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Guidelines for Thermographic Inspection of Concrete Bridges

The following are suggested guidelines for the thermographic inspection of highway bridges,

based on the results of the research.

1.0 Surfaces exposed to Direct Solar Loading

1.1 Solar loading

111

1.1.2

Conduct inspections on days when there is direct, uninterrupted solar
loading. Cloud cover should be minimal.
Summer days are preferred over winter days due to the more intense and

longer solar exposure.

1.2 Wind Conditions

121

1.2.2

Lower wind speeds will result in improved thermal contrast for surfaces
exposed to solar loading. In general, wind reduces the effect of radiant
heating from the sun and reduces the thermal contrast resulting from
subsurface defects.

Average wind speeds should be 15 mph or less prior to and during the
inspection period. These data can be obtained based on National

Weather Service (NWS) hourly wind reports®?.

1.3 Inspection Period

131

Inspections should be conducted starting no sooner than 4 hours after
sunrise to allow for thermal contrast to develop when anticipated depth of
the delamination is approximately 2 in. from the surface of the concrete.
The useful inspection period is expected to last approximately 6 hours. |If
the anticipated depth is 3 inches, inspection should be conducted starting
5 to 6 hours after sunrise. The useful inspection period will last

approximately 5 hours®?.



2.0. Shaded Surfaces — Daytime inspection
2.1 Ambient Temperature Changes:

2.1.1 Inspection should be conducted on days when the ambient temperature
differential is expected to be at least 15°F.

2.1.2 The measured ambient temperature differential should be at least 10°F
within the first 6 hours after sunrise.

2.1.3 In general, more rapid increases in ambient temperature will result in
improved thermal contrast.

2.1.4 When ambient temperatures begin to decrease, thermal contrasts will
also begin to decrease for a 2 in. deep delamination.

2.1.5 Local environment: The indicated ambient temperature differentials must
be applied at the surface to be inspected. If the location and geometry of
the bridge results in reduced ambient temperature changes at the surface
to be inspected, this should be considered in determining if adequate
conditions exist for detection of subsurface defects. A simple
temperature monitoring device that stores hourly temperatures can be
used to assess the local conditions at a bridge.

2.2 Wind Speed

2.2.1 A practical limit of 25 mph average wind speed is suggested, based on
NWS data®". High average wind speeds are not necessarily detrimental
to the development of thermal contrast for shady conditions.

2.3 Inspection Periods

2.3.1 Inspections should be conducted starting 4 to 5 hours after sunrise to
allow for thermal contrast to develop when anticipated depth of the
delamination is approximately 2 in. from the surface of the concrete. The
useful inspection period is expected to last approximately 8 hours. If the
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anticipated depth is 3 in., inspection should be conducted starting
approximately 7 hours after sunrise. The useful inspection period is

expected to last approximately 4 hours.

2.4 Deck Soffit Inspections

2.4.1 Solar loading on the surface of a bridge deck affects the detection of

delamination in the soffit of the deck due to thermal conduction. As a
consequence, delamination in the soffit may appear colder than
surrounding concrete rather than warmer, as would typically be expected
during a warming cycle. The approximate timing of when this may occur
can be estimated with knowledge of the deck thickness (¢, in.). The
reversal, from warm to cold, of a delamination in the soffit will occur “t”
hours after the solar loading begins. For example, for a bridge deck 7
inches thick, assuming sunrise at 6 am, the reversal will occur at ~1 pm.
Care should be taken in the preceding 2 hrs., because thermal contrast

may be minimal during this time period.

3.0 Shaded Surfaces — Nighttime inspections

3.1 Ambient Temperature Changes:

3.1.1

3.1.2

3.1.3

Inspection should be conducted on nights when the ambient temperature
differential is expected to be at least -15°F. This value is measured from
the highest temperature in the afternoon to the coldest temperature in the
overnight period.

The measured ambient temperature differential should be at least -10°F
during the 6 hours preceding sunset for the previous day.

In general, more rapid decreases in ambient temperature will result in

improved thermal contrast.



3.1.4 When ambient temperatures begin to increase, thermal contrasts will
begin to decrease for a 2 in. deep delamination.

3.2 Local environment: The indicated ambient temperature differentials must be
applied at the surface to be inspected. If the location and geometry of the bridge
result in reduced ambient temperature changes at the surface to be inspected, this
should be considered in determining if adequate conditions exist for detection of
subsurface defects.

3.3 Wind Speed

3.3.1 A practical limit of 25 mph average wind speed is suggested, based on
NWS data®?. High average wind speeds are not necessarily detrimental
to the development of thermal contrast for shady conditions.

3.4 Inspection Periods

3.4.1 Inspections should be conducted starting 1 hour after sunset when the
anticipated depth of the delamination is approximately 2 in. from the
surface of the concrete. The useful inspection period is expected to last
approximately 9 hours. If the anticipated depth is 3 inches, inspection
should be conducted starting approximately 3 hours after sunset. The
useful inspection period is expected to last approximately 7 hours.

4.0 Camera Settings

4.1 Focus: To allow for small temperature contrasts at delaminations to be detected,
cameras should be properly focused on the inspection surface. Placement of a
regularly shaped object, such as a tool or a coin, on the surface to be inspected can
be used to assist in focusing the camera properly. Well defined edges or an object on
the structure surface, such as a utility connection, can also be used.

