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Abstract
Bonded-patch technology can be employed to either enhance the integrity or to repair damaged
structures. In aerospace applications consideration must be given to the effectiveness of the
bonded-patch technology to restore the performance of a given component to an acceptable level.
Repair of aircraft and components is of particular importance for military air fleets due to the
prolonged life-cycle of the aircraft beyond the normal design life. In this respect, a reliable and
cost-effective repair technology would help to minimize costs associated with maintenance of
military air fleets by offering a low cost alternative to replacing aircraft components. A
fundamental drawback to the application of this technology, particularly for critical, primary
structure, is the need to assure that the patch is performing as designed. Hence, the oncomponent characterization of a given bonded-patch is of vital importance in terms of assessing
the integrity of the bond. Disbond or delamination associated with long-term stress cycling can
adversely affect the quality of the bonded-patch. In this report, a simple and reliable method
based on modal resonance is described in which the variation in the modal resonance is employed
to detect and monitor the evolution of a bonded-patch disbond. For demonstration purposes the
proposed method is applied to aluminum 6061-T651 beams with bonded-patch segments on their
surface.

Résumé
La technologie des rapiéçages collés peut servir à améliorer l’intégrité des structures
endommagées ou à les réparer. Dans le domaine aérospatial, il faut tenir compte de la capacité de
cette technologie à ramener le rendement d’un composant donné à un niveau acceptable. La
réparation des aéronefs et des composants revêt une importance particulière pour les flottes
aériennes militaires en raison de la prolongation de la durée de vie des aéronefs au-delà de leur
durée de vie normale. À cet égard, une technologie de réparation fiable et rentable aiderait à
réduire au minimum les coûts liés à la maintenance des flottes aériennes militaires en offrant une
solution de rechange peu coûteuse au remplacement des composants d’aéronef. Un des
principaux inconvénients liés à l’utilisation d’une telle technologie, plus particulièrement au
niveau des structures primaires critiques, est la nécessité de faire en sorte que le rapiéçage
fonctionne comme prévu. La caractérisation sur place d’un rapiéçage collé est donc d’une
importance vitale du point de vue de l’évaluation de l’intégrité du collage. Le décollement associé
au stress cyclique à long terme peut nuire à la qualité du rapiéçage collé. Le présent rapport traite
d’une méthode simple et fiable qui se sert des variations de la résonance modale pour déceler et
surveiller l’évolution des décollements de rapiéçage. Aux fins de démonstration, la méthode
proposée est appliquée sur des poutres en aluminium 6061-T651 comportant des rapiéçages collés
en surface.
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Executive summary
Bonded-Patch Integrity Characterization: A Modal Resonance
Approach
Rinaldi, G. and Genest, M.; DRDC Atlantic TM 2009-079; Defence R&D Canada
– Atlantic; September 2009.

Introduction or background
Fatigue damage, hidden cracks, disbonded joints, erosion, and corrosion are among the major
flaws encountered in today’s bridges, buildings, space transport vehicles, and fleet of aging
aircraft. Aircraft operate in conditions that can vary significantly (pressure, temperature,
vibrations, take-off and landing) over a relatively short period of time. As the quantity of aircraft
that continue to operate beyond their design lives increases, the number of flight-cycles continues
to increase. This augments the likelihood that flaws develop throughout the aircraft’s skin and
airframe components due to these intrinsic flight-cycles.
The specific costs associated with the increasing maintenance and repair of aging aircraft are
rising at an unexpected rate. In this regard, condition-based maintenance practices can be
employed to replace the current time-based maintenance approach. Current viewpoints towards
damage-tolerance oblige a structure to be capable of withstanding small damage without failure.
Also, new and unexpected structural damage must be addressed by the application of advanced
detection methods. Hence, there is a need for reliable structural health monitoring (SHM) systems
that can assess the structural condition of the part and, if need be, signal the need for maintenance
intervention.
Composite bonded patch repairs continue to be one of the most cost-effective alternatives to the
very high replacement costs of aircraft components and to their life extension, but quick, easy and
reliable integrity assessment tools have yet been established for that type of repairs. In this work,
the proposed SHM approach is based on a simple mechanical vibration induced by tapping the
specimen of interest, but employs advanced experimental modal analysis tools to determine patch
disbond integrity, severity and progression. By monitoring the vibration produced the damage
assessment can determined.

Results
A simple, practical, deployable technique based on modal analysis is demonstrated on simple
aluminium 6061-T651 patched beam specimens to characterize composite bonded repairs disbond
severity and propagation. It is demonstrated that the frequency shift can be correlated to the
percentage of disbond and that at higher frequencies provides better resolution. In addition, two
sets of calibration curves were also presented to compensate for frequency shift that could result
from other factors.
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Significance
The proposed approach presents a real potential for integration into a maintenance program due to
its analysis and implementation simplicity as well as system portability. Moreover the proposed
approach is quick and inexpensive, which can reduce maintenance cost associated with inspection
and maintenance of bonded repairs.

