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Abstract: High-density polyethylene (HDPE) above-ground storage tanks (AST) are used by highway
agencies to store liquid deicing chemicals for the purpose of road maintenance in the winter. A
sudden AST failure can cause significant economic and environmental impacts. While ASTs are
routinely inspected to identify signs of aging and damage, current methods may not adequately
capture all defects, particularly if they are subsurface or too small to be seen during visual inspection.
Therefore, to improve the ability to identify potential durability issues with HDPE ASTs, additional
non-destructive evaluation (NDE) techniques need to be considered and assessed for applicability.
Specifically, this study investigates the efficiency of using infrared thermography (IRT) as a rapid
method to simultaneously examine large areas of the tank exterior, which will be followed by closer
inspections with conventional and phased array ultrasonic testing (UT) methods. Results show that
IRT can help to detect defects that are shallow, specifically located within half of the tank’s wall
thickness from the surface. UT has the ability to detect all defects at any depth. Moreover, phased
array UT helps to identify stacked defects and characterize each defect more precisely than IRT.

Keywords: infrared thermography; ultrasonic testing; phased array; above ground storage tank;
HDPE; polyethylene; non-destructive evaluation; defect detection

1. Introduction

Before winter storms, deicing chemicals are applied to pavement surfaces to prevent
or delay the formation of ice [1]. A majority of states located within the snow belt of the
United States manage numerous high-density polyethylene (HDPE) above-ground storage
tanks (ASTs) to store liquid deicing solutions in the form of a brine. This brine solution
is utilized during standard winter maintenance to deice roadways and highways. These
ASTs, commonly called brine tanks, should be routinely inspected to identify signs of
aging and damage in order to ensure the functionality and integrity of the tank [2]. HDPE
ASTs can fail due to reasons such as improper construction, internal/external forces or
events (e.g., foundation settlement, accident, impact), exposure to environmental elements
(e.g., ultraviolet degradation, weathering and aging, lightning, flood), incompatibility
between the specific gravity of fluid and tank wall, and incompatibility between the seismic
zone and tank features [2–4]. The consequences of brine AST failure are economic (e.g., loss
of product, cost for cleanup), environmental (e.g., soil erosion, surface water and ground
water contamination), ecological health (e.g., animals and plants, agricultural production),
and potential worker injury [3,5–9]. Moreover, since the brine is a high-concentration salt
solution, any sudden release, such as in the event of a catastrophic AST failure, into the
environment, requires close investigation of state or federal departments of environmental
quality, pollution control, hazard mitigation, etc.
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According to a survey performed by the authors and presented in this article for HDPE
ASTs, state Departments of Transportation (DOTs) in the United States follow visual and
physical inspections by walking around the tanks or by performing complementary tests in
special cases such as circumferential measurements to identify deformations, penetrating
dye tests, black markers, candling, bat tests, and acoustic emission tests. However, these
techniques may not be sufficient or effective in identifying certain failure mechanisms. For
example, increased hoop stress and manufacturing defects are not effectively identified
by these current methods, especially if the defects are subsurface or too small to be seen
during visual inspection. For instance, ultraviolet (UV) radiation from the sun embrittles
polyethylene [10,11], inducing cracks under stress and consequently making the tank more
prone to failure. This change in the material’s structure cannot be evaluated by current test
methods. As another example, the interaction of hoop, radial, and longitudinal stresses may
cause subsurface cracks that current investigation methods cannot detect. These subsurface
cracks need to be monitored for proper evaluation of the tank condition, necessitating the
use of non-destructive evaluation (NDE) techniques.

While inspection of steel and metal ASTs, such as for oil, have been investigated using
NDE methods (e.g., [12–16]), relatively few studies have been performed on HDPE ASTs
(e.g., [17]). While guidelines and standards are available for NDE inspection of steel tanks,
such as the Steel Tank Institute’s STI SP00l and the American Petroleum Institute’s API
Standard 653, no such guidelines are available for NDE of HDPE ASTs. Therefore, the
key motivation for this study is to develop additional NDE methodologies to improve the
ability of state DOTs to identify potential integrity issues with HDPE ASTs in service. This
study will focus on HDPE tanks with two different thicknesses by implementing infrared
thermography (IRT) and ultrasonic testing (UT) techniques. These two techniques are
non-destructive, only need access to the outside of the tank, can be applied when tanks are
full or empty, and can estimate the size of each defect. Therefore, these two techniques can
be used as complementary tests to comprehensively inspect HDPE ASTs and overcome the
challenges that exist with the current evaluation methods.

2. Sample Preparation and Methods

The research presented here can be divided into three primary tasks. In the first task,
a survey was completed to investigate the maintenance programs and inspection practices
implemented by state DOTs for ASTs. In the second and third tasks, IRT and UT techniques
were implemented in laboratory experiments of a scaled-down water tank.

2.1. Survey

A questionnaire, available in the Supplementary Materials, was prepared to investi-
gate the techniques and regulations that state DOTs follow to evaluate their ASTs. This
questionnaire focused on four primary areas of investigation as listed below:

• A determination of how many brine tanks are currently in service in the USA, includ-
ing their capacity range, age range and the most common material type for in-service
brine tanks.

• How do state DOTs maintain their ASTs in different seasons?
• What area(s) of a ASTs is (are) the most likely area(s) for a tank failure?
• What provisions and regulations do state DOTs follow to evaluate the condition of

their tanks and how do they decide when to remove a tank from service?

2.2. Infrared Thermography (IRT)

All objects (e.g., solid, liquid) emit infrared radiation in many wavelengths; however,
each of these wavelengths correspond to a specific temperature [18]. Infrared thermog-
raphy (IRT) is an NDE technique that employs an infrared (IR) camera to capture the
infrared radiation that is emitted from a given surface, transforming it into electrical signals
equivalent to the surfaces temperature profile. These signals are displayed in the form of
a colorful thermal image known as a thermogram in which each color corresponds to a
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temperature according to the defined scale [18,19]. IRT is a popular NDE technique known
for its portability, affordability, ease of use, large area of inspection, and ability to locate a
range of surface and subsurface defects. IRT is effective at detecting the presence of any
material with a different thermal conductivity, such as an air- or a water-filled defect in
a homogeneous solid. In the presence of a thermal gradient through the thickness of the
investigated object, the IR image will identify these anomalies, provided that the thermal
conductivity is different, as shown in Figure 1. The thermal gradient needed for IRT can be
generated through passive or active methods. In passive IRT, the ambient environment
and sunlight are used to generate this thermal gradient [20]. In active IRT, an external
heat source is used to provide the necessary energy to induce the thermal gradient [20].
The imposed thermal gradient can be generated from the same side as the measurement,
known as the reflection method, to locate superficial anomalies, or from the opposite
side of the measurement, which is known as the transmission method, to identify deep
anomalies [18]. The transmission method is useful when both sides of the object under
study are accessible. However, since ASTs are kept full or half-full all year, only the outside
of the tank is accessible for imposing heat. Therefore, this research primarily focuses on the
reflection method.

Figure 1. (a) Schematic view of a plate cross section during heating, (b) schematic view of the cross section of a plate during
IR thermography after removing the heating source, and (c) schematic view of a thermogram image with a contrast between
the subsurface defect and intact area.

