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Abstract

The exact calculation of water distribution system reliability has been shown
to be NP-hard and, therefore, even for moderately sized systems, computationally
impractical. Approximate methods to estimate water distribution system reliability
are attractive if they can reduce the required computational effort. In this thesis a
method is presented which can be used to estimate network reliability. The method
is based on the definition of conditional probability, Monte Carlo simulation, and the
partitioning of the failure space into disjoint sets to form a covering set.

The joint probability of system failure and the occurrence of a failure event in the
covering set is calculated using the definition of conditional probability as the product
of two terms. The first term is the probability of the failure of a specified number
of components in one of the disjoint events in the covering set. This probability of
occurrence 1s estimated using historical pipe failure data. The second term is the
probability of systemn failure given that the same specified number of components
have failed. This term is estimated using Monte Carlo simulation.

The total probability of system failure is estimated as the sum of the joint proba-
bilities for all events in the covering set. Simultaneous estimates are required for both
terms for each event in the covering set. Bonferroni techniques are used to perform
the simultaneous estimation.

The technique is applied to four designs for a water distribution network. The total
probability of system failure is estimated for all networks using both connectivity and
hydraulic adequacy as failure criteria. Hydraulic adequacy is defined as the supply of
adequate flow at suflicient pressure levels at all nodes in the network. The reliability
of the network designs was successfully compared using both a confidence interval

and a hypothesis testing approach.
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Chapter 1

INTRODUCTION

A number of approaches to the design of water distribution networks using mathemat-
ical programming models have been attempted in the literature. This design problem
has been well solved for the case in which only cost criteria is considered. Networks
designed using least cost criteria have not, however, generally proven acceptable from
a reliability point of view because such networks are branched. Branched networks
which represent the cheapest systems are considered unacceptable for urban water
supply purposes because they do not provide the necessary alternate supply paths,
should a link fail. In addition, such networks contain dead end links, in which water
can stagnate. Such stagnation promotes the growth of algae and bacteria and, hence,
can lead to a health hazard.

The design of water distribution system models,which include reliability criteria
in a satisfactory manner has proven to be a difficult task. The difficulty of this design
task has been increased by the lack of a clear definition of system reliability. Both
heuristic and probabilistic definitions of system reliability have been proposed.

The major advantage of heuristic measures is the relatively modest computational
burden required for their use. Several authors have incorporated heuristic definitions

of reliability into design models (Elms (1983), Morgan and Goulter (1985), Coals



and Goulter (1985), Awumah et al. (1991)). Modifying models currently in use for
design of non-branched networks by the inclusion of heuristic reliability measures has
also been attractive (See Walski et al., 1987). The resulis have been interesting, but
have not been widely employed. Furthermore, the different design methods produce
different results.

All heuristic based methods currently found in the literature use surrogate mea-
sures for network reliability. They provide only a relative and imperfect indication of
reliability. Furthermore, most design methods do not define the events that constitute
a network failure explicitly. Hence, it is generally impossible to quantitively compare
designs that arise from the different approaches.

These problems associated with heuristic reliability measures make the idea of a
model based on probabilistic reliability measures attractive. The calculation of net-
work reliability has, however, proven to be a difficult and computationally intensive
problem. Ball (1980) showed that the problem is NP hard. By adding 3 links to a
14 link network and increasing computation time by a factor of 10 Su et al. (1987)
demonstrated that these reliability calculations are computationally impractical. Un-
less difficulties of calculating reliability can be overcome, the development of a design
model based on probabilistic reliability measures is not possible.

One approach to the reduction of the computational burden associated with the
use of probabilistic methods is to estimate the probabilities used to determine system
reliability by sampling. Ball and Provan (1983) showed that, under the severely
restrictive and non-conservative assumption that all links in a network have the same
probability of failure, it is possible to approximate reliability to any desired level of
accuracy. This approximation is based the derivation of polynomial expressions to
calculate the probability of 0, 1, 2, 3, etc. simultaneous failures. Ball and Provan’s

approach also assumed that network failure occurs only if at least one node is isolated,



neglecting the possibility of failure in the form of inadequate water pressure. This
approach has not been applied to the design of water distribution systems for this
reason and because the underlying assumption of equal probability of failure is false for
most practical networks. Network failure can also arise from either inadequate water
pressure at the demanded flow rates or the delivered flow rates can be inadequate to
meet the required demand.

Despite the limitations of Ball and Provan’s approach, the concept of estimating
network failure probabilities using failure probability polynomials is attractive be-
cause it would provide an approximate, explicit rather than surrogate, probabilistic
measure of reliability. Ball and Provan assume that all links fail independently and
have the same probability of failure. This assumption is not supported by the infor-
mation about water distribution networks. It should also be noted, that in general,
much more information exists about pipe failure in water distribution networks than
is used in Ball and Provan’s approach. In particular, the City of Winnipeg has kept
extensive, computer readable records of pipe failures. These records provide informa-
tion about the number of simultaneous failures that are likely and about the failure
pattern that has occurred in the past. In this thesis, a method is proposed to use
additional data similar to those in the City of Winnipeg break data base to estimate
pipe network reliability without an excessive computational burden.

The network failure probabilities considered in the methodology being proposed
in this thesis can be decomposed into two components. The first component is the
probability of exactly m simultaneous breaks occurring (m = 0, 1, 2, 3, etc.) It
is independent of network topology. These probabilities can be estimated from the
break records. The second component is the probability of network failure, given
that exactly m simultaneous breaks have occurred. It is dependent on the network

topology. This conditional probability can be estimated using Monte Carlo Simulation



methods. Two different criteria will be used to determine network failure. These

criteria are:
e node disconnection
o inadequate pressure or flow levels at the demand nodes in the network

In the next chapter a detailed review is given of approaches taken to the design

of optimally reliable water supply systems, in the literature.



Chapter 2

Literature Review

This review is divided into four sections representing the four different types of re-
search relevant to the study reported in this thesis. The first area of research is
primarily concerned with the development of models for optimal (least cost) design
of water distribution systems. The second area of research reviewed is primarily
concerned with the application of graph theory concepts to the evaluation of network
reliability. The third area of research is concerned with the use of Monte Carlo simula-
tion to estimate network reliability. The fourth area of research is specifically focused
on the solution (pressure and flow determination) of a hydraulic network which is a

key component of the simulation program used in this study.

2.1 Network Design

Design of optimal water distribution networks, Karmeli et al. (1968).

In this article one of the first linear programming models developed to design op-
timal water distribution systems is presented. The cost function is linearized by using
lengths of pipe of standard diameters as the decision variables. The non-linearities

assoclated with head loss are linearized by noting that, for a specific link of specific
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diameter, the head loss, per unit length, is a constant. Using these assumptions, a
linear programming model to optimize a branched water distribution network with
a single source of supply is developed. No attempt is made to include reliability
cousiderations in the model.

Optimal design and operation of water distribution systems, Shamir
(1974)

In this article a non-linear model to address the optimal design and operation
of water distribution systems is developed. An interesting aspect of the formulation
is the recognition that it is necessary to constrain either pressure head gradients
between nodes or flows between nodes, but not both. The model handles looped
networks as well as branched networks. This model is a significant advance over
the model of Karmeli et al. (1968) because current design practice requires that
urban water supply networks contain loops. However, no specific recognition is made
of reliability considerations and the model suffers from problems inherent in a non-
linear programming approach. These problems include the inability to guarantee
that a global optimum is found, the requirement for manual intervention to prevent
non-convergence of the model and the possibility of a large computational burden to
produce a solution.

Design of optimal water distribution systems, Alperovits and Shamir (1977)

In this article several improvements are made relative to the model previously
proposed by the second author. Rather than using a non-linear programming model
to solve the water distribution system design problem, an iterative approach using a
linear programming model at each step is employed. In the model flows are assumed
to be fixed for each step (solution of the linear program). These flows are adjusted
by adjusting the flows in the pipes on the basis of the gradient of the network cost

with respect to the flows. This model was a landmark in the methodology and has



become a standard for the solution of the water distribution network design problem
i which loops exist and for which network reliability considerations are recognised
only by ensuring that loops exist in the network.

The authors recognized this Hmitation explicitly and called for a more intrinsic
definition of system reliability than the requirement that the network contain redun-
dancy 1 the form of loops. Such a definition of an intrinsic and practically applicable
measure of system reliability has not been accomplished to date.

Optimization of looped water distribution systems, Quindry et al. (1981)

In this article another linear programming gradient model is developed to optimize
a water distribution system which contains loops. The approach is similar to that
used by Alperovits and Shamir (1977), the main difference between these two methods
being that the Quindry et al. (1981) model assumes fixed heads and, based on the
assumed heads, solves a linear programming model, for the optimum flows in each
link. After each iteration, the heads are changed in the direction of the gradient of the
cost with respect to the assumed heads. In contrast, Alperovits and Shamir (1977)
assumed flows and modified the heads in the direction of the gradient, with respect
to cost.

The formulation, presented in this article is simpler and has lower computational
requirements than the model used by Alperovits and Shamir (1977). The authors also
recognize that the requirement for redundancy provided by loops in the network is
vague, but do not directly address the issue of the design of optimally reliable water
distribution networks.

It is interesting to note that in the solution to the New York City supply tunnels
problem, the solution found by the Quindry et al. (1981) model, was an implicitly
branched network. All existing pipes in the system were assumed to remain in the

system, with all expansion being concentrated on a spanning tree of the network.



Obtaining layout of water distribution systems, Rowell and Barnes (1982)

In this article the authors develop a two part model to design the layout and size
the elements of a water distribution network. The first part of the model selects a
iree shaped network to provide basic flow to demand nodes. The second part of the
model adds links to form loops in the tree structure. These loops are identified as
those necessary to provide alternate paths from the source node to the demand nodes
in case of primary link failure and system maintenance.

The first part of the model is a non-linear programming model which minimizes
the cost of providing pipes for a branched network subject to linear flow constraints.
The conditions under which the cost function is concave are noted and it is shown
that, for normal operating conditions for water supply systems, the cost function
meets these conditions. Since the model involves minimizing a concave cost function
over a linear set of constraint equations, this model guarantees a globally optimal
solution for the branched network under consideration.

The second part of the model, which generates redundant links, is a general {0-1}
integer programming problem, which minimizes the cost of providing redundant links
subject to the requirement that the flow capacity of the redundant links is greater
than a specified minimum value. The authors note that, in general, this approach
does not provide an optimal design for the total network.

This two part model is of interest because it is the first model in the literature to
partition the design of water supply networks into two parts and to use the output of
the first part of the model as input to the second part. It should be noted that the
assumption implicit in this approach is that the provision of at least two independent
paths to each node ensures sufficient reliability for the network.

In addition, a constant hydraulic gradient is assumed for all links in the network.

Goulter and Morgan (1984) identified this as a problem in maintaining hydraulic



consistency in this model.

Discussion of ’Obtaining layout of water distribution systems’ by Rowell
and Barnes, Goulter and Morgan (1984)

In this discussion paper the authors point out that the assumption of Rowell and
Barnes that the head loss gradient is constant is only reasonable in a tree shaped net-
work. In a looped network hydraulic consistency requires that the head loss between
two points have the same value, regardless of path. If paths are of different lengths,
the head loss gradient must vary across the network.

A feedback mechanism, connecting the two parts of the model, is suggested to
ensure that the model better represents the actual conditions that would be present
in a functioning system. It should be noted that such a feedback mechanism implies
that the two parts of the model would be iterative in nature. This would impose a
larger computational burden than that reported by Rowell and Barnes (1982).

An integrated approach to the layout and design of water distribution
networks, Goulter and Morgan (1985)

In this article the design of water distribution networks is again separated into
two sub-problems: network layout and pipe sizing. A linear programming model (a
pressure head model) based on assumed flow patterns is proposed to solve the pipe
sizing problem. Another linear programming model is proposed to solve the layout
problem (the layout model) based on assumed pressure heads. Initially, pressure
heads are assumed for the layout model. The output of the layout model includes
generated flows, based on the assumed pressure heads. These flows are used as input
to the pressure head model. The pressure head model, in turn, generates revised
pressure heads. This iterative procedure is repeated until a satisfactory design is
achieved.

This design method equates network reliability with the existence of redundant



paths (loops) to each node. The model attempts to force redundant paths into net-
works designed by this model by means of a condition which guarantees that two
links are incident on each node. The authors note that this condition is insufficient to
guarantee true redundancy. Visual inspection of the network is required to detect the
existence of ‘non-redundancies’ in the network that this reliability condition fails to
preclude. Such ‘non-redundancies’ includes no true alternative pathway from a source
to a demand point. In addition, manual intervention, which can be automated, is
necessary between successive ruus, of each model, to ensure that reliability conditions
are being met.

Quantitative approaches to reliability assessment in pipe networks,
Goulter and Coals (1986)

This paper contains a general discussion of reliability criteria for water distribu-
tion networks. Network reliability is designed as the probability of the network being
able to supply sufficient flow at the required pressure to all nodes in the network. The
paper recognizes that both the network layout and the component reliabilities con-
tribute to network reliability. Specifically, it is recognized that a single pipe which has
a very low probability of failure might provide a higher level of reliability than several
less reliable pipes connected in parallel. The separation of component reliability from
layout reliability is a key component of the model presented in this thesis.

In addition, two methods of designing an optimal water distribution system under
reliability constraints are proposed. The first method used a node isolation approach.
In this approach the probability that all links connecting a node to the network
are broken is used as a measure of reliability. This measure of reliability is non-
conservative because it is possible to isolate a node from the network by breaking
links that are not directly connected to the node. In this sense this model uses a

proxy for reliability rather than measuring reliablity directly.
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The second model uses a goal programming approach based on minimizing the
differences in reliabilities of pipes connected to each node. It should be noted that
this approach does not explicitly take into account component reliability and as in
the previous method is non-conservative because only links directly connected to a
node are included iu the goal programming formulation. In effect, this model uses a
proxy measure for layout reliability.

This article is interesting because it proposes a clear definition of network reliabil-
ity. There are problems, however, in the application of both reliability proxies, such
as those in this study, because none of them can guarantee that a network design will
work with a given probability level.

Optimal urban water distribution design, Morgan and Goulter (1985)

In this article a heuristic, iterative model for the design of urban water distribution
networks is presented. A linear programming model is used to determine the optimal
links in a network in which to change pipe diameters. The Hardy-Cross method is
used then to check for hydraulic consistency. A linear weighting algorithm is used to
decide which pipes are to be eliminated from the network after each iteration.

This article is interesting because it is the first article in the literature to dis-
tinguish between network reliability and the design of looped networks. The model
developed does not explicitly include constraints to enforce any reliability proxy. In-
stead, redundancy is forced by the consideration of a large number of test cases (load
patterns). These test cases included normal usage demands at all nodes, except one,
and the worst possible pipe break, combined with the demand for the simultaneous
provision of fire flow volumes at the remaining node. One test case was specified for
each demand node. The use of a large number of test load cases to force redundancy
into the network, is a useful extension to the concept that network reliability is es-

sentially the ability to provide for all required demands at all nodes of the network
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when a component in the network, for example a pipe, is broken.

The method proposed in this article is heuristic in nature and, hence, does not
guarantee a globally optimal solution. Again because this method determines network
reliability qualitatively, rather than numerically, the results produced by this model
are not directly comparable to other results produced by other models.

Reliability-based optimization model for water distribution systems, Su
et al. (1987)

In this article a three part model is proposed to analyze and design optimally
reliable water supply systems. The model components are an optimization model, a
system simulation model, and a system reliability model.

System reliability is calculated using the minimum cut-set method in which cut-
sets are limited to the simultaneous failure of two links. Every possible two link
cut-set is tested by removing a pipe from the system and testing the resulting system
using KYPIPE (Wood, 1980), a water distribution system simulation model to test
for inadequate pressure heads. If inadequate pressure heads are found at any demand
node, then a system failure has been identified. When all single pipes have been
checked in this way, combinations of two pipes are checked.

The optimization model uses the generalized reduced gradient method GRG2 to
solve and optimize the pipe network. Problems were encountered in defining the
gradient of maximum improvement in system reliability. No analytical method was
able to be formulated to compute this gradient. A numerical scheme was developed
that perturbs each decision variable individually and computes the objective function
and constraints for the perturbed values and then calculates the required gradients.

This model was run on two example distribution systems. The first system had 14
links and 1 loop. The execution time required to solve this system was 1157 seconds

on a dual CDC cyber 170/750 mainframe. The second system had 3 additional pipes
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and 4 loops. Execution time jumped to 200.5 minutes (12,030 seconds). The above
discussion makes it clear that this model is computationally intensive to an extreme
degree and that it becomes very much more computationally intensive as system size,
and, in particular, the number of loops (redundant paths), increases to realistic levels.

The computational intensity of this model is partially due to the non-linear pro-
gramming model used to optimize the system and to the large number of removal
sets that had to be tested for each iteration despite the arbitrary limit of two for
the cut-set size. The lack of an analytical method to determine the gradient of re-
hability with respect to network flows is another factor which added greatly to the
computational burden associated with this method.

This article is interesting because it confirms graph theoretical results that the
reliability problem is computationally intensive. These graph theoretic issues are
discussed in more detail in Section 2.2. It is also interesting,however, to note that
very little difference in reliability was found when reliability was tested using single
link cut sets, as opposed to two link cut sets. This result corresponds well with
the result obtained by Jacobs and Goulter (1991), that for small networks, a cut-set
size of 1 is sufficient to achieve a good estimate of reliability if links are assumed
to fail independently. The idea of using preset pressure heads and flows as design
criteria also provides a clear and measurable criterion for system failure. The use
of a hydraulic network solver program to test for system failure provided a feasible
method to determine the applicability of this criterion for system failure.

A modified linear programming gradient method for optimal design of
looped water distribution networks, Fujiwara et al. (1987)

In this article an iterative linear programming model to optimize the design of
a looped water supply network based only on cost considerations is presented. The

basic linear programming model is similar to that used in Morgan and Goulter (1985)
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and was originally presented in Alperovits and Shamir (1977). A formal expression
1s identified for the gradient of the cost function with respect to changes in flow
along each flow path. The computational efficiency of the original Alperovits and
Shamir (1977) model is improved by using backtracking and quasi-Newton search
and convergence methods, rather than the steepest gradient method.

The authors found a lower cost solution to the problem originally solved by Alper-
ovits and Shamir (1977). They also found that the solution is quite sensitive to search
step size and starting solution. It was speculated that the solution cost function has
many local optima within close proximity to each other.

Despite the inclusion of loops in the water supply systems modeled, no attempt
is made to specifically include network reliability in the model. Given the difficulties
encountered by Su et al. (1987) in determining a gradient function for cost of a
system with respect to system reliability, it seems doubtful that the method could,
by itself, be generalized to handle reliability constraints. The method does, however,
have promise as part of an iterative approach to solving the reliability problem.

Battle of the network models: epilogue, Walski et al. (1987)

In this article a representative water distribution network design problem was
solved by six groups each using their own model. All solutions were found to be
close in cost. The most interesting aspect of this article from the point of view of
the problem examined in this thesis, is that it was impossible to declare a ‘winner’ in
the contest. It was suggested that the costs of the solutions generated by all models
are similar and that differences were mainly attributable to the location of storage
tanks. Interestingly, the most expensive solution was, in fact, that having the greatest
storage which has the implication of the solution being the most reliable system.

No attempt was made to evaluate the relative reliability of the solutions. However,

the desirability of having a more precise definition of reliability requirements that
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would make the results of optimization models more meaningful was recognized.

Network reliability for water distribution system management Quimpo
and Shamsi (1990)

In this article an interesting graphic heuristic to aid in decision making concerning
network reliability is proposed. The graphic is based on the S-T (source to terminal)
connectivity measure of reliability. The S-T measure determines the probability that
a given node is connected to the source node. In this paper the S-T reliability is
calculated for all demand-source node combinations in the network. The reliabilities
are plotted for all nodes and lines of equal probability are drawn based on the nodal
reliabilities. The resulting plot can then be used to identify areas of the network in
which reliability targets are not met.

The paper uses inclusion-exclusion formulas to estimate network reliability. It
should be noted that in the worst case the use of these formulas requires the evaluation
of an exponential number of terms with respect to the number of components in the
network. Consequently, truncation of the series, when a required level of accuracy
is reached is suggested. No method is given to determine the number of terms that
are required to reach the required level of accuracy. The paper does not adequately
address this issue. In this thesis, for conditions in the City of Winnipeg, it is shown
that two or at most three simultaneous breaks need be considered to adequately
estimate reliability.

In addition, it should be noted that the method does not explicitly calculate or
estimate network reliability. If two alternate designs for a network are considered it is
possible that some parts of the network might have higher levels of reliability under
the first design, while other parts of the network have higher levels of reliability under
the second design. This limitation can lead to difficulties in the comparison of the

reliability of alternate system designs.



An important aspect of this article from the point of view of this thesis is that it
recognizes that network reliability is influenced both by the reliability of individual
network components and the layout of those components.

Computerized evaluation of water-supply reliability Shamsi (1990)

In this paper a more detailed explanation of the technique proposed in Quimpo
and Shamsi (1990) is given. Detailed explanations of the computer programming and
graph theory techniques necessary to employ this method are provided. A three-
dimensional plot of reliability versus geographical position is again drawn.

The component reliabilities are calculated using the inclusion-exclusion formulae
for either pathsets or cutsets. In general, both of these formulas have an exponential
number of terms, with respect to the number of pipes in the network. It is noted
that in systems with low reliability components the minimal pathset analysis may
not satisfy the accuracy criterion and full enumeration of all terms may be required.

In summary, the graphical technique presented in this article is interesting, but it
does not address any of the difficult computational problems pertaining to reliability
calculations that have been previously raised in the literature.

Reliability-Based Distribution System Maintenance Quimpo and Shamsi
(1991)

In this paper the technique described in Quimpo and Shamsi (1990) and Shamsi
(1990) is extended and refined. The technique is applied to several networks including
two real networks, the Braddock Water Authority in Pennsylvania and the City of
Norwich in New York. The City of Norwich network is relatively large containing
126 nodes, 192 arcs, and 25 loops. The technique was applied successfully to create
a reliability swiface for this network. It should, however, be noted that for this
network the ratio of loops to arcs is relatively low as compared to the Walski et al.

(1987) network. The ratios are 0.13 for the City of Norwich network versus 0.49
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for the Walski et al. (1987) network. It is possible that the low ratio of loops to
arcs found in the City of Norwich network could enhance effectiveness of the series-
parallel reducitons used to reduce the complexity of calculating network reliability.
More work is required to determine the effect of increasing the loop to arc ratio on the
computational effort required to implement the procedure presented in this paper. It
is impossible to compare the computational effort, required to implement the method
presented in the paper with other methods presented in the literature because the
computational eflort required is not presented.

The paper recognized the importance of pipe material, pipe age, and pipe diameter
in predicting component reliability but assumed the component reliabilities. The
existence of failure history data was noted, but such failure history data were not used
to calculate component reliabilities. The procedure proposed in this thesis makes
explicit use of these historical data base parameters to predict component failure
probabilities.

Problems with the use of connectivity as a criteria for network failure are also rec-
ognized. The possibility that component failures might result in inadequate pressure
or flow levels without disconnecting the network is recognized. This weakness in the
model presented in the paper is identified as an area for future research. It should be
noted that this thesis introduces techniques to use hydraulic adequacy, namely, the
provision of adequate flow and pressure levels in the network, as the failure criterion.

This paper is especially interesting because of the clear decomposition of network
relibility into component reliability and network topology. This concept forms the
basis of the formal decomposition used in this thesis to estimate network reliability.

Predictive model and reliability analysis for water distribution systems
Wu and Quimpo (1992)

In this paper the methods presented in Quimpo and Shamsi (1990), Shamsi (1990),
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and Quimpo and Shamsi (1991) are extended. The use of a proportional hazards mod-
el is suggested to predict component reliabilities. Details concerning the application
of the proportional hazards model are not provided in the paper. Furthermore in the
case study presented the proportional hazards model is not applied and values for
component reliabilities are assumed.

Three types of reductions are employed to reduce the computational effort re-
quired to calculate reliability. These reductions are series reductions, parallel reduc-
tions, and type 1 polygon-to-chain reductions. An important innovation is the use
of these reductions to calculate both expected probability of failure and capacity for
reduced links. The paper claims that the use of these reductions removes the reliabil-
ity problem from the NP-hard class. This claim is false for general networks because
all networks are not completely reducible using the reductions given in this paper.
When all possible reductions have been made, an unreduced portion of the network
may remain. If this situation occurs, the paper suggests using the factoring theorem
to further reduce the network. In the worst case employment of the factoring theorem
requires 21 operations (n = the number of links in the network).

Despite these theoretical problems the use of the type 1 polygon-to-chain reduction
is valuable because it allows reduction of some networks that can not be reduced
using series or parallel reductions. In addition, the calculation of expected reduced
link capacities makes it possible to use adequacy of flow as a failure criterion. The
paper shows that reliability calculated using adequacy of flow as the failure criterion
is always less than or equal to reliability calculated using connectivity as the failure
criterion for a small sample network. This result suggests that the use of connectivity
as a failure condition is non-conservative. The paper does not attempt to use adequacy

of pressure as a failure criterion and all reliability calculations are related to the

problem of source to terminal connectivity.
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2.2 Graph Theory

Matroids and a reliability analysis problem, Ball and Nemhauser (1979).

In this article reachability is defined as the probability that all demand nodes are
connected to a single source node. The reachability problem is formulated in terms of
stochastic coherent binary systems. The basic building blocks of a stochastic coherent
binary system, in the reliability context, are tuples of the form = (S}, S%,...., Su).
Each 5; corresponds to a component of the system under consideration and can take
on one of two values, depending on whether the component is working or not. The
system failure set is then defined as the set of tuples that cause the system to fail.
Uniform probabilities of failure are assumed for all system components. A binomial
model 1s defined to evaluate these probabilities.

The anthors show that the calculations required by this model are exponential,
with respect to the number of components in the system. A method is then presented
to decompose the system to process larger groups of tuples at a time and thus reduce
the computational burden. While the method does reduce computations somewhat,
the number of computations required still increases exponentially with system size.

A recursive algorithm for finding reliability measures related to the
connection of nodes in a graph, Buzacott (1980)

In this article a recursive algorithm is presented to calculate the reliability of a
network, with known probabilities of failure for each link. The algorithin works by
recursively decomposing the network into subsets. This algorithm appears to be the
fastest of the methods for solving the reachability problem that have appeared in the
literature. The computational requirements are of the order 3* — I where n is the
number of links in the network and are demonstrated in the article only for undirected
networks .

The article also contains a summary of the approaches taken to solving the reach-
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ability problem and the associated computational requirements.

The complexity of network reliability computations, Ball {1980)

In this article a number of reliability analysis problems are examined to determine
the computational burden associated with their solution. Of particular interest for
this study is the reachability problem for networks with nodes that can fail. This case
considers the connection of a source node to all other nodes of the network. Since the
basic (necessary but not sufficient) criterion for urban water supply network reliability
is that all demand nodes are still connected to at least one source node when one or
more links have failed, reachability appears to be the most appropriate model to use
in evaluation of water supply network reliability.

It was found that the reachability problem with unreliable nodes is NP-hard.
In other words, the number of computations required to solve the reliability problem
increases exponentially with the number of links and nodes in the network. In essence,
the paper shows that, while these problems are soluble, the computational burden of
solving them is excessive for all but trivially small problems.

Series-parallel reduction for difficult measures of network reliability,
Rosenthal (1981)

The previous articles from graph theory, in particular Ball (1980), show that,
in the general case, the calculation of network reliability is NP-hard. This article
presents the series-parallel method for the reduction of the calculations required to
determine network reliability.

The reliability problem is presented as a network problem in which the links of a
network G can be working or not working. The probability of the network working is
then presented as the product of the probabilities that each link necessary to perform
a specific task is working. It should be noted that this method assumes that link

failure probabilities are independent of each other.
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The method works by decomposing the network into subsets. These subsets are
treated as complex edges in a summarized network. A complex edge is an edge that
has more than two possible states. More than two possible states can occur in a
complex edge because each link in the subset represented by the complex edge can be
either working or failed. Each combination of failed and working links then represents
a unique value for the complex edge. For example, consider a subset of a network
that 1s made up of three links in parallel. The possible states in this case are all links
working, all combinations of two links working, the three cases in which only one link
works, and the case in which all links are not working.

These subsets are chosen so that the reliability of each subset can be calculated,
independently of the rest of the network. In general terms the subsets are chosen so

that:
1. subset reliability is calculable,

2. if two subsets, £} and Fy, of the network are chosen then sufficient information

must be stored about these subsets to calculate the reliability of By U E,.

3. the reliability of a new network that treats the subsets as complex edges can be

calculated without reference to the original network.

The effect of partitioning a network according to the above criteria is to simplify
the calculation of network reliability by replacing subsets of the original network con-
taining multiple links and nodes, with corresponding complex edges, each containing
a single link and two nodes. It should be noted that it is not always possible to
partition a network according to the above conditions.

Two specific methods by which networks can be partitioned in accordance with the
above conditions are presented. These are series reductions and parallel reductions.

A series reduction replaces several links connected, in series, with a single complex

21



edge (See Fig. 2.1). A parallel reduction replaces two disjoint paths with common

source and terminal nodes with a complex edge (See Fig. 2.2).

MNetwork after series reduction

Figure 2.1: Example of a Series Reduction
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Network before parallel reduction

& @

Metwork after parallel reduction

Figure 2.2: Example of a Parallel Reduction

By successive applications of this method it is possible to simplify a network to

make the reliability calculation more tractable. It is noted, however, that it is possible
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to exhaust all possibilities for simplifications before the network has been reduced to
a state for which reliability is easily calculable. A number of papers in the literature,
e.g., Shamsi (1990), Quimpo and Shamsi (1990), Quimpo and Shamsi (1991), and
Awumah and Goulter (1991), have applied series and parallel reductions to calculate
network reliability.

In addition to the above analytical methods of estimating reliability, the paper
examines conditions under which the running time for Monte-Carlo simulation of
networks necessary for ‘good’ estimation of network reliability will grow only linearly

with network size. These conditions are:

L. the run time to analyze a single sample network is linear with respect to the

network size.

2. the variance of the reliability estimator remains unchanged as network size

Imcreases.

It should be noted that methods commonly used to evaluate flows in water supply
networks, e. g., the Hardy-Cross method do not have running times that are linear
with respect to network size. Rather, these evaluation methods have running times
that increase with the square of network size.

The second condition follows from the definition of the variance of an independent
sample. If the variance of a random variable X for a single sample is S.,; then the
variance of the mean X for n independent samples is Ses/n. Thus, if the variance
of the random variable remains constant, as network size increases the number of
simulation runs necessary to reduce the variance to a given level also remains constant.
No results were presented showing how the variance of network reliability changes with

network size.
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Furthermore, no results are presented under which these conditions would hold
true. However, several results are presented which show that series-parallel reductions
reduce the variance of reliability estimators.

Combinatorial properties of directed graphs useful in computing net-
work reliability, Satyanarayana and Hagstrom, (1981)

In this article the network reliability problem is again presented in terms of the
reachability problem. In this formulation one node is designated as the source and all
the other nodes are demand nodes with directed flow from the source to the terminal
nodes. The actual method to evaluate network reliability presented in this article is
not of interest because it requires the enumeration of all acyclic spanning t-subgraphs
of the graph. This task requires on the order of (n — 1)! operations, where n is the
number of nodes in the network.

However, the basic approach, which is to apply the inclusion-exclusion probability
theorem to the calculation of reachability, is of interest. This theorem calculates the
probability of a union of n events as the sum of the intersections of the events taken

successively 1,2,...,n at a time. The formula to determine this probability is:

T

P(UA) = (P(A) -

i=1

S(P(A N A7) -+ (2.1)

where

o A; is the event that spanning tree ¢ is working
e UA; is the union of all possible A4;

e P() is the probability that an event occurs

In this form, the inclusion-exclusion theorem is not very useful because it is based
on spanning trees. Further articles, reviewed below, consider more useful formulations

of this equation.
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Network reliability and the factoring theorem, Satyanarayana and Chang
(1983)

In this article the concept of the domination of a graph, presented in the previous
article (Satyanarayana and Hagstrom, 1981}, is extended and combined with a method
of factoring a graph, to produce a recursive algorithm for the calculation of network
reliability. As this algorithm also requires on the order of (n — 1)! calculations, where
n is the number of vertices, the algorithm is of litile practical significance.

However, once again this article is chiefly of interest because the inclusion-
exclusion theorem is presented and reviewed for applicability for both success sets
and failure sets. The observation is made that a success set is a minimum spanning
tree and that, conversely, a failure set does not contain such a spanning tree. Both
formulations are found to require an exponential number of calculations, with respect
to the network size to determine reliability. The formulation of the theorem based on

the failure sets version, which is the basis of the work in this thesis, is:

P(S) = P(S) 4+ P(S1NSy) + -+

((5'1 N 5'2 + -+ 5’?1—1) N ‘S’ﬂ.) (22)

where 5; is the event that a spanning tree is connected.

