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20 

Abstract: Many skeletonization methods have been developed to simplify WDSs’ 21 

configurations to facilitate practical applications of hydraulic modeling and analysis. However, 22 

these approaches are generally based on steady-state hydraulic analysis, and hence the 23 

skeletonized systems can not represent the underlying transient properties of the original 24 

systems, resulting in potential risk when handling with extreme hydraulic events induced by 25 

transients (e.g., pipe bursts). To this end, this paper proposes a transient-based method to 26 

ensure the skeletonized systems can capture the overall transient properties of the original 27 

WDSs. Two transient-based criteria are proposed as principle to skeletonize pipes in series, 28 

and three assessment metrics are adopted to evaluate the transient performance of the 29 

skeletonized systems. Two WDSs are used to demonstrate the effectiveness of the proposed 30 

method. Results show that the skeletonized systems produced by the proposed approach 31 

match well with the original WDSs in terms of transient dynamics, with performance 32 

significantly outperforming the traditional steady-state based skeletonization method. The 33 

proposed approach offers an important tool to enable effective skeletonization of real-world 34 

WDSs for transient modeling and analysis.  35 
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Introduction 38 

Mathematical modeling of urban water distribution systems (WDS) has been a 39 

common practice for effective analysis, operation and maintenance of these complex 40 

infrastructure systems (Kapelan et al. 2007; Zheng et al. 2011). Due to the population 41 

growth and rapid urbanization over the past few decades, the scale of a typical urban 42 

WDS can reach a size of hundreds to thousands of nodes (Zheng et al. 2017). As a 43 

result, the management of such large-scale WDSs becomes more difficult for the 44 

modelers and operators, and the execution of such simulations becomes more 45 

expensive in computational running time (Deuerlein 2008). This is especially the case 46 

when the transient analysis is performed as this type of modelling is typically 47 

significantly more complex than the steady-state simulation (Duan and Lee 2015; Lee 48 

et al. 2008). Therefore, an effective reduction in model complexity can be potentially 49 

meaningful to enable an efficient modelling and analysis of WDSs, which is 50 

commonly referred to as the WDS skeletonization in literature (e.g., Anderson and 51 

Al-Jamal 1995; Perelman and Ostfeld 2011; Walski et al. 2004; Walski et al. 2003).  52 

Skeletonization of a WDS is such a process where the nodes and links in the 53 

network that have relatively low impacts on the system’s hydraulics are removed to 54 

achieve an efficient model analysis with acceptable simulation accuracy (Hellbach et 55 

al. 2011; Saldarriaga et al. 2008). The resultant skeletonized network offers 56 

considerable benefits in terms of computational efficiency as well as system 57 

management and operation for water utilities (Jung et al. 2007). The traditional 58 

skeletonization methods typically consist of four distinct operations: pipe removal, 59 

branch trimming, series pipe merging and parallel pipe merging, which aims to reduce 60 

the model complexity but maintain the overall topological connection and steady-state 61 

hydraulic characteristics of the original network models (Walski et al. 2004).  62 



 

 

A number of methods have been developed to enable the skeletonization of 63 

WDSs, typically based on the steady-state hydraulic analysis (Walski et al. 2004). 64 

While being simple in terms of implementation, the skeletonized models based on the 65 

steady-state hydraulic analysis are likely to adversely affect the accuracy of the 66 

WDS’s dynamic hydraulics (e.g., Bahadur et al. 2006; Davis and Janke 2015; Gong et 67 

al. 2014; Grayman et al. 1991; Grayman and Rhee 2000; McInnis and Karney 1995). 68 

This accordingly results in potential risk for the management of extreme events (pipe 69 

bursts or contaminant intrusions) within the WDSs that are induced by transients 70 

(Boulos et al. 2005; Duan and Lee 2015; Ebacher et al. 2011; Rathnayaka et al. 2016). 71 

On this point, a generic consensus has been reached in literature that the degree of an 72 

effective model skeletonization would depend on the perspective and purpose of the 73 

WDS model in order to achieve an accuracy-efficiency compromise (Duzinkiewicz 74 

and Ciminski 2006; Walski et al. 2003). 75 

In recognizing the potential errors induced by the model skeletonization 76 

according to the steady-state hydraulic principles in terms of dynamic hydraulics, 77 

some studies have made attempts to investigate this issue. For example, Martin (2000) 78 

warned that excessive skeletonized models might introduce substantial errors for the 79 

dynamic responses of the WDSs; Walski et al. (2004) analyzed different degrees of 80 

steady-state based skeletonized models for the transient analysis of a pump-trip event, 81 

and they found that the established skeletonization model based on steady-state 82 

conditions increased the severities of the predicted maximum and minimum transient 83 

pressures. This is because the steady-state based skeletonization have eliminated some 84 

essential elements that may induce pulse fragmentation and attenuation mechanisms 85 

within the transient process, as pointed out in Walski et al. (2004). In more recent 86 

years, Huang et al. (2017) investigated the impact of demand transformation during 87 



 

