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Abstract: Water supply systems are exposed to events that affect the normal service provision. 14 
Water companies should follow their own policy rules to manage and overcome these types of 15 
threats. In this article, resilience is identified as the capacities of the system to delimit the impacts of 16 
hazardous event, which may be characterized by its severity and duration. The effects of disruptive 17 
events to the water service delivery are classified into water scarcity, discontinuity of water supply, 18 
discontinuity of hydraulic conditions and discontinuity of drinking water quality. The loss of 19 
service level is established by failure thresholds named as a standard level, a normative level, an 20 
accepted level and a critical level. The global model defined by the loss of service and time is used 21 
to measure resilience by means of a resilience factor. The methodology is applied to a complex 22 
real-life system, managed by Canal de Isabel II Gestión (Spain) for a drought, pipe breaks and 23 
water quality failures. Real data allow contrasting the protocols of management established by the 24 
water company. The methodology helps water utilities update their protocols for a certain hazard 25 
and provide useful information to plan their investments in order to improve the system resilience. 26 

 27 
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1. Introduction 32 

The concept of resilience is being used in a great range of discipline areas, such as sociology, 33 
psychology, economics, science, business, civil engineering and security, among others [1-3]. Society 34 
is concerned about the existence and the importance of this concept, though it has different 35 
understandings. Communities are exposed to disruptive events, including natural disasters 36 
(droughts, floods, earthquakes, hurricanes, tornados, tsunamis, wildfires, and winter storms), and 37 
cyber and terrorist attacks, as well as to climate change, traditional threats and manmade accidents. 38 
It is necessary to face and overcome these hazards and develop resilient systems to ensure 39 
continuous service. Some authors considers resilience as the ability to prepare for and adapt to 40 
changing conditions and withstand and recovery from disruptions [4], while others only focus on 41 
the ability of a system to bounce back from an unforeseen event [1]. In this article resilience is 42 
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presented for water supply systems as the response capacity of a system in the face of a disruptive 43 
event. 44 

Some index has been presented in order to establish a measure of Resilience. The Argonne 45 
National Laboratory Resilience Index uses a great number of variables to measure the resilience of 46 
drinking water system [5]. This index considers preparedness, mitigation measures, response 47 
capabilities and recovery mechanisms. Todoni [6] explains that, in water supply systems, failures or 48 
modified and increased demand conditions increase the internal energy dissipation, and if a surplus 49 
of energy is not available, there is a failure in the delivery. The author defines resilience as the 50 
capability of the designed system to react and overcome stress conditions, as well as describes that 51 
an increase in resilience mean a decrease of the internal energy dissipation. The resilience index of 52 
Todoni compares the amount of power dissipated in the network to satisfy the total demand and the 53 
maximum power that would be dissipated internally to satisfy constrains of demand and head. This 54 
resilience index is analysed by other authors [7] as a measure of the capability of the water 55 
distribution network to cope with failures. However, this index only considers the flux of energy. 56 

The National Infrastructure Advisory Council defines infrastructure resilience as the ability to 57 
reduce the magnitude and/or duration of disruptive events [8]. Tierney & Bruneau [2] explain that 58 
resilience may be measured by the functionality of an infrastructure system after a disaster and also 59 
by the time it takes for a system to return to its previous level of performance. A similar 60 
interpretation is found in the literature [9-10], where resilience is represented as a combination of 61 
survivability and recoverability [11]. As may be seen, it is emphasized the importance of including 62 
time when resilience is being defined [12]. Henry and Ramirez-Marquez [11] describe a delivery 63 
function to evaluate the performance of a system at a specific time. They define resilience at time   64 
as the ratio of recovery at this time to loss suffered by the system at a previous time. Baker et al. [13] 65 
adds the concepts of reliability, vulnerability, survivability and recoverability to the delivery 66 
function-time figure described in [1]. They also consider time to recover as a stochastic variable. 67 
Francis and Bekera [14] propose a metric to quantify resilience that incorporates resilience capacities 68 
(absorptive and adaptive capacity and recoverability). The Department of Homeland Security: 69 
Science and Technology Directorate [15] presents a resilience model (“bathtub” shape) to describe 70 
the behaviour of the system after being impacted. The total area within the resilience profile is used 71 
to compare the resilience levels, measured in performance-time units. They also include four profile 72 
types to classify the systems from high to low resilient. It should be noted that the calculation of an 73 
area in a resilience model allow comparing different systems and reaching to the conclusion that a 74 
system is resilient. Diverse interpretations of resilience lead to the need of a standard and 75 
measurable definition. In addition, system managers want to establish performance standards and 76 
resilience standards of the system.  77 

