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Abstract 9 

This paper presents a case study of customizing an in-house built In-pipe Infrared Thermographic 10 

System (IPITS), which makes use of thermo-images for imaging and diagnosis of pipe crown 11 

condition in underground sewer pipelines. Active and passive infrared thermography (IRT) were 12 

attempted in two gravity sewer pipes in Singapore in July 2017. The results show that images 13 

captured with active IRT (with heating) can image and unfold invisible lining defects not readily 14 

revealed by traditional visual inspection using CCTV. These defects include bubbles, wrinkling 15 

and delamination, or construction details (like anchor knobs in HDPE material), for which sizes 16 

were estimated using an image processing algorithm customized in an in-house program. Whilst 17 

images captured by passive IRT (without heating) can be used to identify suspected water seeping 18 

points, this paper also reports the design of instrumentation and appropriate parameter settings. 19 

The results of this case study are believed to pave the way for parallel inspections using a 20 

combination of CCTV and infrared cameras. 21 
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Introduction 23 

Nowadays, as in many metropolitan cities across the world, the underground environment of 24 

Asia’s densely populated cities consists of extensive arrays of utilities networks. All these utilities 25 

networks serve our daily life through the provision of sewers, mains water, natural gas, 26 

telecommunications and electricity, among other things. However, all these utilities have their 27 

limit of service life; and hence it is crucial to assess their condition throughout their life cycle 28 

before any accidents occur due to deterioration. However, accidents may sometimes occur. For 29 

example, when the leakage from a sewage pipe or water pipe triggers soil erosion and causes a 30 

road to collapse without any warning [1], or the leakage of gas pipe may cause an explosion [2]. 31 

Such problems disturb our daily life through occurrences such as the cutting off of services 32 

provided by the utilities network. Therefore, it is necessary to carry out studies aimed at developing 33 

different technologies for condition assessment of underground utilities. Condition assessment 34 

results help utilities companies and their engineers to plan maintenance schedules and 35 

rehabilitation works for underground utilities before failures occur. 36 

In the past decades, many technologies have been developed and used for condition assessment of 37 

underground utilities such as the following: (1) closed-circuit television (CCTV) and an advanced 38 

visual method specifically for pipeline condition assessment, (2) sewer scanning and evaluation 39 

technology, (3) acoustic methods such as  ultrasonic (sonar) techniques, and lately some advanced 40 

methods such as (4) laser-based scanning and (5) ground penetrating radar. Beyond the above 41 

techniques, IRT is one of the possible methods for pipeline condition assessment that has attracted 42 

less attention [3]. Infrared thermography has been commonly used in the building industry during 43 

the past decade for debond detection on external façades of buildings. The principle of using IRT 44 

for debond detection is based on differences in the heat transfer mechanism evidenced in areas 45 



with debond when compared with intact areas. It can also be used for detecting incidences of 46 

debond between liners and pipes. However, one of the major limitations of IRT is its inability to 47 

work under water, so it can only be used to study liner delaminations in the pipe crown where the 48 

surface is exposed to the air. Two gravity sewer pipes in Singapore were chosen for this trial. This 49 

paper presents a study of the application of rapid infrared thermography (IRT) techniques for 50 

pipeline condition assessment. The design of equipment and appropriate parameter settings are 51 

presented together with the results of on-site experiments. 52 

1. Common Techniques for Condition Assessment of Pipeline 53 

There are several methods for condition assessment of pipelines available in the market. The 54 

following section will focus on those used by the largest group of agencies in the pipeline industry. 55 

The riskiest method is always that requiring human entry into the underground environment and 56 

the application of the following methods reduces that need. 57 

1.1. Closed-Circuit Television (CCTV) 58 

Closed-circuit television (CCTV) is the most common technique for pipeline condition 59 

assessment. The apparent advantage of CCTV is that it is a technically simple method which can 60 

directly capture illuminated images of defects on the pipe’s interior wall. When necessary, the 61 

captured images can be examined in detail by further zooming the camera from different angles 62 

by controlling the tractor. CCTV was first introduced in 1960s for the inspection of pipe interiors 63 

and it consists of a small optical camera mounted on a tractor, which is a self-propelled platform 64 

with wheels. Nowadays, high-definition cameras permit the capture of better images for 65 

interpretation and the system is remotely controlled by an operator on the ground surface. The 66 

natural limitation of CCTV is that it can only be applied above the water’s surface and the 67 



movement of the CCTV tractor along the pipe may affect the quality of captured images [4]. 68 

