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ABSTRACT

Fiber reinforced polymers (FRP) are an efficient and inexpensive method of
repairing deteriorating infrastructure. FRP sheets can be applied to spalling bridge
sections and columns to prevent further deterioration and increase stiffness. However, the
effect of the environment on the long-term durability of FRP and how the various damage
mechanisms initiate and develop are not known. Systems for structural health monitoring
are being sought as a means of managing important components in transportation systems
as assets in light of modern life cycle cost concepts. This study characterizes a fiber optic
sensor for use in detecting acoustic emissions (AE) in FRP. The results of AE analysis
(signal amplitude, frequency spectra, MARSE, and in-plane displacement) caused by
simulated fiber fracture experiments and other types of mechanical loading in FRP test
coupons are reported. The applications to the development of FRP structural health

monitoring systems are also discussed.
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Chapter 1 - Introduction

Almost one-third of the 581,862 bridges over 6 meters in length in the United
States of America are structurally or functionally deficient according to the standards set
by the American Society of Civil Engineers [1]. A functionally deteriorated bridge cannot
support its designed service levels of traffic load and speed. A structurally deficient
bridge is an imminent hazard and must be repaired. Current trends in infrastructure
management have led engineers to analyze the benefits and costs related to repairing
structures within a transportation network rather than building new structures|2].
Unfortunately, there is considerable disagreement as to what type of damage a structure
can sustain before it needs repair. The evaluation of structural and material damage is
subjective and can vary widely based on personal experience and judgment [3-6].

Visual inspection is the primary accepted method of bridge inspection nationwide.
Non-destructive methods have been developed in order to remedy the problem of
examining and evaluating bridges subjectively. These methods help engineers decide the
“health” of a structure and make accurate assessments about when and where a bridge is
most in need of repair. The goal of any health monitoring study is to provide useful data
that can aid engineers and maintenance crews in repairing and maintaining structures.
Global scale structural information can be related to data from local regions using non-
destructive evaluation (NDE) of the structure [7, 8]. Using sensors, regions of damaged
material or structural concern can be determined in a faster and more accurate manner
than by human observation alone.

The advance of materials technology has led to the development of novel
materials that can be used to repair bridge structures efficiently. While many materials
are now available, high strength composites represent an ideal way to repair bridge
structures [9]. Applying unidirectional fiber reinforced plastics (FRP) to the underside of
bridge decks to stiffen aging structures and increase allowable traffic loads has been
shown to be an effective method of rehabilitation [10]. Layers of FRP can also be
wrapped around deteriorated columns and beams to strengthen the overall structure and

provide exterior confinement [11], Figure 1.01.
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Figure 1.01: Typical FRP Infrastructure Application, adapted from www.fibrwrap.com

However, little is known about the long-term durability of composites exposed to
the environment during their service life [12]. In FRP, this is especially necessary
because the integrity of the material is dependent on many factors that are not
immediately apparent or even detectable by the human eye. For instance, an area of resin
poor fibers would transfer stress to the surrounding material much differently than a
properly saturated fiber/matrix composite. While a resin poor area would be detectable if
it were on the surface of a structure, FRP reinforcement is often many layers, or plys,
deep and the surface is often painted for aesthetic purposes. Therefore, the standard
method of large-scale structural inspection, human observation, is not adequate when
inspecting FRP.

The question of what would be a better alternative to human observation is not
easy to answer. Although there are many different methods of non-destructive inspection,
no single method offers a panacea [13]. By using multiple methods accurate and sensitive

measurements can be obtained from a structure to aid engineers in selecting an effective



method of repair. In order for an inspection method to be useful in monitoring and
evaluating FRP, it must be robust and versatile given the variability of the location,
material and purpose of FRP in infrastructure. A useful NDE method would be able to
evaluate the current condition of the materials in a structure with access to only the outer
surface in quick and easy to interpret fashion. A potential method of achieving all of
these goals and successfully evaluating the long-term structural health of FRP in
infrastructure applications is monitoring the acoustic emissions (AE) from the composite

[11]. Figure 1.02 is a symbolic diagram of the AE monitoring method.
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Figure 1.02: Acoustic Emissions Monitoring Process

The method, study and detection of AE in materials has been well developed (see
references [14-25]). In composite materials, AE has been used to monitor the
progression of damage and the critical failures in structures (see references [12, 20, 24,
26-31]). However, there are several problems concerning the use of AE monitoring in
FRP. For instance, pre-failure damage might occur in the direction parallel to the
reinforcing fibers instead of perpendicular to the surface of the fibers. Current AE
transducers are not optimally sensitive to this kind of in-plane displacement unless the
damage mechanism also produces a component of out-of-plane displacement. It has been
demonstrated that optical interferometric systems can be used to monitor in-plane
displacements and AE in materials [32].

The health monitoring concerns in FRP can be addressed by using a novel sensor
developed by Luna Innovations: the extrinsic Fabry-Perot interferometer (EFPI). It is the
goal of this study to verify that the EFPI can detect AE from fiber fracture. A secondary

goal is to compare the use of in-plane sensors to out-of-plane sensors in structural health



monitoring of fiber reinforced composites so that the EFPI can be compared and
understood in the context of previous AE research. The major contribution of this work is
the description of a method that relates the mechanical nature of a fiber fracture to the
results from AE detected using sensors to monitor on fiber reinforced composites.

The second chapter of the thesis discusses the pertinent literature and current
research in acoustic emission monitoring, infrastructure rehabilitation, the mechanics of
FRP composites and using NDE to monitor the structural health of FRP. The basic
concepts of wave propagation in anisotropic materials are also discussed in the chapter.
The methods used in analysis of AE signals and modeling FRP materials as well as the
mathematical conventions in this work are also defined.

In chapters 3 through 14, the experimental methods, results and discussion of the
results for four related test series are covered in detail. The four test series are: EFPI
system calibration and characterization, optical fiber breaks on an aluminum plate,

tm

optical fiber breaks in MBrace™ CFRP and mechanical loading of MBrace™ coupons.
Each test was designed with three goals in mind. First, to define the system and calibrate
the sensor response with respect to a well characterized source. Second, to create ideal
scenarios where the only form of damage occurring in a FRP sample is fiber fracture and
record and analyze AE from those conditions. Third, to compare other, more realistic
failures to the previous results and use the knowledge of the system response and the
character of an ideal fiber fracture to identify fiber fracture in FRP coupons. For purposes
of clarity and continuity, each experiment is divided into three separate chapters dealing
with the experimental materials and methods, results and a discussion of the results.
Chapter 15 discusses the significance of the results in light of the research goals and what
possible conclusions can be drawn from the experiments. This chapter also discusses
ideas for future work and related ideas for using the EFPI in structural health monitoring.
The importance of this work lies in the characterization of a novel sensor for use in NDE
and a method of using it to detect fiber fracture in FRP composites. Appendices are also
included to aid others that may pursue NDE research using the EFPI and FRP

composites.



Chapter 2 - Literature Review

Definition of Coordinate System and Conventions

1

Ll

Figure 2.01: Definition of Coordinate System

A consistent sign convention and coordinate system is used throughout this work,
Figure 2.01. The coordinates shall be written in terms of the position on the 1, 2, 3 axes.
Alternatively, the coordinates can be denoted using X1, X2, X3 or X, Y, Z for the
coordinate axes. When considering plates or samples, the origin is located in the middle
of the horizontal plane. The reduced tensor notation (11—1, 22—2, 33—3 23—4, 13—5,
12—6), is used to describe the general 3-D linear elastic stress-strain relations.
References [20, 33] give a full description of the mathematical conventions used in this

work.

Overview of Acoustic Emissions

Acoustic emission, according to the American Society for Testing and Materials
(ASTM) [34], refers to the generation of transient elastic waves during the spontaneous
release of energy from localized sources within a material. Most materials used in
construction and engineering produce acoustic emissions when deformed. Acoustic
emissions can be monitored and recorded using many different techniques, although most
of the techniques focus on using highly sensitive listening devices to detect the vibration
or pressure changes caused by the wave. ASTM references [34-39] give a detailed
description of AE terminology and standard practice. Table 2.1 lists the ASTM standards

relevant to this work.



Table 2.1: Relevant ASTM Standards for AE and FRP Testing

Test Specification ASTM Standard
Mounting Piezoelectric AE Sensors E 650-97
Characterizing AE Instrumentation E 750-88
Determining Reproducibility of AE Sensor Response E 976-94
Primary Calibration of AE Sensors E 1106-86
Secondary Calibration of AE Sensors E 1781-96
Tensile Properties of Polymer Matrix Composites D 3035M-95a
Mode | Interlaminar Fracture Toughness of Unidirectional D 5528-94a

Fiber Reinforced Polymer Matrix Composites

Classifying Failure Modes in FRP Joints D 5573-94
Lap Shear Adhesion for FRP Bonding D 5868-95
Acousto-Ultrasonic Assessment of Composites, Laminates E 1495-97
and Bonded Joints

Terminology of Nandestructive Examinations E 1316-97b

Many of the current sensors used for the detection of acoustic emissions use
piezoelectric crystals that transform the surface displacement due to the mechanical
energy of the wave into an electric signal. Monitoring acoustic emissions from a structure
can reveal the presence of on going damage or deformation processes, especially in large

structures such as bridges or dams.
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Figure 2.02: Typical AE Signal
Figure 2.02 is a representation of a typical AE signal as viewed on an oscilloscope
or data acquisition system capable of receiving input from a transducer [16]. The ordinate
is typically time, usually measured in microseconds. The abscissa is the voltage output of
the transducer response to the displacement of the material surface. The line at point A is
the threshold value or the minimum value of displacement or voltage that causes the

monitoring system to “trigger” and begin recording data.



Some systems use a pre-trigger, which makes it possible to capture data for a pre-
determined period of time before the sensor output initially surpasses the threshold value.
The distance from the ordinate to the line at point B is the maximum positive amplitude
of the event. Generally, the monitoring equipment or software is set-up to trigger off of a
positive displacement value but software exists that can monitor the degree that the slope
of the signal changes, and in which direction it changes, for triggering purposes.

Each time that the amplitude of the signal is equal to or greater than the threshold
value is called a “hit.” The period of time from the start of the signal to the line at point C
is called the rise time and the period of time from point C to point D that the signal
amplitude remains above the threshold is called the decay time. Another signal related
measurement is the energy envelope, which is often used to correlate different types of
damage. This quantity is the measured area under the rectified, or positive, signal

envelope, also known as MARSE [16], Figure 2.03.
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Figure 2.03: Typical rectified signal envelope.

MARSE is an easy quantity to calculate using numerical methods. The area under
the signal peaks can be calculated by taking a trapezoidal area defined by positive voltage
values and the time step under any peak and adding the area from each trapezoid.
Equation 2.01 expresses this idea mathematically where n is the total number of points in
the signal, ¥, is the voltage at point n and V' ,.+; is the voltage at point n+/ and ¢, is the
time in the signal record that V, occurs and ¢ ,+, is the point of time when V' ,,+; occurs.

For this study, n was typically 8800 points and ¢ ,,+; — #, was 0.04, in microseconds.



MARSE = i%[% -] (2.00)
0

When choosing transducers to monitor AE it is important to consider the
frequency range of the signals of interest and to choose a sensor with an ideal response in
that range. If the sensor response is not considered the sensor may contaminate the signal
with irrelevant data or not function efficiently in the selected application [33]. For
instance, if it is important to detect a certain direction of displacement, then a sensor
should be selected that is optimally sensitive to that form of displacement. Most sensors
currently manufactured are multi-modal, that is, sensitive to different wave modes and
directions of displacement. The information from multi-modal transducers cannot be used
to determine the direction of the displacement. For example, a disturbance of a point on
the surface of a plate has three components of displacement, in the 1, 2 and 3 directions,

but only the combination of the displacements is capable of being recorded by the sensor

(see equation 2.01).

D(t) = \Ju(1)* +v(1)* +w(t)’ 2.01)

The equation available to determine the individual components of displacement
has one known quantity at a particular point in time, D(t), and three unknowns, the
components of displacement in the 1, 2, 3 directions over time. The directional
uncertainty occurs because some or all of the points on the surface of the transducer are
in contact with the surface of the material deforming. However, all of the displaced points
on the surface of the transducer may not displace at the same time or in the same

direction, Figure 2.04.

Figure 2.04: Sketch of Sensor Displacement varying with Time and Position along a line
The voltage output of a piezoelectric transducer is achieved by summing the
displacement of all the points on its surface. As the source of a displacement changes

(either by decaying or increasing) the resulting stress waves that impinge on the surface



of the sensor will displace separate points differently. The larger the surface area of the
transducer the more pronounced might be the difference in displacement between
different points in time. A well-calibrated sensor that is often used as a standard, the
National Institute of Standards and Technology (NIST) conical transducer has a smaller
surface area in order to increase the probability that all of the points on the surface of the
transducer will be displaced at the same time. It should be noted that the NIST transducer
is not suited for work on composites because the sensor requires a conductive path
between the tip of the transducer and the main signal amplifier. Other sensors are
currently available which have a minimal surface area. These sensors are called “point”
or “pin” transducers.

The monitoring of acoustic emissions is considered a “passive” inspection method
because processes occurring in the structure itself, rather than someone or something
affecting the structure, generate the emissions. While active acoustic methods exist, such
as acousto-ultrasound, ultrasonic testing and impact echo, they cannot reveal the type of
information available in AE signals and are better suited to the inspection of suspected
structural defects rather than long term monitoring [40]. AE sensors require access only
to the exterior surface of the structure and the emissions that can be detected are
dependent on the material and the geometry of the structure. Because of the inherent
dependence of the emissions on the intrinsic material properties of the structure it may be
possible to characterize the type of event causing an emission with a specific character to
a type of event [16]. Although it is generally easier to estimate the location of the event

relative to the sensor than to characterize the event that caused the deformation.

