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Abstract: Partial blockages are commonly formed in water supply pipelines due to many 7 

factors such as deposition, biofilm and corrosion in natural water supply process as well as valve 8 

throttle in artificial construction and operation process, which may cause additional energy losses 9 

and serious water supply accidents in the system. Recently a transient-based frequency domain 10 

method (TBFDM) has been developed for extended partial blockage detection by the author and 11 

it was found to be efficient, non-intrusive, and inexpensive to apply. While this method has been 12 

validated and applied for numerical and laboratory experiments in previous studies for a variety 13 

of blockage and hydraulic conditions, the application results revealed that the accuracy of the 14 

TBFDM may be easily affected by uncertainties in experimental process. This paper investigates 15 

the sensitivity of the developed TBFDM to different uncertainty factors that commonly exist in 16 

water pipeline systems, with perspective to better understand and use this efficient and economic 17 

method in practice. The methods of first-order second-moment analysis and Monte-Carlo 18 

simulation are adopted in this paper for the investigation. The obtained results are discussed for 19 

the validity range and limitations of current TBFDM for practical applications. 20 
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Introduction 25 

Pipe faults such as leakage and blockage commonly exist in water supply pipelines due to many 26 

natural and/or artificial factors such as pipe-wall corrosion, sediment decomposition, biofilm 27 

build-up and device operations, which can cause various and serious problems in the water 28 

conveyance process (Stephens 2008). Therefore, identification and detection of such pipe faults 29 

become important and urgent to improve and enhance the water supply capacity as well as to 30 

conserve water and energy resources in urban water piping systems. While there are many 31 

different methods developed and applied for pipe faults detection, e.g., physical inspection, 32 

acoustic method, steady-state hydraulic analysis and devices based method (Lee 2005), the 33 

current severe situation of over 30% of water and associated energy losses in urban water supply 34 

systems worldwide indicates the inadequacy of the use and development of these detection 35 

methods (Colombo et al. 2009; Lee et al. 2015).  36 

Recently, transient analysis has been used for pipe condition assessment for its efficient, 37 

non-intrusive, and inexpensive applications (Lee et al. 2013). For this purpose, transient-based 38 

methods have been developed for detecting leaks and blockages in pipeline systems of different 39 

topologies (e.g., Brunone 1999; Ferrante and Brunone 2003; Wang et al. 2002, 2005; Covas et al. 40 

2005; Mohapatra et al. 2006; Lee et al. 2006, 2008, 2013; Sattar et al. 2008; Stephens 2008; 41 

Vítkovský et al. 2000; Meniconi et al. 2011a, 2012a, 2013; Duan et al. 2011, 2012, 2013, 2014; 42 

Duan and Lee 2015). Particularly for the pipe blockage detection, previous numerical and 43 

experimental studies have shown that the extended blockage in the system could cause the 44 

additional damping and the phase/frequency shift of transient responses (Brunone et al. 2008; 45 

Duan et al. 2011, 2012, 2014). This characteristic of transient-blockage interaction was thereafter 46 

used in the literature for developing the transient-based methods for the extended blockage 47 
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detection in both time and frequency domains (Duan et al. 2012, 2013; Meniconi et al. 2013).  48 

Compared to the time domain analysis, the frequency domain method for blockage 49 

detection uses the similar information of transient reflection and damping, but it has additional 50 

advantages of increased tolerance to random noises and unidentified factors such as turbulence 51 

and flow stabilities during transient processes (Lee et al. 2006, 2013; Zhao et al. 2007; Meniconi 52 

et al. 2012b, 2013). The principle of the transient-based frequency domain method (TBFDM) for 53 

pipe blockage detection is to inject a customized and controlled pressure wave into the pipeline 54 

and conduct the spectral analysis of the responses measured at certain accessible location(s) 55 

along the pipeline, and then to determine inversely the potential fault information (size and 56 

location) in the system (Duan et al. 2012; Lee et al. 2013).   57 

 The TBFDM has been successfully applied and validated for single and multiple 58 

extended blockage detection in numerical and laboratory experimental test systems (Duan et al. 59 

