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Abstract: Pipelines play a significant role in liquid and gas resource distribution. Pipeline leaks, how-
ever, result in severe consequences, such as wasted resources, risks to community health, distribution
downtime, and economic loss. An efficient autonomous leakage detection system is clearly required.
The recent leak diagnosis capability of acoustic emission (AE) technology has been well demonstrated.
This article proposes a machine learning-based platform for leakage detection for various pinhole-
sized leaks using the AE sensor channel information. Statistical measures, such as kurtosis, skewness,
mean value, mean square, root mean square (RMS), peak value, standard deviation, entropy, and
frequency spectrum features, were extracted from the AE signal as features to train the machine
learning models. An adaptive threshold-based sliding window approach was used to retain the
properties of both bursts and continuous-type emissions. First, we collected three AE sensor datasets
and extracted 11 time domain and 14 frequency domain features for a one-second window for each
AE sensor data category. The measurements and their associated statistics were transformed into
feature vectors. Subsequently, these feature data were utilized for training and evaluating supervised
machine learning models to detect leaks and pinhole-sized leaks. Several widely known classifiers,
such as neural networks, decision trees, random forests, and k-nearest neighbors, were evaluated
using the four datasets regarding water and gas leakages at different pressures and pinhole leak sizes.
We achieved an exceptional overall classification accuracy of 99%, providing reliable and effective
results that are suitable for the implementation of the proposed platform.

Keywords: acoustic emission; leakage detection; pinhole leak; machine learning; random forest;
neural network; decision tree

1. Introduction

Pipelines are the primary mechanical component required for long-distance liquid
and gas material distribution and transportation. Pipeline networks, therefore, need
unwavering quality, high safety levels, and efficiency. The current status of a pipeline
network involves colossal annual leakage rates and the corresponding waste of natural
resources. Pipeline leaks may have detrimental effects on the environment, human safety,
property, and reputation and additionally lead to financial losses from fines and cleanup
expenses. BenSaleh et al. [1] noted that it is well-documented that many countries rely
heavily on long-distance oil and water transportation from desalination plants to their
intended destinations. Unfortunately, significant quantities of these resources are lost
annually due to leaks in the pipelines, with an estimated 60% of water being wasted each
year due to pipeline leaks [2]. For pipeline operators to achieve optimal performance,
a reliable leak detection system (LDS) is imperative. An influential LDS should be able to
detect leaks promptly, provide accurate leak localization, minimize false alarms, be easy to
retrofit, function well under various operating conditions, and utilize sensors with high
dependability and low maintenance requirements. This article proposes an LDS using
acoustic emission (AE) and machine learning (ML) algorithms.
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Pipelines, as a means of long-distance distribution and transportation, must meet strin-
gent safety standards and maintain consistent efficiency and quality. However, monitoring
these pipelines over long distances poses challenges due to the difficulties in maintaining
the infrastructure. Therefore, much research has been conducted to develop robust and
reliable methods for detecting spills, explosions, and other anomalies in the pipeline infras-
tructure. These leaks can result in severe environmental damage, financial loss, and even
loss of life [3]. Wang et al. [4] discussed the ever-increasing energy needed to support oil
distribution, pipeline distribution topological complexity, and the real-time assessment of
distribution network safety. Korlapati et al. [5] surveyed and classified leakage detection
into three broad categories: visual inspections, internally determined /computational, and
externally based methods and techniques. Fiber optic cable-based leakage detection in
pipelines is carried out by laying down the cable alongside the pipes, and changes in
strain and temperature are observed. By analyzing Raman scattering, the optical fiber
cable can provide a means for measuring the temperature [6]. Although optical fiber
cable can monitor changes in temperature in various locations, it fails both in monitoring
small leakages and determining the exact location of a leakage [7,8]. Christos et al. [9,10]
proposed a low-energy and low-cost wireless sensor-based system to immediately detect
leakage in metallic pipes. They monitor the changes in the effects of the vibrational signal
appearing due to leakage on the pipeline walls. The leakage detection system is proposed
by installing the pressure sensor in the middle of the pipeline segment [11]. It is more
sensitive to detecting leaks that emerge far away, such as at the inlet and outlet. Continuous
wavelet transform is used to transform the time AE signal into an image and then the
convolutional neural network is applied to detect the leakage [12]. In summary, several
internal and external monitoring methods have been developed to detect pipeline leaks.
These include the use of negative pressure wave techniques [13], techniques based on
accelerometer [14], time-domain reflectometry [15], distributed temperature sensing sys-
tems [16], acoustic emission technology [17], ultrasonic technology [18], and magnetic flux
leakage techniques [19]. Among these, acoustic emission technology has gained significant
popularity for its ability to quickly detect leaks, with real-time responses, high sensitivity,
and ease of retrofit [20,21]. Research in this area has focused on using pattern recogni-
tion and feature extraction techniques to construct leak detection models [22]. Studies
have demonstrated the effectiveness of techniques, such as wavelet feature extraction and
support vector machine classification, for identifying leaks and using frequency-width
characteristics to train leak-detection support vector data-description models from time-
domain pipeline signals [23]. Claudia et al. [24] summarized the AE descriptor’s different
applications for damage analysis in fiber-reinforced plastics. They analyzed the amplitude,
frequency, and cumulative acoustic energy regarding fiber-reinforced plastic damage, crack
analysis, and crack propagation.