Wave Propagation in an Anisotropic Medium

It is helpful to understand the physics and physical concepts behind acoustic
emission monitoring when studying a material. The physical reasons behind the AE and
the mathematics behind the physics of waves in solids materials are inseparable in most
detailed AE studies. Mathematically, the various ways that disturbances can propagate
through anisotropic materials govern the detection of AE in FRP. Physically, the
vibration of broken fibers and various other mechanisms that deform FRP initiate the

disturbance which then propagates at rates that can be investigated mathematically. As



such, a brief review of the mechanical behavior of anisotropic materials and how it can
affect wave propagation is useful. Equally useful, is the development of a conceptual
model to represent fiber fracture in FRP. Most of the following material has been
synthesized from Dr. Edmund G. Henneke’s [41] and Dr. Ronald D. Kriz’s course on
wave propagation in elastic solids and the on-line course lecture notes [42], as well as

ideas discussed in Dr. Scott Hendrick’s class on structural vibrations.

Mathematical Model of Wave Propagation

In order to understand the effect of a disturbance traveling through an anisotropic
continuum, the dynamic mechanical behavior of the anisotropic solid must be considered
in the equations of motion for a continuum. Imagine a spherical disturbance such as a
dilatational pulse expanding equally in all directions. By invoking Huygen's principal it is
possible to envision a very small plane wave, which can exist on the surface of a very
small sphere in the center of an anisotropic solid, such as a crystal. From Huygen's

principal each of these planes travels in a unique and specific direction with direction
cosines, V ;, at a speed that corresponds to elastic properties in the corresponding

direction.

Therefore, plane waves traveling in different directions will travel at different
speeds if the elastic properties are different. The continuous collection of all plane waves,
although initially a sphere, soon distorts into a non-spherical shape simply because plane
waves propagate faster in stiffer directions. The wave surface topology created by this
distortion uniquely describes a complete set of components of the fourth order stiffness
tensor. In order to prove this, begin with the equations of motion for a continuum and

Hooke’s Law for linear elastic solids.

azui
Tij = 3
ot (2.02)
Ty = Sy ' (2.03)
and substitute the strain-displacement relationship,
by =5 (g )
R A & (2.04)

into equation (2.03) to yield
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Gy 5 ykz( ox, axkj (2.05)

Recall that the strain tensor is symmetric which further reduces the equation,
Ty = Sk Pkl (2.06)

Substituting equation (2.02) into equation (2.06) yields the equation of motion in terms of

displacements.

)(Cprs) oy

= P —_—
ax 2
J ot (2.07)
This equation can be further reduced if it is possible to assume that the material is
homogeneous.
3z,
J (2.08)

With this simplification equation (2.09) reduces to a form where we can now assume a

solution for the displacement and substitute it into this equation.

2 2
CI;,?'.H a uk B a ui

P E'XIEKJ- 542

(2.09)
Now, imagine what a small periodic displacement in a continuum in the form of a plane
wave would look like. Figure 2.6 is a sketch of a small plane wave oscillating

periodically.

Oscillating Plane

e A —3Time

Figure 2.05: Graphical model for a plane wave disturbance.
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The periodic plane displacement in Figure 2.05 is best represented using an exponential

functional form instead of sines and cosines because it is easier to differentiate. Equation

2.10 defines the particle displacement, Uy, in terms of wave velocity, V, the direction
cosines of the propagation direction, V ;. In equation 2.10, Ay is the amplitude of the
particle vibration, which can be decomposed into Ao, where A is the scalar magnitude

of the vibration and 0Ol is the particle vibration direction.
il - oot
NN Sy
k k (2.10)
The terms in the exponent are derived from the plane wave equation, assuming that the
oscillation is periodic with a circular frequency, ®. Replacing Ay, K; and ® with the

decomposed notation mentioned above allows a more relevant interpretation of the

substitution and the eigen-system.

il{(v:{ -vt)
— )
b, = Adge @.11)

Substituting equation (2.11) into equation (2.09), equation (2.09) reduces to an eigen-

value problem which is written below in both tensor (2.12a) and matrix notation (2.12b).

[Cijke‘”j‘”s - P 511«:] % =0

(2.12a)
I3 & & &
(C v+ D v o+ 2 V)-plr |:C +C:lVV |:C +c:lVV
11 1 [ 35 8 1& G 1 & 13 55 r o8 ﬂfl
[C C :I (C £ C £ [+ 2.) £ [C [ :I
1t ees 1Y 661 Y T Y e M3 Y 23t Saad Ve Vs N
& & & & 3
[CB +c55:l l-'g V3 I:CE.Z +C44:| Vz Vz (ij Vl +C44 Vz +C33 Vz)-pll 3

(2.12b)

If the matrix form of equation (2.12b) is used it is easier to see that the velocity
terms along the diagonal, pVZ, are the eigen-values and the displacement direction
cosines, O j are the eigen-vectors. Closer examination of the solution to this particular
eigen-value problem reveals that both the eigen-values and eigen-vectors can only be

functions of all stiffness tensor components for an assigned propagation direction, V j.
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Hence it is possible to conclude that by solving for eigen-values (wave speeds) in
all possible propagation directions, V j and connecting points to form a continuous

surface, a 3-D shape would be generated representing each wave speed. Since there are
three eigen-values, equation (2.12) predicts three wave sheets: a quasi-longitudinal one,
which is usually the fastest and observed as the largest shapes; two different shear, or
quasi-transverse, waves which are usually slower and consequently observed as smaller
shapes. Using computers to visualize the wave surfaces, the direction cosines (0 to 90
degrees) can be mapped onto the eigen-value surfaces as different colors. Although the
problem becomes more complex when the condition of homogeneity cannot be assumed,
the basic solution and the results of the solution are similar. Literature sources [43, 44]

give more detail on wave propagation in elastic, inhomogeneous solids.

Conceptual Model of Mechanisms that Generate AE in FRP

The study of wave propagation in plates, rods and isolated fibers has been well
developed [14, 17-19, 24, 25, 30, 45, 46]. In FRP systems, which consist of fibers
surrounded by a matrix and cured into a plate-like structure, there are many possible
sources of acoustic emissions. References [20, 26, 28, 30, 40, 47] report research relating
specific AE sources to sensor response in composite materials. For example, matrix
cracking due to the strain caused by load transfer or stress concentrations caused by voids
in the composite can result in AE in a fiber reinforced material. Delamination of the FRP
layers or from the surface of another material can also be the cause of AE. An important
source of AE in FRP materials is due to the fracture of the load bearing fibers. In order to

understand how fiber fracture could cause AE in FRP consider a uniform elastic rod
loaded in the elastic range, with a constant mass per unit length, p, a constant cross-

sectional area A, and a constant value for the tensile modulus E [48]. Imagine also that
the ultimate strength of the rod is at the end of the elastic range before it begins to
experience permanent, in-elastic deformation. The reaction of the rod to mechanical

loading is similar to the behavior of a reinforcing fiber, Figure 2.06.
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Figure 2.06: Elastic Rod/Fiber Model

If the rod were free on either end it would have the ability to translate or displace
anywhere along its length in any direction. However, if the rod were fixed on either end,
it could only vibrate in an axial, flexural, torsional or combined mode. Now imagine what
would happen if the rod were then stretched until it just passed its ultimate strength and
fractured along an even plane. See figure 2.07. If the fracture were a completely even cut
along a plane parallel to the 1-2 plane then the two rods created by the fracture would
convert the potential elastic strain energy to kinetic energy by vibrating axially, Figure

2.08.

Plane of Fracture

/c:o—» .

2

Figure 2.07: Ideal Plane of Fracture
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Axial Vibration

Figure 2.08: Fractured Rod in Axial Vibration

If the plane of fracture was not parallel to the 1-2 plane, say it was skewed some
angle a in the 2-3 plane, and then the two rods would vibrate in mixed modes, or

flexurally, like cantilever beams. See Figures 2.09 and 2.10.

Plane of Fracture

Figure 2.09: Fracture Skewed in the 2-3 Plane

Flexural Vibration

Figure 2.10: Fractured Rod in Flexural Vibration

15



If the plane of fracture was skewed some angle o in the 2-3 plane and some angle
B in the 1-3 plane then the two rods would vibrate in a combined flexural and torsional

mode (figures 2.11 and 2.12).

Plane of Fracture

SR

Figure 2.11: Fractured Skewed in the 1-3 and 2-3 Planes

2

Flexural-Torsional
Vibration

Figure 2.12: Fractured Rods in Flexural-Torsional Vibration

Now imagine that the rod is surrounded by an infinite elastic medium while still
fixed on either end. When the rod fractures it is free to vibrate axially or torsionally but
due to its contact with the medium it is restricted in how much it can vibrate flexurally.
However, if the plane of fracture imparts a torsional or combined vibration mode to the
two rods the energy stored in the rods will be released to the surrounding medium as the
rods attempt to vibrate. Eventually, interaction between the rods and medium would
dampen the amplitude of the vibrations. As the volume of the medium that was affected
by the vibrations grows larger, the amount of mass involved will eventually dampen the

energy of the vibrations.
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In FRP, the load released from fiber fracture is redistributed to surrounding fibers
through shear loading of the matrix. Each fiber fracture may cause further ruptures until
either equilibrium is reached between the current load and the remaining fibers or total
failure of the structure occurs [29]. Each fiber fracture imparts energy to the local matrix
and fibers in the form of strain and the elastic stiffness of the constituent materials affect
the transfer of the strain energy to its global surroundings. Using this idea it is possible to
envision an “ideal” fiber break. Imagine a fiber of comparable density, elastic modulus
and diameter. If this fiber was placed in a FRP coupon and loaded so that it was the only
fiber to fracture, then the resulting displacement and therefore AE should be comparable
to a random fiber break in the coupon. However, if the fiber were placed carefully, then
the location of the fiber break would be known. By varying the location of the fiber, the
effect that changing the location of the fiber break source has on the ability of a sensor to

detect fiber break AE could be studied.

AE Signal Loss and Attenuation

In order for acoustic energy to be transmitted as efficiently as possible from one
material to another the stiffness and density of each material should be close to the same
values. If the FRP material has very stiff or very compliant materials on its boundaries
then the amount of strain energy that can be transmitted to the surroundings from a single
fracture event is decreased. In FRP materials, scattering and attenuation make it difficult

for AE to be detected over long distances from its source [15], Figure 2.13.

Void

Fiber/Matrix Inhomogeneou
Boundary Particles 1

Figure 2.13: Possible Reasons for Scattering in FRP
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Despite many of the difficulties associated with AE it is still a useful monitoring
technique for FRP. Acoustic energy is efficiently channeled along the reinforcing fibers,
which act as a wave-guide for the strain energy [49]. Fiber fractures are energetic events
and the displacements associated with a fiber fracture can be detected using transducers.
However, fiber fractures cannot be easily distinguished from AE caused by matrix
cracking or delamination of FRP sheets using traditional sensors. When monitoring AE in
FRP it is reasonable to set the threshold value for monitoring above the maximum
amplitude of small amplitude events but below the amplitude of AE from a catastrophic
matrix failure [16]. Likewise, many FRP AE experiments use signal amplifiers to
magnify the amplitude of events with equivalent thresholds to prevent triggering the
system because of insignificant events [8, 15, 16, 50-52]. Results have shown that it is
possible to use a network of conventional piezoelectric sensors to monitor a large area

and detect significant forms of damage in a structure [22].

Description of the Extrinsic Fabry-Perot Interferometer

The sensor chosen for use in this study was the Extrinsic Fabry-Perot
Interferometer (EFPI) manufactured by Luna Innovations. Figure 2.14 is a detailed
schematic of the EFPI. The description given here is a summary from a recent article by

Duke et al [53].

EFPI Sensor
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Figure 2.14: EFPI Sensor Diagram



The EFPI sensor is composed of two optical fibers maintained in coaxial
alignment by a capillary tube sleeve, and separated by an initial distance G, the gap
length. Light from a coherent light source is transmitted through one fiber. At the end of
the transmitting fiber, a portion of the light is reflected while a portion of the light exits
the fiber and reflects off the face of the reflector fiber. If the fibers are aligned, this
reflected light re-enters the original transmitting fiber and interference is developed

between these two reflected light beams.

Using the EFPI to Measure Displacement

The best model used to interpret the response of the EFPI is a double-beam,
amplitude-splitting interferometer with dielectric reflectors [53]. This model neglects the
intensity differences in the two beams due to gap spacing and any phase errors that might

result from imperfections in sensor construction. This model is given by
2G
V=rv, cos(Zn Tj (2.13)

where V, is the peak-to-peak response of the interferometer (including pre-amplifier
gain, See Appendix A), G is the gap length, and A is the wavelength of the laser source.

In order to determine the conversion factor between the voltage and gap length we

calculate Z—Z , which yields equation 2.14.

M;a—V:V 4—nsin 2n£ (2.14)
AG oG 7 A A
The sensor gap is initially set to a value of G = % where n = 1,3,...1n order to maximize

the sensitivity. To convert measured voltage AV to a change in gap distance, AG, use the

relationship in equation 2.15,

AG = A AV (2.15)
4 Vpp

For this study A was 1325 nm, and Vpp was measured to be 14 V for the EFPI

sensors, which corresponds to 7.53 nm/V for converting detected voltage to change in
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gap length. Since the sensor is attached to the surface the change in gap length is directly
related to the surface displacement of the two fiber attachment points.

