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PREDICTIVE MODELS FOR PIPE BREAK FAILURES AND THEIR
TMPLICATIONS ON MAINTENANCE PLANNING STRATEGIES FOR
DETERIORATING WATER DISTRIBUTION SYSTEMS

by
STEFAHOS ALEXANDER ANDREOU

ABSTRACT

Urban water distribution maintenance decisions present a very
difficult multicriteria and multiobjective problem. Deterioration
of those systems results primarily in breaks and leaks in pipes and
also to reduction in carrying capacity from tuberculation of the
interior pipe wall. Large investments are generally required for
replacement and rehabilitation of water mains and it thus becomes
critical to assess the current and expected future condition of the
system for making maintenance decisions.

This thesis focuses on the derivation of predictive models for
pipe break failures at the individual pipe level with main emphasis
on the analysis of large diameter (> 8 inches) cast-iron pipes.
The applied methodoiogies can capture the high variability in break
rates that exists among individual pipes of a given system and among
various systems as a whole. The early phases of pipe deteriorationm,
when only few infrequent breaks occur, were described by a proportional
hazards type model, where the probability of failure changes as a
function of time and depends on the number of previous breaks.
(Non-homogeneous Markov Process.) When a pipe entered a stage of
multiple and frequent breaks, the failure process was better charac-
terized by a constant break rate estimated through an exponential
type regression model and future breaks were represented as Poisson
arrivals. A proportional hazards model is also applied to determine
the probability for entering into the stage of multiple and frequent
breaks. This detailed focus on the various phases of deterioration
that a pipe can go through during its useful life consists a significant
improvement over currently applied modelling techniques and provides

a very useful quantitative tool of analysis that could assist water
utility managers for making maintenance decisions.

The methodologies applied in this work have clearly shown that
currently applied models and rules of thumb can in making cases be
oversimplified and lead to very suboptimal repair, replacement and
rehabilitation strategies. The integration of the proposed models
in the decision making process is examined in detail and two case
studies using actual break records from two water distribution systems
in the U.S. are presented.

Thesis Supervisor: David d. Marks

Title: Professor and Head, Department of Civil Engineering
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CHAPTER 1

1.1 Introduction

Increasing public awareness about the decay of the nation's
infrastructure caused by accumulated evidence of progressing
deterioration of the physical condition of many urban systems (e.g.,
transportation, water supply, sewers), creates the need for more
careful scientific studies to understand the failure patterns and
provose methodologies to deal with the associated problems. Among the
various systems that constitute the infrastructure of urban centers,
water distribution systems play an essential role for the every davy
functicning of a modern city. The condition of water mains and
the reliability of services.they provide are strongly connécted with
community public health standards and potential for future crowth and
econcmic develcpment. Two different types of problems are causing
great concerns today in many water utilities; reductior in carrving
capacity of pipes due to tuberculation, and breaks and leaks occurring
at increasing rates along the pipe sections. Those troblems are
directly related to increasing future repair and purping costs,
unreliable services, potential for damages caused by breaks (flooding,
disruptions in traffic, and operations of otheyr utilities), and water
quality problems caused from bacteria trapped in the tuberculous formed
in the interior pipe wall. Remedies for the above problems consist of
replacing or rehabilitating (i.e., cleaning and lining) sections of
pipes in the system and represent large and important capital investments

made by the water utilities. In order to make repair, replacement,
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and/or rehabilitation decisions for deteriorating pipelines, it is
essential to develop insights about the failure mechanism and the
interactions of the various factors contributing to breaks, so that
predictions on the evolution of break trends with time could be made
under various maintenance scenaria. However, great complexities

arise when one attempts to analyze and predict the future bebhavior of
individual pipes in a system, because of the high variability in failure
patterns among different systems z1d among the various pipes of a

given system. Nevertheless, such analysis at the individual pipe level
is what is clearly needed for making maintenance decisions, under
particular economic a#d reliability criteria. Although on site
observation of the physical condition of water mains couid reveal some
informat.ion about their strﬁctural integrity, such an apprbach would be
of primary use cnly when very severe deterioration is present.
Otherwise, the localized nature of the various factors contributing

to breaks, their interactions and the effect of the aging of the
system cannot really be captured by inspections of particular points
along the pipe length. Thus, there is a need for analyzing historical
records of pipe breaks, and make use of all the available information on
pipe characteristics and external environmental conditions, in order

to develop a basic understanding of the existing patterns. Assessing
with reasonable accuracy the expected number of future break events

for each individual pipe can serve the following important purposes:

a) determine the budgetary needs for future repairs under various
replacement and rehabilitation strategies, b) perform economic

evaluation to determine an optimum replacement time for breaking mains,
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c) obtain estimates of the reliability of individual segments, which
would be of great importance for certain pipes in the system,
depending on their position in the network and the potential damages

associated with their failures.

Although no clear definition of pipe breaks exists in the available
data sets, the threshold between breaks and leaks usually considers
that breaks, as opposed to leaks, result in a clear disruption of
service and require some kind of repair action. Pipe leaks are
associated with the pFoblem()f"unaccounted for water" and represent
a distinct category of failures, different from that of pipe breaks.
Nevertheless, it is believed that leaks are associated with breaks,
since they can undermine the bedding material underneath the pipes
and create localized concentration of stresses. Also, a clear
distinction in failure patterns exists petween small (less than or
equal to 6 inches) and larger diameter pipes. Smaller pipes break more
frequently, they do experiencé.primarily circumferential breaks (ring
cracks) and are clearly affected by weather induced temperature
changes in the scil (frost penetration). The predowminant failure mode
of larger diameter pipes is the occurrence of longitudinal breaks and

no seasonality patterns (associated with weather conditions) are

observed.

Breaks occurring on larger diameter pipes can have major
consequences on the quality of services that the water utility

provides to its customers and can result in traffic disruptions,
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street and basement flooding, interference with the operation of other
utilities (gas pipelines, sewers, cables), and disturbance in subway
operations. Large diameter pipes can also become candidates for
rehabilitation, since for small diameter pipes the rehabilitation
alternative is not usually considered as economically efficient. Thus,
being able to predict the expected repairs for such pipes, would be an
important factor in the economic analysis for deciding whether they
should be rehabilitated or replaced. In certain systems, where an
advanced degree of general deterioration is observed, a small number
of large diameter pipgs also start experiencing very frequent

breaks (i.e., a pattern similar to the one observed in smaller size
pipes). It thus becomes critical to study the conditions under which
the potential for entering such stage increases, since deéisions

for replacing or rehabilitating them consist of large capital

investments.

The focus of this work is primarily on large diameter pipes
(8 inches and above), although the methodologies proposed and insights

generated could have extensions on decisions affecting smaller pipes.

1.2 Problems and Deficiencies of Currently Applied Repair/Replacement/
Rehabilitation Strategies and Proposed Methodologies for Analysis

Current knowledge about the failure mechanism in water mains
lacks a deep understanding of the interactions of the various factors
contributing to breaks. It is indeed extremely difficult to model the

synergistic effects of corrosion (external and internal), improper
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bedding conditions, stresses from external loads. stresses from high
internal pressure and properties of particular pipe materials that
have changed through the years. Thus, although several factors
associated with breaks can be identified, there is no coherent model
describing the changes in the physical condition and structural
integrity of a main with time, under the presence of those factors.
This situation has laid to the development of several rules of thumb
for assessing the future performance of deteriorating pipes and
making replacement/rehabilitation decisions. Statisticél techniques
based on historical bFeak records have also started to be applied,
in order to develop greater insight about the failure patterns and
quantify with greater accuracy existing trends. Many of the
currently used rules of thumb recommend for example replaéements
based solely on pipe age and number of previous breaks, while clearly

more scientific work is needed in order to examine whether reliance on

such measures is justifiable.

Due to the complexity of the pipe breaking mechanism and the
high variability in break rates existing among different pipes and
water systems, statistical studies and attempts to obtain predictive
models for future breaks, usually have failed to capture the detailed
failure patterns on individual pipes and very often have transmitted

confusing signals about the effect of pipe aging on the break rate.

Incomplete information on pipe break records, environmental

conditions, pipe characteristics, and operating and maintenance
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practices, generates additional uncertainties about how the available
data should be handled. Quesfions can also be raised concerning the
reliability of existing data and the extent to which they can be used

for making inferences about real trends in break patterns.

The two basic types of predictive models that have been proposed
in the literature (Shamir and Howard, 1979; Clark et al, 1982) have
oversimplified the characteristics of the failure process to an extent
that leads to serious discrepancies between assumed in the model, and
actual breaking behavior of individual mains. The underlying assumption
in those models considers an increase of breaks with time, usually of
an exponential form. No distinction is made in the basic model
structure as to whether a pipe experiences very few unfrequent breaks
or is in a frequently breaking mode. Also, often pipes of small and large
diameter have been mixed together although they correspond to very
distinct failure patterns. A more detailed review and critique

of the methods of analysis propbsed in previous studies 1is presented

in Chapter 2.

The great variability in break rates among various cities in the
U.S. (Table 1.1) suggests the need for developing a methodology
that both relies on the basic dynamics of the failure process and possesses
the flexibility to be adapted to the particular system characteristics.
As far as large diameter pipes are concerned, because of the high conse-
quences of breaks associated with them and the very often infrequent

occurrence of such events, a probabilistic predictive model would appear
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intuitively to be very useful. Knowing with some reasonable accuracy
the failure probabilities of individual links in the network would
provide water utility managers with the necessary quantitative

measure for assessing the reliability of the provided services. Since
in many cities with high economic activity (industrial, commercial,
transportation), breaks in larger pipes can be associated with very
serious consequences, the ability to estimate probabilities of failure
becomes critical. Table 1.2 shows the watermain breaks damage claims
in the city of New York. Given an average annual claim settlement
cost of $500,000 for damages caused by breaks, it really becomes
important to incorporate in the planning process for future capital
investments, probabilistic gstimates of the expected evolupion in

breaks under different maintenance scenaria.

1.3 Hypotheses Tested in this Work

The basic hypothesis developed and tested in this study is that
in order to analyze and model‘gistorical break records of pipelines in
water distribution systems a methodology based on proportional hazards
models fnr analyzing failure time data would perform better than currently
applied techniques. The techniques used in the past have proved inadequate
in capturing the combined effect of the various factors contributing
to breaks and their evolution with time at the individual pipe level.
Thus, a methodology that possesses the theoretical properties that
are appropriate for describing the underlying failure process and

also avoids the major deficiencies of past methods of analysis, is

being applied. The proposed methodology has its theoretical foundation
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on statistical techniques developed for the analysis of failure time

data and is believed to be able to reflect in much greater accuracy

the various stages that a deteriorating water main is going through

during its lifetime.

More specifically, the following problems and implications of

the proposed technique are investigated by this study:

The failure mechanism in water pipes is very complex

and cannot be accurately described by the rigid model
structure of the methodologies currently proposed in the
literature. In order to capture the high variability in
break trends existing among different systems and among
different pipes of an existing system, the focus of research
should shift in modeling in greater detail the

various phases of failure that an individual pipe can go
through and it is believed that a methodology based on

Cox's (1972) proportional hazards model would be more
appropriate than currently applied techniques for

achieving that goal. This methodology possesses high
flexibility for adapting to particular system characteristics,
can directly provide the failure probabilities of individual
pipgs as a function of time and past history, and allows

for more realistic and unrestricted assumptions concerning
the underlying process, than logistic type models or
discriminant analysis. The basic hypothesis developed by
other investigators that the break rate increases

exponentially with time is challenged, at least for
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the larger diameter pipes. The hypothesis developed here
states instead that a deteriorating pipe goes through
various stages (o1 modes of failure) during its lifetime.
Although a close to exponential relation between breaks
and time could exist in the early stages of failure, it
usually reaches a steady-state of multiple failures beyond
a certain time period. Of course, a very small percentage
of pipes in the whole system are likely to reach that state
and it thus becomes very critical to identify pipes with

such potential.

Missing break records in many data sets btefore a certain
time period in the.past pose serious questions abéut the
validity of the derived predictive models based on such
records. The question of using break record observations
truncated from the left (left censored observations) in
order to estimate faiiure probabilities in pipes is

investigated by this study.

Decisions for repair/replacement/rehabilitation and
reliability assessments could be highly affected by the
proposed failure modelling methodologies. A problem that
is investigated is how currently applied rules of thumb

for pipe maintenance could lead to uneconomic, inefficient
and unreliable strategies. Also the proposed methodologies

would result in different replacement scenaria than the
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currently recommended based on the existing models. The
economic and reliability implications of those changing
replacement scenaria are thus being investigated and the

integration of the proposed predictive models with the

decision making process of a water utility is being examined.

The important question regarding the applicability of the
developed methodologies in water distribution systems where
break records are poor to perform any kind of statistical
analysis, is examined. The detailed analysis performed

in this study of two quite different systems in terms of
failure patterns (one with much less frequent breaks than
the other), is expécted to set the stage for categorizing
existing systems in terms of the severity of deterioration
and indicate the appropriate methodologies for studying
each particular system.

Besides any implications on maintenance practices, system
operation and construction practices could also be affected
by the results of this investigation. Depending on the
explanatory power of the derived predictive models,
covariates reflecting for example internal pipe pressure,
or pipe material, could suggest changes in the way
particular sections of the system need to be operated and
also make inferences on design standards applied today and

in the past periods.
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2.2 Descriptive Statistical Studies for Deteriorating Water Mains

Descriptive statistical studies have been performed on
several occasions for analyzing pipe breaks. Although such studies
have revealed useful trends in the behavior of deteriorating pipes,
many questions concerning the complex failure phenomenon of individual
pipes have remained unanswered. Particularly, issues concerning
the effect of aging on the break rate and the ability to provide
reliable quantitative measures for assessing the condition of
individual mains given their past break history and other pipe
and environmental characteristics, have not been adequately emphasized
and clarified in most of those studies. In general, because such
studies have usually not focused on the analysis of failures at the
individual pipe level, but rather in identifying trends in the
overall system, they tend to obscure the high variability in
failure patterns that exists among different pipes of a given
system. The results of the mast representative studies of this

type are briefly presented and discussed in this section.

An extensive statistical analysis of main break failures
in the city of Philadelphia has been performed by O'Day (1983).
The most important findings related to break trends can be

summarized as follows:

. Break rates were increasing at 1.8 percent per

year since 1930.
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Large diameter (> 16") main break rates have remained
relatively constant since 1910.

The rate of water mainbreaks increases significantly

in the winter months, but also non-winter breaks

had increased sharply in the past 20 years, at an

annual rate of 2.5 percent.

Break rates in small diameter mains are much greater
than for larger diameter mains. Also, in terms of

break type, circumferential breaks represented 71 percent

of the breaks in the 6" diameter pipes, dropping to

34 and 31 percent for the 12" and 16" mains, respectively.

Longitudinal breaks varied from 18 percent in 6" pipes to
47 percent fo; 10" pipes. No information i§ given

about the relation between pipe size and breaks attributed
to "holes" in pipes.

An unusually high break rate has been observed for

pipes installedihuring the 1940-1960 period. An
important factor, believed to have contributed to such

a high break rate, is the use, during that period, of

a leadite joint material, which causes a joint to

become rigid, instead of a lead material that was

used in the past and which allcwed the joint to be

more flexible. Thus, a leadite joint material could
restraint the pipe from thermal contraction or

extraction and cause stresses that result in

mechanical failure of the pipe.
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A strong correlation was found between break rate
and residential development. Also, a great
geographical diversity in break incidences existed

across the city.

The investigation of the relationship between main age
and break rate did not lead to any satisfactory
conclusion in terms of the effect of age on pipe
failures. Although, older mains, on average, were
found to experience higher break rates, it is argued
that age should not be used as a criterion for

replacement.

. Internal corrosion of pipes was found to have
significantly reduced the wall thickness of most of-
the pipes examined in a.sample test and also it was
generally foundﬁ deeper than external corrosion. It
has thus been established that internal corrosion
not only leads to the formation of tubercules which
will block off the flow in the main, but it also
contributes significantly to the undermining of the

structural integrity of a pipe.

Another statistical analysis on main break patterns was
performed for the city of Buffalo, New York, by the U.S. Army Corps
of Engineers (1981). Its major findings revealed again a very

seasonal pattern in main breaks with the majority of breaks also
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being in the smaller diameter pipes. The only difference in
seasonality patterns found between that study and the one performed
by O0'Day for the City of Philadelphia, is that in Buffalo, NY, the
brezk rate increased not only during the winter months but also
during the summer months of high demand (June, July). The reason
for that phenomenon happening could be “ound in different operating
practices implemented at those two systems. For example, increased
stresses in pipes during the summer months in the Buffalo system
could be related to increases in operating pressures in the system
in order to meet demands during that period. An attempt in the
Buffalo study to relate high numbers of breaks with high annual
average daily traffic volume did not lead to any satisfactory
conclusion. Also, no information is given on the effect cof other
factérs, such as main age, on the break rate. Statistical analysis
of water main breaks has also been pefformed for the City of
Manhattan, New York. The stu%y was conducted by K. 0'Day and

G. Huguet (1980) for the New York District of the Corps of Engineers.
The break records analyzed were those that occurred during the

past 25 years. A detailed computer data base was created that
included the break records and information on pipe location, diameter,
length, date laid and number of hydrants. Discriminant analysis has
been applied to identify environmental and pipe characteristics that
could contribute to breaks. The study concluded that no consistent
pattern of increasing breaks as pipes get older existed. Also,
there was no evidence to show that the pipe material was

deteriorating with age. Smaller diameter pipes (< 6 inches) had the
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highest break rate and were primarily experiencing .ing cracks.
Although no data existed to confiim this, the study team concluded
that leaks could be the most important factor causing main breaks,
since, depending on the soil condition, the bedding material could

be washed away when leaks occur. Their analysis pointed out that

high break areas were usually related to high levels of other
activities (heavy traffic, major reconstruction, subways, other
underground utilities). The results of the Manhattan study concerning
the spplication of discriminant analysis as a predictive tool for

pipe breaks ares discussed in Section 2.3.3.

In general, most of the statistical studies performed on
various cities (New York City, U.S. Army Engineer Distriét (1980);
Cincinnati, Ohio, Clark et al. (1980); Binghamton, NY, Walski
et al. (1982); Philadelphia, O'Day (1983); Buffalo, NY, U.S. Army
Corps of Engineers (1981)), have observed a high break rate during the
winter months. External forcéé on pipes induced by frost penetration
and restraints caused by thermal contraction, are considered :o be
the primary causes of this trend. Clearly, those forces will depend
on factors such as depth of cover of the pipe, soil type, joint
and pipe material. There has not been any model thus far that can
quantify the stresses caused under all those factors acting together

on a water main.

A general controversy, although, exists in the literature about

the effect of age on pipe failures. As previously mentioned, the
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Manhattan study for the City of New York (1980) and the -=tudy by
0'Day for the City of Philadelphia (1983), basically argue that the
age of the pipe must be only a minor consideration in the main
replacement program. The Manhattan study found that the mains

were not wearing out with age. O0'Day found a very weak correlation
between break rate and age of mains when he looked at 6'" diameter
mains and he also found a higher number of breaks on average for
older mains when he aggregated all pipe segments together. Clark
et al. (1980), on the other hand, in their attempt to derive a
predictive model for pipe break failures found that for the City of
Cincinnati, Ohio, the age of metallic (cast iron and steel) pipes
was an important factor in predicting future breaks for a main

segment.

The probable reason for this controversy lies in the fact
that the relationchip between age of the pipe and break failures
is a very complex one and cannof be captured by simplified
statistical analysis techniques. Although intuitively it seems
that age related factors, such as pipe materials used, design and
construction practices at the time the pipe was laid, and
deterioration due to corrosion, could result in a relationship
between age and break rate, its form has not been established in
the literature. What also appears to be happening is that certain
pipes will experience breaks very early after installation due to

defects in construction materials and/or particular localized

unfavorable conditions causing excessive stresses in the pipe. The
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effect of aging should be expected to contribute to the tailure rate
much later in the life of the pipe. Thus, the age-break rate
relationship is expected to be a non-linear one and possibly not

a monotonic function.

Further investigation of this relation and the way it can be
determined using the methodologies proposed in this thesis, will be

examsned .u detail in later chapters.

The descriptive statistical studies for deteriorating water
distribution systems have provided us with great insights about the
failure patterns and possible break causing factors of water nains
But such analyses also have major weaknesses which can be summarized

as follows:

a. They do not provide useful information for the
failure behavior of individual pipe segments.

b. The complex interdction among the various break
causing factors cannot be captured.

c. Non-linearities in relations between the break rate
and other factors (e.g., age) are difficult to reveal.

d. They very often provide an overwhelming amount of
statistical information which is not clear on how it
can be used for repair/replacement/rehabilitation

decisions at the individual pipe level.
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2.3 Predictive Models for Water Main Failures
The need to obtain a quantitative decision tool for making

repair versus replacement decisions for deteriorating water pipes
led to the derivation of predictive models for pipe break failures.
There are three basic categeries of such models developed thus far:
Aggregate type models, where the expected number of breaks is a
functicn of time t since a reference time period and certain constant
model parameters; Regressicn type models, where the expected number
of breaks, or the expected time to the next break, are predicted as
a function of certain. independent variables reflecting environmental
conditions and pipe characteristics; Probabilistic or

choice models, where discriminant a. .lysis is applied on the data,
and failure time models, where a survivor function is estimated

for each individual pipe, which provides the probability that a

pipe will survive without breaks beyond time t, as a function again
of a number of independent covariates related to environmental

~

conditions and other pipe characteristics.