2013; Meniconi et al. 2013; Lee et al. 2015). But the application results from these studies 60 

revealed that the developed TBFDM was much more accurate in the ideal numerical tests than 61 

the realistic experimental cases, which was explained by possible experimental test uncertainties 62 

and model inaccuracy in these studies. Consequently, it is necessary to systematically investigate 63 

the influences of different uncertainty factors in the pipe system to the applicability and accuracy 64 

of this developed method that was thought to be efficient and non-intrusive in the literature, 65 

which is the scope of this study. Two different analysis methods – First-Order Second-Moment 66 

(FOSM) and Monte-Carlo Simulation (MCS) – are adopted in this paper to study the sensitivity 67 

of the TBFDM for the blockage detection by considering different uncertainty factors that 68 

commonly exist in water pipeline systems. A simple numerical test system with single extended 69 

blockage is used for this investigation. Results discussion and implications of the current 70 
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TBFDM applications are conducted in the end of this paper. 71 

 72 

Investigation Methods 73 

The main methods and expressions used for the investigation are described briefly in this section.  74 

 75 

Transient-Based Frequency Domain Method (TBFDM) 76 

The TBFDM and solution procedures developed in Duan et al. (2012) are used in this study for 77 

pipe blockage detection. A simple pipeline system with single extended blockage is considered 78 

for the analysis in this paper. The pipeline system is bounded at the upstream boundary by a 79 

constant head reservoir, and a valve at the downstream boundary. The analytical expression of 80 

resonance condition for a pipeline system with a single extended blockage was derived in Duan 81 

et al. (2012) and mathematically given by, 82 
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where, rf = rf(n) is frequency for the nth resonant peak; 
a
lCR  is wave propagation operator; 84 

l is pipe length; a is wave speed; gARiCR 1  is friction influence coefficient; 
gA
aCY R  is 85 

transient impedance coefficient; A is pipe cross-sectional area; i is imaginary unit; 2gDA
fQR s  is 86 

friction damping factor; f is friction factor; Qs is initial steady state flowrate; D is pipe internal 87 

diameter; g is gravitational acceleration; and subscripts “u, b, d” represent pipe section at 88 

upstream of the blockage, the pipe section with the blockage and the pipe section at downstream 89 
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of the blockage respectively. For single extended blockage cases, Yu = Yd = Y0 in Eq. (1) with 90 

subscript “0” representing the quantity of original intact (blockage-free) pipeline. The total 91 

friction effect (steady and unsteady components) contained in the damping factor R is 92 

determined by the formulations in Vítkovský et al. (2003).  93 

In the application of this blockage detection method, the resonant frequencies ( rf) are 94 

firstly obtained from measurement; and the blockage properties (e.g., Yb for size, b for length, 95 

and d for location) can then be inversely determined by solving Eq. (1). The genetic algorithm 96 

(GA) based optimization was proposed for solving the implicit Eq. (1) in Duan et al. (2012), and 97 

the applicability and accuracy of this method has been validated through numerical and 98 

experimental applications in Duan et al. (2013) and Meniconi et al. (2013). Thereafter, to 99 

simplify the solution process and understand directly the blockage-wave interaction, a first-order 100 

approximation of Eq. (1) is derived in Duan et al. (2013), as expressed by, 101 

00
* sinsin2

rfbrfud
b

rf ,                                        (2) 102 

where *
rf  is the difference in the resonant frequencies between the intact (blockage-free) and 103 

blocked pipeline systems for a particular harmonic, normalized by the theoretical resonant 104 

frequency of the intact system ( 0th ); nrfrf 00  is nth resonant frequency of intact pipeline 105 

system; and 01 AAbb  is constriction severity percentage of the blockage section. Eq. (2) 106 

can be solved more easily and efficiently than the original form of Eq. (1) and was successfully 107 

used in Duan et al. (2013) to provide initial estimations for the GA-based solution of Eq. (1). 108 

 109 

Sensitivity Analysis Methods 110 

Two different methods are adopted in this study for the sensitivity analysis, with the First-Order 111 
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Second-Moment (FOSM) method used for analytical analysis of the approximate and efficient 112 

Eq. (2) and the Monte-Carlo Simulation (MCS) method for quantitative (numerical) analysis of 113 

the original and complete expression in Eq. (1). 114 

 115 

First-Order Second-Moment (FOSM) analysis 116 

As preliminary understanding and analysis, it is convenient to start the investigation from the 117 

simplified Eq. (2), where an analytical analysis can be applied for this purpose. In this study, the 118 

