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Abstract: The widespread use of plastic pipes in different fluid conveyance systems has 24 

greatly driven the recent development and application of transient-based methods (TBMs) for 25 

leak detection in viscoelastic/polymeric pipelines. Current TBMs for viscoelastic pipe leak 26 

detection are usually achieved by a two-step procedure, namely viscoelastic parameters 27 

identification and leak detection, which requires the pre-knowledge of intact system states (i.e., 28 

non-leak) for comparative analysis. This paper presents an efficient single-step frequency 29 

domain inverse transient analysis (FDITA) method for simultaneous identifications of 30 

viscoelastic parameters and leaks in plastic pipes, so as to enhance the applicability and 31 

accuracy of TBMs. Both the single and branched polymeric pipe systems are applied for the 32 

method development and application. To this end, analytical solutions of single and branched 33 

systems from the transfer matrix method are firstly derived to represent the transient frequency 34 

responses of viscoelastic pipelines with leaks. A global optimized nonlinear curve fitting 35 

method is then employed to identify both viscoelastic parameters and potential leaks by 36 

knowing/measuring other system and flow conditions. Extensive experimental validations and 37 

numerical applications of both single and branched pipe systems demonstrate the very good 38 

efficiency and accuracy of the developed method for leak detection in different viscoelastic 39 

pipe systems. Furthermore, the mechanism of transient wave-leak-viscoelasticity is analysed 40 

based on these application results and theoretical evidence. Finally, a sensitivity analysis is 41 

performed to quantify and discuss the advantages and potential limitations of the developed 42 

method in the paper.  43 

 44 

Keywords: polymeric pipeline; leak detection; viscoelastic parameters; transient-based method 45 

(TBM); frequency domain inverse transient analysis (FDITA) 46 
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1. Introduction  48 

Transient based pipe anomaly detection method is becoming popular for its non-intrusive and 49 

nondestructive features during operation. Current transient-based anomaly detection studies 50 

are mainly developed and applied for elastic pipes [1-9], in which the effects of pipe-wall 51 

material properties on transient wave behavior are reflected in the value of the wave speed [2, 52 

10]. However, in recent years, due to the substantial progress in material manufacture 53 

technology, more and more polymeric pipes (also termed as viscoelastic or plastic pipes), such 54 

as those made of PVC, PPR, PE, and HDPE materials, have been adopted in different water 55 

distribution systems from small to relatively large scales. Thus, extending and testing current 56 

transient-based methods (TBMs) for anomalies detection in polymeric pipes become important 57 

for increasing applications of TBMs in water distribution systems.  58 

Compared with elastic pipes, viscoelastic/polymeric pipes have very different behavior 59 

under transient/dynamic flow conditions, which may impose a significant modification 60 

(magnitude damping and phase change) on pressure wave oscillations. This modification effect, 61 

on one hand, can be utilized to protect fluid piping systems from pressure surges [11-13]. On 62 

the other hand, it can also induce more complexities on the use of the developed methods to 63 

simulate transient traces and/or detect anomalies in viscoelastic pipelines [14, 15]. The 64 

different behavior of viscoelastic pipes stems from their long-chain molecular structures which 65 

will cause the time shift between pressure oscillations and circumferential strain and then the 66 

fast decay of the pressure wave and flow velocity [16]. To precisely characterize this behavior, 67 

the creep function is often adopted [14, 17-20]. In the function, a hysteresis response formed 68 

during the transient oscillation process (loading and unloading) is expressed by two sets of 69 

parameters, namely the retardation time and the creep compliance. In this regard, these 70 

viscoelastic parameters are thought to be crucial for the transient-based leak detection in 71 

viscoelastic pipes, as their inaccurate values may result in incorrect capture of viscoelastic 72 
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behavior and thus faulty leak detection results.  73 

To minimize the influence stemming from inaccurate viscoelastic parameters, the leak 74 

detection in viscoelastic pipes is usually performed by a two-step procedure, including: (i) 75 

viscoelastic parameters identification (from an equivalent intact system) and (ii) leak detection 76 

based on the known parameters from (i) [21-23]. This method is quite common in previous 77 

investigations as these material properties can be acquired by corresponding intact systems in 78 

laboratory or pilot experiments under controls (i.e., with different tests). However, in practice, 79 

it is almost impossible to acquire these material properties from the intact case for the pipeline 80 

system under operations. Although the transient trace of the intact system may be obtained by 81 

historical records or numerical simulations, the retarded response is, in fact, influenced by 82 

many factors (e.g., stress history, constraint conditions, temperature, etc.) [19, 21], which 83 

makes the obtained intact case (without anomalies) results invalid/unmatched to the anomalous 84 

case under investigation (e.g., with leaks). To this end, it is beneficial to develop the TBMs for 85 

leak detection in the commonly used viscoelastic/polymeric pipes using transient responses 86 

from the testing system only. 87 

Generally, if there is a leak in the system, extraction of some invariant features in a 88 

transient signal may be a feasible way to identify viscoelastic parameters for a simple pipeline 89 

system with leaks, such as the Reservoir-Pipe-Valve (RPV) system. For example, Gong et al. 90 

2016 [24] proposed a frequency domain method for viscoelastic parameters identification using 91 

only resonance peak locations, and this method is further improved in [25] to ensure that it 92 

could be further applied to a realistic pipe system even with a leak. The tenet of this method is 93 

to use the invariance of resonance peaks in intact or leaky systems in the frequency domain. In 94 

fact, this concept can also be extended to predict viscoelastic parameters in the time domain as 95 

the phase and period of pressure wave oscillations are in principle identical with the intact 96 

system if a leak causes little frequency shift [26]. Therefore, the steady-state cross times 97 
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(SSCTs) that are quantified by the transient wave cross the steady-state pressure can also be 98 

used to identify viscoelastic parameters. It is worth noting that in a simple system e.g., the 99 

single pipe RPV system, very limited information like the resonance peak locations and SSCTs 100 

can be adopted to identify viscoelastic parameters and then detect a leak [24, 26, 27]. However, 101 

it is not always possible to extract these invariant features from a transient trace in practice. 102 

Meanwhile, in a more complex system e.g., a branched system, the role of each polymeric pipe 103 

even with a short length is important and cannot be ignored/simplified [28, 29]. In this 104 

condition, the number of unknowns in the system may be much larger than that of single pipe 105 

systems, and the invariant properties (e.g., SSCTs or resonance peak locations) of the system 106 

are even limited to identify viscoelastic parameters, much less to locate a leak [7]. Therefore, 107 

the previously developed two-step strategy that calibrates the viscoelastic parameters firstly 108 

and then detects potential leaks using limited features (e.g., resonance peak locations) for a 109 

single pipeline system may not always be valid or accurate enough for more practical/complex 110 

pipeline systems (such as a branched pipe system). In this condition, further improving the 111 

previously developed identification procedure [27] to simultaneously identify viscoelastic 112 

parameters and leaks for both simple and complex systems is preferable for the development 113 

and application of TBMs, which is the motivation of this paper.  114 

In order to diagnose polymeric pipelines, including viscoelastic parameters, leak size, 115 

and location, the inverse transient analysis (ITA) is a feasible way to take full use of all relevant 116 

information and identify the potential anomalies in pipelines based on the transient responses 117 

measured or simulated in the system [30-32]. Usually, performing the ITA in the time domain 118 

is a feasible way. However, because of the complexity of the time-domain equations (transient 119 

model), the identification process in the time domain is usually time-consuming. Meanwhile, 120 

since the calibration process has to match all possible signatures of transients in a system 121 

including turbulence and uncertainties (noises) [1, 21, 33], it is very possible for calibration 122 
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results trapped within localized and inaccurate solutions [17] and affected by noises[33]. By 123 

contrast, in the frequency domain, transient equations can be analytically derived, so the ITA 124 

method is expected to have high efficiency and it is more suitable to perform the global 125 

optimization methods in the frequency domain to find the best solution for a specific system. 126 