The EFPI sensor is attached by means of epoxy adhesive at a point of attachment
on the signal fiber and a point of attachment on the reflector fiber. The sensor is
attached, and the middle hollow core alignment sleeve is also anchored with a point of
epoxy. After the sensor has been mounted to the substrate, the sensor is heated with a
heat gun to a temperature of 300 °C to melt the plugs of crystalline phenyl salicylate on
either end of the alignment sleeve used to hold the fibers in place prior to attachment.
References [54-56] and Appendix A provide further notes and recommendations on
mounting the EFPI.

As indicated above the output of the EFPI sensor is a function of the change in
gap length. Assuming the displacements are small such that the fibers move freely, but
remain aligned, the change in gap length, Ad(t) varies with time, ¢, and is a function of the
relative displacement of the attachment points; the fibers do not deform between the

attachment points.

2d(0) =20~ Lo =+ 100~ x, -0, + [, + 9.0~ y, -3, 0f + 22+ 200~ 2, - OF L,
(2.16)

In equation 2.16, L(t) is the distance between attachment points at any time #, Lo is the
distance between the attachment points, 25 mm when the plate is not disturbed by the
acoustic waves. Since the plate is allowed to deform the initial location of a point is
described by its coordinates (1, 2, 3) and its location at some later time is determined by
adding to each coordinate the components of displacement at that time
(1+u(t),2+v(t),3+w(t)). In the equation above the indices correspond to the attachment

points, 1 and 2, or the near end and far end of the sensor cavity.

Benefits to using the EFPI to monitor AE in FRP

There are many potential benefits to using a sensor such as the EFPI when
monitoring AE from FRP materials. EFPI sensors can be embedded in composites or can
be mounted between layers of FRP laminates. The small size of the EFPI and the epoxy
used in mounting it allow the sensor to be placed in small, confined, areas or on vertical

surfaces. Since the EFPI sensors are sensitive to surface waves access to the interior of a
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structure is not necessary. The EFPI sensor is most sensitive to events that create
displacements with components that are parallel to the axis of the sensor [8, 40, 57]. The
EFPI is sensitive to off axis displacements, but not to a significant degree as most of the
detected off-axis signals are on the order of the noise in the system [40]. A major benefit
to using the sensor when dealing with FRP is that the axis of the sensor can be aligned
with the major axis of reinforcement. In unidirectionally reinforced FRP composites this
feature is very useful. As reported by Chen [49] unidirectional fibers act as wave guides
and the longitudinal mode of a propagating stress wave can be detected more efficiently
and will undergo less signal attenuation in the composite material. This makes the EFPI
an ideal sensor for monitoring the major damage mechanism of interest: fiber fractures.
Also, because the EFPI relies on the transmission of light through fiber optic cable the
sensor is immune to electromagnetic radiation and interference, such as the kind caused
by automobiles and other highway traffic that use bridges.

Perhaps the greatest benefit is that the components of displacement related to
relevant damage in the material occur primarily parallel to the surface of the FRP sheet
with very little out of plane (normal to the surface) displacement. For example, a fiber
fracture can produce displacements in the 1, 2 and 3 directions meaning that out-of-plane
and in-plane displacements are generated. However, the displacements that are in plane
travel faster, and experience less signal attenuation in FRP and indicate that significant
damage is occurring in the material. Large amplitude out-of-plane displacements are
generally associated with such events as delamination and cracking between the layers of
FRP or from the surface of the reinforced structure. While conventional AE sensors can
detect all types surface displacements, they are not designed to be optimally sensitive to
in-plane displacements, nor can distinguish in-plane from out-of-plane displacements.
Furthermore, many out-of-plane sensors are affected by the velocity of the displacement,
which makes it difficult to distinguish between similar damage mechanisms if the strain
propagates at different rates. If a sensor is to be a useful part of a health monitoring
system it must be able to detect the in-plane displacements that occur prior to catastrophic

failure of the material. The EFPI is uniquely suited for this purpose.
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Approximations of AE Wave Velocity in FRP materials

A rigorous method of determining the phase and group velocity of specific kinds of
waves requires solving the Christoffel’s equation for eigen-values and vectors as
mentioned previously. References [15, 17, 23, 24, 41, 42, 45, 58] give a detailed
explanation and numerical methods for the solution of wave speeds in anisotropic
materials. However, it is useful to be able to approximate the velocity of a longitudinal or
transverse wave when designing experiments. This can be accomplished using the

relationships between the density and directional stiffness for a material. Such
relationships generally involve density, p, Young’s Modulus, E, and Poisson’s Ratio, L,

in FRP. Equation 2.17 gives an estimate of the longitudinal wave velocity.

V=1 E(l—p) V172 (2.17)

" ip+ (1 -2p)

It is important to note that although Equation 2.17 can give a fairly accurate estimate

it also gives a double root with both a positive and a negative value. The actual wave
speed in FRP for any specific mode must be verified experimentally. Equation 2.18 gives
an estimate of the transverse mode velocity.
V=
- 2p(1-p)

Equation 2.19 calculates the velocity of a Rayleigh wave based on the transverse

(2.18)

mode estimate.

0.87n +1.12p

V.=V{ n

r t

} (2.19)

It was assumed that there would be many sources of signal loss in the material due to
the nature of fiber reinforced composites. Although, observing the signal loss as a
function of distance is a good approximation of the signal attenuation in a composite
material [16]. Using these estimates, the required size of coupon samples and other
experimental variables can be determined without detailed analysis prior to beginning
experiments. It has also been reported that the origin of the AE source can be determined
by measuring the velocity of the wave mode and using the elastic properties of the
composite constituents to verify which material originated the displacement occurred

[50]. Although it is theoretically possible to make statements regarding the origin of
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displacements relative to wave speeds in large scale and simple composites, for instance
with large diameter fibers and low fiber fractions, it is doubtful that this method could be

applied in many practical or realistic scenarios.

Deformation and Damage leading to AE in FRP Samples

There are many possible reasons why AE would occur in FRP samples. For
instance, fiber pull-out from the matrix, crack propagation through the matrix or through
a fiber, delamination between the layers. All types of damage that can cause a
spontaneous release of energy from the material in the form of a stress wave will generate
AE [44]. However, some damage mechanisms and deformations may not be possible in a
specific type of material because of fiber direction or the number of plys. For example,
damage typically seen in cross-ply samples might not be observed in unidirectionally
reinforced composites. See figure 2.15 for a representation of the MBrace FRP test
sample cross-section. In figure 2.15, the “A” layer represents the carbon fiber/epoxy resin
matrix and the “B” layer represents the polymer primer layer. AE signals resulting from
damage that occurred in different parts of the sample would not only look different but

also have different ranges of frequency and amplitude.

A
B

Figure 2.15: Mbrace FRP Cross Section

However, determining what a fiber fracture signal “is” and what characteristic
appearance it might have is not a simple matter. It is possible to report the results of a
number of experiments in order to classify the type of signals observed and the response
of the EFPI in comparison to other types of sensors. But it is difficult to design any
experiments to verify the occurrence of a single fiber break. In a piece of carbon fiber
reinforced polymer (CFRP) laminate, there may be as many as 2.5 million fibers in a 60
cm wide section [59]. See figure 2.16 for a micrograph of a CFRP laminate. The
existence of one or two fiber ruptures in such a large amount of bundle fibers is the

proverbial “needle in a haystack.”

23



Figure 2.16: CFRP Laminate Micrograph

There are several possible approaches to this problem. A potentially useful
approach is to design a series of experiments that will produce fiber fracture in the
material under varying conditions and record and compare the AE signals form those
events [12]. By process of elimination and comparison of the data set the amplitude,
frequency and characteristic shape of a fiber fracture AE signal can be determined.
Although modeling options exist, due to the extreme complexity of the boundary
conditions the problem is often reduced to its ultimate extent and then scaled up [27]. In
the first approach, it is not possible to verify the existence or occurrence of single fiber
fractures, but only of fiber bundles rupturing simultaneously. In the second approach, the
applicability of the small ideal samples to larger, more realistic structures is questionable.
However, by using concepts from both experimental designs, the data from an ideal
experiment can be compared to the data from a large sample in order to determine the
character of fiber fracture signals and verify the smaller scale results on a larger structure.
This can be accomplished by establishing a set of criteria or data ranges for a particular
form of damage or displacement in ideal conditions and then comparing the ideal data to

other scenarios with similar boundary conditions and materials.

Observing and Modeling Fiber Fracture in FRP

The problem of detecting fiber fracture in polymeric materials has been closely
followed by the search for an accurate method of modeling fiber fracture in FRP. With
the advent of powerful computers with increased processing capacity and speed, more
complex wave surfaces and boundary conditions can be modeled. The computational
details of designing and validating relevant models are discussed in the literature [24, 25,

27,30, 41, 42, 60-63]. Overall, two different approaches have been taken in order to

24



develop a realistic and useful model of fiber fracture in FRP. Most research has focused
on either micro-processes involved with AE in composite materials (i.e. micro-cracking,
dispersion, strain release rates, etc.), or the research has used larger test samples and
characterized the micro-processes and failure mechanisms in order to generally apply the
model to large scale structures.

Bohse [50] used AE to characterize micro-failure processes in simple multiple
fiber test coupons and compared the experimental results with a finite element model
(FEM). Different damage mechanisms were studied using various coupon configurations
and correlating the intrinsic frequencies of stochastic processes in the coupons using the
different elastic properties of the materials in the coupons. Chimenti and Auld [64]
studied the effect of micro and macro-structural dispersion of guided waves in solids
based on crystalline models and applied the results to fibrous composites with plate
geometries. Dietzhausen et al [60] used an FEM model to represent a single brittle fiber
with different material constitutive laws applied to the model. The different material
models used were linear-elastic, non-linear elastic and elastic plastic. Each case was
compared to AE data from the tensile loading of single fiber/epoxy coupons monitored
by four piezoelectric sensors. While there was reasonable agreement between the models
and the data, the small scale and two-dimensional nature of the FEM model limits the
applicability of the results to large-scale structures.

However, qualitative and quantitative evaluation of the damage due to loading in
FRP can be approached at a larger scale. For instance, Mitzutani et al [61] compared the
results of laser generated Lamb waves with known source characteristics to the AE
detected from loading a 60 mm by 85 mm cross ply CFRP sample. The results were also
corroborated with an ultrasonic C-Scan of the test samples. This method allowed the
classification of signals representing different damage phenomena in the composites.
Other attempts to classify fiber fracture in composites have used theory to deconstruct
experimental data in order to determine trends and then associate those trends with
different damage mechanisms. Valentin et al [12], reported a method to detect the
presence of matrix micro-cracks and fiber fracture using amplitude analysis of collected
AE signals. Their approach used a differential histogram to compare the relative slopes of

high-count signal amplitude values to determine which peaks in the histogram were

25



representative of which type of damage. Although the composite they used had some
processing concerns which led to a higher than anticipated number of low amplitude
events, they obtained good fit using this method to correlate damage with AE signals in
predicting the life of the composite samples.

Aberg and Gudmundson [52] developed a laminate model with infinite length and
free edges to characterize different AE from damage mechanisms in composites using
stiffness and volume forces to derive the associated displacements. Aberg [51] later used
this model to numerically model the acoustic emissions in laminated tensile test
specimens. By applying the model to the given loading and boundary conditions, he was
able to generate a series of ideal scaled displacement curves as a function of time in the
direction of independent unit normal vectors for a Cartesian coordinate system.

The results from these and other papers reveal two important facts. Qualitative
characteristics are important and agreement in signal character between the model and the
experiment should be verified before any further work is done. Second, quantitative AE
results vary widely depending on the scale and composition of the composite sample as
well as the method of loading the sample. However, several papers were in agreement
regarding a few key points on qualitative and quantitative analysis of AE signals from
FRP. First, the amplitude of signals corresponding to matrix micro-cracks can vary from
25 dB to 45 dB, but will typically occur at a lower amplitude value than fiber fracture.
Second, the amplitude values for important types of damage mechanisms were similar.
Both Bohse and Dietzhausen reported signal amplitudes in the neighborhood of 60 dB for
unidirectional single ply carbon fiber fracture. Although Valentin reported a value of 40
dB for CFRP fiber fracture, he used cross ply samples and commented that he expected
higher values for unidirectional samples. Third, the method of curing the samples is
crucial since rapid curing or incomplete curing of the samples will introduce micro-
cracking and significant differences between numerical results and experimental data.
Lastly, interfacial debonding and bulk damage mechanisms (such as crack growth
through fibers and matrix) tend to occur at higher amplitude values relative to fiber
fracture [12].

The most useful quantitative methods of assessing the results of AE tests are

viable for either unidirectional or cross ply materials and were commonly applied in each
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paper, although different results were reported in each case. The cumulative signal energy
and number of events can be used to calculate the stress in the sample at failure, which is
useful in proof testing and life prediction [12, 26]. Furthermore, the increase in the
cumulative signal energy over time can be used as an indication of the rate of damage
accumulation in a specimen [50].

It is useful to consider the literature results within the context of this work. The
amplitude values for fiber fracture as detected by traditional piezoelectric sensors can be
used to verify the existence of fiber fracture in a sample. Also, if a piezoelectric sensor
and an EFPI were attached to a piece of FRP and the piezoelectric sensor detected AE
and the results were consistent with the literature, logically the EFPI also detected AE
from fiber fracture. While the results from the EFPI and the piezoelectric sensor cannot
be directly compared, the traditional sensor can validate the performance of the EFPI.
However, it should be noted that a direct comparison of amplitudes is not possible since
the amplitude of any given signal is dependent on many different factors, such as
amplifiers, thermal expansion and contraction of test samples and the exact type of sensor

used to detect the signal.
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Chapter 3 — EFPI System Characterization

Experimental Purpose

While the EFPI should be suited to the task of monitoring AE in FRP materials, it
is necessary to prove that the sensor is in fact an accurate and precise way of detecting
displacements. The following experiments were designed with two goals in mind. The
first goal was to prove that the EFPI was a reliable sensor and compare it to a known
standard so that the analysis of acoustic emissions detected by it could be compared to
established criteria and previous work. The second goal was to determine the character
and types of signals that correspond to displacements generated by fiber fractures while

confirming that the EFPI signal was indeed caused by them.

