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Abstract: Melbourne Water Corporation has two large anaerobic lagoons at the Western Treatment
Plant (WTP), Werribee, Victoria, Australia. The lagoons are covered using numerous sheets of
high-density polyethylene (HDPE) geomembranes to prevent the emission of odorous gases and to
harness biogas as a source of renewable energy. Some of the content of raw sewage can accumulate
and form into a solid mass (called “scum”). The development of a large body of solid scum that rises
to the surface of the lagoon (called “scumbergs”) deforms the covers and may affect its structural
integrity. Currently, there is no method able to effectively “see-through” the opaque covers to define
the spread of the scum underneath the cover. Hence, this paper investigates a new quasi-active
thermal imaging method that uses ambient solar radiation to determine the extent of the solid
matter under the geomembrane. This method was devised by using infrared thermography and
a pyranometer to constantly monitor the transient temperature response of the HDPE geomembrane
using the time varying ambient solar radiation. Newton’s cooling law is implemented to define
the resultant cooling constants. The results of laboratory-scale tests demonstrate the capability of
the quasi-active thermography to identify the presence and the extent of solid matter under the cover.
This paper demonstrates, experimentally, the importance of measuring the surface temperature of
the cover and solar intensity profiles to obtain the cooling process when during variations in solar
intensity during normal sunrise, sunset, daily transitioning from morning-afternoon-evening and
cloud cover events. The timescale associated with these events are different and the results show
that these daily transient temperature cycles of the geomembranes can be used to detect the extent of
the accumulation of solid matter underneath the geomembrane. The conclusions from this work will
be further developed for field trials to practically monitor the growth in the extent of the scum under
the floating covers in WTP with the ambient solar energy.

Keywords: quasi-active thermography; structural health monitoring; geomembrane; floating covers
sewage; scums; treatment plant

1. Introduction

Melbourne Water Corporation (MWC) owns and operates the self-powered Western Treatment
Plant (WTP) at Werribee, Victoria, Australia. The WTP normally treats over half of Melbourne’s sewage
(>300 GL per annum) and, hence, delivers a significant and important service to a very large urban
area and population. The resource recovery programs at WTP turn the sewage into valuable products
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including biogas for on-site production of electricity and recycled water for agriculture customers.
WTP utilizes the biogas captured from the covered anaerobic lagoons to generate renewable energy to
supply all the electricity required to run the site and exports surplus electricity to the grid. The entire
sewage treatment process can take up to 40 days in the lagoon systems (up to 10 ponds) before the end
products can be reused as recycled water or discharged to the receiving water of Port Philip. At
the WTP, the raw sewage (from household waste, high-strength organic waste and waste from meat
and dairy food industries) will first pump directly to the first treatment lagoon (a 6 to 8 m deep pond)
for the removal of solids. The flow of sewage slows down as it enters these large and deep lagoons,
allowing most of the suspended solids in the sewage to sink to the bottom and form a layer of sludge.
At the first treatment lagoon, a suitable anaerobic environment is also provided for bacteria to break
down the organic material into sludge, releasing biogas (i.e., methane and hydrogen sulfide, H,S)
which can be turned into electricity.

The first treatment lagoons are covered by high-density polyethylene (HDPE) sheets which are
seam-welded together [1] to capture all odorous and greenhouse gases (e.g., hydrogen sulfide, methane)
produced by the bacteria in the sewage under the covers. These HDPE covers are also known as
floating covers since they are fixed to a concrete structure around the perimeter of the lagoons and
the surface of the cover rises and falls (i.e., floats) with the changing depth of sewage. A satellite photo
of a floating cover at the WTP is shown in Figure 1. Each of the HDPE covers is approximately 475 m
long by 216 m wide by 2 mm thick and can collect up to 65,000 cubic meters of biogas per day, which
can produce 7 MW of renewable energy [2]. This is more than enough power to sustain the daily
operation of WTP and surplus electricity is exported from the site to the grid.
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Figure 1. One of floating covers in Western Treatment Plant (WTP) from Google maps.

As the raw sewage is untreated before entering the lagoon system, some content such as fats, oils,
floating solids and buoyed sludge or other fibrous materials in the raw sewage may separate out of
the liquid sewage and float to the surface of the lagoon [3]. These elements can form into a solid mass
called “scum”. The scum in the anaerobic lagoon is a mixture of floating solids, undigested sludge and
trapped gases formed during anaerobic digestion. This scum can become buoyant and accumulate
under the cover and develop into a large solid body, creating an iceberg like effect, which is also called
“scumberg” effect because some is above the surface of the water (under the cover) while some stays
below the surface. The scum has the potential to move under the surface and even attach itself to
the underside of the floating covers. Scum can move and grow over time with varying volume and
hardness. The development of scum will exert the following influences on the cover:
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e  Scumbergs block the pathway of biogas and produce “whaleback” regions on the surface of
the cover, affecting the movement and collection of biogases by the covers. Whaleback regions
will generate regional strain and stress on the HDPE geomembrane material.