2.3.1 Aggregate Type Models
Representative of this category are the models proposed
by Shamir and Howard (1979). Two equations were used (one linear

and one exponential) to describe the break rate as a function of time:

A(t-t )
N(t )e ° (2.1)

N(t)

and N(t)

N(to) + A(t-to) (2.2)
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where N is the expected number of breaks in year t per unit
length, t, is the base year time, A is a growth rate

coefficient.

In this type of model, pipes with "similar" external and internal
characteristics are pooled together and a function of the type (2.1)
or (2.2) is fitted to them. An exponential growth model (Equation 2.1)

is; the most commonly applied.

The values for A proposed by Shamir and Howard (1979) are in
the range of 0.01~0.15. Clark (1982) found a value of 0.086 and
Walski (1982) reported values of 0.021 and 0.014 for pit cast iron
and sandspun cast iron pipes respectively, when a similar modelling

approach was applied by them on other data sets.

The Shamir and Howard models comnsisted of thé first attempt to
statistically analyze break records énd apply the results for making
better maintenance decisions.\vTheir major advantage is their
simplicity but they also have major drawbacks which can be summarized

as follows:

a. They do not differentiate for various pipe characteristics,
enviroomental factors and previous break history of
individual pipe segments. Thus, they do not help in
developing insights about the break causing mechanism

and the key factors contributing to main failures.

b. As a general rule, studies where those models are reported,
do not give any information about the goodness of fit
tests and the statistical significance of the coefficients

of those models. The great variability at the break rate
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of individual pipes, that exists in many of the studied systems,
makes us believe that, such models, where all the break causing
factors and failure dynamics are lumped in a few parameters, would

give very unreliable estimates at the individual pipe level.

Thus, it is fair to believe that application of those wodels

for making repair versus replacemert decisions of water mains could

lead to suboptimal replacement strategies, since their focus is not
at the individual pipe level. The only advantage of such

models is their simpl%city and the smaller amount of data required
as compared to other regression models. It is also plausible that
they could provide better accuracy when applied to small diameter
pipes (6" or less), where b?eaks are much more freqnent thén in
larger diameter pipes and thus a growth rate for failures could
possibly be estimated with greater accuracy. Nevertheless, the
drawbacks previously mentioned will still hold, and any replacement
decisions that are based on su;h models could be very misleading.
It must be pointed out though that many investigators have proposed
and used such models for pipe replacement decisions in the past

(Walski, 1982).

2.3.2 Multiple Regression Type Models
The only model of this type reported in the literature
is the one developed by Clark et al (1982), where the following

two equations have been proposed:
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First Event Equation

NY= 4.13 + 0.338D - 0.022P - 0.265I - 0.0983 RES -

0.003 LH + 13.28T (R2=0.23)
(2.3)
where: NY = number of years from installation to first
repair
D = diar :ter of pipe in inches
P = absolute pressure within a pipe, in pounds

per square inch

I = percent of pipe overlain by industrial
development in a census tract

RES = percent of pipe overlain by residential
development in a census tract

IH = length of pipe in highly corrosive soil

T = pipe type (1 = metallic, O = reinforced concrete)

Accumulated Event Equation

-

REP = (0.1721)(e0.7197)f (e0.0044)PRD (e0.0865)A (80.0121)DEV
.(SL)O‘Ola.(SH)o‘Oég (R2=0.47)
(2.4)
where: REP = number of repairs
T = pipe type
PRD = pressure differential, in pounds
per square inch
A = age of pipe from first break
DEN = percent of land over pipe, which is developed
SL. = surface area of pipe in low corrosive soil

SH = surface area of pipe in highly corrosive soil



38

It appears that in the above models the goodness of fit test
(as indicated by the estimated values of R2) shows a rather
unsatisfactory fit of the models, particularly for model (2.3), and
considering the fact that we do not know how statistically sig-
nificant the estimated coefficients z.2. Also only the partial
correlations of the independent variables with the dependent ones
were given in the original study. It can thus be seen which
variables have a stronger impact in the regression equation, but
there is no way to evaluate the statistical significance of each
variable appearing in the equation. Thus, the calculated R2 could

be artificially high.

Clearly, this type of model can generate significantly greater
insights about the key factors related to failures in water mains
and can also be much more helpful for replacement decisions than the
models proposed by Shamir and Howard (1979). Of course, problems
associated with the availability of appropriate data cam limit cheir

application in real world problems.

Some additional problems associated with the development of this

kind. of model can be:
a. A search is required for model identificationm.
That is, a decision has to be made about the appropriate
model structure, that will capture the dynamics of the
system and the interaction among the various factors

affecting the break rate. It becomes obvious from the
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discussion about the models suggested by Clark et al.
(1982) that serious questions exist as to whether the

proposed model structure is a satisfactory one.

The effect of aging in the pipe break mecnanism is

not captured satisfactorily since the function between
time ana break events has tc be specified apriori in

a rather arbitrary way. Since there is little evidence
about the proper shape of this function, the above

fact provides a limitation of this type of model.

Inférmation about pipes which have not broken (right-
censored data) is not used effectively in the
prediction equations. That is, the fact that the
data can be censored from the right is not aecom-
modated in this analysis. It is well known though,
that a pipe may not have experienced a break since
installation~and still provide useful information

of the probability of failure of other pipes with

similar characteristics.
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Pipes with small and large diameters along with pipes
with very few and very many breaks, and pipes of
different materials (metal and concrete) were mixed
together in the developed regression equations. This
can very well obscure the variability actually existing
in failure patterns among individual pipes, since the
model structure.does not differentiate among the
various failure modes that can exist in the pipes of a
given system (e.g., less deteriorated vs. severely

deteriorated pipes).

No distinction.is made in the model of differences

in pipe lengths'corfesponding to each particular
observation._ In other words, it is implicitly assumed
that the risk factors (break causing factors) were
uniformly distributed along the pipe length, no matter
how highly varying this variable could be. It appears
that such implicit assumptions could very well be
contradicted by reality and thus a more sophisticated
treatment of length would be required in the

regression analysis.
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2.3.3 Probabilistic Predictive Models
The focus in such models shifts from trying to
predict a future break rate, into trying to estimate the probability
that a break will occur at some future time and/or the probability
of an item (a pipe in our case) to enter a particular state (e.g.,

severe deterioration with multiple failures).

Although several techniques for deriving probabilistic
predictive models have been developed in the statistical literature,
only discriminant analysis has been applied in the past to pipe
failure data (Manhattan Study, 1980). The major findings of this
study were described in Section 2.2. Regarding the application of
discriminant analysis by that study the following observations
can be made:

a. The analysis has been limited by classifying pipes
in only two groups, tﬁose that have broken and those
that have not._ It thus fails to capture the
evolution of failure patterns on individual mains,
which could, for example, start from very few
infrequent breaks and later advance into a multiple
failure stage, characterized by frequent breaks.
Thus, no use of the previous history of breaks is
made, for making projections about future expected
failures, conditional on the past performance of a pipe.

b. No useful quantitative descriptions of the effect of
aging in pipes were possible to be made, and thus

the predictive power of the derived models would be
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lJimited for longer time periods.

¢. Since discriminate analysis was performed separately
for each pipe diameter and the variables found to be
statistically significant were highly varying for
each category, general conclusions about the particular
factors contributing to breaks were difficult to make.
As it has also been argued in that study, the accuracy
of the linear discriminant function depended upon the
pipe .diameter and in no case is expected to be accurate

enough to be used along as a predictive tool.

Another type of probabilistic predictive models that'appear
to have very attractive features for applications in deteriorating
pipes are the failure-time type models used for the analysis of
survival data. Intrinsic to the notion of these models are the
concepts of survivor and haza£a'rate functions. A formal definition
of those terms is given in Chapter 3. The basic idea is to try
to estimate a survivor function for each individual item, that will
provide the probability for that item surviving beyond a future time
period, given a set of explanatory variables. On the other hand
an estimated hazard rate function will provide us with the
instantaneous probability of failure for the particular item at

any specified time.

Compared to the survival analysis models, discriminant analysis

appears to be more limited. It usually involves concentration on a
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single point of the survival curve and by itself provides little
insight into the way explanatory variables affect survival (Cox

and Oakes, 1984). It could be more useful when the survival

of each item can easily be classified as either very short or very
long. It would also be a serious error to include the actual failure
time as an explanatory variable, since it is part of the response

a~d not part of the factors influencing the tesponse (such
discrepancy could for example be observed when logistic models are

used for analyzing pipe break records).

The theoretical properties of the failure time models are
examined in Chapter 3. It is one of the basic hypotheses of this

work, that the analgysis of pipe failures at the individual'pipe level

should, to a great extent, rely on the #pplicationof a particular type

of failure model, which is Cox's proportional hazards model. The basic
difference of this model from those previously described in this

chapter, is that it can provi&é us with the probability of failure

of a pipe segment at any future time period.

Two basic assumptions are associated with the structure of this
model. The first implies a multiplicative effect of the break causing
factors on the break rate. This assumption is physically justifiable,
since it i3 reasonable to believe that the synergy of many factors
acting together results in the final deterioration of the pipe wall
and the occurrence of a break. The second assumption implies a

log-linear relation between the break rate and the break-causing factors.
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Of course, the fact that such a model structure is the
appropriate one to describe failures in a deteriorating water
distribution system cannot be pfoven apriori, unless the model is
tested in a real world application. This task has been performed
in this study for the New Haven, Connecticut and Cincinnati, Ohio
water distribution systems, where the first real world application
of Cox's Regression methodology on deteriorating water pipes has
been completed. The results are described in detail in Chapter 5.
In general, it was found that the model worked very satisfactorily
and could provide re;iable predictions of future pipe break failures
and generate nceful insights about failure patterns.

The following characteristics distinguish Cox's Regression
methodology form the other ;echniques described previousli in this

chapter:

a. Cox's Proportional Hazards model provides us with the
probability of bredk of a particular pipe rather than
an expected number of breaks. For large diameter pipes
(2 8"), where breaks occur less frequently than in
smaller diameter pipes, and very few or no breaks could
happen during very long time periods, knowing the
probability of a break can intuitively be interpreted much
easier than a small fractional number of expected breaks
that would have been obtained by the currently used
regression type models. This probability will be changing

intime as the pipe ages. It will also change if the pipe
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suddenly experiences a new break. In other words, the
proportional hazards model is dynamic in nature, since the
time which has elapsed after the last break and the

previous history of breaks are incorporated in the analysis

so that it becomes possible to update the failure probability

of the pipe at any time. An additional benefit of a

probabilistic model is its direct applicability in reliability

analysis of the water system.

The proportional hazards model handles and uses effectively
the information obtained from '"censored" data.. Censored
data refer to pipes that have not experienced a

break until the day that the study ended, or pipes for
which breaks have not been recorded beyond a certain time
period in the past:. This is a very common phenomenon that
appears in original data sets and as it has been pointed
out previously it cannot be handled effectively by the
methodologies proposed by Shamir and Howard (1979) and
Clark et al. (1982). Further discussion of the censoring

mechanism and its implications on parameter estimation is

given in Chapter 3.

The proportional hazardsmodel is very flexible in grouping

(stratifying) the data according to various environmental
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and pipe characteristics and thus differences in failure
trends among various pipe groups can be identified more

easily.

d. The effect of the time elapsed since instaliation or since
a previous break, on the future probability of failure
does not need to be prespecified ip any functional
form (as for example in the Clark et al. (1982) model).
This feature of the proportional hazards model is expected
to provide great flexibility in investigating the problem

of pipe aging on the failure rate.

A detailed analysis of  the properties of the proportional
hazards model is presented in Chapter 3, where the issues of data
stratification, censoring and parameter estimation, are also
extensively discussed. Overall, it appears that the advantages of
the proposed methodologies for. analysis of pipe break records over
currently applied techniques will contribute to generating better
insights about the break causing factors and lead to improved

repair, replacement, and rehabilitation decisions.
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CHAPTER 3

THE THEORY ON PROPORTIONAL HAZARDS MODELS AND
THE JUSTIFICATION OF THEIR USE IN
MODELLING FAILURES OF DETERIORATING PIPELINES

3.1 Introduction

The porportional hazards type models. proposed by Cox (1972)
belong in a broad family of models that have been widely used in
the analysis of failure time data and are best described by the
hazard function. Central to the structure of those mcdels is the
notion of failure tim;, defined as the length of time elapsed from
a particular time origin up to a point event, often called failure.
Assuming that observations 6n failure times of a group of individuals
or items under consideration are available; those models attempt
to assess the dependence of failure time on a set of explanatory
variables that exist for each individual in the group. Numerous
applications of these methodologies exist in medical studies and

industrial life testing.

This Chapter examines the basic theoretical properties of
the proportional hazards model and its major differences from other
types of techniques available for the analysis of failure time
problems. The appropriate estimation methods for this type of
models are presented and the difficulties involved in the presence
of censored observations are discussed. Finally a discussion is
included about the justification for applying such methodologies

to the analysis of deteriorating pipelines. The circumstances under



48

which these methodologies are expected to provide better results

than currently applied techniques are identified and arguments

concerning their appropriate use during the phases that a deteriorating

pipe goes through are presented.

3.2 Distribution of Failure Time and the Hazard Function
Assuming T to be a non-negative random variable that

represents the failure time of an individual from a homogeneous

population, then the sur .vor function ST(t) is defined as the

probability that T is at 1least as great as a value t:

ST(t) = pr(T 2t » Tel0,%) ' (3.1)

If T is céntinuous, which is mostly the case, then the
probability density function fT(t) of the failure time is defined

as follows:

¢ (ty = lm  preer<e+ac) 3500 (3.2)
T A0t AT = dt
and ST(t) =[fT(u)du (3.3)

t
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The hazard function h(t) specifies the instantaneous rate of
failure at time T=t conditional upon survival to time t and is

defined as follows:

lim  pr(e<T<t+At/T>t)

h(t) = pior = (3.4)

It can easily be seen that the functions ST(t), fT(t) and
h(t) provide mathematically equivalent ways of specifying the
distribution of a continuou.s non-negative random variable.' As
Kalbfleisch and Prentice (1980) show, the hazard function can be

written as:

-d log ST(t)
dt

h(t) (3.5)

Given that ST(O) 1, we have:

t
ST(t) = exp(- rh(u)du> (3.6)
4 .

and the p.d.f. of T can be written as:

t
fT(t) = h(t)exp (-/ h(u)du) (3.7)
6
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Cox and Oakes (1984) provide several reasons why considering the
hazard functions could be useful in many applications. The most

important of them are:

a. Physical insights about the failure mechanism could
be generated by considering the immediate '"risk' of

an individual known to have survived at age t.

b. Comparisons between groups of individuals are sometimes
most incisively made through the use of the hazard

function.

c. Hazard-based models are very often convenient to use when
there is censoring of when several types of failure

can exist.

d. Given the obtained functional form of the hazard rate,
easy comparisons can be made about whether an
exponential distribution would adequately describe the

~-

phenomenon.

3.3 Failure Time Models with Explanatory Variables - The
Proportional Hazards Model

It is very often the case, as in the example of breaking
pipes, that the effect on failure time of explanatory variables

is of great interest. Such explanatory variables might include

features thought to affect failure time, such as:
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a. Previous break and maintenance history

b. Intrinsic properties of individual pipes,
line material, intermal pressure, size.

c. Exogenous variables describing environmental
characteristics like soil properties and land

activities in the vicinity of the pipes.

Explanatory variables can also be classified as constants
with respect to time or time-dependent, and this distinction can
have several implications in the estimation techniques discussed

later in this chapter. Binary variables can also be used to

distinguish between different stardard sets of conditionms.

Several types of regression modeis that try to determine the
relationship between survival“time t and a set of covariates 2z
have been proposed in the literature. Important factors in choosing
which is appropriate to apply in a particular case, are the underlying
assumptions about the nature of the failure mechanism and the degree

of computational complexity involved in the estimation of parameters

and the treatment of problems such as that of censoring.

The most commonly used regression models in practical applications

are:



a. The Exponential and Weibull Models

For the exponential model, the hazard at time t for an

individual with covariates z is given by:

h(t;z) = h.e?® , (3.8)
where h = constant
and b= (bl""bn)’ vector of regression parameters

The Weibull model assumes the hazard to take the

following functional form:

h(t;z) = p(he)P ™t 2P (3.9)
where p = constant
and b,z are defined as in equation (3.8)

Both models imply that the covariates act multiplicatively
on the hazard function or in other words additively on the

log of the survival time.

b. The Accelerated Life Model
The accelerated life model assumes that the effect of
covariates is multiplicative on t rather than on the hazard

function. A baseline hazard function ho(.) is assumed to
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exist and the effect of the regression variables is to
change the rate at wnich an individual proceeds along the
time axis, or equivalently the covariate vector z acts to
accelerate or decelerate the time to failure. Thus, the
accelerated life model takes the form:

h(t;z) = ho(teZb)eZb (3.10)

where z and b are defined as in equations (3.8) and

(3.9).

c. The Proportional Hazards Model
The proportional hazards model proposed by Cox (1972)

takes the form:

h(t;z) = ho(t)eZb (3.11)

where ho(t) is an arbitrary unspecified baseline hazard

function and the covariates described by z act

multiplicatively on the hazard function.

The exponential and Weibull models are special cases of the
proportional hazards model, since ho(t) could be set equal to h or
hp(ht:)p-1 respectively. Cox and Oakes (1984) have also shown that

under constant explanatory variables, the accelerated life and
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proportional hazards models coincide only for the case where the

hazard function follows the Weibull distribution.

The conditional on z density funciion of the survival time T

is given by:

t
fT(t;z) = ho(t)eZb exp [—eZb /ho(g)du] (3.12)

(o]

and the corresponding survivor function becomes:
S..(t3z) = [s (t)] exp(zb) . (3.13)
T o
t
where So(t) = exp [— J( ho(u)d;] . (3.14)
o

The fact that ho(t) is arbitrary provides the model with
great flexibility for many applicatioms, where it is not desirable
or possible to assume a particular functional form describing

the effect of time.

1f some explanatory variables do not appear to have a
multiplicative effect on the hazard function, the data can be
divided into strata with separate baseline hazard functions for
each stratum j and have only the remaining explanatory variables
acting multiplicatively on the hazard rate. That is, the hazard

function for the jth stratum could be written:
hj(t;z) = hoj(t) exp (zb) (3.15)

Attention though should be paid on the simultaneous reduction of the

sample size.
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3.4 Physical In‘erpretation and Usefulness of the Proportional Hazards
Model for Analyzing Break Records in Pipes

A model of the type described by equation (3.11) can be
interpreted as follows: The function ho(t) represents an "ageing"
process that goes on independently of stress. For the case of
deteriorating pipelines the ageing process could represent a corrosion
induced deterioration that makes several spots along the pipe
length weaker, as time goes on. Assuming further that the conditional
probability of failure at any time is the product of an instantaneous
time-dependent term related to the "ageing' process and a stress-
dependent term descriﬁed by ebz, we obtain the underlying structure
of the proportional hazards model given by equation (3.11). The
stress factors included in the exponential coefficient bz "are
assumed to act multiplicatively on the hazard rate, which in the
case of failing pipes appears to be intuitively appealing. This is
so, because it seems very likely that the interaction among various
"high risk" factors would significantly increase the chances for
a break to occur. On the other hand the model is non-cumulative
in nature, since those stress factors are assumed to act independently
from the on-going ageing process. The above observations tend to
reinforce the argument that the structure of the proportional
hazards model would be appropriate for describing the failure process
of individual pipes at the phase where they have not yet reached
the critical limit of deterioration, where they start completely
falling apart. For this latter phase, other modelling techniques

will be more appropriate since the main interest shifts from
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estimating the time to next failure of a rather structurally sound
overall pipe, to calculating the number of expected failures that
would occur in a very short time period once the pipe, or a

particular section of it, has severely deteriorated.

It is important to emphasize that another attractive advantage
of the proportional hazards model is the fact that the baseline hazard
function does not need to be prespecified. This is expected to be
of great help for the analysis of pipe breaks, since the way time
affects the probabiligy of failure remains controversial in the
literature and thus deciding apriori on the shape of the time
dependent function becomes very risky. As it has been argued by
Kalbfleish and Prentice (1980), a remarkable feature of tﬁe pro-~
portional hazards model is that computationally efficient methods of
inference of the regression coefficients b exist, without imposing
any restriction on ho(t). Cox (1972) also suggests that it' seems

plausible that the loss of information about b arising from leaving

ho(t) arbitrary is usually slight.

The last important feature of the proportional hazards model
is the fact that censoring is relatively easily accommodated within
its structure. The issue of censoring that may exist in many
data sets and which is also present in tﬁe case of observations

from pipe failures, is examined in detail in the next section.
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3.5 The Problem of Censoring

It is oftun the case in the analysis of survival data
that several individuals are not observed for the full time to failure.
This, for instance, can happen in water pipes if upon termination
of the study no failure has yet occurred. This type of truncated
observation is called right censoring and, like failure, censoring
is a point event, for which the period of observation must be
recorded. A different type of censoring, also common in pipe break
records, can occur when failure observations are missing beyond a
time period in the past. This type of censoring is called left-
censoring and could raise serious questions on the validity of
statistical models derived under its presence. This section will
primarily deal with the theoretical aspects concerning thé issue
of right-censoring. Appropriate ways for treating effectively
left-censored data are described in detail in Chapter 6 , where
an actual implementation of the proposed methodologies on pipe

~-

break records is carried out.

