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ABSTRACT

Illegal connection (IC) in water supply systems and water network wastes water as well as energy and reduces water quality, which has nega-

tive technical and economic effects on water management. Transient-based defect detection is a powerful method applied in water

pipelines. This paper investigates the efficiency of the transient-based inverse transient analysis (ITA) method in estimating the characteristics

of ICs in the viscoelastic water supply system in the time domain. To better evaluate this method, an experimental transient model was devel-

oped using polyethylene pipelines (with a length of 158 meters and a nominal diameter of 2 inches). In the first step, the hydraulic transient

solver was calibrated in the calibration approach of dynamic parameters of pressure wave speed and pipe wall viscoelasticity. Then, the sen-

sitivity of the ITA method to the spatial step of the method of characteristics and signal sample size was assessed. Finally, the efficiency of

the ITA method was evaluated for several experiments with different transient intensities and a noisy signal. The results indicated that the

accuracy for locating the IC was higher than the accuracy for the IC’s length.
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HIGHLIGHTS

• Development of a hydraulic transient solver to simulate viscoelastic pipeline with different boundary conditions include illegal connection.

• Development of an experimental transient model with an illegal connection.

• Analysis of the accuracy of inverse transient analysis (ITA) to detection of illegal connection.

• Evaluation of the effect of noise on the accuracy of illegal detection.
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1. INTRODUCTION

The lives of about three billion people depend on urban water supply systems. However, these vital systems have drawbacks
and inefficiencies due to aging. Water injected into water supply pipelines claims significant energy and costs in the collection
stages in dam reservoirs, transfer to cities and villages, monitoring and treatment, storage and pumping, and finally trans-

mission and distribution among consumers. Thus, many economic and technical damages will be inflicted on the
operating companies by wasting water. Water losses usually occur due to various causes such as depletion of network com-
ponents and corrosion of pipes, connection failures, illegal connections, shocks caused by construction, plus occurrence of

waterhammer, drifts, landslides, etc. According to the World Bank, $ 15 billion of water is lost worldwide each year. Also, 29
billion cubic meters of water worth $ 2 billion are lost annually in Asia (World Bank Group 2016).

Water loss wastage is divided into two general categories: real and apparent (Lambert & Hirner 2000; Lambert 2003). One

of the main sources of apparent water loss is the illegal connection (IC) or water theft in water supply systems and water
distribution networks. This water volume loss is withdrawn of the water pipeline systems without being measured and
paid for. This problem is widespread in developing countries and Europe (Meniconi et al. 2011).

So far, various methods have been proposed to identify defects in water pipelines based on steady and unsteady flow. Com-
pared to a steady flow, transient flow is more efficient at detecting defects (Colombo et al. 2009). In transient-based defect
detection methods, a periodical pressure wave is initially propagated throughout the pipe system. The pressure response of
the pipe system is then collected in one place (usually at the transient valve location). Analysing the collected pressure

signal makes it possible to discuss defects (leakage, blockage, air pocket, or IC) in the pipe system. Transient-based research
can be divided into three general categories; frequency-domain methods (Duan et al. 2010; Gong et al. 2013; Duan 2016; Kim
2018; Wang & Ghidaoui 2018; Al-Tofan et al. 2020; Wang et al. 2020; Keramat et al. 2021), time-domain methods (Covas

2003; Vıtkovsky et al. 2007; Keramat et al. 2019; Waqar et al. 2019; Zouari et al. 2019), and analysis based on signal proces-
sing (Al-Shidhani et al. 2003; Ferrante & Brunone 2003; Keramat & Duan 2021; Waqar et al. 2021).