 

skeletonization operations on transient responses in the WDS from the probabilistic 88 

perspective. Their results showed that demand nodes might have significant impacts 89 

on transient wave propagation and should not be arbitrarily neglected during 90 

skeletonization process.  91 

The studies mentioned above have consistently found that the steady-state based 92 

skeletonization methods were highly likely to induce over-/under-estimated transient 93 

results of the skeletonized models relative to the original systems, due to their 94 

ignorance in modelling the interactions of transient pressure waves within the system 95 

configuration (Gad and Mohammed 2014; Jung et al. 2007; Martin 2000; Meniconi et 96 

al. 2014; Walski et al. 2004). This highlights the great necessity and importance to 97 

explicitly account for dynamic hydraulics (i.e. transient responses) during the 98 

skeletonization operations, thereby enabling accurate WDS modelling and analysis. 99 

However, to the authors’ best knowledge, there is a lack of a method to skeletonize a 100 

complex WDS while maintaining its overall dynamic hydraulics. To this end, the 101 

current paper proposes an effective skeletonization method for WDSs, in which the 102 

transient responses of the system are explicitly accounted for.  103 

The proposed method focuses on the skeletonization of the pipes in series, as 104 

skeletonization of series pipes has been one of the most common operations during 105 

the WDS skeletonization (Walski et al. 2004; Martínez-Solano et al. 2017). Both the 106 

hydraulic equivalence theory and transient-based criteria of wave propagation 107 

mechanism are incorporated into the hydraulic analysis within the skeletonization 108 

process for pipes in series. A total of three assessment metrics is proposed to 109 

quantitively measure the impacts of model skeletonization on the system’s transient 110 

dynamics. The effectiveness of the proposed method is demonstrated for two WDS 111 

case studies with different complexities.  112 



 

 

Methodology 113 

Accuracy control criteria for transient-based skeletonization 114 

The accuracy control criteria including the phase criterion and amplitude 115 

criterion are proposed as the principle to enable the effective skeletonization of pipes 116 

within the WDS with transient responses explicitly considered. More specifically, 117 

both the phase (usually represented by wave travel time) and amplitude of pressure 118 

wave traveling through the skeletonized pipe after skeletonization should be close to 119 

the prototype, which can be mathematically described as  120 

(1) The phase criterion, 121 

0ΔΔ tts →                                (1) 122 

where tΔ  indicates the travel time of pressure wave through pipes; subscripts s and 123 

0 respectively indicate the resultant skeletonized pipe after skeletonization and the 124 

original pipes.  125 

(2) The amplitude criterion, 126 

0ΔΔ hhs →                              (2) 127 

where h  represents the amplitude of pressure wave when traveling through pipes. 128 

As shown in Equation (2), an effective skeletonization should ensure its resultant 129 

amplitude of pressure wave close to that before skeletonization.   130 

Equations (1) and (2) can be applied to various types of skeletonization, 131 

including series pipes, parallel pipes and even for pipe removals. In the present study, 132 

the skeletonization of pipes in series is only considered, and for such cases, the travel 133 

time of pressure wave through pipes before skeletonization can exactly equal to that 134 

after skeletonization (i.e., the phase criterion can be perfectly satisfied), with details 135 

given in next section. However, this is not the case for the amplitude criterion, as only 136 

the variations in pressure wave amplitude at the boundary nodes of pipes in series 137 



 

 

caused by the removal of their intermediate nodes can be considered for the 138 

assessment of the skeletonization quality. Since transient dynamics at intermediate 139 

nodes are not considered, it inevitably results in potential errors in modelling 140 

transients of pipes in series. For practical applications, a threshold can be specified to 141 

ensure the transient errors induced by skeletonization within an acceptable range. The 142 

criteria for the skeletonization of pipes in series can be mathematically described as  143 

0ΔΔ tts =                                  (3) 144 

tols EEhh =− ||ΔΔ|| 0                            (4) 145 

where E (error indicator) indicates the errors of the pressure wave amplitude induced 146 

by skeletonization of pipes in series; Etol is the specified maximum tolerable error.  147 

Equations (1-4) present the theoretical principles for the skeletonization of WDS 148 

models that accounts for the transient impacts. It should be noted that there are other 149 

matters should be considered for skeletonizing transient models of WDS, e.g., the 150 

consumptive demand at nodes that can have certain impact on transient wave 151 

propagation (Huang et al. 2017) or the local high elevation at nodes that may be 152 

possible to introduce negative pressure or even column separation (Jung et al. 2007). 153 

However, in realizing the scope of this work, the proposed method focuses on the 154 

implementation of accuracy control criteria for pipes in series to enable their practical 155 

applications, which will be introduced in the next section in more details. 156 

Transient-based skeletonization method for pipes in series 157 

The simple pipe system in Fig. 1 is first used to illustrate the proposed 158 

transient-based skeletonization method, which consists of series pipes P1 and P2, 159 

external connected pipes P3 and P4, the boundary nodes N1 and N2 at both pipe ends, 160 

and the intermediate node N3. In the case of the traditional steady-state skeletonization, 161 

series pipes P1 and P2 can be jointly represented by an equivalent pipe Pe as shown in 162 



