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Chapter 1

SUMMARY

Air vehicles flying at hypersonic speeds encounter extreme thermal, aerodynamic and acoustic
loads. To maintain the structural integrity of the flight vehicle, a thermal protection system shields
the main structure from these loads. Therefore, maintaining the health of the thermal protection
system 1is critical for a successful mission and vehicle safety. One of the more common types of
failure in a mechanically attached thermal protection system is fastener failure. Since reducing
vehicle turnaround time between flights is desired, creating an automated inspection system to
perform structural health monitoring on the fastener health of the thermal protection system is
needed. This can be completed by analyzing changes in the dynamic characteristics of the system
due to fastener failure. While much of the recent experimental research focuses on using sensors
to detect high-frequency dynamic changes (well above 10.0 kHz and into the MHz) in the system
to detect damage, this research focuses on investigating fastener failure damage where only low-
frequency dynamics are available (up to 2.0 kHz was used during experimentation).

This involves validating a finite element model with low-frequency experimental dynamic tests
to ensure the geometry, boundary conditions, material properties, and finite element mesh properly
capture the physical characteristics of the structure. The finite element model validation begins
with the formation of a finite element model created to capture the geometry measured on the in-
vestigated structure. An inverse optimization problem is formulated to account for the uncertainty
of the composite material properties. The bounded design variables for the inverse optimization
problem are material properties with values based on the limited available material property data.

The difference between the natural frequency values of the finite element model and the exper-



imental results create the objective function for the inverse optimization problem. The inverse
optimization problem resulted in a validated finite element model with accurate results compared
to the experimental data. After the inverse optimization problem validated the finite element model,
the damage states are simulated with the finite element model.

After the finite element model is validated for the healthy state with free-free boundary con-
ditions, the global boundary conditions and fastener failure damage states are implemented. This
damage simulation allows a better understanding of how the damage states cause low-frequency
dynamic changes without requiring a experimental data for each of the damage states of interest.
The damage detection metrics include the existing modal parameters—modal assurance criterion,
partial modal assurance criterion, and coordinate modal assurance criterion—as well as two new
modal parameters—normalized coordinate modal assurance criterion and normalized coordinate
modal assurance criterion summation. The existing modal parameters provide data about the cor-
relation between modes (modal assurance criterion), the correlation between parts of mode shapes
(partial modal assurance criterion), and which degrees-of-freedom contribute negatively to a low
modal assurance criterion value (coordinate modal assurance criterion).

The two new modal parameters were formulated to identify mode shape changes in a structure
due to global damage to the structure. They attempt to localize the areas of the mode shape with
the largest changes between the healthy and damaged state, which are assumed to be close to the
damaged portion of the structure, by investigating the differences between the healthy and dam-
aged mode shapes when they are normalized to different nodes throughout the structure. The new
damage parameters successfully localized the damage in the structure more often than the existing
modal parameters used. While the majority of damage states implemented were successfully lo-
calized to the correct location of the failed fastener, two damage states caused a minimal change
to the low-frequency structural dynamics and could not be localized with any of the investigated

damage metrics.



Chapter 2

INTRODUCTION

This chapter introduces the problem statement of fastener failure in a structure and the motiva-
tion for detecting these failures with structural health monitoring (SHM) techniques. While the
structure investigated in this work focuses on thermal protection systems (TPS), the techniques
are applicable to any structure where detecting fastener failure is of interest to the researcher. The
chapter then provides an overview of the literature of SHM before presenting an outline of the

research methodology for this project.

2.1 Motivation

Hypersonic flight is required to maintain air and space supremacy for the United States. Hyper-
sonic flight vehicles are required for launching payloads, such as satellites and components for the
space station and Hubble telescope, out of Earth’s atmosphere. These vehicles require a TPS to
shield the main structure from the extreme thermal, acoustic, and pressure loads encountered dur-
ing missions. Any severe damage to the TPS can lead to a catastrophic loss of vehicle and crew.
Therefore, it is important to monitor the TPS to prevent minor damage from becoming worse.
Monitoring an entire vehicle for structural integrity can be a very long, expensive, and labor-
intensive process. Integrating an SHM system into the vehicle design can decrease the cost, time,
and labor required to monitor the TPS health by utilizing sensors to automate the damage detection
process. This can reduce the amount of downtime between vehicle missions significantly, which

is a priority for next-generation spacecraft—such as in the Future-Responsive Access to Space



Technologies Program (FAST) program. Since fastener failure is one of the more common types
of damage for mechanically attached TPS, this will be the focus of the research presented here.
While the methods used here can be implemented on any structure encountering global damage
(such as the fastener failure in this research), this work will focus on a TPS prototype composed of
four carbon-carbon load-carrying plates with backing insulation bolted to carbon/silicon carbide
brackets that are bolted to a thin metallic backing plate. The fastener failure is restricted to the
bolted locations where the load-carrying plates are connected to the brackets. The bolted damage
in this research is one type of fastener failure. The methods used here would be applicable to other
types of fastener failure—such as damaged rivets—as well. The terms fastener and bolt are used

interchangeably in this research.

2.2 SHM Literature

2.2.1 Historical Perspective

As vehicles, buildings, bridges, and other structures age, they begin to deteriorate. Detecting dam-
age before it becomes significant enough to cause a catastrophic failure in the structure is important
to maintain usability and increase safety for individuals around the aging structure. While damage
can often be visually detected without any outside equipment, this is an expensive and labor-
intensive process. Structural health monitoring was developed to detect the damage at early stages
without the need for constant human intervention. The offshore oil industry utilized vibration-
based damage detection techniques in the 1970s and early 1980s [1-10]. The offshore oil industry
health monitoring results were not very successful. Because their above-water-line measurements
only provided information about resonant frequencies, uniqueness issues arose during damage
prediction. Data also was corrupted by environmental conditions, equipment noise, and changing
mass (caused by changing fluid tank levels). These failures show the difficulty involved in SHM
and led to the oil industry abandoning the technology in the mid 1980s. The difficulty in using
resonant frequencies, modal damping, and mode shape vectors has been mentioned in literature

reviews [11-13].



Dynamic-based SHM was used to investigate many different structures throughout the 1980s
and 1990s. A brief review of some of the different early work in SHM includes the following:
the 1980s initiated the investigation of metal and composite beams [14—17], bridges [18-20], the
space shuttle [21-23], and nuclear plants [24]. Additional damage detection research originat-
ing in the late 1980s and the 1990s involved trusses [25-27], plates [28—32], buildings [33, 34],
concrete beams [35, 36], shells and frames [37-39], horizontal axis wind turbine blades [40], and
aircraft structures [41]. The global methods used in these damage detection investigations will be
mentioned in more detail in Section 2.2.3.

SHM typically defines the following four levels of damage identification [42]:
e Level 1: Determination that damage is present in the structure

e Level 2: Level 1 plus determination of the geometric location of the damage
e Level 3: Level 2 plus quantification of the severity of the damage

e Level 4: Level 3 plus prediction of the remaining service life of the structure.

While determining the presence of damage has been successfully achieved for many different struc-
tures, materials, and types of damage, achieving the final level (prediction of the remaining service
life of the structure) is a much more challenging and difficult problem. Some of the most common
uses for SHM include detecting: cracks (and crack propagation), composite delamination, corro-
sion, mass changes, part degradation, and fastener failure. When a structure’s dynamics is being
used to investigate its health, the method (low-frequency methods or high-frequency methods) best
suited to the problem depends on the type of damage expected. High-frequency methods are typ-
ically used for detecting small structural changes (such as cracks, composite delamination, and
small changes in mass) since they investigate local areas. Low-frequency vibration-based meth-
ods are global in nature, so they are typically used when characterizing the entire structure (such
as fastener failure and changing boundary conditions). While a distinct cutoff frequency between

when low-frequency methods no longer work and high-frequency methods must be used does not



exist, one example for detecting the dynamics of a small steel beam was mentioned in Giurgiutiu’s
book [43]. When the beam was excited with an impact and the response was sensed with two strain
gauges, the first two natural frequencies—1387 Hz and 3789 Hz—were detected, but the next nat-
ural frequencies—predicted to be around 7547Hz—was not. The higher natural frequencies were
detected with the high-frequency electromechanical impedance method. The methods covered in
Sections 2.2.2 and 2.2.3 focus on methods used primarily in structural health monitoring, and not
on other damage detection methods (such as liquid penetration inspection, radiography, infrared
thermography, eddy currents, etc.) used primarily in nondestructive evaluation and nondestructive

inspection.

2.2.2 High-Frequency Methods

Methods that sense the structural dynamics based on introduced high-frequency waves (with fre-
quencies well above 10 kHz and sometimes into the MHz range) are typically better at detecting
smaller, more localized damage than the low-frequency vibration-based methods. Many of these
testing methods utilize piezoelectric materials as sensors and/or actuators. Piezoelectric materials
create a mechanical stress when an electric load is placed on them and generate electricity when
a mechanical stress is applied to them, allowing one piezoelectric device to be used to both actu-
ate and sense the dynamics of the system. A detailed book by Guirgiutiu [43] covers the theory,
examples, and uses of piezoelectric wafer active sensors (PWAS) for many high-frequency SHM
methods. While many publications classify their transducers as piezoceramics (PZT), the follow-
ing sections will use PWAS as a generalized term to represent all piezoelectric transducers that can

be used for sensing and actuating a structure.

2.2.2.1 Electro-Mechanical Impedance Method

The electro-mechanical (E/M) impedance method uses PWAS transducers as high-frequency modal
sensors. This method couples the electrical impedance at the PWAS terminals with the mechanical

impedance of the structure being investigated. This allows changes in the mechanical resonance



spectrum to be detected with the electrical signals generated at the PWAS terminals. Mechanical
impedance has been used to detect damage for several decades [44]. It has since grown to be com-
monly used for detecting disbonds and delaminations inside laminated structures and composite
materials. The E/M impedance method is an improvement over the mechanical impedance method.
Advantages of the E/M impedance method over the mechanical impedance method include sensor
size (thin, nonintrusive PWAS versus bulky transducers), testing availability (permanently attached
PWAS transducers versus manually applying transducers to various points of interest), type of ex-
citation (in-plane strain excitation versus normal force excitation), and impedance measuring (as a
direct electrical quantity versus indirect mechanical quantities) [43]. Surface-attached PWAS have
been used for coupled E/M analysis of adaptive systems since the mid-1990s [45]. One form of

the electrical admittance measured at the terminals of a PWAS is

Y (0) = ioC (1 — K3 7 (i)s;rfz (w)) (1)

where C is the electrical capacitance of the PWAS, k3 is the electro-mechanical cross coupling
coefficient of the PWAS, Z, (@) is the one-degree-of-freedom structural impedance observed by
the PWAS, and Z4 () is the quasi-static impedance of the PWAS [43].

This formula has been used to show that the E/M admittance response accurately reflects the
dynamic response of the system. In this one-degree-of-freedom coupled-system resonance, the
real part of the admittance has a distinct peak shifted due to the additional stiffness caused by
the PWAS. Other early research in the E/M impedance method used the half-power bandwidth
method to accurately determine the natural frequency values of a structure [46]. These early works
demonstrated that a permanently attached PWAS can be used as a structural-identification sensor
since the PWAS terminals reflect the coupled-system dynamics. The E/M impedance method was
first used for SHM to detect damage in a truss structure by Sun, et al. [47]. It was first shown to
have extreme sensitivity to local damage and insensitivity to far-field damage in the tail section

of a Piper Model 601P airplane [48]. While much literature exists focusing on implementing the



impedance method to detect damage, it will not be mentioned in detail here since this method was
not used in this research. Additional details on the impedance method’s use in SHM can be seen

in a literature overview by Park, et al. [49].

2.2.2.2 Guided Waves

Guided waves are useful in SHM since they can travel large distances in a structure with minimal
energy loss, allowing large areas to be investigated from a single location. Different types of
ultrasonic waves exist; the best type of guided wave to use depends on the geometry of the structure
being investigated. Three types of guided ultrasonic waves and the methods that use these waves

for damage detection will now be briefly reviewed..

Rayleigh Waves Rayleigh waves can be used to detect damage in solids that contain a free
surface. They are also known as surface acoustic waves and surface-guided waves. Rayleigh waves
propagate close to the surface of the structure with the amplitude decreasing rapidly with depth.
Rayleigh waves are polarized in a plane perpendicular to the surface. The analytical solution to the
Rayleigh-wave particle motion is contained in the vertical plane, meaning the x- and y-components

of the velocity are nonzero and the z-component is equal to zero.

Shear Horizontal Plate Waves Shear horizontal (SH) waves have a shear-type particle motion
within the horizontal plane. When drawing SH waves in three-dimensions, the y-axis is typically
placed vertically while the x-axis and z-axis compose the horizontal plane through which the SH
waves propagate. SH waves propagate along the x-axis and the particle motion occurs along the
z-axis. This is shown using Figure 1 from Giurgiutiu [43]. Implementing boundary conditions
on the analytical problem for SH waves leads to a product of sine and cosine being equal to zero.
When the sine component equals zero, the solution leads to symmetric modes (S-modes). When
the cosine component equals zero, antisymmetric modes (A-modes) are formed. The analytical
equations demonstrating the physical phenomena of SH waves encountered experimentally are

covered by Guirgiutiu [43].



y=d Wave front

= ; W
0 e S Cs
. \\‘
™ Horizontal
y=—d ~_ plane x0z
Sl
e oy, (xd t)=0

\ 2 x
J,. (%—d 1)=0

Figure 1: Shear Horizontal Wave Axes and Particle Motion Definition

Lamb Waves Lamb waves, also known as guided plate waves, are ultrasonic waves that are
guided between two parallel free surfaces (such as the upper and lower surfaces of a plate). These
waves were first theoretically described in the early 1900s by Horace Lamb [50]. It was much later
that Lamb waves were actually generated to detect structural damage [51]. The Rayleigh-Lamb
equation provides a number of solutions for Lamb waves, both symmetric modes (So, S1, Sz,...)
and antisymmetric modes (Ag, A1, Az,...). At low frequencies, symmetric Lamb waves approach
the behavior of the axial plate waves while antisymmetric Lamb waves approach the behavior of
flexural plate waves. The speed of Lamb waves depends on the frequency, plate thickness, and
Lamb-wave mode. Lamb waves consist of a pattern of standing waves in the thickness direction
of the plate traveling like waves along the guided path. Some of the beneficial characteristics
of guided Lamb waves include: variable mode structure and distributions, multi-mode character,
sensitivity to different types of flaws, propagation over long distances, and the capability to follow

curvature and reach hidden and/or buried parts [43].

Wave Propagation Wave propagation works for damage detection by observing changes from
what is expected from the sensors due to the wave interacting with the damage. For example, when
a guided wave strikes the tip of a crack, it can change direction and be reflected back to a sensor
before it would without the presence of damage. Wave propagation is one form of ultrasonic

inspection. Ultrasonic inspection has been used in nondestructive evaluation methods to detect



damage for several decades. Ultrasonic testing involves at least one of the following measurements:
time of flight (TOF), path length, frequency, phase angle, amplitude, acoustic impedance, and angle
of wave deflection. PWAS can be placed on the surface of a structure to induce ultrasonic waves
to perform the following techniques: pulse-echo, pitch-catch, and pulse-resonance [52].

Many types of waves can be used to investigate a structure, depending on its geometry. Pressure
waves (P-waves), shear waves (S-waves), or a combination of the two can be used to investigate
an infinite solid medium. P-waves work best for through-the-thickness detection of anomalies
along the sound path. However, P-waves cannot reliably detect localized surface flaws and cracks.
Rayleigh waves can be used to detect damage on a free surface of a solid structure. Guided Lamb
waves allow thin-walled structures to be inspected efficiently. Since Lamb waves are the most com-
mon waves used for damage detection, this will be the wave type mentioned for damage detection
in the next paragraph.

The pulse-echo method of damage detection can use one PWAS to transmit and detect Lamb
waves in a plate. The transmitted Lamb waves are transmitted into the plate and received as
multiple echoes resulting from reflections at the plate edges by the PWAS. A correlation between
the TOF of each wave and the distance traveled by that wave must be established. While the TOF
is immediately known when a wave arrives, determining the path traveled by the wave is much
more difficult since an approximate traveled distance does not always clearly define the wave path
due to the circular wave front being reflected at all edges of the plate. After understanding what the
expected reflections are at the edges of the structure being investigated, detecting changes in the
expected received waves must be accomplished for damage detection. When the propagating wave
encounters a defect and reflects back to the sensor, this new arriving wave must be distinguishable
from the reflections in the healthy structure for the defect to be detected. Since Lamb waves are
dispersive in nature (their speed depends on their frequency), Lamb-wave tuning methods are used
to select the Lamb waves [53].

The pitch-catch method is used to detect structural changes between at least one transmitter

and at least one receiver. One PWAS transmits the Lamb wave into the plate and another PWAS
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(or array of PWAS) receives the Lamb wave. The guided wave amplitude, phase, dispersion, and
TOF are compared with a predefined healthy state to detect damage introduced to the structure.
The pitch-catch method is typically used to detect cracks, corrosion, disbonded adhesive joints,
and composite delamination. The probability of detecting the localized damage increases as the

size of the defect increases.

2.2.3 Low-Frequency Vibration-Based Methods

Vibration-based methods investigate how changes in the low-frequency modal properties (modal
frequencies, modal damping ratios, and mode shapes) correspond to changes in the mechanical
properties of a structure due to damage. The frequency for these methods work up to several kHz,
but the instruments commonly used to collect the low-frequency dynamics lose accuracy at higher
frequencies. Some of the past research completed using vibration-based methods are shown in the

following sections.

2.23.1 Frequency Changes

Changes in structural properties result in changes in vibration frequencies that allow for the com-
pletion of damage identification and health monitoring. A large amount of literature exists on
investigating shifts in natural frequencies due to structural damage. However, practical limitations
do exist for applying frequency shifts as the sole method for health monitoring, due to its somewhat
low sensitivity to damage. This requires either very precise dynamic measurements (which are dif-
ficult to obtain in a real-world problem with changing environmental characteristics) or large levels
of damage (which are trying to be avoided with the implementation of SHM). One specific example
of the large level of damage not being easily detectable with frequency changes has been observed
with the I-40 bridge over the Rio Grande. A 96.4% reduction in the cross-sectional stiffness at
the center of a main plate girder (which reduces the bending stiffness of the overall bridge cross-
section by 21%) did not result in significant reductions of the observed modal frequencies [54].