Meniconi et al. (2011) applied transient-based techniques to determine IC’s location and sizes. In this study, transient signal

analysis was based on wavelet analysis. They proposed a simple relation for detecting the IC characteristics reliably. Duan &
Lee (2016) numerically tested the ability of a transient-based method for detecting IC in the frequency domain. They first
developed a frequency response function for a pipeline system with IC, and then the IC was found to cause shifts in the

system’s resonant frequencies. Their results indicated that the accuracy for locating the IC is higher than for its size.
Over the last two decades, the application of polymer pipes has been increasing due to their advantages. Because of fluid

and viscoelastic pipe wall interaction, the transient flow modelling of polymer pipes differs that of from elastic pipes. Visco-
elastic properties cause deformation and increase the damping in these pipes compared to elastic pipes (Covas 2003). On the

other hand, a review of the research background shows that no study has been conducted on the inverse transient analysis
(ITA) capability to detect IC in the viscoelastic pipeline in the time domain. Accordingly, this research has been performed to
cover this topic.

The main purpose of this study is to evaluate the efficiency of the ITA method for detecting the IC in a viscoelastic trans-
mission pipeline system. Initially, the developed numerical model calibration for simulating the viscoelastic pipeline system
has been discussed in detail. Then, the capability of this model was evaluated based on IC in several experimental samples.

Finally, the capability of the proposed method to detect IC was assessed based on the noisy signal.

2. MATERIALS AND METHODS

This section first describes the IC detection process using the ITA. The second part describes the 1D equations governing the
transient flow in viscoelastic pipelines. In the third part, the experimental system is presented in detail, and finally, the cali-
bration process of the developed numerical model is presented.

2.1. ITA methodology

The ITA is a famous methodology for defect (e.g., leakage, blockage, IC) detection in water pipeline systems (Liggett & Chen
1994; Kapelan et al. 2003). This methodology consists of three general sub-sections: numerical model, laboratory or field data,
and an optimization algorithm. In this method, the optimization algorithm estimates the unknowns of the piping system by

minimizing the difference between on-site measured and numerical computational data (commonly pressure signal).
In this research, the pressure signal was collected behind the transient valve through fast closing it in a pipe system with IC

to apply ITA for IC detection. In the second part, a genetic optimization algorithm was used whose objective function was the
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least-square error (LSE). Then, a hydraulic transient solver was developed, including viscoelasticity of the pipe wall and the

boundary condition of IC. The numerical model was implemented by introducing the main pipeline system’s geometric par-
ameters and assuming that there is an inactive viscoelastic IC in the pipeline with unknown characteristics. The numerical
model includes unknown parameters, including pressure wave speed and creep function coefficient of the main pipe plus IC,

as well as location, length, thickness, and diameter of IC. The optimization algorithm initially generated these unknown par-
ameters in a population of 100. They were gradually optimized by reducing the difference between the pressure signal behind
the transient valve in the experimental model and the corresponding one in the numerical model through applying the
mutation and crossover on the initial generated population.

Note that since the diameter and thickness of the pipe are not continuous variables and have nominal values, these two
variables of the pipe characteristics are introduced as binary (according to the industrial standard table) to the optimization
algorithm. Also, the data collected have some noise due to environmental conditions. Thus, before introducing the exper-

imental data to the ITA model, their noise was removed using a Butterworth low-pass filter (with order 2 and normalized
cut off frequency 0.2). The flowchart of the ITA used in this study is displayed in Figure 1.
2.2. Equations governing

The one-dimensional continuity and momentum equations governing the transient flow in a polymer pipe are as follows
(Covas et al. 2005; Keramat et al. 2020):

@H
@t

þ a2

gA
@Q
@x

þ 2a2

g
d1r
dt

¼ 0 (1)

@H
@x

þ 1
gA

dQ
dt

þ (hfs þ hfu) ¼ 0 (2)

whereH is the instantaneous hydraulic head, Q denotes the instantaneous discharge, A represents pipe cross-sectional area, g
shows the gravity acceleration, a is the pressure wave speed, 1rreflects the retarded strain, x is the coordinate along the pipe
axis, t stands for the time, and hfs and hfu are the steady and unsteady friction losses per unit length, respectively.

Darcy–Weisbach equation (hfs ¼ (f=D)(QjQj=2gA2) is used for calculation of steady friction losses, where f is Darcy–
Weisbach coefficient, and D is pipe’s internal diameter.

