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Abstract 6 

The impact of zebra mussel (Dreissena polymorpha) colonization on pressurized irrigation 7 

systems is becoming important in many areas of the world. If the infestation is not 8 

controlled, the conveyance capacity of the network reduces and mussels can completely 9 

block the system, preventing irrigation. A methodology to assess zebra mussel 10 

infestation in collective pressurized networks based on monitorization and hydraulic 11 

simulation is developed in this research. Normalized pressure, defined as the difference 12 

between simulated and measured pressure, is an indicator of the presence of zebra 13 

mussels (Morales-Hernández et al., 2018). When this variable is combined with the 14 

distributed discharge of the irrigation network, it is possible to use an optimization 15 

procedure to produce a roughness map of network pipelines. Roughness in excess of 16 

that characteristic of the pipeline material can be directly associated zebra mussel 17 

infestation. Different objective functions, optimization algorithms and strategies are 18 

proposed in this work, with the aim of attaining constant discharge-independent 19 

normalized pressure at each observation point in the network. Roughness values under 20 

different pipe conditions, reproducing levels of zebra mussel infestation, were 21 

experimentally obtained at a reference laboratory. The limitations and uncertainties of 22 

the proposed methodology are discussed. Normalized pressure was validated in an 23 

irrigation network belonging to a water users association, using continuous data 24 

recorded at different observation points during a complete irrigation campaign. The non-25 
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invasive hydraulic method has been designed to identify infested areas in real time and 26 

to optimize the chemical treatments controlling mussel development 27 

 28 
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1.  Introduction 31 

Zebra mussels (Dreissena polymorpha) are causing extensive damage to hydraulic 32 

infrastructure, as they reproduce inside water conduits and attach to many different 33 

types of surfaces. Severe problems have been reported in fluvial systems and lakes 34 

(Aldridge et al., 2004; Wimbush et al., 2009; Nakano and Strayer, 2014; Olson et al., 35 

2018; Morales et al., 2019; Catita et al., 2020), but also in pressurized irrigation networks 36 

(Araujo et al., 2006; Morales-Hernández et al., 2018).  37 

Zebra mussel has become an important restriction for the management of pressurized 38 

collective irrigation networks supplied from colonized reservoirs, rivers or canals. The 39 

enormous volume of infested water, the high reproductive rate, the adaptation capacity 40 

of the species and the cost efficiency required for agricultural production make it very 41 

difficult to eradicate the mussel in these water bodies. Therefore, control measures are 42 

required to reduce its impact. 43 

The US Geological Survey set up a monitoring network to detect the presence of zebra 44 

mussel in many water bodies around the country. Benson et al. (2021) reported that 45 

piping irrigation systems downstream an infested water body are very likely candidates 46 

for infestation. In Canada, the Alberta Irrigation Districts (704 k ha of irrigated land) 47 

have recognized that the extensive irrigation network, particularly the underground 48 

pipeline network, could experience significant reductions in water conveyance capacity 49 

if invasive mussels colonize irrigation water supply reservoirs. The Government and the 50 

irrigation districts of the region are preventing the introduction of the species in 51 

irrigation water supply reservoirs, and recommending control and eradication measures 52 

if zebra mussel eventually infest irrigation water supply canals, pipelines, and on-farm 53 

irrigation systems (Paterson, 2018). In Spain, the Ebro, Jucar, Segura and Guadalquivir 54 

river basins authorities have reported several reservoirs colonized by zebra mussel 55 

supplying water to irrigation districts. Monitoring networks to detect and quantify 56 

infestation have been established. The Ebro river basin has the largest number of 57 

colonized reservoirs of the Spanish territory (CHE, 2018). Morales-Hernandez et al. 58 

(2018) reported that in Riegos del Alto Aragón project (RAA, 120 k ha of irrigated land 59 

in the Ebro river basin), reservoirs are colonized by zebra mussel. As a consequence, 60 

66% of the irrigated area is infested. These authors documented the extent of the zebra 61 



4 
 

Agricultural Water Management 260: 107300 (2022) 

mussel dispersion from the colonized reservoir to the piping irrigation systems and the 62 

control measures adopted by the irrigation districts to control the species. 63 

The physical conditions of irrigation reservoirs are adequate for mussel reproduction 64 

and growing (Araujo, 2006). Colonized reservoirs act as permanent source of larvae for 65 

downstream water bodies and irrigation systems. Intensive zebra mussel invasion of 66 

irrigation pipes has been found to occur mainly during the juvenile stage of planktonic 67 

veligers (Zhang et al., 2017). Veligers first move freely in the water. At an age of 18-90 68 

days, veligers adhere to hard substrates (Roberts, 1990) resulting in biofouling, pipe 69 

clogging and decreasing water transport efficiency. Pipe colonization is a gradual process 70 

that reduces the effective diameter of the pipe and increases its roughness. If the 71 

infestation is not controlled, the conveyance capacity of the network reduces and 72 

mussels can completely block the system, preventing irrigation. .  73 

The two major problems of the recently modernized irrigation systems identified by the 74 

farmers in the RAA project are electricity cost and zebra mussel colonization (Morales-75 

Hernández et al., 2018). A dense network of canals and small water derivations connect 76 

the natural water bodies and reservoirs with the irrigated areas of a large part of the 77 

Spanish irrigated land. This particularity has facilitated and accelerated dispersion of 78 

zebra mussels as compared with other countries (Araujo, 2006).  79 

The effect of zebra mussel colonization of pipes can be compared to the accumulation 80 

of suspended particles on the inside wall of aged pipes. The roughness of the inner pipe 81 

wall affects the pressure drop of a fluid flowing through that pipe. This additional 82 

roughness can be hydraulically described as a constriction of the flow area and as an 83 

increase of the wall shear stress (Kandlikar et al., 2005).  84 

Collective irrigation networks are more likely to be colonized than on-farm irrigation 85 

networks, since the former are closer to the infested water bodies. However, if the 86 

infestation of collective pipelines is not controlled, the on-farm network can be 87 

colonized too. The early detection of zebra mussel adults and shells in collective 88 

pressurized irrigation networks is a complex experimental problem. Most pipelines are 89 

buried in agricultural fields, so it is necessary to rely on indirect measurements of zebra 90 

mussel presence and on hydraulic simulations. Key elements of these networks include 91 

pipelines, hydrants (points of water delivery to farms), and often pumping stations 92 
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(responding to water demand at the hydrants). Hydrants are usually accessible for 93 

hydraulic measurements. The combination of sensors and hydraulic simulation has been 94 

successfully applied in the past to other problems, such as monitoring water leaks (Pérez 95 

et al., 2011; Abdulshaheed et al., 2017) and pressurized network calibration (Walski 96 

2000 and 2004; Kumar et al., 2010). This methodology was recently used to introduce 97 

the concept of normalized pressure in the context of zebra mussel infestation of 98 

collective irrigation networks (Morales-Hernández et al., 2018). Normalized pressure 99 

was defined as the difference between simulated and measured pressure at a certain 100 

point of a given irrigation network. The difference could be related to the presence of 101 

zebra mussels obstructing water flow. The method was validated by Morales-Hernández 102 

et al. (2018) using two different test cases: a discrete chemical treatment and the analysis 103 

of three years of telemetry pressure data in three remotely controlled hydrants. 104 

