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(ABSTRACT)

Statistics released in the fall 1989 showed that 238,357 (41%) of the
nation’s 577,710 bridges are either structurally deficient or functionally obsolete.
New materials, such as fiber reinforced polymeric composites (FRP), are being
suggested for use in bridge systems to solve some of the current problems.
These materials are thought to be less affected by corrosive environmental
conditions than conventional civil engineering materials.

Therefore they may

require less maintenance and provide longer life spans. More specifically, glass
fiber reinforced vinyl ester matrix composites are considered possible
replacements for deteriorating conventional bridge decks due to their durability,
decreased weight, and relative affordability.
In order to facilitate rapid acceptance of FRP structural components into
the world of civil structural engineering, effective and efficient NDE techniques
must be explored and documented in these situations.
This thesis will discuss the use of Infrared Thermography (IRT) as a
means of detecting debonds and voids caused by conditions encountered both in
fabrication and in the field. As forced convective hot air is applied within the
bridge deck, debonds between bridge deck components near the riding surface
appear cold while imperfections near the bottom of the deck give rise to
concentrations of heat. These variations in thermal propagation patterns are
observed by the infrared camera and indicate possible structural deficiencies.
Results of experimentation and thermal analyses from laboratory studies
of a model bridge deck and some from in situ full-scale investigations are
presented.
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CHAPTER 1 – Motivation and Project Description
1.1 Scope and Motivation
A critical problem in the United States is the deterioration of the
infrastructure.
replacement.

Many bridges are in need of massive rehabilitation or
The substructure of countless highway bridges can no longer

support the necessary live loads of daily traffic in addition to the weight of its
superstructure dead load. For this reason new materials are being sought to
alleviate this crisis.

Fiber Reinforced Plastic Composites (FRP) are being

considered and utilized as bridge deck replacements on some deteriorated
bridges. High specific strength (strength to weight ratio) is cited as the primary
reason for their consideration.
Although FRP offer numerous potential advantages, there is a
considerable lack of long-term data on the response of these materials under
various loading and environmental conditions.

Modeling of FRP is not yet

sufficient enough to be relied upon for predictions of service life behavior.
Therefore, inspection of these materials during fabrication, installation, and
throughout field use is both advantageous and imperative. Through monitoring
these materials and their in situ behavior, fabrication imperfections and field
damage can be quickly identified and corrective action taken. If the capabilities
of a method of nondestructive evaluation (NDE) for FRP can be fully understood
and quantified, the acceptance of these materials as an alternative means of
rehabilitation will be expedited.
This research assessed the capabilities of a nondestructive evaluation
method as a means of monitoring FRP bridge decks for deterioration. The study
was conducted on a model bridge deck constructed with components from the


EXTREN System by Strongwell Corp. First, an appropriate NDE method was
selected to efficiently evaluate the given material. Then the capabilities of that
method were assessed for detection of simulated damage states and
environmental conditions.

Finally, preliminary fieldwork on full-scale bridge

decks was performed.
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1.2 EXTREN System Description
The full-scale FRP deck system being tested, both mechanically and
nondestructively, at Virginia Tech was constructed by Strongwell Corp. of Bristol,
VA. The deck dimensions are 4.57 meters (15 ft) long by 1.52 meters (5 ft) wide
and approximately 17.8cm (7 in) deep. It is a sandwich set up of 10 – 15.2cm (6in) square tubes 4.57m (15 ft) in length between plates of the same material.
The top and bottom plates consist of 2 – 2.29m (7.5 ft) by 1.22m (4 ft) sections
and 2 – 2.29m (7.5 ft) by 30.5cm (1 ft) sections. The plates for the Phase #1 and
Phase #2 bridge decks were 1.27cm (0.5 in) thick. This was modified to 1.9cm
(0.75 in) thick on the top plate and 0.64cm (0.25 in) thick on the bottom plate for
the Phase #3 deck.

A wear surface made of 8084 resin and variable size

quartzite aggregate was placed on the top plate for all decks. The Phase #1
deck is presented in Figure 1.1.

Figure 1.1 – Phase #1 FRP Bridge Deck in Laboratory
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The research presented in this thesis focuses on a smaller model of the
large deck system. The components are the same dimensions in height (15mm
(6 in) tubes plus an 25.4mm (1 in) of total plate height) however, the width of the
deck is only 610mm (2 ft) and the length is 762mm (2.5 ft). A wear surface
identical to the one on the larger decks was placed on the model deck but
investigations were performed with and without the wear surface. There were
two debonds purposely placed in the deck. These were constructed by using a
mold release spray in the debonded area with melted wax as a resin dam. The
debond between the top plate and the tubes has a small debonded channel
leading to an opening in the side of the deck. This was used to fill the debond
with water.
The bridge deck components are made from the special sizes of


EXTREN 500 pultruded shapes from Strongwell Corp. They contain alternating
layers of continuous E-glass fiber random mats and 800- 4,000 fiber filament
unidirectional rovings in an isophthalic polyester resin. The continuous strand
mat provides multidirectional strength to the composite while the unidirectional
rovings cause the composite to be an anisotropic material, having much greater
strength in one direction. The isophthalic polyester resin is resistant to most acid
attacks as well as ultraviolet (UV) degradation. The isophthalic group on the
polyester resin also provides greater thermal stability for the matrix.


EXTREN

The

products also have a surfacing veil of polyester non-woven fabric,

which encases the glass reinforcement and adds a layer of resin to the surface.
This also increases the UV protection and helps to prevent “fiber blooming”, the
tendency of fibers to undergo localized buckling within the matrix [1]. This resin
is a thermoplastic resin that must be processed at high temperatures (~370°C)
as in pultrusion. The resin in FRP composites must provide a dual purpose of
protecting the fibers from environmental attacks and adequately transferring the
load to the fiber reinforcement in composite action. The various components
(plates and tubes) of the deck are adhered with Magnabond 56 A/B from
Magnolia Adhesives in Atlanta, GA. This is an epoxy resin with aluminum filler.
3

Also, fiber bolts or steel bolts are used to hold the tubes together during curing
while providing additional stability in the field. All mated surfaces were abraded
prior to epoxy application to mechanically enhance adhesion between
components. The decks in Phase #2 and #3, as well as the mini deck, were all
vacuum bagged to apply uniform pressure to the plates, which provides nearly
uniform bonding in all areas between all components. A detailed schematic of
vacuum bagging procedure and the assembly directions for the deck is
presented in Appendix A. The minimum coupon property values for the tubes
and the plates are given in Appendix B.

1.3 Failure Modes in FRP
Composite decks, as with many FRP structures, are susceptible to three
main types of imperfections that will eventually contribute to their failure. Failure
may present itself as either total detachment of a component or excessive
deflection of the entire deck causing some form of vehicular damage. The first
type of flaw that may occur in FRP is delamination or inter-laminar debonding
between layers of fibers. This will greatly decrease the stiffness of the composite
material and lead to premature breakage of the fibers, which provide much of the
strength for the composite material.

This breakage will occur as a result of

higher stresses on the fiber rovings or mats due to the inability to transfer the
load between fibers and matrix. As the ability to transfer loads decreases, so too
does the composite action of the entire FRP structure, eventually resulting in
overall structural failure. The inter-laminar debonding primarily reduces the
stiffness of the laminate, which will affect the ability of the composite to perform
under bending and compression.

Also, this can lead to buckling of the

delamination itself, which can be quickly followed by catastrophic failure through
rapid delamination growth [2]. The second type of flaw that may occur in FRP is
matrix cracking.

Cracking within the matrix will propagate until it is blunted,

typically, at the fibers. However, this blunting raises the internal stresses in the
structure and may give rise to other damage modes such as delamination or
debonding of components. Also, the crack may begin to grow along the fiber

4

length greatly reducing the stiffness of the structure.

Lastly, there is an

additional mode of deterioration to be considered with FRP structures –
debonding. This occurs when the bondline between components of the structure
fails. Debonds, much like a delaminations, may leave the structure susceptible
to local and global buckling of fibers or whole components.

This buckling

compromises the overall stiffness of the structure. Not only is this dangerous to
the integrity of the structure, but also it reduces the rider comfort through
markedly increased deflections. This will cause the components of the bridge
deck to partially or completely detach through the bond “popping off” in an area
between two of the components or cracking within the bondline. Detachment of
the various parts of the bridge deck will typically pose serious threats to the
structural integrity. Complete failure of the structure may follow through complete
detachment of an integral component or large deflections will eventually lead to
additional damage development.
The bridge deck structure operates at very low stresses compared to the
ultimate strength of the composite. These low operating stress levels make it
unlikely that in-plane fiber damage will be the dominant failure mode.
Delaminations and debonds in between integral components will most likely lead
to large deflections, global reduction in structural stiffness, and eventually the
deck will need many, otherwise unnecessary, repairs or failure will occur. This
failure phenomena has been observed by Lopez et al. during strength and
fatigue testing of an FRP deck system composed of a thick multi-layer pultruded
section adhesively bonded together [3].
These modes of deterioration must be carefully monitored at several
stages during the useful life of the structure. This research will focus mainly on
the debonding of structural components and assessing the capabilities of IRT in
detecting this debonding.

Though delaminations and matrix cracking are

possible in individual components, accurate simulation will be difficult in the
laboratory with the already-pultruded EXTREN



components. Debonding has

also been identified as the more likely deterioration mode in the decking system
by Lopez et al [3].

5

1.4 NDE Method Selection Process
Locating and quantifying debonds has been deemed a priority in
this research. A systematic study to quantify the capabilities of a viable detection
method to perform this task is necessary. First, however, a feasible method
needs to be chosen. In order to do this, three categories of criteria must be
considered.

These three categories as laid out by Duke [4] are as follows:

Attribute Characteristics, Assessment Procedure Requirements, and Application
Constraints.

Attribute characteristics pertains to the critical imperfections,

discontinuities, or imperfections in our structure. In order to accurately detect
these imperfections, the physical nature of their influence must be known. More
specifically how they affect the behavior of the material forming the specimen or
structure being inspected must be defined. The mechanical, electromagnetic
and thermal properties of the material and the imperfections should be
determined in order to help decide which method will be appropriate.

Next,

criteria for supporting the assessment procedure must be explored.

These

criteria include determining how much and what type of information the method
should provide to be useful in the assessment. For example, is the location of
the imperfection the most significant detail or is the severity of the flaw of the
greatest concern?

The number of imperfections, their orientation, size, and

status should all be considered and the importance of each category should be
established. Therefore when the method is selected, the important features of
the imperfections are kept at the forefront.
application at hand must be considered.