Future plans
The proposed approach was demonstrated on a simple sample which uses Teflon film to simulate
patch disbonds. It is planned to demonstrate the same approach to determine patch disbond
integrity, severity and progression while a patch repairs is undergoing fatigue cycle. Thereafter, a
demonstration on real aircraft structure is expected.
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Sommaire
Bonded-Patch Integrity Characterization: A Modal Resonance
Approach
Rinaldi, G. and Genest, M.; DRDC Atlantic TM 2009-079; R & D pour la défense
Canada – Atlantique; September 2009.

Introduction ou contexte
Les dommages causés par la fatigue, les criques cachées, les joints décollés, l’érosion et la
corrosion comptent parmi les principaux problèmes qui affectent les ponts, les bâtiments, les
véhicules spatiaux et les flottes d’aéronefs vieillissants. Les conditions dans lesquelles volent les
aéronefs peuvent varier rapidement et de manière significative (pression, température, vibrations,
opérations de décollage et d’atterrissage). Puisque le nombre d’aéronefs exploités au-delà de leur
durée de vie utile augmente, le nombre de cycles de vol augmente aussi, ce qui fait accroître les
possibilités de défaillance au niveau des revêtements des aéronefs et des composants des cellules.
Les coûts liés au nombre toujours croissant de travaux de maintenance et de réparation des
aéronefs vieillissants grimpent à une vitesse étonnante. Pour contrôler la situation, il est possible
d’utiliser des méthodes de maintenance basées sur l’état plutôt que les méthodes en vigueur
basées sur la durée. Selon les points de vue actuels sur la tolérance aux dommages, une structure
doit pouvoir résister à des dommages mineurs sans qu’il y ait défaillance. De plus, de nouveaux
dommages structuraux imprévus exigent l’utilisation de méthodes de détection de pointe. Il faut
donc des systèmes de surveillance de l’état des structures fiables capables d’évaluer l’état des
pièces et, le cas échéant, de déterminer les besoins de maintenance.
Le rapiéçage des composites collés constitue toujours une des solutions de rechange les plus
rentables pour faire face aux coûts de remplacement très élevés des composants d’aéronef en
permettant de prolonger la durée de vie des composants. Par contre, il n’existe pas d’outils
capables de faire des évaluations rapides, faciles et fiables de l’intégrité en vue d’effectuer ce type
de réparation. La méthode de surveillance de l’état des structures proposée dans le présent
document est fondée sur une simple vibration mécanique produite en frappant sur un échantillon,
mais elle fait appel à des outils d’analyse modale expérimentaux et évolués pour déterminer
l’intégrité, la gravité et l’évolution des décollements de rapiéçage. En examinant la vibration
produite, il est possible d’évaluer les dommages.

Résultats
Une technique simple, pratique et utilisable sur le terrain, basée sur une analyse modale, a été
utilisée sur de simples éprouvettes de poutre rapiécée en aluminium 6061-T651 afin de
caractériser la gravité et la propagation des décollements de rapiéçages de composites collés. Il a
été démontré qu’il était possible de mettre le déplacement de fréquence en corrélation avec le
pourcentage de décollement et que la résolution était meilleure aux fréquences élevées. De plus,
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deux ensembles de courbes d’étalonnage ont également été présentés pour compenser le
déplacement de fréquence qui pourrait résulter d’autres facteurs.

Importance
L’approche proposée présente un potentiel réel d’intégration dans un programme de maintenance
en raison de la simplicité de son analyse et de sa mise en œuvre, de même que de la portabilité du
système. De plus, l’approche proposée est rapide et peu coûteuse, et peut permettre de réduire les
coûts liés à l’inspection et à la maintenance des rapiéçages collés.

Perspectives
L’approche proposée a été démontrée grâce à une simple éprouvette comportant une pellicule de
Téflon qui simule les décollements de rapiéçage. La même approche devrait être utilisée pour
déterminer l’intégrité, la gravité et l’évolution des décollements de rapiéçage alors qu’un
rapiéçage est soumis à une fatigue cyclique. Par la suite, une démonstration devrait être effectuée
sur une véritable structure d’aéronef.
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1.

