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Introduction 26 

In urban water supply systems (UWSS), pipelines commonly encounter many different problems 27 

that may affect the function and operation of UWSS, such as leakage, partial blockage and wall 28 

thinning, which are usually termed as pipe defects/faults in the literature (AWWA, 2012). These 29 

pipe defects could be formed easily in water supply pipeline due to various natural and artificial 30 

factors, including chemical corrosion, biofilm and physical deformation. The formation and 31 

existence of such pipe defects may result in serious problems, including (but not limited to) the 32 

reduction of flow capacity, increase of energy loss and deterioration of water quality (James and 33 

Shahzad, 2003). For example, in Hong Kong (HK), the annual cost for water and energy losses 34 

of its dual UWSS (i.e., fresh water and sea water conveyance systems) was estimated at over 35 

HK$ 1.5 billion (~US$ 200 million/year) (HKWSD, 2019). In the worldwide UWSS, the average 36 

water loss has been increased up to over 30% of the total supply amount (Gupta and Kulat, 2018). 37 

Therefore, it is urgent and important to develop effective technologies to diagnose these pipe 38 

defects in a timely manner, so as to minimize the resultant problems and wastage in the UWSS. 39 

To solve above-mentioned critical issues in UWSS, different kinds of methods and tools 40 

have been developed to identify and assess water supply pipeline condition (Datta and Sarkar, 41 

2016). The current commercially available technologies used for pipeline condition assessment 42 

mainly include two classes: (i) intrusive methods, such as CCTV cameras and Smart Balls 43 

(Stephens, 2008); and (ii) non-intrusive methods, e.g., moisture sensors, ground penetrating radar, 44 

and acoustic correlators (Puust et al., 2010). Indeed, the use of these methods and technologies 45 

has greatly reduced these problems in UWSS. However, current critical problem of water and 46 

energy losses (e.g., over 30% worldwide) has evidenced the inadequacy and inefficiency of these 47 

methods and tools in improving further the situations in UWSS (Datta and Sarkar, 2016). 48 
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Moreover, various previous applications in the literature have also demonstrated one or more 49 

following disadvantages for each of these current methods: (1) short-ranged and time-consuming 50 

to each test; (2) intrusive and expensive to practical system application; and (3) 51 

inapplicable/unreliable to identify simultaneously different types of pipe defects such as leakage 52 

and blockage (Stephens, 2008; Puust et al., 2010; Lee et al., 2013).  53 

In recent years, a new and promising method that utilizes transient pressure waves, 54 

termed as transient-based method (TBM), to diagnose different problems UWSS has emerged. 55 

The tenet of this method is that an injected transient wave (with wave speed up to an order of 56 

1000 m/s) propagating in pipelines is modified by, and thereby carries information about, the 57 

properties and states of these pipelines. This non-intrusive method allows potential pipe defects 58 

to be detected in a real-time manner and over a long range (Duan et al., 2010; Lee et al., 2013). 59 

With such advantages of this TBM, various researches and investigations have been performed 60 

for the pipeline condition assessment (e.g., leakage, partial blockage, wall thinning) through 61 

theoretical analysis, numerical simulation and modelling, and experimental applications 62 

(laboratory and field) (e.g., Liggett & Chen 1994; Brunone 1999; Vitkovsky et al., 2000; Mpesha 63 

et al. 2001; Wang et al. 2002; Adewumi et al., 2003; Lee et al. 2005, 2006; Duan et al. 2011, 64 

2012a, 2014; Gong et al., 2013, 2014, 2016, 2018; Meniconi et al. 2015). In principle, the TBM 65 

in these previous studies can be classified into different types according to their utilization way 66 

of transient information: (1) time-domain method (TDM) (e.g., Liggett and Chen, 1994; Brunone, 67 

1999; Kapelan et al., 2003; Massari et al., 2014); (2) frequency-domain method (FDM) (e.g., Lee 68 

et al., 2006, 2008; Sattar et al., 2008; Duan et al., 2011; Kim 2005, 2017; Duan 2016; Louati et 69 

al., 2017); and (3) time-frequency method (TFM) (e.g., Ghazali et al., 2012; Meniconi et al., 70 

2013; Sun et al., 2016).  71 
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Till now, these studies in the literature have made substantial progress on the 72 

development and application of TBM for pipeline condition assessment (Datta and Sarkar, 2016). 73 