In a collective irrigation network, a period without hydrant openings or closings is a 105 

stationary period. These periods minimize measurement uncertainties since changes in 106 

flow velocity and pressure are not expected. Hydraulic pipe simulators such as EPANET 107 

(Rossman, 2000) can obtain adequate results under these conditions, providing a 108 

complete characterization of the network (Morales-Hernández et al., 2018). However, 109 

errors resulting from incorrect network characterization (such as the length, diameter 110 

and roughness of each pipeline) are carried over thorough the numerical simulations. 111 

Such errors can prevent the extraction of adequate conclusions. 112 

Uncertainties related with the network characterization and the hydraulic 113 

measurements require optimization methods to minimize errors in the estimation of 114 

parameters such as roughness. Two main optimization method families can be 115 

distinguished: derivative-free search algorithms (Mugunthan et al., 2005) and gradient-116 

based methods (Chaparro et al., 2008). Although the latter set of methods could be 117 

more efficient for smooth function errors because they can obtain the optimal value, 118 

they require the gradient to perform the optimization, that is, the variation of the 119 

objective function with respect to the controlled variable. Obtaining the gradient can be 120 

complex when dealing with an external software. On the other hand, derivative-free 121 

algorithms are usually able to detect the optimal interval in the global solution space at 122 

the extra cost of large computational burden and low efficiency, since an extensive 123 

number of function evaluations is required. Some of the most popular optimization 124 
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methods are included in NLopt (Johnson, 2017), a set of free/open-source libraries for 125 

nonlinear optimization. The optimization subroutines are implemented in different 126 

languages so they can be called from C, Fortran or Matlab, among others. The BOBYQA 127 

algorithm (Powell, 2009), with a classical least squares objective function, is an interesting 128 

optimization subroutine, since its supports local optimization subject to bounds on the 129 

variables.  130 

Chemical treatments are the most effective control measures for agricultural irrigation 131 

networks (Waller and Fisher, 1998; Paterson, 20018; Morales-Hernández et al., 2018). 132 

Chemicals are required that are effective, fast and have minimum environmental impact 133 

and cost. The local conditions (water quality, quantity, irrigation network, environmental 134 

constrains and infestation level) should always be considered when selecting a chemical 135 

treatment. Early detection and location of colonized areas within the network will 136 

reduce the economic and environmental cost of the chemical treatment.  137 

The aim of this research was to progress in the development of the normalized pressure 138 

method for the early detection and location of zebra mussel infestation in irrigation 139 

network pipelines. The following specific objectives were set: 140 

1. To characterize and minimize experimental data error in water pressure 141 

measurement; 142 

2. To explore different optimization methods to obtain roughness estimates at different 143 

observation points in a collective pressurized network; 144 

3. To apply the normalized pressure method to a complete collective irrigation 145 

network, focusing on the spatial characterization of roughness; and 146 

4. To estimate the infestation level by assigning the estimated roughness values to a 147 

proxy of infestation in experimental pipelines.  148 

2.  Materials and methods 149 

2.1. Normalized pressure and network discharge  150 

The hydraulic simulation required to determine normalized pressure should consider 151 

the condition of the network at the measurement time and location. Since network 152 

hydraulics periodically change with the opening and closing of hydrant valves, normalized 153 

pressure is only meaningful when stationary periods of network operation are 154 
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considered. Irrigation telemetry and remote control (TM/RC) systems are frequently 155 

installed in the modern irrigation networks of Spain (Playán et al., 2018). Such systems 156 

can produce the data required to identify stationary periods in a time series of network 157 

operation data.  158 

Pressure can be simulated throughout the pipelines of collective irrigation networks 159 

using a hydraulic piping network software such as EPANET (Rossman, 2000). An 160 

adequate characterization of pipeline diameters, lengths and roughness, as well as the 161 

elevation of nodal points is required for adequate simulation. Pressure measurements 162 

can be experimentally obtained using pressure transducers installed at specific network 163 

points, usually the network hydrants.  164 

Morales-Hernández et al. (2018) used normalized pressure to identify the presence of 165 

zebra mussels (adult or shells). In a pipe, high and positive values of normalized pressure 166 

indicate infestation, while values close to zero suggest that the pipe is essentially clean 167 

of mussels. This rule is based on the concept of head loss in hydraulic modeling. When 168 

simulated pressure exceeds measured pressure, head losses are underestimated in the 169 

simulation.  170 

Total pressure losses hf can be characterized by the friction factor f (dimensionless) using 171 

the Darcy–Weisbach equation (1), where  𝐿 is the pipeline length,  𝐷 the diameter,  𝑣 172 

the flow velocity and  𝑔 the gravitational acceleration:  173 

 ℎ𝑓 = 𝑓 ×
𝐿

𝐷
×

𝑣2

2×𝑔
 (1) 174 

The empirical Colebrook-White equation expresses the Darcy friction factor f as a 175 

function of Reynolds number (𝑅𝑒), the pipe hydraulic diameter (𝐷ℎ) and the absolute 176 

roughness coefficient (𝜀𝑐): 177 

 
1

√𝑓
= −2𝑙𝑜𝑔 (

𝜀𝑐

3.7𝐷ℎ
+

2.54

𝑅𝑒√𝑓
) (2) 178 

Therefore, it is feasible to predict in a qualitative way the behavior of normalized 179 

pressure (𝑃𝑁) in a pipeline with respect to discharge in the case of choosing the correct 180 

absolute roughness coefficient (𝜀𝑐), an overestimated (𝜀𝑜) or an underestimated (𝜀𝑢) 181 

value. The effect on normalized pressure of the selected coefficients as a function of 182 

discharge is presented in Figure 1. 183 

As observed, in the case of an adequate estimation of the absolute roughness coefficient, 184 

𝑃𝑁 should remain invariant: the difference between simulated and measured pressure is 185 
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discharge-independent. When an overestimated absolute roughness coefficient is used, 186 

𝑃𝑁 will decrease its value as discharge increases. Conversely, 𝑃𝑁 will increase with 187 

discharge when an underestimated value of the absolute roughness coefficient is used. It 188 

is worth remarking that the influence of the roughness factor is negligible for low 189 

discharge values. Indeed, the three normalized pressure curves tend to the same value 190 

() for 𝑄 = 0, i.e., when the system becomes hydrostatic.  191 

This theoretical analysis referred to a pipeline can be extrapolated to a network 192 

composed by several pipelines and a number of pressure observation points. Since 193 

normalized pressure is only valid for networks in which the demand at all hydrants is 194 

known, the total discharge delivery (𝑄𝐷) understood as the sum of all hydrant demands, 195 

can be considered as a representative variable of the hydraulic network.  196 

2.2. La Violada Network, Almudévar Water Users Association  197 

The Almudévar Water Users Association (AL-WUA), with a total extension of 3,744 ha, 198 

is located in the central Ebro River Valley (Figure 2a) and in the northwest part of the 199 