e The existence of scumbergs causes a vertical displacement of the membrane surface. When
the wind blows over the cover, the cover will then be exposed to an increased lateral drag force,
which can affect the structural integrity of the cover.

e If the scum has developed a hard crust, this may scratch the under-surface of the cover, if
the scum moves horizontally and has not yet attached itself to the cover, and potentially result
in the development of highly localized non-through cracks which have the potential to become
a through-crack.

e  Scumbergs can deform the covers in a vertical direction and have an impact on its structural
integrity which might then be made even worse when the accumulated scum move under the cover,
as any horizontal movement will also exert lateral drag on the covers if the scum has attached
itself to the underside of the cover material.

Therefore, the development, accumulation and potential movement of solid scumbergs will
adversely affect the structural integrity of the floating covers at the primary treatment lagoon and, thus,
there would be benefit in being able to monitor the transition of scum from a semi-solid to a solid state,
and the presence and distribution of scumbergs. At present, the physical walk on the cover and visual
inspection of the cover are the main methods deployed to determine the distribution and extent of
semi-solid to solid scum and scumbergs. The inspection process is labor intensive, time-consuming and
involves some inherent risks which we aim to eliminate or reduce. A more quantitative, automated,
effective and safe technique is sought to accurately determine the presence of scum and scumbergs
under the floating covers without the need for a worker/inspector to physically make contact with
the cover.

Due to the size of the lagoon and the hazardous environment, a remote sensing capability is
preferred. In this paper, a method of quasi-active thermography is proposed to determine the existence
and the extent of the scum under a geomembrane cover with the aid of ambient solar radiation.
The newly proposed method is examined under laboratory conditions using an outdoor test facility at
Monash University. Whilst the scale of the laboratory test specimen is small in comparison to the actual
cover, the study reported in the paper yielded important and useful information for the adaptation of
this novel thermographic technique to determine the extent of scum accumulation under the large
HDPE floating cover at the WTP. In the experiment reported in this paper, the actual HDPE cover
material is used. The solid scum is simulated using solid matter (i.e., a clayey soil) as this was
reported to have similar thermal properties to the solid scum at WTP. The HDPE cover was laid over
the simulated scum (i.e., a block of clayey soil). The outdoor test facility allowed for investigations
into the appropriateness of the different timescales associated with the varying solar radiation for
determining the presence and the extent of simulated solid scum under the cover material. It was
found that the thermal transients during daybreak and nightfall can be used to determine the existence
and accumulation of the clayey soil block under the HDPE geomembrane.

2. Quasi-Active Thermographic Method

2.1. Preliminary Concept of Quasi-Active Thermography

Infrared thermography is a well-developed non-contact inspection technique that has been
successfully implemented in the field of structural health monitoring especially for concrete buildings,
bridges, rail infrastructure and aircraft structures. These infrared thermal cameras can be located more
than 20 m away from the object to be inspected or monitored. Thermography measures the temperature
distribution of an object by detecting the infrared energy emitted over an area. It uses differences
in temperature to identify the flaws (i.e., cracks, stress concentration area and substance or damage
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beneath a surface) in the object. In addition, thermal imaging has recently been widely applied in
evaluating the structural health condition of composite structures [4-6] and polymers [7-11].

Thermography is generally classified into (1) active thermography and (2) passive
thermography [12-14]. Active thermography [15-18] requires the monitored object to be subjected to
some external source of thermal energy that acts as a stimulus. The input heat energy will penetrate
the test specimens and the regions with different properties, such as defects in specimens, will
then become obvious in thermal images due to the different responses to the transient heat flow
through the object [12]. For example, Genest et al. [15] deployed pulsed thermography (PT) to inspect
the deformation growth in bonded graphite repairs of aircraft structures. They used a commercial PT
system to trigger the temperature gradients on specimens and the damaged regions showed the same
profiles as in ultrasonic inspections. Zeng et al. [18] conducted PT experiments to predict the depth
of defects where the defects were in contact with objects in a different phase (water, oil and wax).
Breitenstein et al. [19] inspected the defects of silicon solar cells using lock-in thermography. In contrast,
passive thermography [20,21] does not require an external source of heat and instead relies solely on
the object’s natural variation in heating and/or cooling when exposed to ambient conditions. Kroll et
al. [21] monitored the gas leakage of an iron pipe. The leak was detected by the thermal camera when
a temperature field disturbance occurred. Steinberger et al. [10] also used passive thermography to
monitor the development of fatigue damage during the tension test of carbon fiber reinforced polymer
composites. They found that localized heat variation can be detected and used to identify the early
stages of damage growth. In addition, thermal imaging is used to inspect large-scale structures such
buildings [22] and the oil shale mining [23] by measuring temperatures with thermal imaging. Both
active thermography and passive thermography aim to produce the thermal contrast between anomaly
parts and surroundings.

