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Abstract: A concrete delamination cannot be fully detected by visual inspection and is traditionally detected
by hollow sounding when hammer tapping. A delamination survey is not always feasible for tall structures
(e.g. elevated water tanks) due to access restrictions, associated costs and safety hazards to inspectors.
Infrared thermography (IRT) is a non-destructive technique that can detect delaminations predominantly by
concrete surface layer temperature differentials. IRT data assessment considers ambient temperature,
exposure moisture conditions, sun light heating etc. in identifying defects. A near surface delamination (e.g.
initiated by reinforcement corrosion) has different heat-up or cool-down profiles compared to adjacent intact
concrete. Water from rainfall, leakage through a tank wall or other sources can deposit within the
delamination reducing concrete temperature. IRT can also identify water leakage positions on water tank
external surfaces or tunnel internal surfaces below water level as concrete at water leakage is cooler
compared with adjacent concrete with no water leakage. This paper presents case studies where IRT was
applied to identify concrete delaminations and water leakages in elevated water tanks. Useful information
is provided for the concrete industry, especially improved inspection methods to detect delamination and
water leakages via hand-held or drone mounted thermographic cameras.
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1. Introduction

Visual inspection is the most commonly used method to detect defects in concrete structures. However,
some sub-surface defects such as concrete delamination cannot be fully detected visually. A delamination
is a discontinuity in the covering material (e.g. concrete in the cover zone), that is substantially separated,
but not completely detached, from its substrate (e.g. concrete separation at the reinforcement layer due to
corrosion damage). Concrete delamination is traditionally detected through its hollow sound when tapped
with a hammer. However, this subjective method requires close access to the structure that is not always
possible. Early detection of delamination is important as it can lead to further deterioration with water ingress
to embedded steel and cause safety hazard with falling concrete.

Infrared thermography (IRT) is a non-destructive technique that can detect concrete delamination. The use
of IRT for delamination detection of concrete infrastructures and buildings have been comprehensively
reviewed by Tomia [1]. ASTM D4788 [2] discusses the passive IR Thermography testing standards for
detecting delamination of the bridge deck and noted an accuracy between 80% and 90% delamination on
concrete deck. ASTM C1066 [3] provides guidance for cavities delamination on building. IRT for detection
of surface and sub-surface deterioration in reinforced concrete bridge deck has been adopted in the United
State of America [4] with ASTM D4788 provided guidance.

1.1 Defect Detection Working Principles by IRT

Detection of concrete delamination by IRT involves capturing the temperature of the inspected object with
an IR camera. All objects that have temperatures above absolute temperature emit electromagnetic waves
in the infrared spectra as radiant energy [1]. IR cameras measure the radiant energy emitted from an object
and convert the energy into a temperature value by the Stephan—Boltzmann law [5,6] as shown in Eq. (1).

E=eoT* (1)
Where:

E = Radiation energy from the surface of a materials (watts/m?)

€ = Emissivity ranging from 0 to 1, with 0 being a prefect reflector and 1 being a prefect black body
radiator. This value is typically greater than 0.92 for concrete [7].



0 = Stephen-Boltzmann constant, 5.67 x 10-8 watts/m2/K*)
T = Temperature of the emitting materials (K)

A heating or cooling source is required to stimulate the generation of thermal gradient within an object. The
thermal contrast between damaged and undamaged areas allows detection of abnormality. The energy
input to the target object can be passive using natural source such as solar sunlight or can be active using
artificial source such as heat lamps. Passive IRT is more suitable and economical for large infrastructure
and building, although it does not allow quantitative evaluation as the natural heat sources cannot be
controlled. On the other hand, active IRT can generate higher thermal contrast and provide more details of
the detect (e.g. depth) [8]. It is often impractical to use active IRT in actual field work due to difficulty in
heating large areas uniformly.

A concrete delamination near the surface has an air gap that gives a different heat transfer rates through
the concrete compared with adjacent intact concrete. During the heat up phase (from early morning to noon),
solar radiation and ambient temperature rises heat up the target concrete. As air has much lower thermal
conductivity than concrete, the delamination air gap causes a disruption to the heat flow acting as insulation
[9]. This means the delamination area with air gap will respond faster to the temperature rise compared to
the adjacent concrete, resulting in a hot spot in the IR images. This process is illustrated in Figure 1.
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Figure 1. IRT Working Principle.