Riegos del Alto Aragón project (Figure 2b). This WUA was modernized from surface to 200 

pressurized irrigation (typically sprinkler irrigation solid-sets) between 2008 and 2010. 201 

AL-WUA has five independent irrigation networks, each one including a pumping station, 202 

a reservoir and a TM/RC system with the capacity to issue hydrant valves and farm 203 

sector valves opening and closing orders and registering hydrant discharge. One of the 204 

irrigation networks, called “La Violada”, covers an irrigated area of 1,400 ha (Figure 2c). 205 

This network was used to develop and validate the method presented in this paper. The 206 

information provided by the TM/RC database was used to identify stationary periods of 207 

network operation. 208 

Ten pressure transducers were installed at hydrants H226, H234, H241, H243, H249, 209 

H256, H260, H261, H264 and H275 (Figure 2c). Transducers were strategically located 210 

following the identification by the AL-WUA management of network branches suffering 211 

from intense zebra mussel infestation. Pressure monitoring covered an irrigation 212 

campaign (from June to mid-October 2017).   213 

Two types of hydrants can be distinguished in the network: transport and service 214 

hydrants. A transport hydrant not only gives service to one or several farms, but its 215 

upstream and downstream pipelines convey a large amount of water to supply distant 216 
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irrigated areas. Hydrants H226, H256 or H261 exemplify transport hydrants. Hydrants 217 

located near the end of network branches carry a low flow discharge though their 218 

upstream and downstream pipelines (if any). H241, H249 or H275 are examples of 219 

service hydrants. 220 

2.3. Minimizing data uncertainties  221 

The quality of measured and simulated pressure data requires some discussion. There 222 

are different sources of uncertainty that need to be controlled to obtain adequate results 223 

from the proposed method.  224 

A non-infested network should have a constant, zero value of normalized pressure. Any 225 

non-zero value of  (Figure 1) implies an error in pressure measurement and/or a 226 

deficient hydraulic characterization of the network. The pressure transducers used in 227 

this research (model Dickson PR325) had a manufacturer accuracy of 1%. All sensors 228 

were verified at the laboratory before their installation in the field. A high-precision 229 

pressure measurement instrument (model WIKA PCH6400) was used for this 230 

verification. Devices with measurement errors exceeding the manufacturer 231 

specifications were rejected. Devices showing small deviations were assigned an ad-hoc 232 

calibration curve.  233 

Pressure transducers were installed at the hydrant points (Figure 2c), at certain elevation 234 

from the underground pipeline network. The installation height of each pressure 235 

transducer was considered when comparing measured and simulated pressure at each 236 

observation point. Pressure transducers were equipped with a data logger programed 237 

to record pressure every minute. Data were periodically downloaded to a database.  238 

Network characterization can also be a relevant source of error when assessing 239 

normalized pressure. Information about pipeline length, diameter and roughness was 240 

obtained from the construction project report. An absolute roughness coefficient of 241 

0.01 mm was initially used in all pipelines, regardless of its material, diameter and 242 

installation. The location and elevation of all hydrants was corrected from the original 243 

project using altimetry data obtained with a high precision GPS receiver (model GS15 244 

receiver Leyca Geosystems AG, Heerbrugg, Switzerland). GPS measurements were 245 

corrected in real time (RTK) using the permanent network of active geodesy of the 246 
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Aragón region of Spain, ensuring elevation errors lower than 0.02 m (Morales-247 

Hernández et al., 2018).  248 

The information about the discharge demand of each hydrant was not always complete 249 

at the TM/RC system. In those cases, the nominal hydrant discharge (obtained from the 250 

construction project report) was considered.  251 

A pumping station is used to pressurize La Violada irrigation network. Variable frequency 252 

drives installed in the three pumps adjust flow and pressure to the actual water demand. 253 

These adjustments produce pressure oscillations that propagate through the network. 254 

A pressure transducer, installed just downstream of the pumping station, provide 255 

measurements every minute that are logged by the TM/RC SCADA. Pressure at this 256 

location was used as inflow boundary condition for the hydraulic simulation of the 257 

network.  258 

The data series was filtered using a minimum stationary period duration of 10 minutes.  259 

In Morales-Hernández et al. (2018), a stationary period of 20 minutes was selected as a 260 

balance between computing time and accuracy. However, the choice of 10 minutes was 261 

more convenient in this work to provide a larger number of periods for the analysis of 262 

normalized pressure as well as to increase accuracy, leaving aside the computational 263 

burden.   264 

The TM/RC database provided the hydrant configuration at the stationary periods and 265 

the pressure transducers installed at the network hydrants supplied pressure 266 

observations. These data should be synchronized and validated for simulation purposes. 267 

In order to select adequate stationary periods, the quality of pressure measurements at 268 

the pumping station was assessed. Three accuracy levels U1, U2 and U3 were defined 269 

according to their standard deviation 
P  (kPa) as reported in Equation (3):  270 

 

3 2
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  (3) 271 

Quality assessment was also applied to data measured at the hydrants using the pressure 272 

transducers. Given the frequency of pressure transducer data recording, a minimum of 273 

10 pressure measurements were acquired at each stationary period. Since normalized 274 

pressure is determined using a unique pressure observation, an arithmetic mean was 275 

computed.  276 
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Finally, the computed normalized pressure for each hydrant and stationary period was 277 

screened to eliminate outliers. Figure 3a shows a conceptual plot of normalized pressure 278 

(PN) at hydrant i against the network discharge delivery, QD. To identify outliers, QD was 279 

discretized in ranges and the mean normalized pressure was computed for each range. 280 

Any data point exceeding plus/minus two standard deviations was considered as an 281 

outlier. In this work, the discharge discretization interval was 200 l s-1. Figure 3b presents 282 

the mean (continuous line) and the range of PN (discontinuous line), as well as the outliers 283 

(cross symbols) for each discretized value of QD in the analyzed hydrant. 284 

2.4. Optimization 285 

Normalized pressure was computed for each stationary period at each monitored 286 

hydrant. The following step in data analysis was to determine optimum values of 287 

roughness of the simulated pipes that make normalized pressure constant for different 288 

values of QD. Optimization procedures were thus applied to obtain estimates of absolute 289 

roughness values for each pipe and each stationary period. Note that there is a direct 290 

relationship between monitored hydrants and estimated roughness values in this 291 

framework: pipes serving a large number of monitored hydrants will achieve more 292 

reliable roughness estimates than pipes serving few monitored hydrants - such as the 293 

north part of the piping network in Figure 2c. The determination of the optimum number 294 

of monitored locations given a certain network topology is an important issue, but it is 295 

out of the scope of this research work.  296 

The nature of this optimization is complex since iterations are required over the 297 

roughness coefficient of several pipelines (multi-dimensional), satisfying the value of 298 

normalized pressure PN
 at different hydrants (multi-objective) and for different total 299 

discharge deliveries 
DQ  (multi-scenario). The following constraints were imposed to the 300 

optimization problem and its solution: 1) the initial configuration of the network was 301 

defined by a constant roughness value of 0.01 mm for all pipelines; 2) a discharge-302 

constant PN
 is sought at each measured hydrant; 3) the range of the absolute roughness 303 

is 0.001 – 100  mm; 4) The derivative-free optimization algorithm BOBYQA (Powell, 304 