While in the general case the use of Eq. 2.2 requires an exponential number
of calculations for the calculation of reliability, the formula has a deceptively simple
advantage for the estimation of reliability. This advantage is that it orders failure sets
by the number of elements in the failure set. As a general rule, all other things being
equal, the more system components that must fail for a failure event to occur, the less
likely the event is to occur. This general rule is useful in applying Eq. 2.2 to estimate
rather than calculate reliability because estimation techniques reduce the number of
required calculations by leaving terms out of the above expression. Consequently,

it can be expected that a good method for the estimation of reliability is simply
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to truncate the above formula after a sufficient number of terms, N,,.., have been
calculated.

An impediment to the application of Eq. 2.2 has been the inability to determine
the error associated with truncating the series to N, terms. One of the signicant
contributions of this thesis is to show that historical break frequency data for urban
water distribution systems can be used to limit N,,,, to a reasonable number of terms.
In addition, methods to estimate the error introduced by limiting the size of N,a
are demonstrated in this thesis.

Calculating bounds on reachability and connectedness in stochastic net-
works, Ball and Provan (1983)

In the article computational procedures are presented for the calculation of bounds
on reachability, (defined as the probability of all nodes in a connected network being
connected to the source node.) These bounds are presented as polynomials in p where
p is the common failure probability for all network links. It is assumed that the link
failure probability p is known with certainty. The basic form of polynomial that is

used to calculate reliability of a network is:

9(G,s;p) = ijpj(l —p)"_j (2.3)
=0

where f; i1s the number of sets of arcs, of cardinality j, whose complements contain
a spanning tree, of the network &, rooted at source node s.

It should be noted that this polynomial in the probability of link failure is similar
to the one used by Ball and Nemhauser (1979), where the reachability problem is
formulated as a stochastic coherent binary system. The upper and lower bounds
for reliability are expressed as polynomials based on f;. The polynomials are the
best general method of calculating network reliability for the case in which links fail

independently and have an equal probability of failure. These polynomials are quite
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complex and use a number of symbols not found elsewhere in the literature. These
definitions are necessary to make the polynomials used to bound system reliability
understandable. Consider the k-canonical representation of a non-negative integer m

as given by:

m = C(mg, k) + Clmg_1, kb — 1) 4+ - + C(my, 1) (2.4)
where

® Mp > My > ...>my>1>1

e C(m,k) is the number of combinations of m things taken k at a time.

The m; are chosen successively, such that

k
m; = maz(z : C(a,i) <m — Z Clmj, 7)) (2.5)
J=i+1

The paper claims that the k-canonical representation always exists and is unique.
Before defining the bounding polynomials, the paper defines the upper and lower
pseudopowers of an integer sequence. For an integer sequence (my, ..., my), k> > 1,

and any ¢ > k define the (i,k)th lower pseudopower of (my,...,m;) to be

milk = (mp, -, 77zg)i/k = C(mp,2) + C(mp_1,i— 1) +
o+ Clmpy i —k+ 1) (2.6)
where z/k denotes the lower pseudo power. Note the role played by the integers i

and k in the series in Eq. 2.6.

and the (i,k)th upper pseudopower of (my,...,m) to be
m <> (g, - - ,m;)‘(i/k> = C(my — k+1,7) +
Clmprpnt— D4+ Clmy—k 44,0~k +1) (2.7)
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where

o < i/k > denotes the upper psendopower. Again note the role played by the

integers 1 and k in the series Eq. 2.7,

The (i,k}th lower and upper pseudopowers, for an integer m, are then defined as the
pseudopowers of the k-canonical representation of m. The lower and upper pseu-
dopowers of m are written as m/* and m</*> respectively.

Polynomial expressions in p are then presented for the upper and lower bounds

on network reliability. The formula for the lower bound ¢L(G, s;p) is:

k
gL(G sy p) = Zfz-p"(l —p)" Tt
j==0
d '/d - .
Z fp(l—p)y (2.8)
i=k+1

The formula for the upper bound on network reliability gU(G,s;p) is:

S =y (2.9)
where
e fi, G,s,p are as defined previously
e d=n—qg+1,
e n = number of links in the network

e ¢ = number of nodes in the network
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[t is shown that for important classes of graphs it is possible to calculate bounds
on reachability in polynomial time. These classes of graphs include acyclic directed
graphs and planar graphs. The case of planar graphs is of particular interest to this
study because water supply networks can be successfully modeled as planar networks.

It can be seen that the width of the calculated bounds on reliability are dependent
on the failure probability p. For values of p that are less than 0.01 the bounds are quite
narrow, on the order of .01. Ior higher failure probabilities, greater than 3-4%, the
width of the bounds can be as great as 0.2. This large range in the reliability bounds
limits the practical usefulness of this method for networks with high component failure
probabilities. In addition, the assumptions that the probability of failure is known
and equal for all links is highly unrealistic. As a result, this article is chiefly of interest
because it gives an indication of the trade-off necessary to determine the probability
of network failure exactly versus the use of estimation techniques to approximate it.
The paper is encouraging in that it indicates that it is possible to approximate, even
if roughly, reliability in a polynomial number of operations for the class of planar
graphs.

A survey of network reliability and domination theory, Agrawal and Bar-
low (1984)

This article surveys the computational complexity of various methods of calcu-
lating network reliability and applies domination theory to series-parallel reducible
graphs. The authors note that in the general case this problem is NP-hard. NP-hard
problems are distinguished in this article as being harder than NP-complete prob-
Jems. An NP-complete problem with n basic elements, e.g., n nodes or links, has the

properties that

1. the number of operations to solve it is greater than the number of operations

in any polynomial in n
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2. the solution can be checked in a polynomial number of operations.

The computation time to solve NP-complete problems increases very rapidly with
problem size. An NP-hard problem conforms to property 1, but has the additional
feature that the solution (reliability) cannot be checked without solving it. The
paper points out that the network reliability problem is NP-hard. This observation is
important from a modelling point of view because most reliability based optimization
design techniques for water distribution network design require that the change in
reliability with respect to a decision variable be determined. Previous work, e.g. Su
et al., (1987) approximated the change in reliability with respect to network cost
by evaluating network reliability many times. As calculating network reliability for
NP-hard problems even once is computationally impracticable, calculating it many
times at each iteration of the design process to determine the gradient, is essentially
impossible.

The solution methods discussed in the paper are the inclusion-exclusion method,
the sum of disjoint products, and factoring. In light of the previous discussion, all of
the methods presented can be expected to require excessive numbers of calculations
in the general case. The paper does show that pivotal decomposition can be used
to calculate reliability for series-parallel reducible graphs in polynomial time. This
class of graphs is slightly more general than previously known classes of graphs, for
which reliability can be calculated in only polynomial time. The class of graphs is
not, however, generally applicable to water supply problems because any network
that has three or more links intersecting at any interior node cannot be completely
reduced,

Evaluation of methods for decomposition of water distribution networks
for reliability analysis, Jacobs and Goulter (1988)

This article reviews previous work on the design of reliable water distribution
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networks with a view toward the application of graph theory to the specific problem
of water distribution networks. Review of the methods of directly calculating network
reliability resulted in the conclusion that all such methods are impractical because of
excessive computational requirements.

Methods of reducing calculations, based on empirically derived filtering tech-
niques, were also reviewed. In particular, the method of N-k cuts was discussed.
In this method, it is assumed that cut sets are limited to a size less than or equal
to k. A number of examples were presented to demonstrate the inadequacy of this
method, when k is chosen arbitrarily. Other methods based on filtering techniques
examine the use of total head loss and head loss gradient, to eliminate paths from con-
sideration in reliability calculations. It was found that these methods did not reduce
the required number of calculations sufficiently to make the problem computationally
feasible.

In addition, a number of heuristic methods for the calculation of network reliability
were discussed. These heuristics included node based measures that require a specific
number of edges to be incident on each node to prevent the isolation of the node. The
main disadvantage identified for these measures was that, even for small networks, the
heuristics tend to overestimate network reliability. No heuristic methods that took
the relative importance of links or nodes in the network into account were identified.

Finally, a theoretically optimally reliable network configuration for undirected
graphs with links having equal cost and reliability was proposed. It was hypothesized
that this optimally reliable configuration could provide a model or target (upper
bound) for an optimally reliable water supply network, without the necessity of having
to calculate network reliability explicitly.

Optimization of redundancy in water distribution networks using graph

theoretic principles, Jacobs and Goulter (1989)
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In this article the hypothesis that the optimally reliable network configuration
concept introduced in Jacobs and Goulter(1988) could be used to design optimally
reliable water supply networks was tested using an integer goal programming model.
The mode] attempted to make the degree of each node equal, a condition necessary
for a network to have an optimally reliable configuration. Manual intervention was
required in the model to eliminate weaknesses such as disconnections, bridges, ar-
ticulation nodes, and implicit bridges and articulation nodes that this definition of
regularity did not preclude.

It was possible to design networks that looked reasonable using this model by mak-
ing several runs to eliminate the above weaknesses. These designs had the advantage
that redundancy was an integral part of the design.

One weakness of the model was that it does not differentiate between areas of the
network. All areas of the designs have the same relative density of links. Efforts to get
the model to differentiate between nodes by weighting them were not successful. It
was concluded that the importance of a node to the overall network is in large part due
to demands of downstream nodes rather than demand at the node. This conclusion
suggests that the assumption that a water supply network can be adequately modeled
as an undirected graph is invalid. This is not a particularly restrictive issue as the
direction of flow in each pipe can be uniquely determined for a given set of pipe
sizes and nodal demands. However, it does imply that water supply networks must
be modeled as directed networks. However, because the flow in many of the pipes
in such a network is reversible, under small perturbations in flow or hydraulic head,
provision for flow in both directions is necessary.

Problems were also encountered in terms of the computational effort required for
this model. One run failed after 25,000 iterations of the branch and bound technique

used to solve the integer program. This difficulty suggests that, in the worst case,
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the computational requirements for this method are excessive.

Estimation of maximum cutset size for water network failure, Jacobs and
Goulter (1991)

In the article a method to estimate network reliability, using the cut set method
is developed. It has been shown that the calculation of network reliability is NP-
hard using cut sets. Current engineering practice, however, uses cut sets of size
one (Endrenyi, 1978). The basis of this practice is that cut sets containing multiple
elements are improbable.

The approach involved the calculation of network reliability is decomposed into
the determination of the probability of a given number (k) of simultaneous pipe
failures and the probability of network failure, given that k pipes have failed. The
probability of k simultaneous failures, used in the demonstration of the procedure,
was estimated from the City of Winnipeg pipe break data base, using 10 years of
data. In assessing the likelihood of simultancous failures the procedure assumes that
all breaks that occurred on the same calendar day were in fact simultaneous. It
was also assumed that all links had the same probability of failure and were equally
reliable. The probability of failure, given k simultaneous breaks, was estimated for the
network of Morgan and Goulter (1985) using a simulation program.

Regression was performed on the distribution of k=1, 2, 3 etc. breaks for the
City of Winnipeg to estimate the probability of that number of breaks occurring for a
network the same size as the one presented in Morgan and Goulter (1985). It should
be noted that this method of scaling down from the City of Winnipeg’s network, to
the one presented in Morgan and Goulter (1985), assumes that breaks are evenly
distributed throughout the network. Since failures are known to be clustered in time
and space, further study is required to scale k more accurately with system size.

The methodology presented in the paper appears to be quite promising as a
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method of limiting the required calculations, for the determination of network re-
liability. However, many limiting assumptions were made and these require further
development.

Spatial and temporal groupings of water main pipe breakage in Win-
nipeg Goulter and Kazemi (1988)

The results shown in Jacobs and Goulter (1991) demonstrate that the pipe failure
rate and pattern specific to a given location can be useful information in determining
the reliability of pipe network located at that location. In the article, pipe breakage,
specifically, the dependence of the occurrence of pipe breaks on previous pipe breaks,
in the City of Winnipeg, Canada is investigated. A computerized data base containing
break records for the City of Winnipeg from 1975 through 1985 was used in the
analysis. The occurrence of breaks at varying distances and durations from a previous
break are examined. The distances are varied from 0 to 20 meters. The durations are
varied from 0 to 90 days.

The results of the analysis showed that a strong clustering effect exists for pipe
breaks in the City of Winnipeg. The authors found that 22% of all breaks occur
within one meter of another break and 46% of all breaks occur within 20 meters of
another break. In addition, 9% of all breaks occur within 1 day and 1 m of another
break and 42% of all breaks that occur in within 1 m of another break also occur
within 1 day of the initial break.

Shifts in the soil surrounding a break due to water leakage in the vicinity of a
pipe break was suggested as being a cause of the clustering effect. Soil disturbance
necessary to repair a pipe break was also suggested as being a contributing cause to
the subsequent breaks. It was also noted that the pipe breakage rate is higher in
the winter than the summer indicating that exposure of the pipes to extreme cold

temperatures during the winter and early spring might be a cause of subsequent
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breaks. (It is common for winter temperatures in Winnipeg to be in the -20 to -40
degree Celsius range).

No experimental evidence is presented in this paper to substantiate these sugges-
tions. It should also be noted, that while large variations in breakage rates are cited
in this article for pipes of different diameters and made from different materials, no
separation of breakage rates by pipe material and size is made. One of the contribu-
tions of this thesis is to break down failure patterns by pipe diameter, pipe size, and
pipe age. Another weakness of the paper is that no reference is made to the physical
process by which breaks occur, i. e., rusting for cast iron pipes.

Despite these weaknesses, the evidence for the existence of the clustering pattern
described in the paper is quite strong and provides the basis for the modified Poisson

model presented in Chapter 6.

2.3 Estimating reliability: bounding the error

Combining Monte Carlo estimates and bounds for network reliability Nel
and Colbourn (1990)

In this article Monte Carlo simulation is used to estimate the coefficients for the
reliability polynomial presented in Ball and Provan (1983). The reliability calculation
is based on the assumption of a known and equal probability of failure for all links.
In addition, it is assumed that failures are independent events. It should be noted
that in practice the probability of failure of a given link is not known. Similarly, the
assumptions of independence and equiprobable failure are unrealistic for urban water
supply networks. A more complete discussion of the independence issue is given in
Chapter 6. As a result of these limitations, the results presented in this article are
not directly applicable to the urban water supply problem.

This article is a valuable contribution, however, because it recognizes the {rade-



off between estimating reliability and the extreme computational burden necessary
for the exact calculation of reliability. The article also addresses a number of steps
that must followed in using Monte Carlo simulation. These steps are identified as:
determining the sample space, determining required sample size, dividing the sample
space into discrete sub-intervals, and estimating simultaneous confidence limits for
the discrete sub-intervals.

In addition to the problems mentioned previously concerning the applicability of
this method to water supply distribution networks, the method by which the ele-
ments of the sample space are identified is highly dependent on the assumptions of
independence and known equiprobable failure.

The sample events are identified as the set of spanning trees. A key part of the
article is the development of an algorithm to separate a graph into spanning trees.
Ball and Provan (1983) showed that all spanning trees have the same number of
links. This result follows since all spanning trees must have the one link less than
the number of nodes in the network. Since Ball and Provan (1983) assumed all links
have the same probability of failure it follows that under this assumption all spanning
trees must have the same number probability of failure. Therefore, in the case of a
network in which all links have an equal probability of failure, the spanning trees
subdivide the graph into equiprobable subsets. The spanning trees can then be used
as a basic sampling unit in the Monte Carlo simulation. It is difficult to see how
this approach could be generalized to a real network comprised of intermixed pipes
of different sizes, materials, and ages. Of necessity, the spanning trees would contain
pipe which differed in diameter, construction material, and age. As a result the
probability of failure of the different spanning trees would be different, in spite of the
fact that they contain the same number of links. These problems with this method

make it extremely difficult to generalize to more realistic networks.
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However the difficulties found in generalizing the results in the article, highlight
the importance of using an approach to the calculation of reliability which can easily
be generalized to reflect conditions in more realistic networks. In particular, these
real networks have components which do not fail independently and which do not fail
with equal probabilities. It might, in fact, be preferable to use a method of estimat-
ing reliability which is less accurate, but which accurately reflects the properties of
network components, than one which is very accurate but cannot be generalized.

A comparison of four Monte Carlo Methods for estimating the proba-
bilities of s-t connectedness, Fishman (1986)

In this article four Monte Carlo methods are presented for estimating the s-t
(source to terminal) reliability problem. The s-t reliability problem evaluates the
ability of the network to serve a single demand node. Since urban water distribution
networks are generally evaluated for reliability on the basis of whether or not all node
are served adequately the s-t reliability problem is not generally applicable to esti-
mating water supply distribution network reliability. As the reliability problem solved
in the paper is not directly applicable to the evaluation of urban water distribution
networks, the detailed evaluations of the various methods of Monte Carlo simulation
are not applicable to this study.

This article is of interest chiefly because it contains a good basic explanation of
the Monte Carlo process. The paper asserts that the Monte Carlo sampling process
follows a binomial distribution. An estimator of the probability that the network

does not fail, g, is given as:

. 1 K .
hic = =3 ¢(2)] (2.10)
I( L=1
where
e [{ = the number of trials
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o #(x") =1 if network does not fail and 0 otherwise

The variance of hx is then given as:

This particular formulation for the variance of a Monte Carlo simulation package
is used in this thesis.

Modelling and analysis of systems with multimode components and
dependent failures Le and Li (1989)

In this article the authors describe a method of estimating the reliability of a net-
work with components that can operate at several performance levels and in which
failures are not independent. Previously reviewed articles have assumed that failure
events are statistically independent. The paper claims that the assumption of sta-
tistical independence is not realistic because neighbouring components are likely to
be exposed to similar environmental stresses and because several components may
depend on the same common physical resource.

Examples of both of these effects are given for communications networks. It is
not, however, difficult to find ways in which both modes of dependence can apply to
water distribution networks. For example, if a section of pipe is located in an area
where the soil is corrosive or there is a high electrical grounding load, high rates of
rusting in cast iron pipe can be expected. The higher rusting rates can be expected to
contribute to higher failure rates. It can also be expected that neighbouring sections
of pipe are exposed to similar corrosive soils and/or electrical grounding loads. In
addition, if two demand nodes receive water supply from the same source both are
affected if the flow from the source is interrupted. These examples suggest that the

problem examined in the article deals with a realistic problem.
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The approach used to solve the problem is to classify failures by their causes and
assumes that the effects of each cause are measurable, separable, and independent.
These conditions are not fulfilled for water supply systems. Highly corrosive soils and
increased stress caused by soil movements are probably two causes of pipe failures.
The highly corrosive soils can cause small leaks which do not significantly impair the
functioning of the pipe. These small leaks, however, change the moisture balance
in the soil, which can cause the soil to shift. The shifting soil can then cause the
pipe to fail. Since the assumptions used for the method do not fit water distribution
systems, the method is not directly applicable to calculating the reliability of water
distribution systems.

However, the calculation method used in the article is similar to the approach
taken in this thesis. As a result, several issues raised in the article are of interest.
The first issue is the basic form of the expression used to calculate reliability. This

expression Is given as:

R= Y P(sy)R(s1) (2.12)

shEQ
where
o {1} is the set of system states
e s, is the Ath system state

o P(s;) is the probability of s;, occurring

e R(sp) is the reliability measure of the system given that s, occurs
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In general, to calculate reliability exactly, the number of terms in this expression
grows exponentially with system size. As a result, the approach of truncating Eq.
2.12 was proposed. The system states are labelled in order of decreasing probability
and sufficient terms are included in the truncated version of Eq. 2.12 to ensure that
the resulting error is acceptable.

This approach is similar to the one that is presented in Chapter 5 of this the-
sis. Several problems, with the approach as described in the paper should, however,
be recognised. The first is the assumption that when the events s, are labelled so
that their failure probability decreases monotonically, the reliability measure increas-
es monotonically. However, there is no a priori reason to assume that statistically
unlikely events are likely to cause system failure or that highly probable events are
unlikely to cause system failure. ‘Configuration’ of the events as it relates to graph
topology impacts on the likelihood of system, as opposed to individnal component,
failure. A second problem is that the paper does not take into account the uncertain-
ty resulting from the estimation of P(s;) and R(ss). This uncertainty adds to the
difficulty of applying this approach.

Despite the limitations mentioned, the approach to estimating reliability described
in the article, has the advantages of being able to solve a realistic problem in a robust

Tashion.

2.4 Solving a Hydraulic Network

Efficient code for steady-state flows in networks, Epp and Fowler (1970)

The article describes a computer code to set up and solve a hydraulic network using
the Newton-Raphson method. The Newton-Raphson method has the disadvantage
that the initial estimates of flows in each pipe in the network should be close to the

actual or final flows. The paper suggests that the flows in a spanning tree of the

40



network are a good approximation to the actual flows. Unfortunately, the flows in a
spanning tree are not necessarily good approximations to actual flows if a significant
inflow volume originates in overhead storage tanks rather than source pumps. In
addition, setting up the loop equations requires several steps which require extensive
programming effort. These steps include an algorithm to determine natural loops and
to ensure that a near minimum band-width matrix is created when the loop equations
are set up.

For these reasons, the algorithm described in this paper was not used directly in
this thesis. However the paper also presents an algorithm to determine the shortest
path between two points in a network. This algorithm is used to create loop equations
in the simulation program described in Chapter 9.

Hydraulic network analysis using linear theory, Wood and Charles (1972)

In this article a method to solve a hydraulic network based on linear theory is
described. The key to the method is the simple way the equations for the head loss

around a loop are linearized. More specifically each head loss term is written as:
hri = KiQ%5'Q: = KIQ; (2.13)
Where
e hp; = head loss in pipe i

K; = head loss constant

@

o /{{ = head loss constant to be used as a coefficient in the linear equations

e (Jio = estimated flow in pipe i
e ¢ = head loss exponent.
e (); = actual flow in pipe i (unknown)
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Based on this approximation, a linear set of equations can be written to solve a
hydraulic network. Any solution method for a set of linear equations can then be
used to solve the network for new flow values, Q5. The new flow values can then be
used to estimate new values for the constants, K!. The new constants can then be
used to solve the network for new flow values. The process continues until the change
between iterations is less than a minimum tolerance for all flow values.

The advantages of the method are that convergence is insensitive to the choice
of initial link flow values and that convergence is rapid. The only disadvantage of
the method is that it requires more computer memory than the Newton-Raphson
method. This disadvantage is minor for all practical sized networks because of the
rapid increase in available computer memory since the method was developed.

The authors do not cover methods for the inclusion of storage tanks and pumps
in the article. Despite this limitation, the method presented, in this article, forms the
basis for the network solver used in the simulation program developed for this thesis.

Pumps and reservoirs in networks by linear theory, Jeppson and Tavallaee
(1975)

The article extends the work of Wood and Charles (1972) to include pumps and
reservoirs. Reservoirs are handled by creating ‘pseudo-loop’ equations that set the
head loss between two reservoirs equal to the total head loss in pipes that connect
them. The method is incorporated in the simulation program created for this thesis.

Pressure reducing valves in pipe network analysis, Jeppson and Davis
(1976)

The article provides a good summary of the linear theory method for solving
a hydraulic network. It also extends the linear theory method to networks with
pressure reducing valves. The article was primarily used in this thesis because of the

clear explanation of the method used to develop equations to include reservoirs in the
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hydraulic network.
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Chapter 3

Difficulties in the Exact
Calculation of Network Reliability

Several references in the literature have shown on a theoretical basis that the calcula-
tion of reliability is computationally intensive. In particular, Ball (1980) proved that
the calculation of network reliability is in the class of NP-hard, under the simplifying

assumptions that:

1. failure is equivalent to node disconnection
2. links have equal failure probabilities
3. failure events are independent

The proof shows that the number of steps to calculate reliability increases ex-
ponentially with system size. The only way in which an algorithm, for the exact
calculation of reliability in which computational requirements do not increase expo-
nentially with system size, could be found is if a number of other computationally

difficult problems could also be solved in a number of steps that is bounded by a poly-
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nomial function of the problem size. These other computationally difficult problems
include the travelling salesman problem and the satisfiability problem in combina-
torics. No polynomial algorithm for these problems has been found, in spite of more
than 15 years of intensive effort.

A cursory examination shows that the number of calculations can become very
large for even moderately sized networks. For a network with 17 links, approximately
130,000 calculations are required; while for a network with 30 links, approximately
10° calculations are required.

An issue that should be considered, however, is the possibility that, while the
computational requirements to determine system reliability are excessive in the worst
case, these requirements may be reasonable for most networks found in practice. One
way of approaching this question is to consider the types of networks for which the
computational burden to determine reliability is limited to a reasonable effort. The
two types of networks for which the computational burden is limited to a reasonable
level are trees and series-parallel reducible networks.

A typical example of a tree network is shown in Fig. 3.1. The calculation of
network reliability for a tree is straightforward because of the topology of the network.
Specifically, a tree has a unique path, connecting the source node with each node of
the network. For a network with n nodes, reliability can be calculated by calculating
the probability of failure of the path to each node. The network reliability is then

given by:
R=1 —iP(Fi) (3.1)
i=1
where
e [ = system reliability

e P(F;) = probability that the path to the ith node fails
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Figure 3.1: Example of a Tree Networlk

The same network topology, however, makes a tree inherently unreliable. If a
network has only one path, connecting a node to the source node, then the failure
of any link in the network causes at least one node to be disconnected, i.e., network
failure occurs under both connectivity and hydraulic criteria. In addition, the impact
of the network failure increases for the failure of links that are closer to the source
node. For example, in Fig. 3.1, the removal of link 2 would disconnect approximately
one half of the network.

The situation, with respect to series-paralle] reducible networks is somewhat more
complicated. The calculation of reliability, with a reasonable computational effort, for
a series- parallel reducible network involves transformation of the network topology.
Blocks of the network are replaced with single complex links. These links must contain
sufficient information to characterize the reliability characteristics of the blocks they

replace. If the network is series-parallel reducible, the transformed network is reduced
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to a tree. The mechanics of this process are described in Agrawal and Barlow (1984)
who also show that all graphs are not series-parallel reducible.

Fig. 3.2 shows a typical series paralle]l reducible graph. Again, the topology of the
network is instrumental in making the reliability caleulation tractable. The presence
of interior nodes, i.e., nodes not connected directly to either the source (s) or terminal
(t) nodes, is a key determinant of whether the network is series-parallel reducible. It
should be noted that the network in Fig. 3.2 has no interior nodes of degree three
or greater. Any network that has more than three nodes, of at least degree three, is
not series-parallel reducible. After all series-parallel reductions have been performed
for such a network a series-parallel reduced network remains. The computational
effort required to calculate reliability for this reduced network depends on its size. If
the series-parallel reductions have reduced the size of the original network to a small
size, approximately, 10 links or less, then the calculation of reliability is feasible.
On the other hand if the reduced network contains many more than 10 links then
the computational effort to calculate reliability remains excessive despite the series-
parallel reductions.

The topology necessary for a network to be series-parallel reducible can have
adverse effects on the network’s reliability. In particular, efficient design of water
supply distribution networks requires that pipe capacity be reduced with distance
from the source node. The increased capacity, in links near the source node, is
necessary because these links must carry water to supply both the node at the end
of the link and demand nodes, throughout the network. The links that are far from
the source node are designed to carry water to supply only the demand nodes in the
neighbourhood of the links.

The implication of this reduction in capacity is that it is impossible to meet

demand requirements for nodes, located far from the source, by reversing the normal
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Figure 3.2: Example of a Series Parallel Reducible network

direction of flow in the adjacent links. If, in Fig. 3.2, link 4 fails, node 3 is still
connected, but it is quite possible that the connecting pipes do not have sufficient
capacity to fully supply node 3. The addition of links 11 and 12, shown as dashed
lines in Fig. 3.3, would clearly improve the reliability of the network. It should be
noted, however, that the addition of these links would change the topology of the

network, so that it is no longer series-parallel reducible.

3.1 Comments

The previous examples suggest that although not as forbidding as general theoreti-
cal analysis would suggest the problem for realistic networks is still too large to be
calculated with reasonable effort. Conversely, it is often the case for large networks
that, if the network is designed so that reliability can be calculated with a reasonable
effort then the network does not have sufficient reliability. Furthermore, the above
examples assumed highly simplified failure criteria and failure mechanisms. However,
water supply systems can fail by providing insufficient flow or pressure while all nodes

are connected. In addition, experience shows that pipe failures are not independent
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that that failure likelihoods are not uniform throughout the network.

The above problems with the exact calculation of network reliability justify the
exploration of sampling methods to approximate reliability rather than calculating
it exactly. In this way that the computational burden associated with calculation of
reliability can be reduced to reasonable levels for quite large networks. The use of
estimation techniques is especially justified if as will be shown the estimation methods
can be used to relax the assumptions concerning failure mechanisms and likelihoods.
The opportunity to relax these assumptions would make the reliability estimates far

more useful.

3.2 Use of Conditional Probability

The basis of the method used to approximate network reliability is the general mul-
tiplication rule of the theory of probability. This rule states the probability that a

pipe failure event causes a network failure as follows:
P(ENF)y=P(E)P(F | E) (3.2)
where
e F'is the event that the network fails
e I/ is the event that a set of pipes in the network fails
e P() is the probability function

This formulation is particularly useful because it divides the network failure event
into a term (P(E)) which is entirely dependent on the component reliability of the
network and a term (P(F | F)) which depends entirely on the network topology. The

first term, P([Y), can be estimated from failure history of the pipes in the network in
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question. The second term, P(F | E) can be estimated using Monte Carlo simulation.
In applying this decomposition the component failure event E is divided into disjoint
sets that involve the simultaneous failure of exactly m = 1, 2, 3, etc. links in the
network. These disjoint events are mutually exclusive and collectively exhaustive
of the component failure space. If the component failure event is divided into m,
mutually exclusive, exhaustive events Ey, FE,, FEs, etc. the equation for network

failure, Eq. 3.2, becomes:

P(ENF)= P(E)P(F

By + P(E)P(F | Ey) + P(E3)P(F | E3)+ ... (3.3)
where

e [ is the event that the network fails

o [, is the event that exactly k pipes in the network fail

e P(}is the probability function

Eq. 3.3 provides the basis for the approximation of network failure probability
used in this study. In Chapter 4 a model is developed which can be used to estimate
system failure probability under the assumption that pipes in the network have the

same probability of failure.



Chapter 4

A Simplified Model for Bounding

Failure Probabilities

In Chapter 3, the limiting assumptions and calculation burden associated with current
work on network reliability was discussed. Since, at the present time, there is no
model which adequately addresses these issues, a mathematical model which bounds
network reliability is presented. The model is first developed in this chapter for the
simplified case in which all links have an equal probability of failure and in which
failure events are independent. In Chapter 5, the model is extended by relaxing these

simplifying assumptions.

4.1 Qualitative Basis of the Model

Two factors affect network reliability when components can fail. The first factor is the
failure probability for one or more individual components. In particular, when effects
on service levels are considered, the event that several components fail simultaneously
1s far more serious than the event that the same number of components fail one at

a time. As a result, information about the simultaneous failure of multiple system



components can be expected to be important in the development of a reliability
estimation model.

The second factor that affects network reliability is the geographical location(s) of
a component failure or combination of component failures. A small number of failures,
‘correctly’ positioned, can cause a system to fail. On the other hand, a greater number
of randomly placed failures might not cause system failure if sufficient redundancy is
built into it. The geographical locations of component failures in a pipe network are
subject to stochastic variation and, hence, can not be predicted exactly.

To quantify the combined effects of these two factors the probability of failure is
decomposed into a simultaneous component failure term and a ‘geographical’ reliabil-
ity term. The simultaneous component term can be estimated using historical data
for the network being studied. The geographical reliability term can be estimated
using Monte Carlo simulation. In the next section, a mathematical model based on

these principles is developed.

4.2 Theory

The mathematical model to be developed uses graph theory to represent a water
supply distribution network. A network, with ML pipes can be represented as a
graph with ML links. Under the simplified assumptions being used in this chapter,
it is assumed that links fail independently, have an equal probability of failure, and
the network is considered to have failed if one or more nodes have been disconnected
from the network. Denote the event that the network fails by F.

Since water distribution networks are designed with some redundancy, the failure
of one or more links does not necessarily lead to network failure. A set of failed links,
which disconnects one or more nodes from all source nodes, is called a cut set. Any

set of links that fails is called a removal set. Denote the removal set consisting of at



most m failed links as S,,. Note that, implicit in this definition is the requirement
that m > 0. Denote the event that no links fail as SNF. The definition of S,
and the fact that m is an integer implies that the set S, contains the events that
1,2,3,...0or m links are removed from the network. S,, does not necessarily cause

the network to fail. The following property holds for S,

S1C S8 CS5...C Suz (4.1)
where
e S, is the event that 1,2,..., or m of the links are removed from the network
e ML is the number of links in the network

The following union covers the set of all possible removal sets:
SNF U Sy (4.2)
where
e SNF is the event that no links are removed from the network

8 Surr, is the event that 1,2,...,0r ML links are removed from the network

It is assumed that failure of the network is caused by failure of links in the network.