However, current TBM can largely be applied to simple situations of pipe defects with known 74 

specific type in the well-defined systems. In practical UWSS, the defects are usually formed 75 

from complicated processes; thereby, they may exist in multiple types in pipelines such as 76 

leakage, partial blockage and others. Under this practical situation, current TBM usually could 77 

not separate and detect them effectively (Stephen, 2008; Duan et al., 2017; Che et al., 2018). 78 

Accordingly, it has been widely observed in various laboratory/field tests and applications that 79 

this current method may lead to inaccurate or even invalid results for the detection of realistic 80 

anomalies (Stephen et al., 2012; Duan, 2017). This is mainly due to the incapability of current 81 

TBM for characterizing the potential information of different defects in pipelines (type, number, 82 

location and size). Therefore, it is important and urgent to develop an effective TBM for 83 

simultaneous detection of different types of pipe defects, so as to enhance the applicability and 84 

validity of this method (with high efficiency and low cost). This is the motivation and scope of 85 

current study. 86 

This paper aims to develop a TBM utilizing transient frequency response (TFR) for the 87 

simultaneous detection of different pipe defects, which is termed as TFR-based method in this 88 

study. Two common types of pipe defects in UWSS – leakage and partial blockage – are adopted 89 

for the investigation. Through this study, it is expected to address the two following scientific 90 

and practical issues: (1) the possibility for separating the modification effects of these two 91 

different pipe defects in transient responses; (2) the development of an effective TFR-based 92 

method for detecting different pipe defects. For this purpose, an analytical expression of TFR for 93 

characterizing the frequency domain transient behaviors of leakage and partial blockage is firstly 94 
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derived in this study, and is then applied for inverse identification of these two types of pipe 95 

defects. Note that only the discrete blockages, which are mainly due to partially closed inline 96 

valve and/or rough joints along the pipeline (Meniconi et al., 2016), are considered for this 97 

investigation. Thereafter, different laboratory and numerical experiments are conducted for the 98 

validation and verification of the TFR-based method proposed in this study. Finally, the obtained 99 

results are analyzed for discussion of for the application and implications of the extended TFR-100 

based method proposed in this paper. 101 

 102 

Models and Methods 103 

The transient model and transfer matrix method used for this study are presented in this section. 104 

 105 

1D Transient Model and Numerical Scheme 106 

The one-dimensional (1D) water hammer model (also termed as transient model) is used for 107 

analytical derivation and numerical simulation in this paper, which can be expressed as follows 108 

(Wylie et al., 1993; Chaudhry, 2014): 109 

0
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Q                                                       (2) 111 

in which: Q, H = discharge and pressure head; x, t = spatial and time coordinates; D, A = pipe 112 

diameter and cross-sectional area; g = gravitational acceleration; a = wave speed;  = density; 113 

and τw = wall shear stress, which can be expressed as (Zielke, 1968; Vardy and Brown, 2003): 114 

 wuwsw                                                                 (3) 115 
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with τws and τwu being the quasi-steady and unsteady components of τw, respectively. For 116 

turbulent flows, the quasi-steady wall shear stress is commonly simulated by the Darcy-117 

Weisbach equation as (Wylie et al., 1993; Chaudhry, 2014), 118 

 2

2

2 88 A
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with f being the Darcy friction factor at initial flow state and sign() for the sign function. In this 120 

study, the pipelines for all tests are assumed to be smooth and thus the value of f can be 121 

determined by the Kármán–Prandtl resistance equation. For modelling the unsteady wall shear 122 

stress, the weighting function based (WFB) model is adopted by (Vardy and Brown, 2003), 123 
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where tetW t  is weighting function with being convolution coefficients for 125 

various flow regimes, with 4D , 2
Re54.0 Dk  and 

05.0Re3.14log
Re Rek ; Re = 126 

QD/Aν is Reynolds number; ν is kinematic viscosity; and t’ is a dummy time variable. 127 

The MOC scheme is used for the 1D numerical simulation in the time domain (Chaudhry, 128 

2014), where the nonlinear turbulent friction term in Eq. (4) is treated discretely by a 2nd-order 129 

approximation and the unsteady friction term in Eq. (5) is dealt with by the full convolution of 130 

historical time effect (Vardy and Brown, 2003; Wylie et al., 1993). The MOC-based numerical 131 

simulation method has been widely studied and fully validated for its accuracy and validity in the 132 

literature (Chaudhry, 2014) and is used for the evaluation and validation of the proposed TFR-133 

based method later in this study. 134 

 135 
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Transfer Matrix Method 136 