Censoring usually introduces great coumplications in the

distribution iLneory for estimators used in survival models. Thus,

=L 1its presence, asymptotic methods for estimation and testing need to be
developed. The various existing censoring mechanisms are presented

in detail by Kalbfleish and Prentice (1980). Ffor the case of pipe

break records the censoring time for each pipe is fixed in advance

(date cf study termination). This type of censoring is considered

a special case of random cersorship, where the censoring time for

each individual is a random variable.
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3.6 Estimation Techniques

Among the proposed methods for estimating the parameters b,
those of marginal and partial likelihood are the most commonly used
in practice. Since the partial likelihood method developed by
Cox (1972) is considered to be the most general of the existing
estimation techniques and has also been used_in the data analysis
involved in the present study, further details on its derivation
are given in this section.

If T1<12<...<T.h denote the ordered failure times of n
individuals and ¢i = 1i, if and only if, individual i fails at ti = Tj’

then a risk set R(tj) is defined as R(Tj) = {i:t ij}.

i
The conditional probability that item i with covariate vector
z; fails at Tj given that an item from the risk set R(Tj) fails at

Tj is given by:

hi(rj) - exp(Bzi)
zkeR(Tj)hk(tj) zkeR(Tj)exP(sz)

(3.16)

The baseline hazard function ho(T ) cancels in (3.16)

3
because of the multiplicative assumption of the proportional
hazards model. Also, the conditional probability given by (3.16) is

independent of 11;2,...Tj (assuming no censoring occurs in (Tj_l,Tj),

which is indeed the case for pipe break records). Thus, equation (3.16)
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equals the conditional distribution of ¢i given only

¢l=il, ¢2=12,...¢j_l=1j_l, which is denoteé by pj(i/ll,lz,...,ij_l).
The joint distribution p(il’iZ""’in) is obtained by applying the

chain rule for conditional probabilities. Thus we have:

]
[ == =]

JCHIE SO ! Py (i /i sdyseensiy )

ji=1
n exp(bz,)

I i

..z exp(bz
=] keR(rj)

») (3.17)

Given the fact that ho(t) is completely unspecified, no information
about b is obtained from the gqbservation that no failure occurs in

the interval Tj_l,Tj(J=l,...k).

The partial likelihood for b, L(b) is simply given by
equation (3.17). Cox (1972) has shown that the above method for
constructing the partial likelihood, although it does not provide
a likelihood function in the usual sense (i.e., a function proportional
to the conditional probability of an observed event), it gives
maximum partial likelihood estimates that are consistent and
asymptotically normally distributed (also see Efron (1977),

Oakes (1977), Bailey (1979) and Tsiatis (1981)).

Several methods have also been proposed for dealing with the

problem of ties in survival times (Cox and Oakes (1984),
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Kalbfleish and Prentice (1980)). The approximation used for the
analysis of the pipe break records, in the case of ties, was that
proposed by Breslow (1974), where the partial likelihood function

is written as:

K m,
LB) = T 4 exp(bs.)/[ 2 exp(bz, ) (3.18)
i=1 * (jeR(Tj) 33 }

where m1 is the number of failures at ti and si is the vector sum of

the covariates of the m, items.

A variety of estimators for the baseline hazard function have been
proposed. According to Kalbfleish and Prentice (1982), these
estimators are in reasonable agreement and usually it does not
matter much which is used. The one p;ovidéd by Cox and Oakes (1984) is

described as follows:

If Ho(t) denotes the cumulative hazard obtained by:

t
Ho(t) = J( ho(u)du (3.19)
o

then a non-parametric estimator of Ho(t) can be constructed as
follows:
Let D(t) denote the total number of failures in (0,t), that is:

D(t) = I d, (3.20)
Tj<t
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Then D(L) has the same expectation as the total cumulative hazard

up to time t for all items:

n
iee) = I E, (7)) (3.21)

where y; = t if ti>'t or otherwise vy equals the failure

or censoring time.

Thus, for the log~linear proportional hazard model we would have:

t
H(t)- = {- z exp(bz)ho(u) du (3.22)

o jeR(u)

and the estimator becomes:

H () = Z J ~ (3.23)
T.<t I exp (bz)

keR(Tj)

~
~

where the coefficient vector b is set equal to b, obtained

from the partial likelihood estimator.

The baseline survivor function So(t) is then estimated by:

A

5, (t) = exp [-H_(t)] (3.24)

and the survivor function ST(t) is estimated by:

gT (t) = [go(tﬂ exp(bzi)’ for item 1 (3.25)
i
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The above estimators could be used in assessing goodness
of fit of the derived model. The residual for the i-th item is

defined by:

R, = - zns.... (t) = Hi(t) (3.26)

If the model fits the data, the residuals Ri should behave
as a random sample of censored unit exponential variates. Thus,
as an overall check of the model, the estimated values of ﬁi(t)
can be plotted against their expected values for the unit
exponential distribution. Nevertheless, since considerable
investigation is still needed in order to examine the properties
of those residuals, the aone described goodness-of-fit tést should
be used with caution (Kalbfleish and Prentice (1980)). In other
words, it has not yet been established in the statistical
literature what kinds of deviations one would expect to observe
in the residuals if the model does not fit well with the data or
to what extent agreement with the anticipated line should be

expected.

The conditional log likelihood obtained from equation (3.17)
is given by:
k k

z;b - z log(. hX exP(sz)]= Z ey (3.27)
1 i=1 ZER(Ti) i=1

L(b) =

nhm=

i

where 21 is the contribution to the likelihood from the

1% failure



In order to obtain maximum likelihood estimates of B the first
and second derivatives of 21 are first calculated. 1If zir denotes

the value of the rth component of the explanatory variable z on

the ith subject, then we have:

T
z 2, B 2y
3n, keR(T,) T
oL Zir T T Ty T Air(B) (3.28)
r X eB Zk .
kER(Ti)
Also: BTz
z z e k
2 kr
3 21 kER(Ti)
3Ry = - + A, _(B)A, (B) = =-C,_ (B)
BBrBBS 5 BTzk ir is irs
e
kER(Ti)
(3.29)
By summing over all risk sets i=l,...k, we obtain from
equation (3.28) the score functionI%SB) for the rth component :
k 321 k
U (B) = I == = L (z,_ - A, (B (3.30)
r i=1 BBr i=1 ir ir
The information matrix I(B8) of negative second derivatives
has elements:
k
Le® = Ic  ® (3.31)

i=1
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Maximum likelihood estimates of b can be obtained by iterative
use of equations (3.30) and (3.31). The Newton-Raphson iterative
algorithm is applied in order to obtain those estimates from the
analysis of the pipe failure data. Appendix C describes

in detail the particular technique and applied covergence criteria.

If the censoring mechanism is independeﬁt of the explanatory
variables, which is indeed the case with the pipe break records,
then an exact test of the null hypothesis b=0 can be performed
(Cox and Oakes (1984)). The appropriate test statistic is

given by:
T a-lpn |
{v)} {1(0)} ~{U(0)} (3.32)

The statistic described by equation (3.32) must, under the

the hypothesis, have an asymptotic X2 distribution with degrees

-

of freedom equal to the number of coefficients set tc zero.

3.7 Stratification of the Data Set and Testing of the
Proportionaily Assumption

In Section 3.3 the notion of stratification of the data
set has been introduced, in order to accommodate the cases where
the ratio of hazard rates for different levels of an indepe..lont
variable is not constant. This case may very well arise in the
analysis of pipe failure data for variables reflecting for example

different installation periods or pipe and soil characteristics.



65

That is, it is not known apriori whether the proportionality
assumption of Cox's model would hold for various subgroups of the
data. Thus, when application of Cox's model on this type of data is
attempted, it would be desirable to first classify the data in
groups that might experience different failure patterns among them.
Changes in construction materials and practices along with different
types of stresses imposed on various groups.of pipes, will become
suggestive of the appropriate ways for preliminary stratification

of the data.

An easy way to test if the proportionality assumption holds for
the various strata, is to p}ot the log of the minus log survival
function Zn[%lngT(t,Eﬂ for each stratum, by setting the covariate
vector z equal to the mean of the covariates of the corresponding
stratum z. If the proportionality aséumption holds, the difference
between the plotted curves for each stratum must be constant
(Kalbfleish and Prentice, 1986). Another method for testing the
proportionaiity assumption considers the use of time dependent
covariates in the regression model, where a prespecified
function of time is associated with the covariates suspected of
having a nonproportional effect on the hazard rate function. In such
a case, if the proportionality assumption holds, then the estimated

coefficient for the time dependent covariate must be close to zero.
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CHAPTER 4

GENERAL PROBLEMS ASSOCIATED WITH DATA SETS
OF DETERIORATING WATER DISTRIBUTION SYSTEMS

4.1 Introduction
One of the most important problems to be considered when dealing
with the derivation of a predictive model for pipe break failures is

the availability of adequate and reliable data.

There is a great variability among the records kept in various
cities in the U.S. about repair events for water mains, environmental
characteristics, operating and maintenance practices, pipe materials,
etc.. An underlying factor in most cases is that records were not
collected and organized fqr the reasons they are expected to be used
today. Although preoblems with the da;a sets will always exist,
there will be cases where the information believed to be obtained
by analyzing a data set, despite all the problems, could be useful
in generating insights and helpful in making repair and replacement
decisions. Also, there will be cases where the data could be
considéred very poof and unreliable for use in a more sophisticated

analysis.

It must also be kept in mind that analyzing an "imperfect"
data set could also generate insights about the proper collection of
future data, as it will be pointed out in several occasions

throughout this study.
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Another important question raised by the inadequ.cy of data
in many cities is the degree to which a derived predictive model
for a certain city could be satisfactorily applied at another system
with similar characteristics. O0f course, there can never be é proof
that a derived model at a particular city with adequate data is the
right one to use for another case where the data are very poor.
But, by comparing the derived models in different cities and also
by trying to establish good physical reasons for the effect of
the important covariates of those models on pipe failure, it is
possible. to start understanding whether such attempts would be
justifiable or not in the future. This issue is discussed further

when comparisons between the models obtained from the New Haven

and Cincinnati systems are made.

4.2 Specific Problems Associated with Data Sets

Breaks Versus Leaks

~

It is usually hard to define a "threshold" between what
kind of failure we characterize as a break and what kind we
consider to be a leak. Clearly, that "threshold" should be related
to the amount of discharge from the damaged main. Leaks from pipes
are, as expected, much more difficult to detect than breaks which
usually have an immediate impact at the system. Since the recorded
break events very often represent repair events, a distinction should
be made as to whether the repair was for a break or for a leak.

This information though could ‘be missing in many cases.
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Break Type

Information on break type is important, since different break
types will, in general, relate to different break causing factors.
There are four basic break types in water mains: circumferential
breaks (ring cracks), longitudinal breaks (split pipes), holes in
pipes and joint breaks. It is indeed very often the case that information
on break type is not provided in existing data sets. Break type had
not been recorded for both of the analyzed data sets in this study.
Only for a very limited part of the ‘New Haven data such information
has been available and an analysis has been performed (,resented in
Chapter 8), concerning the relation between break type, seasonality,

patterns in breaks, and other pipe characteristics.

Break Location

Exact break location along a specified pipe length can be
very useful, when available, since it makes it possible to investigate
whether subsequent breaks occur in the same location or not and also
it might provide information on particularly unfavorable local
conditions. Very often though, information on break location is

missing from the data sets, which makes the distinction between

localized and more extended pipe deterioration extremely difficult.

Length of Pipe

The issue of defining an appropriate pipe length in the data
set is directly related to the question of how a 'pipe" must be

defined. For the purposes of deriving predictive statistical
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models, a pipe should correspond to an entity with uniform geometric
and operating characteristics (diameter, pressure) along its length
and on which uniform environmental conditions apply (traffic loads,
soil type, residential and industrial development, etc.). In
general, by avoiding having high variability of pipe lengths and

by choosing relatively short lengths to define a pipe, those

goals about uniformity of conditions can be achieved. However,

seldom are such considerations taken into account, when pipes

were coded in the data files.

Previous Maintenance History

Previous maintenance practices (including anti-corrosion
measures) are important, a; long as they may have affectéd the
structural behavior of several sections in the system. The
utility's policy associated with leak detection can also be
relevant since a close relationship between leaks and breaks is
expected to exist. Often pipés that have been replaced due to bad
performance still exist in the data sets and this could distort
the results of a statistical analysis. Information on maintenance
practices is rarely recorded on data sets, although it may
significantly help in explaining many of the observed failure

patterns.

Pipe Materials and Construction Practices

Pipe materials and construction practices (bedding standards, etc.)

have significantly changed along the years, nevertheless such information
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is very often missing from the data. It is thus important that the
data reflect this kind of information, since pipes are expected to

show differences on break patterns, depending on those factors.

Cast-iron manufacturing has gone through several stages of
evolution during the years. Starting from horizontal casting, for
the pre-1850 pipes, it changed into 'pit casting" after 1850, which
resulted in more uniform wall thickness and inclusions of less
foreign materials in the pipe wall. 1In the early 1920's, centrifugal
casting became commercially common, which resulted in even more
uniform wall thickness and complete uniformity of material. In the
1960's ductile iron has been introduced, which has better structural
properties but its corrosipn resistance is not expected to be any
better than grey iron used in the older mains. (Corrosion Handbook, 1983)
Also, the increase in iron strength that occurred with the years
has been partially counterbalanced by reduced wall thickness in

the most recent mains (Table 4.1, 0'Day (1983)).

~

Table 4.1
STANDARD MAIN WALL TEICKMNESSES - INCHES
(1908-1980)
Nominal Diameter

Year Material 6" 8" 12" 24"
1908 Pit Cast (11/31) .48 .62 .89
1939 Centrifugal (18/40) .38 .62 .89
1957 Centrifugal (21/45) .35 A4 .68
1965 Ductile (42/72) .25 .43 .49 .56

(11/31) bursting hoop strength/modulus
of rupture - 1,000's psi
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Along with pipe material, joint material has been changing over
the yeurs. Properly designed joints are expected to provide the
pipe with the ability to expand and contract under changing
temperatures, so that expansion and contraction stresses along the
pipe length are avoided. Tlexible lead joints have been used for
many years in most systems. Rubber gaskets have started replacing
lead in the 1960's. Nevertheless, there are occasions, primarily
because of cost and lead shortage considerations, that leadite (a
lead substitute) was used in the late 1940's and early 1950's by
several water utilities. Leadite, as opposed to lead, makes a
rigid rather than a flexibile joint, with important negative implications

on stresses caused along the pipe (0'Day, 1983).
As construction technologies and guidelines have also been modifying
along the years, they must be related to a certain degree to observed

failure patterns of different pipe categories.

Intertemporal Variation of Existing Conditions

Variables describing types of land development and pipe
pressure, which often appear in the data‘sets, are expected to have
changed with time. Usually, the data do not reflect such inter-
temporal changes and provide us with one unique value for those

variables commonly obtained from a2 census tract or information

available during the pipe installation time.

Related to this issue is the fact that the pipe's internal
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diameter could also change with time, depending on the material

of the pipe wall, the flow velocity and the quality of water (pH etc.),
through the formation of tuberculus in the interior of the pipe.

This could result in changes of the operating characteristic of the
system (pressure, carrying capacity). It is not clear how this

process could affect the breaking mechanism in pipes, but it is
believed that information on the pipe's condition, which is very often

missing in the data, would be very useful for a statistical analysis.

Left Censoring of the Records

There are cases (e.g., Cincinnati data), where records on pipe
breaks have been kept after 'a certain time period from installation.
Thus, in analyzing such data, special problems occur for dealing
with pipes which might have broken in the past, but for which no
such records are available. Appropriate ways for dealing with the
problem‘of left censoring in the context of the proportional

hazards model proposed in this study are examined in Chapter 6.

Additional Problems

It is very often the case that information on depth of cover
for pipes is missing and also information on the exact timing of
breaks (i.e., day and month as opposed to only year). That
information could have been useful for judging the effect of frost
penetration on pipe breaks and the exact stresses caused by

external loads.
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Information on flow velocities would also have been useful,
since flow velocity is directly related to dynamic pressures
developed in a conduit from water hammer and conduit bends.

But again, this information is commonly non-available.
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4.3 Conclusions

Given that almost all of the problems mentioned in this
chapter will be present in currently available data sets of various
water distribution systems in the U.S., it must a priori be expected
that they will tend to obscure the results of any statistical analysis
performed. Particularly when an attempt is made to derive predictive
models for future pipe failures, the explanatory power of certain
variables used in regression analyses, should not be overestimated.
For example, while a variable reflecting the type of land development
covering a pipe might.be used as a surrogate of external loads
transmitted to the pipe, the exact relationship between such variables
and the stresses caused at a pipe underneath, will not be clearly
understood. Related to this is also the effect that a variable
describing the degree of soil corrosivity might be interpreted of
having at the break rate. Clearly such variable is associated only
to one type of corrosion that could occur at a pipe. The presence
of other types of corrosion (Q;é Chapter 7) and primarily internal
corrosion is not reflected by such variable and thus it should not

be expected to fully explain the relationship between corrosion

and pipe failures.

Under the above observations, the scope of a model building
attempt becomes twofold: a) capture to the maximum possible degree
the exlisting failure patterns in a system and generate insights about
their causes and the factors associated with breaks, under the

"imperfect" information available from existing data and, b) propose
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the necessary improvements in data collection practices, so that
future models become more reliable and a deeper understanding of

the failure mechanism is developed.
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CHAPTER 5
ANALYSIS OF THE NEW HAVEN SYSTEM

5.1 General System Characteristics

The data set obtained from the New Haven water distribution
system consisted of 1391 pipes installed during the 1900 - 1980 period
with a total length of approximately 501 milgs. Information had been
coded for each individual pipe segment regarding its length,
nunber and year of break events, pressure, diameter, degree of soil
corrosivity, percentage of high, low, and medium land development
covering the pipe, year of installation, type of pipe (metal or concrete),

soil stability and presence of swamp surrounding the pipe.

Pipe lengths varied from 100 ft. to 14,000 ft. The criterion
for defining length has been solely based on the fact of no
intermediate connections and constant diameter size between nodes.
As argﬁed in Chapter 3, such configuration of pipe length is not

the best for performing statistical analysis.

Pipe diameters ranged from 6 inches to 48 inches with most
of the pipes having diameter greater than 8 inches (only 1.2% of
the pipes were 6 inch). That is, the data set consisted of pipes
that are, in yeneral, considered large and believed to have quite

different failure patterns than smaller size pipes (4 and 6 inches).

About 467 of the pipes were installed in the 1930-35 period.

The rest of the pipes were installed in smaller clusters at several
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times during the 1980 - 1984 period. Approximately 967 of the pipes
in the data set were made from cast iron and there existed only 20

concrete pipes.

Internal pressure showed a great variability ranging from 4
to 173 psi, but no information has been provided reflecting the exact
period that these measurements were taken. As pointed out in Chapter 3,
intertemporal variations in the internal pressure of various mains
is very likely to have occurred, and that is expected to limit up

to a certain degree the explanatory power of such variables.

Approximately 69% of the pipes were installed in non-corrosive
soil while the rest were laid in corrosive soil. Soil corrosivity
was defined as a 0,1 dummy variable and no further information was
provided as to what exactly it represgnted, but most likely it was
related to soil type. Since the issue of highly corrosive conditions
is believed to be very important as far as pipe breaks are
concerned, a detailed discussion regarding the explanatory power
that such variables can have is provided in Chapter 7, where the phvsical

interpretation of the results from this analysis is presented.

About 53% of the pipes were installed in unstable soil and 23%
in moderately stable soil. Only 1% of the pipes was completely

covered by swamp, while 95% had no contact at all with swamp areas.
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About 511 pipes were covered 1007 by minimal land development
while 115 were covered 100Z by maximum land development, with the
rest of the pipes lying somewhere ii. between. No exact information
was provided on what types of urban activiiies the land development
values referred to. It is believed that they represent an average
of industrial, transportation, residential, and commercial land

uses, obtained from a 1972 census tract.

Only 292 pipes (21%Z of the total) had experienced one or more
breaks. Among those{ 202 had only one break since their installation
and only about 3.77% of all pipes had 2 or more break events. Break
data were sparce beyond the third break (only 24 pipes were
broken more than three times). Since the data consisted primarily
of larger diameter pipes, multiple breaks on individual mains
are generally expected to be quite few as compared to smaller size
pipes. The observed trend of total number of breaks per year

in the New Haven system is shown in Figure 5.1. A general increase

in the number of breaks is observed after the 1950 period.

Judging from the total number of breaks occurred in the large
diameter pipes that the data set consisted of, it appears that the
New Haven system is in good overall condition relatively to other

systems in the U.S., where higher break rates are observed.

The average time to the first break was about 23 years, while

then it dropped dramatically as we moved to the second and third
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break. Beyond the third break, data were scarce to obtain any
statistically meaningful results but in general the time to next
break became very short (up to 2 years on the average) with no

further decreasing trend.

Descriptive statistics regarding all the previously discussed

variables are shown in Appendix A.