Thus, the event that the network fails and at most, m links are removed, is denoted

by (FNS,). From Eq. 4.1
(FNS) C(FNS)C(FNSs)...(FNSy) (4.3)
where

e F'is the event that the network fails
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Because the intersection of \S,, with any another set can contain no more elements

than were originally in .5,,, it follows that

(FNSL)C S

and P(FNS,) < P(S) (4.4)
where
e [7is the event that the network fails
e P() is the probability of the event enclosed in the brackets

IFor water distribution networks, it can be argued that there exists a value Npaz,
which is considerably smaller than ML, for which Eq. 4.2, with N,,.. substituted

forM L almost covers the removal space. Combining Eqs. 4.2 and 4.4

P(SJNF U SML) > P(SIVF U (F N SML)) (4.5)

Subtracting P(SNF U (F'N Symas)) from both sides of Eq. 4.5 gives:

P(SNF U Syp) — P(SNF U (F N Symas)) >

P(IS‘A'TF U (F ﬂ JS’A/{L)) - P(‘STAIF U (F ﬂ lS‘j’\fﬂla:};)) (4.6)

Note that P(SNF U Syy) = 1 and the left hand side of the equality in Eq. 4.6
is the error introduced by considering removal sets of size N, or less. Eq. 4.6,
therefore, shows that 1 — P(SNFU(F N SNmae)) forms an upper bound for the error,
in estimating network failure, introduced by choosing a removal set with less than
ML links. The error in the probability of network failure caused by the omission of
larger cut sets is can thus be bounded using the failure probabilities for the chosen

smaller removal sets.



While the above result is useful, the events 5, are difficult to work with because
they are not disjoint. The overlapping of the S,, prevents the easy calculation of the
probabilities of combinations of events. The disadvantage of formulating the model,
in terms of S,,, is especially evident if the model is to he generalized to the case
discussed in Chapter 5 where failure probabilities are not equal.

A partitioning of the removal set space divides the space into disjoint sets. Under
a partitioning all possible removal sets are in one, and only one, of these disjoint sets.
There may be several ways of partitioning the removal set space. A straight-forward
and intuitive method of partitioning the removal set space is by the cardinality of the
removal events. Under this partitioning all removal events in which the same number
of links fail are grouped into a single set. More formally, denote the set of events in
which exactly m links fail as F,,, m = 0,1,2,3,..., ML. Further denote the event
that the network fails and exactly m links fail as F,,,. Note that F,, = (F£F'0E,). The
failure behaviour of the network with respect to the sets E,, can be related to the
failure behaviour, with respect to the events S,,.

Consider the event in which no links are removed (m = 0). This event can be
denoted by either Iy or SN L. The probability of network failure, and either of these

events, is given by:
P(Fy)=P(FNE)=P(FNSNL)=0 (4.7)
where
e Iy is the event that the system fails when no links are removed
e [7y is the event that exactly zero links are removed

Eq. 4.7 shows that the probability of network failure is zero if all links are working.

Now consider the case in which m = 1. Because the S,, were defined to exclude

[es 4
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removal sets with zero links removed, E; = S;. Therefore, the probability of failure,

for m =1, is given by:
P()=P(FNE)=PFnS)—PFENSNL = P(FNS)) (4.8)

For the case, in which m = 2, note that the event that exactly two links fail is the
same as the event that at most two links fail, but the event that only one link fails

does not occur. The failure probability for m = 2 is therefore given by:
P(Fy) = P(FnS;)— P(FNS) (4.9)
Similarly for m =3
P(Fs) = P(FNS3)— P(FNS)U(FNS) (4.10)
But since 57 C 53 Eq. 4.9 becomes
P(F3) = P(FNS3) — P(FNSy) (4.11)
Using the same process, for an arbitrary m:
P(F,)=P(FnS,)—P(FNS,1) (4.12)

By summing Eq. 4.12 over all values of m and noting that the right-hand side

forms a telescoping series, the following expression for calculating reliability can be

found.
ML
P(F)= % P(F,)= P(F0SyL) (4.13)
m=1

If the series in Eq. 4.13 is truncated after N,,,, terms an error is introduced into
the calculation of network reliability. It was shown in Eq. 4.6 that a bound for this
error can be determined using removal sets of size N, or less. Eq. 4.13 has the

advantage that the maximum size of cut set for which the probability of failure must
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be evaluated in obtaining this bound is N,,.,. However, the computational burden
to evaluate the probability of network failure using cut sets of size Ny, or less can
be prohibitive when N, is large. As a result, estimation of network reliability by
sampling is still preferred. Note that Eq. 4.13 can be expressed in a form in which
it is easier to estimate the P(F,,) terms. By definition F,, = F'N E,,. The following

equation results when # N E,, is substituted for F,, in Eq. 4.13.

ML
P(F)y= > P(FNE,) (4.14)

m=1

By the definition of conditional probability
P(FNE,)=P(E.)P(F | Ey) (4.15)

Substituting the right hand side of Eq. 4.15 into Eq. 4.14 yields
ML
P(F)= Y. P(B)P(F | Ey) (4.16)
m=1

It should be noted, that the right hand side of Eq. 4.16 consists of two terms, one
which is dependent on link reliability alone and the other which is dependent on the
layout, or geography, of the network.

The factor P(E,,) is dependent only on link reliabilities. It can be estimated from
break or failure history data for the city in question and, as such, is empirical. The
method used to estimate P(E,,) from City of Winnipeg pipe break data is discussed
in Chapter 6.

The P(# | E,.) factor is dependent on network geometry and represents the

probability that the network fails given that m links have been removed. P(F | Ey)

can be calculated as:

Ky,
P(F| E,) = (4.17)

wm

where



e K, is the number of removal sets of size m that cause the network to fail
e T}, is the the number of removal sets of size m.

However, while it is possible to calculate both K,, and T}, directly, the computa-
tional burden can be excessive. Jacobs and Goulter (1990) found that, in the general
case, it would be necessary to evaluate over 10° removal sets of size 4 to determine K,
for a network with 100 links. A Monte Carlo simulation approach therefore is pro-
posed. This simulation approach is used to determine p, an estimator of P(I" | E,,).
During each trial of the simulation process, m links are removed randomly from the
network and the network is tested for connectivity. The system is deemed to have
failed if any node is disconnected. Define ¢ to be the number of ¢rials in which the
removal of m links results in network disconnection. Denote the total number of trials

as t. The estimator of P(I'| E,,) is thus

I,
T\‘771 =-R - P E',-n 4:.].
b=t = P(F | By (419

where
e p, = estimator of P(F | F,;)
e ¢ = number of trials that cause the network to fail
e ¢ = total number of trials

If all possible removal combinations are tested, an estimate of the probability of
system failure becomes
ML
P(F) =Y P(Ey)pn (4.19)
m=1

In the development of Eq. 4.6 it was hypothesized that there exists a value,

Ninae < ML, for which Sypuq. includes most removal sets. If N, is used in place of



ML, IXq. 4.19 becomes

an(lft
P(F)= 3 P(Ew)pum (4.20)

m=1

Eq. 4.20 can be used as an estimator of system reliability. This equation contains
two approximations not contained in the exact equation for the probability of network
failure, given by Eq. 4.16. These approximations are 1) the use of p,, to estimate
P(F| Ep) and 2) the use of N4, for the maximum size removal set, rather than the
total number of links in the network, ML, as discussed in relation to Eq. 4.6. These
two approximations lead to error in the estimate of network reliability. In addition,
the use of Eq. 4.16 assumes that either P(E.) is known a priori or is estimated using
statistical techniques. It should be noted that most previous literature studies assume
that component failure probabilities are known, e.g., Ball (1980), Ball and Nemhauser
(1983), Le and Li (1989), and Nels and Colbourne (1990). Such an assumption is
a convenient simplification of the problem, but is unrealisiic for water distribution
networks. Statistical estimation of P(E,) on the other hand is more complicated,
but far more realistic. As a result, the use of Eq. 4.20 to estimate network reliability
actually introduces three sources of error, the two related to the use of P annd Noppon
discussed earlier and an additional issue related to estimation of the actual failure
rates of the components. The means of addressing these three types of errors are

discussed in the following section.

4.3 FError in the Estimate of the Probability of
Network Failure

Consider each of the three error terms mentioned above separately. The calculation of
Pm 1s performed using Monte Carlo simulation. For each trial, in the simulation, the

removal of m links either causes the network to fail or does not cause the network to



fail. The trials themselves are performed so that they are independent and identical.
As a result p,,, the estimator of P(F | E,,), follows a binomial distribution and the

variance of p,, 1s

b I - Am
VAR(pw) = Qi)—(f-li_) (4.21)

The confidence interval for p,, is based on the standard error and the fact that
Pm has can be approximated by the normal distribution,for large values of ¢,,,. It can

be seen that, for a level of confidence /3, the confidence interval is given by

Ch_p = pu £ (Zgsap/ (D) (L = P) /1) (4.22)
where
e C[1_pis the 1 — 3 confidence interval for p,,

o Zgyz is the the value of the standard normal variate corresponding to the prob-

ability 1 — /2

Eq. 4.22 illustrates the dependence of the width of the confidence interval on the
number of trials £,,. (Note that it is assumed that sufficient trials are made to justify
the use of the normal approximation to the binomial distribution.)

The second source of error is caused by using only N,,.. terms of Eq. 4.16 to
estimate reliability. The error resulting from the use of this term is then equal to the
sum of the omitted terms.

ML
error = Z P(F| E,)P(Ey) (4.23)
m=Nmaz+1

In general, the direct calculation of Eq. 4.23 is not possible because of difficulty in

estimating P( £, ) for large values of m and the computational burden in determining

P(F | B.) for large m. It is, however, possible to bound the error. Expressing the
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error 1n terms of the definitions of removal sets and network failure in terms of set

notation gives

(F n (ENmaa:—i-l ) El\-’maz%'z u...u EDJL)) C

(ENmfzw+1 U ENma:.-;-{»z U... .y EM'L) (424)
If the set of all possible removal sets is denoted as £ then

(BoULB U EU. ..U ENpez) U

(ENmaa:—I-i U ENman:—i-Z U...u EAJL) =0 (425)

Note that the events in the first term of Eq. 4.25, F, through Fnias, and the
events in the second term of Eq. 4.25, Enpaeqr through Epgp are mutually disjoint.
If the left hand side of Eq. 4.24 is substituted for the second term in Eq. 4.25 and

probabilities of all terms in Eq. 4.25 are taken the following expression results.

P((F N ENma$+l) u (JFﬂ EN'nma:—i—?) uU...u (Fﬂ ENIL))

F+P(BEqUE U B, U . ..U Enpes) < 1 (4.26)

Expressing Eq. 4.26 in terms of probabilities and noting the ,, are disjoint events

ML Nmaz
Y. P(FNE,<1-(3 P(Ew) (4.27)
m=Nmaz+1 =0

Thus, the error in estimating the probability of failure can be bounded by choosing
Ninao sufficiently large that the right hand side of Eq. 4.27 is less than 3.

The third source of error is the statistical error in estimating P(£,,) from historical
data. Because the estimate of P(E.,) is used extensively in the equations which bound
the probability of failure, it is crucial that this estimate be accurate. In Chapter 6 the
errors in the values of P(E,,) are discussed and it is shown that the link reliability is

highly dependent on pipe material, pipe size and to a lesser extent, pipe age.
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An important point to consider is that all three of these error sources act simulta-
neously and so must be estimated simultaneously. Bonferroni confidence limits should
be used to estimate all quantities. Due to the nature of Bonferroni estimation limits,
the accuracy of the reliability estimate can decrease if too many parameters are used
to make the estimate.

A limitation of this model is that it assumes that failure probabilities are uniform
for all links in the network. In Chapter 5, the model is generalized to allow the use
of multiple pipe categories based on pipe material, pipe diameter, and pipe age. The
method used to estimate network reliability under these additional considerations is
described. In addition, the interaction between network size, network complexity and

the accuracy of reliability estimation achievable using this method is discussed.
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Chapter 5

A Multiple Component Type
Model

The model for estimating network reliability developed in Chapter 4 is based on
the assumption that pipes have equal failure probabilities. This assumption is not
generally justified for pipes in a water distribution system. In this chapter the model
developed in Chapter 4 to estimate network reliability is extended to recognize that
pipe failure probabilities are a function of pipe category under an assumption that
failure events in different categories are independent. These pipe categories considered
in the estimation process are based on pipe diameter, material, and age. (The actual
model to estimate pipe failure probabilities is developed in Chapter 6.)

The model presented in Chapter 4 used Eq. 4.20 to estimate network reliability
and Eq. 4.27 to bound the error in the network reliability estimate. A number of
modifications to the model are necessary to generalize these equations. In particular,
the partitioning of the removal space must be modified such that sufficient removal
sets are chosen to bound the error in the reliability estimate. It is also necessary to

develop a model to estimate the probability of failure for events involving multiple
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pipe categories. [inally, a method is required to determine the accuracy for the
simultaneous estimation of parameters used in the reliability calculation.

The assumption that all links have an equal probability of failure is unrealistic for
water distribution systems because of the wide variations found in pipe reliability for
different categories of pipe. An alternate method of partitioning the space of removal
sets 1s to recognize the existence of the pipe categories explicitly in the partitioning.
Subdividing the removal space, based on both the pipe categories and the number
of pipes removed in each pipe category, causes the removal set space to be divided
into disjoint subsets that have the property that within each subset the probability
of removal is the same for all removal sets. Denote the event that m links from pipe
category k are removed as [5,,;. FEnsuring that this subdivision of the removal set
space covers the space is complicated by events that are comprised of removal sets
involving multiple pipe categories. It should be noted, that the following union of

events does not cover the removal set space.
Ul?:i U::;I:Lik mk (51)
where
e (' 1s the number of pipe categories
e MLy is the number of pipes in pipe category k

The reason Eq. 5.1 does not ensure complete coverage of all removal sets

is that joint removal events that involve multiple pipe categories are possible. Thus,

enumeration of the possible removal events requires binations of numbers of links to

be removed from the various pipe categories. This full enumeration of all possible
combinations requires excessive computational effort. The approach that is used in

this thesis is to enumerate only a subset of the possible combinations.
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Unlike the equiprobable failure case presented in the previous chapter in this case
there is no a priori method of choosing which removal events, i.e. combinations of
links are most probable. It is reasonable to assume that, for equiprobable events, the
simultaneous occurrence of two events is less likely than the occurrence of only one
event. This assumption is not valid for networks such as water supply networks with
pipe categories which have widely varying failure probabilities. It is possible that
a removal event involving several pipes with high failure probabilities is more likely
than an event involving only one very reliable pipe.

The approach used in this thesis to address the problem is based on experience
with sampling of the City of Winnipeg pipe break data. (The results of this sampling
are presented in detail in Chapter 6.) These sampling results show that the proba-
bility of occurrence for a removal set decreases rapidly as the size of the removal set
increases. Within a pipe component group, removal sets in which more than one pipe
fail were found to be more common than that which would be expected if pipe failures
were independent. This increased breakage rate appears to be due to an increased
occurrence of pipe failures in the immediate temporal and spatial vicinity of previous
failures. In this study, the immediate vicinity of a previous pipe failure is taken to
mean within 20 m and 90 days of a previous failure. These boundary values are
based on the work of Goulter and Kazemi (1988), (1989) in determining the extent
of clustering of breaks in the City of Winnipeg.

Because sampled probabilities of occurrence for removal sets decrease rapidly as
removal set size increases, combinations of removal sets used in the model are chosen
in the order of increasing numbers of links. The first removal set to be considered is
the case in which no links are removed. This event is equivalent to the event that no

links are removed from any pipe category. Thus, the probability, that no links are



removed, can be expressed as

P(Fy) = P(Eoi NEoaN ... Eyc)
= P(Fo1)P(Eos) ... P(Foc) (5.2)
where
e [jg is the event that no links are removed, from the kth pipe category.

The values on the right hand side of Eq. 5.2 can be determined from data sampling.
It should be noted that the second line of Eq. 5.2 is based on the assumption of
independence between failures in different pipe categories mentioned previously.

The next event to be considered is the event that a single failure occurs for a given
pipe category k. This event is equivalent to the removal of one pipe from category
k and no pipes from any other pipe category. The probability of this event can be

expressed as:
P(1 failure in category k) = P(Ey 1 )P(Foa). .. P(Eope1)P(Eog1) - .- P(Eoc)(5.3)
where

o Fp,; is the event that no pipes fail in category 7, j # k

o Fp . is the event that exactly 1 pipe fails in category k

The next type of event to be considered is the failure of multiple links from
the same pipe category. This type of event is considered at this point because the
dependence of failures from the same pipe category tends to make the occurrence of
several failures from a single pipe category much more likely than the occurrence of
the same number of failures from different pipe categories. The probability of this

type of event can be expressed as:

P(m failures in category k) =

" P(Ewp)P(Eos) ... P(Eop1)P(Eojr) . .. P(Eoc) (5.4)
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where
e [ is the event that no pipes fail in category j, 7 # k
o E,. i is the event that exactly m pipes fail in category k

The last type of event to be considered is the failure of multiple pipes from several
pipe categories. An example of this type of event is the failure of one pipe in category

one and two pipes in category two. The probability of this event can be expressed as:

P(1 failurein category 1 and
2 farlures in category 2)

= P(EL])P(EZ,Z)P(Eﬂﬁ) v P(EU:C)

o
[
oy

p——

where
o Fp,; is the event that no pipes fail in category j, j # k
® [, 1 is the event that exactly m pipes fail in category &

The number of combinations of this last type of event grows rapidly with the
number of failures to be considered and with the total number of pipe categories.
As a result it is not possible to include all such combinations of pipe failures in the
estimation of network reliability. Instead the objective should be to include a sufficient
number of the removal events to cover the failure space to within an acceptable degree
of accuracy. A set of removal events which covers the component failure space to
within an acceptable degree of accuracy is denoted as a covering set.

Since not all removal events can be considered, the selection of removal events to
be mcluded in a covering set requires a certain amount of judgment. The strategy
used in this thesis is to choose removal events to be included in the covering set in

the following way.
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1. The event in which no pipes fail
2. All events in which exactly 1 pipe fails
3. All events in which exactly 2 pipes fail from the same category

All of these removal set events are chosen without regard to the sum of their
probabilities of occurrence. At this point, the total probability of occurrence covered
is calculated for the above events. The sum of the probabilities of occurrence of
all events in these categories is called the coverage. This probability (or coverage)
is compared to the required level of accuracy. For example, for a required level of
accuracy 3 = 0.01, if the coverage is greater than 0.99, then the selection of removal
set events would stop. If more removal set events are required to achieve sufficient

coverage then the following types of events would be considered.
1. Events in which exactly 1 pipe from each of two categories fail
2. Events in which exactly 3 pipes from the same category fail
3. Events in which exactly 1 pipe from each of three categories fail

4. Events in which exactly 2 pipes from 1 category and one pipe fails from another

category fail

(W)

Events in which exactly 4 pipes from 1 category fails
6. Continue in the same pattern with increasing numbers of failures

The probability of each these events is calculated at each stage to check the cov-
erage for sufficiency.

The removal set events chosen for the covering set following the procedure outlined
above are then sequentially numbered in the order that they were chosen. The removal

set events in the covering set are denoted RE;, i = 1,2,3,..., MM, where MM is
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the number of removal set events chosen. An example of a removal set event is all
component failure events involving the simultaneous failure of two, 200 mm diameter,
cast 1iron pipes which are at least 30 years old .

Eqgs. 4.20 and 4.27 can now be generalized to calculate reliability and bound the

error in the reliability calculation. The analog to Eq. 4.20 to perform this task is:

P(F) = ‘}%4 P(F (N RE;) =
%P(RE,-)P(F | RE;) (5.6)

=1

where
o [k is the ith removal set event in the covering set
o MM is the number of removal set events included in the covering set

The term P(F N RE;) is estimated using Monte Carlo simulation in a similar
fashion to the method proposed in the previous chapter. (The mechanics, of how the
simulation is performed are discussed in Chapters 8 and 9.)

The analog to Eq. 4.27 is:

MT MM
Y. PFNORE)<(1-(Y P(RE)) (5.7)
1=MA 41 i=1

where

e MT is the total number of possible removal set events that can occur for the

the network
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5.1 Simultaneous Estimation

In the worst case, Eqs. 5.6 and 5.7, rely on the simultaneous estimates of the proba-
bility of occurrence of removal sets for all possible pipe categories and the conditional
probability of occurrence of network failure given the removal of a set of links. The
accuracy of these equations depends on the accuracy of the model used to predict
component failure probabilities for each pipe category and the accuracy with which
it is possible to estimate the conditional failure probability terms P(F | RE;) in Eq.
5.6. In addition, the simultaneous estimation of component failure probabilities and
conditional failure probabilities, using Bonferroni confidence limits for multiple pipe
categories, decreases the confidence which can be placed in the estimate of any one
of the values being estimated.

The approach used to estimate the component failure probabilities is to develop
a model to estimate the probability of occirrence for removal sets with 0, 1, 2, and
3 elements for each pipe category. These models depend on four parameters for each
pipe category. These parameters are LB1, the average probability of an independent
pipe break; K0, the probability that a second pipe break occurring within one day
and 20 m of an independent pipe break, given that the independent pipe break has
occurred; K1, the probability that a second pipe break occurs within 20 m and
between 1 and 90 days of the original break; and K2, a factor assumed to take into
account factors which cause a decreased number of days with only one pipe break in a
day. These spatial and temporal limits (20 m and 90 days) are the same as those used
in Goulter and Kazemi (1988)(1989). Once these parameters have been estimated,
the estimation models can be used to estimate the required probabilities for Egs. 5.6
and 5.7.

A regression approach is used to estimate the parameters for each pipe category.

Each of the parameters is estimated as a linear function of pipe length and/or pipe
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age. Details of the regression approach used to determine the values are given in the
following chapter. As in the case for equal probabilities of failure used in the previous
chapter Monte Carlo simulation is used to estimate the conditional probability term
in Eq. 5.6. Note that each case that is simulated requires the estimation of one
conditional probability term, thus increasing the number of parameters to be esti-
mated by one. Since all of the parameters for all pipe categories must be estimated
simultaneously, Bonferroni confidence limits are used.

If g parameters are to be estimated simultaneously and the required level of confi-
dence is 1 —«, then the required confidence level for each parameter that is estimated,
ag, is found by ;solving

l—ap=1-— (5.8)
29

where
o g is the number of parameters to be estimated simultaneously

o « is the required level of significance for the simultancous estimate of all pa-

rameters
o ap is the required level of significance for the estimation of each parameter

Based on Eq. 5.8, the required level of confidence for each parameter to be es-
timated is much higher than the required level of confidence for the total estimate.
As a result Bonferroni confidence intervals are wider than single variate confidence
intervals, for the same level of confidence. The extent to which the number of pa-
rameters that must be estimated can be limited is an important determinant of the

applicability of this model.
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5.2 Confidence Limits for Total Probabilities

Eqs. 5.6 and 5.7 use sums of probabilities to estimate the cunulative probability of
network failure and to bound the error in the estimate of the cumulative probability of
system failure. The sum of the probabilities of occurrence of removal set events is also
used to estimate the total probability of occurrence of the coverage set. The value
of these cumulative probabilities can be estimated from the Bonferroni confidence
limits calculated for each network. It is possible to estimate the expected value of
each cumulative probability by summing the maximum likelihood estimators over all
failure cases. Simply summing the lower bounds of the Bonferroni confidence limits to
obtain a lower limits or the upper bounds to obtain upper limits for these cumulative
probabilities is, however, unduly conservative. Rather than simply sum upper or
lower bounds a statistical approach to estimating these probabilities is used. The
variance of the total probability of failure can be estimated from the variances of the
individual failure cases.

Knowledge of the relationship between the events in the covering set is necessary
to determine the variance of the sum of probabilities for the covering set. It should be
noted that removal set events which affect a single pipe category include virtually all
failure events that can be expected for the category and must effectively add up to one.
It is, thus, extremely unlikely that the probabilities of occurrence for all failure events
affecting a single pipe category are either over or under estimates. If the estimate of
the probability of occurrence of 1 failure is high then the other estimates should be low
to compensate. In other words it can be expected that events that affect a single pipe
category are negatively correlated. The estimated error from negatively correlated
events should be less than the error from independent events. It is also reasonable
to assume that events that affect a different pipe categories are independent. Thus

the assumption was made that the individual failure cases in the covering set are
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mdependent. Under this assumption the variance of the total probability of failure,
52, is the sum of the variances from each case in the covering set, S?. This expression

can be written:

7t
52 =>"57 (5.9)
i=1
where
o 57 is the variance of the cumulative probability of failure

o S?is the variance of the probability of failure in ith distribution in the covering

set
e n = number of cases in the covering set

For each failure case in the covering set the Bonferroni limits give a .99 confidence
interval for the expected probability of failure. The standard deviation and, hence,
the variance can be estimated from the confidence interval. Note that in general the

width of a confidence interval is given by:
w = 2ko (5.10)
where
e w 1s the known width of the confidence interval
e o is the standard deviation
e kis a distribution dependent constant

The parameter k is dependent on the underlying probability distribution. The
underlying distributions of the cases in the covering set are in general not known. It

is, however, conservative to choose a distribution with as small a k as possible, i.e.
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the normal distribution. For a .99 confidence interval for the normal distribution k
= 2.576. The standard deviation can then be estimated for each case in the covering

set as

Si= =t (5.11)
where

e w; is the width of the Bonferroni confidence interval for the i th distribution in

the covering set
e .5; is the standard deviation of the i th distribution in the covering set

The variance of the cumulative probabilities can then be estimated using S2, as
given by Eq. 5.9. The variance 5? can be used both for the calculation of confidence
limits and for hypothesis testing with respect to system reliability. The t-distribution
with n-1 degrees of freedom (n is the number of sets in the covering set) and be used

for both confidence limits and hypothesis testing.

5.3 Factors Affecting Model Applicability

From Eqs. 5.8 - 5.11 it can be seen that both the width of the Bonferroni Confidence
interval w; and the variance of the cumulative failure probabilities S? increase with
the number of parameters estimated. Thus, the number of parameters that must
be estimated is crucial to the applicability of the model. The number of parameters
requiring estimation and thus the applicability of this model is affected by a number of
factors. The first factor is the complexity of the system. A system with a large number
of different components requires the simultaneous estimation of a large number of

parameters.
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The second factor that affects the number of parameters to be estimated is related
to network size. In general, as the network size increases, the number of simultane-
ous failures likely to occur increases. The increase in the number of simultaneous
failures can cause a large increase in the number of failure combinations that must
be considered to achieve coverage of the removal space. It should be noted that for
water supply distribution systems there is evidence that the number of simultaneous
failures that are likely to occur increases much more slowly than system size. Jacobs
and Goulter (1991) found that for the entire City of Winnipeg water distribution
network, with almost 2300 km of pipe, more than 20 failures were reported on less
than one per cent of all operating days. If the assumption is made that most pipe
breaks are repaired on the reporting day this suggests that only a small fraction of
all pipe links are inoperative at any one time.

A third factor that affects the number of parameters to be estimated is the mean
time to repair. For pipe failures to interact the breaks must be in existence simultane-
ously. A shorter mean time to repair lessens the probability that breaks can interact
and thus lowers the number of simultaneous breaks that must considered.

Finally, the failure rate, of the pipes in the network, must be considered. It is self
evident that a higher failure rate leads to more failures (and more simultaneous fail-
ures) which, in turn, requires the estimation of more parameters. It should be noted
that the failure rate estimates used in this study are based on data from Engineering
District 4 in the City of Winnipeg. District 4 has a lower pipe breakage rate than
is reported for the City of Winnipeg. Winnipeg with pipe breakage rates that have
reached approximately one break per kilometer per year, has one of the highest pipe
breakage rates of any major city in either the United States or Canada.

One of the major prerequisites for the development of this model is the availability

of accurate data on both the failure history and the pipe inventory for the network



being analyzed. The pipe failure data used for this study are contained in a break
data base gathered by the Waterworks, Waste and Disposal Department of the City of
Winnipeg. These data are reasonably accurate and are therefore appropriate for this
study. On the other hand, the computerized information about the pipe inventory
was found to be fragmentary and incomplete. Considerable effort to augment and
verify the computerized pipe inventory information was made, during the course of
the study. Documentation on the pipe inventory is given in Appendix A. The next
chapter gives the derivation of the models to estimate pipe component reliability for

m = 0,1,2, and 3 simultaneous breaks.
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Chapter 6

ESTIMATING PROBABILITY
OF EXACTLY m BREAKS

The key parameters of the models developed in Chapters 4 and 5 are, P(E,.;.), the
probability of occurrence of exactly m simultaneous breaks for the kth pipe category
and, Nye the maximum number of simultaneous breaks that must be considered to
obtain a given level of reliability, Ny, No theoretical approaches or a priori data to
determine the values of these parameters currently exist.

It is necessary for the pipe failure model to accurately predict failure probabilities
for a variety of pipe materials, sizes, ages, and lengths as these variables affect the
rate of breakage, represented as the average number of breaks per unit length and
therefore have a marked effecf on failure behaviour. When water pipe breaks are
categorized by pipe material, diameter, and age marked differences in the average
breakage rate can be seen (See Table 6.1). The differing average failure rates among
these pipe categories imply that a separate function must be used to describe failure
behaviour for each pipe category. In this thesis these functions are based on sampling

from historical pipe break data for the City of Winnipeg, Canada {This data base
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is described in Appendix A). As such the values of the parameters are valid strictly
only for the City of Winnipeg situation. However, the techniques used to derive these

parameters have general applicability to other situations where similar data exists.

6.1 Sampling from the City of Winnipeg Data
Base

The actual sampling is performed to determine the number of days in which 0, 1, 2,
3, etc. of each of four classes of failure events occurred for each sample selected. The

classes of failure events are:
1. days on which pipe failures occurred
2. days with independent pipe failures

3. days with dependent pipe failures on the same day as a causal independent pipe

break

4. days with dependent pipe failures on a day subsequent to causal independent

pipe breaks

Detailed definitions of these events are given in Section 6.4.

In the sampling process sections of water mains (links) are selected. These links
are segregated into pipe categories defined by the pipe material, pipe diameter, and
pipe age. In the sampling process the total length of the links in the samples selected
is systematically varied so that parameters can be estimated over a range of pipe
lengths.

The link data and break data were originally stored in two separate files: L4F007

(link data) and L4F004 (break data). A detailed description of the verification and
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Pipe Category Average Breaks per
Pipe material, diameter, age Kilometer per Year
(mm) (yr)
Cast Iron Pipe 150 mm, 0-19 yr 0.42
150 mm, 20-30 yrs 0.34
[50 mm, over 30 yrs 0.70
200 mm, 0-30 yrs 0.56
200 mm, over 30 yrs 0.64
250 mm, 0-30 yrs 0.52
250 mn, over 30 yrs 0.58
300 mm, 0-30 yrs 0.50
300 mm, over 30 yrs 0.72
Asbestos Cement Pipe 150 mm, 0-30 yrs 0.05
150 mm, over 30 yrs 0.06
200 mm, 0-30 yrs 0.20
200 mm, over 30 yrs 0.70
250 mm, all ages 0.12
300 mm, all ages o3
Ductile Steel Pipe 150 mm, all ages 0.05
200 mm, all ages 0.04
250 mm, all ages 0.10
PVC Pipe 150 mm, 0-30 yrs 0.04

Table 6.1: Average number of breaks per kilometer per year for the City of W mnipeg
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correction procedures employed to make these data suitable for sampling is shown in
Appendix A. A schematic diagram, of the process used to sample from the combined

data base, is shown in Fig. 6.1.

Link Records Link Records Leak Records
L4F007 L4F008 L4F004
Category Table Correct and Raw Sample ‘L
L4F010 Categorize Records Sort Samples
Leaks DPJ009 L4FQ17 DPJ023
i e
Count Links b ;
Category DPJ¥)12 Link and L eak Summarize Sorted
_ Records L4F009 Samples Samples
J] DPJ022 L4F017
Category Table n
with Counts g§532183mples Summarized
L4F011 Samples

L4F014

Figure 6.1: Schematic of Computer System to Extract Pipe Breakage Samples

The link data (file L4F007 in Fig. 6.1) were verified and corrected using the
process described in Appendix A. The file L4F007 was then transferred to a mainframe
computer using a telecommunications link and stored as file L4F008. The program
DPJ009 was then run to create a combined database containing both link records and
break records. In addition, DPJ009 identifies independent breaks. A break is defined
to be independent if it does not occur within 20 m and/or 90 days of a previous

break (This definition was used by Goulter and Kazemi (1988)). DPJ009 can create
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two types of record for each link. The first type of record, the link record, describes
the physical characteristics of the link. The link record is always the first record for
a link. The second type of record, the break record(s), gives the location and date
of occurrence of each break that has been recorded for the link. The next program,
DPJ012, counts the number of links in each category where the categories are defined
by pipe diameter, pipe material, and pipe age. These counts were used to number,
consecutively, the pipe links that form the sampling base for each category. Since
the sample period covers the 15 years from 1975 to 1989, pipe age was calculated
separately for each year of record.