When considering active thermography, different heating sources can be considered,
such as laser heating, halogen lamps, flash lamps, ultrasonic excitation, microwaves,
etc. [21]. However, one of the challenges in using IRT on tanks constructed from HDPE is
the material’s low thermal diffusivity (≈1.80 × 10−7 m2/s [22]). This means that it takes
a lot of energy to manipulate the HDPE material’s temperature and initiate heat transfer
over the thickness of the object. Regardless, a number of studies have demonstrated the
effectiveness of IRT for polyethylene components, such as pipes [23–25], pipe joints [26–28],
and composites [29]. To accommodate the low thermal diffusivity, six 500-watt halogen
lamps with a total power of 3000 watts at a distance of 0.4 m were used to heat up the
object for three minutes. This power and heating time were determined through a set of
trial and error experiments and include a consideration of the practical aspects of the test’s
utility in the field for evaluating the real ASTs. Concentrating the heating power on a small
region, over a short distance (0.4 m), and with a three-minute duration, offers enough
of a temperature gradient over the thickness of the specimen to be inspected, at least for
this study. This way, more excitation power can be delivered in a shorter period of time,
resulting in more effective heating.

For this research, a Fluke TiX580 thermal imager (IR camera), with the features shown
in Table 1, was used. In this research the goal of using an IR camera was to detect subsurface
anomalies and not for accurate temperature measurements. Since the appearance of the
defects depends on the existing thermal gradient across the object’s thickness and since
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the object temperature (OT) was not controlled, the IR camera’s temperature range was
narrowed manually and set to the range [O.T-5 ◦C, O.T + 10 ◦C]. The reasons for this were:
(1) to reduce the time needed for defects to appear in the thermal images and (2) to detect
anomalies with the highest contrast. The other settings of the IR camera can be found in
Table 2.

Table 1. IR camera properties reported by the manufacturer.

Detector resolution 640 × 480 (307, 200 pixels)
Field of view 34 ◦H × 24 ◦V

Temperature measurement range −20 ◦C to 1000 ◦C (−4 ◦F to 1832 ◦F)
Accuracy ±2 ◦C or 2% (whichever is greater)

Thermal sensitivity (NETD) ≤0.05 ◦C at 30 ◦C target temp (50 mK)
Frame rate 60 Hz

Infrared spectral band 7.5 µm to 14 µm (long wave)

Table 2. Settings of the IR camera used for the study.

Emissivity 0.78
Background 23 ◦C

Transmission 100%
Range −20 ◦C to 100 ◦C

Temperature level span [O.T-5 ◦C, O.T + 10 ◦C]
Palette Blue-Red [Ultra contrast]

Auto capture 18 images every 10s

In this study, the most effective empirical procedure was determined to be as follows:
(1) the IR camera was positioned 1.5 m away from the object, (2) the target object was
heated by the external heating source for three minutes, and (3) immediately after removing
the heating source, the change in temperature of the object during the cooling phase
was monitored for three minutes (capturing images every 10 s). The distance between
the camera and the object was defined by a preliminary investigation that studied the
correlation between the distance and the area under study and the smallest observable
defect size at the best condition. For this purpose, some partial-depth holes with different
diameters were created on a HDPE plate, and then the defects were exposed in a way such
that they faced the heating source and IR camera. This is the best condition in which all of
the defects could be observed without concerning the low thermal diffusivity of HDPE and
thermal attenuation during the experiment. The IR camera was set at different distances
and the data were plotted as shown in Figure 2. As can be seen in Figure 2, a distance of
1.5 m is the greatest distance before the minimum observable defect size increases by about
1 mm. Since this research was trying to study the feasibility of using IRT technique on real
ASTs and for the field investigation, the thermal images have been reported without any
additional image processing.

2.3. Ultrasonic Testing (UT)

The IRT technique with the reflection method described previously helps to identify
the existence of superficial subsurface defects with their approximate size and location.
However, this technique cannot give information about the depth of the defect or the
location of the abnormality over the thickness of the object and if there are several stacked
defects on the same spot. Therefore, after the potential abnormal areas were identified by
IRT, a more detailed investigation is needed. In this research both conventional pulse-echo
ultrasonic testing (PEUT) and phased array ultrasonic testing (PAUT) have been considered
since both of these tests need access to only one side of the specimen under investigation
and allow for the inspection of ASTs that are filled with liquid.
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Figure 2. Correlation between the camera distance to the object and the area under study and the smallest observable
defect size.

PEUT, also known as pulse reflection ultrasound, is a conventional one-sided UT in
which a single transducer generates an ultrasonic pulsed wave from one side of a specimen
into the specimen. That same probe then receives a response signal that has been reflected
by an inhomogeneity, such as a defect, or the back wall of the specimen [30]. PAUT probes
are composed of multiple ultrasonic elements that act as a synthetic aperture to “sweep”
its focus without moving the probe [31,32], thereby providing significantly more versatility
and range than conventional methods. Since the probe’s focus is “swept,” even defects
that are stacked can be detected, which would not be possible by conventional pulse-echo
methods [33]. PAUT has shown great capabilities to detect the embedded defects in HDPE
pipes and joints [34–42].

By calibrating the measuring equipment to the P-wave velocity of the AST material
with knowledge of the wall thickness, both PEUT and PAUT can locate hidden abnor-
malities. One disadvantage for application of UT to HDPE is the potential for significant
acoustic attenuation and dispersion due to the viscoelasticity of HDPE, with energy losses
reported at 18 dB/inch (7 dB/cm) and as large as 38 dB/inch (15 dB/cm) [33,34,43]. There-
fore, based on the AST wall thickness and defect sizes, a range of ultrasonic frequencies
needs to be considered; for instance, while higher frequencies will likely yield better reso-
lution, the signal will diminish due to increased scattering [44]. Another challenge with
PEUT is that when the defect size is smaller than the probe size, waves will propagate
through both the irregularly damaged area and intact area; therefore, more peaks will
appear in the response signals, making it difficult to identify the correct peak for the defect
in order to characterize its geometry and its location over the thickness.

In this research, a Proceq Flaw Detector 100 ultrasonic instrument was used in com-
bination with a 5 MHz mono probe from Sonatest for PEUT tests and a phased array
water wedge probe from SensorScan with 2.25 MHz for PAUT tests. Water wedges have
been used in other studies of HDPE material [37–39], primarily because the relatively slow
acoustic velocity of HDPE would result in a negative refraction from other commonly used
PAUT wedge materials. Wave velocity calibration was done with the mono probe before
starting each measurement. The settings used for the calibration is summarized in Table 3.
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Table 3. Settings used for wave velocity calibration with mono probe UT.

