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Abstract - 

Internal defects of pipelines are among the main 
factors causing accidents in the production phase of 
industrial plants. Periodic monitoring of a pipeline’s 
inner surface condition is of great importance for 
minimizing the risk of failure of industrial plants. 
This study proposes a sensor fusion approach to 
detect internal defects automatically in as-built 
pipelines during their service lives to ensure 
structural safety. The proposed approach uses 
infrared thermography combined with three-
dimensional (3D) laser-scanned data. For this 
purpose, a multi-sensor system equipped with a 
thermal infrared camera and a 3D laser scanner was 
internally and externally calibrated. From the 
combined data set, 3D points corresponding to the 
as-built pipelines are extracted from laser-scanned 
data. Then, thermographic analysis of the 
corresponding thermal data of those pipelines is 
performed. In this step, the local thermal gradients 
on the pipeline’s surface are calculated to detect 
areas having different thermal values. In addition, 
the global thermal gradients along the longitudinal 
or radial axes of the pipeline are calculated to 
determine the consistency of its internal thickness. 
The field experiment was performed at an operating 
petrochemical plant to validate the proposed 
approach. The experimental results revealed that the 
proposed approach has potential for detecting 
internal defects in as-built pipelines from infrared 
thermography combined with 3D laser-scanned data. 
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1 Introduction 
Internal defects of pipelines are among the main 

factors causing accidents in the production phase of 
industrial plants. After a time period of operation, 

internal defects can develop in an as-built pipeline for a 
number of reasons during the pipeline’s service life [1–
3]. Especially for high temperature and pressure 
pipelines, internal defects can be the main reasons for 
thinning of the pipeline’s wall, which may result in heat 
loss that degrades energy efficiency in the production 
line. In the end, such internal defects may lead to the 
whole pipeline’s breakdown [4]. Unplanned downtime 
is costly and can spell disaster for an industrial plant, 
and pipeline failures may lead to injuries to personnel. 
Therefore, periodic monitoring of the pipeline’s inner 
surface condition is of great importance for minimizing 
the risk of failure of an industrial plant and creating a 
safer working environment. 

Monitoring a pipeline’s inner surface condition 
requires inspection at regular intervals to prevent 
breakdown. For many years, infrared thermography has 
been deployed to survey and inspect the integrity and 
performance of pipelines, including their protective 
coatings and insulation in industrial plants. Although 
thermal energy is invisible to the naked eye, it can be 
measured by using thermal infrared cameras [5]. 
Infrared thermography has been proven as a cost-
effective way to survey and monitor large areas of as-
built pipelines because of its non-contact and non-
destructive temperature measurement properties, so that 
it requires no shutdown or preparation [4]. By detecting 
hidden defects in process pipelines, such as internal 
corrosion damage, infrared thermography allows for 
planning to repair or replace critically damaged areas 
before they disrupt the production process. 

However, manual interpretation of infrared 
thermography, to locate internal defects in large areas of 
process pipelines and decide which pipeline is causing 
the problem, is not a trivial task. One needs to analyze 
the temperatures at various points along each pipeline. 
There are many factors to take into consideration, such 
as identifying the areas of pipelines in two-dimensional 
(2D) infrared thermography and the determination of 
internal defects in pipelines: the thermal contrasts of 
most internal defects in faulty pipelines are undetectable 
to the human eye. For these reasons, specialized 
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engineers conduct such interpretation to detect internal 
faults in pipelines from infrared thermography. 
Nevertheless, since analysts must interpret a large 
number of images (typically, several hundreds to 
thousands of infrared thermography images for an 
industrial plant, depending on its size), manual 
interpretation becomes extremely inefficient, sometimes 
inconsistent, and impractical. 

The aim of this study is to propose a sensor fusion 
approach to detect internal defects automatically in as-
built pipelines to ensure structural safety. The proposed 
approach uses infrared thermography combined with 3D 
laser-scanned data. The rest of the paper is organized as 
follows: Section 2 provides an overview and details of 
the proposed approach for detecting internal defects in 
as-built pipelines. Section 3 provides experimental 
results. Finally, Section 4 provides conclusions and 
recommendations for future research. 
 

2 Detection of Internal Defects in Pipeline 
This study proposes a sensor fusion approach to 

detect internal defects automatically in as-built pipelines 
during their service lives to ensure structural safety. For 
this purpose, a multi-sensor system equipped with a 
P640 thermal infrared camera developed by FLIR 
Systems (Notting Hill Victoria, Australia) and a FARO 
Focus3D laser scanner by FARO Technologies UK Ltd. 
(Coventry, United Kingdom) was internally and 
externally calibrated. Using the results of intrinsic and 
extrinsic calibration, each pixel of the infrared 
thermography is mapped to the corresponding 3D point. 
Once registered, the as-built 3D pipeline extraction 
method proposed in our previous work [6] is applied to 
the combined data set to identify 3D points 
corresponding to the as-built pipelines. Then 
thermographic analysis is performed on the 
corresponding thermal data of those pipelines to 
determine the existence of internal defects in the 
pipelines by identifying the differences in the pipeline 
thickness caused by corrosion. The next subsections 
describe each of the steps in more detail. 
 