The third program, DPJ021, randomly selects individual pipe links, from the
combined data base. DPJ021 uses a two step approach in sampling data from the
combined data base. In the first step, a random number generator is used to select
pipe links, without replacement by number, for each category from the sampling base.
For each category, 20 samples are taken. The number of links (sample size) in each
sample is varied, from an initial value of five links increasing by five links for each
successive sample until a maximum sample size of 100 links is reached. The sample
sizes were increased in this fashion to vary the total length of pipe in each sample.
One sample with each specified number of links is selected. Sampling is performed,
sequentially, for each year of record from 1975 to 1989. Since link lengths vary this
method does not give precise control of total length of pipe in each sample. The
method does, however, provide samples with a range of lengths. It should be noted
that because sampled numbers of pipe breaks are compared to pipe length not the
number of links in each sample this method does not introduce any inaccuracies in
the estimated parameters. For some categories of pipe, there are less links than the

required sample sizes. In these cases, all links are sampled.
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After the selection of links has been completed for all categories the program reads
through the combined data base and creates sample record(s) for each link selected in
the previous step. Two types of records can be created for each link. The first record
type, the link record, contains data describing the link and contains pipe diameter,
pipe material, pipe age, link length, coordinates of the link ends, and sample number.
The link record is always the first record created for a link and always contains a code
indicating that it is a link record.

The second type of record, the break record(s), describes each break that has
occurred on the link. A separate record is created for each break that occurred on
the pipe link during the sampling year. These break records contain the coordinates
of the break and a code indicating if the break is an independent break. As noted
earlier a break is assumed to be independent if it does not occur within 20 m and 90
days of a previous break. The sample records are written to file L4F017.

The next program, DPJ023, sorts the sample records by pipe diameter, pipe ma-
terial, sample number, pipe age, and break date. The fourth program, DP.J024,
summarizes the data for each sample to file L4F014. One record is created for each
combination of pipe diameter, pipe material, sample number, and pipe age group.
Summary records which contain total pipe length for the sample, number of indepen-
dent breaks, number of occurrences of days with exactly m = 1, 2, 3, 4, etc. breaks on
the same day, independent breaks, dependent breaks which occur on the same day as
the causal independent break, and dependent breaks which occur on days subsequent
to the causal independent break are then created.

The summary records on file L4F014 are used as the data base for regression

analysis to estimate parameters of the distributions used to predict pipe failure rates.
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6.2 Variation of Average Breakage Rates

A number of features are of interest with respect to the variation of average breakage
rate among the different pipe categories. From Table 6.1 it can be seen that the
average number of breaks per kilometer per year varies widely among the various
pipe categories. This parameter varies from approximately .7 breaks per kilometer
per year to .03 breaks per kilometer, per year. This variance in values of the average
number of breaks provides strong evidence that pipe breakage events do not come
from a uniform population.

A reasonable supposition in the light of this evidence is that pipe breakage can be
expected to increase with age. However, several papers in the literature, e.g., Andreou
(1987), O’Day (1982), and Clark and Goodrich (1989), found that pipe failure rates
depend only weakly on pipe age and that this weak dependence can be overshadowed
by other effects. In particular, for 150 mm cast iron pipe (see Table 6.1) the average
number of breaks per unit length does not necessarily increase with age. This result
occurs because wall thickness of cast iron pipe has been decreased for newer pipe.
The decreased wall thickness has made the newer pipe more prone to failure than the
older pipe. However, the increase in breakage rates for newer pipe does not occur
for larger pipe sizes. This result is believed to occur because pipe wall thickness in
these larger pipes has not been reduced as much as in the smaller diameters because
of the greater flows and pressures normally encountered in larger pipes and because
of the greater structural strength needed for the pipe itself. These two factors make

the larger diameter pipe more resistant to breakage in general.
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6.3 Poisson Distribution

Previous work in the literature, e.g., Andreou et al. 1987, Goulter and Coals, 1986,
suggests that a Poisson distribution is an adequate model of the rate of pipe fail-
ure. For this reason, an attempt was made to fit the Poisson distribution to the
City of Winnipeg pipe break data. If the Poisson distribution is used, the average
number of breaks per unit length per day is an unbiased estimator of the Poisson pa-
rameter lambda (LB). The parameter LB is estimated using the sampled records in
L4F014. Regression analysis is performed using the Poisson expression for the proba-
bility distribution of days with no breaks. The Poisson expression for the probability

distribution of days with no breaks is given in Eq. 6.1.

P(Ey) = e7tB* (6.1)
where
o P() is the probability function
o [y is the event that a day occurs with no independent breaks
e LB is the Poisson parameter
e x 1s the length of pipe in kilometers

Eq. 6.1 is then transformed to Eq. 6.2 by inverting and taking natural logarithms.

1
P(Ep)

In = LBz (6.2)

Recall that the records in file L4F014 contain the observed numbers of days with

m=0, 1, 2, 3, etc. breaks. These observations are used to estimate the values of

P(Ey) for the samples in L4F014. Eq. 6.2 gives a linear relationship between In P_(}SO_)
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and x. The parameter LB is then estimated as the regression coefficient of this linear
relationship using the sampled data in L4F014.

The general equation to estimate the probabilities of days with m= 0, 1, 2, 3, etc.
breaks under the assumption that these events follow a Poisson distribution is given

by Eq. 6.3.

(LB;L_)me—LBa:

m!

P(E,) =
where
e m is the number of breaks that occur in a day
o [, is the event that a day with m breaks occurs

Note that Eq. 6.1 is a particular case of Eq. 6.3 with m=0.

The value of LB for all age categories of 150 mm cast iron pipe was determined
from the data in L4F014 using the previously outlined procedure. The estimated
values of LB for the three age categories were then substituted into Eq. 6.3 to
estimate the probabilities of occurrence of days with exactly 0, 1, 2 and 3 breaks.
Sampling was performed on the City of Winnipeg pipe break data base, for 150 mm
cast iron pipe, to estimate the frequency of days with 0, 1, 2 and 3 breaks. Three age
categories were used, 0-19 years old, 20-30 years old, and more than 31 years old.

The sampled frequency and the estimated probability of days with 0 breaks for
the 0-19 year old 150 mm cast iron pipe category is plotted in Fig. 6.2. Similarly, the
sampled frequency, and the estimated probability of occurrence of days with exactly
one break, days with exactly two breaks, and days with exactly three breaks are
plotted in Figs. 6.3, 6.4, and 6.5, respectively.

Examination of these plots shows that while the Poisson model might provide an

adequate fit for exactly 0 simultaneous breaks, it provides a poor fit for both exactly
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one, and exactly two simultaneous breaks. For exactly one break, the Poisson dis-
tribution overestimates the probability of occurrence. For exactly two simultaneous
breaks, the Poisson distribution underestimates the probability of occurrence. Fur-
thermore, the Poisson distribution predicts almost zero occurrences of three, or more,
simultaneous breaks for networks of up to 30 km in length. However, as shown in
Fig. 6.5, the actual sampled frequency of days with exactly three breaks is certainly
not zero. Similar results occur for the 20-30 year old, and greater than 30 year old
categories. (See Appendix B, Figs. B.19 - B.26).

These results provide evidence that the break process in the City of Winnipeg is
not a pure Poisson process. However, the relatively good fit achieved for occurrences
of zero breaks suggests that the hreak process is, in some fashion, related to a Poisson
process. The assumptions underlying a Poisson process therefore provide a starting
point in isolating the deviation of the City of Winnipeg pipe break process from a

Poisson process. These assumptions are {following Meyer, 1970):

L. The failure space is divided into a large number of intervals

2. Failure events are independent and have an equal probability of occurrence in

any one interval

3. The probability of a failure occurring in any interval is small. The probability
of two, or more, failures occurring in any one interval is, as a result, so small

that it can be neglected.

In the case of the City of Winnipeg pipe break data, the failure space is divided into
1 day intervals. Breaks that occur on the same day are assumed to be simultaneous.
In effect, the failure space for any one year of record is therefore divided into 365

intervals. This level of division is used because it is the level of precision used by
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the City of Winnipeg to collect the raw data and, to a lesser extent, it gives some
recognition of the time required to repair a break. The division of the failure space
into 365 intervals is not in direct violation of assumption 1 above (Meyer, 1970).

The work of Goulter and Kazemi (1988) provides insight into the deviation of the
performance of the City of Winnipeg pipe network from assumptions 2 and 3. The
results of this work show that in Winnipeg there is a significant probability (.146)
of more than 1 break occurring within 1 day and 20 m of a previous break. This
clustering effect violates assumption 2. In addition, Goulter and Kazemi (1988) show
that there is also a significant probability (.064) of a second break occurring within
20 m and 2 to 90 days of an original break. These probabilities are far in excess of
what assumption 3 suggests can be expected from a Poisson process. The occurrence
of multiple failures in a short time interval (I day) therefore suggests that the time
interval used is too long for the direct use of a Poisson model.

A general lack of independence of failure events has been previously noted in
the literature by Le and Li (1989) who note that common failure mechanisms and
component capabilities cause failure events to be dependent. In addition, Le and
Li (1989) show that, in general, the assumption that failure events are independent
is non-conservative. These results suggest that the non-independence of the City of

Winnipeg data is typical rather than atypical.

6.4 The Modified Poisson Model

All of the above factors suggest that a model which takes into account the possibility
of non-independent breaks is necessary. In developing such a model it is necessary to

divide the breaks into three distinct categories, namely,
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1.

Causal independent break (CIL) - the first break that occurs at a particular

location is assumed to be independent of other breaks that occurred bhefore it.

It is also assumed that the probability of that break follows a Poisson process.

Dependent break occurring on the same day as the CIL (DD) - it is assumed

that there is a fixed probability of occurrence for each additional break, that
occurs on the same day as the causal independent break. Since DD events are
defined to occur within 20 m and on the same day as the CIL it is assumed that

the DD events result from localized causes.

Dependent break on subsequent day to CIL (DK) - it is assumed that these

breaks follow a Poisson distribution, but are not independent of the causal
independent breaks. The DK events must occur either at a significant distance
(more than 20 m) from a DD event or on a day subsequent to a DD event. It

is therefore assumed that these DK events are independent of the DD events.

A modified Poisson model is proposed to predict the probabilities of days with

exactly m = 0, 1, 2, and 3 failures. These probability distributions are first estimated

as the ratio of the number of occurrences of days with m breaks to the number of

days in a year. To derive the modified Poisson distribution five basic events are used

to describe the three types of breaks enumerated above. They are:

-]

@

I = the event that a day with exactly one CIL occurs

IA = the event that a day with one or more CIL occurs
D0 = the event that a day with exactly one DD occurs
D1 = the event that a day with exactly one DK occurs

D1A = the event that a day with one or more DK occurs
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In order to get these ratios (distributions) the range of ways in which days with
exactly 0, 1, 2, 3 etc. breaks could occur as combinations of the simple events listed
above must first be enumerated. Probabilities of these combinations of simple events
then are defined symbolically. Finally, mathematical expressions are formulated based
on the characteristics of each term in the symbolic probability expression. Thus, four
equations are derived for the probability distributions of days with m = 0, 1, 2, 3,
etc. breaks. These equations for the probability of occurrence of days with exactly
0, 1, 2, 3, etc. breaks constitute the modified Poisson model. It should be noted that
the events in IA and D1A are not assumed to be independent because the underlying
CIL and DK events are not independent. Events in D1A are, however, assumed to
be independent of events in DO because because the underlying DD and DK events

are assumed to independent.

6.4.1 Probability Distributions for Basic Events

A mathematical expression can be formulated for each of these simple events. These
expressions require the estimation of a number of parameters from the data in L4F014.
(The actual methods used to estimate these parameters are described in Section 6.5.)
As was previously mentioned it is assumed that the independent events I and TA
follow a Poisson distribution. Thus LBI is the Poisson parameter for this distribution
for a 1 ki length of pipe and LBIx is the Poisson parameter for an x kin of pipe
length. Note that like LB, LBI is the parameter of breaks per day per kilometer.
The general expression for the probability of occurrence of a day with m = 0, 1,

2, 3, etc. independent breaks is thus given by:

LBI2\™ —LBIz
P(l,) = EEIR) e (6.4)

m!

where
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e m is the number of independent breaks that occur in a day
e [, is the event that a day with m independent breaks occurs

In particular, note that the event /A is equivalent to the event that a day in which

no independent break occurs. The equation for this event is:

P(lo) = e~ PBI® (6.5)

where Iy is the event that a day with no independent breaks occurs
A parameter KO is used to denote the probability of occurrence of DO events
given that a CIL event has occurred. Thus the conditional probability events can be

expressed as:
P(DO 1= K0 (6.6)
and
P(D0)=1-K0 (6.7)

It should be noted that no event is inclnded which involves multiple DD events
with a common CIL event is included in this event as it is assumed that the probability
of a day with two or more DD events with a common CIL event is zero. The basis of
this assumption is that the occurrence of two or more DD events requires two repairs
be performed and three breaks (a CIL, and 2 DD’s) to occur within 1 day and in less
than 20 m of water main. Such an event, while possible, is extremely improbable.

A parameter K1 is used to estimate D1 and D1A events. Note that D1 and D1A
events are defined as days in which DK breaks occur. It is assumed that D1 and D1A
events follow a Poisson process with parameter Kix for a pipe length of x km. The

general expression for probability of occurrence of days with DK events is thus:
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(f{liE)mB_le

m!

P(DK,,) =
where
e m is the number of DK breaks that occur in a day
e DK,, is the event that a day with m DK breaks occurs

In particular, note that the event D1A is equivalent to the event that a day with

no DK breaks occurs. The equation for this event is:

P(DKy) = e 1® (6.9)

where DKy is the event that a day with no DK breaks occurs

A final parameter K2 is an empirically based adjustment factor. The previously
defined parameters LBI, K0, and K1 are defined using the assumption that the prob-
ability of occurrence of a pipe break is uniform for all days of the year. Anecdotal
evidence (Arnold, 1960) and some general statistical evidence (Goulter and Kazemi,
1988) suggest that the this assumption is not entirely justified. These papers suggest
that environmental and operating factors tend to make the occurrence of breaks more
likely on some days of the year. The data base on which this study is based does not
contain sufficient data to correlate days with pipe breaks with these environmental
and operating factors.

The purpose of the parameter K2 is to take into account to some extent the non-
uniform distribution of breaks over the days of the year. K2 is calculated as the ratio
of observed to predicted days with exactly one independent break. Details of how K2
is used are described in Section 6.4.2 while the method used to calculate K2 is given

in Section 6.5.4.



Number of Independent | Predicted Probability of
Breaks m Occurrence
1 025134
2 0003242
3 .0000027
4 000000018

Table 6.2: Predicted number of days with m independent breaks for 35 km of 150

mm cast iron pipe older than 30 years

An additional simplifying assumption can be used on the basis of the information
shown in Table 6.2. It can be seen in this table that for the lengths of pipe used in
this study that the predicted probability of a day with 2 or more independent breaks
is quite small. This prediction is based on a “sample” length of 35 km of pipe and the
pipe category with the highest pipe breakage rate, 150 mm cast iron pipe older than
30 years. Based on these low failure probabilities all events involving days with two
or more independent breaks are assumed to have a zero probability of occurrence.

As was previously mentioned the first step in the derivation of expressions to
predict the probability of occurrence of days with m = 0, 1, 2, 3 etc. breaks is
the formulation of symbolic expressions for these probability distributions. These
symbolic expressions are formulated as combinations of the simple events I, IA, DO,
D1, and D1A. The formulas in Eqs. 6.4 - 6.9 and the constant K2 are used to convert
these symbolic simple events into mathematical expressions which are use to calculate
the probability of occurrence of days with m = 0, 1, 2, and 3 breaks in the following

sections.
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6.4.2 Probability model for days with m=0 breaks

The equation for the probability of occurrence of a day with exactly 0 breaks is
developed first.

The events necessary to define a day with zero breaks occurs are:
I. A day without 1 or more independent breaks (CIL)

2. A day without I or more dependent breaks (DK) that occur on days subsequent

to the CIL

Note that the event (DD), days with dependent breaks that occur on the same
day as an independent break (CIL) has no effect on the number of days with zero

breaks. Symbolically, this model is given as:
(Eo) = (AN D1A) (6.10)

where Ej is the event that a day with zero breaks occurs

As mentioned previously, the events IA and D1A are assumed not to be inde-
pendent. No a priori information exists on the relationship between these events. It
should be noted that the underlying breaks for an 1A event are CIL’s and the un-
derlying breaks for a DIA event are DK’s. In terms of system reliability the most
conservative assumption would be that DK breaks always occur on a day with CIL
breaks because this situation ensures that at least two breaks have occurred on the
same day. The assumption that DK breaks only occur on days in which CIL breaks
have already ocurred is thus equivalent to the assumption that D1A is a subset of IA.
There are some physical factors which support this conservative assumption.

It should be noted that DK breaks are limited by definition to occur within 20 m
and 90 days of a previous CIL. Thus, the effective length of pipe which can contribute

to a DK break is small compared to the lengih of pipe which can contribute to a CIL
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break. Since the CIL and DK breaks underly the IA and DIA events, respectively,
it then follows that on any given day a much greater length of pipe contributes to
IA events than to D1A events. In addition, it can reasonably assumed that a set
of physical causes derived from climatic conditions act to stress the whole network
simultaneously. For a D1A event to occur on a day in which no 11A event occurs it
would be necessary for these stresses to be great enough to cause a DK break but
not great enough to cause a CIL anywhere else in the network. While this scenario
is possible it is reasonable to assume that it is unlikely given the much longer length
of pipe which on any given day can contribute to TA events. It should be noted that
in terms of system reliability this assumption is conservative because it implies that
all events in D1A contribute to failure events involving two or more pipes. In spite
of being somewhat of an oversimplification this conservative assumption is used to
calculated the probability of occurrence of days with no failures.

Using the subset relationship between D1A4 and /A and converting Eq. 6.10 into

probabilities gives:

P(Eo) = P(TANDIA) = P(TA) (6.11)

Eq. 6.5 can then be used directly to express Eq. 6.11 in terms of LBI. The

equation to predict the probability of a day with no breaks becomes:

P(Ep) = e8¢ (6.12)

6.4.3 Probability model for days with m=1 break

The probability distribution of days with exactly one break is derived in a similar
fashion to the method used to derive the distribution of days with zero breaks. The

ways in which one break can occur in a day are:
1. A day with | independent break (CIL) and no dependent breaks (DD or DK)
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2. A day with 1 dependent break (DK) that occurs on a day subsequent to the

CIL and no independent breaks (CIL)

Symbolically these assumptions can be expressed as:

E = ((In(DonDIA)U(TAN D1)) (6.13)

Converting Eq. 6.13 into probabilities gives:

P(E)=P((In(DONDIA))U(TAN D1)) (6.14)

The assumption used in the previous section that the events in D14 form a subset
of the events in /A implies that the probability of occurrence of the second term in
Eq. 6.14 is zero. This assumption does not reduce the number of DK breaks but
implies that the DK breaks occur on days with CIL. Since these DK breaks occur
on days with CIL they contribute directly to the number of days with two or more
breaks. It can be expected that this contribution is in addition to the number of days
with multiple breaks that would otherwise be predicted. No a priori method exists
to apportion these extra days with multiple breaks to days with 2, 3, etc. breaks.
Several trials were conducted and it was found that apportioning 40% of these days
to days with 2 breaks, 30% to days with 3 breaks and 30% to days with more than 3
breaks provided a reasonable fit.

In addition, the use of Eq. 6.12 to estimate the probability of a day with no breaks
only provides information on the total number of days in which no breaks occur and
provides no information with respect to the probability distributions of days with
exactly 1, 2, 3, etc. breaks. It was, however, assumed previously that a physical cause
acting over the whole network causes the occurrence of greater numbers of C'7 1 events
on some days of the year. The assumption of the clustering of independent failure

events on some days of the year is conservative from the point of view of reliability
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because it implies that more independent events contribute to the occurrence of days
with more than one failure.

To take into account this temporal clustering effect for C'IL events a constant
K2 which relates the observed number of days with exactly one C'TL event to the
predicted number is assumed. The reduction in the number of days with exactly 1
CIL by a factor K2 cannot be assumed to reduce the total number of days with breaks.
These CIL are instead redistributed to days with multiple breaks and so contribute
directly to the number of days with two or more breaks. It can be expected that this
contribution is in addition to the number of days that would otherwise be predicted.
As with the DK breaks no a priori method exists to apportion these extra days with
multiple breaks to days with 2, 3, etc. breaks. Several trials were conducted and it
was again found that apportioning 40% of these days to days with 2 breaks, 30% to
days with 3 breaks and 30% to days with more than 3 breaks provided a reasonable
fit.

This redistribution of the probability of days with one break to days with multiple
breaks is admittedly an inexact method of taking into account the tendency of breaks
to be non-uniformly distributed over the days of the year. The recognition of this
non-uniform distribution has, however, been recognized in the literature only in an
anecdotal fashion (see Arnold, 1960) or using very broad statistical measures such as
the variation of the number of breaks per month over the months of the year (Goulter
and Kazemi, 1988).

Noting that the second term of Eq. 6.14 is zero and expressing DO in terms of

conditional probabilities Eq. 6.14 becomes:

P(Ey) = P(INDIA)P(DO | (I N DIA)) (6.15)

Recall that DO is assumed to independent of D1A so Eq. 6.15 becomes:

P(Iy) = P(INDIA)P(DO | 1) (6.16)
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Eqgs. 6.4 - 6.9 and the constant K2 can now be used to express Eq. 6.16 in

mathematical terms:

P(E)) = LBIze MBI~ KI2(1 _ K0) K2 (6.17)

6.4.4 Probability model for days with m=2 breaks

The development of the probability distribution for the days with 2 breaks is similar
to the method used for days with m = 0 and 1 breaks. The ways considered in this

thesis in which a day with two breaks can occur are:
1. A day with 2 independent breaks (CIL) and no dependent breaks (DD or DK}

2. A day with 1 independent break (CIL) and no dependent breaks (DD) and 1

dependent break (DK)
3. A day with 2 dependent breaks (DK) and no independent breaks (CIL)

4. A day with 1 independent break (CIL), 1 dependent break (DD}, and no de-

$

pendent breaks (DK)

oy

- A day with 2 dependent breaks (DD), no dependent breaks (DK) and no inde-

pendent breaks (CIL)

It should be noted that item 5 requires the occurrence of a day with two DD
events. It is assumed that the probability of occurrence of a day with two or more
DD events is zero. By definition of a DD event a CIL must occur on the same day
and within 20 m of the DD event. The occurrence of 2 DD’s requires at least one
CIL to occur. Therefore, the occurrence of two or more DD events requires two
repairs be performed and three breaks (a CIL, and 2 DD’s) occur within 24 hours

and in less than 20 m of water main. Such an event, while possible, is extremely
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improbable. No term for item 5 is included in the following equation which expresses

these assumptions symbolically.

() = (In(D0nDIA) A (In(DOnDIA) U

(TAND)N(TAN D) U

(I (D0n DIA)) (6.18)

Converting Eq. 6.18 into probabilities gives:
P(E)) = PUINn(DONnDIA)N
In(D0N DIAY) +
P(IN(DON D)) +
P(TAN D) N(TAN D) +

P(In (D0NDIA)) (6.19)

The first term of Iq. 6.19 can be simplified by noting that

(In(D0NDIA) C I (6.20)

As a result of Eq. 6.20 the following relationship holds:

(10 (DONDIA) N (In (DONDIA) € (101 (6.21)

Converting Eq. 6.21 to probabilities gives:

P(IN(DONDIA) N (I N (DONDIA)) < P(INT) (6.22)

Based on the values in Table 6.2 it can be seen that the right hand side of Eq.

6.22 1s approximately zero and, therefore, the first term of Eq. 6.19 can be neglected.
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It should be further noted that the subset relationship between DIA and I implies

that:

TANDL =0 (6.23)

Since the probability of occurrence of @ is zero this relationship implies that the
third term of Eq. 6.19 is zero. Applying these simplifications to Eq. 6.19 represented

by these interpretations of Eq. 6.22 and 6.23 gives:

P(E;)) = P(In(D0ON D1)) +

P(IN(D0onN D1A)) (6.24)

Expressing DO and D0 in terms of conditional probabilities gives Eq. 6.25:

P(E;) = P(IND1)P(DU | (I n D)) +

PINDIAYP(DO | (In D1A)) (6.25)
Recall that DO is assumed to be independent of D1A and so Eq. 6.25 becomes:
P(Ey)y=P(INDLPDO | I)+ P(InDIAYP(DO | 1) (6.26)

Eq. 6.26 can now be converted to a mathematical form on a term by term basis

using Eqs. 6.4- 6.9 the constant K2 giving:
P(E,) = ((LBIz)e "By (K12)e ¥12(1 — K0) 4+
((LB]:B)B*LBII)(B_KM)]{O +
0.4(LBIze ™™ PI)(1 — K0)(1 — K2)(e™"1%) 4
0.4(e FBIY (K 12)e K1 (6.27)

Note that the last two terms of Eq. 6.27 are not listed in Eq. 6.26. These terms

come from the probabilities transferred from days with 1 break discussed previously.
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6.4.5 Probability model for days with m=3 breaks

The derivation of the probability distibution for days with m=3 breaks follows the

method used for days with two breaks. The ways considered in this thesis in which

three breaks can occur in one day are:

1.

2.

6}

A day with 3 independent breaks (CIL) and no dependent breaks (DD or DK)

A day with 2 independent breaks (CIL) and 1 dependent break (DK) and no

dependent breaks (DD)

A day with 2 independent breaks (CIL) and 1 dependent break (DD) and no

dependent breaks (DK)

. A day with 1 independent break (CIL) and 2 dependent breaks (DK)

A day with 1 independent break (CIL), 1 dependent break (DD), and 1 depen-
dent break (DK)

Note that cases involving more than 1 dependent break on the same day (D0} o1

cases involving (AN D1) have not been included because of the assumption that the

probability of occurrence of these events is zero.

Symbolically this combination of the way in which three breaks can occur is given

as:

Es=(In(D0nDIAY) N (In(DInDIA)N
(In(DoNDIA)U
(InDONUINDOyn(TAN D1 u
(InD0ONnD1NDIU

(InDoNDI) (6.28)

Converting Eq. 6.28 into probabilities gives:
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P(E3)=P((UN(DONDIAYN(In(DONDIA) N
(In(DONDLA))) +
P((IND0)n(InDinN DI1))+
P(INDONDIN DL+

P(INDON D1 (6.29)
Based on the relationship given in Eq. 6.20 the following relationship holds:

(In(DONDIA)YN(In(DONDIA) N

(INn(DONDIA) c(Inini) (6.30)

Converting Eq. 6.30 to probabilities gives:

P((IN(DONDIA)N(IN(DOINDIA)N

(IN(DONDIAY)) < PININI) (6.31)

It can thus be seen that based on Eq. 6.31 and the values in Table 6.2 the first
term of Eq. 6.29 can again be neglected. Next consider the second term of Eq. 6.29.

Again based Eq. 6.20 the following relationship holds:

(InD)N(INDOYNDL) C(In) (6.32)

Converting Eq. 6.32 into probabilities gives:

P{INDO)N{INDO)NnD1yc P(INI) (6.33)

Thus, based on the values in Table 6.2 and Eq. 6.33 the second term of Eq. 6.29

can also be neglected giving:



P(Es)=P((InD0)nD1N D)+ P(In DOnN DI1) (6.34)
Expressing D0 in terms of conditional probabilities Eq. 6.34 becomes:
P(Es)=P(INnDINDLP(DO | (IND1N D))+
P(INDL)P(DO | (In D1)) (6.35)

Using the independence of D1 and D0 Eq. 6.35 becomes:

P(Es) = P(INDLN DVYP(DO | )+ P(INDLYP(DO | I) (6.36)

Expressing Eq. 6.36 using Eqs. 6.4-6.9 and the constant K2 gives:

P(E3) = (LBIz)e "PIP(K12)e 517)2(1 — K0) +

(LBIze ™ *PIMYK1(K0) +
0.3(LBIze ™) (1 — KO)(1 — K2)(e71%) 4 0.3(e B2 (K12)e X (6.37)
Note that the last two terms of Eq. 6.37 are not listed in Eq. 6.36. These terms
come from the probabilities transferred from days with 1 break discussed previously.
Similar expressions could be derived for the modified Poisson distribution for
greater values of m, in a manner similar to that used for m=2 and m=3 breaks

above. However, it was found that three breaks at a time provide sufficient accuracy

for the purposes of this study.

6.5 Fitting the Modified Poisson Distribution

The use of the Modified Poisson distribution described in Eqs. 6.12, 6.17, 6.27, and

6.37 requires the estimation of the four parameters, LBI, K0, K1, and K2 in order.
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The methods of estimating the values of these four parameters are described in this

section.

6.5.1 Estimation of LBI

LBI is estimated from the sampled number of days with independent breaks. Recall
that an independent break was defined as a break located more than 20 m and/or
occurring more than 90 days after any previous break. The number of days in which 0,
1, 2, 3, ete. independent breaks was sampled directly from the break data base. The
assumption that independent breaks are distributed as a Poisson distribution is then

used to estimate LBI as a regression coefficient. Note that for a Poisson distribution
P(lp) = e LBI= (6.38)
where
e P() is the probability function
e [y is the event that a day occurs with no independent breaks
e x is the length of pipe in kilometers

Inverting both sides of Eq. 6.38, and taking natural logarithms gives:

In = LBlz (6.39)

P(1g)

The quantity P(/o) is estimated from the sampled data as the ratio of the number

of days with no independent breaks to the number of days in a year. The coefficient
LBIin Eq. 6.39 can be estimated by performing linear regression of the left hand side
of Eq. 6.39 on pipe length. Recognizing the fact that breaks are impossible in a zero

length of pipe (no pipe) the regression line was forced to pass through the origin.
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This regression analysis provides a sufficiently good fit for the estimation of LBI
for all pipe categories. For each of the cases examined the coefficients used to estimate
LBI, the associated coefficient of variation, and the standard deviation of LBI for each
pipe category are shown in Table 6.3. These values are derived from the regression
analysis.

Neter et al. (1985) give the standard deviation of the regression coefficient b1 for
univariate linear regression in which the regression line must pass through the origin

as:

where
o 5(b) = standard deviation of the regression parameter bi.
¢ Y; = ith observed value of the dependent variable.
e b, = estimated regression coefficient.
e X; = ith observed value of the independent variable.

n = number of observations.

Eq. 6.40 is used to calculate the standard deviation of the parameters estimated
using regression analysis on the data in file L4F014. The file L4014 contains pipe

characteristics and break history for each pipe segment in the study area.

6.5.2 Estimation of Parameter KO0

KO is estimated as the ratio between the expected number of days that dependent

breaks (DD) occur on the same day as the CIL and the expected number of days
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Pipe Category
Pipe material, diameter, age

(mm) (yr)

Regression Parameters
LBI¢ r Standard
Deviation of LBI*

Cast Iron Pipe 150 mm, 0-19 yr 360  .9542 16.5
150 mm, 20-30 yrs 549 .9609 19.04

150 mm, over 30 yrs 737 .8483 41.49

200 mm, 0-30 yrs 516  .8401 2.51

200 mm, over 30 yrs 897 .8541 3.28

250 mm, 0-30 yrs 478  .9022 21.7

250 mm, over 30 yrs 603 .9138 24.8

300 mm, 0-30 yrs 419 .8205 25.4

300 mm, over 30 yrs 352 .7549 30.1

Asbestos Cement Pipe 150 mm, 0-30 yrs | 79.6 .6386 5.43
150 mm, over 30 yrs 104 .6608 8.61

200 mm, 0-30 yrs 181 .3478 25.29

200 mm, over 30 yrs 699 .9742 29.69

250 mm, all ages | 46.5 .5447 16.28

300 mm, all ages | 58.2 .7352 6.13

Ductile Steel Pipe 150 mm, all ages | 91.8 .8658 5.41
200 mm, all ages | 40.8 .5432 6.21

250 mm, all ages | 91.8 .7822 6.11

PVC Pipe 150 mm, 0-30 yrs | 26.8 .9542 11.3

a. Values shown increased by a factor of 108

Table 6.3: Estimation
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with independent breaks (CIL). It is assumed that the days with dependent breaks
(DD) are distributed using a Poisson distribution with parameter KDD, but are
not independent of the days with CIL. The actual number of days with dependent
breaks(DD) is determined from data sampled from the combined break data base.
The expected number of days with dependent breaks is estimated using an equation
with the same form as Eq. 6.38.

The Poisson expression for the probability of occurrence of a day with no DD

breaks for a pipe length of x km is:

P(DDg) = ¢ KPP (6.41)
where
e P() is the probability function

e DD is the event thaf a day occurs with no dependent breaks on the same day

as the CIL
o K DD is the Poisson parameter for days with these dependent breaks
e x is the length of pipe in kilometers

Then inverting both sides of Eq. 6.41 and taking natural logarithms gives:

1
In——-—-=KDDz 42
n (D Do) z (6.42)

The quantity P(DDg) is estimated from the sampled data as the ratio of the
number of days with no dependent breaks (DD} to the number of days in a year. The
coefficient KDD in Eq. 6.42 can be estimated by performing linear regression of the
left hand side of Eq. 6.42 on pipe length. The regression line was again forced to

pass through the origin because breaks cannot occur on a zero length of pipe.
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For each of the cases examined, the coefficients used to estimate KDD, the asso-
ciated coefficient of variation, and the standard error for cach pipe category derived
from the regression analysis are shown in Table 6.4. It can be seen from the results in
this table that the regression analysis provides a reasonably good fit for the estima-
tion of KDD for most pipe categories. It should be noted that +? values were found to
be statistically significant only for asbestos pipe in the 200 mm over 30 years old and
250 mm all age categories. It is possible that the failure process in ashestos cement
pipe is quite different from the process which occurs in cast iron or ductile steel pipe.
No inferences can be made about the value of K0 for these pipe categories and K0
is shown with a nominal value of zero for these pipe categories. Caution should be
used in applying this model to estimate component failure probabilities for asbestos
cement pipe.