This lack of sensitivity was due to the damage location being near a node point of the mode shape.
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Currently, frequency shifts are most useful for damage detection for very controlled environ-
ments, such as for quality control in manufacturing [11]. One example of a frequency shift being
used is the detecting out-of-roundness of ball bearings with the use of precise sine-sweep frequency
measurements [55]. Additionally, low-frequency shifts investigate the structure globally, making
it difficult to localize detected damage. Improved localization can occur with frequency changes
by investigating high-frequency shifts (which excite and extract local modes) and multiple low-
frequency shifts being combined to provide spatial information about structural damage. Several
references state that mode shape information has to be accounted for in addition to frequency shifts
to properly detect and/or localize damage. This is often due to mode switches occurring between
closely grouped resonant frequencies. The two ways SHM is completed with frequency shifts are

the forward problem and the inverse problem.

The Forward Problem The forward problem investigates frequency shifts for known type of
damage. The known damage can be modeled mathematically and compared to experimentally
measured frequencies to determine the presence of damage. The forward problem has been widely
used since the mid-1970s. Most of the research mentioned in Section 2.2.1 involved the forward
problem. Some of the damage types investigated with the forward problem include: removing
members from an offshore tower [1, 6], severance of structural members [2,5,7], composite cracks
and/or delamination [56, 57], crack damage [8, 58-61], mass changes [9, 10], and beams with a
slot [62,63]. While severe damage could occasionally be successfully detected with the forward

method, it did not do well in most instances.

The Inverse Problem The inverse problem calculates damage parameters, such as crack length
and/or location, from frequency shifts. The inverse problem typically attempts to achieve Level 2
or Level 3 damage identification while the forward problem typically achieves only Level 1 damage
identification. Some of the damage types the inverse problem has been used to investigate include:
changing dynamic moduli in composites [64], changing structural stiffness parameters (typically

due to cracks) [27,29,33,65-69], and microcracking and transverse cracks in composites [70].
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2.2.3.2 Mode Shape Changes

Mode shape changes provide more information than frequency changes alone. Some damage can
cause a mode shape to change without its associated resonant frequency shifting a detectable
amount compared to the experimental uncertainty encountered during testing. Many metrics
have been created to better understand and convey mode shape changes numerically. Some of
these modal criteria are: modal assurance criterion (MAC), the weighted modal assurance crite-
rion (WMAC), partial modal assurance criterion (PMAC), modal assurance criterion square root
(MACSR), scaled modal assurance criterion (SMAC), modal assurance criterion using recipro-
cal vectors (MACRYV), modal assurance criteria with frequency scales (FMAC), coordinate modal
assurance criterion (COMAC), the enhanced coordinate modal assurance criterion (ECOMAC),
mutual correspondence criterion, modal correlation coefficient, inverse modal assurance criterion
(IMAC), frequency response assurance criterion (FRAC), complex correlation coefficient (CCF),
frequency domain assurance criterion (FDAC), and coordinate orthogonality check (CORTHOG).
A brief summary of these criteria and their uses follow below.

The MAC [71,72] provides a measure of consistency (degree of linearity) between two modal
vectors. It shows how similar two modal vectors (from different excitation locations, models, or
system states) are. MAC values range from zero to one. A MAC value close to zero represents
no consistent correspondence between the two modal vectors. A value of one represents a perfect
correspondence between the two modal vectors. When two modal vectors representing the same
state are compared, the diagonal terms of a MAC matrix represent the same modes being compared
to each other, and the values should be close to unity. The off-diagonal terms in this MAC matrix
should be much lower since they compare different modal vectors that are generally not similar.
When a healthy state is compared to a damaged state, variations from the anticipated MAC matrix
can be used to detect damage.

For example, if a diagonal term is significantly lower than unity—0.7 and 0.85 are used as
definite and intermediate cutoffs in this research—it represents the damaged modal vector being

significantly different from the healthy modal vector to which it is compared. Another way to
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detect damage using the MAC matrix is two off-diagonal terms being close to unity while the
diagonal terms bordering them are significantly smaller; this demonstrates a mode switch where
the damage causes one modal vector which was previously excited at a higher frequency than
another to be now be excited at a frequency lower than the other, causing their sequential order
to switch. The MAC indicates consistency (not validity or orthogonality) between the two modal
vectors; therefore, if invalid assumptions result in the same errors, random, or bias in both modal
vectors being compared, they will not be detected with the MAC [73]. The MAC has been used in
combination with frequency changes to detect individual damaged bolts in a constrained plate [74].
This research used manual evaluation and human judgment to achieve damage localization based
on the experimental and finite element results. The MAC’s linear, least-squares computational
approach to analyze two vector spaces has led to the other criteria mentioned in the preceding
paragraph.

Since the MAC is sensitive to sensor distribution, the WMAC was created to account for mass
or stiffness distribution. The WMAC allows users to adjust the MAC to weight the degrees-of-
freedom in the modal vectors according to mass or stiffness distribution, making it a pseudo-
orthogonality check. The PMAC [75,76] is a spatially limited version of the MAC. Instead of
using all of the degrees-of-freedom available to calculate the MAC, a subset of the degrees-of-
freedom are used with the same formula as the MAC. This allows a user to investigate only a
certain sensor direction (X, y, and/or z) or only degrees-of-freedom from a single component of
the entire structure. The MACSR [77] is more consistent with the orthogonality and pseudo-
orthogonality calculations using an identity weighting matrix. Taking the square root of the MAC
calculation tends to highlight the off-diagonal terms that are generally very small MAC values.
The SMAC [78] is essentially a WMAC with the weighting matrix chosen to balance the scaling
of translational and rotational degrees-of-freedom in the modal vectors. The SMAC is useful for
normalizing magnitude differences in the modal vectors containing different engineering units.
Without this normalization, the MAC would be dominated by the larger values since it minimizes

the squared error.
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The MACRYV [79] compares reciprocal modal vectors with analytical modal vectors and is
similar to a pseudo-orthogonality check. The reciprocal modal vector is defined as the vector that
yields unity when transposed and premultiplied by a specific modal vector. A value of zero re-
sults from this same computation using the reciprocal modal vector and any other modal vector (or
reciprocal modal vector). The MACRYV serves as a mode isolation check provided by each recipro-
cal modal vector compared to expected analytical modes. Frequency scaling is added to the MAC
to form the FMAC [80, 81]. The FMAC “offers a means of displaying simultaneously the mode
shape correlation, the degree of spatial aliasing and the frequency comparison in a single plot.”
It is particularly useful in model correlation applications, such as model updating and assessment
of parameter variation. The COMAC [76, 82] attempts to identify which degrees-of-freedom con-
tribute negatively to a low value of MAC. The COMAC is calculated over a set of mode pairs that
are identified to represent the same modal vector in a given frequency range. A COMAC value is
computed for each degree-of-freedom in the mode pair.

The ECOMAC [83] is used to resolve problems with experimental modal vectors having cal-
ibration scaling errors and/or sensor orientation mistakes. The mutual correspondence criterion
applied the MAC to vectors that do not originate as modal vectors. Instead, the mutual correspon-
dence criterion [84] uses vector measures of acoustic information (velocity, pressure, intensity,
etc.) and only correctly applies to real valued vectors. The modal correlation coefficient [85, 86]
modifies the MAC to be more sensitive to small changes in magnitude that are not very noticeable
with a least squares based correlation coefficient. It accomplishes the increased sensitivity with
the introduction of a kink factor that accounts for slope discontinuities that may occur with dam-
age. The IMAC [87] uses the inverse of the modal coefficients with the computational scheme of
the MAC. This results in small modal coefficients that are insignificant in the MAC computation
becoming large coefficients that are significant in the IMAC. Since the inverse is taken, difficulties
arise if any modal coefficients are numerically zero.

The FRAC [88-90] can compare any two frequency response functions (FRF) representing

the same input/output relationship. It can be used as a validation procedure between a model and
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measured data. The basic assumption for the FRAC is that the FRFs being compared should be
linearly related at all frequencies. The FRFs can be compared over the entire or partial frequency
range collected as long as the same discrete frequencies are used in the comparison. The FRAC
can serve as an independent check of the modal parameter estimation process. The CCF [91] is
similar to the FRAC, only without squaring the numerator term. This causes a significant change
that yields a complex coefficient. While the magnitude is the same as that of the FRAC, the CCF
provides any systematic phase lag or lead between the two FRFs. When compared to an analytical
FREF, the CCF can help detect the common problem of a constant phase shift due to experimental
signal conditioning problems. The FDAC [92] calculation is similar to the FRAC, but it is evaluated
with different frequency shifts. The FDAC is formulated to identify the difference in impedance
model updating caused by the frequencies of resonances or anti-resonances. The CORTHOG [93]
is a normalized error measure between the pseudo-orthogonality calculation and the analytical
orthogonality calculation. This calculation uses several different normalizing or scaling methods.
While mode shape changes were more successful than resonant frequency shifts alone, they were
still not able to detect some damage states, such as localized damage caused by small cracks.

The MAC, PMAC, and COMAC are used to detect and localize damage using mode shapes
found using a validated finite element model in Chapters 3 and 4. The MAC and PMAC were
chosen since they allow for the creation of matrices with terms that numerically relate the healthy
modal vector to the damaged modal vector for both the entire structure (MAC) and the individual
load-carrying plates (PMAC) separately. These numbers show how the introduced damage to
the system changes how the modal vectors relate to each other. The COMAC was used since it
attempts to show what degrees-of-freedom used in the calculation of the MAC contribute to low
MAC values. This is useful since the areas causing a low MAC likely occur close to the damage

causing the change in mode shape.
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2.2.3.3 Mode Shape Curvature/Strain Mode Shape Changes

An alternative to using mode shapes to investigate vibration changes spatially is to investigate mode
shape derivatives, such as curvature. For beams, curvature and bending strain are mathematically
represented as

£=2= =Ky (2)

where € is strain, p is radius of curvature, and K is curvature (or 1/p) [94]. Directly measuring the
strain or computing it from displacements or accelerations is required for these methods.

One common way to find derivatives with discrete points is using the finite difference method.
Finite difference methods enter the values and distances of the spatial points surrounding the lo-
cation of interest into a formula to approximate the derivative. The order and accuracy of the
derivative depends on the number of surrounding points and the type of difference method being
used. The central difference approximation was used to successfully detect damage in a finite ele-
ment model of beam structures [95]. Another method creates a damage index for a linearly elastic
beam structure composed of the quotient formed with the damaged fractional strain energy in the
numerator and the undamaged fractional strain energy in the denominator [96,97]. A large damage
index indicates a member is likely damaged, allowing for the severity of damage to be estimated
based on the fractional change in bending stiffness for that member. This method does not require
sensitivity matrices, but does require the structure to be represented by beam elements and spatial
differentiation of measured mode shapes.

Chance, et al. [31] concluded that the numerical methods used to calculate curvature from
mode shapes can result in unacceptably large errors. Chen and Swamidas [30] avoided these nu-
merical errors by obtaining measured strains to directly measure plate curvature. This dramatically
improved results over the results calculated using mode shapes. These improved results obtained
using strain mode shapes also facilitated crack location in a cantilever plate. Another parameter
initially composed of the damaged and undamaged displacements and resonant frequencies was

found to be more sensitive to structural damage when computed with the damaged and undamaged
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strain mode shapes and resonant frequencies [98]. Other research stated that using experimental
data with the central difference approximation to calculate curvature change did not typically give
a good indication of damage. The most important factor to obtain good results in this study was
the selection of which modes are used in the analysis [99]. Strain changes were found to be much
more sensitive to crack detection than frequency shifts, even at relatively large distances from the

crack [39].

2.2.3.4 Methods Based on Dynamically Measured Flexibility

A dynamically measured flexibility matrix has been used to estimate changes in the static behavior
of structures. This method calculates the flexibility matrix calculated from the dynamic response
of the structure. The flexibility matrix relates the applied static force and the resulting structural
displacement. Therefore, each column of the flexibility matrix represents the displacement pattern
of the structure associated with a unit force being applied at that column’s degree-of-freedom.
The measured flexibility matrix is estimated from mass-normalized measured mode shapes and

frequencies, as seen in Equation 3.

[G] =[] [A] " [#]" 3)

where [G] is the n x n measured flexibility matrix, [¢] is an n x n matrix with the i’ column being
the mode shape corresponding to the i’ resonant frequency, and [A] is an n x n diagonal matrix
with the resonant frequencies composing the diagonal in sequential order.

The flexibility matrix in Equation 3 is approximate since only the first few modes of the struc-
ture are measured. Creating the complete static flexibility matrix would require all mode shapes
and frequencies to be measured. Damage detection is accomplished by comparing the damaged
flexibility matrix to the flexibility matrix of either the undamaged structure or a finite element
model. Due to the inverse relationship to the square of the modal frequencies, the measured flexi-

bility matrix is most sensitive to changes in the lower-frequency modes of the structure. Some of
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the methods used to detect damage are mentioned in the following paragraphs.

Changes in the flexibility of a structure have been used to detect (and localize, in some cases)
damage for many different structures. Atkan, et al. [100] used the measured flexibility as a “condi-
tion index” and compared it to the static deflections by truck-load tests to indicate bridge integrity.
Changes in the measured flexibility of a spliced beam with linear damage were successful in local-
izing damage using the first two measured modes of the structure [101]. The measured flexibility
of a bridge examined the cross-sectional deflection profiles to indicate damage even without a
baseline data set [102]. The measured flexibility has been decomposed into elemental stiffness
parameters for an assumed structural connectivity. The flexibility matrix is decomposed by pro-
jecting it onto an assemblage of the element-level static structural eigenvectors [103]. Curvature
changes in the deformed shape of the structure when subjected to a uniform load (called the uni-
form load surface) can be calculated using the uniform load flexibilities to indicate damage. The
uniform load surface is sensitive to uniform deterioration. The curvature is calculated using the
central difference method on the uniform load flexibility matrix, which is constructed by summing
the columns of the measured flexibility matrix [104].

The pseudo-inverse relationship between the dynamically measured flexibility matrix and the
structural stiffness matrix is the basis for the unity check method. It defines an error matrix (seen

in Equation 4) to measure the degree to which the pseudo-inverse is satisfied:
E) = &) [K*] =11 )

where [E] is the error matrix, [G?] is the damaged flexibility matrix, [K"] is the undamaged stiff-
ness matrix, and [/] is the identity matrix.

The pseudoinverse is used since the dynamically measured flexibility matrix is typically rank-
deficient, making the inverse infeasible. The unity check method was first used to locate modeling
errors by using the location of the entry with maximum magnitude in each column to determine the

model’s error location. This method is sensitive to non-orthogonality in the measured modes [105].
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The unity check method was then extended to damage detection by defining a least-squares prob-
lem for the elemental stiffness changes that are consistent with the unity check error in potentially
damaged members [106]. The stiffness error matrix method computes an error matrix that is a
function of the flexibility change in the structure and the undamaged stiffness matrix. The stiffness

error matrix is calculated using Equations 5 and 6.
[E] = [K"][AG] [K"] (5)

AG) = |G| - 16" (©)

where [E] is the stiffness error matrix, [K*] is the undamaged stiffness matrix, [AG] is the difference
between the damaged flexibility matrix ([G]) and the undamaged flexibility matrix ([G*]). This
method has been used to indicate errors between measured parameters and analytical stiffness and
mass matrices.

The stiffness matrix was used instead of the mass matrix, since it generally provides more
information for damage identification [107]. The type of matrix reduction technique and number
of modes used in the formation of the flexibility matrix were also investigated. Acceptable results
were found with the usage of Guyan reduction and indirect reduction, but not with elimination
[108]. Another use of the stiffness error matrix method divided the entries in the stiffness error
matrix by the variance in natural frequency resulting from damage in each member. This weighted
error matrix was successfully used to detect damage in both beam and plate models [109].

The residual flexibility matrix, [G,|, represents the contribution to the flexibility matrix from
modes outside the measured bandwidth. The residual flexibility matrix is added to Equation 3
to provide the exact flexibility matrix given in Equation 7, relating the measured modes and the

residual flexibility:

[G] = [9][A] "' [9]" +[G)] )

This technique estimates the unmeasured partition of the residual flexibility matrix because only

one column of the frequency response function matrix can be measured for each modal excitation
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degree-of-freedom. While it does not add any new information into the residual flexibility, it does
complete the reciprocity of the residual flexibility matrix for use in the computation of measured
flexibility. The inclusion of the measured residual flexibility in the computation of the measured
flexibility matrix was found to yield a more accurate estimate of the static flexibility matrix [110,
111].

Use of the dynamically measured stiffness matrix is a variation of using the dynamically mea-
sured flexibility matrix. The dynamically measured stiffness matrix is the pseudoinverse of the
dynamically measured flexibility matrix (the dynamically measured mass and damping matrices
can also be computed, but are less common). Damage localization was successfully estimated
using direct comparison of these measured parameter matrices [112]. Another method proposes
locating damage by solving an “inverse connectivity” problem between the measured stiffness and
mass matrices. This method evaluates the change in impedance between two structural degrees-

of-freedom to estimate the level of damage in the connecting members [113].

2.2.3.5 Methods Based on Updating Structural Model Parameters

Another class of damage identification methods is based on updating model matrices to reproduce
the measured static or dynamic response from the data. The updated matrices (such as mass,
stiffness, and damping) are solved with a constrained optimization problem based on the structural
equations of motion, the nominal model, and the measured data. Damage can be indicated and
quantified based on comparisons of the updated matrices to the original correlated matrices. Some
of the algorithms used to solve the set of equations can be classified into the following categories:
objective method to be minimized, constraints placed on the problem, and numerical scheme used
to implement the optimization problem.