Besides, it can only determine defects that are already exposed on the surface of the pipe’s interior 69 

wall. The interpretation of collected images is highly subjective, which largely depends on the 70 

experience of the interpreter, any factors such as uneven and inadequate lighting may also affect 71 

the interpretation. About 2% of the main sewer network in the UK had been surveyed by 2004 and 72 

at least 20% of those observations obtained by CCTV survey were thought to be inaccurate [5]. 73 

1.2. Ultrasonic (Sonar) Technique 74 

Ultrasonic techniques can be used to measure mass loss of exposed steel bars due to corrosion, and 75 

can also identify deformation of pipes and the volume of debris inside a pipeline. The basic 76 

principle of sonar techniques is that a sound wave is excited from a transmitter, and the time for 77 

transmission and reflection is measured. The distance of the transmitter from the target can then 78 

be estimated by using the speed of sound travelling in the medium, e.g. water, where a sonar 79 

profiling image of a pipe’s interior condition can be constructed and assessed [3]. The advantage 80 

of sonar technique is that they are not limited to pipelines that are free of fluids, which largely 81 

removes the cost of dewatering and reduces the possibility of uninspected pipelines [6]. It is 82 

important to note that sonar images captured above and below the water surface should be 83 

constructed and interpreted separately because the travelling speed of sound in air and water are 84 

different [7]. 85 

1.3. Sewer Scanning and Evaluation Technology (SSET) 86 

Optical scanner and gyroscope techniques were adapted for pipe interior inspection in the late 87 

1990s, and integrated as Sewer Scanning and Evaluation Technology (SSET), specially developed 88 

for pipe interior condition survey. Unlike CCTV, SSET allows defect interpretation after the 89 

device has finished running through the whole length of pipe. This technology increases the 90 



inspection efficiency, but requires an experienced analyst for interpretation. There is no possibility 91 

of local re-evaluation of suspicious defects once the survey is finished. There are studies in the 92 

literature on automating the assessment process in order to increase the efficiency and 93 

interpretation accuracy [8]. Similar to CCTV, SSET also involves interpretation of visual images 94 

collected by the device and only surface defects can be assessed. Therefore, SSET has recently 95 

been combined with other inspection techniques such as Ground Penetrating Radar (GPR) [9]. 96 

1.4. Laser-Based Scanning 97 

Laser-based scanning has started to be employed for pipeline inspection in the early 21st century. 98 

The basic principle of laser-based scanning is that it will continuously generate a laser beam, which 99 

is projected around the pipe interior. It highlights and profiles the crown shape at every point along 100 

the pipe alignment [10, 11]. The limitation of laser-based scanning survey is that it can only be 101 

used reliably above. Recently, 3D laser scanning and modelling has been developed, which makes 102 

it possible to provide a 3D profile of the pipe [12].  103 

2. Infrared Thermography 104 

2.1. Infrared Thermography (IRT) for debond detection 105 

Infrared thermography is a relatively mature non-destructive technique that has already been used 106 

in different engineering fields such as mechanical engineering, civil engineering, aerospace 107 

engineering and even medical engineering [13-16]. Lots of studies have already been conducted 108 

on the application of IRT to assess composite construction materials and structural integrity [17-109 

25]. IRT measures any surface temperature difference/change by using an infrared sensor. An 110 

infrared camera can also be called a “radiometer”, which receives infrared radiation and provides 111 

thermal images with temperate data in each pixel. It is important to note that IRT measures relative 112 



but not absolute temperature. Absolute temperature can only be obtained when parameters such as 113 

distance between the camera and lens, object emissivity and environmental factors such as the 114 

surrounding reflective temperature, wind speed and atmospheric humidity, are known[26]. IRT 115 

can be divided into passive and active thermography, where passive thermography involves the 116 

detection of surface temperature differences on the target object without any external heat source, 117 

such as in water seepage inspections. Active thermography uses a controllable external heat source 118 

that is applied to induce a surface temperature difference for purposes of detection [27]. Active 119 

thermography is a more flexible technique than passive thermography because of the availability 120 

of different combinations of excitation methods, modes of excitation and duration of excitation 121 

[26-30]. For debond detection, active heat sources are usually manipulated and controlled in order 122 

to elevate the temperature of the composite and then observe the subsequent spatial and temporal 123 

changes of temperature. The change of surface temperature of a thick, semi-infinite and opaque 124 

object after thermal excitation can be described by a three-dimensional heat conduction equation 125 

in the following differential form for nondestructive testing  [26]: 126 
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Equation 1 

where C is specific heat (J kg-1 K-1), q is density (kg m-3), ‘T’ is temperature (K), ‘t’ is lapsed 127 

time and kx, ky, kz (Wm-1 K-1) are the anisotropic thermal conductivities in the three principal 128 

directions of heat transfer in the material. If thermal conductivities are the same in all three 129 

principal directions (i.e. kx = ky = kz), thermal diffusivity a (in m2s-1) = k(Cρ)-1, then Equation 1 130 

can be further simplified to Equation 2: 131 
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Both Equation 1 and Equation 2 models the heat transfer in a solid body by heat conduction.  132 