It is also interesting to note that while ductile steel, and particularly PVC pipe
categories have quite low probabilities of days with independent breaks the probability
of a second break occurring on the same day and in close proximity is quite high. The

parameter KO can then be estimated using:

KDDz  KDD
LBlz  LBI

KO = (6.43)

A summary of the values of KDD, LBI, and K0 obtained for each pipe category

are shown in Table 6.5.

6.5.3 Estimation of Parameter K1

K1 is estimated {rom the sampled number of days with dependent breaks (DK) that
occur on days subsequent to the CIL. The number of days with 0, 1, 2, 3, etc. depen-
dent breaks (DK) was sampled directly from the break data base. The assumption

that these breaks are distributed as a Poisson distribution is then used to estimate
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Pipe Category

Regression Parameters

Pipe material, diameter, age KDD*® r? Standard
(mm) (yr) Deviation of KDD*

Cast [ron Pipe 150 mm, 0-19 yrs 54.3  .T493 6.87

150 mm, 20-30 yrs 88.4 .8977 0.18

150 mm, over 30 yrs 57.5  .7000 4.90

200 mm, 0-30 yrs 69.2 .7936 L7

200 mm, over 30 yrs 56.8  .7968 1.29

250 mm, 0-30 yrs 73.6 .8468 2.16

250 mm, over 30 yrs 67.2 7288 2.31

300 mm, 0-30 yrs 24.8 6944 818

300 mm, over 30 yrs 12.4 4676 341

Asbestos Cement Pipe 150 mm, 0-30 yrs 0 .2071 2.85
150 mm, over 30 yrs 0 .0000

200 mm, 0-30 yrs 0 .1114 1.53

200 mm, over 30 yrs 22.8 .7643 3.35

250 min, all ages 7.8 3384 4.31
300 mum, all ages 0 .0000

Ductile Steel Pipe 150 mm, all ages 22.0 .6891 2.20

200 mm, all ages 29.0 .6648 3.49

250 mm, all ages 31.6 .8021 2.13

PVC Pipe 150 mm, 0-30 yrs 22.5  .5505 11.34

a. Values shown increased by a factor of 10°

Table 6.4: Estimation of parameter KDD
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Pipe Category
Pipe material, diameter, age KDD* LBI* KO

(mm) (yr)

Cast Iron Pipe 150 mm, 0-19 yrs 54.3 360 151

150 mm, 20-30 yrs 88.4 549 .161

I

150 mm, over 30 yrs 57.5 737 078
200 mm, 0-30 yrs 69.2 ol6 134
200 mm, over 30 yrs 56.8 597 .095
250 mm, 0-30 yrs 73.6 478 154
250 mm, over 30 yrs 67.2 603 111
300 mm, 0-30 yrs 24.8 419 .059

300 mm, over 30 yrs 124 352 .035

Asbestos Cement Pipe 150 mm, 0-30 yrs 0 796 0
150 mm, over 30 yrs 0 104 0
200 mm, 0-30 yrs 0 181 0

200 mm, over 30 yrs 22.8 699 033

250 mm, all ages 7.8  46.5 .168
300 mm, all ages 0 582 0
Ductile Steel Pipe 150 mm, all ages 22.0 918 .240

200 mm, all ages 29.0  40.8 .711
250 mim, all ages 31.6  91.8 .344

PVC Pipe 150 mm, 0-30 yrs 22,5 26.8 .839

a. Values shown increased by a factor of 10°

Table 6.5: Summary of value of KDD, LBI, and K0
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K1 as a regression coefficient. The actual estimation of the value of K1 is performed

using an equation of the same form as Eqs. 6.38 and 6.41, namely,

P(DKy) = e 1= (6.44)
where
o P() is the probability function

e DKy is the event that a day occurs with no dependent breaks on a day subse-

quent to the CIL

e x 1s the length of pipe in kilometers

Inverting both sides of Eq. 6.44 and taking natural logarithms gives:

1
h——— = Kla 6.45
" P(DIKo,) ¢ (6.45)

For each of the cases examined the coeflicients used to estimate K1, the associated
coefficient of variation, and the standard error for each pipe category are shown in
Table 6.6. It can be seen from the results in this table that the regression analysis
provides a sufficiently good fit for the estimation of K1 for most pipe categories.
It should be noted that #* values were found to be statistically significant only for
asbestos pipe in the 200 mm, over 30 years old category and for the ductile steel, 150
mm all ages and 250 mm diameter all ages pipe categories.

It is possible that the failure process in asbestos cement pipe is quite different
from the process which occurs in cast iron or ductile steel pipe. No inferences can
be made about the value of K1 for these pipe categories and K1 is shown with a
nominal value of zero for these pipe categories. Caution should be used in applying

this model to estimate component failure probabilities for asbestos cement pipe.
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No explanation was found for the low r? value found for the 200 mm all ages ductile
steel pipe category. It is speculated that this pipe was installed with a concrete coating
and, thus, might be expected to behave differently from other ductile steel and cast
iron pipe (Pers. Comm. Glen Chambers, City of Winnipeg, 1992). Again a nominal

value of K1 =0 is assumed.

6.5.4 Estimation of Parameter K2

K2 is estimated from the observed probability of occurrence of days with 1 CIL and
the Poisson distribution for days with exactly one independent break. The Poisson
parameter for days with exactly one CIL is taken to be LBI. Consistent with the
concepts used to derive the values of KO the expression for the distribution of days

with exactly one independent break as given by Eq. 6.4, with m = 1, is given by:

P(1,) = (LBIz)e P! (6.46)
where

o P(I;) is the sampled ratio of days with exactly 1 C7L to the number of days in

a year
e L B[ is the Poisson parameter estimated in Eq. 6.39
e x = the sampled length of pipe

If the probability of occurrence of pipe breaks is equal for all days of the year Eq.
6.46 should be a good predictor of the probability of occurrence of days with exactly
one CIL. An indication of the extent to which the probability of occurrence of pipe

breaks is unequally distributed over the days of the year, i. e., the extent to which



Pipe Category

Regression Parameters

Pipe material, diameter, age K1e r? Standard
(mum) (yr) Deviation of K1¢
Cast Tron Pipe 150 mm, 0-19 yrs | 50.4 .8535 4.53
150 mm, 20-30 yrs | 51.6 .9001 2.98
150 mm, over 30 yrs | 71.7 .7112 6.18
200 mm, 0-30 yrs | 101.0 .6764 7.80
200 mm, over 30 yrs | 72.9 .7595 5.47
250 mm, 0-30 yrs | 97.4 8719 4.98
250 mm, over 30 yrs | 67.2 .8539 4.13
300 mm, 0-30 yrs | 40.8 .6991 3.63
300 mm, over 30 yrs | 22.5 .4997 3.30
Asbestos Cement Pipe 150 mm, 0-30 yrs 0 .2330 .95
150 mm, over 30 yrs 0 .0819 .86
200 mm, 0-30 yrs 0 .1724 3.83
200 mm, over 30 yrs | 93.1 .9133 7.66
250 mm, all ages 0 .0000 0
300 mum, all ages 0 .2207 1.06
Ductile Steel Pipe 150 mm, all ages | 12.4 5616 1.69
200 mm, all ages 0 .1184 1.94
250 mm, all ages | 27.3 .7483 2.13
PVC Pipe 150 mm, 0-30 yrs 0 .0000 0

a. Values shown increased by a factor of 10°

Table 6.6: Estimation of Parameter K1
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the independent breaks are clustered on certain days can be obtained by adding a

constant, K2, to Iiq. 6.46.
P(I) = K2(LBIx)ePI® (6.47)
where

o /{2 is a constant used to measure the extent of concentration of independent

breaks on particular days

If the probability of occurrence of pipe breaks is equal for all days of the year
K2 can be expected to be close to one. On the other hand if there is a contributing
cause which makes pipe breaks more likely to occur on certain days of the year K2
should be less than one. K2 is estimated by performing linear regression of P(I1) on
LBIze #BI*_ The estimated values of K2 are shown in Table 6.7. For the 200 mm
and 250 mm ductile steel and the 150 mm PVC pipe categories the r? values are too

small to be statistically significant. For these categories it was assumed that K2 = 1.

6.5.5 Comparison of predicted to sampled probabilities

Once all four parameters have been estimated for all pipe categories, the estimated
parameter values are substituted into Eqgs. 6.12, 6.17, 6.27, and 6.37 to generate the
probability distributions for days with m = 0, 1, 2, and 3 breaks. The predicted
probabilities are compared with sampled frequencies for days with exactly 0, 1, 2,
and 3 breaks. The comparison for days with no breaks is shown in Figs. B.28-B.46.
For days with exactly 1 break the comparison is shown in Figs. B.47-B.65. For days
with exactly two breaks the results are shown in igs. B.66-B.84. The days with
exactly three breaks the results are shown in Figs. B.85-B.103. While not perfect the

agreement is still quite close for all cases.
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Pipe Category Repression Parameters
I

Pipe material, diameter, age K2 r? Standard
(mm) (yr) Deviation of K2
Cast Iron Pipe 150 mm, 0-19 yrs | .454 .7660 0000195

150 mn, 20-30 yrs | .546 .8829 0.0000186
150 mm, over 30 yrs | .382 .4619 0.0000402

200 mm, 0-30 yrs | .736 .7954 .0000214
200 mm, over 30 yrs | .454 .6628 0000255
250 mm, 0-30 yrs | .613 .7945 .0000202
250 mm, over 30 yrs | .490 .6905 0000261
300 mm, 0-30 yrs | .362 .5843 0000165
300 mm, over 30 yrs | .183 4178 000779

Asbestos Cement Pipel50 mm, 0-30 yrs | 763 .5427 0.00000501

150 mm, over 30 yrs | .690 .4667 0.0000091
200 mm, 0-30 yrs | .565 4273 0.0000126
200 mm, over 30 yrs | .236 .4710 0.0000454
250 mm, all ages | .420 .3306 0.0000105
300 mm, all ages | .753 .6508 0.0000057

Ductile Steel Pipe 150 mm, all ages | .825 .8619 .0000045
200 mm, all ages | 1.000 .2847 .0000062
250 mim, all ages | 1.000 .1766 .0000045
PVC Pipe 150 mm, 0-30 yrs | 1.000 .1571 0.0000011

Table 6.7: Estimation of Parameter K2
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6.6 Confidence Limits for the Parameters LBI,

KO0, K1, and K2

The purpose of estimating these confidence limits is to determine limits on the values
of exactly m breaks in a day. To determine these bounds, counfidence limits are
calculated on LBI, K0, K1, and K2, for each pipe category. Bonferroni confidence
limits are used because, for each pipe category, multiple inferences (for each category,
between 1 and 4 parameters must be estimated) are made from the same data. It
should be noted that these confidence limits also are based on the length of pipe in
each category. In addition to the estimation of the probability that exactly m pipes
fail in a day, recall that the use of Fiq. 5.6 to estimate network reliability requires the
estimation of the probability of network failure given that m links from a pipe category
have failed simultaneously. This conditional failure probability is estimated by a
single parameter p for each failure case. As a result, separate Bonferroni confidence
intervals must be determined for each network considered. These confidence intervals

are presented in Chapters 9 and 10 for each network considered.

6.7 Confidence Limits for Total Probabilities

As outlined in Section 5.2, confidence limits can be calculated for both the coverage
and the cumulative probability of network failure. The Bonferroni confidence limits
and Eqs. 5.9 - 5.11 can be used to calculate the variances of both the coverage and the
cumulative probabilities of nework failure. The t-distribution can be used calculate

confidence limits and for hypothesis testing.
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6.8 Limitations of this Method

This method of estimating exactly m breaks in a day gives reasonable results. The
concept of independent breaks that are distributed as a Poisson distribution gives
quite good results, especially for cast iron pipe. The concept that dependent breaks
which occur on the same and subsequent days follow the Poisson distribution is also
well supported. The use of a constant parameter, K2, to take into account the
clustering of failure events in time is recognised as being somewhat simplistic. This

aspect 1s an area in which further research is needed.
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Chapter 7

Description of Model Networks

In the previous chapters, a method to estimate network reliability was developed. In
this chapter the method is applied to the network detailed in Walski et al. (1987).
This network was chosen because it has become recognized in the literature as a test
case for reliable water distribution networks and because several solutions are available
in Walski et al. (1987). (The detailed specifications of each network solution are given
in this chapter.) It should be noted that the solutions in Walski et al. (1987) were
developed using heuristic methods to ensure sufficient network reliability. In this
thesis, probability based reliability estimates are made for each network.

For convenience, the original network specifications are reproduced from Walski et
al. (1987). The network layout is shown in Fig. 7.1 with the fixed pipe characteristics
being shown in Table 7.1 and the node characteristics being shown in Table 7.2. Note
that it has been assumed that all pipe in the network is cast iron because only cast iron
pipe was used in the network in Walski et al. (1987). The variable pipe characteristics
for the original network are shown in Table 7.3. Note that pipes 68 through 76 have
not been specified because they were not part of the original network in Walski et al.
(1987) but were links to be designed in developing the network solution. The daily

demand pattern is shown in Table 7.4. The network performance criteria specified in
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Walski et al. (1987) include the provision of sufficient flow and pressure for normal
operating conditions, instantaneous peak demand, and fire flows. All criteria apply
to both 1985 demands and projected demands for 2005. It should be noted that no
duration is specified for either the instantaneous peak flows or the fire flows. Since the
instantaneous peak flows and fire flows are not well defined, only normal operating
conditions, with the projected demands in 2005, are considered in this thesis. More
specifically, the demand levels from the highest daily demand period are used. It
should be noted that this method of estimating reliability can be used for fire flows

and instantaneous peak demand, by using the appropriate nodal demands

pump station

Figure 7.1: Original Network Layout from Walski, 1987

7.1 Assumed daily system operation plan

The daily demand pattern, shown in Table 7.4, divides the daily demand curve into

eight time periods, each of three hours duration. Seven different demand levels rang-
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Link | From To Link Link | From To Link
Number | Node | Node | Length || Number | Node | Node | Length
(feet) (feet)
1 10 20 100 42 140 150 6000
2 20 70 | 12000 44 150 160 6000
4 20 30 | 12000 46 100 160 6000
6 20 110 § 12000 48 100 110 6000
8 30 70 9000 50 110 160 6000
10 70 100 6000 52 | 110 120 6000
12 70 90 6000 54 120 160 95000
14 60 70 6000 56 120 [30 6000
16 60 90 6000 58 130 160 6000
18 60 80 6000 60 130 170 6000
20 80 950 6000 62 140 160 6000
22 90 150 6000 64 140 170 { 12000
24 90 100 6000 66 50 140 | 12000
26 100 150 6000 68 115 140 6000
28 80 150 6000 70 75 140 6000
30 30 60 6000 72 75 115 6000
32 30 40 6000 74 50 5 6000
34 30 50 9000 76 55 75 6000
36 40 50 6000 78 60 65 100
38 50 80 6000 80 160 165 100
40 80 140 6000

Table 7.1: Fixed data for links for all networks
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Node | Elevation | Required | Required || Node | Elevation | Required | Required
Pressure Flow Pressure Flow

@] @s)|  (gom) | os)|  (epm)

10 280 pump 90 50 40 1000
20 20 40 500 100 50 40 500
30 50 40 200 110 50 40 500
40 50 40 200 115 80 40 600
50 50 40 600 120 120 40 400
55 80 40 600 130 120 40 400
60 50 40 500 140 80 40 400
65 225 tank — 150 120 40 400
70 50 40 500 160 120 40 1000
75 80 40 600 165 225 tank -
80 50 40 500 170 120 40 400

Table 7.2: Node characteristics table
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Link Link Pipe | Chezy’s Link Link Pipe | Chezy’s
Number | Diameter Age C || Number | Diameter Age C
(inches) | (years) (inches) | (years)
1 20 50 120 42 8 50 120
2 16 50 70 44 8 50 120
4 12 50 120 46 8 50 120
6 12 50 70 48 8 50 120
8 12 50 70 I 50 10 50 120
10 12 50 70 52 8 50 120
12 10 50 70 54 8 50 120
14 12 50 70 56 8 50 120
16 10 50 70 58 10 50 120
18 12 50 70 60 8 50 120
20 10 50 70 62 8 50 120
22 10 50 0 64 8 50 120
24 10 50 70 66 8 50 120
26 12 50 70 68
28 10 50 70 70
30 10 50 120 72
32 10 50 120 74
34 10 50 120 76
36 10 50 120 78 12 50 120
38 10 50 120 80 12 20 120
40 10 50 120

Table 7.3: Link data for original network




Time Period | Demand as a Proportion of
Average Daily Flow
24:00 - 03:00 0.6
03:00 - 06:00 0.7
06:00 - 09:00 1.1
09:00 - 12:00 1.2
12:00 - 15:00 1.3
15:00 - 18:00 1.2
18:00 - 21:00 1.0
21:00 - 24:00 0.9

Table 7.4: Daily demand pattern (average = 1.0)

ing from 60% of average daily demand to 130% of average daily demand are identified
in this table. The nodal demands, for each demand level, are determined by multi-
plying the average demand, given in Table 7.2, by the appropriate factor, from Table
7.4.

Demands vary significantly during each day. The variation in demand levels has
a significant impact on system operation. During periods of low demand, surplus
hydraulic capacity can be used to fill the system storage tanks. The water stored in
the storage tanks can then be used to meet flow and pressure requirements at peak
demand levels.

This use of storage facilities complicates the task of simulating network perfor-
mance and greatly increases the computational burden associated with the simulation.
The approach to network simulation mentioned in Walski et al. (1987), involves the
simulation of the network over a 24 hour period. The time interval used for the

simulation is not given, but because of the highly non-linear relationship, between
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withdrawals from the storage tanks and flows in the network, the use of a small time
interval seems reasonable. The use of a small time interval, however, implies a large
increase in the computational burden associated with the calculation. For example,
the use of a 15 minute time interval rather than a single iteration per day increases
the number of times that the network must be solved, for each simulation by a factor
of 96. As a result of these considerations, the following simplified procedure, using
the daily demand curve and total storage capacity, is developed.

It should be noted that the storage capacity is limited. The storage tanks have a
capacity of 250,000 gallons (US) for the base case. Walski et al. (1987) specify that
fire flows must be met with the tanks 25% full. This requirement is taken to mean
that the system is run with a reserve of 25% or 62,500 gallons (US) in each tank.
If no additional storage is provided, the remaining 187,500 gallons U.S. storage can
provide a maximum withdrawal of 1041.7 gallons per minute (gpm) for the three hour
peak demand period. This withdrawal level has been reduced to 800 gpm in order to
maintain storage capacity for withdrawals during the periods with elevated, but less
than peak demands of 1.1 and 1.2 times average daily demand. It was assumed that
withdrawals from storage are required in those periods when demand is greater than
the average daily demand.

However, it is assumed that the peak demand period is critical, and hence it is

the only case considered during the Monte Carlo simulation of network performance.

7.2 Example Networks

Four solution networks are considered. These solutions are:

1. non-optimal system expansion
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2. the solution proposed by Gessler in Walski et al. (1987)

3. the solution proposed by Lee et al. in Walski et al. (1987)

4. the solution proposed by Morgan and Goulter in Walski et al. (1987)

7.3 ‘Non-Optimal’ system expansion specifica-
tion

The first network considered is a system expanded on a trial and error basis. A
network solver was used to check the hydraulic adequacy of the network. It is assumed
that pipes to the south and east of link 28 (specified as the older part of the city in
Walski et al., 1987) are replaced. This assumption was made because most of these
pipes would be over 70 years old in the year 2005.

The network layout for this non-optimal system expansion is shown in Fig. 7.2.
The specifications of the new and replaced pipes in this network arve given in Table
7.7 while the specifications of the tanks and pumps in this network for all demand
levels are given in Table 7.8. Nodal pressures and flows were checked against required
pressures and flows, for all demand levels, and the corresponding withdrawal (fill)
levels are given in Table 7.8. Nodal pressures and flows were found to be adequate.
[t can thus be seen that this network has sufficient hydraulic capacity if no links have

been broken.
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Link Link Pipe | Chezy’s Link Link Pipe | Chezy’s
Number | Diameter Age C || Number | Diameter Age C
(inches) | (years) (inches) | (years)

2 20 20 130 22 12 20 130

4 18 20 130 24 10 20 130

6 18 20 130 26 12 20 130

8 12 20 130 28 10 20 130

10 16 20 130 68 10 20 130

12 12 20 130 70 8 20 130

14 12 20 130 72 8 20 130

16 10 20 130 74 8 20 130

18 12 20 130 76 10 20 130
20 10 20 130

Table 7.5: Data for changed links in the non-optimal network
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Node Number

10 65 165
Node Type

Demand | Pump Tank Tank
Level Head | Withdrawals | Withdrawals
() | (Fill)(gpm) | (Fill)(gpm)
.G 280 (800) (800)
.7 280 (800) (800)
9 280 (100) (100)
1.0 280 0 0
1.1 280 100 100
1.2 280 100 100
1.3 300 800 800

Table 7.6: Specification of tanks and pumps - non-optimal network
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New links pump station

Figure 7.2: Non-Optimal Network Layout
7.4 The Gessler network specification

The third network considered is a system expansion proposed by Gessler in Walski et
al. (1987). A network solver was again used to check the hydraulic adequacy of the
network. This network is not hydraulically sufficient, if flows are limited to prevent
any of the storage tanks from being emptied. However, as the network was quite
close to hydraulic sufficiency, ‘increased’ flows were assumed to provide the required
hydraulic capacity. These increased flows are equivalent to the assumption that the
amount of overhead storage is greater than that specified by Gessler. The larger sized
tank assumed, for this network, at node 150 makes significantly larger withdrawals
from the tank possible. While the specification of a larger sized tank does not violate
any of the network requirements as specified in Walski et al. (1987), the resulting
increased cost of the network was not reflected in Gessler’s solution. In addition, it

should be noted that the design of a tank with insufficient capacity can be a serious
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error because after a tank has been built increasing its capacity can be quite difficult.

The network layout for this case is shown in Fig. 7.3. Note that an extra node,
175, and an extra link, number 82, from node 175 to node 150, have been added
to the network, to take into account the addition of an overhead tank, connected to
node 150. The specifications of the pipes, in this network, are given in Table 7.9. The
specifications of the tanks and pumps in this network for all demand levels are given
in Table 7.10. Nodal pressures and flows were checked against required pressures and
flows for all demand levels and the corresponding withdrawal (fill) levels are given in
Table 7.10. Nodal pressures and flows were found to be adequate. It can thus be seen
that the Gessler solution, with the assumed extra storage, has sufficient hydraulic

capacity if no links have been broken.

New links pump station

Figure 7.3: Gessler Network Layout
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Link Link Pipe | Chezy’s Link Link Pipe | Chezy’s
Number | Diameter Age C it Number | Diameter Age C
(inches) | (years) (inches) | (years)

4 14 20 130 60 14 20 130

6 14 20 130 68 12 20 130

30 10 20 130 70 12 20 130

42 14 20 130 72 6 15 130

44 18 20 130 T4 14 20 130

50 24 20 130 76 6 15 130

54 8 20 130 82 12 20 130
58 16 20 130

Table 7.7: Data for changed links in the Gessler network
7.5 Lee et al. solution specifications

The fourth network is a system expansion proposed by Lee et al. in Walski et al.
(1987). A network solver was again used to check the hydraulic adequacy of the
network.

The network layout is shown in Fig. 7.4. Note that an extra node, 175, and an
extra link, 175-140, have been added to the network to take into account the specifica-
tion of an additional overhead tank connected to node 140. The specifications of the
pipes added to or changed in this network are given in Table 7.11. The specifications
of the tanks and pumps in this network for all demand levels are given in Table 7.12.
It should be noted that the tank proposed by Lee et al. at node 140 is 100,000 gallons
smaller than that proposed by Gessler. The maximum withdrawal rate from the tank
is thus smaller than in the solution proposed by Gessler and is listed in Table 7.12.

Nodal pressures and flows were again checked against required pressures and flows,
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Demand Level

Node Number

as a 10 65 175 165
Proportion of Node Type

Average Daily | Pump Tank Tank Tank

Demand Head | Withdrawals | Withdrawals | Withdrawals

(t) | (Fill)(gpm) | (Fill)(gpm) | (Fill)(gpm)

.6 280 (800) (2200) (800)

T 280 (800) (2200) (800)

.9 280 (100) (400) {100)

1.0 280 0 0 0

1.1 280 100 450 100

1.2 280 100 450 100

1.3 310 1200 4400 1350

Table 7.8: Specification of tanks and pumps - Gessler network

134




for all demand levels for this network and the corresponding withdrawal (fill) levels
are given in Table 7.12. Nodal pressures and flows were found to be adequate. It can,
thus, be seen that this network also has sufficient hydraulic capacity if no links have

been broken.

e MNew 1inks pump station

Figure 7.4: Lee et al. Network Layout

7.6 Morgan and Goulter network specifications

The last network considered is a system expansion proposed by Morgan and Goulter
in Walski (1987) The network layout is shown in Fig. 7.5. Note that extra nodes,
175 and 185, and extra links, 175-75 and 185-170, have been added to the network to
take into account the provision of additional overhead tanks. The specifications of the
pipes in this network are given in Table 7.13 while the specifications of the tanks and
pumps in this network for all demand levels, are given in Table 7.14. These withdrawal

values, corresponding to the sizes of these tanks, are listed in Table 7.14. A neiwork
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Link Link Pipe | Chezy’s Link Link Pipe | Chezy's

Number | Diameter Age C || Number | Diameter Age C
(inches) | (years) (inches) | (years)

2 17 20 130 52 12 20 130

4 15 20 130 54 6 20 130

6 19 20 130 58 12 20 130

12 15 20 130 60 12 20 130

18 8 20 130 68 12 20 130

30 10 20 130 70 12 20 130

34 14 20 130 72 6 15 130

42 14 20 130 74 12 20 130

44 18 20 130 76 6 15 130

50 12 20 130 80 12 20 130
Table 7.9: Data for changed links in the Lee et al. network
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Demand Leve]

Node Number

as a Proportion 10 65 175 165
of Average Daily Node Type

Demand Pump Tank Tank Tank

Head | Withdrawals | Withdrawals | Withdrawals

() | (Fill)(gpm) | (Fill)(gpm) | (Fill)(gpm)

6 280 (800) (2000) (800)

T 280 (800) (2000) (800}

9 280 (100) (400) (100)

1.0 280 0 0 0

1.1 280 100 450 100

1.2 280 100 450 100

1.3 300 800 2600 800

Table 7.10: Specification of tanks and pumps - Lee et al. network
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solver was used to check the hydraulic adequacy of the network. Nodal pressures and
flows obtained by using the network solver were checked against required pressures
and flows for all demand levels and the corresponding withdrawal (fill) levels are given
in Table 7.14. Nodal pressures and flows were found to be adequate. It can be seen
therefore that this network also has sufficient hydraulic capacity if no links have been

broken.

New links pump station

Figure 7.5: Morgan and Goulter Network Layout

7.7 Determining covering sets for pipe removal
set probabilities

As discussed previously, in order to determine the reliability of a network, containing
several different types of pipes, it is necessary to determine a covering set from among

all possible combinations of pipe removal sets. The same procedure is used for all
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Link Link Pipe | Chezy’s Link Link Pipe | Chezy’s
Number | Diameter Age C §j Number | Diameter Age C
(inches) | (years) (inches) | (years)

2 12 20 130 68 10 20 130

4 8 20 130 70 10 20 130

6 20 20 130 72 8 20 130

12 10 20 130 74 8 20 130

50 18 20 130 76 10 20 130

52 6 15 130 80 12 20 130

54 6 15 130 82 12 20 130

58 10 50 130 84 12 20 130
62 12 20 130

Table 7.11: Data for changed links in the Morgan and Goulter network

networks described in the previous section. The steps that are followed are:

1. Determine the length of pipe by pipe category.

2. Calculate the estimated probability of days with exactly 0, 1, 2, and 3 breaks.

Bonferroni limits and expected values are calculated for these probabilities.

3. Choose pipe breakage events consisting of the removal of combinations of links
from the various pipe categories. A sufficient number of combinations are chosen

to ensure that almost all probable failure cases included.

The pipe length for each network is calculated using the pipe lengths given in
Table 7.1. The pipe categories shown in Table 7.15 are determined using the original
pipe characteristics data in Table 7.3 and the updated pipe characteristics in Tables

7.7,7.9, 7.11, or 7.13 for the pipes in each proposed network. From the lengths of the
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Node Number

10 65 175 165

Node Type
Demand | Pump Tank Tank Tank
Level Head | Withdrawals | Withdrawals | Withdrawals
() | (Fil(epm) | (Fill)(gpm) | (Fill)(gpm)
.6 280 (800) (2000) {800)
T 280 (800) (2000) (800)
9 280 (100) (400) (100)
1.0 280 0 0 0
1.1 280 100 450 100
1.2 280 100 450 100
1.3 300 800 2600 800

Table 7.12: Specification of tanks and pumps - Morgan and Goulter network
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Pipe Category | Pipe Category Description

6 0-19 (ast iron pipe, 6 in. diameter, 0-19 years old
8 0-30 Cast iron pipe, 8 in. diameter, 0-30 years old

8 over 30 Cast iron pipe, 8 in. diameter, more than 30 years old
10 0-30 Cast iron pipe, 10 in. diameter, 0-30 years old

10 over 30 Cast iron pipe, 10 in. diameter, more than 30 years old
12 0-30 Cast iron pipe, 12 in. diameter, 0-30 years old

12 over 30 Cast iron pipe, 12 in. diameter, more than 30 years old

Table 7.13: Pipe categories and abbreviations

individual pipes in the pipe category the total pipe length for each pipe category is
then determined. The summarized pipe lengths for all categories are shown for each
network in Tables 7.14, 7.15, 7.16 and 7.17.

