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Abstract 
Transmission water mains constitute a very important part of a water distribution 
system. The failures in the major transmission mains system may lead to severe 
supply interruptions and incur significant repair costs and costs at third parties, as 
large quantity of water are lost due to large diameters. Hence, the network 
segments, which have the highest failure risk, have to be identified to provide 
avoidance strategies at time. According to the described initial situation in 
practice only low failure rates are accepted for transmission water mains. 
Statistical failure prediction methods, based on recorded failure data, as they are 
used in pipe rehabilitation decision support tools for supply networks, are 
inapplicable. To deal with this problem, a specific risk assessment method has 
been applied to support maintenance and rehabilitation decisions under these 
circumstances. A multi-criteria index, named failure risk index (FRI), has been 
derived. The index allows a rating, identification and comparison of transmission 
water mains with respect to their failure risk. The index combines three 
components of risk which are the probability of occurrence of a failure, the 
severity of the consequences and the probability of detection. Each of the 
components is represented by the interaction of a number of factors, which are 
weighted towards each other expressed by their relating characteristics. The 
probability of occurrence of a failure is derived from the combination of stresses 
and strains that are expected to impact the investigated pipe segments. Therefore 
in a pre-step of the analyses the system specific impacts on failure occurrence are 
investigated in detail, by taking all failures into account, which have occurred so 
far. For the second component, the severity of a failure is based on a monetary 
valuation of damage and supply interruptions. The probability of detection is 
derived from differences in leak localization campaign frequencies. The analyses 
were applied to an Austrian water distribution system. 
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INTRODUCTION 
Water leakages and failures on transmission water mains may lead to severe supply 
interruptions and incur large costs. Therefore failures have to be avoided in order to 
keep the water distribution system in service. The network segments, which have the 
highest failure risk, have to be identified to provide avoidance strategies at time. In 
the described investigations for an Austrian water supply system the failure rates of 
transmission water mains are increasing over the last 10 years. Hence the water 
supplier company wants to implement a pipe condition oriented maintenance and 
rehabilitation strategy. Although failure rates were increasing in the investigated 
system, failure prediction models as a basis for rehabilitation decision as they are used 
for meshed supply networks (Kleiner, 2009; Rostum, 2000; Eisenbeis, 2000; Fuchs-
Hanusch et al., 2011 amongst others), were inapplicable. Pipe inspections inside 
transmission water mains are not yet common practice. Due to this circumstance a 
lack of information regarding pipe conditions is the problem at hand. To deal with this 
problem a specific risk assessment method has been applied to support maintenance 



and rehabilitation decisions under these circumstances. 
 
 
MOTIVATION AND DEFINITION OF RISK  
When the terms risk or uncertainties are used, one needs to make it clear at the very 
beginning that risk can either be hedged or be transferred, but by neither way it can 
not be completely eliminated in practice. Risk is some unpredictable random variable 
that might or might not follow certain stochastic processes. Risk management, in 
general, is a discipline for living with the possibility that future events may cause 
adverse effects (Kloman, 1999). This general procedure applies to water distribution 
systems as well. A complete elimination of hazards or risks and ensuring damage due 
to failure is not feasible. From the engineering and economic point of view, the 
complete elimination of risk would lead to unacceptable financial costs. Therefore any 
proposed risk assessment attempt is targeted to reduce the amount of failures and 
subsequent severe consequences. The occurrence of failures and the associated cost of 
solving these problems are two random variables that are highly correlated. The 
movements of the two random variables need to be identified to ensure an accurate 
risk assessment. By the use of that understanding water supply companies are able to 
operate in a long-term asset management strategy. Currently the approaches of water 
supply companies to predict the occurrence of failures do not work, because the 
assessment of water distribution systems is a multidisciplinary challenge. Up to now it 
is only able to determine specific static state and not the whole dynamic deterioration 
process of transmission mains. The determination of vulnerable transmission water 
mains is often accomplished through subjective and even intuitive approaches in 
practice. The interpretation of risk itself differs in a variety of ways. The aim of risk 
assessment should result in the identification of critical pipe sections. Water supply 
companies currently are not equipped with a methodology in Austria that allows these 
obstacles to be overcame or that standardizes the execution of the assessment. 
 