Total strain (ε) can be expressed as an instantaneous-elastic strain (ε0) plus a retarded-viscous strain (εr). For a specific con-

tinuous stress s(t) on the polymer pipe under small strain conditions, according to the Boltzmann principle, the total strain
can be defined as follows:

1(t) ¼ J0 s(t)þ
ðt
0
s(t� t0)

@J(t0)
@t0

dt0 (3)

where J0 is the instantaneous creep compliance function, J(t0) denotes the creep compliance function at time t0.
According to Figure 2, the creep compliance function for a viscoelastic solid material can be described using the general-

ized Kelvin–Voigt model as follows (Aklonis et al. 1972):

J(t) ¼ J0 þ
XNKV

k¼1

Jk(1� e�t=tk ) (4)

where J is the creep compliance function, Jk denotes the creep of the spring of the Kelvin–Voigt k-element, defined as
Jk ¼ 1=Ek, tk represents the retardation time of the dashpot of k-element, defined as tk ¼ mk=Ek, Ek is the modulus of elasticity

of the spring of k-element, mk reflects the viscosity of the dashpot of the k-element, and NKV is the number of the Kelvin–Voigt
element.

In this study, the set of differential equations was solved using the method of characteristics (MOC) (Keramat et al. 2020).
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Figure 1 | Flowchart of ITA for IC detection.

Figure 2 | Generalized Kelvin–Voigt model.
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2.3. Experimental facility

The experiments of this research were performed at Shahid Chamran University of Ahvaz, Iran. The experimental model con-
sists of the high-density polyethylene HDPE (PE100 and NP16 bar) pipeline. The main pipeline’s total length was 158 m, and

its internal diameter and thickness were 5.05 cm and 6.5 mm, respectively. Also, the length of IC was 24.2 m for all exper-
iments, with its internal diameter and thickness being 3.025 cm and 5.0 mm, respectively. It was constructed in upwardly
sloped loops. All pipes were fixed to a metal structure (6 m� 1.5 m) with metal brackets, about 1 m spacing. The experimental

facility included a centrifugal pump and a pressure vessel (650 L) at the upstream end. Two ball and globe valves were used in
the pipeline downstream end to generate transient event and flow control, respectively. The transient event was generated by
a ball valve’s complete and fast closure. The discharge was measured as the volumetric method. The pressure data were
://iwa.silverchair.com/ws/article-pdf/22/4/4594/1041059/ws022044594.pdf



Figure 3 | Experimental setup, (a) centrifugal pump (CP), (b) pressure vessel (PV), (c) IC, (d) data acquisition system (data logger and
computer), (e) downstream valves, and (f) 2D schematic of transient model of reservoir-pipe-valve system with IC.
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collected using WIKA S-10 pressure transmitters with a measurement range of 0–16 bar and an accuracy of 0.1%. The
sampling rate of collected data was 1,000 Hz. A schematic view and several pictures of the experimental model are displayed
in Figure 3. The main measurement sections are placed at the transient generating ball valve and on the pressure vessel

upstream of the pipelines.
2.4. Numerical model calibration

Calibration of intact reservoir-pipe-valve polymer pipeline with known upstream reservoir constant level and downstream

valve manoeuvre boundary conditions include creep function of the pipe wall, pressure wave speed, and friction coefficients.
In this paper, the collected upstream boundary pressure of the pipeline was introduced in the numerical model. Also, the
downstream boundary condition was the ball valve employed to generate a transient event. In all experimental tests, the clos-
ing time of the valve was less than 2L/a, and it fell in the category of fast closing.

