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Abstract

Leaks in pipe systems result in significant economic losses, environmental hazards, and public health
risks. Transient-based leak detection methods, which exploit the dynamics of pressure waves in
response to system anomalies, have emerged as efficient techniques for identifying and
characterizing leaks in pressurized pipelines. These methods offer distinct advantages, including
minimal data requirements, high sensitivity to low-pressure anomalies, and resilience to the ill-posed
conditions often affecting steady-state models. This paper reviews transient-based leak detection,
synthesizing findings from over 138 peer-reviewed publications spanning the past three decades. The
review categorizes transient-based methods into transient damping, transient reflection, system
response, and inverse transient methods, analyzing the prevalence, evolution, and research rate of
each category over time. By structuring the review around key aspects such as simulation domain
type, analysis approach, system response, solver strategies, adaptability to noise, viscoelasticity, and
network complexity, this paper identifies significant trends and shifts in research focus. A
comprehensive tabular dataset of 138 studies captures how research activity in various areas has
accelerated, slowed, or reached stability, offering insights into the evolving priorities within the field.
This review highlights areas for further development, particularly in addressing Al-enhanced
applications, transient excitation and measurement sites design, noise resilience, comprehensive leak
characterization, validation approaches, and scalability for complex network applications, providing
a resource to guide future research in transient-based leak detection.

Keywords: leak detection; transient flow; pipeline; water distribution networks

1. Introduction

Pipeline systems form a critical infrastructure in modern societies, enabling the efficient
transport of essential fluids, including water, oil, and gas, over vast distances. These systems’
reliability and operational integrity are vital to preventing significant economic losses, mitigating
environmental hazards, and safeguarding public health. Among the persistent challenges in pipeline
management is leak detection, as leaks contribute to considerable resource wastage, increased
maintenance costs, and potential contamination risks. This issue is especially pronounced in water
distribution systems, where background leaks can degrade water quality, reduce service levels, and
cause public health threats through contamination. With the escalating focus on sustainable resource
management, the demand for fast, precise, and cost-effective leak detection methods has intensified,
positioning transient-based methodologies as a promising solution.

Leak detection approaches in pipeline networks are broadly classified into steady-state and
transient-based (unsteady) methods, each with unique benefits and challenges. Traditional steady-
state methods rely on monitoring continuous pressure and flow data, typically requiring extensive
datasets, including leak-free periods, to identify leaks. These methods, while foundational, often
necessitate large-scale sensor networks (Ayati and Haghighi 2023) and could be subject to ill-posed
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conditions (Sophocleous, et al. 2019), where minor errors in data or model assumptions can yield
inaccurate results.

Transient-based methods have emerged as a technically superior alternative for leak detection,
leveraging the physics of wave propagation to offer high-resolution insights into pipeline conditions
(Chaudhry 2014; Xu and Karney 2017). These methods utilize pressure waves propagating through
the system in response to sudden changes, such as valve closures, pump startups, or intentional
pressure injections. Transient flow generates dynamic fluctuations that amplify the impact of system
features and anomalies, including leaks. This dynamic nature of transient flow enables more precise
detection and localization of leaks by capturing how transient waves reflect, absorb, or alter in
response to disruptions within the system (Xu and Karney 2017). The following technical benefits
underscore the advantages of transient-based methods over the steady methods:

e Transient waves interact acutely with structural features such as bends, valves, blockage, and
leaks. As a transient wave encounters a leak, it undergoes unique partial reflection and
attenuation, with distinctive alterations in the system’s pressure profile (Xu and Karney 2017).
This sensitivity allows for high-resolution leak detection by analyzing how pressure waves are
distorted and reflected due to anomalies.

e A primary benefit of transient-based methods is their efficiency in data utilization. Instead of
requiring a network of continuously monitoring sensors, transient-based approaches leverage
short, high-resolution data during transient events, generally in minutes. This data minimalism
reduces the need for extensive, costly sensor networks, allowing for more streamlined sensor
placement and overall cost savings (Ayati and Haghighi 2023). This feature is particularly
advantageous for large-scale or older infrastructure systems, where widespread sensor
installation might be impractical or cost-prohibitive, and historical data is unavailable.

e  Steady-state approaches rely on significant pressure differentials to reliably detect leaks, a
requirement that limits their applicability in low-pressure systems. Transient-based methods,
however, circumvent this issue by inducing high-pressure conditions dynamically (Haghighi
and Ramos 2012). These pressure pulses amplify the leak signal, making leaks detectable even
in low-pressure scenarios.

e  Steady-state models are prone to ill-posed conditions, where the low sensitivity of steady-state
hydraulic equations, combined with minor inaccuracies in sensor data or model parameters, can
lead to significant error propagation, compromising the accuracy of leak detection results
(Zaman, et al. 2020). In contrast, transient-based methods offer exceptional resolution due to
their ability to capture the unique “fingerprints” of various system elements. Each wave’s
interaction with pipeline features such as a junction, valve, or leak imprints a distinct pattern on
the transient response (Xu and Karney 2017). This results in enhanced resolution for leaks, as
transient waves provide specific information on the leak’s location, size, and nature.
Additionally, transient-based methods can distinguish between different types of anomalies,
such as blockages or structural faults, due to their sensitivity to the spatial arrangement of
system components.

e Transient-based approaches are highly effective for non-destructive testing (NDT), enabling
rapid assessment of pipeline conditions in minutes without relying on leak-free and extensive
historical data or significantly disrupting regular operations (Gong, et al. 2016). Transient events,
such as those induced by routine valve closures or pump operations during off-peak hours, e.g.,
midnight tests, facilitate real-time diagnostics without the need for extended shutdowns. This
non-invasive capability makes transient methods particularly well-suited for in-situ diagnostics.

Given the substantial advantages of transient-based methods, this review conducts a statistical
analysis of existing transient-based leak detection techniques, examining their hydraulic principles,
technical applications, and trends in research focus over time. While previous reviews, such as
Romero-Ben, et al. (2023), have extensively covered steady-state methods, this paper concentrates
uniquely on transient-based methodologies.
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Wang, et al. (2001) conducted a comprehensive survey of various leak detection methods,
discussing each method’s advantages and limitations with a focus on selecting appropriate solutions
for specific pipeline systems. They classified hydraulic leak detection techniques into eight distinct
categories: Hydrostatic Leak Detection (Williams, et al. 1983), Mass/Volume Balance (Liou 1994),
Pressure-Flow Deviation (Fukushima, et al. 2000), Inverse Analysis (Nash and Karney 1999; Pudar
and Liggett 1992), Reflected or Negative Waves (Brunone 1999; Covas and Ramos 1999), Transient
Frequency (Mpesha, et al. 2001), Transient Damping (Wang, et al. 2001), and Artificial Neural
Networks (Salvatore, et al. 1998) Methods. Notably, they provided an in-depth analysis of inverse
transient methods, recommending the application of transient-based techniques, such as transient
reflection, transient damping, and transient frequency analysis, in simpler pipeline systems to
enhance response time, detection accuracy, and leak localization. They also suggested that combining
these transient-based methods with traditional approaches, such as online surveillance and acoustic
leak detection, could improve the detection of minor leaks.

Colombo, et al. (2009) presented a selective review of transient-based leak detection methods,
categorizing them into Inverse Transient Analysis (ITA) (Pudar Ranko and Liggett James 1992),
Frequency Domain Techniques (Mpesha, et al. 2001), and Direct Transient Analysis (Covas, et al.
2001). Within Direct Transient Analysis, they further distinguished three subgroups: Time-Domain
Reflectometry (Brunone 1999), Advanced Reflection Techniques (Beck, et al. 2005; Brunone 1999), and
Transient Damping Methods (Wang, et al. 2002). They highlighted a significant gap in the field:
insufficient fieldwork and limited empirical verification of transient-based methods, emphasizing the
need for practical validation in future research.

Puust, et al. (2010) reviewed leakage management strategies in pipe networks, organizing
methods into three main categories: (1) leakage assessment methods (Pilcher, et al. 2007), focused on
quantifying water loss; (2) leakage detection methods (Ferrante and Brunone 2003a; Kapelan, et al.
2003), aimed at identifying leakage hotspots; and (3) leakage control models (Misiunas, et al. 2005;
Mounce and Machell 2006)targeting the management and reduction of both current and future leaks.
Within the second category, they introduced three sub-categories: Leakage Awareness (Brunone and
Ferrante 2004; Brunone and Ferrante 2001; Covas and Ramos 2001), Leakage Localization (Farley, et
al. 2008; Pilcher, et al. 2007), and Leakage Pinpointing (Cascetta and Vigo 1992; Muggleton and
Brennan 2005) Methods. Leakage Awareness Methods, in particular, rely on hydraulic models to
identify potential leakage areas without pinpointing precise locations. This classification
encompasses widely used transient-based techniques, including the leak reflection method, ITA,
impulse response analysis, transient damping method, and frequency response method.

Datta and Sarkar (2016) provided a concise evaluation of various pipeline fault detection
techniques, including vibration analysis (Lile, et al. 2012), pulse echo methodology (Duan, et al. 2015),
acoustic techniques (Wang, et al. 2009), negative pressure wave-based leak detection (Sun and Chang
2014), support vector machine-based leak detection (Qu, et al. 2010), interferometric fiber sensor
detection (Huang, et al. 2007), and filter diagonalization method (Lay-Ekuakille, et al. 2009). Their
comparison revealed that acoustic reflectometry was especially effective for detecting minor
blockages and leaks, offering a cost-efficient solution applicable to pipes of various shapes,
configurations, and fluid densities.

Xu and Karney (2017) reviewed theoretical and strategic approaches to transient-based fault
detection, encompassing both leakage and blockage identification in active and passive systems.
Their classification included four primary techniques: transient reflection, transient damping, system
response, and inverse transient methods. They emphasized a significant drawback in existing
methods: the need for ideal system assumptions, which can significantly hinder the accuracy and
broader applicability of these methods in complex networks.

Gupta and Kulat (2018) categorized leak detection and localization approaches into four groups:
acoustic techniques (Khulief, et al. 2012; Ozevin and Harding 2012), non-acoustic (Fan, et al. 2005),
transient analysis (Covas, et al. 2010; Haghighi and Ramos 2012; Kapelan, et al. 2003; Liggett and
Chen 1994), and predictive modeling techniques (Ye and Fenner Richard 2011) . Within the transient

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.2249.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2026 d0i:10.20944/preprints202603.2249.v1

4 of 35

analysis, they highlighted ITA and frequency domain analysis as key approaches. Predictive
Modeling Techniques, including ANNSs, pattern sequence forecasting (Bokde, et al. 2017), and
Autoregressive Integrated Moving Average (ARIMA) (Farley, et al. 2008), were noted for their
potential to refine leak detection predictions through Machine Learning (ML).

