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ABSTRACT

The goal of this research is to investigate new technologies for the condition
assessment of concrete, to help ensure bridge safety and improve the
effectiveness of maintenance and repair. The objectives of the research were to
evaluate the capability and reliability of thermal imaging for the detection of
delaminations in bridge components. This research included field testing to
validate inspection guidelines developed during earlier phases of the research
which describe the necessary minimum environmental conditions for successful

application of the technology.

This thesis presents the results of the investigation, focusing on the use of
thermal cameras as a bridge inspection tool for the detection of delaminations.
The delaminations are caused by subsurface cracking, normally associated with
corrosion damage in concrete. The delaminations result in local variations in
surface temperature that are measured and imaged by the thermal camera.
Field testing was conducted as a part of a training activity in different state across
the US, as well as systematic verification testing intended to verify the

performance of the technology.

Application demonstrated during the research included the detection of
delaminations in bridge decks, in the soffit or underside of bridge components, in
piers and abutments, and in fiber reinforced polymer (FRP) overlays. The study
indicated that this technology was effective for detecting delaminations when the

developed guidelines were met.



1 INTRODUCTION

The research reported herein explored the application of infrared (IR)
thermography detecting deterioration in concrete bridges. The research focused
on the use of hand-held thermographic cameras during typical bridge
inspections. The overall goal of the research was to improve the safety of
highway bridges by developing nondestructive evaluation (NDE) technologies to

support and improve inspections.

Concrete bridges in the United States deteriorate due to corrosion of
embedded reinforcing steel, among other causes. The deterioration of concrete
as a result of corrosion of embedded reinforcing steel is a widespread problem
for State Departments of Transportation. Cracking in the concrete that develops
at a subsurface level manifests as delaminations (Maser and Roddis 1990).
Delaminations are subsurface horizontal cracks, parallel to the surface of the
concrete surface. These delaminations develop due to the expansion of the
reinforcing steel during corrosion processes, and as such typically occur at the
level of the reinforcing steel mat (Huston et al. 2002). The volume of the
corrosion products can be from 2 to 6 times greater than that of iron they are
derived from, depending on their composition (Bertolini et al. 2004). These
reinforcing steel mats are typically located at a depth of 2 to 3 in. (51 to 76mm)
from the surface of the concrete. As corrosion damage advances, these

subsurface delaminations can mechanically separate from the concrete structure,



a condition typically referred to as spalling (Maser and Roddis 1990; Masliwec

1988).

Spalling of the concrete further exposes the reinforcing steel to the ambient
environment, resulting in accelerated deterioration rates. Spalling in the soffit
area of an overpass bridge or other concrete bridge can fall into traffic and
present a hazard to motorist or pedestrians (Fenwick 2009). Condition
assessment tools that can detect these delaminations before spalling occurs are

needed to ensure bridge safety and identify maintenance and repair needs.

Nondestructive evaluation (NDE) methods used to access subsurface
defects in concrete vary in complexity and reliability. These methods range from
simple hammer sounding to detect characteristic tones resulting from
delaminations, to advanced technologies such as ground penetrating radar
(GPR). Infrared Thermography (IR) has been used to detect characteristic
thermal signatures associated with delaminations, primarily in concrete bridge
decks (Maser and Roddis 1990). Delaminations are detected by measuring the
difference in surface temperature that may exist between a region of sound
concrete and a delamination region of concrete under certain environmental
conditions (Manning 1980). The method is dependent up environmental
conditions, and can become ineffective if conditions are unfavorable. As a result,
IR thermography has certain limitations as an inspection tool. Weather
conditions must be suitable to enable detection of subsurface features such as
delaminations. T h e Asui tabl m\aude csuffitient solaro loasling or

changes in ambient temperature to produce a thermal gradient in the concrete
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(Fenwick 2009). Solar loading can provide a strong radiant heating source that
establishes a thermal gradient. Subsurface defects such as a delamination
disrupt the heat transfer through the concrete, and if sufficient thermal gradient
exists, then a variation in the surface temperature of the concrete in the area
above the delamination can be detected. The effectiveness depends on the
depth of the defect, with deeper defects having less effect on the surface
temperature than defects located closer to the surface of the concrete. Because
the ambient environmental conditions cannot be controlled, the effectiveness of
the method varies significantly depending on the environmental conditions at the
time the inspection is being conducted (Manning 1983). As a result, experiences

with this technology have been mixed.

Thermographic imaging has several advantages over other techniques, such
as being able to scan a large area, simple to use, fast, and it produces an image.
Some of the other techniques include sounding, visual inspections, impact echo

(IE) and ground penetrating radar (GPR).

A number of hand tools, including hammers, steel rods, and chains for
example have been used to strike the deck surface, working progressively over
the entire deck. A delamination in the concrete causes a dull sound to be heard
when the deck surface is struck. Methods of detecting delamination currently in
routine use utilize this characteristic (Manning and Holt 1980). The interpretation
of the sound produced is subjectively assessed by the operator and requires

hands-on access. This also becomes a tedious task because when inspecting a



deck the inspector has to work in a crouched position and covers only a small

area of the deck each time.

Visual inspection is one of the most versatile methods of NDE and is usually
one of the primary methods used in evaluating a structure. A primary benefit of
visual inspection is that it is low cost, relatively quick and requires minimal
training. This method however, can have several limitations, including: it is only
capable of detecting deterioration observable in the concrete surface, may
require an access vehicle to gain adequate access for some areas of the bridge

and can be subjective (Yehia, Abudayyeh et al. 2007).

Impact echo is a process in which a mechanical impact produces a stress
wave in a material. This wave is detected by a transducer on the surface and
depending on the acoustic properties of the wave, the quality of the concrete can
be evaluated. The stress wave has a different frequency for different impact
durations, with smaller impactors producing higher frequency stress waves,
which provide greater resolution, but travel less into the material than lower
frequency stress waves (Sohanghpurwala 2006). There are several limitations of
IE; method only measures where the impact is made, the surface under
inspection must be fully accessed, which requires traffic control, lane closures
and access vehicles for some areas of the bridge. Also IE is very time
consuming and labor intensive and interpretation of results can be difficult,

requiring highly trained and experienced personnel.



Ground penetrating radar launches high frequency electromagnetic waves
into a concrete deck, reflections caused by the changes in electromagnetic
properties of the subsurface features in the concrete (varying dielectric
constants) are detected and analyzed to determine where deterioration exists
(Maierhofer 2003). This technology can be used to rapidly scan a deck to
develop an image through the process of several scans or an array of sensors.
Several of the limitation of GPR include complicated interpretation of results,
requiring experienced personnel, sometimes requires destructive testing to

complete interpretation (Scott 1999; Maierhofer 2003) and lane closures.

One of the most significant advantages infrared is its ability to image a large
area of concrete quickly from a distance. The soffit of a bridge, for example, can
be observed from the ground level, without the need for bridge access vehicles
that might be required to hammer-sound the structure. The deck can be image
from the side of road; this allows inspection of the deck without disturbing the
flow of traffic. Other elements of the bridge can also be observed without gaining
direct hands-on access to those locations. This has the advantage of reducing
the requirements for traffic control and costs associated with using special
access vehicles. Additionally, the time required to conduct the inspection may be
significantly reduced, because large areas are being imaged. With hammer
sounding, every area to be evaluated must be accessed to impact the surface
with the hammer. This can be a labor-intensive and time-consuming process for
large areas of concrete. For areas, such as a bridge deck, traffic control must

also be in place to redirect traffic so inspectors can safely access the concrete.



Another advantage of thermography is that the results are available in real-time
and require little or no processing. The thermal contrasts resulting from a defect
are observed on the camera screen during the inspection, and additional
investigation to confirm results or further explore anomalies in the image can be
conducted, if necessary. Finally, modern IR cameras are relatively easy to use,
with intuitive menu structures that can be easily learned. As a result, training on
how to use the cameras is minimal, such that the tool could be practically

implemented within a bridge inspection program.

The research is focused on training participating state Department of
Transportation inspectors to use IR cameras effectively for inspecting concrete.
The reliability of the technology will be assessed and previously developed
guidelines for field use will be evaluated. These results will be evaluated through

a series of field tests that include field verification of the results.

1.1 Purpose

This research is conducted to validate the inspection guidelines for the
application of thermal imaging for bridge inspection for highway bridges.
Although IR thermography has been an available tool for the condition
assessment of highway bridges, there has been limited use of the technology.
This is due in part to the complexity of applying thermography to bridge
inspection. Since the technology relies on the environmental conditions for
detection of defects in concrete, the technology does not have a consistent and
reliable performance level, rather the performance level depends on the
particular environmental conditions of a given day or night. Therefore, to apply
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the technology practically, additional guidance is needed on what specific
environmental conditions are most likely to result in a high performance level,

and which environmental conditions are expected to result in poor performance.

The purpose of this research is to give inspectors the tools and knowledge
needed to perform thermographic inspections. With this, the research hopes to

expand the use of thermographic as a common tool for bridge inspections.