2.1 Data Acquisition 
Especially with large facilities, single infrared 

thermography can cover only a limited area. For this 
reason, it is insufficient to infer and obtain the 3D 
structure of the scene given 2D infrared thermography. 
Therefore, identifying and locating internal defects in 
as-built pipelines requires infrared thermography of 3D 
surfaces [7, 8]. In this study, a P640 thermal infrared 
camera with the FARO Focus3D laser scanner is used to 
acquire 3D information of as-built pipelines with 

infrared thermography of industrial plants. Figure 1 
shows a photographic image taken from a petrochemical 
plant. 
 

 
 

Figure 1. Photographic image obtained from a 
petrochemical plant 

 

 
 

(a) 
 

 
 

(b) 
 
Figure 2. (a) Infrared thermography, (b) Laser-scanned 

data 
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The P640 thermal infrared camera used herein has a 
resolution of 640×480 pixels in a 25°×19° field of view. 
The advances in thermal infrared cameras have enabled 
accurate temperature measurement from the scene, as 
shown in Figure 2(a). However, infrared thermography 
obtained from industrial plants contains a variety of 
objects including not only the pipelines but pieces of 
equipment, structures, and many other types of objects, 
and these objects are tangled in a complicated way, 
making them visually confusing even for practiced 
professionals. Therefore, it is challenging to identify the 
areas of pipelines solely on visual analysis of infrared 
thermography. In addition, infrared thermography has 
limited utility for identifying and locating internal 
defects in pipelines due to the lack of quantitative 
information describing the locations and sizes of the 
defects. Therefore, the proposed approach uses infrared 
thermography combined with laser-scanned data. Figure 
2(b) shows the colored laser-scanned data acquired from 
the petrochemical plant illustrated in Figure 1. 

The multi-sensor system included the thermal 
infrared camera and the laser scanner. Both sensors 
were internally and externally calibrated. The 
calibration methods presented in Lerma et al. [9] and 
Borrmann et al. [10] were adopted and modified for this 
purpose. Using the results of intrinsic and extrinsic 
calibration, infrared thermography is registered with the 
laser-scanned data. 

As a result, each pixel of infrared thermography is 
mapped to the corresponding 3D point in the laser-
scanned data. This allows us to combine both infrared 
thermography and laser-scanned data, to superimpose 
them onto each other, and to use them together in the 
subsequent processing steps. Figure 3 shows the 
resulting infrared thermography overlay that is 
superimposed on the color image, for the purpose of 
visualization. 
 

 
 

Figure 3. Infrared thermography in Figure 2(a) 
superimposed on the color image in Figure 1 

 

2.2 As-Built 3D Pipeline Extraction 
To detect internal defects in pipelines, especially as-

built pipelines, it is necessary to extract semantic 
information from the data. From the combined data set, 
the detection of internal defects in as-built pipelines 
begins with as-built 3D pipeline extraction. The 
segmentation of the laser-scanned data is performed at 
the intersections of the pipelines and other industrial 
parts to first extract 3D points corresponding to the as-
built pipelines. The segmentation step uses a criterion 
based on a combination of surface normal similarity and 
spatial connectivity, which was defined by Rabbani et al. 
[11] as a smoothness constraint. In this step, a set of the 
laser-scanned data is partitioned into meaningful 
segments identified as belonging to pipelines or not. 
The next step is the extraction of sets of 3D point clouds 
that constitute the pipelines. 

For this purpose, the as-built 3D pipeline extraction 
method proposed in our previous work [6] was adopted 
to separate sets of 3D point clouds that constitute 
pipelines from laser-scanned data. Pipelines typically 
have cylindrical surfaces. Therefore, the pipeline 
extraction step is based on computing the curvature at 
certain points on an object’s surface to decide if the 
segment has a cylindrical surface with the pipeline’s 
geometric information (radii) drawn from the P&ID. 

This method requires only one-third of a pipeline’s 
surface to compute its radius. Then, based on the results 
of the curvature computation, the objects belonging to 
pipelines are identified and all others are discarded. For 
details regarding the as-built 3D pipeline extraction step, 
please see Son et al. [6]. By giving such semantic labels 
to the 3D points corresponding to the as-built pipelines, 
it is possible to diagnosis the presence of internal 
defects in the pipelines’ inner surfaces with subsequent 
thermographic analysis. 
 