2009) was used. 305 

Different objective functions and topology strategies were analyzed in this research.  306 
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2.2.1. Objective functions 307 

In optimization problems, the definition of an adequate objective function is the key to 308 

quick convergence to an appropriate solution. The general multi-objective optimization 309 

problem can be formulated via the minimization of the sum of different functions 310 

( )
ii i Nf f P  with different weights 

i  as follows: 311 

 2min
N

i i

i

f    (4) 312 

where i = 1…N, being N the number of measured hydrants. In this work, homogeneous 313 

weights 
i  = 1/N were adopted. As previously discussed, an intercept in the 314 

discharge - normalized pressure curve may exist due to experimental errors and 315 

assumptions (Figure 1). This intercept (
i ) can be different for each measured hydrant 316 

i. Three different types of functions 
if  were considered in this work, leading to three 317 

different objective functions. 318 

Quasi-hydrostatic pressure 319 

This method consists in computing the intercept 
i  as the average of 

iNP when 
DQ is 320 

low (less than 50 l s-1). This corresponds to a quasi-hydrostatic network status. Once 321 

i  is determined by an arithmetic mean, the function 
if  is defined as follows: 322 

 
i N if P     (5) 323 

Quadratic regression 324 

The computation of the intercept 
i  in this method is based on fitting a quadratic 325 

regression without the linear term. The independent variable is
DQ , while the dependent 326 

variable is normalized pressure at hydrant i (
iNP ):  327 

 
2( )N i D i D iP Q a Q     (6) 328 

The function
if  is built using Eq. (5) as in the quasi-hydrostatic case. 329 

Null slope 330 

The function 
if  corresponds to the slope of normalized pressure with respect to 331 

network discharge. It is computed as follows: 332 
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  (7) 333 

where M is the number of total steady configurations of the network to be analyzed and 334 

DQ  and N iP  are the mean discharges and normalized pressures, respectively.  335 

2.2.2. Network topology 336 

The number of dimensions or parameters to be optimized is a key factor to the 337 

optimization problem. It governs not only the number of iterations of the optimization 338 

procedure (and consequently the computational time) but also the accuracy and unicity 339 

of the results. Making the number of dimensions equal to the number of pipelines in the 340 

network would be the best option, but the computational time would be unaffordable 341 

(La Violada network has 146 different pipes). In order to determine the number of 342 

dimensions, it is important to match the density of input data and results, and to use 343 

reasonable computation times. 344 

Three levels of accuracy were proposed in this work by establishing zones grouping a 345 

number of pipelines. The network was divided in different zones whose pipelines will 346 

have the same absolute roughness coefficient. Figure 4 shows the network zones 347 

corresponding to the three optimization scenarios used in this research: three zones 348 

(Figure 4a), five zones (Figure 4b) and eleven zones (Figure 4c). Two zones remain the 349 

same in all three scenarios: zone 1 and zone 2. Zone 1 corresponds to the north side of 350 

the network, while zone 2 corresponds to the pipelines located near the reservoir and 351 

the pumping station. Zone 1 (red pipes in Figures 4a, 4b and 4c) was kept invariable 352 

because no pressure measurements were available in this network area and optimization 353 

could not be performed. The south area of the network (green pipes in Figure 4a) has 354 

the largest number of pressure measurements and was discretized in one, three and nine 355 

zones in the three optimization scenarios, respectively.  356 

A sensitivity analysis was performed for the first optimization scenario (three zones, 357 

Figure 4a) to assess the influence of each zone on the results and the uncertainty and/or 358 

robustness of the solution. The baseline roughness (extracted from a previous 359 

optimization), lower limit, upper limit and size step values used in each zone are 360 

presented in Table 1. 361 
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2.5 From pipe absolute roughness to level of infestation 362 

Experimental measurements of head losses were performed at a certified laboratory 363 

(Central Laboratory for Irrigation Equipment and Materials Testing, UNE-EN ISO/IEC 364 

17. 025) for a pipe under different levels of obstacles to flow in its cross-sectional area. 365 

Obstacles were used as a proxy of the zebra mussel colonies established in a similar 366 

pipeline. 367 

A PVC pipe of DN200 and 16 atmospheres (inner diameter of 170.4 mm) was used in 368 

the experiment. This diameter was adequate for laboratory measurements, and is within 369 

the small range of diameters used in pressurized irrigation networks. The laboratory can 370 

analyze head losses in pipe diameters DN200, DN250 and DN300. The measurement 371 

accuracy of pressure readings is 0.25%. The length of the analyzed pipe was 1.1 m, 372 

adequate for the laboratory monitoring equipment. To simulate zebra mussel effects on 373 

pipeline head losses, screws were inserted at different distances and to different depths 374 

(distance between screws of the same circular crown, ∂XD, distance between circular 375 

crowns, ∂XL, Figure 5a, and depths, ∂XH, Figure 5b).  376 

Figures 5a and 5b present the longitudinal and cross-sectional profiles of the 377 

experimental pipe. The values of the parameters defining the experimental conditions 378 

presented in Figure 5 are summarized in Table 2. Two spacings between screws 379 

(29.9 mm x 52. 4 mm and 59.8 mm x 104.8 mm, ∂XD x, ∂XL, respectively) and four screw 380 

depths inside the pipes (∂XH = 0, 20, 30 and 40 mm) were tested. In general, for each 381 

pipe configuration five discharges were evaluated (Table 2). Head losses were obtained 382 

for each condition. The Darcy–Weisbach equation (Eq. 1) and Colebrook implicit 383 

equation (Eq. 2) were used to determine absolute roughness. 384 

3.  Results 385 

The proposed methodology was applied to La Violada network during the 2017 irrigation 386 

season. The AL-WUA TM/RC database provided 13,499 irrigation records from 387 

February 23 to December 30. Pressure transducers were installed at the hydrant points 388 

during the last week of May and were removed at the end of November. Pumping 389 

pressure data were available throughout the irrigation season. 390 

The location and elevation of the 105 hydrants were measured, and the built project 391 

data was updated accordingly. The network length totalized 31,655 m, organized in 147 392 
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pipe sections with diameters ranging from 144 mm to 1,176 mm and with lengths ranging 393 

from 5 m to 1,120 m.    394 

3.1 Data filtering 395 

Data from June 1st to November 30th were processed. During this time, 3,875 396 

stationary periods larger than 10 minutes were identified in the TM/RC database. 397 

Regarding the stability of pressure at the pumping station, 305 periods were classified as 398 

U1, 268 as U2 and 3,302 as U3 (85% of total). The most exigent accuracy level, U3, was 399 

selected because it provided an adequate accuracy and did not drastically reduce the 400 

number of stationary periods.  401 

The total number of pressure measurements at each hydrant ranged from 200,943 at 402 