4.2 Level and span: Level and span settings for the camera should be manually
adjusted. Contrast levels for delaminations are small, typically ~1-2° F or less. As
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such, span settings in the range of 4 to 8°F are recommended for applications where
solar loading is not applied. For solar loaded areas, a span of up to ~10°F may be
warranted, but consideration should be given to the associated loss in sensitivity to
thermal contrast in the image. The level setting should be adjusted to allow for
images to be properly interpreted based on the span. This may require frequent
adjustment when temperatures vary across a structure.

4.3 Angle of Observation: Observing surfaces at a low angle can increase ambient
reflections and frequently produces an apparent thermal gradient across the image.
Inspections should be conducted as close to normal angles (90°) as practical. A
practical guideline is to try to stay within +/- 45 degrees from normal. Angles of more
than 60° from normal should be avoided. Ultilization of a wide angle lens can assist in
maintaining normal angles when deck inspections are being conducted. Figure Al

below shows the indicated angles for reference.

Normal angle, 90 deg.

45°

Concrete surface

Figure Al. Schematic diagram of observation angles.

4.4 Lens Selection: Lens selection is based on the inspectors distance from the surface
being inspected, assuming a critical dimension of 6 inches for the damage to be

identified. If closer than 35 feet to the delamination, the wide angle lens (45°) is



suggested. If further than 35 feet, the regular lens (25°) is suggested. For distance
greater than 65 ft., a telephoto lens may be used.
5.0 Commentary

5.1Wind Speed for Sunny Conditions: High wind speeds are detrimental to
thermographic inspection under conditions where radiant heating from the sun is
involved. Wind speed guidelines have been configured to match NWS data, based
on averages provided on an hourly basis. These data were determined by correlating
6 hour averages of the second and third quarters of the day, used in the original
research, with wind data provided by the National Weather Service (NWS).

5.2 Inspection time periods are based on observations in the research conducted. For
solar exposed surface, measurements were made during the months of November,
December and January, when there are fewer hours of sunlight than other times of
the year. For shaded surfaces, measurements were made during the months of May,
June and July, when there are more hours of sunlight than other times of the year. As
a result, the inspection intervals suggested are for general guidance; the time of year
in which the inspection is actually conducted should be considered in applying this
guidance. Figure A2 can be used to estimate the inspection time periods, based on a
delamination depth of 2 in. below the surface. To utilize this graph, the length of the
day (sunrise to sunset) (horizontal axis) can be used to estimate the length of the

inspection window on the vertical axis.



Figure A2. Graph showing inspection windows as a function of day length.

5.3 Effect of material in the delamination: If the void is filled with ice, water or epoxy, the
increased thermal conductivity across the void will diminish the thermal contrast
between the void and the surrounding intact concrete. Under such conditions, the
subsurface void may not be detectable.

5.4 Moisture on the surface of the concrete as a result of precipitation may diminish the
thermal contrast between voided areas and intact areas of concrete, due to
evaporation.

5.5 Figure A3 shows the critical dimension as a function of distance for a wide angle,
standard and telephoto lens. These data are based on criteria for identification of a
delamination appearing as a thermal contrast in an image. ldentification is based on
an object occupying at least 12 pixels across its smallest dimension which was taken

from Johnson’s criteria for image forming systems. Based on these data, it is



suggested that a wide-angle lens is suitable for inspections conducted from a
distance of 35 ft. or less, a standard lens is suitable at distances of up to 65 feet, and

a telephoto lens is suitable at distances greater than 65 ft.

Figure A3. Graph showing critical dimension as a function of distance.
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1 INTRODUCTION

This appendix presents images from the share data site (SDS) contributed by
state departments of transportation participating in pooled fund TPF-5(247),
Development of Hand-Held Thermography, Phase II. This appendix provides typical
examples collected from the SDS between 2012 and 2014. The objective of this
appendix is to illustrate contributions from the participants and some of the typical
content of the SDS.

Each example includes a standard thermal image and a corresponding
photograph. In most cases, both images are provided by the FLIR T620 camera used
in the research. The corresponding ambient weather conditions of air temperature and
wind speed are shown graphically. The temperature and wind data shown are those
preceding the image capture, such that the time of image capture is at or near the right
vertical axis of the graph. Abbreviated data from the submission, such as a location and

date of the testing, are also shown.



Florida

Location: St. Petersburg
Bridge Name: Sunshine Skyway Bridge
Date and Time of Inspection: April 30, 2014 11:00am

Figure 1: Standard and IR photos of bridge deck delamination (St. Petersburg, Florida)

Figure 2: Weather data for the 24 hour period preceding IR inspection in St. Petersburg, Florida

3



Georgia

Location: Barnesville
Bridge ID: 207-0060-0
Date and Time of Inspection: May 28, 2014 3:00pm

Figure 3: Standard and IR photos of bridge deck delamination (Barnesville, Georgia)

Figure 4: Weather data for the 24 hour period preceding IR inspection in Barnesville, Georgia
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lowa

Location: Vinton
Bridge ID: 14340
Date and Time of Inspection: November 28, 2012 1:00pm

Figure 5: Standard and IR photos of bridge deck delamination (Vinton, lowa)

Figure 6: Weather data for the 24 hour period preceding IR inspection in Vinton, lowa
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Kentucky

Location: Mount Sterling
Bridge ID: BO0060
Date and Time of Inspection: October 8, 2013 5:00pm

Figure 7: Standard and IR photos of bridge soffit delaminations (Mount Sterling, Kentucky)

Figure 8: Weather data for the 24 hour period preceding IR inspection in Mount Sterling, Kentucky
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Minnesota

Location: Duluth
Bridge ID: 69802C
Date and Time of Inspection: August 6, 2012 8:30am