Meanwhile, the influence of high-frequency noise can be reduced in the frequency domain as 127 

only the low-frequency part of the FRF which contains the main information of a system is 128 

used in analysis [34]. Therefore, it will be more desirable to perform the ITA method in the 129 

frequency domain than in the time domain.  130 

To this end, the previously proposed frequency-domain method [27] is further modified 131 

and improved with aiming to develop an efficient and accurate frequency domain ITA method 132 

(termed as FDITA in this study) to simultaneously identify viscoelastic parameters and leaks. 133 

The low-frequency domain of the FRF, instead of only resonance peaks, is used in the 134 

identification to extend the application scope of the method from only simple single pipe RPV 135 

systems to more practical branched RPV systems. A global optimized nonlinear curve fitting 136 

method is adopted in the calibration to enhance the accuracy of identification results. The 137 

structure of this paper is as follows: followed the introduction, the method, and framework of 138 

the global optimized FDITA method for simultaneous identification of viscoelastic parameters 139 

and a leak in both single and branched RPV systems are described. Then, the proposed method 140 

is validated by experimental and extensive numerical tests to show the effectiveness and the 141 

suitable range of the method. Thereafter, the input signal extraction, limitations, and influential 142 

factors of the proposed method are discussed. The conclusions and finds of this paper are 143 

summarized at the end of the paper.  144 

2. Methodology  145 

2.1. Transfer matrix analysis of transient systems 146 

In the literature, on one hand, the one-dimensional (1D) transient method in the time domain 147 
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has been widely developed and used for simulating highly unsteady flows in water pipelines, 148 

which can be triggered commonly and frequently in water supply systems [2, 35]. On the other 149 

hand, the frequency domain equivalence of this 1D transient model can be obtained by the 150 

transfer matrix analysis so that the transient behavior of pipe flows can be understood and 151 

investigated in a comprehensive way [36]. In the analysis, the head and discharge perturbations 152 

at two ends of a pipe section can be expressed in a matrix form in the frequency domain as [1, 153 

27, 37-39]: 154 

 

sinh
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h h
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 (1) 155 

in which q and h are discharge and head perturbations during transient in the frequency domain; 156 

μ is the propagation operator; Z is the characteristic impedance; l is the distance between two 157 

locations of the pipe; superscripts “UP” and “DN” indicate the locations of perturbations.  158 

In a polymeric pipe, the viscoelastic response is commonly simulated by a linearized 159 

Kelvin-Voigt (K-V) model (as shown in Fig.1) which comprises virtual springs and dashpots. 160 

In the K-V model, the elastic response of the polymeric material is represented by the first 161 

spring, and a spring and a dashpot which are connected in parallel stand for one set of K-V 162 

elements. By using different K-V elements, the retarded response of the pipe wall can be 163 

quantified. Since the retarded deformation caused by the pipe wall viscoelasticity during 164 

transient is tiny, the retarded response is quantified by a linear assumption given by [14]: 165 
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 (2) 166 

in which r =  total retarded strain of the pipe wall; k = retarded strain caused by kth K-V 167 

element; C = αγD/2e is a pipe scale coefficient; α = pipe constraint coefficient; D = internal 168 

diameter of a viscoelastic pipe; e = thickness of pipe wall; γ = ρg is specific weight; g = 169 
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gravitational acceleration; H = piezometric head in the time domain; ρ = fluid density; n = the 170 

total number of K-V elements; Jk = 1/ Bk  = creep compliance of the kth K-V element; Bk = 171 

elastic modulus of kth K-V element; sk = viscosity of the dashpots of kth K-V element; τk = sk/Bk 172 

= retardation time of the kth K-V element; t = time; x = coordinate along the pipe axis; the 173 

subscript “0” = initial conditions. It is worth pointing out that as a conceptual model, although 174 

the parameters of the K-V model have only a mathematical meaning [40], there may still be a 175 

link between the pipe period and retardation time as pointed out in [41, 42]. 176 

 177 

Fig.1 Generalized Kelvin-Voigt model 178 

 179 

The influence of viscoelasticity in the transfer matrix method is reflected in the 180 

propagation operator (μ) and characteristic impedance (Z). When the pipe wall viscoelasticity 181 

and frictional effect are considered, μ and Z can be calculated as: 182 
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 (3) 183 

where ω = angular frequency; a = elastic wave speed of the viscoelastic pipe; A = cross-184 

sectional area of the pipeline; f = skin friction factor, it is calculated by the Blasius equation (f 185 

= 0.3164/(R0)
0.25) in this study; R = VD/ν is the Reynolds number; ν = kinematic viscosity of 186 

fluid; V = velocity of the fluid; Q = discharge rate in the time domain;  = unsteady friction 187 

convolution coefficient for different flow conditions, which is obtained by considering velocity 188 
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profiles changes in the unsteady flow[10]: and can be calculated by  189 

 

0.05
0

14.3
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0

2
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RR

D


 =  (4) 190 

Eq. (1) is the fundamental matrix for representing the transient response in any 191 

hydraulic element (pipes, faults, or devices), which thus can be assembled to simulate leaking 192 

or more complex systems [36]. For example, in a leaking single pipe or branched RPV system 193 

as shown in Fig. 2, its field matrix has the following general form [36]: 194 
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 (5) 195 

where Y, Θ, Ψ are the matrixes representing different pipe sections in the system; y, θ, ψ are 196 

the elements of corresponding matrices.  197 

 198 

Fig. 2 Sketches of pipeline systems: (a) single pipe; (b) branched pipes 199 

 200 

Specifically, in a leaking single-pipe system as in Fig. 2(a), Y and Ψ represent matrices 201 

of intact pipe sections at the upstream and downstream of a leak, respectively, and Θ is the 202 

point matrix of a leak. Meanwhile, in a leaky branched system as shown in Fig. 2(b), Y and Ψ 203 



10 
 

refer to matrices of pipe sections at the upstream and downstream of a branched junction and 204 