Voltage mono 100 V
Mono pulse damping 50 ohms

Pulse type Spike
Probe diameter 12.70 mm

Reference amplitude 80.0%
Range Path 100.0 mm
Travel mode Half path

Acquired frequency 100 MHz

For viscoelastic materials, such as HDPE at the temperatures studied here, the attenu-
ation coefficient and phase velocity will vary with temperature [45,46]. Therefore, since
the AST temperature will vary seasonally, the effect of temperature on wave velocity was
evaluated. For this purpose, Echo Pure low viscosity couplant from Echo Ultrasonics LLC
was used to investigate the wave velocity change vs. temperature on HDPE plates with
thicknesses of 12.7 mm and 19.05 mm. The results in Figure 3 show that the thickness of
the specimen does not impact the sound wave velocity measurement. Results in Figure 3
show that when the temperature decreases, the sound wave velocity increases. The reason
is that in colder temperatures, HDPE becomes denser in structure due to the change of
crystallinity and amorphousness of hydrocarbon chains and due to the change in the degree
of crosslinking and branching [47–49]; therefore, the sound wave travels faster through
the denser material at colder temperatures. These results demonstrate the importance of
measuring the wave velocity in the field before inspecting ASTs.

Figure 3. Sound wave velocity vs. temperature.

To study the impact of the utilized couplant on the measured sound wave velocity, the
experiment was repeated with four variations of couplants while testing a 12.7 mm thick
HDPE. The couplants used for this preliminary investigation were water, petroleum jelly,
Echo Pure low viscosity, and Echo Pure 414 FL. The results in Figure 4 show that there is
little to no effect of couplant type on wave velocity, at least for the couplants examined here.
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Figure 4. Sound wave velocity vs. temperature measured by using different couplants.

The other concern about UT on the HDPE plate for the field tank evaluation is the im-
pact of UV degradation. Since the HDPE tested in Figures 3 and 4 was new, the temperature
dependence was also evaluated for 15-year-old weathered HDPE collected from a failed
AST to explore the potential field variability. The weathered HDPE, shown in Figure 5
exhibited significant shallow cracking on the interior of the tank. Figure 6 compares the
temperature difference between the new and weathered HDPE, which demonstrates that
most of the measured data placed in the 95% prediction interval. These observations imply
that weathering does not appear to considerably affect the sound wave velocity.

Figure 5. Superficial cracks on the interior side of an old HDPE plate.



CivilEng 2021, 2 830

Figure 6. Sound wave velocity comparison in a 9.525 mm weathered HDPE plate and a new 12.7 mm
HDPE plate.

2.4. Specimen Preparation

While the eventual objective of this project is to develop recommendations for field
investigation of ASTs, the present study focused on a laboratory study so that additional
variables could be controlled. In the field, the ASTs experience different thermal gradients
on the sun-facing vs. shade-facing sides of the tank as well as variability in the gradients
as a function of brine solution temperature and how full the tank is. Therefore, in order
to better control some variables, a small-scale water tank was created in the laboratory
with interchangeable plates of varying thickness and defect content. Figure 7 shows the
610 mm × 610 mm × 304.8 mm (24 in. × 24 in. × 12 in.) tank used for this purpose.
One side of the tank was removed, allowing for HDPE plates of thicknesses 12.7 mm
(0.5 in.) and 19.05 mm (0.75 in.) to be installed for experiments. These plate thicknesses
were selected as representative of in-service ASTs. These plates had specific manufactured
defects to allow for calibration of the IRT and UT methods; the defect map and defect sizes
created on the plates with the thicknesses of 12.7 mm and 19.05 mm are shown in Figure 8
and Table 4.

Figure 7. (a) HDPE water tank with a removed wall and (b) HDPE water tank with an installed
HDPE plate with known subsurface and interior defects.
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Figure 8. Graphical representation of the defects created on the HDPE plates to be installed as a wall
on the water tank.

Table 4. Characters of the created defects on the HDPE plates.

Defect Name Description Depth from Interior Side (mm) Diameter(s) (mm)

S1 Scratch 1 N/A
S2 Scratch 2 N/A
S3 Scratch 3 N/A
S4 Scratch 5 N/A

S.H 1 Side hole 0.125t 0.75 t *
S.H 2 Side hole 0.25t 0.50 t
S.H 3 Side hole 5.55 & 8.73 0.1 t (1/16 inch drill bit was used for all plates)
S.H 4 Side hole 0.375t 0.25 t

R1 Partial hole 0.25 t Diameters from left to right:
25.40, 19.99, 15.01, 9.98, 7.01, 5.00, 2.79, and 1.59

R2 Partial hole 0.50 t Diameters from left to right:
25.40, 19.99, 15.01, 9.98, 7.01, 5.00, 2.79, and 1.59

R3 Partial hole 0.75 t Diameters from left to right:
25.40, 19.99, 15.01, 9.98, 7.01, 5.00, 2.79, and 1.59

* t: Thickness of the HDPE plate.

For each plate installed on the water tank, the IRT experiment was repeated 20 times on
different days under different environmental conditions to get a wide range of temperature
differences between the water and tank exterior. The condition information for each
measurement is summarized in Figure 9. There were some parameters impacting the
measurements, such as the specimen size, impact of water temperature in the tank, and
relative humidity (RH%). In order to study the impact of specimen size on the heat transfer
properties, a preliminary study was completed by applying the IRT technique on two
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plates with dimensions 304.8 mm × 304.8 mm × 12.7 mm (12 in. × 12 in. × 0.5 in.) and
610 mm × 610 mm × 12.7 mm (24 in. × 24 in. × 0.5 in.). Both plates were heated for ten
minutes. The temperature change of the center of both plates was recorded and plotted. To
study the impact of water and its temperature on the measurements, the water temperature
was changed manually via a water heater. This approach simulates the water and tank
temperature differences occurring over a day from 12:00 AM to 11:59 PM in a real AST.
Since the IRT experiments in this study were completed outside the lab, there was no
control over the RH%; therefore, the impact of RH% on the measurement is not the focus
of this study.

Figure 9. (a) Ambient conditions of all measurements on a 12.7 mm thick plate, (b) temperatures of water, tank, and ambient
for measurements on a 12.7 mm thick plate, (c) ambient conditions of all measurements on a 19.1 mm thick plate, and
(d) water, tank, and ambient temperatures for measurements on a 19.1 mm thick plate.

3. Results and Discussion
3.1. Survey

Seventeen states responded to the questionnaire. Nearly 5100 ASTs are in service in
those 17 states that responded to the questionnaire. The tank capacities vary from 3785 L to
75,708 L (1000 gallons to 20,000 gallons), but the most typical capacities are in the range
of 18,927 L to 41,640 L (5000 gallons to 11,000 gallons). More than 65% of the all tanks
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in service have an age between 5 and 14 years. Of the states surveyed, 92% are using
polyethylene tanks to store their deicing salt solutions. The rest are using fiberglass and
plastic tanks. The state DOTs reported that the thickness of their ASTs have been designed
for 1.7 to 1.9 times the specific gravity of the solution and reported different values between
12.7 mm (0.5 in.) and 19.1 mm (0.75 in.) for the wall thickness. Seven states reported at
least one tank failure experience, two of which were fitting failures. The remainder were
due to an unexpected complete rupture of the tank. Maryland DOT reported two complete
failures that were like an explosion. These findings further indicate the importance of using
NDT to evaluate the ASTs condition to prevent a catastrophic failure. state DOTs currently
do not have specific criteria to match the condition of the tanks under their control with
criteria that would indicate a given tank needs to be removed from service. For this reason,
they try to remove tanks from service before they reach an age of 12 to 15 years. This
demonstrates an area for research to develop a series of test methods and guideline for
determining when to remove a tank from service. Moreover, there are no specific guidelines
for state DOTs to follow to assess the condition of the tanks under their control. For this
reason, most of DOTs simply conduct a monthly visual inspection by walking around the
tanks. Seven DOTs reported issues with fittings during their visual inspections. In most
cases, the state DOTs keep their tanks full year-round. This common practice shows the
importance of using new NDTs that need access to only the outer side of the tank. Except
for the Oregon DOT, who unsuccessfully attempted to patch one of their tanks, no other
repairs (except fixing the leakage in fittings) were reported the respondents.