Ayati, et al. (2019) systematically reviewed the transient-based leak detection literature,
summarizing three decades of research. That review included a detailed analytical table summarizing
each study’s methodological approach, domain type, analysis technique, system response,
optimization strategies, and inclusion of factors such as viscoelasticity, noise, and topographic
complexity. Their analysis was structured into three main sections: (1) significant considerations and
methodologies in transient-based leak detection, (2) application of Xu and Karney (2017) classification
framework to categorize previous studies, and (3) a discussion of significant challenges and future
development needs in the field.

Duan (2020) reviewed the transient flow studies for the urban water supply system (UWSS)
management. The review consists of two aspects. The first aspect concerns the development and
progress of current transient theory, encompassing transient flow models, unsteady friction and
turbulence models, and numerical simulation methods. The second is about the application of
transient-based methods for effective UWSS diagnosis and management, including leakage, discrete
and extended partial blockages, unknown branches, and other defects in water pipelines.

Che, et al. (2021) also reviewed the development and application of transient wave-based
methods. They discussed techniques for generating and measuring transient waves. They presented
a summarized review of the signal processing techniques commonly used for feature extraction from
the measured signals. The primary focus of that paper was on the review of the technological
advances and characteristics of five common types of transient wave-based anomaly detection
methods for fluid pipe systems, namely (1) reflection-based method; (2) damping-based method; (3)
frequency response function (FRF) peak pattern-based method; (4) time domain full-waveform
inversion method; and (5) frequency domain full-waveform inversion method.

Building upon the structure of Ayati et al. (2019), we update and extend their review up to 2025,
analyzing the evolution, advantages, and persistent challenges in implementing these approaches.
We extend their review by incorporating recent publications and emerging concepts to address
evolving challenges in transient-based leak detection. Considering innovations in materials,
methodologies and technology, this work systematically organizes and assesses the literature, tracks
statistical trends in technique adoption, research intensity, and topic shifts.

2. Review Methodology

2.1. Literature Search and Selection

A comprehensive literature search was conducted across various databases, including ASCE,
IEEE Xplore, ScienceDirect, SpringerLink, and Taylor & Francis Online, to identify peer-reviewed
articles published up to 2025. This review focuses on studies published in key journals in hydraulics,
water resources, signal processing, and artificial intelligence that employ transient-based methods
for leak detection. Only studies relevant to practical applications or theoretical advancements in
water supply systems were retained, focusing on transient hydraulic phenomena for leak detection
rather than other faults.

2.2. General Classification Framework

Transient-based methods were systematically classified following the structure suggested by Xu
and Karney (2017), grouping studies into:

¢  Transient Damping Methods (TDM)
e Transient Reflection Methods (TRM)
e  System Response Methods (SRM)
e Inverse Transient Methods (ITM)
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2.3. Classification Based on Analysis Approach

Based on the applied analytical techniques, the reviewed literature was categorized into:

e  Model-Based Methods (time or frequency domains)
e  Signal Processing Techniques
e  Al-Enhanced Methods

2.4. Quantitative and Qualitative Analytical Approach

Each selected study was analyzed for its contributions to transient-based leak detection, focusing
on domain type, analysis method, system complexity, and innovations. A detailed table (Appendix)
captures each study’s analysis approach, optimization technique if used, uncertainty and noise
management, and validation strategy. Statistical trends, such as temporal shifts in methodology
adoption, optimization technique prevalence, and changes in focus on topographic complexity, are
visualized in figures to illustrate developments across three decades.

2.5. Comparative Evaluation of Methods

The review includes a comparative analysis to assess the methods for the following features.

e  Time vs. Frequency Domain Analysis: Examines real-time applicability of time-domain methods
versus the accuracy of frequency-domain techniques in noisy environments.

e  Single-Pipe vs. Network Applications: Evaluates effectiveness across network types, from
simple pipelines to large, branched systems.

e  Data Requirements: Analyze the data efficiency of transient-based methods.

e  Scalability and Accuracy: Highlights models’ robustness in large networks with complex
dynamics.

2.6. Identification of Research Gaps and Challenges

Key technical challenges are identified, including environmental noise interference, boundary
condition sensitivity, and limitations in scalability for real-world applications. This analysis
statistically highlights trends in research focus over time, identifying areas where research has
accelerated, slowed, or remained stable, providing insights into evolving priorities within the field.

2.7. Future Directions

Based on the statistical findings, future research directions are discussed. They emphasize the
integration of AI with hydraulic modeling to enable real-time adaptive leak detection and
recommend interdisciplinary collaboration between hydraulic engineers and data scientists. This
statistical analysis informs potential advancements in noise management, network scalability, and
real-time applications, aiming to guide future research toward more resilient and scalable solutions.

3. Transient Flow Governing Equations

In pipe systems, the flow is termed steady when the flow conditions, including pressure and
velocity, at a particular point remain unchanged over time. If the conditions change with time, the
flow is called unsteady. Transient is an intermediate-stage flow that happens when the flow
conditions change from one steady-state condition to another. Two conservative rules of mass and
momentum govern transient flows in pressurized pipes. For most hydraulic engineering
applications, these equations are generally written as (Chaudhry 2014),

OH . a?dQ

at gA ox =0 (1)
2Q OH | fQlQl _
wt9A Y5, =0 (2)
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where x is the distance along the pipe, t is time, a is wave speed, g is gravitational acceleration,
A is the pipe cross-sectional area, D is pipe diameter, Q is instantaneous discharge, H is the
instantaneous piezometric head, and f is Darcy-Weisbach friction factor.

The more realistic simulation of transient flow in pipe networks involves consideration of
unsteady friction effects. To do so, the term f in Equation (3) could be extended as follows.

f=fq +fu 3)

In which f; and f, are quasi-steady and unsteady friction factors, respectively. The quasi-
steady friction factor can be obtained implicitly using the Colebrook-White equation (Colebrook
1939), and the unsteady friction factor can be calculated by the Brunone model (Brunone, et al. 1995).
For a detailed discussion on the unsteady friction factor, refer to Bergant, et al. (2001). Also, the leak
in a pipe is simulated by the orifice equation as follows.

Q =¢A. 29|H, — Z,| 4)

where @, is leak discharge, 4, = C4A, is the effective leak area, C,is the coefficient of discharge, 4;
is the apparent leak area, Z, and H, are respectively, the elevation and the instantaneous
piezometric head at the leak location and £ = 1 if H; > Z; and is equal to 0 otherwise.

Solving the governing equations in the time domain

The Method of Characteristics (MOC) is the most widely used and efficient technique for solving
the governing equations of transient flow in pressurized pipe systems in the time domain. This
method transforms the above partial differential equations into a set of ordinary differential
equations along specific curves known as characteristic lines. By linearly combining the continuity
and momentum equations, the partial derivatives are reformulated into total (directional) derivatives
using the chain rule. This transformation enables the integration of the equations along characteristic
lines, allowing the computation of head and discharge at discrete points within the pipeline (Wylie
and Streeter 1978). At each time step, the flow conditions at future points are determined based on
known head and discharge values at nodal points from the previous time step. This stepwise
approach can be continued indefinitely, provided that appropriate boundary conditions are specified
at the pipe’s extremities. A boundary condition must be defined at each end of the pipe, either by
prescribing one of the unknowns (head or discharge) or by specifying a relationship between them.
Solving the governing equations in the frequency domain

Frequency-domain analysis provides an alternative to time-domain simulations for analyzing
transient flow in pipe systems. This approach leverages Fourier and Laplace transforms to convert
the governing partial differential equations of fluid dynamics into algebraic equations. This
transformation simplifies the analysis by decoupling the spatial and temporal variables, allowing for
efficient investigation of the system’s dynamic response. The primary advantage of this method lies
in its capability to characterize system properties such as wave attenuation, resonance frequencies,
and damping characteristics. These properties are directly related to the system’s FRF. The FRF
describes how the system’s output (e.g., pressure) responds to a given input (e.g., valve closure) at
various frequencies. Once the system’s behavior is analyzed in the frequency domain, the results can
be converted back to the time domain using the inverse Fourier or Laplace transform to obtain
pressure and flow variations over time.

Frequency-domain methods are highly effective for linear and linearized systems, making them
suitable for applications involving minor disturbances, steady-state oscillations, and periodic inputs.
Conversely, the method is less ideal for systems with significant nonlinearities, such as large-
amplitude transients like rapid valve closures, which necessitate direct numerical integration in the
time domain.

For a more detailed discussion of the MOC and frequency-domain analysis, standard references
like Wylie and Streeter (1993) and Chaudhry (2014) are essential. These texts provide in-depth
explanations of the mathematical formulations and numerical implementations of these techniques,
making them foundational resources for researchers and engineers in the field.
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4. General Classification of Transient-Based Leak Detection Methods

Transient signal propagation within pipeline systems serves as a diagnostic tool, probing the
system’s integrity and identifying anomalies such as leaks. The behavior of reflected transient signals,
including their damping patterns, encodes critical information about the system’s properties. By
interpreting pressure time histories at measurement points, one can deduce characteristics of
discontinuities, notably the location and size of leaks (Ferrante and Brunone 2003a; Xu and Karney
2017). Figure 1 illustrates the distribution of studies over time, categorized by these methodologies,
highlighting the evolution and focus areas within transient-based leak detection research. This
classification framework provides a structured approach to understanding the diverse methods
employed in transient-based leak detection, facilitating a comprehensive analysis of their respective
advantages and limitations.

16 m All four categories (1%)
14 ® TRM and SRM (1%)
:,l_lﬂz B SRM and ITM (2%)
%10 IT™ (29%)
5o SRM (56%)
g ; = TRM (10%)
§ . B TDM (2%) B n - .

2
o M N [ | NER I | AR
1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024

YEAR

Figure 1. General Classification of Transient-Based Leak Detection Methods.