1.2 Goals

The goal of the research is to develop new technologies for the condition
assessment of concrete to help ensure bridge safety and improve the

effectiveness of maintenance and repair.

1.3 Objectives

The objectives of the research are to:

1 Evaluate the capability and reliability of thermal imaging technology
in the field

1 Field test and validate inspection guidelines for the application of
thermal imaging for bridge inspection

1 Identify implementation barriers faced by inspectors in the field

1.4 Approach
The objectives of the research project were approached as one part of a
larger study, that included distribution of equipment and training for 10 state

DOT.



Each state was given two days of training that included a half day of
classroom training and one afternoon and one morning condition of field training.
The states were each given a T620 camera to conduct thermographic

inspections on civil structures, such as bridges, in their state.

The participating states were asked to upload some of the images captured
during these thermal inspections to an online database. The database pooled
these images together so the research team and other inspection teams could

view images uploaded to the site by inspectors.

A verification testing trip was planned to verify the results of the IR findings.
The IR findings were verified using a number of techniques including chain
dragging, hammer sounding and coring. These trips also allowed for inspectors
to ask questions, discuss problems and get a refresher course on how to

properly use the cameras to detect defects.

A mobile application designed to assist inspectors in determining if the
current weather meets the recommendations of the guidelines from phase I. This
mobile app will get your GPS location from the mobile device and pull weather
data from weatherunderground.com and give inspectors a green, yellow, or red
light depending on the weather conditions. A green light will indicate conditions
are favorable for IR inspection while a red light means IR is not recommended
based on the current weather conditions. A yellow light will be displayed when

conditions are approaching the recommendation of the guidelines so caution



should be used or inspections should be delayed until better conditions have

been reached.



2 BACKGROUND

2.1 Introduction

The use of thermography as a concrete bridge inspection tool has been
available for decades. Corrosion in concrete is a major concern assessing the
guality of a concrete bridge. When embedded steel corrodes it expands, which
causes cracking that can lead to delaminations and spalling. These
delaminations interrupt heat flow through a structure which can be detected using
IR cameras by analyzing the differences in the amount of infrared radiation that is

being emitted from the concrete compared to the surrounding areas.

As heat is being transferred from the ambient environment into the concrete it
flows through the concrete. Cracks or voids in the concrete prevent this flow of
heat through the concrete which causes areas above a crack or void to warm up

faster than the adjacent areas.

There are several environmental factors that can affect IR, including solar
loading, ambient temperature changes and wind speed. All of which can be a

major influence in the ability of thermography to detect subsurface defects.

2.2 Concrete and corrosion

Today, concrete is the most widely used man-made material in the world,
carrying the bulk of the United States transportation system with over 2.5 million
miles of roadways (Central-Intelligence-Agency 2010) and the 60,000 bridges in
the National Bridge Inventory (Latta 2009). As a ubiquitous material for the
construction of bridges throughout the world, concrete is utilized for primary

10



structural members, decks, and substructures. Deterioration presents a
significant challenge for inspection and maintenance engineers. The primary
cause of deterioration in concrete bridges is the corrosion of embedded

reinforcing steel.

The corrosion of embedded reinforcing steel is the result of the intrusion of
chlorides into the concrete at the level of the reinforcing steel, where the
chlorides promote the corrosion process. A significant source of chlorides in
highway bridges is the use of deicer chemicals, which can contain sodium
chloride and calcium chloride (Cady and Weyers 1992), other sources could be
the intrusion of marine salt water or chloride based accelerators. When the
chlorides penetrate the concrete to the level of the reinforcing steel, they allow for

the initiation of an electrolytic process of corrosion.

For corrosion to occur there needs to be a corrosion cell with an anode, a
cathode, an electrical path connecting the anode and cathode, and an
electrolyte. In a typical reinforced concrete bridge, the migration of chloride
ions from deicing salts to the reinforcing bar creates anodic and cathodic
areas on the bar. At first, the reinforcing bar is protecting bar is protected by
a passive iron oxide layer over the bar due to the high concrete alkalinity
(Cady and Weyers 1992), but eventually the chloride ions break down the
passive layer by lowering the concrete alkalinity. An electrical path is created
over the bar and the concrete becomes an electrolyte. Oxygen and moisture
must also be present for corrosion to occur. The iron oxide formed by the
corroded steel occupies a volume two to six times greater than that of the

11



iron they are derived from, depending on their composition and the degree of
hydration (Bertolini et. al 2004). This leads to cracking, typically initiating at
the level of embedded steel as shown in Figure 2-1. This subsurface
cracking propagates, resulting in a delamination in the concrete, and

eventually causes spalling and disintegration.

Figure 2-1: Delamination at the embedded steel level.

The spalling further exposes the embedded steel to the environment,
accelerating deterioration of the structure that may lead to a reduction in
structural capacity (Vu and Stewart 2000). Additionally, the spalled concrete
material can provide a hazard to motorists when occurring in the soffit or
parapets of bridges that span roadways. This is particularly problematic in the
unreinforced corners of the concrete member, where corrosion of the embedded
steel can lead to a separation of the concrete on the soffit corner of the member,
which may fall into traffic below. The resulting spalling and pot holes in the deck
can reduce the service level, and require a time consuming repair to maintain a
suitable riding surface. As a result, the detection of deterioration in its early

12



stages, such that mitigation and repair strategies can be employed, and is of

critical importance for maintaining safe and efficient operations.

IR thermography has been applied historically to detect corrosion-induced
delaminations in reinforced concrete bridges (Manning and Masliwec 1990).
Early research into the subject was conducted at Texas A&M and the Virginia
Highway and Transportation Research Council (Arnold 1969; Clemena 1978).
The researchers highlighted that due to the immense difference between the
volumetric heat capacity of solid concrete and that of the air gap (air void) of a
delaminated region, the separated concrete was warmer than the sound concrete
when exposed to solar heating. Their research suggests that more severely

delaminated regions have a stronger thermal contrast.

An interpretation of this phenomenon by Holt in 1979 was that the
temperature difference at the surface correlates with the depth of the
delaminations (Manning and Holt 1980). In 1980, Manning & Holt investigated
the use of IR thermography for delamination detection, and compared the
findings to results achieved with manual methods such as chain drag. Concrete
cores were utilized to establish delamination depth and thermocouples
embedded 6mm into the deck measured temperatures of sound and delaminated
concrete. They determined their deck differentials both under daytime conditions
and at night. Based on their study and IR technology at the time, their results
suggested that IR thermography was not as accurate as the chain drag
technique (Manning and Holt 1980). It was noted however, that thermography

had the capacity to quickly scan large areas, could be used hand held, vehicle

13



mounted, or even attached to a helicopter. Additionally, they pointed out that
thermal contrast could occur at any ambient temperature, but were greatest
during a period of rapid heating and cooling. Furthermore, they suggested that
the surface temperature changes were indicative of the depth of the flaw, and

larger temperature differences were therefore associated with shallower defects.

2.3 IR Theory

The basic principle behind thermographic inspection of civil structures is that
the flow of heat through the material being inspected is disrupted by the
presence of a subsurface defect (Manning 1980; Yehia, Abudayyeh et. Al 2007).
The disruption in heat flow can manifest as a variation in temperature at the
surface of the material, which can be observed in an image created by an
infrared (IR) camera. The IR camera, which measures the intensity of energy
emitted from the material in the IR range, can be used to produce an image of
the surface temperature of the material. Variations in the uniformity of the
surface temperature resulting from the subsurface defect can be observed in the
image produced (Arnold 1969). When the temperature of the material increases,
such as during the daytime when the sun and ambient environment (air
temperature) are heating the block, the surface area above a subsurface
delamination warms at a faster rate than surface areas where the concrete is
intact, as shown schematically in Figure 2-1. Delaminations can be detected as
Afhot spotso on the surface of the ma
nighttime; when air temperatures are falling and the material is cooling, the

surface area above the delaminations cool at a faster rate than the intact

14

ter i

al



concrete and appear as fAcold spotso
detected by a qualitative assessment of the thermographic image to determine
areas in the image that appear to have a thermal contrast within areas that are
intact.

3t C

Deck Deck

Delamination Delamination
IR energy
IIMMH | n';ngyt” o Uﬂ\ﬂlmmlﬂmmw .
;.l‘ﬁf".,@@ug\xi.; ] ug\%}/@@u&""wlw
Reinforcing bars Soffit Delamination Relnforeng bars Soffit Delamination

Figure 2-2: IR energy emitted from a concrete deck under day and night
time conditions.

The environmental conditions surrounding the test, such as thermal loading
due to ambient temperature change, or an increased wind speed, can have
significant effects on the quality of the thermal image that is produced (Algennah
2000). The effects of these environmental factors can be difficult to
characterized and vary over time, such that it can be difficult to determine if the
existing environmental conditions at a given point in time are adequate to

produce a high quality image.

