to be
incorporated in a wide variety of applications, reduce scheduled maintenance, and improve

safety.

Optical fiber sensors are a very diverse sensor in terms of use and application. Current, industrial
use of optical fiber sensors is most prominent in bridges. Many groups are researching other
applications and optical fiber sensors appear to have a promising not too distant future in
aerospace, wind turbines, and geotextiles. FBGs are the most common optical fiber sensor for
use in many SHM applications. POF sensors are still mainly in the research phase and most
research has not taken advantage of newer perfluorinated polymer optical fibers which offer

lower attenuation and smaller diameter sizes than traditional PMMA material. Some of the more
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interesting systems combine multiple sensors, such as FBG sensors, accelerometers, and GPS.
There is also some indication that the future of SHM may be wireless, which would reduce some

of the issues associated with embedding optical fibers in a material.

In order to be fully mature for structural health monitoring of structures critical issues such as
robustness and maintainability need to be addressed. For example, replacing a damaged fiber is
relatively complicated especially if embedded. This issue can be overcome if redundancy is built
into the system to bypass the damaged optical fibers. Additional research and development are
also required to ensure highly reliable detection capability, in order to avoid fiber breakage and
signal loss. As technology improves the usability of optical fibers and their use in SHM will

become more prevalent.
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Chapter 3: Objectives

3.1. Incentives

Composites are subjected to accidental impact loading of various kinds during the manufacturing
process and service life. The presence of damage can result in a considerable reduction in
composite stiffness and compressive strength. Thus, it will be important to examine failure
modes, specifically the response to localized impact loading, which has been identified as one of
the most significant limitations of composites [51]. Composites have unique failure
characteristics compared to monolithic materials such as fiber and/or matrix breakage, fiber
debonding, and delamination [97]. These can precede the ultimate failure of the composite and
present difficulties of analysis. Embedding composite structures with an SHM system will allow
better monitoring of failure modes, provide real-time information about the integrity of the
structure, and could lead to more widespread use of composites as they are further understood.

It was indicated in the literature review that most of the optical fiber based SHM research
focuses on the use of FBG sensors for SHM. These have many advantages such as the capability
to measure a multitude of parameters, but they are composed of glass, which tends to be brittle.
POF sensors are more flexible and better for embedding in a material. Prior research in
monitoring composite structures does not take full advantage of POF, a 3D orthogonal woven
structure, and high-resolution OTDR as an SHM unit. Hamouda proved the feasibility of
manufacturing such structures [36, 64, 98-100]. This research intends to build on his work by
further characterizing the smart composite’s ability to sense damage and to explore potential
SHM end uses. Hamouda investigated the tensile strength, flexural strength, and low-velocity
impacts of 3DOW composites embedded with POF [36, 98]. This research extends the work of
Hamouda’s impact tests to understand the relationship between signal loss and damage
progression. This allows characterization of the composite’s response to damage and provides an

understanding of the sensor accuracy at measuring damage.
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3.2. Objectives

There are three main objectives of this research:
I. To demonstrate that smart composites composed of POF sensors embedded in the 3D
orthogonal woven fabric can function as viable structural health monitoring systems.
Il. To characterize the sensors and their signal relationship to the induced damage.
I1l.  To understand the trends of optical fiber as sensors in the industrial market.

In order to meet these objectives, the experiments are structured as follows:
I.  To monitor the relationship between impact damage, residual strength loss, and POF,
which is integrated into 3DOW glass fiber composites, signal loss.
Il.  To measure the sensitivity of the POF sensors at varying locations within the 3DOW
structure of the fabric.

I1l.  To predict technological trends and potential market of smart composite.
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Chapter 4: Experimentation

4.1. Introduction

All load-bearing structures will experience some level of damage during their lifespan. Using a
parameter to evaluate the effect of damage on the structural performance, such as in SHM, can
be fully achieved only when the nature of the damage is understood and characterized [13]. The
basic steps of SHM in the case of damage monitoring are to detect the damage, locate the
damage, and determine the severity of the damage. After this, the damage is reported and the
necessary steps are taken, such as sending out a warning or making repairs. The first three steps
were investigated in this work and outlined in Figure 4.1. The smart composites were formed
using a two-step process, first preforms were woven with embedded POFs and second the
preforms were infused with the resin system and allowed to cure. OTDR was used after each
formation step to assure the integrity of the optical fiber remained intact. Next, a series of
destructive impact tests were performed. A signal was obtained using OTDR after each impact
event to detect and locate the damage and lastly, severity of the damage was determined by
evaluating the residual compressive strength after exposure to repeated impact events. The
following sections outline the materials and test methods needed to carry out this process.

Composite Formation Physical Testing

Figure 4.1. Flow chart of composite formation and physical testing events

4.2. Materials
4.2.1. Polymeric optical fiber

The POF (GigaPOF-62LD) sensor that was used in this study was a low attenuation, multi-mode,
IR-transparent POF with a high bandwidth graded index (Gl), acquired from Chromis

Fiberoptics, Inc. The properties of this polymeric optical fiber are listed in Table 4.1. The core
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and cladding of the POF were made of a perfluorinated polymer (PF) (Polyperfluoro-
butenyvinyleether). This material was noted in the literature review as having low attenuation
compared to other polymer materials used for POF. The core diameter was 62.5 um, which is a
common diameter for multi-mode optical fibers. Bending radius is an important parameter to
consider in order to minimize attenuation loss due to bending when embedding an optical fiber in
a material. Seyam and Hamouda determined that the critical bending radius, i.e. the minimum
bending radius at which the optical fiber exhibits no signal loss, for this specific optical fiber to
be 19 mm [100].

Table 4.1. Properties of POF

Property Value

Core diameter 62.5+5 um
Cladding diameter 750 £5 um
Numerical Aperture 0.185 +0.015
Max. tensile load 15.0 N
Long-term bend radius 7.0 mm
Critical bending radius 19 mm

4.2.2. Glass fiber

The material used to form the 3DOW composite preform was electrical glass fiber (E-glass),
supplied by PPG Industries. Glass fibers have high tensile strength, high heat resistance, high
chemical resistance, and a low cost compared to other high-performance fibers. These properties
allow glass fibers to be used in a variety of fiber reinforced composite applications. Three
different linear densities of glass fiber were acquired for the X-, Y-, and Z-yarns. The linear
densities are 735 (g/km or tex), 2400 (g/km or tex), and 276 (g/km or tex), respectively.

4.2.3 Epoxy resin system

The resin system used to form the 3DOW composites was the Epoxy 2000 and 2120 hardener
combination, distributed by Fibre Glast Developments Corporation. This resin system was mixed
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in a 100:27 weight ratio and had a pot life of two hours at room temperature, which allowed
enough time for the vacuum bagging process. It was selected for its high tensile strength (67
Mpa) [101], high modulus (2.8 Gpa) [101], and harmless effect on the POF and its sensing
abilities [99]. It is critical that the resin not interact with the POF material to ensure the

performance of the sensor in the composite.

4.3. Formation of 3DOW preforms and composites

Many composite properties are strongly dependent on the arrangement and distribution of fibers
in the preform. This section outlines the fiber arrangement of the preform created by 3D
orthogonal weaving, composite formation, and the fiber volume fraction of the resulting

composite.

4.3.1. Weaving parameters

A series of samples were woven on the 3D weaving machine donated by 3TEX, Inc. available at
the Wilson College of Textiles, North Carolina State University. The process of drawing-in Y-
yarns into the machine, inserting the POF into the preform, and the completed woven preform is
shown in Figure 4.2. Experimental design variables and levels of the 3DOW preforms are given
in Table 4.2. In total 34, 1 m preforms were woven and infused. These were cut into about 200

total specimens for testing.

50



Figure 4.2. The process of weaving on the 3D weaving machine, a) drawing in of glass fiber Y-
yarns, b) POF inserted into the fabric as an X-yarn with a protective tube placed over the section
of POF protruding from the preform c) The woven fabric on the 3D weaving machine

Table 4.2. Design of experiment

Parameter Value

Sample
Grouping

Y- layers 4

X-yarn density

(pick/cm/layer) 1.57 4.12

Position of POF Middle Middle Top Bottom

Total # of

specimens 30 70 54 46

The weave structure for every preform was plain weave with four Y-yarn layers and five X-yarn
layers. Each preform was formed using 102 Y-yarns per layer. The Y-yarns were drawn through
the reed so that there was one yarn per layer in a reed dent. The reed density was 2.36 dents/cm
(6 dents/inch). X-yarns were inserted simultaneously between Y-yarn layers with a double
insertion per shed. A total of 102 Z-yarns bound these layers together with the plain weave
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design and there was one Z-yarn per reed dent so that they were positioned evenly between Y-

yarns.

During weaving, the POF was manually inserted into the preform in the X-direction. The optical
fiber was inserted in 5 m segments with approximately 1.5 m embedded in the preform. About
1.75 m of POF protruded from each side of the preform to account for reflection at the fiber
input and output during optical time domain reflectometry (OTDR), Figure 4.3. The POF is very
fragile and underwent a lot of handling during the composite fabrication. The portion of POF
outside of the preform was threaded into a 2 mm furcation tube to provide extra protection
during weaving, infusion, and testing. Figure 4.2b demonstrates a POF inserted after the X-yarns
have been inserted with a protective furcation tube placed over the section of POF protruding
from the preform. A distance of 3.8 cm was kept between the POF insertions to accommodate
the bending radius (19 mm) at both selvages of the 3D orthogonal woven preform.

3.8 ch s

\
\j

75cm 48 cm T 1750m
Composite area — POF

Figure 4.3. Schematic of POF embedded in the smart composite

Four test groups, shown in Table 4.2, were set up to compare pick density (groups I and I1) and
POF structural position (groups Il, I11, and V). Specimens in group I, had a low pick density of
1.57 picks/cm/layer (4 picks/in/layer), Figure 4.4b, and specimens in groups I, 111, and IV were
woven with a maximum pick density of 4.72 picks/cm/layer (12 picks/in/layer), Figure 4.4a. The
pick densities reported accounts for double pick insertion. To understand how optical fiber
sensors react to a damage event based on their location to the event the position of the POF in the

composite was varied between layers. The pick density and number of layers remained constant
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while the POF was inserted in either the top (between 1%t and 2" Y-layers), middle (between 2"
and 3™ Y-layers), or bottom (between 3™ and 4™ Y-layers) layers, as shown in Figure 4.5.

Figure 4.4. Weave structure showing density of a) 4.72 picks/cm/layer and b) 1.57
picks/cm/layer

Figure 4.5. Representation of POF structural position a) POF located in the top layer b) POF
located in the middle layer and c) POF located in the bottom layer

4.3.2. Resin treatment

3DOW preforms were treated with a resin system using the vacuum assisted resin transfer
molding (VARTM) technique. The furcation tubes were placed on top of the sticky tape and an
additional small piece of sticky tape was placed on top to prevent any air leakage during the resin
treatment process, Figure 4.6. This also prevented excess resin from curing on the ends of the
POF which needed to be connected to the OTDR. A vacuum pressure of 100 kPa was achieved
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using a VacMobiles® 20/2 vacuum pump system. The prepared resin mixture was placed in a
vacuum desiccator for degassing for about 20 minutes to remove the air bubbles created during
stirring and thus decrease the potential for voids within the composite. The panel was left on the
table to cure at room temperature. Specific steps for the VARTM technique with special
consideration of the optical fibers are included in Appendix C. After the panel was cured, the

panel was cut into specimens with dimension 48 cm x 15 cm, figures 4.3 and 4.7.

Figure 4.7. Example of a composite specimen after being cut

54



4.3.3. Fiber volume fraction analysis

The fiber volume fraction, percentage of fiber volume in the entire volume of a fiber reinforced
composite, is an important parameter in composite engineering. The impregnation of resin
around the fibers is dependent on the orientation and architecture of the fibers and a higher
volume fraction typically results in better mechanical properties of the composites.