4.1. TDM

Similar to all discontinuities, leaks can induce damping in an injected pressure signal as it
propagates through a pipe system. This effect can be exploited in leak detection by comparing the
observed damping pattern with a fault-free benchmark for the same system. The TDM approach was
first proposed by Wang, et al. (2002). Recognizing that transient flow in pipes is nearly linear, they
expressed the governing equations’ solution using a Fourier series. They noted that while steady pipe
friction damps all Fourier components uniformly, a leak causes differential damping across the
components. Thus, leak-induced damping can be decomposed into two distinct parts: the damping
magnitude, which is related to the leak size, and the varying damping ratios of Fourier components,
which can be used to pinpoint the leak location.

Additionally, the leak-induced damping rate is influenced by factors such as pipe pressure,
transient signal shape, and the transient signal’s origin (Wang, et al. 2005). The application of TDM
is generally limited to single-pipe systems since damping is not exclusively caused by friction and
leaks. Other physical features in complex networks introduce additional damping effects,
complicating or even preventing the accurate identification of leak-induced damping patterns (Xu
and Karney 2017). TDM also assumes the pipe system operates as a linear system with steady friction.
Nixon, et al. (2006) validated this linearity assumption through transient modeling. Their findings
indicated that the accuracy of the method improves with an accurate representation of unsteady
friction effects.

Compared to other methodologies, the TDM remains relatively underrepresented in the
literature, accounting for only about 3% of studies (Figure 1). Notable contributions are primarily
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limited to the foundational works referenced above, highlighting a significant gap and potential for
further exploration in this area.

4.2. TRM

TRM leverages the behavior of pressure waves within a pipeline network. When a transient
event is introduced into the system, the resulting pressure wave propagates through the pipe. Upon
encountering a discontinuity, such as a leak or a blockage, a portion of this wave is reflected, with the
remainder being transmitted and attenuated. The core of TRM lies in analyzing the characteristics of
this reflected signal. Duan, et al. (2010b) found that all transient-based methods struggle to detect and
locate leaks without the leak-reflected signal; however, leaks are still detectable even if damping
effects are minimized. Their results indicated that the information previously attributed to damping
in slow transients is, in fact, primarily due to low-frequency reflections from the leak.

In TRM, pipeline features cause additional reflections in transient pressure, creating multiple
wave paths within the system. Leak characteristics can be identified by finding discrepancies between
measured results and fault-free benchmark data. The location of a leak can be discerned from the
timing of reflected waves in the measured pressure trace. In contrast, the magnitude of the leak
depends on the ratio between the generated transient wave’s intensity and the leak orifice size (Puust,
et al. 2010).

Jonsson and Larson (1992) noted that a leak in a hydraulic system generates reflected waves
when a pressure wave is introduced, making it possible to detect leaks by measuring and analyzing
time-varying pressure data at a single point. They employed spectral analysis on time-series pressure
data to detect reflected waves originating from a leak. Brunone (1999) proposed a technique for
detecting leaks in outfall pipes by analyzing transient pressure wave properties. The effects of leaks
on wave propagation were numerically discussed, and the leak discharge behavior was estimated
using a first-order formula. Laboratory tests confirmed the reliability and validity of this approach
on a long single pipe.

Practically, two significant challenges arise when applying and generalizing TRM. First,
obtaining accurate, leak-free benchmark data for a system with unknown characteristics poses
difficulties in extracting and classifying signal features. Such data can only be reliably obtained from
well-defined laboratory models or highly accurate numerical models. However, real systems often
contain numerous unknowns, such as unanticipated blockages, leaks, and branches, which introduce
uncertainties and perturbations in the benchmark data. Second, loops in pipe networks create
intricate reflection patterns that complicate the pattern recognition process. Due to these challenges,
obtaining satisfactory results for complex pipeline networks is challenging, making the TRM
approach less applicable for real-world systems (Xu and Karney 2017). Additionally, TRM is
inherently a pattern recognition problem within the broader context of signal processing. Researchers
in this area have applied various techniques to improve leak detection accuracy, including ANNs
(Salvatore, et al. 1998), the Cumulative Sum (CUSUM) change detection algorithm (Lee, et al. 2007a),
and wavelet analysis (Ferrante, et al. 2007; Ferrante, et al. 2009a; Ferrante, et al. 2009b).

Recent studies have further expanded the scope and efficacy of TRM. For instance, Zhang, et al.
(2022) explored the characteristics of leak-induced transient wave reflections in pipeline systems,
finding enhanced TRM applications. Duan (2018) assessed the sensitivity of the transient frequency
response, a TRM variant, for detecting leaks in complex systems. Moreover, Li, et al. (2020)
introduced a multiple signal classification method to improve accuracy in pipeline leak localization
through TRM, highlighting the method’s adaptability to different pipeline types.

Statistics from Figure 1 indicate that, while only 12% of all reviewed papers utilized TRM,
significant advancements have occurred in the past five years, demonstrating a renewed interest in
and application of this method.
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4.3. SRM

SRM utilizes the full spectrum of signal information, including damping and reflection effects,
to maximize the extraction of informative features that are critical for accurately identifying leaks in
pipe networks (Ayati, et al. 2019; Xu and Karney 2017). In SRM, a pipe system is conceptualized as a
function, with transient excitation serving as the input and the system’s response as the output. A
well-designed input signal is introduced into the system, and the resulting response is recorded either
through hydraulic simulation or field measurements. Data analysis can be conducted in either the
time or frequency domain (Brunone and Ferrante 2004; Brunone and Ferrante 2001; Mpesha, et al.
2002). SRM fundamentally relies on pattern recognition, where prior knowledge of leak
characteristics and their effects on the response signal are necessary for accurate interpretation.
Typically, this baseline knowledge is acquired by comparing system responses with those of a leak-
free benchmark (Ayati and Haghighi 2023; Ayati, et al. 2022a).

In time-domain hydraulic simulations, a complex input signal is decomposed into a series of
weighted unit impulses, with the system’s overall response determined by aggregating these
contributions through a convolutional integral. The impulse response function (IRF) sharpens the
output signal into distinct impulses with clear peaks, enhancing leak detectability (Lee, et al. 2007b;
Vitkovsky, et al. 2003a; Xu and Karney 2017). In frequency-domain simulations, the FRF is derived
by applying a Fourier Transform (FT) to the time-domain convolutional form of the system’s
response, allowing for an alternative analysis approach that provides insights into the system’s
behavior (Duan and Lee 2016; Duan, et al. 2012b; Lee, et al. 2005b; Liao, et al. 2021; Pan, et al. 2021).

Numerical solutions to the system’s hydraulic equations offer alternatives to the use of IRF and
FRF. In the time domain, a hydraulic model with an MOC functions similarly to the IRF. In the
frequency domain, assuming certain linearization conditions, the governing equations can be
transformed to the frequency domain and solved using either the impedance method (Brunone and
Ferrante 2004; Guo, et al. 2012; Kim 2005; Kim Sang, et al. 2014; Kim 2022) or the transfer matrix
method (Keramat and Duan 2021; Lee, et al. 2005a; Mpesha, et al. 2001; Sattar and Chaudhry 2008;
Vitkovsky, et al. 2003a), providing direct frequency-domain results. For cases in which system
responses are measured directly from field transducers, raw data are typically acquired in the time
domain and can be converted to the frequency domain through FT (Ayati, et al. 2022a; Brunone and
Ferrante 2004; Ranginkaman, et al. 2017). In such situations, leak detection often becomes a signal-
processing problem, where system behavior is inferred from the data, even without a complete
understanding of the complex pipe network’s internal structure (Ayati, et al. 2019). Researchers
employ various signal-processing techniques and estimation theories to analyze field-measured data.
These techniques include wavelet transforms, statistical estimation methods, and advanced
algorithms for pattern recognition. Significant studies in this area include contributions by (Al-
Shidhani, et al. 2003; Amin, et al. 2014; Beck, et al. 2006; Brunone and Ferrante 2004; Ferrante and
Brunone 2003b; Ghazali, et al. 2010; Ghazali, et al. 2012; Hamat, et al. 2017; Hanafi, M.Yusop, et al.
2017; Hu, et al. 2011; Lee, et al. 2007a); Liou (1998); (Meniconi, et al. 2011; Motazedi and Beck 2017;
Srirangarajan, et al. 2012; Taghvaei, et al. 2006; Wang and Ghidaoui 2017; Wang and Ghidaoui 2018).

SRM'’s popularity is underscored by its ability to handle complex systems and yield reliable
results in both simulated and real-world scenarios. According to Figure 1, SRM has garnered the
highest level of attention among transient-based methods, with over half of all studies in the field
utilizing SRM. Despite its strengths, SRM requires careful calibration and baseline comparison with
a leak-free system, which can be challenging to obtain in diverse and large-scale systems (Ayati, et
al. 2019; Xu and Karney 2017; Zhang, et al. 2024). The requirement for such detailed prior knowledge
can limit its applicability in real-world networks with unknown or highly variable conditions.

By leveraging both damping and reflection effects, SRM can offer high sensitivity and reliability
in detecting leaks across various network configurations. Its adaptability to both time and frequency
domains further enhances its applicability across a broad range of network complexities.
Additionally, SRM’s reliance on pattern recognition requires accurate and detailed prior knowledge
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of leak characteristics, which poses limitations in systems with significant uncertainties or in highly
complex network geometries (Ayati and Haghighi 2023; Ayati, et al. 2022a).

In summary, while SRM remains a highly effective and widely adopted method, there is still a
need for further refinement in handling uncertainties and achieving greater automation in the
absence of detailed baseline data. Advances in ML and data-driven approaches could offer promising
pathways to address these limitations and improve SRM’s robustness in real-world applications.
According to Figure 1, SRM has garnered the most attention from researchers over the past three
decades, with more than 60% of all studies employing this method.

44.ITM

ITMs are widely applied in the leak detection and calibration of pressurized pipe systems. The
primary configuration of ITM generally involves the following steps (Ligget and Chen 1994):

1. A transient flow is induced by performing a rapid maneuver of a control valve.

2. Transient pressure heads are measured at some sampling sites.

3. The pipe system hydraulics is simulated as a function of unknown leaks.

4. Using the measured data and numerical model responses, a nonlinear optimization problem is
formulated. A least-squares criterion objective function is defined to evaluate discrepancies
between the measured and simulated pressure signals, while the leak parameters are the
decision variables.

5. Anoptimization solver is employed to minimize the objective function, iteratively adjusting leak
parameters until the best fit between measured and simulated signals is achieved.