Any discontinuity inside an object affects the cooling rate on the surface. Assuming a heat pulse 133 

is exerted on the surface of an object, the surface temperature change is described as follows, (i.e. 134 

z=0) [31]: 135 

𝑇(𝑧 = 0, 𝑡) =
𝑊

𝑒√𝜋𝑡
 

Equation 3 

where W is the absorbed heat energy (Jm-2), z (m) is the depth into the material, and e is the thermal 136 

effusivity (W●√(s) ●m-2●K-1) of the material, which indicates the ability of a material to increase its 137 

temperature as a response to a given energy input. This change of temperature varies with different 138 

materials. It changes very fast in materials with higher effusivity (e.g. aluminum alloy) while it is 139 

slow in low effusivity materials (e.g. glass fibre plastic). The thermal effusivities of common 140 

materials are listed in Table 1: 141 

Table 1: Thermal effusivity of common materials (extracted from source:[26]) 142 

Material Effusivity (W●√(s) ●m-2●K-1) 

Air 9.19 

Rubber 536 

Glass fiber plastic 832 

Water 1570 

Concrete 1740 

Aluminum alloy 20700 

For capturing rapid temperature change in high effusivity materials, high speed (i.e. capturing 143 

frequency ≥ 30Hz) infrared cameras are usually applied. On the other hand, high thermal 144 

sensitivity infrared cameras (i.e. ≤0.05oC) are usually used to capture the small temperature 145 



changes occurring in relatively thermal reluctant materials e.g. concrete/composite materials [26]. 146 

Therefore, the thermal properties of testing materials were considered while designing the In-pipe 147 

Infrared Thermography System (IPITS) as shown in the following section. 148 

3. Design of In-pipe Infrared Thermography System (IPITS) for Lining 149 

Debond Detection 150 

3.1. Design of In-pipe Infrared Thermography System (IPITS) for Lining Debond Detection 151 

The In-Pipe Infrared Thermography System (IPITS) consists of a self-propelled tractor, an infrared 152 

camera (FLIR Tau 2 640), a heat blower (for active thermography) and post-processing software 153 

as shown in the following Figure 1: 154 

 155 
(a)      (b) 156 

 157 
(c)      (d) 158 

 Figure 1: Photos of components of IPITS: (a) self-propelled tractor; (b) heat blower; (c) Infrared camera Flir Tau 2 640; 159 

(d) Post-processing platform.  160 



A self-propelled tractor with visual recording facilities is usually used for CCTV surveys of gravity 161 

sewer pipes. In this study, CCTV survey was designed to work together with Infrared 162 

Thermography Survey. The infrared camera FLIR Tau 2 640 is an uncooled Microbolometer with 163 

a digital display of 640x512 pixels in NTSC format. The spectral band of this camera is 7.5-13.5μm 164 

and the ideal detecting temperature range for high gain is -25oC to +135oC. The thermal sensitivity 165 

is <50mK and the spatial resolution (instantaneous field of view, IFOV) is 1.889mrad with a 9mm 166 

lens. The frequency for data capture is 7.5Hz for the NTSC format. The IPITS also includes an in-167 

house developed post-processing software package specifically designed for debond detection. It 168 

enables continuous measurement of size estimation in the captured thermal images. 169 

4. On-site Experimental Setup 170 

Two site trials were carried out in sewer pipes located at Jalan Eunos and Tech Park Crescent, 171 

Singapore, which were selected by the Singaporean Public Utility Board (PUB). The 900mm sewer 172 

pipe was rehabilitated using a high-density polyethylene (HDPE) liner fixed using adhesive, while 173 

the 1800mm sewer pipe is of the built-in (anchor knob sheet) AKS HDPE type. AKS is a form of 174 

anchor knob sheet as shown in Figure 2: 175 

 176 

Figure 2: Anchor knob sheet (AKS) HDPE pipe liner installed inside the 1800mm sewer pipe. 177 

The details of the trial tests are presented in the following Table 2: 178 

Table 2: Details of site condition 179 

 Jalan Eunos Tech Park Crescent 



Pipe diameter 1800mm 900mm 

Survey length 63.3m 104.6m 

Lining material AKS HDPE HDPE 

Thermography type Active Thermography Passive Thermography Active Thermography Passive Thermography 