H249 to 219,682 at H261. Particularly, among all the stationary periods, the available 403 

measured data ranged from 89% for H249 to 100% for H226. The screening of 404 

normalized pressure data permitted to eliminate outliers at each hydrant. The number 405 

of outliers ranged from 2% at hydrant H256 to 5% at hydrant H241, with a mean of 3% 406 

among all hydrants. Note that this process makes that some stationary periods do not 407 

have pressure information at all hydrants at all time steps. However, only 1% of the 408 

stationary cases were finally discarded as they had less than 3 valid hydrant normalized 409 

pressure values. As a result, a total number of 3,269 stationary cases were used in this 410 

study. 411 

3.2 Optimization 412 

The proposed optimization methods, quasi-hydrostatic, quadratic-regression and null-413 

slope, were applied to the three scenarios (3, 5 and 11 zones). Figure 6 presents the 414 

standard deviation of normalized pressure for the nine combinations and for the original 415 

(non-optimized) situation, i.e., with a constant roughness value of 0.01 mm for all pipes. 416 

In general, the largest variability corresponds to the most distant hydrant and the lowest 417 

to the closest hydrant to the network inlet. The improvement of all optimizations 418 

respect to the original situation is important at H241 (reduction form 18 kPa to 10 kPa) 419 

and H243 (reduction from 16 kPa to 8 kPa), non-relevant at H249 (Figure 6) and average 420 

at the rest of hydrants. Based on the standard deviation analysis, the quadratic regression 421 

optimization method was the most efficient in 6 out of the 10 hydrants - H234, H260, 422 
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H264 and H275 applied to the 11-zone scenario and H226 and H241 for the 3-zone 423 

scenario. Conversely, the null slope method obtained the lowest standard deviation in 424 

H243 and H261 for the 3-zone configuration and in H249 for the 11-zone configuration. 425 

The quasi-hydrostatic method was preferred for hydrant H256. Note that the 426 

differences between the methods were usually in the order of 0.1 kPa in the standard 427 

deviation.  Consequently, the different combinations of optimization method and zoning 428 

scenario had small implications on the standard deviation of normalized pressure. Only 429 

at H249 the 11-zones scenario showed lower standard deviation of PN than the other 430 

two scenarios, with no differences between optimization methods. The standard 431 

deviation achieved after optimization was lower or equal to 10 kPa for all measurement 432 

hydrants.  433 

The values of the intercept at the different hydrants, i for both quasi-hydrostatic and 434 

quadratic regression optimization methods (see equations (5) and (6) respectively) are 435 

displayed in Table 3. Values ranged from 8.4 kPa at hydrant H275 for the quadratic 436 

regression method to 51.8 kPa at hydrant H249 for both optimization methods. The 437 

difference between the intercepts (in absolute value) computed by one or the other 438 

method is at most 1.5 kPa. 439 

Figure 7 illustrates the comparison between the original values of normalized pressure 440 

and the optimized PN obtained with the best combination of optimization method and 441 

zoning scenario for four hydrants. The selected hydrants are: H226, the closest to the 442 

pumping station (Figure 7a); H243, with one of the largest dispersions of normalized 443 

pressure (standard deviation of 16 kPa, Figure 7b); H249, with the largest variability 444 

between optimization methods and no relevant improvements respect to the non-445 

optimized situation (Figure 7c); and H256, with one of the lowest dispersions of PN 446 

(Figure 7d). Hydrants with high dispersion on the original data maintain relevant 447 

dispersion after the optimization process (H243, Fig 7b). However, the standard 448 

deviation was reduced to half of the original value.  449 

The optimization process provides the values of absolute roughness for each zone and 450 

optimization method (Figure 8). For example, for the 3-zone scenario (Figure 8a) the 451 

values of roughness strongly depend on the optimization method for zone 1 (values from 452 

0.02 mm for the quadratic regression to 0.70 mm for quasi-hydrostatic), but show small 453 

differences for zones 2 and 3. This is particularly true for the quasi-hydrostatic and 454 

quadratic-regression methods, which provide excellent agreement for zones 2 (25 mm) 455 
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and 3 (0.30 mm). The dependence on the optimization method for zone 1 relies on the 456 

lack of measurement points in this zone. 457 

The maps of the absolute roughness of the pipes for the 3-zone (Figure 9a), 5-zone 458 

(Figure 9b) and 11-zone (Figure 9c) scenarios for the quasi-hydrostatic optimization 459 

method provide the estimated spatial distribution of the roughness coefficient. In a 460 

qualitative basis, the highest the roughness, the highest the zebra mussel colonization of 461 

the pipeline. 462 

Zones 1 and 2 account for the same set of pipelines in the three sectoring scenarios 463 

(Figure 4). However, the optimized roughness values changed with the zoning scenario 464 

for zone 1 and remained almost constant for zone 2. Zone 1 presented lower roughness 465 

in the 3-zone scenario (0.02 to 0.70 mm, Figure 8a) than for the other scenarios: 5-zones 466 

(1.1 mm to 11mm, Figure 8b) and 11-zones (0.50 mm to 50 mm, Figure 8c). Zone 1 had 467 

no measurement devices, so roughness changes in this zone will not affect 468 

measurements. Only pipes with upstream/downstream pressure measurements can be 469 

optimized, since changes in their roughness will affect these measures. 470 

Zone 2 corresponds to the network inlet. This is the shortest zone, with the largest 471 

pipeline diameters and only has one measurement point, located at its downstream end 472 

(H226). This zone has the largest roughness coefficient values for any of the studied 473 

configurations (Figure 8). Roughness values ranging between 25 and 30 mm are quite 474 

similar among optimization methods and zoning scenarios. The average normalized 475 

pressure of its measurement point was the lowest of all monitored points (9.9 kPa, 476 

Figure 7a) although the pipeline diameter is the largest (1.176 mm). The same level of 477 

zebra mussel infestation will provide smaller normalized pressures in large pipelines than 478 

in small pipelines. This can explain why the lowest normalized pressure resulted in the 479 

highest estimated roughness coefficient. Zone 2 was the most affected by zebra mussel 480 

colonization in all the analyzed conditions.  481 

The southern part of the network has nine measurement points and was divided in 1, 3 482 

or 9 zones. Zone 3 was quite similar for the 5-zone and 11-zone scenarios, and attained 483 

similar roughness in both scenarios. Roughness variability in this zone, from 0.02 to 484 

0.30 mm, depends on the optimization method. Zone 4 of the 5-zone scenario, which 485 

was divided in zones 4, 5 and 6 in the 11-zone scenario, resulted in moderate roughness 486 

values (lower than 1 mm). Zone 8 of the 11-zone scenario is an end of network branch 487 

(Figure 4c) that delivers water to four hydrants and includes measurement point H249. 488 
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This zone has the lowest value of optimized roughness (0.001 mm, Figure 8c and 9c) 489 

indicating that zebra mussel infestation is low. The measurement point of this zone, 490 

H249, showed the largest values of intercept in the normalized pressure (51.8 kPa, Figure 491 

