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Abstract 24 

Plastic/viscoelastic pipes such as polyvinyl chloride (PVC), polyethylene (PE) and high-density 25 

polyethylene (HDPE) pipes have been increasingly applied in fluid piping systems. The 26 

understanding of the hydrodynamic behavior and features of such pipe materials is important in 27 

their practical applications. This paper develops an effective Frequency-Domain Transient-Based 28 

Method (FDTBM) for the efficient and accurate identification of viscoelastic parameters of 29 

plastic pipes. The analytical expression of transient frequency response in a typical viscoelastic 30 

pipeline system is first derived to describe the dependence relationship among different factors 31 

and coefficients in the system (e.g., pipe and fluid properties). The obtained result is then applied 32 

to inversely identify the viscoelastic parameters of plastic pipes under different flow and 33 

operational conditions. A multistage analysis framework is proposed to enhance the robustness 34 

and effectiveness of the proposed FDTBM in order to obtain accurate and unique solutions of 35 

viscoelastic parameters for the plastic pipes used in this study. The proposed method and 36 

analysis framework have been validated and evaluated through various experimental tests and 37 

numerical simulations.  38 

39 

Keywords: transients, plastic pipes, viscoelastic parameters, multi-stage analysis, frequency 40 

domain method 41 
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Introduction 43 

Transient flows (also termed as transients, water hammer, or pressure surges) are commonly and 44 

frequently triggered by suddenly changing the flow entity under various factors/operations, 45 

which may cause serious problems (e.g., pipeline burst, air pockets growth and water 46 

contamination) in pipe systems (Collins et al., 2012; Chaudhry, 2014; Wylie et al., 1993). In the 47 

last couple of decades, it has been shown that transient waves, rich of information as propagating 48 

through the pipelines, allow assessing pipe conditions by pointing out possible defects, such as 49 

pipe leaks (e.g., Covas et al., 2005b; Duan et al., 2012b; Lee et al., 2006, 2007; Gong et al., 50 

2013), partial blockages (e.g., Meniconi et al., 2011a), and unknown branches (e.g., Meniconi et 51 

al., 2011b, Duan and Lee, 2016). In literature, this approach for fault detection in pressurized 52 

pipes is termed the transient-based method (TBM) (Colombo et al., 2009; Duan et al., 2010a; Xu 53 

and Karney, 2017). Within the TBM, experimental transient data can be analyzed 54 

straightforwardly in the time-domain or frequency-domain by considering the additional pressure 55 

decay due to the potential fault with respect to the fault-free pipe (Ayati et al., 2019; Covas and 56 

Ramos, 2001; Covas et al., 2005b). For example, a leak will induce additional damping in 57 

harmonic peaks in the frequency domain while blockages in the pipeline will cause both 58 

frequency shifts and damping in harmonic peaks (Duan et al., 2012a; Lee et al., 2006; Brunone et 59 

al., 2019). Theoretically, the fault detection can be achieved by minimizing the difference 60 

between the measured data and the results of a numerical model based on the transient governing 61 

equations within a calibration procedure (Covas and Ramos, 2010; Soares et al., 2010).  In this 62 

latter case, it has also been noticed and confirmed through various applications that the TBM 63 

results are sometimes not accurate enough to detect pipe faults for realistic pipe systems. One 64 

possible reason for this problem involves that the current TBM may not be accurate enough or 65 
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may be influenced significantly by the uncertainties (e.g., noise and fluctuation in discharge or 66 

head) in the system. Also, the boundary conditions (e.g., connection methods, pipe properties, 67 

facilities and devices in the system) of the real pipe system are often unknown, which may 68 

greatly affect the reliability of the diagnosis procedure (Mitosek and Chorzelskis 2003; Meniconi 69 

et al., 2018).  As a consequence, current TBMs are mainly applied for simple and idealized 70 

pipeline systems (i.e., a simple pipeline with elastic pipe-wall materials). From this perspective, 71 

it is of great practical significance to extend this innovative method to more realistic pipeline 72 

systems. The main aim of this paper is to improve the performance of the existing models with 73 

respect to the simulation of the transient response of plastic pipes, e.g., polyethylene (PE), high-74 

density polyethylene (HDPE), polyvinyl chloride (PVC), chlorinated polypropylene (CPP) pipes. 75 

In fact, such pipes (also named as viscoelastic ones in the literature) have been widely and 76 

progressively used in pipe systems due to their easiness and economics of construction, operation 77 

and maintenance (Bergant et al., 2008a; Covas et al., 2004; Duan et al., 2010b). A recent 78 

statistical report (Folkman, 2018) showed that approximately 30% of pipelines are made of 79 

viscoelastic materials in the USA. Additionally, in Hong Kong, new pipes used in its 80 

replacement and rehabilitation scheme are primarily comprised of viscoelastic pipes (HK-WSD, 81 

2018; Tang, 2000). Therefore, understanding and quantifying transient behaviors and features of 82 

such plastic pipes under different flow and system operational conditions have become important 83 

and necessary to improve and enhance their applications in practical water pipe systems. 84 

In the literature, transient models and theory have been applied with substantial progress 85 

and achievement for traditional elastic pipes (e.g., concrete and steel). Examples include one-86 

dimensional (1D) and two-dimensional (2D) water hammer models (Ghidaoui et al., 2005), 87 

unsteady friction (UF) or turbulence models for transient pipe flows (Bergant et al., 2008b; 88 
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Brunone and Golia, 2008; Duan et al., 2018; Trikha, 1975; Vardy and Brown, 1995), viscoelastic 89 

pipe-wall formulation (Covas et al., 2005a; Duan et al., 2012b; Pezzinga et al., 2016; Soares et 90 

al., 2008), and uncertainty and sensitivity analysis (Duan, 2016). In particular for the viscoelastic 91 

model, both numerical and experimental tests have been conducted in the literature to capture the 92 

impacts of pipe-wall viscoelasticity (VE) (deformability) on transient flow responses (pressure 93 

and velocity) in the pipes. Through a review of the literature, most of these studies in terms of 94 

viscoelastic modeling were mainly based on the conceptual Kelvin-Voigt (K-V) model, which is 95 

represented by two sets of parameters – retarded time scale ( ) and creep compliance (J) (Covas 96 

et al., 2005a; Duan et al., 2010b; Gally et al., 1979; Pezzinga et al., 2016; Urbanowicz et al., 97 

2016). Therefore, determining these two sets of viscoelastic parameters becomes crucial for 98 

transient flow modeling and analysis in the use of plastic/viscoelastic pipes. 99 

In the research field of pipe fluid transients, the viscoelastic model of transient pipe flows 100 

was initially developed in the 1970s (Gally et al., 1979; Rieutord et al., 1972, 1979; Rieutord, 101 

1982) and was thereafter widely adopted by researchers in this field for the modeling and 102 

analysis of transient flow behaviors caused by various factors and operations in different plastic 103 

pipes (Covas et al., 2005a; Duan et al., 2012b; Meniconi et al., 2012b; Soares et al., 2008; 104 

Urbanowicz et al., 2016, 2018). In these previous studies, the viscoelastic parameters are usually 105 

calibrated and determined by preliminary experimental tests before the viscoelastic model would 106 

be applied to examine and/or predict transient responses in a specified plastic pipeline system. 107 

Moreover, in most of these studies, the retarded time scales ( ) are usually fixed/known in 108 

advance based on the previous studies (e.g., Covas et al., 2005a) during the inverse calibration 109 

process, to reduce the number of unknown variables (  and J) and at the same time to improve 110 

solution robustness/uniqueness. For example, the values of  have been fixed in the study of 111 
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Covas et al. (2005a) based on a trial-and-error process. Thereafter, these fixed values of  were 112 

used by many other studies regarding transient modeling and analysis of transient flows in 113 

viscoelastic pipes, even though the pipe materials and properties (pipe scales) and system 114 

operations are completely different (Duan et al., 2010c; Gong et al., 2016; Soares et al., 2008). 115 

As a result, the viscoelastic parameters and modeling results of these studies are found to be non-116 

unique or inaccurate for fully capturing the entire transient process (Covas et al., 2005a; Duan et 117 

al., 2010c). This is mainly because of the inappropriate time scales ( ) fixed in advance, which 118 

results in the inaccuracy of other parameters (J), so that the calibrated parameters (  and J) may 119 

be only valid/accurate (but not universal) for the calibration cases. However, the time scale 120 

parameters ( ) are also system dependent (Pezzinga et al., 2016), which have to be considered as 121 

key parameters, together with compliance parameters (J), for complete calibration. 122 