Θ is that of a branch junction. By injecting a unit perturbation in the system, the head response 205 

at the downstream can be obtained as: 206 

 21 21 22 21 21 12 21 22 22 21

11 12 21 21 12 22 21

11 11 11

11 11 11 11 11 12

D U y y y y
h

U y y y y
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 (6) 207 

As a result, if a leak location is represented in a dimensionless form x* (= xl/L, xl = leak 208 

location measured from the upstream boundary; L = length of the pipe where a leak locates) as 209 

shown in Fig. 2(a), the head response of a leaky single pipe system measured at the downstream 210 

can be obtained: 211 
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 (7) 212 

in which Ql and Hl = the leaking rate and head at a leak in the steady-state, respectively. For 213 

the convenience of analysis, two dimensionless parameters are defined and used for quantifying 214 

the leak size: one is the percentage of leak discharge, Rleak = 100%×Ql/(Ql+Q0), and the other 215 

is the relative size of the leak area, s* = AL/A (AL is the leak effective area). 216 

 Similarly, for the branched pipe system in Fig. 2(b), there are three patterns for a single 217 

leak situation [7]: 218 
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(8) 221 
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(2) the leak at pipe 2: 222 
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 224 

(3) the leak at pipe 3: 225 
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        (10) 226 

in which L1, L2, L3 = length of corresponding pipes as shown in Fig. 2(b). 227 

Consequently, Eqs. (7-10) are derived relationships for expressing influence patterns of 228 

different factors and parameters on the system response in the frequency domain under 229 

different system characteristics and flow conditions. In fact, these analytical relationships are 230 

theoretical foundations of the FDITA method for the identification of viscoelastic parameters 231 

and leaks in both single and branched pipeline systems.  232 

2.2. Principle and application procedure  233 

The derived patterns in Eqs. (7-10) clearly demonstrate the dependence of the transient 234 

response in the frequency domain on the systematic and flow information. As a result, 235 

viscoelastic properties of viscoelastic pipes and potential leaks in a system can be identified 236 
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inversely through solving the relevant pattern equation with knowing all other essential 237 

information in the equation. In this process, the unknowns to be identified include the number 238 

of K-V elements, corresponding retarded times and creep compliances, the leaking pipe 239 

number (in the branched system), and the size and location of leaks in the system, which are 240 

the main objective of the proposed FDITA methods.  241 

To achieve accurate inverse analysis by the developed FDITA method, a global 242 

optimized least-square nonlinear curve fitting procedure is employed in this study. A trust 243 

region method is used in the optimization procedure to identifying the viscoelastic parameters 244 

and leak properties with a reasonable bound (e.g., J ~ 1e-8 to 1e-13 Pa-1, τ ~ 1e-6 to 30 s, Ql/Hl 245 

~ 1e-11 to 1e-2 m2/s (corresponding CdA ~ 1.01e-11 to 1.01e-2 m2 with Htank = 20 m) and x* ~ 246 

0 to 1). With these constraints, the identification problem can be handled efficiently, so it is 247 

adopted in this research. The optimization method sets the objective function as the 248 

minimization of the total square error between calculated values and exact/measured values as 249 

shown in Eq. (11). A globally optimal solution is achieved by running the nonlinear curve 250 

fitting process repeatedly with different starting points. In tested cases of this paper, a hundred 251 

starting points which are uniformly distributed in the searching domain are selected for 252 

obtaining a globally optimized solution.  253 

 

2

1

Min ( )
N

i i

p r
V

i

F h h
=

= −   (11) 254 

where F = objective function; N = number of used points; V = decision variable vector 255 

composed of unknown parameters; subscripts “p” and “r” represent prediction/calculation 256 

values and original/exact values, respectively. For clarity, the application procedure of the 257 

FDITA method is shown in Fig. 3 and elaborated as follows. 258 
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 259 

Fig. 3 Flowchart of the FDITA method application procedure 260 

 261 

 (1) The head perturbation during the valve closure is represented by a sigmoid curve 262 

(an example is shown in Fig. 4), which is used to extract the discharge rate (as the input) by: 263 

 
0

0

max 0

( )
( ) (1 )us c

us c

H t H
Q t Q

H H

−
= −

−
 (12) 264 

in which Qus(∙) and Hus(∙) = discharge rate and the piezometric head during valve closure; Hmax 265 

= maximum pressure surge obtained by a sigmoid curve; tc = time coordinate ranging from 0 266 

to tv, and tv = the time at which the valve is just fully closed;  267 
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 268 

Fig. 4 A comparison of head perturbations represented by (a) a sigmoid curve and (b) 269 

corresponding frequency spectrums 270 

  271 

(2) The frequency response function (FRF) of the system is obtained by a created pulse 272 

using a ten-timestep delayed-time-span (DTS) to overcome the nonlinear error caused by the 273 

fast fully closure of the downstream valve [27];  274 

(3) Similar to the proposed K-V element identification in the literature [25], a step-by-275 

step method is applied to determine the K-V elements (numbers and values) and at the same 276 

time, to predict the leak information (x*and s*), with following steps: 277 

• Step 1: the 1-element K-V model is firstly applied to quantify both viscoelastic 278 

parameters and leak information, with the averaged residual (E1) of calibrated results 279 

in the frequency domain used for performance evaluation based on Eq. (13): 280 

 
1

( ) ( )1

( )

leak leakN
p i r i

leak
i r i

h h
E

N h=

−
=   (13) 281 

in which E = average error in current step identification; superscript ‘leak’ stands for 282 

the transient trace of the leaky system;  283 

• Step 2: One more element (e.g., 2-element) K-V model is used in the calibration 284 

procedure to predict the unknown material parameters and leak information, and the 285 

averaged residual is obtained as E2; 286 

• Step k: with repeating the above steps, a k-element K-V model is used in the 287 
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calibration procedure and the averaged residual of calibrated results is denoted as Ek. 288 

The total calibration process will stop when the following convergence criterion is 289 

achieved; 290 

 1k kE E −−   (14) 291 

where ϛ = threshold to stop the calibration, and in calibrated cases of this study ϛ =2‰ 292 

is applied. For simplicity, the solution from step k-1 is adopted as the final answer 293 

of the FDITA. Meanwhile, the maximum number of K-V model elements is set as 5 294 

serving as the other criterion for stopping the simulation and optimization process in 295 

this study [24-27].  296 

2.3. Performance evaluation 297 

To evaluate the performance of leak detection by the proposed FDITA method in this study, 298 

the following evaluation index is applied for all experimental and numerical applications: 299 

 or 100%
r p

x s

scale

 
 



−
=   (15) 300 

in which  = value of the evaluated variable (e.g., s* or x*); ηx, ηs = error of calibration in leak 301 

location and size, respectively, and they are normalized by different scaling factor; scale = the 302 

scaling factor, it is different for evaluating the predicted leak size and location. In leak size (s*) 303 

evaluation scale = exact dimensionless leak size, while for leak location (x*) evaluation, scale 304 

= 1 if the leaking pipe number is accurately identified, and otherwise scale = 0 (or very small 305 

value). Specifically, scale sets to 0 (i.e., ηx becomes infinite) for the branched pipe system when 306 

the leaking pipe number cannot be accurately identified, since it makes no sense to further 307 

identify the leak information if the located pipe number is not correct.  308 

Meanwhile, the following expressions are used for evaluating the performance of 309 

viscoelastic parameters identification in the time and frequency domain respectively: 310 
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where HJ = Joukowsky overhead; the superscripts: “FD” = the result in the frequency domain; 313 

“TD” = the result in the time domain, subscript “VE” = evaluation of viscoelastic parameters 314 

identification; superscript “intact” = the transient trace of the equivalent intact system by using 315 