The challenges posed by the sheer size of the cover makes conventional thermography impractical,
and the flammable biogas generated in the sewage under the covers precludes the use of any powered
equipment in the vicinity of the floating cover. In addition, safe work practices dictate any equipment
used near the covers is to be intrinsically safe, and no heat or ignition source is to be within a horizontal
or vertical distance of 20 m of the anaerobic lagoons. For active thermography, traditional methods of
heating such as by halogen lamps, hot air guns or ultrasonics are both unsuitable and impracticable as
they cannot heat up such a large region uniformly and simultaneously. Similarly, the use of conventional
passive thermography is not applicable since the defects or variation in the covers of themselves do
not cause or result in localized heating or cooling of the cover. Moreover, the task of identifying solid
matter under the cover is not the same as identifying defects within the cover material—both are
useful to know, but they are very different things that require quite different intervention actions at
WTP. Therefore, a more practical thermography method is needed that uses a naturally occurring
heat stimulus that impinges on the surface of the cover to assess the structural integrity of these
large membrane-like floating covers. As a variation to passive thermography, the naturally occurring
heat stimulus (i.e., solar radiation) is measured and the associated timescale is acquired and utilized
in the analyses of the results. In the proposed experimental inspection method, it was found that
the transient geomembrane temperature variations due to daily solar intensity cycles will facilitate
the detection of solid matter in contact with the underside of the cover material. In the daytime, solar
radiation from the sun’s emissions continuously heat the membrane, and this is similar to the heat up
process in classic active thermography. Then in the afternoon, as the solar intensity at the surface of
the cover decreases with the setting of the sun, the membrane cools down by convection heat transfer
and a transient temperature decay event begins on the membrane. This process lasts for the whole
night until the solar intensity increases again from zero at sunrise, and the transient cooling event
ends at this point. The proposed method uses naturally occurring heat from the environment, and
no heating or cooling system is deployed during the experiment. In addition, the heat power and
the way of heating are not controlled, and the heat period is much longer than traditional active
thermography. The input heat will not be withdrawn during the monitoring (solar radiation still exists
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when the radiation power is reduced during the cooling). Given that this thermal imaging method
does not monitor the self-heating objects and used external heat as a stimulus, this proposed thermal
imaging method is termed quasi-active thermography.

In this paper, long duration thermal imaging experiments were conducted at an outdoor test facility
at Monash University. The aim was to determine the measurement parameters to detect the existence
and the accumulation of solid matter under the cover material that replicates the scum at WIP. A clayey
soil was used in experiments, as this was easier, cleaner and safer to manipulate in an experimental
set-up. The main aim of this laboratory-scale tests was to establish the appropriate measurement
principles and the associated analyses settings required to quantify the extent of the solid matter
covered by the geomembrane. The clayey soils are known to have similar thermal conductivity [24,25],
specific heat capacity [26,27] and density [28,29] with the scum, and the scum is difficult to obtain
without lifting a section of the cover. The transient events generated by the time varying solar radiation
were captured by the pyranometer, which was used to record the solar intensity and to define the start
points and the end points of these transients. The HDPE geomembranes that was laid over the clayey
soil was exposed to the sun for several days, and the temperature profiles of the geomembrane recorded
by the thermal camera were analyzed in conjunction with the solar radiation data.

2.2. Newton’s Law of Cooling for Quasi-Active Thermography

Newton’s law of cooling [30] is a rule to describe the cooling process of objects that are exposed to
a cooler ambient temperature. Newton’s law of cooling states that the rate of temperature reduction of
an object is proportional to the temperature difference between the surface of the object and the ambient
temperature. The relation is demonstrated as:

ar
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After integration and defining the initial condition, the solution of this equation becomes:
T=T,+ (Ti—Ty)e™™ )

where T is the surface temperature of the object, t is the time, T, is the ambient temperature, T;
is the initial temperature of the object and k is the cooling constant which governs the rate of
the temperature reduction during cooling. In the convection heat transfer process, the cooling constant
k [30] reveals how fast the temperature of the object decays to the surrounding temperature, and it can
be defined through the equation as shown below:
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where Nu is the Nusselt number, k; is the gas thermal conductivity, and L is the characteristic length.
When different kinds of material are exposed to the same cooling conditions or environment, the rates
of cooling for these materials are different due to the varying film condition coefficients, thus resulting
in different values of cooling constants. Moreover, when the material is in contact with other objects,
the cooling constants of the material will be affected by transient heat transfer via the material
thermal conductivity.