Introduction

1.1

Background

Fatigue damage, hidden cracks, disbonded joints, erosion, and corrosion are among the major
faults encountered in today’s bridges, buildings, space transport vehicles, and fleet of aging
aircraft. Aircraft operate in conditions that can vary significantly (pressure, temperature,
vibrations, take-off, landing) over a relatively short period of time [1]. The number of flightcycles continues to increase as aircraft lifetimes are extended beyond their design limits, and the
quantity of aircraft, both military and civilian, that continue to operate well beyond their design
lives continues to grow.
An inescapable consequence of the extended use of aircraft is that flaws (cracks, corrosion,
impact damage) develop throughout the aircraft’s skin and airframe components due to these
intrinsic flight-cycles. The purchasing of new aircraft or components is often delayed resulting in
aging aircraft fleets that in turn place ever increasing demands on efficient and safe repair
methods [1]. In addition to the costs associated with normal operational costs, further expenses
associated with the increasing maintenance and surveillance needs of aging aircraft are rising at
an unexpected rate. Maintenance and repairs account for about a quarter of aging commercial
aircraft operating costs. In this regard, condition-based maintenance practices can be employed to
replace the current time-based maintenance approach. Such condition-based systems should be
able to detect developing, and monitor existing damage before disastrous failures occur [2].
Current viewpoints towards damage-tolerance oblige a structure to be capable of withstanding
small damage without failure [2]. Also, new and unexpected structural damage must be addressed
by the application of advanced detection methods. Hence, there is a need for reliable structural
health monitoring systems that can assess the structural condition of the part and, if need be,
signal the need for maintenance intervention.

1.2

Structural health monitoring

The basic concept is to build a monitoring scheme similar in concept to the human nervous
system, with a network of sensors placed in critical areas where structural integrity must be
maintained [3]. In this way structural health monitoring (SHM) comprises a distributed network
of sensors capable of collecting and sending information. SHM sensor systems work by detecting
the presence of damage using an onboard sensor network, or by recording or tabulating the
incidence, if any, of high risk events such as impact. The main point to note is that the relative
ease of monitoring an entire network of distributed sensors means that structural health
assessment can occur more often, thereby allowing operators to be even more informed with
respect to the onset of damage [2]. A number of SHM sensing technologies are currently under
development or in use. The most common among them are the following [3]:
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i)

Fibre Bragg Diffraction Grating Sensors: Fibre-optic cables embedded in
the structure are marked with optical interference patterns. Any local
strain causes a slight change in the sensor's transmitted light wavelength.

ii) Acoustic Emission: Transducers listen for acoustic signals generated by
cracks, delaminations or fibre breakage.
iii) Acousto-Ultrasonics: Low Frequency acoustic pulses are sent through a
part and received by transducers. Damage causes a change in the
reflected acoustic energy.
iv) Smart or Sensitive Coatings: Coatings or paints with integrated piezoand ferro-electric elements or carbon nanotubes can function to detect
strain. Some sort of spectroscopy is needed to detect changes in the
coating.
v) Microwave Sensors: Small microwave sensors embedded in the structure
send and receive signals that indicate moisture ingress. The method is
good for monitoring composite sandwich structures.
vi) Imaging Ultrasonics: A small ultrasonic wave transducer generates a
signal that passes through the material. Changes in wave reflection
indicate flaws or damage.
vii) Comparative Vacuum Monitoring: Monitoring of vacuum vs.
atmospheric pressure in fine tubes within a simple manifold that is
adhered to the surface of a structure can detect crack propagation in that
structure.
The concept of the distributed sensor network for aircraft is shown in Figure 1.

Figure 1: A depiction of a distributed sensor network for structural health monitoring on a CF-18
fighter aircraft. CF aircraft figures taken from [4].

2
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1.3

Bonded patch repair

Traditionally, aircraft repairs have been accomplished by mechanically fastening or adhesively
bonding metallic or composite doublers to the problem area. The use of bonded composite
materials offers the airframe manufacturers and aircraft maintenance facilities a cost effective
method to safely extend the lives of their aircraft or component. However, although adhesive
bonding repair presents several advantages over mechanical fastening, including reduced stress
concentration, greater structural efficiency and improved aerodynamic profiles, it is not possible
to assure the initial quality and on-going integrity of the repair. Over the past two decades,
adhesive bonding repair technology has advanced significantly and new concepts such as smart
patch repairs technology have been introduced to address such technology limitations [1-3, 5,6].
The “smart” concept is based on the integration of advanced sensors within the repair. For this
purpose, several sensors have been investigated, including piezoelectric film sensors, optical-fibre
sensors and traditional resistive strain gauges [7-10]. Even though these sensors have presented a
real potential for the development of such smart-concept, they also introduced additional
manufacturing and implementation complexity, potentially needing additional certification
requirements. Due to these challenges, several efforts have recently focused on the development
and evaluation of new sensing approaches. Such approaches include integrated strain gauge
strips that are used for accumulated damage and cycle exposure of the adhesively bonded repair
[11], wireless strain gauge adhesive bonded repair delamination and disbond [12], piezoelectric
based bonded repair structural health monitoring [13-15] among others. Although these new and
innovative approaches introduce additional benefits, they are mainly being developed for on-line
structural health monitoring and they require further development for the application considered
in this work.