ML is a subset of artificial intelligence, namely algorithms that improve through previ-
ous data records and experience [25,26]. The algorithms focus on building mathematical
models using training data or sample data to make decisions or predictions without explicit
programming [27]. When properly executed, machine learning can enable tasks to be
automated at a breakneck pace. As such, it is critical to integrate real-world data with
artificial intelligence in fields that require rapid and precise detection, such as pipeline
leak incidents. El-Zahab et al. [28] proposed a system that utilizes accelerometer-based
monitoring for pressurized water pipelines. The experimental data were analyzed using
three machine learning algorithms: support vector machines, decision trees, and naive
Bayes. The proposed system demonstrated its effectiveness in accurately detecting leakage
events in pressurized water pipelines. Different machine learning algorithms, such as
decision trees, random forests, k-nearest neighbors, and neural networks, have been ap-
plied to further enhance detection capabilities for analyzing the collected data. Overall, the
above research works performed better for leak detection and size identification. However,
there exist some shortcomings. Traditional AE hit features can be extracted from the AE
signal by defining a threshold above the level of continuous background noise. However,
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the predefined threshold for extracting the AE features can lead to false alarms due to
noise in the AE signal. Furthermore, defining a threshold above the level of continuous
background noise requires human expertise and domain understanding. Additionally, the
type of transportation medium will also affect the AE hits in the signal. In order to address
the above-mentioned problems, it is of primary importance to develop a leak-sensitive
model for pipeline leak detection and size identification. As such, in this manuscript, an
attempt has been made to develop a leak-sensitive model for pipeline leak detection and
size identification with different transportation mediums, such as fluid and gas. Instead
of utilizing a predetermined threshold for AE feature extraction, in this paper, a sliding
window is used. In order to exploit the statistical changes in the AE signal due to the
defects in the pipeline, statistical indicators, such as kurtosis, skewness, mean value, RMS,
peak value, standard deviation, and entropy, are calculated from each sliding window.
Furthermore, the changes in the frequency spectrum due to the defect in the pipeline are
utilized by calculating spectral features from each sliding window. Additionally, a set
of classification models were tested and validated for pipeline leak detection and size
identification by considering two different transportation mediums, out of which the best
classification model is reported in this study.
The overall novelty and contribution of this work can be summarized as follows:

(i) In order to exploit the statistical changes in the AE signal due to the defects in the
pipeline, a sliding window is used, and from each sliding window, temporal statistical
indicators are calculated. Furthermore, the changes in the frequency spectrum due to
the defect in the pipeline are utilized by calculating the spectral features from each
sliding window. To the best of our knowledge, utilizing a sliding window to extract
statistical and spectral indicators from the AE signal is reported for the first time in
this work;

(ii) A pipeline health-sensitive classification model is reported in this study based on eval-
uating different classification models for pipeline leak detection and size identification
by considering two different transportation mediums, such as fluid and gas;

(iii) Real-world industrial fluid pipeline data were utilized in this study for leak detection
and size identification using machine learning algorithms.

Overall, the proposed platform achieved an exceptional overall classification accuracy
of 99%, which makes it a reliable and effective solution for pipeline leakage detection and
leak pinhole size identification.

The following sections make up the structure of the paper. Section 2 proposes the
architecture, methodology, and ML algorithms for leakage detection. The results and
pipeline experimental test rig are presented in Section 3. Section 4 presents the conclusion
of this study.

2. The Proposed Architecture and Methodology

Figures 1 and 2 show the overview of the proposed methodology for pipeline leakage
detection. The architecture is implemented using acoustic emission sensors. There are three
sensors placed on the pipeline at locations channel 3 = 0 mm, channel 2 = 1600 mm, and
channel 1 = 2500 mm. Data are transmitted to the next step, which is the data acquisition
step, in which the signals that gauge physical circumstances in the real world and transform
the resulting samples into digital numeric values (that a computer can work with) are
sampled. The acquisition of data at the defined sampling rate, IMHz, extracts the desired
features and assigns the labels to the feature vector extracted from one second for the
complete data set. The next step is to complete the dataset, which is then processed
for testing the classification accuracy with different algorithms to detect the leakage in
the pipeline. Once the activity labels are identified, the activity gets either “leakage” or
“normal” assigned to its label. It will generate the output of the sensor data containing
the leakage or the data are “Normal”. The final step is to show the result on the display
for the monitoring supervisor. In the rest of the following subsection, we briefly explain
each subcomponent.
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Figure 2. Flowchart of the proposed methodology for leak detection.
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2.1. Acoustic Emission