To determine the fiber volume fraction of the composite, the fiber weight fraction was converted
to volume fraction using the weight and density of each component as shown in equation 1. The
weight of the preform was measured before resin infusion and the weight of the composite was

measured after the epoxy resin treatment. The density of E-glass was assumed to be 2.54 g/cm.

v
where:
Vi = fiber volume fraction
v = volume,
W = weight
p = density

f = subscript for fiber
¢ = subscript for composite

The procedure for measuring the density of a composite is based on ASTM D792-00 [102]
standard test methods for density and specific gravity of plastics by displacement. For this
measurement, several 2.54 cm (1 in) by 2.54 cm (1 in) specimens were cut from the composite
panel. First specimens were weighed in the air to the nearest 0.1 mg. Next, the universal specific
gravity kit for an electronic scale produced by Mineralab was used to attach a specimen to an
analytic balance with a thin wire. The specimen was weighed while the specimen and a portion
of the wire were immersed in distilled water. The wire was also weighed alone, partially
immersed up to the same point as in the previous step. The density of the material was then

determined, using equation 2 as follows:
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where:
p = density (g/cm®)

a = weight of specimen in air

p:

a+w->b

(0.9975)

b = apparent weight of fully immersed specimen and partially immersed wire
w = apparent weight partially immersed wire
0.9975 = density of distilled water at 23 °C

Four half meter panels were measured to determine the average volume fraction for the low

density and high-density composites. The values obtained for each are provided in Table 4.3.

The average fiber volume fraction observed in the low-density composite (1.57 picks/cm/layer)

was 42% and the average volume fraction observed for the high-density composite (4.72

picks/cm/layer) was 52%.

Table 4.3. Fiber volume fraction for low density and high-density composites

Low density (1.57

High density (4.72

picks/cm) picks/cm)
Specimen 1 | Specimen 2 | Specimen 1 | Specimen 2
Preform weight (g) We 1023.5 825.0 1765.3 1977.8
Composite weight (g) W, 1627.7 1471.8 2354.1 2937.8
Density of E-glass
Py 2.54 2.54 2.54 2.54
(g/cm?)
Avg. Density of
_ Pe 1.78 1.81 1.86 1.85
composite (g/cmq)
Volume fraction (%) Ve 44.1 40.0 54.8 49.09
Avg. Volume fraction Ve 42% 52%
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4.4. Testing

After composites were prepared, they were subjected to testing in order to create damage within
the component and observe the POF sensor’s response to the damage event. Composites offer
several advantages over conventional engineering materials but still have a few limitations as
well. One major area of investigation is examining failure modes, specifically in response to a
localized impact loading event [51]. Donadon et al. and Richardson and Wisheart both cite four
major failure modes related to an impact event: delamination, matrix mode, fiber mode, and total
perforation [103, 104].

Impacts can be divided into two conditions: low-velocity impacts by a large mass, such as a
dropped tool, and high-velocity impacts by a small mass, such as runway debris hitting an
airplane body [51]. There is not a clear numerical distinction between these conditions, but it is
suggested that they can be classified by the damage incurred. Under low-velocity impacts, the
time of contact between the projectile and the target is relatively long allowing for the entire
structure to respond to the impact event and energy is absorbed elastically [103-105]. This
condition typically results in damage characterized by delamination, matrix cracking, fiber
fracture, and debonding [106]. For higher velocity impacts, the impact event is short and the
structure may have not enough time to respond, thus the damage is almost exclusively

perforation with a delaminated area surrounding the hole [103, 104].

The goal of the testing was to monitor damage growth in the composite specimen and the
response of the proposed SHM system. Accordingly, low energy impacts, simulated by a falling
weight fixture, was chosen to create slow damage accumulation, and avoid completely
penetrating the composite. OTDR signal was obtained after each impact to observe the POF
sensor’s ability to detect damage and residual compressive strength was obtained after the

damage event to reveal the progression of damage.

4.4.1. Repeated impact testing

Damage to the composite structure was created by exposing composite plate specimens to
multiple low energy impacts at a localized site. Such testing aims to mimic the accidental
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impacts a structure may receive during its manufacturing process and service life, which have
been shown to result in decreased compressive strength in the material. When low energy impact
events are being considered, rupture does not occur after a single impact [107]. Single impact
testing may not generate significant damage in a composite. This is especially true for 3D woven
composites which have higher impact damage tolerance than 2D woven composites [108, 109].
It is thus more important to determine the evolution of the damage over several impacts rather
than, solely the absorbed energy. To observe this evolution, the composite must not be
completely penetrated and can be impacted multiple time. During drop weight impact tests, a
weight falls from a pre-determined height to strike the specimen supported in the horizontal
plane [51]. At low velocity, this test typically does not cause complete destruction of the test
specimen. According to an early paper written by Jang, Kowbel, and Jang exploring the benefits
of repeated impact testing, these events promote a clear damaged region even when impact
energy is very low and represent a convenient method for assessing the damage tolerance of fiber

composites [110].

Research on multiple, low-velocity impact responses of composites is limited. De Morais,
Monteiro, d’ Almeida have conducted a few studies using repeated impact testing. In these
studies, a dart with mass 765 g and a semi-spherical nose of diameter 1.5 inches is used. The
samples are 12.5 by 12.5 cm?and clamped before impact [97, 107]. Tooski et al. uses a specimen
clamped between two steel frames having an opening area of 125 mm by 75 mm and impact
energy of 6.8 J. A conical-shaped steel impactor with 1050 g weight and a hemispherical nose
with a 6.35 mm radius were also used [111]. Several authors opt for a circular testing diameter
of 76.2 mm [109, 112, 113], but these tests are not consistent in the type of striker or impact
energy. Sevkat et al. uses an impact energy of 32 J, which is achieved with a velocity of 3.23
m/s, tup mass of 6.15 kg, and a diameter of 16 mm [113]. Baucom and Zikry used an energy of
18 J, which is achieved with a velocity of 2m/s, a tup mass of 9.0 kg, and diameter 19 mm [109].
Icten’s study involves using a range of impact energies from 5-10 J and a 12.7 diameter
hemispherical nose with mass 5.02 kg [112]. These studies do not suggest a consistent method

for testing.
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A high energy falling weight impact tester, CEAST 9350 was used to create damage in the
composites as a result of impact forces. CEAST 9350 has maximum impact velocity 24 m/s with
falling mass of 2 kg, max impact velocity 7 m/s with falling mass of 70 kg and maximum
potential energy 1,800 J. A pneumatic clamping fixture with a 76.2 mm diameter opening
secured the sample during impacts. A tup with diameter of 12.7 mm was used for each test.
Impact energy levels of 9 J, 18 J, and 27 J were chosen to create slow damage accumulation in
the composite. During the tests the total mass of drop weight remained constant at 4.93 kg, thus
different energies were achieved by adjusting the drop height. Table 4.4 contains the parameters

associated with the impact tests.

Table 4.4. Impact parameters

Property Value

Impact Energy (J) 9 18 27

Impact Velocity (m/s) 191 2.70 3.31
Falling Height (mm) 186 373 559
Total Tup Mass (kg) 4.93 4.93 4.93

The ASTM D7136 [114] standard for measuring damage resistance of a fiber reinforced polymer
matrix composite to a drop weight impact event was followed with modification to the width of
the sample. The standard recommends a flat rectangular composite plate of dimensions 15 cm x
10 cm be subjected to an out-of-plane, concentrated impact [114]. In these tests, specimens with
dimension 15 cm x 48 cm were used to accommodate the critical bending radius of the POF and
the use of the 3D weaving machine.

4.4.2. Optical time domain reflectometry

A major concern with low energy impact damage is that composites can contain barely visible
impact damage which may escape detection during a visual inspection of the impacted surface of
the component, but can severely reduce the structural integrity of the component [103, 109].
Thus, it is critical to detect the damage with embedded sensors. Before the impact events, one

protruded end of the POF embedded in the composite was connected to the OTDR, depicted in
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Figure 4.8, to measure backscattering level and signal loss before the impact (control sample)
and after each impact event. Specimens were impacted in the same location followed by repeated
number of impacts until signal damage were recorded. In some specimens, the POF was
disconnected and reconnected to the OTDR between each impact event. It was later found that
keeping the OTDR connected produced less noise and more consistent results in the OTDR

signal.

Figure 4.8. POF connected to OTDR to monitor POF signal during impact testing

The LOR-220 from Luciol Instruments, a portable high-resolution scanning photon-counting
OTDR was used to measure the integrity of the POF signal in these experiments. OTDR was
used to test the quality of the POF after weaving and after resin treatment. During impact testing,
one protruded end of the POF embedded in the composite was connected to the OTDR to
measure the signal loss after each impact event. The OTDR settings listed in Table 4.5 were used
for each measurement event. The OTDR was configured to emit a wavelength of 670 nm, with a
time step resolution of 1.25 ns and signal pulse width of 1 ns. The optical pulse width, the time
that the laser is on, on this technology is optimized for short range fiber testing since shorter

pulse widths carry less energy [115]. This OTDR has a short dead zone, which is the minimum
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distance after a Fresnel reflection where an OTDR can detect another event. The short dead
zones (10 cm event dead zone and 40 cm attenuation dead zone) allow for detection of events
such as fiber breaks and bend loss within the smart composite. A list of the OTDR specifications
is included in Appendix B.

Table 4.5. OTDR settings

Property Value
Wavelength 670 nm
Distance Range 1.25 km
Refractive Index 1.49
Backscatter Coefficient -30
Insertion loss threshold 0.2dB
Reflectance Threshold -50 dB

A typical backscattering output signal of amplitude measured in decibels (dB) vs. distance
measured in meters (m) is shown in Figure 4.9. It consists of a main slope which represents the
signal attenuation according to Rayleigh backscattering and localized reflection spikes due to
Fresnel reflection. Fresnel reflection at specific locations along the optical fiber. Fresnel
reflection occurs when a sudden change happens to the fiber refractive index and causes the light
to reflect back on the fiber. This Fresnel reflection appears as a spike on the OTDR waveform
and is usually associated with connectors, fiber breaks, and the ends of the optical fiber [37]. The
Rayleigh backscattering is used to calculate the level of attenuation in the optical fiber as a
function of distance, which is shown by a straight line slope in an OTDR trace signature [37].
Attenuation is calculated by dividing the loss, by the length of the fiber, as the slope increases
attenuation becomes higher. The dynamic range is the distance between the initial backscatter
and the noise level. The higher the dynamic range, the higher the signal to noise ratio and the

clearer the events will appear.
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Figure 4.9. Characterization of a typical POF signal obtained from OTDR

The backscattered light is recorded as a function of time. Knowing the speed of light wave
propagation through the optical fiber, the time of arrival of the backscattered signal can be
converted into distance corresponding to a position along the fiber and is used to pinpoint
damage to the fiber [32, 116]. A reflection or excess loss is observed in the spectra when there

are defects, disturbances, or discontinuities in the fiber [32, 116].

4.4.3. Compression after impact testing

High strength reduction occurs under compression loading and thus it is an important problem to
be considered in the design of composite structures [112]. Compression after impact (CAI)
testing is an experimental method to obtain the degradation of the compressive strength of the
composite plates due to impact loading. A compression after impact test was performed to detect
damage resistance and damage tolerance properties of the composite specimens. Several articles
use Boeing Specification Support Standard, BSS 7260 [117, 118]. There is now a compatible
international ASTM standard for this test, ASTM D7137. Yan followed this standard. The main
focus of this experimental investigation will be to characterize the damage within the composite
due to impacts and determine the correlation of the reduction in compressive strength to the

impact-induced damage [119].
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ASTM D7137 [120] was followed to characterize the damage within the composite due to
impacts. ASTM D7137 required a 150 mm by 100 mm flat rectangular composite sample that
had been subjected to impact testing. After impact, the specimens were cut according to these
dimensions (with the impact location in the center) using a computerized waterjet cutting
technology available at ADR Hydro-Cut, Inc., Morrisville, NC. The waterjet cutting was very
precise in terms of dimensions, with a very low coefficient of variation (less than 0.1%). The test
was performed on the MTS model 370 servo hydraulic load frame using a compressive speed of
1 mm/min. The compression fixture associated with ASTM D7137 was used to hold the plate in
place during the test. The test fixture was composed of adjustable retention plates to support the
specimen edges and inhibit buckling when the specimen was end loaded. The side supports
contained knife edges and the top plate sat on the top edge of the specimen. The specimen was
placed in the fixture so that ends were flush with the ends of the fixture halves, the screws of the
fixture were tightened, and then the fixture was placed and aligned between the flat platens on
the testing machine, Figure 4.10. The thickness of each specimen was measured before each test
using a Vernier caliper. There was slight variation in the thickness across the plate, thus the
average thickness of 4 locations was used.