5.2 Preliminary Bivariate Analysis

The reascn fpr performing bivariate correlation analyses
between pairs of variables in the data set was to identify any
possible trends in break patterns and relations among variables
that could help in the model building process that would follow

this preliminary analysis.

Three types of bivariate correlation analyses were performed

considering the whole set of pipes:

a. Parametric correlation analysis

The calculated correlation coefficients between the number
of breaks and time to first break with the rest of the
variables believed to affect the break rate, are shown

in Table Al of Appendix A. The values of the correlation
coefficients were very low for all the variables that
could have been used as potential predictors of failure
(calculated values did not exceed the range of 0.20 for

such variables).
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b. Non-parametric correlation analysis

The fact that many of the variables had values clustered
together in various ranges and also showed very skewed
distributions indicated that non-parametric correlation
analyses might be appropriate for this type of data. Thus,

the Spearman, Kendall, Tau and Pearsons correlation

coefficients were also calculated for the various pairs

of variables. Again, though, no statistically significant
correlations were found. Representative results of the obtained
correlation coefficients are shown in Tables A2 and A3 of

Appendix A.

Another attempt was algo made in which pipes were firét
categorized in clusters according to various installation periods
and correlation coefficients were then calculated separately for
each category. Again, in the majority of cases, no significant

correlation among the potential failure predictors and the number

of breaks, or the time to first break, can be found.

The general point that can be made, after this analysis has been
performed for the New Haven data set, is that bivariate correlation
analysis can very easily fail to give us satisfactory results and
useful insights, when the process under study and the interactions
among variables are fairly complex. Siwkilar problems with those that

appeared in this analysis were observed, as mentioned in Chapter 2,



by 0'Day (1983), when statistical analysis of break records was

performed for the City of Philadelphia.

5.3 Application of the Proportional Hazards Model

The performance of the proportional hazards model
was tested for the New Haven system. In order to accommodate
the fact that a number of pipes had experienced several
breaks, the following transformation was applied on the original
data set; every interval time between two subsequent breaks was
considered as a separ;te observation. A dummy variable indicating
the number of previous breaks was used as a covariate together with
the rest of independent variables describing pipe and envifonmental
characteristics, in cases where Cox's model was applied on the entire
data set. Several experiments were also performed by applying the
modél on separate groups of pipes independently, where groups were

classified by the number of previous breaks or other distinguishing

characteristics.

By observing the failure times of individual pipes (also see
Figure Al, Appendix A), it becomes clear that beyond the third
breaks no trend exists for the subsequent failure times. Also
observations become very scarce for any meaningful statistical
analysis, while most of the pipes in that stage experience multiple
breaks within very short periods of time. For these reasons, it
did not appear appropriate éo extend the application of the model

beyond the third break. If a larger number of observations existed
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however beyond that point, it would have made sense to apply other
statistical techniques for estimating the break-rate once pipes
were in that stage. That is, since many more frequent breaks are
usually expected to occur after the third break, it would become
important to estimate a break-rate rather than the probability of

the next failure to occur.

Many experiments were performed by applying the model under
different specifications for the independent variables used and
possible interactions among them. A process of thorough stratification
of the data in subgroups that could possibly demonstrate different
failure patterns was followed. Such subgrours were defined in
various ways reflecting differences in installation periods,
pipe sizes, soil types, etc. The findings from intermediate
experimental regression runs often became suggestive of further
modification that would be appropriate in the model's structure.

Some representative intermediate phases of the work that led to

the final wodel configuration are presented in Section 5.4.

Stepwise regression has been applied in many of the preliminary
runs, since no information was available about the importance of many
of the independent variables used in the analysis. The maximum
partial likelihood ratio test (MPLR) was applied in order to estimate
the significance probabilities of the variables that were candidates
to enter or be removed from the regression equation. This test computes

the significance probabilities on the basis of a large sample partial
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likelihood ratio test using the chi-square value calculated from the
log of the ratio of the maximized partial likelihood functions:
MPLE = 2/log(L(b

)/L(b )) (5.1)

current candidate

where b is the vector of coefficients.

By applying stepwise regressioﬁ several of the variables
included initially in the set of independent covariates were dropped
out during further steps of analysis, because they were found to be
statistically insignificant. For other variables appropriate
transformations were applied. Such transformations were of two
types; the first included functional transformations on a
particular variable and for all observations in the data set. For
example, the use of the log;rithm of length, instead of leﬁgth or the
logarithm of age. The motivation for such transformations has
always been the possibility that these variables could act on the
hazard rate in the way specified through the transformation. The
second type of transformations used in the analysis was motivated
by the fact that certain covariates were found to affect the hazard
rate only for certain subsets of the total observations. In such
cases, they were transfnrmed so that this effect would be captured.
Stratification of the data in various ways that were believed to
reveal differences in failure patterns has greatly contributed
in identifying such transformations and also specifying necessary
dummy variables for the analysis. Several stratification
experiments that played an important role in leading to the final

model configuration are presented in the following section.
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5.4 Stratification of the Data

The reason for stratifying the data is twofold: a) identify
subsets of the whole data population that experience different failure
patterns and, b) test the proportionality assumption in the
proportional hazards model. This test is performed by plotting
the log minus log survival function for each stratum, that is, the
function zn[-zngT(t;Eﬂ , where z is the mean of the covariates. 1In
cases where those curves are considered to be parallel, the same
baseline hazard function could be used for each stratum and dummy
variables could be introduced for representing the wifferent strata.
On the other hand, whenever this is not true, different baseline
hazard functions should be estimated for each stratum. It is
also important to notice that the plotted log minus log survival
curves are best astimates of the "true'" functions. Thus, they are
subject to a random error, which shouid be taken into account,
when judgments are made about the relative differences of various

strata.

Three representative stratification experiments are described

in this section.

a. Stratification by construction periods
Figure 5.2 shows che .ive differenc log minus log survival
curves obtained by stratifying the observations according to
construction periods. The symbols A, B, C, D and E refer to pipes
installed during the periods 1900 - 1930, 1930 - 1935, 1935 ~ 1950,

1950 - 1965, and 1965 - present respectively. The results clearly
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indicate that pipes installed in the period 1930-35 have less chances
for failure, while pipes installed after 1950 have the higher chances
for breaking. The estimated survival curves become suggestive

that pipes installed before 1930 and pipes installed during the
period 1935-50 could be merged into one group. Also, pipes installed
during 1950-65 and during 1965-present could be considered as one
group. The basic reason for merging several groups together is that
the estimated survival curves for each group do not show any
statistically significant difference. According to the functions
shown in Figure 5.2, it appears that the proportionality assumption
is indeed a good approximation for the chosen strata. Thus, the

same baseline hazard function is used and dummy variables reflecting
the three subgroups, previously defined, are introduced. That is,
the three broad pipe classifications to be used in further analysis
are: Pipes installed during the 1930-35 period, pipes installed
after 1950 and pipes that do not belong in the above two categories.

As is has been shown here, these three pipe categories show

distinctively difrferent survival patterns.

b. Stratification according to soil corrosivity
Since it is intuitive to believe that soil corrosivity
contributes to the acceleration of breaks, a comparison between
the survival curves of pipes under corrosive and less-corrosive
soil was performed. The plotted log minus log survival curves are
shown in Figure 5.3, where the symbol A indicates pipes in less

corrosive soil and the symbol B indicates pipes in corrosive soil.
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The difference between the two curves is two small to be statistically
significant. Also soil corrosiveness did not show up as important
covariate, when used in the regression equations. Thus, there is no
evidence to support that higher soil corrosivity was associated

with also higher break rates in New Haven. Since, however, the
measure of soil corrosivity available in the data is quite ambiguous
and several other factors related to pipe corrosion are not captured
by that variable, such findings should not be considered surprising.
A detailed discussion on the issue of corrosion and its effect on

pipe failure is presepted in Chapter 7, when the overall results

of the statistical analysis are interpreted.

c. Stratification by number of previous breaks

After the number of covariates to be used in the regression
equations have been reduced through the help of stepwise regressions
and the previously described stratification experiments, three
separate regressions were perfbrmed, where the observations were
classified according to the number of previous breaks. This type
of analysis assisted in identifying covariates that had an
impact on pipe failures only for a certain category of observations.

The results are shown in Table 5.1. The variables used in those

firal regressions are defined as follows:
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LNLENGTH = The natural logarithm of length, in ft.
PRESSURE = (Fipe pressure, in psi/10)
LOW = (Percentage of low land development covering
the pipe/100)
1, if pipe installed during
C35 = Dummy variable = the period 1930-35
0, otherwise
Cc50 = Dummy variable = 1, if pipe installed after
1950
0, otherwise
AGE = Age of the pipe, in years at the time of

each break

We observe that there are differences in the coefficients for
different numbers of previous breaks, especially for those'of
PRESSURE and AGE. Thus, if PREVBRK = 0, then the coefficient of
PRESSURE is positive, while for PREVBRK = 1 or 2 it is negative, but
also less statistically significant. For the coefficient of AGE we
observe that when PREVBRK = 0;~6r 1, it is not statisticaliy
significant and has a negative sign. Ti.. impact on the hazard rate
cf 1ln(length), low land development and C35 is definitely important
in all three strata. The increase in the standard error observed

in the estimated coefficients of those three variables as the number

of previous breaks changes from 0 to 1 and then to 2, is statisiically

justifiable if the reduction in the number of observations is considered.
Pipes installed after 1950 (variable C50) have higher chances

for a first break, while after they have already broken, no difference
in the hazard rate exists between them and the rest of the pipes that

do not belong in the 1930-35 category. The descriptive statistics
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of the variables included in those final regressions are shown in
Table 5.2, where no significant differences are observed among the

variables characterizing each group.

Figure 5.4 shows the log minus log survival functions corresponding
to each stratum (Previous breaks equals to 0, 1, or 2). It is
clear that pipes with zero previous breaks have the higher survival
probabilities. It also appears that the two groups of pipes with
1 or 2 previous breaks could be merged into one group, since the
differences in their Furvival curves are not statistically
significant. Figure 5.4 clearly indicates that the estimated
Zn[-lﬁgT(t;Eﬂ functions are practically parallel, thus, the same
baseline hazard function could ve used for all strata, ana a dummy
variable would indicate whether there were any previous breaks

or not.

5.5 Final Model Configuratioﬁ

According to the results described in Section 5.4, the following

variables were chosen for use in the final model:

1. LNLENGTH = 1n[LENGTH), where length is the length of pipe in
ft.

2. PRESBRK = (PRESSURE/10), if the number of previous breaks
is zero
0, otherwise

3. LOW = percentage of low land development covering the

pipe, measured from O to 1.
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DESCRIPTIVE STATISTICS OF MODEL COVARIATES

FOR PREVIOUS BREAKS EQUAL TO 0,1,2,

NEW HAVEW

PREVBRK = 0 (N=1391)

MIN MAX MEAN ST.DEV.
LNLENGTH 4.61 9.55 7.23 0.81
PRESSURE 0.4 17.3 7.93 2.02
LOW 0 1 0.40 0.48
€35 0 1 0.46 0.50
C590 0 1 0.30 0.46

PREVBRK = 1 (N=292)

MIN MAX MEAN ST.DEV.

. LNLENGTH '5.52 9.55 7.55 0.82

PRESSURE 3.0 - 17.3 8.40 2.07
LOW 0.0 ' 1 0.33 0.45
c35 0 1 0.34 0.47
C50 0 1 0.24 0.43
AGE 0.0 80.0 22.79 17.94

PREVBRK = 2 (N=90)

MIN - MAX MEAN ST.DEV.
LNLENGTH 6.21 9.11 7.68 0.74
PRESSURE 3.0 15.5 8.19 1.95
LOW 0.0 1.0 0.26 0.42
€35 0 1 0.28 0.45
€50 0 1 0.19 0.39
AGE 2.0 77.0 28.66 17.85

Table 5.2
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4. C35 (Dummy variable) 1, if pipe installed during the

period 1930-35

0, otherwise

5. €50 (Dummy variable) 1, if pipe installed after 1950

0, otherwise

_ K _ Number of Lreaks(=2) only if previous
6. AGEBRK =  Break rate = 3.7 1 "time of break ’ breaks equals to
two
0, otherwise
7. P12 (Dummy variable) = 1, if previous breaks equals 1 or 2

0, otherwise

The estimated coefficients aﬁd.the log minus log survival
function for the average covariate vector z of the final model
are shown in Table 5.3 and Figure 5.5 respectively.

We observe that all variables that appear in the final model
are strongly statistically significant, with the only exception
of C50, which can be considered only as marginally statistically
significant. It has been included in the final model, in order to
show the constrast in behavior between pipes installed during the

1930-35 period and those installed after 1950.
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5.6 Estimation of the Baseline Hazard Function - Effect of Aging
on Pipe Failures

In order to evaluate the effect of aging in the pipes,
the baseline hazard function ho(t) must be estimated, since the
effect of time in the survival process is captured by that function.
The baseline hazard function estimated by the model was approximated
by a second degree polynomial, in order to derive a formula easily
used in practical applications. The BMDP program plots a
nonparametric estimate of the baseline hazard rate. If we
approximate this by simply fitting a 3-parameter curve to the plot,

the resulting smoothed estimate of ho(t) is:

ho(t) = 0.000210476 - 0.000011171t + 0.000000199t°

(5.2)

where t is the survival time since installation, if breaks
have not occurred or the time since the last break, if breaks

have occurred.

A hazard function of this type indicates that the hazard rate
initially decreases as the pipe does not experience any breaks in
the early years of installation or early after a previous break.

The effects of the aging process appear after approximately 28 years

have passed and the hazard rate starts increasing after that time.
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The fact that the probability of break initially decreases
with time until the 28th year of the pipe and then starts increasing

can be shown if we set:

dho(t)

= 0 .
dt (5.3)

. . . . *
from which we obtain a time t = 28 years, where the hazard

rate function has a minimum.

A "bath tub" shape baseline hazard function is intuitively
appealing because it is very reasonable to believe that the
fact that the pipe had no break early after installation indicates
the presence of favorable conditions. That is, the pipe is not
defective and/or the break causing factors are not so severe for
that pipe as compared to the others. Also, it is very reasonable
to believe that age contributes to pipe failure much later after
installation when internal coé}osion has developed to a greater
extent. Thus, in general, the probability of a break initially

decreases as the pipe does not experience early breaks, and starts

increasing again when the effect of age becomes important.

The estimated baseline hazard function also indicates that
if a pipe does not break again very soon after a previous break,
its chances of survival would initially increase up to a certain
time period. This could be explained, if we assume that the fact

that no break occurs soon after another one, implies that better
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remedial actions were taken for repairing the older breaks and thus
it becomes less likely for a break to occur in the vicinity of the
old break. Thus, for a pipe not experiencing an early next break,
the chances of survival can be higher, exactly because this is a
proof that appropriate remedial actions were taken for the previous
break. Of course, such remedial actions are most likely to happen
only in the vicinity of the break, while the remaining of the pipe
length would be exposed to the various other break causing factors.
But of course, those other factors are captured by the rest of
the independent variables used in the model.

The above findings can be considered important since they
provide a satisfactory answér to the controversy that exists in
the literature about the effect of aging on deteriorating
pipelines. It became clear from the discussion in Chapter 2
that other modelling techniques used in the past, could not
capture this rather complex réiation, which Cox's Regression

allowed us to estimate through the baseline hazard function.
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CHAPTER 6
ANALYSIS OF THE CINCINNATI SYSTEM

6.1 General System Characteristics

The part of the Cincinnati water distribution system analyzed in
this work consisted of 452 pipes (both metal and concrete), which is about
one third of the total number of pipes analyzed in the New Haven System.
Similar information with that provided for New Haven was recorded for
each individual pipe. (Table Bl, Apnendix B.) Certain differences
though existed from New Haven in the way some variables were defined.
Types of land uses were more accurately described by specifying the
exact percent of pipe under industrial, commercial, residential and
transportation land use. Instead of specifying the degree of soil
corrosivity covering the whole pipe as it was donme in the New Haven
system, three variables were defined describing the percentage of pipe
length under lowly, moderately and highly corrosive soil. In addition
to the variables that were sié&lar to those provided for New Haven,
the following additional variables were defined: Pressure differential,
wﬁich described the difference in pressure between the upstream and
.ownstream nodes of the pipe; évefage population density covering the

pipe; a dummy variable indicating whether the pipe was cleaned and lined

and a varlable providing the date of cleaning and lining.

Pipe lengths in the Cincinnati system varied from 250 ft. up to
22,250 ft. About 50% of the pipes had lengths shorter than 2,000 ft.

and about 15% longer than 6,000 ft.
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Pipe diameters ranged from 6 to 96 inches, with only three 6 inch
pipes. Thus, the data set consisted primarily of large diameter pipes

(8 inches and above).

The oldest pipe was installed in 1855 and the most recent one in
1975. Approximately half of the system was installed before 1945 and

about 10% of the system was installed before 1900.

Internal pressure values ranged from 15 psi up to 226 psi with a
mean of 89 psi. About 50% of the pipes had average pressure higher
than 77 psi. The average value for pressure differentials was 21 psi,
but about 20% of the pipes were recorded with zero pressure differential,
which makes the data regarding pressure differential rathe? un-

reliable.

About half of the pipes were covered by more than 507 by highly
corrosive soil. Although the soil corrosivity variables were defined
quite differently in the New Haven and Cincinnati systems, it appears

that highly corrosive soil is more grevalent in Cincinnati.

There existed 81% metal pipes (primarily cast-iron) while the rest
were made from concrete. The quite large percentage of concrete pipes
points out to the need of analyzing separately this part of the data,
since they are expected to follow a very different failure pattern

tha. the metal pipes.
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The following general observations can be made regarding the types
of land uses covering the pipes: About 60% of the pipes were under
zero industrial land use. About 50% of the pipes were covered by soil
with more than 40% of residential land and also less than 5% of com-
mercial land use. Also less than 5% of transportation land use existed

above the 50% of the pipes included in the data.

Only about 12% of the pipes in the system were cleaned and lined.
Cleaning operations were recorded after year 1940 and the number of

cleaned pipes per year increased steadily since then.

It is important to notice that break records were available only
after 1940. Thus, the total number of failures recorded represents
an underestimation of the actual number of failures. This issue of

left-censoring is thoroughly investigated in Section 6.3.

The Cincinnati system had experienced considerably higher
number of breaks than the New Haven system. About 417 of all pipes
had broken one or more times, while in New Haven the number of broken

pipes was only 21%. Also considerably higher number of pipes exerpienced

multiple breaks (more than three) in the Cincinnati system. The time
to consequent breaks reduced dramatically during the first few breaks
(up to the third break), with no apparent trend beyond that point.
More than 50% of all pipes with three previous breaks broke again

within the next two years.
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Descriptive statistics of the most important variables included

in the analysis of the Cincinnati data are shown in Appendix B (Tables

).

A descriptive comparison of some key variables included in the
New Haven and Cincinnati systems is shown in Table 6.1. Besides the
higher number of breaks, it is observed that pipes in the Cincinnati
system operate on the average under higher pressure both in terms of
mean and maximum values. Also larger diameter pipes represent a

higher percentage of the system as compared with New Haven.

6.2 Bivariate Correlation Analysis
Pearson and Spearmaﬁ correlation coefficients were calculated
for pairs of the relevant variables. The results are shown in Tables
and of Appendix B. No strong correlation between any of the
variables appears to exist. Nevertheless, the variables representing
percentages of industrial, residential, commercial and transportation
land uses covering the pipes are moderately correlated (r = 0.50).
Thus, although that would indicate that not all of them might be needed in
the regression equations as potential predictors of failures, analysis
by principle components failed to reveal any combination of them that

would be more appropriate to use.

6.3 The left-censoring problem

Left-censored pipe break data represent a rather common problem
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Major differences between the New Haven and Cincinnati data sets

Variable Cincinnati New Haven
Number of pipes 452 1391
Number of breaks 185 (41%) 292 (21%)

Diameter (inches)

mean 26 14.5
median 24 12
minimum 6 6
maximum 96 48

Length (feet)

mean 3,245 1,901
median 2,100 1,500
minimum i 20 100
maximum 22,240 14,000

Pressure (p.s.i.) A
mean 89 79

median 78 75
minimum 15 4
maximum 226 173

Precentage pipe in highly
corrosive soil (mean) - 42% *

Pipe type (% cast iron/steel) 81 96

Installation periods

installation date, oldest 1856 1900
median installation date 1942 1935
installed before 1900 107 -

*Soil corrosivity was defined differently in New Haven (Table Al,
Appendix A). Instead of indicating the percentage of pipe in

corrosive soil, it defined the average soil corrosivity corresponding

to the total pipe length. In that respect, the average soil corrosivity
for the whole New Haven system was 317%.

Table 6.1

COMPARISON OF GENERAL CHARACTERISTICS OF
THE CINCINNATI AND NEW HAVEN SYSTEMS
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existing in many of the available records. The more the time that has
elapsed between the year that a pipe has been installed and the year
that recording breaks has started, the more information is lost
conéerning its "true" failure pattern. Thus, two important questions
are immediately raised regarding that issue: a. To what degree the

loss of information about the pipe's behavior beyond a certain period

in the past is expected to limit the validity of derived predictive
models for pipe failures and obscure the obtained results and b. What is
the most appropriate method for treating the presence of left-censoring

in the data.