A leak in the pipeline results in a change in the structural integrity of the material.
This change in the structural integrity can be due to fatigue rupture, stress cracks, corrosion
cracks, and structural discontinuities. The structural discontinuity or leak in the pipeline
(irrespective of the cause) will disturb the flow of the fluid or gas inside the pipeline.
However, the intramolecular interactions or chemical bonding of the fluid will force the
fluid to keep its flow consistent [29]. Thus, for the fluid to keep its flow consistent inside the
pipeline, the molecule of the fluid will exert pressure on the position of pipeline structural
discontinuity or leak, which will result in the short, rapid release of energy in the form of
an elastic wave. An AE can be defined as a transient sound wave that is generated by a
short, rapid release of energy in the form of an elastic wave that is produced by the change
in the structural integrity of the material within a specimen, such as a pipeline [30]. The
physical phenomenon resulting from the fluid interaction with the structural discontinuity
is referred to as an AE event. This AE event is detected by the AE sensors in the form of AE
hits. Thus, the AE hits in the signal can be related to a leak due to fatigue rupture, stress
cracks, corrosion cracks, and structural discontinuities. For this reason, the nondestructive
method based on AE is considered ‘global” in nature. The word global means that AE-based
monitoring allows the investigator to get a bigger picture of the overall performance of
the specimen, irrespective of the cause for degradation [31]. Specifically, in this study,
a nondestructive method based on AE was used to investigate the health conditions of the
pipeline. Based on the global nature of the AE, theoretically, the proposed method will
work to identify a leak and its size.

2.2. Acoustic Emission Sensor

An acoustic emission (AE) sensor is a device that detects and analyzes the sound waves
generated by changes in the internal structure of a material or structure. The R15I-AST,
manufactured by MISTRAS Group, Ingc, is one example of such a sensor. It uses piezoelectric
transducers to convert mechanical stress or strain into electrical signals, which can then be
analyzed to determine the location and severity of structural changes. These sensors are
commonly used for non-destructive testing and the structural health monitoring of various
structures, such as bridges, pipelines, and pressure vessels. With the capability of working
under high temperatures, humidity, and pressures, R15I-AST can monitor the structural
integrity in near real-time and provide early warnings of potential issues, allowing for the
necessary actions to be taken before any damage occurs. The operating frequency range of
the R15I-AST sensor and the parameters used for the data acquisition are listed in Table 1.

Table 1. Parameter for data acquisition.

S.No Parameter Value
1 AE sensor 1 location 2500 mm
2 AE sensor 2 location 1600 mm
3 AE sensor 3 location 0 mm
4 Peak Sensitivity 109 dB
5 Operational frequency range 80-200 kHz
6 Resonant frequency 75 kHz
7 Pipeline thickness 6.02 mm
8 Pipeline material 304 stainless steels
9 Pipeline outer diameter 114.3 mm

2.3. Data Acquisition

In data acquisition, the physical conditions in the real world are measured through the
use of sensors. These measurements are then sampled and translated into digital numeric
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values that a computer can interpret. This is typically achieved by converting analog
waveforms into digital values for further processing. The key component of the current
data acquisition system is the acoustic emission sensor, which is used to convert physical
parameters into electrical signals. Once the data is acquired from the sensors, it can be used
to detect leaks or other anomalies in the pipeline. The spectrum was performed on the time
amplitude signal to instantly identify the leak time. Figure 3a—c show the time response
for the three sensors, and Figure 3d—f show the corresponding spectrum when there is no
leakage. It clearly shows that both the time amplitude and frequency amplitude are low for
both time response and frequency response under normal conditions. Figure 3g—i show
the time-domain amplitude, and Figure 3j-1 show the frequency response. These figures
illustrated that when the leakage was introduced, both the time and frequency amplitude
increased two times that of the normal condition.

2.4. Features Extraction in the Time and Frequency Domains

The feature extraction and selection methods are helpful for the transformation of
data, which translates the preprocessed data into processed data to identify significant
trends. Features extraction is an essential approach for reducing data size and provides
valuable information for developing a classification model. Most researchers use statistical
characteristics approaches for feature extraction. Chai et al. [32] extracted the various
features from the AE signal, such as peak amplitude, entropy, energy, count, peak frequency,
and centroid frequency, to find crack growth under different stress ratios. Muir et al. [33]
reviewed the time domain, frequency domain, and composite features extracted from the
AE signal for the damage analysis of a structure. They mentioned around 31 various features
used in the literature. Traditional AE hit features, such as rise time, decay time, counts, etc.,
can be extracted from the AE signal by defining a threshold above the level of continuous
background noise. However, the predefined threshold for extracting the AE features can
lead to false alarms due to noise in the AE signal. Furthermore, defining a threshold
above the level of continuous background noise requires human expertise and domain
understanding. In order to address this concern, instead of utilizing a predetermined
threshold for AE feature extraction, in this paper, a sliding window is used. In order to
exploit the statistical changes in the AE signal due to the defects in the pipeline, this research
extracts 25 statistical time and frequency domain features for each AE channel using a
sliding window. A total of 75 features are extracted from the three AE channels. All these
features are provided as input to the classification model for the task of a pipeline health
assessment. The features extracted from each AE channel, comprising 11 time domain
features (such as mean, standard deviation, skewness, kurtosis, crest factor, clearance factor,
etc.) and 14 frequency domain features (namely, P1, P2, P3, P4, P5, ... , P14). Considered
the frequency spectrum-based feature extraction that incorporated the lower and higher
frequencies into their power. Figure 4 shows the details of feature extraction and feature
vectors. Tables 2 and 3 show the mathematical formulas for the time domain and frequency
domain features, respectively.
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Figure 3. Amplitude and spectral power of the AE signals obtained from the pipeline under normal

and leak operating conditions. (a—c) AE signal under normal operating conditions. (d—f) Power

spectrum under normal operating conditions. (g-i) AE signal under pipeline leak operating condi-

tions. (j-1) Power spectrum under pipeline leak operating conditions. (a) Channel-1 Time Response

No-leakage. (b) Channel-2 Time Response No-leakage. (c) Channel-3 Time Response No-leakage.