The objective functions and constraints for the matrix update problem can vary between several

different physically based equations depending on the updating algorithm. The typical eigenvalue
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equation can be written as

(2 M)+ (A [+ [K)) {9}, = {0} (®)

where A" and {¢"}; are the measured i"" eigenvalue and eigenvector of the undamaged structure
for all measured modes and [M"], [C*], and [K"] are the undamaged mass, damping, and stiffness
matrices. Substituting the damaged state eigenvalues (A7) and eigenvectors {¢“}. to Equation 8

yields
() e+ (3 101+ 1) {07}, = 2, ©)

where {E}. is defined as the “modal force error” or “residual force” for the i"" mode of the dam-
aged structure. This modal force error vector represents the harmonic force excitation that would
result in the damaged mode shape when applied to the undamaged structure at the correspond-
ing eigenfrequency [114]. Similar formulas can be seen in Equations 10 and 11 when using modal

matrices of the damaged structure([M?] , [C?] , [K“]) or perturbation matrices ([AM], [AC], [AK]):

() o]« ) ]+ ) {0, = 0

((2) v+ (3¢) 1t + ak1) {0}, = (e, an

where the perturbation matrices are defined as the difference between the undamaged modal ma-

trices and the damaged modal matrices as seen in Equations 12-14.

am] = M) - ] (12)
AC] = [c"]—[cd] (13)
AK] = [KY]— [Kd} (14)

The modal force error can be used as both an objective function and a constraint, depending

on the method being used. Other constraints are typically based on the matrices being used. Some
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of these constraints include preservation of the property matrix symmetry (the transpose of the
perturbation matrices being equal to the perturbation matrices), preservation of the property matrix
sparcity (the zero/nonzero pattern in the undamaged property matrices being the same as the pattern
in the damaged property matrices), and preservation of the property matrix positivity (the transpose
of any arbitrary vector times the perturbation of each property matrix times the arbitrary vector
being greater than or equal to zero).

Optimal matrix update methods are commonly used to refer to methods that use a closed-form,
direct solution to compute the damaged model matrices or perturbation matrices [11]. This method
typically formulates the problem as a Lagrange multiplier or penalty-based optimization problem

shown in Equation 15:

min {J (AM,AC,AK)+ AR (AM,AC,AK)} (15)
AMAC,AK

where J is the objective function, R is the constraint function, and A is the Lagrange multiplier or
penalty constant. Much of the research using the Lagrange multiplier focuses on minimizing the
norm of the property perturbations with various constraints.

Another class of matrix updating methods, the sensitivity-based update methods, is based on
the solution of a first-order Taylor series. These methods minimize an error function of the matrix
perturbations. The basic theory of these methods is to iteratively determine a modified parameter
vector based on the initial parameter vector and a series of parameter perturbation vectors that up-
date the parameter vector being found. The parameter perturbation vector is typically computed
from the Newton-Raphson iteration problem for minimizing an error function, often selected to
be the modal force error mentioned in Equation 9. The various sensitivity-based update schemes
have used many methods to estimate the sensitivity matrix. While the specific methods will not be
mentioned in this document, the methods use either experimental or analytical quantities for the
differentiation of either parameter derivatives or matrix derivatives. A detailed list and classifica-

tion of the specific sensitivity-based update techniques can be found elsewhere [115] and will not
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be provided here.

The design of a fictitious controller which would minimize the modal force error, known as
eigenstructure assignment, is another matrix update method. The obtained controller gains are
interpreted as parameter matrix perturbations to the undamaged structure. An in-depth overview
of the eigenstructure assignment technique providing useful equations [116, 117] are not included
since this method was not investigated in this research.

Additionally, some researchers have investigated hybrid matrix update methods. These meth-
ods typically incorporate a combination of the aforementioned matrix update methods (such as an
optimal-update method and a sensitivity-based method [118—121]) to obtain improved and or more

efficient damage detection results.

2.2.3.6 Pattern Recognition

Collecting experimental data of known damaged and healthy states to train a statistical pattern
recognition algorithm has become increasingly popular. One very popular pattern recognition tech-
nique is using neural networks to estimate and predict both the extent and location of damage in
complex structures. Various texts [122—127] provide additional information on pattern recognition,
which will briefly be covered in this section. Multilayer perceptron (MLP) trained by backpropa-
gation will be the focus of this section since it is the most common neural network used for pattern
recognition. This type of neural network is a system of cascaded sigmoid functions where the out-

puts of one layer are multiplied by weights, summed, and then shifted by a bias before being used

1

as inputs to the next layer. The sigmoid function—typically (Hex—p(_a)

)—enters the input for one
layer as the variable a and feeds the output into the next layer. The actual function represented
by the neural network is encoded by the weights and biases, which are adjusted by minimizing
the error between the predicted and measured outputs. Experimental or computational runs are
completed and entered as inputs to the MLP (if more adjustable weights exist than experiments,

the data can be repeatedly run through the training algorithm) until a satisfactory error between the

data and the neural network is obtained. After a pattern recognition algorithm has been trained,
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it can then be tested (preferably with data not used to train the algorithm) with input data to de-
termine how accurate the trained algorithm is at properly characterizing the healthy or damaged
state of the system. Pattern recognition techniques have been used to detect damage on a wide va-
riety of structures, including stiffened plates [128], buildings [129-131], cantilever beams [132],
bridges [133], trusses [134—136], spring-mass systems [137, 138].

Damage states similar to what is completed in this research—fastener damage for mechanically
attached plates—has also been completed using statistical pattern recognition [139-141]. This
research gathers experimental data for a predefined number of classes, one healthy state and a
varying number of damage states. The data is broken down into two groups: training data and
testing data. The training data defines discriminant functions for each predefined class. Then, the
testing data are used to identify features that are input into the discriminant functions. The testing
data is then placed in the class that corresponds to the discriminant function with the maximum
value. This allows the test data to be placed in three main categories: accurately predicting the

class, missed detection, and false alarm.

2.2.3.7 Other Methods

A number of other vibration-based methods have been used for damage detection. A few of these
will be mentioned here, while a more-comprehensive list can be found in vibration-based literature
reviews [11,13]. The random decrement technique uses a response to take N averages with the
same time length and initial displacement and alternating positive and negative starting velocities.
The advantage is that a random input can be used since the effect of the initial velocities and
response to the excitation are greatly reduced due to the averaging. This leaves the response to the
initial displacement as a vibration decay curve to identify the resonant frequency of the structure
and its damping. One early use of the random decrement technique for damage detection was able
to detect damage without localization in a scale-model offshore platform [142]. More recently, a
random decrement showed the potential to detect a real fatigue crack in a cantilever beam without

needing to know the input excitation [143]. Another technique developed a sensitivity formulation
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based on the change of the frequency response function at any point, not just near resonances or
anti-resonances. Many points are taken and used with a least squares fit to determine changes in
physical parameters. This method requires responses for both the healthy and damaged structure

in addition to a physical model that relates the damaged parameter to a physical parameter [144].

2.3 Research Methodology

Utilizing high-frequency dynamics, a large number of sensors (such as velocimeters or accelerome-
ters), or statistical pattern recognition can improve the likelihood of detecting and localizing dam-
age; however, these testing characteristics are not always usable due to the sensor type, sensor
availability, or amount of experimental time required. For example, capturing the high-frequency
dynamics of a structure can require either big, bulky equipment (such as conventional shakers) or
piezoelectric actuator/sensors that are not as common as accelerometers. Also, a large number of
sensors can allow a large amount of experimental data quickly, but can change the dynamics of the
system due to added mass resulting from the sensors. Statistical pattern recognition can require a
significant amount of time to pick parameters and collect experimental data to train and test the
algorithm. The proposed research methodology focuses on accomplishing structural health moni-
toring when a limited number of accelerometers and experimental testing time are available. These
restrictions do not allow for high-frequency experimentation or statistical pattern recognition to be
performed. Initially, the research focused on performing a sizing optimization for the plate thick-
nesses of the TPS prototype using a finite element model. After this initial study was completed,
the research focus shifted from optimizing the current TPS prototype for SHM based on natural
frequency values to focusing on changes in the current design’s mode shapes for SHM. This is the
focus of the research methodology presented here.

The methodology begins with the creation of a finite element model designed to capture the
physics of a real-world structure that accurately captures the low-frequency dynamics observed in a
laboratory. Then, low-frequency dynamic experimentation—from zero to 2000 Hz—is completed

at Wright-Patterson Air Force Base to validate the finite element results. Due to the composite
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material properties being uncertain, the finite element model’s material properties are updated to
validate that the model properly captures the low-frequency dynamics, if needed. This validated
finite element model is then used to simulate the healthy state and damage states of interest.

The damage states of interest in this research are fastener failure between a load-carrying plate
and brackets. The fastener failure simulates a completely damaged bolt that is modeled by re-
moving the bolt from the validated finite element model. Unlike localized damage that cannot be
detected with global methods, this global damage does not require high-frequency dynamics—over
10 kHz—to detect the damage. Low-frequency dynamic characteristics—resonant frequencies and
mode shapes—are then extracted and compared between the damaged states and the healthy state.
Existing modal criteria newly created modal criteria use mode shape data to detect fastener failure
damage in this research. Changes between the healthy and damaged states result in changes in the
calculated modal criteria that allow for damage detection and localization. This methodology is
shown as a flowchart in Figure 2. While this methodology can be implemented on any structure
with global damage, this research focuses on a TPS prototype. This TPS prototype is composed of

four load-carrying plates bolted to brackets that are bolted to a backing structure.
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Figure 2: Flowchart of Research Methodology
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Chapter 3

METHODS, ASSUMPTIONS, AND PROCEDURES

This chapter provides an overview of the completed research. The research initially focused on
sizing optimization to create a structure with improved low-frequency structural dynamics. The
goal of the optimized design was to improve damage detection and localization for fastener failure
based on changes in natural frequency. Then, the research shifted from designing an optimized
structure to focusing on analyzing the current structure. This new research focus began with the
creation of a new finite element model to better capture the real-world physics of the structure.
This new model is validated with experimental results. This validated model then simulates the
fastener failure. The changes in mode shapes caused by the failed fastener(s) are then analyzed to

detect and localize damage.

3.1 Thickness Optimization for Damage Detection

This research focuses on developing a methodology that utilizes the finite element method to im-
prove the geometric characteristics of an initial design for damage detection. The improved ge-
ometry provides unique characteristics based on the structural health of the system between the
healthy and damaged states. The characteristics for SHM could be changes in displacement or
stress contours under mechanical loading, changes in fundamental frequencies of the system, or
variations in responses to acoustic excitation applied to the system.

Changes in the natural frequency values of a structure due to structural damage will be the focus

of this chapter. The structural damage investigated in this research is fastener failure. The fastener
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Figure 3: Top View of Physical TPS

failure in this case is a damaged bolt connecting a load-carrying plate to a bracket. Thickness
sizing optimization is used to increase the differences between the resonant frequencies of the
healthy state and the damaged states. This should increase the likelihood of detecting damage in
the investigated structure, especially for symmetric structures where damage does not always result
in a noticeable shift between closely grouped resonant frequencies. The objective function for the
optimization problem is created using the differences between the natural frequencies of interest.
The mode shapes corresponding to the resonant frequencies are investigated to determine the cause
of the changes in resonant frequencies between the healthy state and damaged states. A case study
for this methodology will be performed based on mechanical fastener failure in a symmetric TPS
prototype.

The TPS prototype consists of four one-foot-by-one-foot load-carrying carbon-carbon plates

that each contain four removable pieces of insulation. Each of these plates has 12 mechanical
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Figure 6: Side View of Physical TPS
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fasteners connecting it to one of the 33 carbon/silicon carbide brackets that are fixed to a backing
structure. The mechanically attached carbon-carbon TPS is used on the critical, high-temperature
areas of hypersonic vehicles—such as the leading edge—that encounter temperatures too high for
blanket insulation. Figure 3 shows a top view of the TPS prototype. The main face of each of the
load-carrying plates can be seen in this view. The locations of the four fasteners along each edge
of the four load-carrying plates can also be seen. Figure 4 shows the numbering of the 48 fastener
locations removed to represent damage in this research. It also numbers each of the load-carrying
plates. Figure 4 represents the TPS prototype shown in the same view as Figure 3. Figure 5 shows a
close-up of the back side of a load-carrying plate, including the four removable insulation pillows.
Figure 6 shows a zoomed in side view of the TPS prototype. The figure shows the composite
bracket connected to a load-carrying plate with one fastener at the top of the bracket and to the
metal backing structure with two fasteners at each side of the bracket base.

Each damage state investigated in this sizing optimization research is simulated by the removal
of a single fastener connecting the top of a bracket to a load-carrying plate, resulting in 48 separate
damage states. This physical prototype has been experimented on by the US Air Force Research
Laboratory, Air Vehicles Directorate at Wright-Patterson Air Force Base. This portion of the re-
search uses an unvalidated finite element model without the backing structure included to save
computational time while obtaining a better understanding of what dynamic properties to inves-
tigate further with a newly created finite element model including the backing structure validated
with the experimental results obtained at Wright-Patterson Air Force Base.

The initial geometry of the brackets and load-carrying plates are first accurately modeled based
on the physical dimensions and material properties of the prototype. The backing structure is not
included in the analysis to save computational cost. Each of the four identical load-carrying plates
has the large horizontal plate that carries the load on one side and has vertical plates containing
the four separate pieces of insulation on the other side (Fig. 5). The finite element model is
analyzed in NASTRAN and mode shapes are observed using PATRAN. Each of the one-foot-by-

one-foot load-carrying plates is composed of 912 quadrilateral and 80 triangle plate elements. The
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insulation is not explicitly represented in the model because it is lightweight and flexible. The
insulation contributions are accounted for with scalar springs, which provide additional stiffness in
the thickness direction of the load-carrying plates where they are attached. Two types of brackets
are present in the system: 32 identical brackets that have two locations for connecting to the
load-carrying plates and one large bracket in the center of the structure that has four locations for
connecting to the load-carrying plates. The 32 normal supporting brackets are each composed of
200 quadrilateral plate elements, while the large central bracket is composed of 248 quadrilateral
elements.

Another key aspect of the finite element model is the bolted locations. Each of the 48 bolts
connecting the top plates to the supporting brackets is modeled with a beam element. Also, rigid
body elements connect the edges of the bolt holes on the brackets and load-carrying plates to the
center of the beam elements. This ensures that the edges of the bolts translate the same distance as
the center of the bolts and maintains the original hole shape at the bolt locations. The final aspect
of the system which the model must account for is boundary conditions. Since this finite element
model does not include the backing structure of the TPS prototype, boundary conditions at the base
of the brackets must be properly handled. The boundary conditions are taken to be fixed at each of
the four bolt locations at the base of the supporting bracket. This initial design is symmetric about
the x- and y-axes based on the geometry of the physical structure. Two important views of the
finite element model used for the initial design are shown in Figures 7-9. Figure 7 shows the finite
element model from the same view as Figure 3. Figure 8 shows one of the 32 identical brackets in
the TPS. Figure 9 shows the side view of the TPS model.

After the model is properly set up, the healthy and damaged states must be defined. The
healthy state is defined as the case where each of the 48 bolts connecting a load-carrying plate
to a supporting bracket is healthy (the bolt is within its proper torque range). Each damage state
investigated in this thickness optimization section is defined as a single fastener failure between
a load-carrying plate and supporting bracket (as seen in Figs. 3 and 4), which creates 48 unique

damage states. While damage definition in this section does not capture multiple bolts failing at
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Figure 9: Side View of Finite Element Model

the same time, the high-level damage level mentioned in section 3.3 contains multiple fastener
failures at the same time. These multiple fastener failings are not considered in this section since
they would vastly increase the possible number of damage states required for calculation of the
objective function. For simplicity, the damaged fastener is modeled by removing the beam element

at the specified damage location.

3.1.1 Design Problem Formulation

Previous research by McClung [145] demonstrated how optimizing the geometry of a single plate
fixed by fasteners at the corners could improve a design for SHM. Designing for SHM is accom-
plished by picking a design that causes differences between the natural frequencies of the healthy
state and the natural frequencies of the damaged state. The increase in the frequency shift resulting
from damage makes it easier for an automated system to detect damage independent of human
judgment. Each damage states in this past research was a failed fastener at one of the plate corners.

This research investigates using an optimization method to increase the natural frequency dif-
ferences between the predefined healthy and damaged states for a more complex geometry of a
composite structure. The modified method of feasible directions is used to optimize the geometry

of the stated problem to enable effective SHM. Since damage quantification is being realized by
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observing frequency changes between healthy and damaged states of a TPS, the objective func-
tion is formulated to increase the difference between the natural frequencies of interest in both the
healthy and damaged states. Each of the design variables—thicknesses of portions of the TPS—is
constrained by upper and lower bounds to ensure a physically feasible design while maintaining a
reasonable system mass. These bounds allow the thicknesses in the design to range between 50%
from the initial value of the design variable to one-quarter inch to allow a wide number of pos-
sible solutions. The system input x; is the thicknesses of elements entered throughout the model
based on the geometry of the system. The obtained output is the numerically calculated natural
frequencies of the system.

The output is utilized so that two separate objective functions (Equations (16) and (17)) can be
utilized, depending on how the current model is behaving. If the current model has closely grouped
natural frequencies in the healthy state, the objective function used is the product of the first nine
differences between consecutive natural frequencies (Equation (16)). The first nine frequency
differences were chosen because they provide a significant amount of data to allow for SHM that
are accurately modeled. If sufficient differences exist between the consecutive natural frequencies
to be physically distinguishable from each other (designated as a difference of at least 2.0 Hz)
in the healthy state, the objective function is the product of the difference between the natural
frequencies of the healthy and damaged states of interest (Equation (17)). A product of frequency
differences was chosen instead of a summation since summation causes each frequency difference
to have the same sensitivity for all design iterations. Using a product of frequency differences
causes the greatest sensitivity of the objective function to result for the smallest of the frequency
differences—resulting in small frequency differences being the driving force for each iteration.
This allows relatively small frequency differences to be more likely to increase than relatively
large frequency differences. For example, if one frequency difference is 0.50 Hz while the other
frequency differences are each 3.00 Hz, the objective function is more sensitive to the frequency
difference of 0.50 Hz, making it the driving force for the iteration. This objective functions use

only the first 10 natural frequencies of the system since they are most accurate frequencies captured
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in the finite element model and allow for sufficient differences between the healthy and damaged

states to be observed; this number can be easily increased or decreased depending on the designer’s

preferences.
Fi (x1,x0,-+,X0) = fo—1f3-2f4-3"-" flo—9 (16)
0.5%0 < x; < 0.25”
I1
Py (x1,52,++,x0) = & [(fin — fipw) (forr — fopw)) -+ (from = fropw)] (17)

0.5%jo < xj < 0.25”

The variables listed in Equations 16 and 17 are defined as the following: x o is the initial point
for design variable x;, F; and F, are the objective functions for the optimization problem, f,,_,
is equal to healthy natural frequency m minus healthy natural frequency n, fiy is the i’ natural
frequency of the healthy state, and f;;u) is the i"" natural frequency of the k" damage state.