Figure 9: Standard and IR photos of bridge soffit delaminations (Duluth, Minnesota)

Figure 10: Weather data for the 24 hour period preceding IR inspection in Duluth, Minnesota
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New York

Location: Albany
Bridge ID: 1033142
Date and Time of Inspection: November 20, 2013 11:30am

Figure 11: Standard and IR photos of bridge substructure delaminations (Albany, New York)

Figure 12: Weather data for the 24 hour period preceding IR inspection in Albany, New York
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Ohio
Location: Harveysburg

Bridge ID: PRE-726-0428
Date and Time of Inspection: October 92013 12:17pm

Figure 13: Standard and IR photos of bridge substructure delaminations (Harveysburg, Ohio)

Figure 14: Weather data for the 24 hour period preceding IR inspection in Harveysburg, Ohio
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Oregon

Location: Woodburn
Bridge ID: 07801A
Date and Time of Inspection: August 8, 2013 2:30pm

Figure 15: Standard and IR photos of bridge soffit delamination (Woodburn, Oregon)

Figure 16: Weather data for the 24 hour period preceding IR inspection in Woodburn, Oregon
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Texas

Location: Waco
Bridge Identifier: IH 35
Date and Time of Inspection: May 22, 2014 7:25pm

Figure 17: Standard and IR photos of bridge soffit (Waco, Texas)

Figure 18: Weather data for the 24 hour period preceding IR inspection in Waco, Texas
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Wisconsin

Location: Richland Center
Bridge ID: B520008
Date and Time of Inspection: April 3, 2013 2:00pm

Figure 19: Standard and IR photos of bridge support delamination (Richland Center, Wisconsin)

Figure 20: Weather data for the 24 hr period preceding inspection in Richland Center, Wisconsin
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Oregon

Location: Astoria
Bridge ID: 00711
Date and Time of Inspection: July 12, 2012, 11:20 AM

Figure 21: Standard and IR photos of Lewis and Clark River drawbridge mechanism (Astoria,

Oregon)

Weather data: not relevant
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INTRODUCTION

Phase Il of the Infrared Thermography pooled fund project includes verification
testing in the 13 participating states. This appendix summarizes highlights from the
verification testing conducted as a part of the project. The dates of verification, weather
data and thermal images are included in each state’s section of the report. To date,
verification trips have been made to ten of the thirteen participating states: Missouri,
Minnesota, lowa, Georgia, Wisconsin, Pennsylvania, Texas, Oregon, Kentucky, New
York and Ohio. Of these, Texas and Wisconsin were unsuccessful trips due to weather
conditions. The two remaining states are Michigan and Florida. Future verification
using the Infrared Ultra Time Domain (IR-UTD) system will be provided in Volume B of

the verification report.

GOALS AND OBJECTIVES

The objective of the verification testing is to verify thermal imaging results of
bridge components with other known assessment methods. These other assessments
could include coring, hammer sounding or the use of a borescope. The reason for
coring and the use of the borescope was to observe a physical depth of delaminations.
Sounding was utilized to determine the spatial extent of a delamination. A combination
of the methods provides an accurate assessment for the delamination as a whole in
regards to size and depth. In most cases, verification testing was completed by

comparing IR results with sounding or chain drag results.



In summary, the results of the verification testing indicated that infrared imaging
was a reliable technology when the weather conditions described in the Guidelines were
present, and the depth of the damage to be detected was 3 in. or less. When the
weather conditions were not as described in the Guidelines, thermal imaging was
generally ineffective. There was a single case where a delamination in the bridge pier,
identified using sounding, was not identified using infrared thermography in the field.
For a case where the substructure was exposed to direct solar loading over portions of
the substructure, thermal gradients resulting from the solar exposure made thermal
imaging very difficult. This appendix is provided to present an overview of the

verification testing conducted as part of the research.

1 MISSOURI

1.1 Kansas City

Testing in Missouri is ideal due to the close proximity to the University of
Missouri. Bridge A0295 in Kansas City was originally constructed in 1959 and never
opened to traffic due to a change in the original plans. The result of no traffic volume on
the bridge was that salt was never applied to the roadway. This bridge was selected for
research since it would provide a good baseline for the performance of similar bridge
decks in the area; also, researchers hoped to demonstrate the impact of salt on the

amount of delamination on a deck.

The verification testing was completed on this bridge on March 9™ 2014.

Thermal images were captured over the entire bridge deck. However, results for only a



single span are presented herein. For other portions of the bridge, results were

consistent with the span presented.

Testing on this bridge was conducted to compare results achieved with the
infrared camera to chain drag results. An infrared camera located and captured the
delaminations. Chain dragging was performed by the Missouri Department of
Transportation to verify the infrared results. Each delamination identified with the
infrared camera was verified by the results of the chain dragging. The results of the
hammer sounding are shown in Figure 1 below. Figures 2 and 3 show infrared images

of these delaminations.

Figure 1: Chain drag results for the North span of Bridge A0295



The delamination edges for one delamination were sounded as objectively as
possible and compared to the infrared images. The accuracy of the infrared images is
shown in Figure 2 below. The hammer sounding results are shown in the digital image

as a red outline.

Figure 2: Infrared (A) and digital (B) images of a deck delamination in Kansas City

The two images demonstrate that the accuracy of the handheld infrared camera
is very high. The red outline marking can be seen in the infrared image indicating how
accurate the infrared camera and the hammer sounding results really were. Another

group of delaminations are shown in Figure 3.