(d) Channel-1 Frequency Response No-leakage. (e) Channel-2 Frequency Response No-leakage.

(f) Channel-3 Frequency Response No-leakage. (g) Channel-1 Time Response Leakage. (h) Channel-2

Time Response Leakage. (i) Channel-3 Time Response Leakage. (j) Channel-1 Frequency Response

Leakage. (k) Channel-2 Frequency Response Leakage. (1) Channel-3 Frequency Response Leakage.
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Figure 4. Features extraction and features vector in the time and frequency domains.

Table 2. Time domain features of AE channels [19].
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Table 3. Frequency domain features of AE channels.
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2.5. Machine Learning Algorithms for Leakage Detection and Identification

Classification algorithms are used to predict the class or label of a given set of data.
The input to these algorithms is a set of features extracted from raw sensor data, which are
associated with specific activities or classes. A decision rule or function that can accurately
predict the class of new data based on these features must be determined. This process is
known as the classification task.

Classifiers are machine learning techniques that can be used to assign labels to activi-
ties. They are trained on a dataset of labeled data, where the feature vector (also known as
the training dataset) has been given a label. The learning algorithm adjusts its parameters
to generate a model or hypothesis, which can then be used to predict the label ‘y” for new
input data ‘x’. In this research paper, the data collected were related to a pipeline, and we
used MATLARB to extract the features of each piece of data. Then, we applied algorithms to
classify the data using the software tool MATLAB. In order to check the accuracy of the
data, four distinct algorithms were used.

A simple and successful technique for classification and regression applications is
k-nearest neighbors (KNN). It operates by locating the K closest data points in the training
set for a specific point in the test set, then making a prediction using the labels or values
of these nearest neighbors. The Euclidean distance, or the distance along a straight line
between two points, is one approach to gauge the separation between data points. The
Euclidean distance in KNN is determined as the square root of the sum of the squared
coordinate differences between the two points. The performance of the KNN model can be
influenced by the distance metric that is selected. Euclidean and Manhattan distances can
both be employed. In some instances, Euclidean distance may be more appropriate, while
the Manhattan distance may be more suitable in others. The dataset’s characteristics and
the task when deciding which distance metric to use with KNN.

A random forest is a method of categorization that relies on the construction of many
decision trees (weak learners) and, in the end, adopts the verdict reached by the majority of
such learners. The decision tree is a single tree, but the random forest has multiple trees.
Normally, Overfitting can be prevented through the use of trimming decision trees. With
pruning, you have to choose between precision and simplicity. Complexity, extra work,
and more use of resources are the results of not trimming. Equal to the parameters of a
decision tree classifier is the random forest.

Three different node types are formed while constructing a decision tree, i.e.,

- The root node is the node with no input link and can have no or some output links;
- Internal nodes have one input link and two or more output links;
- Leaf nodes are the end nodes that have exactly one input link and no output link.

The neural network can be used for more complex models, which can be utilized in
multi-class classification. Neural networks are inspired by the brain, which is a network of
neurons. The neuron model consists of some inputs with input weights, a hidden layer, and
an output (hypothesis). They translate information through a sort of machine recognition,
marking, or grouping of the information. The examples they observe are numerical in
vector form, into which all correct information, might be pictures, sound, content, or
time arrangement, must be deciphered. A neural network is a collection of “neurons”
with “synapses” which are connecting. Hidden layers are vital when the neural system
needs to realize something truly confounded, relevant, or non-self-evident, like picture
acknowledgment. The circles speak to the neurons, and the lines speak to the synapses.
Synapses take the input and multiply it by weight. The neurons add the outputs from all
synapses and apply an activation function.

2.6. Performance Metrics

In order to evaluate the performance of the proposed method in comparison to
the reference method, metrics such as accuracy, precision, and recall were employed.
Equations (1)—(3) were used to determine these metrics:
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In this context, TP,, FP,, and FN, refer to the true-positive, false-positive, and false-
negative results, respectively, obtained from the features that are representative of class a;
n, represents the total number of samples from class a; A represents the overall number
of classes in the dataset. The variable N denotes how many samples there are in all of the
testing sets.

3. Results and Discussion

In this section, the experimental setup and the performance comparison of the machine
learning algorithms are described.

3.1. Experimental Setup

The proposed technique was experimentally validated using a specific experimental
setup, as illustrated in Figure 5. The setup consists of a stainless-steel pipeline with a
thickness of 6.02 mm and an outer diameter of 114.3 mm, and it is used for transporting
water or gas and is equipped with AE sensors and a data collection system. The sensors
used in this setup are R15I-AST-type sensors manufactured by MISTRAS Group, Inc. The
sensors were fixed to the pipeline by using adhesive gels and mounting tapes. The data
collection system comprised a NI-9223 National Instruments Data Acquisition system and
a computer system that was set up to record information on the pipeline data conditions.
In order to ensure the sensor’s sensitivity to the applied stresses, the sampling frequency
was adjusted to 1 MHz, and pencil lead break tests were carried out.