Figure 4.10. Specimen placed in CAl fixture

This test method can be used to test undamaged polymer matrix composite plates, but the

standard suggests that historically such tests have demonstrated a relatively high incidence of
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undesirable failure modes (such as end crushing). Test Method D6641/D6641M is recommended

for obtaining compressive properties of undamaged polymer matrix composites [120].

4.4.4. Combined loading compression testing

To gather a baseline, undamaged compressive properties of the specimens, a combined loading
compression (CLC) test was performed following ASTM D6641 [121]. This test method is used
to determine the compressive strength and stiffness properties of polymer matrix composite
materials. The specimen size was 140 mm x 13 mm and the specimens were also cut using the
computerized waterjet for improved accuracy. The test was performed on the MTS model 370
servo hydraulic load frame using a compressive speed of 1 mm/min. The adjustable specimen
fixture consisted of an upper half connected to a lower half by alignment rods. The test specimen
was placed in the test fixture so that the ends of the specimen were flushed with the top and
bottom surfaces of the fixture, and an unsupported 13 mm specimen gage length was present in
the middle of the fixture, Figure 4.11. The assembled fixture was then placed and aligned
between flat platens and the fixture was compressed between the two plates thus subjecting the

specimen to combined end and shear loading.

Figure 4.11. Specimen placed in CLC fixture
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Specimen size typically changes the failure mode, and the specimen size for the CAI testing is
much larger (150 mm by 100 mm) than for the CLC (140 mm x 13 mm). In an impact test, for
example, the larger specimen would normally have more bending present due to impact. In 3D
woven specimens, however, the amount of bending is much less (as compared to 2D woven
specimens) and the damage is much more localized at the impact location, therefore changing the

specimen size still allows for a reasonable comparison using the two test methods.

4.4.5. Tensile after impact testing

When a composite is subjected to low-velocity impacts, damages from this event can cause a
reduction in structural stiffness and strength leading to growth of the damage and final fracture.
Tensile properties are another important parameter to consider when observing the progression
of damage and residual strength for composites [106]. Tensile after impact testing is a less
common test method compared to compression after impact testing for determining residual
strength. There does not exist a standard for tensile after impact testing, but various methods
have been proposed.

Wang, Wu, and Ma investigated the low-velocity impact characteristics and residual tensile
strength of carbon fiber composite laminates [106]. In this study a sample size of 76.2 mm X
277.8 mm was used to account for damage area, which is much larger than a typical tensile test.
Two different stacking sequences were investigated, and degradation predicted by an FE model

was compared with experimental results.

Caprino also conducted experiments to evaluate the residual tensile strength of composite panels
after an impact event [122]. After impact, the specimens were visually inspected to evaluate the
appearance of damage and identify the most relevant impact energy threshold. Caprino used
specimens with dimensions 25 mm x 100 mm. In both studies, the trends of residual strength as
a function of impact energy were divided into three stages: lower impact energy degradation

stage, plateau trend, and higher impact energy degradation.

For this evaluation, specimens were tested following the guidelines of ASTM D3039 [123]
standard test method for tensile properties of polymer matrix composite materials. This test
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method is used to determine the in-plane tensile properties of polymer matrix composites and
does not consider previous damage to the specimen. As suggested in the standard, specimens
with dimensions 250 mm x 25 mm were used. These specimens were cut using a computerized
waterjet for improved accuracy. The composite specimens were tested on the MTS hydraulic
load frame. The specimens were aligned and mounted to grips on the MTS hydraulic load frame,
Figure 4.12. They were then loaded in tension at a strain rate of 2 mm/min while recording the

force.

Figure 4.12. Specimen aligned in the grips of the MTS hydraulic load frame for tensile after
impact test
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Chapter 5: Results and Discussion

5.1. Smart composite manufacture and characterization
5.1.1. Characterization of embedded optical fiber

Smart composites were created by weaving a 3D orthogonal preform with embedded POF sensor
and infusing the preform with resin. Table 5.1 shows a summary of the composite parameters
after the manufacturing process. After resin infusion, the thickness of the composite panels was
3.2+ 0.2 mm for 1.57 picks/cm/layer and 6.5 £ 0.3 mm for 4.72 picks/cm/layer. In the composite
structure, the POF is located approximately 2 mm (Group | and Group I11), 3 mm (Group II), 4
mm (Group 1V) from the surface of the composite. Figure 5.1 shows a side view of the
composite groups taken with digital optical microscope at 10x magnification. The POF in these
images does not appear to have large resin pockets that sometimes occur when embedded in a
composite. The average fiber volume fraction observed in the low-density composite (1.57
picks/cm/layer) was 42% and the average volume fraction observed for the high-density
composite (4.72 picks/cm/layer) was 52%. Daniel and Ishai report that a typical 3D fabric E-
glass/Epoxy composite has a volume fraction of 0.50 and a density of 1.90 g/cm [50]. The values
for the measured composite are comparable to those reported, indicating that they are well-

produced specimens and comparable to the typical composite of this type.

Table 5.1. Summary of composite parameters

Parameter Value
Sample Grouping I I Il v
Y- layers 4

X-yarn density
(pick/cm/layer)

Position of POF Middle Middle Top Bottom
Distance of POF from the

1.57 4.72

. 2 mm 3 mm 2 mm 4 mm
impact surface
Volume fraction 42% 52%
Thickness 3.2+£0.2mm 6.5+ 0.3 mm
# of specimens woven 30 70 54 46
o . -
@ of specimens with go_od 13% 6% 20% 24%
signal after manufacturing
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Figure 5.1. Side view of the 3DOW composite with the POF positioned in the a) top b) middle
(high-density) C) bottom layer and d) middle (low-density) layer. Images taken with a digital
optical microscope at 10x magnification

5.1.2. Fragility of embedded optical fiber

OTDR was used to test optical fiber embedded in the preform after weaving and after vacuum
bagging to ensure the integrity of the fiber. Even though the POF is more flexible than GOF and
precautions were taken to protect the optical fiber, such as the addition of furcation tubes, POFs
were found to be very fragile and sensitive to the composite manufacturing methods. It was
observed that POF was most likely to become damaged during the vacuum bagging procedure,
especially at the point where the optical fiber enters the woven preform and at the selvage where
the optical fiber is sometimes exposed due to turning the optical fiber to be woven back through
the fabric. These areas are highlighted by the red rectangles in Figure 5.2. Some fibers were also

damaged during the weaving process or while being transported/ stored.
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Composite area —— POF |:| Damage prone area

Figure 5.2. Areas in the specimen where the POF is most likely to experience damage

After vacuum bagging each POF signal was categorized as good or poor. A good signal is
classified as a signal that remains roughly the same after vacuum bagging, has no major flaws in
the slope of the signal, and has a large dynamic range. A large dynamic range is needed because
it correlates with a high signal to noise ratio, thus the events in the spectra appear clearer. Figure
5.3a represents a POF with a good signal before and after vacuum bagging. Poor signals were
classified as those in which the dynamic range was close to 0 dB, or signals which exhibited a
major flaw such as a large reflection in the slope of the signal. Figure 5.3b represents a specimen
with a poor signal resulting from a dramatic drop in attenuation. In this specimen, the dynamic
range dropped from 9.1 dB before vacuum bagging to only 0.8 dB after vacuum bagging. The
cause of this drop is unknown but may be related to micro-bending losses from the stresses of the
resin curing process. It was mentioned in section 2.4.4 that micro-bending is a common problem
in the manufacturing of composites with embedded optical fiber. During VARTM the removal of
the peel ply also caused macro-bending issues when the optical fiber became adhered to it.
Specimens, such as the one shown in Figure 5.3c have a large reflection in the middle of the
signal that is most likely due to the POF breaking. As noted in section 2.3.1, Fresnel reflections
such as this typically occur at connectors, fiber breaks, and the ends of the optical fiber. They
also lead to dead zones where the detector is temporarily blinded by the high amount of light it is
receiving. Signals with damage to the POF in the middle of the sample were no longer useable
for the impact analysis because the dead zone would not allow other damage to be detected
accurately. Both poor and good signals were found in the different varieties of specimens woven,

regardless of the POF position or weave density.

69



a) o

-10

Amplitude (dB)

Distance (m)
- Before resin = After resin

Amplitude (dB)

Distance (m)

——Before resin ——After resin

Amplitude (dB)

Distance (m)
- Before resin = After resin

Figure 5.3. Examples of specimens before and after VARTM with a) good POF signal retention,

b) poor signal due to a large attenuation drop, and c) poor signal due to a large reflection
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One solution to the problem of excessive POF bending and breakage during VARTM was to
secure Popsicle sticks, shown in Figure 5.4, at the ingress points of the fiber in the preform. As
noted in section 2.4.4, these areas are highly sensitive to damage and the Popsicle sticks provided
extra support and immobilized the optical fiber at these vulnerable points. Another solution was
to position the spiral tube across the width of the preform instead of over the selvage, where it is
traditionally placed during VARTM. This reduced pressure and movement of the POF during the
curing process. These solutions were both implemented after several optical fibers had failed,
and although not 100% successful they did improve the success rate for the optical fiber signal

being retained through the manufacturing process.

Figure 5.4. Demonstration of the use of Popsicle sticks to reduce breakage of the optical fiber
where the optical fiber meets the woven fabric

Despite these modifications to the manufacturing process, the overall success rate of the POF
embedded in the composite (specimens which were classified as having a good signal) was only
15% for all specimens created. The success rate also fluctuated for the different categories of
specimens, Table 5.1. Specimens in category IV (POF positioned in the bottom layer) had the
highest success rate of 24% and specimens in category Il (POF positioned in the middle layer)
had the lowest success rate of only 6%. The specimens in category Il were the first to be woven
and vacuum bagged before the procedure had been perfected. These specimens were also stored
on the bottom of a pile of woven specimens and transported to several different storage areas,
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therefore they had the highest probability of becoming damaged. Specimens in category 1V, on
the other hand, were woven last after changes to the vacuum bagging procedure had been made.
The POF in this category was also closest to the table during VARTM, minimizing bending,
which may have also contributed to the higher success rate.

5.2. Comparison of POF structural position

The composite sensor system was evaluated by establishing a relationship between the sensor’s
location, POF signal after impact damage, and residual composite strength. Due to the
destructive nature of the testing and the fragility of the POF, all tests were conducted on
individual specimens, which have inherent variation from one sample to another. The POF signal
obtained from OTDR is also unique to the environment in which the POF is tested. Slight
changes in the connection of optical fiber to the OTDR can produce shifts in the signal obtained.
Therefore each signal tested must be considered on an individual basis. For the following data,
the signal produced before the impact test was started, was considered the baseline. This
measurement is labeled as impact 0. This baseline must be considered when comparing between

POF embedded in 2 different composites.

Four test groups were set up to compare pick density (groups I and 1) and POF structural
position (groups I, 111, and IV). This section covers the relationship between impact damage and
POF positions in the structure (top, middle, or bottom layer) keeping pick density constant at
4.72 picks/cm. Impact energy levels of 9 J, 18 J, and 27 J were chosen to create slow damage
accumulation in the composite. Specimens were impacted on the top surface and attenuation

losses were calculated at approximately 3 m along the length of the POF.

5.2.1. POF signal results

9 J impact energy

The lowest impact energy used was 9 J. Figure 5.5 demonstrates a typical progression of damage
for the composite impacted multiple times at this energy level. The area of the impact diameter
grow with each impact, and was measured using image processing software. The impact damage

area grew from an area of 2.92 cm? after 1 impact to an area of 6.75 cm? after 30 impacts, this is
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an increase in damage size of 131%. The tup does not penetrate the back of the sample after
impact 30. The impact diameter for each impact is listed in Table 5.2. Figure 5.6 represents the
signal of a POF embedded in the top layer of a composite after being impacted 10 times and 20
times at an impact energy of 9 J. In this optical fiber, there was a loss of about 4 dB after 10
impacts and a loss of 10 dB after 20 impacts compared to the baseline. The loss is a uniform
attenuation along the embedded section of the POF. This shows that the optical fiber was
sensitive to the impact events, but it was not completely damaged. Complete damage to the
optical fiber would result in a spike in the signal at the impact location, like the reflection

observed at the ends of the optical fiber.