In this paper, Newton’s law of cooling is used to identify where the underside of the HDPE
geomembrane material is in contact with the clayey soil as simulated solid scum. This is intended to
be analogous to the situation at WTP where the sections of the floating covers in contact with the scum
are expected to have a different temperature change rate to the geomembranes in contact with liquid
sewage or biogas. Given the temperature gradients between the scum regions and regions not in
contact with the scum are constantly responding to the changing solar intensity, it will be difficult to use
a single frame of a thermal image to identify the regions of the cover in contact with the scum by just
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using the temperature contrast. Therefore, the proposed quasi-active thermography uses the different
thermal transients acquired to identify the regions of HDPE geomembranes sample that is in contact
with clayey soil. The pyranometer provides important information to facilitate the determination and
acquisition of appropriate transients over a defined time period during which a sizeable transient
can be used to direct the acquisition of useful data to determine the existence and quantify the size
of clayey soil under the cover. These thermal transients will be analyzed using the temperature data
contained in the acquired thermal image sequences. The transient curves are smoothed and fitted in
Newton’s law of cooling and the resultant values of cooling constants k are plotted in a map. Then,
parts of the geomembrane in contact with sub-surface objects will appear in strong contrast to the parts
without sub-surface objects.

3. Proof of Concept (Quasi-Active Thermography)

3.1. Experiment Setup

A 2 mm thick sheet of HDPE geomembrane (provided by Melbourne Water Corporation) was
cut into a size of 1.1 m by 0.8 m and fitted to the frame of a test container as shown in Figure 2a.
The membrane specimen is the same material that is used to cover the first part of the anaerobic lagoons
at WTP. The emissivity spectrum of the HDPE geomembrane was tested using Fourier-transform
infrared (FTIR) spectroscopy in laboratory. Several pieces of HDPE geomembrane samples in WTP
were tested. Figure 2b shows the resultant emissivity spectrum of the HDPE geomembrane material.
The FTIR result shows that the test sample has a high emissivity (above 95%) within the long-wavelength
infrared bandwidth (9-14 um) confirming that the HDPE geomembrane is suitable for long-wavelength
infrared thermography inspection.

Short Mid Long Far
wavelength wavelength  wavelength wavelength
infrared infrared infrared infrared

N

100.00
o000 | MVM\I
g
£ 30.00
£ - ——
E
2 70.00
=]
60.00 MR
20.00
0.00 5.00 10.00 15.00 20.00 25.00
Wavelength (um)
(b)

Figure 2. (a) a high-density polyethylene (HDPE) geomembrane specimen was clamped on
the aluminum container; (b) emissivity spectrum of the HDPE membrane from Fourier-transform
infrared (FTIR) spectroscopy.

A solid block of clayey soil with an area of 0.15 m by 0.15 m was compacted in 0.1 m deep
rectangular aluminum containers (1.1 m by 1.1 m), as shown in Figure 3, and was used to simulate
the scum at WTP. The prepared HDPE sheet was then clamped onto the aluminum container (see
Figure 2a) with the underside of the center portion of the HDPE geomembrane resting on the top surface
of the clayey soil. The entire set up was then moved to an open, outdoor area on a cloudless day. A
long-wavelength infrared thermal camera, FLIR A615 (manufactured by FLIR Systems, Inc. Wilsonville,
OR, USA) with a resolution of 640 by 480 [31] was set up to record the surface temperature of the cover.
The temperature measured by thermal camera was verified by a thermal couple in the laboratory, and
the difference is within + 0.01 °C, which is within the temperature sensitivity of the thermal camera.
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The solar intensity at the test site was measured using an Apogee SP-110 pyranometer (manufactured
by Apogee Instruments, Inc. Logan, UT, USA) [32]. Figure 4a,b show the long-wavelength infrared
thermal camera FLIR A615 and the Apogee SP-110 pyranometer, respectively. The schematic diagram
of the experimental set up is shown in Figure 5. In this paper, the start and end points of transient
events are shown in 24-h format. The experiment was conducted in winter in which the reliability
of the quasi-active thermography can be verified with a low level of solar radiation (stimulus).
The experiment ran overnight starting from 13:01:13 on the first day until 14:14:33 on the second day.
Both thermal camera and pyranometer were collecting the data at a sampling rate of 3 Hz.

Figure 3. A clayey soil block in a 0.1 m deep rectangular aluminum container was used to simulate
the scum at Western Treatment Plant (WTP).

apegjgee

(a) (b)
Figure 4. (a) FLIR A615 thermal camera and (b) Apogee SP-110 pyranometer.
) A v Thermal camera
@

» Y 4

Solar radiation
Pyranometer HDPE Geomembrane

Solid matter

Clayey soil

Figure 5. Schematic drawing of the experiment set up.
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3.2. Cooling Constant Estimation Using Newton’s Law of Cooling

One transient cooling event is expected to commence during the experiment in the afternoon. Since
the location of the under-surface soil is known, two points on the HDPE geomembrane were chosen
for comparison, one was selected at the point where the geomembrane is in contact with the block of
clayey soil, and another point was selected at a point away from where the simulated scum under
the geomembrane. The temperature information at both points was extracted from all the obtained
thermal images (during the experiment) and plotted in Figure 6. Different points on the same
region will have slightly different temperatures, but this will not affect the whole cooling process.
The solar intensity data obtained from the pyranometer is also shown in this figure. The reduction
in the solar intensity shown in the figure is recorded as the afternoon progresses. As hypothesized,

the thermal response at the regions of the HDPE that is in contact with the soil and those that are not
are markedly different.
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\
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Figure 6. Temperature profile of geomembrane and solar intensity history.