The probability of days with exactly 0, 1, 2, and 3 breaks are then estimated using
Eqs. 6.12, 6.17, 6.27, and 6.37. These equations require the pipe length in Tables
7.14 - 7.17. In addition, the use of these equations requires estimation of the four
parameters LB, K0, K1, and K{2. The mean and standard error of these parameters
LBI, KO, K1, and K2 based on the City of Winnipeg data are given in Tables 6.3
- 6.7. Bonferroni confidence limits are calculated for each of the parameters for each
network because these estimates require the simultaneous estimation of parameters
for all pipe categories and for all failure cases in the covering set. The limits vary
from network to network because the length of pipe, the number of pipe categories,
and the number of failure cases to form a covering set can vary. Upper and lower
limits are calculated for the probability of days with exactly 0, 1, 2, and 3 failures
for all networks. In addition, the expected values of the probabilities of days with
exactly 0, 1, 2, and 3 failures are calculated for all networks. These probabilities are

shown in Tables 7.18,7.19,7.20, and 7.21.
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Pipe Category Length

Pipe material, diameter, age (ft) | (km)

Cast iron, 8 in, 0-30 years 18,000 { 5.49

8 in, over 30 years | 33,000 | 10.06

10 in, 0-30 years | 36,000 | 10.97

10 in, over 30 years | 51,000 | 15.54

12 in, 0-30 vear | 81,100 | 24.69

12 in, over 30 years | 48,200 | 14.69

Table 7.14: Pipe length by pipe category - non-optimal network

Pipe Category Length

Pipe material, diameter, age (ft) | (km)

Cast iron, 6 in, 0-19 years 12,000 | 3.66

§ in, 0-30 years | 9,000 | 2.74

8 in, over 30 years | 54,000 | 16.46

10 in, 0-30 years | 6,000 | 1.82

10 1n, over 30 years | 69,000 | 21.03

12 in, 0-30 year | 72,100 | 21.98

12 1n, over 30 years | 45,300 | 13.81

Table 7.15: Pipe length by pipe category - Gessler network

142



Pipe Category Length

Pipe material, diameter, age (ft) | (km)

Cast iron, 6 in, 0-19 years 21,000 | 6.40

8 in, 0-30 years 6,000 | 1.83

§ in, over 30 years | 48,000 | 14.63

10 1n, 0-30 years 6,000 | 1.83

10 in, over 30 years | 54,000 | 16.46

12 in, 0-30 year | 105,200 | 33.12

12 in, over 30 years | 27,200 | 7.29

‘able 7.16: Pipe length by pipe category - Lee et al. network

Pipe Category Length

Pipe material, diameter, age (ft) | (km)

Cast iron, 6 in, 0-19 years 15,000 | 4.57

8 in, 0-30 years | 24,000 | 7.32

8 in, over 30 years | 54,000 | 16.46

10 in, 0-30 years | 24,000 | 7.315

10 in, over 30 years | 75,000 | 22.86

12 in, 0-30 year | 36,300 | 11.06

12 in, over 30 years | 39,000 | 11.89

Table 7.17: Pipe length by pipe category - Morgan and Goulter network
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Pipe Category | Probability of a Day with Exactly m Breaks

Diameter Age m={) m=1
(in) (yr) Lower | Upper | Expected Lower Upper | Expected
Limit Limit Value Limit Limit Value
8 0-30 997126 | 997227 997177 001768 | .001822 001795
8 over 30 993892 | .994132 | .994012 002406 | .002495 002451
10 0-30 .993907 | .995634 99477 002314 | .003035 002702
10 over 30 989282 | .992066 990673 003492 | .004537 004038
12 0-30 987443 | .991978 989708 002749 00417 003484
12 over 30 993239 | .996449 994842 | -.0000084E | .0000208 | .00000203

Pipe Category | Probability of a Day with Exactly m Breaks

Diameter Age m=2 m=3
(in) (yr) Lower | Upper | Expected Lower Upper | Expected
Limit | Limit Value Limit Limit Value
8 0-30 000795 | .000929 000862 000312 | 000412 000362
8 over 30 001953 | .002161 002057 001041 | .001194 001117
10 0-30 001741 | .002095 001925 000704 | .000966 00084
10 over 30 002837 | .003489 003172 001356 00184 001605
12 0-30 002846 | .004159 003517 001684 | .002669 002188
12 over 30 001623 | .002971 00231 001083 | .002095 001599

Table 7.18: Bonferroni confidence limits for component failures - non-optimal network
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Pipe Category

Probability of a Day with Exactly m Breaks

Diameter Age m=0 m=1
(in} (yr) Lower | Upper | Expected | Lower | Upper | Expected
Limit Limit Value Limit Limit Value
6 0-19 998462 | .998905 998683 | .000403 | .00063 .000507
8 0-30 998565 | .998615 99859 | .000876 | .00092 .000898
8 over 30 990026 | .990417 990222 | .003888 | .004099 .003993
10 0-30 998986 | .999275 99913 | .000379 | .000519 .000451
10 over 30 985518 | .989284 987399 | .004647 | .006227 005444
12 0-30 988808 | .992861 990833 | .002433 | .003755 003105
12 over 30 993642 | .996662 995151 | .000583 | .001123 000854
Pipe Category | Probability of a Day with Exactly m Breaks
Diameter Age m=2 m=3
(in) (yr) Lower | Upper | Expected | Lower | Upper | Expected
Limit Limit Value Limit Limit Value
6 0-19 .00035 | .000693 000517 | .000183 | .000302 .000239
8 0-30 000383 | .000476 .00043 | .000154 | .000206 .00018
8 over 30 .003106 | .003638 003371 | .001697 | .001975 .001836
10 0-30 000273 | .000364 .000319 | .000115 | .000162 | .000139
10 over 30 003642 | .004952 004297 | .001819 | .002541 .002181
12 0-30 002456 | .003793 003129 | .001488 | .002395 001945
12 over 30 001269 | .002382 001831 | .000838 | .001648 001247

Table 7.19: Bonferroni confidence limits for component failures - Gessler network




Pipe Category

Probability of a Day with Exactly m Breaks

Diameter Age m=0 m=1
(in} (yr) Lower | Upper | Expected | Lower | Upper | Expected
Limit Limit Value Limit Limit Value
6 0-19 997312 | .998086 997699 | .000704 0011 .000886
8 0-30 999041 | .999075 999058 | .0005685 | .000615 .0006
8 over 30 99113 | 991478 991304 | .00346 | .003648 003553
10 0-30 998986 | .999275 99913 | .000379 | .000519 000451
10 over 30 988647 | .991603 990124 | .003647 | .004891 004274
12 0-30 988793 | .992851 99082 | .002437 | .00376 003109
12 over 30 996178 | .997995 997086 | .00035 { .000676 000514
Pipe Category | Probability of a Day with Exactly m Breaks
Diameter Age m=2 m=3
(in) (yr) Lower | Upper | Expected | Lower | Upper | Expected
Limit Limit Value Limit Limit Value
6 0-19 000613 | .001211 000904 | .00032 | .000528 000418
8 0-30 .000256 | .000318 000287 | .000103 | .000138 00012
8 over 30 00276 | .003231 002995 | .001507 | .001754 00163
10 0-30 000273 | .000364 000319 | .000115 | .000162 .000139
10 over 30 002849 | .00387 00336 | .00142 | .001981 001701
12 0-30 002459 | .003798 003134 | .00149 | .002398 001948
12 over 30 000762 | .001428 001099 | .000502 | .000987 .000748

Table 7.20: Bonferroni confidence limits for component failures - Lee et al. network
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Pipe Category | Probability of a Day with Exactly m Breaks

Diameter Age m=0 m=]
(in) (yr) Lower | Upper | Expected | Lower | Upper | Expected
Limit Limit Value Limit Limit Value
6 0-19 99808 | 998633 | .998356 | .000503 | .000786 | .000633
8 0-30 99617 | 996304 | .996237 | .002333 | .00245 | .002391
8 over 30 990026 | .990417 | .990222 | .003888 | .004099 | .003993
10 0-30 995931 | 997088 99651 | .001521 | .002077 | .001806
10 over 30 984268 | .988356 98631 | .005046 ; .00676 .00591
12 0-30 994353 | .996401 995377 | .001229 | .001901 00157
12 over 30 994523 | 1997125 995823 | .000502 | .000968 | .000736

Pipe Category | Probability of a Day with Exactly m Breaks

Diameter Age m=2 m=3
(in} (yr) Lower | Upper | Expected | Lower | Upper | Expected
Limit Limit Value | Limit Limit Value
6 0-19 000437 | .000865 | .000646 | .000228 | .000377 | .000298
8 0-30 001026 | .001275 00115 | .000414 | .000553 000483
8 over 30 003106 | .003638 003371 | .001697 | .001975 001836
10 0-30 001098 | .001465 | .001283 | .000464 | .000652 | .000559
10 over 30 003959 | .005386 004673 | .001979 | .002767 002374
12 0-30 001234 | .001902 001571 | .000746 | .001198 000974
12 over 30 001092 | .00205 001576 | .000721 | .001418 001073

Table 7.21: Bonferroni confidence limits for component failures - Morgan and Goulter

network
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A covering set, for estimation of pipe failure probabilities, can then be determined,
as outlined in Chapter 5. A covering set was chosen for each of the networks. The
same procedure was used for all four networks to choose failure events to be included
in the covering set. The first failure cases chosen included events comprised of all days
with 0 and/or 1 break. Next days with exactly 2 breaks were chosen. Finally, days
with exactly 3 breaks were chosen. The covering set for the non-optimal network is
shown in Tables 7.22) 7.23, and 7.24. The cumulative probability of all failure cases
included in the covering set for the non-optimal network was calculated after each
step by suimming the expected value of the probability of occurrence over all failure
cases. For example the cumulative probability covered in Table 7.23 includes the sum
of expected values for failure cases 1 through 12 and the ‘no break’ case. Days with
exactly one break from two different pipe categories were examined, but not included
in the covering set because under the assumption of independence of failure events
involving different types of pipe the probability of such events was several orders of
magnitude less than the removal events considered. The covering set for the Gessler
network is shown in Tables 7.25, 7.26, and 7.27. The covering set for the Lee et al.
network is shown in Tables 7.28, 7.29, and 7.30. The covering set for the Morgan and
Goulter network is shown in Tables 7.31, 7.32, and 7.33.

It is interesting to note that that the expected cumulative probabilities (shown
in Tables 7.24, 7.27, 7.30, and 7.33) are very close to 1 for all four networks showing
that the covering sets do include almost all probable component failure events. The
variance of the cumulative probabilities found using Eq. 5.9, was calculated for all
four networks and confidence limits were also determined. The standard deviation and
confidence intervals are shown for all four networks in Table 7.34. The lower bounds
of these confidence intervals show that over 99.0% of component failure probabilities

for each network are accounted for by the respective covering sets. From Eq. 5.7 the
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Failure Pattern Consists of Probability of Occurrence

Failure | 1 Pipe Removed From Each Lower Upper | Expected
Case Pipe Category Shown Limit Limit Value
no break 955699 | .967912 961786
1 8 0-30 001695 | .001769 001732

2 8 over 30 002314 | .002429 .002371

3 10 0-30 002225 | .002951 .002613

4 10 over 30 003373 | .004426 00392

5 12 0-30 002661 | .004069 .003385

6 12 over 30 -.0000081 | .0000202 | .00000197
Cumulative probability covered 9758089

Table 7.22: Covering set - days with exactly 0 or 1 break: non-optimal network

FFailure Pattern Consists of Probability of Occurrence

Failure | 1 Pipe Removed From Each | Lower | Upper | Expected
(Case | Pipe Category Shown Limit Limit Value
7 8 0-30, 8 0-30 000762 | .000902 .000831

8 8 over 30, 8 over 30 001878 | .002104 .00199

9 10 0-30, 10 0-30 001674 | .002037 001861
10 10 over 30, 10 over 30 00274 | .003404 003079
11 12 0-30, 12 0-30 002754 | .004058 .003418
12 12 over 30, 12 over 30 001562 | .002885 002234
Cumulative probability covered 989222

Table 7.23: Covering set - days with exactly 2 breaks: non-optimal network
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Failure Pattern Consists of Probability of Occurrence

Failure | 1 Pipe Removed From Each Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
11 8 0-30, 8 0-30, 8 0-30 .000299 .0004 000349
12 8 over 30, 8 over 30, 8 over 30 .001001 | .001162 001081
13 10 0-30, 10 0-30, 10 0-30 000677 | .000939 000812

14 10 over 30, 10 over 30, 10 over 30 | .00131 | .001795 001558
15 12 0-30, 12 0-30, 12 0-30 00163 | .002604 002126
16 12 over 30, 12 over 30, 12 over 30 | .001042 | .002035 001546

Cumulative probability covered 996695

Table 7.24: Covering set - days with exactly 3 breaks: non-optimal network

Failure Pattern Consists of Probability of Occurrence

Failure | 1 Pipe Removed From Each | Lower | Upper | Expected
Case Pipe Category Shown Limit Limit Value
no break 954817 | 966457 960619
| 6 0-19 000385 | .000609 000488

2 8 0-30 000837 | .00089 .000863

3 8 over 30 00375 004 003873

4 10 0-30 .000363 | .000502 .000433

5 10 over 30 004502 | .006084 005296

6 12 0-30 00235 | .003655 .00301

7 12 over 30 00056 { .001089 000824
Cumulative probability covered 975406

Table 7.25: Covering set - days with exactly 0 or 1 break: Gessler network
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Failure Pattern Consists of Probability of Occurrence

Failure | 1 Pipe Removed From Each | Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
8 6 0-19, 6 0-19 000335 | .00067 .000497

9 8 0-30, 8 0-30 000367 | .000461 .000413
10 8 over 30, 8 over 30 002996 | .00355 00327
11 10 0-30, 10 0-30 000261 | .000352 .000307
12 10 over 30, 10 over 30 003528 | .004837 004181
13 12 0-30, 12 0-30 002372 | .003692 003034
14 12 over 30, 12 over 30 001213 | .002304 001761
Cumulative probability covered .988869

Table 7.26: Covering set - days with exactly 2 breaks: Gessler network

Failure Pattern Consists of Probability of Occurrence

Failure | 1 Pipe Removed From Each Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
15 6 0-19, 6 0-19, 6 0-19 000175 | .000292 .00023
16 8 0-30, 8 0-30, 8 0-30 000148 0002 000173
17 8 over 30, 8 over 30, 8 over 30 001637 | .001927 001781
18 10 0-30, 10 0-30, 10 0-30 .00011 | .000156 .000133
19 10 over 30, 10 over 30, 10 over 30 | .001762 | .002483 002122
20 12 0-30, 12 0-30, 12 0-30 001437 | .002331 001886
21 12 over 30, 12 over 30, 12 over 30 | .000805 | .001598 001204

Cumulative probability covered 996401

Table 7.27: Covering set - days with exactly 3 breaks: Gessler network
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Failure Pattern Consists of Probability of Occurrence

Failure | 1 Pipe Removed From Each | Lower | Upper | Expected
Case Pipe Category Shown Limit Limit Value
no break 960701 | .970698 965686
1 6 0-19 000678 | .00107 .000857

2 8 0-30 000563 | .000597 00058

3 8 over 30 003353 | .003572 003461

4 10 0-30 000365 | .000504 000436

5 10 over 30 003544 | .004788 004169

6 12 0-30 002367 | .003676 00303

7 12 over 30 000338 | .000658 000497
Cumulative probability covered 978716

Table 7.28: Covering set - days with exactly 0 or 1 break: Lee et al. network

Failure Pattern Consists of Probability of Occurrence

Failure | 1 Pipe Removed From Each | Lower | Upper | Expected
(Case | Pipe Category Shown Limit | Limit Value
8 6 0-19, 6 0-19 00059 | .001178 000875

9 8 0-30, 8 0-30 000246 | .000309 | .000277
10 8 over 30, 8 over 30 002675 | .003164 | .002918
11 10 0-30, 10 0-30 .000263 | .000353 | .000308
12 10 over 30, 10 over 30 002768 | .003789 | .003277
13 12 0-30, 12 0-30 .002389 | .003713 003054
14 12 over 30, 12 over 30 000734 | .001389 001064
Cumulative probability covered .990489

Table 7.29: Covering set - days with exactly 2 breaks: Lee et al. network



Failure Pattern Consists of Probability of Occurrence

Failure | 1 Pipe Removed From Fach Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
15 6 0-19, 6 0-19, 6 0-19 000308 | .000514 000405
16 8 0-30, 8 0-30, 8 0-30 000099 | .000134 000116
17 8 over 30, 8 over 30, 8 over 30 00146 | .001717 001588
18 10 0-30, 10 0-30, 10 0-30 000111 | .000157 000134
19 10 over 30, 10 over 30, 10 over 30 | .00138 | .00194 001659
20 12 0-30, 12 0-30, 12 0-30 001448 | .002345 001899
21 12 over 30, 12 over 30, 12 over 30 | .000484 { .00096 000724
Cumulative probability covered 997015

Table 7.30: Covering set - days with exactly 3 breaks Lee et al. network

Failure Pattern Consists of Probability of Occurrence

Failure | 1 Pipe Removed From Fach | Lower | Upper | Expected
Case Pipe Category Shown Limit Limit Value
no break 954209 | 964822 .959501
1 6 0-19 .000481 | .000759 .000608

2 8 0-30 002235 | .002373 002303

3 8 over 30 003747 | .003993 .003869

4 10 0-30 001457 | .00201 001739

5 10 over 30 .004892 | .006599 00575

6 12 0-30 00118 | .001841 001514

7 12 over 30 000481 | .000937 000709
Cumulative probability covered 975993

Table 7.31: Covering set - days with exactly 0 or 1 break: Morgan and Goulter

network



Failure Pattern Consists of Probability of Occurrence

Failure | 1 Pipe Removed From Each | Lower | Upper | Expected
Case | Pipe Category Shown Limit |  Limit Value
8 6 0-19, 6 0-19 000418 | .000836 00062

9 8 0-30, 8 0-30 000982 | .001234 001108
10 8 over 30, 8 over 30 002994 | .003544 003266
11 10 0-30, 10 0-30 .001052 | .001417 001235
12 10 over 30, 10 over 30 003838 | .005257 004546
13 12 0-30, 12 0-30 001185 | .001842 001514
14 12 over 30, 12 over 30 001042 | .001978 001512
Cumulative probability covered 989794

Table 7.32: Covering set - days with exactly 2 breaks: Morgan and Goulter network

Failure Pattern Consists of Probability of Occurrence

Failure | 1 Pipe Removed From Each Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
15 6 0-19, 6 0-19, 6 0-19 000218 | .000364 000287
16 8 0-30, 8 0-30, 8 0-30 .000397 | .000535 .000466
17 8 over 30, 8 over 30, 8 over 30 001636 | .001924 001779
18 10 0-30, 10 0-30, 10 0-30 000445 | .000631 .000538
19 10 over 30, 10 over 30, 10 over 30 | .001919 | .002701 .002309
20 12 0-30, 12 0-30, 12 0-30 000716 | .00116 .000939
21 12 over 30, 12 over 30, 12 over 30 | .000692 | .001372 001034

Cumulative probability covered 997147

Table 7.33: Covering set - days with exactly 3 breaks Morgan and Goulter network
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Network Standard | Lower Upper | Maximum Uncounted
Deviation Limit Limit | Failure Probability
Non-optimal 002447 | .990390 | 1.002999 00961
Gessler 002355 | .990334 | 1.002468 009666
Lee et al. 002025 | .991800 | 1.00223 008200
Morgan and Goulter 002145 | .991622 | 1.002671 008378

Table 7.34: Confidence limits for cumulative probabilities - all networks

maximum uncounted failure probability for each network, found by subtracting the

lower limit from oue, is an upper bound on the probability of system failure.

In Chapter 8, Monte Carlo sampling from these covering sets is used to determine
network reliability, based on connectivity for all four networks while in Chapter 9,

Monte Carlo sampling is used to determine network reliability, based on adequacy of

flow and pressure at all nodes.

—
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Chapter 8

Estimation of Reliability
Performance of Networks Using

the Connectivity Criterion

In this chapter, the performance of the test networks described in Chapter 7 in terms
of connectivity is discussed. When using the connectivity criterion a node is assumed
to be connected, if an unbroken path exists from the node, to the source node. For the
purposes of this study, it was assumed that any node disconnected, from the source
pumps at node 10 was disconnected from the network.

Monte Carlo simulation is used to estimate the probability that the network be-
comes disconnected given that links have been removed. The simulation program

works as follows:

L. A failure case which specifies the pipe categories in which pipe breaks are to

occur 1s selected.

2. A pipe 1s selected randomly for each pipe category specified in the failure case.

In this process the pipe selections are weighted by the length of the pipe with
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respect to the total length of pipe, in the pipe category. For example if a pipe
category contains 10 km of pipe and a particular pipe has a length of 1 ki then

thal pipe would be chosen with a probability of .10.
3. The selected pipes are removed from the network.

4. The remaining network is checked for disconnected nodes.

<t

The proportion of removal sets which cause disconnection is estimated by re-

peated trials. The error in the estimate is determined then using Eq. 4.22.
6. Trials are repeated until the error is reduced to a preset level.

The probability,of one or more nodes being disconnected will be calculated for
each of the four enhanced networks discussed in Chapter 7. Confidence limits are

developed for each network.

8.1 Estimating the Probability of Node Discon-
nection

The Bonferroni confidence limits for the probability of occurrence were presented
in Tables 7.22, 7.23, and 7.24 for each case in the covering set of the non-optimal
network. The estimated probability of failure as given by Eq. 4.18, given that a
removal event has occurred in the non-optimal network, is shown in Tables 8.1, 8.2,
and 8.3. Three tables are used for each covering set to match Tables 7.22, 7.23, and
7.24. Of particular interest in Tables 8.1, 8.2, and 8.3 are the categories for which the
conditional probability of failure is .00. For these categories none of the combinations
selected during the Monte Carlo simulation caused system failure. This result should

not be surprising, especially in the cases in which only a single link is removed from
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Failure Pattern Consists of | Conditional Probability Error

Failure | 1 Pipe Removed From Each of System Failure Estimate
Case Pipe Category Shown Given Removal (p) for p
no break .00 .00
1 8 0-30 .00 .00

2 8 over 30 .00 .00

3 10 0-30 .00 00

4 10 over 30 .00 .00

5 12 0-30 088916 037738

6 12 over 30 185512 119848

Table 8.1: Conditional failure probabilities - days with exactly 0 or 1 break: non-

optimal network

the network because one the design criteria given in Walski et al. (1988) is that the
removal of a single link from the network does not cause system failure.

The upper and lower bounds for the probability of failure, defined as the occur-
rence of node disconnection, for each case are calculated using Eqs. 5.9 and 5.10.
Upper bounds, for estimated error, with respect to these estimates is calculated, us-
ing Iq. 5.12. These results are shown in Tables 8.4, 8.5, and 8.6 which also contain
the expected system failure probabilities.

A similar approach is used to calculate the estimated probability of network failure
for the other three networks. The results for the Gessler, Lee et al., and Morgan and
Goulter networks are presented in Tables 8.7-8.12, Tables 8.13-8.18, and Tables 8.19-

8.24 respectively.
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Failure Pattern Consists of | Conditional Probability Error

Failure | 1 Pipe Removed From Each of System Failure Estimate
Case | Pipe Category Shown Given Removal (p) for p
7 § 0-30, 8 0-30 .00 00

8 8 over 30, 8 over 30 .00 .00

9 10 0-30, 10 0-30 00 .00
10 10 over 30, 10 over 30 .00 00
11 12 0-30, 12 0-30 171472 .039141
12 12 over 30, 12 over 30 .343602 119909

Table 8.2: Conditional failure probabilities - days with exactly 2 breaks: non-optimal

network
Failure Pattern Consists of Conditional Probability Error
Failure | 1 Pipe Removed From Each of System Failure Estimate
Case | Pipe Category Shown Given Removal (p) for p
13 8 0-30, 8 0-30, 8 0-30 094252 029973
14 8 over 30, 8 over 30, 8 over 30 .00 .00
15 10 0-30, 10 0-30, 10 0-30 .00 .00
16 18 over 30, 10 over 30, 10 over 30 .00 .00
17 12 0-30, 12 0-30, 12 0-30 250134 043668
18 12 over 30, 12 over 30, 12 over 30 492505 119994

Table 8.3: Conditional failure probabilities - days with exactly 3 breaks: non-optimal

network
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Failure Pattern Consists of System Failure Probability

Failure | 1 Pipe Removed From Each Lower Upper |  Expected
Case Pipe Category Shown Limit Limit Value
no break .00 .00 .00
1 8 0-30 .00 .00 .00

2 8 over 30 .00 .00 .00

3 10 0-30 .00 00 .00

4 10 over 30 .00 .00 .00

5 12 0-30 000188 000437 000301

6 12 over 30 -.000001 | .00000494 | .000000365

Table 8.4: System failure probabilities - days with exactly 0 or 1 break: non-optimal

network

Failure Pattern Consists of System Failure Probability

Failure | 1 Pipe Removed From Each | Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
7 8 0-30, 8 0-30 .00 .00 .00

8 8 over 30, 8 over 30 .00 .00 .00

9 10 0-30, 10 0-30 .00 .00 .00
10 10 over 30, 10 over 30 .00 .00 .00
11 12 0-30, 12 0-30 000442 § .000773 000586
12 12 over 30, 12 over 30 .000445 | .001160 000768

Table 8.5: System failure probabilities - days with exactly 2 breaks: non-optimal

networlk
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Failure Pattern Consists of System Failure Probability

Failure | 1 Pipe Removed From Each Lower Upper | Expected
Case | Pipe Category Shown Limit Limit Value
11 8 0-30, 8 0-30, 8 0-30 .0000238 | .0000435 | .0000329
12 8 over 30, 8 over 30, 8 over 30 .00 .00 .00
13 10 0-30, 10 0-30, 10 0-30 .00 .00 .00
14 10 over 30, 10 over 30, 10 over 30 .00 .00 00
I5 12 0-30, 12 0-30, 12 0-30 000373 | .000707 .000532
16 12 over 30, 12 over 30, 12 over 3 0 | .000452 | .001121 000761

Table 8.6: System failure probabilities - days with exactly 3 breaks: non-optimal

network
Failure Pattern Consists of | Conditional Probability Error
Failure | 1 Pipe Removed From Each of System Failure Estimate
Case Pipe Category Shown Given Removal (p) for p
no break .00 .00
12 8 0-30 .00 .00
3 8 over 30 .00 .00
4 10 0-30 00 .00
5 10 over 30 .00 .00
6 12 0-30 .00 .00
7 12 over 30 179577 .096458

Table 8.7: Conditional failure probabilities - days with exactly 0 or [ break: Gessler

network
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Failure Pattern Cousists of | Conditional Probability Error
Failure | 1 Pipe Removed From Each of System Failure Estimate
Case | Pipe Category Shown Given Removal (p) for p
8 6 0-19, 6 0-19 00 .00
9 8 0-30, 8 0-30 .00 .00
10 8 over 30, 8 over 30 .00 00
11 10 0-30, 10 0-30 .00 .00
12 10 over 30, 10 over 30 014184 028403
13 12 0-30, 12 0-30 .00 .00
14 12 over 30, 12 over 30 320639 119994
Table 8.8: Conditional failure probabilities - days with exactly 2 breaks: Gessler
network
Failure Pattern Consists of Conditional Probability Error
Failure | 1 Pipe Removed From Each of System Failure Estimate
Case | Pipe Category Shown Given Removal (p) for p
15 6 0-19, 6 0-19, 6 0-19 .00 .00
16 8 0-30, 8 0-30, 8§ 0-30 .00 .00
17 8 over 30, 8 over 30, 8 over 30 .00 .00
18 10 0-30, 10 0-30, 10 0-30 .00 .00
19 10 over 30, 10 over 30, 10 over 30 035408 044404
20 12 0-30, 12 0-30, 12 0-30 00 .00
21 12 over 30, 12 over 30, 12 over 30 452484 119979

Table 8.9: Conditional failure probabilities - days with exactly 3 breaks: Gessler

network
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Failure Pattern Consists of System Failure Probability
Failure |1 Pipe Removed From Each Lower | Upper | Expected
Case Pipe Category Shown Limit Limit Value
no break .00 .00 .00
12 8 0-30 00 00 .00
3 8 over 30 .00 .00 .00
4 10 0-30 .00 .00 00
5 10 over 30 .00 .00 .00
6 12 0-30 .00 .00 .00
7 12 over 30 0000742 | .000247 .000148
Table 8.10: System failure probabilities - days with exactly 0 or 1 break: Gessler
network
Failure Pattern Consists of System Failure Probability
Failure | 1 Pipe Removed From Each Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
8 6 0-19, 6 0-19 .00 .00 .00
9 8 0-30, 8 0-30 .00 .00 .00
10 8 over 30, 8 over 30 .00 .00 .00
11 10 0-30, 10 0-30 .00 .00 .00
12 10 over 30, 10 over 30 .00000111 | .000136 | .0000593
13 12 0-30, 12 0-30 00 .00 00
14 12 over 30, 12 over 30 .000318 | .000874 000565

Table 8.11: System failure probabilities - days with exactly 2 breaks: Gessler network
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Failure Pattern Consists of System Failure Probability

Failure | 1 Pipe Removed From Each Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
15 6 0-19, 6 0-19, 6 0-19 .00 .00 .00
16 § 0-30, 8 0-30, 8 0-30 .00 00 .00
17 8 over 30, 8 over 30, 8 over 30 .00 00
18 10 0-30, 10 0-30, 10 0-30 .00 .00
19 10 over 30, 10 over 30, 10 over 30 | .0000242 | .000142 | .0000751
20 12 0-30, 12 0-30, 12 0-30 .00 .00 .00
21 12 over 30, 12 over 30, 12 over 30 | .000318 | .000817 000545

Table 8.12: System failure probabilities - days with exactly 3 breaks: Gessler network

Failure Pattern Consists of | Conditional Probability Error

Failure | 1 Pipe Removed From Fach of System Failure Estimate
Case Pipe Category Shown Given Removal (p) for p
no break .00 .00
1 6 0-19 .00 .00

2 8 0-30 .00 .00

3 8 over 30 .00 .00

4 10 0-30 .00 .00

5 10 over 30 .00 .00

6 12 0-30 156391 106057

7 12 over 30 .00 .00

Table 8.13: Conditional failure probabilities - days with exactly 0 or 1 break: Lee et

al. network
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Failure Pattern Consists of | Conditional Probability Error

Failure | 1 Pipe Removed From Each of System Failure Estimate
Case | Pipe Category Shown Given Removal (p) for p
8 6 0-19, 6 0-19 .00 .00

9 8 0-30, 8 0-30 .00 .00
10 8 over 30, 8 over 30 .00 00
11 10 0-30, 10 0-30 00 00
12 10 over 30, 10 over 30 00 .00
13 12 0-30, 12 0-30 237027 119918
14 12 over 30, 12 over 30 002538 119956

Table 8.14: Conditional failure probabilities - days with exactly 2 breaks: Lee et al.

network
Failure Pattern Consists of Conditional Probability Error
Iailure | 1 Pipe Removed From ach of System Failure Estimate
Case | Pipe Category Shown Given Removal (p) for p
15 6 0-19, 6 0-19 .00 .00
16 8 0-30, 8 0-30, 8 0-30 .00 .00
17 8 over 30, 8 over 30, 8 over 30 .00 .00
18 10 0-30, 10 0-30, 10 0-30 .00 .00
19 10 over 38, 10 over 30, 10 over 30 056604 084501
20 12 0-30, 12 0-30, 12 0-30 .00 .00
21 12 over 30, 12 over 30, 12 over 30 634573 119434

Table 8.15: Conditional failure probabilities - days with exactly 3 breaks: Lee et al.

network



Failure Pattern Consists of System [ailure Probability

Failure | 1 Pipe Removed From Each | Lower | Upper | Expected

Case Pipe Category Shown Limit Limit Value

no break .00 .00 .00

1 6 0-19 .00 .00 .00

2 8 0-30 .00 .00 00

3 8 over 30 .00 .00 00

4 10 0-30 .00 .00 00

5 10 over 30 .00 .00 .00

6 12 0-30 000248 | .000765 000474

7 12 over 30 .00 .00 .00

Table 8.16: System failure probabilities - days with exactly 0 or 1 break: Lee et al.
network
Failure Pattern Consists of System Failure Probability

Failure | 1 Pipe Removed From Each | Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
8 8 0-30, 8 0-30 00 .00 .00
9 8 0-30, 8 0-30 .00 .00 .00
10 8 over 30, 8 over 30 .00 .00 .00
11 10 0-30, 10 0-30 .00 00 .00
12 10 over 30, 10 over 30 .00 .00 .00
13 12 0-30, 12 0-30 .000426 | .001097 000724
14 12 over 30, 12 over 30 000326 | .000779 000535

Table 8.17: System failure probabilities - days

network
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Failure Pattern Consists of

System Failure Probability

Failure | 1 Pipe Removed From Each Lower | Upper | Expected
Case | Pipe Category Shown Limit Limat Value
15 6 0-19, 6 0-19, 6 0-19 .00 .00 .00
16 8 0-30, 8 0-30, 8 0-30 .00 .00 .00
17 8 over 30, 8§ over 30, 8 over 30 .00 .00 .00
18 10 0-30, 10 0-30, 10 0-30 00 .00 .00
19 10 over 30, 10 over 30, 10 over 30 | .0000212 | .00019 | .0000939
20 12 0-30, 12 0-30, 12 0-30 .00 .00 .00
21 12 over 30, 12 over 30, 12 over 3 0 | .000279 | .000666 .000459

Table 8.18: System failure probabilities - days with exactly 3 breaks: Lee et al.

network
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8.2 Rating the Solutions

In the previous sections of this chapter, Bonferroni confidence intervals for the prob-
ability of system failure solution were derived for each failure case in each network.
The standard deviation and confidence limits at the .99 significance level are estimat-
ed using Eq. 5.9 for the cumulative probability of system failure for each network.
The standard deviation of the cumulative probability of system failure is calculated
from the variance for each network. These confidence intervals and the standard de-
viations are summarized in Table 8.25. In addition, least square, point estimates for
the probability of system failure are also presented.

Table 8.25 shows that all networks are quite reliable with respect to the connec-
tivity criterion. For all networks the confidence intervals do not overlap zero, thereby
implying a non-zero failure probability. The probability of failure for all networks is,
however, quite low and could be as low as 0.001051 at the .99 level of significance for
the Morgan and Goulter network. On an intuitive basis, all solutions appear to be
satisfactory, with respect to the connectivity criterion.