FOSM method, which is based on the first-order and linearization assumptions, is adopted for 119 

this analytical analysis (Ang and Tang 1975; Tung et al. 2006; Duan et al. 2010a, 2010b). Firstly, 120 

Eq. (2) describes the relationship between the system properties (e.g., system parameters, 121 

operation conditions and measurement) and the extended blockage information to be detected 122 

(size, length and location), which can be generally expressed as multi-variable functions: 123 

         kpsrfpp XXXXGaDLQGFF
db
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where Fp is the information of extended blockage to be detected (size b, length b, and location 125 

d); Gp() is function; subscript p is indicating each parameter of the blockage; X1 to Xk are 126 

uncertainty factors considered in the system; k is the number of uncertainty factors. The 127 

stochastic characteristics of each function in Eq. (3) can be approximated by the FOSM analysis 128 

as (Ang and Tang 1975; Tung et al. 2006) (with subscript p neglected here for simplicity):  129 
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in which  = mean value of variable Xi or the function G();  = coefficient of variation (COV); 132 

G = bias of the model formula; cj = ∂G/∂Xj is sensitivity coefficient evaluated at ( 1, 2, 3,… k) 133 
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based on Eq. (2) in this study; i = i i representing the standard deviation of variable Xi; ij = 134 

correlation coefficient between Xi and Xj; i, j = counting number. Since the main objective in this 135 

study is to inspect the influence of the different input uncertainties on the system responses and 136 

the TBFDM, the bias of the transient model is not considered in this FOSM analysis here. 137 

Therefore, it is assumed that 0G and 0ij  for ji  in Eq. (5), the contribution of each 138 

input uncertainty variable Xj to the total variability of the response function (i.e., dimensionless 139 

resonant frequency shift) is given by (Tung et al. 2006), 140 

100%
2
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X
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j

c
,                                                  (6) 141 

in which  is representing the individual contribution coefficient of each factor (Xj) to the total 142 

variability of the response, and other symbols refer to the definitions above. 143 

 144 

Monte-Carlo Simulation (MCS) 145 

While the simplified Eq. (2) and the FOSM is convenient and useful to obtain the uncertainty 146 

and sensitivity analysis results, a more comprehensive method is necessary for analyzing the 147 

original and complete form of Eq. (1) used for the TBFDM in order to understand the exact 148 

influences of each uncertainty factor and also to quantify the accuracy of that simplified method. 149 

In this study, the rigorous tool of the MCS is used to provide numerical estimations for the 150 

uncertainty response and sensitivity analysis of the TBFDM for extended blockage detection. 151 

The flowchart and general procedures of the MCS applied for this purpose is shown in Fig. 1. 152 

Based on the pre-calibration results for the test cases of interest in this study, the maximum runs 153 

of MCS for the analysis is set at 5000 in this paper to obtain enough results for statistical analysis 154 

(Tung et al. 2006; Duan et al. 2010a, 2010b; Duan 2015). The uncertainty characteristics of 155 
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different inputs and parameters considered for sensitivity analysis in this study are analyzed and 156 

presented later in this paper. 157 

 158 

Numerical Application System and Uncertainty Factors  159 

As preliminary investigation of sensitivity analysis of the TBFDM, a simple pipeline system with 160 

single extended blockage shown in Fig. 2 is used in this study for illustration, which was 161 

commonly adopted in previous studies for the development and validation of the TBFDM (e.g., 162 

Duan et al. 2012, 2013; Meniconi et al. 2013). The pipeline (including all sections) is assumed to 163 

be smooth with constant friction factor f0 = 0.02 and its total length L0 = 1000 m in all the test 164 

cases. The parameter settings for this numerical test system are also given in Fig. 2. The 165 

transients in this system are generated by the discharge valve operation at downstream end (i.e., 166 

fast closure from initial open state); and the transient response (pressure head) is collected at the 167 

same location for analysis if necessary. 168 

In practical transient pipe flow systems, it has been evidenced that many factors including 169 

pipe system parameters and operation conditions as well as the data measurement system are 170 

usually subject to uncertainties (e.g., Wiggert 1999; Rougier and Goldstein 2001; Duan et al. 171 

2010a, 2010b; Zhang et al. 2011; and Duan 2015). In this study, the following uncertainty factors 172 

(Xj) with the assumed probabilistic distribution functions (PDFs) are considered for investigation,  173 