1.3.1

Disbond detection methods

As discussed above, several nondestructive inspection (NDI) methods are available for damage
assessment and integrity evaluation of composite structures; however, traditional inspection
methods often require that the structure be taken out service in order for the evaluation to be
carried out. In this regard, continuous SHM allows assessment of the health of the structure
without removing the structure from service [16]. In recognizing the fact that composite bonded
patch repairs continue to be one of the most cost-effective alternatives to the very high
replacement costs of aircraft components and to their life extension, and that quick, easy and
reliable integrity assessment tools are needed, a conventional NDI is introduced and assessed.
In this work, the proposed SHM approach is based on the well known “tap-test” [17, 19-21] but it
employs advanced experimental modal analysis tools [18] to determine patch disbond integrity,
severity and progression. A tap is applied manually to the structure of interest (for the work
presented herein, aluminum 6061-T651 beams with bonded carbon fibre composite patches are
employed as test structures). Then by monitoring if there is a variation in the vibrational
resonance of the structure, a determination can be made as to whether there is any damage present
in the structure. The proposed approach presents a real potential for integration into a
maintenance program due to its analysis and implementation simplicity as well as system
portability.
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1.4

Carbon fibre composites

The quantity of fibre-composite materials being used in aerospace, industrial, automotive and
marine structures is increasing every year. Their primary attributes are that they offer higher
stiffness and strength compared with conventional engineering materials [22]. Shown in Figure 2
is a schematic of the fabrication process for carbon fibre composite materials [23].

Figure 2: An overview of the manufacturing process for carbon fibre composites [23].

1.4.1

AS4/3501-6

The bonded patch material employed in this work is the graphite/epoxy AS4/3501-6 composite.
In this alpha-numeric designation the AS4 refers to the carbon or graphite fibres, and the 3501-6
to the type of epoxy used. The finished product is then known as the AS4/3501-6 composite.
Shown in Figure 3 is the coordinate system used to designate the orientation of the fibres within
the composite [24]. In this figure, the principle axis are designated numerically as 1-along the
length of the fibre; 2-parallel to the laminate; 3-perpendicular to the laminate. The rotational axes
are designated as X, Y, and Z are used to characterize any fibre misalignments from the principle
axes. In this regard, the mechanical properties for AS4/3501-6 composites are depended upon the
orientation and alignment of the carbon/graphite fibres within the composite. Typical mechanical
constants are shown in Table 1, where E1and E2 are Young’s modulus in the 1 and 2 directions,
respectively, G12 the shear modulus in the 1-2 plane, and ν12 Poisson’s ratio in the 1-2 plane.
Table 1: A comparison of mechanical constants for AS4/3501-6 carbon fibre composite.
Mechanical Constants
E1 (GPa)
E2 (GPa)
G12 (GPa)

ν12

Density (kg/m3)

4

[25]
138
9.65
5.24
0.3
1550

[26]
142
10.3
7.2
0.27
1580

[27]
131
13
6.4
0.34
-

[28]
142
10.3
7.2
0.27
1580
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Figure 3: Schematic of a carbon fibre composite illustrating the principal axes that define the
fibre orientation and alignment [24].
The effects of fibre misalignment on the mechanical constants are shown in Figure 4 [29].

Figure 4: The effect of carbon fibre misalignment on the mechanical constants of the composite
[29].
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1.4.2

Comparing chemical structures: carbon, graphite

AS4 fibres can have either carbon or graphite designations. At first glance this would appear to
be the same material as graphite is basically carbon. However, subtle differences between these
two forms of carbon do exist and they are discussed below.
Carbon fibres are amorphous hence, it is difficult to get an accurate description of the atomic
structure. A very small piece of carbon fibre has a “chickenwire” like configuration of its atoms
and can look like graphite, as shown in Figure 5 [30]. The main difference, however, is that
carbon fibres do not have long range ordering of the chickenwire structure as does graphite as
illustrated in Figure 6 [31].

Figure 5: Chickenwire like atomic arrangement in carbon fibres [30].
It has been reported that the inclusion of graphite nano-particles in the carbon fibre/epoxy
composite can improve the mechanical properties of the composite [31].

6
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Figure 6: Comparing the structure of amorphous carbon fibres to the highly organized graphite
fibres [30].

2.

Beam Patching Methodology

To demonstrate the suitability of the proposed approach for the detection of composites bonded
patch repair disbond severity and progression, an experimental analysis is conducted on several
patched aluminum (Al) specimens. In these particular beams the patches are used primarily to
add rigidity.

2.1

Bond patched Al 6061-T651 beams

The specimens consist of Al 6061-T651 substrates having dimensions (length x width x
thickness) of 406.4 x 50.8 x 6.35 mm3 with 6-ply AS4 3501-6 graphite/epoxy (Gr/Ep) adhesively
bonded repair patches tapered at 0.059 (rise/run). Figure 7, illustrates a schematic of the designed
and manufactured bonded repair specimens as well as an unpatched specimen that is used as a
reference. The patches are centered symmetrically about the mid-point of each beam. Teflon
inserts, only on one side of the repair, are used to simulate bondline disbond. Five specimen
configurations were considered: unpatched (Figure 7f), no-disbond (Figure 7e), quarter-disbond
(Figure 7d), half (Figure 7c) and full (Figure 7b) disbonds and are designated as B00, B01, B03,
B05 and B07, respectively.
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Figure 7: The various investigated patched specimens configurations. (a) Side view of the beam
with bonded patch and orientation of Teflon disbond insert. (b) Top view of full width
disbond. (c) Top view of ½ width disbond. (d) Top view of ¼ width disbond. (e) Top
view of no disbond. (f) Top view of unpatched bare aluminum beam.
The patches are bonded onto the specimen in a symmetric configuration to ensure no specimen
bending due to thermal effect experienced during the manufacturing process. Furthermore, the
patches used in this study are purely for strength enhancement rather than damage repair. The