It is noted that on the first day, the temperature of the HDPE region that is not in contact with
the clayey soil started to decrease at 13:01:13, see Figure 6. Similar results were also measured
on the second day (after 14:04:33). These points mark the starting point of the commencement of
the transient cooling event.

For the points on HDPE in contact with the block of soil, due to the thermal conduction between
the soil and the geomembrane, the thermal response is markedly different from the point that on
the HDPE that is not in contact with the soil. The thermal transient at the point on the HDPE in contact
with the soil commenced at 14:46:13. It appeared at 15:37:53 at the second day. The transient events of
both points ended at 08:21:13 on the morning of the second day when the solar intensity increased, and
the geomembrane became warmer.

It can be seen in Figure 6 that the rates of temperature decay at the two selected points are quite
different (black—point on the HDPE that is in contact with the block of soil and green—point on
the HDPE that is not in contact with the soil). Figure 6 shows that the temperature at the measured
point away from the soil (green line) responded rapidly with the reduction in solar intensity, whereas,
the thermal transient differs markedly at the measured point directly above where the compacted
block of soil. This phenomenon can be due to two reasons:

(1) the soil has a higher heat capacity than air (C, 4 is 1.005 [33] J.g~t°C7! and Cpsoil i 2.25
]-g_l-"C_1 [34]). A block of soil can store more heat than air and the temperature of the soil is
more stable in cooling, resulting in a slower cooling rate at the soil-cover interface region.
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(2) the HDPE cover can absorb the heat radiated by the block of soil and air, and a portion of
the absorbed heat can be re-emitted back to the soil and the air. The cover material acts like
a reflective layer which partially reflects the heat back to the soil and air (absorb from soil
and air and re-emitted back to soil and air). The thermal wave reflection coefficient [18] of air
interface and soil interface is different, leading to efficiency of heat exchange different between
the air/geomembrane medium and the soil/geomembrane medium.

These are the principles that are of interest for this experiment, which can be used to identify and
evaluate extent of the scum underneath the cover (i.e., at the lagoons at the WTP).

Newton’s law of cooling is used to define the rate of cooling during the thermal transient.
The temperature histories during the transient cooling events for both selected points were fitted
with Equation (2) using the curving fitting tool in MATLAB. It is noted here in the experiment,
the ambient temperature T, varied with time. While in the curve fitting, the value of T, was set as
the final temperature of the transient event (4.3 °C) and kept as a constant value over the whole
event. This is because the cooling constant is proportional to the temperature difference between
the ambient conditions and the geomembrane. Varied ambient temperature will make the cooling
constant change over time, and the cooling constant will not be consistent in the curve fitting if
the ambient temperature changes. Therefore, the curve fitting with Newton’s cooling law in this paper
assumed that the geomembrane is cooling in a constant ambient temperature and the resultant efficient
cooling constant k can be consistent over the whole event. Given that the temperature of geomembrane
changes quite slowly at the end of the event, it was assumed that the geomembrane achieves ambient
temperature at this point, and the ambient temperature was set as the value at this point.

Figure 7a,b show the fitted plots for the point away from the block of soil and at the location
of the soil, respectively. Table 1 shows the properties of curve fit (R-squared and root mean square
error) and estimated cooling constant, k. The result shows that the cooling constant of the no-soil
region Kno-goil is 0.00925 and the cooling constant of the soil region kg is 0.00484. The lower value
of the cooling constant of the cover in the region over the soil suggests that the temperature of
the geomembrane at this region will decrease slower than that at region not in contact with the soil.
This is due to the conductive heat exchange between the HDPE sheet and the soil. The goodness
of curve fitting, in the region over the soil gave an R-squared value of 0.9748, which means 97.48%
of the temperature data comply with the model of Newton’s cooling law. Furthermore, the RMSE
for the region not in contact with the soil region is 0.8675. The R-squared and the RMSE for the soil
region also presented a reasonable goodness of curve fitting. Both indexes indicate that the cooling of
the HDPE cover in the experiment agrees with Newton’s law of cooling.
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—Fitted Data . Fitted Data
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o
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Figure 7. (a) curve fitting of the temperature decay curve of the no-soil region on the geomembrane
and (b) curve fitting of the temperature decay curve of the soil region on the geomembrane.
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Table 1. Details of transient event for each region on the membrane.