Before the design optimization begins, the natural frequencies and corresponding mode shapes
are found (first for the healthy state and then for the 48 independent damage states). This provides
a baseline for the frequency differentiation between each mode and between the healthy and dam-
aged states. The goal of the optimization process will be to improve upon these baseline values.
The following terminology will be used to distinguish between the four load-carrying plates for
mode shape descriptions: Plate 1 is the load-carrying plate in the positive x- and y-plane, Plate 2
is the load-carrying plate in the negative x- and positive y-plane, Plate 3 is the load-carrying plate
in the negative x- and y-plane, and Plate 4 is the plate in the positive x- and negative y-plane. The
symmetry conditions mentioned are with respect to the global x- and y-axes (with the origin at the
center of the four load-carrying plates) and local x- and y-axes (defined from the center of each

plate). The local mode symmetry conditions are defined for when each load-carrying plate bends
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in more than one direction at a time (out-of-plane in each direction with nodes lying along the
defined local axes). The first four mode shapes show no local symmetry since they bend in one
direction only.

Two groups of design variables were chosen for sizing optimization: a four-design-variable
problem that maintained and global symmetry, and a nine-design-variable problem that allowed for
asymmetric global designs. The four-design-variable problem contained the following variables:
two thicknesses for the horizontal portion of the load-carrying plates (x; around the edges and
xp composed of the middle area), one variable for thickness of the vertical portion of the load-
carrying plates that hold the insulation (x3), and one for thickness of the brackets (x4). Each of
these design variables begins with the deterministic value assigned in the original model. Since the
thicknesses chosen for the load-carrying plates are locally symmetric, the overall system symmetry
is maintained for any selected variables in this case. This nine-design-variables problem defined
the following design variables: two for each of the four load-carrying plates (one for the horizontal
face thickness—x1, X3, X5, x;—and one for the thickness of the vertical faces which hold the
insulation—x», X4, X¢, Xg) and one for thickness of all brackets x9. Since each of the plates have
independent design variables, design flexibility is greatly increased and global symmetry is no
longer required. The outputs and objective function from the four-design-variable problem are
used in this nine-design-variable problem also. The results for the initial TPS prototype, the four-
design-variable optimization problem, and the nine-design-variable optimization problem are all

presented in Section 4.1.

3.2 Finite Element Model Validation

3.2.1 Model Creation

The three important factors in calculating frequency results using finite element analysis: geom-
etry, boundary conditions, and material properties. The dimensions of the geometry were taken
directly from physical measurements of the composite plates, brackets, and backing structure used

during the experimental dynamic analysis. Digital calipers provided measurements within one-
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thousandth of an inch for plate thicknesses; larger dimensions were measured with rulers within
one-sixteenth of an inch. For each length and thickness, the dimension was measured at multiple
locations and averaged to reduce the amount of error that occurs due to slight geometric variations
throughout the manufactured parts. Then, these precise measurements were used to create a 3-
D model using S4R elements (4-noded shell elements that use reduced integration) in ABAQUS
CAE [146]. These elements were chosen since the parts’ relatively small thicknesses compared to
their length and width make a 3D mesh much more time-consuming. Therefore, the model gener-
ated using ABAQUS CAE is geometrically very similar to the physical plate, relatively efficient,
and has minimal error due to the geometric properties.

Also, a mesh convergence study was completed to ensure that the mesh was properly refined for
accuracy while keeping the time required for analyses to a minimum. The mesh convergence study,
the utilized identical geometric dimensions, steel material properties, types of finite elements, and
free-free boundary conditions and varied only the number of nodes used to mesh the plate. This
mesh convergence study found that a single load-carrying plate with 5188 nodes had a maximum
percent difference of 0.651% for the first five natural frequencies compared to a mesh using 20,409
nodes. Since the maximum frequency change is under 1% when the nodes were increased over
250%, the 5188 node mesh is used in the future analyses since it shows good agreement with a
much higher refined mesh while requiring significantly less computational time. Extending the
same mesh generation sizing to the entire assembly resulted in a finite element model with 39,855
nodes and 36,104 elements.

The second important aspect of the finite element model is the boundary conditions. Since
the experiments used free-free boundary conditions, no boundary conditions were implemented on
the finite element model. This free-free finite element formulation provides six rigid body modes
(corresponding to the three free translational and three free rotational degrees of freedom) which
occur at very low frequencies and do not have any physical relevance to the verification process
being completed. After the rigid body modes, the finite element analysis outputs the numerically

obtained natural frequencies.
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Table 1: Carbon-Carbon Material Properties

Material Properties | E1 (Msi) | E, (Msi) | Poisson's Ratio | Density (lb/in®)
Minimum 11.761 12.06 0.308 5.9478E-02
Maximum 12.46 12.38 0.358 6.0498E-02
Average 12.07 12.23 0.324 6.0095E-02

Standard Deviation 0.31 0.11 0.021 3.7675E-04

The third modeling aspect is material properties. A deterministic material model was used to
define the quasi-isotropic for the composite materials in the structure using ABAQUS’s linearly
elastic lamina material model. The manufacturer of the composite plates and brackets provided
experimental data showing experimental data collected to determine the material properties. The
experimental data provided both an initial deterministic value (the experimental average) and an
acceptable range of values for the material properties for updating of the finite element model
versus experimental results. These carbon-carbon material properties can be seen in Table 1. The
average values were used as the starting point in the inverse optimization of the material properties
with the upper and lower boundaries being the maximum and minimum values. Since the material
is assumed to be quasi-isotropic, the Young’s modulus values are taken to be bounded between
11.761 and 12.46 Msi with an initial value of 12.15 Msi—the minimum, maximum, and average
found for the combined E;| and E, variables in Table 1. The insulation has been modeled in
ABAQUS as nonstructural mass distributed over the load-carrying plates.

Three different finite element models were created to match the three aforementioned experi-
mental setups. The first incorporates a single load-carrying plate without the nonstructural mass
elements. The second includes the nonstructural mass elements on a single load-carrying plate to
account for insulation effects. These single load-carrying plate finite element models can be seen
in Figures 10 and 11. The third model includes the entire structure of four load-carrying plates,
33 brackets, and the backing structure. All of the bolted locations are modeled using rigid body
elements that connect two separate parts. An unmeshed view of this finite element model can be

seen in Figure 12.
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Figure 10: Front View of Single Finite Element Model Plate

Figure 11: Back View of Single Finite Element Model Plate
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Figure 12: Unmeshed Finite Element Model of Entire TPS

3.2.2 Physical Experimentation

The experimentally tested structure investigated is shown in Figures 3-6. This structure consists
of four one-foot-by-one-foot C-C load-carrying plates. Each of the load-carrying plates had a
ribbed design to contain insulation (Fig. 5) on its back side. Also, each load-carrying plate is
connected to a thin backing sheet of steel by composite brackets with steel fasteners. Three sets of
experimental data were collected: one C-C load-carrying plate without insulation, one C-C load-
carrying plate with insulation, and the entire structure. This allows the finite element variables
(material properties, insulation effects, and bolted boundary conditions) to be observed on multiple
levels.

Frequency response functions (FRFs) were experimentally obtained with Spectral Dynamic’s
SiglLab software for each of the three experimental setups. Each of the FRFs used Boxcar win-
dowing and five averages to obtain the dynamic characteristics of the composite plate from 0 to
2000 Hz. An array of three single axis tear drop accelerometers was shifted through a predefined

grid to allow for both natural frequency and mode shape extraction from the experimental results.
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The system was excited with an impulse hammer striking the plate at the same impact location
(approximately 2.25 inches and 3.75 inches away from the load-carrying plate edges closest to the
hole the plate is hung from with a thin wire). The thin wire used to hang the plate for experimen-
tation should add a minimal amount of stiffness to the problem to closely represent the boundary
conditions used in the finite element model. Each instance of data collection consisted gathering
the FRFs at three of the predefined grid locations due to an impulse hammer striking the structure
at the same location. For each of the instances, the impact location and the free-free boundary
conditions are the same; the only variation is in the location of the accelerometers obtaining the
FRFs.

After all of the FRFs were experimentally obtained, they were used to obtain the results for
the values of the first several natural frequencies. Since FRFs are available at each of the sensing
locations, a deterministic result for the natural frequencies is not available. Instead, the natural fre-
quencies are extracted from each of the FRFs to create a distribution of the natural frequencies. For
each of the frequency peaks of interest in the FRF, a single degree of freedom curve fit technique is
used to extract the natural frequency. This takes the digital results and fits a curve to best fill in the
location surrounding the data points to obtain a more accurate estimation of the natural frequency.
Each natural frequency has a corresponding mode shape based on how the FRF varies throughout
the composite plate. Since each of the natural frequencies have node locations associated with very
low excitation, the grid locations close to these unexcited areas are ignored for determining that
natural frequency from the experimental results.

The first experimental setup isolates a single load-carrying plate without insulation. The plate
is hung in a free-free state (Fig. 13) so no insulation effects or bolted conditions influence the ex-
perimental results. For the first experimental setup, a predefined nine-by-nine grid was created on
the flat one-foot-by-one-foot face of a single ribbed C-C thermal protection plate without backing
insulation. This provides 81 FRFs to be used for the low-frequency characterization of the com-
posite plate. Similarly, the second experimental setup uses the same boundary conditions, impact

location, and grid locations as the first experimental setup. The only difference between the two
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Figure 13: Experimental Layout of a Single Composite Plate

experimental setups is the addition of the insulation to the load-carrying plate. This shows how
much additional damping is introduced with the addition of the nonstructural mass.

The third experimental setup is of the entire four-plate structure. Each of the load-carrying
plates has the insulation included and is connected to the backing structure with brackets at each
of its 12 holes. The bolts connecting the load-carrying plates to the brackets and the brackets to
the backing structure are all in their healthy state. The structure is hung in a free-free state from
a hole drilled through the backing structure (Fig. 14). The grid used for accelerometer placement
for the entire structure is an equally spaced 7 by 7 on each of the four plates. This results in a total
of 196 accelerometer locations for this experimental setup. The impulse hammer was once again
used to excite the system at the same location as the single plate experiments on the plate closest

to the hole from which the structure is hung.

3.3 Modal-based Damage Detection

Damage detection of the four plate C-C TPS has been computationally performed. The finite

element model used throughout the damage detection process has the geometry and material prop-

44



Figure 14: Experimental Layout of Entire TPS
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Figure 15: Numbering of Plates and Bolt Locations

erties obtained during the finite element model validation. However, the validated ABAQUS finite
element model has fixed boundary conditions along the edges of the backing structure to simulate
how the actual backing structure would behave on a flight vehicle. Since this research focuses on
detecting fastener damage in a structure, the sets of damage states for the problem must be defined
before damage characterization can be completed. This research arbitrarily chose two damage
sets: high-level damage and low-level damage. The high-level damage set—composed of the four
fasteners along one edge of a load-carrying plate being damaged—provides a scenario where the
low-frequency dynamic changes should allow for damage detection and localization to show the
feasibility of the developed methodology. Then, the low-level damage set—composed of a single
fastener on a load-carrying plate being damaged—is investigated as a more difficult, real-world

case.

3.3.1 Damage State Definition

The numbering of the plates and bolts follows the numbering pattern shown in Fig. 15. Figure 15
represents the physical TPS structure from its top view (as seen in Fig. 3). Each of the damage
cases investigated in the high-level damage set consists of the four bolts along one edge of a load-
carrying plate to be severely damaged (for example, removing bolts 1, 2, 3, and 4 and removing
bolts 7, 8, 9, and 10 are each high-level damage cases); this results in 16 damage states due to
the geometry of the system. Each low-level damage state consists of severe damage to an individ-

ual bolt connecting a load-carrying plate to its supporting bracket, resulting in 48 damage states.
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As mentioned earlier, the low-frequency dynamics were investigated due to changes in the mode
shapes for the first several natural frequencies. While the mode shape changes were investigated
up to the seventh natural frequency, the most significant changes occurred for the second and third

mode shapes. Therefore, these are the results which will be presented.

3.3.2 Low-frequency Damage Metrics

The mode shape properties that are used in this study are the MAC [73], PMAC [73, 75], and
COMAC [147,148]. These modal characteristics were chosen since they have less sensitivity to
environmental changes than the resonant frequencies. Other mode shape characteristics that focus
on the first derivative or second derivative of the mode shape were not investigated since they
would require more data points for high-accuracy results. This would result in additional sensor

placements being required for any experimentation.

3.3.2.1 Modal Assurance Criterion (MAC)

The MAC provides a correlation between the mode shapes of interest. This comparison can be
between experimental and finite element results for model validation or between two separate finite
element analyses/experimental results to demonstrate the similarity between the mode shapes. The
MAC between two separate cases of finite elements (a healthy state and a damaged state) is used
for the numerical damage detection. The formula for the MAC used in this instance is shown in

Eq.18 [73]:

C— {00} {9a} {00} {04}
{0} {0} {02} {04}

where {@,;} is the normalized modal vector for the damaged finite element model, {¢,} is the

(18)

normalized modal vector for the healthy finite element model, and {¢ }H is the complex conjugate
transpose of the mode shape. The formulation of the MAC results in values ranging from zero to
one. For similar eigenvectors, the correlation is high, so the MAC will be relatively close to one.
For less similar eigenvectors, the correlation is lower, so the MAC will be close to zero. Since

the MAC is a correlation between the global mode shapes, it is better at showing when damage
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is present than at localizing damage. When comparing two series of modal vectors, one MAC is
calculated between each modal vector of each series. For example, if n modal vectors exist for a
damaged state and a healthy state, n> MAC values are calculated. They are typically output in a

matrix with n rows and »n columns.

3.3.2.2 Partial Modal Assurance Criterion (PMAC)

In addition to the standard MAC, the PMAC will be used to detect damage location. The PMAC is
calculated using the same formula as the MAC, but instead of utilizing all of the points in the modal
vectors, a reduced modal vector that correlates to specific portions of the structure is used; there-
fore, the PMAC demonstrates how specific parts of the structure’s mode shape correlate to each
other, rather than the correlation of the entire structure [73, 75]. For this research, the PMAC re-
gions are chosen to aid in damage localization. Since identifying the plate containing the damaged
bolt(s) is desired, each of the load-carrying plates is separated into a region for PMAC calcula-
tion. The region containing the lowest PMAC should be on the load-carrying plate containing the

damage.

3.3.2.3 Coordinate Modal Assurance Criterion (COMAC)

The COMAC attempts to measure which degrees-of-freedom contribute to a low MAC. This is
beneficial for damage detection since the degrees-of-freedom with a high COMAC are likely to
be located close to the damage. This method takes modal vector pairs of interest between the
two states and calculates a COMAC value for each degree-of-freedom. Before calculating the
COMAC, the MAC is computed for the modal vectors of interest to ensure they are properly
paired. The MAC values are entered into a MAC matrix. If a mode switch occurs due to the
presence of damage, the damaged modal vectors must be renumbered to ensure they correspond
to the correct healthy modal vector. This modal vector renumbering is completed by observing a
matrix composed of the MAC between the modal vectors of interest. When the off-diagonal terms

of the MAC matrix between two modal vectors show a much higher correlation between them than
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the diagonal terms do, a mode switch has occurred. This requires the modes to be renumbered
(for example, modes 1, 2, 3, 4 become modes 1, 3, 2, 4 due to a mode switch between the second

and third modes) for proper calculation of the COMAC. The COMAC is calculated using Equation

(x| 000 00)3])”
[ @n)] |(00),|

19 [147,148]:

COMAC (j) = (19)

where (¢;,) ;; and (¢4) ;; are the healthy and damaged modal vectors at degree-of-freedom j and
mode /, ((])d)jfl is the complex conjugate of the damaged modal vector, and each summation is for
j = 1to L (the number of modal vectors being used in the COMAC calculation).

The COMAC value will be between zero and one. COMAC values close to one show the
coordinate having a minimal negative effect on the MAC value for the mode shapes used. Low
COMAC values demonstrate the coordinate being a large contributor to the lower MAC value for
the mode shapes used. Before completing the damage characterization, the damage levels and
nodal locations must be determined to enable the analyses and calculations. The damage levels
have already been defined for both the high-level and low-level damage cases. The nodal locations
should be chosen to allow for enough data points to properly show mode shape correlation without
choosing an unrealistic number of locations for comparison to experimental results. Therefore,
the computational damage assessment was done completed with the same equally-spaced seven-
by-seven grid on each of the load-carrying plates used during experimentation on the assembly,

resulting in 196 node locations.

3.3.2.4 Normalized Coordinate Modal Assurance Criterion (NOCOMAC) and Normalized
Coordinate Modal Assurance Criterion Summation (NOCOMACSUM)

This section describes the formulation of two new damage metrics based on mode shape normal-
ization. The basic theory is that if two mode shapes are identical, no difference exists between
any of the mode shape’s nodal values independent of the normalization used. However, when a

mode shape changes, differences will occur between the corresponding nodal values of the two
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mode shapes. The areas with the most significant differences between the two mode shapes will
typically have the biggest differences after normalizing both mode shapes to the same node. Since
changes in mode shapes for fastener failure should have the largest changes close to the damage
location, the locations of the largest differences for the normalization across the nodal locations
for each correlated mode shape is the first new damage metric, which will be called the normalized
coordinate modal assurance criterion, or NOCOMAC (nocomac). The second damage metric, the
normalized coordinate modal assurance criterion summation, or NOCOMACSUM (nocomacsiim),
takes the summation of the values used to calculate the NOCOMAC to create one vector containing
all of the modal difference information, rather than just the maximum modal difference for each
point. While comparing two mode shapes would typically provide only one location for damage
(the location with the largest difference between the two mode shapes), a damage distribution is
created to demonstrate the area(s) most likely close to the damage based on normalizing the mode
shapes at each nodal point.