This section provides an introduction to the theory behind IR thermography
with the intention of illuminating some of the changes faced in developing this

technology for application to the inspection of bridges.
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2.2.1 IR Radiation

All materials emit radiation in the IR range when their temperature is
above absolute zero (-243°C). The rate at which this energy is emitted is a
function of the temperature of the material and its emissivity. IR cameras can be
used to infer temperature of a material but are in fact not thermometers but rather
radiometers, which measure the electromagnetic radiation emitted or reflected
from the surface of a material (Yu 1989). The energy of emitted radiation can be

expressed by the Stefan-Boltzmann equation:
o -,7Y Equation 2-1
Where:

E = radiant energy emitted by a surface at all wavelengths —
8 = emissivity of the materials

£ = Stefan i Boltzmann constant (5.67 x 10%—)

T = Temperature (in degrees Kelvin)

As shown in Equation 2-1, the radiant energy emitted from a material is
proportional to the fourth power of its temperature, such that small variations in
temperature will result in large changes in the radiant energy. The emissivity of
an object is a relative measurement of the rate at which the object emits
radiation, 1 being a perfect emitter and 0 being no emission at all. In general
concrete has a relatively high emissivity, between 0.9 and 1.0, and as such is a

good emitter relative to other materials such as metals.
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For the application of IR thermography to civil structures, where a
qualitative measure of the contrast in an image is used in an attempt to identify
subsurface deterioration, specific emissivity values are not required. The values
of emissivity are valuable if the absolute temperature of an object or material is
needed, but to identify the contrast in a thermal image it is not needed. However,
it is important in terms of analyzing thermographic images, because different
materials may emit radiation at different rates, even though they may be at the
same temperature (Clark et. al. 2003). Therefore, if a thermal image includes
different materials, such as paint on the surface of the concrete, the paint may
appear at a different temperature than the concrete because its emissivity is
different, even though its temperature may be the same. The surface roughness
of a material will also have an effect on emissivity values, with rough surfaces

generally having higher emissivity than smooth surfaces.

2.2.2 Heat Transfer
The rate of heat transfer across a solid in steady-state can be expressed

using the Fourier equation:

~
g

n > — Equation 2-2

Where:

A, = surface area normal to the direction of heat flow, x (m?)
T = temperature (K)

N = rate of heat transfer (Watts)

k = thermal conductivity Watts per meter 1 Kelvin (—)
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Thermal conductivity is a measure of the ability of a material to transfer
heat. Table 2-1 highlights some typical heat transfer properties of relevant

materials in civil engineering.

Table 2-1: Thermal properties of typical materials found in civil structures

_ Specific Density Therm.all 'I_'herr_nz_il
Material Heat 3 Conductivity Diffusivity
@tulbroryy | P miyhrt el oF Y | (2 Sec?) x 10°
Concrete 0.191 150 1.040 5.7
Steel 0.11 495 26.58 139.9
Air (defect) 0.17 0.075 0.014 355.2
Styrofoam 0.31 2.18 0.015 9.5
Water 1.00 62.5 0.347 1.5
Ice 0.49 57.1 1.27 0.007
Epoxy 0.29 95.5 0.717 0.004

Specific heat refers to the amount of energy required to heat a given unit
of mass of a substance by one degree. Thermal conductivity is the property of a
material that indicates its ability to conduct heat. Thermal diffusivity is the

thermal conductivity divided by the volumetric heat capacity.

The Fourier equation (Equation 2-2) presents the most basic relationship for heat
transfer in materials, representing a steady-state in which heat transfer is
independent of time. For a realistic case, the situation is typically more
complicated by time-varying heat input and different thermal properties (e.g. k
values) of materials making up the system being examined. However, the
equation is useful in that it indicates the dependence of heat transfer on the

thermal gradient. The thermal gradient is the difference in temperature as a

18



function of distance — (Fenwick 2009). For example, if the surface of the

concrete is hot and the internal temperature is cold, it is said to have a thermal
gradient. This thermal gradient will cause heat to flow, and a subsurface
delamination that interrupts that heat flow will cause the heat to flow differently in
the defective area than in the intact areas, which may result in a variation in the

surface temperature in that area.

For civil structures, particularly those expose to the environment,
convective heat transfer can play a significant role in the heat transfer. The

convective heat transfer rate away from a surface can be expressed:
N E! 4 4 Equation 2-3

Where:
gc = rate of heat transferred from the surface of area (J)
A, = surface area (m?)
s = temperature of the surface (K)
Ta = air temperature (K)

h. = convective heat transfer coefficient

Based on the findings by Manning & Holt (1980) the amount of concrete
cover may also affect the inspection capability of IR thermography due to the

increasing weakness of temperature differential with target depth.

Maldague provides an equation relating the depth of a defect with

observation time (Maldague 2000). Findings suggested that the deeper defects
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will be detected at a later time with a reduced contrast, where observation time is

a function of the square of the depth, indicated by the relationship:

o — Equation 2-4

Where:
t = observation time (S)

z = depth of the target (m)

| = thermal diffusivity of the material (—)

Additionally it was suggested that there was a relationship between the
loss of contrast and increasing depth, where the loss of thermal contrast is

proportional to the cube of the target depth, indicated by the equation:

A — Equation 2-5

Where:

¢ = thermal contrast loss due to defect depth (—)

z = depth of the target (m)

The book also suggests as an empirical rule of thumb that the radius of
the smallest detectable defect should be at least one to two times larger than its
depth under the surface. This rule is valid for homogeneous isotropic materials.
In the case of anisotropy it is more constrained (Maldague 2000). And even
though concrete is not strictly classified as such, the results may serve as a

generalization for the behavior of the overall concrete structure.
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The convective transfer coefficient, he, is typically an empirical value that
depends on a number of factors, including the wind speed and air density
(Lienhard and Eichhorn 1981). Of significance in this equation is the fact that for
a large difference in temperature between the structure being inspected and the
air temperature, the rate of convective heat transfer will also be large. If the wind
speed is high, the convective transfer coefficient will be high, and the rate of
transfer will also be high. The result of these effects is that the high rate of
convective heat transfer could act to homogenize the surface temperature,
masking subsurface defects. For solar expose surfaces, convective cooling may
counteract the radiant heating of the sun, and reduce the thermal gradient in the
concrete. For these reasons among others, procedures for applying IR
thermography under field conditions can typically include provisions limiting the
allowable wind speed during the inspection (ASTM 2007). These procedures are
directed toward solar exposed surfaces. When the surface is not exposed to
radiant heating from the sun, increased convective heat transfer associated with
higher wind speed may help increase the thermal gradient in the concrete
thereby increasing the detectability of a subsurface delamination. No prior

literature was found discussing this effect.

2.2.3 Environmental Factors

For civil structures, several different factors affect the heat transfer in
concrete exposed to the ambient environment. The important environmental
factors which influence the ability of thermography to detect subsurface defects

in concrete include solar loading, ambient temperature changes, and wind speed.
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Relative humidity has also been suggested in the literature as a factor (Manning
1983). This section briefly describes what each of these environmental
parameters is, and why it affects the thermal contrast developed from a

subsurface defect in concrete.

A primary driving force for the development of thermal gradients in
concrete is radiant from the sun (Washer 2010). Radiant energy from the sun
imparts thermal energy into the surface of the concrete that causes the concrete
to heat. The surface heats up at a much higher rate than core of the concrete,
developing a thermal gradient with high temperatures at the surface and cooler
temperature at depths into the concrete. To achieve thermal equilibrium, the
heat at the surface of the concrete is transferred (conducted) toward the core of
the concrete. The amount of solar loading may be expressed as the radiant

energy of the sun, which is the radiant energy at a given point in time.

The temperature of the air surrounding the concrete will also impart a
thermal gradient. In the daytime, when temperatures are typically rising over the
course of a day, the ambient air temperature is higher than the temperature of
the concrete, and as a result, heat is transferred into the concrete to move the
concrete toward thermal equilibrium with its surroundings (Washer 2009). This
will establish a thermal gradient in the concrete, as the surface warms faster than
the core of the concrete. Obviously, the greater the difference between the
ambient air temperature and the concrete the greater the thermal gradient. The
temperature of the concrete lags in time relative to changes in the ambient
environment, due to its large mass and low thermal conductivity. As a result, if
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there are large changes in the ambient environmental temperature, a large
difference will develop between the temperature of the air and the temperature of
the concrete, producing a greater thermal gradient. For this reason, the change
in the ambient temperature over the course of the day is the parameter that
controls the level to which a subsurface target will affect the surface temperature
of the block, i.e. be detectable with an IR camera, when solar loading is not
present (Fenwick 2009). The actual environmental temperature has little effect;
the thermal gradient would be the same if the air were maintained at either 80°F
or at 32°F; if the concrete was in thermal equilibrium with its surrounding.
However, if the air temperature were to change from 32°F to 80°F over a period
of 10 hours, the concrete could not change that fast, and a thermal gradient
would result. The same thermal gradient would be developed if the air

temperature were to change from 42° to 90°F or 52°F to 100°.