Impact 10 Impact 15

Impact 20 Impact 25 Impact 30
(after 30 impacts)

Figure 5.5. Progression of impact damage at 9 J on a specimen with pick density 4.72 picks/cm

Table 5.2. Impact damage area (impact energy: 9 J, pick density: 4.72 picks/cm)

Impact number Area (cm?)
1 2.92
5 4.62
10 5.30
15 5.90
20 5.98
25 6.71
30 6.75
Back (30 impacts) 7.65
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Figure 5.6. Signal of POF embedded in the top layer of the 4.72 picks/cm preform and impacted
ata 9 Jenergy level

At the 9 J impact energy level, specimens with POF located in the middle and bottom layers

were also tested. The signal for these POF did not change as drastically as the POF located in the
top layer. At 9 J impact the POF located in the middle layer, Figure 5.7 showed a reduction of
about 3 dB after 30 impacts. The POF located in the bottom layer, Figure 5.8 showed hardly any
loss with a reduction of only 0.2 dB after 30 impacts and 2 dB after 50 impacts. However, this
loss was localized to the impact location for the POF in the bottom layer, as seen in Figure 5.8.
This localized change in attenuation is most likely due to bending induced residual crimping of
the POF at the impact location. During the impact, the bottom side is in tension, and when the
loading is released, some residual bending is present on the POF. This residual bending increased

uniformly with additional impacts.
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Figure 5.8. Signal of POF embedded in the bottom layer of the 4.72 picks/cm preform and
impacted at a 9 J energy level
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18 J Impact energy

An impact energy of 18 J was then used to create damage in specimens with the POF located in

the top and bottom layers. Unfortunately, there were not enough specimens with POF located in

the middle to test at 18 J and 27 J energy levels. Figure 5.9 represents a typical progression of

damage for the composite impacted at 18 J. The impacted area grows from 4.48 cm? after 1

impact to 11.15 cm? after 30 impacts, an increase in the damaged area of 149%. The impact

diameter for each impact is listed in Table 5.3. As expected, the damaged area is larger than the

damaged area observed at 9 J and grows more rapidly. At 30 impacts, the tup does not penetrate

the back of the sample.

Impact 20 Impact 25

Impact 30

(after 30 impacts)

Figure 5.9. Progression of impact damage at 18 J on a specimen with pick density 4.72 picks/cm

Table 5.3. Impact damage area (impact energy: 18 J, pick density: 4.72 picks/cm)

Impact number Area (cm?)
1 4.49
5 6.38
10 7.15
15 8.56
20 8.71
25 9.98
30 11.15
Back (30 impacts) 12.32
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A POF embedded in the top layer of the composite impacted at 18 J, Figure 5.10, shows a similar
reduction in signal to the POF shown in Figure 5.6 for 9 J. During this impact event, there was a
loss of 3.1 dB after 10 impacts and 5.8 dB after 20 impacts. This optical fiber shows a decrease
in signal localized at the impact location, like that observed in the previous specimen. At 18 J
impact energy a POF in the bottom layer, Figure 5.11 was also tested. The POF was not sensitive
to the impact events and the signal was only reduced by 0.2 dB after 30 impacts and 6.5 after 50
impacts. However, localized signals, presumably due to the residual POF bending, are observed

after 40 impacts.
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Figure 5.10. Signal of POF embedded in the top layer of the 4.72 picks/cm preform and impacted
at 18 J energy level
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Figure 5.11. Signal of POF embedded in the bottom layer of the 4.72 picks/cm preform and
impacted at 18 J energy level

In theory, the loss that occurs at 18 J should be higher than that at 9 J, but each POF must be
treated individually due to the conditional nature of the test. The differences between the optical
fiber signals obtained may have occurred because the impact was at a slightly different position
in relation to the POF. During testing, the impact position was determined by manually judging
the location of the optical fiber in the composite and then centering it under the tup. More
accurate placement of the impact location and testing of multiple optical fibers under the same

conditions would produce more consistent results.

27 J impact energy
Specimens with POF located in the top and bottom layers were damaged at 27 impact energy. A

POF embedded in the top layer of the composite impacted at 27 J, Figure 5.12, shows more
damage to the POF than previous tests at 9 J and 18 J. The attenuation drops 3.5 dB after being
impacted only 3 times. The attenuation then increases by 2.5 dB after impacts 4 and 5. The POF
remained connected to the OTDR during the duration of the impact events, therefore, a
reconnection did not cause this increase, as explained in Appendix D. The POF, however, may
have shifted in the connector, causing the change in signal. There is also a large peak at the

impact location, which increases between 3 and 4 impacts. Interestingly, the actual impact
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location and center of the damage always appear to the right of the peak, not in the center. The
distance of the offset is not consistent between specimens. This shift could be due to the amount
of reflection encountered by the detector, human error in measuring, error in the software, etc. It
is also unclear if the peak occurs at the edge of the damaged area or the center of the damaged
area. Further testing and analysis are needed to determine the cause of this shift so that an

accurate distance is measured. This is especially important if the impact location is unknown.
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Figure 5.12. Signal of POF embedded in the top layer of the 4.72 picks/cm preform and impacted

ata 27 J energy level

At 27 J impact energy a POF in the bottom layer was also tested. Again, the POF sensor is less
sensitive to the impact event, but the POF does become damaged after 15 impacts, shown in

Figure 5.13a. The attenuation drops 2.1 dB after 15 impacts. Taking a closer look at the peak

between 2 and 3 m, Figure 5.14b, and signal for impacts 11-15, Figure 5.13a, there is an increase

in the size of the peak that relates to the impact number. After impact 13, the peak increases to
3.1 dB compared to the baseline, after impact 14 the peak increases to 12 dB, and then the peak
decreases from impact 14 to impact 15 to a peak size of 9 dB. This signal also has a high signal
to noise ratio, which shows that even with a less than ideal signal, information about a damage

event can still be obtained.
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Figure 5.13. Signal of POF embedded in the bottom layer of the 4.72 picks/cm preform and
impacted at a 27 J energy level
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Figure 5.14. a) Signal of POF embedded in the bottom layer of the 4.72 picks/cm preform and

impacted at 27 J energy level b) Expansion of damage peak from 2-3 m
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Impact away from POF location
Another experiment was conducted to test the sensitivity of the optical fibers in regard to their

location from the damage event. A POF embedded in the top layer of the composite was

impacted at a 9 J energy level but at a location, 2 cm away from the POF, Figure 5.15a. After 30
impacts the signal does not show a significant drop in attenuation, Figure 5.15b. When impacted
directly over the POF, the attenuation dropped 10 dB at 20 impacts. This leads to the conclusion,
that a sensor located this far from the damage event is not able to detect the damage incurred by

the composite.
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Figure 5.15. a) Side view of a POF embedded in the top layer of the 4.72 picks/cm preform and
impacted at 9 J energy level, 2 cm away from the POF location b) OTDR measurement of the
specimen

This same experiment was also conducted, but the impact location was changed to be 1 cm away
from the POF. Figure 5.16b shows that with each consecutive impact, the damaged area grows
closer to the POF location. The impact diameter for each impact is listed in Table 5.4. This
growth is represented in the POF spectra as well, Figure 5.16a. At impact 1, the damage area is
2.79 cm? and has not reached the POF location. There is also not a significant change in
attenuation. At impacts 5 and 10, the edge of the damaged area increases to 5.22 cm? and 5.98

cm? and reaches the POF location. At this point the POF signal experiences a drop of about 4 dB.
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At impact 15, the damage area is 6.65 cm? and the dynamic range has reached 0 dB. This
demonstrates that the POF must be fairly close, within 1 cm of the damage event in order to

sense it. In practice, a damage event is unlikely to occur directly on top of the POF location.
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Figure 5.16. a) Signal of POF embedded in the top layer of the 4.72 picks/cm preform and
impacted at 9 J energy level, 1 cm away from the POF location b) Progression of damage in
relation to the POF location of this specimen
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Table 5.4. Impact damage area (impact energy: 9 J, 1.cm away from POF)

Impact number Area (cm?)
1 2.79
5 5.22
10 5.98
15 6.65
Back (15 impacts) 7.20

5.2.2. Tensile test results- high density

Tensile properties are a parameter to consider when characterizing the progression of damage. A
tensile test was conducted in the weft direction after samples had been impacted at energy levels
of 9 J and 18 J to determine the residual strength of the composite. Figure 5.17a shows the peak
load of the high-density composites after being impacted. Stress-strain curves for these
specimens can be found in Appendix H. There is a slight downward trend in the peak load of the
specimens as the impact number increases. A strength loss of about 10% occurred between the
specimen which was not impacted and the specimen which was impacted 30 times. Figure 5.17b

shows more of a loss of .1-.2% strain at peak load as the impact number increases by 10.
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Figure 5.17. a) Peak load and b) % strain at peak load of high-density specimens tested in the
weft direction after being impacted at 9 J

Tensile after impact was also conducted on specimens which had been impacted at 18 J impact
energy. With this specimen, there is a larger decrease in the peak load of the specimens as the
impact number increases, Figure 5.18a. Stress-strain curves for these specimens can be found in
Appendix H. There was strength loss of almost 30%, 3 times higher than specimens impacted at
9 J, over the 30 impacts range. The strain at peak load, Figure 5.18b, also shows a similar trend

and a sharper decrease than the specimens test at 9 J.
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Figure 5.18. a) Peak load and b) % strain at peak load of high-density specimens tested in the
weft direction after being impacted at 18 J

Specimens were also tested in the warp direction for 9 J impact energy. The specimens are not as
strong in the warp direction. The peak load for specimens which had not been impacted,
measured in the weft direction was on average 73 kN, while the peak load for the specimens
which had not been impacted measured in the warp direction was 45 kN. This is due to the
structure of the preform, which leads to more yarns in the weft direction to contribute to the
strength. The specimens react similarly as when tested in the weft direction with an overall
downward trend in both peak load, Figure 5.19a, and strain at peak load, Figure 5.19b, from 0 to
30 impacts. Stress-strain curves for these specimens can be found in Appendix H. Interestingly,
the damage does not seem to affect the strength of the composite until 20 impacts. At 10 impacts
there is a reduction of only 1% in strength compared to the undamaged specimen, which at 20

impacts there is a reduction of almost 30%.
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Figure 5.19. a) Peak load and b) % strain at peak load of high-density specimens tested in the
warp direction after being impacted at 9 J

In the tensile after impact tests, the damaged area was often as large as or larger than the width of
the test specimen. Therefore, these tests may be less accurate than the compression after impact
tests in the next section at predicting residual strength. Also, the specimens used for the tensile
tests were manufactured using the same parameters as OTDR, but there may be inherent
differences which cause the variability. The small sample size also does not help to draw strong
conclusions about the data. Ideally, the repetition of these samples would produce more
conclusive results. Regardless, there are clear trends apparent in the data.