Date 26th July, 2017 26th July, 2017 26th July,2017 25th July, 2017 

Time 2:20 00:10 15:20 15:20 

Speed of tractor 6m/min 6m/min 6m/min 12m/min 

Sewer Temperature 30.2 30.2 31.5 31.5 

Liner Temperature 29.9 29.9 31.3 31.3 

Heat time 30 mins - 30 mins - 

Sewer Temperature 

(After heating) 

34.5 - 33.1 - 

Sewer Temperature 

(After heating) 

34.7 - 33.3 - 

Wind speed inside 

the pipe 

- 0.5m/s 

Both passive and active thermography were carried out in both sewer pipes. There was no external 180 

heat stimulator used during the passive thermography survey, whereas a heat blower was used 181 

during the active thermography survey. The position of the infrared camera and the tractor is shown 182 

in the following schematic diagram Figure 3: 183 

  184 

   (a)      (b) 185 

Figure 3: Schematic diagram of the IPIT tractor inside the two sewer pipe at (a) Jalan Eunos of pipe diameter 186 
1800mm and (b) Tech Park Crescent of pipe diameter 900mm. 187 

There are several criteria used in the design of the on-site setup, and these are discussed below. 188 

(1) Minimum focus distance between the lens and the pipe crown. 189 

The minimum distance between the infrared camera and the crown of the pipe is restricted by the 190 

focal length of the camera lens. A 9mm wide angle lens with a minimum focus distance of 32mm 191 



was used, which meant that the minimum distance between the infrared camera and the crown of 192 

the pipe should be at least 32mm. As shown in Figure 3, the designed distances between the 193 

infrared camera and the crown of the two different sewer pipes are 1330mm and 408mm for the 194 

Jalan Eunos and Tech Park Crescent sites respectively, which far exceeds the required 32mm focal 195 

length. 196 

(2) Minimum detectable size of defects. 197 

The minimum detectable size of defects depends on the spatial resolution of the infrared camera 198 

lens and the distance between the infrared camera and the target area. The minimum detection size 199 

of an infrared camera lens is determined by multiplying the instantaneous field of view (IFOV) by 200 

the distance in metres from the lens to the pipe crown. According to the specification of the infrared 201 

camera FLIR Tau 2 640, the IFOV is 1.889mrad, and therefore the minimum detectable size of 202 

defects is 1.889mrad x 1.33m = 2.5mm in the Jalan Eunos pipe and 1.889mrad x 0.408m = 0.77mm 203 

in the Tech Park Crescent pipe, which is considered very satisfactory for debond detection. 204 

(3) In-pipe wind speed. 205 

Another factor for consideration is the in-pipe wind speed, which could yield undesirable 206 

convection effects. According to the ASTM D-4788 [32], infrared thermography survey should 207 

not be carried out in a wind speed higher than 6m/s. Beyond this limit, the wind speed may affect 208 

the temperature distribution of defects and intact areas because of convection. In-pipe wind speed 209 

was measured on-site with an anemometer and was found to be about 0.5m/s, which is much lower 210 

than the 6m/s limit. It therefore follows that the effect of in-pipe wind velocity is negligible in this 211 

experiment. 212 

(4) Speed of CCTV tractor 213 



The fourth factor for consideration is the speed of the CCTV tractor carrying the IR camera, since 214 

it will affect the quality of thermal images captured by the infrared camera. Unlike normal optical 215 

cameras, the data capture frequency of IR camera Tau 2 640 is only 7.5Hz. Therefore, if the tractor  216 

moves at higher velocities the thermal images may be blurred. The results of trial test showed that 217 

12m/min was too fast and the captured thermal images were rather blurred. Therefore, the speed 218 

was reduced to 6m/min during the whole course of the experiments. 219 

(5) Heat source 220 

In this study, both active and passive thermography were applied in the on-site experiments. As 221 

previously mentioned, passive thermography does not require any external heat source during the 222 

process of measurement. In contrast, for active thermography, an external heat source is required. 223 

In this study, a 15kW heat blower  was used to heat up the sewer pipe. The temperature of the heat 224 

blower was set to 45oC. The sewer temperature and liner temperature were monitored by a digital 225 

thermometer with K-type thermocouple. The heating time and the power of the heat blower are 226 

further considerations to be taken into account for debond detection by IRT as they affects the 227 

temperature contrast for defect detection. Sufficient temperature contrast is always a critical factor 228 

for defect detection by IRT. The schematic diagram of the on-site setup for active thermography 229 

is shown in Figure 4. The set-up was the same as active thermography for passive thermography 230 

except for the installation of the heat blower.  231 



 232 

Figure 4: Schematic diagram of on-site setup for active thermography 233 

       234 

Figure 5: On-site photos with the setup of heat blower blows hot air of 45oC into the sewer pipe and the 235 
CCTV tractor mounted with IR-camera 236 