Although it is very difficult to give a complete answer to the
above questioms, it appears.that significant insights could be gained
from uncensored from the left data sets, on which "artificial" left-
censoring experiments are performed. - That is, experiments where
predictive models are derived assuming truncated from the left break
record and comparisons are made between them and the model obtained
from the original data. It must also be pointea out that the effect
of left-censoring should not be expected to be that important for
pipes that have already experienced multiple breaks during the period
under observation. This is so because a more reliable trend can be
established for those pipes regarding their failure pattern, due to
the higher number of existing observations. It can thus be argued
that left-censoring would be less of a problem in deriving predictive
models for systems with many pipes under severe deterioration and thus

many breaks already observed. On the contrary left-censoring must be
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expected to obscure relatively more the results in systems characterized

by a small number of infrequent breaks.

Several experiments were performed on the New Haven set, where
the available observations were transformed to reflect various left-
censoring configurations. Since the Cincinnati data were truncated
before 1940, that year was chosen as the starting point for the presence
of left-censoring. Preliminary results obtained through the regression
indicated that by setting the survival time of pipes installed before
1940 as equal to the time elapsed between the year cf installation
and the year of the first break after 1940, a rather severe bias was
introduced in the final results as compared to those obtained by the
original model. This bias Easically consisted of penaliziﬁg excessively
the most recent pipes, since the older ones were assumed not to have

broken until 1940.

It appeared instead that the following configuration was in
better agreement with the results of the original model: Break rates
were assumed missing before the year 1940 and the survival time for
pipes installed previous to that year was assumed to start at exactly
that year. Thus, the first break of those pipes was considered to
be the first one occurring immediately after 1940. The data were
again stratified in order to reflect the various installation periods
and Cox's regression analysis was performed on those transformed
data. The results on the obtained coefficients are shown in Table

6.2 and are compared with the coefficient estimates obtained with
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Predictive Model using the censored from the left data

Log Likelihood = -2423.2251
Global Chi-square = 278.02 D.F. = 7 P-Value = 0.0000
Standard

Variable Coefficient Error Coeff./S.E. Exp(Coeff.)
LNLENGTH . 0.5530 0.0731 7.5681 1.7385
PRESBRK 0.1171 0.0293 3.9929 1.1242
LOW - -0.4463 0.1267 -3.5230 0.6400
D1 -0.7247 0.1358 ~-5.3363 0.4845
D3 0.1806 0.1395 1.2944 1.1980
AGEBRK 1.7412 0.5701 3.0544 5.7043
P12 1.7785 0.2853 . 6.2348 5.9208

Predictive model using the original data set

Log Likelihood = -2802.8503

Global Chi-Square =  304.70 D.F. = 7 P-Value = 0.0000
Standard
Variable Coefficient™ Error Coeff./S.E. Exp(Coeff.)
LNLENGTH 0.5299 0.0666 7.9504 1.6987
PRESBRK 0.0931 0.0276 3.3777 1.0976
LOW -0.5404 0.1222 -4.4216 0.5825
D1 -0.6459 0.1258 -5.1340 0.5242
D3 0.2631 0.1365 1.9274 1.3009
AGEBRK 1.7839 0.5381 3.3149 5.9531
P12 1.5726 0.2626 5.9895 4.8193
Table 6.2

LEFT CENSORING EXPERIMENT, NEW HAVEN
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uncensored from the left data. It is observed that no significant
differences exist between the two models, given also the magnitude

of the standard error of those estimates.

Those results become suggestive that a similar treatment of the
left-censoring problem at the Cincinnaﬁi data where break records are
missing before 1940, would be effective. It must also be expected
that since for older piﬁes (i.e. pipes installed before 1940) the
"true" number of previous breaks would be greater than or equal to
the assumed value, pipes for which this would be indeed the case
could be in a differe;t failure mode than more recent pipes with
the same number of previous breaks. Thus, in such cases,
describing the interaction Eetween installation periods aﬁd other

explanatory variables in the regression, could become more necessary

than otherwise, in order to reflect the underlying differences

in failure patterns between '"older" and 'younger'" pipes that are

obscured by the presence of léft-censoring.
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6.4 Derivation of predictive models for pipe break failures in the
Cincinnati water distribution system

The large number of pipes with many breaks in the Cincinnati
system (more than 3 and as many as 35) motivated certain extensions
of the methodologies applied in New Haven. Preliminary analysis
indicated that pipes with multiple breaks should not be mixed in
the same model with those that had experienced only few breaks,
since they were clearly exhibiting different failure patterns. The
threshold between pipes in the slow or fast-breaking mode was
defined on the average by the occurrence of the third break. For
pipes that had experienced up to three breaks, the average time
between breaks clearly decreased as the number of previous breaks
was increasing. Also most.of these pipes could be characterized by
rather infrequent break occurrences (slow-breaking stage). That is,
a very similar failure pattern to that observed in the New Haven
system existed. Thus, for that category of pipes the proportional
hazardé model appeared appropriate for their statistical analysis.
Pipes that had experienced more than three breaks were usually
entering a stage of multiple and frequent breaks at a rate though
highly varying among indididual pipes at that stage. No trend also
appeared to exist toward increasing or decreasing break-rate as the
number of breaks increased. Therefore, it seemed appropriate to
assume that breaks occurred at a constant rate for pipes at that
stage. Since many breaks are expected to occur at that "fast-breaking'"
stage predictions of the yearly break-rate become more appropriate
than the estimation of the yearly probability of failure. The

great number of pipes in that stage made possible the derivation
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of predictive models for the break-rate, which are described in detail
in Section 6.4.3. It must be pointed out that no such model was
developed for New Haven because only a very small number of pipes

were in that stage to obtain any statistically meaningful results.

Another trend observed in the Cincinnati data was that several
pipes entered into the fast-breaking stage at a certain time-period
after having experienced their first or second break. It thus
becomes desirable to estimate the probability for entering that
stage at any given time period and identify the factors that will
enhance that probabiiity. A proportional hazards model, where the
time to failure was modified as being the time for entering the
fast-breaking stage, would.again be appropriate for modelling this

process. This model is described in detail in Section 6.4.2.

6.4.1 Application of the proportional Hazards Model for pipes
in the slow-breaking stage

According to the discussion about left-censoring
presented in Secticn 6.3, the survival time for pipes installed
before 1940 was measured from that year, while for the other pipes

it was measured since the date of installation. Only metal pipes

were included in the analysis, since concrete pipes had

experienced very few breaks and a statistical analysis for

this pipe category would not be meaningful.

Initially pipes were divided into three groups by period of

installation: before 1920 (Period 1), 1920 to 1939 (Period 2) and
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1940 to 1980 (Period 3). The year 1920 was chosen as a break point
considering that it roughly corresponded to a time when pipe manu-
facture methods changed. The reason for defining period 3 as a
separate group was that it included all pipes with observations

not censored from the left.

A great number of exploratory regressions (both step-wise and
ordinary) including various ways of data stratification were
performed. The following variables were selected for

the final regression models:

1. Logarithm of pipe length (LGLENGTH)

2. Absolute internal pipe pressure (ABSPRES)

3. Percentage of pipe in highly corrosive soil (PCTHIGH)
4, Pipe diameter (SIZEIN)

5. Land use variables: ~

Percentage of residential land development covering the
pipe (AVRESPCT)

Percentage of industrial land development covering the
pipe (AVINDPCT)

Percentage of commercial land development covering the
pipe (AVCOMPCT)

Percentage of transportation land development covering
the pipe (AVTRFCT)

Population density (AVDENTY).



113

Period of installation: the following dummy variables
were defined:
Installed before 1920 (PERIOD 1)

Installed during the period 1940-1980 (PERIOD 3)°

Interaction variables: Several interaction variables were
included in the analysis because in exploratory regressions
the effects of certain covariates were found to be different
in the groups of older and younger pipes respectively.
All variables included in the interactions were centered
by their means (corresponding to the particular age group)
before the interaction levels were calculated. The following
interactions were defined:

Log length by period (LENP=LGLENGTH*PERIOD3)

Pressure by period (ASBPRFSP=ASﬁPRﬁS*PERIOD3)

Percentage of highly corrosive soil by period (PCTHIGHP=

PCTHIGH*PERIOD3)
Size by period (éiZEINP=SIZEIN*PERIOD3)
Residential, industrial and commercial percentages by period
(RESP, INDP, COMP respectively)

Since 57% of the pipes were installed before 1940 and 437%
after 1940, the centered variable PERIOD3 was equal to -0.43
for the pre-1940 pipes and +0.57 for the after-1940 pipes.
In cases where the main and interaction effects would cancel
out in a certain period, the effect of the corresponding

variable was considered zero for that period. The following

variables belonged in this category:
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SIZEIN3 (equal to SIZEIN for pipes installed arter 1940
and 0 otherwise), AVRES3 (equal to AVRES for pipes
installed after 1940 and 0 otherwise, PCTHIGH3 (equal

to PCTHIGH for pipes installed after 1940 and 0 otherwise),
ASBPRES2 (equal to ASBPRES for pipes laid before 1940

and 0 otherwise).

8. Previous breaking rate: the break-rate at the last break was

used as a covarilate in various regressions denoted by OLDRATE.

As mentioned previously the number of previous breaks affected
the break-rate only before the occurrence of the third break. Similar
were the findings in the New Haven system but as opposed to the trend
appearing to exist there, the number of previous breaks did not have
a proportional effect on the hazard rate for the Cincinnati system.
This was discovered by plotting the iog of minus log survival functions
of groups of pipes stratified according to the number of previous

-

.breaks. Such finding indicated that different baseline hazard

functions needed to be estimated conditional on the number of previous

breaks.

a. Proportional hazards model conditional on one break

The analysis of the Cincinnati data concentrated primarily
ir deriving models that describe the time from the first
break to a later break event, such as the second break,
third break or entry into the "fast-breaking" stage and

also the time from second to third break. Models that
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predict the hazard rate for pipes with no previous breaks
were also derived and they are described later in this
section. But given the fact that too many pipes have
already broken in Cincinnatl and a great number of them
are already in severe deterioration, models predicting

the failure probabilities of pipes with no breaks are
expected to be only of secondary importance for maintenance
decisions and their use would be primarily explanatory

about the break causing factors.

The final proportional hazards model for time to the second
break conditional on one previous break is described in
Table 6.3. According to the variables found to be
statistically significant, higher pressure increases the
break rate of pipes installed in the post-~1940 period.

Also on the average pipes ffom the most recent period have

a higher break rate than older omes.

Table 6.4 shows the derived model for time from first

to third break. Such model can be useful for reliability
assessments in order to know whether an early third

break is likely to occur. It 1is observed that in addition
to the variables found to be important for time from first
to second break, the size of the pipe 1is also important
for pipes installed after 1940, with the larger diameter
pipes having a higher break rate. A higher percentage

of commercial. land development is associated with a higher
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Coefficient/
Variable Coefficient Standard Error Standard Error
LGLENGTH 0.261 0.111 2.35
ASBPRES2 0.0093 0.003 3.20
PCTHIGH3 0.C085 0.003 2.44
PERIOD3 0.607 0.206 2.94
SIZEIN3 0.024 0.014 1.71

Model Chi-square = 28.74 with 5D.F, p = 0.0000

174 Observations

124 Uncensored Observations

Table 6.3

PROPORTIONAL HAZARDS MODEL FOR TIME TO
SECOND BREAK CONDITIONAL ON ONE
PREVIOUS BREAK, CINCINNATI



Variable

LGLENGTH
ASBPRES2
PCTHIGH3
SIZEIN3
PERIOD3
AVCOMPCT

coMP
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Coefficient/
Coefficient Standard Error Standard Error
0.320 0.056 5.74
0.0127 0.003 4.28
0.0135 0.004 3.04
0.050 0.016 3.06
0.573 0.243 2.36
.-0.004 0.029 0.14
0.043 0.019 2.21

Model Chi-square = 41.31 with 7D.F, p = 0.0000

174 Observations

91 Uncensored Observations

~-

Table 6.4

PROPORTIONAL HAZARDS MODEL FOR TIME TO
THIRD BREAK CONDIT ONAL ON ONE
PREVIOUS BREAK, CINCINNATI
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probability of a sooner third break for the post-1940 pipes,

while the opposite holds for the older pipes.

Proportional hazards model conditional on two breaks

Table 6.5 shows the derived model for time from second
to third break. It 1s observed that fewer variables
now affect the break-rate than in the previous models.
The break-rate at the second break (i.e. the inverse of
the time between second and first break) is a very
significant predictor of failure. Higher pressure

increases the hazard rate for all pipes and larger

diameter pipes have higher chances for breaking. It is
interesting to notice that length was not statistically
significant in this model, while in the previous ones
the logarithm of length always came in the regression
as an important ccvariate. No full explanation can be
provided for this phenomenon, although it could be
argued that the covariate representing the break-rate
at the second-break, which was found to be very
significant in this model, could explain most of the
observed variance in the hazard rates of the different
pipes at that stage and thus a variable such as lengch
ended up contributing too little in explaining this

variation.

Proportional hazards model for pipes with zero previous breaks

A predictive model that provides the hazard rate for
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' Coefficient/
Variable Coefficient . Standard Error Standard Error
OLDRATE 0.960 | | 0.318 | 3.02
ASBPRES 0.0067 0.003 2.55
SIZEIN 0.0195 0.010 1.99

Model Chi-square = 15.43 with 3D.F, p = 0.0015

124 Observations

91 Uncensbred Observations

e -

Table 6.5

PROPORTIONAL HAZARDS MODEL FOR TIME TO
THIRD BREAK CONDITIONAL ON THE
SECOND BREAK, CINCINNATI
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pipes which have not broken yet will not be so useful
for maintenance decisions, particularly when many pipes
in the system are already in serious deterioration and
main attention is directed on them. Such model

could though serve for explanatory purposes, since

it is possible that within a selected set of pipes (e.g.
pipes already broken), a factor may appear unimportant,
while actually it was important in causing the pipe to

be among those at risk of breaking.

The results obtained by applying the proportional hazards
model for the time to first break are shown in Table 6.6.
Pressure and length are strong predictors of failure for
the older pipes but have no significant effect in the
post-1940 pipes. Pipe size has a negative effect on breaks
for the new pipes but no significant effect for the older
pipes. Higher residentizl and industrial land development

is also associated with higher hazard rates.

6.4.2 Application of the Porportional Hazards Model for Predicting
the Probability of Entering to the Fast-Breaking Stage

Entry into the "fast-breaking" stage was defined by
the occurrence of three breaks within a six-year time period and
the time to fast-break was set equal with the time to the first of
those three breaks. Although this measure seems somewhat arbitrary
it gives a sense of the time that severe deterioration is very likely

to have started. Table 6.7 shows the results obtained by that model.
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(Pipes with no previous breaks or pipes censored from the left)

Variable

LGLENGTH

LENP

ASBPRES2

SIZEIN3

AVRESPCT

AVINDPCT

PERIOD3

Coefficient

0.407
-0.529
0.010
-0.032
0.015
- 0.062

0.173

Standard Error

Coefficient/
Standard Error

0.084
0.168
0.002
0.012
0.004
0.017

0.185

Model Chi-square = 83.94 with 7D.F, p = 0.0

367 Observations

PROPORTIONAL HAZARDS MODEL FOR TIME TO

174 Uncensored Observations

Table 6.6

FIRST BREAK, CINCINNATI

4.85

-3.15

5.00

-2.67

3.75

3.65

0.94



Variable

LGLENGTH
ASBPRES2
PCTHIGH3
PERIOD3

AVCOMPCT

COMP

Coefficient

0.230
0.0122
0.0085
0.493
-0.007

0.057

122

Standard Error

Coefficient/
Standard Error

0.147
0.0034
0.0044
0.276
0.011

0.021

Model Chi-square = 23.80 with 7D.F, p = 0.0006

174 Observations

73 Uncensored Observations

Table 6.7

1.56
3.48
1.91
1.79
0.59

2.64

PROPORTIONAL HAZARDS MODEL FOR ENTERING

INTO FAST-BREAKING STAGE CONDITIONAL

ON ONE BREAK, CINCINNATI



123

Pressure is the most important predictor of higher break rates for

the older pipes, while higher soil corrosivity increases the probability
for entering into the fast-breaking stage for the younger pipes. Also,
the post-1940 pipes have higher chances for entering that stage. A
high percentage of commercial land development over the most recent
pipes increases their probability for entering that stage, while

the opposite was found to happen for the older pipes.

When a model was attempted to be derived that would predict
the probability for entering into the fast-breaking stage conditional
on the occurrence of-two previous breaks, only the variable OLDRATE
was found statistically significant with a coefficient of 0.937 and

a standard error of 0.333.

6.4.3 Exponential Models for break rates after the third and
sixth break

After testing Ehe hypothesis of whether there was
a trend in break times between subsequent breaks for pipes that had
broken more than three times, it has been revealed that no such
trend existed and the assumption of constant break-rate beyond the
third break would be a very reasonable one. The third and sixth
breaks were chosen as milestones for estimating the break-rate of
pipes that had reached those stages respectively. Thus the assumptions
of the model were: a. constant break-rate for the period under
consideraticn, b. independent break events for each individual pipe,

and'c. the covariates had a multiplicative effect on the break-rate
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(as in the Cox regression model) and an exponential model structure

was assumed.

It must be pointed out that the pipes included in these models
were a highly selected set of all pipes (i.e. those that most likely
are already under severe deterioration). Thus, the derived models
are predicting break rates in comparison to other pipes that have
reached the same starting point. For this reason it should not be
considered as surprising that the effect of certain covariates on
the break-rate could now be reversed as compared to the previously
derived models. If for example, high pressure has contributed in
bringing certain pipes at the stage of the third break, it should
not necessarily be expected to appear as a significant covariate in
the regression for the break rate beyond that point since there
would also be pipes brought into that stage due to other break
causing conditions and besides that, pressure might already be high

-

and less varying amont the pipes of that subset.

All variables, for which interaction terms were also included
in the regressions, were centered by their means. If we denote
by R the estimated yearly break rate, by z the covariate vector
and by b the set of estimated coefficient, then the proposed model

takes the general form:

R = exp(Bz)+e (6.1)

where e = error term of the model
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Under the assumption that break events of that stage are
represented by a Poisson Process with parameter tR, two sources of
error will exist in predicting the number of breaks: a. The error
generated by the Poisson Process, which takes place independently.

That is, we cannot predict exactly how many breaks will occur in a
specific time period, since break times are random. b. The model

error e, due to imperfect information about the factors contributing

to breaks. The Poisson error cannot be reduced, since it is associlated
with the underlying process. Thus, we know apriori that only part

of the observed variance in the break rate could be explained by

the model. Given the fact that the variance and mean of the Poisson
Process are equal, the following procedure has been proposed (Zaslavsky,
1985) in order to minimize'the mean square error of the eétimated rate

(i.e. the variance of e):

If Var[e] = S2 and N is the number of breaks occured in time t,

then Var [N] = tR + t282 and the variance of the break rate would be:

Var[N/t] = R/t + Sz. Thus, the shorter the period of observation of

a particular pipe, the more it contributes to the variance of the

break rate. If we then denote by W the weight that should be
1

R/ t+S
procedure was used in order to calculate the approprilaiz weights:

given to that pipe, it will be given by: w = = The following

A least-squares model was fit for the break rate R = N/t, using all
available covariates and the residual sum of squares (RSS) was obtained.
The Poisson component of the error R/t was estimated by the observed
ratio N/tz. This was summed over all pipes and subtracted from RSS

to estimate the sum of ez. Finally this estimate was divided by
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the number of pipes to estimate Sz. In the subsequent regressions

weight W was given to each observation calculated by: 1/W = R/t+82.

The results of the exponential models are shown in Table 6.8.
The estimated R2 can be considered satisfactory, particularly for
the model after the sixth break. Given the fact that we approximately
can explain no more than 70% of the observed variance (the other 30%
is roughly associated with the Foisson Process), the derived models
enable us to explain more than half of it. The covariates found
to be statistically significant were fewer than in the previous
models. Longer pipes were assoclated with higher breaking rate
and also the post-1940 pipgs were breaking at a higher rate. Highly
corrosive soils increased the break rate. Higher pressuré predicts
higher béeék rates for the most recent pipes, while the opposite
is true for older pipes. Higher industrial development was acsociated
with lower break rate after the third break. As it has been argued
previously, this reversal 1n';he effect of certain covariates is

explainable by the shift in focus towards a highly selected subset

of pipes.

6.4.4 The effects of cleaning and lining
The effect of pipe cleaning and lining was tested by
including a dummy variahle for cleaning and lining in the regression
models for time from first to second break and for break rate after
third and sixth break. The dummy variable was set to 1 if the pipe

had been cleaned and lined before the beginning of the event under



After break #3

Variable Coefficient Coeff./S.E.
LGLENGTH 0.459 3.43
PERTOD3 0.644 3.40
PERIOD1 -0.946 1.87
ASBPRES ~0.0017 0.59
ASBPRESP 0.0113 2.21
PCTHIGH 0.0058 2.42
AVCOMPCT
AVINDPCT -0.049 2.11

Constant of -1.011 6.87

the regression )

Analysis of Variance

Residyal sum of squares (RSS)

Regression sum of squares -

Corrected total SS (CSS)

Uncorrected SS (USS)

R2

Table 6.8

CINCINNATI

Coefficient Coeff./S.E.

After break {6

0.

0.

0.

0.

0.

-0.

-0.