“real”/calibrated viscoelastic parameters. 316 

3. Results and Analysis 317 

The results of laboratory experimental tests and numerical applications based on the developed 318 

FDITA method are presented in this section. 319 

3.1. Experimental validation 320 

3.1.1. Experimental setup 321 

The effectiveness of the proposed FDITA method is experimentally validated by two 322 

experimental pipe systems in the Water Engineering Laboratory (WEL), University of Perugia, 323 

Italy. The first system is a single pipe system with a configuration as shown in Fig. 5(a) (Other 324 

information can also be found in [43]), and the second system is a branched system with a 325 

configuration shown in Fig. 5(b) (Other information can also be found in [22, 44, 45, 46]). A 326 

fast closure of the downstream ball valve is adopted to trigger transient flows in both systems. 327 

The test parameters for the two systems are listed in Table 1. Three leaking cases in the single 328 

pipe system and three leaking cases in the branched system are applied to validate this FDITA 329 

method and application procedure.  330 

In the FRF-based leak detection method, previous studies have confirmed that 331 

information contains in the first several peaks is capable to identify systematic parameters and 332 

defects [7, 24, 25, 27, 39]. Meanwhile, the high-frequency part of the FRF which contains less 333 
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transient energy is easily affected by noise. Therefore, only the low-frequency part of the FRF 334 

is adopted in the validation. For specific cases here, it is found that the frequency ranges of 335 

0~9.5 Hz (for the single pipe system),0~7.2 Hz (for the branched system case B1 and B2), and 336 

0 ~ 5.7 Hz (for the branched system case B3) are less affected by the background noise and are 337 

suitable for performing the identification. Therefore, FRFs of these frequency ranges are 338 

truncated and used in identification. Another important issue in identification is to determine 339 

the elastic wave speed of a viscoelastic pipe. For the single pipe system, the elastic wave speed 340 

is obtained directly from [43], while that of the branched system is calculated inversely by the 341 

Joukowsky overhead. Other systematic and testing information for these two systems is listed 342 

in Tables 2 and 3.  343 

 344 

Fig. 5 Experimental facilities at the Water Engineering Laboratory, University of Perugia, 345 

Italy: (a) single pipe system; (b) branched pipe system; (c) Y junction used in branched pipe 346 

system; (d) the overall sketch of the experimental test system 347 

  348 
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Table 1 System parameters of experimental test systems 349 

Type of the System D (m) e (m) L (m) 

Single Pipe System 

0.0933 0.0081 

166.28 

Branched Pipe System 
L1(m) L2(m) L3(m) 

197.82 61.78 116.78 

 350 

Table 2 Experimental setup for the single pipe system 351 

Case 

No. 

a 

(m/s) 

s*  

(-) 

Rleak 

(-) 

x* 

(-) 

Q0 

(L/s) 

Htank 

(m) 
 

tv 

(s) 

fs  

(Hz) 

S1 

377.15 

4.91e-03 11.54% 0.3666 5.10 18.73 

1.23 

0.119 
1024 

S2 9.95e-03 22.08% 0.3666 4.75 19.27 0.071 

S3 1.61e-02 32.61% 0.7793 4.50 16.19 0.083 2048 

 352 

Table 3 Experimental setup for the branched pipe system 353 

Case 

No. 

Leaking 

Pipe No. 

a 

(m/s) 

s*  

(-) 

Rleak 

(-) 

x* 

(-) 

Q0 

(L/s) 

Htank 

(m) 
 

tv 

(s) 

fs 

(Hz) 

B1 3 

383.03 

1.61e-02 42.08% 0.2071 3.0 23.57 

1.23 

0.053 

1000 B2 3 8.78e-3 27.74% 0.2071 3.3 23.96 0.067 

B3 2 8.78e-3 51.57% 0.5856 1.21 24.19 0.050 

 354 

 355 

3.1.2. Experimental results 356 

In the use of the FDITA method, the input signal conversion based on Eq. (12) is crucial to 357 

obtain the accurate FRF of the system, so as to produce an accurate transient frequency 358 

response pattern. For validated cases, the operation curve of valve closure for each test is firstly 359 

calibrated and listed in Table 4.  360 

 361 

 362 
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Table 4 Operation curves of head perturbation at the downstream valve 363 

Type of System Case No. The Simulated Head 

Single pipe system 

S1 
35.63(0.0442 )

32.03
16.12

1 10 t
H

−
= +

+
 

S2 
40.75(0.0514 )

26.06
17.88

1 10 t
H

−
= +

+
 

S3 
38.49(0.0463 )

25.83
15.01

1 10 t
H

−
= +

+
 

Branched pipe system 

B1 
48.70(0.0375 )

20.05
20.95

1 10 t
H

−
= +

+
 

B2 
34.11(0.0456 )

22.56
22.16

1 10 t
H

−
= +

+
 

B3 
35.18(0.0322 )

9.43
23.01

1 10 t
H

−
= +

+
 

 364 

 365 

Based on the application procedure of the FDITA method in Fig. 3, calibrated results 366 

of leak information and total identification time for different cases of two systems are presented 367 

in Tables 5 and 6. For the multiple-pipe branched system, two different strategies of K-V model 368 

application are adopted, namely, same and different values of viscoelastic parameters for three 369 

pipes in the system (termed as “same VE” and “different VE” respectively in Table 6). It is 370 

necessary to note that experimental tests herein are mainly applied for the validation of the 371 

proposed FDITA method for leak detection. In this connection, only are the detection results 372 

of leaks listed in Tables 5 and 6, while the results of viscoelastic parameters identification are 373 

not given here because the exact values for the tested pipes are unknown for comparison.  374 

The results show that, compared with the time domain ITA method, the developed 375 

FDITA method has very high efficiency. This can be reflected by the fact that the identification 376 

process only takes half a minute to find out a globally optimized solution for all unknowns in 377 

the single pipe system. Although the difficulty and identification time increase with the 378 

increasing number of unknowns in the identification, the longest identification time in the 379 
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branched system is still less than 3 mins. By contrast, it takes more than 130 mins to identify 380 

the globally optimized solution for all knowns (e.g., viscoelastic parameters and leak properties) 381 

by the time-domain ITA (TDITA) method for each case herein. Meanwhile, it is worth noting 382 

that although it takes a longer time, the TDITA still could not provide similar accuracy of leak 383 

detection (location and size) in these test cases due to the significant influences of noises in the 384 

measured time-domain signals. 385 

 386 

Table 5 Leak detection results for the single pipe system 387 

Case 

No. 

s*  

(-) 

x* 

(-) 

s  

(%)  

x   

(%) 

Time of 

Identification

(s) 

S1 5.84e-03 0.357 18.75 0.96 33.10 

S2 9.40e-03 0.378 5.44 1.14 19.15 

S3 1.70e-02 0.779 5.45 0.03 30.27 

 388 

Table 6 Leak detection results for the branched pipe system 389 

Calibration 

Strategy 
Case No. 

s* 

(-) 

x* 

(-) 

s  

(%)  

x   

(%) 

Consumption 

Time (s) 