(1) Total pipeline length (L0): with lognormal distribution; 174 

(2) Intact pipe diameter (D0 =Du = Dd): with uniform distribution; 175 

(3) Pipe friction factor (f0): with uniform distribution; 176 

(4) Initial flowrate (Qs): with uniform distribution; 177 

(5) Intact pipe wave speed (a0 =au = ad): with lognormal distribution; 178 
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(6) Measured peak frequency ( rf): with uniform distribution. 179 

For sensitivity analysis in this study, the mean values of these uncertainty factors are 180 

adopted as the deterministic case (shown in Fig. 2), and their COVs ( Xj) are assumed to be 0.1 181 

for a numerical and comparative study. The sensitivity results of the blockage detection ( b, b, 182 

and d) by the TBFDM can then be examined to each uncertainty factor by the two methods 183 

described above in this study. 184 

 185 

Application Results and Analysis 186 

Under the conditions of the system information in Fig. 2 and different uncertainty factors (1) to 187 

(6) given in the above section, the sensitivity analysis of extended blockage detection results by 188 

TBFDM is conducted using two different analysis methods in this section.  189 

 190 

FOSM Based Analysis 191 

To apply the FOSM method in Eq. (3) through Eq. (6), Eq. (2) for blockage detection is firstly 192 

rewritten in terms of different blockage information as follows: 193 
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The analytical results of the FOSM analysis can then be obtained by applying the implicit 197 

derivative rules to each of above equations in terms of different uncertainty factors considered in 198 
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this study. Under the system condition depicted in Fig. 2, the results of sensitivity coefficient (cj) 199 

and contribution coefficient ( j) for different uncertainty factors are calculated and listed in 200 

Table 1. Meanwhile, the total coefficient of variation (COV) of the detection results under the 201 

uncertainty conditions can be obtained as follows: 202 

4679.0 ; 3658.0
b

 ; 2573.0
d

.                                   (10) 203 

The result of Eq. (10) shows the blockage size is the most sensitive parameter of the 204 

potential blockage for detection, followed by the blockage length and location. It is also worthy 205 

of noting that the COVs of all these three detection results are over 25% under the conditions of 206 

the assumed 10% variations of the six uncertainty factors based on the FOSM analysis. From this 207 

perspective, the application result of TBFDM is very sensitive to these uncertainty factors 208 

considered herein which are commonly encountered in practical situations (e.g., laboratory 209 

experiments and field tests). Furthermore, the results of Table 1 demonstrate clearly that the 210 

wave speed (a0) and the resonant frequency measurement ( rf) are relatively more important than 211 

other factors to affect the variability of the blockage detection results by the TBFDM. For 212 

example, from Table 1, these two factors contributed over 99.9% of the variability of these 213 

blockage detection results. Meanwhile, in the detection of blockage size and length, these two 214 

factors are almost in similar importance (i.e., each provides about 50% contribution), while in 215 

that of blockage location, the frequency data measurement ( rf) with 88.8% contribution behaves 216 

much more important than all others including the wave speed (a0). It is also shown in Table 1 217 

that the factors of total pipeline length (L0) and pipe diameter (D0) become more important for 218 

the detection of blockage location than for that of blockage size and length, although their 219 

contributions are still smaller enough compared to the former factors of wave speed (a0) and 220 

resonant frequency measurement ( rf). Finally, the results in Table 1 also reveal that the initial 221 
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hydraulic conditions, e.g., friction factor (f0) and initial flowrate (Qs) here, have little impact to 222 

the variability of the detection results by using the TBFDM, which is actually consistent with the 223 

findings of previous studies (e.g., Duan et al. 2012, 2013; Meniconi et al. 2013). More 224 

discussions on the results and implications of this FOSM analysis are presented later in this 225 

paper. 226 

 227 

MCS Based Analysis 228 

Compared to FOSM, more complicated simulations are required to achieve MCS analysis based 229 

on the flowchart given in Fig. 1. For simplicity, it is again assumed that the input uncertainty 230 

factors are independent in order to examine and highlight the individual contribution of these 231 

factors in this study. With the 5000 MCS runs conducted for the blockage detection by the 232 