For the convenience of conducting analytical analysis, the following transient perturbations are 137 

defined (“*” represents perturbation variable and “0” represents steady state quantity): 138 

hHH 0
; qQQ 0

 139 

Substituting these variables into Eq. (1) – Eq. (3) and neglecting the nonlinear terms (i.e., order ≥ 140 

2), we obtain, 141 
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with * being converted shear stress term. By applying the transfer matrix method to these two 144 

equations (Lee et al., 2006; Duan et al., 2011; Chaudhry, 2014), we obtain the equivalent 145 

frequency domain results of transient response in a pipeline section, 146 
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where q, h = discharge and pressure head perturbations in frequency domain; n, n+1 = index 148 

numbers of upstream and downstream end of pipe section; xm = length of pipeline; i = imaginary 149 

unit; Y,  = impedance and propagation factor of pipeline, which can be given by,  150 
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aY 1                                              (9) 151 

in which  = frequency; Rf = friction resistance factor, and, 152 
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 154 
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TFR-Based Method Development 155 

In this study, the simple reservoir-pipeline-valve (RPV) system with two types of defects 156 

(leakage and partial blockage) is adopted for the demonstration of method principle development 157 

and application procedure. Note that the derived results are extendable to relatively complex 158 

systems with multiple pipelines based on the former study of Duan (2017), as long as a clear 159 

incident wave form with relatively large bandwidth can be generated and an appropriate signal 160 

processing method can be applied for the wave analysis (Lee et al., 2013 and 2015). To this end, 161 

the RPV systems with and without pipe defects sketched in Fig. 1 are used for the investigation 162 

in the following study. For clarity, only the key results are presented in this section, while the 163 

details about the analytical derivations are provided in the appendix section at the end of this 164 

paper. 165 

[Fig. 1 will be about here] 166 

 167 

TFR Results for Intact and Defective Systems 168 

The TFR for intact RPV system has been widely developed and used in the literature (e.g., Lee et 169 

al., 2006; Duan et al., 2012a; Chaudhry, 2014; Duan and Lee, 2016). Particularly, the resonance 170 

condition for the system in Fig. 1(a) is known as: 171 

0cos L                                                              (11) 172 

For defective pipeline systems, two cases in Fig. 1(b) and Fig. 1(c), denoted as Case A 173 

and Case B, are considered to examine the impact of relative positions of different defects on the 174 

TFR results. Prior to deriving the TFR results for these two cases, it is necessary to define the 175 

transfer matrix for each of the defects (leakage and partial blockage) (Lee et al., 2006 and 2008), 176 

which can be summarized as follows: 177 
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where K is the impedance factor of leakage orifice and K = −Ql0/2 Hl0 with QL0 and HL0 are 179 

steady state discharge and head difference at the leakage orifice; I is the impedance factor of 180 

discrete blockage, and I = −2 Hb0/Qb0 with Hb0 and Qb0 are steady state minor head loss and 181 

discharge at the blockage location. Note that these two impedance factors (K and I) are obtained 182 

through a linearization operation of the orifice equation as in Lee et al. (2006, 2013). 183 

 184 

Results for Case A in Fig. 1(b)  185 

By applying the analytical analysis as conducted in former studies (Duan et al., 2014; Chaudhry, 186 

2014), the overall transfer matrix for the system in Fig. 1(b) is given by, 187 
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1211                                                   (13) 188 

with the matrix elements (U11 ~ U22) given in the appendix. The application of the boundary 189 

conditions of the system in Fig. 1(b) (i.e., hUp = qDn = 0), gives (subscript “A” denotes results for 190 

case A, and superscript “Dn” represents the results for downstream end), 191 

11

21

U
UhDn

A                                                               (14) 192 

Considering in the realistic water supply systems that, K<<Y, I<<Y and KI << 1, we 193 

obtain the TFR for this defective pipeline system as (by taking pressure head for illustration), 194 

21221 sincoscossin1ˆ ydx
Y
IdyxK

h
h

Dn
A

A                     (15) 195 

where ĥ is inverted transient pressure head in the frequency domain. A further discussion about 196 

the validity and accuracy of this imposed assumption of KI << 1 is performed later in this paper. 197 
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 198 