Other deck conditions, such as asphalt overlay, surface emissivity, and cover
thickness also influence thermographic readings. Research suggested that the
presence of an asphalt overlay made it more difficult to detect defects. The
effect of the overlay was to essentially dampen the thermal contrasts achieved
due to the thermal mass above a potential delamination, and the thicker the
overlay, the greater the damping effect (Roddis 1987). This also has the effect of
narrowing the tolerable ranges of environmental factors (if the thermal contrast
were dampened the target would be visible for less time, and with smaller

magnitudes).
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A major concern for the reliability of IR thermography through asphalt overlay
is the possible presence of a debonded area which could confuse interpretation.
The debonded area could appear as a flaw in the image, in addition to the actual
delaminations in the concrete. To distinguish debonding for delaminations, it was
suggested that the delaminations were circular and uniform while the debonded

areas were large, non-circular, and non-uniform (Roddis 1987).

As mentioned previously, the effect of emissivity can lead to misinterpretation
of readings from thermographic imaging. Surface texture, patching, debris, and
oil staining are among the surface features that may complicate the identification
of thermal anomalies (Maser and Roddis 1990). Each of these features have
different thermal properties that create a high noise level in the thermal image,

that is, thermal variations which are not related to any defect or flaw.
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3 TRAINING

3.1 Introduction

During the initial task in the research, training materials and a comprehensive
research plan was developed. Training materials established during phase | of
the research were developed and modified for the training needs of this phase of
the research. The work plan included identifying field test sites and planning for
each of the participating states, scheduling delivery of cameras and training in
each state, and an overall schedule for completion of the research. Field test
and plans for verifying IR results for 2 to 4 tests sites in each participating state is

currently underway.

During the training, thermal cameras and associated training was delivered to
each participating state Department of Transportation. Training modules
developed from results of phase | was provided to each partner along with on-

site field training.

Table 3-1 shows the training schedule for all of the states involved in the
project. Texas was selected to be the first state to receive training because of
unpredictable weather in the northern states of the project. The weather for most
of the training trips allowed for both training in the classroom as well as training in
the field, where inspectors were given a chance to use the camera and ask
questions. The weather in Oregon and Georgia was not ideal for field training

but the inspectors where still given a chance to use the camera in the field and
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ask questions, even though the weather prevented most defects from being

visible.

Table 3-1: Training Schedule

Receiv
SIEE Training Dates N“”.‘ber of elgizlded
DOT trainees Training
X March 26-27 2012 8 Yes
MN April 23-24 2012 10 Yes
OR May 22, 2012 6 Limited
A June 5-6 2012 10 Yes
PA July 16-17 2012 8 Yes
NY July 18-19 2012 22 Yes
Ml August 14-15 2012 5 Yes
GA September 19-20 2012 9 Limited
Wi October 22-23 2012 I Yes

The classroom training each state received consisted of five modules. The
first module was an introduction, which stated the objectives of project, the
desired results and a brief overview of what would be covered in the other four
modules.  The second module covered the theoretical background of
thermography and heat transfer. This section explained how heat transfers
through the concrete and how materials with different emissivity properties with
the same temperature can appear to have different temperatures. The third
module was environmental factors affecting IR images. This module discussed
many different factors the inspectors may experience while conducting IR testing.
This section also discussed the findings from the previous phase, phase I, of the

project. Module four was how to make a good IR image. This module covered
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the basics of how to capture a good IR image by correctly setting the level and
span in the field. Having the appropriate level and span allows inspectors to see
defects in real time. Without correctly setting the level and span or by leaving the
level and span on the automatically adjust setting, the concrete structure may
appear to not have any defects, when there are defects present. This module
also covered the importance of focusing the camera, taking images at the proper
angle, and lens selection. The last module was how to use the FLIR T620
camera. Module five discussed the basic functions inspectors would have to

know to when using the camera for concrete structure inspections.

3.2 Participating States
Currently there are 10 state Department of Transportation partners
associated with this research. The following states are the funding partners for

this research:

1 Texas

1 Minnesota

1 Oregon

1 lowa

1 Pennsylvania
1 New York

1 Michigan

1 Georgia

1 Missouri
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1 Wisconsin

Out of the 10 states involved in phase Il of the research, Texas, Missouri,
and New York were also partners in phase | of the research. Phase | established

the guidelines and data for the foundation of the training.

Each state was surveyed after the classroom training on the first day. The
trainees were asked if they were satisfied with the training, which modules were
the least and most useful and about camera use. Texas was the only state

which was not surveyed. Table 3-2 below summaries the results of the training

trips, the number of people who attended the training, which training modules

were the | east/ most useful, and t Hem trai
each state.
Table 3-2: Summary of training results
State Satisf_action Most/Least Will IR Number Numbgr of
DOT V\_/lt_h useful camera use _of evalua_ttlons
training module be easy? |trainees | received
MN 75/100 4/1 75/100 8 4
OR 89/100 4/1 82/100 10 10
IA 66/100 4/1 69/100 6 6
PA 88/100 4/1 81/100 10 4
NYS 75/100 4/1 72/100 8 8
Ml 84/100 4/1 76/100 22 16
GA 75/100 4/1 83/100 5 5
Wi 77/100 4/1 75/100 9 8
X - - - 7 0

Texas was the first state to receive training in the spring of 2012, in which

seven people attended the two day training. The first day of training included
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classroom training the first half of the day with field training for the afternoon
portion of the first day. The second day of training consisted of revisiting the
same sites from the previous afternoon to demonstrate how the same show up
as either hot or cold spots during different times of the day. Figure 3-1 shows a
how a defect can appear as a hot spot during later parts of the day, as it does in
the image on the left, and a cold spot during the early morning, as shown in the
image on the right. This bridge in Austin, TX had been repaired using an FRP
wrap and the thermal images show where the FRP was not bonded to the
substrate. The integrity of the bond between the concrete and the composite is
critically important to achieve the design capacity of the slabs since the force
between the composite and the concrete is transferred through the composite-

concrete interface (Ghosh, K. and Karbhari V. 2010).

Figure 3-1: Thermal images of an FRP overlay wrap from Texas training

during the afternoon (A) and the following morning (B).
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Figure 3-2 shows the ambient temperature change before the images
were taken. Image B in Figure 3-1 is shown as the red line in the graph below.
The defects shows up as warmer than the sound concrete because of the large
temperature increase. As shown in the graph below, there was a 21 degree
increase over 5 hours which exceeds the recommendations of the guidelines for
daytime inspections in Appendix A. Image B in Figure 3-1 is shown as a green
line in Figure 3-2. The same defect shows up cooler than the surrounding
concrete because of the large temperature decrease. The 22 degree
temperature decrease from the following afternoon excesses the minimum 15
degree decrease stated in the guideline for nighttime inspections. The ambient
temperature had just started to increase at the time the morning image was
taken. Since the morning image was taken before defect had a chance to warm

up, it showed up as cooler than the surrounding concrete.
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Figure 3-2: 48 hours surrounding the images from Texas.

Minnesota was the second state of the training and had eight attendees.
During the two day training the weather was excellent for thermography, sunny
with | ows in the mid 306s and 4006sThiaend t he
large increase in ambient temperature allowed for very detectable temperature
differences between the solid concrete and the defects. This large temperature
increase and the sun heating the deck made the defects on the underside of the
deck appear as cold spots during the afternoon field training. These results were
expected but there was one section in the middle of the bridge where defects
were still showing up as hot spots compared to the solid concrete. This was

caused by a parapet on the deck of the bridge that was acting like a big heat
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sink. The parapet was absorbing all of the heat from the sun so the concrete
under the parapet was still cooler than the defects. Figure 3-3 shows a defect
that was warmer than the solid concrete directly under the parapet but cooler

than the solid concrete that was being heated by the sun.

Figure 3-3: Parapet cooling the soffit.

The image in Figure 3-3 was taken during the afternoon of the first day. The
second day of testing allowed inspectors to experience using IR during the
morning conditions as delaminations are tr

spots. Figure 3-4 shows deck delaminations that were detecting during the
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morning inspection. The images also show the shadow of the inspector

appearing in both the digital, image A, and the IR, image B.

Figure 3-4: Shows a digital image of the deck (A) and the IR image (B)

detecting delaminations in the deck.

Figure 3-5 shows the 48 hours of ambient temperature change
surrounding the images in Figure 3-3 and Figure 3-4. The large temperature
increase made all of the defects in the soffit areas become cooler than the
surrounding concrete, except for under the parapet. The heat from the sun
warmed the deck which transferred through the deck and warmed the concrete in
the soffit. This heat flow caused the defects in the soffit to become cooler than
the surrounding concrete because the heat was not able to flow through the air
voids. The defects under the parapet however, remained warmer than the solid
concrete under the parapet because the concrete in this area did not warm up at
the same rate as the surrounding concrete because the parapet acted like a

large heat sink.
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Figure 3-5: 48 hours of ambient temperature surrounding the IR images.