TBFDM, the statistical results of the variability of the blockage detection (i.e., COVs) can be 233 

obtained as follows: 234 

7341.0 ; 3868.0
b

 ; 2566.0
d

.                                  (11) 235 

By the comparison of Eq. (10) and Eq. (11), it is clear to show that the variability range of the 236 

blockage size detection ( b) by the MCS analysis is much higher than that by the FOSM analysis; 237 

while that of blockage length and location detection results ( b and d ) are comparable for the 238 

two methods. Specifically, the FOSM has underestimated the variability of blockage size 239 

detection under the given uncertainty conditions, which indicates that the nonlinear relationships 240 

of different parameters and variables in the TBFDM may have great influences and thus cannot 241 

be neglected to the blockage size detection. Meanwhile, both the results of Eq. (10) and Eq. (11) 242 

imply a higher sensitivity of the TBFDM for the detection of blockage size than other blockage 243 

information (length and location), which was also widely observed in previous studies of 244 
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experimental tests (e.g., Duan et al. 2013; Meniconi et al. 2013). 245 

To quantify the influence and contribution of each uncertainty factor in the MCS results, 246 

following expression is assumed and used in this study to represent the sensitivity of blockage 247 

detection results:  248 

k
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2 1
,                                                      (12) 249 

where subscript or superscript F = quantity for different blockage detection information ( b, b, 250 

d); superscript ej = exponential index of each factor; sj = the equivalent sensitivity coefficient by 251 

MCS analysis; and other symbols are same as previous definitions in this study. Based on the 252 

statistical results of the MCS analysis, the equivalent sensitivity coefficient (sj) and exponential 253 

index (ej) can be obtained by a non-linear regression process (Tung et al. 2006) and the results 254 

are shown in Table 2. It is necessary to note that the results of MCS in Table 2 are mainly based 255 

on the assumed expression of Eq. (12), and therefore the equivalent sensitivity coefficient (sj) 256 

here may be different from the definition of sensitivity coefficient (cj) in Eq. (5) for the FOSM 257 

analysis. Similarly, the individual contribution coefficient ( j) based on Eq. (6) is also calculated 258 

from the MCS results and listed in Table 2 for the comparison with the FOSM analysis results. 259 

Meanwhile, for clarity and convenience, the individual contribution percentages of different 260 

uncertainty factors are plotted in Fig. 3. 261 

The MCS based analysis results in Table 2 and Fig. 3 show a similar trend of the 262 

uncertainty responses as in Table 1 from the FOSM analysis. For example, both results reveal 263 

that the wave speed and resonant frequency measurement are the two dominant factors affecting 264 

the detection results and the friction factor and initial flowrate are the less important ones among 265 

these six factors, which confirm further the results reported in previous studies (e.g., Meniconi et 266 
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al. 2011b). However, the influence extents of these uncertainty factors are different in the two 267 

analysis results. For example, the results of MCS analysis indicate the initial pipe length may 268 

have significant impacts on the detection of blockage length and location, which has been 269 

underestimated by the FOSM results. Moreover, the results of the exponential index (ej) in Table 270 

2 from the MCS analysis demonstrate that the complicated transient-based flow simulations and 271 

blockage detection process cannot be well represented by the first-order second-moment 272 

assumptions used in Eqs. (4) and (5) in the FOSM method (i.e., ej ≠ 1), which in fact results in 273 

the main difference of the uncertainty and sensitivity analysis results in Tables 1 and 2. This 274 

similar difference between these two methods of FOSM and MCS has also been observed and 275 

analyzed in previous studies of pipe fluid transients (e.g., Duan et al. 2010a, 2010b). 276 

Consequently, all these results imply that the two factors of wave speed and data measurement 277 

and their non-linear behaviors in the blockage detection equations (1) and (2) are critical to the 278 

applications of the TBFDM. More detailed analysis and discussion on the influences of different 279 

uncertainty factors to the transient modelling and analysis are conducted later in this study. 280 

 281 

Results Discussion and Practical Implications 282 

To understand the influences of uncertainty factors to the variability of transient analysis results, 283 

it is necessary to investigate the transient behaviors of the system under these uncertainty 284 

conditions. For the test case in this study, the transient pressure head traces with uncertainties 285 