As shown in Figure 5, the heat blower was placed next to a manhole. Hot air was blown into the 237 

sewer pipe from the surface in order to avoid the potential risks associated with placing a heat 238 

source (e.g. light bulb/heater) inside the sewer pipe, while the setup also provides an even heat 239 

distribution inside the pipe. The temperatures of the sewer and liner were monitored during the 240 

heating up process to avoid any overheat inside the sewer pipe, as well as to ensure that a sufficient 241 

temperature difference (i.e. >1oC) between the sewer and the liner was achieved. The proposed IR 242 

camera for the experiment has a temperature resolution of 0.05oC at room temperature. In this 243 

study the test was therefore started when the measured sewer and liner temperatures had risen by 244 

Hot air 

Heat Blower 



more than 1oC and, in reality, the temperature was actually raised by around 3oC for testing in this 245 

case. 246 

5. Development of In-house Infrared- Size Estimation (IR-SE) Program 247 

An in-house program specifically designed for size estimation based on infrared images (IR-SE) 248 

was developed by using a virtual programming platform – LabVIEW. It enables estimation of 249 

defect size on each captured thermal image. The interface of the IR-SE program is shown in Figure 250 

6. It includes displays of (A) the raw thermal image, (B) processed image and (C) raw thermal 251 

image with identified defects. The image processing techniques used in the IR-SE program are 252 

discussed in the following section. A debond defect size threshold can be set, such that any defects 253 

larger than that size  will be highlighted and defined as debonds.  254 

The IR-SE program enables the user to identify the region of interest (ROI) and the size estimation 255 

process will only be carried out within the ROI. This can significantly reduce the processing time. 256 

The program is compatible with both comma separated value (CSV) and 8bit image data formats.  257 

 258 

Figure 6: Interface of IR-SE program build up by LabVIEW Instrument. 259 

A B C 



5.1. Image Processing 260 

In the IR-SE program, several image analysis techniques have been applied for debond detection. 261 

The major image processing steps applied involved the following techniques: (1) edge detection, 262 

(2) smoothing and (3) the removal of small-scale noise using an erosion and dilution function. 263 

Edge detection was applied when a thermal image was imported to the program. A raw thermal 264 

image (Figure 7 (a)) processed by the above image processing steps is presented in Figure 7. 265 

 266 
(a)      (b) 267 

  268 
(c)      (d) 269 

Figure 7: (a) Raw image; (b) Edge detection - Laplacian; (c) Smoothing – Median Filtering (d) Lowpass filter. 270 

Edge detection 271 

There are several common image processing methods for edge detection, such as Laplacian 272 

filtering, differentiation filtering, Prewitt filtering, Sobel filter, Roberts filter and Canny filter [33]. 273 

Laplacian filtering was used in this program for edge detection. In contrast to other filters such as 274 

Prewitt, Sobel and Roberts, it is a second order derivative mask that outlines more details of the 275 

thermal images that are then used to identify defects analogous to the gradient computational 276 



algorithm in Lai’s study [34]. The latter was shown to have an accuracy of about 70-85% with 277 

respect to the size estimation of debonds in external wall tile/render, which is a composite system 278 

similar to the liner composite tested in this study. Laplacian filtering can be divided into two types: 279 

positive and negative [35]. In this study, the negative and diagonal operators were used and an 280 

example of a 3x3 kernel model is shown below: 281 

a d c  -1 -1 -1 

b x b  -1 8 -1 

c d a   -1 -1 -1 

   (a)      (b)        282 

 Figure 8: (a) Laplacian 3x3 kernel and (b) negative and diagonal 3x3 kernel operator. 283 

The thickness of detected edges increased when the size of the kernel increased [36]. Therefore, a 284 

clearer image  of the outlined defects’ shapes will be formed when a larger kernel size number is 285 

used (i.e. 9x9 to 101x101), as shown in Figure 9: 286 

   287 
  (a)    (b)    (c)   288 

Figure 9: (a) Raw thermal image; (b) Laplacian kernel of 9x9; (c) Laplacian kernel of 101x101. 289 

To move beyond simply identifying the outline of debonds, a large Laplacian kernel is proposed 290 

in order to form a solid shape as shown in Figure 7 (c).  291 

Smoothing 292 



After edge detection, smoothing is recommended for eliminating noise in thermal images. As 293 

mentioned by Mlsna, 2009 [35], the drawback of using a Laplacian filter is that it is extremely 294 

sensitive to noise because it works with a second order derivative. Therefore, it is necessary to 295 

eliminate noise after Laplacian filtering. As suggested by Ibarra-Castanedo’s team [33], median 296 

filtering is well-suited to the smoothing of noise particular to thermal images because it is good 297 

for removing spiky noise. It is a low-pass filter that assigns each pixel with the median value of its 298 

neighbours [36], and hence can remove isolated pixels and thereby effectively reduce detail.  299 