. Highest Lowest Fitted Cooling
Region Temperature(°C) Temperature(°C) Constant, k R-Squared RMSE
No-soil region 26.1 43 0.00925 0.9748 0.8675
Soil region 22.5 4.3 0.00484 0.9973 0.2608

To demonstrate the advantage of this proposed technique, the cooling constant over the entire
HDPE sheet is calculated using one transient cooling event. For comparison purposes, the optical
image taken of the HDPE material with soil underneath is plotted together with the thermal image
at one instant and the resultant cooling constant mapping in Figure 8a—c, respectively. Figure 8a
was taken using an optical camera and shows the location of the hidden soil (underneath the cover).
Figure 8b shows the raw thermal image taken at an instant (single frame) by the thermal camera during
the transient event, a thermal contrast can be seen on the thermal image, however, the difference in
temperature between the soil region and no-soil region is small (approximately 4 °C at this instant). As
shown in Figure 6, the temperature contrast between the regions with and without the soil changes
with the time in a day. The thermal contrast also depends heavily on which frame was chosen for
analysis. Moreover, the condition of the cover (i.e., dirt, fold line and view angle) can also affect
the accuracy of the temperature measurement.

30

(Do)24n3ea9dWInL

(b)

juelsuod guljoo)

Figure 8. Comparison of profiles of soil under HDPE geomembrane: (a) optical photography. (b) raw
thermal image was taken during the experiment. (c) map of cooling constant derived from Newton’s
cooling law.
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Figure 8c shows a map (640 x 480 resolution) of cooling constants calculated using Newton’s law
of cooling. The cooling constant at the region over the soil was determined to be within 0.005 and 0.007
(with a higher value around the edges of the soil). For better identification of the soil, a color threshold
was set to show only the range between 0.005 and 0.007 and the rest was to be red for Figure 8c.
The reason to set up this filter is to show the profile of under-cover soil and to eliminate the influence
of noisy data. The profile of the soil under the cover can then easily be identified and outline as shown
in Figure 8c, and the cooling constant gradient region of the soil is a result of the rough surface of soil
and the uneven contact between itself and the cover. The results show a good agreement between
the geometry of the actual block of soil with that estimated from the thermal images. This experiment
shows that the night period provides enough time for the quasi-active thermography to determine
the presence of the soil under the membrane and to facilitate the estimation of the extent of the soil
under the membrane. Thus, the proposed quasi-active thermography method is shown to be able to
identify the presence and extent of the under-surface soil.

3.3. Experiments to Verify the Consistency of the Quasi-Active Thermography Measurements

In traditional active thermography inspections, the length of heat up and cool down periods
can be controlled, and the input power of heat can also be adjusted. However, in long timescale
quasi-active thermography, the length of transient events is determined by the solar intensity. In
addition, each transient event is non-repeatable since the daily time from the sunset to the sunrise
is different and temperature profiles will also vary from day to day and from season to season. This
can lead to a difference in the cooling period of the cover during each transient cycle. The results
presented in this section is used to verify the measurement consistency of quasi-active thermography
test. A continuous two-day experiment was conducted, and the maps of cooling constants in two
transient cooling events were compared to test the consistency of the results. An irregular shape of soil
was placed under the HDPE sheet. The same experimental set up (see Figure 5 and Section 3.1) was
used and the temperature profile of the top surface of the cover and the solar intensity history were
monitored using FLIR A615 thermal camera and pyranometer, respectively. Figure 9 shows the solar
intensity profile over two days with temperature history at two selected points on the cover (red line:
Point at the soil region and green line: Point away from soil region). Two transient cooling events
are also labelled in Figure 9 and the important information of each event are listed in Table 2. Again,
Equation (2) obtained from Newton’s law of cooling is used to fit into the transient cooling events for
both events at both points and the results are plotted in Figure 10a—d. The estimated cooling constants
with R-squared and RMSE of these four curves are reported in Table 3.
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Figure 9. Geomembrane temperature and solar intensity history.
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Table 2. Curve fitting details of example pixels in each day.
Transient Transient Initial Final
. Geomembrane Geomembrane
Region Events Start Events End
Points Points Temperatures Temperatures
O 0
No-soil region Day 1 16:32:15 07:07:55 17.84 0.31
8 Day 2 16:14:35 06:30:17 19.29 3.57
Soil region Day 1 16:32:15 07:07:55 13.72 1.60
& Day 2 16:14:15 06:30:17 16.41 2.81
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Figure 10. Curve fittings of pixels over two days. (a) pixel example on the no-soil region in day 1. (b)

pixel example on the soil region in day 1. (c) pixel example on the no-soil region in day 2. (d) pixel

example on the soil region in day 2.

Table 3. Curve fitting details of example pixels in each day.