A primary area of interest has been improving the computational efficiency of ITM by reducing
the number of objective function evaluations or enhancing the optimization algorithms to find the
global optima (Haghighi, et al. 2012; Shamloo and Haghighi 2009). Given that ITM studies are
typically conducted in the time domain, they rely heavily on hydraulic models that integrate the
MOC solvers. While these solvers are precise, they are computationally intensive (Appendix table).
To address computational demands, recent studies have suggested applying FRF within the ITM
framework. FRF could potentially reduce computation time, as frequency-domain analysis of pipe
networks generally requires fewer resources than time-domain simulations (Ranginkaman, et al.
2016). However, due to linearization assumptions in the frequency domain, questions remain about
its accuracy compared to MOC-based time-domain models (Ranginkaman, et al. 2017). Capponi, et
al. (2017) contributed to this area by evaluating frequency-domain modeling of transients and
proposing improvements, including a modified linearized friction term to incorporate flow
dependency and a correction factor to bring frequency-domain results closer to those of MOC.

A significant advantage of ITM is its ability to leverage both leak-induced reflections and
damping effects within response signals. This dual capability enhances ITM’s sensitivity to leak
characteristics and allows it to be used not only for leak detection but also for fault diagnosis and
system parameter calibration (Shamloo and Haghighi 2010). Properly configured measurement sites
enable ITM to generalize across different network configurations, making it highly adaptable
(Haghighi and Shamloo 2011; Vitkovsky, et al. 2003b).

Nevertheless, limitations remain. The reliance on detailed, time-domain hydraulic models
introduces high computational costs, which may limit ITM's feasibility for real-time applications in
large or complex networks (Ayati, et al. 2022a). The potential for adopting frequency-domain
approaches represents a promising direction for addressing this challenge; however, it requires
further validation to ensure accuracy in diverse conditions. The linearization in frequency-domain
methods introduces approximations that may affect precision (Ranginkaman, et al. 2019b),
necessitating additional research to assess and mitigate these effects, particularly for networks with
varying operational and structural complexities.

In summary, while ITM stands as a robust and adaptable approach in transient-based leak
detection, future research should continue to explore computational optimizations, especially within
frequency-domain frameworks. Advances in this area could further increase ITM’s efficiency and
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extend its applicability in real-time leak detection across complex and large-scale water distribution
systems.

Compared to other methods, ITM ranks second, representing 33% of the studies (Figure 1),
which reflects the strong interest of researchers in this approach. The appendix table provides
detailed information on key ITM studies.

5. Classification Standpoints

5.1. Domains of Hydraulic Analysis (Time/Frequency)

The transient response of a hydraulic system can be captured as data either through hydraulic
modeling or direct measurements using transducers. For hydraulic modeling, the response signals
are derived based on the methodology used to solve the governing equations and can be represented
in the time domain (Al-Khomairi 2008; Brunone 1999; Brunone and Ferrante 2001; Covas and Ramos
2001; Covas and Ramos 2010; Haghighi, et al. 2012; Haghighi and Keramat 2012; Huang, et al. 2015;
Jung and Karney 2008; Kapelan, et al. 2003; Kim 2005; Liggett and Chen 1994; Nash and Karney 1999;
Nixon and Ghidaoui 2007, Rahmanshahi, et al. 2017; Shamloo and Haghighi 2009; Shamloo and
Haghighi 2010; Soares, et al. 2011; Torres, et al. 2009; Vitkovsky John, et al. 2007; Vitkovsky, et al.
2002; Vitkovsky, et al. 2000; Zecchin Aaron, et al. 2012) or in the frequency domain (Covas, et al. 2005;
Duan and Lee 2016; Duan, et al. 2011; Duan, et al. 2012b; Ferrante and Brunone 2003a; Gong, et al.
2013a; Gong, et al. 2014; Guo, et al. 2012; Kim 2017; Kim Sang, et al. 2014; Lee, et al. 2002; Lee 2013;
Lee, et al. 2006; Lee Pedro and Vitkovsky John 2010; Lee, et al. 2005a; Lee, et al. 2005b; Mpesha, et al.
2001; Ranginkaman, et al. 2016; Ranginkaman, et al. 2017; Rubio Scola, et al. 2017; Sabzkouhi and
Haghighi 2018; Sattar and Chaudhry 2008; Vitkovsky John, et al. 2011; Zecchin Aaron, et al. 2009)
because they can capture the frequency content of the collected signals and use the governing
equations (Asghari, et al. 2023). These advantages of frequency-based methods are mainly due to the
fact that they focus on the resonant frequencies of the target system configuration, which are invariant
to boundary conditions and excitation mechanisms (Keramat and Duan 2021).

Data from sensors and transducers are recorded in the time domain for direct measurements.
These time histories are commonly used in signal-processing approaches to interpret system
responses for leak detection (Amin, et al. 2014; Beck, et al. 2006; Ferrante and Brunone 2003b; Ferrante,
et al. 2009b; Ghazali, et al. 2010; Hanafi.M.Yusop, et al. 2017; Lee, et al. 2007a; Srirangarajan, et al.
2012; Taghvaei, et al. 2007; Taghvaei, et al. 2006) or as an objective function with the least squared
criterion to be minimized in ITM, also known as time-domain reflectometry, or as a benchmark in
validating new pipe network analysis techniques (Al-Khomairi 2008; Covas and Ramos 2001; Covas
and Ramos 2010; Haghighi, et al. 2012; Haghighi and Ramos 2012; Huang, et al. 2015; Kapelan, et al.
2003; Liggett and Chen 1994; Nash and Karney 1999; Rahmanshabhi, et al. 2017; Shamloo and Haghighi
2009; Shamloo and Haghighi 2010; Soares, et al. 2011; Stephens, et al. 2004; Vitkovsky John, et al. 2007;
Vitkovsky, et al. 2002; Vitkovsky, et al. 2000).

Several studies exploit both time and frequency domains to extend and validate their leak
detection methods (Covas, et al. 2005; Duan 2017; Duan, et al. 2010b; Ferrante, et al. 2016; Kashima,
et al. 2012; Kim 2014; Lee 2013; Lee, et al. 2014; Lee, et al. 2013; Lee, et al. 2006; Vitkovsky John, et al.
2011; Wang, et al. 2002). According to the studies in the appendix, 40% of research on transient-based
methods employs the time domain, another 43% uses the frequency domain, and approximately 17%
applies both. Figure 2 illustrates how the research focus has shifted across these domains over the
past three decades, showing that while most studies before 2000 favored time-domain analyses,
recent years have seen a growing preference for frequency-domain methods, with the majority of
studies in the past twelve years employing this approach. Researchers have shifted to frequency-
domain analysis because it offers enhanced signal resolution by separating overlapping signals that
are difficult to distinguish in the time domain (Duan 2017; Lee, et al. 2005a), and it improves noise
filtering by isolating relevant frequency bands (Bohorquez, et al. 2022), leading to more accurate leak
identification.
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Figure 2. Domains of hydraulic analysis (Time/Frequency).

Additionally, frequency-domain methods handle complex system dynamics more effectively,
accounting for frequency-dependent behaviors like resonance and damping, and they are more
computationally efficient for large datasets (Duan, et al. 2011). These technical advantages make
frequency-domain analysis more effective and practical for detecting leaks in complex network
systems, prompting increased adoption in recent years. However, a significant limitation of
frequency-domain methods is their reliance on linearizing the governing equations of transient fluid
flow and boundary conditions. Linearization simplifies these equations by assuming that system
responses are proportional to inputs, neglecting higher-order terms and nonlinear phenomena. This
assumption is valid only when dealing with small perturbations around an operating point and when
nonlinear effects are negligible. In highly dynamic transients and large, complex systems,
nonlinearities become significant due to steady friction, leak orifice, and interactions between
multiple transient events. Lee and Vitkovsky (2010) and Ranginkaman, et al. (2019b) have highlighted
that neglecting nonlinearities can result in substantial errors, particularly in systems with large
pressure variations or when the transient events involve significant changes in flow velocity.
Therefore, it is crucial to consider the limitations imposed by linearization when applying frequency-
domain techniques to systems where nonlinear effects are non-negligible. Advanced modeling
approaches or time-domain methods that can incorporate nonlinear dynamics may be necessary to
achieve accurate results in such cases.

5.2. Analysis Approaches: Hydraulic Modeling, Signal Processing, and Al-Enhanced

Two primary approaches, hydraulic Modeling (often referred to as model-based methods) and
Signal Processing, are commonly employed in analyzing transient wave responses within pipeline
systems. Each approach offers distinct methodologies and applications in transient-based leak
detection, providing complementary perspectives on system behavior.

Hydraulic modeling is a critical tool for simulating pipeline behavior, particularly for detecting
leaks through transient-based methods. These models are designed to predict transient flow
responses at specific locations, typically where sensors are placed, enabling direct comparison
between model-predicted responses and actual measurements. Differences between these predicted
responses and real measurements can indicate the presence, location, and severity of leaks, forming
the foundation of transient-based leak detection methods. The precision and efficiency of hydraulic
modeling solutions vary depending on the approach and domain type, striking a balance between
computational accuracy and resource requirements. For instance, the MOC (Al-Khomairi 2008;
Brunone 1999; Covas and Ramos 2001; Duan, et al. 2010b; Haghighi, et al. 2012; Jung and Karney
2008) is a widely recognized approach for solving transient flow equations. Known for its high
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precision, MOC discretizes the governing equations along characteristic lines, allowing for the
accurate simulation of transient responses. However, it demands significant computational
resources, which may be a limitation for large-scale systems.

Alternatively, frequency-domain methods, such as the Transfer Matrix Method (Bartecki 2009;
Duan and Lee 2016; Gong, et al. 2013a; Lee, et al. 2002; Ranginkaman, et al. 2017), provide faster
solutions by simplifying the model through linearization assumptions. While this approach is
computationally efficient, it may lose accuracy in complex systems where certain nonlinearities are
present, potentially impacting its sensitivity in detecting subtle leak signatures. Other modeling
techniques applied in leak detection include the Impedance Method (Brunone and Ferrante 2004;
Gong, et al. 2014; Guo, et al. 2012), which models the response of pipeline systems by treating each
segment as an impedance that impacts transient wave propagation, and Transmission Line Modeling
(TLM) (Al-Shidhani, et al. 2003; Hamat, et al. 2017), which simplifies the pipeline into discrete
segments. The Orthogonal Collocation Model (OCM) (Torres, et al. 2009) provides an alternative for
complex geometries by solving differential equations over collocation points, balancing
computational efficiency with the ability to handle various boundary conditions.