(i.e., with standard deviations) at the downstream valve end in Fig. 2 are obtained by the two 286 

different analysis methods and plotted in Fig. 4. In the figure, the vertical amplitude of transient 287 

pressure head is normalized by the initial transient head at downstream valve (i.e., Joukowsky 288 

head), and the axial time is normalized by the wave period of intact pipeline system (i.e., 4 l/a). 289 
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The results of Fig. 4 show clearly the relatively large variation range of the transient responses 290 

with regard to the deterministic results in the studied time domain, where the maximum positive 291 

and minimum negative transient pressure heads are much larger than the original deterministic 292 

results and may be out of the design range of the pipe strength. This result could cause the failure 293 

of system strength and function (e.g., Duan et al. 2010a, 2010b), and also the inaccuracy of 294 

transient analysis and utilization such as extended blockage detection in this study. 295 

Furthermore, the uncertainty propagation of the transient responses with time from the 296 

two different analysis methods are shown in Fig. 5, in which the uncertainty (i.e., the standard 297 

deviation of transient pressure head, H) is also normalized by the Joukowsky head for the 298 

comparison. This result again indicates the amplified uncertainty and propagation with time in 299 

the transient responses. However, compared to the FOSM result in Fig. 5, clear oscillations are 300 

observed in the result of MCS analysis. Statistically, such oscillations and propagation of system 301 

response uncertainties during the transient process could cause additional amplitude and phase 302 

changes in the time domain and resonance frequency shifts in the frequency domain, which has 303 

important implications to the use of transient-based method for pipe faults detection. Specifically, 304 

the caused phase and amplitude changes may result in the inaccuracy of the blockage detection 305 

results by the transient-based time domain method (e.g., Stephens 2008; Meniconi et al. 2011a, 306 

2013); and the induced resonant frequency shifts can affect the applicability and accuracy of the 307 

TBFDM for blockage detection as presented in this study.  308 

To further explain and confirm this uncertainty influence to the TBFDM in this study, the 309 

frequency domain results of both the deterministic transient response in Fig. 4(b) and the MCS-310 

based uncertainty response in Fig. 5 are plotted in Fig. 6, with the vertical amplitude coordinate 311 

(H *) normalized by the maximum value of the frequency domain responses, and the axial 312 
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frequency coordinate ( *) normalized by the theoretical frequency of intact pipeline system (i.e., 313 

a/4l). The comparative results reveal obvious difference of the resonant frequencies (i.e., peak 314 

locations in the figure) between these two responses, and consequently, the superposition of 315 

these two results could cause additional resonant frequency shifts from the original deterministic 316 

case, in addition to the frequency shifts by potential extended blockages. Based on this result, it 317 

is therefore understandable for the previously obtained importance orders of different uncertainty 318 

factors contributing to the variability of the blockage detection results as shown in Tables 1 and 2. 319 

Specifically, the determination of the three factors in pipeline systems, the wave speed (a0), 320 

resonant frequency measurement ( rf), and pipe length (L0), become especially important to the 321 

use of TBFDM because of their high relevance and potential contribution to the system resonant 322 

frequencies (e.g., rf0 ~ a/4L0). 323 

The results and findings of this study can also be used for analyzing and explaining the 324 

error observations in many experimental applications of transient-based pipe blockage detection 325 

methods such as in Duan et al. (2013) and Meniconi et al. (2011a, 2013). Firstly, in these 326 

experimental applications (laboratory and field), uncertainties commonly exist in the estimation 327 

of acoustic wavespeed for each pipe section, which was usually based on the averaged values of 328 

many measured transient amplitudes and/or phase periods at certain locations of pipe sections in 329 

the studied system (Suo and Wylie 1990; Duan et al. 2010a; Ebacher et al. 2011). Furthermore, 330 

in practice, the accuracy of data measurement system highly depends on the precision of the used 331 

devices, which often becomes less accurate for the high frequency flows in systems of relatively 332 

small scale pipes and/or complicated pipe connections. Consequently, in practical applications, 333 

the pipe wavespeed and data measurement are the two dominant factors that affect significantly 334 

the applicability and accuracy of the transient-based methods for pipe blockage detection in both 335 
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time and frequency domains. 336 

 337 

Conclusions and Recommendations 338 

The transient-based frequency domain method (TBFDM) has been previously developed and 339 

used for the pipe blockage detection in water pipelines, which was found to be an efficient, non-340 

intrusive and economic method in this field. But the applications of the TBFDM are usually 341 

challenged from many practical factors such as the system uncertainties and data measurement 342 

errors. This paper investigates systematically the sensitivity of this developed TBFDM to 343 

different uncertainty factors that commonly exist in practical pipe systems. A simple pipeline 344 

system with single extended blockage has been adopted in this study for the analysis. Six 345 

uncertainty factors including the system parameters and hydraulic conditions as well as data 346 

measurement are investigated in this study. Two analysis methods of the First-Order Second-347 