 300 

Morphology – erosion and dilution 301 

Basically, after smoothing, any  debonds present are imaged with more rounded oval shapes 302 

without spiky noise as shown in Figure 7 (c). However, after smoothing we can still see some 303 

small-scale noise in the processed image (marked with red circle in Figure 7 (c)).  In order to 304 

remove this residual noise, an optional morphology technique, combining erosion and dilation 305 

functions, was therefore applied[37]. For erosion, the contour, i.e. the size of the objects, will be 306 

reduced as the number of erosion function iterations is increased. Small objects can therefore easily 307 

be removed by increasing the number of iterations of the erosion function. However, the 308 

disadvantage is that it may also reduce the sizes of other objects that do not need to be eliminated. 309 

The dilution function can increase the contour of objects  with higher intensities by increasing the 310 

number of iterations. Therefore, a dilution function was applied after the erosion function in order 311 

to restore the size of objects that needed to be retained. By this combined method, the small objects, 312 

which are removed by the erosion function, will not appear again, whereas the targeted objects 313 

(i.e. defects) will be returned to their normal size by the dilution function [37]. The result is shown 314 

in Figure 7 (d).  315 



The detailed settings of different image processing procedures used for detecting debonds and 316 

water seepages in this study are listed in Table 3: 317 

Table 3: Settings of image processing procedures 318 

 Edge Detection – 

Laplacian filtering 

Smoothing - Median filtering Advanced Morphology – 

Remove small objects 

 Debond Water 

seepage 

Debond Water 

seepage 

Debond Water 

seepage 

Kernel 101 x 101 59 x 59 - - - - 

Filter 

size 

- - 10 x 10 2 x 2 - - 

Iteration - - - - 5 7 

The shape of the debonds can clearly been seen after the above image processing steps. Following 319 

image processing, size estimation can then be carried out because the grayscale thermal image has 320 

been changed to a binary image in which only values of 0 or 1 are presented. The debonds’ sizes 321 

can thus be calculated by counting the numbers of pixels with values of 0 (hot spot) or 1 (cold 322 

spot). 323 

5.2. Image Analysis - Size estimation 324 

As mentioned before, the grayscale images were converted to binary images in which debond areas 325 

were assigned a 0 value. Particle analysis can hence be applied to calculate the numbers of 0 value 326 

pixels and estimate the debond size. Before calculating the size, the pixel scale to real object size 327 

was appropriately set. There are two methods available in the IR-SE program: (1) by length 328 

calibration or (2) by calculating IFOV. For the length calibration method, width and height was 329 

measured and then fitted into the thermal image (raw image) in the program. The program will 330 

calculate the estimated size by referring to the referenced width and height. For the IFOV method, 331 

the actual pixel size was calculated by multiplying the IFOV of the lens by the distance from the 332 

lens to the pipe crown. The program can calculate the counted number of pixels of the targeted 333 



debond area. In this study, the surface offered no measurable reference width or height (i.e. length 334 

calibration method), and the IFOV method was therefore used to determine the size of debonds. 335 

   336 
(a)      (b) 337 

Figure 10: Identification of targeted debond area by IR-SE program (a) raw thermal image and (b) binary 338 
image of the corresponding thermal image (a). 339 

The IR-SE program enables automatic detection of targeted debond areas to support maintenance 340 

decision-making. Unlike CCTV survey, which is highly subjective based upon individual 341 

interpretation, the IR-SE program automatically identifies any debond areas that exceed the 342 

thresholds set for the detection criteria. A targeted percentage area of debond relative to the overall 343 

image area (i.e. the maximum debond size that may require further attention in future maintenance 344 

works) can be set in the program. In the example shown in Figure 10, the debond size threshold 345 

was set to an area larger than 1.1% of the entire thermal image. Five debonds were highlighted 346 

automatically by the program and are identified on both the raw thermal image and binary image, 347 

while other objects (bubble shapes) were considered to be construction details of the AKS HDPE 348 

liner as shown in Figure 2. This threshold and its absolute value can be adjusted by the user, thereby 349 

giving a clear watershed of judgement (i.e. debond/no debond). The estimated sizes are also shown 350 

next to each red rectangle in cm2 in the binary image (Figure 10) (i.e. sizes of defects from left to 351 

right as follows: 1087cm2, 207cm2, 193cm2, 520cm2, 236cm2 ). Since the curvature of the pipeline 352 



is neglected in this study, these sizes are estimated and accurate debond size calculation if proposed 353 