During the cooling phase, on the other hand, delamination areas loss heat quicker, generating a cold spot
thermal contrast. In particular, night-time cooling of the concrete surface gives a lower temperature at the
delamination. Water from rain fall, leakage through the tank wall (e.g. at cracks or construction joints) or
other sources (e.g. dew point or high humidity) can be sufficiently retained in the delamination air gap to
give a lower temperature at the delamination compared to adjacent intact concrete.

1.2  Concrete Delamination and Water Leakage Detection

Delamination can be caused by various factors such as corrosion of reinforcement. It can result in concrete
cracking and spalling, that can compromise the structural integrity of the concrete element. Concrete
delamination can occur in various forms, including horizontal, vertical, and map cracking. Horizontal
cracking occurs parallel to the surface of the concrete, whereas vertical cracking occurs perpendicular to
the surface. Map cracking occurs as a network of interconnected cracks, resulting in a map-like pattern on
the surface of the concrete.

Water leakage is another common defect in concrete structures, where water infiltrates the concrete causing
damage. Traditional detection methods involve visual inspection, which may not always be effective or
practical, especially in tall structures like elevated water tanks or tunnels. Infrared thermal imagery can
detect temperature variations on the surface of the concrete, which can indicate the presence of water
leakage. Water can deposit in the delamination and lower the concrete temperature from rainfall, leakage
through a tank wall or other sources (e.g. dew point). The thermal imagery can identify water leakage
positions on water tank external surfaces or tunnel internal surfaces below water level (e.g. at efflorescence,
rust stains, cracks, etc. with water leakage uncertain and no ready access) as concrete at water leakage is
cooler.

2. Case Studies

One of the major challenges in inspecting water tanks for delamination is the difficulty in accessing the
tank’s exterior surface, particularly for elevated tanks. With the modern-day telecommunication system,
more high radio frequency antennas are installed in high level structures. In additional to working at height,
hazards associated with electromagnetic energy (EME) from telecommunication antennas have become

2



prominent. Figure 2d shows the typical exclusion zone on an elevated tank with antennas. This implies that
the conventional inspection technique using elevated working platform (EWP) for confident concrete
delamination detection may not be possible. IRT provides a non-invasive and cost-effective method of
detecting delamination in water tanks.

The Water Corporation of Western Australia engaged GHD Pty Ltd (GHD) to conduct Level 2 close-up
inspections on a number of elevated concrete water tanks within the Perth metropolitan area using drone,
thermal imagery and digital twin technology, with the intent to complete inspections with the tanks remaining
online and without the use of EWP. The following sections detail case studies where IRT was applied to
identify concrete delamination and water leakage defects in elevated water tanks. Useful information is
provided for the concrete industry, especially improved inspection methods to detect delamination and water
leakages via hand-held or drone mounted thermographic cameras.

2.1 Mt Hawthorn Elevated Concrete Tank Inspection

Mt Hawthorn Elevated Water Storage Concrete Tank (Mt Hawthorn Elevated Tank), located in Joondanna
Western Australia, was used as a pilot study using digital inspection technology. Mt Hawthorn Elevated
Tank is a reinforced concrete structure constructed in approximately 1973. The tank has a 5.5 m diameter
x 14 m height central core (referred as “Riser”) that houses the access stair and water Riser pipes. The
elevated tank shell above the Riser is 14.6 m diameter x 7.6 m height with support columns at the perimeter.
Refer to Figure 2a for the tank general view.

Sensorem Pty Ltd (Sensorem) conducted a drone survey of the water tank to identify visual defects
with Digital Twin output to produce a 3D digital replica of the elevated tank. Condition rating and
defect annotation were incorporated into the Digital Twin model for future reference and maintenance
repair planning. IRT (from fixed and drone mounted cameras) was also used to detect positions of
concrete delaminations and IRT data was verified with traditional hammer tapping survey via EWP
access.