Figure 5. Experimental setup for sensor placement, leakage inducement, and data acquisition.



Sensors 2023, 23, 3226

11 of 19

Leak simulation was conducted by incorporating a valve into the pipeline and con-
ducting tests at pressure levels of 13 and 18 bar. The process involved initially closing the
valve and collecting data for 2 min while the pipeline was in normal operation. The valve
was then opened to introduce a 1 mm leak, and data were collected for an additional 4 min.
When the valve was closed again, the pipeline’s flow was stabilized. This process was
repeated at both pressure levels for the same leak pinhole size. In total, 360 signal samples
were collected for each test, with 120 samples from the normal condition and 240 samples
from the leak condition being used for further analysis and evaluation.

Dataset Collection and Description

In this study, the pipeline provides a transportation medium for fluid and gas. For
each transportation medium, a pressure of 13 and 18 bar was adjusted with the help of
a centrifugal pump. First, the valve was kept closed, and the pipeline was operated to
transport fluid under 13 bar pressure; thus, the normal operating conditions data were
acquired. After the acquisition of the normal condition data, under the same pressure
condition, the leak valve was opened to 1 mm, and data were acquired, which formed
Dataset-1. After the acquisition of data under a pressure of 13 bar, the leak valve was kept
closed, and the pipeline was operated to transport fluid under a pressure of 18 bar, and the
normal conditions data were acquired. After the acquisition of the normal condition data,
under the same pressure condition, the leak valve was opened to 0.7 mm, and data were
acquired, which formed Dataset-3. The same process was repeated for the acquisition of
Dataset-2 and Dataset-4. However, for safety purposes, the leak valve was only opened up
to 0.5 mm during the data acquisition for Dataset-2 and Dataset-4. A detailed description
of each dataset is given in Table 4.

Table 4. Datasets acquisition configuration description.

Number of Feature

Duses  froewe Lesklinhole  Auiion oo Sampls
(Normal/Leak)
Dataset-1 13 bar-Water 1 mm 6 min 120/240
Dataset-2 13 bar-Gas 0.5 mm 6 min 120/240
Dataset-3 18 bar-Water 0.7 mm 6 min 120/240
Dataset-4 18 bar-Gas 0.5 mm 6 min 120/240

3.2. Performance Comparison of Machine Learning Algorithms for Pipeline Leakage Detection
3.2.1. Neural Network

The dataset was divided into 70% for training, 15% for testing, and 15% for validation,
respectively. The ‘logsig’ activation function and two configurations of neurons were used,
i.e., 10 and 50 neurons. Figure 6 shows the convergence curves for the best validation value
3.6829 x 107 at epochs 24 and 1.44345 x 107 at epochs 28 for 10 and 50 neurons, respec-
tively. The convergence clearly depicts improved accuracy when increasing the number of
neurons but also costs an increase in training time. Figure 7 shows the confusion matrices
obtained using the 10 and 50 neurons, respectively. The neural networks achieved the
highest accuracy for both the 10- and 50-neuron setups for training, testing, and validation.
Confusion matrix “1” represents “No Leakage/Normal”, and “2” represents “Leakage”.

Figure 8 shows the convergence curves for the best validation value 2.8079 x 107
at epochs 24 and 1.5926 x 10~7 at epochs 30 for 10 and 50 neurons, respectively. The
convergence clearly depicts improved accuracy when increasing the number of neurons
but also costs an increase in training time. Figure 9 shows the confusion matrices obtained
by using 10 and 50 neurons. The neural networks achieved the highest accuracy for both
the 10- and 50-neuron setups for training, testing, and validation.
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Figure 7. Confusion matrices of Dataset-1, where class label 1 shows Normal operating conditions
and class label 2 shows the Leak operating conditions of the pipeline using (a) 10 Neurons and
(b) 50 Neurons.

Figure 10 shows the convergence curves for the best validation value 4.1322 x 10~7
at epochs 26 and 1.2969 x 107 at epochs 31 for 10 and 50 neurons, respectively. The
convergence clearly depicts improved accuracy when increasing the number of neurons
but also costs an increase in training time. Figure 11 shows the confusion matrices obtained
by using the 10- and 50-neuron setups. The neural networks achieved the highest accuracy
for both the 10- and 50-neuron setups for training, testing, and validation.
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Figure 9. Confusion matrices of Dataset-2, where class label 1 shows the Normal operating conditions
and class label 2 shows the Leak operating conditions of the pipeline using (a) 10 Neurons and
(b) 50 Neurons.