Materials and Methods
AE Sensor and System Characterization

The signals from the EFPI sensors are evaluated and processed by a Fiber Optic
Strain Sensor (FOSS) detection system manufactured by Luna Innovations. A series of
tests were performed in order to differentiate FOSS output signals containing noise from
output signals composed of experimental data. Similar tests were performed for the NIST
sensor and a Physical Acoustics (PAC) R15 sensor. These electrical signals were
captured using analog to digital (A/D) sampling with a PC computer based A/D board,
manufactured by Gage, with 12 bit voltage resolution using a 25 MHz sampling rate. The
FOSS output was evaluated using three different conditions: no sensor attached, a half

sensor or cleaved fiber attached, and an EFPI sensor applied to an FRP substrate.

EFPI and Dynamic Finite Element Model Comparison

A 330.2x330.2 x 3.175 mm 6061 aluminum plate was used as a test material.
Pieces of 0.3 mm (0.0118 in.) diameter (nominal value) 2H pencil lead were broken at
three locations, which are listed in Table 3.1, and shown in Figure. 3.01. Two of the
pencil lead breaks (PLB) were on the midplane of the edge face and one was on the top
surface of the plate. In plates of this thickness, a PLB located on the top surface of the
plate will result in a disturbance composed predominantly of fundamental antisymmetric

(Ao) Lamb, or flexural plate modes. For a PLB exactly at the mid-plane of the edge face,
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the resulting acoustic disturbance consists of the fundamental symmetric (So) Lamb, or
extensional plate mode. If the PLB on the edge face is not at the mid-plane, a component
of the antisymmetric mode is also expected to be present. To assure that the PLB breaks
on the edge face were broken at the mid-plane a 0.012 in.(0.3 mm) wide alignment slot,
0.004 in. (0.1 mm) deep was cut into the edge face at the mid-plane. A shoe for the tip of
the mechanical pencil was machined from high density polypropylene (HDPE) to keep
the length of the lead and the angle of the break as consistent as possible in accordance
with ASTM standards [35].

Two separate EFPI sensors were attached with approximately 2 mm
hemispherical drops of epoxy, to the top surface of the plate. The EFPI sensor aligned
with the x-axis of the plate is referred to as EFPI-X, and the one aligned with the y-axis,
EFPI-Y. These sensors were positioned to postpone the arrival of acoustic wave

reflections from the lateral edges of the plate.

X

Figure 3.01: Schematic location of EFPI sensors and the three different PLB locations. Note: The Z
axis perpendicular to the plane of the page.* PLB locations, EFPI sensor

Table 3.1: Physical Locations of PLB points

X, mm y, mm Z, mm description

0 247.65 1.5875 PLB location 1

0 165.1 1.5875 PLB location 2

165.1 165.1 3.175 PLB location 3
88.8 165 3.175 EFPI X- attachment point 1
63.8 165 3.175 EFPI X- attachment point 2
100 171.35 3.175 EFPI Y- attachment point 1
100 146.35 3.175 EFPI Y- attachment point 2
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Dynamic Finite Element Model

The dynamic finite element model (DFEM) used in this research has been
extensively described [19], and only the details relevant to the current work are repeated
here. In the earlier studies, only the out-of-plane surface displacement component was
reported. This was because the sensor used for experimental verification, the NIST
conical displacement sensor, was only sensitive to displacements normal to the surface
plane. It is presumed that the EFPI sensor will respond to only in-plane displacements,
which can be predicted by the DFEM.

Stress free boundary conditions were assumed along the top and bottom surfaces
as well as along the outer edges of the plate. A source function with temporal variation to
approximate that of a pencil lead break as determined by Proctor et al [65] was used. A
force of amplitude 1 N was used, which is in good agreement with that produced by the
fracture of a 0.3 mm diameter piece of Pentel® 2H lead. For aluminum the density of
2700 kg/m3 , and longitudinal, 6320 m/s%, and shear, 3100 m/s* elastic wave speeds, were
used as inputs to the model [65].

For all cases, a plate thickness of 3.175 mm was modeled, where the mesh
consisted of equiaxial cells approximately 0.2646 mm on a side, and the region of contact
over which the step force was applied was roughly circular with a diameter of four cells.
It should be noted that the footprint of the modeled step force, 1.05833 mm, is much
larger than the nominal diameter of the pencil lead, 0.3 mm. The results of the analysis
were provided as three orthogonal displacements (u, v, and w) that correspond to the
three coordinate axes (X, y, and z) calculated at time increments of 0.377 seconds.

As noted by Gary and Hamstad [66] the DFEM models the application of a force
with appropriate time history at the location of interest. However, the force condition that
corresponds to the experimental PLB is actually a release of a force with such a time
history. Therefore the measured displacements are 180° out-of-phase with that
theoretically predicted by the DFEM. For sake of comparison one set of results can be
inverted to account for this phase difference.

The test results of each experiment were filtered using either the MATLab Signal
Processing toolbox or a LABView Bessel Infinite Impulse Response filter application.

See Appendix B for further details about the filter application. All other experimental
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constraints and conditions were based on the applicable ASTM standards. See references

[34-39].

Definition of Ordinate Percent Occurrence and AE Signal Count

A method similar to counting the total number of AE events is used to evaluate
the amplitude distributions from the experimental results in this work. Since many of the
tests use different methods of loading FRP coupon samples, the total number of signals
from each test can vary by as much as several orders of magnitude. This makes it difficult
to compare the results of one experiment to another, even though the same materials were
used in the experiment and the damage mechanisms should be similar. In the literature [3,
12, 26, 49, 50], the number of recorded signals and the number of AE counts per signal
were within the same range. In situations where this was not the case, such as in
Valentin’s study of amplitude histograms [12], the AE counts were normalized by the
25™ percentile of the average total of events in the record. To compare the amplitudes
from each signal equally in this work, an average amplitude distribution for a was
calculated by taking the number of times that an amplitude value occurred and dividing it
by the total number of amplitude occurrences and summing over the range of amplitudes,

see equation 3.1.

a:Min:i A ZI: Aln ZI: A2n ZI: A3n |
— =g + = += +..=
a=1,n=1 Aa Z A1 z Az z A3

Ay =

(3.01)
Where Ap is the normalized amplitude distribution, A , is the sum of all
amplitude occurrences and A ,, is the sum of the amplitude occurrences for a particular

amplitude. See figure 3.02 for a sample spreadsheet calculation. In the figure, column 4

corresponds to the subscript value “a” in equation 3.01, and columns B-D correspond to

A ;5. The total sum below column E is the value A ,.
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A B C D E F

dB| Signal 1 Signal 2 Signal 3 |Sum| %
40 37 56 78 171 10.30
41 12 34 52 98 [0.17
42 34 53 53 140 (0.24
43 36 52 75 163 [ 0.28

Total Sum 572
Figure 3.02: Sample Percent Occurrence Calculation

This calculation results in a distribution that relates an amplitude value for a
specific sensor to the expected percent chance it will occur in an AE signal recorded by
the sensor. This is considered the percent occurrence of an amplitude, and multiplying
each value in the distribution by 100, yields an ordinate percentage value, with a
maximum value of 100 and a minimum value of 0. A signal is considered one voltage
versus time record that exceeded the threshold value. The number of AE signals that
exceeds the threshold value for a given record of an experiment is the signal count. All
other definitions and AE terminology used in this work can be found in the literature
[34]. The percent occurrence distribution is used in this work to evaluate voltage output,
decibel output and signal frequency. When decibel values are used, the log ratio of the
amplitudes is calculated using the equation 3.02.

Ay =20%Log(4,/ 4,,,) (3.02)

Where Ajis the positive amplitude of a data point (usually voltage) and A s is a

predetermined amplitude reference value. A typical reference voltage is 1 microvolt

(1x10° volts).

Results of EFPI System Characterization
AE Sensor and System Characterization

Figure 3.03 is a sketch of the three different sensor configurations. In each case,
no external stimulus was used to generate a signal, so the recorded events are purely the
result of the sensor/system noise. Figure 3.04 shows the results for the signal amplitudes
captured by the FOSS when no sensor was attached. The amplitudes of each signal were
rounded to the nearest 10 mV and ordered in 10 mV groups. The resulting histogram

clearly shows that 70% of all occurrences have an amplitude between —5 mV and +5 mV,
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while a small but significant percentage of signals have fallen within a wider band of £5
mV to £15 mV. A small percentage (< 1%) of signals have amplitudes outside of £15 mv

to maximum values of =25 mV and +25 mV.

FOSS Output

Case I: No Sensor Attached

| . |

Case II: Cleaved/Open Fiber Sensor

—=— —%¢

Case III: Mounted Sensor

Figure 3.03: Schematic of System Configurations for Cases I, II, III.
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Figure 3.04: Case I Results.

Figure 3.05 shows the amplitude distribution when a cleaved fiber was attached to
the FOSS. The amplitudes of each signal were rounded to the nearest 10 mV and ordered
in 10 mV groups. The cleaved fiber histogram shows that 86% of all occurrences have an
amplitude between —5 mV and +5 mV, while a small but significant percentage of signals

have fallen within a wider band of £5 mV to £15 mV. A very small percentage (< 0.5%)
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of signals have an amplitude range outside of £15 mV, with maximums at —45 mV and

+55 mV.
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Figure 3.05: Case II Results.

Figure 3.06 shows the results from a FOSS with a mounted sensor attached.

Again, the amplitudes of each signal were rounded to the nearest 10 mV and ordered in

10 mV groups. The resulting histogram shows that approximately 95% of all occurrences

have an amplitude between —5 mV and +5 mV, while small percentage of signals fall

within a wider band of =15 mV to +15 mV. Outside of those groups, no other signal

amplitudes occur.
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The frequency response of the cleaved fiber signals was also examined to
determine if the system had a fundamental frequency that might corrupt a data signal.
The cleaved fiber was ideal for this because it represented the ideal response of the EFPI
before mounting with no refractive interference since it corresponds to half of a sensor.
Figure 3.07 is a normalized histogram of the frequencies that were present in the signals
from the cleaved fiber experiment. The frequency distribution shows that the signal
output of the FOSS and cleaved fiber, without any interference, is approximately

uniform.
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Figure 3.07: Cleaved Fiber Frequency Distribution

Figure 3.08 shows the average noise amplitude distribution for the EFPI mounted
on an unloaded FRP sample using a decibel scale. Figures 3.09 and 3.10 show the
average noise amplitude distributions for the PAC R15 and NIST sensors respectively. In

each graph, the reference voltage for the decibel scale is 1 microvolt (1 x 10 Volts).
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Figure 3.08: EFPI Noise Amplitude Distribution, reference 1x10° volts.
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Figure 3.09: PAC R15 Noise Amplitude Distribution, reference 1x10° volts.
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Figure 3.10: NIST Noise Amplitude Distribution, reference 1x10° volts.
EFPI and Dynamic Finite Element Model Comparison
The DFEM predicted displacement components at the three points of attachment
for the EFPI-X sensor for a PLB are plotted in Figure 3.11. The data are directly from
the DFEM and have not been filtered. It should be noted that there is a significant
difference in magnitude for the different displacement components. The u component of
displacement is much larger than the other two, and can dominate the predicted, shown in

Fig. 3.12, and the observed response of the EFPI sensor.
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Figure 3.11: Predicted u, v, and w displacement components at the mid point of the EFPI sensor for a
PLB at A.) position 1, B.) position 2 and C.) position 3, with w diminished by a factor of 5 and offset.
For the situations considered one of the displacement components tends to be
dominant. Figure 3.12 shows that for the PLB 2 and PLB 3 locations the difference in w
component mimics the predicted gap change, u2-ul and the estimated gap change G(t)-
Go. This is due in part to the magnitude of the u and w components in these cases and
also to the fact that the other components are quite similar at both attachment points at the

same instances of time. For situations where the source-sensor location and orientation
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relative to the wave propagation are less “symmetric” some differences are to be

expected.
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Figure 3.12: G(t)-Go and u,(t)-u;(t) computed for the two EFPI sensor attachment points caused by a
PLB at a) location 2, and b) location 3 illustrating the similarity; the data have not been filtered. In
both cases the plots are essentially superimposed.

Although PLB 1 may not be the most asymmetric possible for this plate it is not
particularly symmetric. Consequently the EFPI sensor is predicted to respond to
disturbances dominated by either in-plane components of displacement or out-of-plane
components of displacement, because the response is related to the relative displacement
of the epoxy fixed attachment points.

In addition, significant low frequency content is present in the data shown in
Figure 3.12. Similar to the NIST sensor the EFPI sensor system is insensitive to the low
frequencies on the order of 20 kHz, with wavelengths of approximately 30mm. In order
to examine the correspondence between the DFEM predictions and the experimental

measurements it is convenient to filter out the low frequencies. Consequently the
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experimental and predicted data have both been bandpass filtered using a 4™ order Bessel
Infinite Impulse Response (IIR) filter from 150-1000kHz, implemented using LabView®
software.

Figure 3.13 displays the predicted G(t)-Go and an example of the detected EFPI-
X response for each of the three PLB locations. Figure 3.14 displays examples of the
response for these PLB locations for the EFPI-Y sensor. The amplitude of the signals is
believed to be important when noting the correlation between them. However, for
situations where the signal to noise ratio is better, Figure 3.13b and c, the correlation

seems to be good.