Figure 3: Infrared (A) and Digital (B) images of a group of delaminations in Kansas City

The weather conditions for the day were very positive for infrared thermography.
The ambient temperature change was approximately 37 degrees over the span of the
day with a change of 27 degrees in the first six hours after sunrise. The wind speed got
to 21.9 miles per hour which is above the desired threshold for inspection (15 mph);
however, with such a dramatic change in ambient temperature, the high wind speeds
were not enough to be detrimental to inspection. The ambient temperature data for the

day can be seen in Figure 4 below.



Figure 4: Ambient Temperature for Kansas City, MO on March 9th, 2014



1.2 Providence Road

The Providence Road Bridge over Hinkson Creek in Columbia was tested on
May 6™ 2014. The testing was conducted on the northbound lanes of Providence
Road. Testing on this bridge was utilized because of the close proximity to the
University of Missouri. Images were taken on the deck and soffit of the bridge. Soffit
images are shown on the pooled fund website. Delaminations in the deck are shown as

“hot spots” in Figure 5.

Figure 5: Infrared (A) and Digital (B) images of Providence Rd. Bridge (northbound) over

Hinkson Creek

It is often the case that delaminations form near the edges of patches and
separations in overlays. The reason for this occurrence is due to the fact that not all of
the original damage was repaired. Cracks left unrepaired near the edge of a patch will

continue to propagate and lead to more delamination.



The conditions were excellent for inspection with infrared thermography. The
ambient air temperature for the day of the test can be seen in Figure 6 below. As
shown in the figure, the ambient temperature change is approximately 32 degrees with
23 degrees of change in the first six hours after sunrise. The wind speed reached
approximately 22 mph. With a smaller ambient temperature difference, a 22 mph wind
speed would be detrimental to inspection. In this case, the amount of change in

ambient temperature was sufficient to negate the effects of cooling by the wind.

Figure 6: Ambient temperature on May 6th, 2014 for Columbia, MO



2 MINNESOTA

2.1 Trip 1 Results and Analysis

The objective of the first day of the verification trip was to verify delaminations in
Bridge 85006 which had been inspected with IR during a previous training trip. MNDOT
inspectors marked out the bridge using a chain dragging approach so as to verify the
effectiveness of the IR to find the delaminations. The IR camera showed the defects as
smaller than the areas chain dragged by the MNDOT inspectors. The edges of the
sounding result were inaccurate due to multiple points of contact by the sounding
device. Not all points of contact were necessarily sounding delaminated areas near the
edges but there is no way of telling how many were. The result of this sounding method
is an over estimation of total delaminated area. Figure 7 is an image of the chain drag
tool used for inspection. Figure 8 shows the chain dragging results marked out in white

paint in image A and the IR results in image B.



Figure 7: Chain drag used by MNDOT inspectors

Figure 8: Chain dragging (A) and IR (B) results of deck delaminations.

To verify that the actual size and shape of each delamination matched the IR
findings, inspectors used a hammer to sound the delaminations with the goal of

increasing the precision of the verification test. The hammer sounding results confirmed



that the chain dragging markings were bigger than the actual delaminations and that the

IR images provided a more accurate assessment.

The inspections for the next two days of the verification trip focused on the soffit
area of the bridge. This was due to poor weather conditions for deck inspection. The
weather was cloudy with a light rain. In addition to the rain, the temperature range for
these two days was smaller than recommended for a successful IR inspection. Figure 9
shows images of a defect in the soffit area around a cross brace detected using IR. The
purpose of the figure is to demonstrate imaging from a distance under less than ideal
weather conditions. Image A shows a digital picture of the soffit while image B shows a
delamination detected using IR that had not been visible during ground inspection. 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.

Figure 9: Delamination with some spalling by a cross brace in the soffit



2.2 Trip 2 Results and Analysis

The objective of the second verification trip to Minnesota was to remove cores on a
bridge that had previously been marked out with hammer sounding/chain dragging and
IR.  The MNDOT inspectors determined core locations based on the areas of
delamination identified by the IR cameras; this would allow the inspectors to take a

closer look at those delaminations.

Multiple cores were removed from 3 different locations in the bridge deck. A total of
seven cores were taken; specific drilling sites from Location 1 are shown in image A in
Figure 10 and the cores themselves are displayed in Figure 11. The locations of the
cores were picked because of the variation in thermal contrast in the delamination and
surrounding area. The cores were taken to investigate if the changes in thermal

contrast correlated to changes in depth of the defect.

Table 1 summarizes the depth of the delamination at different locations.



Table 1: 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 amount of heat variation in the delaminated area was the determining factor in
selecting specific core samples of the delaminations. Figure 10 shows the delamination
at location 1 (L1). L1 had a small, very hot area, which is 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 this location, three cores were taken. The first sample was
taken just off the area showing up as white in image B in Figure 10. Typically, the

highest thermal contrast indicates an area closest to the center of a delamination.

The second core was taken at the edge of the delamination that showed only 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 was less defined.
This is because the difference in temperature between 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 can be difficult to
detect visually on the camera screen during the time of inspection, even with a very
small span; this is 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 difference in temperature was believe to be caused by a subsurface
defect since this area appeared to be clear of any debris and the surface color of the

concrete was consistent with the majority of the bridge deck.

The third sample was taken from an area that had a distinct difference in thermal
contrast from the first sample and less distinct thermal contrast than the second sample.

This shows up as mostly yellow with some pink in image B below.

Figure 10: 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 11. 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.

Figure 11: The cores taken from the delamination at L1

Figure 11 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 %" from the
surface. None of the samples 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 (Nelson).