Same VE 

B1 1.54e-02 0.2028 5.05 0.43 49.96 

B2 4.71e-3 0.2283 46.40 2.13 78.77 

B3 8.87e-03 0.5980 1.07 1.24 73.19 

Different 

VE 

B1 1.88e-02 0.188 16.58 1.91 87.38 

B2 9.64e-3 0.1947 9.76 1.24 157.07 

B3 1.07e-2 0.6196 21.49 3.40 99.86 

 390 

 391 

For leak detection results by FDITA, on one hand, the detection results of both tables 392 

suggest that the method is relatively more accurate to locate a leak than to size it, which is 393 

consistent with the common transient-based leak detection method in the literature [27]. This 394 
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may be due to the inaccurate capture of the input signal in the system as it directly affects the 395 

accuracy of the FRF. Compared with large variation in errors of predicting leak size, predicting 396 

errors in leak location are stable and are within 4% for all tests. This confirms the acceptable 397 

accuracy of the proposed FDITA method and procedure on practical applications [1, 18]. 398 

Moreover, the similar accuracy range in leak positioning for both single and branched pipeline 399 

systems demonstrates the successful extension and enhanced applicability of the transient-400 

based leak detection method on the basis of previous studies (e.g., [1, 7]).  401 

On the other hand, different from the single pipe system, the leak detection results for 402 

the multiple-pipe system are highly dependent on the strategies adopted for the viscoelastic 403 

parameters identification. Specifically, for the experimental system herein, it is more suitable 404 

for applying the same viscoelastic parameters for all branched pipes to obtain more accurate 405 

leak positioning results. This result indicates clearly the significant influences of the 406 

identifications of viscoelastic parameters on the overall leak detection results during the 407 

application of the proposed FDITA method in this study. In fact, such identification strategy-408 

dependent results have also been observed in many previous studies regarding the viscoelastic 409 

parameters identification (e.g., [14, 44]). However, the exact values of viscoelastic parameters 410 

of the tested pipes are unknown in advance; it is not convenient or rational to further quantify 411 

and discuss such influences of viscoelastic parameters on identification strategies by using 412 

these experimental tests. Therefore, more detailed analysis and discussion are conducted 413 

through extensive numerical applications with exact viscoelastic parameters known/given later 414 

in this study.  415 

3.2. Numerical Applications  416 

Although all the leaks are successfully located in experimental tests, the method still needs to 417 

be systematically evaluated for different influence factors (e.g., s*/Rleak, x*, and system 418 

complexity) to demonstrate the applicability range and limitations of this method. In practical 419 
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applications, it is more important to locate leaks accurately in pipes before it is able to quantify 420 

their sizes or discharges precisely. On this basis, only the results of detecting leak location are 421 

analysed and discussed in the following investigation for method assessment.  422 

3.2.1. Settings for numerical simulation 423 

The method is assessed numerically by both single and branched RPV systems. Three cases of 424 

single pipe systems with basic information listed in Table 7 and one case of the branched 425 

system which has the same setting with experimental facilities are used to evaluate the FDITA 426 

method. Other information (e.g., values of viscoelastic parameters, s* or Rleak, and x*) is shown 427 

in Tables 8 & 9. In the investigation, a step input with the same pattern (as shown in Fig. 6(a)) 428 

is used in each case to trigger the transient flow, so as to set inputs with the same bandwidth 429 

for comparison (as shown in Fig. 6(b)). It is worth noting that the adopted input has a sigmoid 430 

shape and is to simulate discharge rate change of a ball valve closure just as experimental tests 431 

in the Water Engineering Laboratory, University of Perugia, Italy. For simplicity, only steady 432 

friction is considered in the numerical model to show initial-flow-rate-dependent behavior, 433 

since the effect of pipe wall viscoelasticity and steady friction is dominant in the tested systems 434 

of this study, and there is no significant difference between the results with and without 435 

unsteady friction based on preliminary numerical analysis.  436 

The transient traces with a duration of 120 s are used in the analysis to cover almost the 437 

complete transient process (over 99.9%). To illustrate this, the transient traces of the tested 438 

systems without defects (leak-free) are shown in Figs. 7 (a)-(d). The results suggest that the 439 

fluid is almost static in 120 s. Therefore, the obtained FRF can well characterize the system 440 

properties and information, thereby is preferable for performing the FDITA.   441 

 442 

 443 

 444 
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 Table 7 Settings of numerical tests in single pipe systems 445 

Item 
a 

(m/s) 

L 

(m) 

D 

(m) 

e 

(m) 

Htank 

(m) 
 

Q0 

(L/s) 

fs 

(Hz) 

tv 

(s) 

Value 385 

200 

0.06 0.006 20.0 1.25 0.56 1024 0.048 300 

400 

 446 

Table 8 Settings of viscoelastic parameters for single and branched pipe systems 447 

No. of 

K-V Elements 

J1 

(*10-10 Pa-1) 

1 

(s) 

J2 

(*10-10 Pa-1) 

2 

(s) 

2 0.6 0.06 1.6 0.4 

 448 

Table 9 Range of tested leaking properties 449 

Item System Type Min max 

Rleak  
Single 1% 65% 

Branched 5% 65% 

s* 
Single 1.01e-4 1.86e-2 

Branched 1.17e-3 4.12e-2 

x* For All 0.1 0.9 

 450 

 451 

Fig. 6 Discharge curve of valve closure: (a) transient generation; and (b) corresponding 452 

frequency spectrum 453 
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 454 

Fig. 7 Transient traces of the tested systems during 120 s: (a) single pipeline (L=200 m); (b) 455 

single pipeline (L=300 m); (c) single pipeline (L=400 m); (d) branched pipe system (Table 1)  456 

 457 

With using the FRF based method, previous research has confirmed that the information 458 

contained in initial resonance peaks are enough to identify systematic properties [24, 27], so it 459 

is not necessary to use the total FRF in the analysis as long as the used part of the FRF can 460 

reflect a clear pattern of viscoelasticity and a leak. In the specific cases here, the information 461 

of the first ten peaks of single pipe systems and the first seventeen peaks of the branched system 462 

are enough to exhibit all needed information of corresponding systems and are employed in the 463 

analysis.  464 

3.2.2. Performance of the FDITA for leak detection 465 

Previous studies have shown the influence of viscoelasticity is different from that of other 466 

factors (e.g., friction) and cannot be ignored in both simulation and defect detection [25, 27, 467 
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39]. To emphasize the importance of viscoelastic parameters to the application of the FDITA, 468 

the detection results of single pipe systems using viscoelastic and elastic models are compared 469 

in Fig. 8. The results show that the detection method based on the elastic model (without 470 

viscoelasticity) may induce very large errors for locating leaks in viscoelastic pipes (ηx >10% 471 

for almost all cases here), while the proposed FDITA method considering pipe-wall 472 

viscoelasticity can locate the potential leaks in different viscoelastic pipes accurately (with ηx 473 

< 1%), except cases with very small leak sizes (e.g., s* < 6.4e-4 or Rleak < 6%). Therefore, the 474 

results confirm the findings in the literature [26-27] that the importance of viscoelasticity in 475 

characterizing the system response and should not be neglected in leak detection.  476 