Signal processing encompasses analyzing, synthesizing, and modifying signals, which convey
critical information about a system’s behavior and characteristics (Priemer, 1990). This approach
applies to diverse phenomena, including sound, images, and biological measurements (Sengupta, et
al. 2016). Signal processing techniques are frequently used to enhance signal transmission fidelity,
optimize storage efficiency, and emphasize components of interest within a measured signal
(Oppenheim and Schafer 1998). In the context of transient-based leak detection, the system is often
treated as a “black box,” where the focus lies on interpreting output signals to infer system conditions
without requiring detailed knowledge of the system structure. By analyzing measured data against
fault-free benchmark signals, signal processing methods extract informative features indicative of
leaks. Various signal-processing techniques have been applied in transient-based leak detection over
time, spanning preprocessing, processing, and post-processing functions. Key techniques in the
literature include Cross-Correlation Analysis (Liou 1998; Motazedi and Beck 2017), Wavelet Analysis
(Al-Shidhani, et al. 2003; Beck, et al. 2006; Brunone and Ferrante 2004; Ferrante and Brunone 2003b;
Ferrante, et al. 2007; Ferrante, et al. 2009a; Ferrante, et al. 2009b; Hamat, et al. 2017; Hu, et al. 2011;
Meniconi, et al. 2011; Srirangarajan, et al. 2012), Cepstrum Analysis (Beck, et al. 2006; Ghazali, et al.
2012; Hanafi.M.Yusop, et al. 2017; Motazedi and Beck 2017; Taghvaei, et al. 2007, Taghvaei, et al.
2006), Cumulative Sum Change Detection (CUSUM) (Lee, et al. 2007a), and other advanced
techniques such as the Gilbert Transform, Hilbert-Huang Transform (HHT), and Synchrosqueeze
Wavelet Transform (SWT) (Amin, et al. 2014; Ghazali, et al. 2010; Ghazali, et al. 2012).

Signal processing approaches offer significant advantages, such as reduced dependence on
detailed system modeling, effective noise reduction, and computational efficiency, enabling the
extraction of leak-related features from measured signals without extensive knowledge of the
pipeline’s physical properties. However, these methods are primarily effective in simple, single-
pipeline systems, as they treat the system as a “black box” and may struggle with the complex
transient interactions present in large and intricate pipeline networks (Ayati, et al. 2019). In complex
systems with multiple branches, loops, and varying boundary conditions, the transient signals
become convoluted due to reflections and superimposed waves, making it challenging for signal
processing techniques to isolate and identify leak-induced features accurately (Beck, et al. 2006;
Ferrante, et al. 2009b; Lee, et al. 2007a). Consequently, their limitations in handling the nonlinearities
and dynamic complexities of larger systems necessitate the incorporation of detailed hydraulic
modeling or hybrid approaches for effective leak detection and localization in more complex
networks.

Al-Enhanced Methods exploit ML and deep learning algorithms to enhance leak detection
accuracy and scalability in complex systems. These algorithms build a model based on sample data,
known as training data, to make predictions or decisions without explicit programming. In this
approach, learning algorithms are applied to datasets of system responses in time and/or frequency
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domains to learn the patterns of different leak scenarios from sample datasets and predict unseen
leak events (Ayati, et al. 2022b). In terms of general categorization of the methods, most of the Al-
enhanced techniques use both damping and reflection features in the system response spectrum;
therefore, they can be categorized under SRM methods (Ayati, et al. 2019).

Standard Al algorithms applied for Transient-based leak detection are: Deep Learning and
Artificial Neural Networks (ANN) (Amini, et al. 2020; Bohorquez, et al. 2020; Bohorquez, et al. 2022;
Liao, et al. 2021; Wagar, et al. 2025), Support Vector Machines (SVM) (Amini, et al. 2020; Ayati, et al.
2022b), Linear Discriminant Analysis (LDA)(Ayati and Haghighi 2023; Ayati, et al. 2022a), Data
Fusion (Li and Zhang 2024), surrogate modeling (Wang 2022), K- Nearest Neighborhood (KNN)
(Ayati and Haghighi 2023; Ayati, et al. 2022a).

By nature, Al-enhanced techniques are data-driven; thus, their accuracy is highly dependent on
the quality and quantity of the datasets used. Datasets should fulfill three criteria of authenticity,
proportionality, and scale (Zhang, et al. 2016). Authenticity means that the training set should
precisely reflect the hydraulic nature of the system, as defined by the governing equations.
Proportionality states that the training set should contain as wide a range of leak scenarios as possible.
Scale corresponds to the size of the datasets and directly impacts the accuracy and reliability of leak
detection. On this basis, preparing a representative and high-quality dataset has always been a
challenging issue in the Al-enhanced approach.

The sample data can be obtained from real events from the field or laboratory experiments, or
can be generated by a hydraulic simulation model or another algorithm. Technically, experimental
and field data can fulfill authenticity, but due to practical and cost restrictions, they are limited in
proportionality and scale. Considering these challenges, most Al-enhanced studies utilize hydraulic
simulation models to generate datasets that satisfy proportionality and scale criteria. Some
investigations only conduct numerical validation (Asghari, et al. 2023; Ayati and Haghighi 2023; Li
and Zhang 2024), others utilize some laboratory data for experimental validation (Ayati, et al. 2022b;
Bohorquez, et al. 2022; Waqar, et al. 2025).

Despite the high potential of Al techniques in generalization, scalability, and solving complex
problems, most works in the literature are limited to simple pipeline systems, and less than 2% of Al-
enhanced studies (Ayati and Haghighi 2023; Ayati, et al. 2022a) are dedicated to water distribution
networks.

Figure 3 illustrates the prevalence of hydraulic modeling in transient-based leak detection
research, with approximately 84% of studies employing these model-based methods. This popularity
highlights the robustness and detailed insights that hydraulic modeling provides in simulating
pipeline behavior. However, as pipeline systems become increasingly complex and the demand for
real-time, non-invasive leak detection grows, signal processing and Al-enhanced applications are
emerging as a complementary approach. Signal processing and Al-enhanced techniques enable the
interpretation of sensor data without extensive system knowledge, making them valuable tools for
real-time monitoring and condition assessment in challenging environments where computationally
intensive hydraulic models may be impractical.
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Figure 3. Analysis Approaches: Hydraulic Modeling, Signal Processing, and Al-Enhanced.

5.3. Applied Solver (Optimization) Techniques

Over the period studied, the ITM for fault detection has gained considerable attention from
researchers due to its distinctive advantages, particularly its ability to detect faults while
simultaneously calibrating model parameters. Consequently, various ITM approaches incorporate a
range of optimization techniques to achieve accurate and efficient fault detection. Given the
mathematically underdetermined and multimodal nature of the ITM search space in complex
systems, combined with the computational demands of numerical transient analysis, efficient global
optimization techniques are crucial (Ayati, et al. 2019). This challenge has been a central focus in
research, prompting the testing of various optimization methods to improve both solution accuracy
and computational efficiency. Among the optimization techniques commonly applied in ITM, several
stand out for their unique contributions to the accuracy and computational efficiency of leak detection
methods as follows. Levenberg-Marquardt Method: A widely used algorithm for parameter
estimation in nonlinear least-squares problems, the Levenberg-Marquardt method combines the
gradient descent and Gauss-Newton approaches to minimize error (Levenberg, 1944) iteratively.
Known for its robustness and stability in refining parameter estimates, it is frequently applied in ITM
for fine-tuning leak detection models (Covas and Ramos 2001; Covas and Ramos 2010; Liggett and
Chen 1994; Nash and Karney 1999; Soares, et al. 2011; Vitkovsky, et al. 2002). Genetic Algorithms
(GA): Inspired by the principles of natural selection, Genetic Algorithms use population-based search
techniques to explore global optimization landscapes (Petrowski and Ben-Hamida 2017). GA is
especially suitable for complex pipeline networks, where traditional local search methods may not
perform well, as it explores multiple solution paths to find optimal leak locations and sizes (Duan
and Lee 2016; Duan 2017; Guo, et al. 2012; Kim 2014; Kim 2005; Kim Sang, et al. 2014; Lee, et al. 2014;
Rahmanshabhi, et al. 2017; Vitkovsky, et al. 2003b). Shuffled Complex Evolution (SCE): SCE (Duan, et
al. 1993) is a global optimization algorithm designed to handle complex, nonlinear search spaces. By
dividing potential solutions into subgroups and shuffling them, SCE enhances convergence efficiency
and avoids local minima, making it effective for challenging ITM landscapes (Lee, et al. 2002; Lee, et
al. 2005a; Stephens, et al. 2004). Model Parsimony and Error Compensation: This approach focuses
on achieving high accuracy while minimizing model complexity, thereby reducing computational
requirements. By compensating for potential errors in simplified models, it balances precision with
resource efficiency, making it a practical choice in real-time leak detection scenarios (Vitkovsky John,
et al. 2007). Particle Swarm Optimization (PSO): PSO (Kennedy and Eberhart 1995) is a population-
based optimization technique that mimics the social behavior of birds or fish. With each “particle”
representing a possible solution, PSO balances exploration and exploitation of the search space,
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making it suitable for fluid systems with dynamic environments (Jung and Karney 2008;
Ranginkaman, et al. 2016). Sequential Quadratic Programming (SQP): SQP iteratively solves
quadratic subproblems to optimize nonlinear objectives, making it precise for systems with
continuous variables and well-defined constraints (Gill and Wong 2012). It is commonly applied in
ITM for accurately locating leaks within constrained hydraulic systems (Haghighi, et al. 2012;
Shamloo and Haghighi 2009; Vitkovsky John, et al. 2011). Central Force Optimization (CFO): CFO
(Formato 2008) simulates the motion of particles under central forces to find optimal solutions.
Known for its ability to manage nonlinear characteristics, CFO is robust in handling complex
detection scenarios, addressing nonlinearities inherent in hydraulic systems (Haghighi and Ramos
2012). Simulated Annealing (SA): This probabilistic technique mimics the annealing process in
metallurgy to gradually converge towards an optimal solution (Pardalos and Mavridou 2009). SA is
beneficial for avoiding local optima in complex search spaces, making it advantageous for detailed
leak localization in intricate pipeline networks (Haghighi and Keramat 2012; Huang, et al. 2015).