Results for Case B in Fig. 1(c)  199 

Similar analysis can be applied in the other system condition in Fig. 1(c), which leads to the final 200 

TFR result as (subscript “B” denotes results of case B), 201 

dxy
Y
IdyxK

h
h

Dn
B

B 21212 sincossincos1ˆ                    (16) 202 

Therefore, Eq. (15) and Eq. (16) are referred to as the TFR patterns for the RPV systems 203 

with two different types of pipe defects (leakage and partial blockage) in the system. 204 

 205 

TFR Results Analysis and Application Procedure 206 

The forms of the obtained TFR patterns in Eq. (15) and Eq. (16) are similar, but the parameters 207 

and mathematical details in current forms are different from each other. To fairly compare and 208 

examine the influence of the relative positions of two defects, it is necessary to convert the forms 209 

into unified parameters. For this purpose, the two patterns are rewritten as follows:  210 
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ˆ
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Y
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ˆ
BBB F

Y
IKFh                                     (17) 211 

where FA1, FA2, FB1 and FB2 are intermediate parameters for further analysis. That is, 212 
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 213 

From the system information shown in Fig. 1, it is easy to obtain the following relations: y2 + d = 214 

x2 and x1 + d = y1 for Case A; y1 + d = x1 and x2 + d = y2 for Case B. Further mathematical 215 

operation and rearrangement gives, FA1 = FB1 and FA2 = FB2. That is, BA hh ˆˆ .  216 

As a result, the above two TFR patterns provide a unified form as follows, 217 
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where m is the number of transient frequency peaks (i.e., peaks under resonance condition). 219 

Consequently, the overall TFR pattern induced by multiple types of pipe defects in the PRV 220 

system is composed of a linear combination of their respective TFR patterns. This finding of Eq. 221 

(18) confirms the possibility and also provides the way to separate the influences of different 222 

defects for pipeline condition assessment, which is actually the principle of multi-defects 223 

detection method in this study. 224 

The obtained TFR pattern in Eq. (18) indicates the dependent relationship of transient 225 

frequency peaks on the leakage and partial blockage information (size, location) as well as intact 226 

system information (wave impedance). Therefore, the potential leakage and partial blockage 227 

information (type, number, size, and location) can be inversely determined by measuring the 228 

transient frequency response and knowing the original intact pipeline system parameters. For this 229 

inverse analysis of pipe defects, the genetic algorithm (GA) based optimization technique is 230 

applied in this study, with the aim to minimize the difference between measured and calculated 231 

results of transient frequency peaks, which can be formulated as follows (Duan and Lee, 2016): 232 

m
ep h-hMin ˆ  ˆ                                                                   (19) 233 

where ĥp and ĥe are inverted transient peak amplitudes from the results of the analytical Eq. (18) 234 

and the experimental measurement respectively. For GA-based inverse calibration, the decision 235 

variables and searching ranges are specified as, 236 

(1) Locations of leakage and blockage: 0 < x1, x2 < L; 0 < y1, y2 < L; 237 

(2) Sizes of leakage and blockage:  0 < Ql0/Q0 < 50%; 0 < Hb0/H0 < 50%;  238 



12 

 

(3) Numbers of leakage and blockage: 0 ≤ MLEAK ≤ 2; 0 ≤ MBLOCK ≤ 2. 239 

For each test system, other information such as intact system configuration and initial steady 240 

flow conditions are known in advance to the detection method above.  241 

The developed GA-based optimization method and procedure in former studies in this 242 

field (e.g., Duan et al., 2012a; Duan and Lee, 2016) is adopted for this investigation. Prior to the 243 

extensive applications later in this paper, the GA-based optimization framework has been 244 

carefully tested for fitting in the inherent parameters and coefficients of the algorithm (Vitkovsky 245 

et al., 2000; Kapelan et al., 2003), in order to ensure its applicability and accuracy in this study. 246 

 247 

Applications and Results 248 

To examine the capability of the developed TFR-based method in Eq. (18) for the multi-type 249 

defects detection, laboratory experimental tests are firstly applied to verify and validate the 250 

developed TFR-based method in this study. After validation, extensive numerical experiments 251 

are then applied to further analyze the validity and accuracy of this developed method under 252 

various systems and flow conditions, which may cover a practical range of system settings and 253 

operations (e.g., pipe scales and flow conditions).  254 

In the applications, time-domain transient signals (e.g., pressure head series) are obtained 255 

from measurement for the experimental application and from numerical simulations by the 256 