Recently, Gong et al. (2016) proposed a TBM by using resonance peak frequencies to 123 

identify the dynamic wave speed and the creep compliance in viscoelastic pipes. An analytical 124 

expression of transient frequency response for viscoelastic pipeline systems has been derived in 125 

their study, followed by extensive numerical tests for the purpose of validation. Nevertheless, the 126 

times scales ( s) are still fixed in advance during the inverse analysis by following previous 127 

study (Covas et al., 2005a), with some adaption through a trial-and-error process for their studied 128 

numerical systems. Therefore, the overall procedure of their proposed method is still time 129 

consuming since the time domain inverse calibration method is still needed to acquire these pre-130 

fixed retardation time scales ( s). Meanwhile, the method they used for identifying the influence 131 

of UF is based on the influence of the UF in elastic pipes, which ignores the nonlinearly 132 

combined effect between VE and UF. This is another issue to be addressed in this study. 133 

This paper aims to further develop the frequency-domain TBM (i.e., FDTBM) for the 134 
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analysis of viscoelastic parameters for plastic pipe flows. A full expression of analytical results is 135 

first obtained by transfer matrix analysis for describing the dependence of transient responses on 136 

pipe and fluid properties (including pipe-wall VE) and system conditions in the frequency 137 

domain. That relationship is then adopted for the analysis of viscoelastic parameters by 138 

measuring other parameters such as the friction factor and the UF convolution coefficient in the 139 

system. To obtain robust (unique and accurate) solutions, a multistage analysis method is 140 

proposed in this study for inversely solving the derived expression of the FDTBM. Thereafter, 141 

the developed method together with the application procedure is validated and analyzed through 142 

extensive laboratory experiments and numerical simulations that cover a wide range of pipe and 143 

system configurations. Finally, the results and achievements of this study are discussed regarding 144 

the implications on transient modeling and analysis of viscoelastic pipe flows, and relevant 145 

conclusions are drawn at the end of this paper. 146 

147 

Models and method of investigation 148 

149 

One-dimensional transient flow model for viscoelastic pipes 150 

The continuity and momentum equations for 1D transient flows in pipe fluid systems considering 151 

both friction (with steady friction (SF) and UF components) and pipe-wall VE effects can be 152 

expressed as (Duan et al., 2010c) 153 

2 2 0,rgA H Q A
a t x t

 (1) 154 

2 '
' '

2 '0

1 4 ( )( ( ) ( ) ) 0,
8

tQ H D fQ Q tsign Q W t t dt
gA t x gA A DA t

(2) 155 

where Q and H are the discharge and piezometric head, respectively; g = gravitational 156 
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acceleration; a = elastic wave speed; D = internal pipe diameter; e = pipe thickness; A = cross 157 

sectional area; x = spatial coordinate; t = time coordinate; ρ = the fluid density; f = the friction 158 

factor;  = the total retarded strain of the pipe wall due to the pipe VE; = the kinematic 159 

viscosity. In this paper, the linearized K-V model is used to estimate the retarded strain, which is 160 

defined as (Covas et al., 2005a; Gϋney, 1983) 161 

1
( ),

n
k

k k k
k

CJ H
t

 (3) 162 
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00
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k

t
t k

k
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D JC Y x t t e dt Y x t C H x t H x
e

(4) 163 

where = the dimensionless parameter, which considers both cross section dimensions and pipe 164 

axis constraint conditions; εk = strain caused by the kth K-V element; Y= Stress; γ = ρ  is the 165 

specific weight; H0 = the piezometric head of the initial steady state; W(t) is the weighting 166 

function of the UF model, which is given by Vardy and Brown (1995) as follows: 167 

( ) ,
4

tD eW t
t

(5) 168 

where λ = the UF convolution coefficient for different flow conditions, which can be calculated 169 

by the following formula for turbulent transient flows: 170 

0.05
0

14.3lg

0
2

(0.54 ) ,
D

RR
(6) 171 

where R0 = the initial Reynolds number, which can be calculated by V0D/ , and V0 is the initial 172 

steady-state velocity in the pipeline. 173 

174 

Frequency-domain transient-based analysis 175 

For a typical transient event in water pipelines, the variables can be rewritten as a mean value 176 
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(i.e., the steady component) plus a perturbation (i.e., the transient component) (Duan et al., 177 

2012b): 178 

0 0 0; ; ,rH H h Q Q q  (7) 179 

in which the subscript 0 represents the corresponding variables in the initial steady state; and h, q, 180 

 are the perturbation variables. By substituting the above terms into the continuity and 181 

momentum Eq. (1) and Eq. (2) above and after essential mathematical operations and 182 

transformations by transfer matrix analysis, the equivalent equations in the frequency domain 183 

can be obtained (Chaudhry, 2014; Duan et al., 2012b): 184 

1
1

1 1

sinhcosh
,

sinh cosh

D Uxh hx
Z

q qZ x x
(8) 185 

where the superscripts U and D represent the upstream and downstream boundaries, respectively; 186 

 = the propagation operator and 1/Z = the characteristic impedance, which can be expressed as 187 

follows: 188 

2
0

1
1

4 1(1 2 )(1 sign( ) ),
1

n
k

k k

i a CJ fQQ
a g i DAi D i

(9) 189 

2

1

0

(1 2 )
1 ,

4 1(1 sign( ) )

n
k

k k

a CJ
gA g iZ
a fQQ

DAi D i

 (10) 190 

in which ω = the angular frequency; and i = the imaginary unit. 191 

Based on Eq. (8), under an initial condition of a unit transient perturbation imposed in a 192 

typical Reservoir-Pipeline-Valve (RPV) system as shown in Fig. 1, the resonant response of the 193 

pressure head at the downstream valve in the system can be solved as: 194 
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1

1

sin ,
cos

D i i xh
Z i x

 (11) 195 

The above equation has the same form with the one derived from the elastic pipe with a different 196 

propagation operator as shown in Eq. (12) 197 

2

2

sin ,
cos

D
EL

EL

i i xh
Z i x

 (12) 198 

where  
D
ELh  = the response of the piezometric head in an elastic pipe at the downstream valve; 199 

1/ZEL = the characteristic impedance in the elastic pipe;  = the propagation operator of the 200 

elastic pipe (=i /a). Combining the resonance condition of both elastic and viscoelastic pipes 201 

gives: 202 

(2 1) EL mm T
a a

 with m = 1,2,3…, (13)203 

1 ,r r i i
f VE VE fT T T T T  (14) 204 

2 22

2 2 2 2
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1 (2 ) (2 )

n
mr rk

VE f
k m k m

a CJT T
g D

 205 

2 22
0

2 2 2 2
1

(2 )(2 ) 2 22 ; ,
1 (2 ) 2 (2 )

n
mi im k k

VE f
k m k m m

a i CJ ifQT T
g DA D

 (15) 206 

where EL = a/4L is the fundamental frequency of an equivalent elastic pipeline with the same 207 

wave speed and system configuration; m is the frequency of the mth resonance peak of the 208 

transient pressure response in the frequency domain, which can be obtained by transferring the 209 

pressure signal (measured or simulated) into the frequency domain using the fast Fourier 210 

transform (FFT) technique (Cochran et al., 1967); T = the frequency shift caused by friction 211 

(both UF and SF), VE and their nonlinearly combined effect; TVE = the frequency shift caused by 212 

pipe-wall VE; Tf = the frequency shift caused by friction terms (both SF and UF); and the 213 
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superscripts r and i represent the real and imaginary parts of the corresponding terms, 214 

respectively. 215 

It is revealed from Eq. (13) that the resonance frequency of a viscoelastic pipe system can 216 

be modified by: (1) the friction effect (SF & UF), (2) the pipe-wall VE effect, and (3) the 217 

nonlinear combination of those two effects. With the use of the expression of Eq. (13), the 218 

viscoelastic parameters of plastic pipes (e.g., and J) can be inversely identified as long as the 219 

other variables and coefficients can be known (measured or calculated) in advance under specific 220 

system and hydraulic conditions. This is actually the main principle of the proposed FDTBM for 221 

viscoelastic parameters identification in this study. 222 

223 

Application and evaluation of FDTBM for viscoelastic parameters analysis 224 

In the application of FDTBM in real plastic pipe systems, the number of K-V elements is usually 225 

not known in advance (i.e., k in Eq. (15) is also unknown) in the analysis process. In the 226 

literature, the number of the K-V elements used in the Hydraulic Transient Solver (HTS) is 227 

usually chosen through an initial understanding of the system or a trial-and-error process to 228 

minimize the transient calibration difference (Covas et al., 2005a; Soares et al., 2008, 2010). 229 