In the article, a resilience model for water supply systems is proposed and a metric named as 78 
resilience factor is presented. It considers loss of service and time. Resilience standards are defined 79 
from the point of view of the service disruption to the end user. Well-defined levels of service allow 80 
the establishment of failure thresholds: (1) a standard level, (2) a normative level, (3) an accepted 81 
level, and (4) a critical level. It is also considered different types of threats: (A) water scarcity, (B) 82 
water supply discontinuity, (C) discontinuity of hydraulic conditions and (D) discontinuity of 83 
drinking water quality conditions. The main objectives of this article consist of setting a definition of 84 
resilience for a whole supply and distribution system, proposing the need of rising different types of 85 
resiliencies and measuring these resiliencies. The methodology is applied to a complex real-life 86 
system, which is the water supply system of the Autonomous Region of Madrid (Spain) managed by 87 
Canal de Isabel II Gestión water utility. The study cases are a drought event, several pipe breaks and 88 
water quality failures. The obtained resilience is contrasted with real data.  89 

 90 

2. Methodology 91 

In water supply systems, it is possible to distinguish if the system is under normal service or in 92 
the aftermath of a disruptive event. When a hazard occurs, the system responds with its absorption 93 
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and adaptation capacity. Hazards have different nature, duration and severity, and are linked to 94 
specific consequences. In this article, resilience is presented as the capacities of the system to 95 
guarantee that the consequences of a hazardous event are limited. In general, end users are satisfied 96 
if the water is continuously supplied, under satisfactory pressure conditions, with good quality and 97 
enough quantity. As a result, the following types of consequences due to disruptive events are 98 
considered, as they affect water service provision in water supply systems: A) water scarcity, (B) 99 
water supply discontinuity, (C) discontinuity of hydraulic conditions and (D) discontinuity of 100 
drinking water quality conditions. In a water supply system, threats may be assessed independently 101 
or in conjunction. In the type of threat A, a drought should be analysed as an episode. In the type of 102 
threat B, pipe breaks may be studied as a simple disruptive event or a set of them (sum of pipe 103 
breaks over a year). In this article, each threat is independently considered. In addition, episodes 104 
may have different origins: fortuitous, natural or caused. 105 

Protocols, resources and technologies used in water supply systems help to define and satisfy 106 
different levels of service, both under normal conditions and after a hazardous event. Protocols 107 
mean the detailed sequence of actions or processes followed by the company to cope with the 108 
normal operation of the system. Protocols influence the response capability of the system. Water 109 
utilities also have their effective technology and available resources to overcome in the day-to-day 110 
operation. Therefore, harms and the set of protocols, resources and technologies are linked to each 111 
hazardous event. Consequences or harms are measured by the loss of service level. The estimation of 112 
the loss of service level is based on historical data. It is necessary to fit a set of reference thresholds of 113 
service level in order to calculate the resilience of the system. Different levels of services under 114 
anomalies correspond to the following failure thresholds: (1) a standard level that explains when a 115 
failure starts, (2) a normative level applicable to failure scenarios and defined by a law or contractual 116 
plan, (3) an accepted level allowed by end-users, and (4) a critical level under which the system is not 117 
able to be elastically recovered. These thresholds allow formulating management actions at different 118 
stages to reach the standard level of service that identifies when the systems returns to normal 119 
conditions. 120 

Under anomalies, a quantitative metric to measure resilience is proposed. A general model is 121 
presented in Figure 1 a). The x-axis represents time and the y-axis, the service level. The service 122 
function describes the performance of the system, also over the disruption period. The model shown 123 
in Figure 1 c) has been modified in a great manner by the protocols that may be followed by the 124 
water company, as well as the resources and technologies. Resilience is measured by the integral of a 125 
product of two parameters: loss of service level and time (Figure 1 b) and d)). The general analysis 126 
procedure to calculate the resilience factor for a type of threat (for example, type A), based on Figure 127 
1, is the following:  128 