88.7

45.6

134.3

246.6

0.34

PREDICTIVE MODELS FOR YEARLY BREAK RATE
AFTER THE THIRD AND SIXTH BREAK,

563 3.31
945 4.81
000 0.03
0125 2.14
0051 1.90
022 1.69

660 5.20

49.4
42.2
91.6
180.7

0.46
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consideration, i.e. before the first, third, or sixth break respectively.
(Nevertheless, most pipes had been cleaned and lined before their

first recorded break.)

In every case the effect of cleaning and lining was not statistically

"significant in the regression equatioas. Thus, no increase or decrease

;n the break rate was found to be associated with the cleaning and
lining of pipes. Although this result can be impo-~tant for maintenance
considerations, it should still be viewed with caution, since we do
not know how the cleaned and lined pipes were preselected. If the
criteria for selection were partially based on the fact that they
were 1n better or worse condition in terms of structural integrity
than the other pipes, then.the effect ~f cleaning and lining could
have been masked in the regression equations. Nevertheless, it
appears unlikely that the above could be important selection criteria,
as it seems more plausible that candidates for cleaning and lining
were chosen based on carryinéhcapacity requirements, increased

pumping coests and water quality problems.

6.4.5 The estimation of the baseline hazard functions
The baseline hazard functions of the derived proportional
hazards models were estimated either by fitting simple polynomials to the
cumulative hazard function (model for time to second break conditional on
previous break) or by calculating aver=age numerical values in 5 year
time intervals in cases where the functional form was more complicated
(models for time to third break and fast-breaking stage). The following

baseline hazard functions were estimated:
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a. Baseline hazard function for time to second break conditional

on one previous break-u-héz(t)

2

h(])'z(t) = 0.1297-0.0086.t +0.000213.t (6.2)

b. Baseline hazard function for time to third break conditional

on two previous breaks -- hg3(u)

The estimated baseline hazard function iy given in Table 6.9.

c. Baseline hazard function for time to fast-breaking stage

conditional.on one previous break -- héf(t)

The estimated baseline hazard function is given in Table 6.9.

We observe that the estimated baseline hazards for time to second
break has a 'bath tub" shape, a finding similar with that in New Haven.
The bqseline hazard function for time from second to third break is
initially of bath tub shape (up to the fifteenth year since the second
break). Beyond the fifteenth year though after the second break the
hazard declines again. A similar irregular pattern is also observed
for the baseline hazard for time from first break to fast break stage.
For this reason tabulated values of those functions were used rather
than polynomial approximations. The general point though that must be
made is that pipes in the slow breaking stage will usually have higher
chances for breaking again soon after a break and, at least in the next
few years, the chances of breaking are reduced the more the pipe survives

after the last break.
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Years from Second to third First break to entry to
start - break "fast-break state'
h | h
0 <139 .006
5 .037 .021
10 ) .127 - .007
15 .040 .009
20 - .028 .014
25 , .00%
fable 6.9

2
. BASELINE HAZARD FUNCTION - h03(t),

1f
BASELINE HAZARD FUNCTION - ho (t)
CINCINNATI
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By comparing these functions with those derived for New Haven,
it can easily be shown that the average pipe in the Cincinnati system
has about three times greater chance for breaking than the averagé
pipe in New Haven. This observation reinforces the argument that the
Cincianati system is under mucn mor. severe deterioration than the

New Haven systeam.

If the derivative of the function héz(t) shown in Equation (6.2)
is set equal to zero we can obtain the value of time t, for which
the hazard rate starts increasing after the first break. This time
is found to be equal to 20.18 years. The corresponding value obtained

for the New Haven System was 28 years.
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CHAPTER 7

INTERPRETATION OF RESULTS OBTAINED BY
THE PREDICTIVE MODELS

7.1 Tuatroduction

The results obtained from the analysis of the New Haven and
Cincinnati systems have generated interesting insights about the
various phases of pipe failure that can exist in deteriorating water
distribution systems. They clearly point out the high variability
in break rates among individual pipes of a giveua system and underline
both the common and different characteristics in failure patterns that

can exist among the various systems.

The analysis made clear that a pipe can go through different
phases (or modes) of failure during its lifetime. Such phases would
primarily be characterized by either few infrequent breaks occurring
during?rather long time spans, or by frequent multiple breaks occurring
during short time periods. If the majority of pipes in the system
experience the former type of failures, then the system is in a
relatively '"good" overall condition (New Haven), while if a high
percentage of pipes experience the latter failure pattern then the
system is in relatively "severe'" deterioration (Cincinnati). The
proportional hazards model proved to be useful both in describing
the probability of failure for pipes in the slow breaking phase and
the probability for entering the multiple (fast) breaking stage.

After a pipe has already entered the stage where it experiences

many frequent breaks (fast breaking state) then predictive models
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that provide the expected break rate rather than the probability of

failure become more useful.

A detailed physical interpretation of the results obtained by
the developed models is given in Section 7.3. The most important

of the findings can be summarized as follows:

a. The proportional hazards model can describe very well the
early phase of deterioration of a pipe, where the multiple
breaking stage has not been reached. A variation of the
proportional hazards model could also work very effectively
in providing us with the probability that a pipe will enter

that multiple breaking stage at a given time period.

b. The baseline hazard function turned out to have a "bath tub"
shape during the period from zero to first and then to
second break. That is, the probability of failure initially
decreased with time and later started to increase. Such
effect of time has not been captured by previous methodologies,
because they do not have the flexibility to allow for an

unspecified baseline hazard function (non-parametric method) .

¢. The number of previous breaks was found to affect the
probability of failure only during the first two breaks.
Beyond that point the majority of pipes entered a stage
of very frequent breaks, where the occurrence of previous
breaks was immaterial for future predictions. At that
stage a rather constant break rate was established and

the breaks could be modelled as Poisson arrivals.
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d. Variables indicating internal pipe pressure, soil cerrosivity
and land development were generzlly found to have an impact
on the probability of failure and the break rate. The effect
of each one of them though varied depending on the stage of
deterioration and other circumstances affecting individual

pipes.

e. 1In both the New Haven and Cincinnati systems pipes installed
in different periods experienced different failure patterns,
with the most recent pipes (after 1940) performing on the

average worse than the older ores.

f. The probability of failure did not increase proportionally
with length, indicating a non-uniform distribution of break
causing factors along the pipe and a localized nature of
breaks. Such finding is important because in previous studies
that proportionality was asoumed to hold, and this also had

implications on the way pipe lengths were coded in the data.

7.2 The issue of high variability in break rates among individual pipes
In order to interpret the results of our analysis, it is

helpful to define a '"reference pipe," describe its chance of breaking

as a function of age, and then the risk of other pipes breaking can

be described relative to that of the "reference" pipe. We arbitrarily

define a "reference" pipe in the New Haven system as one in which:

Length = 1500 ft. (about average in our sample)

Pressure = 80 PSI
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Low = 38%
Prevbrk = 0

Date of imstallation before 1930.

For such a pipe, the rate of breaks at age t is approximately

h{t) = ho(t).e4'19

2 and Bz = 4.19.

where ho(t) = 0.0600217476 -0.000G11171 t + 0.000000199 t
Thus, we see that yearly risk of a break for the reference pipe
changes with age from about 0.00021 at age 0 to 0.00005 at age 30,

to 0.00059 at age 80.

Figures 7.1 and 7.2 present the histograms of the covariates
involved in the model and two different types of hazard rates.
RH is the estimated relative hazard of each pipe as a whole, while
RHPF i; the relative hazard per foot of length of each pipe where

RH = exp {87 (x-x,} and RHPF = RH * (length/1500)

B is the estimated coefficient

x 1s the covariate vector of any particular pipe in our
data set

X, is the reference covariate vector corresponding to
LNLENGTH = 7.31, PRESBRK = 80, LOW = 0.38, C35 = 0,

C50 = 0, AGEBRK = 0, and PREVBRK = 0.

The histograms are displayed on a log scale of relative risk and

represent N = 1771 observations.
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Note that both the hazard rate per pipe and the hazard rate per
foot of pipe show great variation. Many pipes are 10 or 20 times as
likely to break as are the other pipes. This display shows that there
is potentially a large advantage to be gained by identifying pipes

with high hazard rates and designing maintenance policies accordingly.

Examples of survivor functions of representative pipes in the
New Haven system are demonstrated in Figure 7.3. The plotted functions
demonstrate the high variability in hazards rates that can exist among
individual pipes with_different characteristics and previous break

history.

Pattern 1 shows the estimated survival function of a iOO ft.
pipe installed during 1930-35, covered Eotally with minimum land
development which has already experienced 2 breaks with the last
break occurring after 77 years from time to installation. Pattern 2
shows the survival function of'a 100 ft. pipe with no previous breaks
installed after 1950, covered with maximum land development and
subject to very high internal pressure of 173 psi. The slope of
the survival curve indicates the importance of internal pressure
in decreasing the probability of survival for a pipe with no previous
breaks. Pattern 4 shows the dramatic drop of the probability of
survival for a "worst case' pipe, 14,000 ft. long, with two previous
breaks and which had the second break only 4 years after installation.

Pattern 3 shows the survival curve of a 100 ft. pipe with 2 previous
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breaks, installed after 1950, covered with meximum land development and
which experienced cthe second break 4 years after installation. Again

a steep decrease of the survival function is observed.

The ability to capture this high variability by the developed
model will have important implications on reliability analysis and
economic evaluation for repair, replacement and rehabilitation strategies.

Those issues are discussed in Chapter 9.
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7.3 Assessment of the predictive power of the models

The predictive power of the derived models can be tested by
examining the spread of the predicted probabilities of failure. A
model that can distinguish between pipes that are very likely to
break and others that are not will be very useful, while one which
gives about the same failure probability for every pipe will not be
very useful. Figures 7.1, 7.2 and 7.3 have élready demonstrated this

capability of the model derived for New Haven.

A measure that can also provide a good sense of the predicted
variation in failure probabilities is that of relative risk. Relative
Risk (RR) is defined as thg change that would occur at the hazard
rate by a given change in one of the model covariates. Such measure
has been calculated for all of the derived models. The changes in

the covariates applied for the New Haven model are as follows:

~

Doubling the length, increasing pressure by 10 psi, changing
the number of previous breaks from zero to one, assuming a pipe
installed after 1950, assuming a pipe installed during the period
1930-1935, increasing the percentage of low land development from
zero to 100%, assuminga change at the break rate from 0.05 to 0.50
breaks per year. The calculated values of relative risk, denoted
by RR are shown in Table 7.1. The results of this table can be
interpreted as follows: if for example length has a relative risk
of 1.45 that would imply that by doubling the length the probability

of failure would increase by 457%.
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Variable o RR (ﬁelative.Risk)
LNLENGTH S W

PRESBRK .1.10

LOW , 0.58

C35 0.52

C50 1.30

AGEfRK 2.23

élZ : 4.81

Table 7.1

RELATIVE RISK OF INDIVIDUAL PIPES,
NEW HAVEN
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A similar measure has been calculated for the Cincinnatl models.
The following covariate changes were considered: Doubling of pipe
length, changing diameter by one standard deviation, changing pressure
by 10 psi, changing dummy variables from false to true, changing the
percentage of highly corrosive soil from zero to 100%, changing the
percentage of residential and commercial land development by one
standard deviation, similarly changing the percentage of land
development interaction terms by one standard deviation, changing
the break rate to the second break from 1/3 to 1/20 breaks per year.
The calculated values of relative risk are shown in Tabies 7.2 and
7.3. It is interesting to observe that if a pipe is covered fully
by highly corrosive soil, its chances of breaking again after the
first break are higher by.134% from a pipe that is totaliy not
covered by highly corrosive soil. Also, if a pipe is installed after
1940 its chances for having a second break are 847% higher than if it
is not. Such pipe would also have 647 greater chance for entering
into the fast-breaking stage:' Among the pipes which'have already
broken thfee times those installed after 1940 have 907% higher break-

rate than the older pipes.

If all pipes are ranked by their predicted hazard rates and we
denote by PX the Xth percentile of the hazard rate (e.g. P90 = the
90th percentile) then a different measure of the predictive power
of the model can be obtained if we consider the ratios of various
percentiles. For example if we calculate the ratio P90/P50 it will

provide us with a measure of how much worse on average all pipes in
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CINCINNATI SYSTEM, Proportional hazards model for
time from first break to second break and entry to
"fast-break” stage - Relative Risk Calculations.

To socond break To “fast-breaking" stage

Variable _RR o _RR_
LGLENGTHE 1.20 1.7
ASBPRES2 - 1.10 1.13
PCTHIGH3 2.34 2.34
SIZEIN3 1.27 -_—

pErIOD3  1.83 1.64
AVCOMPCT - , 1.07
COMP - . 1.33

CINCINNATI SYSTEM, Proportional hazards modél for
time from second break to third break and entry to
"fast-break" stage - Relative Risk Calculations

-

To Third break To "fast-breaking'" stage
Variable _RR _RR_
SIZEIN | 1.22 -
ASBPRES 1.07 -
OLDRATE 1.21 1.21
Table 7.2

RELATIVE RISK OF INDIVIDUAL PIPES IN
SLOW-BREAKING STAGE, CINCINNATI
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After third ‘break ‘After sixth break
Variable " _RR_ _RR_
LGLENGTH 1.37 | 1.47
PERIOD3 1.90 2.57
PERIOD1 2.58 | 1.00
ASBPRESP 1.02 1.06
PCTHIGH 1.06 1.65
AVCOMPCT : 1.79 1.25
AVINDPCT ' 1.28 -
Table 7.3

RELATIVE RISK OF INDIVIDUAL PIPES IN
FAST-BREAKING STAGE, CINCINNATI
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the worst 10% will do compared with the meciian pipe. The ratios
P90/50, P50/10, P90/P10 and P75/P25 were calculated for the various
models and are shown in Table 7.4. We observe that as the number of
previous breaks increases the predicted differences among the various
pipe categories decrease. Such finding should be expected since as
the number of previous breaks increase we focus more and more on the

most 'bad" pipes.
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Model . p9o/PS0  P50/P10  P90/P10  P75/P25
Start to first break 2.4 o 3.0 7.4 2.4
First to second bre;k 2.1 1.8 3.7 2.2
 First to fast break Tate 2.2 2.1 4.7 2.4
Second to third break 1.8 1.7 3.0 1.9
Second to fast break : 1.6 1.1 1.8 1.1
Table 7.4

RELATIVE PREDICTED FAILURE RATES BY
DERIVED MODES, CINCINNATI
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7.4 Physical Interpretation of Variables Found to be Significant
Predictors of Failure at the Various Stages of Pipe Deterioration

It has been pointed cut previously, that one of the benefits
expected to be obtained by a rigorous statistical analysis, are the
insights gained about the break causing mechanism, which could affect
future construction and maintenance practices. A satisfactory
physical interpretation of the variables found to be important
by the statistical analysis will also help for making judgments
about optimal repair, replacement and rehabilitation policies in
citites, where it is }mpossible to derive a good predictive model,

due to poor or unavailable data.

The following interpretation can be given for variables found

to be significant from this analysis:

Internal Pressure

Pressure was found to play a role in pipe failures observed

both in the New Haven and Cincinnati systems. Its effect though

was not quite the same in the two systems. While higher pressure
increased the probability of failure for a pipe with no previous
breaks in the New Haven system, it was not found to be an important
predictor of future failures once a pipe had already broken. On

the contrary, in the Cincinnati system, higher pressure also increased
the probability of future failures for pipes already broken once

and which were installed before 1940. It also increased the
probability for any pipe already broken, to enter a state of multiple

and frequent failures. Although it appears that high pressure does



149

not cause a loss of pipe wall thickness by itself, with time, it is
reasonable to argue that the stresses imposed on the pipe wall due

to high pressure contribute to the occurrence of a break if

the wall is already eroded due to corrosion. Due to the considerably
higher number of breaks per unit length in the Cincinnati system,

it seems plausible that deterioration due to corrosion could have
progressed much more than in the New Haven system. Thus, if this is
indeed true, it is explainable why pressure turned out to be more
significant than other factors in the Cincinnati system as compared

to New Haven. It is_also important to point out the significant
effect of pressure on pipes with multiple breaks. As it was found
from the analysis of the Cincinnati data, high pfessure significantly
increased the chances of a pipe to experience multiple and frequent
breaks in the future. Such findings could have important implications
on operating practices of a water utility and system design

characteristics.

In order to explain better the effect that pressure can have
on breaks, the forces caused by pressure should be examined. Internal
pressure, including water hammer, creates transverse stress or hoop
tension at a pipe. The hoop tension per linear inch of length is
given by: P/2 = pd/2 where P is the total force [in %b], p 1is the

intensity of pressure [in psi] and d is the diameter of the conduit.
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The resulting transverse stress is then given by:
s = pd/2t where t is the wall thickness in inches.

It can thus be seen that as the pipe wall thickness t decreases,

the transverse stress s can rapidly increase. As it is known, cast

iron pipes, experience localized (pitting) corrosion. Thus, it should

be expected that local failure, under the presence of a corroded

pipe wall, might be caused by high pressure. It would also have been
useful if information on fliow velocities had been available, since water
hammer pressure and unbalanced dynamic pressures at bends are a function
of it (water hammer pressure is a linear function of flow velocity, while
dynamic pressures at bends change with the square of flow velocity).

Such information nevertheless had not been provided in the data set.

Land Development

Variables describing the type and percentage of land development
coveriég a pipe could be used as surrogates for external loads
transmitted on pipes (e.g., traffic), presence of other structures
(buildings and other underground utility lines), activities of other
underground utilities (e.g., higher land development could indicate
higher chances for excavations related to sewer and gas pipelines). The
effect of frost penetration also becomes much more important at the

presence of high land development because dynamic loads from traffic

transmitted on pipes can then become very high.

A problem though associated with such variables that describe

land development is the fact that no direct link can be made between
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them and the exact cause of a break along the pipe length. In other

words, it becomes very hard to infer for which one of the above mentioned
forces they represent a surrogate. The inter-temporal variation of
such variables also complicates the attempt of explaining their exact
impact on breaks. Direct comparisons of the results related to those
variables, obtained from the New Haven and Cincinnati analyses, are
impossible to be made, because in New Haven only one variable
representing land development was available (an average of industrial,
transportation, commercial and residential land uses), while in
Cincinnati four diffe;ent variables co?responding to the above types of
land development were available. High land development was found to

be an important failure predictor in the New Haven system. In the
Cincinnati system, pressure was more important for the oldér pipes,
while highly corrosive soil and land development (more precisely
residential and commercial land use) were important only for the more
recent pipes (installed after 1940). This finding could reinforce

the argument that excessive ébfrosion was much more predominant in

the Cincinnati system, and thus other factors related to corrosion
induced failure (such as pressure and highly corrosive soil) could now
explain much more about failures than in the New Haven system.
Nevertheless, it is important to notice that high commercial land
development berame a very important predictor for younger pipes entering

the multiple and frequent breaking stage in the Cincinnati system.

In order to understand better the linkage between the forces

acting on a pipe and the presence of high land development, the

following observations can be made regarding the stresses developed

on underground mains:
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External loads (soil cover, traffic loads, etc.), foundation
reactions (manner of pipe support), and the weight of the conduit
produce flexural stress at the pipe. The magnitude of external loads
imposed on water mains depend on the presence of many factors, the
most important of which are: a) the type of the covering and bedding
material, b) the method of supporting the conduit, c¢) the width and
depth of the trench, d) the method of backfilling, and e) the
rigidity of the conduit. Exact information for several of the above
factors is not provided in many cases and details about pipe
installation procedurgs are usually missing from the data sets.

Some information concerning those factors could, however, be revealed
by general installation practices applicable during past time periods.
As a general observation, forces acting on pipes from soilAcover
increase as we mové from cohesionless granular soil (minimum force), to
saturated clays(maximum force). The flexural stress caused on pipes
by external loads is proportional to the amount of the external

load and approximately inverséiy proportional to the square root of
the depth of cover of the conduit. Those loads might, however,

cause significantly higher than normal stresses if a) some uneveness
of the surface on a street causes them to become dynamic, b) bedding
material is not uniform under the whole pipe length (e.g., a pipe
might be resting partially on a rock), thus causing bending moments

on the pipe, and c) interaction exists between frost penetration and

those kind of loads.

The presence of high land development is certainly an indication
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that those forces might be more severe than ctherwise, and the

fact that it has been found to be statistically significant in the
regression analysis for both the New Haven and Cincinnati systems,
reinforces that belief. Much more detailed records and additional
research will be needed though in order to understand the exact
relationship between any of the land development describing variables

and the pipe failure mechanism.

Age at the Time of Second Break

The statistical -analysis of both data sets has clearly shown
that the age of the pipe at the time of the second break is a very
important predicter of the hazard rate. The less the age of the pipe
at the second break, or the higher the break rate up to the second
break, the higher the chances for the pipe to break- in the future.

A possible physical explanation for tﬁis can be the fact that a pipe
experiencing a second break early in its life is somehow "more
defective'" than a pipe which had a second break late in its life.
Or, it might be the case that some unknown break causing factors

are present and are certainly more severe in the case of a pipe that
broke twice early in its life. (That is, an early second break could
indicate a strong correlation between first and second break.)