 
RISK ASSESSMENT METHODS 
Water supply networks present a complex interaction as most of the infrastructure is 
sub-surface, making conditional failure probabilities difficult to estimate. Further 
failure is always an interaction and function of many impacts. The probability of a 
failure is dependent upon several influences and conditions, such as system workload, 
stresses and strains, changes in system state over time due to seasonal climate 
variance, climate change, asset deterioration, change of population density, building 
density and land use. All these parameters create considerable complexity within the 
evolution of a certain failure. Depending on the level of analysis, the fragility can be 
estimated using a range of methods from expert judgement through to full reliability 
analysis. Moreover the performance or state of the pipe section is not just limited to 
whether it has collapsed or not. Additional conditions, like water leakages, state of 
material and pipe joint are very important for the risk assessment. Normally water 
suppliers take care basically on operative system consequences due to a failure. Due 
to these problems a methodology has been developed and utilized that uses the 
available and most important information on this subject to allow risk analysis in 
order to obtain pipe rehabilitation priorities. One base of the assessment methodology 
is the failure mode and effects analysis (FMEA). FMEA is generally used as a 
procedure in which each potential failure mode in a system is analysed to determine 
its effects on the system and to classify it according to its severity (MIL-P-1629 
(1949) amongst others). However, including failure and state condition within the risk 
analysis also adds significant computational complexity to the risk analysis. In a water 



supply system with for example 3000 transmission water mains and considering four 
possible state conditions or risk categories for each section, there are 4 times 3000 
potential system states. Obviously it is highly impractical to run all these 
combinations (Kellagher, 2008). 
 
 
METHODOLOGY 
In engineering, risk is divided into three basic components: the first related to the 
probability of occurrence of a hazardous event, the second regarding its consequences 
and the third considering the probability of detection. In literature the terms 
occurrence, probability or hazard and severity, vulnerability or consequences are often 
used as the same denotations for the definition of risk. 
 
The intensity levels of risk provide information of the precise interaction of all 
impacts and parameters at the “pressure point”, at the point where and when the 
failure becomes evident (Cancado et al., 2008). 
 
Therefore the impacts of various parameters for probability of occurrence, severity of 
failures and probability of detection have been investigated in a first step. Regarding 
to the risk assessment methodology introduced by (Zonensein et al., 2008) for 
flooding risk in urban areas, a multi-criteria index, named Failure Risk Index (FRI), 
has been created. It allows to overcome some of the inconveniences of traditional risk 
assessment methodologies. The three components of risk, its probability (occurrence), 
consequences (severity) and probability of detection are represented by sub-indices, 
related to certain local vulnerability and exposure characteristics. Each sub-index 
results from the interaction of a number of factors, expressed by indicators. The 
relative importance of indicators and sub-indices is represented by weights. Finally, 
weighted summations and products compose the formulation of FRI. The choice of 
indicators may vary according to local features or to data availability or precision. The 
index constitutes a decision support tool, allowing the rating, identification, and 
comparison of critical water main sections. The FRI has been applied in a case study 
for an Austrian water supply company. Normally the assessment is based on the 
particular judgment, considering the available technical information, previous 
knowledge, and experience. As a result, any attempt to justify or repeat such analysis 
is impracticable. This approach considers not only basic information, also social-
economic characteristics of the affected region like tourism, public institutions, 
hospitals could be considered. Each of these factors can have different significance in 
the assessment, which is considered in the ranging of the calculations from 0 to 100. 
Pipe sections with low failure risks are associated with lower values for the FRI, 
while more critical sections receive higher rates for this index. This is the reason for 
which the quantitative result of the index is not given in monetary units. 
 
This index can be used as a decision support tool, allowing quantitative rating and 
comparison between critical pipe sections, useful in the hierarchy of interventions and 
justification reinvestments, allowing to estimate the impacts of future development, 
like climate change, population density and building density.  
 
Characterization of the index is defined with the following characteristics (Zonensein 
et al., 2008): 
 
 
 



Characteristics: 
• range - defined by its maximum and minimum extremes, which 

comprise all the values the index can assume; 
• formulation - the mathematical expression that represents the relationship 

between the set of indicators, which compose the index; 
• constitution - the set of indicators that compose the index; 

Range of the FRI: 
For the sake of simplicity and clarity, it is determined that the FRI should be a 
nondimensional value, which could range between 0 and 100, the minimum and 
maximum risk. Moreover, in order to operate the indicators that compose FRI, which 
have varied natures and units, they must be normalized beforehand, converting them 
into a common range. According to the formulation established next, all indicators 
have to be adjusted to the same range, assuming values between 0 and 100 (Zonensein 
et al., 2008). 
 