The methodology behind the calculation of these damage metrics from the healthy and dam-
aged modal vectors is shown in Figure 16. The first step in calculating the two damage metrics
is to calculate the normalized coordinate difference, or NOCODIFF (rnocodif). The NOCODIFF
is calculated using Equation 20 for each combination of an individual degree-of-freedom n and
mode shape m. Calculating the NOCODIFF begins by taking the difference between the healthy
and damaged modal vectors after they are normalized to each node and correlated mode, resulting
in m = n vectors. The square root of the square of the normalized differences is taken individually

for each element to ensure that all of the terms in each NOCODIFF vector are positive.

NOCODIFFy,, = ( % _ % > (20)
(¢h )nm (¢d ) nm

where ¢y, is the healthy mode shape, ¢, is the damaged mode shape normalized, n is each nodal
location, m is each correlated modal vector.

The second step is to normalize each NOCODIFF vector by its largest magnitude term, re-
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Figure 16: Flowchart for NOCOMAC and NOCOMACSUM Calculation

sulting in m * n vectors ranging from 0.0 to 1.0. The NOCOMAC retains information only on the

nodal location containing the maximum value in each of the NOCODIFF vectors (the nodal loca-

tions containing 1.0 after the NOCODIFF normalization). The NOCOMAC begins as a 1 x n zero

vector. For each instance where the nodal location contains the greatest value in a NOCODIFF vec-

tor, 1.0 is added to the corresponding nodal location in the NOCOMAC vector. The NOCOMAC

vector can be used to investigate the damage prediction level for each individual mode as well as

the total using all data. The terms in the total NOCOMAC vector will sum to m *n (assuming

they are complex enough not to encounter multiple equivalent maximums in the same NOCODIFF

vector, which would increase the total). The nodal locations containing the highest values in the

NOCOMAC are predicted to be close to the damage, based on the underlying assumption that the

largest differences between healthy and damaged mode shapes occur close to the damage.

The NOCOMACSUM provides a weighted sum vector (1 x n) based on the normalized NOCOD-

IFF vectors. The NOCOMACSUM is calculated using Equation 21, which shows the normaliza-

tion of the NOCODIFF to ensure a range from 0.0 to 1.0 for each term in each NOCODIFF vector.

NOCOMACSUM = ;zn: <WmWn (
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where w,, is the mode weight, and w,, is the node weight.

The nodes close to the global damage are predicted to have higher values than the nodes far
away from the global damage. The NOCOMACSUM allows for user knowledge to be incorpo-
rated into the calculation with two weighting factors, w,, for mode weighting and w, for node
weighting. The weighting terms can be set to one (recommended unless some outside knowledge
of the problem exists), or shifted throughout the modes and/or nodes being used to increase or de-
crease the contribution of certain terms to the NOCOMACSUM. Mode weighting can be adjusted
to correspond either to the MAC, the inverse of the MAC (1/MAC), or independent of the MAC.
Node weighting can be selected to make the contribution of certain areas (individual plates, edges,
interior nodes) more or less significant than other areas. A decreased nodal weight decreases the
normalized nodal contributions corresponding to the nodes with the reduced weight. The locations
closest to the global damage should have higher NOCOMACSUM values than locations farther
from the damage. The node with the greatest damage value is predicted to be located closest to the

damage.
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Chapter 4

RESULTS AND DISCUSSION

This chapter reviews the results of the aforementioned research. It begins with the results for the
four-design-variable and nine-design-variable optimization problems. Then, it reviews the model
updating used for model validation. The results for the damage detection (both high-level and
low-level) based on changes to the mode shapes from the validated finite element model are then

covered.

4.1 Thickness Optimization for Damage Detection Results

4.1.1 Initial Resonant Frequency Results

As Table 2 shows, the natural frequencies are numerically grouped into the first four, the next four
(frequencies five through eight), the following four, and so on. This is most likely due to the geo-
metric symmetry of the system. The mode shapes corresponding to the first five natural frequencies
are shown in Figures 17-21. The mode shapes of the first group of four natural frequencies show
similar bending characteristics with changes in the global and local symmetry. While these nu-
merical results for the first four mode shapes properly demonstrate the expected symmetry of the
problem, these four mode shapes would be physically indistinguishable from each other due to
their closely grouped numerical frequencies. For example, if this initial system is excited at 800
Hz, each of the mode shapes will simultaneously be excited—resulting in a combined mode shape
instead of four unique mode shapes. Therefore, the natural frequencies for the healthy mode shapes

are first separated from each other during the design process by using Equation (16).

33



Table 2: Natural Frequencies of Healthy TPS Finite Element Model
Frequency | Frequency .
Nurrber (H2) Mode Shape Description
1 799.32 | Symmetric about both axes; Magnitude equal on dl plates
Symmetric about y-axis; Antisynmetric about x-axis; Sightly higher magnitude on
2 799.59
plates 2and 4
Symmetric about x-axis; Antisymmetric about y-axis; Sightly higher magnitude on
799.60
plates 1and 3
4 799.88 |Antisymmetric about both axes; Magnitude equal on all plates
Gobally synmetric about both axes; Locally antisynmetric; Magnitudes slightly
1144.9 .
higher on Plates 2and 3
Gobally synmetric about x-axis and antisynmmetric about y-axes; Locally
6 1144.9 . . ) . .
antisymmetric; Magnitudes slightly higher on Plates 1 and 4
GQobally antisymmetric about x-axis and synmmetric about y-axes; Locally
7 1145.0 . . .
antisymmetric; Magnitudes equal on all plates
11454 |dobally and Locally antisymmetric; M agnitudes equal on all plates
11871 GQobally symmetric about x-axis and antisymmetric about y-axis; Locally
' synmetric; Magnitudes equal on all plates
10 1189.6 Gobally antisymmetric about x-axis and symmetric about y-axs; Locally

symmetric; Magnitudes equal on all plates
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Figure 17: First Mode Shape for Healthy Starting Design
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Figure 18: Second Mode Shape for Healthy Starting Design
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Figure 19: Third Mode Shape for Healthy Starting Design
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Figure 20: Fourth Mode Shape for Healthy Starting Design
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Figure 21: Fifth Mode Shape for Healthy Starting Design
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After the natural frequencies and mode shapes were determined for the healthy finite element
model, the natural frequencies and mode shapes for each of the 48 damaged states were found
individually. Examination and comparison of the 48 damage states of interest determined using
the finite element model showed the damage states falling into two separate categories based on
the location of the fastener on the load-carrying plate. The 32 fasteners located along the sides of
the load-carrying plates (two on each of the four edges for each of the four load-carrying plates)
demonstrated both a noticeable frequency change and a changed mode shape. The natural fre-
quencies and mode shapes change for many of the numerically obtained results due to the lack of
system symmetry and reduction in system stiffness.

For simplicity, only the changes to the first natural frequency and its corresponding mode shape
since it sufficiently distinguishes between the healthy and damaged states. The first fundamental
frequency decreases approximately 10 Hz from the healthy state to the damaged state. Also, the
corresponding first mode shape is no longer symmetric—the plate with the removed fastener has
bending while the other plates remain stationary. Figure 18 shows the first mode shape resulting in
out-of-plane bending of only the plate with the side damaged fastener.

The remaining 16 damage states each had very similar results based on which plate was fas-
tened by the damaged bolt. The missing bolts for these damage states were located at the corners
of the load-carrying plates (four corner bolts for each of the four plates). The ease of damage
quantification for these cases was not as distinct as the other 32 damage states. The natural fre-
quencies showed no significant change (the first natural frequency reduced less than one Hz from
the healthy state). However, these numerically found mode shapes did show changes that would be
observable in a laboratory. For example, the first mode shape of the system (Fig. 23) results in the
plate with the fastener damage having an increased magnitude of bending compared to the other
plates. While having only the magnitude of the load-carrying plates’ bending is not an ideal sce-
nario, the maximum magnitude of the plate missing the fastener is approximately 70% more than
the two closest neighboring load-carrying plates and over 110% more than the remaining load-

carrying plate. When acoustically exciting the structure in the laboratory, each of the first four

57



2284001
2.05+001/]
1 8240010

default_Fringe

Maw 3 42+001 @Nd 22445
Min 0 @Nd 29564
default_Deforrnation :

Maw 3 42+001 @Nd 22445

Figure 22: First Mode Shape for One of the Damaged Side Bolts on Upper Right Plate

natural frequencies would be excited simultaneously, resulting in a combined mode shape instead
of four distinct mode shapes. Therefore, the initial finite element model of the prototype shows
some potential for SHM, but the results most likely would be difficult to repeat in a laboratory due
to the close numerical grouping of the first four natural frequencies. This demonstrates one un-
desired result (unobservable corner fastener damage states) that can potentially occur. Designing
the structure for SHM would reduce the likelihood of unobservable damage states appearing in the

final design.

4.1.2 Four-Design-Variable Results

The first attempt to improve the frequency characteristics of the healthy system was completed
using four design variables: two thicknesses for the horizontal portion of the load-carrying plates
(x1 around the edges and x, composed of the middle area), one variable for thickness of the ver-
tical portion of the load-carrying plates that hold the insulation (x3), and one for thickness of the
brackets (x4). Each of these design variables begins with the deterministic value assigned in the
original model. Since the thicknesses chosen for the load-carrying plates are locally symmetric,
the overall system symmetry is maintained for any selected variables in this case.

While this problem quickly converged to a solution, the provided solution is not useful. The
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Figure 23: First Mode Shape for One of the Damaged Corner Bolts on Upper Right Plate
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Table 3: Optimization Results for Four-Design-Variable Problem

Lower Bound | Upper Bound | Initial Design | Optimized Design
X4 (in) 0.050 0.250 0.100 0.050
X3 (in) 0.750 0.250 0.150 0.250
x3 (in) 0.050 0.250 0.100 0.250
X4 (in) 0.085 0.250 0.170 0.085
Fq N/A N/A 1.69E-02 1.38E+09

first design iteration resulted in the bracket thickness and horizontal plate edge thickness decreas-
ing to their lower boundaries and the middle horizontal portion of the plate and the vertical portions
of the plates increasing to their upper boundaries. The design variables and objective function for
this problem are shown in Table 3. The decrease to the bracket thickness led to mode switch-
ing from out-of-plane load-carrying plate bending to in-plane bracket bending and load-carrying
plate shifting due to the decreased stiffness of the brackets. The mode switching resulted in the
first three modes being in-plane for the load-carrying plates followed by the out-of-plane bending
mode shapes. Also, the frequencies corresponding to the out-of-plane mode shapes were still nu-
merically very close (within one Hz) while the in-plane mode shapes had large differences, which

is undesirable. This result was found when different lower bounds and starting bracket thicknesses

were used to begin the problem.
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Due to this undesired mode switching, the design optimization was retried with the bracket
thickness remaining constant throughout the optimization process, leaving only three design vari-
ables. While this did prevent the mode switching from occurring, the three remaining design
variables did not result in sufficient frequency distribution. This shows that the frequency distri-
bution is not sensitive to the load-carrying plate thicknesses for this stated problem. This is likely
due to the symmetry of the problem resulting from the chosen design variables. Therefore, ad-
ditional design variables must be introduced to eliminate this symmetric constraint imposed with

four design variables.

4.1.3 Nine-Design-Variable Results

This new design optimization problem contained nine design variables: two for each of the four
load-carrying plates (one for the horizontal face thickness—x, x3, X5, Xx7—and one for the thick-
ness of the vertical faces which hold the insulation—xj, X4, Xg, Xg) and one for thickness of all
brackets x9. Since each of the plates have independent design variables, design flexibility is greatly
increased and global symmetry is no longer required. The outputs and objective function from the
four-design-variable problem are used in this nine-design-variable problem also. While this prob-
lem formulation successfully separated the first 10 natural frequencies (shown in Table 4), the
mode shapes of the healthy design changed due to the lack of symmetry for the problem. The first
four natural frequencies each demonstrated one of the load-carrying plates having out-of-plane
bending, while the other three load-carrying plates showed no deformation (similar to mode shape
1 in Fig. 22). The relationship between the plates and mode shapes for this design are: the first
mode shape has only Plate 4 bending, the second mode shape has only Plate 1 bending, the third
mode shape has only Plate 3 bending, and the fourth mode shape has only Plate 2 bending.
Numerically obtained mode shapes 5, 6, and 7 demonstrated in-plane deformation of the load-
carrying plates, which would make it harder for sensors to observe these deformations in a labora-
tory. For this reason, the damage quantification began with a focus on the first four natural frequen-

cies and mode shapes. The higher frequencies and mode shapes are only used if no conclusions
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Table 4: Natural Frequencies for Healthy Nine-Design-Variable Problem

Frequency | Original Natural | Optimized Natural
Nunber | Frequency (Hz)| Frequency (H2)
1 799.32 672.78
2 799.59 716.07
3 799.60 761.36
4 799.88 805.15
5 1144.9 999,71
6 1144.9 1003.0
7 1145.0 1151.2
8 11454 1202.3
9 1187.1 12165

10 1189.6 13368

could be made from the first four. The damage quantification of this nine-design-variable problem
showed partial success. Damaged fasteners located at the side of the load-carrying plates resulted
in a noticeable frequency drop. The frequency drop—between 13.3 Hz and 19.7 Hz—occurred in
the natural frequency corresponding to the load-carrying plate secured with the damage fastener—
damage to Plate 1 caused a drop to the second natural frequency, damage to Plate 2 caused a drop
to the fourth natural frequency, damage to Plate 3 caused a drop to the third natural frequency, and
damage to Plate 4 caused a drop to the first natural frequency. The other three natural frequen-
cies of interest (not corresponding to the mode shape of the damaged plate) and all four of the
mode shapes remained the same. For example, if one of the eight side fasteners of Plate 4 (which
moved at the first natural frequency) is damaged, the first natural frequency drops from 672.78 Hz
to between 659.11 and 659.46 Hz. This damage state shows no change in frequencies 2-4 or mode
shapes 1-4. This change in the first natural frequency shows that the damage occurred with Plate
4 (the load-carrying plate excited by the first natural frequency). Similar results were obtained for
the side fasteners of Plates 1-3. This allows the load-carrying plate with a single damaged side
fastener to be determined based on only the frequency changes in the system.

Determining damage of a corner fastener for this design did not work so easily. Fastener
damage at the corner bolts did not result in a physically usable frequency change (less than a 0.6
Hz decrease occurred) in the first four natural frequencies. Also, no significant changes occurred in

the first four mode shapes; therefore, corner fastener damage appears to be physically undetectable
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Figure 24: Seventh Mode Shape for Damaged Upper Left Corner Bolt on Upper Left Plate

when using the numerical results of only the first four natural frequencies. This leads to the need
to use natural frequencies and mode shapes above the fourth to determine if the numerical results
allow for the damaged corner bolt to be characterized. For each of these 16 damaged corner bolt
cases, the 7th, 8th, or 9th mode shape showed isolated bending of the load-carrying plate where
the damaged bolt is no longer constraining it. Two examples for this group of deformation are
shown in Figure 24 and Figure 25. Since these modes do not exist in the healthy system, they
are easily observable with the proper sensor placement. Since new mode shapes are introduced
with these corner bolt damage states, quantifying the damage from the natural frequency results
alone is very difficult. The easiest way to observe this new mode shape in a physical system would
be to place sensors (piezoelectric, accelerometers, etc.) close to the corners of the load-carrying
plates to ensure that any movement is captured. The initial and optimal design variables for this
nine-design-variable problem are shown in Table 5.

After these results were obtained, a combined objective function was formed using Equation
(16) and Equation (17) for a damaged corner fastener to determine if the first four natural fre-
quencies with this damage state could be separated from the healthy case more effectively. This
nine-design-variable optimization problem produced results similar to the results that utilized only

Equation (16)—the damaged corner bolt state demonstrated no significant changes in the first four
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Figure 25: Eighth Mode Shape for Damaged Lower Left Corner Bolt on Upper Right Plate

Table 5: Optimization Results for Nine-Design-Variable Problem

Lower Bound | Upper Bound | Initial Design | Optimized Design
x4 (in) 0.050 0.250 0.100 0.164
X3 (in) 0.050 0.250 0.100 0.250
x3 (in) 0.050 0.250 0.100 0.248
X4 (in) 0.050 0.250 0.100 0.150
Xs (in) 0.050 0.250 0.100 0.240
Xg (in) 0.050 0.250 0.100 0.248
xz (in) 0.050 0.250 0.100 0.216
xg (in) 0.050 0.250 0.100 0.070
Xg (in) 0.085 0.250 0.170 0.145
Fq N/A N/A 3.83E-04 7.12E+14

63



natural frequencies, but observation of higher frequency values and mode shapes successfully dis-
tinguished between the healthy and damaged states. Due to the similarity between the design
results for this combined objective function with the results for the first objective function only,

this result is not included in this paper.