Finally, the constraints of the

For example, constraints such as

access to the structure being assessed and budget issues greatly impact the list
of allowable methods for an application. Also, the geometry, surface roughness,
time available for inspection, whether inspection will be performed in service, etc.
affect the choice of an appropriate method. How the imperfections affect the
overall properties of the specimen will help lead to a method choice.

Duke

includes an outline for the considerations for each of the three criteria. These are
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presented in Appendix C. After considering the criteria with respect to the given
application, appropriate NDE methods can hopefully be identified or developed.

1.5 The Considerations for the EXTREN system


When investigating the EXTREN system it is important to keep in mind
the three categories of criteria for method selection. The first category discussed
was the attribute characteristics, the physical properties of the imperfections that
will be present. The imperfections under investigation in the case of the bridge
deck will be debonded FRP components. These debonds may be filled with a
number of constituents including air, water, or frozen water. The properties of
these fluids and how their properties compare to undamaged Magnabondbonded FRP are very important in method selection. Also, a decision needs to
be made concerning the aspects of the imperfections that are most important. In
this case, a method that will provide information on the size, severity, location,
and status will be desirable. Lastly, the constraints of the application should be
explored. First the bridge deck is a large area that many methods cannot inspect
without long times for scanning. Secondly, selection will demand a method that
can be used in the field and in the laboratory with easy access. Other constraints
that must be considered are cost, training, ability to inspect while the deck is in
service and traffic closures.

With the bridge deck system, an ideal method

should be appropriate for both pre-service and in-service applications. In order
to minimize traffic closures, the method should be fast and remote so that ideally,
traffic could continue during inspection times.

As with most NDE methods

training and equipment will require more initial expenditures, however money will
be saved later from less repairs and replacements. So, the initial costs must be
weighed with the potential future benefits. Also, the material itself causes some
constraints. Locating defects in FRP is difficult because they are often deep
within the structure and are not limited to just cracks, holes, or porosity as is
often the case with conventional engineering materials. As previously stated,
one of the primary concerns with this FRP system is debonds. It is necessary to
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analyze what properties these imperfections will affect in the FRP and then utilize
those characteristic properties to detect these imperfections.
All three of these imperfections will affect the mechanical and thermal
properties of the specimen being investigated. However, since the material is
composed of glass fiber and polymer matrix, only the debonding of the aluminum
filled epoxy adhesive will affect the electromagnetic properties as well as the
thermal properties.

Delaminations and matrix cracking will not affect the

electromagnetic properties.

A debond, more specifically, will interrupt the

thermal conduction pattern in the composite, producing an anomaly in the
thermal gradient. These anomalies can be detected with an infrared camera,
thus IRT emerged as a capable method for this application.
The capabilities of infrared thermography will be quantified for debond


detection in the EXTREN FRP decking system.

1.6

Field Work

1.6.1 Phase #1
The full-scale deck research that was performed consisted of both
laboratory work and field testing. There was testing on three bridge decks, two
which were tested in both the laboratory and the field and one which was only
tested in the laboratory. A picture of the Phase #1 bridge deck is presented in
Figure 1.1 and a description of the decking system can be found there.
The bridge deck in Phase #1 was heated through forced hot air convection
with the same heat source used on the model deck (described in Section 3.2).
During each test of a tube, the tube was heated for three minutes and then
observed for 45 minutes. The resulting thermograms from Phase #1 revealed
round-shaped bonded regions where the top plate of the deck had been
weighted down on the tubing panel during the cure process of the Magnabond
adhesive. These regions were well bonded and the unweighted regions were
weakly bonded or fully debonded. The well-bonded regions appeared as “hot”
spots on the thermogram due to adequate through the thickness conduction
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through the Magnabond.

The patterns from this weighting can be seen in

multiple tubes in Figure 1.2 and more clearly in one tube in Figure 1.3.

Figure 1.2 – Middle section of full-scale deck showing multiple tubes with the weighting
pattern after thermal excitation.

Figure 1.3 – Middle section of full-scale deck showing one with the round weighting
pattern after thermal excitation.

Another result observed during Phase #1 was that the bolting procedure,
where the deck was bolted to the supporting I-beams, caused debonding
between the top plate and the tubing in the region surrounding the bolts. Figure
1.4 shows the region prior to the bolting procedure.
bonding problem.
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There already exists a

Figure 1.4 – Region surrounding bolt before bolting procedure.

However, after the bolting procedure the debonded area increased. This was
observed on the thermogram below in Figure 1.5.

Figure 1.5 – Region surrounding bolt after bolting procedure. Debonded area grew.

Following these IR tests and some visual inspection, the fabrication techniques
were modified (the pultrusion mold was changed), the adhesive cure process
was altered, and the bolting design was changed.
10

1.6.2 Phase #2
The deck in phase #2 was tested in the laboratory and no weighted
pattern was seen and there were no debonded areas observed on the
thermograms. Baseline thermograms were taken in the laboratory before and
after each loading test. This deck was then scheduled to be installed as part of
the roadbed at a the Troutville weigh station on I-81. During this in situ testing,
access to the side of the bridge where thermal excitation had been applied in the
laboratory was eliminated. Thus a piping system was devised to carry the hot air
from the source to the bridge deck. PVC piping was utilized for this purpose and
delivered hot air to six of the total ten tubes. A picture of this PVC piping set up
can been seen in Figure 1.6.

Bottom of Deck

PVC Piping running along width
of deck and up into 6 tubes

Figure 1.6 - PVC set up underneath in situ deck.

In order to get heat into the deck, the air must travel underground in a 3inch conduit 3 feet underground and 6 feet in length. The system used in the
laboratory was not sufficient for this. So, a new heating source was designed,
11

which included a propane tank, a propane blower, and an extra fan system. This
warmed the deck to 20°C from the ambient temperature of 8°C after thirty
minutes of heating. This heat source can be seen in Figure 1.7.

Propane Blower

Propane Tank

Extra fan for
additional convection

Figure 1.7 – Heat source at the weigh station.

This system found areas of interest where the conduction pattern deviated from
the linear thermal gradient. However, no debond could be pinpointed at that
time. There was however no heating found in the tube farthest from the heat
source. This was later discovered to be a result of broken PVC piping. The
piping broke due to excessive deck vibrations.

This first test was done on

February 20, 2000 and the thermogram can be seen in Figure 1.8.
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Tube one area of interest

Tube ten with no heating

Figure 1.8 – Test in February 2000 with no heating on Tube ten and an area of interest in
Tube 1.

Another field test was performed on March 15, 2000 at 4am to avoid solar
and traffic interactions. Tube 1, which was not heating before, showed a much
hotter thermal pattern than previously observed. This was hypothesized to be a
result of debonding between the bottom plate and tubes in the deck. In the first
test, the bonding on tube 1 was weak and so the pathway of least resistance for
the construction was through the bottom of the deck. However, when a full
debond occurred on the bottom of the deck, the pathway of least resistance was
then the weak bond on the top instead of the full debond on the bottom. This
explains why the tube appears hotter on the second thermogram seen below in
Figure 1.9.
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Tube 1 area of interest

Figure 1.9 – March 15, 2000 test, area of interest on Tube 1.

However, the hypothesis of a debond on the bottom could not be verified by the
IR results without the aid of visual inspection. Therefore, the next deck included
acousto-ultrasonic (AU) transducers in the expected debond area to verify results
found on the thermograms.
IR thermograms were taken of the bridge deck once it was brought back
into the laboratory. The bottom of the deck was placed upwards and an IRT was
done on the deck to assess whether the IR could detect the already visually
detected debonds on the bottom of the deck. These tests were found to be
inconclusive.

1.6.3 Phase #3
Continued IR testing was performed on a third deck in the laboratory and
in the field. This deck also had AU transducers adhered to them. Baseline test
readings were taken for both IR and AU. Characteristic amplitude readings were
determined for well-bonded and debonded area using the Phase #1 deck. Field
testing has been performed for both IR and AU methods. Currently, no damage
has been detected. Continued monitoring will be done on this deck.
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1.7 Previous Infrared Thermography Use for Flaw detection in
FRP
In the early stages of commercial composites use one area of activity was
in the aerospace industry, where IRT was used frequently for the FRP inspection.
The main focus of the detection then was to indicate areas where the metal
below the composite was corroded or to find delaminations between layers of the
composite itself. IRT was used with much success in these applications. Slight
adjustments were made in the method and choice of heat source in order to
maximize the results from the IRT.
The conventional method of detecting defects in aerospace composites is
thermal pulse reflection [5]. Favro et.al. from Wayne University documents this
method and its success in detecting subsurface imperfections in FRP.

The

method entails the use of one or two high-power photographic flash lamps or
halogen lamps to heat the surface of the composite. The composite is then
monitored on the same surface as the original thermal excitation by an infrared
camera and any imperfections in the FRP will reflect the heat more quickly back
to the detection surface because conduction will be impeded by damaged areas
in the composite. When the thermal excitation encounters an inconsistency in
the material the heat will not conduct through that area and a concentration of
heat will be observed on the IR image.

Favro found that deeper imperfections

have longer reflection times. In 1998 Favro describes a variation on this method
with two lamps that have different pulse rates to overcome the obstacles of
resolution in low frequencies and penetration with higher frequencies.

This

method was more successful in detecting delaminations at different levels within
the composite.
IRT has also found much success in the inspection of composite retrofits
on concrete columns. The Aerospace Corporation has used IRT to detect both
manufacturing imperfections and in-service problems in FRP seismic retrofits [6].
In their work, a 500-Watt lamp was used as a heat source placed at 50mm from
the surface. This was found to work well because it supplied a quick, intense
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thermal gradient that is ideal for detecting inconsistencies at thinner laminate
structures. The Aerospace Corp. had success in finding debonds between the
concrete surface and the retrofit and was able to inspect the column in less than
an hour. These successes were in both the pre-service and in-service phases of
the study. The research included samples that were fabricated by hand lay-up,
pre-cured shells, and machine wrapping.
The University of California, in conjunction with Douglas Burleigh, also
successfully detected imperfections in adhesively bonded retrofits [7]. A 127mm
(½-inch) E-glass reinforced vinyl ester retrofit was adhesively bonded to a
reinforced concrete column.

During the inspection, debonds between the

concrete and the composite retrofit were detected, which were not apparent
during an earlier tap test inspection of the area. These flawed areas appeared
hot because they were not well bonded to the concrete, which acts as a heat sink
in unflawed areas.
In all of the FRP tests, the method of heating was important for the
application.