Based on these previous studies, the mechanical response of viscoelastic materials can usually be 230 

better described with the increase of the K-V element number. However, previous researches 231 

have pointed out that the performance of 1D HTS is unlikely to be further improved significantly 232 

when the number of K-V elements is greater than 4 (Covas et al., 2005a). Consequently, the 233 

situations of 1 ~ 3 K-V elements were usually used in most previous studies to describe the 234 

viscoelastic behaviors of different plastic pipe systems, and their results have confirmed the 235 

adequacy of 4 or less K-V elements in the HTS for describing the pipe viscoelastic behaviors 236 
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during transient simulations (Meniconi et al., 2012b; Soares et al., 2010). Nevertheless, there is 237

no scientific foundation for the determination of this number. In this paper, the selection strategy 238

of the K-V element number is determined by the following proposed multistage analysis 239

procedure: 240

(1) Stage 1: a 1-element K-V model is used in the FDTBM to gain the values of creep241

compliance (J1) and retardation time ( ) in the K-V model; 242

(2) Stage 2: a 2-element K-V model is adopted in the proposed method, but one of the243

retardation times ( ) is fixed at the value obtained from the previous stage; then the other 244

parameters such as creep compliance (J1,2) and retardation time ( ) are identified; 245

(3) Stage 3: by putting the acquired 2 parameters ( ) in the 3-element K-V model, the246

other four parameters ( 3, J1,2,3) are then obtained accordingly by the calibration process;  247

……. 248

(k) Stage k: by fixing the obtained (k-1) values of , the k values of J (J1~Jk) and k are 249

obtained by the similar process above. 250

1,2...

1,2...

min( )
1

max( )
k

k

J
J

1  (16) 251

The entire analysis process is stopped when the obtained one of the obtained J values is 252

much smaller than other J values as shown in Eq. (16). As a result, the number of K-V models is 253

determined as (k-1), and the obtained (k-1) sets of  and J values in stage (k-1) are the analytical 254

results of the VE parameters based on the proposed multistage method in this study. For clarity, 255

this multistage analysis method for FDTBM is depicted in Fig. 2. 256

For the application of the FDTBM, one (or more) transient pressure signals will first be 257

used as benchmark data for calibration and identification of viscoelastic parameters, and the 258
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obtained parameters are then applied to test other cases (e.g., with different initial flows or 259 

transient operations) for verification and evaluation of the method’s effectiveness. In this study, 260 

there are three sets of experimental test rigs for investigation, and for each test rig, one of the 261 

experimental test data series is used for the calibration by the FDTBM, and the obtained 262 

viscoelastic parameters for the tested case are then applied for modeling and analysis of all other 263 

test cases in the same rig. To evaluate the validity of the proposed multistage calibration method 264 

of the FDTBM, the following expressions defined by the relative differences between the 265 

measured and modeled results of transient pressure head are used for characterizing the accuracy 266 

(or defined as error) of the transient amplitude (positive and negative) and phase, respectively: 267 

 
th thpeak peak*

| |HTS exp
m m

m
J

H H
H

H
 m = 2,3…, (17) 268 

As a result, the overall performance of the developed method can be evaluated by the 269 

average error for the whole specified transient domain: 270 

 
th th

* *
1 peak valley

1
( )

(%) 100%,
2

N

m m
m

H H

N
 (18) 271 

 
| |(%) 100%,

exp HTS
m m

m
EL

 (19) 272 

where H* = the dimensionless pressure difference; m = the angular frequency of  the mth 273 

resonance peak in the frequency domain, the subscript mth indicates the number of peaks or 274 

valleys of the data; N= the number of periods used for evaluation such that 2N is the total number 275 

of peaks (both positive and negative); the superscript exp = the results from experimental data, 276 

and the superscript HTS = the results from the HTS; HJ = the Joukowsky overhead; and  and 277 

are errors in the transient amplitude and phase, respectively. It is noted that for all the 278 
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numerical and experimental tests in this study, the first 10 periods of numerical data and the first 279 

5 peaks of the measured experimental data are adopted for the results analysis and evaluation. 280 

It is also necessary to point out that only viscoelastic parameters (i.e., and J) will be 281 

calibrated and analyzed in this paper based on the method proposed above, since all the other 282 

parameters and coefficients in the system (e.g., friction factor and elastic wave speed) are 283 

assumed to be known by preliminary analysis (as in Meniconi et al., 2015). For instance, the 284 

initial steady state can be used to calculate f and  and Joukowsky overhead so as to obtain 285 

elastic wave speed for the transients induced by the fast closure of the end valve (e.g., Fig. 1) 286 

(i.e., maneuver duration < 2L/a). Meanwhile, the proposed method and application procedure of 287 

this study as shown in Fig. 2 are extendable and applicable for other situations in the system 288 

where other parameters and coefficients (in addition to VE parameters) are to be determined, as 289 

long as the peak frequencies are enough and accurate from the measurement (i.e., m in Eq. (13)). 290 

 291 

Experimental setup and tests 292 

To verify the effectiveness of the FDTBM, extensive experimental tests for different Reservoir-293 

Pipe-Valve (RPV) systems with viscoelastic pipes were tested in the Water Engineering 294 

Laboratory (WEL) at the University of Perugia, Italy (see the test framework in Fig. 3). Three 295 

high-density polyethylene (HDPE) pipes with different configurations were applied in the tests to 296 

examine the accuracy and validity of the FDTBM under different system conditions. In all these 297 

tests, the transients were induced by the fast closure of the downstream ball valve (with 298 

maneuver duration tv < L/a), as shown in Fig. 1. Detailed descriptions of the three test systems 299 

(denoted as #1, #2 and #3 systems) and corresponding operation conditions are presented in 300 

Tables 1-4 below. The pressure signals were collected by the pressure transducer installed at the 301 



15 

immediate upstream of the downstream end valve, and the sampling frequency (denoted as sp) 302 

was 204.8 Hz for the #1 system and 2000 Hz for the #2 and #3 systems. 303 

Based on the former studies for similar test rigs (Meniconi et al., 2012a), the 304 

dimensionless parameters ( in Eq. (4) of each system are calculated as: 305 

 
2 (1 2 ),p

D e
D e D

 (20) 306 

where  νp = the Poisson ratio, which is 0.46 in these three systems (Meniconi et al., 2014). The 307 

fiction factors in Tables 2-4 are calculated using the Blasius correlations (i.e., Eq. (21)) 308 

according to experiments (Brunone and Berni, 2010). 309 

 0.25
0

0.3164 ,f
R

 (21) 310 

The UF convolution coefficient  is obtained via Eq. (6) for turbulent flows. Other 311 

information listed in Tables 2-4 is based on experimental data. 312 

 313 

The system configuration for numerical comparison 314 

The numerical simulation using pre-known viscoelastic parameters may be an effective method 315 

to compare the proposed frequency-domain method and the traditional time-domain calibration 316 

method. Thus, to demonstrate the effectiveness and advantages of the proposed multistage 317 

FDTBM, 2 elements K-V model is adopted in this part. For simplicity, a frictionless RPV system 318 

is adopted and the used value of the dimensionless constraint coefficient (α) is 1. The remaining 319 

pipe parameters used in the numerical model are 300 m (length), 0.06 m (diameter) and 0.006 m 320 

(thickness) respectively. After the numerical transient trace (used as the benchmark) is generated 321 

using the preset values, the proposed method and the traditional time-domain method are 322 

performed respectively to identify the viscoelastic parameters. It is worth noting that 3 K-V 323 
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models containing 1~3 K-V elements are adopted in the time-domain calibration and for the K-V 324 

models which contain more than 1 elements their retardation times are previously fixed based on 325 

previous studies (Covas et al., 2005a; Soares et al., 2008; Duan et al., 2010c). Once identified, 326 

these obtained viscoelastic parameters from time- and frequency-domain calibration method are 327 

put into the HTS, and then the generated transient traces are compared with the benchmark curve. 328 

 329 

Parametric analysis and numerical tests 330 

The analytical solution of Eqs. (13-15) indicates that the frequency shift of a transient response is 331 

governed by the coefficients and parameters of the system and operation, which means that 332 

different systems may have different performances on using the proposed method for viscoelastic 333 

parameter identification. To gain more universal results for the analysis, a parametric analysis is 334 

performed in this study to obtain relevant dimensionless parameters that affect the transient 335 

frequency shift in the system.  336 

In water supply systems, the transient response (e.g., H) in a viscoelastic pipe is a 337 

function of the parameters and coefficients (with symbols defined previously) as follows: 338 

 0( , , , , , , , , ),H F e L D a V J  (22) 339 

According to π theorem, Eq. (22) can be rewritten in a dimensionless form as below:  340 

 *
0 0 0( , , , , , ).