The steady-state friction coefficients in the laminar flow conditions were calculated based on the Hagen–Poiseuille relation
(f ¼ 64=Re). According to Covas (2003) and Rahmanshahi et al. (2018), for polymer pipes with a smooth wall, the flow regime
is smooth turbulent. Hence, for turbulence flow conditions, the steady friction coefficients were directly calculated from the

Blasius relationship (f ¼ 0:316Re�0:25).
According to Duan et al. (2010), unsteady friction for pipe systems at the scale of the pipe system of this research can be

ignored. Furthermore, according to Duan et al. (2010) and Brunone et al. (2011), the viscoelastic effect is dominant over

unsteady friction, allowing unsteady friction to be neglected. Their analytical results demonstrated that the unsteady friction
effect is more critical in polymer pipe systems with short pipe lengths and small pipe diameters. The pipeline system of this
research is in large-scale classification, and its pressure response is of a low-frequency type. Thus, the hydraulic transient

solver was implemented, neglecting unsteady friction.
A creep compliance function typically describes the mechanical behaviour of the viscoelastic pipes that can be determined

using laboratory tests. However, due to uncertainty of material properties and anisotropy, the experimentally determined
creep function cannot accurately describe the behaviour of the viscoelastic pipes under operating conditions. In the operation

phase of an existing system, in addition to the mentioned uncertainties, the creep function highly depends on the axial and
circumferential constraints of the system along with the stress time-history of the pipe, which cannot be accounted in the lab-
oratory creep tests (Covas et al. 2005). Similar to the creep function, the pressure wave speed in polymer pipes is also a

function of the creep function factors. Thus, calibration of these challenge parameters requires sensitivity analysis, which
is discussed in the results section. Thus, all system’s unknown parameters were a, tk and jk of the main pipeline along
with IC, plus IC location and sizes (length, diameter, and thickness).
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3. RESULTS AND DISCUSSION

This section is divided into two general sections. The first part investigates the sensitivity of determining the IC characteristics
to different parameters. The second part deals with the ability of the ITA to determine the characteristics of IC for new exper-
iments with different transient intensities and noisy signals assessed.

3.1. Sensitivity analysis of IC detection

In addition to IC and pipe system characteristics, the accuracy of ITA for IC detection in the pipeline is related to transient

solver accuracy, spatial step of the MOC, the sample size of the pressure signal, transient intensity, collected data, and sys-
tem’s characteristics uncertainty, and accuracy of the optimization method. In this study, the first four items are evaluated.

3.1.1. Creep function and pressure wave speed calibration approach

When simulating the viscoelastic pipeline the creep function of pipe wall and pressure wave speed is estimated. In addition,
modelling them separately or simultaneously with other unknown parameters is another challenge. For this purpose, two
scenarios have been implemented to investigate these challenges. Furthermore, two different experimental data sets were

applied for this challenge. The first test was carried out on a simple pipeline system without IC (intact pipeline). The
second test was performed on the same pipeline with an IC located at 56.3 m from the upstream boundary with a length
of 24.2 m. In both experiments, the downstream flow rates were 1.18 l/s. Figure 4 depicts the pressure signals of both exper-

iment tests adjusted upstream of the transient valve.
In the first scenario, the pressure wave speed and the creep function of the main pipeline are obtained based on the intact

pipe test, where these parameters are used to detect the IC in the second test in ITA. Thus, in the first scenario, the ITA’s

unknowns are only characteristics of the IC (pressure wave speed, creep function, length, diameter, thickness, and location).
However, in the second scenario, the pressure wave speeds, the creep functions of the main pipeline and IC, as well as the IC
characteristics are calibrated simultaneously based on the second experiment (pipeline with IC). In this scenario, the
unknowns of ITA include the main pipeline and IC’s pressure wave speeds plus creep functions and the IC characteristics

(length, diameter, thickness, and location). According to Covas (2003) and Rahmanshahi et al. (2018) as well as the prelimi-
nary analysis, three Kelvin–Voigt elements are sufficient for modelling this pipeline.

Figure 5 displays the ITA results for the first experimental test (intact pipeline) involving comparison of the numerical and

experimental pressure signal, creep coefficients, retardation times, and creep function, respectively. These calibrated par-
ameters were used to detect the IC in the first scenario. The results of both scenarios are illustrated in Figure 6.
Figure 6(a) compares experimental and numerical pressure signals at the transient valve location. The creep coefficients

for both scenarios are shown in Figure 6(b). The first scenario employed the main pipeline’s creep coefficients and retardation
times from the intact pipeline. Thus, only IC’s creep coefficient was calibrated. However, the main pipeline and IC’s pressure
Figure 4 | Comparison of pressure signal in the intact pipeline and pipeline with an IC.