8
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101.6 x 50.8 mm2 AS4/3501-6 Gr/Ep patches were manufactured using the carbon fibre
manufacturer (Hexcel) recommended process cycle and following the common lay-up and debulking processes for composites laminates manufacturing (Ramp P/T 116°C dwell 65 min @ 85
psig, 177°C dwell 130 min @ 100 psig with heat up rate of +1.9°C/min and cool down rate of
1.9°C/min). Cytec FM®73 film adhesive [32] of thickness 0.18 mm is used to bond these patches
(both sides) to the Al substrate. To create a disbond between the patches and the substrate, a
rectangular cut-out in the FM®73 adhesive layer, corresponding to the desired disbond
configuration is made. A patch of 0.05 mm thick, non-perforated Teflon film is placed in the
adhesive cut-out area between the carbon fibre patch and the Al substrate to ensure successful
disbond. Excess of the Teflon film is left extending from the patch perimeter to facilitate removal
following cure. Thereafter, the vacuum bagged patched Al substrates are cured in an autoclave
environment. This entailed ramping pressure up to 5 psig, venting the vacuum bag, then
commence the temperature and pressure ramp to 121°C @ 40 psig, 121°C dwell of 65 min
121°C @ 40 psig with heat up rate of +2.4 to 2.8°C/min and cool down rate of 2.4 to 2.8°C/min,
all under a vented state. Figure 8 illustrates the manufactured specimens highlighting the
disbonded regions. Shown in Figure 9 is an overview of the experimental setup employed for the
disbond characterization.

Figure 8: The five Al 6061-T651 tested specimens.
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Figure 9: Experimental setup for the modal approach.

3.

Experimental Setup and Analysis

It is well known that when patching the substrates the structure’s stiffness increases. Additionally,
any induced damage to the patch (patch disbond or delamination) causes reduction in its stiffness.
It is the objective of this experimental analysis to employ the proposed frequency based modal
approach and to monitor the frequency response to infer and monitor the disbond and its
progression.

3.1

Base excitation

Employing the experimental setup of Figure 9, the proposed modal based approach is
demonstrated. For this experiment, a set of three accelerometers (Brüel & Kjær Type 4517) with
amplifiers (Wilcoxon Research Model P703B) were placed as shown in Figure 7 and used to
detect the repair response to different degrees of disbond. A modal analysis impact hammer
(Endevco Model 2302-100) with it associated signal amplifier (Endevco Model 4416B) was
employed to inject base excitation energy into the system. An oscilloscope (Tektronix Model
TDS 5104) is used to acquire and analyze the impact as well as the accelerometers time domain
response signals. The time domain signals are then converted to a frequency response through a
Fast Fourier Transform (FFT) algorithm within the TDS 5104. Shown in Figure 10 is a
schematic of the B00 beam and foam support structures employed for simulating free-free
boundary support conditions.

10
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Figure 10: A schematic of the unpatched aluminum B00 beam indicating the placement of the
accelerometer and base excitation impact location.
The manufactured specimens (beams) of Figures 7 and 8 were individually impacted, at the
specified locations, using a modal hammer and the frequency responses were obtained using
accelerometers. The beam ends were supported by soft foam braces (shown in Figure 9) to
simulate free-free boundary support conditions. The first experimentation consisted of impacting
the reference beam (B00), as shown in Figure 10, with individual high and low energy impacts.
This was done to illustrate the effect of impact energy on the frequency response. Figure 11
shows examples of high (top) and low (bottom) energy impacts and their respective frequency
responses and illustrates only changes of amplitude for all frequencies at these impact levels. In
this figure, the left hand side of both the top and bottom shows the impact hammer response.

Figure 11: The effects of modal impact hammer energy on the frequency response. Top row: High
energy impact. Bottom: Low energy impact.

DRDC Atlantic TM 2009-079

11

In order to demonstrate the simplicity of this modal approach for disbond characterization, a
“coin tap” test is proposed in order to excite the specimen’s natural frequencies. Figure 12 shows
a comparison of impact hammer and coin tap tests (a $2 coin was employed).

Figure 12: A comparison of the frequency response obtained using (a) an impact hammer and (b)
a coin tap.
Comparing the two base excitation approaches, it can be seen that they are virtually identical in
terms of the natural frequency response obtained. The only difference is seen in the amplitude of
the signal obtained due to the relatively “heavier” impact obtained with the hammer.