W

L DH F JE
D e T

M R  (23) 341 

where H*=H/ρV0
2 is the dimensionless pressure head; M0 = V0/a is the initial Mach number; Tw = 342 

L/a is the wave timescale; and E0 is the instantaneous Young modulus of elasticity of the 343 

viscoelastic pipe. Therefore, the calibrated results of J and τ may be affected by these 344 

dimensionless parameters described in Eq. (23), and R0 (or fR0) is the dimensionless parameter 345 

that can reflect the resistance force (i.e., SF and UF) in flows. 346 
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To perform a systematic analysis, extensive numerical tests are conducted in this study 347 

based on the proposed method in Eq. (13) and the procedure in Fig. 2 to understand and examine 348 

the validity range and effectiveness of the developed method for viscoelastic parameter 349 

identification. The typical ranges of system configurations and operation conditions are shown in 350 

Table 5, which may cover most of the situations in realistic pipe systems (Covas et al., 2005a; 351 

Duan et al., 2012c; Gong et al., 2016). The situations of k = 1, 2, 3 for the K-V model are 352 

adopted for numerical simulations and analysis. The values of J and τ are calibrated using the 353 

proposed procedure by the Genetic Algorithm (GA) (Duan et al., 2010d). Then the accuracy of 354 

the proposed method under different flow conditions is evaluated based on Eqs. (18-19) in this 355 

study. It is noted that the dimensional analysis based on the extensive numerical applications in 356 

this study is aimed at examining the accuracy and validity of the developed FDTBM and the 357 

multistage calibration approach under different conditions rather than the dependence of 358 

viscoelastic parameters of plastic pipes on these system factors and conditions. 359 

 360 

Application results and discussion 361 

 362 

Experimental validation 363 

For test systems in Table 1, one of the test data values (with the maximum flow velocity) is used 364 

herein for the inverse identification of the viscoelastic parameters. The calibrated results of 365 

viscoelastic parameters for these three test systems are listed in Table 6. To check the calibration 366 

process of the proposed FDTBM, the corresponding time domain results of pressure traces (of 367 

different stages) for the tests are retrieved and plotted in Fig. 4 for comparison. The stage-by-368 

stage calibration errors are shown in Fig. 5. In general, the calibrated results could be improved 369 
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with the increase in calibration stages, in which the most significant improvement is from the 370 

first stage to the second stage. More specifically, the amplitude prediction errors of these three 371 

systems may attain approximately 20% when only one stage of the calibration process is 372 

achieved, which reduce quickly to an acceptable level (<5%) with stage-by-stage evolution of the 373 

calibration process as shown in Fig. 5. Particularly, for the #1 test system, the prediction error is 374 

less than 2% when the first three calibration stages are achieved. However, for the #3 system, an 375 

acceptable result can be obtained by the first two stages. In this regard, the application results 376 

have demonstrated the feasibility and advantages (accuracy and efficiency) of the proposed 377 

multistage calibration process for the developed FDTBM in this study. In the meantime, the 378 

effective number of the K-V model has also been determined upon the achievement of the 379 

multistage calibration process in the frequency domain, which confirms again the effectiveness 380 

and robustness of the proposed method in this study. 381 

In addition to transient amplitude damping, the frequency shift (corresponding phase 382 

difference in the time domain) is also investigated by evaluating the errors of first 5 resonance 383 

peak frequencies between the numerical data and the experimental data in the frequency domain, 384 

and the results are shown in Table 7. It is clearly shown from this table that there are relatively 385 

small differences between the errors of resonance frequencies using different stages in the same 386 

system and that the proposed method can accurately capture the resonance peaks of the first 3 387 

peaks (errors < 6%). This result indicates that the proposed multistage method captures the main 388 

features of transient phases (frequencies) firstly and then improves the amplitudes stage by stage 389 

(see Fig. 4). This is the inherent tenet of the developed FDTBM that is mainly dependent on the 390 

resonance frequencies (or their shifts) from the measurement and/or simulation data. 391 

It is also noting from the obtained results that the frequency shift is mainly caused by the 392 
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first  (the smallest) identified in the frequency domain while the frequency shift caused by other 393 

retardation times is much less dominant and will decrease with the increase of . In fact, these 394 

identified retardation time scales modify different transient wave frequency ranges, which can be 395 

partially reflected from stress-and-strain curves of different K-V elements. For example, the 396 

stress-and-strain curves of the three K-V elements in the test #1 system are retrieved and shown 397 

in Fig. 6. The results reveal clearly that the stress-and-strain curves stemmed from different 398 

retardation times are different as they modify different frequency ranges. Specifically, the first 399 

identified interacts with or impacts on the mainstream wave mode (with an order of ~L/a time 400 

scale), while the remaining ones mainly influences/modifies the wave modes with relatively low 401 

frequencies such as induced by pipe skin friction and radial wall deformation (“smoothing” and 402 

“detuning” effects with relatively low speeds, with an approximate order of ~D/V0f0.5). Therefore, 403 

the first identified K-V element has contributed to the overall frequency shift as it is mainly 404 

related to the overall phase of transient signal in the time domain (or the fundamental frequency 405 

in the frequency domain). While for the other necessary elements (e.g., the second & third 406 

elements in this case), they may provide further “smoothing” and “detuning” effects on the 407 

transient signal, so as to improve the shape (i.e., low frequency mode) and amplitude of the 408 

signal during calibration process.  409 

 410 

Results verification and evaluation 411 

Previous studies have demonstrated the independence of viscoelastic parameters in the K-V 412 

model on the system operation and initial flow information because they are properties of the 413 

viscoelastic materials and therefore they only change with material conditions and relevant 414 

influence factors (Duan et al., 2010c; Mitosek and Chorzelski, 2003; Wineman and Rajagopal, 415 
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2000). In that regard, the calibrated parameters are, in principle, applicable to any other test cases 416 

in the same system if only other test environment (e.g., temperature) and data collection 417 

techniques (e.g., uncertainties and noises) are kept similar. Accordingly, the application results 418 

of the calibrated parameters in Table 6 to other test conditions are obtained and plotted in Fig. 7 419 

for the three test systems, with the errors in the transient frequency shift of these applied cases 420 

evaluated and listed in Table 8. 421 

The overall results presented in Fig. 8 and Table 8 reveal that the viscoelastic parameters 422 

from the multistage FDTBM can reproduce pressure oscillations with acceptable accuracy 423 

(errors in amplitude < 5% and errors in peaks location ≤ 3.1% for the first 3 peaks) for different 424 

scenarios in each test system. As observed in the former results of Fig. 4, the frequency shifts 425 

caused by different factors can be easily captured by the first stage of the proposed method 426 

because the errors in resonance frequencies from different stages are almost the same (with 427 

relatively small errors as in Table 8) in comparison with the resonance frequencies of the 428 

experimental data. For the amplitude simulation, the error evolution of the application cases 429 

(together with the calibration cases) with the initial condition (Reynolds number or unsteady 430 

friction) is given in Fig. 8, which demonstrates the obvious improvements in transient amplitude 431 

matching with calibration stages, and the final convergence results are of acceptable accuracy 432 

(i.e., errors in amplitude < 5%). These application results imply again the effectiveness of the 433 

proposed method for the analysis and identification of viscoelastic parameters in different pipe 434 

systems. In addition, the results also confirm the former finding that the viscoelastic parameters 435 

are indeed independent of initial flow conditions. 436 

As shown in former studies (Duan et al., 2012c, 2016; Meniconi et al., 2014), the UF 437 

effect highly depends on initial flow conditions (e.g., Reynolds number). Therefore, based on the 438 
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findings in Eq. (13) to Eq. (15), the influences and nonlinearly combined relationships between 439 

different factors (such as SF, UF and VE) could be well distinguished and identified by the 440 

proposed method of this study. It is also noted that the different obtained values of viscoelastic 441 

parameters from different pipeline configurations that are all made of the same HDPE material 442 

indicate that apart from the stress history, the viscoelastic properties under transient flow 443 

conditions may be greatly influenced by pipe axis and circumferential supports (Covas et al., 444 