4.2 Finite Element Model Validation Results

Since the finite element analysis captures lower frequencies with the most accuracy, the first three
natural frequencies will be of the most interest for this validation process. The deterministic model
allowed for material property updating for validation versus the obtained experimental results.
The material properties were optimized within the bounds allowable from collected experimental
results using the Modified Method of Feasible Directions in VisualDOC [149]. The objective
function for the optimization problem was to minimize the sum of the differences between the
experimental and finite element analysis results for the first three natural frequencies. The material
properties converged to an optimum after 15 iterations. The optimized material properties are
shown in Table 6. The final version of the finite element model showed very good agreement with
the experimental results (less than 1% difference versus the mean value for the first three natural
frequencies) for the free-free boundary condition case without insulation. Also, after this case
was completed, the insulation mass was added to the finite element model and compared to the
first natural frequency obtained experimentally (only the first natural frequency was successfully
obtained since the insulation damped out the higher modes). These results are shown in Table 7.
After the single load-carrying plate finite element model was validated, the entire TPS finite el-
ement model was validated versus experimental results. The C-C material properties obtained from
the single load-carrying plate validation was used for the composite plates in the assembly. The
variables for this finite element model were the material properties of the carbon/silicon carbide
(C/SiC) composite brackets. The same method and objective function were used for the material
updating of the entire assembly as was used for the load-carrying plate cases. The results for the

finite element model of the TPS assembly are shown in Table 8.
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Table 6: Optimized Carbon-Carbon Material Properties

Material Property

Lower Bound

Upper Bound

Initial Design

Optimized Design

E (Msi) 11.761 12.460 12.150 12.456
Poisson's Ratio 0.308 0.358 0.324 0.315
Density (Ib/in3) 5.95E-02 6.05E-02 6.01E-02 6.02E-02
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Table 7: Experimental Validation of a Single Load-Carrying Plate

Natural Frequency Experimental FEA (H2) Percent Difference
Average (Hz) for FEA
1 (without insulation) 193.26 193.32 0.03%
2 (without insulation) 1292.5 1282.6 0.77%
3 (without insulation) 1329.9 1334.3 0.33%
1 (with Insulation) 180.25 180.61 0.20%

Table 8: Experimental Validation of the TPS Assembly

Natural Experimental FEA (Hz) Percent
Frequency Average (Hz) Difference for FEA
1 129.36 125.29 3.15%
2 147.68 152.26 3.10%
3 152.37 161.76 6.16%

4.3 Modal-based Damage Detection Results

The file-reading and data processing of the MAC were completed using MATLAB. The mode
shapes used to obtain these results were found using the finite element model that was validated
versus experimental results. First, the MAC is computed using the same healthy finite element
eigenvectors to observe the differences between the first five mode shapes. Using the same eigen-
vectors for the MAC calculation results in a symmetric matrix where the main diagonal is 1.0.
The off-diagonal terms in this MAC matrix demonstrate how similar the eigenvectors are to each
other. For example, since the terms corresponding to the correlation between the first and fifth
eigenvectors in the healthy-healthy MAC is 0.71808, these eigenvectors are fairly similar at the
selected nodes when compared to any of the other off-diagonal terms. This healthy-healthy MAC
is shown in Table 9. There are two main ways to detect damage using MAC: large reductions in the
magnitude of one or more terms along the main diagonal and large terms appearing in off-diagonal
locations which are small in the healthy-healthy MAC seen in Table 9. These two damage detec-
tion cases will be referred to as diagonal MAC reduction and mode switching. The diagonal MAC
reduction represents a case where the mode shape has significantly changed from the healthy state.

For this case, a main-diagonal term reduced below 0.700 from an expected value above 0.900

will be the damage threshold. The unexpected off-diagonal large terms arises due to mode switch-
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Table 9: Healthy-Healthy MAC Matrix

- Healthy
Mode 1 2 3 4 5
1 1.00000| 0.00013| 0.00000| 0.00002| 0.71808
Healthy 2 0.00013| 1.00000| 0.00003| 0.00473| 0.00072
3 0.00000( 0.00003| 1.00000[ 0.02590| 0.00044
4 0.00002f 0.00473| 0.02590( 1.00000| 0.00001
5 0.71808 0.00072| 0.00044 0.00001] 1.00000

ing introduced by the damage. In mode switching, the order of the mode shapes is not the same
for the healthy and damaged cases. This occurs since the damage causes the natural frequency
corresponding to one mode shape to shift to a value lower than that of another natural frequency
of the structure.

This research encounters some damage states that cause the third healthy mode shape to be
excited before the second healthy mode shape; thus, a mode switch between modes two and three
occurs in this example. The MAC and PMAC are combined in a two-tiered approach for damage
detection and localization. The first tier is computing the MAC matrix using the finite element
results for the healthy and damaged structural states. Observing diagonal MAC reduction and
mode switching in this tier detects the damage. The second tier computes four separate PMAC
matrices consisting of the 49 nodal locations for each individual plate. This second tier isolates the
correlation between the healthy and damaged mode shapes for each plate. If a local mode shape
is affected by the damaged bolts, this will cause the PMAC for that mode shape to decrease in
value. Therefore, if damage is detected in the structure by a reduction in one or more MAC terms,
the plate with the lowest corresponding PMAC corresponding to the reduced MAC term should be
the plate attached to the damaged bolts. The COMAC is used as a supplement to the two-tiered
MAC/PMAC method. While it is not required to complete the two-tiered approach, it provides
additional information that should aid in determining the damage location.

Additionally, the new mode-based damage metrics—NOCOMAC and NOCOMACSUM—are
investigated. The NOCOMAC outputs a percentage of location predictions to be close to the

damage based on mode shape normalization. A higher accuracy percentage represents the damage
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Figure 26: Node Numbering of the Six-Beam Example Problem

being successfully detected. The NOCOMACSUM results in a single weighted summation vector
with one value for each node used in the investigation. The node with the highest overall value will
be taken to be closest to the damage in the structure. Since the damage introduced to the structure
is known, the success of the two-tiered MAC/PMAC method, the COMAC, the NOCOMAC, and
the NOCOMACSUM can be investigated independently and compared. Before investigating the
validated finite element model, the methods will all be utilized on a simple example problem to

demonstrate the approaches.

4.3.1 Six-beam Example Problem

To demonstrate the new damage metrics, an example problem was created and analyzed using
ABAQUS/CAE. The model consists of six beam elements in a horizontal line in the xy-plane fixed
at the ends can be seen in Figure 26. The healthy state is fixed in all six degrees of freedom at the
left edge (Node 1) and the right edge (Node 7). The damaged state is fixed in all six degrees of
freedom at the left edge (Node 1) and free to rotate about the z-axis at the right edge (Node 7). The
first five natural frequencies are used to calculate all of the damage metrics in this problem. The
first step in solving this problem is to calculate the MAC matrix based on the first five healthy and
damaged mode shapes.

Table 10 shows the modal vectors for the healthy state. Each column represents a modal vector
corresponding to the natural frequency listed at the top of the column. Table 11 shows the modal
vectors for the damaged state. These values are used to calculate the MAC matrix seen in Table
12. Table 12 shows that while the mode shapes between the healthy and damaged mode shapes
are different, they are still reasonably correlated. The first and fifth mode shapes have MAC values

of 0.9433 and 0.9465 while the highlighted second through fourth MAC values are lower (0.8832,

68



Node

Table 10: Healthy Modal Vectors

Modal Vector at Natural Frequency
1 2 3 4 5
2 0.2827 0.6542 | -0.9524 | -1.0000 | 0.8225
3 0.7747 | 1.0000 | -0.2982 | 0.6535 | -0.9453
4 1.0000 | 0.0000 | 1.0000 | 0.0000 | 1.0000
5 0.7747 | -1.0000 | -0.2982 | -0.6535 | -0.9453
6 0.2827 | -0.6542 | -0.9524 | 1.0000 | 0.8225

_ 1

Node

Table 11: Damaged Modal Vectors

Modal Vector at Natural Frequency

2 3 4 5
2 0.2254 0.5393 0.8935 1.0000 | -0.9229
3 0.6713 1.0000 0.5632 | -0.4327 | 1.0000
4 1.0000 0.3923 | -0.9167 | -0.3923 [ -0.9486
5 0.9956 | -0.6512 | -0.2817 | 0.9239 0.7366
6 0.6179 | -0.8683 | 1.0000 | -0.7481 | -0.4019

as likely in the middle as it would be at the right edge.

shapes are correlated higher than the second, third, and fourth.

0.8658, and 0.8830). This demonstrates that none of the modes switch, and the first and fifth mode

Table 13 shows the COMAC values for damage localization. The lowest values of the COMAC
predict damage location since these are the locations that contribute the most to the decreased MAC
diagonal. While the lowest value is accurately predicted at Node 6 (closest to the actual damage
location of Node 7), the three values from Node 4-6 are all very close to Node 4, and slightly

higher than Node 6 (0.8979 versus 0.8711). This would predict that the damage would be almost

The NOCODIFF in Table 14 shows how the normalization at each of the five nodes for the

Table 12: MAC Matrix between Healthy and Damaged Modal Vectors

Damaged

Healthy
Mode 1 2 3 4 5
1 0.9433 0.0524 0.0037 0.0005 0.0001
2 0.0411 0.8832 0.0693 0.0058 0.0006
3 0.0105 0.0461 0.8658 0.0736 0.0041
4 0.0040 0.0144 0.0501 0.8830 0.0487
5 0.0012 0.0040 0.0112 0.0370 0.9465
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Table 13: COMAC Values for Damage Localization

Node2 | Node3 | Node4 | Node5 | Node 6

0.9904 | 0.9561 | 0.8979 | 0.9053 | 0.8711
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Table 14: NOCODIFF for First Modal Vector
Difference Normalized to Node

2 3 4 5 6
0.0000 | 0.0291 | 0.0573 | 0.1385 | 0.6352
0.2379 | 0.0000 | 0.1034 | 0.3257 | 1.6539
0.8992 | 0.1988 | 0.0000 | 0.2864 | 1.9189
1.6767 | 0.4831 [ 0.2209 | 0.0000 | 1.1291
1.7413 | 0.5555 [ 0.3352 | 0.2557 | 0.0000

Node

A~ |w(N

Table 15: NOCODIFF for First Modal Vector Normalized to Maximum Components

Normalized Difference Normalized to Node
2 3 4 5 6

0.0000 | 0.0525 | 0.1709 | 0.4253 | 0.3310
0.1366 | 0.0000 | 0.3085 | 1.0000 | 0.8619
0.5164 | 0.3579 | 0.0000 | 0.8793 | 1.0000
0.9629 | 0.8696 | 0.6590 | 0.0000 [ 0.5884
1.0000 | 1.0000 | 1.0000 | 0.7850 | 0.0000

Node

| jw]|N

first mode shape can predict different locations for the damage. The highest values in each column
(which are highlighted) demonstrate the location predicted with the largest difference between the
healthy and damaged first mode shape. Table 15 is created by normalizing each column versus its
highest value component to ensure each column’s terms range from zero to one. The components
with a value of 1.0 in each column are extracted to form the NOCOMAC in Table 16. Normal-
ization for Nodes 2 through 6 provides predicted damage locations of six, six, six, three, and four.
This generates values of one for Node 3, one for Node 4, and three for Node 6, in the first column
in Table 16. Therefore, the first mode predicts damage closest to Node 6. Table 16 demonstrates
how each of the modal vectors individually contributes to the NOCOMAC along with the total NO-
COMAC from the summation of all modes. The final column shows the damage is predicted close
to Node 6 since it contains 10 of the 27 values (37.0% of the predicted locations). The values also
decrease going away from Node 6, a trend which shows a decreased likelihood of damage moving
towards the middle (Node 4) and left edge (Node 2). There are six values for the NOCOMAC
corresponding to modes 2 and 4, due to symmetry in the problem which results in a NOCODIFF

value with equal maximum values at two nodes both being counted.
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Table 16: NOCOMAC for Damage at Node 7

Maximum Difference for Modal Vector
1 2 3 4 5 Total
2 0 0 0 1 1 2
3 1 1 0 0 1 3
Node| 4 1 2 1 1 0 5
5 0 2 3 2 0 7
6 3 1 1 2 3 10

The second damage metric, NOCOMACSUM (seen in Table 17), was calculated with two dif-
ferent weightings. The first weighted summation was calculated with uniform weighting for both
the modes and normalized nodes. The second weighted summation was calculated with uniform
node weighting and mode weighting using the MAC values from Table 12. This means that the
results for mode 1 through 5 were multiplied by 0.9433, 0.8832, 0.8658, 0.8830, and 0.9465 be-
fore being added together. The highest value in each column is highlighted to show where that
NOCOMACSUM vector predicts the damage to be nearest. The results show that the damage with
uniform weighting provided reasonable results where Node 5 and Node 6 had nearly identical val-
ues of 15.74 and 15.73, which would predict the damage to be close to these two nodes. When the
MAC weighting was used for the second NOCOMACSUM, the largest value shifted to Node 6,
slightly higher than Node 5 (14.32 versus 14.15). This demonstrates that using the MAC weight-
ing to calculate the NOCOMACSUM shifts the damage prediction towards Node 6. Therefore,
including MAC weighting shows an improvement over the uniform mode weighting by slightly
shifting the damage prediction towards the actual damage location of Node 7. Both the uniform
and MAC weighted NOCOMACSUM values clearly predict damage closest to the right edge and

farthest away from the left edge.

4.3.2 High-level Damage Results

The high-level damage is more severe than the low-level damage; therefore, detecting this damage
is investigated first to demonstrate the two-tiered MAC/PMAC theory being used. The defined

damage case of each edge consisting of four bolts being simultaneously damaged representing
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Table 17: NOCOMACSUM for Damage at Node 7

Normalized Maximum Diff. Summation for Modal Vector
1 2 3 4 5 Total MAC Weight
2| 0.9797 1.6899 2.0912 2.8885 2.4581 | 10.1074 9.1043
3| 2.3070 2.7204 1.8922 2.0834 2.3236 | 11.3266 10.2561
Node| 4| 2.7536 3.4673 2.2421 3.2898 2.0218 | 13.7745 12.4194
5| 3.0799 | 3.3305 | 3.8693 | 3.3428 | 2.1184 | 15.7408 14.1535
6| 3.7850 3.0386 2.2402 2.8171 3.8476 | 15.7285 14.3229

Table 18: MAC Matrix for Damaged Bolts 4-7

Healthy
1 2 3
Damaged 1 0.98972] 0.00287| 0.00003
Bolts 4-7 2 0.00062| 0.58362 0.0013
3 0.00133] 0.00361| 0.98709

one damaged state resulted in 16 damaged states and one healthy state. These 17 states were all
analyzed using ABAQUS. Each of the high-level damage states were detectable using the MAC for
the first three healthy and damaged mode shapes. Eight of the damage states were detectable due
to diagonal MAC reduction while the other eight were the result of a combined mode switching
and MAC reduction. A MAC matrix representing diagonal MAC reduction due to damage of bolts
4,5, 6, and 7 is shown in Table 18.

Since the MAC between healthy and damaged eigenvector two is only 0.58362, this shows a
significant change between healthy mode shape 2 and damaged mode shape 2. This can visually
be seen in Figure 27. The reduction in stiffness along the edge containing bolts 4-7 have a much
larger magnitude in the damaged state than they had in the healthy state. This causes the easily
detectable change in the MAC. Similarly, a MAC matrix demonstrating mode switching and MAC
reduction can be seen due to damage to bolts 7, 8, 9, and 10 in Table 19. Since the value of 0.98657
corresponds to healthy mode shape 2 and damaged mode shape 3 (and a MAC reduced 0.55899
between healthy mode shape 3 and damaged mode shape 2), this means that mode shapes 2 and
3 switched due to the damage. The mode shapes for these cases are shown in Figures 28 and

29. Figure 28 shows how the healthy mode shape 3 corresponds to the damaged mode shape 2.
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Figure 27: Healthy Mode Shape 2 and Damaged Bolts 4-7 Mode Shape 2

Table 19: MAC Matrix for Damaged Bolts 7-10

Healthy
1 2 3
Damaged 1 0.99398 [ 0.00061 | 0.0017
Bolts 7-10 2 0.02639 | 0.07439
3 0.00175

Similarly, Figure 29 shows how the healthy mode shape 2 corresponds to the damaged mode shape
3.

After completing successful damage detection, damage localization was performed by calcu-
lating the PMAC for each individual load-carrying plate. As Figures 27 and 28 show, the load-
carrying plate with the damaged bolts shows a significant change in mode shape from the corre-
sponding healthy mode shape. Looking at the 3-by-3 PMAC matrices for each of the four plates
allowed for damage localization to be made for which load-carrying plate contained the damaged
bolts. The 3-by-3 PMAC matrix for the damaged plate contains the diagonal (or off-diagonal, if
mode switching is present) term with the lowest magnitude. For the aforementioned damage case
to bolts 4-7, the four 3-by-3 PMAC matrices are presented in Table 20. Since the MAC for the
Damaged Bolts 4-7 case demonstrated a reduction in the correlation between healthy and damaged

mode shape 2, the four PMAC corresponding to this mode shape comparison should isolate the
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Figure 28:

Healthy Mode Shape 3 and Damaged Bolts 7-10 Mode Shape 2

Figure 29: Healthy Mode Shape 2 and Damaged Bolts 7-10 Mode Shape 3

Table 20: Load-Carrying Plate PMAC Matrices for Damaged Bolts 4-7

Plate 1: Healthy

Plate 2: Healthy

Plate 3: Healthy

Plate 4: Healthy

Mode| 1 | 2 | 3 | 12 | 2 [ 3] 1|2 |3 ]1|2]3
Damaged| 1 |0.973[0.853]|0.560| 1.000|0.696|0.709] 1.000| 0.768| 0.595) 0.999| 0.681 0.662
Bolts 4-7) 2 0.229H0.143 0.946H 0.740 O.SSQH 0.397 0.470H@
3 [0.534/0.295]0.984] 0.648]| 0.314]0.991] 0.669| 0.460| 0.991] 0.633| 0.313) 0.997
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Table 21: Load-Carrying Plate PMAC Matrices for Damaged Bolts 7-10

Plate 1: Healthy Plate 2: Healthy Plate 3: Healthy Plate 4: Healthy
Mode| 1 2 3 1 2 3 1 2 3 1 2 3
Damaged| 1 |0.999]0.740| 0.558| 1.000| 0.681|0.727| 1.000{ 0.772] 0.584| 1.000| 0.650| 0.672
Bolts 7-10| 2 [0.955]| 0.886[0.506| 0.619( 0.252| 0.968| 0.759| 0.464[0.961] 0.934[ 0.681| 0.851
3 |0.612|0.977]| 0.306] 0.728] 0.998 0.418| 0.820| 0.996] 0.410] 0.590] 0.993| 0.288

damage to a specific plate. As the shaded cells demonstrate, the 0.705 observed in plate 1 is sig-
nificantly less than the other three PMAC (0.847, 0.967, and 0.951) between healthy and damaged
mode shape 2. Since bolts 4-7 attach to plate 1, the damage is correct in localizing the damage to
plate 1.

For the other high-level damage state that has been presented, this same method can be used
to localize the damage. The four 3-by-3 PMAC matrices used to localize the damage to bolts 7-10
are shown in Table 21. Since this instance showed a mode switch between mode shapes 2 and
3 and a reduction in the MAC between healthy mode shape 3 and damaged mode shape 2, this
portion of the PMAC matrices is the focus for damage localization. Looking at the shaded values
shows that this value is 0.968, 0.961, and 0.851 for plates 2, 3, and 4, but a much smaller 0.506 for
plate 1. Once again, the damage localization has successfully been accomplished for the high-level
damage state being investigated. In fact, each of the 16 investigated high-level damage states was
correctly localized to the correct plate using the two-tiered MAC/PMAC system.