In general, the best results for thin specimens were obtained

through short, intense light pulses while thicker pieces required slower heating
sources with less energy for longer periods of time. This was documented by
both Burleigh and Favro [7, 5].
There has also been work by Reifsnider on the use of vibrations to create
thermal excitation in composites in order to inspect them for delaminations, and
debonding [8].

This vibrothermographic technique was very effective in the

detection of these imperfections and was verified by ultrasonic C-scans.

1.8 Previous FRP deck work
There have been several previous FRP bridge deck studies done in the
United States over the past few years [11,12]. Deteriorated bridges in three
states have been replaced with FRP ones as part of a study focusing on the
mechanical performance of new decks under in situ conditions. Specifically,
three bridges in West Virginia, one in Ohio, and one in New York have been part
of on-going research centered at West Virginia University. The architecture of
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the deck is a hexagonal pattern sandwiched between two plates. The main
objectives of this study are to evaluate performance of the decking under static
and fatigue loading in the field and to establish areas that need improvement in
design and material properties [9]. The design of these WVU decks are
consistent with many other decks such as the one conducted in cooperation
between the Universities of Kentucky and Maine [10]. Also, there has been a
recent study on a 100mm (4in) square tube decking system fabricated by
Strongwell at Virginia Tech [11]. Static and fatigue load tests were performed to
determine the mechanical behavior of the deck.
In all of this research, no concurrent study was done with regards to online health monitoring of the performance through NDE methods, nor was there
even any consideration given to bridge access for NDT. However, there was a
mention of IRT with one of the bridges in Ohio made from the same EXTREN



system used in this research [12]. This IRT was only used to detect stresses in
the composite bridge joints through the use of thermoelastic stress analysis
where the expansion and compression of these joints alters the thermal state of
the surrounding areas.

Thermal mapping provided information on stress

concentrations in the areas of these joints.

The thermal stresses were

successfully correlated with the creep strains. However, the thermal maps were
not used to make any condition assessment of the structure.
Also some research was conducted Duke, Horne, Jolyn Senne of on IRT
of graphite epoxy pultruded I-beams. The beams were inspected with IRT and
thermal maps revealed resin starved areas in the beam. This was exploratory
work providing no quantification of the IRT capabilities[13].

1.9 Research Objectives
This work assesses the capabilities of Infrared Thermography as an NDT
method for the inspection of a vinyl ester E-glass reinforced composite bridge
deck. A systematic study of a model deck as well as preliminary field
implementation and testing will be discussed. A procedure to model the heat
transfer in the deck will also be described.
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CHAPTER 2 – Heat Transfer and Analytical Conduction Model
2.1 Heat Transfer
Thermodynamics is primarily concerned with two forms of transient
energy- work and heat. Transient energy exists only when there is an exchange
of some form of energy between two systems or a system and its surroundings
[14]. Work is done when this process occurs without an exchange of mass and
is not a function of a temperature differential between the two systems. When
this transformation in energy transpires due to a temperature change it is defined
as heat. This is the energy that will be discussed further in this chapter.
First, it should be noted that heat is not actually transferred as the
commonly used term, “heat transfer”, might suggest. Rather, heat flow is the
mechanism by which internal energy is transferred between the system and its
surroundings (or another system). The first law of thermodynamics, ∆U = q + w,
where U = internal energy, q represents heat and w is work, dictates that the net
exchange of this energy must be zero for the system and its surroundings, while
the second law, dS = dq/T, S being entropy, and T is temperature, prescribes
that this transfer must occur from the hotter system to the colder one [15].
Power generation, chemical processing (particularly petroleum), and now
even computers all involve problems concerning heat and the analysis of
combustion and cooling processes. Heat can also be a powerful evaluation tool.
How energy flows through a system can help describe the efficiency of the
system or even the damage state, if any. When detecting the damage in a
system, discontinuities in the heat flow can reveal flaws, defects or problems.
This research will use this concept to investigate the FRP structural components.

2.2 Modes of Heat Transfer
There are three modes of heat transfer - conduction, convection, and
radiation. Conduction refers to the mode of internal energy transfer involving
kinetic energy exchange caused by drifting of the free electrons (more generally
any molecule) in the system [14]. The flow occurs from higher energy molecules

18

to lower energy ones. This transfer happens in a body or between two bodies
placed in contact with each other through molecular collisions (in liquids) and
atomic vibrations (in solids).
Another mode of heat transfer is convection. Convection takes place in a
moving medium, when there is a mixing of one part of a fluid with another part,
which results in heat transfer throughout the mass. The actual convention by
which this occurs is still conduction but energy may be transported form one
place to another through the displacement of the fluid itself.
There are two modes of convection - natural and forced.

Natural

convection is a result solely of a temperature difference in the fluid causing a
density difference within the system, which results in fluid motion as in the case
of heating water in a kettle. Forced convection is when an external mechanical
system causes the fluid motion. In convection heat transfer boundary layers will
occur where the velocity of the fluid will drop to zero near the walls of vessel
containing the fluid. This affects the rate of heat transfer. The thickness of the
layer depends on the velocity of the free fluid as well as other factors. Forced
convection will be the method utilized in heating the FRP decks.
When a fluid is involved in heat transfer it is virtually impossible to see
pure conduction or convection. As conduction occurs a temperature difference
results which causes natural convection of the fluid.
The last type of heat transfer is radiation. This is electromagnetic energy
that has been observed to be emitted at the surface of a body that has been
thermally excited. It is emitted in all directions and when it hits another system a
portion may be reflected and a portion may be transmitted and a portion may be
absorbed. If the incident radiation is in the form of thermal waves in the infrared
region, then the absorbed radiation will appear as heat. However no medium is
needed to exchange the heat as was in the case of the other two forms, this can
be done in a vacuum. The heat felt from the sun is an example of this kind of
heat transfer radiated through the atmosphere.
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2.3 Heat Transfer Modes Descriptions
Conduction can be fundamentally understood by considering a portion of a
plate made of a homogeneous material.

Conduction depends on the area, the

temperature difference, the thickness of the sample, and the conductivity of the
material. The way these conditions are related to heat is as follows:

q=

k A(T2 - T1)
(x2 - x1)
(Eq. 2.1)

Where k is the conductivity, T2 - T1 refers to the temperature difference between
two areas, A is area, and x2-x1 is the thickness. When considering how this heat
changes over time we get an equation for heat flux of the system and from the
first law the heat flux into the plate must equal the heat flux out of the plate [14].
This concept will be utilized later.
This heat conduction occurs in all directions in the solid. The general heat
conduction equation in cylindrical coordinates describes this heat conduction in a
tube. This equation is given by:

 ∂ 2t 1 ∂t 1 ∂ 2t ∂ 2t  q *
∂t
= α  2 +
+ 2
+ 2  +
2
∂τ
∂
∂
∂
∂z  ρcp
θ
r
r
r
r

(Eq. 2.2)
Where t is temperature, τ is time, α represents the thermal diffusivity of the
material, r, θ, and z are the cylindrical coordinates. The term q* represents the
rate at which the element is generating internal energy per unit volume, α =

k
,
ρc p

where cp is the specific heat, k represents the conductivity, and ρ is the density of
the conducting medium [14].

Through the use of a high velocity convective

column of hot air, the heat source can be approximated with a steady-state
assumption. The above equation then simplifies to:
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(Eq. 2.3)
Then in the absence of internal heat generation this equation simplifies further to
Laplace’s equation:

 ∂ 2t 1 ∂t 1 ∂ 2t ∂ 2t 
 2 +
=0
+
+
r ∂r r 2 ∂θ 2 ∂z 2 
 ∂r
(Eq. 2.4)
Through integrating the Laplacian form of the heat conduction equation over the
entire volume of the tube and using the aforementioned heat flux relation (Eq.
2.1), the thermal gradient approximation for a cylindrical tube can be obtained.
Heat transfer in rods or tubes by forced convection is one of the most
difficult problems in heat transfer.

First, convection presents the problem of

boundary layers, where the velocity of the fluid inside the tube varies from zero at
the walls to some finite value in the middle of the tube as can be seen in Figure
2.1.
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Figure 2.1 – Boundary Layer from convective in tube (bottom part only)
The extent of this variation and how pronounced the layer is at the walls depends
on the velocity of the fluid and in this research, the shape of the tube. Square
tubes will cause extremely well-defined boundary layers at the corners of the
tubes, resulting in a lower temperature distribution in this area as compared to
the center of the tube. This was verified by the thermograms in this research
[14].
Radiation describes the amount of energy loss from the solid through
emission from the surface of the object.

The thermal radiation leaving the

surface of the specimen is called exitance or radiosity and this can be emitted,
reflected, or transmitted. However, the surface temperature is related only to the
emitance. The exact character of this heat emission has not been agreed upon,
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however, Max Planck was able to describe the spectral distribution of the
radiation from a blackbody by means of the following formula:

2πhc2
W (λ) =
hc λkT 
λ5 e
−1


(Eq. 2.5)

Where W is the blackbody spectral radiant emittance at a certain wavelength, c is
the speed of light, h is Planck’s constant, k is Boltzman’s constant, T is the
absolute temperature, and λ is the wavelength [16]. Then by integrating Planck’s
equation from λ=0 to λ=∞, using Wein’s displacement law that says λmax =
2898/T in micrometers, and taking into account the emissivity of a grey-body
surface, it was found that radiation is proportional to the fourth power of the
absolute temperature of the body. The equation describing this emission is the
Stefan-Boltzman Law, where the rate of energy emission per unit area, W, is
related to the absolute temperature, T, a universal physical constant (Stefan –
Boltzman constant), σ, and the emissivity of the object, ε. The equation is as
follows:

[

]

W = σεT 4 cal cm2 sec

(Eq 2.6)
The emissivity is affected by many different properties of the material being
investigated. One of these is the surface roughness. All surfaces have some
form of specularity and diffusivity. A specularly reflecting surface is smooth and
gives a reflection at an angle complimentary to the incident angle. Contrarily, the
diffuse reflector is a rough surface and will consequently scatter a large
percentage of the incident rays [17]. The emissivity of a material describes how
efficiently it absorbs and radiates electromagnetic radiation, which is affected by
this surface roughness. A perfect blackbody most efficiently absorbs and reflects
radiation and it has an emissivity of 1.0. All other materials have an emitance of
less than one. The emissivity of an object affects the power of radiation emitted
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at a given temperature and thus will affect infrared temperature measurements
[18]. This research will investigate some effects of surface roughness on infrared
radiation defect detection.