for later study.  354 

6. Results and Discussion 355 

The results of the application of passive and active infrared thermography for condition assessment 356 

in both 900mm and 1800mm sewer pipes are presented below. According to the results, only the 357 

first 10m near the hot air inlet produced clearer observations of lining defects. This may due to the 358 

use of an underpowered heat blower or a period of preheating that was insufficient to heat up the 359 

whole length of pipe. Therefore, further studies on the preheating process are recommended. Some 360 

representative thermal images from the tests are presented with their corresponding visual images 361 

captured by the CCTV survey for comparison.  362 

6.1. IR results on 900mm and 1800mm diameter sewage pipe  363 

Several lining defects were observed during the thermography survey. Theoretically-speaking, 364 

active thermography is better-suited to the detection of debonds, while passive thermography is 365 

usually used for detecting water seepage. Therefore, the results of both water seepage and lining 366 

debond detections will be presented for 900mm and 1800mm diameter sewage pipes, with a 367 

particular focus  on those defects that could not be observed in visual images but can be seen on 368 

thermal images. 369 

Debond detection by active thermography: 370 

900mm sewer pipe 



  
(a) (b) 

 

1800mm sewer pipe 

  
(c) (d) 

Figure 11: Identification of debond area by IR-SE program (a) raw thermal image and (b) the corresponding 371 
CCTV visual image in 900mm sewer pipe; (c) raw thermal image and (d) the corresponding CCTV visual 372 

image in 1800mm sewer pipe.   373 

As shown in Figure 11, the debond areas in the 900mm and 1800mm sewer pipes were detected 374 

as hot spots (white areas) in the grayscale thermal image. In the 900mm sewer pipe, suspected 375 

debond areas are bounded by red rectangles in Figure 11 (a) and (b). These areas can be observed 376 

in the thermal image but could not be detected in the CCTV visual image. In the 1800mm sewer 377 

pipe, many small white bubbles are observed in Figure 13 (c) and (d). As mentioned before, unlike 378 

the 900mm sewer pipe, the 1800mm sewer pipe is a built-in (anchor knob sheet) AKS HDPE sewer 379 

pipe. The white bubbles observed in the thermal images are similar to the anchor knob pattern of 380 

the AKS HDPE liner in Figure 2. Some of those bubbles are joined together to form bigger 381 

debonds, which are bounded by red rectangles in Figure 13 (c) and (d). 382 



Water seepage detection by passive thermography: 383 

900mm 

  
(a) (b) 

1800mm sewer pipe 

  
(c) (d) 

Figure 12: Identification of suspected water seepage area by IR-SE program (a) raw thermal image and the 384 
corresponding CCTV visual image (b) in 900mm sewer pipe; (c) raw thermal image and the corresponding 385 

CCTV visual image (d) in 1800mm sewer pipe.   386 

As shown in Figure 12, suspected water seepage areas (bounded by a blue rectangle) are picked 387 

up in thermal images but it can hardly be identified in the visual image. In the 900mm sewer pipe, 388 

suspected water seepage areas are identified at the joints of the sewer pipe in the thermal image in 389 

Figure 12 (a), but cannot easily be identified in the visual image in Figure 12 (b). In the 1800mm 390 

sewer pipe, signs of water seepage can be observed in both thermal and visual images (Figure 12 391 

(c) and (d)). However, more clear dots indicating water seepage can be observed in the thermal 392 



image (Figure 12 (c)) because our view was not distracted by the liner bubbles and uneven lighting 393 

observed in the visual image shown in Figure 12 (d). 394 

6.2. Comparison of results between Active Thermography, Passive Thermography and CCTV 395 

Survey 396 

In this section, only the results of passive and active thermography in the 1800mm pipe are 397 

presented (Figure 13). This is because the pattern of lining debonds in the 1800mm pipe are more 398 

regular and can therefore be more easily compared. Also, thermal images captured in the 1800mm 399 

pipe have a better field of view because the distance between the infrared camera and the crown 400 

of the sewer pipe is greater than that in the 900mm sewer pipe. As a result of the infrared camera’s 401 

7.5Hz frequency, thousands of thermal images were captured during the test, and therefore only a 402 

selection of the more remarkable thermal images were selected for comparison. . 403 

  404 



1800mm sewer pipe 405 

 406 

Debond Water Seepage 

Active Thermography Visual Image Passive Thermography Visual Image 

    
(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

    

(i) (j) (k) (l) 

Figure 13: Selected thermal images and their corresponding visual image captured by CCTV in 1800mm 407 
diameter sewer pipe for comparison of active and passive thermography. 408 