The Morgan and Goulter network, however, has a lower expected probability of
failure than the other networks. The hypothesis that the Morgan and Goulter network
is more reliable than the other networks is tested by comparing differences between
the expected value of system failure for the Morgan and Goulter network with the
expected value for each of the other networks. Since simultaneous comparisons are

made Bonferroni techniques are used. The test statistic for these tests is:

y = TFothe.r - TF.Morgmz
") 12
\/‘Sotller + 'S]\/Iorga-n

(8.1)

where

o T'Foyer = expected cumulative failure probability over all failure cases for one
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Failure Pattern Consists of | Conditional Probability Error

Failure | 1 Pipe Removed From Each of System Failure Estimate
Case Pipe Category Shown Given Removal (p) for p
no break .00 .00
1 6 0-19 .00 .00

2 8 0-30 .00 .00

3 8 over 30 .00 .00

4 10 0-30 .00 .00

) 10 over 30 .00 .00

6 12 0-30 .00 .00

7 12 over 30 316916 Jd11673

Table 8.19: Conditional failure probabilities - days with exactly 0 or 1 break: Morgan

and Goulter network

Failure Pattern Consists of | Conditional Probability Error

Failure | 1 Pipe Removed From Each of System Failure Estimate
Case | Pipe Category Shown Given Removal (p) for p
8 6 0-19, 6 0-19 .00 .00

9 8 0-30, 8 0-30 .00 .00
10 8 over 30, 8 over 30 018405 079271
11 10 0-30, 10 0-30 .00 .00
12 10 over 30, 10 over 30 .00 .00
13 12 0-30, 12 0-30 00 .00
14 12 over 30, 12 over 30 .H58568 119954

Table 8.20: Conditional failure probabilities - days with exactly 2 breaks: Morgan

and Goulter network

169




Failure Pattern Consists of Conditional Probability Error

Failure | 1 Pipe Removed From Each of System Failure Estimate
Case | Pipe Category Shown Given Removal (p) for p
15 6 0-19, 6 0-19, 6 0-19 00 .00
16 § 0-30, 8 0-30, 8 0-30 .00 00
17 8 over 30, 8 over 30, 8 over 30 .080392 088315
18 10 0-30, 10 0-30, 10 0-30 .00 .00
19 10 over 30, 10 over 30, 10 over 30 .00 .00
20 12 0-30, 12 0-30, 12 0-30 .00 00
21 12 over 30, 12 over 30, 12 over 30 697085 119999

Table 8.21: Conditional failure probabilities - days with exactly 3 breaks: Morgan

and Goulter network

Failure Pattern Consists of System Failure Probability

Failure | 1 Pipe Removed I'rom Each | Lower | Upper | Expected
Case Pipe Category Shown Limit Limit Value
no break .00 .00 .00
1 6 0-19 .00 .00 00

2 8 0-30 00 .00 .00

3 8 over 30 .00 .00 .00

4 10 0-30 .00 .00 .00

5 10 over 30 .00 .00 .00

6 12 0-30 .00 .00 .00

7 12 over 30 000126 | .000348 000225

Table 8.22: System failure probabilities - days with exactly 0 or 1 break: Morgan and

Goulter network
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Failure Pattern Consists of

System Failure Probability

Failure | I Pipe Removed From Each | Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
8 6 0-19, 6 0-19 .00 .00 00

9 8 0-30, 8 0-30 .00 .00 .00
10 8 over 30, 8 over 30 .00 | .000202 | .00000601
11 10 0-30, 10 0-30 00 00 .00
12 10 over 30, 10 over 30 00 .00 .00
13 12 0-30, 12 0-30 .00 .00 .00
14 12 over 30, 12 over 30 000521 | .00112 000845

Table 8.23: System failure probabilities - days with exactly 2 breaks:

Goulter network

Morgan and

Failure Pattern Consists of System Failure Probability
Failure | 1 Pipe Removed From Each Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
15 6 0-19, 6 6-19, 6 0-19 .00 .00 .00
16 8 0-30, 8 0-30, 8 0-30 .00 .00 .00
17 8 over 30, 8 over 30, 8 over 30 000061 | .000238 000143
18 10 0-30, 10 0-30, 10 0-30 .00 .00 00
19 10 over 30, 10 over 30, 10 over 30 .00 .00 .00
20 12 0-30, 12 0-30, 12 0-30 .00 .00 00
21 12 over 30, 12 over 30, 12 over 3 0 | .000442 | .001037 000721

Table 8.24: System failure probabilities -

Goulter network
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Bounds Standard | Number of
Network Lower Upper | Expected | Deviation | Observations
Limit Limit Value )
Non-Optimal -.00167 | .007632 002981 001806 19
Gessler 000998 | .001786 001392 000153 22
Lee et al. 001761 | 0.002811 | 0.002286 | 0.000204 22
Morgan and Goulter | .000774 | .001771 001273 | 0.000193 22

Table 8.25: Confidence intervals for cumulative probability of system failure

Comparison | Difference Between | Combined Test
Network Expected Failure Standard | Statistic

Probabilities Deviation z
Non-Optimal 00171 001816 9415
Gessler 00012 000246 4872
Lee et al. 00101 000281 3.5965

Table 8.26: Comparison of Morgan and Goulter network to other networks

of the other three networks

e T'['horgan = expected cumulative failure probability over all failure cases for the

Morgan and Goulter network

e Soher = standard deviation of the cumulative probability of failure for one of

the other three networks

® Siforgen = standard deviation of the cumulative probability of failure for the

Morgan and Goulter network
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The results for the three comparisons are shown in Table 8.26. The critical value
for all tests is 2.807. Examination of Table 8.26 shows that the test statistic is
greater than the critical value for only Lee et al. network. The test statistic for the
the non-optimal and Gessler networks are less than the critical value. Thus, in spite
of the small absolute differences in network reliability shown in Table 8.25, when
the connectivity criterion is used the conclusion can be drawn that the Morgan and
Goulter network is more reliable than Lee et al. network. The reliability levels of
both the non-optimal and the Gessler networks in terms of the connectivity criterion
is indistinguishable {rom that of the Morgan and Goulter network.

It should be noted, however, that the evaluation of a network’s connectivity is
a necessary step in determining the network’s hydraulic performance. In order to
consider the hydraulic performance aspects, the computer runs used to determine
network reliability with respect to connectivity were combined with the computer runs
to evaluate network performance, based on hydraulic performance. The reliability of

these networks, based on hydraulic performance, is discussed in the next chapter.
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Chapter 9

Estimation of Reliability
Performance of Networks using

Hydraulic Criteria

In this chapter, the performance of the test networks with respect to hydraulic perfor-
mance is discussed. Satisfactory hydraulic performance of the network is defined as
the provision of specified flows to each node at, or above, specified pressure levels. A
system failure is deemed to have occurred when the system fails to meet the specified
flows and pressures at any node. This hydraulic failure criterion is far more stringent
than the connectivity criterion used in the previous chapter.

The required nodal flows are specified as 1.3 times the average daily demand as
specified in Table 7.2. The required pressure levels are also specified in Table 7.2.
These flows correspond to the period of the highest average daily demand level. This
demand level is chosen because it is the highest average daily demand level which can
be modeled based of the information specified in Walski et al. (1987) and because it

is the highest level of demand that can be expected to occur on a daily basis. Thus,
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assuming that 24 hours is required to fix pipe breaks, this demand level is likely to
occur during any pipe breakage event. It should be noted that higher demand levels
which occur less frequently require the simultaneous occurrence of a low probability
pipe failure event and a low probability high demand event. The combined probability
of two such events tends to be quite small reflecting the general rarity of the event.

In Table 7.4, the duration of this demand is assumed to be three hours. Since this
demand level lasts for three hours, the possibility exists that overhead storage tanks
could be emptied. As discussed in Chapter 8, flow constraints are imposed on the
flow, from each overhead tank, to prevent the tanks from being emptied.

The basic method, for estimating network reliability, is the same as the method
used in Chapter 8. The use of hydraulic performance criteria, rather than connectiv-
ity, makes the estimation of the conditional probability term, P(F'| RE;), in Eq. 5.6

more complex and more computationally intensive.

9.1 Changes to the Monte Carlo Simulation Al-
gorithm

Monte Carlo simulation is used to estimate the probability that the network fails
when links are removed. For hydraulic performance criteria, the simulation program

works as follows:

1. A failure case which specifies the pipe categories in which pipe breaks are to

occur is selected.

2. A pipe is selected randomly for each pipe category in the failure case. The
pipe selections are weighted by the length of the pipe, with respect to the total

length of pipe, in the pipe category. If a pipe category contains 10 km of pipe



el

and a particular pipe has a length of 1 km then that pipe would be chosen by

the program with a probability of .10.

. The selected pipes are removed from the network,

The network is checked for disconnected nodes. It is assumed that if a demand
node is disconnected from the source node then the demand node receives no
flow and, thus, a system failure has occurred. In this case no hydraulic analysis

of the network is performed.

If the network is connected, it is solved hydraulically (using the linear theory

technique).

Flow and pressure levels at each node are checked against required pressures

and flows.

The proportion of removal sets which cause disconnection and/or network failure
with respect to pressure and flow conditions is determined by repeated trials.

The error in the estimate is then determined, using Eq. 4.22.

Trials are repeated until the error is reduced to a preset level.

In general, this algorithm is quite similar to the one presented for the connectivity

failure criterion in Chapter 8. A number of technical difficulties must, however, be
faced in implementing the algorithm using hydraulic performance criteria. The first
difficulty is that solving a hydraulic network is a non-linear problem. This non-

linearity can add greatly to the required computational effort.

The second difficulty arises because the solution of a hydraulic network requires

that a set of simultaneous equations be set up and solved. These equations depend
on the physical layout of the network. Specifically, equations must be formulated to

represent the hydraulic head loss around loops in the network. For consistency, these
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equations require that a rigid, and somewhat arbitrary, sign convention be followed.
Pipes in a loop, in which flow is assumed to travel in a clockwise direction around
the loop, are assigned a positive sign. The practice described in the literature (Epp
and Fowler, 1970; Wood and Charles, 1972; Jeppson and Tavallee, 1975; and Jeppson
and Davis, 1976) is to specify the loop equations as input to the network solver.

This practice is sensible because, using a network layout diagram, it is relatively
easy to identify loops and to identify the clockwise direction, for each loop. Unfortu-
nately, when links are removed from a network, at random, during the Monte Carlo
simulation process, the network configuration is also changed. For this reason, it is
necessary to reconfigure the network each time a set of links is removed. Fowler and
Epp (1970) present an algorithm to identify loops in a network. This algorithm is not
sufficiently general to identify all necessary loops in the network used for this study.
The algorithm therefore was extended, and computer code developed, to implement
the required sign convention. This computer code makes it possible to dynamically
set up a system of equations, for each randomly generated network configuration.

Three primary methods of solving the equations are presented in the literature.
‘The Hardy-Cross method, the Newton-Raphson method (Fowler and Epp, 1970), and
the linear theory method (Wood and Charles, 1972). Both the Hardy-Cross method
and the Newton-Raphson method require good estimates of the flows in each pipe in
the network to ensure rapid convergence. Wood and Charles (1972) point out that
very bad initial estimates of these flows can lead to very slow convergence or even
non-convergence. The requirement of good initial estimates of pipe flows is a serious
drawback for use in Monte Carlo simulation as it is difficult to develop algorithins
which guarantee good initial estimates of pipe flows.

The third method of Wood and Charles (1972) is based on linear theory and does

not require good initial estimates of link flows. The only disadvantage, of this method,
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is that it requires more computer memory than either the Hardy-Cross or the Newton-
Raphson methods. However, this need for greater computer memory is not a serious
issue as the program was implemented on a Sun workstation in a UNIX environment
and used far less memory than the maximum available on that system. Furthermore,
using this method, solutions were obtained for all network configurations generated
by the Monte Carlo simulation is less than 50 iterations.

The probabilities of network failure based on hydraulic sufficiency and the confi-
dence limits on the probability of system failure were then calculated for each of the
four networks discussed in Chapter 7. The results of these calculations of probability

of failure and the associated confidence limits are discussed in the following section.

9.2 The Non-Optimal Network

The Bonferroni confidence limits for the probability of occurrence for each failure case
in the covering set for this network are unchanged from those presented in Tables 7.22,
7.23, and 7.24. The estimated probability of hydraulic network failure, given that a
removal event has occurred, is shown for each failure case in Tables 9.1, 9.2, and
9.3. The estimated error associated with the probability estimates is also shown in
these tables. Upper bounds for the probability of network failure, based on hydraulic
criteria, for each case are calculated using Eq. 5.9. Lower bounds for the probability
of failure, for each case are calculated using Eq. 5.10. Upper bounds for estimated
error with respect to these estimates are calculated using Eq. 5.12. These results are

shown in Tables 9.4, 9.5, and 9.6.
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Failure Pattern Consists of | Conditional Probability Error

Failure | 1 Pipe Removed From Each of System Failure Estimate
Case Pipe Category Shown Given Removal (p) for p
no break .00 .00
1 8 0-30 256729 049996

2 8 over 30 .00 .00

3 10 0-30 .00 00

4 10 over 30 .00 .00

5 12 0-30 171658 .049998

6 12 over 30 .89576 094214

Table 9.1: Conditional failure probabilities - days with exactly 0 or 1 break: non-

optimal network

Failure Pattern Consists of | Conditional Probability Error

Failure { 1 Pipe Removed From Each of System Failure Estimate

Case | Pipe Category Shown Given Removal (p) for p

7 8 0-30, 8 0-30 303137 049992

8 8 over 30, 8 over 30 .00 .00

9 10 0-30, 10 0-30 113199 .049983

10 10 over 30, 10 over 30 .00 .00

11 12 0-30, 12 0-30 .366181 049997

12 12 over 30, 12 over 30 .898104 07638
Table 9.2: Conditional failure probabilities - days with exactly 2 breaks: non-optimal

network
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Failure Pattern Consists of Conditional Probability Error

FFailure | I Pipe Removed From Each of System Failure Estimate
Case | Pipe Category Shown (Given Removal () for p
i3 8 0-30, 8 0-30, 8 0-30 388283 049995
14 8 over 30, 8 over 30, 8 over 30 .00 .00
15 10 0-30, 10 0-30, 10 0-30 188164 .049988
16 10 over 30, 10 over 30, 10 over 30 00 .00
17 12 0-30, 12 0-30, 12 0-30 .D64185 .049997
18 12 over 30, 12 over 30, 12 over 30 944471 055529

Table 9.3: Conditional failure probabilities - days with exactly 3 breaks: non-optimal

network
Failure Pattern Consists of System Failure Probability

Failure | 1 Pipe Removed From Each Lower Upper | Expected
Case Pipe Category Shown Limit Limit Value
no break .00 .00 .00
1 8 0-30 000394 | .000497 000445

2 8 over 30 .00 .00 .00

3 10 0-30 .00 .00 .00

4 10 over 30 00 .00 .00

5 12 0-30 .00039 .00080 000581

6 12 over 30 -.0000069 | .0000191 | .00000176

Table 9.4: System failure probabilities - days with exactly 0 or 1 break: non-optimal

network
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Failure Pattern Consists of System Failure Probability

Failure | 1 Pipe Removed From Each | Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
7 8 0-30, 8 0-30 000212 | .000296 000252

8 8 over 30, 8 over 30 .00 00 .00

9 10 0-30, 10 0-30 000148 | .000281 000211
[o 10 over 30, 10 over 30 .00 .00 .00
11 12 0-30, 12 0-30 00094 | .001588 001252
12 12 over 30, 12 over 30 001343 | .002702 002006

Table 9.5: System failure probabilities - days with exactly 2 breaks: non-optimal

network
Failure Pattern Consists of System Failure Probability

Failure | 1 Pipe Removed From Each Lower | Upper | Expected
(Case | Pipe Category Shown Limit Limit Value
13 8 0-30, 8 0-30, 8 0-30 000124 | .000145 000136

14 8 over 30, 8 over 30, 8 over 30 .00 .00 .00

15 10 0-30, 10 0-30, 10 0-30 000144 | .000153 000153

16 10 over 30, 10 over 30, 10 over 30 .00 .00 .00

17 12 0-30, 12 0-30, 12 0-30 000879 | .001534 001199

18 12 over 30, 12 over 30, 12 over 3 0 | .000955 | .001978 001460

Table 9.6: System failure probabilities - days with exactly 3 breaks: non-optimal

network
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Failure Pattern Consists of | Conditional Probability Error

Failure | 1 Pipe Removed From Each of System Failure Estimate
Case Pipe Category Shown Given Removal (p) for
no break 00 .00
1 6 0-19 .00 .00

2 8 0-30 .00 .00

3 8 over 30 .00 .00

4 10 0-30 .00 .00

5 10 over 30 480769 119947

6 12 0-30 .00 .00

7 12 over 30 649061 0.119936

Table 9.7: Conditional failure probabilities - days with exactly 0 or 1 break: Gessler

network

9.3 The Gessler Network

The analysis for the Gessler solution is similar to that used for the non-optimal
network. The estimated probability of network failure, given that a removal event
has occurred, is shown for each failure case in Tables 9.7, 9.8, and 9.9 with the bounds

for the probability of system failure being shown in Tables 9.10, 9.11, and 9.12.

9.4 The Lee et al. Network

The analysis for the Lee et al. solution is, again, similar to that used for the non-
optimal network. The estimated probability of network failure, given that a removal
event has occurred, is shown for each failure case in Tables 9.13, 9.14, and 9.15 with

the bounds for the probability of system failure being shown in Tables 9.16, 9.17, and
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Failure Pattern Consists of | Conditional Probability Error

Failure | 1 Pipe Removed From Each of System Failure Estimate

Case | Pipe Category Shown Given Removal (p) for p

8 6 0-19, 6 0-19 .00 .00

9 8 0-30, 8 0-30 .00 .00

10 8 over 30, 8 over 30 00 .00

11 10 0-30, 10 0-30 .00 .00

12 10 over 30, 10 over 30 47923 119993

13 12 0-30, 12 0-30 .00 .00

14 12 over 30, [2 over 30 737101 A13177

Table 9.8: Conditional failure probabilities - days with exactly 2 breaks: Gessler
network

Failure Pattern Cousists of Conditional Probability Error
Failure | 1 Pipe Removed From Each of System Failure Estimate
Case | Pipe Category Shown Given Removal (p) for p
15 6 0-19, 6 0-19, 6 0-19 .00 .00
16 8 0-30, 8 0-30, 8 0-30 .00 .00
17 8 over 30, 8 over 30, 8 over 30 .00 .00
18 10 0-30, 10 0-30, 10 0-30 .00 00
19 10 over 30, 10 over 30, 10 over 30 473176 119963
20 12 0-30, 12 0-30, 12 0-30 .00 00
21 12 over 30, 12 over 30, 12 over 30 817495 093108

Table 9.9: Conditional failure probabilities - days with exactly 3 breaks: Gessler

network
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Failure Pattern Consists of System Failure Probability

Failure | 1 Pipe Removed From Fach | Lower | Upper | Expected
Case Pipe Category Shown Limit Limit Value
no break .00 .00 .00
1 6 0-19 .00 .00 00

2 8 0-30 .00 .00 .00

3 8 over 30 .00 .00 .00

4 10 0-30 .00 .00 .00

5 10 over 30 001901 | .003281 002546

6 12 0-30 .00 00 .00

7 12 over 30 000331 | .000771 000535

Table 9.10: System failure probabilities - days with exactly 0 or 1 break: Gessler

network
Failure Pattern Consists of System Failure Probability

Failure | 1 Pipe Removed From Each | Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
8 6 0-19, 6 0-19 .00 .00 .00

9 8 0-30, 8 0-30 .00 .00 .00

10 8 over 30, 8 over 30 .00 .00 .00
It 10 0-30, 10 0-30 .00 00 .00
12 10 over 30, 10 over 30 001484 | .002602 .002004
13 12 0-30, 12 0-30 .00 .00 .00
14 12 over 30, 12 over 30 000827 | .001826 001298

Table 9.11: System failure probabilities - days with exactly 2 breaks: Gessler network
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Failure Pattern Consists of System Failure Probability

Failure | 1 Pipe Removed From Each Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
15 6 0-19, 6 0-19, 6 0-19 .00 .00 .00
16 8 0-30, § 0-30, 8 0-30 .00 00 .00
17 8 over 30, 8 over 30, 8 over 30 00 00 .00
18 10 0-30, 10 0-30, 10 0-30 .00 .00 .00
19 10 over 30, 10 over 30, 10 over 30 | .000731 | .00132 001004
20 12 0-30, 12 0-30, 12 0-30 .00 .00 .00
21 12 over 30, 12 over 30, 12 over 3 0 | .000621 | .001379 000984

Table 9.12: System failure probabilities - days with exactly 3 breaks: Gessler network

9.18.

9.5 The Morgan and Goulter Network

The analysis for the Morgan and Goulter solution is, again, similar to that used for
the non-optimal network. The estimated probability of network failure, given that a
removal event has occurred, is shown for each failure case in Tables 9.19, 9.20, and
9.21 with the bounds for the probability of system failure being shown in Tables 9.22,
9.23, and 9.24.

Confidence intervals for these four solutions are presented in Table 9.25.

9.6 Discussion of Results

The expected probability of network failure shown in Table 9.25 is higher for all net-

works than the expected probability of network failure shown in Table 8.25. The
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Failure Pattern Consists of | Conditional Probability Lrror

Failure | 1 Pipe Removed From Each of System Failure Estimate
Case Pipe Category Shown Given Removal (p) for p
no break .00 .00
1 6 0-19 .00 00

2 3 0-30 .00 .00

3 & over 30 .00 .00

4 10 0-30 .00 .00

5 10 over 30 .00 .00

6 12 0-30 784962 119962

7 12 over 30 00 .00

Table 9.13: Conditional failure probabilities - days with exactly 0 or 1 break: Lee et

al. network

Failure Pattern Cousists of | Conditional Probability Error

Failure | 1 Pipe Removed From Each of System Failure Estimate
Case | Pipe Category Shown Given Removal (p) for p
8 6 0-19, 6 0-19 .00 .00

9 8 0-30, 8 0-30 .00 .00
10 8 over 30, 8 over 30 .00 .00
11 10 0-30, 10 0-30 .00 .00
12 10 over 30, 10 over 30 .00 .00
13 12 0-30, 12 0-30 908836 081168
14 12 over 30, 12 over 30 782741 098936

Table 9.14: Conditional failure probabilities - days with exactly 2 breaks: Lee et al.

network
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Failure Pattern Consists of Conditional Probability Error

Failure | 1 Pipe Removed From Each of System Failure Istimate
(Case | Pipe Category Shown Given Removal (p) for p
15 6 0-19, 6 0-19, 6 0-19 .00 .00
16 8 0-30, 8 0-30, 8 0-30 .00 .00
17 8 over 30, 8 over 30, 8 over 30 .00 .00
18 10 0-30, 10 0-30, 10 0-30 .00 .00
19 10 over 30, 10 over 30, 10 over 30 122642 11995
20 12 0-30, 12 0-30, 12 0-30 .00 .00
21 12 over 30, 12 over 30, 12 over 30 .869803 083813

Table 9.15: Conditional failure probabilities - days with exactly 3 breaks: Lee et al.

network

Failure Pattern Consists of | System Failure Probability

Failure | 1 Pipe Removed From Each | Lower | Upper | Expected
Case Pipe Category Shown Limit Limit Value
no break .00 .00 .00
1 6 0-19 00 .00 .00

2 8 0-30 .00 .00 .00

3 8 over 30 .00 .00 .00

4 10 0-30 .00 .00 .00

5 10 over 30 .00 .00 .00

6 12 0-30 00172 | .003101 002379

7 12 over 30 .00 .00 .00

Table 9.16: System failure probabilities - days with exactly 0 or 1 break: Lee et al.

network
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Failure Pattern Consists of System Failure Probability

FFailure | 1 Pipe Removed From Each | Lower | Upper | Expected
(Case | Pipe Category Shown Limit | Limit Value
8 6 0-19, 6 0-19 .00 .00 00

9 8 0-30, 8 0-30 .00 00 .00

10 8 over 30, 8 over 30 00 .00 00
11 10 0-30, 10 0-30 00 .00 .00
12 10 over 30, 10 over 30 00 .00 .00
13 12 0-30, 12 0-30 002077 | .003522 002776
14 12 over 30, 12 over 30 000539 | .001154 000833

Table 9.17: System failure probabilities - days

with exactly 2 breaks: Lee et al.

network
Failure Pattern Consists of System Failure Probability

Failure | 1 Pipe Removed From Each Lower Upper | Expected
Case | Pipe Category Shown Limit Limit Value
15 6 0-19, 6 0-19, 6 0-19 .00 .00 .00
16 8 0-30, 8 0-30, 8 0-30 .00 .00 .00
17 8 over 30, 8 over 30, 8 over 30 .00 00 .00
18 10 0-30, 10 0-30, 10 0-30 .00 .00 .00
19 10 over 30, 10 over 30, 10 over 30 | .0000884 | .000351 .000204
20 12 0-30, 12 0-30, 12 0-30 .00 .00 .00
21 12 over 30, 12 over 30, 12 over 3 0 | .000402 | .000875 000630

Table 9.18: System failure probabilities - days with exactly 3 breaks: Lee et al.

network
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FFailure Pattern Consists of | Conditional Probability Error

Failure | 1 Pipe Removed From Each of System Failure Estimate
Case Pipe Category Shown Given Removal (p) for p
no break .00 .00
1 6 0-19 .00 .00

2 8 0-30 00 .00

3 8 over 30 .00 00

4 10 0-30 .00 .00

5 10 over 30 .00 .00

6 12 0-30 .00 .00

7 12 over 30 510707 0.11998

Table 9.19: Conditional failure probabilities - days with exactly 0 or 1 break: Morgan

and Goulter network

Failure Pattern Consists of | Conditional Probability Error

FFailure | 1 Pipe Removed From Each of System Failure Estimate
Case | Pipe Category Shown Given Removal (p) for p
8 6 0-19, 0-19 .00 00

9 8 0-30, 8 0-30 .00 .00
10 8 over 30, 8 over 30 042945 119565
11 10 0-30, 10 0-30 .00 .00
12 10 over 30, 10 over 30 .00 .00
13 12 0-30, 12 0-30 00 .00
14 12 over 30, 12 over 30 755965 103758

Table 9.20: Conditional failure probabilities - days with exactly 2 breaks: Morgan

and Goulter network
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Failure Pattern Consists of Conditional Probability Error

Failure | 1 Pipe Removed I'rom Each of System [Failure Estimate
Case | Pipe Category Shown Given Removal (p) for p
15 6 0-19, 6 0-19, 6 0-19 .00 00
16 8 0-30, 8 0-30, 8 0-30 .00 .00
17 8 over 30, 8 over 30, 8 over 30 162745 119897
18 10 0-30, 10 0-30, 10 0-30 .00 .00
19 10 over 30, 10 over 30, 10 over 30 .00 .00
20 12 0-30, 12 0-30, 12 0-30 .00 .00
21 12 over 30, 12 over 30, 12 over 30 885932 083015

Table 9.21: Conditional failure probabilities - days with exactly 3 breaks: Morgan

and Goulter network

Failure Pattern Consists of System Failure Probability

Failure | 1 Pipe Removed From Each | Lower | Upper | Expected
Case Pipe Category Shown Limit Limit Value
no break 00 .00 .00
1 6 0-19 .00 00 .00

2 8 0-30 00 .00 .00

3 8 over 30 .00 .00 .00

4 10 0-30 .00 .00 .00

5 10 over 30 00 .00 .00

6 12 0-30 .00 .00 .00

7 12 over 30 000218 | .000533 000362

Table 9.22: System failure probabilities - days with exactly 0 or 1 break: Morgan and

Goulter network
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Failure Pattern Consists of System FFailure Probability

Failure | 1 Pipe Removed From Each Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
8 6 0-19, 6 0-19 .00 .00 .00

9 8 0-30, 8 0-30 .00 .00 .00
10 8 over 30, 8 over 30 -.000046 | .000359 000140
11 10 0-30, 10 0-30 .00 .00 .00
12 10 over 30, 10 over 30 .00 .00 .00
13 12 0-30, 12 0-30 .00 .00 00
14 12 over 30, 12 over 30 000735 | .001595 001143

Table 9.23: System failure probabilities - days with exactly 2 breaks: Morgan and

Goulter network

Failure Pattern Consists of

System Failure Probability

Failure | 1 Pipe Removed From Each Lower | Upper | Expected
Case | Pipe Category Shown Limit Limit Value
15 6 0-19, 6 0-19, 6 0-19 00 .00 .00
16 8 0-30, 8 0-30, 8 0-30 .00 .00 .00
17 8 over 30, 8 over 30, 8 over 30 00017 | .000426 000289
18 10 0-30, 10 0-30, 10 0-30 .00 .00 .00
19 10 over 30, 10 over 30, 10 over 30 .00 .00 .00
20 12 0-30, 12 0-30, 12 0-30 .00 00 .00
21 12 over 30, 12 over 30, 12 over 3 0 | .000585 | .001271 000916

Table 9.24: System failure probabilities - days with exactly 3 breaks: Morgan and

Goulter network
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Bounds Standard | Number of
Network Lower Upper | Expected | Deviation | Observations
Limit Limit Value
Non-Optimal -.018900 | 0.017282 | 0.007695 00372 19
Gessler 0.003402 | 0.005697 | 0.00455 000445 22
Lee et al. $.005740 | 0.007901 0.00682 .000419 22
Morgan and Goulter | .001315 | 0.002556 | 0.001935 .000241 22

Table 9.25: Confidence intervals for cumulative probability of system failure

higher failure probabilities occur because Table 9.25 is based on hydraulic failure
criteria rather than the connectivity failure criterion. It is possible for a node to be
connected while receiving inadequate flow at inadequate pressure levels. On the other
hand if a node is disconnected from the network it receives no flow. Thus the use of
hydraulic failure criteria is more conservative than the use of the connectivity crite-
rion. It should be noted that because the probabilities given in Table 9.25 are daily
failure probabilities the expected number of days in a year in which on inadequate
service levels delivered varies from .7 days for the Morgan and Goulter network to
2.8 days for the non-optimal network. However, by the non-optimal nature of the
manner in which the ‘non-optimal’ network was designed the non-optimal network is
also more expensive to implement than the Morgan and Goulter solution.

On an intuitive basis, the results in Table 9.25 suggest that, based on hydraulic
criteria, the Morgan and Goulter network is again the most reliable solution. The
hypothesis that the Morgan and Goulter network is more veliable than the other
networks was tested in a similar fashion to the method used in Chapter 8. Table
9.26 contains the results of the hypothesis testing used to compare the Morgan and
Goulter network to the other networks. The critical value for all tests is 2.807.

Examination of Table 9.26 shows that the test statistic is greater than the critical
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Comparison | Difference Between | Combined Test
Network Expected Failure Standard | Statistic

Probabilities Deviation z
Non-Optimal 00576 00373 1.545
Gessler 00262 000506 5.178
Lee et al. .00489 000483 10.117

Table 9.26: Comparison of Morgan and Goulter network to other networks

value for the Gessler and Lee et al. networks. The test statistic for the non-optimal
network is not significant. It is interesting to note that while the test statistic for the
Gessler network is less than the critical value when the connectivity criterion is used,
the corresponding test statistic for hydraulic failure criteria is statistically significant.
Thus, the conclusion can be drawn based on hydraulic failure criteria that the Morgan
and Goulter network is more reliable than the Gessler and Lee et al. networks, but
is not distinguishable from the non-optimal network. These results show that it is

possible to rank the networks according to reliability.

9.7 Computational Requirements

Since, as noted earlier, the exact calculation of reliablity in networks is NP hard it
is useful to review computational requirements of this approximate method. The
computer runs, to estimate the reliability of the four solutions, were all made on Sun
SPARC-2 work stations, running under UNIX. These work stations are capable of
running several jobs simultaneously. During the runs, the program, which estimated
reliability, typically used 30 - 50% of the machine capacity. The run times, for the
four networks, are presented in Table 9.27. Two runs are shown for the non-optimal

network. The first run was made using a small simulation error for the conditional
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Solution Run Time (min) | Simulation error
Non-optimal(.005) 3848 005
Non-optimal(.12) 642 A2
Gessler 287 12
Lee et al. 414 12
Morgan and Goulter 61 12

Table 9.27: Elapsed running times and associated errors for Monte Carlo Simulation

Runs

probality of network failure given the removal of a set of links (.005). The second
run was made using a larger allowable simulation error (.12). The larger simula-
tion error was still found to produce acceptable results. No trials were made for the
other networks for the smaller error because of the excessive computational effort
required (3848 minutes is 2.67 days). It should be noted that, the computational
effort required to determine network reliability is determined by the requirements
of the Monte Carlo simulation step. This issue is an important contribution to the
computational requirements of the methodology. The estimation of component reli-
abilities is performed only once for a given network, while the simulation step must
be performed for each possible network configuration.

It can be seen from Iq. 5.6 that several factors affect the computational require-
ments for estimating network reliability. The most important of these factors are the
level of required precision, the size of the conditional reliability terms, the complexity
of the network, and the size of the network.

The importance of the required precision level is illustrated by the excessive run-
ning times, used for the non-optimal network when the required precisionwas 0.005.
The running time for the ‘non-optimal’ network was much lower when a required

precision of 0.12 was used.
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The size of the conditional reliability terms affects the running times because the
simulation step estimates a proportion using a binomial process. The error in the
estimate of a proportion is dependent on the variance of the proportion as given by
IEq. 4.21. The numerator of the variance is, in turn, dependent on the value of the
proportion. The variance has a maximum at p = 0.50 and minima at = 0 and 1.0.
The relatively low computational requirement for the Morgan and Goulter solution
is, in large part, due to the low values for the conditional failure probabilities for all
cases tested.

The complexity of the network depends on the number of different pipe cate-
gories included in a particular solution. The complexity of the network affects the
Zgy2 value, in Eq. 4.22, because a more complex network requires the simultaneous
estimation of more parameters. Recall that Bonferroni techniques require that the
required significance level increases as the number of parameters that must estimated
simultaneously increases. The increased significance level requires an increased value
of Zgsy. As the complexity of the solution networks did not vary greatly, this factor
had only a minimal effect on the relative computational requirements for the networks
considered in this thesis.

Finally, the size of the network affects both the number of failure cases, that must

be considered, and the time necessary to solve the network at each iteration.