Formulation of the FRI: 
In order to quantify the risk, the formulation must reflect the interaction between the  
probability of occurrence (O) of a hazardous event, its estimated consequences or 
severity (S) and the probability of detection (D). The components relating to the 
consequences must be comprised of indicators of exposure and vulnerability of the 
people, assets and infrastructure susceptible of being affected by a failure. Risk results 
directly from the relationship between these three components, so that: (i) if either is 
null or negligible, there must not be risk; (ii) at the same time, the presence of at least 
one constitutive factor of these components (in each one of them), results in non-
negligible risk. Besides, each of the factors involved in the constitution of the FRI 
ought to have associated weights, so that its relative importance is represented. The 
formulation of the FRI takes into account these considerations, translating them in 
mathematical terms. As a result, a mixed weighted formulation, composed of 
weighted summation and product, is proposed for the index. The weighted product of 
these subindices results in the FRI, as presented in Equation 1 (Zonensein et al., 
2008). 

 
 Equation 1 
 
Where: 
FRI: Failure Risk Index, ranging between 0 (lowest risk) and 100 (highest risk); 
O: sub-index occurrence, variable between 0 and 100; 
S: sub-index severity, relative to the consequences, variable between 0 and 100; 
D: sub-index detection, relative to the probability detection of failures, variable 
between 0 and 100; 
qO, qS, qD: weights corresponding to the occurrence probability, the consequences or 
severity and detection respectively, attributed in function of the importance of the 
sub-index for the final risk. The weights are subject to the following restrictions: (i) 0 
< qO, qS, qD ≤ 1; (ii) qO + qS + qD ≤ 1. 
The weighted summation describes the relationship between the factors that constitute 
the sub-indices (O, S and D). Each sub-index is calculated by a weighted summation 
of indicators, previously normalized, between 0 and 100, as presented in Equations 2, 
3 and 4. 

 
Equation 2 



 

 
Equation 3 

 
Equation 4 
 

: indicator, previously normalized, that composes sub-index O, variable from 0 to 
100; 
 : indicator, previously normalized, that composes sub-index S, varying from 0 to 
100; 

: indicator, previously normalized, that composes sub-index D, varying from 0 to 
100; 
 
n: total number of indicators that compose sub-index O; 
m: total number of indicators that compose sub-index S; 
u: total number of indicators that compose sub-index D; 
 

: weight associated with  indicator of sub-index O, attributed in function of its 
relative importance. It must comply with the following restrictions: (i) 0 <  ≤ 1; (ii) 

 
 

: weight associated with j-th indicator of sub-index S, attributed in function of its 
relative importance. It must comply with the following restrictions: (i) 0 <  ≤ 1; (ii) 

 
 

: weight associated with k-th indicator of sub-index D, attributed in function of its 
relative importance. It must comply with the following restrictions: (i) 0 <  ≤ 1; (ii) 

 
 

: weight associated with i-th indicator of sub-index O; attributed in function of 
its relative availability, reliability and precision of data. It must comply with the 
following restrictions: (i) 0 <  ≤ 1; (ii)  
 

: weight associated with j-th indicator of sub-index S; attributed in function of 
its relative availability, reliability and precision of data. It must comply with the 
following restrictions: (i) 0 <  ≤ 1; (ii)  
 

: weight associated with k-th indicator of sub-index D; attributed in function of 
its relative availability, reliability and precision of data. It must comply with the 
following restrictions: (i) 0 <  ≤ 1; (ii)  
 
Combining equation 1 with equation 2, 3 and 4 the complete formulation of the FRI is 
achieved, as described in equation 5. 



 
Equation 5 
 
Constitution of the FRI: 
(Zonensein et al., 2008) points out that the choice of the constitutive indicators is 
conditioned by the availability of data and its precision. Weights represent the relative 
importance of the indicators and sub-indices for the value of risk. This task does not 
depend exclusively on technical knowledge, so that the importance of each indicator 
is also a result of the risk perception of the decision-maker or of the adopted risk 
management strategies. Therefore, it is considered that the assignment of weights 
must be carried out by experts who intend to use the index as a failure risk 
management decision support tool. The probability of occurrence of a failure is 
derived from the combination of stresses and strains that are expected to impact the 
investigated pipe segments. Therefore in a pre-step of the analyses the system specific 
impacts on failure occurrence are investigated in detail, by taking all failures into 
account, which have occurred so far. For the second component, the severity of a 
failure is based on a monetary valuation of damage and supply interruptions. The 
probability of detection is derived from differences in leak localization campaign 
frequencies. Different indicators for the probability of failure, for the severity and for 
the probability of detection were examined. Indicators with no explicit correlation to 
these 3 components were discarded. 
 