2.1.1 IRT Inspection using Fixed Camera

The majority of visible defects (i.e. cracks spalls, exposed reinforcement, potential delaminations adjacent
to cracks, etc.) were located on the north and south/west external faces of the Riser (Figure 2b), with only
minor visible defects observed on the elevated water tank external walls, floor slab soffit and columns.
Therefore, to assess if the thermal imagery data could reasonably identify concrete delaminations, the fixed
thermal imagery camera (FLIR T1040) was set up in two positions at ground level to record day and night-
time data targeting north external face of the Riser and south/west external face of the Riser.

Fiwed Thermal Imagery
Scanning Face (Morth)

* Fed Thermal lmagery
Scanning Face (South/West)

(b) Orientation of Tank

(c)Fixed Camera Position (d) EME Exclusion Zone
(North Face)

(a) Tank General View

Figure 2. Mt Hawthorn Elevated Tank Inspection.



Due to the directional orientation of the tank and time of year, the south/west external face of the Riser was
shaded from sun light heating. Hence the temperature differential at a delamination would not be as evident
as sunlight heating of the north surface and therefore would be more reliant on ambient temperature induced
temperature differential at a delamination. The specific time during day and night when the concrete surface
layer temperature differential would be the greatest to more confidently identify a concrete delamination was
uncertain. The thermal camera was selected to be fixed in position at ground level focused on the north
external face with visible potential delamination defects (refer Figure 2c) for 24 hours capturing an image
every 30 minutes. After 24 hours, the camera was re-positioned and this process was repeated for the
south/west external face with visible potential delamination defects. The elevated tank shell external walls
did not have visible potential delamination defects that could be used to assess the thermal imagery
identification of concrete defects. Therefore, the fixed camera position for a 24-hour period was not focused
on the tank external walls. However, all concrete surfaces had selective thermal imagery from the drone
during day-time and the camera held at night. The work sequence was as described below.

= Day 1 approximately at 5:30 pm: Setup camera in a protection box facing the north external face
of the Riser with imagery every 30 minutes for 24 hours.

= Day 2 approximately at 5:30 pm: Camera was moved to the south/west external face of the Riser
with imagery every 30 minutes for 24 hours.

» Day 3 approximately at 7:00 pm: Camera was removed from the protection box and was used
hand-held to obtain thermal imagery of all elevated tank and Riser concrete external surfaces,
excluding the tank roof, from ground level. The intent was to identify positions of concrete
delaminations during night-time concrete cool-down.

The ambient temperature recorded during the thermal imagery is provided in Table 1. There was no rainfall
wetting of the external concrete and the water tank remained online so any water leakage would be on the
external surface layer.

Table 1. Ambient Temperatures for Duration of Thermal Imagery.

Max Min Temperature (°C) Ave 9AM 3PM 9PM
Temperature (from daytime of date Temperature Temperature Temperature Temperature
(°C) listed to next morning) (°C) (°C) (°C) (°C)
26.4 13.4 19.9 18.1 23.9 14.5

2.1.2 IRT Inspection using Drone Mounted Camera

Thermal imagery of the Mt Hawthorn Elevated Tank was also completed using a thermal imaging camera
(DJI M600 Pro w/D-RTK) mounted on a drone. The drone thermal imaging was conducted selectively on
concrete external surface of the elevated tank and Riser, including the tank roof top surface. The thermal
imagery on drone was conducted during day-time and the data was expected to be less distinct to identify
a concrete delamination.

The thermal imagery obtained from the drone mounted thermal camera and the thermal camera fixed two
positions plus hand-held was used to compare the ability to confidently identify concrete delaminations.

2.1.3 Site Investigation Results (Riser external surface only)

Figure 3 compares the thermal images from the fixed and drone cameras. The drone thermal imagery
done over selected areas has turquoise coloured potential delaminations. The fixed camera image is more
distinctive and accurate on the potential delamination while the drone camera provided more perspective
with larger area scanning in short period of time. As the fixed camera captured an image every 30
minutes, this allowed selection of image with the optimum contrast for assessment of potential
delamination. It was found that the optimum contrast occurred approximately 3-4 hours after the sunset
(during night-time cooling phase). In this case, due to the Riser location, the day-time thermal image was
influenced by the uneven sun shining and shading from adjacent structure, making it less preferred for
interpreting delamination positions.