Fitted Cooling

Day Region Constants R-Squared RMSE
1 No-Soil region 0.01813 0.9004 0.9871
1 Soil region 0.00763 0.9888 0.3534
2 No-soil region 0.02163 0.8851 0.8283
2 Soil region 0.01081 0.9104 0.7507

It can be observed from Table 4 that the cooling constants on each region on the second day
were higher than that in the first day. This is due to the fact that the length of transient event in day
two was shorter than in day one, and the initial temperatures of the geomembrane in day two is
was higher than in day one. This indicates a faster cooling process in day two, resulting in a higher
value of cooling constant for the geomembrane. In addition, the cooling constant for the region of
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the material over the soil is smaller than that for a no-soil region, and this agrees with the result in
Section 3.2. These measurements differences could be due to (1) difference in environment condition
(solar intensity, wind speed and ambient air temperature) in each day which affected the heat transfer
coefficients, (2) difference in initial temperatures of the cover in each transient cooling event and (3)
different condition of contact between the soil and the HDPE material. However, the contrasts of
cooling constants between the soil region and the no-soil region are still significant enough to identify
the extent of the under-cover soil. Therefore, it can be concluded that the cooling constant in each
transient event is different due to the non-repeatable surrounding conditions. Hence, the values of
the cooling constant should be normalized in each experiment.

Table 4. Comparison of cooling constant in each day.

Day No-Soil Region Soil Region
1 0.01813 0.00763
2 0.02163 0.01081

The maps of cooling constants of the membrane over two days were plotted and are shown in
Figure 11. The resolution of the image in this experiment is 480 by 420 pixels (i.e., 201,600 pixels). To
validate the measurement consistency, a normalization study was conducted to make the threshold of
defining the with-soil region the same in two days experiment. The histograms of values of cooling
constant are shown in Figure 12 and it can be observed that the values approximate the normal
distribution. The cooling constant plot shown in Figure 12 is scaled with respect to the peak value
shown in Figure 12. The cooling constants maps in Figure 11 were divided by the background spans
(0.01262 in day one, 0.01512 in day two) and the normalized maps are plotted in Figure 13. The upper
limit of the threshold is set as 1 given that the cooling constant at the region over the soil region is
always lower than the background. It can be observed that the normalized cooling constant of the soil
region is roughly lower than 0.65. A statistical study of the threshold to determine the region of soil
in the cooling constant map was conducted with a 0.05 step change in the up limits of normalized
cooling constant. Table 5 shows the comparison of the area of soil region in two days experiment.
2.94% mean difference indicates that the quasi-active thermography in two days experiment has a good
measurement consistency. This indicates that although cooling constant values change in different
transient events, the kg and kno-goi1 Will change proportionally, and the results are consistent after
normalization. For comparison, the mean soil region areas from the statistical analysis were extracted
in MATLAB code and the contrast in Figure 14 shows the difference of measurement. Nevertheless,
in each measurement, the proportional contrast in cooling constant between the cover with and
no-soil beneath the cover material can still be differentiated easily and can be used to define and
outline the profile of the soil in contact with the cover. This experiment again provides evidence
of the consistency of quasi-active thermography measurements with different ambient temperature
profiles and lengths of transient events.
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Table 5. A statistical study of the effects of cooling constant map threshold on the detected soil region.

Geomembrane Condition (%)

Threshold Soil Region No-Soil Region
Day 1 Day 2 Difference Day 1 Day 2 Difference

0-0.75 27.13 29.09 1.96 72.87 70.91 1.96
0-0.7 24.03 25.14 1.11 75.97 74.86 1.11
0-0.65 20.97 20.71 0.26 79.03 79.29 0.26
0-0.6 17.17 11.99 5.18 82.83 88.01 5.18
0-0.55 11.21 5.00 6.21 88.79 95.00 6.21
Mean 20.10 18.39 2.94 79.90 81.61 2.94

Standard 5.54 8.78 233 5.54 8.78 233

deviation

m Consistent region
Inconsistent region
s Surrounding

Figure 14. Soil profile measurement difference in two days monitoring.

4. Quasi-Active Thermography Monitoring of Accumulation of Soil Buildup under the HDPE
Membrane

In Section 3, the quasi-active thermography monitoring has successfully demonstrated its reliability,
repeatability and capability to identify and locate the soil underneath the cover material. In this section,
quasi-active thermography monitoring is further examined to monitor the development (growth) of soil
experimentally to simulate the expansion of the area of scum under the HDPE covers on the anaerobic
lagoons. To accomplish the aim, the same experimental setup, as described in Section 3.1, is used. A
multiple-day quasi-active thermography experiment was conducted with more compacted soil added
to the aluminum container each day (i.e., to simulate the growth in the extent of the scum at WTP).

On the first day of the experiment, a block of soil (of approximately 10 kg) was compacted in
a corner in the aluminum container. The prepared HDPE sheet was then covered over the aluminum
container. Both the infrared thermal camera and pyranometer were set up to collect data at 3 Hz starting
at 12:00:00. The second day at noon, the HDPE cover was first removed, and an additional 20 kg of
soil was then compacted around the existing soil to simulate the buildup of scum. The recordings
were resumed after replacing the HDPE cover. The same simulated growth of the soil was repeated on
the third day of the experiment by adding approximately 40 kg of garden soil. The overall recording of
data ended at 9:30 AM on the fourth day.