 

 

Fig. 1 following the hydraulic equivalence theory. More specifically, the head loss 163 

induced by the two original pipes (P1 and P2) should be the same as for the obtained 164 

equivalent pipe Pe (Walski et al. 2003). If Hazen-Williams (H-W) formula is used to 165 

calculate head loss formula, the hydraulic equivalence can be described as  166 

1 2

1.852 4.87 1.852 4.87 1.852 4.87

1 1 2 2

e

e e

L L L

C D C D C D
= +                    (5) 167 

where L, D and C indicate the pipe length, diameter and H-W coefficient respectively; 168 

and subscripts 1, 2 and e represent pipes P1, P2 and Pe respectively. Similar expression 169 

can be obtained for the Darcy-Weisbach friction formula. For practical 170 

implementation of the steady-state skeletonization, engineers often assume 171 

21 LLLe +=  as well as a commercially available diameter size for the equivalent pipe 172 

Pe, as so to determine the corresponding H-W coefficient for pipe Pe based on 173 

Equation (5) (Walski et al. 2003).  174 

 175 

Fig. 1. Illustration of the skeletonization for pipes in series: (a) before and (b) 176 

after skeletonization 177 

Clearly, the traditional steady-state skeletonization method, represented by 178 

Equation (5), does not consider the transient impacts induced by skeletonization. To 179 

address this issue, the proposed skeletonization criteria that accounts for transient 180 

dynamics (Equations 3 and 4) is explicitly considered, in addition to the basic 181 



 

 

hydraulic equivalence theory (Equation 5). Following Equation (3), the travel time of 182 

pressure wave through the resultant equivalent pipe Pe (i.e., ees aLt =Δ ) should 183 

equal to the sum of that in the original series pipes P1 and P2 (i.e., 184 

22110Δ aLaLt += ), which is  185 

1 2

1 2

e

e

L L L

a a a
= +                             (6) 186 

where a1, a2 are wave speeds of original pipe sections, which can be determined based 187 

on the pipe and fluid characteristics (known variables), and ae is the unknown 188 

attribute of the equivalent pipe that is to be determined.  189 

The amplitude criterion in Equation (4) can be implemented through the wave 190 

propagation mechanism of transient waves in the system. In the literature of water 191 

hammer, the coefficients of reflection (R) and transmission (T) are commonly defined 192 

to express the wave propagation characteristics at the boundary (Chaudhry 2014), 193 

which is adopted herein for driving the transient-based skeletonization principle. For a 194 

demonstration, assuming that a pressure wave with the amplitude hΔ  travels from 195 

pipe P3 to pipe P4 in Fig. 1. For the original series pipes, amplitudes of transmitted 196 

waves of the first impinging on nodes N1 and N2 can be calculated based on the wave 197 

transformation equation at the node boundary (Huang et al. 2017, Wood et al. 2005), 198 

as  199 

hTh
NPN
ΔΔ 131

00 =
→

                           (7) 200 

hTTTh
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ΔΔ 2231132

0000 
→→→

                    (8) 201 

where 1

0Δ
N

h  and 2

0Δ
N

h  are the amplitudes of transmitted waves at nodes N1 and N2 202 

respectively, and subscript 0 indicates transient status before skeletonization; 203 

 =
=

M
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1
)2(

→
 represents the transmission coefficient for an 204 



 

 

incident wave transmitting from pipe Pj through node Ni, in which A is the pipe 205 

cross-sectional area and M is the total number of connected pipe sections at node Ni 206 

(Chaudhry 2014). For example, the transmission coefficient from pipe P3 through 207 

node N1 is )()2( 113333
13 aAaAaAT

NP
+=

→
, and that from another connected pipe 208 

P1 through node N1 is )()2( 113311
11 aAaAaAT

NP
+=

→
. In a similar way, the 209 

transient dynamics after skeletonization (the subscript is s) can be described as  210 

hTh
NP

s

N

s ΔΔ 131 =
→

                           (9) 211 

hTTh
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s
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s

N

s
e ΔΔ 2132 
→→

                      (10) 212 

It is noted that the approximate equation for 2

0Δ
N

h  and 2Δ
N

sh  in Equations (8) 213 

and (10) is caused by the fact that some other different external influence factors such 214 

as pipe-wall friction, viscoelasticity effect, vibration are not considered in this study. 215 

These external influence factors can be insignificant for pipes with relatively small 216 

length, which are mainly considered for skeletonization in practice (Walski et al. 217 

2003). While only two external connected pipes are considered to compute transient 218 

dynamics at nodes N1 and N2 for illustration purpose in Fig. 1, the proposed method 219 

can be easily extended to the cases where multiple external pipes are connected to the 220 

node being considered.  221 

Fig. 1 assumes the travel direction of the wave is from pipe P3 to P4 to enable the 222 

illustration of the proposed method. However, to ensure the difference of the transient 223 

dynamics between the original pipes and the resultant pipe after skeletonization as 224 

small as possible, impacts of wave from the other direction should be also considered 225 