The time to optimum thermal imagery contrast cannot be applied generally in other situations due to
variations for temperature differential, sun exposure, shading, seasonal weather variations, etc. There was
no rain leading up to the thermal imagery, so the external surface was not moistened by rainwater.



Significant concrete to atmospheric edge effects occurred on the thermal imagery in the high contrast
images, which is resolved by taking multiple images around the circumference and correctly analysing the
results.

(a) Thermal mage from Fixed Camera (b) Thermal Image from Drone Camera

Figure 3. Thermal Image Comparison between Fixed and Drone Cameras.

Figure 4 provides a comparison between digital photograph and fixed camera thermal image at the Riser
north face. While the digital photograph indicated visual defect with cracking and exposed reinforcement,
the thermal image revealed a larger extent of delamination which were verified by the hammer tapping
survey below the EME exclusion zone. The delamination sizes are more accurately determined by thermal
imagery compared to visual observation of potential delaminations (i.e. delamination extended further
from cracked or spalled concrete). Out of the fifteen (15) defect locations, two (2) defect locations (“green
box” on Figure 4) were not readily visible but were picked up by the thermal imagery. The hammer tapping
survey confirmed 100% detection accuracy of the thermal imagery on the Riser north face.

Figure 5. Visual Defect Image VS Thermal Image from leed Camera (Riser South/West Face)

On the Riser south/west face, as shown in Figure 5, there was more uncertainty with the native thermal
imagery due to lighter “dark red colour” areas as potential delaminations. To allow better identification, a
high contrast palate was also used. Thermal imagery post processing software allows the images to be
presented in a number of various colour palettes with various temperature ranges. The potential
delamination areas are more distinct in the high contrast palate, with a distinct dark green. Thermal imagery
identified majority of all hammer tap survey confirmed delaminations on the Riser south/west face with one
minor delamination not evident in the thermal imagery (“black box” on Figure 5), representing a detection
accuracy of 92%.



2.2 Halls Head Tank Inspection

The Halls Head Elevated Concrete Water Storage Tank (Halls Head Elevated Tank) is a reinforced concrete
structure with central riser constructed in approximately 1980. The tank has a 4 m diameter x 52 m height
central core (referred as “Riser”), supporting a bowl-shape elevated tank with a maximum diameter of 21
m. Refer to Figure 6 for the tank general view.
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(a) General view (physical asset) (b) Virtual asset created using Digital Twin

Figure 6. Oaklands avenue elevated concrete water storage tank, Halls Head.

2.2.1 IRT Inspection Methodology

Thermal imagery was completed using handheld and drone mounted thermographic cameras. The thermal
imagery of elevated tank and Riser concrete external surfaces was completed from ground level at 6.30 pm
to 7.30 pm utilising a thermal imagery camera (FLIR T1040). Thermal imagery was taken around the
perimeter of the tank, focusing on the Riser surface and external tank walls.

Thermal imagery of the tank was also completed using a thermal imaging camera (DJI M600 Pro w/D-RTK)
mounted on a drone. The drone thermal imaging was conducted on all concrete external surfaces of the
elevated tank and Riser. The ambient temperature during the thermal imagery is in Table 1. There was no
rainfall wetting of the external concrete.

Table 1 Ambient Temperatures for Duration of Thermal Imagery.

Max
Temperature °C

Min
Temperature °C

Ave
Temperature °C

9AM
Temperature °C

3PM
Temperature °C

6PM Temperature
°C

19

14

16.5

17

18

15

2.2.2 Site Investigation Results

Based on the drone footage review, there was no visible significant defects (i.e. large cracks, spalls,
exposed reinforcement, potential delaminations adjacent to cracks, etc.) observed on the Riser external
surface. There were localised areas of efflorescence and brown staining likely from reinforcement corrosion
identified on the external tank walls.