3.2. IRT
3.2.1. Impact of Specimen Dimension on Heat Transfer

Two HDPE plates with different sizes were selected to study the impact of specimen
size on the IRT measurements. The smaller plate with dimensions of 304.8 mm × 304.8 mm
× 12.7 mm (12 in. × 12 in. × 0.5 in.) was chosen to allow the whole area to be heated
by the external heating source during the IRT. A larger sample with dimensions of
610 mm × 610 mm × 12.7 mm (24 in. × 24 in. × 0.5 in.) was chosen to ensure only
the center area was impacted by the applied heat. The results of the IRT technique on both
HDPE plates are shown in Figure 10. The vertical axis shows the temperature difference
between the center of the HDPE plates at different times and the initial temperature before
starting the experiment. Results demonstrate that when the dimension of the specimen
increases, the heat propagates towards the cold areas to induce a uniform temperature
between the heated area and the surrounding area. For this reason, the maximum tempera-
ture difference is lower in the plate with larger dimensions compared to the smaller plate
with which the entire area is impacted by heating. This shows that, when the specimen
size increases, more energy (i.e., power and time of heating) is required to manipulate
the temperature of the HDPE and induce the same thermal gradient over the thickness
of the specimen. When the specimen size is small, the whole area is heated up and the
heat transfers only through the thickness of the sample. However, when the size of the
specimen increases, the heat transfers in all directions of the HDPE plate and through the
thickness of the sample. Therefore, it may reduce the efficiency of IRT in the field. This
shows that, in order to apply IRT to the evaluation of HDPE ASTs in the field, a series
of field tests are required to prove the efficacy of this technique. This shall be studied in
future work.
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Figure 10. Impact of dimension on the heat transfer in HDPE plates.

3.2.2. Defect Detection with Active IRT on HDPE

At first, to investigate the capability of the IRT technique to detect abnormalities, the
experiment was performed with an empty water tank. The empty tank was chosen because
both sides of the HDPE plate had the same temperature and there was no initial thermal
gradient present across the plate thickness. Figure 11 shows that IRT has the potential to
detect some of the abnormalities that exist in the HDPE. Figure 11 indicates that, when
there is no initial thermal gradient over the thickness (t), only anomalies that are shallow
and are located less than 0.5 × t from the outer surface can be detected. For this reason,
when there was no initial thermal gradient, S.H.1, S.H.2, SH.4, R3, and R2 were observed.
This happened due to the low heat diffusivity of HDPE and high heat attenuation. For
this reason, not enough heat is transferred to the other side of the plate over deep defects
(like scratches, and R1) to create a contrast on the thermograms. The minimum defect size
that could be detected for shallower defects (i.e., R3 defects) was a circular defect with a
diameter of 5 mm. This observation shows that under this circumstance, defects with a size
of 2.8 mm and smaller do not impact the heat transfer and therefore cannot be observed by
IRT. Moreover, as shown in Figure 11, all of the defects that could be observed by IRT with
no initial thermal gradient prior to heating appear during the first 30 s after removing the
heating source. When the tank is filled with water, the water temperature on the other side
of the plate can induce an initial thermal gradient over the thickness, which can impact
the observation. Therefore, the study was completed on the full tank under different
circumstances such as different initial thermal gradient or different water temperatures.



CivilEng 2021, 2 835

Figure 11. Abnormality detection by IRT technique on the HDPE sample with a thickness of 19.05 mm (0.75 in.).

The quantitative results of IRT on both plates (thicknesses of 12.7 mm and 19.05 mm)
tested under different circumstances are shown in Tables 5 and 6. In these tables, the
initial thermal gradient is the temperature difference between the exterior and interior
surfaces of the tank wall (∆T = Tsurf – Tint) before starting the experiment and applying
the external heat. Tint is equal to the water temperature when the tank is full. Negative
values for ∆T imply that the water temperature inside the tank had a higher temperature
than the outer surface of the tank. If the tank was empty, it was assumed that the exterior
and interior surfaces of the tank wall had the same temperature, and therefore the initial
thermal gradient was equal to zero.

Table 5. Results of IRT testing under different conditions conducted on the HDPE plate with a thickness of 12.7 mm.

Measurement

Initial
Surface

Temperature
(◦C)

Initial
Thermal
Gradient

(◦C)

Relative
Humidity

(%)

Defect
Name

Defect Depth
from the
Surface
(mm)

Minimum
Size

(mm)

δtapp
(◦C)

tapp
(s)

δtdis
(◦C)

tdis
(s)

1 22.6 0 31

R3 3.175 5 12.3 20 0 10,000
R2 6.35 15.01 9.9 60 0 10,000

S.H 1 1.59 9.525 12.3 20 0 10,000
S.H 2 3.175 6.35 12.3 20 0 10,000
S.H 4 4.76 3.175 12.3 20 0 10,000

2 18.4 0 38

R3 3.175 7.01 11.9 20 0 10,000
R2 6.35 15.01 11.9 20 0 10,000

S.H 1 1.59 9.525 11.9 20 0 10,000
S.H 2 3.175 6.35 11.9 20 0 10,000
S.H 4 4.76 3.175 11.9 20 0 10,000
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Table 5. Cont.

Measurement

Initial
Surface

Temperature
(◦C)

Initial
Thermal
Gradient

(◦C)

Relative
Humidity

(%)

Defect
Name

Defect Depth
from the
Surface
(mm)

Minimum
Size

(mm)

δtapp
(◦C)

tapp
(s)

δtdis
(◦C)

tdis
(s)