Furthermore, the results of Fig. 8 imply that, despite the consideration of viscoelasticity, 477 

the identification performance is still influenced by s*(or Rleak). For example, the maximum 478 

errors in three kinds of systems may attain over 50% for cases with very small leaks (e.g., s* < 479 

6.4e-4 or Rleak < 6%). Meanwhile, the accuracy of leak detection can be improved significantly 480 

with the increase of s*. Specifically, a leak can be successfully identified with very high 481 

accuracy (x < 1%) when the exact leak size exceeds the above-mentioned limit (s* > 6.4e-4 or 482 

Rleak > 6%) for the studied cases herein. This application result confirms again the validity and 483 

acceptable accuracy of the proposed method for leak detection in viscoelastic pipes for most 484 

situations except the extremely small leak cases.  485 

In addition to the leak detection in single pipe systems, the proposed FDITA method is 486 

also validated by a branched pipe system, and the detection results are shown in Fig.9. From 487 

the leak detection point of view, leaks in all tested cases can be identified with very high 488 

accuracy (with ηx < 0.8%) by the FDITA method, which evidences again the very high accuracy 489 

and the successful extension of the FDITA method in leak detection from single to branched 490 

pipeline systems. Specifically, this proposed method may provide acceptable accuracy of leak 491 

detection in both types of pipeline systems, indicating the applicability of the FDITA in multi-492 
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pipeline systems.  493 

 494 

 495 

Fig. 8 Detection results of different leaks by the FDITA in single pipe system (a) and (b) L = 496 

200 m; (c) and (d) L = 300 m; (e) and (f) L = 400 m (“EL Model” for results by the 497 

corresponding elastic model)  498 

 499 
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 500 

Fig. 9 Detection results of different leaks by the FDITA in the branched pipe system with a 501 

leak at (a) pipe 1; (b) pipe 2; (c) pipe 3 502 

 503 

3.2.3. Performance of the FDITA for viscoelastic parameters identification 504 

In addition to evaluating the performance of leak detection, the FDITA method is also assessed 505 

by viscoelastic parameters identification through the results of reproducing transient traces of 506 

the equivalent intact system in both time and frequency domains. In this connection, the 507 

expressions defined in Eqs. (16) and (17) are applied for evaluating the FDITA method on 508 

viscoelastic parameters identification. 509 

The performances of viscoelastic parameters identification in a single pipe (L = 300 m) 510 

and branched systems (with a leak at pipe 2) are shown in Figs. 10 and 11 with a similar pattern. 511 

Both results reveal that the calibrated viscoelastic parameters are more suitable for describing 512 

transient behavior in the frequency domain than that in the time domain, with the errors in the 513 

frequency domain much smaller than the corresponding ones in the time domain. This is more 514 



28 
 

significant in the branched system as the maximum error for reproducing the transient trace in 515 

the time domain can reach up to 11% while that in the frequency domain is only about 2.9%.  516 

Furthermore, it is very interesting to note that the identified viscoelastic parameters can 517 

better characterize viscoelasticity at small leaks (e.g., s*< 1.1e-3 or Rleak < 10%), while for cases 518 

with a large leak, identified material parameters have relatively large errors in describing 519 

hysteresis effects of polymeric pipes. This is almost opposite to the trend of the leak detection 520 

results from single pipe systems (as shown in Fig. 8) in which the proposed method may not 521 

be able to identify an accurate leak location for cases with a very small leak size. 522 

 523 

Fig. 10 Errors of viscoelastic parameters identification for reproducing transient traces for the 524 

single pipe system: (a) in the frequency domain, (b) in the time domain 525 

 526 

Fig. 11 Errors of viscoelastic parameters identification for reproducing transient traces for the 527 

branched system (a) in the frequency domain and (b) in the time domain 528 

 529 
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4. Results Discussion 530 

The application results have shown that the developed FDITA method is applicable for 531 

simultaneous identification of viscoelastic parameters and leaks in both single and branched 532 

pipeline systems. However, the range of the signal selection, the extraction of the input signal, 533 

the reasons causing the discrepancy between the performance of viscoelastic parameters 534 

identification and leak detection at relatively small and large leaks, and influential factors 535 

affecting the performance of the method are worthy of further discussion.  536 

4.1. The signal range for calibration  537 

In the application of the FDITA method, different ranges of the FRF may be used for leak 538 

identification, and the results show that the width of the FRF range used for calibration does 539 

not significantly affect the leak detection results as long as the selected range is wide enough 540 

for identifying all the knowns. This is similar to the previous findings that the FRF can be used 541 

to identifying viscoelastic parameters once the number of resonance peaks is enough for 542 

viscoelastic parameters identification [25]. To better illustrate this, the selected FRF ranges of 543 

the three cases for the single pipe system used in Section 3.1 are reduced by 40% respectively 544 

(as shown in Fig. 12), and the leak detection results are obtained and listed in Table 10. By 545 

comparison, the results reveal that the performance of the proposed FDITA method is not 546 

sensitive to the change of the calibration range since there are no significant changes between 547 

Tables 5 and 10, and the leak can be identified accurately in these cases. This is because the 548 

selected ranges of the FRF results, even though shortened herein, still can contain enough 549 

information (e.g., FRF peaks) to identify all unknowns (numbers and values of viscoelastic 550 

parameters and leak information) in the derived expressions (e.g., Eq. (7)). 551 

 552 
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 553 

Fig. 12 The frequency response diagrams of the single pipe experimental systems: (a) case 1; 554 

(b) case 2; (c) case 3;  555 

Table 10 Leak detection results for a reduced FRF range 556 

Case 

No. 

s*  

(-) 

x* 

(-) 

s  

(%)  

x   

(%) 

S1 4.65e-03 0.379 5.3 1.24 

S2 8.64e-03 0.376 13.2 0.94 

S3 1.83e-02 0.771 13.9 0.08 

 557 

Consequently, the selection of the FRF range should fulfill the following principles for 558 

the application of the FDITA method:  559 

(1) the FRF range is wide enough to identify all unknowns;  560 

(2) the selected FRF range carries the main information of a system;  561 

(3) the used FRF involves less noises to improve the accuracy. 562 
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For a finite time valve maneuver (e.g., fast closure of the downstream valve in this 563 

study), the low-frequency domain of the FRF results (which involves the first several peak 564 

harmonics) is dominant in the frequency spectrum and is enough to characterize a system, so 565 

it is preferable for performing the FDITA method. Meanwhile, it should be noted that although 566 

the range of the FRF does not significantly affect the FRF results, it is still recommended to 567 

select a valid FRF range as wide as possible to enhance the robustness of the FDITA.  568 