7c) and had one of the smallest pipeline diameters, 181 mm. The large value of the 492 

intercept introduced uncertainty that could explain the low value of roughness 493 

coefficient. In addition, the small pipe diameter could explain why the highest normalized 494 

pressure provided the lowest value of roughness. However, the optimization process is 495 

a mathematical instrument to adjust data, which does not necessarily provide unique 496 

solutions.  497 

3.3 Sensitivity analysis 498 

To characterize the robustness of the optimization method and to justify the variability 499 

of the results for zone 1, a sensitivity analysis was performed for each of the zones for 500 

the quasi-hydrostatic method applied to the 3-zones scenario. The error, E, was 501 

computed following equation 8 and the sensitivity,  equation 9.  502 
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  (9) 504 

where is the sensitivity, is the absolute roughness value, E is the error, M is the 505 

number of total steady configurations of the network and N the number of measurement 506 

points. 507 

Figure 10 shows a scatter plot between values of roughness for each of the three zones 508 

(zone 1, zone 2 and zone 3, Figure10a, 10b and 10c, respectively) versus sensitivity (right 509 

axis) and error (left axis).  510 

Zone 1 has a sensitivity equal to zero (Figure 10a), corroborating that zone 1 has no 511 

influence on the results. The error remains constant independently of the roughness 512 

value. The absence of pressure measurements inside the zone to adjust roughness values 513 
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results in any value providing similar results. In order to provide sensitivity to this area, 514 

observation points should be added. 515 

The sensitivity of zone 2 (Figure 10b) is lower than that of zone 3 (Figure 10c) (note the 516 

x-axis scale). A small change in the roughness coefficient of zone 2 has much less 517 

influence on the results than the same change in zone 3. In both areas sensitivity 518 

increases as we move away from the optimal solution (minimum error), but at different 519 

rates. Again, the larger number of measurement points in zone 3 (9 points) compared 520 

with those of zone 2 (on point) can explain the different sensitivity.  521 

To assess the combined effect of the selected values between zones 2 and 3, a combined 522 

error analysis is presented in Figure 11. There is a wide strip of values in which the result 523 

of optimization becomes very similar, showing a similar error. Values of roughness 524 

between 16 to 34 mm for zone 2 and between 0.30 to 0.60 mm for zone 3 provide 525 

similar error values. A zoom in this strip of error values is presented in Figure 11b. The 526 

error scale ranges from 35 to 80 at Figure 11a and from 33.5 to 36 at Figure 11b. The 527 

sensitivity analysis of the optimization algorithm led to the global minimum. 528 

Consequently, the optimization method provided robust and consistent solutions. 529 

Table 4 shows the results of computational time and number of iterations for each 530 

configuration. As the number of dimensions increased, the calculation time and the 531 

number of iterations required for convergence increased. However, there were no 532 

notable differences between optimization methods considering the same number of 533 

discretization zones. The computing time of the proposed algorithm for zebra mussel 534 

infestation assessment is affordable and the number of observations and zones can be 535 

increased without compromising its practical application. 536 

3.4. From absolute roughness to zebra mussel infestation level 537 

The total number of experimental measurements of head losses at the laboratory was 538 

35. The different screw configurations inside the pipe were translated to occupied cross-539 

sectional area, in percentage, considering the diameter of the screw, the distance 540 

between them and the depth into the pipe. The experiment performed with the 541 

maximum number of screws inserted at its maximum depth occupied 29.5% of the total 542 

pipe cross-sectional area and was considered as representative of an extremely-high 543 

colonization. The infestation levels proposed in this study were based on the cross-544 
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sectional area occupied by the screws: Extremely-high (> 25%), Very-high (from 20 to 545 

25%), High (from 15 to 20%), Medium (from 10 to 15%), Medium-low (from 5 to 10%) 546 

and Low (from 0 to 5%).  547 

Figure 12a presents the roughness coefficient experimentally obtained as a function of 548 

the cross-sectional area occupied by the screws, in %. The ranges of the infestation levels 549 

are also presented in the upper part of the Figure. Error bars represent the experimental 550 

variability of absolute roughness for the different values of discharge measured at each 551 

screw configuration (Table 2). In general, the variability of the roughness coefficient 552 

increased with the infestation level. For the same infestation level, the lower the 553 

discharge the larger the roughness coefficient. 554 

The measurement performed with no screws resulted in low roughness values, ranging 555 

from 0.0013 to 0.002 mm, for the lowest and the highest discharge, respectively, with 556 

an average of 0.0016 mm. This average value is in the range proposed by manufacturers 557 

for PVC or other plastic pipes (0.0015 to 0.007 mm) and will be considered as the upper 558 

roughness limit for infestation-free pipes.  559 

As the area occupied by screws grows, absolute roughness increases, reaching extremely 560 

high values (averaging 118.6 mm for the most occupied section area). A second grade 561 

polynomic equation was adjusted to fit the average values of absolute roughness as the 562 

useful section decreases (Figure 12a). The model is representative of the analyzed pipe 563 

(DN200 and Dinner= 170.4 mm). Its applicability to other diameters has not been tested. 564 

La Violada network has 32% of its pipes similar in diameter to the one used in this 565 

experiment. Around 65% of the pipes are smaller in diameter than DN300 mm, and only 566 

2% of the pipes have diameters exceeding 1000 mm.  567 

Several authors have indicated that with decreasing diameters, the relative importance 568 

of pipe surface roughness increases (Kandlikar et al., 2005; Taylor et al., 2006). 569 

Experiments with other diameters would be required to extend the obtained results to 570 

the rest of pipe sections in the network. The laboratory cannot evaluate the largest 571 

diameters present in the experimental network.  572 

In the Moody diagram (Moody, 1944), the graphic form of the Colebrook´s equation, 573 

the friction factor increases with Reynolds number and asymptotically reaches a constant 574 

value at high Reynolds numbers. This relationship changes with the relative roughness. 575 

The values of relative roughness (/D) presented in this diagram ranged from 0 to 0.05. 576 
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Figure 12b presents an extension of the Moody diagram for a larger range of relative 577 

roughness, from 9.6E-06 to 0.6962, as measured at the laboratory. The laminar to 578 

turbulent transition occurs at lower Reynolds numbers as the relative roughness 579 

increases (Figure 12b). 580 

As an exploratory exercise, the values of absolute roughness obtained for each zone 581 

with the proposed method (Figure 9), were transformed to infestation level following 582 

the adjusted model presented in Figure 12a. For the 3-zone and 5-zone scenarios, 94.5% 583 

of the total pipes have a low infestation level and the other 5.5% have a moderate-low 584 

infestation level. The 11-zone scenario showed different percentage of the infestation 585 

levels, with 2.8% of infestation-free pipes, 80.9% of low infected pipes and 16.3% of 586 

moderate-low infected pipes. Regarding the validity of the relationship between absolute 587 

roughness and infestation level, pipes with the largest diameter of the network (3 pipes 588 

of 1176 mm) were classified as moderate-low infected in the three scenarios, the largest 589 

infestation level of the network classification. This level of infestation of the large pipes 590 

should be carefully considered because of the previously discussed upscaling problems. 591 