5.2.3. Compression test results- high density

The severity of the damage was determined by evaluating the residual compressive strength after

exposure to the impact event. Compression after impact tests did not produce a good baseline
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(impact 0) strength because they failed in an unacceptable manner. A combined loading
compression test was therefore used to determine the baseline for composite specimens, Figure
5.20. Stress-strain curves for these specimens can be found in Appendix H. Compared to the
compressive strength of 406 MPa determined by the CLC test, the specimens exhibit a loss of
about 45% in strength after being impacted 10 times at 9 J, a loss of almost 50% in strength after
being impacted 10 times at 18 J, and a loss of 55% in strength after being impacted 10 times at
27 J. Specimen size differs in the CLC (140 mm x 13 mm) and CAI (150 mm by 100 mm). This
difference in width may account for part of the strength differences observed between these tests.
There is, however, a clear downward trend in strength as the impact number increases from 0 to
30, Figure 5.21. The earliest impact events appear to have the most influence on the structural
integrity of the composite structure, as the decrease in strength becomes less severe with an
increase in the number of impacts. At 9 J impact energy, the decrease from impact 1 to impact 10
is 13%, while the decrease from impact 10 to impact 20 is only 0.6%. There also appears to be
not much difference between 9 J and 18 J impact energy related to the residual compressive
strength. The impact energy of 27 J, however, causes more damage to the composite, resulting in

less compressive strength.
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Figure 5.20. Residual compressive strength of high-density composite specimens using CLC test
as a baseline
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Figure 5.21. Residual compressive strength of high-density specimens

To understand how well the sensor relates to the severity of the damage, the percent loss of
compressive strength in the composite was correlated with the percent loss observed in the POF
signal for 9 J impact energy Figures 5.22 a, 18 J impact energy Figure 5.22b, and 27 J impact
energy Figure 5.22c. There is not a point for 30 impacts on the graph for the POF embedded in
the top layer, because the dynamic range in the POF signal reaches zero before 30 impacts are
complete. The optical fibers in the top layer of the composite appear to be more sensitive to the
small changes in compressive strength associated with a higher number of impacts. Given that
there is such a large reduction in strength, almost 50% after the initial impacts at each energy
level, a system that is more sensitive to damage may be more advantageous. Further testing,
however, is needed to draw strong conclusions about the accuracy of the POF at predicting
damage. The POF located in the top layer, approximately 2 mm from the surface, is the most
sensitive to the damage event and correlates best with the strength loss observed. This is best
position for damage testing, for other test parameters such as temperature or vibration monitoring
however, the bottom layer may be the best location for the optical fiber so that it is best protected
from environmental elements.
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5.3. Comparison of pick density

Sample groups | and 11 were compared to determine the relationship between pick density of the
composite and POF sensor sensitivity. In both groups, the POF is placed in the middle layer.
Group | specimens were woven with a low pick density of 1.57 picks/cm and group Il specimens
were woven with a high pick density of 4.72 picks/cm. An analysis of high pick density
specimens was covered in section 5.2. For impact testing of low-density specimens, energy

levels of 9 J and 18 J were used.

5.3.1. POF signal results

This section investigates the effect of composite pick density on POF’s ability to sense damage
by comparing POF spectra after a damage event in Groups | and Il. Figure 5.23 shows how
damage progresses in a low pick density specimen after being impacted at 9 J impact energy.
The impact damage area grew from an area of 1.97 cm? after 1 impact to an area of 3.82 cm?
after 30 impacts, this is an increase in damage size of 94%. The impact damage area for each
impact is listed in Table 5.5. A specimen in group I, impacted at 9 J shows a drop in attenuation
of about 4 dB over 20 impacts, Figure 5.24. There is a large reflected signal at around 2.7 m in
the spectra, just before the measured impact location, that indicates damage to the POF or
bending of the POF. This drop first appears at impact 15 and continues to decrease at 20 impacts,
where the dynamic range becomes 0 dB. A specimen with the POF in the middle location, but
woven at a high pick density (group I1), Figure 5.7, experienced a greater attenuation drop of 10
dB over 20 impacts, but the sharp drop in the signal does not appear, and the dynamic range at
20 impacts is still about 4 dB. The tighter weave structure appears to protect the POF so that it
senses the damage but is not damaged itself.
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Figure 5.23. Progression of impact damage at 9 J on a specimen with pick density 1.57 picks/cm

Table 5.5. Impact damage area (impact energy: 9 J, pick density: 1.57 picks/cm)

Impact number Damage area (cm?)
1 1.97
5 2.68
10 3.17
15 3.82
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Figure 5.24. Signal of POF embedded in the middle layer of the 1.57 picks/cm preform and
impacted at a 9 J energy level

Figure 5.25 shows the results of a specimen in group |, impacted repeatedly at 18 J for which the
POF appears to become damaged after impact 1. After impact 1, a signal peak near the damage
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location appears and the attenuation drops 5.5 dB, at which point the dynamic range becomes 0
dB. Although the sensor identifies the damage to the composite, it cannot be determined at this

time if the POF is also damaged itself.

A specimen impacted at 18 J energy level, but 1 cm away from the POF, show in Figure 5.26
displayed no sensitivity to the damage event at all. Even after 15 impacts, at which time the
composite was completely penetrated, the spectra showed no decrease in attenuation. In the
higher density composites, the POF in the top layer was sensitive to the damage even at 1 cm
away. Lower pick density composites were only made with the POF in the middle layer. The
inability to sense damage at 1 cm away may be related to the sensor being in the middle layer

rather than the top layer.
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Figure 5.25. Signal of POF embedded in the middle layer of the 1.57 picks/cm preform and
impacted at 18 J energy level
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Figure 5.26. Signal of POF embedded in the middle layer of the 1.57 picks/cm preform and
impacted at an 18 J energy level, impacted 1 cm from POF location

5.3.2. Tensile test results- low density

A tensile test was conducted in the weft direction of low pick density specimens after samples
had been impacted at an energy level of 9 J. The results for peak load, Figure 5.27a and strain at
peak load, Figure 5.27b show that there was only a 5% reduction in strength and in strain from 1
to 10 impacts, but a 30% reduction in strength and in strain from 1 to 20 impacts. Stress-strain

curves for these specimens can be found in Appendix H.
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Figure 5.27. a) Peak load and b) % strain at break of low-density specimens tested in the weft
direction after being impacted at 9 J

5.3.3. Compression test results- low density

The severity of the damage for the low pick density composites was also determined by
evaluating the residual compressive strength after exposure to an impact event. Residual
compressive strength for 9 J and 18 J impact energy of the low-density and of the high-density
composites for impact 1, 10, 20, and 30 are compared in Figure 5.28. Stress-strain curves for
these specimens can be found in Appendix H. Low-density specimens impacted at 18 J do not
have data for 20 and 30 impacts, because the composite was completely penetrated around 15
impacts. Compared to the compressive strength determined by the CLC test to be 246 MPa, the
low-density specimens exhibit a loss of about 40% in strength after being impacted 10 times at 9
J and 55% in strength after being impacted 10 times at 18 J.
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Figure 5.28. Residual compressive strength comparison between low-density and high-density
specimens after 9 J and 18 J impact, where a CLC test is used as a baseline

To understand how well the sensor relates to the severity of the damage, the percent loss of
compressive strength in the low-density composite was correlated with the percent loss observed
in the POF signal for 9 J impact energy, Figure 5.29. This is compared with data from group II.
The optical fiber in the low-density specimen is more sensitive to the changes in compressive
strength associated with a higher number of impacts. This is probably because the POF is less

protected in this type of structure.
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Figure 5.29. Percent loss observed in the POF signal as a function of the percent loss of
compressive strength in the low-density specimen for 9 J impact energy

5.4. Conclusions
5.4.1. Summary of results

Due to the destructive nature of the testing and the fragility of the POF, all tests were conducted
on individual specimens, which have inherent variation from one sample to another. This
variation and the small sample size that resulted from the low success rate of the POF signal
retention made it challenging to draw strong conclusions about the data. Slight changes in the
connection of optical fiber to the OTDR also produced shifts in the signal obtained which
resulted in some of the analysis being more qualitative (visually comparing aspects of the
spectra) instead of quantitative. Nevertheless, there are clear trends in the data. The POF
embedded in the composite is sensitive to impact damage. The POF in the top layer is the most
sensitive in its reaction to the damage event, but does not provide a strong correlation with the
damage experienced by the composite. In the top layer, the POF fails after 5 impacts at a higher
impact energy (27 J), but the composite does not show this type of failure. The POF located in
the middle and bottom layers exhibit a better correlation with composite damage. The POF in the
middle layer was only tested at 9 J impact energy. At this low impact energy, it does show some
changes in the signal, but not as drastic a decrease in attenuation as the POF in the top layer. The
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POF in the bottom layer is the least sensitive, but it does show a sensitivity after many impacts
and at higher impact energies. The POF in the bottom layer is also protected from higher impact
energies and survived 3 times as many impacts as the POF in the top layer. The POF in the low-
density composite is sensitive to the damage event, but is also easily damaged in the composite.
The compressive and tensile tests both show an overall reduction in strength from impact 1 to
impact 30 for all samples, however, the reduction in strength is minimal for low impact energies
leading to the conclusion the most sensitive sensor may be the best in practice. More accurate
placement of the impact location, improvement to the optical fiber/ OTDR connection, and
testing of multiple optical fibers under the same conditions would produce more consistent

results.

5.4.2. Design of SHM system

A relationship between the sensor’s location, composite damage, and the resulting POF signal
was used to determine the best location for optical fiber sensors to be placed within the
composite so that they can predict structural damage. It was determined that the location of the
POF must be close, within 1 cm, to the damage event in order to sense it. The POF positioned in
the middle and bottom layers correlated the best with the composite damage caused by repeated
impact. Figures 5.30 and 5.31 are examples of how an SHM system might be designed using
these parameters. Figure 5.30 demonstrates an SHM system with multiple POF sensors spaced 1
cm apart. In practice, it is better to have multiple sensors so that if one becomes damaged, the
others would be able to continue sensing. This type of design also minimizes bending, which can
cause added defects in optical fibers. The downside, however, is that each optical fiber would
require its own OTDR for sensing which would be costly. Figure 5.31 demonstrates an SHM
system with 2 POF sensors which are woven so that they are only 1 cm apart from each other.
They are woven such that one fiber is not bent past the critical bending radius. In this system, the
required number of optical fiber sensors is less than the previous system, thus the number of

required OTDRs and the cost will also be less.
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Figure 5.31. Example of SHM system design with a) 2 POF sensors weaving through the
structure to accommodate the critical bending radius b) POF located in the middle layer of the
3DOW composite
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Chapter 6: Technological Analysis

6.1. Introduction
6.1.1. Overview of the optical fiber market

Optical fiber sensors, specifically POF, are an area where technology has been slow to adapt in
favor of more traditional approaches. As mentioned in the literature review there are several key
emerging applications for which OF sensors may be beneficial. Lopez-Higuera et al. touches on
the topic and points out that the key emerging application markets for distributed optical fiber
sensors are wells, security, smart structures, and seismic detection [75]. Liehr et al. predict that
the biggest market for POF strain sensors is expected to be the monitoring of civil engineering
structures and earth works [20]. A study conducted by BBC research on the global market for
optical fiber sensors concluded that the key application areas are telecommunication, oil and gas
exploration and drilling, medical, and industrial market [124]. The applications mentioned in
these optical fiber studies are very diverse and not necessarily specific to SHM, and therefore
include industries such as medical which is a large industry for optical fibers but has little
application regarding SHM. There are several SHM markets, however, that overlap with the key
applications mentioned by the marketing studies. Within SHM there are also other large
industries where optical fiber technology is applicable that may not have quite as large an impact
on the comprehensive global market such as with the aerospace industry and wind turbines. In
order to get a feel for the fiber optical market with respect to SHM applications, a deeper look

into the industry is needed.

Although OF sensors have many application areas there are significant technical hurdles and
market barriers that may hinder their implementation. One hurdle is that potential customers
come from a wide range of industry and technical backgrounds, so there is a lack of
understanding about the operation and benefits of using optical fiber sensors. Another hurdle, as
mentioned in the literature review, is that optical fibers are fragile, and this can pose a problem
for their widespread use and reliability. There is also the requirement of acquisition systems,
software, and data processing algorithms that may hinder the market [125]. Regardless, the
market of optical fibers is expected to grow. A summary of two marketing studies of OF was

explored in order to gain better insight into this market. Markets and Markets conducted a study
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in 2017 which forecasted the market through 2021 [126]. This study provided a definition of the
market by cable type (single mode, multi-mode), optical fiber type (glass and plastics), and
application (telecom, premises, utility, CATV, military, industrial, sensors, lighting, and
metropolitan). Grand View Research Inc., conducted a study in 2017 which projected the market
until 2025 [127]. In this study, the market is divided by type (single mode, multimode, and
plastic optical fiber) and by application (telecom, oil and gas, military, aerospace, BFSI, medical,
railway, and others). The fact that polymeric optical fibers are included as a subcategory in these
reports shows the important role that they are beginning to play in the industry. Even though they
still fall second to GOF, the POF segment is anticipated to experience the highest growth over

the forecast period, especially as they become more cost effective [126].

Both studies suggest that the global optical fiber market will witness substantial growth over the
forecasted period and the Asia-Pacific market is estimated to be the largest OF market. The
market in North America is also expected to experience growth due to the growing premises and
industrial application. It is also mentioned that optical fiber based sensors will gain importance in
North America with recent discoveries of shale gas, which would drive the market in sensors
application [126]. Many of the key players are based in North America and include Corning Inc.,
AFL Global, Finisar, Optical Cable Corporation, and OFS Fitel, LLC [126, 127]. Other key
players mentioned are Prysmian Group (Italy) and Sterlite Technologies Limited (India) [126,
127]. Several new products that offer enhanced characteristics are being launched by
manufacturers which are expected to drive the market. AFL Global and Corning Inc. have
launched various products that were designed to withstand high tensile load, extreme

temperatures, and repeated impacts [124].