MOC-based 1D transient model of Eq. (1) and Eq. (2) for numerical applications. For testing, 257 

transients are generated at the downstream of the pipeline as shown in Fig. 1, and the pressure 258 

head traces are collected at the same location for the analysis. The obtained time-domain results 259 

are then transformed into the frequency domain equivalences using the method presented in the 260 

former studies (e.g., Lee et al., 2013) and the frequency peaks are then extracted to fit the derived 261 
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Eq. (18), thereby to obtain the type, number, size and location of potential defects in the system.  262 

 263 

Preliminary Experimental Verification 264 

The laboratory experimental system and measurement dataset in the previous study of Sun et al. 265 

(2016) are used for preliminary experimental verification in this study. The test pipeline system 266 

and associated facilities are sketched in Fig. 2, consisting of an upstream pressure vessel, a 267 

pipeline divided into different sections for testing, a downstream discharge tank, and a water 268 

recycling pump. Transients are generated by the fast closure of an inline valve installed at the 269 

downstream from initially full open state within 0.1 s. The transient pressure head signals are 270 

measured and collected at two ends of the test pipeline (upstream and downstream). The relevant 271 

data information of the test system is given in Fig. 2. For this study, two different cases including 272 

one leakage and one partial blockage (mimicked by a pipe-wall orifice and an inline valve, 273 

respectively) are placed in the system, with the real values of these two defects shown in Table 1. 274 

For each case, multiple tests have been repeated for reducing the possible operation errors and 275 

system noises. The measured pressure signals selected from the multiple tests for these two cases 276 

are shown in Fig. 3. 277 

[Table 1 will be about here] 278 

[Fig. 2 will be about here] 279 

[Fig. 3 will be about here] 280 

Based on the developed TFR-based method and the proposed application procedure 281 

above, the detection results of these two defects can be obtained for analysis. For evaluation, the 282 

inaccuracy of the developed method (i.e., application error ) is defined by the relative difference 283 

between the real and predicted values of two defects, as follows:  284 
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100
 valuereal

 valuereal -  valuepredicted% .                                          (20) 285 

Based on Eq. (20), the prediction errors for the information of these two defects (location and 286 

size) are calculated and shown in Table 1. Meanwhile, the obtained TFR patterns for these two 287 

cases are shown in Figs. 4(a) and 4(b) respectively. Overall, the proposed method could provide 288 

acceptable results for the multiple-defects detection in the tested pipeline system under different 289 

flow and defective conditions. Specifically, the developed TFR-based method can identify 290 

exactly and simultaneously the number and types of the two detects in the pipeline (i.e., one 291 

leakage and one partial blockage). Furthermore, the maximum relative errors of the predicted 292 

location and size of these defects are around 4.5% and 10.5%. This result indicates a relatively 293 

high detection accuracy of the developed TFR-based method in this study.  294 

[Fig. 4 will be about here] 295 

From the results in Table 1, it is also noted that the prediction of defect location by this 296 

method is more accurate than that of defect size. This finding is actually consistent with many 297 

previous studies regarding different detection methods for single type of defects (e.g., Duan et al., 298 

2011, 2012a; Meniconi et al., 2013; Gong et al., 2016). This is mainly due to the potential 299 

inaccuracy of current 1D transient model and theory for representing energy dissipation/damping 300 

in practical pipe systems (e.g., minor loss, unsteady friction and turbulence). The influences of 301 

different system and flow conditions to the applicability of this developed TFR-based method are 302 

examined in details through extensive numerical applications in the following section. 303 

 304 

Numerical Applications and Results Analysis 305 

The RPV system shown in Fig. 1 is adopted for the numerical investigation. The available 306 



15 

 

pressure head at the upstream reservoir in Fig. 1 is set as H0 = 100 m. For the analysis in this 307 

paper, in total 8 numerical tests listed in Table 2 (denoted as tests N1 to N8) are selected from 308 

various numerical applications for conducting this study, in following conditions:  309 