2005a; Gong et al., 2016; Zanganeh et al., 2015) as well as the pipe scales (e.g., length, size, and 445 

thickness) (Covas et al., 2005a; Pezzinga et al., 2016). As explained in a former study of Duan et 446 

al. (2010b), this is mainly because of the different energy transfers and interactions between 447 

viscoelastic pipe-walls and internal fluids resulting from the different configurations of pipelines. 448 

It is also interesting to note that almost all of the calibrated values of τ2 and τ3 in Table 6 449 

are larger than the elastic wave time scale of the specific pipeline system, i.e., 2L/a = 1.10 s, 450 

0.472 s, and 0.484 s for the #1, #2 and #3 systems, respectively, which may significantly affect 451 

the energy transfer and exchange between pipe-wall and fluid during a transient process (Duan et 452 

al., 2010b; Gong et al., 2016). Furthermore, the obtained retardation time scales (τ s) are not 453 

exactly consistent with (i.e., partially agree, and partially not agree) the statement made in many 454 

previous studies (e.g., Covas et al., 2005a; Gong et al., 2016; Ramos et al., 2004, Keramat and 455 

Haghighi, 2014), in which the pre-specified retardation time scales of different K-V elements are 456 

suggested to be less than the wave cycle time scale (2L/a) so that different viscoelastic 457 

parameters can be accurately identified from the measured transient wave signals. From a 458 

perspective of wave dynamics and acoustics, the viscoelastic transient response (i.e., transient 459 

waves) can be regarded as a multiscale wave superposition process with different retardation 460 

time values corresponding to different wave frequency ranges. When the retardation time is 461 
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larger than 2L/a, the time duration that allows for energy absorption/dissipation in viscoelastic 462 

pipe wall is not enough (Duan et al., 2010b; Gong et al., 2016, Keramat and Haghighi, 2014). 463 

Under this circumstance, the viscoelastic properties of the pipe wall cannot be fully reflected in 464 

the transient traces measured, which poses a barrier for viscoelastic parameters identification. 465 

However, in a realistic pipeline system (e.g., the test systems of interest in this study), this preset 466 

condition/assumption might not be appropriate or satisfied for the analysis of viscoelastic 467 

parameters since the relatively small retardation times mainly describe the short-term/high 468 

frequency behaviors of viscoelastic materials and thus the long-term influence (low frequency 469 

modes) of viscoelasticity/other factors cannot be well reflected. Thus, using such a constraint 470 

condition may not be appropriate.  471 

The application results and findings of this study further demonstrate the effectiveness of 472 

the proposed FDTBM and the multistage calibration procedure. In addition, the consistent 473 

accuracies of different test cases for the same system also confirm another advantage of the 474 

FDTBM – high tolerance against other potential influence factors such as noise and friction 475 

factors – because it relies mainly on the resonance frequencies of the transient system that are 476 

relatively independent of (or high tolerant to) those influential factors (e.g., Duan et al., 2012b; 477 

Duan, 2016). 478 

 479 

Comparison of multistage FDTBM with traditional method 480 

To further demonstrate the effectiveness of the proposed multistage FDTBM, a numerical case 481 

with specified theoretical values of viscoelastic parameters shown in Table 9 is applied to 482 

compared with the traditional time domain method. The obtained results of viscoelastic 483 

parameters calibration by the proposed method and the traditional method are listed in Table 9. 484 
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The comparative results reveal that the proposed FDTBM and multistage application procedure 485 

can effectively identify both the number and corresponding values of the viscoelastic parameters, 486 

while the traditional time-domain method may produce relatively larger errors in the calibration 487 

results by prefixing the retarded time scales as conducted in the literature. In the meanwhile, the 488 

results of obtained pressure traces by these two methods are plotted in Fig. 9. It is clearly shown 489 

that the proposed multistage approach could provide obvious evolution process of the calibration 490 

stages to finally obtain the accurate results for both the number and values of viscoelastic 491 

parameters). From this perspective, the results comparison and analysis in Table 9 and Fig. 9 492 

demonstrate again that the effectiveness and preference of the proposed FDTBM and multistage 493 

application approach.  494 

 495 

Further analysis and discussion of FDTBM 496 

Apart from the experimental tests and results analysis, extensive numerical applications of 497 

viscoelastic pipeline systems with different typical ranges of settings and parameters (e.g., wave 498 

speed, diameter, and thickness) are conducted in this study in order to further examine the 499 

performance of the proposed FDTBM and the analysis approach. Since the former experimental 500 

analysis (in addition to the following numerical analysis) has shown that the proposed FDTBM 501 

could accurately capture the frequency shift of transient responses, only the errors in reproducing 502 

the transient pressure amplitudes are presented and examined in the following analysis. Based on 503 

the numerical applications and experimental tests, a systematic analysis is performed to 504 

investigate the influences of different factors in water pipeline systems, including initial flow 505 

conditions (UF or R0), pipe scales (L, D, and e) and pipe materials (VE), on the accuracy and 506 

applicability of the developed FDTBM. 507 
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 508 

Influence of initial flow condition 509 

The mentioned negligible importance of the initial Reynold number, R0, is confirmed by the final 510 

experimental results plotted in Fig. 10. Precisely, the overall results of both numerical and 511 

experimental tests are plotted in Fig. 10(a), which depicts the errors of different stages and K-V 512 

elements used in the simulation, and the final experimental results (i.e., for the final calibration 513 

stage) and numerical results are described in Fig. 10(b). The relatively smaller errors (i.e., <5%) 514 

in Fig. 10(b) demonstrate the accuracy and validity of the developed method. Also, they reveal 515 

that the application procedure is almost independent of the initial flow condition, which is 516 

evidenced by the relatively constant errors (with average value of approximately 2%) in 517 

predicting pressure oscillations for the tested 1-element K-V model. It is also noted that although 518 

the error levels of using different number of K-V elements are slightly different, the errors in 519 

predicting the transient data which use the same number of K-V elements are relatively stable 520 

and are still within 5%. These results and findings show the relatively small influence of the 521 

initial flow condition on the accuracy of the FDTBM. Furthermore, the stage-by-stage 522 

experimental analysis results in Fig. 10(a) also clearly indicate the evolution and improvement of 523 

the analysis process for the transient responses by the multistage calibration approach, which 524 

evidences again the effectiveness of the proposed FDTBM and application procedure. 525 

 526 

Influence of pipe scales 527 

Recent studies by Pezzinga et al. (2016) and Mitosek and Chorzelski (2003) reveal that the pipe 528 

scales (e.g., length, size and thickness) could significantly affect transient behaviors (amplitude 529 

and phase) in viscoelastic pipes and thus may influence the application of the proposed FDTBM 530 
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in present work. Based on the dimensional analysis in this study, these pipe scale effects are 531 

reflected through two dimensionless parameters, D/e and L/D, as shown in Eq. (23). To highlight 532 

and investigate the influence of these pipe scale parameters, the numerical tests considering the 533 

frictionless pipeline only are conducted herein for analysis. By applying the developed FDTBM 534 

to the extensive numerical cases listed in Table 5, the results are obtained and evaluated as given 535 

in Fig. 11.  536 

The plots in Fig. 11 demonstrate clearly the relatively high sensitivity of the FDTBM to 537 

the pipe scales. On one hand, the results of only 1-element K-V model in Fig. 11(a) show that the 538 

identification error (and its deviation) increases with an approximately linear trend (from 0.5% to 539 

approximately 2.5%) with D/e within the whole test domain. Although predicting errors for 540 

multiple K-V elements model are obviously larger than those from the single K-V element model, 541 

a similarly increasing trend indicates that the method may become relatively more sensitive (less 542 

accurate) for the viscoelastic parameter identification for plastic pipelines with larger sizes and 543 

thinner walls (e.g., flexible pipe-walls). On the other hand, the results of Fig. 11(b) reveal the 544 

consistent trend of the influence of L/D parameter to D/e. In other words, the identification error 545 

is decreasing with L/D, which means that it becomes less accurate for applying the developed 546 