The thermal imagery does not show any areas of potential delamination on the Riser external surface or on
the elevated tank surface (i.e. surface colour is consistent with no distinct localised positions of colour
changes that were identified on the Mt Hawthorn Elevated Water Tank). A delamination survey on the
external bottom 5 m on the Riser confirmed no concrete delamination were present. Figure 7 presents a
comparison between the Riser day-time photograph and the corresponding thermal imagery from hand-held
camera taken at 6.30 pm to 7.30 pm. The colour contrast areas shown on Figure 7a corresponded with the
surface coating applied and there was consistent colour across the surface. Figure 7b image has cooler
colour contrast in some areas on the Riser. However, such colour contrast areas were not consistent with
the outermost circumferential reinforcement position where delamination would have been occurred.
Therefore, such colour contrast areas were not deemed potential delamination, and probably due to the
change in concrete density from construction and some yellow coloured slightly cooler positions at vertical
edges. It should be noted the Riser perimeter is not a perfect circle but instead a polygon with multiple
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vertical edges. Two-sided cooling at the vertical edge would result in colour contrast to the adjacent flat
surface.

(a) Surface coating at bottom of Riser (b) Colour contrast not deemed potential delamination
Figure 7. Riser Day Time Photograph Compared to Thermal Imagery.

There were localised areas of efflorescence on the external tank wall, visible from ground level, and it was
not possible to determine if these areas were actively leaking from visual inspection. In Figure 8, three (3)
position of efflorescence associated with a horizontal joint can be observed from the drone digital
photograph. The corresponding thermal imagery showed two (2) of those have high colour contrast
(blue/purple coloured) indicating most likely active water leakage. The remaining efflorescence position has
darken concrete surface but was mostly in dry condition.

Figure 9 shows another efflorescence area associated with cracking and an adjacent prior repaired concrete
patch. The responding thermal imagery identified only a portion of the cracking area has likely water leakage
(yellow/green coloured contrast). No colour distinction on the prior repaired concrete patch was noted.

Both Figures 8 and 9 show some areas of efflorescence with no water leakage on the thermal imagery (no
colour distinction), which indicates the crack/joint gap opening has autogenous self-healed. Darkened
coloured concrete can be an indicator of water leakage and both figures have a darkened colour around the
efflorescence, however, the thermal imagery indicates no water leakage on some darken colour areas. The
darkened colour is most likely a construction stage matter. Similarly, prior repaired concrete with darkened
colour shown on Figure 9 has no water leakage indicated by the thermal imagery and the applied repair
mortar gives the darker colour. A brown stain likely from reinforcement corrosion has no water leakage.
Water leakage detection by thermal imagery outlined above is indicative and requires more project
assessment by appropriately experienced people before using with confidence in other situations.

Efflorescence/darken concrete
with no water leakage

Water leakage identified by thermal image

Figure 8. Most Likely water leakage identified at some efflorescence and no water leakage at
darkened coloured concrete in Tank Walls.

_ Water leakage identified by thermal image
/ bt

Darken concrete with no water leakage

Figure 9. Likely water leakage identified at some efflorescence and no water leakage at darkened
coloured concrete/repair mortar in Tank Walls.



3. Conclusions

Infrared thermography (IRT) provides a non-invasive and cost-effective method of assessing the condition
of concrete structures. The two case studies demonstrated that delamination and water leakage position
can be detected by IRT with high confidence. Interpretation of the results require understanding of
engineering principles and damage mechanisms, with considerations to the specific geometry and weather
condition. Key lessons learnt include selection of the time of the day to obtain high contrast thermal
differential, structure orientation with respect to the sun exposure and water leakage identification on
efflorescence. More project assessment by appropriately experienced people is required before using the
IRT technique with confidence in other situations.

While it is not the main focus of this paper, details on Digital Twin models that were used in both cases for
detect annotation are also discussed. Use of IRT overlaying on the Digital Twin model can effectively fulfill
the Level 2 close-up inspection requirements. In future, the use of Atrtificial Intelligence (Al) for thermal
imagery analysis and automatic defect detection can further improve the accuracy and consistency for the
interpretation [10]. Given the developments of drones and the inspection software, the ability to map crack
widths, detect leaks and delamination in concrete structures are now possible and getting popular
accurately in the inspection industry, it is envisaged in the future, the use of IRT will be a supporting tool in
the concrete structures inspection industry [11].
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