The primary objective of employing these various optimization methods was to effectively
address the challenges posed by multimodality and ill-posed conditions within complex pipeline
systems. The multimodal nature of the ITA search space, combined with the underdetermined nature
of the inverse problem, often leads to multiple possible solutions and increases the risk of
convergence to local minima. These optimization techniques are therefore selected to enhance the
robustness of the leak detection process, enabling efficient exploration of the search space and
improving the likelihood of converging on the correct solution. Additionally, given the
computational load of transient analysis, the goal is not only accuracy but also computational speed.
By employing efficient global optimization algorithms, ITA can yield reliable results in a shorter time
frame, making real-time or near-real-time leak detection feasible in practical applications. The
frequency distribution of these optimization techniques, illustrated in Figure 4, indicates that GAs
are the most frequently employed among all methods, reflecting their adaptability and robustness in
a variety of transient-based leak detection scenarios.
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Figure 4. Applied Solver (Optimization) Techniques.
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5.4. Topographic Complexity (Network/Pipeline)

Studies on transient-based leak detection methods can also be classified into the following
categories. The first category includes the methods that are valid for simple Reservoir-Pipe-Valve
(RPV) systems (Ayati, et al. 2022¢; Ferrante, et al. 2007; Ferrante, et al. 2009a; Shamloo and Haghighi
2009); (Al-Shidhani, et al. 2003; Ferrante and Brunone 2003b; Lee Pedro, et al. 2008; Lee, et al. 2005b;
Vitkovsky, et al. 2003a; Vitkovsky, et al. 2004; Wang 2002). These systems are hydraulically simpler
to analyze, as their geometries prevent interaction effects between hydraulic responses across
multiple pipes, allowing for more straightforward modeling and leak detection.

The second category encompasses studies applicable to systems with more geometric
complexity, systems with branches or loops (Ayati and Haghighi 2023; Ayati, et al. 2022c; Beck, et al.
2006; Che, et al. 2022a; Che, et al. 2022b; Covas, et al. 2005; Motazedi and Beck 2017; Ranginkaman,
et al. 2017; Srirangarajan, et al. 2012; Vitkovsky John, et al. 2011; Zecchin Aaron, et al. 2009). These
systems present greater analytical challenges due to the interaction of hydraulic responses across
various sections of the network, which complicates the interpretation of transient signals and requires
more sophisticated modeling and detection methods.

Figure 5 shows the distribution of studies by year and topographic complexity, based on data
from the Appendix table. While real-world infrastructure often involves complex, interconnected
pipeline networks, research in transient-based leak detection remains primarily focused on simpler,
linear pipeline configurations. Only about a quarter of studies address complex network geometries,
revealing a significant gap in the literature. This gap highlights the need for further research into leak
detection techniques specifically designed for diverse and intricate network topographies, where
interactions between multiple pipeline segments and varied boundary conditions present additional
challenges for accurate leak localization and system monitoring. The limited focus on complex
network configurations suggests that current transient-based leak detection methods may be
insufficiently equipped for application in real-world, large-scale networks. Addressing this gap
would require developing more advanced methodologies capable of handling the complexity of
interconnected systems, potentially involving hybrid models or swarn sensor technologies to
improve detection accuracy and robustness in diverse topographic scenarios.
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Figure 5. Topographic Complexity of the System (Network/Pipeline).

5.5. Characterization of Leak Specifications: Single vs. Multiple Leaks, Location, and Intensity

Characterizing leaks accurately is crucial for effective pipeline management. Simply detecting
the presence of a leak is not enough; the number, precise location, and size (or intensity) of each leak
must be identified to enable targeted and efficient repair. This comprehensive approach is vital for
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minimizing water loss, reducing operational costs, and preventing environmental damage. These
specifications, however, present considerable challenges, as each attribute adds complexity to the
detection model and increases the number of variables to be optimized. For example, determining
multiple leaks with precise locations and sizes significantly raises the complexity and dimensionality
of the problem. Among the studies reviewed, only 29% address all leak specifications, providing a
complete leak profile. Another 45% of the studies focus specifically on leak location and intensity. In
comparison, approximately 22% (primarily those utilizing signal processing techniques) concentrate
exclusively on locating leaks without estimating their size or number (Figure 6).
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Figure 6. Characterization of Leak Specifications: Single vs. Multiple Leaks, Location, and Intensity.

By limiting the detection process to fewer characteristics, researchers aim to make leak detection
methods more manageable, especially in larger or more complex network systems. However, this
approach also limits the comprehensiveness of the leak profile, which may be critical for accurate
assessment in complex networks. Figure 6 illustrates the frequency of studies addressing different
combinations of leak specifications over the past three decades, revealing trends in the field’s
evolution. Although advancements have been made in single-leak localization, the limited focus on
simultaneously estimating multiple leak attributes underscores a significant gap in current methods.

The trend toward simplified leak specifications reveals a substantial gap in the field: the need
for robust, efficient techniques capable of simultaneously identifying multiple leak characteristics
(number, location, and intensity) without overwhelming computational requirements. Future
research should aim to develop methods that can effectively handle the complexity of characterizing
multiple leak features in a single framework, ideally incorporating hybrid modeling approaches to
achieve a balanced trade-off between computational efficiency and detection accuracy.

5.6. Consideration of Noise and Uncertainty

Noise, defined as any unwanted signal interfering with the communication or measurement of
a desired signal, carries essential information about its sources and the environment in which it
propagates (Vaseghi 2008). In the context of hydraulic transient-based leak detection, noise
commonly originates from measurement devices (e.g., transducers), pumps, or external
environmental factors affecting the pipeline. As an inherent and unavoidable element in real-world
applications, noise can significantly impact the accuracy and reliability of leak detection results,
underscoring the necessity of effective noise management to ensure robust field deployment of leak
detection technologies (Beck, et al. 2005; Lee, et al. 2006). Beyond noise, uncertainties in various
network parameters also play a crucial role in transient-based leak detection outcomes. For instance,
one significant uncertainty stems from the variability in legitimate water consumption within the
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network, which can be difficult to distinguish from actual leaks. Similarly, uncertainties in pipe
friction factors and other hydraulic elements introduce further complexity, as these parameters can
vary over time due to factors such as wear, scaling, and operational conditions. Together, noise and
parameter uncertainties create a challenging environment for precise leak detection, as these factors
can obscure leak signals, reduce detection sensitivity, and lead to errors in leak localization and
characterization.

To mitigate these effects, many studies utilizing signal processing techniques incorporate noise
filtering and uncertainty management within data preprocessing and analysis phases (Beck, et al.
2006; Ferrante, et al. 2007; Ferrante, et al. 2009b; Ghazali, et al. 2010; Hanafi.M.Yusop, et al. 2017; Hu,
et al. 2011; Taghvaei, et al. 2006; Wang, et al. 2020; Zecchin, et al. 2013). These methods, such as
wavelet transformation, cross-correlation, and adaptive filtering, are designed to enhance signal
clarity by isolating leak-related signals from background noise and other operational fluctuations. In
contrast, studies based on hydraulic modeling approaches often omit explicit noise and uncertainty
considerations, likely to simplify the mathematical model and reduce computational demands.
However, this simplification may limit the applicability and reliability of these methods in complex,
real-world scenarios where noise and uncertainties are inevitable.

Data from the Appendix table reveal that 53% of reviewed studies explicitly address noise in
their analyses, with even fewer accounting for a broader range of uncertainties, such as variability in
friction factors, fluctuations in network consumption patterns, and reliable methods to distinguish
detected leaks from legitimate water usage. This finding indicates that a substantial proportion of
research has disregarded the impacts of noise and uncertainty, favoring simplified models over
comprehensive solutions.

The limited consideration of noise and uncertainty highlights a significant gap in the literature:
the need for more advanced leak detection methods that can robustly account for both environmental
noise and parametric uncertainties. Future research should prioritize the development of techniques
that integrate noise reduction, uncertainty quantification, and adaptive modeling to enhance
accuracy in field applications.

5.7. Validation Approach

Validation is essential in scientific research, as it enhances the generalization and reliability of
findings. In leak detection studies, the primary validation methods include numerical simulations,
laboratory experiments, and field applications, each contributing unique insights and varying
degrees of reliability. Most transient-based defect detection methods rely on matching the transient
model to the measured data to localize defects. Despite the high degree of success in laboratory
systems, this approach has not been successful in the field because the necessary system information
for proper modeling is often lacking, as records are usually unavailable or incomplete (Waqar, et al.
2021).

Brunone, et al. (2022) reviewed the available experimental data concerning the use of transient
tests for leak identification in pressurized pipe systems. The selected data were examined with
respect to the main features (categories) influencing the transient response of a leaky pipe system:
layout, modality of transient generation, material, diameter, pre-transient pressure and flow
conditions, inserted pressure wave, and leak characteristics.

Due to the high costs and logistical challenges of laboratory experiments and field applications,
numerical simulations are the most widely used validation approach (Ayati, et al. 2019). However,
these simulations often rely on idealized assumptions regarding boundary conditions, initial
conditions, and governing equations, which can result in significant inaccuracies. Laboratory
modeling, by contrast, provides a reliable benchmark for validating numerical results and identifying
potential sources of error (Lee, et al. 2006; Soares, et al. 2011; Vitkovsky John, et al. 2007). However,
laboratory tests are typically conducted in controlled environments, which limits their ability to
capture the uncertainties inherent in real-world field conditions.
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For the most robust validation, integrating all three methods: numerical simulations, laboratory
experiments, and field applications, is recommended. This comprehensive approach enables a
thorough assessment of the reliability and robustness of leak detection methodologies. Figure 7
illustrates the distribution of studies by validation type over the years, as detailed in the Appendix
table. Notably, only 3% of studies have employed all three validation methods, while a significant
number rely solely on numerical simulations. Studies that combine numerical and laboratory
validations account for approximately 37% of the reviewed literature.
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Figure 7. Validation Approach.

Recent trends have revealed a strong preference for numerical methods alone over the past five
years, highlighting a gap in comprehensive validation practices that incorporate both laboratory and
field testing. This trend highlights the need for further investigation through real-world field
applications to improve the applicability and robustness of leak detection techniques.