3.00E-10 I PLEA
v\ﬂ}\mﬂmwwﬂwmww |
) I 1l !
0.00E+00 Vﬁvfl«wﬂ\{ Wf\ A ﬂUm AU V - Vmuﬂnunnvn Auﬂw U e Mw(\uvﬁnuﬂ
| _ EFRIX[ZSmm]  G{D- Go|
-150E-10 T T T
0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04
4 00E-10
PLB-2
3 00E-10 1 1
3 00E-10 nﬂ\ﬂnnm\nn“mn P ﬂnﬂﬂnhf\ nhﬂﬂﬂ”lﬁlnhf\hﬂﬂﬂnﬂ f\lﬂlnﬂﬁlﬂf\,ﬂﬁﬂ
B) 1 00E-10 ¥ - |L|
0.00E+00 Hl{i\ va - ; AR HA \ o l\lf‘«‘ﬂ\t’“ = g i A ﬂUU
0.00E+00 \’ 5.00E-05 U’] HOE*MUU \ V 1.50504\} U V\; O0E-04
-100E-10 ¥ T
| __EFPRX[23mm]  __ G-Go |
-2 00E-10

40



C)

Fig. 3.13: Predicted change in gap and the response of the EFPI sensor with attachment points 25
mm apart, oriented parallel to the x-axis, for PLBs at a) location 1, b) location 2, and c) location 3.
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Figure 3.14: Predicted change in gap and the response of the EFPI sensor with attachment points 25
mm apart, oriented parallel to the y-axis, for PLBs at a) location 1, b) location 2, and c) location 3.
The flat line response after about 160 microseconds is due to no data being collecting for this PLB

after that point in time.
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Figure 3.15: Dominant displacement components predicted for a PLB-2 (u) and PLB-3 (w) and
predicted change in gap for an EFPI sensor oriented parallel to the x-axis versus time.

Figure 3.16 displays the amplitude distributions from the predicted displacement
components at the PLB 1, 2 and 3 positions for the U, W, G(t)-Go. The G(t)-Go and W
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distributions closely mimic the expected response of the EFPI and NIST sensors at those
locations and give insight to how the signal amplitudes of the sensors compare to each
other. The amplitude distribution of the U displacement is useful to look at because it is

the displacement direction of interest with respect to the EFPI.
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Figure 3.16: Distributions for predicted U, W, G(t)-Go displacement at PLB positions 1,2,3, reference
1x10° volts.

Discussion of EFPI System Characterization Results
Discussion of Sensor and System Characterization

The results of the experiments indicate that neither the raw output of the FOSS or
the EFPI have any significant frequency or amplitude characteristics that might corrupt
the detected AE signals. However, the background noise from the EFPI is very uniform
and can be easily removed from a detected signal by simply subtracting the percent
occurrence of the decibel amplitude values. The results also indicate that the system has a
strong tendency towards zero, and the most likely value for a mounted sensor is zero
volts. Given the large number of samples it is not unreasonable to assume a normal
distribution for the amplitude values and fit a curve to the histograms. Figure 3.17
compares the amplitude distributions from each case, using curves instead of bins to
represent the data, disregarding the amplitudes that occurred less than 0.1% of the time.

Comparing the different discrete distributions it is clear that the 0 mV peak occurs
less frequently in a mounted active sensor than an open circuit condition. The amplitude
distributions for both the cleaved fiber and the FOSS without a sensor attached fall
outside the mounted active sensor distribution. The increased occurrence of the FOSS
without a sensor to have a greater chance of a wider distribution can be attributed to

unfocused light reflecting at the connection point for the sensor which may account for
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higher amplitude peaks in the output signal. However, with a wave-guide (i.e. optical
fiber) to channel the FOSS signal, the output signal becomes more narrowly centered at 0
mV with a much smaller chance of a wide distribution. It is important to note that the
signal amplitudes from the attached sensor signals have a greater chance of occurring at
zero volts than either the cleaved fiber or no sensor case. This means that the sensor itself
does not add any significant character to a signal and that the system noise actually

decreases when the sensor is applied.

EFPI Amplitude Distribution Comparison
100

90 1 =No Sensor
===Cleaved Fiber
80 4 =No Load

70 -

60 -

50 1

40 -

30

Normalized Percent Occurence

20

20 15 -10 5 0 5 10 15 20
Amplitude Value, mV

Figure 3.17: Normal Curve Comparison of Cases I, II, III
Discussion of EFPI and Dynamic Finite Element Model Comparison

The dominant displacement component for the PLB-2 and PLB-3 breaks can be
correlated with the corresponding change in gap length, which is directly related to the
EFPI-X sensor response. Figure 3.15 a) suggests that for essentially the entire record
close correspondence is predicted, while b) suggests that for a PLB-3 the predicted
correspondence is good until reflections from distant boundaries arrive at the sensor. For
these situations the initial qualitatively response of the EFPI sensor is predicted to
correlate with the dominant component of surface displacement in the vicinity of the
sensor. The qualitative response with time exhibited in Figure 3.13 b and c are consistent
with this suggesting that the EFPI response has greater fidelity when the displacements
induced by the acoustic disturbance are dominated by a single component.

The EFPI sensor is sensitive to displacements associated with PLBs that have

been used to simulate AE sources. The EFPI response is dependent on the change in gap
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length between the points of attachment, which in some instances is dominated by the
parallel in-plane component for PLBs exciting symmetric plate modes and in other
instances is dominated by the out-of-plane component for PLBs exciting flexural plate
modes.

The amplitude distributions suggest that for the PLB 1 position, the NIST and
EFPI have different ranges of signal response with a range of significant amplitude
values in common from 60-90 dB, Figure 3.16a. However, the distributions from the PLB
2 and 3 locations suggest that both sensors should respond similarly, even though they
are optimally sensitive to different displacement components, Figure 3.16b, c¢. In cases
where the distance from the source to the sensor are similar to the PLB 2 position and the
source is primarily in-plane and on-axis with the sensors the amplitude distributions of
both the NIST and EFPI should be very similar. For the PLB-2 position, the most
frequently occurring amplitude value for the G(t)-Go distribution is 85 dB whereas for
the W distribution it is 84 dB, Figure 3.16b. This is interesting because it is counter-
intuitive to expect the NIST and EFPI sensors to behave the most similarly for an in-
plane on-axis displacement where the EFPI should be the most sensitive. However, these

results may be different in materials where signal attenuation is a significant factor.
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Chapter 4 — Optical Fiber Break Aluminum Plate Experiment

A 330.2x330.2 x 3.175 mm 6061 aluminum plate, with four 125 mm (5 in)
lengths of 80 micron optical fiber attached to the plate with epoxy was used as a test
material. The fibers were attached on the top surface of the plate and in a 0.3 mm (0.012
in) wide alignment slot, 0.1 mm (0.004 in) deep in the edge face at the mid-plane, Figures
4.01 and 4.02. The optical fibers were oriented parallel to the sensor axis of the EFPI-X.
The optical fibers were cleaved to generate AE from a fiber unloading from a fracture.
The goal was to gain insight to the behavior of fiber structures unloading which is
suspected of being similar to fiber fracture in CFRP composites. Each of the optical
fibers were pulled taut and then cleaved with an optical fiber blade in 12.7 mm
increments. The AE from the cleaved optical fiber was compared to the displacements
generated by the DFEM. See chapter three for a detailed explanation of the DFEM and
the model generated components of displacement.

The NIST and EFPI sensors were used to monitor the AE from the optical fiber
breaks. The EFPI was attached with approximately 2 mm hemispherical drops of epoxy,
to the top surface of the plate. These sensors were positioned to postpone the arrival of

acoustic wave reflections from the lateral edges of the plate, Figure 4.01.

Figure 4.01: Schematic location of EFPI sensors and the three different PLB locations. Note: The Z
axis perpendicular to the plane of the page. * NIST Sensor location, EFPI sensor mm————o
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Top
Groove

Machined Aluminum Plate

Figure 4.02: Side view schematic of optical fiber locations

Results of Optical Fiber Break Aluminum Plate Experiment

The EFPI and the NIST sensors detected displacements that were generated by
optical fiber breaks (OFB), or the cleaving of telecommunications grade optical fibers
attached to an aluminum plate. Figures 4.03 and 4.04 are graphs of typical sensor output
over time from the broken fibers that were attached to the groove at position 1. Figures
4.05 and 4.06 are graphs of typical sensor output over time from the broken fibers that
were attached to the top surface of the plate at position 1. Figures 4.07 and 4.08 are
graphs of typical sensor output over time from the broken fibers that were attached to the
groove at position 2. Figures 4.09 and 4.10 are graphs of typical sensor output over time

from the broken fibers that were attached to the top surface of the plate at position 2.
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Figure 4.03: NIST, Position 1, Groove Break
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Figure 4.05: NIST, Position 1, Top Break
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Figure 4.06: EFPI, Position 1, Top Break
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Figure 4.07: NIST, Position 2, Groove Break
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Figure 4.10: EFPI, Position 2, Top Break

Overall, the EFPI output was greatest for in-plane events that occurred at the mid-
plane of the plate. The NIST output was smaller than the EFPI for all in-plane sources but
it had a larger response to displacements caused by fibers attached to the top surface of
the plate. The amplitude distributions of the sensors for the various OFB locations had a
small margin of error, with the most frequently occurring amplitudes below 90 dB. Error
bars for each distribution are shown in red. Figures 4.11 and 4.12 are the NIST amplitude
distributions for position 1. Figures 4.13 and 4.14 are the EFPI amplitude distributions for
position 1. Figures 4.15 and 4.16 are the NIST amplitude distributions for position 2.
Figures 4.17 and 4.18 are the EFPI amplitude distributions for position 2.
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Figure 4.11: NIST Amplitude Distribution, Top break position 1, reference 1x10°° volts
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Figure 4.12: NIST Amplitude Distribution, Groove break position 1, reference 1x10°° volts

6
5
2 44
@
<
[
o 31 ‘
©
£
S 2 J
14
0 v T T T T T
60 70 80 90 100 110 120 130
Amplitude, dB

Figure 4.13: EFPI Amplitude Distribution, Top break position 1, reference 1x107° volts
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Figure 4.14: EFPI Amplitude Distribution, Groove break position 1, reference 1x10° volts
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Figure 4.15: NIST Amplitude Distribution, Top break position 2, reference 1x10° volts
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Figure 4.16: NIST Amplitude Distribution, Groove break position 2, reference 1x10 volts
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Figure 4.17: EFPI Amplitude Distribution, Top break position 2, reference 1x10°° volts
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Figure 4.18: EFPI Amplitude Distribution, Groove break position 2, reference 1x10 volts
As expected from the previous results, the EFPI had a greater signal response to in-plane
sources than the NIST. Also, for the in-plane on-axis case (position PLB-2) the NIST had
large amplitude peaks below 80 dB and compared well with the EFPI amplitude
distribution above 80 dB. Figures 4.19 and 4.20 show how the EFPI OFB compares to
both the U and G(t)-Go amplitude distributions. Figures 4.21 and 4.22 compare the NIST
and EFPI OFB amplitude distributions to the predicted and model generated

displacements at position 2, mid-plane.
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Figure 4.19: Comparison of Amplitude distributions from mid-plane sources (i.e. groove) at position
1, reference 1x10° volts.
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Figure 4.20: Comparison of Amplitude distributions from mid-plane sources (i.e. groove) at position
2, reference 1x107 volts.
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Figure 4.21: Comparison of Amplitude distributions from mid-plane sources (i.e. groove) at position
1, reference 1x10°° volts.
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Figure 4.24: Comparison of Amplitude distributions from mid-plane sources (i.e. groove) at position
2, reference 1x107 volts.

Discussion of Optical Fiber Break Aluminum Plate Results

The optical fiber breaks provide a good in-plane signal source. However, they do
not compare well with the majority of the predicted displacement components from the
DFEM. Within certain amplitude ranges, the EFPI agrees with the G(t)-Go distribution.
In general, the EFPI also has a higher decibel signal response more frequently than the
NIST at amplitude values greater than 90 dB. The signal response of the EFPI is more
accurate with respect to the off-axis or on-axis sources than the NIST. Furthermore, the
amplitude distribution of the NIST becomes closer to the distribution of the W-
displacement when the source is off-axis than when it is on-axis.

The NIST and the EFPI have amplitude peaks at similar locations below 80 dB.
This coincidence may be from similar sources of noise, which both sensors can detect,
see figures 3.08 and 3.10. However, these results suggest that the NIST and EFPI should
respond in a similar manner to an OFB source. It can also be assumed that the NIST and
EFPI should respond similarly to the fracture of fibers with similar properties. The largest
percentage of error in the EFPI amplitude distributions was approximately 2%, with the
average error in most of the amplitudes less than 0.25%. Using the NIST sensor, the error
ranges were much greater, the largest error was 6.00% and the average error was 0.14%.
It is reasonable to assume a 2% margin of error in the EFPI amplitude distributions in the

rest of this work.
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Chapter 5 — Optical Fiber MBrace™ Experiment
The EFPI was mounted on coupons cut from Master Builder MBrace™ CFRP
sheets. The coupons were loaded in two different ways to generate different kinds of
acoustic emission from different material deformations. The coupons were mounted on a
plate and loaded using a constant rate of deflection on an Instron testing machine, with a

load cell rated to a maximum of 20 kips or 9000 kg.