(i.e. from P4 to P3). Therefore, the authors define a weighted least square (WLS) 226 

optimization formulation (Arsene and Gabrys 2014) in order to explicitly account for 227 

transient impacts (i.e., to minimize the difference of wave transformations at two 228 



 

 

boundary nodes between the original and skeletonized pipes) from both directions. In 229 

other words, E in Equation (4) is represented by a WLS problem as shown below,  230 
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   (11) 231 

where the first term in the right side of Equation (11) indicates the weighted sum of 232 

the squared differences between the amplitudes of transmitted waves at node N1 in the 233 

original pipes and those in the skeletonized pipe for both directions of wave 234 

propagation, and the second term represents such difference at node N2; w1 and w2 are 235 

weights indicating the relative importance of two series pipes being skeletonized, 236 

which can be quantitively measured by the difference of fluid inertia through series 237 

pipes at the initial steady state, as follows 238 

)()( 2211111 ALALALw +=                       (12) 239 

)()( 2211222 ALALALw +=                      (13) 240 

Combing Equation (4), the minimization of E in Equation (11) should be no more 241 

than the specified tolerable error Etol.  242 

It is noted that the unknown variables in Equation (11) are all related with 243 

ee aA / , such as )()2( 3333
13

ee

NP

s aAaAaAT +=
→

 and 244 

)()2( 33
1

eeee

NP

s aAaAaAT e +=
→

, hence the actual decision variable in this 245 

equation is ee aA / . To ensure the physical significance of the skeletonization, the 246 

authors restrict the range of ee aA /  between 11 / aA  and 22 / aA .  247 

As a summary, Equations (5), (6) and (11) have a total of four unknown 248 

attributes (Le, ae, De, Ce) of the equivalent pipe after skeletonization of pipes in series. 249 

These unknown attributes need to be determined in order to minimize the transient 250 

effects induced by skeletonization. Since there are only three equations (Equations 5, 251 



 

 

6 and 11) for these four variables, they cannot be analytically solved. To address this 252 

issue, 21 LLLe +=  (this is typically used in the steady-state skeletonization methods) 253 

is used in the proposed method, which directly enables the solution of ae from 254 

Equation (6). Then the remaining De and Ce can be sequentially solved from 255 

Equations (11) and (5) respectively. The detailed procedure for estimating Le, ae, De, 256 

Ce as well as the general application of this transient-based skeletonization method in 257 

complex WDS models are given below.  258 

Application procedure of transient-based skeletonization method 259 

For real-world WDS models, a number of pipes can be connected in series, as 260 

illustrated in Fig. 2, and the proposed skeletonization method attempts to merge some 261 

of these series pipes to enable an efficient model simulation and management without 262 

significant impacts on its transient dynamics. To this end, a step-wise procedure is 263 

proposed with the following steps and the aid of Fig. 2. 264 

 265 

Fig. 2. Illustration for the application procedure of transient-based 266 

skeletonization method 267 

Step 1: Identify the set of series pipes being considered in the WDS model as 268 

},...,,{ 21 NSSS=S , where S indicates an aggregation of series pipes with necessary 269 

components to be considered for transient-based skeletonization, which typically 270 



 

 

consists of two series pipes, two boundary nodes, an intermediate node and several 271 

external connected pipes; N is the total number of such aggregations. For the 272 

exampled network in Fig. 2(a), three aggregations of series pipes are identified, i.e., 273 

},,{ 321 SSS=S , where S1 consists of series pipes P1 and P2, boundary nodes N1 and N3, 274 

the intermediate node N2 and external connected pipes P3, P5 and P6, i.e. 275 

)},,(,),,(),,{( 653231211 PPPNNNPPS = , and similarly 276 

)},(,),,(),,{( 41342322 PPNNNPPS =  and )},,(,),,(),,{( 872453433 PPPNNNPPS = . 277 

Step 2: Specify the tolerable error Etol (Equation 4) based on the system 278 

operation and management requirements, representing the maximum allowable 279 

differences between the skeletonized system and the original system in transient 280 

dynamics.  281 

Step 3: Calculate the minimum value of E for each aggregation of series pipes in 282 

S based on Equation (11) to form the error indicator set },...,,{ 21 NEEE=E . For the 283 

case in Fig. 2, three values of E are obtained for the set S, i.e. },,{ 321 EEE=E . 284 

Step 4: Identify the minimum value Emin from the set E, i.e., )min(min EE = , 285 

then determine whether tolEE min  or not. If this is not true, the skeletonization is 286 

not performed (the procedure is terminated); otherwise, the skeletonization operation 287 

is conducted for the aggregation of series pipes associated with 
minE  as so the 288 

attributes (Le, ae, De, Ce) of the equivalent skeletonized pipe can be determined based 289 

on Equations (5), (6) and (11), where Le is the sum of the total length of series pipes in 290 

the assemble being considered. For the example in Fig. 2(a), if tolEEE = 3min , the 291 

aggregation S3 is selected to be skeletonized and the attributes of the resultant 292 

equivalent pipe P34 (used to substitute series pipes P3 and P4) are determined by 293 

Equations (5), (6) and (11) as proposed in this paper. Consequently, the original series 294 