5.8. Transient Test Considerations

The initiation of a transient flow in a pipeline system, followed by the measurement of pressure
heads at specific sampling points, is the foundational step of any transient-based leak detection
method. This phase is critical as it sets the quality and quantity of information available for leak
analysis, directly influencing the success of the detection method. In simpler, single-pipeline systems,
transient excitation is relatively straightforward: a rapid valve maneuver can generate an intensive
transient wave, and a single measurement at the pipeline’s end often suffices to capture the necessary
data for leak detection (Haghighi and Shamloo 2011). However, the situation becomes far more
complex in large, interconnected pipe networks. Such systems introduce a range of dynamic
interactions, uncertainties, and multiple structural elements that influence hydraulic responses,
creating significant challenges in designing a practical transient test. In complex networks, the
response to a transient excitation is subject to attenuation and dispersion due to factors such as pipe
material, network geometry, and flow conditions. These effects can distort the transient signal and
reduce its diagnostic power, making it challenging to distinguish leak-induced anomalies from other
network behaviors. To optimize the transient test for complex networks, several technical factors
must be carefully managed:

Timing of the Test: In large water distribution networks, conducting transient tests during low-
demand periods (such as at midnight) minimizes interference from regular consumption, allowing
the transient signal to propagate more clearly through the network (Haghighi and Shamloo 2011;
Jung and Karney 2008). Low-demand conditions also reduce the impact of unsteady flow
fluctuations, providing a cleaner baseline for leak detection.
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Location and Method of Transient Excitation: Selecting the optimal site and technique for
inducing the transient flow is essential. A well-placed excitation, such as a rapid valve closure or
pump operation, can enhance the transient wave’s ability to travel through the network, ensuring
that it interacts with potential leaks and other anomalies. The excitation must be as rapid as possible
to generate an intensive wave, as slower transients are prone to attenuation and may lose critical
information before reaching the sensors (Haghighi and Shamloo 2011).

Transient Excitation Pattern and Maneuver Design: The design of the transient excitation
pattern must consider the detection method’s requirements and limitations. For instance, some leak
detection methods require highly detailed pressure signals to differentiate leak signatures from other
anomalies, while others may be more robust to signal distortion (Xu and Karney 2017). A rapid,
controlled valve maneuver is typically ideal, as it generates a high-intensity transient with rich
information content (Haghighi and Shamloo 2011). However, in networks with extensive branch
structures, additional excitation points may be necessary to ensure adequate coverage of all regions.

Optimal Measurement Sites and Sensor Placement: In complex networks, determining the
optimal number and locations of pressure sensors is crucial for gathering comprehensive data
without inflating costs. Multiple measurement points may be necessary to capture the system’s
complete dynamic response, as a single measurement location is insufficient for larger systems.
Effective sensor placement should consider zones where the transient wave interacts with potential
leak sites or where high-pressure gradients are expected, maximizing the information gain from each
measurement (Ayati and Haghighi 2023; Ranginkaman, et al. 2019a).

Decomposition Methods for Large Networks: In vast networks, transient waves can attenuate
and disperse quickly, limiting their effectiveness for leak detection over long distances. To address
this, decomposition methods can be employed to break down the network into smaller, more
manageable sub-graphs (Zhang and Yang 2024; Zheng, et al. 2013). By creating discrete test sections,
the transient test can focus on localized areas, maintaining wave intensity and diagnostic value.
Decomposition enables targeted leak detection in complex networks, preventing signal loss and
making the test more feasible in practical applications.

Mutual Dependence Between Test Design and Detection Method: The design of transient test
conditions, specifically the transient excitation method, location, and placement of measurement
sites, must be closely aligned with the leak detection method’s requirements and constraints (Ayati
and Haghighi 2023). Each detection method has specific needs in terms of data resolution, signal
clarity, and response time, which must inform the test design to ensure compatibility and
effectiveness. For instance, signal processing-based methods may require higher resolution and less
signal distortion, whereas model-based approaches like ITM may be more adaptable to signal
attenuation (Xu and Karney 2017). Conversely, the limitations of the detection method should guide
the selection of excitation points, sensor locations, and even the network sections included in the test.

Despite the evident importance of optimizing transient excitation and measurement design for
complex networks, few studies have focused on this area, and it remains an open challenge. The lack
of systematic approaches for designing transient tests specifically designed for large, intricate
networks represents a significant gap in the literature. Future research should prioritize the
development of frameworks that integrate transient test design with leak detection method
requirements, particularly for large-scale, complex networks where signal attenuation and noise can
severely limit detection accuracy. Furthermore, additional studies are required to develop effective
decomposition methods for large networks, thereby facilitating the application of transient-based
leak detection across interconnected systems and ensuring high diagnostic reliability.

6. Key Technical Challenges in Leak Detection Methods

Regardless of the specific leak detection method employed, several critical technical challenges
must be addressed to facilitate the effective development and practical application of these methods.
Key challenges include (1) designing appropriate transient excitation to generate informative
response signals, (2) optimizing the placement and configuration of measurement sites for maximal
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data accuracy, (3) analyzing the energy characteristics of transient signals, (4) managing noise and
uncertainty in field measurements, and (5) addressing limitations related to incomplete data and
inadequately calibrated simulation models.

Based on the studies reviewed in this work, limited research has been dedicated to these
essential areas, revealing both an opportunity and a pressing need for further investigation. This
section provides a comprehensive review of prior studies and presents the current state of the art in
addressing these technical challenges, outlining directions for future research.

6.1. Transient Excitation

Despite the variety of transient-based leak detection techniques proposed in the literature,
limited research has focused on determining the characteristics of transient signals best suited for
fault detection (Lee, et al. 2014). Proper design of transient excitation addresses critical challenges
that are essential for advancing leak detection technology. This section reviews prominent works on
transient excitation design and its impact on detection accuracy.

Covas, et al. (2005) explored leak detection in pipe systems using the Standing Wave Difference
Method (SWDM), adapted from cable fault location techniques in electrical engineering. They
proposed a sinusoidal valve maneuver to induce a steady-oscillatory flow within the pipeline, thus
generating a detectable transient response. This adaptation demonstrated the potential for cross-
disciplinary techniques in improving fault localization.

Shamloo and Haghighi (2010) investigated optimal leak detection and pipe network calibration
using ITA. They introduced a programming-based method to generate an optimal transient signal,
maximizing an “intensity index” as the objective function within high and low permissible pressure
bounds. Results confirmed that this parameter significantly enhances ITA performance, underscoring
the importance of tailored signal characteristics for effective leak detection.

In a follow-up study, Haghighi and Shamloo (2011) emphasized the strategic generation of
excitation and its placement within pipe networks. They developed a mathematical programming
model to produce rapid transient variations, using the transient generation point, excitation interval,
and magnitude as decision variables. A numerical model employing the MOC was used to evaluate
the system’s response, demonstrating substantial improvements in ITA’s effectiveness for a water
distribution network with unknown friction factors and leaks.

Gong, et al. (2013b) conducted a numerical study comparing different persistent transient
signals, specifically the maximum-length binary sequence and the inverse-repeat sequence (IRS), to
determine their effectiveness in estimating the linear frequency response of a pipeline at resonant
frequencies. The IRS’s antisymmetric properties were shown to be advantageous in suppressing
nonlinear responses, making it more suitable for identifying the linear components of the frequency
response diagram (FRD) of a pipeline.

Lee, et al. (2014) provided a comprehensive examination of signal bandwidth on fault detection
in pipes. Signal bandwidth, defined by the frequency content of the induced transient, directly affects
the ability to detect faults. Their study was the first to highlight the trade-offs associated with high-
bandwidth signals. While these signals offer higher accuracy and better differentiation of closely
spaced pipeline features, they suffer from greater attenuation due to wave scattering and frequency-
dependent effects, thus limiting their detection range. Through numerical, analytical, and
experimental analysis, they proposed a hybrid approach, initially using low-bandwidth signals for
wide-ranging inspection, followed by high-bandwidth signals to examine suspect areas more closely.
This method strikes a balance between detection accuracy and range, thereby enhancing the practical
applications of transient-based detection methods.

This review highlights that although advancements have been made in excitation design for
transient-based leak detection, significant challenges remain. Future research should aim to refine
these methods, optimize transient signal characteristics, and develop adaptive techniques for
complex network configurations to further improve detection accuracy and applicability in field
conditions.
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6.2. Optimal Measurement Site Design

In hydraulic transient-based leak detection and parameter calibration, the data acquisition stage
plays a critical role, as it requires determining the optimal quantity and location of measurement
sites. Since not all measurements contribute equally to the accuracy of the results, strategically
positioning sensors is essential for both the cost-effectiveness and precision of leak detection.

Mathematically, the optimal placement of measurement sites is a combinatorial optimization
problem. It involves selecting the best sensor configuration from a vast array of possible site layouts.
For smaller networks, exhaustive enumeration can yield the optimal solution. However, in complex
pipe networks, optimization techniques become necessary to manage the computational complexity.
Despite its importance, only a limited number of studies have focused on optimizing measurement
sites. The following section reviews key works in this area, summarizing significant contributions.

Yu and Powell (1994) developed an approach for optimal sampling design using a decision-tree
technique based on the A-optimality criterion, sampling cost, and the distance of sampling locations
from a control center. This technique aimed to balance cost with data utility, laying the groundwork
for strategic site selection.

Liggett and Chen (1994) suggested using locations in pipe networks where accumulated
transient sensitivities relative to unknown parameters are highest. These high-sensitivity points were
identified as ideal sites for measurements, enabling more precise calibration in ITA.

Bush and Uber (1998) introduced a ranking approach based on three sensitivity-based criteria to
produce near-optimal sampling designs for network calibration. Their approach used sensitivity
rankings to prioritize measurement locations that would most effectively improve calibration
accuracy.

Meier and Barkdoll (2000) tackled calibration through multiple flow tests by opening fire
hydrants in a network. Genetic algorithms (GAs) were employed to determine the optimal number
and positioning of hydrants to ensure thorough network coverage, demonstrating how GAs can
address the sampling design challenge in larger networks.

De Schaetzen, et al. (2000) formulated a single objective function by combining Shannon’s
entropy with measurement cost, which they optimized using genetic algorithms. This method
provided a balance between information gain and cost, leveraging entropy to prioritize
measurements that contribute the most novel information.

Vitkovsky, et al. (2003b) proposed an approach for identifying configurations of measurement
sites that yield optimal results. They introduced three performance indicators based on A- and D-
optimality criteria and the sensitivities of hydraulic heads relative to the parameters. Using both a
fully enumerable small network and a more complex larger network, they demonstrated that while
GA can effectively search for optimal configurations in larger systems, engineering judgment remains
necessary to select practical, near-optimal solutions.