4.2. Impact of input signal extraction  569 

The FDITA is based on the FRF, and an effective extraction of the input signal is essential to 570 

acheive the accurate results of the proposed method. In the literature, the input parameter can 571 

be represented by either dimensionless valve-opening coefficient perturbations or flow 572 

perturbations [47], but the performance of these two kinds of input parameters is different. In 573 

transfer matrix analysis, forms of the head response by these two kinds of input parameters are 574 

slightly different. If valve-opening coefficient perturbations are used as the input, perturbations 575 

during valve maneuver are represent by a linearized orifice equation in the FRF. This kind of 576 

input is relatively accurate for small perturbations, while for large perturbations (e.g., the fast 577 

closure of the valve in this research), it will induce large errors and distort the FRF [47]. To 578 

overcome this, the flow perturbations are used and recommended in this study as it is effective 579 

and accurate in quantifying the input signal. 580 

 Although an accurate FRF can be obtained by using flow perturbations, accurately 581 

acquiring discharge perturbations in a short duration is still difficult. In this paper, the longest 582 

duration of valve closure is about 0.12 s in which it is very difficult to measure the discharge 583 

rate directly and accurately. In this condition, flow perturbations are usually inversely 584 

calculated by either the Joukowsky overhead or an equivalent elastic numerical model [27, 47]. 585 

As indicated formerly, ignoring viscoelasticity effect in the input signal extraction may cause 586 

significant errors to the leak detection results. Inclusion of viscoelastic parameters in the input 587 
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extraction, of course, can minimize the error in the input, but viscoelastic parameters are not 588 

always known in advance, and identifying them with unknown leaks is difficult, time-589 

consuming, and sometimes even impossible. In this regard, it is necessary to use the 590 

known/measured information (e.g., the head surge) to estimate the input. To this end, a linear 591 

relationship (Eq. (12)) that considers the pressure surge in a viscoelastic system is used. To 592 

illustrate its performance on quantifying flow perturbations in viscoelastic systems, the initial 593 

head perturbations and corresponding discharge rates (which are considered as the precise input) 594 

from a numerical test are extracted; then they are used to obtain the inputs by three mentioned 595 

methods (namely, Eq. (12), the elastic model (E.M.) and the Joukowsky overhead (Jouk.)). The 596 

results of these inputs are compared with the precise input in Fig. 13. It is clear that the 597 

performance of the extracted inputs which are based on the elastic assumptions (e.g., denoted 598 

as E.M., and Jouk. in the figure) becomes poorer with the increase of time and angular 599 

frequency, while the input obtained by the proposed equation can well represent the discharge 600 

perturbations in both time and frequency domains. Thus, it is adopted and recommended to 601 

characterize the input signal in viscoelastic systems.   602 

 603 

Fig.13 Comparison of input signal extractions by three kinds of methods with the precise 604 

input (a) in the time domain (b) in the frequency domain with DTS = 10 timesteps (0.01 s) 605 

 606 
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Besides, another important issue in input extraction is to minimize/reduce the influence 607 

of noise in the input signal. In practice, a measured transient signal (usually the head) always 608 

contains (random and systematic)noises, which can be evidenced by small fluctuations in the 609 

measured head response in Fig. 4, and the previous investigation has shown that the 610 

background noise may contain both low and high-frequency components [27]. In the input 611 

signal extraction, the measure response (e.g., H) during valve maneuver is used in Eq. (12). 612 

Because of the short duration (< less than 0.12 s in the study), the noise in the measured signal 613 

may greatly affect the performance/accuracy of the extracted input. To reduce the influence of 614 

noise, a sigmoid curve is used to simulate head perturbations caused by the valve closure and 615 

then to extract the input signal. This is, on one hand, due to the characteristic curve of valve 616 

perturbations used in both experimental and numerical tests in this study. In experimental and 617 

numerical tests, ball valves were installed/simulated to control the flow rate and cause 618 

transients, and the characteristic curve of a ball valve has a sigmoid shape (as shown in Fig. 619 

4(a)). Therefore, using a sigmoid curve to simulate the head response and then to extract the 620 

input signal can well describe the transient response during the valve maneuver. On the other 621 

hand, using a sigmoid curve can also reduce the influence of noise in the signal. To illustrate 622 

this, the transient trace (noise-free) of a numerical test (L = 300 m) in the previous section is 623 

used as shown in Fig. 14(a), and the (numerical) random noise with the mean value of 0 m and 624 

the variance of 0.025 m is added into the signal as shown in Fig. 14(b). The extracted inputs 625 

(by Eq.(12)), namely input with noise and its fitted input using a sigmoid curve (denoted as 626 

noise and sigmoid, respectively), and their corresponding frequency spectrums of the converted 627 

pulses with DTS = 10 timesteps are compared with the precise input (noise-free) in Figs. 14(c-628 

d). The results suggest that if accurate discharge perturbations cannot be measured directly or 629 

the measured signal contains noise, using a sigmoid curve can well simulate the ball valve 630 

maneuver, characterize the input parameter and overcome the influence of noise. 631 
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 632 

Fig.14 The influence of noise in the input extraction: (a) orignal signal (numerical); (b) 633 

orignal signal plus (numerical) noise; (c) comparsion of extrated inputs with the precise input 634 

in the time domain; (d) frequency spectrums of these inputs with DTS = 10 timesteps 635 

 636 

4.3. Correlation between viscoelasticity identification and leak detection  637 

Identifying accurate values for viscoelastic parameters and leak information is the main 638 

objective of the FDITA method, but the application results suggest that when one factor is 639 

accurately identified, the accuracy of the identification results of the other factor will be 640 

affected adversely. In leaking systems, different leak properties (e.g., s* and x*) may affect the 641 

role of pipe wall viscoelasticity. From a perspective of energy analysis, the percentage of 642 

energy attenuated by viscoelasticity and a leak in the pipeline is different for different leaks 643 

[48]. For example, when a large leak locates near the downstream, most of the transient energy 644 
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will leak out of the system during the transient flow process, so the influence of such leak may 645 

surpass that of pipe-wall viscoelasticity. As a result, the leak-induced pattern is overwhelming 646 

in the FRF (compared to that induced by viscoelasticity). By contrast, the pipe wall will 647 

attenuate most of the transient energy in the pipeline system with a relatively small leak near 648 

the upstream tank; thus, the pattern induced by the pipe viscoelasticity becomes more dominant 649 

than that by the leak in the FRF. In fact, these two factors (leak and viscoelasticity) may affect 650 

the behavior and response of each other during the transient process, and thus impose inter-651 

dependence on their detection results by the proposed method. This can also be observed 652 

through the analytical expression derived in Eqs. (7-10) as well as the numerical application 653 

results in Figs. 10 and 11. On this point, the inter-dependence of these two factors and their 654 

influence on the detection results have been systematically investigated in the former study 655 

[27], and their results confirmed the importance of the accurate identification of each factor to 656 

the successful detection of the other one. This is also the motivation of the current study to 657 

develop the simultaneous identification method (FDITA) for both factors, so as to gain more 658 

accurate and physical results of viscoelastic parameters and leaks as well as to improve the 659 

detection efficiency. In this condition, it is difficult to eliminate the influence of one dominant 660 

factor and identify the remaining factor precisely and simultaneously. This is also a limitation 661 

of simultaneous identification of viscoelasticity and a leak by the FDITA method.  662 

Despite it is unlikely to exclude the influence of a large leak and then to identify 663 

viscoelastic parameters accurately, it is still possible to locate a large leak precisely in the 664 

frequency domain if the errors of identified viscoelastic parameters are within an appropriate 665 

range. Compared with describing viscoelastic behavior in the time domain, the viscoelastic 666 

effect is not influenced by individual viscoelastic parameter but governed by a combined 667 

relationship of all viscoelastic parameters in the frequency domain [27]. As indicated in Eq. 668 