Oregon was the third state in the series of states to be trained, however
due to rain and cool temperatures the entire week the training was reduced to
one day of classroom training, which ten Department of Transportation personnel
attended, and a brief field training that afternoon so inspectors could use the
basic functions of the camera and ask questions. The rain and cool ambient
temperatures prevented the defects from creating enough of a thermal gradient
to be clearly detected using the thermal cameras. Figure 3-6 shows the 24 hours
of ambient temperatures surrounding the testing. The guidelines state there
needs to be a 15 °F differential through the course of the day and as shown in

the graph there was only a 6 °F increase for the entire day. This small
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temperature change prevented the detection of delaminations in areas that were

protected from the light rain.
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Figure 3-6: 24 hours of ambient temperature surrounding the training.

In lowa, eight people attended the two day training during June 2012. The
first day of training consisted of classroom training in the morning and field
training in the afternoon. During the afternoon training we were able to detect
several defects using the IR cameras and verify the results using hammering
sounding. Figure 3-7 shows an inspector marking his hammering sounding

results with blue paint with the IR results marked in yellow chalk.
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Figure 3-7: Inspector using hammer sounding to verify IR findings.

The weather for the second day of training in lowa was cool and rainy
which does not follow the guidelines for IR inspections. The rain made the
surface of the concrete highly reflective to the IR waves and it was very difficult to
detect the delaminations we had marked from the previous day. Figure 3-8
shows how the rain caused the surface of the concrete to reflect the heat from
the inspectors standing on the bridge. The image on the left shows the digital
image of the bridge deck and the inspectors standing in the background. The IR
image on the right shows the same area of the deck that is reflective due to the

wet surface.
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Figure 3-8: Water on the surface cause the deck to become reflective.

The fifth training trip was to Pennsylvania and New York. Due to the time
loss of traveling East and the distance between these two states both states
were training during the same trip. Pennsylvania was the first state of the two
states to be trained and seven people attended this training. After the morning
classroom training we used the camera to detect a ping pong that had been
embedded in a concrete slab by one of the inspectors and heated with a desk
lamp. Figure 3-9 shows the results from what the IR camera detected in the

concrete test slab.
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Figure 3-9: Ping pong ball embedded in concrete test slab.

For the field training in New York we went to a bridge located near the
DOT training center in Albany, New York. The bridge had large columns with
several large delaminations that were discovered using hammering sounding. By
using hammer sounding it was determined that there was a large cover between
the surface of the concrete and the delaminations. The ambient temperature
change surrounding the two days of training is shown in Figure 3-11. The first
day of training had unusual cooling during the first 6 hours of the day, so using
the IR cameras it was very hard to locate delaminations that were not exposed to
solar loading. The delaminations in these non-solar loaded areas during the first

day of training had very small temperature differences from the sound concrete.

The ambient weather for the morning of the second day was better for non-solar
exposed surfaces because there was a slight thermal difference but the

difference was minimal. This is because the temperature difference between the
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areas of delaminations and the sound concrete was only ~0.5°F. This very small
temperature difference between the defects and the solid concrete was very hard
to notice. Figure 3-10 shows spot 1, delaminated concrete, at 74.3°F and spot 2,
solid concrete, at 74.8°F. As shown in the figure the delamination is not easily
detected at first glance due to the small change in ambient temperature change.
Another reason is the amount of concrete present in the column acting as a large
heat sink, in which a large temperature change is required to change the

temperature of the concrete enough to detect the delaminations easily using IR.

spot 1 74.3
spot2 74,8

Figure 3-10: Large column with small temperature difference between

delaminations and sound concrete.

Figure 3-11 shows the ambient temperature for the 48 hours surrounding
the images in Figure 3-10 and Figure 3-12. The second vertical line (red)
indicates Figure 3-10 was captured early in the morning on the second day of
training, just as ambient temperature was beginning to increase. The graph
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shows there was a decrease of more than 15 degrees from the previous
afternoon at the time the image was captured. Even though the ambient
temperature change met the recommendations from the guidelines in appendix
A, the large cover between the surface of the concrete and the delamination
made the delaminations difficult to spot using IR. If the inspection had been
conducted before the ambient temperature started to increase, the delaminations
may have had a slightly larger temperature difference and may have been

slightly easier to detect using the IR camera.
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Figure 3-11: 24 hours surrounding the IR image.

Delaminations on the bridge that were exposed to solar loading and with a

smaller cover than those in the columns were much more visible. Figure 3-12
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shows a delamination located on the deck just above the columns in the previous
figure that was very visible from the previous day because of the low cover and
heating of the deck from the sun. Image A shows the digital image of the deck

and B shows the delamination showing up as white in the IR image.

: Spot 1 ]_]_7_ OF I 1

| Spot 2 119 *E:H'—
Difference
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Figure 3-12: Deck images of a delamination, digital image (A) and the IR

image (B).

In Michigan, 22 people attended the two day training in mid-August. For
field training, the first bridge that was selected where hammer sounding had
previously been done on the underside of the bridge, the IR cameras were used
to confirm the hammer sounding results. The second bridge had a thin epoxy
overlay that was de-bonding from concrete. Figure 3-13 shows where the epoxy
was de-bonding in the IR image on the left and a digital image of that area on the

right.
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Figure 3-13: De-bonding epoxy overlay, digital image (A) and IR image (B).

The graph in Figure 3-14 shows the ambient temperature change through the
course of the day that the images in Figure 3-13 were captured. As shown in the
graph below, there was a small period of about an hour during the morning while
the ambient temperature was increasing that the ambient temperature remained
almost constant. This seemed to have little effect on the solar loaded
delaminations being inspected. The red line in the graph shows when the

images in Figure 3-13 were captured.
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Figure 3-14: 24 hours of ambient temperature surrounding the test.

Georgia was the eighth state in the series of states to be trained, however
due to rain and cool temperatures the entire week the training was reduced to
one day of classroom training, which five Department of Transportation
personnel attended, and a brief field training that afternoon so inspectors could
use the basic functions of the camera and ask questions. The rain and cool
ambient temperatures prevented the defects from creating enough of a thermal

gradient to be clearly detected using the thermal cameras

Wisconsin was the final state to be trained during the 2012 year. Nine

department personnel attended the two day training. The weather conditions for
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the WI did not meet the recommendations stated in the guidelines. Even with the
ambient temperature not meeting the recommendations of the guidelines,
shallow defects (small cover) were still detectable with the IR cameras. The
graph in Figure 3-15 shows the ambient temperature change for the two days of
training. The first day of training the ambient temperature only changed 11°F
from sunrise to the warmest point in the day, the recommended is 15°F. The
second day there was only a 6°F change in the first six hours after sunrise. The
guidelines state the measured ambient temperature differential should be at least
10°F within the first six hours after sunrise. The logistics of the trip prevented
inspection the bridge past this point to see if more delaminations would be visible

as the temperature continued to increase.
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Figure 3-15: 48 hours of ambient temperature surrounding the two day

training.
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4 EXPERIMENTAL TESTING

4.1 Introduction

Field verification was comprised of organized field tests that evaluated the
capabilities of the technology for identifying deterioration in bridge decks, soffits,
and other relevant areas of a bridge. Field test specimens included bridges
scheduled for renovation or replacement, as well as in service bridges. The field
verification testing typically consisted of additional focused testing of an area
where subsurface delamination or damage exists, to determine the spatial extent
and/or depth of the damage. Previous research has shown using a second NDE
testing technique and using a fusion of the results can improve the accuracy of
detecting defects at various depths (Kee et al. 2012). This data was compared
with the thermography results to evaluate the performance of the technology
under real-world conditions. Thermal images of the area were captured under
different weather conditions (morning, day, night, etc.) and coupled with another
method of determining the extent and depth of the damage. Methods for

determining the extent and depth of the damage included:

1 Forensic analysis of concrete components during demolition
1 Coring of the member to identify the extent and depth of the damage

1 Hammer sounding/chain dragging

E ]

Impact echo

The use of a hammer is tedious because the inspector has to work in a

crouched position and covers only a small area of deck each time. A steel bar or
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chain drag enables an inspector to stay in an upright position but these methods
are also time consuming and requires the inspector to have access to the entire
bridge. The results from this type of testing are very subjective to the
interpretation of the inspector which causes concerns for the reliability of these
methods. If the striking object is highly resonant, the difference between sound
and delaminated concrete may be difficult to distinguish (Manning and Holt

1980).

Table 4-1 summaries the verification testing conducted in the states. The
table shows were verification testing has been conducted, how many different

types of test were performed and the types of bridges tested.

Table 4-1: Summary of verification testing

: Number .
State | Date of Testing of Test Types of Test Type of Bridge
MO June 8 2012 3 Sounding, ques, Concrete deck w/
Jackhammering Overlay
MN August 7-9 2012 1 Sounding Concrete deck
MN Septer;ck)aleg 25-26 2 Sounding, Cores Concrete deck
IA | August 16-17 2012 | 2 Sounding, Cores | Concrete deck w/
epoxy injections

42St ephends Coll ege sHMisseusix ri an Bri dge
Two pedestrian bridges on the Stephens College campus in Columbia, MO
were scheduled to be demolished and replaced. With permission from Stephens

College and the contractor, IR and verification tests were conducted on the two
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existing bridges before demolition. The bridge referred to as the College Bridge
spans east to west over College Avenue. The college bridge was the focus of
the verification testing because of the number of delaminations at various depths
throughout the length of the deck. The second bridge is referred to as the
Broadway Bridge which spanned north to south over East Broadway. Figure 4-1
shows the location of the two bridges in downtown Columbia, MO from Google

maps.