6.1.2. Introduction to quantitative text analysis

One way to obtain a quick overview of a large amount of data is by a technique called
quantitative text analysis. Text mining is one of the most popular forms of quantitative text
analysis and is a knowledge-based process that uses analytical tools to derive meaningful
information from a natural language text [128, 129]. It originated in social sciences as a form of
content analysis and due to advances in natural language processing, text mining methods and

tools have become increasingly available in several different research fields, including the hard
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sciences [129]. The overarching goal is to turn text into data for analysis via analytical methods.
It involves subjecting the chosen text to a series of actions which breaks the large body of
information into smaller data pieces in order to add a layer of meaning to raw context.
Researchers in academia have made significant progress in the area of applying text mining for
keyword extraction and pattern recognition from unstructured data to reveal new ideas. By
incorporating text mining approaches, researchers can organize large sets of text data and quickly
identify associations, determine ideas communicated through text, and determine patterns. The
analysis of articles, reports, patents, and academic literature to identify trends is useful in
determining the market for OF because it can quickly illuminate the industries where OF
technology is currently most relevant. Tech analysis also utilizes the large volumes of digital
information available for OF to recognize possible development trends. This helps to determine
what needs are currently being met in relation to SHM and holes where further products could

penetrate.

Common techniques for quantitative text analysis can be classified into text mining and
visualization techniques. Text mining involves natural language process-based approaches,
semantic analysis, rules-based approaches, property function-based approaches, and neural
network-based approaches. Visualization techniques involve a visual output such as patent
networks, patent maps, and data clusters that emerge as a consequence of applying a particular
algorithm [130]. When text mining techniques are applied to technical documents it is often
referred to as technology or tech mining, and for patent analysis, it is named patent mining [129].
Text mining methods and tools have become increasing available in technology management
where scholars try to extract useful information and textual patterns from technical documents.
Porter is one of the pioneers in technology mining (TM) and defines it as the application of text
mining tools to science and technology information, informed by an understanding of

technological innovation processes [128].

Tech mining offers a critical competitive advantage to a wide range of institutions since a
researcher can quickly identify key themes and trends in a large body of text [128]. Most TM
outputs can be reduced to fours items; lists, breakouts from lists, maps, and trends [128]. Lists

consist of simple activity counts that tell you how much of something is taking place. Breakouts
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from lists can tell you about what each of the leaders in a field is doing. Two lists can be
combined to make a matrix or a depiction. A map shows relationships among a chosen type of
data. Trends show what is most popular among the dataset. Corpus analysis is a form of text
analysis which allows the user to make comparison between objects at a large scale.

6.2. Objective

As shown in the literature review OF sensors are an established technology, but it does not yet
have widespread industrial use. There are many potential applications of optical fibers sensors
and these applications must be investigated to determine where OF trends are occurring to
anticipate the future market. The purpose of this analysis is to determine applications where OF
sensor technology will prove beneficial and to determine characteristics of the OF sensor needed
for each application. This study looks at the current trends in optical fiber sensor technology,
including applications, materials, and sensor type. Although this analysis is not a full tech mining
approach or tech analysis, many of the techniques presented will be used to identify trends in the
data.

6.3. Method
6.3.1. Search strategy

During a tech analysis, it is important to ensure that the text you analysis will yield the most
complete coverage as possible. In order to meet the objectives of this study, specific technical
information in digital format was needed for processing, analyzing, and interpreting. Information
retrieval via database search engines was chosen to obtain the raw text data. Although online
information searching has become a prevalent activity in daily life, not all online search results
are relevant and useful to the topic of interest. For an effective database search, Porter and
Cunningham suggest that a search strategy should be implemented which is aligned with the
search purpose and with the available resources [128]. Science and technology literature searches
are typically conducted via a keyword/term search [128]. The same approach can be applied to
companies and business data retrieval. Thus, search queries containing keywords/terms can be
formulated to retrieve information from the chosen database to ensure the search result quality in
this study. In the present study, the focus was not on the search algorithms, but on how to come
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up with an appropriate search strategy to collect relevant information to solve the research

questions as effectively as possible.

The search strategy for this study was as follows:
1. Identification of the keywords
2. Identification the time span

3. Selection of the database

The keywords chosen for this search were optic* fiber sensor. The use of optic* covers all
endings of the word such as optic, optical, optics, etc. This phrase was used to search in the all
subjects and indexing category to make sure that optical fiber sensors was the subject of the
articles retrieved. The last 5 years (2014-2019) were chosen for the timespan of the search to

obtain only the most recent information.

In this study, database analysis was used to identify current trends in the market. Porter and
Cunningham suggest that when choosing a database for data collection, characteristics of the
database should be considered, such as suitable coverage, comprehensiveness of coverage,
biases, content quality, record structure, and keyword availability. Science and technology
(S&T) publications, patents, and trade journals are the primary and most accessible sources of
technology information. Several databases available through NC State University are shown in
Figure 6.1, listed in order of the stage of technological development that is most common within

the database.
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Figure 6.1. Demonstrates which databases correspond to the stage of technological development

Web of Science is a database which includes multidisciplinary coverage of over 10,000 high
impact journals as well as international proceedings coverage for over 120,000 conferences. This

database is good for providing information on fundamental or basic research.

Engineering focused databases Ei compendex and Inspec are part of Engineering Village, which
is an engineering literature and patents database with largescale breadth and depth of content.
Engineering Village contains various sources including news articles, trade journals, S&T
journals, conference proceedings, government reports, patents, and other engineering

information. This database is good for examining the applied science research areas.

The Derwent Innovation Index (DII) is a database with a comprehensive and international
overview of patent information worldwide. The resource provides access to more than
14,800,000 patents and is linked to cited and citing patents, cited articles, and full-text patent
data sources. The titles and content of the patents are rewritten to make it easier for the audience
to understand. This feature provides more complete search results than using only classification
codes. This database can be useful for understanding which patents are being used to create

products, what companies are producing the most related patents, etc.

Abstracted Business information (ABI)/ INFORM has a wide collection of companies and

business-related data globally, such as business and economics periodicals, country-and industry-
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focused reports, full-text scholarly and trade journals articles, dissertations, market reports, and
industry reports. This database is useful for determining who the key players are in the

commercial development of the technology.

Due to the time limit in this analysis, Abstracted Business information/ INFORM complete was
chosen to provide an overview of the current optic fiber technology and market. Given more
time, this database could be used in conjunction with DII to gain a larger representation of the

market.

6.3.2. Text reading and analysis

Once the keyword search in the ABI/ INFROM database was complete for each year, PDF
format files of the relevant information was downloaded. Duplicate articles resulting from the
search were removed before the text was download. The files were then uploaded in a web-based
text reading and analysis environment called VVoyant Tools [131]. Voyant Tools is an open
source scholarly project that is designed to facilitate reading and interpretive practices for digital
humanities students and scholars as well as for the general public. It was chosen for its ease of
use and accessibility. Voyant Tools provides a number of visualization tools such as word clouds
and trend graph which can be used to analyze data. Each corpus, or collection of texts, was
divided by year so that trends could be established over time. A list of stop words was used to
filter out common, but less relevant words. A standard list of stop words provided in Voyant
Tools was used along with additional words related to the subject matter, listed in Appendix G.
Lastly, the trends were analyzed.

Method for obtaining corpus data:
1. An advanced search in Proquest ABI/ INFORM collections database was preformed
a. su(optic* fiber sensors)
b. search selected time range (ex: January 2018-December 2018)
2. Duplicate articles were filtered out by identifying similar titles
3. The database was exported as a text only file
a. Information exported: author, company/ organization, full-text, title, publication

year, source type
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6.3.3. Limitations to the search and analysis method

One limitation to this method is that the articles, patents, and records are only in English. The
problem with this is that a portion of the SHM academic literature comes from Asia. Monitoring
systems have been implemented on bridges in several countries including Europe, the United
States, Canada, India, Japan, Korea, China [3, 72]. The Asia-Pacific market was also identified
as the largest market for optical fiber sensors and the current use of optical fiber sensors is
global. The chosen database has global coverage, but some key materials may have been missed
since only English articles were downloaded. This could alter the results or skew them to show

that English speaking countries have a higher contribution to OF technology and markets.

A limit to using the selected data analysis method is that PDF articles must be obtained
manually, when reduces the size of data that is able to be obtained in a given time period. When
trying the tease out a specific theme, the articles may be relevant, but not mention a specific
theme or industry. Articles may also list multiple themes without specifics to the sensor
requirements. Words found in an article may not necessarily relate to the theme or industry. A
more in-depth analysis of the data, such as investigating the context of the words is needed in
order to fully understand the meaning of this information. Another limitation is that since this
analysis is being performed as part of a doctoral study, only one student conducted the analysis.
A second analyzer may have another approach to retrieve and analyze the data and would

therefore potentially obtain differing results.

6.4. Results and Discussion

During the keyword search, the ABI/ INFORM database provided information about the source
from which the articles are obtained. Figure 6.2 shows the frequency of the various source types
from the ABI/ INFORM database for each set of data downloaded by year. There is an overall
increase in the number of total articles from 2014-2018. The search was conducted in May 2019,
so articles from the year 2019 are only representative of the months January- April. It is expected
that the total number of articles (January- December) for 2019 will also follow this trend and
show an increase from 2018 to 2019. The highest increase observed, is in articles identified as
wire feeds, which increased over 300% from 2014-2018. Wire feeds are a result of news
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agencies creating news content and selling it to other organizations. An increase in this type of

news content suggests that public interest in optical fiber sensors is becoming more frequent.
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Figure 6.2. Frequency of source type per year for ABI/ INFORM database

A series of word frequencies were used to understand how common words in each corpus related
to each other and to optical fiber sensors. One method of visualizing word frequencies is with a
word cloud. In the word cloud, the terms which occur most frequently are sized the largest and
positioned closer to the center. A word cloud of the most common terms before stop words had
been removed is shown in Figure 6.3. Understandably words like fiber, optical, and sensor
appear more frequently because they were the searched words. Other frequent words include
patent and market, which indicates the text downloaded most likely contains several patents and
market studies. These words may be the most common, but they did not provide a significant
amount of information about the content of the document.
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Figure 6.3. Word cloud of word frequencies before addition of stop words [131]

A list of stop words, provided in Appendix G, was added to refine the results and produce more
meaningful data for analysis. The resulting word cloud is shown in Figure 6.4. This along with a
list of the most common words found in the corpus was used to gain an idea of the themes
present in the data. The 25 most common words and their frequency are listed in Table 6.1.
There are several words that stick out related to parameters that optical fiber sensors may sense
such as pressure, temperature, and fluid. Related to potential industries are the words gas,
energy, turbine, electric, and drilling. Related to materials are the words glass, silica, and
polymer. Word clouds are effective at quickly drawing attention to high frequency terms. They,
however, have also been criticized as being reductive and misleading and are best used in
conjunction with other more exploratory and nuanced tools. Since word clouds only provide
single words, the meaning and context of the word may not be represented as intended. A word
such as turbine for example can be related to wind, gas, engine, etc. This indicates that words of

significance should be looked at more in depth using other text mining tools.