3 23.3 0 26

R3 3.175 2.79 14.8 20 0 10,000
R2 6.35 14.29 13.4 50 0 10,000

S.H 1 1.59 9.525 14.8 20 0 10,000
S.H 2 3.175 6.35 14.8 20 0 10,000
S.H 4 4.76 3.175 14.7 30 0 10,000

4 17.8 0 17

R3 3.175 2.79 12.2 10 0 10,000
R2 6.35 14.29 11.7 40 0 10,000

S.H 1 1.59 9.525 12.2 10 0 10,000
S.H 2 3.175 6.35 12.2 10 0 10,000
S.H 4 4.76 3.175 12.2 10 0 10,000

5 27 0.4 19

R3 3.175 5 13.1 20 0 10,000
R2 6.35 9.98 10.9 70 0 10,000

S.H 1 1.59 9.525 13.1 20 0 10,000
S.H 2 3.175 6.35 13.1 20 0 10,000
S.H 4 4.76 3.175 13.1 20 0 10,000

6 19.7 0.82 26

R3 3.175 5 12.3 20 0 10,000
R2 6.35 9.98 11.5 60 0 10,000

S.H 1 1.59 9.525 12.3 20 0 10,000
S.H 2 3.175 6.35 12.3 20 0 10,000
S.H 4 4.76 3.175 12.3 20 0 10,000

7 17.9 −0.32 36

R3 3.175 5 11.5 20 0 10,000
R2 6.35 15.01 11.4 30 0 10,000

S.H 1 1.59 9.525 11.5 20 0 10,000
S.H 2 3.175 6.35 11.5 20 0 10,000
S.H 4 4.76 3.175 11.5 30 0 10,000

8 23.8 −0.42 59

R3 3.175 7.01 11.7 20 0 10,000
R2 6.35 15.01 11.4 50 0 10,000

S.H 1 1.59 9.525 11.7 20 0 10,000
S.H 2 3.175 6.35 11.7 20 0 10,000
S.H 4 4.76 3.175 11.7 30 0 10,000

9 26.3 1.52 62

R3 3.175 5 13.3 10 0 10,000
R2 6.35 9.98 12.9 50 0 10,000

S.H 1 1.59 9.525 13.3 10 0 10,000
S.H 2 3.175 6.35 13.3 10 0 10,000
S.H 4 4.76 3.175 13.2 20 0 10,000

10 27 0.4 52

R3 3.175 5 13 20 0 10,000
R2 6.35 15.01 10.7 70 0 10,000

S.H 1 1.59 9.525 13 20 0 10,000
S.H 2 3.175 6.35 13 20 0 10,000
S.H 4 4.76 3.175 13 20 0 10,000

11 27.7 0.59 39

R3 3.175 5 12.4 20 0 10,000
R2 6.35 9.98 11 70 0 10,000

S.H 1 1.59 9.525 12.4 20 0 10,000
S.H 2 3.175 6.35 12.4 20 0 10,000
S.H 4 4.76 3.175 12.4 20 0 10,000

12 20.5 1.3 26

R3 3.175 2.79 12.8 0 0 10,000
R2 6.35 7.01 12.6 50 0 10,000

S.H 1 1.59 9.525 12.8 0 0 10,000
S.H 2 3.175 6.35 12.8 0 0 10,000
S.H 4 4.76 3.175 12.8 0 0 10,000

13 24 −3 60

R3 3.175 7.01 13.9 30 0 10,000
R2 6.35 15.01 13.6 60 0 10,000

S.H 1 1.59 9.525 13.9 30 0 10,000
S.H 2 3.175 6.35 13.9 30 0 10,000
S.H 4 4.76 3.175 13.8 40 0 10,000
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Table 5. Cont.

Measurement

Initial
Surface

Temperature
(◦C)

Initial
Thermal
Gradient

(◦C)

Relative
Humidity

(%)

Defect
Name

Defect Depth
from the
Surface
(mm)

Minimum
Size

(mm)

δtapp
(◦C)

tapp
(s)

δtdis
(◦C)

tdis
(s)

14 18.5 −5.1 92

R3 3.175 9.98 12.3 30 0 10,000
R2 6.35 15.01 11.6 70 0 10,000

S.H 1 1.59 9.525 12.3 30 0 10,000
S.H 2 3.175 6.35 12.3 30 0 10,000
S.H 4 4.76 3.175 12.3 40 0 10,000

15 23 −0.1 53

R3 3.175 5 14 20 0 10,000
R2 6.35 14.29 13.6 50 0 10,000

S.H 1 1.59 9.525 14 20 0 10,000
S.H 2 3.175 6.35 14 20 0 10,000
S.H 4 4.76 3.175 13.8 30 0 10,000

16 21.4 −1.6 60

R3 3.175 7.01 13.4 30 0 10,000
R2 6.35 15.01 13 70 0 10,000

S.H 1 1.59 9.525 13.4 30 0 10,000
S.H 2 3.175 6.35 13.4 30 0 10,000
S.H 4 4.76 3.175 13.2 40 0 10,000

17 19 −5.2 55

R3 3.175 7.01 12.4 30 0 10,000
R2 6.35 15.01 11.7 70 0 10,000

S.H 1 1.59 9.525 12.4 30 0 10,000
S.H 2 3.175 6.35 12.4 30 0 10,000
S.H 4 4.76 3.175 12.4 40 0 10,000

18 19 −5.6 62

R3 3.175 7.01 12.5 30 0 10,000
R2 6.35 15.01 11.7 80 0 10,000

S.H 1 1.59 9.525 12.5 30 0 10,000
S.H 2 3.175 6.35 12.5 30 0 10,000
S.H 4 4.76 3.175 12.5 40 0 10,000

19 18.1 −0.9 60

R3 3.175 7.01 13.2 20 0 10,000
R2 6.35 15.01 12.8 50 0 10,000

S.H 1 1.59 9.525 13.2 20 0 10,000
S.H 2 3.175 6.35 13.2 20 0 10,000
S.H 4 4.76 3.175 13.2 20 0 10,000

20 18.7 −1.1 33

R3 3.175 5 13.2 20 0 10,000
R2 6.35 15.01 12.9 50 0 10,000

S.H 1 1.59 9.525 13.2 20 0 10,000
S.H 2 3.175 6.35 13.2 20 0 10,000
S.H 4 4.76 3.175 13.1 30 0 10,000

Table 6. Results of IRT testing under different conditions conducted on the HDPE plate with a thickness of 19.1 mm.

Measurement

Initial
Surface

Temperature
(◦C)

Initial
Thermal
Gradient

(◦C)

Relative
Humidity

(%)

Defect
Name

Defect Depth
from the
Surface
(mm)

Minimum
Size

(mm)

δtapp
(◦C)

tapp
(s)

δtdis
(◦C)

tdis
(s)

1 22 0 35

R3 4.76 5 1.05 0 0 10,000
S.H 1 2.38 14.29 1.67 0 0 10,000
S.H 2 4.76 9.53 1.67 0 0 10,000
S.H 4 7.14 4.76 0.78 0 0 10,000

2 22 0 36

R3 4.76 5 1.05 0 0 10,000
R2 9.53 15.01 2.22 220 2 270

S.H 1 2.38 14.29 1.67 0 0 10,000
S.H 2 4.76 9.53 1.67 0 0 10,000
S.H 4 7.14 4.76 0.78 0 0 10,000

3 23.6 0 25

R3 4.76 5 3.17 20 0 10,000
S.H 1 2.38 14.29 3.5 10 0 10,000
S.H 2 4.76 9.53 3.5 10 0 10,000
S.H 4 7.14 4.76 2.5 30 1.89 140
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Table 6. Cont.