2.4 Infrared Thermography
Infrared thermography relies on this electromagnetic radiation of a
specimen to expose defects.

Objects with thermal excitation can radiate

electromagnetic waves in the Infrared region (around room temperature, 25°C) or
in the visible region, which is close to 100° C, as in the case of an electric stove
“turning” red. The electromagnetic radiation is emitted from a heated body when
electrons within the body change to a lower energy state. Both the intensity and
the wavelength of the radiation depend on the temperature of the surface
molecules.

Since all objects will emit more powerful radiation at higher

temperatures, the IRT inspection generally involves external thermal excitation.
This excitation need not be large as high temperature may damage a specimen.
When an object is thermally excited a thermal gradient will typically be
generated. In IRT, once the gradient is generated, anomalies can be found.
These imperfections are caused by any type of defect that will influence one or
more of the heat transfer modes and subsequently affect the temperature of the
surface molecules. The IR camera has a photon detector, which measures the
energy of the photons and relates them to corresponding wavelengths
associated with energy gaps. From this the temperature of the surface can be
calculated and displayed on the thermogram [16].
The thermograms in this research will be analyzed primarily to identify
places of debonding between the plates and the tubes. The affects of surface
roughness, which changes the emissivity of the material, on the IRT sensing
results will be explored. Also, the affects of water and frozen water within the
debond will be investigated. The heat transfer in all of these cases will be time
dependent as the deck heats up and cools down. However in this research the
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heat source is a large column of high velocity convective hot air and thus can be
approximated as a steady-state case.
It is imperative to understand fully the modes of heat transfer and what
kinds of detectable IR thermal patterns they generate on the surface of the
specimen in order to accurately determine if there are debonds and where they
occur. The purpose of this preliminary modeling work is to get an approximation
of how the thermal gradient should appear on the thermograms as heat is
transferred in the transverse and longitudinal directions. By having a theoretical
thermal pattern for comparison, successful identification of debonds will be
possible.

2.5 Considerations Needed to Analyze Problem
In the case of the composite tube, the fibers are alternating layers of
random mat and unidirectional rovings. The rovings give rise to greater heat
conduction in the longitudinal direction, since the conductivity of the glass is at
least double that of the resin. When the heat runs against the fibers, in the
transverse direction, the conductivity is actually less than just the resin itself
because the glass fibers cause some of the heat to disperse longitudinally
instead of going through the thickness of the tube.

For this model, the

longitudinal conductivity is assumed to be two times greater than the transverse
due to the presence of the unidirectional rovings. Since the conductivity of the
glass rovings is greater than that of epoxy, the conductivity is assumed to be two
times greater along the length of the fibers than transversely through the fibers.
The conduction pattern in both directions must be clearly understood to obtain a
working model of this problem.
Not only does the conduction in the walls of the tube become more
complicated than the simple cases, but also the convection becomes so complex
that it is very difficult to model. As previously mentioned, when there is any type
of fluid flow there will be boundary layers encountered, depending on the shape
of the tube and the velocity of fluid. In this case the air is being blown into the
tube at a rate of 700ft3/min (as reported by Conair). Just as this affects the fluid
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flow and heat transfer within the tube, so too does it alter the conduction pattern
along and through the walls of the tube. Also, both the conduction and the
convection of the heat change over time. This calculation is beyond the scope of
this paper and model [14].
Once the heat is conducted through the tube it then will encounter the
Magnabond 56 adhesive, the top composite plate and wear surface, which each
have their own conduction properties.

The Magnabond is an epoxy with an

aluminum filler thus, debonding will affect the electromagnetic properties as well
as the thermal response of the bridge deck. The presence or lack thereof of the
Magnabond affects the radiation seen by the IR camera from the surface of the
bridge deck. However this research is concerned only with the debonding of the
plates from the tubes in comparison to areas of good bonding and thus the
conduction properties need not be quantified.

There is only a necessity to

identify anomalies from the rest of the thermal gradient where the bonding is
sufficient.

2.6 Assumptions for this Model
With all of these considerations in the real problem, it would require an
extremely sophisticated model to fit all of the constraints and this is not the focus
of the research.

Thus, many assumptions have been made in creating this

mathematical model. First, it has been assumed that that the tube is no longer
square in cross-section but has been changed to circular. This will only affect the
extent of the boundary layers, which can be easily deduced from conventional
boundary layer models. Second, the convection is assumed to be steady state
because a large air flow heat source is used. This removes the time dependence
of the heat conduction in the longitudinal direction. Also the conduction in the
longitudinal direction is assumed to be twice that of the transverse (radial)
conduction. The conductivity of glass is at least twice that of the polyester in the
composite and thus, the conduction parallel to the rovings will be twice as fast as
against the rovings.
The conduction and convection have been considered in the flux equation:
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ka (Tin – Ta) a = kb (Tb – Tamb) b

(Eq. 2.7)

and ka inside tube = 2kb outside tube (because of turbulent flow). Where k equals
the conductivity here. Also, the temperature of the inside wall (Ta) = temperature
at the entrance (Tin) from the heat source. Lastly, Tz decays exponentially along
the length of the tube. Thus, we are left with simply conduction in two directions
that have different conductivities.

2.7 The Model
The model uses the Laplacian differential form of the heat flux equation to
describe the conduction in a single tube. A schematic of the tube can be seen in
Figure 2.2.

Figure 2.2 – Conduction and convection through model tube.

Through using the general heat conduction equation given in Eq. 2.1 in
steady-state which is seen in Eq. 2.2 with the final equation disregarding internal
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energy generation an expression for the heat conduction is obtained as seen in
Eq. 2.4.
Conduction will only be considered in the radial, r, and the longitudinal, z,
directions so the theta term can be ignored.
So what is known then is that the temperature, T, is only a function of r
and z.
So:

T(r, z) = R(r) *Z(z)
And Laplace’s form of the equation looks like this:

∂ 2 t 1 ∂t ∂ 2 t
∇ T= 2 +
+ 2
r ∂τ ∂z
∂r
2

Then ignoring the time dependence and taking the partial derivative the resulting
equation is:

1
1 ∂R
ZRrr + ZRr + Z + RZzz = 0
r
r ∂r
By separating the variables and setting each side equal to K2, a Bessel solution
constant, an exponential solution is obtained.
Then the heat flux portion of the equation takes into account the material
properties involved in the conduction and the diameter of the tube. The α term
from the original heat conduction equation should be considered now. However,
because this is steady state and made of all the same material, the heat capacity
and the density need not be considered in the analysis. Thus the conductivity is
the only material property left to consider. The conductivity in the longitudinal
direction is assumed to be twice that of the radial conductivity. This is because
the conductivity of the fibers is much higher than that of the resin so the
conductivity along the fibers will be greater. When this is all put together the
result is:
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1
kr [ZRrr + ZRr ]a = −kz RZzzb = K2
r
Where, kr is the conductivity in the radial direction and is equal to 0.5kz, and a
and b are the inner and outer tube diameter, respectively.
Please see Mathematica notebook for further calculations in Appendix D.

2.8 Limitations of this model
Though this model is greatly simplified, it shows that even for a 200-foot
tube the heat transfer along the length of the tube shows a linear distribution.
This is true even though it was assumed to be exponentially decaying. This type
of decay would not show itself unless the tubes were 300 feet long. The model
also shows that with such a thin wall thickness relative to the length of the tube
the radial heat transfer (in steady state) is also linear.
This linear distribution is verified by the temperature gradient observed on
the thermograms presented in figure 4.1, 4.2, and 4.3. The distribution of these
temperatures is presented in Figure 2.3.
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Linear Temperature Distribution from Thermograms
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Figure 1.3 - Verifying Temperature Distributions from Thermal Gradients
Temperatures were observed at 147.0mm (6in) from the heat source,
367.5mm (15in), and 588.0mm (24in).

In the center of the tube on the

thermograms, the temperature gradient is linear as shown in the model. A plot of
the model distribution is presented in Appendix D.
With this model established, the boundary layers should then be analyzed.
The velocity of the fluid not only varies between the walls of the round tube and
the center of the tube, but also it is much less in the corners of the square tubes
which is verified by the IR thermograms of the heat conduction.
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CHAPTER 3 –Equipment and Experimental Procedures
3.1 Equipment, Specimen Description, and Procedures

3.1.1 Specimen Development
The components for the deck were provided by Strongwell Corp. from the


EXTREN

product line.

The material is identical to the E-glass reinforced

isophthalic vinyl ester described in previous chapters. The cross-sectional area
of the each of the tubes is identical to the full-scale deck that is being explored
for use in bridge decking, however the length and width of the tubes and the deck
plates have been reduced as seen in Figure 3.1.

East

Top Surface

Tube #4

Tube #3

Tube #2

South Side

Tube #1

Figure 3.1 – Model deck post fabrication

3.1.2 Deck Assembly
The deck consists of 4 tubes and two plates adhesively bonded with
Magnabond 56 A/B. First, holes were drilled laterally through the tubes for fiber
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bolts

and

to

provide

access

for

tightening

and

possible

additional



instrumentation. The EXTREN tubes were then lap sanded together in order to
remove the surface veil and create flat, abraded surfaces for effective adhesion


to the EXTREN

plates. Once sanded, the Magnabond adhesive was placed

between the tubes to bond them into a flat panel. Then the fiber bolts were
inserted and tightened to a torque of 50 ft.lbs. The assembled unit was allowed
to cure for 48 hours at an ambient temperature of 23°C.
After the tubes were cured as a panel, debonds were simulated on the
deck. Melted wax was used as a resin dam to prevent resin from seeping into
the debond during vacuum bagging and silicon spray was applied in the waxsurrounded area to prevent adhesion with Magnabond and the plate. This was
done in two areas as shown in Figure 3.2 and 3.3 with a debonded channel
leading to the debond between the top plate and the tubes.
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Figure 3.2 - Top view of model bridge deck without plates.
Shaded region indicates debonded area.
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Figure 3.3 – Bottom View of Model Deck
In order to join the plates to the tubes, the vacuum bagging technique was
used by the model deck fabrication team to obtain uniform bonding at all points in
the deck with the exceptions of the debonds [19].