2.3 Results from Training

An example of soffit imaging can be seen in Figure 12. This figure shows a
thermal image of the soffit area of a bridge in the area of a longitudinal joint. A parapet
on the bridge deck (not shown in the image) creates an area in the soffit where

temperatures are relatively cooler, due to the shadowing effect of the parapet and its



thermal mass. In deck areas adjacent to the parapet, the heating from the sun has
conducted through the deck. In the figure, a delamination in the soffit area of the deck
is encircled. Four temperature measurements were made in this area and are labeled
A, B, C and D. These data indicated that the nominal temperature of the deck at point A
was 54.8°F, while the delaminated area labeled B was 53.9°F, indicated that the
delaminated area is cooler than the intact deck area, due to the conduction effect.
Conversely, the delaminated area marked C displays a temperature of 50.1°F, while the
delaminated area marked D 52.7°F, warmer than the surrounding concrete. This figure
illustrate the conduction effect very well, because the same delamination appears both
cooler than its surrounding where the conduction effect is warming the deck, and
warmer than its surrounding where the parapet on the deck above is creating a

shadowing effect that eliminates the conduction effect.



Figure 12: Thermal image of a deck soffit showing the conduction effect on the

appearance of concrete delamination at the soffit

3 IOWA

The bridge in lowa selected for the verification testing was located just northeast of
Traer, IA along highway 21. This bridge was chosen because it had delaminations that
had been repaired by injecting epoxy into the voids. IR testing was conducted around
8:00 A.M. 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.



It was recommended to let the sun heat the bridge and try IR testing at different
times throughout the day since the deck had not yet been exposed to the sun for a very
long period of time. During the wait time, a chain drag was used to mark out the defects
on the deck of the bridge; also, at that time, the soffit of the bridge was inspected.
Several spalls and delaminations were visible in the soffit area of the bridge. Figure 13
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 13: Images of a delamination along the edge of the bridge

IR testing failed to show satisfactory results from 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 by IR assessment were the defects at the ends of the
bridge that appeared to have not been previously repaired and, therefore, had no
epoxy. Figure 14 shows the delaminations along the edge of the bridge deck. Image A
shows the digital image of the deck while image B shows the IR image. The

delaminations appear as white in image B along the edge of the bridge deck.



Figure 14: Delaminations along the edge of the deck

Delaminations that had been previously injected with epoxy were also imaged
during the testing. Figure 15 shows an area including an epoxy-injected delamination.
As shown in this figure, thermal contrast was not observed where the delamination had

been repaired by epoxy injection.

Figure 15: Thermal image showing an area of deck repaired by epoxy injection

Since none of the epoxy filled delaminations were detectable using IR, two of
these delaminations were marked for coring. Figure 16 shows the two cores taken from

the deck. The cores show one delamination with 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 16: Cores from the delaminations in the deck

The delamination with four inches of cover may have been too deep for IR cameras
to detect without almost perfect weather conditions for IR testing. Since the second
core had only a two and a half inch cover, it should have been detectable. Since none
of the epoxy-filled delaminations were detectable and there was varying cover above
the delaminations, 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 17 show defects at
two different depths. Graph A shows a delamination at two inches and graph B shows a
delamination at three inches; included in each graph are the results 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, i.e. water, ice, or epoxy, have a maximum

thermal contrast of less than one degree Celsius.

Figure 17: Results from a computer model of filled voids

The computer model along with the test block graphs in Figure 17 confirmed that
the epoxy filled delaminations in the bridge were not detectable using IR. While the
technology is not able to detect a delamination that has been repaired with epoxy, it can
be used as a quality control technique. Any delaminations that are filled with water, ice,
or epoxy will not be detectable; this means that repaired delaminations will not show up
(Nelson). Figure 18 displays the ambient temperature in the hours leading up to and

the hours after testing.



Figure 18: 24 hours of ambient temperature surrounding the testing

3.1 IR-UTD Test Verification

A second bridge in lowa was field tested for the purpose of IR-UTD testing. This
bridge’s deck would be going through the repair process of injecting epoxy into the
delaminations. In addition to the IR-UTD system, verification was also accomplished

with the handheld infrared camera and borescope.

The lowa Department of Transportation sounded the entire deck to locate the
areas where epoxy injections were going to be necessary. Infrared images were taken
at most of these locations; in addition, borescope measurements were taken at one of

the larger delaminations. The borescope allows researchers to inspect the inside of the



structure by taking a small camera and inserting into a hole drilled into the deck; in this
way, a picture of the delamination is captured. An image of a large deck delamination

can be seen in Figure 19 below.

Images were also taken of the same delamination on the soffit of the deck. The

soffit image can be seen in Figure 20 below.

Figure 19: Infrared (A) and Digital (B) images of a deck delamination in Lamoni, IA



Figure 20: Infrared (A) and Digital (B) images from the soffit of the delamination in Figure

19

The images from Figure 20 were captured at 3:22 P.M. An observation that has
been made over the course of the project through verification is that delaminations on
the deck show up as “cold spots” on the soffit in the afternoon. The inability of the heat

to transfer through the depth of the deck because of the air void is the cause of the “cold

spots”.

The borescope was also used to verify the depth of the delamination. Sixteen
locations throughout the area of the delamination were measured. The depths and

locations of each measurement can be seen in Figure 21 below.



Figure 21: Drilled hole locations for borescope measurements

In order to measure the depth of the delaminations, the borescope was inserted
into the hole to the point where the crack could be seen. Measurements were gathered
from the length of the stick and how far the borescope had been inserted. Figure 22
shows an image captured with the borescope. Figure 23 shows a schematic diagram of

how the borescope is used.