(1) Pipeline scale L/D: 102 ~ 104;  310 

(2) Initial flow condition Re0: 104 ~ 106;  311 

(3) Leakage percentage Ql0/Q0 = |2KH0/Q0|: 5% ~ 30%;  312 

(4) Blockage loss percentage Hb0/H0 = |IQ0/2H0|: 5% ~ 20%.  313 

It is also noted that the tests N1 and N2 in Table 2 are respectively designed for the special 314 

situations with only one of two types of defects, so as to conduct a comparative analysis with 315 

former studies (e.g., Lee et al., 2006; Duan et al., 2011; Chaudhry, 2014). 316 

[Table 2 will be about here] 317 

Based on the proposed TFR-based method, the information of defects for each test 318 

(defect type, size, and location) in Table 2 can be obtained for analysis. For illustration, case N3 319 

in Table 2 is adopted herein for example. Firstly, the transient pressure head at the downstream 320 

valve is collected from the 1D numerical modelling, which is then transformed into the 321 

frequency domain so as to obtain the TFR result (Lee et al., 2013). Accordingly, the first 15 322 

frequency peaks of the obtained TFR results are extracted and converted (as “real values”), 323 

which are thereafter fitted by the analytical TFR result of Eq. (18) (as “predicted values”) based 324 

on the proposed GA-based optimization framework. The results of extracted and fitted TFR 325 

patterns are shown in Fig. 5 for comparison.  326 

[Fig. 5 will be about here] 327 

As a result, the predicted values of the information of potential defects in pipeline for 328 

case N3 can be obtained as follows: 329 
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Leakage: x1/L = 0.208 m (3.50%); K = −7.610×10−7 m2/s (3.23%) 330 

Blockage: y1/L = 0.715 m (2.14%); I = −1.216×105 m2/s (4.49%) 331 

in which the numbers in brackets refer to the relative errors of the prediction results. Both 332 

the TFR patterns in Fig. 5 and the prediction results above indicate the high accuracy and 333 

applicability of the developed TFR-based method in this study for the detection of multiple 334 

defects in pipelines. It is also observed from Fig. 5 that the fitting accuracy of the TFR pattern 335 

decreases gradually with peak number (e.g., after 10th peaks). This discrepancy can be mainly 336 

attributed to: (1) the error of the 1D numerical model for representing the high frequency wave 337 

modes in pipelines with different defects under the given/fixed simulation scheme. That is, the 338 

numerical discretization error becomes more significant for higher frequency wave modes; (2) 339 

the relatively high sensitivity of TBM to the low frequency mode of transient responses (Duan, 340 

2015, 2016; 2017), such that the fitting accuracy becomes higher for the lower frequency peaks 341 

in the TFR patterns; and (3) the error/inaccuracy of the GA-based optimization algorithm, which 342 

can usually provide only a quasi-optimal solution for the complex inverse problem analysis. In 343 

other words, the detection accuracy of this TFR-based method can be further improved by 344 

employing more advanced inverse fitting techniques, which is however out of the scope of the 345 

current study.  346 

[Fig. 6 will be about here] 347 

By applying the above similar analysis process to all other cases in Table 2, the 348 

prediction errors for the location and size of two different defects are evaluated and shown in Fig. 349 

6(a) and Fig. 6(b) respectively. By inspection, the results of all test cases in Fig. 6 show that the 350 

maximum relative errors are about 10% and 20% for predicting the location and size information 351 

of the potential defects respectively. These results confirm again the high accuracy and 352 
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applicability of the developed TFR-based method in this study. By comparison, the results also 353 

reveal that the accuracy of this method becomes better (for both location and size detection) for 354 

the single type of defects (cases N1 and N2 in Table 2) than other cases with two types of defects 355 

(cases N3 ~ N8 in Table 2). In the data analysis among all these tests, the errors can be attributed 356 

to two main factors as follows: (1) analytical derivation errors induced by the linearization and 357 

approximation of pressure-discharge relationship for the two types of defects (Duan et al., 2018); 358 

(2) optimization-based data fitting errors for the analytical Eq. (18) (Duan and Lee, 2016); and (3) 359 

uncertainty of the data treatment and analysis such as truncation and discretization errors (Duan, 360 