Measurement

Initial
Surface

Temperature
(◦C)

Initial
Thermal
Gradient

(◦C)

Relative
Humidity

(%)

Defect
Name

Defect Depth
from the
Surface
(mm)

Minimum
Size

(mm)

δtapp
(◦C)

tapp
(s)

δtdis
(◦C)

tdis
(s)

4 26.1 0 25

R3 4.76 7.01 9.88 10 0 10,000
R2 9.53 9.98 6.28 30 0 10,000

S.H 1 2.38 14.29 9.88 10 0 10,000
S.H 2 4.76 9.53 9.88 10 0 10,000
S.H 4 7.14 4.76 9.88 20 0 10,000

5 23.3 0 29

R3 4.76 2.79 14.55 30 0 10,000
R2 9.53 7.01 11.28 100 0 10,000

S.H 1 2.38 14.29 14.55 30 0 10,000
S.H 2 4.76 9.53 14.55 30 0 10,000
S.H 4 7.14 4.76 13.39 50 0 10,000

6 24.8 0 29

R3 4.76 5 10.06 0 0 10,000
R2 9.53 15.01 7.33 60 5.94 130

S.H 1 2.38 14.29 10.06 0 0 10,000
S.H 2 4.76 9.53 10.06 0 0 10,000
S.H 4 7.14 4.76 7.94 30 5.28 150

7 22.7 0 34

R3 4.76 7.01 9.83 0 0 10,000
R2 9.53 9.98 6.27 70 5.33 120

S.H 1 2.38 14.29 9.83 0 0 10,000
S.H 2 4.76 9.53 9.83 0 0 10,000
S.H 4 7.14 4.76 7.72 30 4.77 150

8 26.5 0 16

R3 4.76 2.79 10.33 10 0 10,000
R2 9.53 9.98 9.05 30 0 10,000

S.H 1 2.38 14.29 10.33 10 0 10,000
S.H 2 4.76 9.53 10.33 10 0 10,000
S.H 4 7.14 4.76 9.55 20 0 10,000

9 *,† 24 −20.5 35

R3 4.76 5 5.55 0 0 10,000
R2 9.53 5 5.55 0 0 10,000
R1 14.29 5 5.55 0 0 10,000

S.H 1 2.38 14.29 5.55 0 0 10,000
S.H 2 4.76 9.53 5.55 0 0 10,000
S.H 4 7.14 4.76 5.55 0 0 10,000

10 25 −0.78 36

R3 4.76 5 10.1 10 0 10,000
R2 9.53 9.98 8.44 50 0 10,000

S.H 1 2.38 14.29 10.1 10 3.3 200
S.H 2 4.76 9.53 10.1 10 3.3 200
S.H 4 7.14 4.76 10.1 10 4.44 180

11 28 −0.22 40

R3 4.76 7.01 8.94 20 0 10,000
R2 9.53 15.01 5.55 110 0 10,000

S.H 1 2.38 14.29 8.94 20 4.39 180
S.H 2 4.76 9.53 8.94 20 4.39 180
S.H 4 7.14 4.76 8.94 20 4.88 150

12 25.9 −1.8 21

R3 4.76 9.98 9.27 10 0 10,000
R2 9.53 15.01 5.17 130 0 10,000

S.H 1 2.38 14.29 10.5 0 5.72 100
S.H 2 4.76 9.53 10.5 0 5.72 100
S.H 4 7.14 4.76 9.27 10 6.27 80

13 13 −3.6 63

R3 4.76 9.98 10.55 10 0 10,000
R2 9.53 15.01 5.78 130 0 10,000

S.H 1 2.38 14.29 11.3 0 6.05 120
S.H 2 4.76 9.53 11.3 0 6.05 120
S.H 4 7.14 4.76 10.55 10 7.33 60



CivilEng 2021, 2 839

Table 6. Cont.

Measurement

Initial
Surface

Temperature
(◦C)

Initial
Thermal
Gradient

(◦C)

Relative
Humidity

(%)

Defect
Name

Defect Depth
from the
Surface
(mm)

Minimum
Size

(mm)

δtapp
(◦C)

tapp
(s)

δtdis
(◦C)

tdis
(s)

14 17 −3.1 48

R3 4.76 7.01 9.5 0 0 10,000
R2 9.53 7.01 8.5 40 0 10,000

S.H 1 2.38 14.29 9.5 20 6.05 170
S.H 2 4.76 9.53 9.5 20 6.05 170
S.H 4 7.14 4.76 9.5 20 6.44 140

15 † 8.3 −5.9 51

R3 4.76 9.98 6.5 40 0 10,000
R2 9.53 15.01 3.06 140 0 10,000

S.H 1 2.38 14.29 9.11 0 2.94 150
S.H 2 4.76 9.53 9.11 0 2.94 150
S.H 4 7.14 4.76 6.5 40 3.06 140

16 18.2 −0.8 60

R3 4.76 5 9.83 20 0 10,000
R2 9.53 9.98 7.44 70 0 10,000

S.H 1 2.38 14.29 7.44 70 4.72 200
S.H 2 4.76 9.53 7.44 70 4.72 200
S.H 4 7.14 4.76 8.77 50 6.11 150

17 21.7 −2.9 25

R3 4.76 9.98 10.8 0 0 10,000
R2 9.53 15.01 6.11 160 0 10,000

S.H 1 2.38 14.29 10.8 0 6.11 130
S.H 2 4.76 9.53 10.8 0 6.11 130
S.H 4 7.14 4.76 9.44 10 7.11 90

18 24 −3 59

R3 4.76 9.98 10.38 10 0 10,000
R2 9.53 15.01 5.56 150 4.44 260

S.H 1 2.38 14.29 8.94 30 5.56 150
S.H 2 4.76 9.53 8.33 40 5.94 120
S.H 4 7.14 4.76 8.33 40 12.2 80

19 18.2 8.42 37

R3 4.76 5 10.1 0 0 10,000
R2 9.53 7.01 10.1 0 0 10,000

S.H 1 2.38 14.29 10.1 0 0 10,000
S.H 2 4.76 9.53 10.1 0 0 10,000
S.H 4 7.14 4.76 10.1 0 3.22 180

20 † 30.6 −5.18 39
R3 4.76 9.98 5.06 470 4.6 530

S.H 1 2.38 14.29 5.28 450 5 500
S.H 2 4.76 9.53 5.06 470 5 500

* For this experiment, no external heat was used to study the transmission IRT. † The initial images of these measurements were used to
study the transmission IRT indirectly.

For the side holes, the minimum defect size that could be detected by IRT was recorded
as the diameter of the hole. The parameter δtapp represents the temperature difference
on the surface between the cooling phase, when the defect appeared on the thermogram,
and the initial surface temperature before starting the experiment. The parameter tapp
represents the time after removing the heating source when the defect first appeared on
the thermogram. δtdis represents the surface temperature difference between when the
defect disappeared on the thermogram and the initial temperature before starting the
experiment. The tdis represents the time after removing the heating source when the defect
disappeared on the thermogram. For the measurements in which the detected defect was
visible throughout the cooling phase and time of measurement (t = 180 s), it was assumed
that the defect disappeared when the thermal gradient was diminished (δtdis = 0) in about
7 h (tdis = 10,000s).