3.1.3 Testing Equipment and Camera Resolution
In order to inspect the deck for imperfections, it is necessary to stimulate
heat flux in the deck to create a thermal gradient along the length of the tube.
Since the model of the conduction in the tube assumes steady-state heating, it
was important to create a global change in the thermal pattern of the tube. In
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other words, the boundary conditions on the inner surface of the tube needed to
be altered along the entire length of the tube to allow for faster overall heating
and conduction throughout the length of the tube, providing for faster inspection.
Inspection time is an important factor for implementation of this method in the
field.
Due to insufficient access to the entire tube in the field, this global change
could not be obtained uniformly throughout the longitudinal direction. However,
by utilizing a heat source that can provide heat throughout the length of the tube,
a uniform change in the isotherm of the tube can be created. This will change
the thermal pattern at all points in the tube simultaneously during a test.
Several options were explored for this purpose including resistance
heating wire, halogen lamps, and high velocity convective hot air. The halogen
lamp was considered but it acts as a point source for the heat. Scanning of the
lamp was considered but found to be impractical for this current application. The
lamp also threatened further damage to the composite when used as a point
source. The wire, though it would provide global change to the thermal pattern of
the tube, gave insufficient heating and could not provide the heat flux necessary
for inspection.
The high velocity convective hot air created a sufficient thermal gradient
for debond detection. The air was produced by a Conair hairdryer in combination
with common metal stove piping. The velocity of the air was reported by Conair
as being 700 ft3/m. The entry temperature is 30°C, which provided adequate
thermal excitation for detection by the IR camera.
The infrared camera was manufactured by Raytheon Amber. It is the
“Radiance PM” camera with an Indium Antimonide detector array and a
temperature range of -20°C to 300°C. It operates in the 3-5 micron range. All of
the testing in this research was done with the 22mm lens, giving a 22°H x 22°V
field of view in a 256 x 256 pixel area.

This allows for a resolution of

7.8mm/pixel (0.31in/pixel) at 5160mm (16.9in) from the edge of the deck which
was the distance of the camera in the filed testing. The model deck resolution
was 0.4mm/pixel (0.02in/pixel) at 279mm (4ft) from the deck.
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It was also

calculated

that

at

a

distance

of

3040mm

(10ft),

the

resolution

is

4.6mm/pixel(0.18in/pixel).
The Radiance PM camera was used in conjunction with thermal analysis
software written by Raytheon called ReportIR.

3.2 Experimental Settings and Set up
In order to perform these tests, the deck was set on its South end on a
table (height 3.5 feet) with either the top plate or the bottom plate facing the
camera. The camera was placed on a tripod 6 feet from the deck at a height of 4
feet. The field of view of the camera showed the entire deck surface. The
ambient temperature was 22°C and the overhead fluorescent lights were turned
off to minimize radiative effects on the composite surface from overhead lighting.
The emissivity setting on the camera was set at 0.95.
Each of the four tubes was inspected sequentially by blowing hot air into
an individual tube. The heat entered the tubes from the East during observation
of the top surface and from the West during observation of the bottom surface.
The experimental set up can be seen in Figure 3.4.
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Heat Source
North Side

IR Camera

Figure 3.4 – Experimental set up, includes camera, heat source and model
deck.

3.3 Experimental Procedures
As with most NDE methods, it is imperative to establish a baseline for any
testing done.

In order to assess the capabilities of IR in this application, a

baseline thermal pattern must be established for every trial of a test series. This
is done, in this case, by recording an IR image before any forced air heating has
occurred.

Next, the heating time must be determined. Since this is a thick

composite material with heat conduction through multiple components, longer
heating times are necessary than thin laminate inspections. The heating times
and through the thickness conduction calculations will be explained further in
Chapter 4.
Thermal images were recorded every two minutes in most test series.
Where longer heating times were required, the time between picture intervals
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was increased to capture the full effects of the heating. Two-minute intervals
were ideal for allowing sufficient change in the heat conduction to be observed
while still capturing the changes that were occurring during the heating process.
Five-minute intervals were sufficient for the frozen water test series.

3.4 Test Series Completed
There were at least two trials of each test series performed on an
individual tube. The conditions for each test series are described in Table 3.1. All
test series have the same conditions as stated in Test Series #1, exceptions to
these conditions are otherwise stated in the “Conditions” column for each test
series.

Test Series #

Tubes Tested

1

1-4

2

3

4

1-4

2

2

Conditions of Tests
•

Top Surface Test

•

North Side of Deck Towards Ceiling

•

No Wear Surface

•

Heating from East to West

•

4-Minutes Heating Time

•

34-Minute Cooling Time

•

2-Minute Picture Intervals

•

Final Picture at 45 Minutes of Cooling

Conditions = Test Series #1 with exceptions:
•

Bottom Surface Inspection

•

Heating from West to East

•

10 mL of Water in Debond

•

6-Minute Heating Time

•

10 mL of Water in Debond

•

Tube Filled with Dry Ice for 1 Hour

•

30-Minute Heating Time
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•

15-Minute Cooling Time

•

5-Minute Picture Intervals

5

2

•

No Exceptions

6

2

•

Bottom Surface Inspection

•

Heating from West to East

•

Wear Surface on Top Surface

•

8-Minute Heating Time

•

Wear Surface on Top Surface

•

10 mL of Water in Debond

•

10-Minute Heating Time

•

Wear Surface on Top Surface

•

10 mL of Water in Debond

•

Tube Filled with Dry Ice for 1 Hour

•

45-Minute Heating Time

•

25-Minute Cooling Time

•

5-Minute Picture Intervals

•

Wear Surface on Top Surface

•

8-Minute Heating Time

7

8

9

10

1-4

2

2

2

Table 3. 2 - Test Series Conditions

Initially, the front surface was inspected without the wear surface applied.
The baseline picture of the tube under inspection was taken. Then forced air
heat source was turned on. In Test Series #1, images were recorded at two
minutes of heating and at four minutes of heating. After four minutes heating
was stopped.

Recording was continued every two minutes for an additional

twenty minutes after the heat source was turned off. A final picture was taken
thirty minutes after the heat source was turned off. This sequence was the basis
for the other test series.
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For the two water test series (# 3, 8), the water was injected with a 1mL
syringe through the channel to the debond until full. For this procedure the deck
was placed on the East side so that the channel was facing the ceiling.
After the water trial was run, the debond was refilled with 10 mL of water
and dry ice was placed in the tube, filling the entire cavity. The dry ice was
allowed to freeze the water in the debond and the tube for one hour. At the end
of one hour the dry ice was removed. Excess ice on the inside and outside
surfaces was scraped off and a picture was taken immediately. The heat source
was then turned on and pictures were then taken every five minutes. The heat
source was kept on for thirty minutes in order to view the debond. At thirty
minutes, the source was turned off and pictures were taken for an additional
fifteen minutes at five-minute intervals.
Once the freezing tests were complete, alcohol was injected into the
debond to aid in the evaporation of excess water and the tube was heated to
further evaporate the water. After the water was gone another investigation of
Tube #2 was performed to assess if further damage had been caused by the
freezing process. This thawed test consisted of identical heating times as the
baseline tests in the initial trials. Pictures were taken every two minutes again.
After these trials were performed, the wear surface was added to the front
(top) surface of the deck by the wear surface expert [20]. The wear surface was
made of an 8084 room temperature cured vinyl ester resin with a curing agent
consisting of 0.25-weight percent cobalt napthenate and 1.5 weight percent
methyl ethyl ketone peroxide and a quartzite grit. The resin was spread evenly
on the top plate and the quartzite was spread throughout the surface. The wear
surface was allowed to cure for twenty-four hours. The excess quartzite was
then removed by light brushing of the surface.
Since the wear surface affects the emissivity of the composite surface and
creates more scattering all previous trials needed to be repeated for the front
surface. These trials were conducted in the same manner, however, the heating
time was doubled to eight minutes for all the non-water trials. The eight minute
heating times provided the optimum view of the debond in Tube #2. Pictures
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were recorded every two minutes as in previous tests. Once the heating source
was turned off, images were recorded every two minutes for twenty minutes and
then an additional one after thirty minutes of cooling.
Tube

#2

was

then

investigated

with

water,

frozen

water

and

thawed/evaporated water again. The water trial tests were heated for 10 minutes
with pictures every two minutes as before. The frozen water tests required 45
minutes of heating for optimal viewing of the debond and images were recorded
every five minutes for a total of seventy minutes (45 minutes heating and 25
minutes cooling). A final test was run when all the aforementioned tests were
done and the water was evaporated out to assess final damage.
Results from these tests will be discussed in Chapter 4.

41

CHAPTER 4 – Results and Discussion
4.1

Test Series #1 and Analytical Through the Thickness Conduction

Model
Test Series #1, as described in Chapter 3, was an inspection of the top
surface of the model bridge deck. Each of the four tubes was tested individually.
These tests were performed without the quartzite wear surface. According to the
heat flux modeling, the test series results should reveal a linear thermal
conduction gradient in the longitudinal direction for undamaged tubes.
Undamaged tubes are those that do not contain any sort of debond in this study.
As the thermal pattern developed over time, this gradient was affected by
the boundary layers, which resulted from convective flow in the tubes and the
square shape of the tubes. The gradient, as a result, had a pointed parabola-like
propagation front from the affects of the thermal and velocity boundary layers
illustrated in Figure 2.1. Assumptions about the shape of the boundary layers
were verified by the thermal patterns observed by the IR camera in the individual
tubular heating.
The thermal pattern also had a slight skew towards the upper portion of
the tube. This was due to the deck placement on its side during heating and IR
observation.

Density differences in the hot and colder air created additional

convection in the tube where the hot air was slightly more concentrated in the
upper portion of the tube cavity.
The time progression of a typical thermal pattern of an undamaged tube
from the purely linear propagation to the boundary layer-affected pattern can be
seen in Figures 4.1-3. The temperature scale on the right of the figures is in
Celsius. The field of view of all images in this research encompasses the entire
model deck with Tube #1 on the bottom and Tube #4 on the top of every image.
The heat source in all of the images is on the right side of the image.
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Figure 4.1 – Tube #3 after 2 minutes of cooling. Linear thermal pattern
shown.

Figure 4.2 – Tube #3 after 4 minutes of cooling. Time dependent boundary
layer thermal pattern begins to appear.
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Figure 4.3 – Tube #3 after 8 minutes of cooling. Fully developed thermal
pattern shown.
This pattern was observed for each of the undamaged tubes.
Though establishing a baseline thermal pattern is imperative for assessing
IRT capabilities for this application in the laboratory, through observation of a
damaged tube it was established that the debond can be found without a
baseline. This was clearly observed through the resulting images from Tube #2.
An image from this test series can be seen in Figure 4.4.
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DEBOND

Figure 4.4 – Debond on top surface of Tube #2.
This clear distinction is a result of the large differences in conductivities
between the Magnabond adhesive used between the plate and the tube panel
and the air-filled debond. The Magnabond has an aluminum powder filler that
comprises 15-20% of the epoxy resin. The thermal conductivity of the epoxy
resin is 0.7 W/m°C and of aluminum is 600 W/m°C. The Magnabond conductivity
was calculated assuming 15% of aluminum in a rule of mixtures calculation,
which yielded a total conductivity of 90.6 W/m°C.