Moment (FOSM) and Monte-Carlo Simulation (MCS) are applied to study the different 348 

expression forms of the developed TBFDM respectively.  349 

Both results of FOSM and MCS demonstrate that a large variability range of the blockage 350 

detection results by the TBFDM (e.g., F > 25% in this study) can be resulted from the input 351 

uncertainty factors (e.g., with Xj = 10% for the test case). Moreover, it is shown from the 352 

analysis results that the wave speed and the resonant frequency measurement are the two 353 

dominant factors that can significantly affect the applicability and accuracy of the TBFDM. The 354 

results of MCS also indicate that the uncertainty of total pipeline length can have potential 355 

influences to the variability of the detection results for blockage length and location, which has 356 

been underestimated in the FOSM results. Furthermore, the result analysis and discussion of this 357 

study implies the applicability and accuracy of the TBFDM will highly depend on the 358 



17 
 

determination of the three important factors (i.e., wave speed, pipe length, and resonant 359 

frequency measurement) in practical applications.  360 

Finally, it is necessary to point out that the sensitivity analysis results of this study are 361 

mainly based on the assumed uncertainty characteristics (PDF and COV) of different inputs and 362 

parameters, which may need further quantitative investigations in the future work. 363 
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 475 

Table 1 Sensitivity coefficient (cj) an individual contribution coefficient ( j) of different factors 476 

to the uncertainty of blockage detection results by the FOSM analysis 477 

Factor 
Response 

L0 D0 f0 Qs a0 rf 

blockage 
size ( b) 

cj 3.49E-05 0.0640 -0.0137 -0.0027 -0.0015 0.9246 

j (%) 0.0428 0.0361 2.65E-08 2.65E-08 50.4742 49.4469 

blockage 
length ( b) 

cj 3.75E-06 -0.0098 -0.0021 -0.0004 -0.0002 0.1412 

j (%) 0.0214 0.0364 2.67E-06 2.67E-06 50.0524 49.8898 

blockage 
location ( d) 

cj -5.9E-05 0.1501 0.0171 0.0034 0.0004 -0.7806 

j (%) 0.3088 0.4999 1.03E-05 1.03E-05 10.4145 88.7768 
 478 

 479 

Table 2 Statistical results of MCS analysis for the uncertainty of blockage detection results  480 

Factor 
Response 

L0 D0 f0 Qs a0 rf 

blockage 
size ( b) 

sj 2.34E-04 0.0081 0.0001 0.0001 -0.0034 1.7581 

ej 0.9946 1.1231 1.04521 1.0111 0.7365 1.4625 

j (%) 0.4371 0.0001 3.19E-11 7.98E-10 59.0642 40.4986 

blockage 
length ( b) 

sj 2.18E-04 -0.0125 -0.0011 -0.0003 -0.0003 0.2864 

ej 0.6399 0.7436 0.0026 0.0002 0.636 1.1625 

j (%) 19.7466 0.0163 2.02E-07 3.76E-07 24.0435 56.1936 

blockage 
location ( d) 

sj -9.3E-04 0.1501 0.0027 0.0001 0.0013 -1.3806 
ej 0.5714 0.7436 0.0543 0.0221 0.5683 1.6625 

j (%) 17.0243 0.1109 5.74E-08 1.97E-09 21.2897 61.5751 
 481 



 
 
 
 
 
 

 

 

Fig. 1 Flowchart of MCS for transient analysis 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Sketch and settings of numerical test system (Notations: Hu and Hd = available heads of 
upstream and downstream tanks; Qs = initial steady flowrate with the arrow showing its direction) 
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Fig. 3 Individual contribution of different uncertainty factors to the uncertainty of blockage 

detection results 
 



 
 
 
 
 

 
 

 
 

Fig. 4 Transient responses with uncertainty at downstream valve end by: (a) FOSM; (b) MCS 

 



 
 
 
 
 
 
 

 

 

Fig. 5 Propagation of uncertainty of transient responses with time at downstream valve end 

 



 
 
 
 
 
 
 

 

 

Fig. 6 Frequency domain results of the deterministic transient response and the uncertainty 

response by MCS analysis in the test system  
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