(18),  in the frequency domain, the viscoelastic effect is frequency dependent and relies mainly 669 
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on a lumped coefficient RVE. 670 
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in which RVE (·) = the ratio to quantify the relationship between creep compliance and 672 

retardation time in the frequency domain.  673 

Therefore, viscoelastic parameters which can constitute accurate values of RVE in the 674 

frequency domain can be treated as one of the approximate solutions for describing viscoelastic 675 

behavior in the frequency domain, but they may not be exactly accurate to represent 676 

viscoelastic behavior in the time domain, especially for large leaks at which identified 677 

viscoelastic parameters have large errors in reproducing the trainset trace of equivalent intact 678 

systems. From this perspective, the frequency domain method may have a larger error tolerance 679 

in detecting a leak to the identification of viscoelastic parameters, which, in turn, is an 680 

advantage of the proposed FDITA method for leak detection in viscoelastic pipes. 681 

4.4. Theoretical evidence on the applicability of the FDITA method 682 

Similar to the leak reflection-based method which detects a leak based on the leak reflection in 683 

the time domain [49],  the proposed FDITA method relies on the leak-induced pattern which 684 

is also associated with the reflection of a leak [50]. For simplicity, a leak in a single pipe system 685 

as shown in Fig. 15 is used as an example to show the theoretical evidence of different factors 686 

on the leak reflection.  687 

 688 

Fig. 15 The viscoelastic pipe system with a leak (no reflection from the left boundary) 689 

 690 
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If ignoring the reflection from the left-hand boundary, the reflection ratio of a leak at 691 

the downstream end can be derived based on the wave propagation theory: 692 
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in which Rw (·) = reflection ratio at a specific frequency; Href = amplitude of the reflected wave 694 

at the downstream boundary; 0

incH  = amplitude of the incident wave at the downstream; 
inc

rightH  695 

= amplitude of the incident wave at the just right-hand side of the leak; 
ref

rightH  = amplitude of 696 

the reflected wave at the just right-hand side of the leak; 
tr

leftH  = amplitude of the transmitted 697 

wave at the just left-hand side of the leak; 2 / leakg H =   is a coefficient; aVE and W are the 698 

wave speed and the wavenumber of the viscoelastic pipe [51-54]: 699 
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For this simple pipeline system, Eq. (19) suggests that leak properties (e.g., s* and x*), 701 

the head at the leak, length of the pipe (or distance of wave propagation), and viscoelastic 702 

parameters can affect the reflection of a leak together. To clearly show the influence of these 703 

factors, the averaged reflection ratios of the first ten peaks in the frequency domain of a single 704 

pipe system (L = 300 m) which configuration is the same as shown in Table 7 are visualized in 705 

Fig. 16(a). Meanwhile, Fig. 16(a) is compared with Fig. 16 (b) which is about the result of the 706 

same pipeline with smaller creep compliances (as listed in Table 11) to show the influence of 707 

viscoelastic parameters. 708 

 709 

Table 11 Settings of viscoelastic parameters for relatively rigid polymeric pipeline 710 

No. of 

K-V Elements 

J1 

(*10-10 Pa-1) 

1 

(s) 

J2 

(*10-10 Pa-1) 

2 

(s) 

2 0.1 0.06 1.0 0.4 

 711 
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 712 

Fig. 16 Wave reflection ratio by different leaks of: (a) a soft viscoelastic pipeline (with larger 713 

viscoelastic effect); (b) a rigid viscoelastic pipeline (with smaller viscoelastic effect) 714 

 715 

The results in Fig. 16 reveal that the influence of these factors shows similar patterns 716 

for both cases but with different levels, and it is not surprising that Fig. 16(a) has the same 717 

trend with Fig. 10 because the reflection ratio directly reflects the role of a leak in the FRF and 718 

then affects the accuracy of the FDITA method. Overall, a large leak size will cause relatively 719 

large reflection, and a leak located closer to the measurement will generate more reflection 720 

energy [52]. Specifically, based on the results and analysis from Figs. 8 and 16, the main 721 

findings can be gained as follows.  722 

(1) the reflection ratio is a monotone increasing function for s*; thus, the leak reflection 723 

ratio increases with the value of s*. Therefore, a case with relatively large s* is 724 

expected to have a clear leak-induced pattern in the FRF, which can improve the 725 

accuracy of leak detection using the FDITA method; 726 

(2) the wave reflection decays significantly with the increase of the distance between a 727 

leak and a measurement, i.e., L(1-x*) in viscoelastic pipes. Under this condition, the 728 

leak-induced pattern becomes less significant in the FRF, which brings difficulties 729 

in leak detection. By contrast, a leak closer to the downstream end may gain a larger 730 

reflection for the measurement and thereby a better accuracy may be achieved for 731 

leak detection. To address this problem, multiple measurements may be necessary 732 
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to practical system applications (because leak location is unknown) [54]; 733 

(3) a leak in a stiffer pipeline (with relatively high rigidity) will have a large reflection 734 

ratio, suggesting that the FDITA becomes more accurate for leak detection in stiffer 735 

pipelines where the influence of pipe viscoelasticity becomes smaller.  736 

5. Summary and Conclusions 737 

This paper presents a frequency domain inverse transient analysis (FDITA) method for 738 

simultaneous identification of viscoelastic parameters and leaks in viscoelastic pipelines. This 739 

FDITA method is developed by the transfer matrix method for both single and branched 740 

pipeline systems where the viscoelastic characteristics of polymeric pipes and potential leaks 741 

in the system can be identified in an efficient one-step procedure. This developed method and 742 

application procedure has been validated by the laboratory experimental tests, and the results 743 

are analyzed and discussed through extensive numerical applications. The main results and 744 

findings of this study are summarized as follows.  745 

First, the application results demonstrate clearly that viscoelasticity of the pipe wall is 746 

important for leak detection in viscoelastic pipes using the transient wave. The program 747 

determined viscoelastic parameters can be treated as one of the approximate solutions to 748 

describe the retarded response of the pipe wall in the frequency domain. 749 

Second, the viscoelasticity of viscoelastic pipes and potential leaks in a system can be 750 

identified at the same time by performing a global optimized FDITA method, but the 751 

importance/influence of a leak or viscoelasticity is different from case to case. In the calibration, 752 

when the influence of one factor is dominant/overwhelming, it is hard to quantify the other one 753 

precisely at the same time, which is a limitation of simultaneous identification of these two 754 

factors using the FDITA method. 755 

Third, the leak-induced pattern is directly associated with the wave reflection from the 756 

leak, and a clear pattern is important for accurate leak identification in using the FRF-based 757 
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method. In this circumstance, the proposed method is more suitable to detect a leak that will 758 

cause a significant reflection or a leak in a rigid polymeric pipeline.  759 

Last but not least, the current work is preliminary and investigated systems are still very 760 

simple. In the future, more complex systems should be used to validate this method. Also, it is 761 

worth noting that this study is based on the measurement from only one point, and 762 

measurements from multiple points may be used to enhance the accuracy of the global 763 

optimized FDITA method for simultaneous identification of a leak and viscoelastic parameters 764 

in systems of different complexities. 765 
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