By comparing the results in Tables 5 and 6, it is readily seen that, for the HDPE plate
with a thickness of 12.7 mm, it takes a longer time to detect defects compared to the HDPE
plate with a thickness of 19.05 mm. The reason for this is that heating the plate with a
thickness of 12.7 mm for three minutes caused it to saturate the thermograms and therefore
more time was required to obtain unsaturated images with observable defects. Because of
this heat saturation in the measurements on the 12.7 mm thick HDPE, all of the detected
defects did not disappear until the end of the experiment. This means that for the HDPE
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plate with the thickness of 12.7 mm, a lower heating power or a shorter heating time can
be used for faster anomaly detection. While investigation of the impact of RH on these
measurements was not the goal of this study, results show that when the RH decreases,
the minimum observable defect size decreases. This observation can be attributed to two
reasons: (1) a lower RH results in more efficient heat transfer, allowing the surface to
receive more heat compared to when the RH is high and moisture between the heating
source and object attenuates some portion of the heat energy, and (2) when the RH is low,
dispersion of the emitted IR signature from the object is reduced, which results in more
accurate measurements.

In the experiments shown in Tables 5 and 6, 2.8 mm was the minimum interior defect
size that could be observed in the thermograms if it was located at 0.25t. However, looking
at the norm shows that 5 mm can be conservatively considered as the minimum defect size
that could be detected. If the interior defect was located on about 0.5t, the minimum defect
detection size that could be detected was 7.0 mm. The minimum size of the side hole that
could be detected was 3.175 mm.

As determined from the data in Table 6, when the tank was full of water, the observed
interior defects remained observable until the end of the experiment for most measure-
ments, while the side holes defects disappeared before the experiment was finished. When
the tank was empty, the side holes were observable in the thermograms for most of the
measurements until the end of the experiment. Moreover, when the tank was full, the inte-
rior defects appeared as cooler spots, and the side holes appeared as hotter spots compared
to the intact areas, while when the tank was empty, all of the interior and side holes looked
hotter than the intact areas. These last two statements imply that water inside the tank
alters heat transfer. More investigation of the results of the impact of water temperature on
heat transfer shows that as the water temperature inside the tank increases, the minimum
observable defect size increases. The reason for this is that when the temperature of the
water is greater than the tank exterior (∆T < 0), most of the heat energy is consumed to
increase the surface temperature to reach the water temperature and induce zero thermal
gradient (∆T = 0). After that, the rest of the energy is used to induce a positive thermal
gradient. Therefore, the induced thermal gradient decreases as the water temperature
increases. More details are provided in Section 3.2.3. For Experiment #9 in Table 6, no
external heating source was used because three minutes of heating was not enough to
induce a positive thermal gradient for defect detection during the cooling phase. Therefore,
this measurement along with measurements 15 and 20 was used for the investigation of
transmission IRT.

Results in Tables 5 and 6 show that scratches inside the tank, very small subsurface
defects (in this study S.H.3 with the diameter size of 1.6 mm), and deep defects (R1 interior
defects) cannot be observed. The reason for this is that the HDPE has a very low thermal
conductivity, thermal diffusion, and high heat attenuation characteristics. Therefore, the
induced thermal gradient generated by three minutes of heating with 6000 watts of power
may not be sufficient to reach these deep anomalies. Tiny subsurface anomalies such as
defect S.H.3 in this study do not interfere with the heat transfer. Therefore, the emitted IR
from the tiny subsurface defects is not much different from that in the intact areas, making
detection by IRT difficult. In general, in this study, the defects that were located less than
half the thickness of the tank wall (0.5t) from the external surface could be detect by IRT.

3.2.3. Impact of Water Temperature on Defect Detection in Active IRT

The results shown in Figure 12 indicate that the water inside the tank can impact both
the time of appearance of each defect in the thermograms and the minimum observable
defect size. When the tank is empty, both sides of the tank wall have almost the same
temperature (∆T = 0). Therefore, all of the heating energy applied on the outside of the
wall will be transferred through the wall thickness and induce a thermal gradient.
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In Figure 12b, when the tank is filled with water with almost the same temperature of
the tank exterior (∆T ≈ 0), the induced thermal gradient increases; the reason for this is
that water has a high thermal capacity and needs more energy to increase the temperature.
On the other hand, the water and the interior side of the tank are in equilibrium. Therefore,
when the applied heat reaches the other side of the tank, the interaction between the water
and the interior wall of the tank causes a smaller temperature change in comparison to the
time in which the tank is empty. In Figure 12c, when the water has a lower temperature
than the tank exterior, it creates the maximum thermal gradient across the thickness.

In Figure 12d, the water inside the tank has a higher temperature than the tank
exterior. In this case, when heat is applied on the surface, the temperature of the tank
exterior increases first to reach the temperature of the interior side and then increases past
the interior temperature; this means that the thermal gradient induced on the thickness
with the same amount of energy is negligible.

Figure 12. Impact of water temperature on defect detection: (a) when the tank is empty, (b) when the tank is filled with
water at a temperature close to the tank temperature, (c) when the tank is filled with water with a lower temperature than
the tank, and (d) when the tank is filled with water with a higher temperature than the tank.
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Another observation made was that the water temperature impacts the initial ∆T. A
higher positive initial ∆T results in shorter time of defect appearance in the thermograms. In
Figure 12 if the time t = 0 is to be used for comparison, then it can be seen that, when the ∆T
increases from Figure 12a–c, the time for observing the defects becomes shorter. In Figure 12c,
which shows the highest ∆T, most of the deep defects were observed immediately after
removing the heating source. However, as shown in Figure 12d, where ∆T is a negative
value, even after 400 s, no defect was observed. As shown in Figure 12a, the minimum
defect size in R2 was an interior defect with a diameter of 7.0 mm, and in the R3 defect
series, the minimum observable defect size was 5 mm in diameter. When the ∆T increased,
as seen in Figure 12b, the minimum defect size in the R2 defect series was an interior defect
with a diameter of 10.0 mm, and in the R3 defect series the minimum observable defect
size was 5 mm in diameter. Therefore, the water temperature impacts both the minimum
detectable defect size and the time for the appearance of defects on the thermograms.

3.2.4. Indirect Transmission IRT

The initial images of Experiments #9, #15, and #20 in Table 6 were used to indirectly
study transmission IRT. In these three experiments, the water inside the tank had a higher
temperature than the outer side of the tank, and therefore water could be used as a heating
source on the opposite side of the wall, which is required for transmission IRT. For this
reason, the initial images before applying an external heating source were used. Figure 13
shows that transmission IRT can help to detect many anomalies in a very short period of
time without applying external heating and spending additional time monitoring the defect
appearance during the cooling phase. These defects that were observable and appeared at
the same time on the first thermogram. The smallest interior defect that could be observed
was the defect 5 mm in diameter when the tank was filled with 45 ◦C water and when the
wall temperature did not reach equilibrium with the water (Figure 13a,b). Figure 13a shows
that, when the water and the interior side of the tank wall did not reach a temperature
equilibrium and had the highest absolute thermal gradient over the wall thickness, deep
defects such as scratches and R1 defects could be detected. For cases when the interior tank
wall and water reached a temperature equilibrium (Figure 13c,d), the smallest observable
defect size increased to 7.0 mm and the deep defects such as R1 and subsurface defects like
S.H.4 could not be detected properly.