://iwa.silverchair.com/ws/article-pdf/22/4/4594/1041059/ws022044594.pdf



Figure 5 | (a) Numerical and measured piezometric heads at transient valve location, (b) creep function coefficients, (c) creep function
retardation times, and (d) creep function.

Figure 6 | Comparison of (a) piezometric heads at transient valve location, (b) creep function coefficients, (c) creep function retardation
times, and (d) creep function, for both scenarios.
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wave speeds as well as creep coefficients were calibrated simultaneously with IC characteristics for the second scenario.

Figure 6(c) reveals the retardation times of the second scenario. Note that in this research, the retardation times have
been considered to be the same for the main pipeline and IC. Figure 6(d) shows the creep function for both scenarios.

Figure 7 illustrates the results for both scenarios. The first scenario had discrepancies with location and length errors equal-

ling 23.97 and 13.18%, respectively. For the last scenario, although the IC length error has not changed much (22.77%), its
location has been carefully determined with an error of about 1.3%, equivalent to 2 meters of the pipeline system. Note that in
determining the defect in pipe systems, the location of the defect is more important than its other characteristics.

In conclusion, according to Covas et al. (2005) and Rahmanshahi et al. (2018) and similar to the last scenario, for IC detec-
tion in the operation stage, the creep function and pressure wave speed should be calibrated based on on-site collected
transient data (commonly transient pressure data) and simultaneously with other decision variables in any ITA modelling.

Thus, for each ITA modelling in this study, the decision variables included creep coefficients (tk, jk) and pressure wave
speed (a) of the main pipeline and IC, plus length, diameter, thickness, and location of IC.

3.1.2. Evaluating the spatial step

To highlight the effect of the spatial step on the detection of IC characteristics, at this stage, the sensitivity of the ITA to the
spatial step was assessed with six different spatial steps, ranging from 0.64 to 5.41% of the main pipeline’s length. This analysis
was performed on the same data set applied in the previous step. The details of these simulations are outlined in Figure 8.
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Figure 8 | Comparison of (a) piezometric heads at transient valve location, (b) minimum LSE, (c) convergence process of ITA model, and
(b) location and length error, at different spatial steps.

Figure 7 | (a) Convergence process of ITA model, and (b) location and length error, in both scenarios.
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Figure 8(a) compares the pressure signal for the six different simulations with laboratory data. The results show that all six

models of pressure signal shape are similar to laboratory data. Figure 8(b) and 8(c) indicate the minimum value along
with the process of minimizing the objective function for different spatial steps, respectively. The results show that LSE
grows with increasing the spatial step, and the convergence of the ITA slows down. The location and length error values

of these simulations are revealed in Figure 8(d). The length error in these six models is between 3.46 and 23.4%, and the
value of location error is between 2.46 and 8.95%. The model with a larger spatial step has a minimum length error and a
maximum location error. Since our priority is to determine the location of the IC, in the rest of this research, the modelling
was done with a spatial step of 2.034 meters.

3.1.3. Sample size assessment

In this subsection, the appropriate pressure signal sample size was evaluated to detect the IC characteristics. For this purpose,

four sample sizes (0.5T, T, 2T, and 3T) were analysed (T¼ theoretical period of the pressure wave). Figure 9(a) exhibits the
pressure signal and its different sample sizes. The ITA errors for all four sample sizes are shown in Figure 9(b). The IC
location error is between 0.61 and 7.3% for all sample sizes, with the slightest IC location error corresponding to the half-

period. In polymer pipes, over time, the pressure wave is severely dampened. Thus, defective reflection is more pronounced
in the initial cycles, and applying the ITA with a smaller sample size gives better results. Also, the IC length error is between
13.13 and 21% for all sample sizes. Due to the importance of IC location, the ITA was simulated with a half-cycle sample size.