The temperature history at a selected point (away from the soil region) on the membrane and
the local solar intensity history are plotted in Figure 15. The solar intensity history shows more
fluctuation in signal in the first two days during the daytime, this is indicating that these days were
relatively cloudy. Whilst the solar intensity on the third day changed smoothly, showing that this day
was a relatively clear day with little cloud cover. Throughout the entire experiment, three transient
cooling events were identified, and the period of each event is defined in Figure 15 and listed in Table 6.
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Each of the transient cooling events were again analyzed using Newton’s law of cooling. Since the scale
of cooling constant is different in each day, the scales of cooling constant were normalized again from
0 to 1. The optical photos of the condition underneath the cover and their corresponding zoomed
normalized maps of cooling constants for each day are shown in Figure 16a,b, respectively.

Figure 16b shows that the soil underneath the membrane can be identified and outlined using
the cooling constant mapping obtained from the cover. In addition, the areas of the soil underneath
the membrane were noted to have grown larger every day which agrees with the its geometrical profile
as shown in Figure 16a. Although the HDPE cover was disturbed every day, the outcomes are still
very promising for monitoring the development of the scum beneath the covers at WTP.

The newly proposed technique—quasi-active thermography has thus far shown its capability
to identify, outline and monitor the growth of solid matter (i.e., a clayey soil) underneath the HDPE
geomembrane material. The technique can potentially be extended to a field trial in the near future,
to determine the location and extent of semisolid and solid scum under the large floating covers
at the WTP. The quasi-active thermography has been verified, examined and showed its potential
application in the paper. Further research can also be done by using the same proposed technique to
evaluate the structural integrity of the large floating cover.
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& 40 H 1000 £
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2-‘)' 20 600 g
5 ‘ 400 -
10 i N <
\' 200 ¢
0 : i ' ‘ 0
12:00:00 0:00:00 12:00:00 0:00:00 12:00:00 0:00:00
Time
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Figure 15. HDPE geomembrane temperature profile and solar intensity history in three-day quasi-active
thermography experiment

Table 6. Details of daily transient events.

Initial Final
Transient Events Transient Events Geomembrane Geomembrane
Start Points end Points Temperatures Temperatures
O O
Day 1 13:31:05 6:48:00 17.84 9.07
Day 2 11:59:33 6:30:17 19.29 2.97

Day 3 15:43:00 6:14:24 13.72 723
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Figure 16. Comparison of photography and processed thermal images. (a) soil composite profiles from
photography. (b) zoomed soil composite profiles from processed thermal images.

5. Conclusions

In this study, quasi-active thermography has been introduced, validated and examined

experimentally to detect the presence and the expansion of soil under HDPE geomembrane material.
The proposed technique uses naturally occurring transient cooling events resulting from daily solar
intensity cycles. These cooling cycles are defined by the pyranometer data acquired. The temperature
profiles of the transient cooling event can then be analyzed using Newton’s law of cooling. By
estimating the cooling constant at every monitored point, a map of cooling constant distributions based
on the rate of cooling can be constructed, and the results have successfully demonstrated the advantage
of the cooling constant mapping to identify, outline and monitor the extent of under-surface soils.
The following are the observations and summary of the outcomes of this newly proposed technique:

1.

Solar radiation can be employed as the external heat source in thermography since the solar
energy is economical and is uniformly applied over a large surface area. By monitoring the solar
intensity via pyranometer, full transient cooling events can be determined starting when the solar
intensity begins to decrease and ending at the time when solar intensity increases from zero.
Single frame of thermal imaging can be used to show the thermal contrast at some particular
time, however, it is influenced by other factors which include condition of the monitoring surface,
angle of view of the camera and presence of wrinkles. By monitoring the entire cooling history of
the cover, a map of cooling constant can be constructed which enhances the identification and
definition of the objects attached underneath the HDPE covers. The results show that the map of
cooling constants is more reliable than only relying on the thermal contrast based on a single
frame of the thermal image.

The cooling constants in different transient cooling events can be varied day to day, due to
the weather conditions, ambient temperature, wind strength, cloud conditions and solar intensity.
This is causing the temperature changes and lengths of cooling events of each day to be different.
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A multiple-day experiment was conducted to compare results in different days, and the result
showed that the cooling constant (rate of cooling) is noted to be significantly different between
the no-soil region and soil region in the map of cooling constants. The measurement consistency
was verified by normalizing the cooling constant in two transient events. The results have
evidence that the proposed monitoring technique is repeatable and reliable.

The proposed quasi-active thermography inspection is also further examined to monitor
the growth of the under-surface objects. The outcomes have demonstrated its potential for
field trial to inspect the accumulation of scum at the anaerobic lagoon at the WTP and evaluate
the extent and location of scum.
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