Figure 22: Borescope Image from location 6



Figure 23: Schematic diagram of how the borescope is used

Weather conditions for the day were good for infrared thermography. The wind
speed was as high as 16 mph but was between 6 and 9 mph for most of the day. The
guideline suggests a threshold of 15 mph. With more ambient temperature change, the
amount of wind must increase significantly to become detrimental to inspection. The

ambient air temperature is shown in Figure 24 below.



Figure 24: Ambient temperature for verification in Lamoni, IA

4 GEORGIA

The November 2012 trip to Atlanta yielded no results due to poor weather
conditions; this trip was unsuccessful pertaining to verification. This was one of three
state trips that were unsuccessful. There was rain and very little temperature change
throughout both days of the trip; rain is completely detrimental to bridge deck inspection
and no quality images could be taken for that reason. The time during this trip was
spent working with the inspectors to review guidelines and the process of uploading
images to the thermography website. A graph of the ambient temperature during this

time frame is shown in Figure 25 below.



Figure 25: Ambient air temperature for the verification trip to Georgia (2012)

A total of three locations were tested on the return trip: Johnstonville Rd.
spanning I-75; Dames Ferry Bridge deck spanning the railroad track; and Dames Ferry
Rd. Bridge spanning the Ocmulgee River. The trip was carried out May 28", 2014 near

Forsyth.

The weather conditions for this trip were ideal for thermographic inspection since
there was sufficient ambient temperature change and little to no wind. Figure 26 shows

the ambient temperature.
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Figure 26: Ambient air temperature for the verification trip to Georgia (2014)

In order to verify the 1-75 Bridge, GDOT workers hammer sounded the deck and
marked delaminations with bright orange spray paint. The Georgia Bridges had been
hammer sounded prior to this May 2014 trip, but the markings had washed away. After
the initial assessment with hammer sounding, inspectors employed the infrared camera
to detect delaminations. Since the IR inspection was performed in the ten o’ clock hour,
the deck had not experienced enough of a temperature change to yield desirable
results. To allow for a larger temperature change to occur, a return trip was made to the
bridge at approximately 3 P.M. Figure 27 shows an example of the results for the

Johnstonville Road Bridge spanning I-75.



Figure 27: IR (A) and digital (B) images of a deck delamination on Johnstonville Rd.

The infrared camera was used as the initial inspection tool on both of the Dames
Ferry Road bridge decks; verification was completed with hammer sounding. The
bridge over the railroad tracks provided excellent results. Examples are shown in

Figures 28 and 29.

Figure 28: IR (A) and digital (B) images of a deck delamination over Ocmulgee River



Figure 29: IR (A) and digital (B) images of a deck delamination over a railroad on Dames

Ferry Rd.

Figure 28 illustrates a delamination near the edge of a patch in the deck.
Delaminations sometimes form near the edge of patches as a result of the original
repair (i.e. patch) not being fully effective as a repair of the damage in the deck. This
example illustrates the application of thermography for identifying additional repair

needs.

5 PENNSYLVANIA

A bridge on 1-376 over the Shenango River was tested on April 29" and 30™,
2013. The weather for the April 29" IR inspection of the bridge was not conducive to
producing thermography images. The temperature at the time of inspection did remain
fairly constant although an 11 degree temperature change occurred later in the day.

The wind was calm as it never exceeded 7 mph during inspection (Wunderground).



Figure 30 provides a graph of the ambient temperature change for both days of the

Pennsylvania bridge inspection.

Figure 30: Ambient air temperature for the verification trip to Pennsylvania

Scattered showers throughout the day interfered with the deck inspection;
therefore, the substructure was inspected instead. Although weather conditions were
less than ideal, a delamination could still be seen in one of the pier caps. A thermal and

digital image of the delamination can be seen in Figure 31 below.



Figure 31: Thermal image (A) and digital image (B) of a pier cap delamination

It is challenging to see but the pier cap was sounded and marked with a black
marker. The edge of the marking is above the left side of the column in the image

above. It has been traced for clarity.

On the second day of testing, an early morning rain caused water to collect on
the deck. However, by about 10:00 A.M. the deck started drying out and pictures were
taken from the boom of a truck. The truck is shown in Figure 32. The change in
temperature during the three hours of inspection time was 7°F. The wind speed varied
over the inspection period but never exceeded 9 mph (Wunderground). An image from
the boom can be seen in Figure 33. Additional images from this test are available on

the SDS.



Figure 32: Boom truck used for elevated images in Pennsylvania



Figure 33: IR (A) and digital (B) images from a boom of a deck in Pennsylvania

Figure 33 illustrates the ability of infrared thermography to distinguish between
delaminations and patches on the deck. Patches in the deck are easily identified in the
digital image and can be paired with the infrared image. Delaminations are not visible in

the digital image.

6 TEXAS

Multiple bridges in Texarkana were inspected and verified on May 29" and 30™,
2013. One bridge was of particular concern since there was some transverse cracking
in the deck. The concern was in regards to separation in the precast panels and cast in
place concrete. A delamination due to the separation of the deck from the precast
panels would be at a depth of approximately four inches. It was expected that detection

would be difficult even under extremely good weather conditions;



Due to less than ideal weather conditions for thermographic inspection, the trip
was unsuccessful. On May 29", the change in temperature was 15°F with a wind speed
of 14-18 mph during the time of inspection and cloudy conditions (Wunderground).
Clear, sunny skies would be preferred when deck inspection is the concern. The
temperature and wind parameters were also at the edge of the guidelines. Figure 34

shows a graph of the ambient temperature for the trip to Texas.