After successfully localizing the high-level damage with the two-tiered MAC/PMAC system,
the COMAC was calculated to investigate if the damage could be further localized to the correct
edge within the damaged plate. Since the COMAC calculation creates one COMAC value for
each coordinate used in the MAC calculations (196 values for the 14 by 14 grid being used), the
COMALC results will be presented graphically to efficiently show the results. The COMAC was
not successful in localizing the high-level damage to the correct damaged bolt edge for 13 of the
16 damage states. For the other three damage states, the COMAC showed its lowest values on a
line corresponding to the coordinate locations closest to the edge of damaged bolts, successfully

localizing the damage. The lowest values of the COMAC are shown in blue in the contour plots
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Figure 30: COMAC Plot for Damaged Bolts 4-7

and are circled in Figures 30 and 31. Also, the damaged bolts in the COMAC plots are shown
as yellow circles outlined in black. Figure 30 shows the COMAC failing to localize the damage
state for damaged bolts 4-7. The lowest values (expected to correspond to the damaged bolt area)
are shown in blue and roughly dispersed along the right side, instead of along the top left vertical
edge corresponding to the coordinates closest to bolts 4-7. Figure 31 shows the successful damage
localization for the state where bolts 7-10 are damaged. It is clearly shown that the circled lowest
values are along the line of coordinates closest to bolts 7-10.

Next, the NOCOMAC and the NOCOMACSUM are implemented to investigate the their ca-
pability to localize the high-level damage to the correct plate edge. The following variables are
used for the NOCOMAC and NOCOMACSUM calculations: number of nodes used, number of
modes used, node weighting, and mode weighting. Both the NOCOMAC and NOCOMACSUM
are calculated with three separate numbers of nodes—196, 64, and 48—and two separate numbers
of modes—three modes and five modes. Different numbers of nodes and modes are used to deter-
mine how varying the number of nodes and modes influence the damage detection results. Figures

32-34 show the numbering of the nodal locations and bolt locations used for the damage states
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Figure 31: COMAC Plot for Damaged Bolts 7-10

being investigated. The bolt numbering for each of the instances is identical—beginning at the top
right corner for each plate and increasing in the counterclockwise direction. The bolt numbering
is from B1-B48 where B1 is the abbreviation for bolt 1. The numbers (1-196) represent the node
locations used for the NOCOMAC and NOCOMACSUM damage metrics. The nodal locations in
the reduced node location cases (Figures 33 and 34) use a portion of the same nodes as the 196
node case (Figure 32). For example, node 70 in Figure 32 is the same as node 24 in Figure 33 and
node 16 in Figure 34.

Additionally, the NOCOMACSUM was calculated with nine different weighting combinations
to discover how these variables influence the NOCOMACSUM damage prediction. The node and
mode weights are shown in Table 22. The three modal weights used are uniform, the MAC values,
and the inverse of the MAC values. The mode weights using the MAC correspond to the MAC
values of each correlated mode pair for between the healthy and damaged state. The mode weight
using the inverse of the MAC values is equal to one divided by the MAC values of each correlated
mode pair between the healthy and damaged state. The three nodal weights used are uniform (1.0
for all nodes), the edge node weights being twice the inner node weights (edge nodes equal to 1.0

with inner nodes equal to 0.5), and the edge node weights being half the inner node weights (edge
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Figure 32:

Bolt and Nodal Location Layout for 196 Nodes Used
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Figure 33: Bolt and Nodal Location Layout for 64 Nodes

79




B4 B3 B2 B1 |B16 B15 B14 B13
8 12 16 24 32 36 40 48

B5 B12|B17 B24
7 23 31 47
6 22 30 46

B6 B11|B18 B23
5 11 15 21 29 35 39 45

B7 B8 B9 B10|B19 B20 B21 B22

B40 B39 B38 B37|B28 B27 B26 B25
4 10 14 20 28 34 38 44

B41 B48|B29 B36
3 19 27 43
2 18 26 42

B42 B47|B30 B35
1 9 13 17 25 33 37 41

B43 B44 B45 B46|B31 B32 B33 B34

Figure 34: Bolt and Nodal Location Layout for 48 Nodes

nodes equal to 0.5 with inner nodes equal to 1.0).

Since the NOCOMAC outputs one nodal location for each node normalization and each mode
shape, the NOCOMAC can be deemed accurate for high-level damage for each instance where
the predicted node lies along the edge containing the damage and inaccurate for each instance
where the predicted node does not lie along the edge containing the damage. This combination
results in the three-mode NOCOMAC with 588, 192, and 144 predicted locations for the three
levels of number of nodes used (196, 64, and 48). Similarly, the five-mode NOCOMAC results

Table 22: Weighting Combinations for the NOCOMACSUM

Modal Weight

(W)

Nodal Weight (w,)

) Edge=1, Edge=0.5,

Uniform (U) Inner=0.5(E) | Inner=1(l)
Uniform (U) u/uU U/E u/I
MAC (M) M/U M/E M/
Inverse MAC() /U I/E 1/l
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Table 23: NOCOMAC Accuracy for High-level Damage

196 Nodes 64 Nodes 48 Nodes
Damage
State % for3 | %forS | %for3 | %forS | %for3 | %for>
modes | modes | modes | modes | modes | modes
1 85.0% 78.7% 84.4% 78.4% 82.6% 76.7%
2 80.3% 75.9% 79.2% 76.3% 77.1% 74.6%
3 86.6% 84.5% 84.4% 83.4% 83.3% 82.9%
4 74.8% 77.8% 76.0% 79.1% 77.8% 80.4%
5 69.4% 69.0% 69.3% 69.1% 69.4% 70.4%
6 84.2% 82.3% 84.4% 83.1% 83.3% 82.5%
7 73.3% 75.4% 75.0% 77.5% 76.4% 78.8%
8 83.8% 77.8% 82.3% 78.8% 79.9% 77.5%
9 87.6% 83.9% 87.0% 83.4% 86.8% 83.8%
10 71.3% 74.6% 72.4% 75.6% 73.6% 76.3%
11 82.7% 76.9% 80.2% 76.3% 77.8% 76.3%
12 57.0% 61.6% 56.3% 62.8% 55.6% 62.9%
13 75.5% 78.8% 75.0% 78.4% 74.3% 78.3%
14 79.1% 74.7% 76.0% 73.1% 73.6% 72.1%
15 78.4% 74.5% 77.6% 73.4% 75.7% 71.7%
16 85.4% 84.1% 82.8% 82.8% 81.3% 82.5%

have 980, 320, and 240 predicted locations for the three node levels. The NOCOMAC results for
the high-level damage are shown in Table 23. The damaged states each correspond to a high-level
damage state on the edge of failed fasteners (damage state 1 is damaged bolts 1-4, damage state 2
is damaged bolts 4-7, etc.). Table 23 shows the damage state and the percentage of accurate node
predictions for both three-modes and five-mode cases for each of the three nodal levels (196, 64,
and 48).

All of the 16 high-level damage states are successfully localized to the proper edge for the
high-level damage. While an exact percentage for localizing a damage state is in the judgment of
the user, any percentage of accurate node predictions above 30.0% is deemed successful for this
high-level damage. The lowest percentage of accurate predictions was 55.6% for damage state 12
with three modes and 48 nodes used. This demonstrates how highly accurate and consistent this
method can be for large global damage.

Next, the results between the three-node levels (196, 64, and 48) and the two-mode levels
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(three and five) are analyzed to determine which set has more accurate damage localizations. The
three-mode NOCOMAC results show a slightly greater percentage of accurate predictions than the
five-mode NOCOMAC results (78.0% versus 76.9%). The combined three-mode and five-mode
results show the best results when using 196 nodes and the worst results when using 48 nodes. The
accuracy percentages for the three nodal levels are: 77.5% for 196 nodes, 77.2% for 64 nodes, and
76.7% for 48 nodes. This demonstrates the slight predictive trends of more nodes and fewer modes
being used resulting in improved damage localization for high-level damage.

The second damage metric, the NOCOMACSUM, was then calculated for the high-level dam-
age with uniform node and mode weights. This provides a vector composed of a value for each
node used in the formulation of the NOCODIFF and NOCOMAC. The location corresponding to
the node containing the greatest value in the NOCOMACSUM vector is predicted to be closest
to the damage (in this case the predicted node should lie along the edge closest to the damage).
The predicted nodes are shown in Table 24 for the three node levels used. The nodes predicted
when using both three modes and five modes all result in the node predicted to be accurate for
each of the three node levels used. While the exact location of the damage along the edge varied
slightly, all of the NOCOMACSUM locations did accurately lie along the damaged edge. Since
the NOCOMACSUM successfully localized the damage in all instances with uniform weighting,

alternative weighting functions were not investigated for the high-level damage states.

4.3.3 Low-level Damage Results

With the cases of high-level damage successfully localized to the correct plate (and to the correct
edge for three of the 16 damaged states), the low-level damage cases were investigated. The
healthy-healthy MAC matrix is the same as in MAC matrix for high-level damage, and is shown
in Table 9. As expected, the low-level damage cases cause less significant changes than the high-
level damage cases. Looking at the 3 x 3 MAC matrix for the cases of low-level damage versus the
healthy case resulted in four categories: mode switch, large magnitude reduction along the main

matrix diagonal (magnitude below 0.70), moderate magnitude reduction along the main matrix
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Table 24: NOCOMACSUM Predicted Node Location for High-level Damage

Damage 196 Nodes 64 Nodes 48 Nodes
State 3modes | 5modes | 3modes | 5modes | 3modes | 5modes

1 98 98 32 32 24 24
2 8 9 5 5 5 5
3 92 8 29 5 21 5
4 93 97 29 31 21 23
5 112 182 40 56 32 40
6 107 112 38 40 30 32
7 120 148 37 53 29 39
8 190 191 61 61 45 45
9 105 189 36 60 28 44
10 105 101 36 34 28 26
11 99 113 33 41 25 33
12 189 188 60 59 44 43
13 77 7 28 4 20 4
14 7 4 3 4

15 85 1 25 1 17 1
16 91 85 28 25 20 17

diagonal (magnitude between 0.70 and 0.85), and no significant difference along the main matrix
diagonal (magnitude above 0.85). The first two categories are the same as in the high-level damage
cases. These categories detect only 16 of the 48 low-level damage states.

The third category represents an additional case in which the damage causes a reduction in
MAC values that would be between the second category (damage is detected) and the fourth cat-
egory (damage is not detected). This category contains an additional four damage states that are
more difficult to detect than the other 16 states. Even including this category, low-level damage
detection using the predefined nodal locations is only successful for 20 of the 48 states. Tables
25-28 show examples of each of the categories. Table 25 shows the MAC matrix for damage to
bolt 1 resulting in mode switching between mode shapes 2 and 3. Table 26 shows the MAC matrix
for damage to bolt 9 reducing the MAC between healthy and damaged mode shapes for natural
frequencies 2 and 3 each being below 0.70. Damage to bolt 18 is shown in Table 27. This MAC

has reduced values between healthy and damaged mode shapes for natural frequencies 2 and 3, but
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Table 25: MAC Matrix for Damaged Bolt 1

Damaged
Bolt1

Healthy
Mode 1 2 3
1 |0.99974 | 0.00009 | 0.00011
2 |0.00024|0.00701 | 0.97833
3 |0.00012|0.99338 | 0.00746

Table 26: MAC Matrix for Damaged Bolt 9

_ Healthy
Mode 1 2 3
Damaged 1 0.99996 | 0.00025 | 0.00000
Bolt9 2 0.00078 | 0.69216 | 0.30936
3 0.00008 | 0.31302 | 0.68113

the values are not below the original threshold of 0.70. The final MAC matrix where the damage
is not detected is shown for damage to bolt 4 in Table 28.

Figure 35 shows a graphic representation of the low-level damage classification using the MAC.
The damage state for each of the 48 bolt locations is classified based on the key to the right of the
bolt-numbered layout. Some of the damage states fall into both mode switching and either large
or moderate magnitude reduction. These cases are classified in the mode switching category since
this is typically the more obvious damage state.

Then, the PMAC was used to investigate the low-level damage states observed using the MAC.
Only seven of the twenty cases could be successfully localized based on the PMAC values from
the plates. These instances showed that either one or two of the PMAC values on the plates were
significantly lower than the corresponding PMAC values for each of the other three plates. The

remaining thirteen cases of damage could not be localized using the PMAC because the differences

Table 27: MAC Matrix for Damaged Bolt 18

Healthy
1 2 3
Damaged 1 0.99999 | 0.00012 | 0.00001
Bolt 18 2 0.00300 | 0.84243 | 0.14213
3 0.00000 | 0.23348 | 0.77056
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Table 28: MAC Matrix for Damaged Bolt 4

Damaged
Bolt 4

Healthy
Mode 1 2 3
1 0.99996 | 0.00015 | 0.00000
2 0.00010 | 0.98649 | 0.01113
3 0.00000 | 0.01554 | 0.98521

Figure 35: Low-level Damage Classification Using MAC

Mode Switching
Large Magnitude Reduction

Mo damage detected

Moderate Magnitude Reduction

between the healthy and damaged PMAC values were too minor to definitively show the presence

of damage. A sample of the PMAC values indicating successful damage localization is shown in

Table 29. The shaded boxes demonstrate less modal agreement between modes 2 and 3 in plate 1

than the other three plates. Plate 1 has both the lowest single diagonal value 0.582 between healthy

and damaged mode 2 (the next lowest is 0.643, a significantly larger value), and two diagonal

values below the 0.85 threshold that was utilized earlier for minor changes.

The COMAC showed promise in localizing the fastener damage to the correct load-carrying

plate (often to the correct bolt). It was able to localize the damage for 27 of the 48 damage states.

Once again, the COMAC presentation is best illustrated graphically where the circled blue areas

represent the lower values of the COMAC, which would represent the location of the predicted

Damaged
Bolt9

Table 29: Load-Carrying Plate PMAC Matrices for Damaged Bolt 9

Plate 1: Healthy Plate 2: Healthy Plate 3: Healthy Plate 4: Healthy

Mode 1 2 3 1 2 3 1 2 3 1 2 3
1| 1.000] 0.724] 0.587] 1.000] 0.697] 0.712| 1.000] 0.772] 0.591] 1.000] 0.649] 0.674
2 |o.178 0.002] 0.862[ 0.871] 0.760| 0.327 0.005] 0.827] 0.879] 0.708
3 |0.818[0.771 0.214] 0.004 0.827 0.747 0.855| 0.186| 0.000[10:643|
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Figure 36: COMAC Plot for Damaged Bolt 13

.O@

Figure 37: COMAC Plot for Damaged Bolt 14

damaged area. Since the COMAC is more sensitive to small local changes than the MAC and
PMAC, it can localize some damage states that otherwise would go undetected.

Four sample COMAC values can be seen in Figures 36-39.  Figure 36 shows the COMAC
for damage to bolt 13. The circled dark blue area of this plot occurs near the top right corner of
the structure, accurately predicting damage to bolt 13 which is shown in yellow. Figure 37 shows
a COMAC with the dark blue area predicting damage once again at the top right corner (damage
to bolt 13) when the damage is actually located at its neighboring bolt 14. Similarly, Figure 38
demonstrates a predicted damage state for one of the bolts along the upper edge of plate 3 (bolts
25-28) corresponding to the lowest values of the COMAC. Since Figure 38 represents damage at

bolt 27, it accurately captures a region containing the damaged bolt, but could not localize the
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Figure 38: COMAC Plot for Damaged Bolt 27

Figure 39: COMAC Plot for Damaged Bolt 3
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Figure 40: Overall low-level Damage Detection and Localization

damage to an individual bolt. Finally, Figure 39 shows a case where damage goes undetected for
damage to bolt 3. No single area is low enough to obtain a predicted damage area, so unlike the
other COMAC Figures no region in is circled. The load-carrying plate containing the damaged
bolt was correctly predicted in Figs. 36-38, but not in Figure 39.

The localization to a single damaged bolt proved very difficult with the COMAC. In some
cases, localization was successful (Fig. 36), in some cases damage was predicted at a neighboring
bolt of the actual damaged bolt (Fig. 37), and in some cases a range containing the damaged bolt
was predicted (Fig. 38). However, 21 of the 48 low-level damage states do not show a particular
region that is most likely to have damage. Figure 39 shows one such case, where no area has a
blue region representing a decreased COMAC that accurately indicates damage. Combining the
MAC and COMAC results for the low-level damage detection resulted in the data seen in Figure
40. The 27 individual bolt locations shaded in grey represent the damage states that are localized
to the correct plate using the COMAC. The 11 individual bolt locations with vertical lines through
them represent the damage states that were detected with the MAC, but not successfully localized
with the PMAC or COMAC. The remaining 10 bolt locations were not detected or localized with
the MAC or COMAC.

The NOCOMAC and NOCOMACSUM were then investigated on the low-level damage with
a single fastener failure instead of the high-level damage with all four bolts along an edge being
damaged. This results in 48 independent low-level damage states. These damage states are sepa-

rated into two categories: 16 corner bolts (B1, B4, B7, B10, B13, B16, B19, B22, B25, B28, B31,
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B34, B37, B40, B43, B46) and 32 side bolts (B2-3, B5-6, B§-9, B11-12, B14-15, B17-18, B20-21,
B23-24, B26-27, B29-30, B32-33, B35-36, B38-39, B41-42, B44-45, B47-48). The results for the
NOCOMAC are reduced into three levels: accurate, semi-accurate, and inaccurate. For the low-
level damage case, accurate is defined to be a nodal damage prediction localizing to the correct
individual bolt. For the 196 node case, the three nodes closest to the damage are deemed accurate
for each damage state. For the 64 and 48 node cases, accurate damage assessment is defined for
a single node for each damage state. For example, bolt 4 damage is defined as accurate damage
assessment for nodes 13, 14, or 28 when using 196 nodes, and for only node 8 in the 64 and 48
node cases. Semi-accurate is defined as the damage being localized to the correct plate, but not
to the correct bolt. For example, if bolt 4 damage is localized to any nodal location on the Plate
1 other than 13, 14, or 28, it is deemed semi-accurate since the correct plate is localized but the
correct bolt is not localized. The final category, inaccurate, is defined to be any node prediction
being made to the wrong plate (Plates 2-4 for bolt 4).