The parameters influencing the occurrence of failures are found to be the amount of 
previously detected failures on this pipe segment, vintage, type of pipe joint, impact 
of ground water, operating pressure, installation location as well as the prospective 
future variations on the probability of failures due to several future influences, like 
planned excavations, climate change or extreme seasonal climate variance. The 
parameters for the severity of failures are the installation location, diameter, level of 
supply redundancy, designation of the considered area, vulnerability of the remaining 
distribution system and exposure of the adjacent area. The parameters for the 
probability of detection of a failure are the information about water losses in a certain 
area and the quality and time interval of asset inspection, and finally the expert 
knowledge. 
 
Indicators of O: This indicator is representative for the amount of previously 
detected failures on the current pipe segment. It is calculated as a normalized failure 
rate with amount of failures per length. Due to this procedure the dependency of the 
different length and amount of failures of each pipe segment is handled. 
 
Indicators of O: This indicator is representative for the vintage of each pipe 
segment. The pre-analyses of failure rates regarding to the vintage have shown that 
older pipe sections tend to have more failures than younger ones. 
 
Indicators of O: This indicator is representative for the type of pipe joint of each 
pipe segment. Certain types of pipe joints determine a higher failure rate. 
 



Indicators of O: This indicator is representative for the ground water influence. 
Figure 1 shows the failure rate per year for the material asbestos cement and the 
impact of ground water. Table 1 represents the hierarchy levels and normalization 
thresholds for the ground water impact. 

Failure rate per year
material: asbestos cement

criterion: ground water
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Figure 1: transmission water main failure rate in the sphere of ground water influence 
 
Table 1: Normalization thresholds of ground water hierarchy levels 
Definition level  
ground water influence in the pipe installation depth 1 100 
no ground water influence in the pipe installation depth 2 0 
 
Further Indicators of O are the  (operating pressure),  (installation location), 

 (prospective future variations of impacts and parameters). 
 
Indicators of S:  This indicator is representative for the installation location. For 
example failures in city areas cause higher repairing costs than in rural areas. 
 
Indicators of S:  This indicator is representative for the diameter. Failures on 
pipe sections with wider diameters cause higher repairing costs than failures on small 
diameters. 
 
Further indicators of S are the (level of supply redundancy),  (designation 
of the considered area),  (vulnerability of the remaining distribution system in case 
of a failure) and  (exposure of the adjacent area). 
 
Indicators of D: This indicator is representative for the information that can be 
provided regarding water loss quantity. The probability of detecting a failure is 
increasing if the quality of water loss management is improving. Methods of water 
loss management include sector building (shown in Figure 2) to calculate water 
balances and inspection densities or continuous monitoring of flows and pressure. 



 

 
Figure 2: Different sectors due to water loss management ( ) 
 
Further indicator of D is  representative for the information provided by expert 
knowledge. For example some pipes are known to have leaks, as detailed leak 
localisation has already been carried out, but were not yet repaired. 
 

 
 
To apply the methodology to all transmission water mains, the pipes were segmented 
within a geographic information system in order to all indicators of occurrence, 
severity and detectability which formulate the FRI. 
 

         
Figure 3: segmentation process  



 
Indicators with a lack of information were estimated with a high impact in the risk 
analysis. The same procedure due to unknown data is shown in the SGWA (2004). 
 
 
RESULTS AND DISCUSSIONS 
To define transmission water mains with the highest failure risk in a water distribution 
system of an Austrian water supply company a specific risk assessment methodology 
using a failure risk index (FRI) was established.  
 
Figure 4 shows the results of the risk analysis of the water mains due to all considered 
parameters. Depending on the calculated FRI the water main is located according to a 
defined risk level, varying from an unacceptable high risk level to an acceptable risk 
level. Due to an affiliation of a transmission water main to a certain risk level special 
assignments should be selected in the decision planning for maintenance. 
Transmission water mains, corresponding to an unacceptable risk level, should be 
considered for an early rehabilitation. A special cost-benefit analysis or life-cycle cost 
analysis should be taken into account for the water mains that belong to the risk levels 
between acceptable and unacceptable risk levels. 
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Figure 4: risk matrix with risk categories for all considered transmission water mains 
due to FRI-assessment 



 
CONCLUSION 
The results of the risk assessment are helpful to both maintenance and management of 
water supply systems. Moreover the performance or normal mode of the pipe is not 
just limited to whether it has collapsed or not. Additional conditions, like water 
leakages, state of material and pipe joint are very important for the risk assessment. 
For a better understanding specific research and analysis into detailed failure 
mechanisms has to be undertaken in future. Normally water suppliers take only care 
basically on operative consequences due to a failure. A main focus in recent research 
studies should be the creating of a time-dependent risk assessment methodology. Each 
sub-index and indicator in the risk-assessment should be modelled as a time 
dependent function in the influence of the varying and deteriorated system state of the 
pipe section.  
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