28 : o\

E{Broadway sy S

Figure 4-1: Location of the two Stephen's bridges.



4.2.1 Thermography Test Setup

IR testing was conducted on the deck of each bridge from 6:30 am until
10:30 pm. The decks were marked off into sections using a metallic tape and an
image was captured every hour so to capture the differences in temperature at
varies times in the day as radiate heat from the sun warms the surface of the

deck and then cools off as the sun goes down.

The camera was mounted on a tripod so the angle of the images would be
consistent from one section to the next. The location of each tripod leg was also
marked on the bridge so that the images would be the same the first hour of
testing to the last. Each section was numbered using tape at the edge of each

section to differentiate one section from another when analyzing the results.

The deck was then hammer sounded and the outlines of the delaminations
were marked using paint. Three different colors of paint, green, yellow, and red,
were used corresponding to what appeared to be different delamination depths
or air gaps in the IR images. Green was used for the delaminations that
appeared the hottest in the IR images. The red paint was used for the
delaminations that were only visible during a short window of times in the images
with only minor temperature differences between it and the sound concrete that
surrounded it. The yellow paint was used for the delaminations that fell between
the green and red paint criteria. The yellow paintd el ami nati ons
large of temperature differences as the green delaminations but were easily

detectable, unlike the delamination marked with the red paint.
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4.2.2 Testing

IR images were captured every hour to show how the deck and
delaminations heat up and cool down through the course of a day. The weather
met all the criteria outlined in the guidelines in Appendix A. The sun quickly
heated the deck of the bridge, so the delaminations became much hotter than the
surrounding concrete. Figure 4-2 shows the delamination along the left side of
the two images at two different times in the day. The image on the left shows the
delamination after several hours of being exposed to the sun being much warmer
than the surrounding concrete. The image on the right is taken two hours after
sunset and shows the delamination cooling faster than the solid concrete around

it.

Delamination

Figure 4-2: Delamination at different times in the day.

By studying how the delaminations heated and cooled compared to the
surrounding concrete and other delaminations in the bridge it was determine
there were three distinct types of delaminations in the bridge deck. To

distinguish between the three types for later analysis, green, yellow, and red
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paint was used to mark the delaminations. These colors were applied to the
edge of the delaminations during the hammer sounding test of the deck for each

bridge.

The IR images and the hammer sounding results were very similar in
determining the size and shape of the delaminations in the deck. Figure 4-3
below shows a digital picture on the left of the hammer sounding results and an
IR image of that same area on the right. The yellow area shows a delamination
that is deeper with less of an air gap that the delamination in the green area. As

the IR image on the right shows the color contrast between these two areas is

detectable and can be noted in the field.

A

Yellow delamination

Figure 4-3: Hammer sounding results compared to IR image

Once the bridges were removed from the site and transported to the
contractorb6s construction yard theThisast p h
final phase of testing included destructive testing of the bridges by taking cores at

varies locations in the bridge and using a jack hammer to tear away the
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delaminated areas of the bridge to examine the extend of the damage to the

deck.

Verification testing was conducted by the contractor under the supervisor
and direction of the research team. The contractor took four cores on each
bridge for a total of eight cores. On the College Bridge one core was taken from
each of the green, yellow, and red delaminated areas. The fourth core was taken
in area of sound concrete to use as a reference to compare results from the other
cores. Figure 4-4 shows the contractor taking a core in the delamination marked
with yellow paint on the College Bridge. Once all eight cores were taken, the
contractor used a jackhammer to remove the delaminated concrete so the
research team could examine the size and shape of the delamination and

compare these results to the IR and hammer sounding results.
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Figure 4-4: Contractor taking core on College Bridge

4.2.3 Results
The t wo pedestrian bridges at Stephenos
thermographic testing and verifying the results because both bridges were set to
be demolished and replaced. The IR test showed several delaminations that
appeared to warm at different rates when exposed to the sun. Figure 4-5 shows
the spot labeled Green has a temperature of 127.7°F inside the green area, while
the spot labeled yellow has a temperature of 118.0°F for the yellow area, the spot

labeled red has a temperature of 117.2°F and the solid concrete is at 114.7°F.
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Figure 4-5: Temperature of delaminations compared to the deck
temperature

The large temperature increase between the sound concrete and the green
delamination indicates the delamination is relatively close to the surface and has
a large air gap. The yellow delamination is slightly warmer than the solid
concrete which indicates a larger cover above the defect and a smaller air gap
than the area of the green delamination. The red delamination has a much
smaller temperature difference between it and the surrounding solid concrete.

This indicated a large cover and very small air gap.

The cores confirmed the IR findings and show the difference in temperatures
was due to the amount of cover above the delamination and the size of the air
gap. The green delamination had the smallest cover of 1  iaid largest air gap
of 1 0 In Figure 4-6 the air gap between the concrete is clearly visible once the

top section of the core was removed.
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Figure 4-6: Photograph of core location of the green delamination shows

the small cover and large air gap

The yellow delamination had a slightly larger cover o f lcovidréand a
smaller air void of I Gair gap. These differences between the two delaminations
were detected in the IR images and allowed us to note the differences between
the two defects. Image A in Figure 4-7 below shows the cover of the yellow
delaminated area and the size of the air gap between the cover and the rest of

the concrete.
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Figure 4-7: Core locations of the yellow (A) and red (B) delamination

The red delamination had a much large cover of 2 @nd no air void. Once
the top section of the core was removed from the red delamination the hole held
the water that was used during the core extraction process. The large cover and
little separation of the concrete shows why the delamination had very small
temperature differences between the area marked in red and the solid concrete.
Image B in Figure 4-7 shows core location holding water after the top section, the

cover above the delaminated concrete, of the core was removed.

A core was taken in an area that appeared to be solid concrete to confirm
the entire deck was not delaminated and to check the overall depth of the deck.
The solid concrete core confirmed that sections of the bridge deck were not
delaminated. The core also matched the plans the contractor had that stated the
overal/l deck depth of the bridges we
was originally 7 éhick but had a1  ioverlay added. Figure 4-8 below shows the

core with the overlay still bonded to the bridge deck.
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Figure 4-8: Solid concrete core

After all the cores were taken a jackhammer was used to speed up the
process of removing the delaminated concrete so the research team could
examine the transition areas between the green, yellow, red and solid concrete.
The force of the jackhammer on the concrete caused the areas of solid concrete
to vibrate loose. After several failed attempts to jackhammer the delaminated
areas without causing damage to the solid concrete around it, the jackhammer

tests were aborted.

The temperature for each delamination was recorded throughout the test and
graphed in Figure 4-9. The graph shows a large temperature difference between
the green delamination and the solid concrete while the yellow and red

delamination temperature did not vary as much from the solid concrete.
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Figure 4-9: Deck temperatures throughout the day

The graph in Figure 4-9 shows the differences in temperature between the
solid concrete, the yellow and red delaminations is hard to distinguish. The
graph in Figure 4-10 shows the temperature difference, or the temperature
contrast, of the delamination compared to the solid concrete in the bridge deck.
The green delamination reached a temperature contrast of +13.1°F at 2:30 pm
and a -2.6°F at 10:30 pm. This wide range of temperature contrast over a short
period of time is because the shallow depth of the delamination and the large air

gap.
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Figure 4-10: Temperature contrast between delaminations and solid

concrete

The differences between the red delaminated area and the yellow
delaminated area in Figure 4-10 are hard to distinguish because the green
delamination requires such a large scale. Figure 4-11 compares the yellow and
red delaminations on a much smaller scale. This smaller scale allows the
differences between the two areas to become very clear and shows why the
yellow delaminated areas were much more visible over a longer period of time

than the red delaminated areas.
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Figure 4-11: Shows the differences between the yellow and red delaminated

areas.

The yellow delamination had a much smaller range, than the green
delaminations, reaching a maximum contrast of +1.9°F at 2:30 pm and -0.5°F at
10:30 pm. This smaller range in contrast makes the delamination detectable
over a shorter period of time, when using IR, and less defined in the images than
the green delamination but still easily detectable. The smaller range is caused

by the increased cover above the delamination and slightly smaller air gap.

The red delamination only had minor temperature differences from the solid
concrete. The maximum contrast of +0.9°F was reached at 7:30 am and

remained only slightly warmer than the solid concrete until it 5:30 pm when it

60



cooled faster than the surrounding solid concrete and had a contrast of -0.8°F.
This small temperature contrast between the red delamination was caused by
large cover above the delamination and very small, tight air gap. This very small
air gap would allow the heat to transfer to the concrete easier than if the air gap
was large which causes the temperature contrast to be very similar to the

surrounding solid concrete.