3.1.1

Accelerometer placement

Presented here is the effect of the placement of the accelerometer on the frequency response
obtained. In this regard, three accelerometer positions, as shown in Figure 13, and designated as
Beam, Top, and Bottom, respectively are investigated. The impact location for the base excitation
is also shown in this figure. The B03 beam was employed in this investigation. The frequency
responses obtained from these individual accelerometers are shown in Figure 14. In this
comparison, there is no discernable difference in the frequency response other than in the
amplitude of the signals obtained from each individual accelerometer. This may in part be due to
slight variations in each accelerometer’s sensitivity, and also to the damping effects of the bonded
patch material.

Figure 13: A schematic of the patched aluminum beam indicating the placement of the
accelerometers and base excitation impact location.

12
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Figure 14: A comparison of the frequency responses obtained for the three accelerometer
placements. (a) Beam. (b) Top. (c) Bottom.
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3.1.2

Impact location

The effect of the location of the base excitation impact is now investigated. This is done to show
that depending upon the location of the individual impacts; certain frequencies may be amplified
or, contrarily, attenuated. In this regard, five impact positions a, b, c, d and e as shown in Figure
15 are compared. Hence, in order to apply this modal approach, it will be necessary to establish
an “ideal” impact location for the duration of the tests. The results obtained for the B01 beam are
presented in Figure 15.
These results illustrate the influence of the impact location on the excited frequencies. Hence, if
one is to monitor the patch disbond employing a change in the 3414 Hz frequency (for this
particular accelerometer-impact location configuration) then one may impact the beam at location
a, b, d and e. At location c, the 3414 Hz frequency is completely non-responsive with respect to
the location of the accelerometer. In this regard, once one has made a choice of impact location
for any given specimen, then one should maintain that particular location in order to be able to
quantify any changes to the beam specimen. Similar effects are seen for the other frequencies
with amplitudes increasing/decreasing as a function of the modal hammer impact location.

3.2

Structural enhancement

While the main focus of bonded patch repair technology is to repair a structure, a secondary but
equally important application is to add structural enhancement to a given component (damaged or
not). In terms of the modal response analysis approach presented herein, the increased structural
strength may be quantified through an increase in the stiffness of the structure which may in turn
be characterized by an increase in the natural frequency obtained for that structure. An example
of this phenomenon is shown in Figure 16 for the unpatched B00 and the patched no disbond B01
beams.

3.3

Disbond characterization

With all the necessary tools and knowledge acquired from the previous tests conducted, it is now
the aim to apply the modal approach to detect and quantify the amount of disbond present. For
these tests the same experimental setup as shown in Figures 9-10 was adopted. The
accelerometer placement chosen was the Top location as shown in Figure 13 and base excitation
impact location b as shown in Figure 15 was used. Frequency bands of 200-290 Hz (band 1),
1140-1440 Hz (band 2), and 2850-3450 Hz (band 3) were targeted to monitor the shift in
frequency due to disbond progression. Also, the increased stiffness due to the bonded patch can
be seen in each frequency band. Illustrated in Figure 17 are the frequency responses for all the
cases considered in Figure 7. In all frequency ranges it is observed that, by bond patching the Al
beams, the beams’ stiffness increased and the frequencies have shifted significantly. For the
frequency shown in Figure 17c, a shift of 15.2% is observed between the unpatched specimen
(B00) and the no disbond specimen (B01). Hence, the stipulated increase in stiffness due to
patching can be clearly quantified using the frequency based modal response.

14
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Figure 15: Top: Schematic of beam B01 with the locations of the accelerometer and five impact
locations. (a) Frequency response obtained from impact location a. (b) Frequency
response obtained from impact location b. (c) Frequency response obtained from
impact location c. (d) Frequency response obtained from impact location d. (e)
Frequency response obtained from impact location e.
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Figure 16: Frequency responses obtained for the B00 unpatched beam and B01 patched beam.

Similarly, for patched specimens with various respective disbond (B03, B05, B07), the shift in the
natural frequency due to the relative reduction in the stiffness of the beam may also be tracked
and the disbond can be quantified as illustrated in Table 2, where the theoretical values for the
unpatched specimen (B00) were calculated using Equation (1) [33].