 

 

pipes P3 and P4 and the intermediate node N4 are replaced by the equivalent pipe P34 295 

as shown in Fig. 2 (b). 296 

Step 5: Remove the minimum value 
minE  from E and its corresponding 297 

aggregation from S respectively. As illustrated in Fig. 2(b), the minimum value 3E  298 

and the aggregation S3 are removed from the sets E and S respectively, i.e., 299 

},{ 21 EE=E  and },{ 21 SS=S . 300 

Step 6: Update the sets S and E for the influenced elements (pipes and nodes) 301 

due to the replacement of the series pipes and intermediate node using the equivalent 302 

pipe in Step 4. For the example in Fig. 2, pipe P3 removed during skeletonization is 303 

also the element of the aggregation S1, and hence S1 has to be updated with the 304 

equivalent pipe P34 replacing pipe P3. Pipes P3, P4 and node N4 are also the elements 305 

of S2, therefore S2 has to be updated with pipe P34 replacing pipe P3, node N5 306 

replacing node N4, and pipes P7 and P8 replacing pipe P4. That is, 307 

)},,(,),,(),,{( 6534231211 PPPNNNPPS = , )},,(,),,(,,{( 8713523422 PPPNNNPPS = . E1 308 

and E2 are accordingly updated using Equation (11) applied to the updated S1 and S2 309 

respectively. 310 

Step 7: Go back to Step 4, until tolEE min  or Φ=S  (all series pipes have 311 

been skeletonized).  312 

Assessment metrics 313 

  To assess the performance of the skeletonized model identified by the proposed 314 

method in approximating the transient dynamics to the original system, three different 315 

assessment metrics are proposed in this study. The first metric is the relative error of 316 

the maximum pressure upsurge ( maxerr ) for the node i within the WDS model, which 317 

is described as  318 
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where )(Δ tH i

s  and )(Δ 0 tH i
 are the transient pressure changes (with respect to the 320 

initial steady-state pressure) at node i at any given allowed simulation time t from the 321 

skeletonized model and the original model respectively. A smaller value of this metric 322 

indicates that the skeletonized model can better capture the largest pressure increase 323 

of the original system induced by transients. In addition to this metric, it is also 324 

meaningful to assess the model’s performance in reproducing the system’s largest 325 

pressure drop due to transients, which is defined as 
minerr  as shown below 326 
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ii

s −
=                  (12) 327 

The two metrics as mentioned above focus on assessing the performance of the 328 

skeletonized model under extreme conditions, as such scenarios often pose serious 329 

threats to the safety of the WDSs. To enable a more comprehensive evaluation, the 330 

authors also consider the cumulative difference ( cumerr ) between the skeletonized and 331 

the original model in simulating the transient response, which is outlined as  332 
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 −
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s
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dttHtH
err                    (13) 333 

where tmax is the maximum allowed simulation time.  334 

Cases Study  335 

To demonstrate the feasibility and application procedure of the proposed method 336 

for WDS skeletonization, two hypothetical cases with different complexity levels – a 337 

simple water pipeline system and a relatively complex looped network – are adopted 338 

for the investigation. The detailed description of these two cases are presented as 339 



 

 

below. It is also noted that all transient simulations for these cases are solved by the 340 

classic 1D water-hammer model, with the Method of Characteristic (MOC) coupled 341 

with quasi-steady friction term for transient simulations and the discrete vapor cavity 342 

model (DVCM) for cavitation simulations. More details of these models and methods 343 

may refer to many classic references in this field (e.g., Chaudhry 2014; Meniconi et al. 344 

2013; Wylie et al. 1993). Besides, the computational times for all MOC-based 345 

transient simulations are set to be sufficiently precise to obtain the analytical transient 346 

results in order to exclude the influence of the transient solver on the accuracy of 347 

transient results. 348 

Description of two case studies 349 

Case 1 (Fig. 3a) is a hypothetical water pipeline system with three sequential 350 

series pipes, i.e., series pipes [2], [3] and [4], which is used to illustrate the feasibility 351 

and accuracy of the developed transient-based skeletonization method in this study. 352 

Case 2 (Fig. 3b) is a looped pipe network with multiple series pipes and different 353 

wave speeds of pipes, which is used to demonstrate the applicability of the developed 354 

method for complex systems. Both cases are constant-head reservoir supply systems, 355 

in which elevations of all the nodes are zero, the nodal demand of node 5 in case 1 is 356 

100 L/s, the nodal demands in case 2 are all 300 L/s and the detailed pipe and flow 357 

information are shown in Table 1. The transient event for case 1 is induced by a 358 

sudden closure of the downstream pipeline end (node 5) with its demand reduced 359 

from 150 L/s to zero. While for the complex case 2, ten transient events of demand 360 

fluctuation and valve operation in different locations as listed in Table 2 are applied to 361 

conduct a comprehensive investigation for the applicability of the developed 362 

transient-based skeletonization method under various transient conditions. 363 



 

 

364 
Fig. 3. WDS layouts of two hypothetical cases: (a) simple water pipeline system 365 

with series pipes, and (b) complex looped network with multiple series pipes 366 

 367 

Table 1 System information of two studied cases 368 

 Pipe 
Length 

(m) 

Diameter 

(mm) 
H-W Coeff. 