FDTBM to plastic pipelines with shorter lengths and larger sizes. In fact, the viscoelastic 547 

materials have strong time dependent strain properties, so that it requires sufficient time to 548 

complete their viscoelastic deformation during the transient oscillation process. In this regard, it 549 

is relatively difficult for the relatively short and/or large pipes to achieve the complete 550 

viscoelastic performance during the fast transient process (insufficient wave time to achieve a 551 

complete viscoelastic hysteresis). As a result, it is unlikely for the viscoelastic model (in transient 552 

simulation) to fully capturing viscoelastic (deformation) features of the pipes, and thus the pipe 553 
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will be identified with more elastic behaviors (higher wave speed) than viscous behaviors in 554 

relatively short pipes (Mitosek and Chorzelski, 2003). This is again due to the use of the 555 

conceptual K-V model in which only can an analogous process of viscoelastic deformation be 556 

mimicked, but not the complete physical mechanism of the viscoelastic material.  557 

It is also noticed from Fig. 11 that the tested parameter range covers most of pipe sizes in 558 

the water supply system (Duan et al., 2012c) and the maximum error of all the tests covered in 559 

this study is about 11% only, which confirms the effectiveness of the developed FDTBM and 560 

application procedure for the identification of viscoelastic parameters for most situations of 561 

plastic pipes in water supply systems. 562 

 563 

Influence of pipe material properties 564 

It is clearly shown in the analytical analysis (e.g., Eq. (15) and Eq. (23)) that transient responses 565 

in plastic pipes are highly dependent on the viscoelastic properties (i.e., dimensionless 566 

parameters, JE0 and τ/Tw in Table 5). Therefore, it is not surprising that these viscoelastic 567 

properties may directly influence the identification process and accuracy of the FDTBM. Based 568 

on the extensive numerical tests planned in Table 5, the application results are evaluated and 569 

plotted in Fig. 12. The overall results show the decreasing trend of identification accuracy with 570 

both parameters (JE0 and τ/Tw). By definition, the parameter of JE0 represents the relative 571 

deformability of the plastic pipe (i.e., range of retarded deformation), and τ/Tw represents the 572 

time available for the energy transfer between the pipe-wall and the initial fluid during each 573 

wave cycle. As a result, the results of Fig. 12 can be interpreted as follows: (1) the proposed 574 

FDTBM becomes less accurate in its application to the plastic pipes with relatively higher 575 

deformability, and (2) it is more accurate to identify those pipes with relatively larger lengths 576 
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and/or faster deformation speed so that the viscoelastic features of plastic pipes could be fully 577 

reflected by and included in the transient responses. Through the results comparison of Figs. 12(a) 578 

and (b), it is found that the FDTBM is more sensitive to the parameter of τ/Tw (with maximum 579 

error exceeding 10%) than of JE0 (with maximum error below 3%). Therefore, the deformation 580 

speed and degree of the plastic pipes (i.e., deformability) are crucial to the application of the 581 

developed FDTBM in this study. 582 

From the results analysis and discussion, it can be concluded the developed FDTBM and 583 

the application procedure in this study are effective in the identification and analysis of 584 

viscoelastic parameters of plastic pipes, and its accuracy could be affected by different factors 585 

with different deformation degrees in the system. Specifically, the systematic analysis of this 586 

study indicates that the deformability (viscoelastic creep speed and extension degree) is the most 587 

influential factor, followed by the pipe scales and initial flow conditions, for the applicability and 588 

accuracy of the developed FDTBM. 589 

 590 

Summary and conclusions 591 

This research presents a frequency-domain transient-based method (FDTBM) for the analysis of 592 

viscoelastic parameters (i.e., creep compliance and retardation time) of plastic pipes. The 593 

transient frequency response of plastic pipes is first derived from 1D water hammer equations 594 

and then used for viscoelastic parameter identification based on a proposed multistage calibration 595 

process in this study. 596 

Three sets of laboratory experimental test systems with different pipe configurations and 597 

initial flow conditions were applied to examine the effectiveness of the proposed method and 598 

application procedure. The experimental results and analysis demonstrate that the proposed 599 
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FDTBM and the multistage calibration process can efficiently provide unique and accurate 600 

results for viscoelastic parameter analysis. 601 

Extensive numerical tests are further applied to the systematic analysis of the influences 602 

of different factors in the system, including initial flow condition, pipe scales and viscoelastic 603 

properties. The results and analysis indicate that the FDTBM is applicable to most situations of 604 

viscoelastic parameters identification, and its accuracy and applicability could be affected 605 

potentially by both viscoelastic properties and pipe scales (e.g., errors within 20% for all tests in 606 

this study) but remain relatively constant with initial flow conditions (e.g., errors < 3% herein). 607 

Finally, it is necessary in future work to further investigate the influences of other 608 

complex factors in practical pipeline systems, such as system connection complexities and 609 

devices operations, on the developed FDTBM. 610 

 611 

Data Availability Statement 612 

Some or all data, models, or code generated or used during the study are available from the 613 

corresponding author by request (including Analytical, numerical and experimental test data). 614 

 615 

Acknowledgments 616 

This research work was supported by the Hong Kong Research Grants Council (RGC) under 617 

projects No. 25200616, No. 15201017 and No. T21-602/15R. In addition, support from Italian 618 

MIUR and University of Perugia is acknowledged for the program “Dipartimenti di Eccellenza 619 

2018-2022”. 620 

 621 

References 622 



29 

Ayati, A. H., Haghighi, A., and Lee, P. J. (2019). "Statistical review of major standpoints in 623 

hydraulic transient-based leak detection". J. Hydraul. Struct., 5 (1), 1–26.  624 

Bergant, A., Tijsseling, A. S., Vítkovský, J. P., Covas, D., Simpson, A. R., Lambert M. F. 625 

(2008a). "Parameters affecting water-hammer wave attenuation, shape and timing—Part 1: 626 

Mathematical tools". J. Hydraul. Res., 46(3), 373–381. 627 

Bergant, A., Tijsseling, A. S., Vítkovský, J. P., Covas, D., Simpson, A. R., Lambert M. F. 628 

(2008b). " Parameters affecting water-hammer wave attenuation, shape and timing—Part 2: 629 

Case studies". J. Hydraul. Res., 46(3), 382–391. 630 

Brunone, B., and Golia, U.M. (2008). "Discussion of ‘Systematic evaluation of one-dimensional 631 

unsteady friction models in simple pipelines’ by J.P. Vítkovský, A. Bergant, A.R. Simpson, 632 

and M. F. Lambert". J. of  Hydraul. Eng., 10.1061/(ASCE)0733-9429(2008)134:2(282) 633 

Brunone, B., and Berni, A. (2010). "Wall shear stress in transient turbulent pipe flow by local 634 

velocity measurement". J. of Hydraul. Eng., 10.1061/(ASCE)HY.1943-7900.0000234, 716-635 

726. 636 

Brunone, B., Meniconi, S., and Capponi, C. (2019). "Numerical analysis of the transient pressure 637 

damping in a single polymeric pipe with a leak". Urban Water J., 15(8), 760–768. 638 

Chaudhry, M. H. (2014). Applied hydraulic transients, Springer-Verlag, New York. 639 

Cochran, W. T., Cooley, J. W., Favin, D. L., Helms, H. D., Kaenel, R. A., Lang, W. W., Maling, 640 

G. C., Nelson, D. E., Rader, C. M., and Welch, P. D. (1967). "What is the fast fourier 641 

transform?" Proc. IEEE, 55(10), 1664–1674. 642 

Collins, R. P., Boxall, J. B., Karney, B. W., Brunone, B., and Meniconi, S. (2012). "How severe 643 

can transients be after a sudden depressurization?" J. Am. Water Works Ass., 104, E243–644 

E251. 645 

Colombo, A. F., Lee, P., and Karney, B. W. (2009). "A selective literature review of transient-646 

based leak detection methods." J. Hydro-Environ. Res., 2(4), 212–227. 647 



30 

Covas, D., and Ramos, H. (2001). "Hydraulic transients used for leakage detection in water 648 

distribution systems." Proc., 4th Int. Conf. on Water pipe systems, BHR Group, York, 649 