     4.  Discussion 592 

Zebra mussel has a strong capacity to block large pipes and to colonize pressurized 593 

collective irrigation networks. The normalized pressure method has been applied in this 594 

study to determine the infestation level of zebra mussels in network pipes. The quality 595 

of measured and simulated pressure data is critical to the applicability of the PN method. 596 

De Schaetzen et al. (2000) and Kumar et al. (2010) reported that measurement points 597 

should be selected as the most sensitive to changes in pipe roughness parameters. In 598 

this work, the measurement points were those identified by the district manager as the 599 

most problematic for zebra mussel. Consequently, these were the most likely to change 600 

the roughness of the underlying pipes. Walski (2000) indicated that data quality is an 601 

important and commonly ignored issue during calibration. Appropriate data are 602 

collected when there is sufficient head loss (larger than the measurement error) to draw 603 

valid conclusions. The uncertainty of data measurements at specific nodes and at the 604 

network inlet can be minimized by ensuring a low standard deviation of the 605 

measurements during the stationary periods.  606 

Bezerra et al (2017), working on roughness calibration of piping networks with hydraulic 607 

simulation modeling, indicated that an adequate layout of the nodes with known 608 
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pressures was more important than a large number of pressure measurements. To 609 

follow this recommendation, the location and elevation of all hydrants from the original 610 

project was revised using altimetry data obtained with a high precision GPS receiver. 611 

Even then, an important uncertainty in irrigation network hydraulic characteristics was 612 

identified in variable  of the normalized pressure methodThe method keeps this 613 

variable constant, excluding this uncertainty from the determination of PN.   614 

The selected approach for comparing observed and simulated nodal pressure and for 615 

adjusting the friction coefficients of pipes to obtain an acceptable tolerance of error 616 

resulted adequate to determine the infestation level of zebra mussel in pipes. Most 617 

efforts towards model calibration have been undertaken by adjusting roughness 618 

coefficients alone; the reduction in pipe diameter has often been neglected (Boxall et al., 619 

2004). This simplification has often been found to adequately predict pressure 620 

distribution and flow balance at each node in the system (Walski, 2004); however, the 621 

representation of the flow paths and velocity distribution may not be well predicted. 622 

Many water quality problems including disinfectant decay (Hallam et al. 2002; Clark and 623 

Haught, 2005), disinfection by-product formation, and taste and odor problems have 624 

been associated with the residence time of water in distribution systems (Christensen 625 

and Barfuss, 2009). This approach is also necessary when applied at mini and micro-pipes 626 

where the relative size of the roughness with respect to the pipe diameter grows 627 

dramatically (Taylor et al. 2006). In this study, neither the velocity nor the micro pipes 628 

are relevant. The simultaneous calibration of roughness and diameter reduction would 629 

strongly increase the number of unknowns.   630 

To estimate the roughness coefficient of each pipeline in the network, the PN method 631 

applied to stationary states was used together with an optimization algorithm that 632 

minimized an objective function. Three different objective functions were compared 633 

based on different hydraulic assumptions. The multi-variable problem of finding the 634 

optimum value for all the pipelines in the network and for each different steady 635 

configuration would require unmanageable experimental and computational resources. 636 

Therefore, three different cluster scenarios were designed including 3, 5 and 11 zones.  637 

Kumar et al. (2010) proposed a practical methodology for large networks based on a 638 

clustering algorithm for automatically grouping the pipes having similar roughness 639 

characteristics into one zone. The principles of this method were applied in this 640 
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research. The uncertainty about the location and level of infestation of the different pipes 641 

was overcome by the analysis of different grouping scenarios for the study network.   642 

The absolute roughness of plastic pipes seems to vary substantially according to the type 643 

of plastic or the pipe condition (Diogo and Vilela, 2014). Even if the absolute roughness 644 

was detected relatively small in some tested pipes, it appears to have an important role 645 

in the resistance law. This may be relevant, mainly for large sections and large lengths, 646 

frequently requiring precise calculations in practical applications, and/or for relatively 647 

high Reynolds numbers. The Moody diagram provides values of friction for relative 648 

roughness between 0 and 0.05. Higher values of relative roughness are expected for 649 

moderately to high-infested pipes by zebra mussel. Other applications of flows in small 650 

diameters, such as high heat flux cooling, microfluidics and biological application 651 

(Kandlikar et al., 2005) will also require high values of relative roughness. Experiments 652 

have been performed in this research to extend the roughness ranges to 0.6962. 653 

However, experiments were only performed for a DN200 mm diameter under turbulent 654 

flow. Results should be carefully upscaled for larger diameters.   655 

Further research in this line will include more measurement points at the piping network 656 

and several seasons of data sets. The comparison between seasons will determine if the 657 

infestation pattern depends on structural (fixed) or/and on seasonal (variable) 658 

characteristics.  It would also be interesting to discriminate between the effects of mussel 659 

settlement inside the pipes and the accumulation of dead and detached shells. Mussel 660 

settlement has been analyzed in this research, a process expected to induce gradual head 661 

loss increase. According to the network managers, the second process results in a 662 

sudden head drop that has not been analyzed in this study. 663 

The proposed Normalized Pressure method requires intense data series that not always 664 

are available. Although TM/RC systems have been widely installed in modernized 665 

irrigation networks since XXI century, the data required to adequately apply the method 666 

are not easy to find. Playán et al. (2018), in a study about TM/RC systems installed in 667 

WUAs in Spain, indicated that a large majority of the TM/RC systems (85%) are regularly 668 

used to improve water and energy management, but only 25% of them exploit most of 669 

the potential capacities of the technology. The development of applications based on 670 

TM/RC technology, such as the Normalized Pressure method, will reinforce the use and 671 

success of both, the technology and the method. However, in the short term, the 672 
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development of a simplified method replacing TM/RC data by more commonly available 673 

irrigation network data constitutes a key challenge to control zebra mussel infestation.  674 

 675 

5. Conclusions 676 

The Normalized Pressure method has been applied to a collective pressurized irrigation 677 

network. Telemetry and remote control data sets were available, and pressure 678 

recorders were installed at specific hydrants. The method permitted to characterize pipe 679 

roughness, which was associated to zebra mussel settlement. The application of the 680 

method underlined the importance of data quality. Quality data control procedures were 681 

proposed and applied to pressure data.  682 

Different objective functions were used for the optimization process, providing similar 683 

estimations of pipe roughness. The network-zoning scenario had a major role on pipe 684 

roughness values. The division of the network into zones of similar pipe absolute 685 

roughness should be performed taking into account the existence of sufficient pressure 686 

measurement points. The optimized pipe absolute roughness values summarizes the 687 

effect of section constriction and the increase on wall shear stress. No attempt was 688 

made to separate both effects, in view of the limited availability of experimental data. 689 