Ideal Fiber Fracture Comparison

In order to obtain an ideal test comparison for fiber fracture in large scale FRP
composite samples, FRP coupons were fabricated with three plys of MBrace and
telecommunication grade optical fibers (80 microns nominal diameter) embedded in the
saturant layer between each ply and on the top surface. The wires were placed directly on
the EFPI sensor axis and on parallel lines at 12.7 and 25.4 mm (0.5 and 1 in) distances
from the EFPI fiber axis on either side. The coupons that were tested on the Instron had
glass wires only in the 2™ layer off the fiber axis due to the machine grips and the
difficulty of reproducibly breaking the glass wires in the grips, Figure 5.01. The coupon
was placed in tension using the Instron and held with a constant 100 kg (220 Ibs.) load.
One half of each of the glass wires was covered in a silicone mold release to prevent the
cured composite from gripping the entire glass wire. The load level was chosen to
produce a low state of strain in the coupon material and not cause any significant damage
due to the loading. While the load was applied to the test materials, the glass wires were
pulled taut and cleaved to create a displacement similar to that of a fiber fracture. The
wires were oriented in the same direction as the reinforcing fibers, parallel to the EFPI
fiber axis with the silicone covered end protruding out of the coupon and the clean end of

each glass wire was inside the coupon.

58



OFB FRP Coupon Plan View

Side View
Optical fibers embedded
off-axis between

the first and second
FRP plys.

12.7 mm ;
25.4mm

Figure 5.01: Illustration of embedded glass wires in FRP sample.
One coupon was attached to a stainless steel plate (grade 3404), Figure 5.02. In

order to overcome the required conductive path between the NIST and the main signal
amplifier, a thin sheet of tinfoil was laid over the surface of the test sample and held in
place with 50 gram weights, Figure 5.03. Both the EFPI and the NIST sensors were used
to record the data from the experiment with the steel/FRP plate experiment, while the
EFPI and the PAC R15 sensors were used to record the signals from the Instron

experiment, Figure 5.04.
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Figure 5.02: Schematic of FRP/AI test sample.
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Figure 5.04: Picture of coupon in Instron Grips.

Fabrication of FRP coupons

The FRP material chosen for this study was MBrace™ carbon fiber unidirectional
reinforcement system manufactured by Master Builder. All of the MBrace material used
was cured and set-up according to the guidelines set by Master Builders and MBrace
using official MBrace two part epoxy materials. All of the epoxy was used in small
quantities (approx. 2-3 liters) using a 3:1 ratio, by volume, and mixed with a 50.8 mm
wide paint stirrer at 300 to 600 rotations per minute.

The coupons were cut from sheets of the cured MBrace material. The MBrace
sheets were applied to flat plywood boards covered with a thin (2 mil) layer of plastic

sheeting on a level surface. A primer layer was applied directly to the plastic covered
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wood. After a day of curing, the saturant layer and the MBrace carbon fiber fabric was
applied to the board. If multiple layers of fabric were needed, multiple layers of saturant
and fiber were applied successively. After curing, the FRP material was peeled from the
plywood board and the thin plastic layer was removed from the back of the MBrace
sheet.

Since a small volume of epoxy was used to make the FRP sheets, and there was
no high capacity heat sink during the curing process (e.g., concrete), the epoxy required a
longer cooling time than would be necessary in a typical field application. All of the
coupons were given a 7-day cooling and curing period. As a side benefit, the slow
cooling process reduced the probability of significant residual stresses forming in the
material.

Several kinds of coupons were created for testing purposes. Test coupons were
created with one or two plys of MBrace CF 530, Carbon Fiber Reinforcement System,
which is specified as a high modulus carbon fiber material. Several coupons were also cut
from the larger MBrace sheets so that the reinforcing fibers were oriented transverse to
the direction of loading. Typical widths for the coupons were 63.5 mm (2.5 in) for a
double ply sample and 88.9 mm (3.5 in) for a single ply sample and 88.9 mm (3.5 in) for
a single ply transverse sample. The coupons were all within £5 mm of 228.6 mm (9 in) in
length. A single EFPI sensor was applied to each coupon, with a sensor gage length of 25
mm, as close to the exact center of the top surface as possible. See figure 5.05 for an

example of a finished test coupon.

Figure 5.05: Typical Test Coupon, resting on a plywood board
The data from the sensors was received and recorded in the same manner in each

FRP coupon experiment. The signals from the EFPI sensors were taken individually from
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the Fiber Optic Strain Sensor (FOSS) detection system. These electrical signals were
captured using analog to digital (A/D) sampling with a PC computer based A/D board,
manufactured by Gage, with 12 bit voltage resolution using a 25 MHz sampling rate. See

figure 5.06 for a symbolic diagram of the data recording and evaluating process.
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Figure 5.06: Data Flow Block Diagram

Results of Optical Fiber MBrace™ Experiment

AE signals were recorded from two MBrace coupon samples with glass wires
embedded in the matrix at various locations parallel to the direction of fiber
reinforcement. Signals were also recorded from an aluminum/FRP plate that was
selectively damaged and placed in 3 point bending. Each coupon was loaded in a
different fashion, one was mounted to the surface of an unloaded steel plate, one mounted
to the surface of a plate in three point bending and another in tension by an Instron testing
machine held at a constant extension.

During loading, the glass wires were cleaved one at a time at 150 second intervals
to prevent signal contamination from reflections or “ringing” in the samples. Two sensors
were used to monitor the AE signals from each experiment. In both of the plate
experiments the EFPI and NIST sensors were used to measure and record AE. In the
constant strain experiment, a PAC R15 and the EFPI were used to monitor and record AE
activity. Twenty distinct signals were recorded from the constant strain experiment that
exceeded the threshold value of 1 mV. Ten distinct signals were recorded from the
unloaded plate experiment that exceeded the threshold value of 1 mV. Figure 5.07 shows

the amplitude distribution for the unloaded plate from the EFPI. Figure 5.08 is the
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amplitude distribution from the NIST sensor for the unloaded plate experiment. Figure
5.09 is the amplitude distribution for the constant strain Instron experiment using the
EFPI. Figure 5.10 is the amplitude distribution for the constant strain Instron experiment
using the PAC R15. In each case, the reference voltage is 1x10°° volts. Also, the
distribution are labeled according to both the layer the OFB occurred on (surface, 2™

layer, 3" layer) and the distance from the EFPI axis (0, 12.7 and 25.4 mm).
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Figure 5.07: EFPI Amplitude Distributions, Unloaded Plate Glass Wire Break
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Figure 5.08: NIST Amplitude Distribution, Unloaded Plate Surface OFB, 0 mm.
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Figure 5.10: PAC R15 Amplitude Distribution for Instron OFB

Discussion of Optical Fiber MBrace™ Results

The purpose of these three experiments was to create an artificial situation where

the only damage experienced by the MBrace materials was due to the cleaving of the

glass wires or the fracture of a few select carbon reinforcing fibers. Aside from matrix

micro-cracks due to the tensile loading, the only source of displacement is the in-plane

disturbance caused by the sudden unloading of the glass wires. The glass wires had an 80
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micron nominal diameter which is on the order of 8-10 carbon fibers. Therefore the
sudden cleaving of a glass wire is approximately equivalent to a small bundle of fibers
fracturing simultaneously.

Although it was not possible to record signals from the glass wires in the 3 layer
of either the Instron coupon or the FRP/Steel plate, the tests provided a valuable
comparison between the different sensors and the sensor response to an ideally fiber
fracture like displacement. The most likely cause for the difficulty of obtaining signals
from the 3™ layer glass wires is the weak attachment of the wires to the matrix/plate
interface due to the mold release. However, in the case of the unloaded FRP/Steel plate
experiment, the NIST sensor was only capable of detecting displacements from a surface
break whereas the EFPI was capable of detecting displacements in a lower layer and off
the optimally sensitive axis of the sensor.

In the unloaded plate experiment, the surface breaks detected by the EFPI resulted
in three peaks at 77, 80 and 82 dB. For the eccentric breaks at 12.7 and 25.4 mm, the
significant peaks were at amplitude values of 100, 107, 113 and 98, 102, 112 and 114
decibels respectively. The NIST sensor detected amplitudes most often at values of 89,
92,100, 103 and 112 dB. While many of these values are in the neighborhood of the
EFPI results for off-axis glass wire breaks, they do not agree for the on axis case where
the EFPI is expected to be the most sensitive. Two possible interpretations of this result
are that the EFPI is most sensitive to surface breaks or that the glass wire break does not
produce any significant out of plane displacement. It is interesting to note that both the
EFPI and the NIST consistently had amplitudes values that were close to the published
fiber fracture amplitude values from Bohse and Valentin [12, 26, 50].

In the increasing deflection experiment, the EFPI detected amplitude values most
often at 96, 97 and 99 dB for the 25.4 mm off axis breaks and at 96, 99 and 105 dB for
the 12.7 mm off axis breaks. The PAC R15 sensor detected amplitudes most often at 89,
93 and 95 dB for the 12.7 mm off axis breaks and at 98 and 101 dB for the 25.4 mm oft-
axis breaks. These results also agree with the range of values from the signals generated

by the previous buried off-axis glass wire breaks.
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Chapter 6 — Mechanical Loading of MBrace™ Coupons

Sustained Load MBrace™ AE Experiments

The coupons were held in tension by a weighted lever arm to generate AE during
different states of strain. Ideally, the coupons are held at a constant level of stress
throughout the test. This type of loading is similar to what the material would experience
in a field application and will allow the FRP coupons to rapidly respond to strain or
displacement in the direction of loading. In a field application, the loads due to matrix or
fiber failure are rapidly redistributed throughout the entire section of FRP. This is
significantly different from testing a sample on the Instron, in which the rate of deflection
is predetermined by the machine controls and the ability of the material to react to
displacements is affected by the speed of the machine. The load level was based on the
system specifications for a long-term (>5 years) reinforcement/rehabilitation application

of the material [67]. Figure 6.01 is a schematic of a typical coupon used for the sustained

load test.
Sustained Load Coupon 225 mm
— A
[ I |
[
i€ i (I}p) 65mm(Tvp)

Figure 6.01: Schematic of sustained load coupon in test configuration.

The coupons were loaded in tension using a lever arm with a mechanical
advantage of 20:1 with a weight of 75 kg (166 Ibs.) on the balance arm. See figure 6.02

for a picture of the machine.
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Figure 6.02: Constant Load Lever Arm
The design guidelines for MBrace state that the FRP reinforcing system should be

optimized for one of two different conditions, short term or long term. The recommended
allowable design strength for long-term applications is obtained using 1/3 of the value of
the ultimate tensile stress per unit width of sheet (500 mm), or approximately 1.2 x 10°
kg/cm?. All coupons were loaded to 80% of the allowable design stress for a long term
application, or 26% of the ultimate tensile strength (80% of 33%) [67]. The grips used to
hold the coupons during the test were attached to bearings so that the coupon would
sustain no net torque. The area of the FRP coupons placed in the grips were supported by
thin strips of plywood and plastic to prevent localized damage and any transmission of

AE from the grips to the sensor, Figure 6.01.

Constant Rate of Deflection Instron MBrace™ AE Experiments

Quasi-static loading of selectively damaged FRP coupons was used to generate
AE signals from possible fiber fractures and other failure modes. Several kinds of loading
conditions were used to capture AE during damage development in the MBrace™
samples. FRP coupons were tested on an Instron testing machine and loaded in tension
parallel to the axis of fiber reinforcement until catastrophic failure at a maximum applied
stress of 600 MPa. The Instron used in these experiments was rated to 9000 kg and the
coupons were loaded at a rate of 0.762 mm/minute (0.03 in/min). Cloth backed 120 Grit
sandpaper was used between the coupon and the serrated grips to secure the samples and

prevent slipping. Both the EFPI and a PAC R15 transducer were used to monitor samples
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during testing using the Instron. FRP sheets were also mounted on an aluminum plate.
The plate was then loaded in three-point bending until it yielded. The three-point plate
bending experiment was used to place a maximum tensile stress on the fibers in the FRP
sheet at the center of the plate, Figure 6.03. The aluminum plate was 101.6 mm by 266.7
mm and 6 mm thick. The matrix surrounding the fibers on a small section in the center of
the plate was removed using solvents and an Exacto™ knife and then the reinforcing
fibers were slightly scored with a sharp blade so that they were not completely severed

across the scored region, Figure 6.04.

CutRegion \(p,ace CFRP Sheet

|
MBrace /
Saturant
Alummum Plate

MBrace Primer

Figure 6.03: Three Point Bending Test Configuration.

Figure 6.04: Aluminum Plate for Three Point Bending Experiment, pen points to scored region.
The combination of tensile stress and selective damaging of the FRP material
created a high probability that the first fibers to fracture would be in the damaged area in
the center of the plate. The goal of the experiment was to force fiber failure prematurely
and record the character of the signal. Both the EFPI and the NIST sensors were used to
monitor the resulting AE. As a side note to aid further experimental investigation, care

must be taken to insure that the FRP material is bonded solely at the edges of the plate. If
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the entire bottom layer of the coupon is attached to the top surface of the plate
delamination may make it difficult to obtain accurate test results. In other words, the AE
from the failure that occurs may not be from fiber fracture but FRP delaminating from the
surface of the plate. Silicon mold release was sprayed onto a masked off area in the

center of each plate in order to prevent the FRP from delaminating.

Results of Mechanical Loading of MBrace™ Coupons Experiment

Constant Rate of Deflection Instron Experiments.