108



]

irbine

w1

uoneziles

21N

2 eIECtrlcall Ssemlm,ondudm
2 E §m Q. ~7
,,,,,,, "f‘g —~ H o%
subterranean(D =T 3
= %C '_lp—a Srs
N S———
acousticBE: g s "cj 1= S kectrospinning
single . o
=) (DH o P=crQ , @magnetic
e % D
Q)

=
Qisel
59)
c 3
— 91l

9INS
@)

aunpe

veh

Figure 6.4. Word cloud of most frequently occurring words in the database [131]
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Table 6.1. List of top 25 most frequent words

Term Count
1| gas 597
2 | temperature 596
3 | pressure 525
4 | fluid 461
5 | turbine 430
6 | energy 379
7 | european 340
8 | electric 339
9 | strain 308
10 | drilling 304
11 | cable 301
12 | oil 284
13 | structure 261
14 | medical 258
15 | fluids 247
16 | electrical 242
17 | glass 240
18 | vehicle 240
19 | water 240
20 | engine 224
21 | composite 223
22 | air 220
23 | cement 211
24 | nanofibers 211
25 | polymer 207

Collocates are terms which appear frequently in proximity to key words across the corpus. A
collocate study was conducted on the corpus to discover words frequently found within a
proximity of 5 words to the keyword market. The collocates tool within VVoyant Tools provided a
table view of the term (keyword being searched), the collocate (word found in proximity of the
keyword), and the count (frequency of the collocate occurring in proximity to the keyword).
Table 6.2 displays the results of this search. Words which are often associated with the word
market, but which were not of interest for this search such as segmented, forecast, players, etc.
were removed from the list. The words were then categorized, and color coated based on what

type of market they represent industrial (green), testing parameter (blue), and location (red).
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Table 6.2. Collocates with the word market

Term Collocate Count (context)
1 | Market | temperature 66
2 | Market | photoelectric 47
3 | Market medical 26
4 | Market submarine 18
5 ' Market america 18
6 | Market pressure 16
7 | Market oil 16
8 | Market | semiconductor 13
9 | Market acoustic 13
10 | Market iot 12
11 | Market gas 12
12 = Market china 12
13 = Market europe 11
14 = Market japan 10
15 = Market asia 10

Word trends were used to look at how the frequency of the chosen word changed over the
corpus, which in this case were all the articles downloaded for the given year (2014-2019). Each
frequency is displayed as the number of times a word appears relative to the number of words for
all articles within that year. Words were chosen from a list of the most commonly occurring
words in the corpus and placed into themes to explore. This was also correlated with the words
found using the collocates tool. A word trend graph is provided in Figure 6.5 to show the
frequency of regional words (Asia, Europe, America) appearing in proximity to the keyword
market found by the collocate tool. All of the three regions observed have the highest frequency
in 2015 and decrease after this. The articles selected for 2015 may be more market focused than
the ones for other years, causing this effect. From this graph, it is observed that Europe was
mentioned more frequently in than American and Asia, until 2017, when it becomes the least
frequently mentioned. In section 6.1.1 it was mentioned that the Asia-Pacific market is estimated
to be the largest OF market and that the North American market is also expected to experience
growth. These things may be correlated, but further investigation is needed to determine if this
relationship is accurate.
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Figure 6.5. Word frequency of regions appearing within proximity to the keyword market

A collocates graph represents keywords and terms that occur in close proximity as a force

directed network graph. The keyword is shown in blue and the collocates are shown in orange.

This tool was used to identify words related to the keyword measure with the objective of
identifying words associated with parameters that an optical fiber sensor may measure. Four

words were identified as being related to the keyword, shown in Figure 6.6a. A word frequency

graph was implemented, Figure 6.6b, to show the frequency of these three common sensing

parameters. Strain is the most consistent over the timespan of the corpus, while temperature and

pressure fluctuate.
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Figure 6.6. a) Words that appear in proximity to the keyword measure b) word frequency of
these parameters [131]

To perceive the activity of optical fibers in industries, the collocates tool was used to determine
words located in proximity to the keyword industry. Figure 6.7a show words that occur
frequently with the word industry, and represent several of the industries where optical fiber
sensors are advancing including medical, aerospace, and oil and gas. The word frequency of
these industries was observed, shown in Figure 6.7b. The three industries show similar trends in

word frequency, being the most frequent in 2015.

A quick context search of a word helps gain more meaning and obtain more information about
the subject matter. Medical is an industry which stood out in this search. After conducting a
quick context search, it was learned that optical fiber sensors are expected to lead innovation in
the medical sector due to their lack of wires, non- conducting nature, and ability to be inserted
into a human body. They are being used to implement miniature microscopy, measure

intravascular blood pressure, conduct minimally invasive surgery, and as imaging rods to
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determine presence of tumors [132]. There was also a recent breakthrough which allows the
mapping of liquid outside the boundary of the glass optical fiber, allowing the one to probe the

surroundings of the optical fiber, a function similar to ultrasonic imaging [133].
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Figure 6.7. a) Words that appear in proximity to industry b) word frequency of end-use industry

Relative patent frequency was also evaluated, shown in Figure 6.8. The trend for the word patent
increases over time. Although this does not represent the actual number of patents obtained, it
does suggest patents related to optical fiber sensors are appearing more frequently over time. A
context search was used to identify companies related to these patents from 2017-2019, provided
in the list below. A couple of the companies listed (Corning and Finisar) align with the key
players mentioned by a market studies in section 6.1.1. Several other companies were also

identified, providing more information about optical fiber sensor development.
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Figure 6.8. Frequency of the word patent

List of companies obtained from a context search on the word patent:

e 3M

e Aker Solutions

e Apple

e Boeing

e Corning

e Finisar

e Fujitsu

e General electric
e Halliburton

e Lockheed Martin
e Mitsubishi

e Sanmina

e Schlumberger

e Sensobright industries
e Siemens

6.5. Conclusion

A text analysis was conducted on textual data obtained from the ABI/ INFORM database using a

keyword search for optical fiber sensors. This analysis provided information on the optical fiber
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sensor market, measurement parameters, industrial applications, and patents. The main
advantage of this data was that it provided a comprehensive overview of the information in
industry related to optical fiber sensing technologies and that these trends can be analyzed by
year. Although this was not an in-depth search, conclusions can be drawn about themes and

trends in the current optical fiber sensor market.
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Chapter 7: Overall Conclusions and Suggestions for Future Work

7.1. Overall conclusions

Combining a composite structure with optical fiber sensors results in a smart composite that
offers advantages over traditional sensors. Advantages such as the ability to tailor materials to
specific uses, the ability to embed the sensor in the material, and the ability of a structure to
interact with its environment. The proposed smart composite system, composed of a POF
embedded in a 3DOW composite, proves to be a viable SHM system and will continue to
improve with further characterization and testing. This multi-disciplinary system brings together
several advanced technological components to create a system that utilizes the advantages of
each. The POF chosen is more flexible than more common glass optical fiber sensors.
Composites are strong and lightweight compared to conventional building materials. It was
shown that 3DOW preforms make an excellent host for optical fibers because the yarns are

arranged in straight paths, providing minimum crimp and less damage to the optical fibers.

Establishing relationships between signal loss and compressive strength loss enables better
monitoring of structural health. The POF positioned in the top layer is the most sensitive in its
reaction to the damage event but fails easily and does not provide a strong correlation with the
damage experienced by the composite. A system that correlates well with composite damage is
the most advantageous. The POF located in the middle and bottom layers correlated better with
the composite damage. Further testing, however, is needed to draw strong conclusions about the
accuracy of the POF at predicting damage due to the variation between samples and small
sample size. More accurate placement of the impact location, improvement to the optical fiber/
OTDR connection, and testing of multiple optical fibers under the same conditions would

produce more consistent results.

As with any technology, improvements to the optical fiber sensor, especially to the flexibility,
attenuation, and reliably will greatly improve the viability of the system. The market for optical
fiber sensors is rapidly growing and research is actively being conducted to meet these
improvement goals. OF sensors are most often implemented for temperature, pressure and strain

monitoring. They appear to be prominent for use in the oil and gas industry, aerospace, and for
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use in bridges. Overall the outlook for optical fibers as part of a structural health monitoring
system is positive and is sure to play an integral part in ensuring infrastructure remains resilient

and safe for the future.

7.2. Suggestions for Future work

As mentioned, the goals of SHM are to increase the safety of the structure and people using it,
increase the longevity of the structure, reduce the cost of preparation and maintenance, and to be
reliable and accurate at predicting failure within the structure. Completion of these goals comes
with extra benefits for industry application. An increase in safety results in earlier warning signs
of hazards, fewer accidents, and less cost associated with damage. Increasing the life of the
structure means that new structures don’t have to be built as often, and buildings can be
preserved longer. SHM can monitor a structure from its construction to its final days. Being able
to monitor a structure while it is being constructed will confirm that the parts are being put
together correctly and constant monitoring of a structure will lead to need based maintenance
which requires less cost than scheduled inspections and maintenance. The ability to be reliable
and accurate will advance as research continues for these systems. The advances in sensor and
data processing and usability will only result in further growth and increased application of these
technologies. This section provides some suggestions for future works to further this goal.

When manufacturing future composites extra care should be taken in the handling of the OF
sensors. Support should be added to minimize the risk of damage at the ingress points of the OF
and the composite. The edges where the fiber bends and is exposed before being reinserted in the
fabric should also be supported, either by keeping the bend within the selvage, so that it is

protected by the composite or by external support.

There are unanswered questions which remain about the POF spectra. There is a shift that occurs
between a reflection peak and the actual damage location. This shift could be due to the amount
of reflection encountered by the detector, human error in measuring, error in the software, etc.
Further testing and analysis are needed to determine the cause of this shift so that an accurate
distance is measured. This is especially important if the impact location is unknown beforehand.

It is also unknown why sometimes a peak appears at the damage location, and sometimes there is
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only a decrease in attenuation. Future testing and analysis should be conducted to determine the
cause of these anomalies. A C-scan for nondestructive qualitative examination of void
distribution and delamination faults in composite materials may also help to correlate the spectra
with the type of damage incurred. Once the reason for these spectra items is determined a better
baseline from which to evaluate damage can be achieved. This will aid in the use of algorithms

to process the spectral data as well.

A distributed, POF sensor may not be the best option for the future of SHM. Research and
development are being conducted on optical fiber sensors. These new fibers which promise to be
more flexible, more resistant to attenuation, and more reliable should be investigated for
embedding in the composite. For example, Corning recently began producing highly flexible,
glass, multimode optical fibers which are designed to withstand tight bends with substantially
less signal loss than conventional multimode fiber. A preliminary OTDR test was conducted,
provided in Appendix F, and they were found to have minimal attenuation loss and to be suitable
candidates for future projects. In the literature review FBG sensors were mentioned as one of the
most mature sensors for SHM, but they are predominately made of glass. As more flexible FBG

sensors available this may be another viable option for future studies.

3DOW structures are not the only viable textile structure in which optical fibers can be
embedded. There are many woven, knitted, and nonwoven structures that can and should be
explored. There are numbers of designs, patterns, and constructions that may be more suitable

for a given application.

The literature review mentioned several types of optical fiber sensors. Given that the embedded
POF is not disruptive to the overall structure or integrity of the 3DOW composite. A proposal for
a system that contains multiple types of optical fibers position in different layers of the structure,
depicted in Figure 7.1, could be implemented. Each fiber could be used to measure a different
parameter. For example, OF A and B positioned in the top layer, may be used to detect impact
damage. OF C could be placed in the bottom layer where it is better protected and measure a
different parameter such as vibration, where it may not be required to be near the surface.
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composite to monitor several parameters b) OF A and B are located in the middle layer of the
3DOW composite to monitor composite damage and OF C is located in the bottom layer of the
composite to be better protected
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2D

3D
3DOW
ABI
BOTDR
CAGR
CAl
CFRC
CLC
CMC
dB

DIl
E-glass
FBG
GFRC
Gl
GOF
GPS
LED
MMC
OFDR
OTDR
PC

PF
PMC
PMMA
POF
PS

Appendix A: List of Abbreviations

Two-dimensional
Three-dimensional

Three Dimensional Orthogonal Woven
Abstracted Business information
OTDR based on Brillouin scattering
Compound Annual Growth Rate
Compression after impact

Carbon Fiber Reinforced Composite
Combined Loading Compression
Ceramic Matrix Composite

Decibel

Derwent Innovation Index

Electrical glass

Fiber Bragg Grating

Glass Fiber Reinforced Composite
Graded Refractive Index Profile
Glass Optical Fiber

Global Positioning System

Light Emitting Diode

Metal Matrix Composite

Optical Frequency Domain Reflectometer
Optical Time Domain Reflectometer
Polycarbonate

Fluorinated polymer

Polymeric Matrix Composite
Polymethylmethacrylate

Polymeric Optical Fiber

Polystyrene

132



PTFE
PVDF
ROTDR
S&T
SHM

Sl
SOFO
™
VARTM

Polytetrafluoroethylene

Polyvinylidene Fluoride

OTDR based on Raman scattering

Science and Technology

Structural Health Monitoring

Step Index Profile

French acronym of “Surveillance d’Ouvrages par Fibres Optiques*
Tech Mining

Vacuum Assisted Resin Transfer Molding
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Appendix B: OTDR Specifications

Wavelength options: 670 nm, 850 nm
Fiber Type: MMF 200 pum, 62.5 pm, or 50 um
Optical connector: Universal, PC Type, with FC, SC or ST adapter
Optical pulse width: 1 ns
Measurement range: 1.25, 2.5, 5, 10, 20, 40, 80, 160 km
Dynamic range:
o Return Loss: 100 dB
o Rayleigh Backscattering: >20 dB
Dead zones:
o Eventdead zone: 10 cm
o Attenuation dead zone: 40 cm
Distance accuracy: + (10 mm + 5x10-5 x[fiber length])
Reflectance accuracy: 1.5 dB
Loss accuracy: + 0.1 dB + 0.02 dB/dB
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n

o

10.
11.