3.2. Validation of ITA for IC detection

In the calibration stage, the approach of estimating the creep function and pressure wave speed as well as the appropriate
sample size and spatial step was determined in this research experiments. In the validation stage, two goals are pursued.

First, the accuracy of the ITA for different experiments with different flow rates will be evaluated, and then the sensitivity
of this method to noise will be assessed.

3.2.1. Different transient intensities

This part evaluates the efficiency of ITA for new experiments with different intensities. For this purpose, the accuracy of ITA
for four experiments is assessed with Reynolds numbers of 17153.31 (Q¼ 0.68 l/s), 34054.4 (Q¼ 1.35 l/s), 42277.9 (Q¼
1.676 l/s), and 60314.1 (Q¼ 2.391 l/s). The errors of the length and location of the IC are depicted in Figure 10(a) and
10(b), respectively. The IC length error in all four experiments is less than 16%, and its location error is less than 3%. As
the transient intensity (Q) increases, the magnitude of both errors decreases. At stronger transient events, the reflection

effect is greater, thus enhancing the ability of ITA to detect the IC. Note that in order not to damage the pipe system, the
transient event generated should be less intense. Thus, the optimal transient event for fault identification can be the subject
of future studies.
Figure 9 | (a) Pressure signal, and (b) IC location and length errors, for all four sample sizes.
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Figure 10 | Validation of ITA for different transient intensity.

Figure 11 | (a) Comparison of experimental and numerical pressure signals, and (b) IC length and location errors, for a noisy signal.
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3.2.2. Performance of ITA to detect IC for noisy signals

Due to random noise in the real signals, IC detection is subject to a degree of uncertainty. In this section, the performance

of the ITA for noise signals was examined. For this, the unfiltered first half-period of the experiment signal with a flow rate of
1.18 l/s was used in the ITA model. According to previous tests, the IC of this test was located at 56.3 away from upstream
of the pipeline. Figure 11 compares the experimental and numerical pressure signal as well as the estimated IC location and

length errors. The results show that the ITA points to IC locations with an error of 0.271% and IC length with 22.53%. Hence,
despite the noise in the signal, the ITA detected the location of the IC with a reasonable accuracy.
4. CONCLUSIONS

The transient-based ITA has been studied as an efficient method in calibration and detecting defects in the water pipe system
over the last two decades. This study used experimental data to investigate the efficiency of this method in detecting IC
characteristics in the viscoelastic water main. In the calibration stage, initially the best approach for estimating the creep
://iwa.silverchair.com/ws/article-pdf/22/4/4594/1041059/ws022044594.pdf
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function of pipe wall and pressure wave speed was evaluated. Then, sensitivity of the model to the spatial step and pressure

signal sample size was investigated. Next, the efficiency of the calibrated model was assessed for new experiments with differ-
ent transient event intensities and the noisy signal. The hydraulic transient solver incorporates only viscoelasticity of the pipe
wall and can model the transient flow in polymer pipelines with IC. The results revealed that the transient-based ITA success-

fully detected IC’s location and sizes when the IC, creep function of the pipe wall, and pressure wave speed were
simultaneously calibrated. The nominal number of the pipe, which was introduced to the optimizer model as binary, was
chosen correctly in the entire modelling. Evaluation of the sample size used for the ITA showed that the IC location with
the half-cycle signal was accurately determined. Modelling with different spatial steps indicated that the spatial step-to-

length ratio of about 1.3% gives acceptable results. Overall, the accuracy for locating the IC was higher than for its length.
IC location and length errors were lower than 3 and 16% for all validation tests, respectively. Finally, evaluation of the
ITA for a noisy signal showed that this method could detect the IC with an accuracy close to the filtered signal with location

and length errors of 0.271 and 22.53%, respectively. In conclusion, it can be stated that the detection of IC with the ITA is
satisfactory and can be enhanced by combining this method with other local techniques such as acoustic equipment.
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