λi
Eh 2
fi =
2π 12 ρL4

(1)

In Equation (1) fi represents the frequency, λi the modal eigenvalue, E Young’s modulus (68.9
GPa), h the thickness of the beam, ρ the density (2700kg/m3), and L the length of the beam.
Table 2: A comparison of the natural frequencies obtained as a function of the patch and patch
disbond. Theoretical values are shown for the unpatched specimen.
Frequency

16

Unpatched specimen

Patched specimens

band

Exp. (Hz)

Theo. (Hz)

B01 Exp. (Hz)

B03 Exp. (Hz)

B05 Exp. (Hz)

B07 Exp. (Hz)

1

218

216

279

278

274

270

2

1172

1169

1420

1419

1399

1383

3

2892

2890

3414

3410

3369

3343
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The higher frequencies are more sensitive to disbond progression due to wider band width
available over the full disbond range. This is shown in Figure 18. Hence, the selection of a
higher frequency will lead to a better degree of accuracy when characterizing the disbond based
on the frequency response of the structure.
The variation in the frequencies obtained in Figure 17 for the three frequency bands indicate that
the disbond influences the stiffness of the beam. Therefore, despite the increase in mass of the
beams due to the bonded patch, the overall effect is a strengthening or stiffening of the beams. In
this regard, the ability to predict the relative amount of disbond based on a reduction in stiffness
would be an invaluable tool for SHM. Therefore by generating calibration curves for the 3
frequency bands it would be possible to estimate any amount of disbond a priori based on the
frequency response obtained for a given patched beam.
Shown in Figure 19 are the calibration curves for the three frequency bands presented herein.
The fitted curve is based on a 2nd order polynomial. The equation of the polynomials is also
shown for each case. It is interesting to note that for each of the frequency bands presented in
Figure 19, the experimental result for beam specimen B03 does not fall on the fitted curve. This
would suggest that the disbond is actually less than that. Hence, these curves can be used to
predict the amount of disbond present in a patched beam by measuring the natural frequency
obtained through impact hammer or coin tap excitation. Given in Table 3 are the polynomial
equations defining the frequency dependence as a function of the amount of disbond for each of
the three bands investigated.
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(a)

(b)

(c)

Figure 17: Comparisons of the shift in natural frequency due to the bonded patch and the shift
due to relative disbond present in each specimen. (a) Frequency band 1. (b) Frequency band 2.
(c) Frequency band 3.
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Figure 18: A comparison of the normalized change in frequency for each frequency band with
respect to the amount of normalized disbond present in the structure.

Table 3: 2nd order polynomial equation for each of the frequency bands.
Frequency band
1
2
3

DRDC Atlantic TM 2009-079

Polynomial equation
2x2 - 11x + 279
10x2 - 47x + 1420
38x2 - 109x + 3414

19

Figure 19: Calibration curves for the three frequency bands investigated (patched specimens
only). (a) Frequency band 1. (b) Frequency band 2. (c) Frequency band 3. The
experimental result for the B03 beam does not fall on the curve.
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3.4

Thermal influences

Thermal effects will affect the mechanical properties of Al [34-36]. In terms of frequency based
measurements, temperature will affect Young’s modulus of elasticity and the density of Al.
Therefore in order to quantify the change in frequency due to a disbond the temperature
component should also be investigated. For the unpatched B00 beam, the temperature dependence
of the natural frequency can be estimated by modifying Equation (1) to,

f i (T ) =

λi
E (T )h 2 (T )
2π 12 ρ (T ) L4 (T )

(2)

where the following definitions apply,

L (T ) = L + ΔL;

ΔL = L * CTE * ΔT

(2a)

h(T ) = h + Δh;

Δh = h * CTE * ΔT

(2b)

w(T ) = w + Δw;

Δw = w * CTE * ΔT

(2c)

where CTE is the coefficient of thermal expansion for 6061-T651 aluminum and w is the width of
the beam.

ρ (T ) =

ρLwh
L(T ) w(T )h(T )

E (T ) = E + ΔE ;

ΔE = E * CY * ΔT

ΔT = T − T ( 21o C )

(2d)
(2e)
(2f)

The thermal dependence of Al 6061-T651 on its mechanical characteristics is linear in nature
[37], hence the linear changes in geometry due to the thermal influence can be readily calculated.
In this regard, the CTE value for Al 6061-T651 employed in the theoretical calculations is
23.6μm/m-oC [36-39], and the thermal dependence of the CTE in the temperature range -25oC to
21oC is 0.037142857140μm/m-oC [39]. At temperatures between 21oC-100oC the CTE remains
constant [38]. In the experiments carried herein, the temperature ranged between 22oC to 70oC.
For the thermal dependence of Young’s modulus, the coefficient (CY) value of -0.042985714
GPa was determined experimentally and is consistent with the published value of -0.045 GPa
[37]. The experimentally determined value was used for the theoretical analysis. In these tests,
the beams were allowed to “soak” in a thermal environment for 90 minutes. Shown in Figure 20
is the B03 beam mounted in the oven (VWR Scientific Instruments Oven Model 1680). The
surface temperature of the beam was measured and monitored using a thermometer (Omega
Model HH21 Microprocessor Thermometer) and thermo-couple (Omega Type K) that was
attached with an adhesive strip to the surface of the beam.
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Figure 20: Placement of the beam in the thermal environment (oven). B03 beam is shown
with the thermo-couple attached.
Due to the limitations in affixing the accelerometer at the Top position when the beam was
thermally loaded, a different approach was employed to extract the frequency response of the
beam. For these tests a micro-electro-mechanical-systems (MEMS) microphone was employed to
acquire the acoustic signal from the surface of the beam after an applied tap. Shown in Figure 21
is an overview of the microphone assembly. Illustrated in Figure 22 is the beam mounted on the
supports and placed over the microphone. Shown in Figure 23 is an overview of the entire
experimental setup.