The results for the low-level corner bolt damage accuracy are shown in Table 30. It can easily
be seen localizing corner bolt damage is mostly acceptable with the 30.0% accurate threshold being
obtained in most cases. Only the three highlighted cells (damaged bolt 13 for three modes used for
both 64 and 48 nodes used and damaged bolt 43 for three modes and 48 nodes used) do not meet
the 30.0% requirement. The lowest value accuracy percentage of 29.2% is just below the threshold
for successful damage localization. Since the low-level corner bolt damage results demonstrated
acceptable accuracy percentages, the semi-accurate and inaccurate instances will not be shown.

Next, the results between the three-node levels (196, 64, and 48) and the two-mode levels (three
and five) are analyzed to determine which set has more accurate damage localizations. The five-
mode NOCOMALC results show a greater percentage of accurate predictions than the three-mode
NOCOMAC results (60.6% versus 50.4%). The combined three-mode and five-mode results show
the best results when using 196 nodes and the worst results when using 48 nodes. The accuracy
percentages for the three nodal levels are: 57.7% for 196 nodes, 55.9% for 64 nodes, and 54.4%

for 48 nodes. This demonstrates more nodes predicting slightly better than less nodes and a the
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Table 30: NOCOMAC Accuracy for Low-level Corner Bolt Damage

196 Nodes 64 Nodes 48 Nodes
Damaged
Bolt %for3 | % for5 | % for3 | % for5 | % for3 | % for5
modes modes | modes | modes | modes | modes
1 62.8% 70.5% 56.3% 66.9% 54.2% 65.0%
4 49.7% 61.1% 50.5% 62.5% 49.3% 60.4%
7 77.6% 78.6% 75.0% 77.5% 72.9% 75.0%
10 43.5% 56.2% 41.7% 54.4% 40.3% 52.9%
13 30.6% 50.6% 29.7% 51.3% 29.2% 50.0%
16 58.7% 67.1% 55.2% 65.0% 52.8% 63.8%
19 42.0% 38.9% 41.1% 38.4% 40.3% 38.3%
22 57.8% 68.1% 56.3% 67.5% 54.9% 65.8%
25 61.2% 69.6% 59.4% 68.4% 57.6% 66.3%
28 40.5% 52.2% 35.9% 48 8% 34.0% 47.1%
31 60.4% 67.1% 55.2% 64.1% 53.5% 62.9%
34 56.6% 65.2% 55.7% 65.3% 54.2% 63.3%
37 45.4% 57.6% 44.3% 55.3% 44.4% 54.6%
40 53.6% 64.5% 51.0% 63.1% 49.3% 61.3%
43 30.8% 49.2% 30.2% 48 8% 29.9% 47.1%
46 53.6% 65.6% 47 9% 61.9% 46.5% 60.4%

five-mode results being significantly better than the three-mode results for the low-level corner bolt
damage.

The results for the low-level side bolt damage accuracy are shown in Table 31. Since the
low-level side bolt damage does not influence the stiffness of the system as significantly as the
high-level damage or the low-level corner bolt damage, most of the percentages are below the
30.0% threshold set for successful damage localization. Only five of the damaged side bolts (bolts
6, 27, 36, 41, and 45) reached the 30.0% threshold for all six of the cases. In some instances, an
additional seven damaged side bolts could be localized. All of the instances successfully localized
to the correct bolt using the NOCOMAC are highlighted in Table 31.

The damage localization for the low-level side bolt damage demonstrated virtually no sensi-
tivity to the number of modes or the number of nodes being used. The three-mode NOCOMAC
results have a slightly greater percentage of accurate predictions than the five-mode NOCOMAC

results (23.5% versus 23.0%). The accuracy percentages for the combined three nodal levels are:
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Table 31: NOCOMAC Accuracy for Low-level Side Bolt Damage

Damaged 196 Nodes 64 Nodes 48 Nodes

it % for 3 % for 5 % for 3 % for 5 %for3 | %for>
Bo modes modes modes modes modes modes
2 28.1% 27.2% 27.6% 23.4% 27.1% | 22.1%
3 28.1% 16.8% 27.6% 16.6% 27.8% | 16.7%
5 29.1% 17.7% 29.2% 19.7% 29.2% | 20.4%
6 51.2% 39.7% 48.4% 34.1% 47.2% | 32.9%
8 21.4% 39.9% 24.5% 40.6% 24.3% | 41.3%
9 23.5% 16.4% 13.5% 8.1% 9.7% 5.8%
11 0.0% 8.6% 0.0% 8.1% 0.0% 8.8%
12 0.0% 24.7% 0.0% 24.4% 0.0% 25.8%
14 23.3% 14.7% 21.9% 14.1% 20.8% | 13.8%
15 27.9% 16.7% 27.6% 16.6% 27.1% | 17.1%
17 2.2% 26.0% 3.6% 26.3% 4.9% 26.7%
18 6.0% 3.6% 1.0% 0.6% 0.7% 0.4%
20 36.6% 33.3% 16.1% 20.9% 13.9% | 19.2%
21 24.8% 40.1% 24.0% 38.4% 26.4% | 40.4%
23 41.7% 25.0% 36.5% 21.9% 34.7% | 20.8%
24 28.1% 16.8% 27.1% 16.3% 25.7% | 15.4%
26 21.4% 38.8% 20.8% 375% | 22.2% | 38.8%
27 42.0% 41.9% 34.4% 35.3% | 31.9% | 33.8%
29 2.7% 1.6% 0.0% 0.0% 0.0% 0.0%
30 0.3% 25.4% 2.1% 25.6% 2.8% 25.8%
32 27.9% 16.7% 27.6% 16.6% 27.1% | 16.3%
33 28.4% 17.0% 27.6% 16.6% 27.1% | 16.3%
35 28.1% 16.8% 27.6% 16.6% 27.8% | 17.9%
36 79.4% 47.7% 54.7% 32.8% | 535% | 32.1%
38 42.9% 29.5% 19.8% 13.8% 17.4% | 12.5%
39 25.2% 40.6% 26.6% 413% | 25.7% | 41.3%
1 48.3% 36.9% 44.8% 31.6% | 44.4% | 31.7%
'y] 23.5% 14.8% 22.9% 14.7% 22.2% | 14.6%
a4 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
45 52.2% 36.3% 46.9% 31.3% | 45.1% | 32.1%
47 0.0% 26.3% 0.0% 23.8% 0.0% 24.6%
48 0.0% 12.2% 0.0% 11.6% 0.0% 10.4%
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24.3% for 196 nodes, 21.3% for 64 nodes, and 21.0% for 48 nodes. This demonstrates a very slight
predictive trend of more nodes improving results, and three modes working better than five modes
for damage localization of low-level corner bolt damage.

This leads to a secondary fastener failure localization being used for low-level side bolt damage
based on localizing to the correct plate. Correct plate localization will be determined when over
half of the predicted locations are either accurate (to the correct bolt) or semi-accurate (to the cor-
rect plate). This will be investigated by determining which side bolt locations have an inaccurate
percentage below 50.0%. The inaccuracy results for the NOCOMAC for low-level side bolt dam-
age are shown in Table 32. The highlighted cells are instances where the damage is successfully
localized to the correct plate. Thirteen damaged side bolt locations are correctly predicted to the
plate in all six instances, while an additional eight side bolt locations are correctly predicted to
the plate in at least one of the six instances. While the NOCOMAC can successfully localize the
damage to some extent in the majority of low-level damage cases, it is not successful in localizing
all of the low-level states. At least some of the instances localized the low-level bolt damage to the
correct bolt for 28 of the 48 damaged states (16 corner bolts and 12 side bolts) and to the correct
plate for 37 of the 48 damage states (16 corner bolts and 21 side bolts) using the NOCOMAC.

The NOCOMACSUM was then calculated for the low-level damage with the nine weighting
combinations for three modes and for five modes. The node with the highest output value in
the NOCOMACSUM was then used as the predicted location of the damage. These predicted
locations were then separated into the accurate, semi-accurate, and inaccurate categories that were
used in the NOCOMAC low-level damage localization. All of the corner bolt damage cases were
successfully localized to the correct bolt. The low-level side bolts were collectively investigated
and separated into groups for easy comparison. The average values of the 32 side-bolt damage
cases over all of the instances are: 12.83 accurate, 12.09 semi-accurate, and 7.07 inaccurate. This
shows that, on average, the NOCOMAC accurately localized the 48 low-level damage states to
the right bolt 28.83 times (16 corner and 12.83 side), to the right plate 40.92 times (16 corner and

24.92 side), and did not localize to the right plate 7.07 times.
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Table 32: NOCOMAC Inaccuracy for Low-level Side Bolt Damage
196 Nodes 64 Nodes 48 Nodes
Damaged

Bolt %for3 % for5 %for3 % for5 % for3 % for5

modes modes modes modes modes modes
2 61.2% 56.5% 62.5% 56.6% 61.1% 56.3%
3 65.6% 56.6% 66.7% 57.8% 65.3% 56.7%
5 55.4% 48.3% 51.0% 45.3% 54.9% 46.7%
6 27.6% 32.9% 27.6% 33.1% 29.2% 33.3%
8 54.6% 41.8% 54.2% 41.6% 55.6% 42.1%
9 46.4% 48.6% 46.4% 47.5% 47.2% 48.8%
11 79.9% 67.7% 80.2% 68.1% 80.6% 67.5%
12 67.3% 50.1% 68.2% 50.0% 68.8% 50.0%
14 59.2% 55.6% 59.9% 55.6% 60.4% 56.3%
15 49.3% 50.6% A47.9% 49.7% 49.3% 50.8%
17 96.6% 68.7% 94 3% 66.9% 92 4% 65.4%
18 59.7% 66.2% 61.5% 66.9% 61.8% 67.1%
20 38.8% 38.7% 40.1% 38.8% 38.9% 37.9%
21 27.0% 27.6% 27.6% 25.9% 27.1% 24.6%
23 38.8% 40.4% 35.4% 39.4% 34.7% 39.6%
24 44.7% 43.9% 44.8% 44.7% 45.8% 45.4%
26 33.2% 30.0% 32.3% 30.0% 32.6% 29.6%
27 38.6% 38.0% 38.0% 37.8% 36.8% 36.7%
29 55.6% 57.7% 56.3% 57.8% 56.9% 57.9%
30 63.8% 48.6% 66.1% 51.3% 66.0% 51.3%
32 43.7% 46.5% 46.9% 50.3% 47.2% 52.5%
33 38.3% 44.6% 42 7% 47.2% 43.8% 49.2%
35 43.9% 43.9% 39.1% 42.8% 40.3% 44.6%
36 16.0% 26.3% 17.2% 27.8% 18.8% 28.8%
38 43.9% 54.5% 40.6% 51.9% 41.7% 52.1%
39 68.5% 49.8% 67.2% 49.4% 67.4% 48.8%
41 33.8% 33.7% 34.9% 34.4% 33.3% 33.3%
42 53.6% 54.3% 54.7% 55.3% 56.3% 57.9%
44 87.6% 69.4% 85.4% 70.6% 84.0% 70.0%
a5 24.8% 34.7% 24.0% 35.3% 24.3% 36.7%
a7 64.8% 46.8% 56.8% 42 8% 55.6% 41.3%
48 79.3% 63.4% 73.4% 59.7% 72.2% 59.2%
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Table 33: Average Results for Varying Number of Nodes in NOCOMACSUM Calculation

I 6 Voo | 64node 48 Node
Accurate 15.56 10.61 12.33
Semi-Accurate 9.39 14.06 12.83
Inaccurate 7.06 7.33 6.83

Table 34: Average Results for Varying Number of Modes in NOCOMACSUM Calculation

_ 3mode | 5mode
Accurate 8.93 16.74
Semi-Accurate | 13.00 11.18
Inaccurate 10.07 4.07

Each of the four variables used in the NOCOMACSUM calculation—number of nodes used,
number of modes used, mode weight w,,, and node weight w,,—were investigated to determine how
the variables influenced the success of making accurate damage localization predictions. The aver-
age accurate, semi-accurate, and inaccurate values for each of the variable influences are shown in
Tables 33-36. Table 33 shows how the number of nodes used in the NOCOMACSUM calculation
influences its accuracy. While using 196 nodes results in the highest accurate average (15.56), the
48 node result has the lowest inaccurate average (6.83). It is likely that the 196 node case has the
highest accurate average because it includes nodes between two bolts deemed acceptable for both
bolts (such as node 13 being accurate for both bolt 4 and bolt 5). Table 34 illustrates the number
of modes used in the NOCOMACSUM calculation being consistently better with five modes used.
The five-mode results outperformed the three-mode results with both a higher accurate average
(16.74 versus 8.93) and a lower inaccurate average (4.07 versus 10.07). Table 35 demonstrates
mode weighting using the MAC (w,,=M) being better than the uniform mode weight (w,, =U) and
the inverse mode weight (w,,=I) results in both accuracy and inaccuracy averages. Table 36 dis-
plays the node weighting with the edge nodes being twice the inner nodes (w,=E) superior to both
the inner nodes being twice the edge nodes (w,=I) and uniform node weighting (w,=U).

These results show that the best average accuracy is obtained when 196 nodes, five modes,
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Table 35: Average Results for Varying Mode Weighting in NOCOMACSUM Calculation

Accurate 12.67 13.50 12.33
Semi-Accurate 12.00 12.67 11.61
Inaccurate 7.33 5.83 8.06

Table 36: Average Results for Varying Node Weighting in NOCOMACSUM Calculation

Accurate 12.83 13.22 12.44
Semi-Accurate 11.94 11.83 12.50
Inaccurate 7.22 6.94 7.06

MAC mode weighting, and edge node weighting are used. Similarly, the best average inaccuracy
is achieved with 48 nodes, five modes, MAC mode weighting, and edge node weighting. The
best overall instance obtained with the variable combinations was 20 out of 32 side node accurate
readings with only two out of 32 inaccurate readings. This instance was obtained for two cases:
196 nodes, five modes, MAC mode weighting, and uniform or edge node weighting. The only
two low-level damage cases that were never accurate or semi-accurate were for the damage in bolt
18 and bolt 44. Both of these damage states resulted in minimal changes in the first five mode
shapes that were not detected numerically. No difference was detected with a visual investigation
of these two damage states either. Since these damage states did not significantly change the global

response to the five modes being investigated, the damage went undetected.
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Chapter 5

CONCLUSIONS

This research began with a numerical investigation of damage detection based on natural frequency
changes caused by damaged fasteners. Sizing optimization improved the design geometry to allow
for damage quantification to take place more effectively. The fastener damage in the TPS model
can numerically determine which plate contained the damaged fastener based on the changes in the
first 10 natural frequencies and their corresponding mode shapes. Most of the damage states can
be detected using only the changes in natural frequencies, but some of the damage states require
the use of new mode shapes arising due to the fastener failure for damage detection.

In order to obtain a more robust SHM system for this TPS prototype, a new finite element
model was created to include the backing structure. This finite element model captures the entire
structure, and not just the load-carrying plates and brackets. The focus of the research was shifted
from changing the material thicknesses to optimize the TPS design to validating the new finite
element model versus experimental results. Also, since frequency differentiation can be difficult
to achieve (especially when ensuring a symmetric design), mode shapes are used to investigate
damage instead of focusing on changes in the resonant frequencies. While changes in the res-
onant frequencies are achieved with sizing optimization, observing changes in the mode shapes
corresponding to the resonant frequencies is a better way to detect damage that is less sensitive to
environmental changes, like changing environmental temperature.

A research methodology was developed to detect simulated structural damage using a vali-
dated finite element model on changes in its low-frequency dynamics. A finite element model

was developed to capture the physical characteristics of a TPS prototype. The TPS was composed
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of composite parts with approximate material properties. The initial material property estimations
provided reasonable answers that could be improved upon by updating the unknown material prop-
erties. After completion of the material property updating with the experimentally obtained results,
the single load-carrying plate had under a 1% difference for the first three mode shapes. The fi-
nite element model of the TPS assembly captured the added complexity of the backing structure,
brackets, and bolted locations. The entire structural model agreed with the experimental results
for the first three mode shapes, with a maximum difference of 6.16%. This validates that the finite
element model properly simulates the low-frequency dynamics of the TPS.

The validated finite element model is then used to complete the fastener failure damage detec-
tion based on mode shape changes. Fastener failure damage is simulated using the validated finite
element model and modal characteristics are extracted to detect damage. The fastener failure in-
vestigation can be composed of an individual failed bolt or multiple failed bolts, depending on the
interest of the investigator. In this research, two predefined damage levels were investigated with
three calculated modal parameters (MAC, PMAC, and COMAC) between the healthy state and
each damaged state. The high-level damage state demonstrated the feasibility of the methodology
by properly localizing the damage to the correct load-carrying plate for each damage state, using
a two-tiered MAC/PMAC approach. The COMAC works better than the two-tiered MAC/PMAC
to localize the low-level damage, but it requires the MAC to be used to check for mode switch-
ing. The low-level damage used the same methodology and successfully detected and localized a
majority of the damage states. However, some of the low-level damaged states went undetected.

The NOCOMAC and NOCOMACSUM provided improved damage localization versus the
two-tiered MAC/PMAC and COMAC results. Both the NOCOMAC and NOCOMACSUM local-
ized the high-level TPS damage to the correct edge for each of the 16 damage states. Similarly,
all 16 of the low-level corner bolt damage cases are localized to the correct bolt using the NOCO-
MAC and NOCOMACSUM. Depending on the selection of the variables used in calculation of
the NOCOMAC and NOCOMACSUM, up to 20 of the low-level side bolt damage cases could be

localized to the correct bolt with an additional 10 localized to the correct plate. This means that
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only two of the 48 low-level damage cases were not successfully localized to the correct plate using
the best variables with the NOCOMACSUM versus 21 unsuccessful low-level damage localiza-
tions with the two-tiered MAC/PMAC and COMAC approaches. This demonstrates the improved
damage localization capabilities of the two new modal-based damage metrics versus the already

existing modal metrics.
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