Shamloo and Haghighi (2010) further refined the concept of optimal site design by introducing
sensitivity-based criteria for measurement placement in ITA. Their study found that transients were
generally more sensitive to leaks than to friction factors. Based on this observation, they developed a
weighted sensitivity criterion to prioritize sites with uniformly high sensitivities to all unknown
parameters. They also introduced a novel weighted standard deviation criterion, aiming to measure
sites that evenly distribute sensitivity across parameters, thereby increasing the likelihood of
detecting various faults. Finally, a “fitness index” (A) was assigned to each candidate site, with higher
A values indicating sites with strong and balanced sensitivities. Measurement sites with high A values
were selected as optimal locations, ensuring robust and consistent sensitivity to unknown
parameters.

Wang (2021) investigated sensor placement in water supply pipe networks for transient-based
leakage localization. In this method, each sensor is placed where the Fisher information of the
measurement concerning leaks is maximized; equivalently, the Cramér-Rao lower bound (CRLB),
representing the lower limit of leak localization error, is minimized. An explicit algorithm for
computing the CRLB concerning leak parameters in a general pipe network is utilized. The presence
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of a leak is considered stochastic and modeled in a probabilistic framework, assuming that the leak
location follows a probabilistic distribution with support over the entire network. Then, the optimal
distribution of the sensors is determined via a quasi-Monte Carlo simulation, where the expectation
of the CRLB of the leak localization error is minimized.

Ayati and Haghighi (2023) introduced a novel sampling design (SD) method for hybrid Machine
Learning/Transient-Based (ML/TB) leak detection of pipe networks. They applied the hydraulic
responses of the network in the frequency domain in conjunction with Filter and Wrapper feature
selection techniques from an ML approach. Additionally, multi-objective optimization was employed
to address the trade-off between leak detection error and the number of sampling nodes. To reduce
the dimensions of the initial frequency domain feature vector, a threshold was applied to filter out
the very high frequencies. Then, a classifier based on a Linear Discriminant Algorithm (LDA) coupled
with a binary-coded Non-dominated Sorting Genetic Algorithm (NSGA-II) was applied to
preprocessed datasets. Moreover, four measurement site design methods were adopted from the
literature and modified for application in the frequency domain. Investigating two example pipe
networks using five introduced approaches demonstrated that the proposed method outperforms
existing approaches in terms of higher accuracy in leak detection with fewer sampling sites.

Despite these advances, challenges remain in achieving practical and reliable measurement site
configurations, particularly in large and complex networks. Many existing methods focus on small,
simplified networks, leaving a gap in addressing the scalability and complexity of real-world
systems. Further research is required to develop adaptive optimization techniques that can manage
network complexities and account for practical constraints.

6.3. The Impact of Unsteady Friction and Viscoelasticity on Transient Modeling in Pressurized Pipe
Networks

Accurate modeling of pressurized pipe networks necessitates consideration of energy losses
resulting from viscoelasticity and unsteady friction effects. However, many studies have simplified
the system by assuming ideal conditions with steady friction and disregarding the impact of unsteady
friction, which introduces uncertainties in estimating energy loss. Such assumptions can result in
deviations in phase and damping between measured and calculated results (Wylie and Streeter 1978).
While steady or quasi-steady friction loss may be appropriate for slow transients, this assumption is
less valid for the rapid transients that are common in fault detection techniques (Xu and Karney 2017).
The following section provides a brief review of recent research addressing these critical effects.

Nixon and Ghidaoui (2007) examined the role of unsteady friction in water hammer analysis for
pipe systems with external fluxes due to demands, leaks, and other factors. They employed a quasi-
two-dimensional flow model to analyze the relative contributions to energy from total friction,
unsteady friction, and external flow. Their findings revealed that unsteady friction effects diminish
as external fluxes increase, suggesting that unsteady friction is less relevant in systems with
significant external flows. This insight raises concerns about the validity of transient leak detection
methods that assume quasi-steady friction, as such simplifications may overlook important frictional
dynamics.

Duan, et al. (2010a) studied both unsteady friction and viscoelasticity in pipe fluid transients.
Their numerical results indicated that, during the initial stages of a transient event, the pressure head
attenuation due to unsteady friction is comparable to that caused by viscoelastic effects. However, at
later stages, viscoelasticity becomes the dominant factor in both damping and phase shift. Through
analytical analysis, they demonstrated that the viscoelastic effect is particularly significant when the
viscoelastic retardation time is shorter than the wave travel time along the pipeline length.
Furthermore, their study clarified a common misconception in water hammer literature, explaining
that viscoelastic effects represent energy transfer between the fluid and pipe wall rather than energy
dissipation, as previously suggested.

In a later study, Duan, et al. (2012a) investigated the influence of pipe size and length on
unsteady friction in fluid transients, specifically examining how pipe scale, length, and diameter
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affect unsteady friction’s role in transient damping. Their results showed that the impact of unsteady
friction on the transient damping rate decreases when (1) the wave travel time is significantly longer
than the radial diffusion time, and (2) the initial friction factor and Reynolds number product are
high. These findings imply that unsteady friction effects are less pronounced in large-scale pipe
systems compared to smaller laboratory-scale systems. Consequently, laboratory studies, which
typically involve shorter pipes with smaller diameters, may overestimate the role of unsteady friction
in large real-world pipelines.

(Pan, et al. 2021) presented a FRF-based transient wave analysis method (TWAM) for the
identification of viscoelastic pipe properties as well as the detection of leaks in water-filled plastic
pipes. They derived an analytical FRF expression for the interaction of transients with pipe-wall
elasticity and leaks in plastic pipes. This expression was used to identify viscoelastic parameters and
potential leaks in plastic pipes. Laboratory experiments are conducted to validate the proposed FRF-
based TWAM and to examine the effective range of injected wave bandwidth for accurate leak
detection in the presence of pipe-wall viscoelasticity. The method was further analyzed through
extensive numerical applications to systematically explore the influences of different system and flow
conditions. Their results confirm the feasibility and accuracy of the process for identifying viscoelastic
parameters, as well as detecting plastic pipe leaks.

In a later study, Pan, et al. (2022) presented a single-step frequency domain ITA method for
simultaneous identifications of viscoelastic parameters and leaks in plastic pipes, to enhance the
applicability and accuracy of transient-based methods. Both single- and branched-polymeric pipe
systems were used for method development and application. Firstly, analytical solutions for single
and branched systems, derived using the transfer matrix method, were obtained to represent the
transient frequency responses of viscoelastic pipelines with leaks. Then, a global optimized nonlinear
curve fitting method was used to identify both viscoelastic parameters and potential leaks by
knowing/measuring other system and flow conditions. Furthermore, they analyzed the mechanism
of transient wave-leak-viscoelasticity based on these application results and theoretical evidence.

These studies demonstrate that unsteady friction and viscoelastic effects are crucial factors for
accurately modeling transients in pipe networks, particularly in rapid transient events and large-
scale systems. However, the extent to which these effects influence transient behavior varies with
system scale and flow characteristics, suggesting a need for further investigation into how these
factors impact real-world applications.

7. Conclusions

This paper presented a comprehensive literature review on hydraulic transient-based leak
detection for pipe systems, covering research from 1992 to 2025. This review focused exclusively on
hydraulic transient-based leak detection, excluding studies on other types of faults. The paper makes
a unique contribution by consolidating 138 peer-reviewed publications, representing over three
decades of advancements in this field. Additionally, it includes detailed, structured information on
over 138 studies in tabular form, categorizing them by method type, domain type, analysis approach,
system response, optimization techniques, friction model, viscoelasticity inclusion, noise
considerations, topographic complexity, leak specifications, measurement points, validation
approach, and other relevant factors.

Based on the findings, several areas are identified for future research:

1.  Signal Processing Application: Further exploration of signal processing methods in transient-
based leak detection is necessary, as they remain underutilized.

2. Al-Enhanced Application: Despite the high potential of AI techniques, only 8% of studies
dedicated to this field are mostly restricted to simple pipeline systems with numerical and
experimental validation. This context is still in its infancy, and extensive investigations and
developments are required, focusing on scalability for complex water distribution networks and
field applications.
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3. Complex Network Application: Approximately 71% of reviewed studies use only single and
simple pipelines as case studies, leaving pipe networks relatively underexplored. Expanding
research on networked systems would enhance applicability to real-world scenarios.

4. Comprehensive Leak Characterization: Only about 29% of the studies address leak detection
with all specifications—number, location, and intensity. Future studies that fully characterize
leaks will improve detection accuracy and reliability.

5. Noise Consideration: To simplify modeling, around 47% of previous works disregard noise,
which may limit the applicability of their models in real-world settings. Addressing noise impact
in future research would enhance the robustness of field applications.

6. Validation Approaches: Only 3% of studies apply all three validation approaches —numerical,
laboratory, and field methods. While most studies rely on numerical validation, further
experimental and field-based validations are crucial for increasing reliability and applicability.

7. Frequency Domain Analysis in ITM: Given the efficiency of frequency domain analysis,
particularly the FRF, its application in ITM is recommended to reduce computational cost.
However, further studies on the accuracy of frequency-domain transient modeling are essential
to ensure reliable results.

8. Transient Excitation and Measurement Site Design: Despite valuable progress, additional
research is needed on excitation design, measurement site optimization, and energy loss due to
viscoelasticity and unsteady friction. These factors remain crucial for enhancing leak detection
accuracy, especially in complex pipe networks.

These recommendations highlight both the progress made and the ongoing challenges in
hydraulic transient-based leak detection, encouraging focused research to address these gaps and
improve leak detection techniques in increasingly complex pipeline systems.

This review aims to provide a comprehensive resource for researchers and practitioners by
synthesizing and analyzing recent advances in transient-based leak detection methods. This review
identifies research gaps and practical challenges that remain unaddressed by the analysis approach,
domain type, optimization techniques, and validation methods. It compiles an extensive database of
studies, each categorized by these factors. In particular, it emphasizes the importance of hybrid
models that integrate data-driven techniques with transient-based principles, underscoring the
potential of ML and Al to enhance leak detection capabilities further.

Future research can leverage the insights provided by this review to develop robust, scalable,
transient-based leak detection systems tailored to complex and large-scale networks. By highlighting
the technical benefits, sensitization efficiencies, and diagnostic advantages of transient-based
methods, this paper serves as a critical foundation for advancing sustainable pipeline management
practices and guiding innovations in fluid transport infrastructure.

Supplementary Materials: The following supporting information can be downloaded at:
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