 129 
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 132 

Where 
nfR  is the normative resilience factor (sum of 

1nfR  and 
2nfR in Figure 1), 

afR  133 

is the accepted resilience factor (
1afR  plus 

2afR in Figure 1) and 
cfR  is the critical resilience 134 

factor. F  is the service function; sF , the standard level; nF , the normative level and aF , the 135 

accepted level of service. The subscript A is referred to the type of threat A. This formulation is 136 
applicable to other cases. It is possible that a threat remains in the first level of severity. In this case, 137 
the normative resilience is the unique resilience factor that has to be calculated. It should be noted in 138 
Figure 1 that the service function in the original state when the threat occurs may be above the 139 
standard level (level 0 of severity). That is the reason why the service function may reach the 140 
standard level some time after the occurrence of the disruptive event. The instant of time where 141 
these two functions intersect (the service function and the standard level) may be defined by the 142 

variable 
ts1 . In the same way, after recovery measures are taken, the service function intersects 143 

with the standard level at ts2 . The recovery function represents how the service is being gradually 144 

recovered to reach at least the standard level of service. It should be mentioned that if the normal 145 
operation conditions when the hazard occurs were the conditions of the standard level, the time 146 

ts1
 would be the same point as the occurrence of the event, et . Similarly, if the normal operation 147 

conditions in the recovered state were coincident with the ones related to the standard level, the time 148 

t s2  would be the same point as the final recovery time, ft . The service function intersects with the 149 

normative level at tn1
 and tn2 , and with the accepted level at ta1

 and ta2 . The resilience 150 

factor for the type of threat A is obtained with the normative, accepted and critical resilience factor: 151 
 152 

( ) ( ) ( ) ( )•+•+•=
AfcAfaAfnAf cAaAnA

RWRWRWR  (4) 

Where 
AnW , 

AaW  and 
AcW  are specific weights for the type of threat A that multiply 153 

each partial resilience factor, which are calculated within a level of severity (level 1, 2 and 3, 154 
respectively). The specific weights have to be analysed in each case study, due to the fact that the 155 
measures that should be taken in each level of severity to recover the system have different impact 156 
on the end-user. The system resilience is the result of the sum of the resilience factors calculated for 157 

each type of threat that occurs at the same time in the water supply system. Specific weights (W ) 158 
should be considered in order to aggregate the resilience factors. More research is needed in order to 159 
define quantitatively these specific weights. If four types of threats (A to D) occurred at the same 160 
time in the system, the resilience factor of the system would be:   161 

 162 

( ) ( ) ( ) ( ) DDfCCfBBfAAff WR+WR+WR+WRR ••••=
 

(5) 

The global resilience factor, fR , should integrate similar levels of severity in order to 163 

represent the society´s perception of failures. Thus, different weights should be used for each type of 164 
threat. Water utilities may use the resilience factor in order to know how they are prepared for 165 
certain hazardous events. When a water company contrast its system resilience (established by its 166 
protocols, technologies and resources) with real data related to a specific threat (defined by the loss 167 
of service level and time), managers may plan and focus their investments on investigation, 168 
planning, regulation, water quality monitoring, repairing, renewal, replacement, vigilance, security, 169 
civil infrastructure, construction of dams, enhancement and enlargement of reservoirs, etc. The 170 
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lower the resilience factor is, the more resilient a system is considered. The comparison between 171 
different water companies is also possible, as long as the same levels of service are defined.  172 

 173 
 174 

 175 

Figure 1. a) and c) Resilience models: levels of service and disruption time. b) and d) Calculation of 176 
the resilience factor. The level of service (standard level, normative level, accepted level and critical 177 
level) and the levels of severity (level 0, level 1, level 2, level 3 and level 4) are shown. 178 

 179 

3. Case study 180 

The characteristics of the water supply system of the Madrid Community (Spain) are presented 181 
in Figure 2. Canal the Isabel II Gestión is the water utility that supplies water to more than six 182 
million people in this region. The managed water supply system has more than 17,000 kilometres of 183 
main pipes, 321 water tanks, and about 760,000 service connections as well as 235,000 operational 184 
and control elements. 185 