12.
13.
14.

15.

16.

17.

18.
19.

20.

Appendix C: Steps of Vacuum Assisted Resin Transfer Molding

Clean glass tabletop using a razor blade and adhesive remover

Prepare the 3D preform by cutting off the taped ends

Lay a layer of release film, the same size, or slightly larger than the sample on the glass
tabletop

Lay the prepared 3D preform on top of the release film

Place the nylon woven peel ply layer on top of the 3D preform to ensure good and even
resin distribution during the infusion process. This layer is at least an inch wider and an
inch longer than the preform on all sides to make the removal easier.

Place the resin flow media on top of the peel ply layer to allow quick resin flow across
the preform during infusion. This layer should be 2/3 the length of sample and the same
width.

For the resin inlet and outlet, a 1.5 cm diameter spiral tube is placed on both edges of the
preform. The tube is the width of sample + 1 inch. Use brown tape to tape opposite end of
the spiral tube to prevent it from puncturing the vacuum bag.

Cut the connector tube (about 5cm) and attach it to outside of the spiral tube by rotating
anticlockwise

Both the inlet and outlet spiral tubes are connected, via the connector tube, to a 1.5 cm
diameter flexible polyethylene tube, inlet tube will be connected to resin supply and
outlet tube will be connected to the vacuum pump. The inlet tube is about 1 meter in
length. The outlet tube should be long enough to reach the vacuum pump.

Seal the connections with sticky tape

Place a spiral tube along the 3D preform sides, this should be the side without selvage if
optic fiber is uses. Us sticky tape to secure the end with brown tape to the table.

Place the sealant sticky tape around the preform so that the tape is positioned next to the
fabric, and about 1 inch away on side with taped spiral tube because of wrinkling

Tape down the connector tube in the middle of the sticky tape.

Place POF ends threaded through furcation tubes carefully on top of the sticky tape and
add an additional small piece of sticky tape on top of the furcation tube to ensure that no
air gap that may cause air leak during the vacuum process

Secure all connections with sticky tape. At the inlet and outlet use rolled pieces of sticky
tape to fill in the gaps on the side and place a slightly bigger piece of sticky tape over the
top of the connector tube. Make sure and squish down these areas so that there are no
gaps between the tape

Cover the preform with the nylon bagging film and seal with sealant tape. Start at corners
and press down while applying tension on both sides of the bag. Next, press down edges
along the edges. Use a flat stick to press along outer edge and to secure the corners.
Connect the vacuum pump to the resin outlet tube and connect resin inlet to an absolute
pressure gage.

Apply 100 kPa negative pressure to the prepared preform.

Switch off the vacuum pump for 1 hour with observation to the vacuum gage to ensure
that there is no air leak and that the prepared sample is keeping the vacuum pressure.
Disconnect the pressure gage and clamp the resin inlet until the resin is prepared.
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Figure C1. Vacuum bag set-up

Preparing Epoxy Resin

1.

2.

Epoxy resin is mixed in a bucket at a 100:27 weight ratio of epoxy to hardener. The
resin is hand mixed using a wooden stirring stick.

Place the mixed resin in a vacuum desiccator for degassing to removes all air bubbles
that were created during stirring the mixture.

After 30 minutes, remove the resin mixture from the vacuum desiccator and carry to
infusion table.

Place the resin inlet tube on the resin mixture bucket, then, switch the vacuum pump
on

Unclamp the resin inlet and resin will start to flow from the resin bucket to spiral tube
and then to the preform.

When resin reaches the outlet spiral tube and the preform is fully impregnated with
resin, resin inlet is clamped and the vacuum pump was kept running for 15 minutes to
take out all excess resin and air (bleeding).

Then the vacuum pump was turned off and sample was kept on the table at least 24
hours for curing.
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Appendix D: POF Connection Tests

During testing, variation in the signals was noted. In order to determine the origin of the
variation, a test was conducted to determine the effect of the connection of the POF on the
consistency of the POF signal. The POF (not embedded in a composite) was connected, signal
measured, disconnected, and then reconnected. This was repeated 10 times to identify changes in
the signal after each reconnection. The results, Figure D1 show variation in the signals observed
when the connection is the only variable. Attenuation loss does not appear to be not specific
orderE>J>A>F>C>1>G>H>B>D. There is no drop observed in the first reflection
peak, however in the second there is a distinctive separation. Again there does not appear to be a
specific order to the separation. Signals A, C, E, F, |, J, and K appear is the higher peak and
signals B, D, G, and H appear in the lower peak. There for the variation in the earliest tests,
where the POF was connected and disconnected after each impact event does not appear to have

significant meaning.
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Figure D1. Connection test for POF not embedded in the composite
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The test was also conducted with the POF embedded in the composite material. The drop noticed
in the first reflection peak, after the first two signals is consistent with POF embedded in
composites which are reconnected. Typically, the first few signals tested will have a higher
reflection peak than later signals tested. The drop noticed on the right side of the end reflection
appears to be also inherent to reconnecting the POF to the OTDR. For the first 3 signals
recorded (A-C) the dynamic range is about 6.2 dB, and for the remaining signals the dynamic
range increases to between 7.6 and 8.6 dB. Again, the drop in attenuation is not consistent with
the order that it was tested (A>E>G>1>C>D >H >J > B > F) indicating that the POF is

likely not being damaged as it is reconnected.
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Figure D2. Connection test for POF embedded in the composite

As expected, when the bare POF (not embedded in the composite) remains connected to the
OTDR, the signal variation is minimal. Figure D2 shows a difference of about 0.1 dB in the

attenuation of the 10 test signals.
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Figure D3. Connection test for POF which remained connection during record of the signals

It’s concluded that a lot of the signal noise observed in the repeated impact tests is dependent on
the connection to the OTDR. Many factors affect the POF signal these include, how far the end
of the POF is placed in connector, that the connector is properly screwed onto the OTDR, the
amount/ use of fiber optic cleaner, etc. The best way to conduct the repeated impact test was to
leave the POF connect during the duration of repeated impacts to minimize variation in the

signals.

139



Appendix E: Extra POF Signals

The following are specimens which were not used in the analysis due to premature damage, but

they may still be able to provide useful information.

The POF shown in Figure E1 appears to be sensitive to damage, only surviving until impact 7 at
9 J impact energy. Impacts 1, 3, and 5 show a decrease in attenuation at the impact location site.
The biggest drop around 3.3 m experienced at impact 7 seems to show that damage occurred
closer to the edge of the composite rather than at the impact site. It was unclear if the damage
experienced by the POF was related to damage at the edge of the composite or related to the

impact damage, thus this specimen was not included in the larger analysis.
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Figure E1. Signal of POF embedded in the top layer of the 4.72 picks/cm preform and impacted
ata 9 Jenergy level

The exit point of the POF from the composite is a very sensitive area that is prone to damage such
as bending. Given that there is a large peak near the edge of the composite, it is concluded that the

POF in Figure E2 most likely experienced an event which caused the fiber to break, unrelated to

the damage experienced by impact testing.
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Figure E2. Signal of POF embedded in the middle layer of the 4.72 picks/cm preform and
impacted at a 9 J energy level, failed at the edge of composite, not at the impact location
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Figure E3. Signal of POF embedded in the bottom layer of the 4.72 picks/cm preform and
impacted at an 18 J energy level

The POF in Figure E4 was impacted at an energy level of 9 J 1 cm away from the POF location.
Unfortunately, the POF experienced damage outside of the composite area identified by the large
141



peak around 3.7 m. The interesting thing in this spectra is that the peak grows very nicely with

each impact, indicating more damage to the POF each time the fiber is impacted.
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Figure E4. Signal of POF embedded in the top layer of the 4.72 picks/cm preform and impacted
ata 9 J energy level, 1 cm from the POF location.

Specimens that had small defects after VARTM were also tested to create more repetition of
each test condition. The POF in Figure E3 provides more date on specimens with the POF
embedded in the bottom layer of the 4.72 picks/cm preform and impacted at an 18 J energy level.
This test was conducted while being disconnected from the OTDR between impact events which
accounts for the inconsistency in the reflection peaks at the ends of the POF. The signal shows a

drop in attenuation of about 2.5 dB over 30 impacts, which is consistent with the test done under

similar conditions in Figure 7.11.
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Appendix F: Corning Flexible Glass, Multimode Fibers Testing

In conventional glass production, the silicon and oxygen bonds are very strong, rigid, and
reinforced. This means that the weak point is typically a microcrack, scratch or impurity
introduced to the glass. The conventional glass will bend a little before it breaks because of these
impurities and physical flaws. Corning has a process of creating very pure glass with no
impurities. Corning optical fiber is made out of special glass called high purity fused silica. The
process takes place in a clean-room environment in a patented process of combusting very pure
silicon-containing flammable gas. In this process, silicon tetrachloride gas is converted to silicon
dioxide. Optical fibers also have the benefit of being a thin material which results in less
stretching of the outer curve. The optic fiber is then coated with a layer of plastic to add extra

protection against external damage.

Two optic fibers manufactured in this way, the Infinicor® 300 and ClearCure®, were obtained
and a preliminary OTDR test was performed to determine if they are compatible with this
measuring device. Both are Multimode fibers and have a small bending radius. Table F1 shows

the specifications of each fiber. The OTDR setting used for each test are provided in table F2.

Table F1. Parameters of Corning OF

Parameters Infinicor® 300 | ClearCurve®
Core diameter (um) 62.5 50
Cladding diameter 125 125
Coating diameter 242 242
Coating type Acrylate Acrylate

Table F2. OTDR settings

OTDR Setting Value
Wavelength (nm) 670
Distance Range (km) 1.25
Refractive Index 1.496
Backscatter Coefficient (dB) -68

The spectra for each OF, Figure Fla and b, show minimal attenuation and thus both are good
candidates for embedding in composite materials in future projects.
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Figure F1. OTDR signal for a) Infinicor® 300 and b) ClearCure®
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Appendix G: Additional Stop Words

accounted
accounted
accounted
accountid
active
activities
addition
advanced
ag

ago

ago
apparatus
al
analysis
analytics
analyzed
angle
announced
annual
apparatus
appl
application

applications
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article
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Appendix H: Stress-Strain Curves for Tensile and Compression Testing

Tensile Testing
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Figure H1. Tensile after impact test results for the 10" impact at various impact energies, pick
density: 4.72 picks/cm
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Figure H2. Tensile after impact test results for impact energy: 9 J, pick density: 4.72 picks/cm
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Figure H3. Tensile after impact test results for impact energy: 18 J, pick density: 4.72 picks/cm
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Figure H4. Tensile after impact test results for impact energy: 9 J, pick density: 1.57 picks/cm

151



Combined loading compression testing
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Figure H5. Combined loading compression test results for high pick density (4.72 picks/cm) and
low pick density (1.57 picks/cm) specimens
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Figure H6. Compression after impact test results for impact energy: 9 J, pick density: 4.72
picks/cm
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Figure H7. Compression after impact test results for impact energy: 18 J, pick density: 4.72

picks/cm
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Figure H8. Compression after impact test results for impact energy: 27 J, pick density: 4.72
picks/cm
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Figure H9. Compression after impact test results for impact energy: 9 J, pick density: 1.57
picks/cm
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Figure H10. Compression after impact test results for impact energy: 18 J, pick density: 1.57
picks/cm
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