Figure 12 shows the convergence curves for the best validation value 0.00067013
at epochs 20 and 1.5746 x 10~7 at epochs 29 for 10 and 50 neurons, respectively. The
convergence clearly depicts improved accuracy when increasing the number of neurons
but also costs an increase in training time. Figure 13 shows the confusion matrices obtained
by using 10 and 50 neurons. The neural networks achieved the highest accuracy for both
the 10- and 50-neuron setups for training, testing, and validation.
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Figure 11. Confusion matrices of Dataset-3, where class label 1 shows the Normal operating condi-
tions and class label 2 shows the Leak operating conditions of the pipeline using (a) 10 Neurons and
(b) 50 Neurons.
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Figure 12. The convergence of the neural network for Dataset-4. (a) 10 Neurons and (b) 50 Neurons

in the hidden layers.
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Figure 13. Confusion matrices of the Dataset-4, where class label 1 shows the Normal operating
conditions and class label 2 shows the Leak operating conditions of the pipeline using (a) 10 Neurons
and (b) 50 Neurons.

3.2.2. K-Nearest Neighbor

The datasets were divided into 90-10%, 80-20%, and 70-30%, and used K =5 and
the Manhattan distance as a similarity metric to predict the closest label for the test sam-
ple. Figure 14 shows the accuracy of the four datasets; the highest accuracy of 100%

was achieved.
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Figure 14. Performance comparison of KNN algorithm accuracy for the four datasets for different
data splits.

3.2.3. Random Forest

The dataset was divided into 90-10%, 80-20%, and 70-30%, and the number of
trees = 100, and the Gini index was used for splitting the trees. Figure 15 shows the
accuracy of the four datasets; the highest accuracy of more than 99% was achieved.
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Figure 15. Performance comparison of random forest algorithm accuracy for the four datasets and
for the different data splits (No. of Trees = 100; Gini index split).

3.2.4. Decision Tree

The dataset was divided into 90-10%, 80-20%, and 70-30%, and we used the Gini
index for splitting the tree. Figure 16 shows the accuracy of the four datasets; the highest
accuracy of more than 99% was achieved for each dataset.
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Figure 16. Performance comparison of decision tree algorithm accuracy for the four datasets for
different data splits (Gini index split).

3.2.5. The Overall Performance Comparison of the Applied ML Algorithms

Figure 17 shows the overall performance comparison of the applied ML algorithms in
terms of prediction accuracy. It shows that the neural networks show the highest accuracy
among all the algorithms, and also, the KNN algorithms for all datasets in all splits were
the best.
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Figure 17. Performance comparison of the applied ML algorithms in terms of accuracy.

4. Conclusions

This article presents a machine learning-based platform for detecting and localizing
pipeline leaks using acoustic emission (AE) technology. By extracting various statistical
measures from AE signals and using them as features to train machine learning models,
the platform can accurately identify and locate leaks in pipelines. In order to preserve
the characteristics of both bursts and continuous-type emissions, a sliding window with
an adaptive threshold was used, allowing for real-time data collection and analysis. The
article also presents an evaluation of the proposed platform by using four datasets that
contain water and gas leaks at different pressures and various machine learning classifiers
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like neural networks, decision tree random forests, and k-nearest neighbors. An overall
classification accuracy of 99% was achieved, indicating that the proposed platform is a
reliable and effective solution for pipeline leak detection and localization. Overall, the article
emphasizes the significance of pipeline leaks and how the proposed machine learning-based
platform can be an effective solution for this problem. The severe consequences of pipeline
leaks include wasted resources, health risks, distribution downtime, and economic losses,
so it is important to develop efficient leak detection systems. The success of the proposed
platform in detecting and localizing leaks with high accuracy provides a strong indication
of its potential for use in real-world applications. It is also notable that AE technology is a
promising solution for detecting pipeline leaks, as it is capable of leak diagnosis, which has
been significantly demonstrated. The current study is capable of detecting and identifying
the size of a leak in the pipeline. However, the classification model cannot predict the
condition of the pipeline, along with the pressure and transportation medium. For this
reason, in the future, a classification model can be developed that can predict the condition
of the pipeline, along with the pressure and transportation medium.

Author Contributions: Conceptualization, N.U., Z.A. and J.-M.K.; methodology, N.U., Z.A. and
J-M.K,; validation, N.U., Z.A. and J.-M.K,; formal analysis, N.U., Z.A. and J.-M.K,; resources, N.U.,
Z.A. and J.-M.K.; writing—original draft preparation, N.U. and Z.A.; writing—review and editing,
J.-M.K.; visualization, N.U.; supervision, ].-M.K,; project administration, J.-M.K.; funding acquisition,
J-M.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Trade, Industry, and Energy (MOTIE) and
supported by the Korea Evaluation Institute of Industrial Technology (KIET). [RS-2022-00142509, The
development of simulation stage and digital twin for Land Based Test Site and hydrogen-powered
vessel with fuel cell]. This work was also supported by the Technology Infrastructure Program
funded by the Ministry of SMEs and Startups (MSS, Korea) and by Ulsan Mipo integrated control
center construction project in 2023 funded by the Korea Industrial Complex Corporation.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be provided upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

BenSaleh, M.S.; Qasim, S.M.; Obeid, A.M.; Garcia-Ortiz, A. A review on wireless sensor network for water pipeline monitoring
applications. In Proceedings of the 2013 International Conference on Collaboration Technologies and Systems (CTS), San Diego,
CA, USA, 20-24 May 2013; IEEE: Piscataway, NJ, USA, 2013; pp. 128-131.