United Kingdom, 227-241. 650 

Covas, D., Stoianov, I., Mano, J. F., Ramos, H., Graham, N., and Maksimovic, C. (2005a). "The 651 

dynamic effect of pipe-wall viscoelasticity in hydraulic transients. Part II—model 652 

development, calibration and verification." J. Hydraul. Res., 43(1), 56–70. 653 

Covas, D., Ramos, H., Almeida, A. B. (2005b). "Standing wave difference method for leak 654 

detection in pipeline systems." J. Hydraul. Eng., 10.1061/(ASCE)0733-655 

9429(2005)131:12(1106), 1106-1116. 656 

Covas, D., Stoianov, I., Ramos, H., Graham, N., and Maksimovic, C. (2004). "The dynamic 657 

effect of pipe-wall viscoelasticity in hydraulic transients. Part I—experimental analysis and 658 

creep characterization." J. Hydraul. Res., 42(5), 517–532. 659 

Covas, D., and Ramos, H. (2010). "Case studies of leak detection and location in water pipe 660 

systems by inverse transient analysis." J. Water Resour. Plan. Manag., 661 

10.1061/(ASCE)0733-9496(2010)136:2(248), 248-257. 662 

Duan, H. F., Che, T.-C., Lee, P. J., and Ghidaoui, M. S. (2018). "Influence of nonlinear turbulent 663 

friction on the system frequency response in transient pipe flow modelling and analysis." J. 664 

Hydraul. Res., 56(4), 451–463. 665 

Duan, H. F., Lee, P. J., Ghidaoui, M. S., and Tung, Y.-K. (2010a). "Essential system response 666 

information for transient-based leak detection methods." J. Hydraul. Res., 48(5), 650–657. 667 

Duan, H. F., Ghidaoui, M. S., and Tung, Y.-K. (2010b). "Energy analysis of viscoelasticity effect 668 

in pipe fluid transients." J. Appl. Mech., 77(4), 044503-1–044503-5. 669 

Duan, H. F., Ghidaoui, M., Lee, P. J., and Tung, Y.-K. (2010c). "Unsteady friction and visco-670 

elasticity in pipe fluid transients." J. Hydraul. Res., 48(3), 354–362. 671 

Duan, H. F., Tung, Y. K., and Ghidaoui, M. S. (2010d). "Probabilistic analysis of transient 672 

design for water supply systems." J. Water Resour. Plan. Manag., 673 

10.1061/(ASCE)WR.1943-5452.0000074, 678–687. 674 

Duan, H. F., Lee, P. J., Ghidaoui, M. S., and Tung, Y.-K. (2012a). "Extended blockage detection 675 

in pipelines by using the system frequency response analysis." J. Water Resour. Plan. 676 

Manag., 10.1061/(ASCE)WR.1943-5452.0000145, 55–62. 677 



31 

Duan, H. F., Lee, P. J., Ghidaoui, M. S., and Tung, Y.-K. (2012b). "System response function–678 

based leak detection in viscoelastic pipelines." J. Hydraul. Eng., 10.1061/(ASCE)HY.1943-679 

7900.0000495, 143–153. 680 

Duan, H. F., Ghidaoui, M. S., Lee, P. J., and Tung, Y. K. (2012c). "Relevance of unsteady 681 

friction to pipe size and length in pipe fluid transients." J. Hydraul. Eng., 682 

10.1061/(ASCE)HY.1943-7900.0000497, 154–166.Duan, H. F. (2016). "Sensitivity analysis 683 

of a transient-based frequency domain method for extended blockage detection in water 684 

pipeline systems." J. Water Resour. Plan. Manag., 10.1061/(ASCE)WR.1943-5452.0000625, 685 

04015073. 686 

Duan, H. F., and Lee, P. J. (2016). "Transient-based frequency domain method for dead-end side 687 

branch detection in reservoir pipeline-valve systems." J. Hydraul. Eng., 142(2), 04015042. 688 

Folkman, S. (2018). "Water main break rates in the USA and Canada: A comprehensive study." 689 

Mechanical and Aerospace Engineering Faculty Publications, Logan, Utah, U.S. 690 

Gally, M., Güney, M., and Rieutord, E. (1979). "An investigation of pressure transients in 691 

viscoelastic pipes." J. Fluids Eng., 101(4), 495–499. 692 

Ghidaoui, M. S., Zhao, M., McInnis, D. A., and Axworthy, D. H. (2005). "A review of water 693 

hammer theory and practice." Appl. Mech. Rev., 58(1), 49–76. 694 

Gong, J., Lambert, M. F., Simpson, A. R., Zecchin, A. C. (2013). "Single-event leak detection in 695 

pipeline using first three resonant responses." J. Hydraul. Eng., 10.1061/(ASCE)HY.1943-696 

7900.0000720, 645-655. 697 

Gong, J., Zecchin, A. C., Lambert, M. F., and Simpson, A. R. (2016). "Determination of the 698 

creep function of viscoelastic pipelines using system resonant frequencies with hydraulic 699 

transient analysis." J. Hydraul. Eng., 10.1061/(ASCE)HY.1943-7900.0001149, 04016023. 700 

Gϋney, M. S. (1983). "waterhammer in viscoelastic pipes where cross-section parameters are 701 

time dependent." Proc., 4th Int. Conf. on Pressure surges, BHR Group, Cranfield, U.K., 702 

189-204. 703 

HK-WSD (Water Supplies Department of the Hong Kong Government). (2018). "Technical 704 

Specifications on Grey Water Reuse and Rainwater Harvesting." 705 

<https://www.wsd.gov.hk/filemanager/en/content_1459/technical_spec_grey_water_reuse_r706 

ainwater_harvest.pdf > (May 2015). 707 



32 

Keramat, A., and Haghighi, A. (2014). "Straightforward transient-based approach for the creep 708 

function determination in viscoelastic pipes." J. Hydraul. Eng., 10.1061/(ASCE)HY.1943-709 

7900.0000929, 04014058. 710 

Lee, P. J., Lambert, M. F., Simpson, A. R., Vítkovský, J. P., and Liggett, J. (2006). 711 

"Experimental verification of the frequency response method for pipeline leak detection." J. 712 

Hydraul. Res., 44(5), 693–707. 713 

Lee, P. J., Vítkovský, J. P., Lambert, M. F., Simpson, A. R., and Liggett, J. (2007). "Leak 714 

location in pipelines using the impulse response function." J. Hydraul. Res., 45(5), 643–652. 715 

Meniconi, S., Brunone, B., Ferrante, M. and Massari, C. (2011a). "Potential of transient tests to 716 

diagnose real supply pipe systems: what can be done with a single extemporary test." J. of 717 

Water Resour. Plan. Manage., 10.1061/(ASCE)WR.1943-5452.0000098. 718 

Meniconi, S. Brunone, B., Ferrante, M., and Massari, C. (2011b). "Transient tests for locating 719 

and sizing illegal branches in pipe systems." J. Hydroinform., 13(3), 334-345. 720 

Meniconi, S., Brunone, B., and Ferrante, M. (2012a). "Water-hammer pressure waves interaction 721 

at cross-section changes in series in viscoelastic pipes." J. Fluids Struct., 33, 44–58. 722 

Meniconi, S., Brunone, B., Ferrante, M., and Massari, C. (2012b). "Transient hydrodynamics of 723 

in-line valves in viscoelastic pressurized pipes: Long-period analysis." Exp. Fluids, 53(1), 724 

265–275. 725 

Meniconi, S., Duan, H. F., Brunone, B., Ghidaoui, M. S., Lee, P. J., and Ferrante, M. (2014). 726 

"Further developments in rapidly decelerating turbulent pipe flow modeling." J. Hydraul. 727 

Eng., 10.1061/(ASCE)HY.1943-7900.0000880, 04014028. 728 

Meniconi, S., Brunone, B., Ferrante, M., Capponi, C., Carrettini, C. A., Chiesa, C., Segalini, D., 729 

and Lanfranchi, E. A. (2015). "Anomaly pre-localization in distribution-transmission mains. 730 

Preliminary field tests in the Milan pipe system." J. Hydroinform., 17(3), 377-389. 731 

Meniconi, S., Brunone, B., and Frisinghelli, M. (2018). "On the role of minor branches, energy 732 

dissipation, and small defects in the transient response of transmission mains." Water, 733 

10.3390/w10020187. 734 

Mitosek, M., and Chorzelski, M. (2003). "Influence of visco-elasticity on pressure wave velocity 735 

in polyethylene MDPE pipe." Arch. Hydro-Eng. Environ. Mech., 50(2), 127–140. 736 



33 

Pezzinga, G., Brunone, B., and Meniconi, S. (2016). "Relevance of pipe period on Kelvin-Voigt 737 

viscoelastic parameters: 1D and 2D inverse transient analysis." J. Hydraul. Eng., 738 