2.3 Thermographic Analysis 
Using infrared thermography, we can measure the 

different thickness of materials’ surfaces between the 
thermal infrared camera and the source of heat [4, 5, 7, 
12–17]. In other words, internal material thickness can 
be extrapolated from the external temperature exhibited 
in infrared thermography. In this study, thermographic 
analysis consists of two parts. First, the local thermal 
gradients are calculated on the pipeline’s surface to 
detect areas having different thermal values. Figure 4 
shows an example of a local internal defect analyzed 
from the combined data set visualized in Figure 3. As a 
result, this local defect was reported in the pipeline. 
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Figure 4. Example of pipeline’s thermal data having 
local defect recognized by thermographic analysis 

 
The area shown in blue has temperature values more 

than 10° lower than the surrounding areas in the 
pipeline, where the pipeline has become thin walled. 
Such areas can be seen in welded joints or other 
locations where minor defects exist, and which may 
result in local fracture of pipelines. Second, the global 
thermal gradients along the longitudinal or radial axes 
of the pipeline are calculated to determine the 
consistency of the internal pipeline’s thickness. Such 
areas can be seen in pipelines comprised of parts having 
different operating lives. Some parts of the pipelines 
may be replaced after being taken out of operation for 
various reasons. In this way, thermographic analysis 
allows inspection for hidden defects that are hard to find 
by the naked eye, such as thickness assessments of 
materials’ surfaces. 
 

3 Experimental Results and Discussion 
Field experiments were performed to validate the 

proposed approach at an operating petrochemical plant 
located in Yeosu, South Korea. Internal defects of 
pipelines in such petrochemical plants are of the greatest 
concern, because highly dangerous liquids and gases are 
processed throughout the pipelines. For this reason, in 
many cases, petrochemical plant pipelines are replaced 
long before they should be, to be on the safe side. 

Figures 5 and 6 show the experimental results of two 
scenes, respectively. Figure 5(a) shows some portion of 
the colored laser-scanned data, and Figure 5(b) shows 
infrared thermography mapped onto the corresponding 
3D points in Figure 5(a). Figure 5(c) shows an example 
of a recognized pipeline’s thermal data having a local 
defect. Here, thermal values constituting the pipeline 
ranged from 15º to 39º. 
 
 
 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

Figure 5. Scene 1: (a) Colored laser-scanned data, (b) 
Infrared thermography mapped onto the corresponding 
3D points in (a), (c) Example of a recognized pipeline’s 

thermal data having a local defect (minimum thermal 
value: 14.95º, maximum thermal value: 38.51º) 
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(a) 
 

 
 

(b) 
 

 
 

(c) 
 

Figure 6. Scene 2: (a) Colored laser-scanned data, (b) 
Infrared thermography mapped onto the corresponding 
3D points in (a), (c) Example of a recognized pipelines’ 
thermal data having a defect along the longitudinal axis 

(minimum thermal value: 5.38º, maximum thermal 
value: 38.22º) 

 

Figure 6(a) shows some portion of the colored laser-
scanned data, and Figure 6(b) shows infrared 
thermography mapped onto the corresponding 3D points 
in Figure 6(a). Figure 6(c) shows an example of a 
recognized pipeline’s thermal data having different 
thermal values along the longitudinal axis of the 
pipeline. Here, thermal values constituting the pipeline 
ranged from 5º to 38º. 

The proposed approach reported heat losses revealed 
in the bright parts in Figures 5(c) and 6(c), but these 
defects were otherwise hard to identify using the naked 
eye. The experimental results demonstrated that the 
proposed approach has the potential to automatically 
detect internal defects in as-built pipelines from infrared 
thermography combined with 3D laser-scanned data. 
 

4 Conclusions 
In industrial plants, to minimize the risk of failure 

and to ensure a safer working environment, one must 
inspect as-built pipelines with regular frequency to 
assure changes in conditions are recognized. This paper 
proposes a sensor fusion approach to detect internal 
defects automatically in as-built pipelines during their 
service lives to ensure structural safety, using infrared 
thermography combined with 3D laser-scanned data. 
The feasibility of the proposed approach was validated 
in experiments using real data obtained from an 
operating petrochemical plant. Preliminary experimental 
results demonstrated that the proposed approach could 
be successfully utilized to detect internal defects 
automatically in as-built pipelines during the operation 
and maintenance phases of industrial plants. 

By performing periodic monitoring using the 
proposed method, facility managers can determine 
whether a pipeline needs to be replaced or not. This 
would be highly beneficial, preserving the continuity of 
production without unnecessary pipeline replacement 
and also leading to substantial cost savings. The 
proposed approach can contribute to preventing pipeline 
accidents, thereby ensuring the in-situ structural safety 
of industrial plants. Future work will be devoted to 
developing automatic orientation of infrared 
thermography with 3D laser-scanned data to increase 
the efficiency of data acquisition. Moreover, this 
approach will be extended to address process equipment 
condition monitoring and predictive maintenance. 
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