Karray, F.; Garcia-Ortiz, A.; Jmal, M.W.; Obeid, A.M.; Abid, M. Earnpipe: A testbed for smart water pipeline monitoring using
wireless sensor network. Procedia Comput. Sci. 2016, 96, 285-294. [CrossRef]

Sadeghioon, A.M.; Metje, N.; Chapman, D.N.; Anthony, C.J. SmartPipes: Smart wireless sensor networks for leak detection in
water pipelines. J. Sens. Actuator Netw. 2014, 3, 64-78. [CrossRef]

Wang, W.; Zhang, Y.; Li, Y.; Hu, Q.; Liu, C,; Liu, C. Vulnerability analysis method based on risk assessment for gas transmission
capabilities of natural gas pipeline networks. Reliab. Eng. Syst. Saf. 2022, 218, 108150. [CrossRef]

Korlapati, N.V.S.; Khan, F,; Noor, Q.; Mirza, S.; Vaddiraju, S. Review and analysis of pipeline leak detection methods. J. Pipeline
Sci. Eng. 2022, 2, 100074. [CrossRef]

Kim, H.; Lee, J.; Kim, T,; Park, S.J.; Kim, H.; Jung, L.D. Advanced thermal fluid leakage detection system with machine learning
algorithm for pipe-in-pipe structure. Case Stud. Therm. Eng. 2023, 42, 102747. [CrossRef]

Avinash, C.; Rao, E.H.; Malarvizhi, B.; Das, SK.; Lydia, G.; Ponraju, D.; Athmalingam, S.; Venkatraman, B. Experimental
investigation on sodium leak behaviour through a pinhole. Ann. Nucl. Energy 2022, 169, 108920. [CrossRef]

Sylvia, J.I; Rao, P.V.; Babu, B.; Madhusoodanan, K.; Rajan, K.K. Development of sodium leak detectors for PFBR. Nucl. Eng. Des.
2012, 249, 419-431. [CrossRef]

Christos, S.C.; Fotis, G.; Nektarios, G.; Dimitris, R.; Areti, P.; Dimitrios, S. Autonomous low-cost Wireless Sensor platform for
Leakage Detection in Oil and Gas Pipes. In Proceedings of the 2021 10th International Conference on Modern Circuits and
Systems Technologies (MOCAST), Thessaloniki, Greece, 5-7 July 2021; pp. 1-4.

Spandonidis, C.; Theodoropoulos, P.; Giannopoulos, F. A Combined Semi-Supervised Deep Learning Method for Oil Leak
Detection in Pipelines Using IIoT at the Edge. Sensors 2022, 22, 4105. [CrossRef]


http://doi.org/10.1016/j.procs.2016.08.141
http://doi.org/10.3390/jsan3010064
http://doi.org/10.1016/j.ress.2021.108150
http://doi.org/10.1016/j.jpse.2022.100074
http://doi.org/10.1016/j.csite.2023.102747
http://doi.org/10.1016/j.anucene.2021.108920
http://doi.org/10.1016/j.nucengdes.2012.04.010
http://doi.org/10.3390/s22114105

Sensors 2023, 23, 3226 19 of 19

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

Idachaba, F.; Tomomewo, O. Surface Pipeline Leak Detection Using Realtime Sensor Data Analysis. J. Pipeline Sci. Eng. 2022,
29,100108.

Li, J.; Zheng, Q.; Qian, Z.; Yang, X. A novel location algorithm for pipeline leakage based on the attenuation of negative pressure
wave. Process. Saf. Environ. Prot. 2019, 123, 309-316. [CrossRef]

Sun, J.; Xiao, Q.; Wen, J.; Wang, F. Natural gas pipeline small leakage feature extraction and recognition based on LMD envelope
spectrum entropy and SVM. Measurement 2014, 55, 434-443. [CrossRef]

Jin, H.; Zhang, L.; Liang, W.; Ding, Q. Integrated leakage detection and localization model for gas pipelines based on the acoustic
wave method. J. Loss Prev. Process. Ind. 2014, 27, 74-88. [CrossRef]

Wang, L.; Narasimman, S.C.; Ravula, S.R.; Ukil, A. Water ingress detection in low-pressure gas pipelines using distributed
temperature sensing system. IEEE Sens. J. 2017, 17, 3165-3173. [CrossRef]

Avelino, A.M.; de Paiva, ].A; da Silva, R.E.; de Araujo, G.J.; de Azevedo, FM.; Quintaes, FD.O.; Salazar, A.O. Real time leak
detection system applied to oil pipelines using sonic technology and neural networks. In Proceedings of the 2009 35th Annual
Conference of IEEE Industrial Electronics, Porto, Portugal, 3-5 November 2009; pp. 2109-2114.