Wave speed 

(m/s) 

Velocity 

(m/s) 

Case 

study 1 

1 1500 800 120 1000 0.20 

2 500 700 120 1000 0.26 

3 300 600 120 1000 0.35 

4 700 500 120 1000 0.51 

5 1500 400 120 1000 0.80 

Case 

study 2 

1 100 1200 120 1100 2.12 

2 1350 1200 120 1100 2.12 

3 900 700 120 1100 0.86 

4 1150 600 120 1100 1.16 

5 1450 600 120 1100 1.16 

6 450 500 120 1200 1.68 

7 850 500 120 1200 1.68 

8 850 400 120 1200 2.62 



 

 

9 800 600 120 1100 1.28 

10 950 600 120 1100 1.06 

11 1200 500 120 1200 1.53 

12 3500 500 120 1200 1.53 

13 800 500 120 1200 0.31 

14 500 400 120 1200 0.48 

15 550 300 120 1300 0.86 

16 2730 400 120 1200 1.94 

17 1750 500 120 1200 1.24 

18 800 600 120 1100 0.86 

19 400 800 120 1100 0.48 

20 2200 900 120 1100 2.35 

21 1500 500 120 1200 1.53 

22 500 300 120 1300 4.24 

23 2650 800 120 1100 1.78 

24 1230 600 120 1100 1.45 

25 1300 500 120 1200 2.09 

26 850 100 120 1300 0.53 

27 300 200 120 1300 0.13 

28 750 300 120 1300 0.06 

29 1500 500 120 1200 0.52 

30 2000 400 120 1200 0.82 

31 1600 300 120 1300 1.45 

32 150 200 120 1300 3.27 

33 860 300 120 1300 1.63 

34 950 400 120 1200 0.92 

35 2500 300 120 1300 1.16 

36 2500 300 120 1300 1.16 

37 2500 500 120 1200 1.69 

38 2500 500 120 1200 1.69 

 369 

Table 2 Transient events of case 2 370 

Transient event Transient exciter Event description 

E1 Node 13 Sudden reduction of nodal demand to zero 

E2 Node 31 Sudden reduction of nodal demand to zero 

E3 Node 25 Sudden reduction of nodal demand to zero 

E4 Node 16 Sudden reduction of nodal demand to zero 

E5 Node 9 Sudden reduction of nodal demand to zero 

E6 Node 23 Sudden reduction of nodal demand to zero 

E7 Node 20 Sudden reduction of nodal demand to zero 

E8 Node 22 Sudden reduction of nodal demand to zero 

E9 Valve 1 Instantaneous valve closure 

E10 Valve 2 Instantaneous valve closure 
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Implementation of the proposed method 371 

The proposed skeletonization method is applied to each of the two case studies in 372 

Fig. 3. To comprehensively demonstrate the utility of the proposed approach, a few 373 

different values of tolerable error Etol (Etol=0.01, 0.02, 0.03 and 1.00) and different 374 

transient parameters of pipes (the wave speed of pipes) are tried. To enable a 375 

performance comparison, the traditional skeletonization method is also applied to 376 

each of the two case studies, where transient dynamics are not explicitly considered 377 

within the skeletonization. The implementation details of the proposed skeletonization 378 

method are given in the previous section. For the traditional skeletonization approach, 379 

the equivalent length of the skeletonized pipe is taken as the sum of series pipe, 380 

followed by assigning the larger diameter of the two series pipes to the equivalent 381 

pipe, and then the other two attributes (i.e., the equivalent H-W coefficient and wave 382 

speed) of the skeletonized pipe can be accordingly determined based on Equations (5) 383 

and (6). Such an approach has been typically used in the traditional steady-state 384 

methods (Cesario 1995; Walski et al. 2003). 385 

Results and Discussions 386 

Results of case study 1 387 

For the small case study shown in Fig. 3(a), two aggregations of series pipes are 388 

identified using the proposed method. The skeletonization results produced by the 389 

traditional method and the proposed transient-based methods are shown in Fig. 4, with 390 

(Le, ae, De, Ce) values of the skeletonized pipe presented. As can be seen from this 391 

figure, different skeletonization levels are obtained by these two different 392 

skeletonization methods, leading to variations in attributes of the skeletonized pipes. 393 

More specifically, parameters of (De, Ce) identified by the traditional approach are 394 
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significantly different to those estimated by the proposed transient-based method, 395 

even for the resultant system with the same skeletonization level as shown in Fig. 4(a) 396 

and (c).  397 

Skeletonization results in Fig. 4(b) and (c) are produced by the proposed method 398 

with different tolerable error Etol, with the former being Etol = 0.01 and the latter being 399 

Etol = 1.00. Clearly, a larger value of Etol is associated with a high skeletonization level, 400 

representing a more simplified WDS model. It is also noted that the wave speed is 401 

identical for the skeletonized system yielded by the traditional and proposed methods. 402 