AE signals were recorded from several MBrace coupons under increasing tensile
strain. The EFPI and a Physical Acoustics R15 sensor were used to monitor the double
ply coupons during the tests. The R15 could not be used to monitor the single ply tests
since the methods used to attach the sensor to the coupon caused the coupons to crack
and split. The strain was applied using an Instron testing machine in two different ways.
First, the coupons were loaded in tension at a rate of 0.762 mm/min (0.03 in/min), until
failure occurred at approximately 0.1% strain. Second, the coupons were loaded in
tension at a rate of 0.508 mm/min (0.02 in/min), until the Instron applied 0.05% strain to
the coupon. Two single ply and two double ply coupons were loaded using the first
condition and two double ply coupons were loaded using the second condition. The
coupons had a width of 63.5 mm (2.5 in) and was 228.6 mm (9 in) long, Figure 6.01.
Seventy distinct signals that exceeded the threshold value of 10 mV were recorded during
the experiment using the first loading conditions. 650 distinct signals that exceeded the
threshold of 1 mV were recorded during the experiment using the second loading
conditions. Ten distinct signals were also recorded from the tensile strain three point
bending experiment. The threshold was lowered on these tests to attempt to capture more
signals in the lower amplitude range.

Figure 6.05 shows the EFPI amplitude distributions for the single ply coupons
using the first loading condition. Figure 6.06 shows the EFPI amplitude distribution for
the double ply coupons using the first loading condition. Figure 6.07 shows the EFPI
amplitude distribution for the double ply coupons using the second loading condition.
Figures 6.08 and 6.09 show the PAC R15 amplitude distributions for the double ply

coupons under increasing deflection using the first and second loading conditions. The
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cumulative energy measured under the rectified signal envelope in the double ply coupon
test under increasing strain using the first condition is shown in figure 6.10. Figure 6.11
displays the three point bending unfiltered amplitude distribution from the NIST and

EFPI sensors. The reference voltage in all cases is 1x107 volts.
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Figure 6.06: Double Ply EFPI Amplitude Distribution, First Loading Condition
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Figure 6.07: Double Ply EFPI Amplitude Distribution, Second Loading Condition
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Figure 6.09: Double Ply PAC R15 Amplitude Distribution, Second Loading Condition.
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Figure 6.10: Log of MARSE vs. EFPI AE signal counts for a double ply coupon under the first
loading condition.
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Figure 6.11: NIST and EFPI three point bending amplitude distribution.

Sustained Load Experiment

AE signals were recorded from 12 different undamaged MBrace coupons under a
constant, sustained load. Four single ply unidirectional coupons were loaded parallel to
the axis of reinforcement. Four double ply unidirectional coupons were also loaded
parallel to the axis of reinforcement. Four more single ply coupons were loaded
transverse to the axis of reinforcement. AE signals were recorded using the EFPI sensor
and recorded using a Gage digital acquisition board, at a sample rate of 25 MHz, with
zero gain. Figure 6.12 shows the amplitude distribution for the single ply coupon
unfiltered results. Figure 6.13 shows the averaged frequency spectrum of the unfiltered
signals, based on a set of 20 recorded signals, for the single ply coupon tests. The signals
were processed using a Bessel IIR high pass filter, with a cut-off frequency of 45 kHz,
implemented by LabView.

73



Ordinate Percent
S

14
Ll

50 60 70 80 90 100 110 120
Amplitude, dB
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Figure 6.13: Unfiltered Single Ply Averaged Frequency Spectrum
The single ply coupons were 88.9 mm (3.5 in) wide and loaded so as to produce a
143 MPa (20.7 ksi) tensile stress. The loading produced localized damage (i.e. tear out) in
some of the coupons, around the machine fixtures. See figure 6.14 for an example of the
tearing around the grip area. 20 distinct signals were recorded that exceeded the trigger

threshold of 10 mV.
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Figure 6.14: Single Ply Tearing
Figure 6.15 shows the amplitude distribution for the double ply coupon unfiltered
results. Figure 6.16 shows the averaged frequency spectrum of the unfiltered signals,
based on a set of 20 recorded signals, for the double ply coupon tests. Figure 6.17
compares the unfiltered single ply coupon data with the double ply data.
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Figure 6.15: Double Ply Unfiltered Amplitude Distribution
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Figure 6.16: Double Ply Average Frequency Spectrum
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Figure 6.17: Comparison of Single and Double Ply Unfiltered Amplitude Distributions
The double ply coupons were 74.0 mm (2.5 in) wide and loaded to produce a 199
MPa (28.9 ksi) tensile stress. Twenty distinct signals were recorded that exceeded the
trigger threshold of 10 mV. No localized damage in the coupon was observed in the area
of the machine grips either during or after the testing. However, the loading produced a
“cupping” effect on the coupon causing the material to bow out in the middle and remain

straight at the edges and along the sides. This cupping caused longitudinal cracking, or
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axial splitting, to grow in a stable fashion parallel to the reinforcing fibers and running
through the polymer later and the CFRP/Epoxy matrix. See figure 6.18 for typical picture

of a longitudinal crack.

Figure 6.18: Example of Longitudinal Cracking

Figure 6.19 shows the unfiltered and filtered amplitude distributions from the
transversely loaded coupon test. Figure 6.20 is the averaged frequency spectrum from the
transverse tests. Due to the relatively large and rapidly applied load, all transversely
loaded coupons were torn approximately in half and failed completely during each test. 4
distinct signals were recorded that exceeded the trigger threshold value of 10 mV before
each coupon failed completely. Figure 6.21 compares the unfiltered amplitude
distributions from the single, double and transversely loaded tests. It should be noted that
due to the differential nature of the EFPI, the rapidly applied and constant state of strain
experienced by the transversely loaded coupons resulted in signals that had a positive
slope. As a result, no negative amplitude values were observed during the transverse
tests. See figure 6.22 for an example of a typical transverse signal compared with a
filtered signal. Also, none of the reinforcing fibers were directly loaded during the test.
There was also no evidence of the reinforcing fibers bridging the ruptured coupons. See
Figure 6.23 for a picture of a typical transverse failed coupon. Figures 6.24 and 6.25 are
typical examples of AE signals observed by the EFPI from single and double ply coupons

during the sustained load tests.
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Figure 6.21: Comparison of EFPI Sustained Load Amplitude Distributions.
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Figure 6.22: Typical Filtered and Unfiltered Transverse Coupon EFPI AE Signals
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Figure 6.24: Typical Filtered and Unfiltered Single Ply Coupon EFPI AE Signals
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Figure 6.25: Typical Unfiltered Double Ply Coupon EFPI AE Signals
Discussion of Mechanical Loading Results

Constant Rate of Deflection Coupon Experiments

The increasing deflection of the coupons produced different results than the
sustained load tests. However, similarities become apparent when the results from the
two experiments are compared. It can be seen that several peaks from the PAC R15 occur
in the same region and with a similar percent occurrence as the EFPI sensor. This result
agree with the previous results indicating that the G(t)-Go and W displacements agree
closely in some situations. This may indicate that the damage mechanisms occurring at
these amplitudes have in-plane and out-of-plane components.

There were also similar peaks in the amplitude distributions of the PAC R15 and
EFPI sensors at amplitude values of 82 and 109 dB for the first loading condition. For the
second loading condition, it is very interesting that the PAC R15 and the EFPI observed
amplitude values of 77, 80 and 82 dB with similar frequency. The PAC R15 also had a
peak at 68 dB that agrees with earlier comparisons of signal amplitude values for fiber
fractures. The energy associated with the signals that PAC R15 sensor detected was less
than the energy associated with the EFPI signals in the first loading condition, Table 6.1.
On average the signals detected by the EFPI have more rectified area, even though the
R15 sensor typically had higher signal amplitudes under the same test configurations.

This suggests that the EFPI is capable of detecting signal characteristics that cannot be
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detected by out-of-plane sensors even if there is an out-of-plane component associated
with the deformation that originated the AE signal. However, figure 6.05 shows that fiber

fractures have an out-of-plane and in-plane displacement component.

Table 6.1: Average MARSE comparison from double ply coupon tests. CL is Constant Load, IL is
Instron test or Increasing Load

Double Ply Mbrace Coupon

CL-EFPI IL-EFPI  IL-PACR15
Avg. MARSE 70.04 95.03 50.33

In the case of a fiber fracture, it is logical to assume that the sudden release of mechanical
energy would travel in along the axis of the fiber and the recoil of the fibers would
generate a flexural plate mode in the coupon. Therefore, it is reasonable that an out-of-
plane component of displacement would accompany a fiber fracture. However, given the
previously defined amplitudes for fiber fracture (69 dB), it seems likely that an in-plane
displacement sensor is more likely to detect larger amplitudes resulting from fiber
fracture than sensors that are primarily sensitive to out-of-plane displacements. This may
be especially true in materials that are anisotropic and highly dispersive or with wave
guides along a particular direction. Another observation from the amplitude distributions
shown in figure 6.05 is that there were two modes of failure in the Instron tests using the
first loading condition. The coupons failed in either a controlled and much slower manner
as a crack propagated across the width of the sample, or the coupon suddenly ruptured. A
peak at 95 dB was observed each time a coupon failed suddenly.

The three point bending plate experiment produced amplitude values that were
actually similar to the literature, but it also created a large number of high amplitude
peaks. These are most likely the result of matrix macro-cracking and the saturant
debonding from the aluminum plate. The NIST sensor detected amplitudes most often at
values of 60, 66 and 69 dB. These results agree very well with the reported theory and
experimental results. According to Bohse [50], the theoretically predicted amplitude for a
carbon fiber surface break detected by an out of plane transducer is 65 dB and the
experimental results obtained in the study ranged from 50 to 75 dB with an average of 69
dB. The NIST results are consistent with these reported amplitude values. Valentin [12]

reported a wide range of amplitude values also, however, the expected amplitude value
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for a CFRP fiber fracture was 60 dB. Using the published results as a guide, it is possible
that the observed amplitude peaks that the NIST sensor observed at 60, 66, 69, 72 and 75
dB are the result of fiber fracture occurring in the FRP/Aluminum plate sample, while in
the EFPI the peaks from 65 to 80 dB may be from fiber fracture. Due to the nature of
amplitude analysis and the difference in the mechanical testing and signal processing in
this work compared to the literature, a direct comparison is not possible. However, it is
still interesting, and encouraging, to note the similarities between the literature and the

experimental data for a larger test sample under less controlled conditions.

Sustained Load Coupon Experiments

The results from the constant load tests are useful because they provide insight
about AE signals that result from CFRP designed for long-term loads, under service
conditions. Furthermore, by rapidly applying the load at 26% of the ultimate tensile
strength, a realistically damaged condition was created while catastrophic failure of the
coupons was avoided in most of the samples.

Significant details can be learned from a qualitative analysis of the amplitude
distributions. Trends and similarities in the different signals can be viewed in aggregate
and compared with each other and data from the previous section to determine the
amplitude value of similar damage mechanisms in each type of coupon. Comparing AE
observed using the EFPI on similarly loaded specimens, it is reasonable to assume that
peaks occurring at similar values are the result of similar damage mechanisms. Some of
these damage mechanisms can be verified by visual observation. For instance, the
observed axial splitting in the double ply coupons. In the single ply coupons, it is
reasonable to assume that longitudinal cracking also occurred. This kind of cracking
along the longitudinal direction would probably produce similar high amplitude peaks in
single or double ply coupons. The observed cracking in the specimens followed Prosser’s
[68] observation that cracks will often, if not always, initiate at an edge and then
propagate across the width of the specimen or stop within it.

Figure 6.21 combines the amplitude distributions for the single, double and
transverse coupon tests. The distribution from the single ply coupon tests has a different

character than either the transverse or the double ply tests. This most likely reason for this
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is the local damage at the grips and the cracking that propagated throughout the single ply
coupons much more severely than in either of the other sample coupons. However, one
amplitude peak that all three have in common occurs at a value of 105 dB. This peak and
the other common amplitude values in this range must be the result of splitting along the
fiber axis or damage in the polymer layer given that the only forms of damage that could
be present in the transverse coupon samples were these two due to the direction of
loading. The range of higher amplitudes for these damage mechanisms means that
damage from events such as fiber fracture occur at less than 105 dB in single ply coupon
samples. Therefore, the observed results from the previous sections are most likely the
result of fiber fracture. Figure 6.26 displays the single and double ply sustained load
results and the OFB MBrace distributions on the same graph. It is interesting to see that
similarities occur in the distributions in amplitude ranges that have not been recognized

as potentially due to background noise.

35
e Single-Noise
30 - Double-Noise .
= = |deal Surface Break b
w L 1]
2 = = |deal Off-Axis, 2nd Layer n
o 251 "
£ L
= =1
Q L
Qo 1
O 20 4 ] !
b i e d
[= " LI
g : i
S " ' "
o 4 N .
| [«8 15 .- :,‘: 1 :-:
Q 1 'L
‘E; ' ot - lli :
.E - Wt [ [ .
2" ' 3 P
(®] '
.
5 1 []
]
0 - -
50 60 70 80 90 100 110 120
Amplitude, dB

Figure 6.26: Single, Double and Ideal Break Amplitude Comparison.

The single ply distribution does not compare as well to either of the ideal
distributions as the double ply distribution does. Examining the common peaks in each
distribution, it appears that the single ply coupons cannot be effectively loaded using this

experimental set-up without sustaining a large amount of damage so that the amplitude
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distribution is the result of many kinds of damage mechanisms. The double ply coupons
distributions appear very similar to the surface OFB distribution and could be used in
further experiments where the goal is to detect fiber fracture. The peaks located at 80 and
82 dB suggest that the surface OFB may be a good approximation of a top layer fiber
fracture along the axis of the EFPIL
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Chapter 7 - Conclusions
Summary

A novel fiber optic sensor has been demonstrated to accurately detect in-plane AE
in CFRP coupons. The sensitivity of the EFPI to displacements and background noise
compares well to other currently available sensors. The EFPI is unique because it is
primarily sensitive to displacements along the axis of the optical fibers. It is possible to
detect events that are similar to fiber fracture in FRP using the EFPIL.