Cataldo, A.; Cannazza, G.; De Benedetto, E.; Giaquinto, N. A new method for detecting leaks in underground water pipelines.
IEEE Sens. . 2011, 12, 1660-1667. [CrossRef]

Feng,J.;Li, F; Lu, S; Liu, J.; Ma, D. Injurious or noninjurious defect identification from MFL images in pipeline inspection using
convolutional neural network. IEEE Trans. Instrum. Meas. 2017, 66, 1883-1892. [CrossRef]

Ahmad, Z.; Nguyen, T.-K.; Ahmad, S.; Nguyen, C.D.; Kim, ].-M. Multistage Centrifugal Pump Fault Diagnosis Using Informative
Ratio Principal Component Analysis. Sensors 2022, 22, 179. [CrossRef] [PubMed]

Yan, Y.; Shen, Y.; Cui, X.; Hu, Y. Localization of Multiple Leak Sources Using Acoustic Emission Sensors Based on MUSIC
Algorithm and Wavelet Packet Analysis. IEEE Sens. |. 2018, 18, 9812-9820. [CrossRef]

Xiao, R.; Hu, Q.; Li, J. Leak detection of gas pipelines using acoustic signals based on wavelet transform and Support Vector
Machine. Measurement 2019, 146, 479-489. [CrossRef]

Wang, E; Lin, W.; Liu, Z.; Wu, S.; Qiu, X. Pipeline leak detection by using time-domain statistical features. IEEE Sens. ]. 2017, 17,
6431-6442. [CrossRef]

Mitchell, T. Machine Learning; McGraw Hill: New York, NY, USA, 1997.

Barile, C.; Casavola, C.; Pappalettera, G.; Kannan, V.P. Application of different acoustic emission descriptors in damage assessment
of fiber reinforced plastics: A comprehensive review. Eng. Fract. Mech. 2020, 235, 107083. [CrossRef]

Ian, G.; Yoshua, B.; Aaron, C. Deep Learning; MIT Press: Cambridge, MA, USA, 2016.

Koza, J.R.; Bennett, FH.; Andre, D.; Keane, M.A. Automated Design of Both the Topology and Sizing of Analog Electrical Circuits Using
Genetic Programming Artificial Intelligence in Design’96; Springer: Dordrecht, The Netherlands, 1996; pp. 151-170.

Kim, J.; Chae, M.; Han, ].; Park, S.; Lee, Y. The development of leak detection model in subsea gas pipeline using machine learning.
J. Nat. Gas Sci. Eng. 2021, 94, 104134. [CrossRef]

El-Zahab, S.; Abdelkader, E.M.; Zayed, T. An accelerometer-based leak detection system. Mech. Syst. Signal Process. 2018, 108,
58-72. [CrossRef]

Rai, A.; Ahmad, Z.; Hasan, J.; Kim, J.-M. A Novel Pipeline Leak Detection Technique Based on Acoustic Emission Features and
Two-Sample Kolmogorov-Smirnov Test. Sensors 2021, 21, 8247. [CrossRef]

Miller, RK.; Hill, E.-V.K.; Moore, P.O. American Society for Nondestructive Testing. In Acoustic Emission Testing; American Society
for Nondestructive Testing: Columbus, OH, USA, 2005.

Gostautas, R.S. Bureau of Materials & Research. In Identification of Failure Prediction Criteria Using Acoustic Emission Monitoring
and Analysis of GFRP Bridge Deck Panels; No. K-TRAN: KU-02-1; University of Kansas, Department of Civil, Environmental and
Architectural Engineering: Lawrence, KS, USA, 2007.

Chai, M.; Hou, X.; Zhang, Z.; Duan, Q. Identification and prediction of fatigue crack growth under different stress ratios using
acoustic emission data. Int. J. Fatigue 2022, 160, 106860. [CrossRef]

Muir, C.; Swaminathan, B.; Almansour, A.S.; Sevener, K.; Smith, C.; Presby, M.; Kiser, ].D.; Pollock, T.M.; Daly, S. Damage
mechanism identification in composites via machine learning and acoustic emission. NP] Comput. Mater. 2021, 7, 95. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.psep.2019.01.010
http://doi.org/10.1016/j.measurement.2014.05.012
http://doi.org/10.1016/j.jlp.2013.11.006
http://doi.org/10.1109/JSEN.2017.2686982
http://doi.org/10.1109/JSEN.2011.2176484
http://doi.org/10.1109/TIM.2017.2673024
http://doi.org/10.3390/s22010179
http://www.ncbi.nlm.nih.gov/pubmed/35009719
http://doi.org/10.1109/JSEN.2018.2871720
http://doi.org/10.1016/j.measurement.2019.06.050
http://doi.org/10.1109/JSEN.2017.2740220
http://doi.org/10.1016/j.engfracmech.2020.107083
http://doi.org/10.1016/j.jngse.2021.104134
http://doi.org/10.1016/j.ymssp.2018.02.030
http://doi.org/10.3390/s21248247
http://doi.org/10.1016/j.ijfatigue.2022.106860
http://doi.org/10.1038/s41524-021-00565-x

	Introduction 
	The Proposed Architecture and Methodology 
	Acoustic Emission 
	Acoustic Emission Sensor 
	Data Acquisition 
	Features Extraction in the Time and Frequency Domains 
	Machine Learning Algorithms for Leakage Detection and Identification 
	Performance Metrics 

	Results and Discussion 
	Experimental Setup 
	Performance Comparison of Machine Learning Algorithms for Pipeline Leakage Detection 
	Neural Network 
	K-Nearest Neighbor 
	Random Forest 
	Decision Tree 
	The Overall Performance Comparison of the Applied ML Algorithms 


	Conclusions 
	References