22
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Figure 21: An overview of the experimental setup used for the temperature measurements.

Figure 22: The aluminum beam placed over the microphone.
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Figure 23: An overview of the experimental setup employed for the temperature tests.
Tap tests were then taken for every 5 or 10 degree centigrade decrease in the surface temperature
of the beam. Shown in Figure 24 are the superimposed frequency responses obtained at various
temperatures for the unpatched B00 beam. It can clearly be seen that the frequency response
obtained is a function of the surrounding temperature. Figure 25a shows the experimental results
for the shift in frequency of the B00 beam and the linear fit, Figure 25b shows the experimental
results for both the B01 and B07 specimens as function of temperature and the respective 2nd
order polynomial fit. The non-linearity of the responses obtained for the patched B01 and B07
specimens are in part due to the thermal coefficient mismatches between the 6061-T651 Al and
the bonded patch material and the thermal characteristics of the patch material. It can be seen in
Figure 25b that at higher temperatures the stiffening effect due to the patch reduces non-linearly
and that the non-linearity is increased further for a beam specimen with a disbond present. Given
in Table 4 are the equations used to generate the curves to compare with the experimental results.
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Figure 24: The variation of the frequency response as a function of the thermal environment for
the B00 unpatched beam.

Table 4: The equations used to generate the fitted curves for the 3 beams investigated.
Beam
00
01
07
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Equation
-0.9246T + 2911.8
-0.0047T2 - 0.4214T + 3423.4
-0.0092T2 - 0.4524T + 3349.9
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Figure 25: The influence of temperature on the natural frequency response. (a) The linear
response of the B00 beam. (b) Comparing the non-linear responses of the B01 and B07 beams.

26

DRDC Atlantic TM 2009-079

4.

Conclusions

A simple, practical, potentially deployable method has been demonstrated to characterize the
disbond of bonded patch repair. The ease of this approach allows one to employ the classical
coin tap method to excite the beam. The shift in natural resonance frequency was employed to
obtain information about the status of the bonded patch. Three frequency ranges were
investigated. It was determined that higher frequencies showed better resolution when measuring
the amount of disbond. The effect of modal impact location and temperature were also presented
in order to demonstrate their influence on the frequency spectrum obtained.
The proposed approach presents a real potential for integration into a maintenance program due to
its analysis and implementation simplicity as well as system portability. Moreover it is quick and
inexpensive, which can reduce maintenance cost associated with inspection and maintenance of
bonded repairs.
The work presented herein was demonstrated on a simple specimen that has Teflon film to
simulate patch disbonds. Future work should be carried out to demonstrate the same approach on
natural disbonds within a specimen that is more representative of actual aircraft structure. In this
case, patch disbond integrity, severity and progression could be determined while a patch repair is
undergoing fatigue cycle. The possibilities of demonstrating this technique on a real aircraft
structure should also be looked at.
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List of symbols/abbreviations/acronyms/initialisms
a

base excitation impact location designation

Al

aluminum

b

base excitation impact location designation

Beam

accelerometer placement designation

Bottom

accelerometer placement designation

B00

bare aluminum beam

B01

patched aluminum beam no-disbond

B03

patched aluminum beam -disbond

B05

patched aluminum beam -disbond

B07

patched aluminum beam full-disbond

c

base excitation impact location designation

CF

Canadian Forces

CTE

coefficient of thermal expansion

CY

coefficient of thermal dependence for Young’s modulus

°C

degrees centigrade

d

base excitation impact location designation

e

base excitation impact location designation

E

Young’s modulus of elasticity

Exp.

experimental (results)

f

frequency

GPa

giga Pascal (1 billion Pascal)

Gr/Ep

graphite/epoxy

h

thickness

Hz

hertz

kg

kilogram (1 thousand grams)

L

length

m

meter

min

minute

mm

millimeter (1 thousandth of a meter)

MEMS

micro-electro-mechanical-systems

MPa

mega Pascal (1 million Pascal)
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NDI

non-destructive inspection

P

pressure

Psig

pounds-per-square-inch gauge

s

second (time)

SHM

structural health monitoring

T

temperature

(T)

indicates temperature dependent variable

Theo.

theoretical (results)

Top

accelerometer placement designation

V

volt

w

width

x

normalized disbond variable (varies between 0 and 1)

λ

modal eigenvalue

μ

micro (1 millionth)

π

pi

ρ

density

1

frequency band 200-290 Hz

2

frequency band 1140-1440 Hz
frequency band 2850-3450 Hz

3
o

(21 C)
2

nd

reference temperature
second (numerical)

@

at

$

dollar

%

percent
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