Chapter 10

Discussion of Results

10.1 Ewvaluation of Solution Performance

In this thesis a method was presented to estimate water supply distribution network
reliability. This method is based on the separate estimation of pipe failure proba-
bilities and system failure probabilities given that combinations of pipes have failed.
The method is different from methods presented in the literature in that pipe failure
probabilities are not assumed, but are estimated using statistical techniques. The con-
ditional probabilities of system failure given that various combinations of pipes have
been removed is also estimmated statistically using Monte Carlo simulation techniques.
Although the method only estimates reliability, acceptable results were produced for
all test cases. The error in the system reliability estimates is less than .01 for all test
cases. It was possible to distinguish between the levels of reliability for most of the
test networks using hypothesis testing at high levels of statistical significance.
Primary considerations in the application of this methodology are the computa-
tional effort required and the error in the reliability estimates produced. The factors
which influence the computational effort and the error in the reliability estimates are

discussed in the following sections of this chapter.
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10.2 Failure Criteria

T'wo criteria for network failure were examined in this thesis: connectivity and hy-
draulic performance. All of the networks appeared to be quite reliable with respect
to the connectivity failure criterion. In terms of this failure criterion the Morgan
and Goulter network was found to be significantly more reliable than the Lee et al.
network. The non-optimized network and the Gessler network were not found to he
significantly different from the Morgan and Goulter network using the connectivity
criteria.

A primary advantage of the connectivity criterion, over hydraulic performance
criteria, is the smaller computational burden associated with the connectivity crite-
rion. Two factors make the estimation of network reliability using the connectivity
criterion less computationally intensive than the estimation of reliability using the
hydraulic criteria. The first is that the evaluation of network connectivity requires
less effort than solving the network hydraulically. The second factor is the high degree
of reliability of these networks with respect to connectivity. As discussed previously,
the required number of iterations, to achieve a given degree of precision, is dependent
on the value of p, with minima at 0 and 1.0. Since probability of node disconnection is
close to 0 for all cases very few iterations are required. However, the main weakness
of the use of connectivity as a failure criterion is that it is non-conservative. The
existence of an unbroken path from the source pumps to a user’s water intake does
not ensure delivery of water to the user. As a result, despite its relative simplicity,
connectivity has serious drawbacks as a measure of network reliability.

The second failure criteria, namely, the ability of the network to provide adequate
pressure and flow levels at all nodes during peak demand periods is more realistic.
As a result, the hydraulic performance criterion, used in this thesis, is a more valid

measure of system performance. The reliability of the solutions, with respect to
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the hydraulic criteria, varies widely. In particular, the non-optimal and the Lee et
al. networks could be expected to provide inadequate levels of service .77% and
68% (2.8 and 2.5 days) of the days in the year, respectively. Further investigation
to determine the nodes that are inadequately served and possible remedial action
seems reasonable for these networks. The results in Table 9.26 show that the Morgan
and Goulter solution is more reliable than the Lee et al. and the Gessler networks.
The t-value for the Non-optimal network is not statistically significant. As a result
the reliability of the Non-optimal network cannot be distinguished from that of the
Morgan and Goulter Network. However, the greater cost inherent in its design shows
that a ‘non-optimal’ replacement of pipe in large areas of a network at great cost is
not. necessarily a good method to achieve required reliability levels.

It should be noted that other operational conditions may be critical. These con-
ditions include fire flows, instantaneous peak demands, and the filling of overhead

storage tanks during off peak hours.

10.3 Sources of Error

From Eq. 5.13, two sources of error, in the estimate of system reliability, can be
determined. The first source is the error that occurs due to lack of knowledge or
variability of the failure behaviour of network components. The second source is the
error in the simulation process. It should be noted that the error due to simulation is
much smaller than the total error for all cases. In all cases, most of the error is due to
uncertainty with respect to component failure behaviour. In view of this result, and
the rather large computational cost associated with decreasing the level of simulation
error, there is little justification for the extra effort required to reduce the simulation
error.

As noted above the error level in the estimate of system reliability is, to a large
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extent, determined by factors such as the variability of the reliability of system com-
ponents, and the probability of system failure, given that some system components
have failed. I‘or a given network configuration, these sources of error are, to a large
extent, uncontrollable.

From a research perspective, the development of a simpler model, to predict failure
behaviour, could greatly reduce the error associated with network failure probability
estimates. The model developed in this thesis depends on pipe material, pipe age, and
pipe diameter. The results suggest that there is a relationship between pipe diameter
and failure probability. However, markedly different failure rates were found for pipes
with identical pipe material and diameter but different pipe ages. The existence of a
sudden large change in failure rate for pipes of differing pipe ages is not caused only
by a continuous aging process. The change in failure rate is in part due to changes in
pipe construction. In particular, component failure probabilities were found to vary
for for cast iron pipes of the same diameter because the wall thickness of cast iron pipe
has been decreased in the newer pipe. If a model using pipe wall thickness, rather
than pipe diameter, as an independent variable could be developed it might be more
accurate and less complex than the model developed in this work. The reduction in
complexity would come from the use of a single variable, namely, pipe wall thickness,
rather multiple variables, to represent every pipe diameter. The reduction in the
number of variables would, in turn, reduce Bonferroni’s g. The smaller Bonferroni’s
g would make the size of the confidence intervals smaller, and thus reduce the error
in the estimate of network failure probability.

The method used to estimate component reliabilities is quite complex and involves
a large number of assumptions. The method is, however, accurate enough to demon-
strate that system reliability can be estimated with reasonable levels of accuracy if

the probability distribution for component reliabilities is known. In effect the method
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for estimating system reliability for water distrbution systems presented in this thesis
has reduced the system reliability problem to the less complex problem of estimation

of component reliabilities.

10.4 FEffects of System Size and Complexity

The computational effort associated with the technique increases with system size
for two reasons. The first reason is that a bigger system has more pipes and takes
longer to solve. As a result, each iteration takes longer for a larger system than for
a smaller system. It should be noted that the network used in this study contains
approximately 81 km of pipe, and so is a fairly large network. Walski (1987) states
that this network is designed to include most of the characteristics of a medium sized
city, without the detailed distribution grid. The processing times for all networks are
reasonable. Larger networks could be handled as long as the number of failure cases
to be processed does not increase substantially.

The second reason that computational effort increases with system size is that
more simultaneous failures are likely to occur in a larger network. This effect, in
turn, increases the number of failure cases to be considered. It should be noted that
the number of simultaneous failures that is likely to occur in 24 hours does not increase
very rapidly. Jacobs and Goulter (1991} show that for the entire City of Winnipeg,
which contains 2259 ki of pipe, even with the significant clustering of breaks reported
in that city by Goulter and Kazemi (1988)(1989) there is less than a 0.01 probability
of more than 20 breaks occurring in a single day. This result suggests that the number
of simultaneous breaks that must be considered increases quite slowly, with system
size.

As a result of the above considerations, it should be reasonable to estimate network

reliability for systems two or three times bigger than the ones used in this study, if
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hydraulic performance is used as the network failure criterion. If connectivity is
used as the network failure condition, then the estimation of failure probabilities for
networks that are ten times the size of the one used in this study are possible.

It should be noted that the network described in Walski et al. (1987) has one
feature that is quite unrealistic. The network uses only cast iron pipe. The City of
Winnipeg system contains cast iron, asbestos cement, PVC, and ductile steel pipe, in
relatively large quantities. In this sense, distribution networks found in practice are
more complex than the one used in this study. The effect of a more complex network
is that more parameters must be estimated. The increased number of parameters
to be estimated, increases the uncertainty of the estimate. The method used, in
this study, is based on the statistical estimation of a large number of parameters.
An increase in network complexity could decrease the level of statistical accuracy
to unacceptable levels. Iuture research should investigate methods of limiting the
number of parameters used to describe failure behaviour. In addition, future research

concerning more efficient statistical methods of estimating error would be valuable.

10.5 Mean Time to Repair

The assumption was made that the time to repair pipe breaks in the City of Winnipeg
is less than 24 hours. This assumption is reasonable for current operational conditions
in the City of Winnipeg. The mean time to repair a pipe break directly affects system
reliability because it determines the duration that a pipe remains out of service. In
an ideal network, in which all breaks are independent, a doubling of the mean time
to repair a break would also double the expected number of breaks that occur hefore
the broken pipe is repaired. In a network in which pipe breaks tend to cluster in
time and space the effects of doubling the mean time to repair would be even larger.

The effects of increasing mean time to repair have not been explored in this thesis.
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Further research into this question is necessary.
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Chapter 11

Summary and Conclusions

The calculation of network reliability for water supply distribution systems is diffi-
cult. This makes it hard to evaluate the relative merits of proposed designs. It has
been shown that the exact calculation of network reliability is so-called NP-hard.
This means that the time required to perform exact reliability calcnlations for large
networks is measured in years. For this reason the methods currently used in the
design of reliable water supply networks are based on heuristic, surrogate measures
of reliability. They have the advantage that they require far less computational effort
than the exact calculation of network reliability, but the disadvantage that solutions
based on each surrogate measure differ and that no method exists to compare the
different results.

A method has been presented which uses sampling by Monte Carlo techniques
to estimate network reliability. This method decomposes network reliability into the
probability of component failure and the conditional probability of system failure
given that a set of components has failed. The probability of component failure is
estimated based on failure history records. The conditional probability of system
failure given that components have failed is estimated using Monte Carlo simulation.

This method was applied to four existing solutions to the problem of designing
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a least cost, reliable pipe network for a particular pipe network. Three of these
solutions were determined so as to meet surrogate measures of reliability. The fourth
solution was found using trial and error and involved the replacement of almost all
pipes over 50 years old. Network reliability was estimated to within 1% for all four
solutions using two criteria to determine network failure: connectivity and hydraulic
adequacy. Thus, it was possible to compare the reliability of the four networks. Highly
statistically significant differences were found between the comparison of the Morgan-
Goulter network and both the Gessler and Lee et al. networks using the hydraulic
adequacy criterion. It was not possible to distinguish between the reliability of the
Non-optimal network and the Morgan-Goulter Network. It should be noted that the
greater cost inherent in the Non-optimal network makes it unattractive.

The computational effort required to estimate reliability by sampling was found
to be large, but not excessive. It would not be feasible to include this method within
an optimization method that requires the evaluation of network reliability a large
number of times. The method can be used, however, to evaluate surrogate measures
of reliability. In addition, the method could be used to check the reliability of any
existing water distribution network design. As such this method can be a valuable
design and research tool.

FFurther research should be aimed at reducing the required computational effort
and improving the accuracy of error estimates. Promising areas of research are esti-
mation of the conditional failure probabilities using Monte Carlo simulation and the
failure process of the pipes in water supply distribution networks. In addition, the

effect of the time required to repair pipe breaks requires further study.
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Appendix A

Data Transformation and

Verification

A.1 Description of the Pipe Break and Pipe In-
ventory Data

Two types of data are used in the model presented in Chapter 5. These data types
are pipe failure history and pipe inventory data. As noted previously the pipe failure
history data are contained in a data base gathered by the Waterworks, Waste and
Disposal Department of the City of Winnipeg. This is a computerized data base
that contains one failure record for each pipe break that occurred in the years 1975
through 1989. In addition, the data base contains location records for a large number
of physical features found in the city. Over 30,000 breaks are recorded in this data
base.

The location records in this data base contain the x-y coordinates of every signif-
icant feature of the road system within the City of Winnipeg when the road system

was digitized in 1975. Significant features of the road system include intersections
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with other roads, intersections with physical features such as rivers and railroads, and
places where roads change direction. These location records are stored alphabetically
by street name. It should be noted that the location records do not contain any pipe
inventory data describing the pipe characteristics at the location. Of particular con-
sequence for this study is the fact that location records do not contain pipe diameter,
material, or installation date.

The failure records are interspersed among the location records and contain x-y
coordinates of the break location which are accurate to the nearest meter. These break
records contain failure date, pipe installation date, pipe diameter, pipe material, and
other parameters which are used by this study.

This data base proved to be extremely valuable for the type of analysis described
in Chapter 5, but has a number of weaknesses which should be recognized. One
problem is that the data base does not contain start and end times for failure events.
This shortcoming makes it impossible to be certain whether or not failure events are
simultaneous. It is possible for two breaks to occur on the same day, but for the
first break to be repaired before the second break occurs. On the other hand, it is
possible for a break to start on one day and not be repaired before the next day.
This situation is almost certain for breaks which start late in the evening, but can
also occur if repair crews are already busy when a break occurs. If the work crews
are busy it is possible that breaks with less serious consequences would be left while
more serious breaks are repaired. Due to this limitation on the accuracy of the data,
breaks which occur on the same day are assumed to be simultaneous and all breaks
are asswined to be fixed on the day of occurrence.

A second weakness of the data base is that it contains the location of street
centre lines rather than the location of the water mains themselves. As water mains

are typically laid beside a roadway rather than under the centre line, this weakness
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introduces a small locational error. Tor the purposes of this study, this error was
ignored.

A third weakness of this data base is that pipe inventory data are stored in the
break records. As a result, if there is no break record for a street, there is no pipe
inventory data for that street. IFrom the point of view of this study the effect of this
weakness in the data base organization results in there being no location records for
streets which are not serviced by water mains. Furthermore, streets not serviced by
water mains are stored in exactly the same way as serviced streets on which no breaks
have occurred in the period of record. As a result it is not possible to distinguish
between streets with no pipes and streets with no breaks. This is not an insignificant
problem as approximately 1200, or slightly more than one third, of the approximately
3500 streets in the City of Winnipeg have never had a break and possibly have no
watermains.

A fourth weakness of the data base is that the information in it is gathered, but
not directly used, by operational personnel. Under these conditions, verification of
the data, contained in the data base, is extremely difficult. As a result even when
failure records have been added for a street there may be errors in pipe characteristics
in the data base.

Assuming that the break data base without support from other data bases, is used
the effects, of the third and fourth of these weaknesses are that no pipe inventory
data exists for approximately one third of all streets in the City of Winnipeg. It was
therefore necessary to transform, augment, and verify the break data base before it
could be used in the study.

The first step in transforming the data into a more useful form is conceptual. In the
City of Winnipeg break data base information is stored as a series of nodes. T'wo types

of nodes are used: locational nodes and failure nodes. The locational nodes contain



some information about the type of physical feature that they represent. For example,
nodes that represent a rail road are coded, ‘R*’, indicating their function, and nodes
representing streets can be similarly distinguished from other types of nodes. The
locational nodes do not, however, contain any information concerning characteristics
of pipe with which they are related. The addition of pipe characteristics to locational
nodes leads to a data organization that is awkward and difficult to use because each
node is the boundary between pipe segments. If pipe characteristics differ among
the pipe segments attached to a node, it is necessary to include both sets of pipe
characteristics in the node record and to indicate which characteristics apply to each
pipe segment. In addition, if pipe characteristics are applied to node records, then it is
also necessary to assume that pipe characteristics remain constant between adjoining
nodes,

A more simple method of data organization is to create pipe segment records.
In this situation pipe characteristics can be attached to pipe segment records. In
addition, by using variable length pipe segments, the pipe segments can be set up
so that only one set of pipe characteristics is necessary for each pipe segment. The
choice of an appropriate unit for pipe segments is facilitated by the usual practice,
for urban water distribution systems, of laying water mains for a minimum length of
a full city block at a time. As a result of this practice, pipe characteristics can be
reasonably expected to remain constant over the length of a city block.

Storage of pipe characteristics using pipe segment records also facilitates the s-
torage of failure records. By definition, pipe failures occur at a particular location
in a pipe segment. As a result, failure can always be assigned to a particular pipe
segment by its physical location. This relationship makes it possible to store pipe
failure records for a particular pipe segment record as a group and to access these

failure records using a pointer from the pipe segment record. This storage method
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has the advantage that the pipe characteristics can be stored on the pipe segment
records. Once such characteristics have been added to the pipe segment records, it
is then unnecessary to store them on the pipe failure records. A further practical
benefit of this storage method is that operational personnel do not have to capture
pipe characteristics for every break that occurs as this information can be retrieved
from the pipe inventory records. Based on these considerations, the City of Winnipeg
break data base was transformed to the storage format described above using a PL1
program.

The second step in fransforming the data base is to add missing data and to
verify the existing data. Since no computerized pipe characteristics data existed
for a large proportion of the City of Winnipeg network it was necessary to add the
pipe characteristics to the data base from paper records. Adding these data for the
whole City of Winnipeg, would require a large amount of repetitive effort. To limit
the amount of repetitive effort, the scope of this study was limited to one (of six)
operating districts in the City of Winnipeg, District 4. The amount of data included
in the study area is still relatively large. The study includes 394 km of water mains,
3853 breaks, and 3126 pipe segments, over 15 years of record.

The obvious difficulty of this task is further compounded by the characteristics
of the paper records used to store water main data and the need to capture the
geographical position of data components. The complete pipe inventory is stored
on a variety of media including: large scale drawings, kardex, microfiche, and word
processor files. Although the data in the pipe inventory are organized geographically,
for the most part explicit coordinates are not identified with objects contained in the
drawings. Where the drawings are to scale, extracting coordinates is a cumbersome
process at best. In many cases, however, the data are stored as ‘not to scale’ sketches,

For this ‘not to scale’ data, it is not possible to measure coordinates directly.
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To aid in the data capture task computer graphics techniques were used. These
techniques were implemented by displaying a map of the street grid in a part of
the area to be processed using the AUTOCAD program. Several small programs or
commands, written in LISP, allowed the manipulation of the elements in the street
network.

These computer graphics techniques have a number of advantages. When compar-
ing a street layout for a small area to a map of the same area, it is easy to determine
where a particular block is located in the street layout, even if street names are not
displayed. The shape, orientation, size, and relative position with respect to any
landmarks displayed, all provide easy-to-use visual clues. As a backup to these visual
clues, a command in LISP was written to display the street name for a selected city
block. To identify a city block it is necessay only to specify the street names at each
end. These street names at each end of the block must be identified precisely in the
data base. The location of the city block is then defined with certainty and, because
AUTOCAD stores the coordinates of the block, the coordinates are also identified
with certainty.

The above method makes it possible to augment and verify the data contained in
the break data base with information from both ‘to-scale’ maps and other ‘not-to-
scale’ information sources such as kardex and microfiche. Implementing this method
required the development of computer graphics methodology. The computer graphics

techniques required to implement this method is described in the next section.

A.2 Techniques to Create the Pipe Inventory

The computer system developed to verify the pipe inventory used both a large main-
frame and personal computers. The methodology included computer programs writ-

tenin LISP, C, and PL1. The steps followed in this procedure are shown schematically
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in Fig. A.1 and are as follows.

1. capture the physical position of the pipe in the water distribution network
2. add street names to each link in the network
3. load the pipe characteristics from the break records

4. use graphical techniques to verify pipe characteristics loaded from the break da-
ta and to add data where they are missing. The results of this step are stored

in intermediary records.

use the intermediate transactions generated in step 4 to modify and/or verify

[

the data for the network generated in steps 1, 2, and 3.

The location of the centre lines of almost all streets in existence in the City of
Winnipeg is contained in the location records in the City of Winnipeg break data
base. (Not all streets are included in the break data base, however, because the data
base was created in 1975. Streets have been added to the network since 1975. If the
water mains on the newly added streets have not experienced a break, the streets
have probably not been added to the break data base.)

A copy of the City of Winnipeg break data base is stored on the mainframe
computer at the University of Manitoba. A PL1 program was developed to extract
information from this data base. This program is identified as ‘Extract from Main-
frame’ in Fig. A.1 and produces the Link File L4F007. In this file one record is
created for each city block or pipe segment with each record of file L4007 containing
street names and, where available, pipe characteristics. To improve the response time
provided by AUTOCAD, and to facilitate transfer of the data from the main frame
computer, the study area was broken into three rectangular areas with one file being

extracted for each area.
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Figure A.1 Schematic of Computerized Map Correction System



The program D4CR (written in C) shown in Fig. A.1 was used to change the
format of each of these files to the standard AUTOCAD DXF format. This program
also added codes to the file to vary the color of pipe segments to differientiate between
the different types of information available for the pipe in the segements when they
were displayed. Pipe segments with missing, or incomplete, pipe characteristics data
were colored red. Pipe segments containing complete pipe characteristics were colored
green. The use of different colors makes it easy to determine which pipe segments are
missing data.

Once the files were reformatted into DXF format, the built-in AUTOCAD com-
mand DXFIN was used to load them to the AUTOCAD workspace. The files could
then be displayed as a computerized map. The data contained in this map are still
in a relatively raw form because they have not been augmented or verified. Fig. A.2
shows a section of a computerized map at this stage of processing. For ease of print-
ing, different line formats, rather than colors, are used to distinguish pipe segments
that have pipe characteristic data from those that do not.

Before these raw data can be used as a pipe inventory, a number of processing

tasks must be performed. These tasks include

1. The removal of pipe segments not in District 4. District 4 does not have rectan-
gular boundaries. The use of rectangular boundaries, in the extraction process,

resulted in the initial inclusion of pipe segments from other operating districts

2. The removal of street segments which do not contain mains. Since the City of
Winnipeg break data base does not distinguish between pipe segments which
have never experienced a break and streets with no water mains, it is necessary

to remove the latter manually

3. The addition of pipe segments thai were not included during the creation of the

City of Winnipeg break data base
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Figure A.2 Segment of Computerized Map Before Validation




4. The modification of pipe segments where pipe renewals have taken place
5. The addition of pipe characteristics where they are missing

6. The verification of pipe characteristics where they exist. For those pipe segments
in which the pipe characteristics in the break data base differ from those in the
operational data, it was assumed that the operational data were correct. The
reason for choosing operational rather than break data when there is a conflict
relates to the greater likelihood of the operational data being correct because

it is used and reviewed more often (Goulter and Jacobs, 1992).

To facilitate these tasks, a number of LISP programs were written. The LISP
language runs as a part of the AUTOCAD computer package and is integrated with
AUTOCAD to make use of the computer graphics capabilities of AUTOCAD, in
particular, those facilities which allow a user to graphically point to and select an
object that is displayed.

LISP programs that make use of this point and select facility were written. The
LISP programs make it possible to graphically point to and select a pipe segment.
Once the pipe segment is selected the data associated with the pipe segment can be
manipulated. These data include street name, pipe characteristics, and x-y coordi-
nates. IMinally, ‘intermediate’ transactions can be written using the LISP programs
to record changes to the computerized map. The function of each of these programs
and their relationship to each other is listed in Table A.1 and discussed in detail
below. For the sake of consistency, when a program generates an intermediate trans-
action, the program name and the transaction code are are designated by the same
terms. For example, the add program is named AD and generates an intermediate

transaction with transaction code AD.

Add Program (AD):
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Program Name | Program Function
AD Add a pipe segment to the network
CH Change pipe characteristic for a pipe segment
EA Delete a pipe segment from the network
EP Delete part of a pipe segment from the network
SD Display street name for a pipe segment
SN Display street name and pipe characteristics
SP Split a pipe segment into several smaller segments

Table A.1: LISP Macros and Their Functions

The add program is used to add new pipe segments and creates intermediary add
transactions (Transaction type AD in Fig. A.1). Add transactions are necessary if the
map does not contain a street and/or where renewal has been performed. The com-
puterized map for the City of Winnipeg is generally complete as originally generated.
However, as noted previously it is necessary to add some streets in subdivisions built
after 1975, as those streets did not exist when the break system was set up. Since the
pipe in such subdivisions is, in general, relatively new, no breaks have occurred on a
large proportion of these pipe segments and there has been no reason to add them to
the City of Winnipeg break data base.

In cases where renewal work was performed in the period 1975-1989, it was nec-
essary to add links to specify the characteristics of the new pipe segments added. It
should be noted that addition of these links has the implication that more than one
pipe segment can exist for a given geographical location. [t is, however, possible to
distinguish in which of these multiple pipe segments a break occurred because the
date of installation of the pipe is included in the pipe characteristics. By checking
the pipe installation date against the date when a break occurred, it is possible to

specify, uniquely, which link record should be used.
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Change Program (CH)

The change program is used to correct the pipe characteristics for a pipe segment
and generates the CH transaction. This program is used when no pipe characteristics
are captured from the City of Winnipeg break database or when the captured char-
acteristics are in error. For the City of Winnipeg the most commonly used sources
of data are kardex and scale drawings of the pipe layout. These data sources are
organized in a fashion that makes it easy to verify contiguous links for a street. In
addition, it is common for pipe characteristics to remain constant over a number of
contignous pipe segments. To take advantage of this pattern an option was included
in the Change program to copy pipe characteristics to the carrent pipe segment from
an adjacent pipe segment processed previously. Due to the large number of pipe seg-
ments in which a break has not occurred in the period of record this program is by far
the most commonly used program and the Change transaction is the most common

intermediate transaction.

I'rase Whole Link Program(EA)

The Erase Whole Link Program generates transaction type EA which is used to
remove a pipe segment from the pipe network. It is necessary to remove links from
the network because not all city blocks are served by water mains. In addition, as
described previously, when the raw data were extracted from the City of Winnipeg
break data base, not all of the pipe segments extracted were from the study area,

District 4. This program is used to remove these superfluous links.

Erase Part Link Program(EP)

The Erase Part Link program is used to generate the EP transaction. The EP
transaction removes part of a pipe segment from the network. This program is used
when a water main is terminated in the middle of a pipe segment. This is a rarely

used program, reflecting the relative infrequency of this situation.



Show Street Name Program (SD)

The Show Street Name program is used select a pipe segment and to display the
associated street name. To save re-display and regenerate time, and to make the
map less cluttered, the display of street names and pipe characteristics is generally
suppressed. This program is used to aid the operator in locating pipe segments on
the computer map. This program can be used to positively identify a pipe segment
by using it to display the names of streets at the pipe segment ends.

Show Street Characteristics Program (SN)

The Show Street Characteristics program is used to select a pipe segment and
to display the street name and pipe characteristics. This program is used to verify
pipe characteristics of pipe segments for which the pipe characteristics were captured
from the City of Winnipeg break data base. In addition, the street name and pipe
characteristics are also stored for use, if the next program run is a Change program.
This feature is particularly useful if a street has one pipe segment with correct pipe
characteristics in the computerized map and several other pipe segments which should
have the pipe characteristics but for which no pipe characteristics were captured. In
this case, it is possible to transfer the correct pipe characteristics from pipe segment
to pipe segment by running the SD, program followed by multiple runs of the Change
program.

The data correction system as outlined in this chapter was run through several
iterations until all street segments were labelled as verified. The segment of the
computerized map shown in Iig A.2 (uncorrected) is shown after correction in Fig.

A3
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Appendix B

Additional Figures to Estimate

Component Failure Probabilities
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FIGURE B.1 Average number of breaks per
km: cast iron pipe, 150mm 0—19 years
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FIGURE B.2 Average number of breaks per
km: cast iron pipe, 150mm 20—-30 years
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FIGURE B.3 Average number of breaks per
km: cast iron pipe, 150mm 31+ years
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FIGURE B.4 Average number of breaks per
km: cast iron pipe, 200mm 0—30 years
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FIGURE B.5 Average number of breaks per
km: cast iron pipe, 200mm 314 years
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FIGURE B.o Average number of breaks per
km: cast iron pipe, 250mm 0—30 years
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FIGURE B.7 Average number of breaks per
km: cast iron pipe, 250mm 31+ years
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FIGURE B.8 Average number of breaks per
km: cast iron pipe, 300mm 0—30 years
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FIGURE B.9 Average number of breaks per
km: cast iron pipe, 300mm 31+ years
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FIGURE B.10 Average number of breaks per
km: asbestos cement pipe, 150mm 0—30 years
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FIGURE B.11 Average number of breaks per
km: asbestos cement, 1o00mm 31+ years
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FIGURE B.12 Average number of breaks per
km: asbestos cement pipe, 200mm 0-30 years
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FIGURE B.15 Average number of breaks per
km: asbestos cement, 200mm 31+ years
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FIGURE B.14 Average number of breaks per
km: asbestos cement, 250mm O+ years
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FIGURE B.15 Average number of breaks per
km: asbestos cement, 300mm O+ years
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FIGURE B.16 Average number of breaks per
km: ductile steel pipe, 150mm O+ years
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FIGURE B.17 Average number of breaks per
yr: ductile steel pipe, 200mm 0+ years
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FIGURE B.18 Average number of breaks per
yr: ductile steel pipe, 250mm 0+ years
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FIGURE B.19 Average number of breaks per
yr: PVC pipe, 150mm O+ years
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FIGURE B.20 Poisson estimated probability for
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FIGURE B.22 Poisson estimated probability for
m=2 breaks: cast iron pipe, 150mm 20-30 years
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FIGURE B.24 Poisson estimated probability for
m=0 breaks: cast iron pipe, 150mm 31+ years
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FIGURE B.26 Poisson estimated probability for
m=2 breaks: cast iron pipe, 150mm 31+ years
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FIGURE B.51 Predicted versus sampled for
m=1 break: cast iron pipe, 200mm 31+ years
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FIGURE B.52Z Predicted versus sampled for
m=1 break: cast iron pipe, 250mm 0-=30 years
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in a day

DO O DD OO OO OO OO OO OO O

break

I

Probability of m

.0036
0034
0032
0030
0028
0026
0024
0022
.0020
.0018
0016
0014
0012
0010
0008
.0006
.0004
0002
.0000

+ — Estimated values
* — Sampled values

0 [ 2 3 4 5 6 7 8 9 10
Pipe Length — Kilometers

FIGURE B.54 Predicted versus sampled for
m="1 break: cast iron pipe, 300mm 0—-30 years
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FIGURE B.55 Predicted versus sampled for
m=1 break: cast iron pipe, 300mm 31+ years
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FIGURE B.56 Predicted versus sampled for
m=1 break: asbestos cement,150mm 0-30 years
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FIGURE B.57 Predicted versus sampled for
m=1 break: asbestos cement,150mm 31+ years
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FIGURE B.2538 Predicted versus sampled for
m=1 break: asbestos cement, 200mm 0-30 years
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FIGURE B.59 Predicted versus sampled for
m=1 break: asbestos cement, 200mm 31+ years
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FIGURE B.60 Predicted versus sampled for
m="1 break: asbestos cement, 250mm O+ years
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FIGURE B.61 Predicted versus sampled for
m=1 break: asbestos cement, 300mm O+ years
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FIGURE B.62 Predicted versus sampled for
m=1 break: ductile steel pipe, 150mm O+ years
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FIGURE B.65 Predicted versus sampled for
m=1 break: ductile steel pipe, 200mm O+ years
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FIGURE B.64 Predicted versus sampled for
m=1 break: ductile steel, 250mm 0+ years
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m=1 break: PVC pipe, 150mm O+ years
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FIGURE B.66 Predicted versus sampled for
m=2 breaks: cast iron pipe, 150mm 0—19 years
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FIGURE B.6/ Predicted versus sampled for
m=2 breaks: cast iron pipe, 150mm 20-30 years
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FIGURE B.68 Predicted versus sampled for
m=2 breaks: cast iron pipe, 150mm 31+ years
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FIGURE B.69 Predicted versus sampled for
m=2 breaks: cast iron pipe, 200mm 0—30 years
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FIGURE B.70 Predicted versus sampled for
m=2 breaks: cast iron pipe, 200mm 31+ years
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FIGURE B./76 Predicted versus sampled for
m=2 breaks: asbestos cement, 150mm 31+ years
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m=2 breaks: asbestos cement, 200mm 0-30 years
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FIGURE B.80 Predicted versus sampled for
m=2 breaks: asbestos cement, 300mm 0+ years
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FIGURE B.82 Predicted versus sampled for
m=2 breaks: ductile steel, 200mm O+ years
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FIGURE B.83 Predicted versus sampled for
m=2 breaks: ductile steel, 250mm O+ years
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FIGURE B.85 Predicted versus sampled for
m=J3 breaks: cast iron pipe, 150mm 0—18 years
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FIGURE B.86 Predicted versus sampled for
m=2J3 breaks: cast iron pipe, 150mm 19-30 years
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FIGURE B.88 Predicted versus sampled for
m=J5 breaks: cast iron pipe, 200mm 0—350 years
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FIGURE B.89 Predicted versus sampled for
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FIGURE B.90 Predicted versus sampled for
m=23 breaks: cast iron pipe, 250mm 0-30 years
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FIGURE B.91 Predicted versus sampled for
m=J3 breaks: cast iron pipe, 250mm 31+ years
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FIGURE B.92 Predicted versus sampled for
m=J3 breaks: cast iron pipe, 300mm 0—-350 years
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FIGURE B.94 Predicted versus sampled for
m=J3 breaks: asbestos cement,150mm 0—30 years
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FICURE B.95 Predicted versus sampled for
m=23 breaks: asbestos cement, 150mm 31+ year
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FIGURE B.96 Predicted versus sampled for
m=J3 breaks: asbestos cement, 200mm 0—30 years
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FIGURE B.9/ Predicted versus sampled for
m=235 breaks: asbestos cement, 200mm 31+ years
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FIGURE B.98 Predicted versus sampled for
m=2J5 breaks: asbestos cement, 200mm 0+ years
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FIGURE B.99 Predicted versus sampled for
m=23% breaks: asbestos cement, 500mm 0+ years

Probability of m



* — Sampled values
+ — Estimated values

0.0005

10004 4

3 breaks in a day
<

0.0003 4

0.0002 1
0.0001

Probaebility of m

Pipe Length — Kilometers

FIGURE B.100 Predicted versus sampled for
m=235 breaks: ductile steel, 150mm 0+ years
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FIGURE B.101 Predicted versus sampled for
m=J5 breaks: ductile steel, 200mm O+ years
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FIGURE B.102 Predicted versus sampled for
m=2J3 breaks: ductile steel, 250mm O+ years
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FIGURE B.103 Predicted versus sampled for
m=JY breaks: PVC, 150mm O+ years