The EFPI was compared against the NIST conical displacement sensor and the
PAC R15 sensor. These sensors were chosen because other researchers in fiber fracture
experiments that had published their results used them. The signals from the EFPI
consistently showed amplitude values at 77, 80 and 82 dB in several experiments where
signals from the NIST and PAC R15 sensors observed signals with amplitude values that
agreed with previously reported values for fiber fracture. Although, it is not possible to
decisively compare the literature results with the test series in this work, the agreement is
encouraging and provides a basis for future work. It can be concluded the EFPI
responded to displacements caused by fiber fracture and displacements similar to fiber
fracture.

The average relative energy from simulated fiber fracture events compared well
with the 25" percentile relative energy values from other experiments where fiber
fracture occurred. The relative energy detected from signals recorded from the NIST and
PAC-R15 did not agree with the simulated events. Overall, the signals detected by the
other sensors in these experiments were not as consistent as the EFPI. The average
relative energy from the simulated fiber fracture EFPI signals seemed to compare well to

the failure of a bundle of carbon reinforcing fibers in a CFRP coupon.

Conclusions

Several conclusions can be drawn from the experimental results. First, with regard
to the characteristics of the EFPI as a sensor, it has an equivalent level of sensitivity
compared to the PAC R15 and NIST sensors. The EFPI, NIST and PAC R15 also showed

a comparable level of background noise for pencil lead breaks and other series of
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experiments under similar conditions. Second, the EFPI can indeed detect in-plane
displacements and it is more sensitive to these displacements than either the NIST or the
PAC R15. The high amplitude content from signals recorded from the EFPI had a low
percent error and was fairly consistent. The EFPI can detect fiber fracture and fiber-
fracture like displacements. With regards to detecting fiber fracture in CFRP, examining
and comparing the results of the experiments from chapter four reveals the common
trends and similarities between the AE detected by the EFPI and the other sensors. Figure
7.01 compares the amplitude distributions from the second loading condition used on the

Instron test, to the glass wire break on the FRP/steel plate.
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Figure 7.01: Comparison of EFPI AE from Instron Tests and FRP/Steel Glass Wire Break

The amplitude peaks of all distributions in figure 7.01 occur at the same values (77, 80,
82 dB) although at varying frequencies. Which suggests that the glass wire break is a
good, repeatable simulation of fiber bundle fracture when it is observed by the EFPI.
Figure 7.02 compares the amplitude distributions from the surface break OFB on the
unloaded plate detected by the NIST and the EFPI sensors. The close agreement shown in
Figure 7.01 is not observed in Figure 7.02. This is the result of the difference between in-
plane and out-of-plane displacements, see Figure 4.21. Another factor that could cause

disparity between the two is the attenuation of the signal due to the nature of FRP.
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Figure 7.02: NIST/EFPI FRP Steel Plate Surface Break Amplitude Distribution Comparison
Analyzing the EFPI and PAC R15 response to the off-axis and buried glass wire

break reveals two similar trends. First, that the EFPI has a less focused distribution (i.e.
smaller peaks) in general when the source is off the fiber axis, and second, that the PAC
R15 has a more focused distribution, although at higher decibel amplitude values. When
the PAC R15 and the NIST sensors detected a significant percent (>5%) of amplitudes at
the values determined to be the result of fiber fracture, the EFPI consistently detected
amplitude peaks at 77, 80 and 82 dB. Although in all of the experiments, peaks at 80 and
82 dB typically occur more frequently. The amplitude values from signals detected by the
EFPI are higher than the reported values for fiber fracture in CFRP using piezoelectric
transducers. It is possible that in simulated or real fiber fractures peaks at these amplitude
values indicate fiber fracture. When the CFRP coupons were loaded more directly and
damage mechanisms other than fiber fracture were possible, the EFPI was still capable of
detecting the amplitudes associated with fiber fracture more than 10% percent of the
time. It is possible to conclude from these results that not only are the published
amplitude values for fiber fracture accurate for larger FRP samples but that the EFPI is
capable of consistently detecting displacements due to fiber fracture a greater portion of

the time than current out-of-plane sensors.
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Table 7.1: Computed MARSE Values from EFPI Signals

Coupon AE Experiment MARSE
Average Value
Un-Loaded Plate Glass Wire Surface Break 21.30
Constant Strain Glass Wire Break 21.80
25th % Value
IL-EFPI Single Ply 20.44
IL-EFPI Double Ply 20.90
CL-EFPI Single Ply 25.23
CL-EFPI Double Ply 25.51
Constant Strain EFPI Double Ply 0.45
EFPI FRP Plate Three Point Bending 159.37

Calculating the MARSE from different experiments can also show the evidence
of fiber fracture in the coupons. The relative energy detected by the EFPI was evaluated
by taking the 25t percentile value (as in Valentin) from the constant load and Instron
experiments and comparing them to the average value from the glass wire breaks, Table
7.1. With the exception of the three point bending experiment and the constant strain
experiment, the values are all very close. It can then be concluded that the glass wire
break generates a signal that has a rectified signal envelope with an area similar to signals
caused by damage mechanisms that occur in FRP. Furthermore, it is possible to conclude
that these damage mechanisms are caused by failures of fiber bundles in the composite.
The MARSE values from the signals observed by the NIST and PAC R15 sensors do not

compare well to each other, the EFPI or the simulated fiber fractures, Table 7.2.

Table 7.2: Computed MARSE values from NIST and PAC R1S5 signals

Coupon AE Experiment MARSE
Average Value
NIST Un-Loaded Plate Glass Wire Surface Break 5.51
PAC-R15 Constant Strain Glass Wire Break 26.89
25th % Value
IL-PAC R15 Double Ply 20.74
Constant Strain PAC R15 Double Ply 1.76
NIST FRP Plate Three Point Bending 34.81

The most unexpected result of these experiments is that fiber fracture is not
necessarily a high amplitude, high frequency event, as seen in Figures 5.07, 5.08, 5.09.
Furthermore, the character of the signal and the amplitude of the signal are different if the
fiber fracture occurs in a lower ply. These results suggest that the observed amplitudes

for ideal FRP samples (i.e. a small number of fibers encased in a block of epoxy), as used
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in the literature, are not reasonable for fiber fracture in larger samples in lower layers.
Further work needs to be done to fully characterize the behavior of FRP and how a buried
source changes both the amplitude and the frequency of the event. However, the results
presented here offer a good starting point since all of the work was done without a signal

gain in a well-documented and reproducible manner.

Future Work

There a many possible ways of applying the results in this work to the study of
CFRP, but all require further testing of the EFPI and calibrating the amplitude response
of a sensor with respect to a damage mechanism. A potentially useful application is the
long term health monitoring of FRP composites used in the rehabilitation of
transportation infrastructure. However, the methods of monitoring and evaluating the
observed signals from the EFPI need to be tested on a larger scale. Furthermore, none of
the information from a health monitoring system is useful if it cannot be easily explained
to engineers so that they can act on it. Using the method of displaying amplitude
distributions in this work and assigning a percent value to the acceptable level of damage
in FRP would be a simple way to communicate the desired information to engineers who
may not be experts in AE or non-destructive evaluation. For example, if an EFPI sensor
detected signals that had an amplitude distribution with a 35% peak at 80 dB and the
acceptable limit was 25%, then it would be clear that a higher than acceptable number of
reinforcing fibers had fractured in that region and that further inspection is necessary.
However, pilot studies on repaired piers and concrete columns need to be done before the
EFPI can be implemented as a health monitoring tool on a large-scale structure such as a
bridge. It will also be necessary to perform further research to quantify the change in

sensor response to sources deeper than three layers of FRP reinforcement.
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APPENDIX A: Installing the EFPI sensor

Before installing an EFPI sensor, the surface of the substrate should be clean and
free of scratches, ridges, or any other items that could catch a fiber. The substrate surface
should be prepared by sanding with a fine grade silicon carbide paper or steel wool. After
sanding, the surface should be cleaned with acetone and all large dirt particles or lose grit
should be cleaned off as well. After the surface is dry and clean, the location of the center
of the sensor cavity and the gage length of the fiber should be clearly marked using a soft
pencil or a permanent marker.

After opening the case containing the sensor, carefully remove the sensor from its
temporary mounting and place it on the substrate. Using masking tape, place a thin strip
of tape across the connector end of the fiber optic line attaching it to the substrate. Do not
touch the open end of the fiber sensor.

Carefully align the sensor with the location markings. Using a pencil lead, glass
wire or the tip of a mechanical pencil, place a small dot of epoxy over the center of the
sensor cavity and then a small dot over each end of the gage length. It is preferable to use
fast curing epoxy (90 second cure time or faster) to mount the fiber sensor. After the
epoxy has cured to a reasonable hardness (a minimum of 30 minutes), heat the sensor to
free the interferometric cavity of the phenyl salicylate plugs using a heat gun set to at
least 300 °C for five minutes. If embedding the sensor, encase the sensor in epoxy before
melting the phenyl salicylate plugs.

To determine the peak-to-peak output voltage of the sensor, connect it to the
equipment used to monitor it and lightly strike the area adjacent to the sensor with a
rubber mallet. If the sample is a plate, flexing the plate in the direction parallel to the axis
of the EFPI will also produce the desired result. Record the highest and lowest amplitude
of the displacement wave caused by the strike. The total amplitude range of the signal is
the Vpp value.

All other installation, cleaning and maintenance concerns of the sensor, FOSS and

fiber optic connectors should be referred to Luna Innovations.

91



APPENDIX B: Data Filtering and Post-Capture Signal Processing

Introduction to Signal Processing

Data filtering and signal processing are commonly applied to data in order to
focus on relevant details or for ease of presentation. Whether the data is a received from
laboratory experiments, computer generated models or financial journals, data filtering
can easily sift noise or unimportant data from a series of numbers so that the relevant data
is all that remains.

Simply put, filtering data is the same as wearing sunglasses or using pre-
programmed radio channels. In the case of sunglasses, the environment is too bright and
it is preferable to sacrifice a variety of colors for a muted, shaded view of the world using
only a few colors. Using pre-programmed radio channels achieves a similar affect for a
different reason. It is possible to listen to a lot of frequencies or stations at once, but then
it is impossible to discern any music, news or pleasant sound. It is also possible to listen
to an extremely narrow bandwidth of frequency, but if that band of frequencies is not
near the frequency that any radio station uses to broadcast the radio becomes useless. By
choosing pre-arranged standards of frequencies and channels, it is possible to sift through
a myriad of choices, static, noise and music to hear exactly what you want to hear.

Data filtering is usually accomplished by taking an algorithm and passing a series
of data through it. Various kinds of algorithms exist and while it is not difficult to find a
filtering algorithm that will remove unnecessary data from a series of numbers choosing a
filter that does it well can be difficult. In signal processing, most algorithms attenuate, or
reduce, the strength or amplitude of a pre-determined type of data. Some filters take a
relatively long time to attenuate the desired data and others magnify the remaining data
so that it is much different from the original data set. Still others affect the position, or
phase, of the remaining data in the series. The ideal filtering algorithm does not alter the
phase or amplitude of the desired data while attenuating the unnecessary data quickly and
efficiently.

The exact definition of what is “important” and what is “quick” must be decided

ahead of time and should be based on a popularly agreed standard or previous research. If
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the method or level of filtering is not standardized or well known, whoever looks at the
filtered data may assume something different from the presented data which negates any
benefits of filtering (ease of presentation, highlighting relevant data, eliminating noise,
etc.).
Issues when Filtering Acoustic Emission Signals

It is important when dealing with recorded acoustic emission (AE) signals to
know exactly how filtering affects a signal. If the amplitude of unwanted data is not
attenuated quickly enough, it may alter the perception of the important data. If the
remaining data is greatly amplified, then it may be difficult to compare filtered signals to
unfiltered ones or other signals that have been processed differently. If the time that
different parts of the signal arrive is affected the velocity of the stress wave may be
misjudged and different types of waves (Lamb, Rayleigh, Transverse, etc.) may be
hidden.The best scenario for filtering AE is to know specifically what frequencies are of

interest and what level of signal distortion is allowed.

Using the Signal Processing Toolbox to filter data
When using MAT]lab or any other digital filtering tool, it is important that all of the data
in the series that will be filtered is in the same format, (i.e. same number of decimal
places, notation, etc.) or else errors will be generated in the filtered data. It is easiest to
import the data into MATLab as either a tab-delimited text file or simple ASCII file. Save
or copy the file to the “Work™ folder in the MATLab directory. This allows the software
to instantly access the data since the “Work™ folder is the first location in the directory
that the software looks for files. It is also possible to import the data from another
location, but this is the easiest way. To import the data into the MATLab workspace, use
the “load” command and give the data a variable name. A sample of the syntax follows:
X1 =load (‘datastuff.txt’);
This command imports the file datastuff.txt into the workspace and assigns a variable
name of X1 to it. MATLab will treat the variable X1 as a vector for all further operations.
Alternatively, a Virtual Instrument can be designed using the LABView visual

development suite, see figures AB 1 and 2.
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LABView Bessel Filter Application

Below are screen captures of the Lab View virtual instrument (VI) used to process
the AE signals obtained from the experiments in this work. The VI program was initially
designed by Mike Horne and then later modified by Chris Cassino. The modified version
is displayed below. The VI reads an ASCII file, and filters the file and outputs two
processed files. The first output file is the filtered voltage-time signal. The second output
file is the frequency spectra of the filtered file. Figure AC1 shows the front panel display
for the VI in operation. Figure AC2 shows the block diagram of the VI from the visual

programming design sheet of the Lab View software.
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