This is because the initial setting of the wave speed is the same for all pipes in the 403 

original pipes in Fig. 3(a). For both the traditional and proposed approaches, the 404 

length of the equivalent pipe equals to the total length of the series pipes merged for 405 

skeletonization.  406 

 407 

Fig. 4. Skeletonization results produced by the traditional and proposed 408 

transient-based methods for case study 1 409 

To evaluate the performance of the three skeletonized systems (Fig. 4) in 410 

approximating the transient dynamics of the original system, transient simulations are 411 

performed with demands at node 5 in Fig. 3(a) suddenly reduced from 100 L/s to zero, 412 

as previously stated. The pressure variations induced by transients at node 1, 4 and 5 413 
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are evaluated using the proposed three assessment metrics to enable a performance 414 

analysis, with results outlined in Table 3. Clearly, the proposed transient-based 415 

method significantly outperforms the traditional approach in reproducing the transient 416 

dynamics of the original system. Interestingly, while the proposed method with Etol = 417 

1.00 produced an identical skeletonized system with that offered by the traditional 418 

method, the former can capture the transient dynamics of the original system with 419 

improved performance.  420 

Table 3 Results of the metrics for different skeletonized models in case study 1 421 

Skeletonization 
errmax errmin errcum 

1 4 5 1 4 5 1 4 5 

The traditional method 0.194 0.464 0.284 0.343 0.507 0.153 0.974 0.766 0.989 

The proposed method 

(TC=0.01) 
0.031 0.162 0.149 0.199 0.107 0 0.273 0.291 0.283 

The proposed method 

(TC=1.00) 
0.144 0.261 0.273 0.343 0.283 0.121 0.918 0.639 0.820 

 422 

Table 3 present the overall results of the transient dynamics of different 423 

skeletonized systems in Fig. 4. To further illustrate their performance difference in 424 

simulating transient dynamics, Fig. 5 shows transient pressure traces at boundary 425 

nodes 1 and 4 for these three skeletonized systems as well as the original pipe system 426 

(Fig. 3a). As can be observed, the pressure traces for the skeletonized model produced 427 

by the proposed method with Etol = 0.01 can match well with those of the original 428 

system, in terms of both the transient amplitude and phases. However, the 429 

skeletonized model yielded by the traditional approach exhibits a significantly 430 

deteriorated performance in reproducing the transient trajectory of the original system. 431 

While a larger value of Etol (Etol = 1.00) is able to skeletonize the original system in a 432 

greater extent, it is more likely to have a reduced performance in maintaining the 433 
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transient properties of the original system, as shown in Table 3 and Fig. 5.  434 

 435 

Fig. 5. Comparison of transient pressure traces for different skeletonized models 436 

of the case study 1 437 

As previously stated, an identical wave speed is assumed for all pipes in Fig. 3(a) 438 

to enable skeletonization analysis. However, in practice, these pipes are highly likely 439 

to possess different wave speed due to the variations in pipe material and conditions 440 

(Duan et al. 2017; Wylie 1993). To investigate the performance of the proposed 441 

method in handling WDS models with different wave speeds in pipes, the wave speed 442 

of pipe [4] in Fig. 3(a) is changed to 600 m/s (plastic pipe), with all other parameters 443 
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kept the same. Both the traditional method and the proposed approach with Etol = 0.01 444 

are re-performed for this new pipe system. The skeletonized systems identified by 445 

both methods applied to Fig. 3(a) with varied wave speeds are identical to those in Fig. 446 

4(a) and Fig. 4(c), with results shown in Fig. 6.  447 

 448 

Fig. 6. Comparison of transient pressure traces for different skeletonized models 449 

of the case study 1 with different wave speeds of pipes 450 

As shown in Fig. 6, the skeletonized model produced by the proposed method 451 

can generally reproduce the pressure traces at node 1 and 4 of the original system, 452 

which is significantly better than the traditional method. Similar findings can be found 453 
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when comparing the three assessment metric values (results are not given). This 454 

indicates that the proposed transient-based method is effective to skeletonize 455 

relatively complex systems with different wave speed in pipes, which will be further 456 

verified in case study 2.  457 

Results of case study 2 458 

For the case study 2 (Fig. 3b), a total of 20 aggregations of series pipes are 459 

identified using the proposed transient-based skeletonization method. The final 460 

skeletonized systems produced by the proposed method with different values of 461 

tolerable error Etol are given in Fig. 7. As shown in this figure, different values of Etol 462 

are associated with different levels of model skeletonization, with a larger value 463 

corresponding to skeletonization with a higher level. This is evidenced by the fact that 464 

16.1% of the nodes (represented by the red dashed circles in Fig. 7) are removed after 465 

the application of the proposed method with Etol = 0.01, but this value can be up to 466 

64.5% when Etol = 1.00 as shown in Fig. 7, where the skeletonization level indicates 467 

the proportion of nodes that are removed from the original model for model 468 

skeletonization.  469 
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 470 

Fig. 7. Skeletonized systems produced by the proposed method with different 471 

values of Etol of case study 2 (the red dashed circles indicate the removed nodes) 472 