Several case studies are presented: a drought, pipe break and water quality failure. The water 186 
supply system of Madrid faced a drought between 2005 and 2006 that required specific actions to 187 
restrict the total expected demand. It was a drought of first degree of severity. The Spanish Decree 188 
97/2005 was enacted the 29th September 2005 in order to establish exceptional measures to manage 189 
water supply in the region of Madrid, because a drought had been declared. Prior to this decree, in 190 
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July 2005, Canal Isabel II Gestión had founded a Drought Committee in May 2005, and had launched 191 
a campaign called “The challenge of water” addressed to end users, for the purpose of saving water. 192 
Another campaign with the same objective was launched in April 2006, and its name was “Madrid 193 
needs more water”. Finally, the Decree 46/2006 of the 30th November 2006 repealed the exceptional 194 
measures to manage water supply in the Autonomous Community of Madrid. In this article, the 195 
system resilience is assessed for the explained episode. 196 

The other case studies are pipe breaks and water quality failures. In the case of pipe breaks, the 197 
occurrence time starts when the water service provision is shut off, and the final recovery time is 198 
defined based on when the water service is restored. As for water quality failures, once it is 199 
confirmed that the drinking water quality conditions are not adequate, the time of occurrence is 200 
linked to the first complaint of an end-user. The final recovery time is coincident with the resolution 201 
time of the disruptive event.  202 

 203 

4. Results and discussion  204 

Protocols of the water company that manages the water supply system of the Autonomous 205 
Region of Madrid (Spain), considers different failure thresholds for a drought event according to the 206 
severity of the disruptive event: (1) in the standard level, the water company supplies water to the 207 
100% of end-users; (2) in the normative level, the water supply should be reduced by 9.4% over a 208 
year; (3) in the accepted level, the water supply should be decreased in 26% over two years, and (4) 209 
in the critical level, the water supply should be reduced by 51.4% over a year [16]. In some way, the 210 
normative level is defined, so the normative resilience factor may be defined as:  211 

 212 

( ) yearyearmonthmonthsR
normativef •%4.9=1•%4.9=•%8.112=12•%4.9=  (6) 

The normative resilience factor is represented in Figure 2, since the the day when the Decree 213 
97/2005 was enacted to establish exceptional measures to manage water supply in Madrid, that is the 214 
29th September 2005. The occurrence time of the disruption is equal to the initial intersection time, 215 

presented in Figure 1, te it
1

=  (29 September 2005). In the first level of severity, the resilience 216 

factor is, in reality, less than the normative resilience factor. However, the company took actions to 217 
reach a water supply reduction of 9.4% over 12 months. The main actions consisted of changes in 218 
habits of end users related to water use. 219 

The water supply over the disruption period has been compared to the water supply under 220 
normal conditions in order to contrast the management protocols of contingencies. In that way, it is 221 
possible to know if the water supply reached the established terms. Figure 2 shows the water supply 222 
both in case of disruption and in normal conditions. The normal water supply values in normal 223 
conditions are determined with data of previous years without failures, adapted to the real climatic 224 
conditions and prediction models. The water supply in normal conditions represents the standard 225 
level of service. The deviation from this level allows the assessment of the effectiveness of protocols. 226 
Specifically, the percentage of service reduction is calculated as follows: 227 

100•=%
conditions normal in supplyWater 

 conditions failureunder  supplyWater - conditions normal in supplyWater 
 Reducction  (7) 

 228 
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 229 

Figure 2. Water supply (hm3/day). 230 

 231 

Figure 3. Normative resilience factor and evolution of water supply reduction. 232 

 233 
Figure 2 shows the water supply both in case of disruption and in normal conditions. The 234 

normal water supply values in normal conditions are determined with data of previous years 235 
without failures, adapted to the real climatic conditions and prediction models. The water supply in 236 
normal conditions represents the standard level represented in Figure 3. The percentage of water 237 
supply reduction is also shown over the disruption period, that is between the Decree 97/2005 was 238 
enacted to establish exceptional measures to manage water supply in Madrid, the 29th September 239 
2005, and the day these exceptional measures were repealed, the 30th November 2006. The period of 240 
time before and after the drought is also presented. The obtained results allow contrasting the 241 
effectiveness of protocols followed by the company in the first level of severity due to water scarcity. 242 
It may be observed that the voluntary reduction of water is higher than the one expected by the 243 
protocols, which is represented with the resilience factor. Thus, it may be conclude that protocols in 244 
case of contingencies are effective. In Figure 3, it is also represented the date of July 2005, because the 245 
water company launched a campaign called “The challenge of water” addressed to end users to save 246 
water. In addition, when the Decree 107/2006 repealed the exceptional measures, the 30th November 247 
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2006, the water supply was under the normal conditions. The main reason was that the end-users 248 
were accustomed to use less water than they used to.  249 