The conductivity of air in the

debond is only 0.026 W/m°C. This creates a large difference in the infrared
emission observed by the camera from the surface of the bridge deck.
In order to calculate the difference in predicted temperature observed by
the IR camera a multi-layer conduction model must be analyzed. The model in
this case consists of five layers.

In this application there is a convective

boundary layer on the inside of the tube created by forced convection and
another boundary layer on the outside of the tube from free convection over the
outside surface. In this model these layers were assumed to be conduction
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layers filled with air with a finite thickness.

A schematic of the multi-layer

conduction model with the thicknesses of each layer is found below:

Adhesive
or debond

Inside Tube
Temp. = 72°C

Air layer

Tube
wall

T2

Air
layer

Top plate

T3

T4

T6 in room = 20°C

T1 at inside
wall = 70°C

T5

1cm

1cm

3mm

1cm

1mm

Figure 4.5 – Through the thickness conduction model
The temperature of the air being blown into the center of the tube was
approximately 72°C so the temperature at the boundary layer starting
temperature was assumed to be 70°C. This is a forced convection boundary
layer so the finite thickness was assumed to be large, approximately the same
thickness as the tube wall. The boundary layer on the outside surface of the
deck is subject to free convection and thus the boundary layer thickness, which is
dependent on fluid velocity, is much smaller than the inside layer. Using the
following analysis, the temperature at each interface can be calculated and finally
the surface temperature, T5, can be determined and ultimately compared to the
thermographic results.
T1 − T6
q
=
A x1 x 2 x3 x 4 x5
+
+
+
+
k1 k 2 k 3 k 4 k 5
In this equation q/A is the heat flux, T1 is the inside boundary layer
temperature in °C, T6 is the room temperature, x1 is the thickness of the inside
boundary layer in meters and k1 is the conductivity of that boundary layer in
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W/m°C. The rest of the thicknesses follow the same pattern with x5 and k5
representing the outside boundary layer. The conductivities used are as follows:
k1 = 0.03 W/m°C; k2 = 0.7 W/m°C; k3 = 90.6 W/m°C for the Magnabond
adhesive, 0.026 W/m°C for air, 0.162 W/m°C for water; k4 = 0.7 W/m°C; k5 =
0.026 W/m°C. Once q/A was found, the temperatures at each interface were
calculated by using the following series of equations:

T2 = T1 −

x1  q 
 ;
k1  A 

T3 = T2 −

x2
k2

q
 ;
 A

T 4= T3 −

x3  q 
 ;
k3  A 

T5 = T4 −

x4  q 
 
k4  A 

where T2 is the temperature at the interface between the boundary layer and
tube wall, T3 is the temperature at the interface between the tube wall and the
Magnabond, T4 is at the interface between the Magnabond and the top plate and
T5 is the predicted surface temperature to be observed by the IR camera.
Using this analysis the surface temperature with Magnabond between the
tube and the plate is equal to 24.7°C, which is verified by the thermograms to be
approximately 25°C in a well-bonded region. This analysis was also done to
account for the cases when there is a debond. For a debond filled with air, the
surface temperature, T5, was calculated to be 23.5°C and for a debond filled with
water the temperature was calculated to be 24.5 °C. These calculations have a
relative uncertainty of 0.004. Yet considering relative uncertainty, the through the
thickness finite difference calculations are still valid for this application with
differences between constituents approximately equal to 1°C.

Though there

does not appear to be a significant difference between well bonded surface
temperatures and debonded ones, this model does not account for radiative
losses through the material or for longitudinal conduction along the tube which
was found to have a great affect on the thermal pattern according to the
mathematical model in Chapter 2.

The thermograms indicated that these

temperature calculations were approximately correct and can be distinguished on
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the thermal images of the debonded tube. For the full calculations of interface
temperatures please see Appendix E.
Even with the addition of a wear surface in later test series, the change in
surface temperature will be the same for all conditions but the thickness of the
top plate will be increased so it will take longer for the heat to conduct to the top
surface for observation. The temperature difference for the conductivity of the
debonded and well-bonded regions should remain the same. This difference will
only be affected when the debond is filled with water.

These results are

hypothesized to be obtainable in field applications as well due to the discernible
temperature differences between bonded and debonded regions.
The heating and cooling time for maximum debond detection was
established, for Test Series #1, to be after 4 minutes with the heat source on and
an additional two minutes with the heat source turned off.

The conduction

continues through the thickness of the tubes and top plate of the deck for a total
of ten minutes once the heat source is turned off. The maximum temperature in
the tube does not increase any further after those ten minutes. The longitudinal
conduction continues along the top plate surface with some through thickness
conduction until the temperature above the debond equal to the temperature of
the surrounding area on the top plate. Images of all four tubes after four minutes
of heating and two minutes of cooling for Test Series #1 can be found in
Appendix F.
The debond in the Tube #2 images has defined edges that can be
measured and the size of the debond, quantified. The size of the debond is
7500mm2, according to the picture. The original size of the debond was made to
be 10000mm2 with a 75mm channel leading to it, however, manufacturing flaws
by the adhesive team [18] decreased the size of the debonded region. Adhesive
bond flaws will be discussed later.

4.2 Test Series #2
The next test series examined the temperature of the back surface of the
model deck. This series was performed in a similar manner to Test Series #1.
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Each tube was investigated individually for anomalies in the thermal pattern. Any
anomalies indicated poor bonding or complete debonding between the bottom
plate and the panel constructed of the four tubes. The thermograms for this
series should display the same type of conduction patterns for the individual
tubes as seen in Test Series #1. The thermograms from the well-bonded tubes
can be seen in the pictures in Appendix E. Tube #4, however, had a disrupted
pattern as seen in Figure 4.6.
Excess adhesive concentration
inside Tube #4

Heat source

Anomaly in thermal pattern –
debonded region

Figure 4.6 – Tube # 4 after 4 minutes of heating and 4 minutes of cooling.
This testing image indicated an “area of interest”, meaning that a clear
debond was not observed but an anomaly in the thermal pattern was evident.
Two anomalies were observe in this tube, one where the debond was placed and
one right in front of the heat source, as indicated. The debond in front of the heat
source was found to be caused by some Magnabond overflow that had been
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concentrate on the inside of the tube and then cured. The Magnabond has a
much higher conductivity and therefore, created a “hot spot” on the thermogram.
This excess adhesive was removed for later tests.
The other anomaly was the area set aside for the debonding. The original
plan for the model deck called for a debond in this location on Tube #4 as seen in
Figure 3.3, however, the area does not appear to be fully debonded. Unlike the
full debond on the front surface of Tube #2, the debond on Tube #4 is conducting
heat both through the thickness and longitudinally.

Evidence of through the

thickness conduction is a result of poor bonding, called a kissing bond, instead of
a complete debonding.

This occurred because the manufacturing team

encountered several problems during the vacuum bagging process of the model
deck. After the Magnabond had been placed in between the bottom plate and
the tubing panel, the deck needed to be moved and rebagged. This movement
caused a “sliding” of the bottom plate against the tube panel, forcing the
Magnabond into the dam-surrounded, silicon sprayed area mapped out for
debonding. The debond then became filled with adhesive, however, due to the
presence of the silicon, a full bond was never formed during the vacuum bagging
and curing process.

This kissing bond resulted in the poor conduction that

caused the anomaly in the thermogram of Tube #4.

This anomaly was a

deviation in the linear thermal pattern that was expected to appear. At the East
end of the tube, the gradient makes an abrupt decrease in temperature even
though it had been linear to that point. When the bondline thins to approximately
half of the original thickness the calculated surface temperature decreases to
24.4°C from 24.7°C.

This accounts for the change in the thermal conduction

pattern observed during the inspection of Tube #4.

4.3 Test Series #3
The next test examined the top surface of Tube #2. This inspection was
performed after the deck had been placed on its East end and the debond had
been filled with 10mL of water entering through the debonded tunnel originally
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placed in the deck. The water was allowed to drain into the debond and then the
tunnel was closed off with duct tape.
As hypothesized, the debond in this test did not appear as clearly or as
quickly. This is because the thermal conductivity of water is more than one order
of magnitude larger than that of air. Thus, the heat conduction experiences less
resistance through the water and the debond will not appear as quickly.
However, the difference in the conductivities between the water and the
Magnabond are still large enough at 90.4W/m°C to create a large change in the
gradient, indicating a debonded region. A thermogram for this test series can be
seen in Figure 4.7.

Debond with water

Channel

Figure 4.7 – Tube #2 with water in debond and no wear surface.
The debond in this test, like Test Series #1, was also clear.

The

temperature difference, in this series, between the debonded and bonded
regions was also 2°C as with the air test series. The edged of the debond did,
however, appear less definitive than with the air debond. This is due to the
conductivity difference between air and water and the possible convective events
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occurring within the debond from the heated water.

This convection in the

debond will allow for even better thermal conductivity making it difficult to discern
the exact location of the debond edges.
The ideal time for heating and cooling to observe the debond was at six
minutes of heating and two minutes of cooling. Additional timed pictures from
this test can be seen in Appendix F.

4.4 Time Dependency Calculations for Debond Constituents
In order to understand why the debond with water required more
conduction time, the original flux equation must again be considered.

 ∂ 2t 1 ∂t 1 ∂ 2t ∂ 2t  q *
∂t
= α  2 +
+ 2
+ 2  +
2
∂τ
∂
∂
∂
∂z  ρcp
θ
r
r
r
r

Here α =

k
ρc p

and even though water has a higher conductivity, the time

dependence of the heat flux equation also depends on the density, ρ, and the
heat capacity, cp, of the constituent in the debond. Alpha is the thermal diffusivity
of a material and so to determine which constituent will take longer to observe on
the thermogram, the thermal diffusivity of both water and air must be calculated.
Using the following data, the thermal diffusivity of each constituent was obtained.
The density of air is 1.177kg/m3, the heat capacity is 1066 J/kg°C, and the
conductivity is 0.02624 W/m°C. The properties for the water in the debond are
ρ= 996kg/m3, cp = 4186 J/°C, and k=0.162 W/m°C.