As stated in Table 2, a number of ten different events are used to trigger the 473 

transient simulation for each of the skeletonized systems of the case study 2, as shown 474 

in Fig. 7. To enable a fair comparison, the traditional skeletonization method is also 475 

applied to the original WDS (Fig. 3b) to produce the identical skeletonized systems 476 

(but different pipe attributes) that yielded by the proposed method in Fig. 7, followed 477 

by transient analysis using events listed in Table 2. Since there are many different 478 

transient events and many nodes in the skeletonized systems, statistical analysis of the 479 

assessment metric values for all transient events and all nodes is performed for 480 

illustration. More specifically, the distributions of cumulative probability function 481 

(CDF) for each skeletonized system with 110 values for each assessment metric (i.e., 482 

cross combinations of 11 common nodes and 10 transient events) are presented in Fig. 483 

8.  484 
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 485 

Fig. 8. Cumulative distribution function (CDF) of the assessment metric values 486 

for skeletonized systems (Fig. 7) of case study 2 487 

As shown in Fig. 8, the skeletonized systems identified by the proposed method 488 

(solid lines) consistently outperform those of the traditional method (dotted lines) in 489 

reproducing the transient dynamics of the original system, as their assessment metric 490 

values are always statistically lower than the traditional method. The results of 491 

transient pressure traces (not given) can also support this finding. As the same for the 492 

finding based on the case study 1, a larger value of Etol indicates a system with a 493 
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higher level of skeletonization, but at the expense of the reduced performance in 494 

maintaining the transient properties of the original system (Fig. 8). Such a trade-off 495 

should be considered when carrying out skeletonization for a real-world WDS. 496 

Sensitivity analysis of the weights in the WLS function 497 

In the WLS function of Equation (11), two weights (w1 and w2) have to be 498 

specified in advance before the application of the proposed method. As shown in 499 

Equations (12) and (13), 1w  and 2w  are defined according to the initial fluid inertia 500 

difference through the series pipes in the present study. To investigate the 501 

performance sensitivity of the proposed transient-based skeletonization method as a 502 

function of varying values of 1w  and 2w , all the simulations have been 503 

re-performed using 1 2 1w w= = . Results obtained show that the performance of the 504 

proposed method is not significantly affected by the use of different values of weights 505 

in the WLS function. In terms of relative performance, the proposed method with 506 

weights defined in Equations (12) and (13) consistently performs slightly better than 507 

that with 1 2 1w w= = .  508 

Summary and Conclusions 509 

The sizes of urban water distribution systems have experienced large increases 510 

over the past few decades, as a result of population growth as well as urbanization, 511 

posing significant challenges for system management. As a result, hydraulic models, 512 

as a typical method for the management of WDSs, have become more and more large 513 

and complex. This consequently motivates a great need to skeletonize such complex 514 

systems to enable an efficient hydraulic modeling and analysis, which is often 515 

required for system management. While many skeletonization methods have been 516 

developed for such a purpose, they are basically based on the steady-state hydraulic 517 
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analysis, and hence the resultant skeletonized systems are unlikely to maintain the 518 

transient properties of the original system. This accordingly results in potential risk 519 

when dealing with extreme events (pipe breaks or contaminant intrusions) induced by 520 

transients within WDSs.  521 

To address this issue, this paper has developed a transient-based skeletonization 522 

method to enable efficient transient-based hydraulic modeling and analysis. The 523 

proposed method has considered the skeletonization of the pipes in series in the 524 

present study, and this is because skeletonization of series pipes has been one of the 525 

most common operations during the WDS skeletonization. Both the hydraulic 526 

equivalence theory and transient-based criteria of wave propagation mechanism are 527 

accounted for in the proposed method. Three assessment metrics are proposed to 528 

quantitively evaluate the performance of the skeletonized systems in reproducing the 529 

transient dynamics of the original system. The effectiveness of the proposed method is 530 

demonstrated using two WDS case studies with different complexities. To enable a 531 

performance comparison, the traditional steady-state skeletonization method has also 532 

been applied to the two case studies.  533 

The results obtained show that the skeletonized systems produced by the 534 

proposed method can match well with the original system in transient dynamics, as 535 

measured by both the assessment metrics and the pressure tracing results. This is 536 

especially the case when the tolerable error Etol = 0.01 (Equation 4) and the defined 537 

weights in Equations (12) and (13) are used for the proposed method. In terms of 538 

relative performance, the proposed transient-based method significantly outperforms 539 

the traditional approach in approximating the transient properties of the original 540 

system with different scales and system properties (i.e., different wave speeds in 541 

pipes).  542 
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In closing, based on the application results and analysis of this study, it can be 543 

concluded that the proposed transient-based method is effective to skeletonize the 544 

WDS models, while maintaining their overall transient dynamics. Future studies along 545 

this research line include (i) the improvement of the proposed method to account for 546 

demand transformation within skeletonization (ii) the extension of the proposed 547 

method to skeletonize other types of pipes such as parallel pipes, and (iii) the 548 

demonstration of the proposed method for further large WDSs.  549 
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