The graph in Figure 4-10 also shows there were several times when all the
delaminations were the same temperature or had a contrast of zero which would
mean one type of delamination could not be distinguished from another or the
delaminations were undetectable using IR. Around 8:30 am, all of the
delaminations have a contrast that is slightly warmer than solid concrete. All
three types of delaminations would appear to have the same qualities at this
point in the day. As the day goes on and the temperature of the deck continues
to increase the delaminations begin to react differently to the radiation heat from
the sun. The green delamination heats up rapidly and becomes much warmer
than the two delaminations. The yellow delamination warms up quickly and
becomes warmer than the red delamination but the temperature difference
between the yellow delamination and the solid concrete is not as extreme as the
green delamination. The red delamination, being deeper than the other two
delaminations, reacted the least to the heat from the sun and stayed just warmer
than the solid concrete around it. Showing very little reaction to the heat
compared to the solid concrete is due to the fact the delamination is deeper with

a much smaller air gap.
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Verification testing was used to measure the effectiveness of thermography
in accurately detecting delaminations at various depths and air gaps. The
verification tests, hammer sounding and cores, confirmed the areas detected with
IR as delaminations and the differences between them as differences in depth or

air gaps.

4.2.4 Conclusion

The results from the Stephenods Co
temperature differences between delamination in the same environment can be
detected and can be categorized by the depth and size of the air gap compared

to other delaminations in that same environment.

The delaminations in the Sieepuli efra@e
bonding overlay that had been bonded to the bridge deck. As the area of de-
bonded overlay grew, the air gap between the overlay also expanded. The
differences in cover above the delaminations were caused by varying
thicknesses in the overlay due to construction errors when the overlay was
poured. This variation in thickness was detectable using IR once the overlay

became de-bonded.

4.3 Minnesota Verification

Minnesota was the first state to conduct verification testing on their IR
findings. Since Minnesota was the first state to volunteer for verification testing
and because of the results from the trip, a second verification trip was also

planned so we could core a bridge deck for additional results.
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The first verification trip to Minnesota was to verify chain dragging/hammer
sounding results that Minnesota Department of Transportation inspectors had
previous marked for repair. The trip was planned for three days to allow for any

unpredicted weather.

The first day of the verification trip was to verify a bridge inspected with IR
during the training trip. The bridge, number 85006, was then marked out using
chain dragging by MNDOT inspectors to verify the effectiveness of finding the
delaminations. The defects already being marked out were very easy to detect
using the IR cameras with the proper span setting. The IR camera showed the
defects actually being smaller than the areas marked out by the MNDOT
inspectors. The reason for the areas of the delamination being smaller than the
actual delam is because the chain drag MNDOT inspectors used for the
inspection consisted of 5 chains connected to a metal rod as shown in Figure

4-12.
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Figure 4-12: Chain dragged used by MNDOT inspectors.

The shape and size of the chain drag influenced how the delaminations
were marked. The delaminations were all rectangular in shape and larger than
the size of the actual delamination. IR images of these delaminations showed
the delaminations shape and size did not perfectly match the chain drag marks
and overestimated the total amount of the deck that was delaminated. Figure
4-13 below shows the chain dragging results marked out in white paint in image

A and the IR results in image B.
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Figure 4-13: Chain dragging (A) and IR (B) results of deck delaminations.

To verify the actual size and shape of the delamination matched the IR
findings, inspectors used a hammer to hammer sound the delaminations to
increase the precision of the verification test. The hammer sounding results
confirm the chain dragging markings were bigger than the actual delaminations

and the IR images were more accurate.

The next two days of the verification trip the weather was cloudy with a light
rain so inspections focused on the soffit area of the bridge because of the poor
conditions for inspecting the deck. The temperature range for both days was
smaller than recommended for IR testing, along with the rain limited the success
of the IR test. Figure 4-14 shows images of a defect in the soffit area around a
cross brace detecting using IR. Image A shows a digital picture of the soffit while
image B shows a delamination detected using IR that was not visible from the
ground. The soffit of the bridge in this area is approximately 50 feet off the
ground, which would require specialized equipment to have hands-on access to

test for damage if IR had not been used.
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Figure 4-14: Delamination with some spalling by a cross brace in the soffit.

The second verification trip to Minnesota was to take cores on a bridge that
had previous been marked out with hammer sounding/chain dragging and IR.
The core locations were determined by the MNDOT inspectors and were chosen
based on areas of delaminations that showed up with the IR cameras that the

inspectors wanted to take a closer look at.

The cores were taken at 3 different locations in the bridge deck. Three cores
were taken at the first location and two cores at the second and third locations,
for a total of seven cores as shown in image A in Figure 4-15. The locations of
the cores were picked because of the variation in thermal contrast in the
delamination and surrounding area. The placement of the cores was to
determine if these changes in temperature correlated to changes in depth of the

defect.

Table 4-2 summarizes the depth of the delamination at different locations.
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Table 4-2: Depth of cover above delaminations at different locations

MN Verification Cores
Sample Location
L1 L2 L3
S1 17/8" 2" 3/4"
S2 2 5/8" 1/2"-3/4" 2"
S3 2 3/8" - -

The delaminations that were selected to take core samples were selected
because of the amount of heat variation in the core. Figure 4-15 shows the
delamination at location 1 (L1) had a small very hot area, shown as white in the
IR image, a large yellow area around the white, and areas of pink around the
outer limits of the delaminations. For the first location three cores were taken in
each of the areas of interest. The first sample was taken just off the area

showing up as white in image B in Figure 4-15.

The second core was taken at the edge of the delamination that only had a
slight increase in the thermal contrast from the solid concrete around it. In the IR
image below, the contrast between the core location and the solid concrete look
very similar. This is because the average temperature of the core location and
the average temperature of the solid concrete around the delamination is 0.6°F.
A thermal difference of less than one degree is sometimes difficult to detect
visually on the camera screen during time of inspection, even with a very small
span, because of differences in emissivity, surface cracks, paint, sand, and other
debris that can appear to be at a slightly different temperature than the solid

concrete. This area appeared to be clear of any debris and the surface color of
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the concrete was consistent with the majority of the bridge deck so this difference

in temperature was believe to be caused by a subsurface defect.

The third sample was taken in an area that had a slightly lower thermal

contrast than the first sample. This shows up as mostly yellow with some pink in

image B below.

Figure 4-15: Cores at Location 1.

These thermal differences within the same delamination were due to the
variation in cover above the delamination as shown in Figure 4-16. Sample 1
was taken just off the area that appears white in the IR image, in this area the
delamination was the closest to the surface. Sample three had the lowest
thermal contrast of the three samples and the core had the largest amount of
cover above the delamination. The cover above the delamination corresponded
to the thermal difference detected by the camera. The smaller the cover above
the delamination the larger the thermal difference between the defect and the

surrounding sound concrete.
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Figure 4-16: The cores taken from the delamination at L1.

Figure 4-16 shows all three samples taken from location 1 and the depth
of the reinforcing steel. The reinforcing steel was at a depth of approximately 3
i 0 fr om t hNonesofithefsamples.showed any signs of an overlay and
all of the samples taken of the delamination at location 1 were well above steel.
The causes of this delamination are not yet known and are still being

investigated.

4.4 lowa Verification

lowa was the second state to conduct verification testing. The bridge
selected for the verification testing was located just northeast of Traer, IA along
highway 21. The bridge had delaminations that were repaired by a process of
injecting epoxy into the delaminations. IR testing was conducted around 8:00am
but only a few small defects at the ends of the bridge were visible. These

delaminations were near the surface and had no evidence of epoxy injections.
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Since the deck had not yet been exposed to the sun for a very long period of
time, it was recommended to let the sun heat the bridge and try IR testing at
different times throughout the day. While waiting, a chain drag was used to mark
out all of the defects on the deck of the bridge and inspected the soffit of the
bridge. Several spalls and delaminations were visible in the soffit area of the
bridge. Figure 4-17 shows a delamination along the edge of the bridge that was
detected with the IR camera which was not clearly visible as shown in image A.

The IR image, image B, shows parts of the defect being over 4°F cooler than the

surrounding solid concrete.

Figure 4-17: Images of a delamination along the edge of the bridge.

IR testing failed to show any results the first day of testing so the bridge
was revisited a second day. The second day of testing had similar results. The
only visible defects in the deck were the defects at the ends of the bridge that
appeared to have no epoxy. Figure 4-18 shows the delaminations along the

edge of the bridge deck. Image A shows the digital image of the deck while
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image B shows the IR image. The delaminations appear as white in image B

along the edge of the bridge deck.

Figure 4-18: Delaminations along the edge of the deck.

Since none of the epoxy filled delaminations were detectable using IR, two
of the delaminations were marked for coring. Figure 4-19 shows the two cores
taken from the deck. The cores showed one delamination having almost four
inches of cover, image A below, while the other delamination had just over two

and a half inches of cover, image B below.