Figure 13. Using warm water inside the tank as an indirect method of transmission IRT: (a) during filling of the tank with 45
◦C water, (b) three minutes after filling the tank with 45 ◦C water, (c) tank filled with 14.2 ◦C water after 24 h, and (d) tank
filled with 35.8 ◦C water after 24 h.

Experiment #9 could not be extended for 24 h to allow the water and interior side of
the tank wall to reach equilibrium. This was because the water heater that was used to
keep the water temperature constant was not capable of maintaining a 45 ◦C temperature.
In general, it can be concluded that transmission IRT helps to detect the shallow anomalies
with less energy in a shorter time. Transmission IRT can be applied in the field if the best
time frame is found in which the brine in the tank is a higher temperature than the outer
side of the tank. This is in the scope of future work.
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Figure 13d shows that if there is leakage (at the bottom of the tank in the figure), it can
be detected immediately by using the IR camera without applying any heating. This helps
to rapidly evaluate the ASTs for leakage and locate the origin of the leakage.

3.2.5. Passive IRT

In passive IRT, represented in Experiment #19 in Table 6, cold water with temperature
of 9.8 ◦C was used to produce a positive ∆T due to the ambient temperature. The passive
thermography worked in this measurement because the cold water inside the tank induced
a very high positive initial thermal gradient (∆T = 8.42 ◦C) over the thickness of the HDPE
plate. Therefore, the ambient temperature could act as the external heating source, allowing
shallow defects (R2 and R3) as well as subsurface defects (S.H.1, S.H.2, and S.H.4) to be
detected as shown in Figure 14 The result provided in Figure 14 shows that passive IRT
has the potential to detect these shallow defects; however, the optimum ∆T for passive
thermography is still unknown. This is the subject of future work.

Figure 14. Passive IRT testing on the small scale HDPE water tank.

3.3. Ultrasonic Testing (UT)
3.3.1. Pulse-Echo Ultrasonic Testing (PEUT)

Ultrasonic testing could indicate subsurface defects and useful information on the
general location of these defects.

Figure 15 shows the results of pulse-echo ultrasonic testing (PEUT) for detecting a
single interior defect (i.e., the R2 defect on the HDPE plate with a thickness of 19.05 mm).
By positioning the first cursor on the right peak, the depth of the defect from the surface
could be measured. To be more specific, by positioning the cursors on the right peaks
and by subtracting “G2↓v” from “G1↓v”, the location of the defect could be characterized.
Additionally, the location of the defect can be seen in the bottom window in Figure 15.
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Figure 15. An interior defect (R2) detection on a 19.05 mm thick HDPE plate using pulse-echo ultrasonic testing.

The experiment was repeated on a subsurface defect (i.e., S.H.2 on the 19.05 mm thick
plate). As shown in Figure 16, there are three peaks. Two peaks are attributed to both sides
of the plate, and the other peak (first peak from the left) is attributed to the subsurface hole.
Therefore, by positioning the cursors on the peak correlated to the hole and the peak of
surface of the plate, the location of the subsurface defect can be characterized as shown in
Figure 16. If the defect is smaller than the probe size, or the probe is located on the border
of the defect and flawless area, more peaks will be observed in the response signals as
shown in Figure 17. This makes the interpretation of PEUT results difficult.

PEUT was also performed on a plate with two and four stacked side hole defects,
shown in Figures 18 and 19 respectively. By comparing the last two figures, it can be
seen that the results resemble each other. These results indicate that PEUT is unable to
characterize these stacked defects.



CivilEng 2021, 2 845

Figure 16. A subsurface defect (side hole) detection using pulse-echo ultrasonic testing.

Figure 17. A subsurface defect detection when the ultrasonic probe is not completely on top of the defect.
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Figure 18. Pulse-echo ultrasonic testing on an area with two stacked defects.

Figure 19. Pulse-echo ultrasonic testing on an area with four stacked defects.
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3.3.2. Phased Array Ultrasonic Testing (PAUT)

Phased array ultrasonic testing (PAUT) was used on a single interior defect (the
biggest defect in R3), two stacked defects, and four stacked defects. The results are shown
in Figures 20–22. When there was an interior defect with dimensions bigger than the
wedge, only a single defect was observable on the UT responses, as shown in Figure 20.
However, if a defect with smaller size than the wedge existed, more peaks and defects were
observed in the UT responses as shown in Figure 22.

Figure 20. R3 defect detection on the 19.05 mm thick plate.

Figure 21. Phased array probe used for the detection of two stacked subsurface defects.

The top window in Figure 21 shows two defects identified in the PAUT response. In
addition, two peaks on the linear signals on the right side of the figure could be observed,
which further proves the existence of the two defects. Depending on the positioning of
the first and second cursors in the software, the depth of the defects from the surface or
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the distance between the defects can be measured. From the results shown in Figure 21,
the distance between the stacked defects was measured in the top red box. Moreover,
the width of the defects on the sectorial response shows the size of the defect. Figure 22
shows the results of PAUT on the 19.05 mm thick HDPE plate with four stacked defects.
There are four defects on the sectorial PAUT response. In addition, the four peaks on the
signals on the right side of the figure further prove the existence of the four defects. As
was performed for the two stacked defects, the distance between the defects or the depth
of those defects can be estimated by positioning the first and second cursors on the right
peaks. Figures 21 and 22 show that PAUT is a powerful technique that can characterize
defects accurately. Moreover, while the results show that UT can be used as an effective
technique to characterize defects, further work is needed to study its efficiency when used
as a method of evaluating ASTs in the field. This is the subject of future work.

Figure 22. Phased array probe used for the detection of four stacked subsurface defects.

4. Conclusions

In this study, the feasibility of using two non-destructive test methods for evaluation
of high-density polyethylene (HDPE) liquid storage tanks by both infrared thermography
(IRT) and ultrasonic (UT) methods was studied. While reflection IRT was the focus of this
work, transmission and passive IRT were explored as well. Both conventional pulse-echo
ultrasonic testing (PEUT) and phased array ultrasonic testing (PAUT) have been considered
since both of these tests need access to only one side of the specimen under investigation
and allow for the inspection of storage tanks filled with liquid. In general, the following
conclusions can be drawn from this study:

• IRT has shown the potential to detect leakage and some subsurface abnormalities in
HDPE plates.

• IRT is useful for locating shallow subsurface defects that are located at less than half
of the thickness of HDPE plates.

• Water temperature can impact IRT measurements of an HDPE tank by influencing the
minimum detectable defect size and time of appearance of the defects on the thermograms.

• Transmission IRT helps to detect the shallow anomalies in HDPE water tanks with
less energy in a shorter amount of time.
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• For HDPE with high thermal attenuation properties and very low thermal conductivity,
the passive IRT works best when there is a very high positive initial thermal gradient
over the thickness of the specimen.

• UT is sensitive to both interior and subsurface abnormalities of HDPE plates.
• UT is highly accurate in determining flaw position and estimating flaw size and shape

in HDPE plates.
• PAUT is a powerful technique that can help to detect and characterize multiple stacked

defects in HDPE plates.
• Ultrasonic testing can be used as a complement to IRT for a more detailed inspection

of HDPE ASTs.
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