Figure 34: Ambient temperature for the verification trip to Texas

The weather conditions on May 30" were similar to May 29™ with the exception
of the temperature change during the time of inspection. With the combination of the
depth of possible delaminations and less than ideal weather conditions, no quality

thermal images could be taken.



7 OREGON

The Oregon bridge chosen for verification testing was completed on a bridge at
Crosby Rd. over I-5, north of Woodburn. Testing was accomplished on August 8",
2013. The Oregon Department of Transportation had performed a previous inspection
with the report completed by Wiss, Janney, Eistner Associates Inc.; this inspection
included findings of delaminations in the soffit and Reinforced Concrete Bridge Girder

(RCBG) in the middle bent of the bridge.
7.1 Results and Analysis

The weather for the day was ideal for infrared thermography. Infrared imaging
for the use of bridge inspections requires certain weather conditions for quality images.
The weather for the day of inspection included a low temperature of 57°F with a high of
84°F. The wind speed for the day was 5 mph with no precipitation. Sunrise occurred at
6:04 A.M. with a temperature of 57°F. The temperature at 12:04 P.M. was just above

71°F (Wunderground). A graph of the ambient temperature can be seen in Figure 35.



Figure 35: Ambient temperature for the verification trip to Oregon

Figure 35 shows 14 degrees of temperature change in the first six hours when

only 10 are needed for a good inspection day.

Images of the sounding results from the report, along with the corresponding
delamination near one of the drains, are shown in Figures 36 and 37 below. The

sounding results are outlined in black for clarity.



Figure 36: Hammer sounding results of a drain delamination from the WJE report



Figure 37: Thermal image (A) and digital image (B) of a drain delamination

Figure 37 was captured at approximately 2:30 in the afternoon when the
temperature was about 77 °F. The temperature in the day had changed 20 degrees
and should have been sufficient to capture a quality image. As it can be seen above,
the image seems to barely show a temperature difference with the smallest span

possible for the camera.



Figure 38: IR (A) and digital (B) image of a possible parge coat delamination

Figure 38 illustrates a possible delamination in the parge coating. There are
other cracks similar to the area in question that show no evidence of thermal contrast.
The fact that there is no thermal contrast in other areas leads us to believe that this is a

delamination, not in the concrete, but in the parge coating.

7.2 Conclusions

The goal of the inspection for this bridge was to capture quality thermal images of
delaminations that had been previously detected by the Oregon Department of
Transportation. The weather conditions for the day were more than sufficient enough
for quality images to be captured. However, the images captured did not show the

typical results with good conditions.



A possible cause for the lack of quality images could be due to the fact there was
a parge coating applied to the bridge (Wiss). The irregularities compared to the

concrete underneath the coating may have caused poor results.

The verification trip can still be considered a success because of the lack of prior
knowledge or experience with parge coatings and their effect on thermal imaging.
Normally, images are captured on the deck where parge coats are not applied. Itis now
known that, even in ideal weather conditions, parge coatings can affect the way a

delamination will appear in a thermal image.

8 KENTUCKY

The Kentucky verification trip was completed August 26", 2013 and completed in
Louisville. The bridge that was chosen was part of the Ohio River Bridges Project in
connection with the Kentucky Department of Transportation. As part of this project,
bridges are being replaced and this makes them good candidates for verification testing.
Before the decks are removed for replacement, IR inspections can be completed, as

well as sounding and removing cores.

A bridge on 1-265 over Kentucky St. with delaminations in a large abutment wall,
piers, and pier caps was tested. These three components had been sounded and the
areas designated for repair had been marked. Example images are shown in Figures

39 and 40 below.



Figure 39: Thermal (A) and Digital (B) images of a delaminated abutment wall under 1-265

Figure 40: IR (A) and digital (B) images of hammer sounding results on a pier in Kentucky

The comparison of the thermal and digital images, along with more images on
the pooled fund website, show that some of the areas the inspectors did not mark are
delaminated. Since replacing concrete is typically done on a per square foot basis,

minimizing the amount that has to be replaced and ensuring that all the delaminated



concrete is removed is a primary objective of repair. The infrared results and the
hammer sounding may not always match. Hammer sounding is an objective approach
to inspection and may vary by inspector. The infrared camera has the ability to optimize
the process and saves much of the sounding time in the process. Instead of sounding
the entire abutment wall, the camera can identify where the problem areas are and

sounding can be used to verify delaminations.

There was also a case where the inspectors hammer sounded a delamination
that the infrared camera did not identify. Further analysis of the image was completed
using a computer program called FLIR tools. The analysis showed that a 0.5° F
contrast existed between the area in question and the surrounding concrete, however,

this relatively small thermal contrast was not identifiable in the field.

It was a very good day for infrared thermography. The weather for the day
included a temperature change of 19°F with approximately 13°F of that occurring in the
first six hours after sunrise. The wind speed for the day got as high as 12 mph but was
5 mph at the time of the inspection (Wunderground). A graph of the ambient

temperature is shown in Figure 41.



Figure 41: Ambient temperature for the verification trip to Kentucky

9 NEW YORK

The verification testing was conducted on a pair of bridges at Albany Shaker Rd.
under 1-87 and was completed November 20", 2013 just north of Albany. The bridges
were built in 1959. A previous inspection from November 2012 was completed and
provided by the New York Department of Transportation. The inspection included

findings of delaminations in the pier columns and caps.