The method permitted to establish different values of pipe absolute roughness for the 690 

analyzed network zones. The values of pipe roughness were tentatively classified in six 691 

infestation levels based on laboratory experiments. The well-established hydraulic 692 

principles used in this research contribute to the validity of the results, namely of the 693 

capacity of the normalized pressure method to map zebra mussel infestation in the 694 

pipelines of a collective irrigation network. The ultimate validation of the process would 695 

require a forensic approach: extracting pipelines to verify their infestation level, a 696 

practice that is not possible in real irrigation networks.  697 

Intensive research on this methodology (more density of observation points, several 698 

irrigation campaigns) would permit to take a decisive step in its application: decision 699 

making on management practices and chemical treatments. Observing the evolution of 700 

infestation in network zones and establishing cost efficient thresholds protecting 701 

network operability would lead to informed decision making about chemical treatments 702 

applied to the complete network or to parts of it. Continuous monitoring of normalized 703 
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pressure would permit to separate the effects of mussels and those of dead shells, ideally 704 

predicting the accumulation of shells following a chemical treatment. 705 
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 844 

Table 1. Sensitivity analysis for the 3-zone scenario. Range of roughness values for each 845 

network zone. 846 

Network zone Absolute roughness (mm) 
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Baseline Lower limit Upper limit Step size 

Zone 1 0.69 0.01 50 0.01 

Zone 2 26.71 0.01 50 0.01 

Zone 3 0.37 0.01 1 0.001 
 847 

 848 

 849 

 850 

 851 

 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 
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 871 

 872 

 873 

 874 

 875 

 876 

 877 

 878 

 879 

 880 

 881 

Table 2. Experimental conditions evaluated at the laboratory in a PVC pipe of DN 200 882 

mm and 16 atmospheres. 883 

 884 
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Discharge 
(l s-1) 

Half number of 
screws 

Total number 
of screws 

XL * XD (mm2) 104.8 * 59.8 52.4 * 29.9 

XH (mm) 

0 68 

0 110 

0 196 

0 251 

0 312 

XH (mm) 

20 58 - 

20 112 - 

20 193 - 

20 280 - 

20 384 - 

XH (mm) 

30 58 28 

30 111 69 

30 194 139 

30 279 208 

30 377 279 

XH (mm) 

40 42 17 

40 110 59 

40 195 112 

40 279 153 

40 346 193 

 885 

 886 

 887 

 888 

 889 

 890 

 891 

 892 

 893 

 894 

 895 

 896 

 897 

 898 

 899 

 900 

 901 

Table 3. Intercept values at the different hydrants, i for the quasi-hydrostatic and 902 

the quadratic regression optimization methods. 903 

Intercept i(kPa) 
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Hydrant 
number 

Quasi-
hydrostatic 

Quadratic 
regression 

H226 12.2 13.1 

H234 27.0 25.6 

H241 17.3 18.8 

H243 12.3 13.7 

H249 51.8 51.8 

H256 24.0 24.3 

H260 19.4 18.4 

H261 42.4 40.9 

H264 19.2 20.7 

H275 8.8 8.4 

 904 

 905 

 906 

 907 

 908 

 909 

 910 

 911 

 912 

 913 

 914 

 915 

 916 

 917 

 918 

 919 

 920 

 921 

 922 

 923 

 924 

 925 

 926 

 927 

 928 

 929 

 930 

 931 

Table 4. Computational time and number of iterations of each optimization and 932 

zoning scenario. 933 

3-zone 5-zone 11-zone 
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Optimizing 

method 

Time 

(s) 
Iter. 

Time 

(s) 
Iter. 

Time 

(s) 
Iter. 

Quasi-hydraulic 22.1 241 45.9 500 119.0 1.301 

Quadratic- 

regression 
26.9 290  59.1 639 133.4 1.442 

Null-slope 19.0 206 46.9 507 267.6 2.880 

 934 

 935 

 936 

 937 

 938 

 939 

 940 

 941 

 942 

 943 

 944 

 945 

 946 

 947 

 948 

 949 

 950 

 951 

 952 

 953 

 954 

 955 

 956 

 957 

 958 

 959 

 960 

 961 

 962 

 963 
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 964 

Figure 1. Normalized pressure as a function of discharge for different estimations of 965 

roughness coefficient. 966 
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 990 

Figure 2. Location of the Ebro river basin, its provinces and the RAA project (in black) 991 

in the Iberian Peninsula (a). Map of the RAA project and its Water User Associations, 992 

highlighting the Almudévar WUA (AL-WUA) and the location of La Violada network (b). 993 

The layout of La Violada piping network locating the monitored hydrants for pressure 994 

measurements (c) 995 
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a) 1019 

1020 

b) 1021 

 1022 

Figure 3. (a) Evolution of normalized pressure, PN (kPa) as a function of total discharge 1023 

QD (L s-1). (b) Method used to identify outliers by discretizing QD in ranges of 200 L s-1. 1024 

Points out of the interval mean PN (continuous segments) plus/minus two standard 1025 

deviations (dashed segments) were considered outliers (crosses).  1026 

 1027 

 1028 

 1029 

 1030 

 1031 

 1032 

 1033 

 1034 

 1035 

 1036 
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 1037 

Figure 4. Network zones of the three scenarios. (a) 3-zone; (b) 5-zone; and (c) 11-zone. 1038 
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 1043 

 1044 

Figure 5. Longitudinal profile (a) and cross-sectional area of the experimental pipe (b). 1045 
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 1079 

Figure 6. Standard deviation of PN, kPa, for each optimization method and sectoring scenario at each monitored hydrant. 1080 

 1081 
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 1084 



40 
 

Agricultural Water Management 260: 107300 (2022) 

 1085 

Figure 7. Original (gray square symbols) and optimized (colored circle symbols) 1086 

Normalized Pressure obtained by the most efficient method at each hydrant. From left 1087 

to right, upper to lower, a) H226 Quadratic regression and 3-zone; b) H243 Quadratic 1088 

regression and 3-zone; c) H249 Null slope and 11-zone; and d) H256 Quasi hydrostatic 1089 

and 11-zone. 1090 
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 1108 

Figure 8. Values of absolute roughness (mm) for each zoning scenario (a, b and c for 3-zone, 5-zone and 11-zone scenarios) and optimization 1109 

method (quasi hydrostatic, quadratic regression and null slope).  1110 
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 1121 

Figure 9. Maps of pipe absolute roughness for the quasi-hydrostatic optimization method and for the three zoning scenarios: (a) 3-zone, (b) 5-1122 

zone and (c) 11-zone.    1123 
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 1124 

 1125 

Figure 10. Error and sensitivity of absolute roughness at zones 1 (a), 2 (b) and 3 (c) for the Quasi hydrostatic 3-zone scenario. 1126 
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 1138 

Figure 11. a) Error of the absolute roughness coefficient at zones 2 and 3 for the quasi-hydrostatic optimization method of the 3-zone scenario. 1139 

b) Zoom to the values of lowest error.  1140 
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  1151 

 1152 

 1153 

Figure 12. a) Absolute roughness values (mm) as a function of cross-sectional area occupied by zebra mussel (screws) experimentally obtained 1154 

at the laboratory for a PVC pipe of DN200. Error bars represents ± one standard deviation of the average value for the five discharges evaluated 1155 

at each pipe condition. The infestation level also is included in the figure as derived from ranges of cross-sectional area occupied by screws. b) 1156 

Pairs of values (Re, f) measured for the PVC pipe under different values of relative roughness. 1157 
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