The calculated thermal

diffusivity of air was 2.07E-5 Wm/N, while the thermal diffusivity of water was
3.8E-8 Wm/N for a temperature of 28°C.

This difference of three orders of

magnitude explains the time lapse in the observation of the water debond from
the observation of the air debond. Also by considering the thermal diffusivity, the
lack of clarity of the water debond boundaries can be explained. Since the heat
capacity of water is much higher than that of the air, the boundaries around the
air debond are much clearer. This is due to the water in the debond acting as a
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localized heat sink, storing some of the heat form the surrounding well-bonded
areas.
4.4 Test Series #4
After the finish of Test Series #3, the debond was again filed with 10 mL of
water, taped, and then the deck was placed on its West end. Tube #2 was then
filled with dry ice in an attempt to freeze the water inside the debond. After an
hour of freezing, excess ice and surface ice was removed from the tube and
testing was performed again. This time the heating period was increased to thirty
minutes in order to observe the debond.

Debonded region
with frozen water

Figure 4.8 – Tube #2 with frozen water in debond after 30 minutes of
heating.

4.5 Test Series #5 & #6
Additional tests were then run on the deck to determine if any damage
was sustained from the freeze-thaw process of Test Series #4. No additional
damage was determined to have occurred on either surface. A picture of Tube
#2 can be seen below:
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Figure 4.9 – Tube #2 post freezing after 4 minutes of heating and 4 minutes
of cooling. No additional damage from one freeze/thaw cycle.
4.6 Test Series #7
After these tests were run, the wear surface was applied to the deck as
prescribed in Chapter 3. Then tests were run in a similar manner as in Test
Series #1.

However, in these tests, the heat had to conduct through an

additional layer. The presences of this wear surface layer will affect the time that
the thermal conduction can be clearly observed on the surface because the heat
will require increased time to conduct through the extra layer.

Also, the

roughness of the wear surface affects the emissivity of the surface and ultimately
the ability of the camera to detect radiation from the surface. The heating times
in this series of tests were increased to 8 minutes.
Despite the additional obstacles in these tests, the debond was still
evident on the thermograms.

A large anomaly was detected in the thermal

pattern of Tube #2 at 8 minutes. The edges of the debond were not as defined
as on the previous tests due to the conduction through an extra layer and the
scattering that the quartzite on the wear surface caused. The debonding and the
effects of the aggregate of the wear surface can be seen in Figure 4.10.
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Figure 4.10 – Tube #2 with wear surface after 8 minutes of heating.

Testing of the deck with the wear surface was done on all of the tubes.
Additional pictures from Test Series #7can be found in Appendix G.
4.7 Test Series #8
Once the wear surface test series was completed, an inspection of Tube
#2 with water in the debond was performed. As before, the debonded region
filled with water was not as clear as the air debonded test. With the addition of
the wear surface the thermograms only indicated an area of interest in this test
series with no quantifiable results about the dimensions of the debond.
thermal image of Tube #2 during this test series can be seen in Figure 4.11.
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A

Debonded region
with water

Figure 4.11 – Tube #2 with wear surface and water in the debond after 10
minutes of heating and 4 minutes of cooling.
Other images from Test Series #8 provided only subtle evidence of this area of
interest.

4.8 Test Series #9
After this test series was completed, additional water was added to the
debond and the tube was frozen as before. Again, heating times needed to be
increased to create a thermal pattern with a recognizable area of interest in the
debonded region. The time was increased to 45 minutes of heating. An image
from Test Series #9 is presented in Figure 4.12.
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Debonded region
with frozen water

Figure 4.12 – Tube #2 with wear surface, water, and freezing process.
Image recorded after 35 minutes of heating.
The addition of the wear surface and the presence of the recently frozen water
created a larger area of interest than seen in the previous tests. This is an
additive result of the large heat capacity of the water and the emissivity change
effects of the wear surface on the thermogram. However, even though the size
of the area of interest cannot be quantified, a debonded area is evident and can
be further investigated.

4.9 Test Series #10
After Test Series #9 was completed, heat and alcohol was used to
evaporate the water left in the debond.

A final series of tests were run to

establish the final damage state of the composite. No additional damage was
found by comparison of final images to those in Test Series #7, the baseline test
with the wear surface present in place.
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Chapter 5 – Conclusions and Future Recommendations
5.1 Accomplishments and Conclusions
Problems with the United States infrastructure have compelled engineers
to explore new replacement alternatives for conventional structural materials.
One option being investigated for replacing bridge decks is fiber reinforced
plastics. However, without reliable modeling and long-term performance data,
the acceptance of FRP for common structural use has and will be greatly
impeded. Yet, if a reliable method for determining the damage state of these
structures can be found and its capabilities can be quantified, there will be one
less obstacle for FRP to overcome.
This research was an experimental assessment of the capabilities of
Infrared Thermography as a nondestructive evaluation method for a fiber
reinforced plastic bridge decking system.

A model version of the EXTREN



decking system was constructed with known debonds in order to determine the
effects of these inconsistencies on the thermographic images. The dimensions
of the model deck were 61mm x 70mm x 18mm. Methods for creating thermal
excitation in the tubes of the deck were explored and convective hot air was
found to be the most easily implemented and successful method for this
application. Ultimately, this research can be used to help determine the best
method of implementing nondestructive evaluation in this application and how to
obtain the most accurate results in the field-testing of the full-scale bridge deck.
This assessment of the capabilities should suggest the feasibility of using IRT for
the FRP deck application.
Analytically, a mathematical model was created to estimate the thermal
conduction patterns through the transverse and longitudinal directions of each
tube. This pattern was found to be linear for the length and thickness of the
model deck as well as the full-scale deck.
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Thus, after thermal excitation,

anomalies in the thermal gradient appear as deviations from the expected linear
pattern.
Also, by simplifying the conduction through the thickness of a tube, an
adhesive layer, and the top plate, calculations were made to determine the
expected surface temperature to be observed by the IR camera. This expected
surface temperature was calculated for the debonded area as well. Calculations
for the debond were made for two cases - the debond filled with air and the
debond filled with water. Temperatures observed on the thermograms verified
these predicted temperatures in the well-bonded and debonded areas.

Region

Calculated Temperature

Thermogram Temperature

Well-Bonded

24.7°C +/- 0.004

24.5°C

Debonded with Air

23.5°C +/- 0.004

22.8°C

Debonded with Water

24.5°C +/- 0.004

23.2°C

Table 5. 1- Calculated and Observed Temperatures for Bonded and
Debonded Regions (see Appendix E for calculations)
The differences between calculated and observed temperatures is due to
the assumptions made in the model. The effects of convection, radiative losses
in conduction, and longitudinal conduction were not taken into account and
therefore the calculated numbers are slightly higher than would be expected.
The ten experimental test series demonstrated that IRT can successfully
indicate debonded regions. Without a wear surface and without the presence of
water, IRT can quantitatively show the location and the size of a fully debonded
area on the thermogram. The addition of the water into the debond allows only
for a qualitative indication of an area of interest on the bridge deck. The wear
surface adds another conduction layer to the deck and changes the emissivity of
the surface and therefore requires more heating time to reveal the location of the
debond.

Once the wear surface is on the deck, even without water in the

debond, only qualitative results can be obtained about debond size and location,
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though the surface temperature difference in the gradient clearly indicate an area
of interest.
Test series were also conducted after freezing the tube with water in the
debond.

These test required much longer heating times on the order of 45

minutes, which was presumably to first melt the water and then the debond was
observable.
Ultimately, this research aims to acts as a guide for the field-testing of the
full-scale deck. Some preliminary work on full-scale decks were performed. A
convective hot air heating source was developed with a propane tank, large
propane fan system, three-inch conduit, and PVC piping. This heating system
successfully created a temperature gradient and heat flux through the full-scale
deck. Even though the gradient was developed, the damage that occurred in the
field was located on the bottom of the deck, which was not accessible in this
application.

The only successful full-scale test results were obtained in the

laboratory on a deck that had an estimated 50% debonded area between the top
plate and the tube paneling. The IRT detected a thermal pattern that indicated
the placement of round weights on this deck during the curing process revealing
that only approximately half of the plate was fully bonded to the tubes. Also,
there was success in the laboratory on the full-scale deck that was debonded on
the bottom surface, however this inspection occurred when the deck was upside
down so that the damaged surface was exposed to the camera.
The testing on the model deck indicated a channel debond that was only
an estimated 127mm wide. If this defect size were extrapolated to the large field
deck, it would be approximately the same because the dimensions of the small
deck in the transverse conduction direction were kept the same. This as the
smallest debond detected in this research but was also the smallest one in the
model deck. The resolution for the model deck, 0.4mm/pixel (0.02in/pixel) at
279mm (4ft), indicates that smaller debonds can be detected. The resolution for
the field testing was found to be 7.8mm/pixel (0.31in/pixel) at 5160mm (16.9in)
from the edge of the deck. Some other differences in inspection would occur
because a much larger heat source would be needed to simulate the volume of
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hot air that was achieved in the model deck. Since most tests on the model deck
required between 4 and 8 minutes, heating times between 24 and 48 minutes
should be used on the field deck for debond detection. This was verified by the
times heating was observed during the field-testing. These estimates do not take
into account the power of the heat source in the field and are only rough
estimates to be used as guidelines but have been roughly verified by the field
work.

5.2 Recommendations for Future Work
In order to fully quantify the capabilities of IRT in this application, a more
thorough model of the heat transfer of the deck system should be developed.
With an analytical model that accounts for convection, radiation, and longitudinal
conduction, a more accurate surface temperature prediction can be obtained.
The model should also account for the emissivity and thermal changes caused
by the wear surface.

This model can be compared to the experimental tests

already completed. Once this model is developed it can be used for predicting
surface temperatures for the full-scale model as well. This will enhance the
ability of the system to successfully identify damaged areas, possibly before
cracks are found through visual inspection.
Eventually, a specification for the inspection of these decks needs to be
developed. This preliminary work will serve as a basis but much more work is
needed to eliminate some field-testing variables. One aspect of testing that was
discovered was that IR thermogram results were more easily obtained when the
testing was done without solar interactions. The field-testing in this research was
done once after sunrise and three times before sunrise. The results from the
latter tests were more easily interpreted than the one that had solar interaction.
Also, traffic was stopped during these latter tests which reduced excess thermal
contributions of the hot tires in contact with the deck wear surface.