If the water reserves overcome the second level of severity, the protocols of the company 250 
establish a water supply reduction of 26.0% over 24 months. In the same way, if the third level of 251 
severity is reached, water supply should be decreased in 51.4% over 12 months. The time since the 252 
drought is declared until the accepted and critical levels are reached has to be considered in order to 253 
calculate resilience. In the study case, the drought was always in the first level of severity, so no 254 
additional actions had to be taken. 255 

In the case of pipe breaks that cause water supply discontinuity or water quality failures that 256 
produces water drinking discontinuity, the resilience factor is measured by means of the number of 257 
affected properties downstream of the break over the disruption period. Therefore, the resilience 258 
factor for each type of threat calculated as follows: 259 

 260 

( ) timedisruption  properties affected ofNumber R
Bf •=  (8) 

Figure 4 and 5 show two examples of how different pipe breaks and water quality failures affect 261 
the water service provision. It is presented the calculated resilience factor. 262 

 263 
 264 

Figure 4. Resilience factor for different pipe breaks. 265 

 266 

 267 

Figure 5. Resilience factor for different water quality failures. 268 

The system resilience factor should be calculated in future analysis with all types of threats that 269 

generate disturbance in the system at the same time. It should be mentioned that the AW  would 270 

have a substantially higher value than the other weights ( BW , CW  and/or DW ), as this drought 271 
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had the most relevant impact on end-users. The resilience factor of every type of threat has to have 272 
the same units, referred to the percentage of loss of service or number of affected properties per time. 273 
In addition, more research is needed to define the failure thresholds (standard, normative, accepted 274 
and critical level of service) for pipe breaks and water quality failures. Water companies should 275 
analyse their protocols, resources and technologies to know how their water supply system is going 276 
to performance under anomalies and fix their failure thresholds. It is recommended to establish 277 
global levels of service to allow comparison between different companies and know how the society 278 
reacts to threats. Furthermore, these thresholds classify the level of severity produced by a threat 279 
and are necessary to know what type of measures should be taken to recover the system to normal 280 
conditions. They constitute reference values to operate and plan investments to improve the system 281 
resilience. The resilience factor may be also used to update the protocols followed by a water 282 
company in the aftermath of a disruptive event. 283 

5. Conclusions  284 

This article presented a new methodology that aims at measuring resilience for water supply 285 
systems. Resilience is presented as the capacity of the systems to overcome threats and be able to 286 
delimit the impacts. Therefore, resilience may be measured by the magnitude of failures, 287 
characterized by their duration and severity. A classification of types of threats is presented, in 288 
consideration of water service disruption:  (A) water scarcity, (B) supply discontinuity, (C) 289 
Discontinuity of hydraulic conditions and (D) discontinuity of water quality conditions. A set of 290 
failure thresholds are also shown: (1) standard level, (2) normative level, (3) accepted level and (4) 291 
critical level. When these thresholds are exceeded, the system is in the level of severity 1, 2, 3 and 3, 292 
respectively. A resilience model that allows calculating a resilience factor is proposed. It measures 293 
the loss of service function from the standard level and also considers the disruption period.  294 

The methodology was applied to the complex real-life water supply system of the Autonomous 295 
Region of Madrid (Spain), managed by the water company Canal Isabel II Gestión. For the study 296 
case of a drought of first level of severity, the failure thresholds are exposed. Results show that the 297 
normative resilience factor is year•%4.9 . The effectiveness of protocols is contrasted with real 298 

data of water supply over the disruption period. It has been demonstrated that the voluntary water 299 
supply was even greater than the required by the protocols. Therefore, protocols in case of first level 300 
of severity were adequate that type of threat. It has been verified that the end users were accustomed 301 
to use less water than they usually need, once the drought had finished. Furthermore, the resilience 302 
factor for different pipe breaks and water quality failures are presented. More research is needed to 303 
establish failure thresholds for these types of events and define the specific weights to aggregate the 304 
resiliencies factors. The methodology allows measuring resilience of the systems, assessing 305 
protocols, technologies and resources used in the company, as well as planning in order to improve 306 
the system resilience.  307 

 308 
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