2015, 2016). As a result, for the cases of multiple types of pipe defects, the errors caused 361 

simultaneously by these two factors become more significant, and thereby the detection accuracy 362 

can be reduced compared with the one single defect cases.  363 

 364 

Further Results Discussion 365 

Despite the high accuracy of the detection results, the errors of both defect location and size 366 

detection in Fig. 6 vary greatly in different cases. Therefore, it is necessary to examine the 367 

influences of the system and flow conditons from all the tests about the detection accuracy of the 368 

developed TFR-based method. Based on the preliminary analysis in this study, the parameters 369 

affecting such accruacy can be divided into two groups: (1) the test system and flow condition; 370 

and (2) the TFR method accuracy. For the first group, the former study of Duan et al. (2012b) 371 

has demonstranted that the effect of system and flow conditions can be lumped into a 372 

dimensionless parameter, defined as: fRe0Tw/Td, where Tw and Td are time scales for wave 373 

propagation and radial diffusion during the transient process. For the second group, based on the 374 

derivation process of the TFR method in this study, the key term/parameter relating to the 375 
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linearization and simplification, which has been neglected in final result of Eq. (18), is the 376 

product of leakage and blockage impedance factors: KI.  377 

[Fig. 7 will be about here] 378 

For all the multiple-defect tests in Table 2 (i.e., N3~N8), the variations of the detection 379 

errors with these two parameters are calculated and shown in Fig. 7. On one hand, as indicated in 380 

Fig. 7(a), the detection error (or accuracy) is significantly increasing (or decreasing) with the 381 

dimensionless parameter fRe0Tw/Td. This also means the developed TFR method becomes more 382 

accurate used in relatively smaller scale pipelines (e.g., smaller L/D) under lower initial flowrate 383 

conditions (e.g., smaller Re0). For better explanation, according to Duan et al., (2012b), for the 384 

situation with smaller fRe0Tw/Td, the contribution of the nonlinear quasi-steady friction in Eq. (4) 385 

relative to the linear convelution based unsteady friction in Eq. (5) becomes smaller, and thereby, 386 

the errors due to the linearzation in the final analytical result of Eq. (18) become relatively 387 

smaller.  388 

On the other hand, the results of Fig. 7(b) demonstrate an increasing trend of the errors 389 

with the parameter KI. This is not a surprise because all the nonlinear terms related to this 390 

parameter KI during the analytical derivation process have been ignored under the assumption 391 

that K << 1, I << 1 and thus KI << 1. Therefore, when this parameter KI becomes larger and 392 

significant (e.g., close to 1), this imposed assumption will become problematic (or not accurate 393 

enough) for representing the actual TFR pattern by the two types of defects. For example, for the 394 

test case N8 in Table 2, the value KI attains to around 0.3, which leads to an overall errors of 395 

about 15% and 20% for predicting the defect location and size respectively. 396 

The results and analysis from both laboratory experiments and numerical applications in 397 

this study demonstrate the good accuracy and applicability of the developed TFR-based method 398 
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for the simultaneous detection of multiple-type of defects in pipelines. However, these results 399 

and discusson also indicate the potential limitations of this proposed TFR-based method for 400 

practical applications. That is, this developed method is mainly applicable to: (1) simple piplilne 401 

system (with single pipeline configuration); (2) relatively small to moderate severity and extent 402 

of defects (e.g., with K << 1 and I << 1); and (3) relatively low to moderate turbulent flows (e.g., 403 

Re0 < 106). Consequently, for practical applications such as field tests, it is necessary to examine 404 

in advance the system and flow conditions under investigation based on the two proposed 405 

parameters (i.e., fRe0Tw/Td and KI), so as to better understand and use of the developed TFR-406 

based method in this study. 407 

 408 

Conclusions 409 

In practical water supply systems, different types of pipe defects such as leakage and partial 410 

blockage are usually formed simultaneously in the pipeline under various complex conditions. 411 

This paper develops an effective method for the simultaneous detection of two common types of 412 

defects (i.e., leakage and partial blockage) in pipelines. To this end, theoretical analysis is firstly 413 

performed based on 1D transient model to obtain an analytical expression that characterizes the 414 

influences of these two types of defects to transient frequency response (TFR). This developed 415 

TFR method has been validated by different laboratory experiments for its applicability and 416 

accuracy. After validation, extensive numerical applications are used to further examine the 417 

validity and accuracy of this TFR-based method developed in this study. 418 

Both the experimental and numerical application results demonstrate the high accuracy of 419 

the developed TFR-based method for and detecting the two types of defects in pipelines under 420 

different systems and flow conditions. Moreover, two lumped parameters (fRe0Tw/Td and KI) are 421 
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proposed and used to characterize the applicability of this developed method. Specifically, the 422 

maximum error of defect location detection for all the test cases of interest in this study is within 423 