Figure 4-19: Cores from the delaminations in the deck.
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The delamination with four inches of cover above it may have been too deep
for our cameras to detect without almost perfect weather conditions for IR testing.
The second core with only a two and a half inch cover should have been
detectable. Since none of the delaminations were detectable and the varying
cover above the delamination a computer model was used to determine if
delaminations filled with epoxy, water, or ice are still as detectable as

delaminations that have air gaps.

The computer model used data from the test block from phase | of the project
to compare voids filled with different materials. The graphs in Figure 4-20 show
defects at two different depths. Graph A shows a delamination at two inches and
graph B shows a delamination at three inches, and the results for each if the
voids were filled with air (air void), water, ice, and epoxy. The black line shows a
delamination with an air gap having a maximum thermal contrast of almost four
degrees Celsius in the two inch defect. All of the other filled defects, the water,
ice, and epoxy, have a maximum thermal contrast of less than one degree

Celsius.
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Figure 4-20: Results from a computer model of filled voids.

The computer model along with the graph in Figure 4-21, of ambient
temperature change, confirmed that the epoxy filled delaminations in the bridge
were not detectable using IR. While the technology is not able to detect
delamination that have been repaired with epoxy it can be used as a quality
control technique. Any delaminations that have not been filled with epoxy after a
repair has been made will be detectable using IR, as the delaminations along the

edge of the bridge deck were in Figure 4-18.
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Figure 4-21: 24 hours of ambient temperature surrounding the testing.
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5 ANALYSIS

5.1 Introduction

To analyze the data collected for all the participating states in this research
an online database was created so inspections throughout the country could log
on and upload images they had captured to the website. Along with the images
the website collected basic information from the inspectors including bridge
numbers, GPS coordinates, time of inspection, what sections of the bridges had
been inspected, and general notes about the bridge. After an inspector uploaded
images the database organized these images by state, bridge number, or bridge
section. This allows the research team or other inspections to view the uploaded

images and analyze the results of the images.

When an entry is viewed the website accesses hourly weather data from
weatherunderground.com, such as ambient temperature, wind speed, and
precipitation and pairs that data with the images based on the GPS coordinates
provided by inspector. This data is graphed on the webpage under the images

so the weather conditions surrounding the test can be examined.

By analyzing this data submitted from the participating states, the research

team hopes to improve the existing guidelines from phase | of the research.

Table 5-1 shows an analysis of the ambient temperature during testing for
each state based on the guidelines from phase I, in Appendix A. The guidelines
state that there should be a 10°F increase during the first 6 hours after sunrise.
Table 5-1 shows what the minimum and maximum temperature values were for
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the day of testing, the average rate of change from the coolest point from the
previous night to the warmest point in the day. The table also lists the number of
degrees the temperature increased in the first 6 hours after sunrise. The last
column in the table lists the average rate of change for the temperature during

the 6 hour period.

Table 5-1: Rate of Change

. 6 hr
State I\(/JIm I\/lax Avog ROC | 6 hr thange ROC
(°F) | CF) | (F/hr) (°F) CEhD
Training
TX 59 81 2.75 22 3.67
MN 36 62 2.60 20 3.33
OR 50 55.9 0.59 3 0.50
1A 62.6 73.9 1.61 9 1.50
PA 71.1 91 1.99 11 1.83
NY 72 84.9 1.17 6 1.00
Mi 60.8 75.9 2.32 10 1.67
GA 53.1 80.1 2.70 13 2.17
Wi 48 64.9 1.54 9 1.50
Verification

MO 57.9 84.9 3.00 22 3.67
MN 63 84.9 3.13 21 3.50
1A 46 73.9 3.10 25 4.17
MN 48.2 78.8 3.83 14.5 2.42

Each state was surveyed after the training was complete to measure the
effectiveness of the training and determine which modules of the classroom
training could be improved to be more effective. The feedback from participants
was generally positive. Most participants felt the amount of time spent and the

topics covered in the training modules were about right. The participants also felt
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much more confident that using the camera would be easy to detect defects

during bridge inspections than before the training.

Of all the complaints about the technology not working correctly the most
common problem was not having the span properly set on the camera. If the
span on the camera is set too large, defects may not appear on the screen,
which has influenced some inspectors to believe the technology does not work.
Setting the span to the appropriate span is one of the most critical steps in
capturing a good image. As the training progressed, this point was stressed

more and more.

52St ephends Pedestrian Bridge

The St ephenolwdgp wad the focusi ohaur analysis due to the
amount of images captured of the bridge deck, the amount of data collected from
the verification testing, and the variation of depths between the delaminations.
Since images were captured from the time the sun started to rise to several
hours after sunset for the entire deck on both bridges, the amount of IR data
collected from these bridges allowed us to analyze how the change in weather,
particularly ambient temperature, effected delaminations at varies depths in

same environment.

Figure 5-1 shows the ambient temperature change for the 24 hours
surrounding the IR testing. Images were captured from 6:00 am, which is shown

as the coolest point on the graph at 57.9 °F. From this point the ambient
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temperature begins to warm as the sun rises. The red line on the graph indicates

when the image in Figure 4-5 was captured.
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Figure 5-1: Ambient temperature change throughout the day of testing.

The graph in Figure 5-2 shows the ambient temperature change
throughout the day and how the delamination changes through the course of the
day. The delamination starts off as cooler than the surrounding concrete as
shown in image A on the left. As the ambient temperature rises and the sun
begins to warm the deck of the bridge the delaminated area begins to warm
faster than the surrounding deck as shown in image B. At the warmest point in
the day the delamination has a much higher temperature than the rest of the

deck. The entire delamination in image C is so much warmer than the rest of the
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deck it appears as white because it is outside the span used in all of the other
images. The red line on the graph indicates the point where the maximum
thermal contrast between the delaminated area and surrounding deck occurs.
After this point the delamination begins cooling rapidly. Even though the
maximum ambient temperature for the day has not yet been reached and the
temperature is still increasing, this is because the rate of ambient temperature
has decrease. The delamination in image D is still warmer than the deck but the
difference is between the two areas is much less. As the ambient temperature
cools, the delamination quickly becomes cooler than the surrounding concrete

and appears as a dark spot as shown in image E.
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Figure 5-2: Shows the ambient temperature change and images of the
delamination throughout the day.

5.2 Relationship between Thermal Gradient and Thermal Contrast

The detection of subsurface features using IR thermography depends on a
thermal gradient being established in the material under inspection. For concrete
structures, the thermal gradient is established by heat transferred from the
surrounding environment into the concrete (Fenwick 2009). Some of the major
factors that can influence a thermal gradient are the sun, diurnal temperature
variations, and wind speed. The extent to which the surface temperature of the
material is affected by disruptions in the heat flow from subsurface features

depends in part on the depth from the surface to the feature, with deeper
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features generally having a smaller effect on surface temperature than near-

surface features (Manning and Holt 1980).

Defects are detected by areas in an image that appear to have a thermal
contrast within areas that are intact. These areas appear as hot or cold spots
relative to the surrounding concrete, depending on the time of inspection.
Thermal contrast is the difference between the thermal energy of a target and
that of the background. Thermal gradient is defined as the rate of temperature

change with distance (McGraw-Hill 2003).

The test block from phase | of the research provided data about both thermal
contrast and the thermal gradient in the block. The thermal contrast was
recorded from the FLIR thermal camera, while the thermal gradient was
measured using an array of thermal couples. The relationship between thermal
gradients and thermal contrast at various depths is shown in the graphs below.
The graphs in Figure 5-3 show the maximum thermal gradient and the maximum
thermal contrast values for each day for three months, except for days with
measurable precipitation, of testing on the a solar exposed concrete block. The
graph labeled A shows the data for a defect located two inches (51mm) below
the surface. Graph A shows a nearly one-to-one slope between gradient and the
contrast. Graph B shows the relationship for a defect located three inches
(76émm) below the surface, and relationship has a much flatter slope, 0.35.
Graph C is for a defect at five inches (127mm) and shows the relationship to be
0.13. The graphs show that the relationship between the thermal gradient and

contrast is greatly affected by distance from the surface of the concrete.
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Figure 5-3: Relationship between thermal gradient and thermal contrast at

various depths.
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The relationship between thermal gradient and thermal contrast over the course
of a single day for a defect three inches (76mm) deep is shown in Figure 5-4.
The thermal gradient, shown as a blue line, has a much higher maximum value
than the thermal contrast and occurs earlier in the day. The average delay
between the maximum gradient and maximum contrast value is, on average,
over an hour for a 3 inch defect. The green line in the graph shows the ambient

temperature throughout out the day.
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Figure 5-4: Thermal differences throughout the course of a day.

Figure 5-5 below shows how the depth of the defect affects the gradient
throughout the course of the day. As shown in the graph, the two inch gradient

has a much higher thermal gradient than the three inch, while the three inch

83



gradient is higher than the 5 inch. The time of the maximum gradient is also

delayed by the depth of the defect from the surface of the concrete.

Figure 5-5: Thermal gradients at various depths.
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