The ambient temperature change can be seen in Figure 42. This image is taken
from the weather checker on the pooled fund website. It displays both the previously

recorded data along with the forecasted data.



Figure 42: Previous and forecasted weather conditions provided by the weather checker

Three sets of images were taken on the New York verification trip. The times of
the images were at roughly 8:00 A.M, 11:00 A.M. and 2:00 P.M. The lack of sunlight
later in the day, along with a high traffic volume in the area, would have made it
extremely difficult for a night inspection. An image of a pier column can be seen below

in Figure 43 and more images can be seen on the pooled fund website.



Figure 43: IR (A) and digital (B) images of a delaminated column on Pier 1 of South
Bridge

An extreme thermal gradient is evident in the figure. The digital image shows
that the sunlight is directly hitting the delaminated area which provided better thermal
imaging results. The delaminated area can be seen as the “hot spots” in the picture.
This is referred to as Pier 1 in the report provided by NYSDOT. The report lists this
particular column as having map cracks with rust stains. It is possible that the cracks
may have propagated in the past year to form what are now delaminations.

To further demonstrate how a thermal gradient can affect an image, Figure 44
shows four of the same image with four separate spans: 10 (A), 20 (B), 30 (C) and 40

(D). A typical span for capturing a good image in the field is approximately 4-8°F. For

this example, a span of 40° F is required for everything in the image to appear.



Figure 44: lllustration of how thermal gradient can affect an image

The goal of the inspection for this bridge was to capture quality thermal images of
delaminations that had been previously detected by the New York State Department of
Transportation. The weather conditions for the day were sufficient enough for quality
images to be captured. The thermal gradient of the transition from sun affected areas to
non-sun affected made it difficult to capture quality images in some areas. However,
there was a greater temperature contrast in the areas that the sun was affecting. An
effective solution to the thermal gradient issue would be to capture images at night

when there is nho exposure to sunlight.



10 FLORIDA

No verification trips have been made to Florida at this point in time but there had
been some verification testing accomplished during training. The training was
completed April 29-30™, 2014 in Tampa, Florida. The first day was spent in the
classroom going over the fundamentals of infrared thermography and reviewing how to
use the camera. The second day was spent travelling to the testing location on the
North Sunshine Skyway fishing pier. That pier was part of the original structure that
spanned the bay before the Sunshine Skyway Bridge was constructed. The testing was
done on the deck of the fishing pier. An example of a delamination can be seen in

Figure 45.

Figure 45: Infrared (A) and digital (B) images of a deck delamination in Florida

Given the temperature change and wind conditions, it was a good day for

infrared thermography based on the inspection guidelines. The ambient temperature for



the day can be seen in Figure 46 below. The wind speed was 5-9 mph for most of the
day. There were short periods of wind speeds at 13 mph. The ambient temperature
change was greater than 15 degrees for the day and was also more than 10 degrees in

the first six hours after sunrise.

Figure 46: Ambient temperature on April 30, 2014 for Tampa, FL

11 OHIO

A wide bridge located at I-70 over Glenwood Avenue was inspected June 23,
2014 in Columbus. Members of Ohio Department of Transportation had been having
some issues with getting good infrared results on a wide bridge (greater than 100 ft.).

This was the first time this issue had been brought to attention. The Glenwood Avenue



Bridge was selected as a testing site so as to determine if wide bridges could provide
enough ambient temperature change underneath to allow for good infrared inspection
results. Two other bridges were also inspected on the Ohio trip; their images can be

seen on the pooled fund project website.

Images from the Glenwood Avenue Bridge were captured both in the morning
and the afternoon. The morning images were captured between 7:30 A.M. and 8:15
A.M when the thermal contrast started to disappear. The afternoon images were
captured between 2:45 P.M. and 3:00 P.M. By capturing images in both the morning
and the afternoon, there is an opportunity to show how delaminations appear differently
during different times of the day. An example of the difference in thermal images can
be seen in Figures 47 and 48. The images aren’t in the same location but Figure 48

shows images located near the center of the width.

Figure 47: Afternoon infrared (A) and digital (B) images of a soffit delamination in

Columbus, Ohio



Figure 48: Morning infrared (A) and digital (B) images of a soffit delamination in

Columbus, Ohio

Another example in Figure 49 shows delamination surrounding a scupper in the
soffit of the bridge. The figure shows the same area of the bridge, during the morning
and during the afternoon. As shown in the images, the delaminations appear as cold

spots during the morning hours, and as hot spots during the afternoon.



Figure 49: Thermal images of delaminations in the soffit of a wide slab bridge, showing

morning (top) and afternoon (bottom) results

Images were also captured showing damage surrounding a longitudinal joint at
the center of the bridge. Again, images are shown from the morning and the afternoon.
As shown in Figure 50, damage surrounding the longitudinal joint could be imaged both

in the morning and in the afternoon.



Figure 50: Thermal images showing damage along a longitudinal joint in a 159 ft. wide

slab bridge

The weather conditions for the day indicated a successful day for infrared
inspection. The ambient temperature for the day can be seen in Figure 51 below. The
times marked on the graph indicate the times of day Figures 49 and 50 were captured.
The wind speed was consistently below the 15 mph threshold provided in the

guidelines.



Figure 51: Ambient temperature for June 23, 2014 in Columbus Ohio

It was concluded that, with sufficient weather conditions, wide bridges would not
be a problem for inspection using infrared thermography. These conclusions were
drawn from the image quality during both the morning and afternoon images. The
images were comparable to soffit images from other bridges under similar weather

conditions.
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