10%, and that of defect size detection can also be confined to less than 10% as long as the 424 

lumped impedance parameter KI is much less than 1 (e.g., KI < 0.25 based on extensive 425 

numerical tests in this study). Furthermore, the results and analysis also indicate that the 426 

developed TFR-based method become more accurate for relatively smaller scale pipelines under 427 

lower initial flow conditions. 428 

Based on the results and findings of this study, it is also suggested that more experimental 429 

validations (both laboratory and field tests) are required in future work to further examine and 430 

confirm the validity and accuracy of the proposed TFR-based method in this paper. 431 
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 440 

Appendix – Analytical Derivation of TFR Results 441 

The key steps of deriving the final TFR result in Eq. (18) are elaborated in this section. Based on 442 

the principle of transfer matrix analysis in the literature (Lee et al., 2013; Chaudhry, 2014), the 443 

results of the two cases in Fig. 1(b) and Fig. 1(c) are given as follows. 444 
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(1) For the case A in Fig. 1(b), the overall transfer matrix is, 445 
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                   (21) 446 

with d = y1 x1 = 1 y2 x1 is the distance between the two defects in this case shown in Fig. 447 

1(b), and other symbols can be referred to their definitions in this paper. After mathematical 448 

manipulation, the result becomes, 449 
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where the matrix elements are expressed as follows: 451 
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(2) For the case B in Fig. 1(c), the overall transfer matrix is, 456 
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with d = x1 y1 = 1 x2 y1 for this case. As a result, 458 
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where the matrix elements are expressed as follows, 460 
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By applying the initial and boundary conditions of the PRV system shown in Fig. 1 (i.e., 465 

hUp = qDn = 0 in the frequency domain), the TFR results obtained for the above two cases are 466 

given by Eq. (15) and Eq. (16) respectively in the text.  467 

 468 
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Table 1 Experimental application results 

Test 

no. 

Leakage Partial blockage 

x1/L x1 (%) K (10−6m2/s) K (%) y1/L y1 (%) I (104s/m2) I (%) 

E1 0.204 3.43 −6.25 -9.44 0.089 1.12 −2.20 5.45 

E2 0.561 1.43 −8.39 -5.60 0.089 4.49 −2.20 10.45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Table 2 Settings of parameters for numerical applications (“NA” = not applicable) 

Test 

no. 

Intact pipeline Leakage Partial blockage 
Re0 

L (m) D (m) A (m/s) x1/L K (10−5m2/s) y1/L I (104s/m2) 

N1 1000 0.2 1200 0.45 −0.079 NA 0 1.0×104 

N2 1000 0.2 1200 NA 0 0.60 −12.73 1.0×104 

N3 1000 0.2 1200 0.20 −0.079 0.70 −12.73 1.0×104 

N4 1500 0.4 1000 0.35 −0.16 0.45 −3.18 2.0×104 

N5 1500 0.5 900 0.85 −2.36 0.30 −0.64 8.0×104 

N6 3000 0.3 1400 0.30 −2.36 0.65 −0.85 1.0×105 

N7 400 0.5 1100 0.75 −19.64 0.12 −0.23 4.0×105 

N8 1200 0.8 800 0.60 −117.81 0.25 −0.025 1.0×106 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 The RPV systems adopted for investigation: (a) intact pipeline; (b) pipeline with upstream 

leakage and downstream partial blockage; (c) pipeline with upstream partial blockage and 

downstream leakage (Ql0 for leakage orifice discharge; Hb0 for blockage minor loss) 
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Fig. 2 Sketch of laboratory experimental system and test facilities 

 

 

 

 



 

 

 
 

Fig. 3 Measured transient pressure signals for the two experimental test cases 
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Fig. 4 Results of TFR-based patterns for experimental test cases E1 and E2 
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Fig. 5 Results of TFR patterns for case N3 by numerical modelling (“real values”) and analytical 

Eq. (18) fitting (“predicted values”) 
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Fig. 6 Relative errors of TFR-based detection results of two defects: (a) location; (b) size 
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Fig. 7 Accuracy variation of detection results with different system and flow parameters: (a) 

defect location; (b) defect size 
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Fig. 1 The RPV systems adopted for investigation: (a) intact pipeline; (b) pipeline with 

upstream leakage and downstream partial blockage; (c) pipeline with upstream partial 

blockage and downstream leakage (Ql0 for leakage orifice discharge; Hb0 for blockage 

minor loss) 
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