The fact that age of the pipe at the first break did not come
up as an important predictor is not fully explanable, although it
could be definitely argued that a first break is certainly not as
good proof of unfavorable conditions or defects as an early second

break is. For the severely deteriorated system of Cincinnati, the
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stage between second and third break was a rather ''grey' area, which
would determine whether a pipe enters the fast breaking state or not.
Thus, we ubserve that more in that system rather than in the New
Haven system, the effect of other variables on the hazard rate

after the second break, is masked by the effect of the variable
describing the break rate up to that point. In any case though
(i.e., "good" or "bad" overall condition of a water distribution
system), an early second break would significantly increase the

probability of having an early third break.

Installation Periods

Both studies (from the. New Haven and Cincinnati syspems) have
clearly indicated that the most recent pipes (i.e., those installed
in the 40's, 50's, and beyond) performed worse than the older omnes.
Particularly for the Cincinnati system, the most recent pipes not
only had higher chances for experiencing breaks overall, but also were

breaking at a much higher rate 6nce they entered into the fast breaking

state thap the older ones.

The fact that pipes installed during the period 1930-35 in the
New Haven system pe:formed much better and pipes installed after 1950
performed worse and the very similar finding for Cincinnati, where the
after 1940 pipes performed much worse, could be explained by changes
in construction practices and naterials used in various time periods.
Similar findings are reported by N'Day (1984), where it is pointed

out that technology changes have not always improved water main
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reliability.

In the city of Philadelphia, it was found that mains laid in
the 1948-1952 period experienced a high rate of failure due to leadite
joint related problems. This lead substitute material causes split
bell failures even though the main wall is in relatively good condition.
It is also known that a decrease in cast iron strength (lower safety
factors, thinner walls) has been introduced for pipes installed after
the 1935 period (pit cast versus cgand spun, for the older and more

recent pipes respectively).

Thus, the significantly better performance of the pipes installed
in the period roughly beforé 1940 can satisfactorily be eﬁplained by
the above argument and also by the fact that installation procedures
could have been more careful and thorough during that period. This
observation about the better performance of those pipes has also
been confirmed by the water Jtility managers of the City of New Haven
Although the structural causes (materials, joint-types, etc.) for
explaining this finding are quite strong, another reason for such
observation could be an existing pre-selection of pipes in the data
set. That is, the very bad old pipes could have already been removed
and not reported in the data. Of course, there is no evidence
indicating to what extent this might be true. Whatever the case though,
the fact that older pipes in no way were found to perform worse than
the most recent ones, can have significant implications on currently

applied replacement policies.
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Number of Previous Breaks

The number of previous breaks was found to significantly affect the
hazard rate of pipes. Since the models developed for predicting the
next break in the New Haven system were merged into one model using
as covariate a dummy variable indicating the number of previous
breaks, the impact of the number of previous breaks on the hazard
rate was reflected at the coefficient of that covariate. 1In the
Cincinnati system, where no merging of the models was theoretically
justifiable because of differences in the baseline hazard functions,
the effect of previous breaks on the hazard rate is reflected
in the change at the coefficients of the estimated baseline hazard
function for each particular case. The negative effect of
previous breaks on the hazard rate has also been established in numerous
studies and observations of deteriorating water distributicn systems
(Clark, 1982). Since the break causing mechanisms and their
interactions are not yet well understood, occurrence of breaks
in a pipe simply reveals the Eéct that those break mechanisms are
present in such a pipe and will thus increase the hazard rate and
accelerate failures for that pipe in the future relatively more than
that of pipes which have experienced less or no breaks in the past.
Thus, previous number of breaks could be a surrogate for factors that
were not available in the data, as for example, bedding conditionms,
soil disturbances caused by work from sewer contractors, pipe defects,
and other localized unfavorable situations. It is also important
to point out that the number.of previous breaks affects the hazard
rate only during the first few break occurrences. The analysis of the

Cincinnati data clearly indicated that once a pipe enters into a 'fast
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breaking' state then the number of previous breaks or the past break
rate become immaterial for predicting future breaks. This finding
clearly challenges many of the proposed model structures that have

appeared in the literature.

Corrosive Soil

Highly corrosive soil was found to have an impact in increasing
the hazard rate of the most recent pipes (installed after 1940) of
the Cincinnati system. It also contributed to a higher break-rate
for all pipes, which entered into the "fast breaking'" state. Corrosive
soil on the other hand was not found to affect the probability of
failure in the New Haven system. A possible explanation for this
happening could be the fact that highly corrosive soil had indeed
contributed significantly in making the Cincinnati system much more
failure prone than the New Haven system. That is, it could be the
case that soil conditions were much more corrosive in Cincinnati,

~

while in New Haven soil corrosivity (and thus external errosion of

pipe wall) did not pose severe problems. If such argument is true, then
it couid also very well explain why so many more pipes were in a '"fast
breaking" state in the Cincinnati system. The above phenomenon could
also be related to differences in anticorrosion measures taken by

the two utilities. The fact that highly corrosive soil was found

to be contributing to increased hazard rates during the first few

breaks of only the most recent pipes in Cincinnati could be related

to changes in pipe standards during the years (e.g., thinner pipe

walls after 1940). As it can also be seen from the descriptive
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statistics obtained by period of installation for the Cincinnati
system among the pipes installed before 1940, those which were

also breaking more frequently were not on the average laid in more
corrosive soil than those installed before 1940 and which did not
break too much. Thus, even though soil corrosivity could very well
have played a role in this category of pipes, its effect does not
show up in the regression, since higher pressﬁre for the older pipes
was possible to explain more about the ircreased failure rate. On
the other hand, among the most recent pipes, those that experienced
the most of the breaks were also installed in highly corrosive soil,

while those with fewer breaks were not.

It is critical at this point to mention that the variable
describing the level of soil corrosivity only partially must be
expected to represent the effect of corrosion in pipes (as also
has been argued in Chapter 4). Corrosion in metal pipes can occur
under many different ways, and ﬁost of its progression with time is
expected to be captured by the baseline hazard functions used irn
the derived predictive models. It is essential to notice that all
pipes are expected to corrode with time and the question becomes at what
rate this will occur given the specific environmental conditions
applied on each pipe. As it has been reported by a study performed
by the National Bureau of Standards at more than 150 sites nationwide
for more than 50 years (Husock, 1982), ferrous metals, including cast

iron and ductile iron, corrode at the same rate underground under

similar environmental conditions. Thus, one should not expect the
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most recent ductile iron pipes to corrode at a slower rate than the
older pipes, as far as external corrosion is concerned. On the other
hand, cement lining of the interior of pipes installed in the 1940's
and beyond, should have dramatically reduced internal corrosion for
these pipes. It must also be pointed out that the appareunt corrosion
resistance of cast iron often mentioned in the lite;ature, could be
attributed to the fact that graphitized cast iron can retain its
appearance as a pipe even though much of the iron is gone

(Husock, 1982). There are three broad classifications of corrosion
types: uniform corrosion, localized corrosion and cracking (Newman,
1979). When uniform corrosion is present, the metal thins uniformly
and in most cases the expected life of equipment can be estimated
with reasonable accuracy. This type of corrosion usually occurs

in copper pipes and thus'has no relation with the primary focus of
this research, which is on cast-iron pipes. Localized corrosion
refers -to metal deterioraticn only at particular locations along the
pipe length and this is the tébé of external corrosion present on

cast iron pipes. The three most important types of localized corrosion

observed in cast iron pipes are:

a. Pitting
Localized corrosion is generally classified as pitting when
the diameter of a cavity at the metal surface is the same,
or less, than the depth (Newman, 1979). It can be caused
by variations in the metal, such as surface defects,
emerging dislocations, or incomplete surface films and

coatings. Pits usually grow in the direction of gravity
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(i.e., downward on horizontal surfaces) and once pitting
begins, the environment within a pit starts to change.
That is, conditions within a pit become more aggressive

and the rate of penetration increases with time.

Electrolytic Corrosion

Flectrolytic corrosion results from.direct current coming
from outside sources. The locations along the pipe length
where the current is picked up are not usually affected, while
the locations where the direct current leaves the pipe to
enter the soil become anodic and start to corrode. This type
of corrosion is also referred as stray-current and its rate
is affected by soil type and the level of so0il moisture
present in the vicinity of the pipe. The most common cause
of this type of corrosion, are stray currents generated by
rail transit systems in urban areas. If such sources are
identified, apbropriate protection measures can be taken.

For that reason, it becomes important, as mentioned in other
sections, to have information on past maintenance practices

followed by the water utility.

Galvanic Corrosion

Galvanic corrosion can be present much more frequently in
cast-iron pipes than electrolytic corrosion. On the other
hand, it does mnot result in so rapid deterioration as

electrolytic corrosion does. There are two predominant
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causes of galvanic corrosion: dissimilar metals and
dissimilar environments. Dissimilar metals can for example
be present in water pipes when a cast iron or ductile

iron pipe is connected with copper water service lines, or
when it is in contact with other underground pipelines of
different metals (gas, etc.). Coating of pipes with various
materials to protect against corrosion could also result in
contact of dissimilar metals and thus accelerate corrosion
instead. What basically happens is that when two dissimilar
metals are in contact with each other at the presence of

a conductive envir9nment, a potential is developgd between
them and a current flows. The less resistant metal becomes
anodic and the more resistant cathodic, with corrosion
increasing on the less resistant metal. Dissimilar
environments can also cause galvanic corrosion, when a single
pipe is in contact wikh soils of varying composition. For
example, if one section of the pipe is in heavy clay soil

and another is in well aerated sandy soil, the section in

the clay will corrode with respect to the section in the sand.
For this reason, corrosion leaks are often found on the
bottom cf a pipe, even when soils are fairly uniform, because

the bottom of the pipe is less accessible to oxygen than thc

remainder of the pipe (Husock, 1982).
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The third category of corrosion induced failure is cracking
corrosion, which results from the simultaneous action of corrosion
and cyclic or static stresses imposed on the pipe. This mode of
failure must be definitely associated with pipe breaks, as the
predictive models have also revealed by indicating the significance
of variables related to stresses in pipes (e.g., pressure and
land development). That is, while corrosion §£ the previously
mentioned types can be present at various degrees among different
pipes, the presence of external stresses can accelerate failure by
resulting in "corrosion fatigue'. And as it is well known, the
combined effect of these two factors is much greater than the effect

of either one alone.

Given the above discussion on corrosion types and associated
failures it becomes clear why a variaBle such as soil corrosivity
can oniy give us limited infogpation concerning the effect of
corrosion on pipe failures. 1In addition to that, such variable does
not reflect at all the degree of internal corrosion. Internal
corrosion is also a very important factor in pipe deterioration.

Its action will depend on water properties such as pH, dissolved
oxygen, carbon dioxide, dissolved metals, temperature and flow
velocities (since higher velocities allow oxygen or CO2 to interact
more easily with the surface of the conduit, remove protective

films and cause increased corrosion rates). Given the fact that

most recent pipes (installed after 1940) are believed to be much more

resistant to internal corrosion than older pipes (because of cement
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lining), the results derived by the predictive models indicating
that in some cases (pipes in slow-breaking stage) highly corrosive soil
was not related to failures of the older pipes, could be explained by
assuming that the most failure prone among the older pipes have much more
severe internal deterioration than the most recent pipes and thus the
presence of highly corrosive soil in those pipes does not have any
significant explanatory power regarding their.failure.

Pipe Size

In general, pipe size was not found to be related with the break
rate in the New Haven system, while in the Cincinnati system larger

diameter pipes were experiencing a faster third break if they had

broken once or twice. Although a full explanation for this

phenomenon is not possible, there are some plausible reasons

why this would have happened. If, as argued earlier, the Cincinnati
system is in a much worse overall coﬁdition than the New Haven system,
then ié is plausible that a case similar to that observed in the
Manhattan, NY system (0'Day, et al, 1980) may exist. In that study

it has been found that while for the broken 6 and 12 inch mains,

less than 6% had below standard wall thicknesses, 22% of the 20 inch
mains were below standard, and for the 36 inch and 48 inch mains almost

all were below standard.

The fact that size did not turn out to be a factor for predicting
the probability of a pipe entering a '"fast breaking" state in the
Cincinnati system, could be explained if we make the assumption that

the very large mains are replaced after the third break (that is, before
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they enter the fast breaking state) because of the high consequences
in the water network caused by their failure. Also, even if they are
not totally replaced, it might very well be the case that much
more careful remedial actions are taken for those pipes once they
break than for the smaller ones. Thus, they do not appear in the
set of pipes in "fast-breaking" state.

The relation between pipe diameter and stresses in pipes could
also be explained by developed unbalanced static pressure at bends.
Such pressure can cause a longitudinal force P proportional to the

square root of the diameter. That is:

rd2 psin %a, where d = pipe diameter, p = internal

>
"
N

pressure, and a = angle of bend.

Also, the unbalanced dynamic pressure at bends can cause a force P

given by:

P = % r(d%/144) (W/g)V3sin = a,

2

where W = the weight of unit volume of

water and V = the flow velocity.

There has not been reported, however, any investigation in the
literature which could confirm the exact impact of those forces on

the break rate, and thus additional research and more detailed data
will be needed (e.g., informnation on flow velocity and number of bends
along the pipe length), in order to understand more clearly such a

relation.
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It is also plausible that the higher break rates observed
in failing large diameter pipes could be attributed partially
to the higher liﬁelihood of different environmental conditions
surrounding those pipes exactly because of their larger diameter,

which could cause some type of galvanic corrosion action.
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The effect of pipe length

As previously noted pipe length was highly varying in the analyzed
data sets. In the estimated regression equations length was ente:ed
as its natural logarithm. Since the derived models are exponential
with respect to the covariates used, the effect of length on the hazard
rate will vary as the b power of iength, where b would be the estimated
coefficient from the regression. In most previous analyses of pipe
break records the hazard (or breaking) rate was assumed to vary pro-
portionally with length, although such assumption has not been formally
tested. In the models developed by this study the coefficient for
length was, on the average, around 0.5, or in other words the hazard

rate was approximately proportional to the square root of length.

Aithough such results might initially appear as paradoxical there
can be few explanations about why this is happening. The following
two reasons seem to be most plausible for justifying such effect:
a. Length might, up to a certain degree, be a surrogate for
land development activities. That is, longer lengths
might be associated with sections of the pipe being in
more remote areas in the system with less land development.
If high land development, as previously argued in this section,
is associated with higher concentration of break causing
factors, then, according to the above argument, longer

pipes would be expected to break less frequently.
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b. Break-causing factors could very well be not uniformly
distributed along the pipe length. This would especially
become more likely for the very long pipes. That is,
although certain conditions that would contribute to a
higher break rate might apply uniformly along the pipe
length (e.g. internal corrosion), other secondary forces could
be very localized. Such forces could be caused for example
by non-uniformity of the bedding and differential soil
subsidence, restraints by bends, branches, valves, etc.,
thermul and moisture changes in the bedding material, tree
root growth pressures, vibrations due to heavy traffic and
machinery. Thus,'a previous pipe break would indicate a
localized concentration of those foqggs‘in the vicinity
of the break and not necessarily the presence of 'high
risk" facrors along the whole pipe length. If this is

- indeed so, then it should not be expected that the break

rate in the future would vary proportionally to the length

of the pipe.

Both of the above described reasons are certainly very plausible
in ovder to explain the effects of pipe length in the various regression
equations estimated by this study. Nevertheless, they basically
consist of speculations about possible explanations, since no exact
information is available to check their validity. As emphasized
throughout this work a better method for coding pipe length is
required in the data sets. A pilpe segment defined in the data should

not only reflect, as much as possible, uniformity of applying external
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conditions (soil, land-development, etc.) and operating characteristics,
but it should also be small enough to allow better concentration on

the failure pattern Jf various pipe sections. 1In order to achieve
those goals, pipe lengths should be as short as possible and not

highly varying. For practical reasons of coding the data, lengths

in the order of 500 to 1000 ft. seem reasonable. Such change in the
way lengths are coded would also contribute to more efficient replace-
ment strategies, since the focus would be on shorter segments for

which more precise information would be available.

The fact that pipe lengths were defined in the data without
taking into account any of the above arguments, consists of a clear
defficiency of those data. Nevertheless, since the derived models
help in identifying the "high risk' pipes, more detailed focus could
be directed on them later and more information could then become
available about the distribution of the break causing factors for
those particular pipes. Also\éince pipe units were defined arbitrarily,
length is not an explanatory variable in the sense that, for example,
pressure and soil corrosivity are explanatory for breaks. Thus pipe

length could be considered as a nuisance or scaling variable in the

analysis.
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CHAPTER 8

BREAK-TYPE ANALYSIS AND SEASONALITY
PATTERNS IN PIPE FAILURES

8.1 Introduction

The analysis performed on the New Haven and Cincinnati data
did not make any distinction about break-type, because such
information has not been available. It is true though that a
thorough investigation of break-type and seasonality patterns in
water main failures could certainly lead to a better understanding
of the breaking mech;nism, since it would help té focus our attention
on the particular risk factors and stresses associated with each
type of failure. Thus, it is expected that when such information
is available, the results obtained by applying the methodologies
proposed in this work would provide a considerably more accurate
picture of the behavior of the deteriorating system. Observations
and insights, however, developed by other independent studies on
that issue, could also help in improving the interpretation of the
results obtained from New Haven and Cincinnati and in better

understanding their validity.

There is an almost general consensus in the literature
(Walski, 1982) that pipe breaks increase during.the winter months.
In most instances, there is no clarification as to whether such
seasonality pattern was observed to exist for all pipe sizes. This
issue is of particular interest in this study, since only large

diameter (28 inch) pipes were primarily examined, and thus it becomes
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important to know whether a significant part of the failures was

weather induced.

On the other hand, results on the investigation of break-type
patterns have been very scarce in the literature. A detailed
description of possible bresak-types with their associated potential
causes is shown in Figure 8.1 (after Clarke, 1968). The only
extensive statistical studies that, to our knowledge, have investigated
the problems of break-types and seasonality patterns are those
performed by 0'Day et al., for the cities of Philadelphia (1982)
and Manhattan (1980), which showed quite similar results. In the
Philadelphia study, the following four break categories have been
investigated: Circumferent£a1 breaks (or otherwise calle& ring
¢racks), longitudinal breaks (split pipes), hole breaks
and split bell breaks. The‘findings-from this analysis can be

summarized as follows (0'Day, 1982):

~

. Circular breaks almost always account for the largest

portion of the breaks by decade.
. Hole breaks are very high in the 1931-1940 mains.
. Split bell breaks are very high in the 1941-1970 mains.

. Circular breaks represent 71 percent of six-inch preaks,
dropping to 34 and 31 percent for 12 and 1l6~inch mains,

respectively.
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Tvpe of
e Appearance Cause

Prevenuve
measures

(@ Overload | [ T————) @ Excessive vertical load

fracoure ¢ ; —_— or inadequate bedding

Higher bedding class,
or stroager pipe, or con-

crete surround
P
(b) Burst Differential thermal or | Resilient jointing mater-
socket ﬁ aa 8 moistare expansion of | ial which does not cause
jointing mortar excessive radial pressure
oo the socket
—t
(¢) Distortion Differential heating or | Protection of uncovered
fracture @ 2 g cooling or moisture | pipes against sun of cold
content night (or drying wind,
with concrete pipes)
0 Beamm ALTERNATIVE POSITION OF CRACKS 5 - py p
; A A peven  resistance O exible joints and uni
fractures h-gi‘ foundation, or soil | form haraness of [ounda~
im e movement, or differen- | tion
HARD SOFT HARD tial settlement
(¢) Pull “’“"“_"}'“"‘” OF Craxs Thermal or drying Flexible-telescopic joints
fractures shrinkage of pipe or site | and gaps in sitc copcrete
concrete, drying shrink- | at pipe joiots
age of ciay soil
(/) Shear Differential settiement | Flexible joints at Jeast at
fractures of wall relative to pipe | A _and B and making
or/vice versa AB not more than 3 ft.
) Bearing Hard spots in pipe bed | Elimination of hard spots
G Dot ‘Il.'. spots in pipe spo
it
W77 WARD OMIECT
(%) Thrust : Restrained thermal or | Flexible-telescopic joints
© fracume moisture. expansion of | which do pot cause
pipe or compression due | excessive radial pressure
to subsidence on the sockets. Spigot
end npot hard up in
- socket
(k) Leverage Excessive apguiar dis- | Avoidance of excessive
fracare placement slew when laying

Types of failure b, d, e and f may occur with rigid (e.g. cement mortar) joiats.
Type k may occur witk Sexibic (e.g. rubber ring) joints.
The otber failures are uninfiucaced by type of joint.

Figure 8.1

TYPES AND CAUSES OF RIGID PIPE FRACTURES
(AFTER CLARKE, 1968)
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. Longitudinal breaks represent 21 percent of all breaks,
varying from 18 percent for six-inch to 47 percent for 10-inch

mains.

. Split bell breaks represent only two percent of 6-inch

breaks, 14 and 17 percent of 10 and 12-inch mains respectively.

0'Day (1982) provides the following structural causes for each

break type:

Break Type - Sgructural Causes
Circumferential Thermal contraction, beam failure
Longitudinal ' Excessive ring load
Hole Internal Pressure
Bell Crack . Thermal expansion and contraction

As it is pointed out in that study, the structural causes of
failure only indicate the ultimate break cause. It is clear that
the condition of the main (e.g., degree of internal or external
corrosion), could have been a significant underlying factor. Waile
it can often be the case that break-type is provided by the data
sets, measurements on the progression of corrosion on the pipe wall
are very scarce. In the 0'Day study there has not been any attempt
to examine the statistical correlation between break type and the
structural break causing factors, because of lack of adequate data
to describe those factors. Only for the split-bell breaks that occurred

during the 1941~1950 period, it is strongly indicated that they are
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related to the leadite joint material used during the same period.