10.1061/(ASCE)HY.1943-7900.0001216, 04016063. 739 

Ramos, H., Covas, D., Borga, A., and Loureiro, D. (2004). "Surge damping analysis in pipe 740 

systems: Modelling and experiments." J. Hydraul. Res., 42(4), 413–425. 741 

Rieutord E., Blanchard A. (1972). "Influence d'un comportement viscoelastique de la conduite 742 

dans le phenomene du coup de belier." C. R. Acad. Sc., 274: 1963-1966. 743 

Rieutord, E., and A. Blanchard. (1979). "Pulsating viscoelastic pipe flow-water-hammer." J. 744 

Hydraul. Res., 17(3), 217-229. 745 

Rieutord, E. (1982). "Transient response of fluid viscoelastic lines." J. Fluids Eng., 104(3), 335–746 

341. 747 

Soares, A. K., Covas, D. I. C., and Reis, L. F. R. (2010). "Leak detection by inverse transient 748 

analysis in an experimental PVC pipe system." J. Hydroinform., 13(2), 153–166. 749 

Soares, A. K., Covas, D. I., and Reis, L. F. (2008). "Analysis of PVC pipe-wall viscoelasticity 750 

during water hammer." J. Hydraul. Eng., 10.1061/(ASCE)0733-9429(2008)134:9(1389), 751 

1389–1394. 752 

Tang, S. L. (2000). "Dual water supply in Hong Kong." Proc. 26th WEDC Conf. on Water, 753 

Sanitation and Hygiene- Challenges of the Millennium, WEDC,  Loughborough University, 754 

UK, 364–366. 755 

Trikha, A. K. (1975). "An efficient method for simulating frequency-dependent friction in 756 

transient liquid flow." J. Fluids Eng., 97(1), 97–105. 757 

Urbanowicz, K., Firkowski, M., and Zarzycki, Z. (2016). "Modelling water hammer in 758 

viscoelastic pipelines: short brief." J. Phys.: Conf. Ser., doi: 10.1088/1742-759 

6596/760/1/012037 760 

Urbanowicz, K., and Firkowski, M. (2018). "Effect of creep compliance derivative in modelling 761 

water hammer in viscoelastic pipes." Proc., 13th Int. Conf. on Pressure surges, BHR Group, 762 

Bordeaux, France, 305-324. 763 

Vardy, A. E., and Brown, J. M. B. (1995). "Transient, turbulent, smooth pipe friction." J. 764 

Hydraul. Res., 33(4), 435–456. 765 



34 

Wineman, A. S., and Rajagopal, K. R. (2000). Mechanical response of polymers: An 766 

introduction, Cambridge University Press, New York. 767 

Wylie, E. B., Streeter, V. L., and Suo, L. (1993). Fluid transients in systems, Prentice Hall, 768 

Englewood Cliffs, NJ. 769 

Xu, X. , and Karney, B. (2017). "An overview of transient fault detection techniques". In C. 770 

Verde and L. Torres (eds.), Modeling and Monitoring of Pipelines and Networks (pp.13-37), 771 

Springer Int. Publishing, Cham, Switzerland. 772 

Zanganeh, R., Ahmadi, A., and Keramat, A. (2015). "Fluid–structure interaction with 773 

viscoelastic supports during waterhammer in a pipeline." J. Fluids Struct., 54, 215–234. 774 



1 

Tables 

 

Table 1. System Configuration Information 

System No. #1 #2 #3 

L (m) 199.8 99.80 101.4 

D (mm) 93.3 38.3 26.6 

e (mm) 8.1 5.9 3.1 

sp (Hz) 204.8 2000 2000 

1.25 1.46 1.34 
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Table 2. Hydraulic Information for the #1 System 

Test No. Test 1 Test 2 Test 3 

Q (L/s) 1.00 3.43 4.40 

R0 1.36e4 4.68e4 6.00e4 

f 2.93e-2 2.15e-2 2.02e-2 

λ 0.519 1.25 1.49 

Initial Head (m) 20.41 18.80 17.97 

Maximum Head (m) 25.85 36.95 41.34 

tv (s) 0.107 0.162 0.164 
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Table 3. Hydraulic Information for the #2 System 

Test No. Test 1 Test 2 

Q (L/s) 0. 414 0. 271 

R0 1.98e4 1.30e4 

f 2.67e-2 2.97e-2 

λ 8.40 6.15 

Initial Head (m) 16.68 18.43 

Maximum Head (m) 48.54 40.06 

tv (s) 0.355 0.324 
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Table 4. Hydraulic Information for the #3 System 

Test No. Test 1 Test 2 Test 3 

Q (L/s) 0. 436 0. 591 0. 810 

R0 1.44e4 1.97e4 2.69e4 

f 2.89e-2 2.67e-2 2.47e-2 

λ 3.22 4.03 5.05 

Initial Head (m) 20.04 19.57 18.44 

Maximum Head (m) 36.66 42.21 49.22 

tv (s) 0.127 0.140 0.165 
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Table 5. Test Ranges of Dimensionless Parameters 

Parameter L/D D/e fR0 JE0 τ/Tw 

Minimum 1600 5.0 100 0.092 0.04 

Maximum 8000 20.0 1200 0.46 0.80 
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Table 6. Identification Results of VE Parameters for Three Test Systems 

No. of 
Stage 

System 
and Test 

VE Parameters 

J1 (Pa-1) τ1 (s) J2 (Pa-1) τ2 (s) J3 (Pa-1) τ3 (s) 

 

Stage-1 

#1 Test 3 7.48e-11 0.119 

 #2 Test 1 4.86e-11 0.0586 

#3 Test 3 5.45e-11 0.0499 

 

Stage-2 

#1 Test 3 6.97e-11 0.119 8.26e-11 1.05 

 #2 Test 1 4.38e-11 0.0586 8.53e-11 0.491 

#3 Test 3 5.02e-11 0.0499 1.56e-11 0.672 

Stage-3 
#1 Test 3 6.98e-11 0.119 8.27e-11 1.05 6.90e-11 39.9 

#2 Test 1 4.38e-11 0.0586 9.51e-11 0.491 4.87e-10 15.0 
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Table 7. Errors in Transient Frequency Shift of the Calibration Results for Three Test Systems 

(N/A Indicates not Necessary/Measured for this Stage) 

Errors in 
Phase 

Stage-1 Stage-2 Stage-3 

#1 #2 #3 #1 #2 #3 #1 #2 #3 

1 (%) 0 0.01 0.01 0 0.01 0.01 0 0.01 N/A 

2 (%) 5.5 0 3.1 0 0 3.1 0 0 N/A 

3 (%) 0 0 3.2 0 0 3.2 0 0 N/A 

4 (%) 5.5 0 12.5 5.5 0 12.5 5.5 0 N/A 

5 %) 5.5 N/A 15.6 5.5 N/A 15.6 5.5 N/A N/A 
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Table 8. Application Errors in Transient Frequency Shift of Three Test Systems 

Errors 
in Phase 

Stage-1 Stage-2 Stage-3 

#1 #2 #3 #1 #2 #3 #1 #2 #3 

1 (%) 0 0.01 0.01 0 0.01 0.01 0 0.01 N/A 

2 (%) 2.7±3.9 0 3.1 2.7±3.9 0 3.1 2.7±3.9 0 N/A 

3 (%) 0 0 3.1 0 0 3.1 0 0 N/A 

4 (%) 2.7±3.9 0 6.2 2.7±3.9 0 6.2 2.7±3.9 0 N/A 

5 (%) 8.2±3.9 N/A 9.3±4.4 8.2±3.9 N/A 9.3±4.4 8.2±3.9 N/A N/A 
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Table. 9 Numerical comparison of the proposed FDTBM and traditional time-domain method 

Items J1 

(×10-10 Pa-1) (s) 
J2 

(×10-10 Pa-1) (s) 
J3 

(×10-10 Pa-1) (s) 

2-Element K-V 
Parameters for 
Numerical Test 

0.200 0.0150 1.50 0.800  

Proposed 
FDTBM 

Stage-1 0.218 0.0168  
Stage-2 0.210 0.0168 1.58 0.792  
Stage-3 0.210 0.0168 1.67 0.792 0.000167 0.806 

Traditional 
Time-

Domain 
Method 

1-element 1.30 0.519  
2-element 0.08 0.05(fixed) 1.17 0.5(fixed)  
3-element 0.233 0.05(fixed) 0.445 0.5(fixed) 1.312 1.5(fixed) 
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Fig. 1 Sketch of the PRV system 

Fig. 2 Overall procedure for the multistage FDTBM 
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