From the above results, it shows that liner debonds (white areas) can easily be observed in thermal 409 

images produced by active thermography (Figure 13 (a-b), (e-f), (i-j)), while the debonds cannot 410 

be seen in thermal images yielded by passive thermography (Figure 13 (c-d), (g-h), (k-l)). On the 411 

other hand, water seepage areas (black dots) were observed by passive thermography, as shown in 412 

(Figure 13 (c-d), (g-h) and (k-l)). In general, water seepage areas could be more clearly observed 413 

in passive thermography since there are fewer distracting debonds (white areas) than are detected 414 

by active thermography. However, in some cases the water seepage areas are sharper in thermal 415 

images captured by active rather than passive thermography as is shown in Figure 13 (i-l) bounded 416 



by a blue rectangle. The infrared camera’s focus is improved by increasing the temperature 417 

difference produced by a heat source. Moreover, sharper thermal images are captured by active 418 

thermography while thermal images from passive thermography are relatively blurred. 419 

7. Limitation of IPITS 420 

The limitation of IPITS is that images of the interior wall can only be obtained above the water 421 

surface in the case of sewer and water pipes. Besides, in common with CCTV, the movement of 422 

the tractor when travelling along the pipeline causes unsteady camera movement. That instability 423 

affects the quality of captured thermal images.  Lastly, another limitation of the technique is the 424 

lack of geometric references inside the pipe.  425 

8. Conclusion and Recommendation 426 

In conclusion, this paper presents a case study using Infrared Thermography for In-pipe lining 427 

debond detection, where both active and passive thermography were applied for imaging and 428 

diagnosis. The paper presentedthe entire process of system design and program development and 429 

discussed the on-site testing results . We are delighted to have achieved remarkable results in terms 430 

of debond and water seepage detection in sewer pipes using both passive and active thermography. 431 

Several highlights are listed as below: 432 

• Preliminary on-site setup with both passive and active thermography were designed; 433 

• An IR-SE program for estimating defect size was developed. The program allows 434 

automatic defect identification of targeted debond size;  435 

• An algorithm for automatic defect detection and size estimation was developed by 436 

implementing different combinations of image processing techniques; 437 



• Suitable speeds of CCTV tractor were tested, and 6m/min is recommended for infrared 438 

thermography survey in sewer pipes; 439 

• The results of infrared thermography for detecting liner debonds and water seepage areas 440 

by both active and passive themrography were presented and compared. Active 441 

thermography gives clearer thermal images because of higher elevated temperature 442 

differences. It also allows more effective inspection of liner debonds. On the other hand, 443 

water seepage areas can be identified by passive thermography. 444 

Based upon the findings of this study, several recommendations concerning instrumentation and 445 

testing procedures for further implementation of infrared thermography survey for condition 446 

diagnosis of underground sewer liners are offered. 447 

On instrumentation: 448 

• Install two IR cameras – set up for 10-12 o’clock and 12-2 o’clock viewing positions; 449 

• Using 2 cameras helps maximize the angle of field of view; 450 

• Mount IR cameras in sealed, waterproof housings; 451 

• Use an additional (CCTV) camera together with the IR cameras for better synchronization 452 

between the IR and visual images; 453 

• Increase IR frame rate to allow faster tractor traverse speed while maintaining image 454 

quality, especially in sewer tunnel with higher flow velocity (typical of tunnel sewers vs. 455 

minor/trunk sewers);  456 

• Trials of mounting different heat sources on the CCTV tractor along with the IR camera 457 

are recommended in order to heat up the inner pipe more evenly throughout the whole 458 

length of pipe. 459 



On testing procedures: 460 

• Heating method during active IR can be improved, for example for ordinary city sewer, 461 

upstream/downstream connections could be plugged to trap air flow, thereby making it 462 

easier to achieve required temperature up to 45 deg C; 463 

• For deep sewer tunnels, other heating means such as impulse heating methods or prolonged 464 

heating shall be considered; 465 

• Specifications for infrared thermography survey in sewer pipes, such as maximum 466 

allowable pixel resolution in the images as a function of distance between the liner and the 467 

IR camera, are to be studied. 468 

This case study serves as a pilot test for future extensive and regular application of infrared 469 

thermography for condition diagnosis of underground sewer liners. The detection of debond size 470 

and identification of locations with water seepage serve as a reference for engineers to plan for 471 

future maintenance schedules. Infrared thermography survey results provide clear pictures of 472 

debond size and also early warning of the formation of hidden defects without visible surface scars. 473 

Further studies aimed at investigating optimum heating periods, defect characterisation of lining 474 

defects and different imaging processing techniques are recommended. It is also recommended 475 

that IRT surveys are carried out with other non-destructive condition diagnosis techniques for 476 

cross-referencing purposes. 477 
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