These

conditions are recommended for any future testing on these decks until the
effects of the solar heating and tire heating can be quantified and corrected for
with the camera.
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Also, a suitable heating system was developed for this testing. The use of
the PVC piping and the propane tank and blower adequately heated the deck to
allow for gradient observation by the IR camera. This system is suggested for
future work if the installation of the PVC piping was possible. Otherwise an array
of flash lamps or a flash lamp scanning system may be used. There are also
heating mats available for areal heating. This change in heating source would
affect the heating times, detection times, and possibly the kinds of results
obtained (same side detection instead of transmission detection).
In addition, a resolution range for the inspection was determined. It was
found that inspection done at 608cm (20ft) from the deck edge will yield a
resolution of 0.91cm/pixel (0.36in/pixel). The field testing in this research was
done with a resolution of 0.78cm/pixel (0.31in/pixel).

This was suitable for

indicating areas of interest.
In order for a specification to be written, a suitable temperature range for
testing should also be specified.

For extremely high ambient temperatures

(above 80°F), the aforementioned heating methods may not be adequate and a
cooling method could be devised as an alternative.

Also, in the specified

temperature range, a typical gradient should be established with temperature
differences determined for each possible constituent in the debond (air, water,
salt water, etc.). Another suggestion would be to further quantify what effects
different moisture contents in the debond and in the composite components
themselves have on the resulting thermograms.
Lastly, the best method to inspect these bridges would be to have access
to the bottom of the deck. Since one of the main areas of interest in these decks
is the debonding of the bottom plate from the tubes, the best place to inspect
them would be from below. In this method, solar heating would also be an option
and the deck could be observed while heating up in the morning, at sunrise, or
cooling down at night after dusk. Inconsistencies in the thermal gradient would
still indicate debonding problems in the deck. It is also recommended that an
additional NDE method be used to supplement the IR testing in areas where
access to the deck is impeded.

For example, in areas where there are
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supporting beams, acousto-ultrasonic transducers can be placed on either side
of the beam to detect debonding. The amplitude of the signal will decrease with
the presence of a debond and other deterioration modes.
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Appendix A
Composite Manufacturing Processes

Figure B.1 – Vacuum bagging schematic [A.Loos]

Assembly Directions for FRP Bridge Deck
1. Drill holes for the thru-bolt rods in the side walls of the tubes.
(Note: holes to be located and aligned with each other to +/- 1/16”)
2. Sand side wall faces of tubes
(Note: Sand/abrade to remove surface veil)
3. Insert any internal plugs of hole reinforcement as required
4. Assemble tubes into panels
(Note: Assembly to be prepping and applying adhesive per manufacturer’s threaded rods.
Adhesive to be MAGNABOND 56 A/B or PLIOGRIP.
Insert threaded rods and positioned as flat as possible on table.
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After rods are inserted and panels are positioned flat, tighten nut and rods to close
joints tight between tubes.
Torque nuts to 50 ft.lbs. for 1” diameter fiber bolts or 100ft.lbs. for ¾” or 1” diameter
steel rods.
Do not overtighten and distort tubes.
Apply lock tight to nuts/threads to prevent loosening after assembly.
5. Allow panels to cure sufficiently before handling or rigging.
6. After tube panels have cured, sand top and bottom surfaces of panels
(Sand to obtain acceptable flatness and check with straight edge steel template of length
greater than width of panel. Acceptable flatness is defined as no variance of more than
1/16” in 12” in any direction)
7. Hold for VA Tech sensors.
8. Sand Top and Bottom skin plates.
(Sand/abrade to remove surface veil.)
9. Bond skin plates to tube panels.
(Bond by complete vacuum bagging using one of the resins identified in step 4)
10. Allow tube panels and skin plates to cure sufficiently before handling or rigging.
11. Drill attachment slots in 6 locations.
12. Apply traffic ware surface.
(Note: Traffic ware surface to be multi-layers of Shell 8084 epoxy resin proportioned, mixed,
and applied per manufacturer’s instructions and 3/16” and less gap graded angular quartz
aggregate. Top coat is to be Strongwell’s standard coarse aggregate with top seal of 8084
epoxy. Total thickness of ware surface 3/8” minimum)

13. Install hook bolts prior to shipment.
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Appendix B
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Appendix C
Attribute Characteristics
Physical Properties
Mechanical
Electromagnetic
Thermal
Simultaneous Occurrences
Same Type
Different Type
Magnitude of Imperfection
Gradual Variation
Discontinuity

Assessment Procedure
Requirements
Type

Number

Location
Size
Orientation
Severity
Material Properties
Mechanical Properties
Status
Fixed
Changing
Service Environment

Application Constraints
Mode of Inspection
Pre-Service
In-Service
During Service
Access

Geometry
Surface Condition
Environment
Time Available
Reliability
Multiple Techniques
COST

Table C.1 - NDE Method Selection/Development Criteria – J. C. Duke
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Appendix D
Mathematica Modeling of Heat Conduction in Composite
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Appendix E
Through the Thickness Conduction Calculations
Adhesive
or debond

Air layer

Inside Tube
Temp. = 72°C

Tube
wall

T2

Air
layer

Top plate

T3

T4

T6 in room = 20°C

T1 at inside
wall = 70°C

T5

1cm

1cm

3mm

1cm

1mm

Assumptions made for this model:
1. T1 = T (Inside air tube temp.) - 2°C
2. Forced Convective Boundary Layer Thickness = 0.01m
3. Free Convective Boundary Layer Thickness = 0.001m
4. Rule of Mixtures analysis for calculation of k for Magnabond
Aluminum part
•

T1 = 70°C T

Epoxy part

K3 = (15%)*(600 W/m°C) + (85%)*(0.7 W/m°C)

T2 = ?

T4 = ?

T5 = ?

k1 = 0.03 W/m°C k2 = 0.7 W/m°C k3 = varies

k4 = 0.7 W/m°C

k5 = 0.026W/m°C

x1 = 0.01 m

x4 = 0.01m

x5 = 0.001m

x2 = 0.01m

T3 = ?

x3 = 0.003m

T6 = 20°C
•

Heat Flux calculation for Magnabond:

q
T1 − T 6
70 − 20
=
=
0.01 0.01 0.003 0.01 0.001
A x1 + x 2 + x3 + x 4 + x5
+
+
+
+
k1 k 2 k 3 k 4 k 5
0.03 0.7
90.6
0.7 0.026
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•

Calculation for heat flux for air and water:
Change k3 to 0.026W/m°C for air
Change k3 to 0.162W/m°C for water

•

Heat flux,

q
, for Magnabond is 124.8 W/m2, for air is 96.9 W/m2, and
A

for water is 119.4 W/m2

•

Calculations of temperatures at interfaces:

T 2 = T1 −

x1  q 
 ;
k1  A 

x3  q 
T4 = T3 −   ;
k3  A 

T3 = T2 −

T5 = T4 −

x2  q 
 ;
k2  A 

x4  q 
 
k4  A 

Constituent

T2 (°°C)

T3 (°°C)

T4 (°°C)

T5 (calculated T for thermogram) (°°C)

Magnabond

28.4

26.6

26.5

24.7

Air

37.7

36.3

25.1

23.5

Water

30.2

28.5

26.3

24.5

Table E.1 – Calculated Temperature Results

Uncertainty Calculations
Assumptions: U( x1, 2,3, 4,5 ; k1.2.3.4.5 ; T1, 6 ) = 0.01
Need relative uncertainty, RU, of T5 calculations:


x  q 
RU (T5 ) = RU  T4 − 4   
k4  A 
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x  q 
U  T4 − 4   
k4  A 

x  q 
RU  T4 − 4    = 
x q
k4  A 

T4 − 4  
k4  A 


 x  q 
x  q 
U  T4 − 4    = U (T4 ) 2 + U  4   
k4  A 

 k4  A 

2

 x  q 
 x  q  x  q 
U  4    = RU  4    ∗ 4  
 k4  A 
 k4  A  k4  A 
2

 x  q 
x 
q
RU  4    = RU  4  + RU  
 A
 k4  A 
 k4 

2

x 
2
2
RU  4  = RU (x4 ) + RU (k 4 )
 k4 
q
 x1 x 2 x3 x 4 x5 
+
+
+ 
RU   = RU (T1 − T6 ) 2 + RU  +
 A
 k1 k 2 k 3 k 4 k 5 

2

x
x
x 
x
x
U  1 + 2 + 3 + 4 + 5 
k
k 2 k 3 k4 k5 
x
x
x 
x
x
RU  1 + 2 + 3 + 4 + 5  =  1
x1 x 2 x3 x 4 x5
 k1 k 2 k 3 k 4 k 5 
+
+
+
+
k1 k 2 k 3 k 4 k 5
= 0.82

2

2

2

2

x
x 
x 
x 
x 
x 
x
x 
x
x
U  1 + 2 + 3 + 4 + 5  = U  1  + U  2  + U  3  + U  4  + U  5 
 k1 
 k2 
 k4 
 k1 k 2 k 3 k 4 k 5 
 k3 
 k5 
= 0.33
x 
x  x
U  1  = RU  1  ∗ 1
 k1 
 k1  k1
84

2

x 
2
2
RU  1  = RU (x1 ) + RU (k1 ) =
 k1 

RU (x1 ) =

U (x1 )
(likewise for rest of RU calculations) = 1
x1

RU (x1, 2, 4 ) = 1; RU (x3 ) = 3.33; RU (x5 ) = 0.1; RU (k1 ) = 0.33;

RU (k 2, 4 ) = 0.14; RU (k 3 ) = 8.4 E − 5; RU (k 5 ) = 0.38

RU(T5) = 0.1056/24.5 = 0.004
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Appendix F
Thermograms from Test Series #1
All pictures taken after 4 minutes of heating and 2 minutes of cooling.

Figure F.1 - Tube 1

Figure F.2 - Tube 2

Figure F.3 - Tube 3

Figure F.4 - Tube 4
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Appendix G
Thermograms from Test Series #1 of Tube #2
Evolution of debond on thermogram through time

Figure G.1 - 2 minutes heat

Figure G.3 - 6 minutes heat

Figure G.2 - 4 minutes heat

Figure G.4 - 6 minutes heat/ 2 minutes cool
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Figure G.5 - 6 minutes heat/ 4 minutes cool

Figure G.6 - 6 minutes heat/ 6 minutes cool

Figure G.7 - 6 minutes heat/ 8 minutes cool
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Appendix H
Wear Surface Thermograms

Figure H.1 - Tube 1 with wear surface

Figure H.2 - Tube 2 with wear surface
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Figure H.3 - Tube 3 with wear surface

Figure H.4 - Tube 4 with wear surface
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