Concerning the seasonality patterns in main breaks, it hés
been well established in the literature that the break rate increases
during the winter months (0'Day, 1980 (Manhattan), 1982 (Philadelphia);
Walski, 1982; Buffalo, New York Study, 1981). For example, in the
city of Philaderlphia, the three months of December, January, and

February, accounted for 51 percent of the main breaks during the 1961~

1982 period. In the study performed at the City of Buffalo, NY, for the

U.S. Army Corps of Engineers, the average break rate during the months
of January,_February, and March is about three times higher than the
break rate during the fall months and about twice as high as the break
rate during the summer months. It is also observed by thé same study
that a high break rate also occurs during the month of July, which
correlates with the high water demand during that same period. It
could thus be attributed to specific operating characteristics of the
system (e.g., increases in inEernal pressure to meet higher demands).
Only in the Manhattan Study (O'Day, 1980) there has been an attempt

to investigate the relation between winter breaks and pipe size.

The conclusion has been that only pipes smaller or equal to 12 inches
in diameter were experiencing increased winter breaks. But no
quantitative results are given concerning the exact degree of observed

seasonalities in failure patterns for each particular pipe diameter

below 12 inches.

As a general observation, it appears that an analysis of the
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relationship between break-type and seasonality patterns is

currently missing from the literature. Additional data obtained

from New Haven on break—-type, for breaks which occurred after the

1972 period, made such an analysis possitle. Unfortunately, no
correspondence with the original data set existed, in order to make

any direct inferences; Analysis of observed seasonality patterns,
without differentiation for break-types has also been performed on both

the New Haven and Cincinnati systems.

8.2 Seasonality Pattern in Pipe Failures of the New Haven and
Cincinnati Systems

Very few 6 inch pipes (about 1%) existed in both the New
Haven and Cincinnati data., Thus, the statistical analysis is
primarily focusing on the larger diameter pipes. The results indicate
that from a total of about 512 breaks recorded for New Haven since
1900,-the distribution of breaks by ﬁonth is as shown in Table 8.1.
The same distribution of breq}s by month is also shown for Cincinnati

where break records were reported after 1940.

It is observed that a very slightly higher break rate during the

winter months exists in the New Haven system, while a higher break rate

during the summer months appears to exist in Cincinnati. Thus, it appears

that overall no significant increases in breaks during winter months

have occurred. The slight increase in winter breaks observed in New
Haven is attributed, as further statistical analysis indicated, to the
larger percentage of 8 inch pipes that were included in the data of

New Haven as compared to those of Cincinnati. Thus, these results
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become suggestive of the fact that winter breaks are in most cases
associated with the & inch and below pipes. The fact that in the great
majority of other studies all pipes were pooled together in order

to perform the seasonality analysis, can explain why the dampening

of seasonal breaks that apparently occurs by larger diameters, did
not show up. A possible physical explanation for this phenomenon

could be given if we consider the fact that larger diameter pipes

are structurally stronger (thicker pipe walls) and thus they can
withstand more effectively the stresses caused by frost penetration

and/or thermal contraction, during the winter months.

8.3 Break-Type Analysis of the New Haven System

A break-type analysis has been performed on a data set
obtained from New Haven, which included information covering the
period 1972 - 1984 about break type, break date, location of main,
size.and date of installatioii. No correspondence with the originail
data set‘existed because the link numbers, as defined in the
original data set, were not available and also the 6" pipes had been
included in the new data set. Nevertheless, useful results have
been obtained concerning the seasonality of breaks corresponding
to each break-type. Four major categories of main failures were
defined: circumferential breaks (ring-cracks), longitudinal breaks

(split pipes), holes in pipes and joint leaks.

A clear seasonal pattern for '"ring-cracks' can be observed from
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Table 8.2, where a considerably higher break rate occurs during the
"colder" months of the year. Such a pattern does not exist for the

other three break-types.

Table 8.3 shows the number of breaks associaved with each break
type and diameter size. We observe that about 567 of the bre;ks in
the 6" and 8" pipes are of the ring-crack type and about 25% are of
the split type. 'Holes' in pipes are much more frequent in small
diameters. '"Ring-cracks" and "holes" in pipes were practically
absent in 16" diameter and above. Larger diameter pipes (16" and
above) basically experience splits and joint leaks. Thus, only split
pipe failures and joint leqks can be associated with every pipe size.
A split in a pipe can be caused by external loads transferred
on the pipe (traffic, frost, soil'cover, etc:), improper bedding
conditions and improper handling of the pipe during installation.
Clearly, such conditions can be present under any pipe size. 'Joint
leaks' are also observed in a;y pipe size, since joint materials are
similar for every diameter and forces similar to those that can
cause a split pipe can also cause excess stresses in joints. The
fact that '"holes" in the pipe wall were found to be associated only
with smaller diameter pipes (12" and below) could be explained
by the fact that the pipe wall is also thinner for smaller size
pipes. Since corrosion is the clear underlying cause of those holes,
we could argue that smaller pipes will be affected faster by
corrosion than larger pipes. It has also been observed by other

investigators that tuberculous produced from corrosion of the interior
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of the pipe wall are more frequent in smaller diameter pipes, thus
indicating a faster progression of corrosion in those pipes. Flow
velocity could be one of the reasons for this phenomenon.
"Ring-cracks" are associated only with small diameter pipes and
are clearly related to weather conditions. It can thus be argued

that winter temperatures will basically affect pipes of 12" diameter

and below, and will most iikely lead to "ring-crack" failure.

Several utility managers have also argued (personal communication)
that ring-cracks are -associated with soil disturbances caused by previous
works for other underground utilities such as sewer contractors
It could be the case that those disturtances caused by nearby
excavations create favorable conditions (e.g., stresses from pipe
bending in the horizontal direction due to unbalanced soil pressures)

for a weather iaduced structural failure.

8.4 Conclusions

The above analysis revealed that both in systems which are under
rather severe deterioration (Cincinnati) and in systems which are

in rather good overall condition (New Haven), there is practically

no increase in pipe failures during the winter months for the
larger diameter pipes. Only about half the pipes with diameters

8 inches and below will, according to our results, experience more
breaks during the winter months. It is also interesting to notice

that in the large diameter pipes (8 inch) of the Cincinnati system,
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more frequent breaks are on the average observed during the summer
months. Such findings could be related to pressure changes

during that period in order to meet higher demand, or by possible
thermal expansion of pipes due to higher temperature (for similar

findings see also Buffalo study (1981), Section 8.1).

For the first time in the literature, to cur knowledge, the
break-type analysis performed on the New Haven system revealed that
only circumferential breaks have a seasonal pattern with increased
breaks during the winter months. Since about half cf the 6 and 8 inch
pipes were experiencing such breaks, it must be expected that a similar
percentage of them would be related to increased breaks during the

colder months of the year.

Given the above results, it appears that the majority of pipe failures
analyzed for the New Haven and Cincinnati systems did not have any direct
strong relation with stresses‘induced by cold weather conditions, and
they were thus related to other modes of failure. In order to examine
whether the smaller diameter pipes were experiencing a different failure
pattern than the larger ones, the regression model was stratified in
two groups. One included pipes with diameters less or equal to 8 inches.
The estimated log of minus log survival functions for the average
covariate vector are shown in Figure 8.2. No statistically significant

difference in failure patterns between the two pipe categories is

observed.
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The results from the seasonality and break-type analyses could
also become suggestive of improvements in future engineering practices
related both to pipe materials and appropriate installation methods
(bedding materials, trench width, depth of cover, joint materials, etc.).
For example, since smaller diameter pipes are basically those that
experience ring-cracks, more flexible joints (which are recommended
for relieving the kind of stresses associated with ring-cracks) would

be highly recommendable for those pipes.
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CHAPTER 9

REPAIR, REPLACEMENT AND REHABILITATION DECISIONS

9.1 Introduction

The current state of deterioration of many water distribution
systems raises serious questions regarding the optimal repair, replace-
ment and rehabilitation strategies that need.to be implemented. The
criteria used in making such maintenance decisions are classified in
the following two broad categories; economic criteria and reliability of
services criteria. The economic criteria involved in the repair/
replacement decisions take into account the costs of break repairs
and the costs for replacement of pipe segments. One important objective
becomes the minigization of expected future repair and replacement
costs of a deteriorating piéeline. This can be achieved by deriving
an optimal replacement time for each'particular pipe based on predictions
about ﬁhe evolution of its faglure pattern. The problem of deciding
which pipes in the system to replace and when, based on economic
efficiency criteria, becomes more complex when economies of scale can
be realiéed depending on the size of the contracts chosen for replace-~
ment. Also many water utilities view as more efficient to perform
replacement of pipes in bundles, corresponding to blocks defined by
streets in the city. In such case, when pipes in a particular area
are replaced at the same time, fcw of them are replaced at the
"optimum" replacement time derived from the analysis at the individual
pipe level. The reliability criteria involved in the repair/replacement

iecision usually include the following considerations: inconvenience
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to customers caused by interruptions in service due to breaks, potential
difficulties for meeting fire flow demands in various parts of the
network, potential damages caused by breaks due to flooding of streets,
basements, subway stations and disruptions in traffic and other under-
ground pipelines. Economic considerations can be involved here too,
because of the potential liability of the utility for the associated

damages.

The rehabilitation decision also involves both economic and
reliability criteria. The reduction of the internal pipe diameter
because of the build-up of tuburculous in the interior pipe wall is
associated with increased pumping costs in order to meet the required
flow demands and with watervquality problems because of tﬁe bacteria
that often develop within the tuberculous and the '"red water" effects.
Since rehabilitation of the pipe can be performed at about half the
cost of replacement (particularly for the larger diameter pipes), it
can be economically more efficient to rehabilitate rather than replace
pipes with the above problems. Nevertheless, it has been unclear thus
far how rehabilitation affects the future behavior of a pipe regarding
its breaking pattern. It could thus be both uneconomical and unreliable
to rehabilitate a pipe, which 1is expected to break quite frequen<ly in
the future and would rather be better to replace it in order to avoid
incurring both the rehabilitation cost todav and the replaccment cost
at some point soon in the future. Issues related to bundling are also

clearly involved in the rehabilitation decision, since it is believed to
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result in greater efficiences than selective rehabilitation.

It must be pointed out that replacement of a pipe could be solely
recommended based on increased demand requirements. It will also be
the case that the water utility will face a limited budget each year
for replacement and rehabilitation programs. Projecting future repair
costs under a given maintenance strategy will also be important for
budgeting purposes. It thus becomes apparent that the repair, replacement
and rehabilitation decisions represent a very complex multicriteria and

multiobjective problem.

The question examined in this chapter is how the derived models
and the methodologies proposed in this work can be integrated in the
decision making process. It will be shown that the detailed focus on
the various phases of deterioration ;hat a pipe can go through provided
by the models of this study, has clear advantages>against models and
"rules-of thumb" currently applied. A comparison between the current
state of the art predictive models for pipe failures described in
Chapter 2 and the models proposed in Chapters 5 and 6 of this study

indicate that repair, replacement and rehabilitation decisions can be

very different depending on which technique is applied.

Section 9.2 describes the application of the derived models on
the economic evaluation for determining an optimal replacement time
for individual pipes. Appropriate quantitative techniques applied
respectively for pipes in the slow and fast breaking state are derived

and implemented on real cases. Section 9.3 describes similar
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quantitative approaches that are appropriate for making the rehabilitation
decision. Section 9.4 discusses in detail why currently applied models
and "rules of thumb" can lead to very uneconomical replacement and
rehabilitation decisions and why they can also result in future levels

of system reliability that are not indeed desirable. Comparisons with
results obtained by the proposed techniques are presented and discussed.
Section 9.5 presents the application of the models for making better
bundling decisions in contracting for replacement and rehabilitation

and demonstrates how the obtained probabilities of failure can be used

for identifying high risk pipes and high risk areas in the network.

9.2 The repair versus replacement decision

When a pipe starts experiencing breaks the question becomes
whether it is more economical to let it break and incur the repair
cost or replace it at some point in time and thus make the chances
for breaking in the near future practically negligible. The replacement
action should not necessarily -involve the whole pipe length, but
sections of the pipe, depending on the available information about
the distribution of the break causing factors and the structural
integrity of the pipe. The cost of repairing a break is usually
small by itself if compared to the replacement costs. Thus, if only
these types of costs are involved in an economic analysis, 1t must be
expected that only the severely deteriorated pipes with frequent breaks
will become candidates for replacement within a reasonable (10-15 years)
time horizon. But since there would also be '"social" costs associated
with breaks and a potential liability for the water utility, replacement

of a pipe could very well in many cases be based solely on reliability
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criteria. No matter though what the chosen criterion or criteria might
be, the central piece of information needed for making such decisions

is the expected evolution of failures associated with each individual

pipe.

The following analysis is based on the results obtained from the
New Haven and Cincinnati Systems, where primarily larger diameter pipes
(> 8 inches) were involved. It would thus Be applicable only to such
larger diameter pipes while possible extensions to smaller diameter

pipes must be an issue of further research.

The analysis 1s based on the idea that two distinct stages can
exist in a pipe failure pattern. The first stage is characterized
by few infrequent breaks ;nd according to the results présented in
Chapters 5 and 6 it will usually last no further than the time that
the pipe experiences its third break.b The second stage is characterized
by multiple and frequent breaks and it is indicative of severe
deterioration of the pipe ana/or very high concentration of break
causing factors. For reasons of simplicity the first stage
will be called "slow-breaking' stage, while the second stage
will he called "fast-breaking’ stage. Depending on the overall
condition of a given system the break rates of pipes that are
in either one of the two stages are expected to differ, as it
has been observed in the case of New Haven and Cincinnati. If the
general condition of the system in terms of breaks éan be considered
good (e.g. New Haven), then very few pipes will be observed in the
fast-breaking stage. The contrary will happen in a system which,

relatively speaking, is not in good overall condition (e.g. Cincinnati),
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where many pipes will be in a fast-breaking stage and, for those that are

not, aquite high finite probability might exist for entering that stage.

The characterization of a system as being in a bad or good overall
condition is basically subjective and an in depth analysis of available
data will always be needed in order to make accurate inferences. As
a first-order approximation though, the number of pipes in fast-breaking
stage could be considered as a guideline. It can be argued that this
number clearly shows for example the big difference in the level of
deterioration between the New Haven and Cincinnati systems. Only 2.7%
of the pipes in New‘ﬁaven had more than two breaks, while
the same was true for 21% of the pipes in Cincinnati (three previous
breaks is basically the milestone for entering the fast breaking stage).
As the detailed regression analyses revealed, this high difference in
the percentage of pipes with more than three breaks, reflected in much '
higher on average probabilities of failure for the Cincinnati system.

(Approximately three times htgher than in New Haven, for the average pipe).

By treating New Haven and Cincinnati as two opposing cases in
terms of degree of deterioration, the following analysis is developed
for estimating the evolutjon of breaks with time for individual pipes:

a. Systems in "good" overall condition - Pipes in "slow-breaking"

stage
If a system is in good overall condition and a pipe in
that system is in the slow-breaking stage (implying that it has
experienced zero, one or two previous breaks) it is safe to assume

that the likelihood of two breaks occurring the same year is negligible.
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Thus, no more than one break will be expected each year and the problem
becomes to determine the probability for that break occurrence. As it
can be eésily seen from the model developed for New Haven, which applies
to this case, the probability of failure varies with time and also

is a function of the number of previous breaks. Thus, break events

can be characterized at this stage as a non-homogeneous Markov process.
If the number of previous breaks determines the states that a pipe

can go through then the transition probabilities Pij(m)(n) are

given by the equation:

-(m) =
Pij (n) = ¢ P

(m-1)
(n)P, . (n+m) 9.1)
k=1 k3

ik
which is interpreted as foilows: the probability that a.pipe will be

" in state j at time n+m given that it waé in state i at time n is the
sum over all states, k=1,2,...r of the probabilities that the pipe goes
to state k in m-1 steps and then passes to state j on the mth step.

The marginal probabilities of being at state j at time n, qj(n) are

given by:

r
z

(m)
q,(0)P,." " (0) (9.2)
=1 4

qj(n) =
where qi(O) are the initial probabilities at time n=0.

The following notation is then used for calculating the expected
number of breaks each year (or equivalently the probability of one

break):
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E, = -expected number of breaks in year i

P1k2 = probability of having i breaks in year 1, k breaks

in year 2, % breaks in year 3, etc., where i,k,%

will be either 0 or 1.

Pm/ikz...n = probability of having m breaks in year n conditional

on i breaks in year 1, k breaks in year 2, ...n brraks

in year n-1, where m,i,k,%,...n equal to 0 or 1.

S(t) survivor function at time t = ST(t;z), where
ST(t;z) is the survivor function defined in

Chapter 3 for a pipe with covariate vector z.
S(t) is the survivor function conditional on

no intermediate breaks between the reference

time and time t.

- Si(t) = survivor functicn at time t, conditional on j
additional breaks having occurred since the

reference time and with the second break in year i.

According to the derived model (Chapter 5) the function Si(t) will

vary depending on the values of i and j.

If the reference time chosen is zero, usually corresponding to
the current year then -he calculation for determining the expected

number of breaks in future years can proceed as follows:
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E, = P, (9.3)
E2 = Pl/O.PO +Pl/l.P1 (9.4)
E3 = P1/00'P00 * P1/10°F10 T P1/11°F11 * F1/01°Fo1 (9.5)
E, = P1000°%000 * P1/100° 100 * P1/010 F010 * F1/001"Fo001

P (9.6)

+ P 011 Po11 T P1/101°F101 T P1/110°F110

where the probability of having four breaks in four consecutive years
was assumed negligible, given that pipes are in a slow-breaking stage

and the system is jin good overall conditiom.

It is observed that ft.xrther simplifications could be' made in
equations (9.3)-(9.6) 1if probabilities of having two or three
consecutive breaks are also assumed negligible. Depending on the
overall condition of the system and the observed failure patterns,

such assumptions could be vefy' reasonable.

Substituting the expressions for the failure probabilities in

equations (9.3) to (9.6) we have:

S(t+l)
_ S(tt+l)
Po EIOR (9.8)

- S(t+l)-S(t+2)
1/0 S(t+1} (9.9)
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5o 9
P . = 1 - .
1/001 81(2)
S(e)-S(t+l) |, o1
foor ~ [ 5(t) :[81(2) .
s2(2)
Plon = - .
32(1)
= S(t)-S(t+l) | ., ! L2
POll - L S(t) J l_l Sl(l):] 32(1) (.
’ 1= s (9
1/101 3 .
- 1 1
P _ l:S(t)-S(t+l) J Sl(l) ) Sl(l)—sl(z) o,
P 1-s2(1) o
1/110 3 .
_ S(t+l) , | S(t+l)-S(t+2) L
P110 - s(t) I: S(t+1) Al E. Sz(l):l (9.

~

Thus the calculation of the expected number of breaks in years
i=1,2,... can proceed as follows by substituting in (9.3)-(9.6) the

expressions in equations (9.7)-(9.29):

_S(£)-S(t+l)

B T TS .
S(t+2)+Si'(1)S(t)—Si(l)S(t:+l)

EZ = 1- S(t) (9-

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)
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S(t+3)+S(t) si(1>-s§(1)si<1>+si<2) -
By = 1- S(t)

S(t+1) s§(1)-s§(1>+si(2)-35(1)31(1) -

S(t+2)S]2'(1)
(9.32)

E, = Sg(l)—si(fs)-sg(l)Si(l)-sg(2)+S§(2)Si(l)

2 1 2 1 1
33(1)Sl(l)+S3(l)Sl(2)+Sl(l)

S 2 2 1 2
—82(2)-32(1)+52(1)Sl(1)+sz(2)
S(t+l) 500

2 1 1 2 1 2 1
82(2)31(l)—Sl(1)+S3(l)Sl(l)-S3(1)Sl(2)

1—(s§'(1)+s§(1)s;(1)+si(3) "

* d

S(t+2) | (1 hS 2 2,1
+ 35 {sz(2)~s3(1)+53(1)-s3(1)s2(1) } (9.33)

By applying equations (9.30)-(9.33) a growth rate for the expected
number of breaks can be established for each individual pipe in the
system. The above described procedure can provide the growth rate in
breaks with much greater accuracy than previously developed techniques
since it uses the survivor functions estimated by the models presented
in Chapters 5 and 6 which represent in great detail the failure

process in deteriorating pipes.
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If an average growth rate in the evolution of breaks is calculated

then the expected number of breaks in year t will be given by:

=2]
]

E, (1+g) " (9.34)

£
ju g
®
Ia]
m
3
I

= expected number of breaks in year t

average break growth rate

oQ
]

The above model consiéers that, for pipes in the slow-breaking stage,
it is reasonable to assume a constant growth of breaks with time for
short time horizons (5-10 years). This growth rate will be highly varying
though among the individual pipes of a given system depending on their
previous maintenance histoéy and the operatirg and environmental charac-
teristics. By observing the break trends for pipes in the slow-breaking
stage both in the New Haven and Cincinnati systems, it appears that the
above assumption is a reasonable approximation. If we denote by Cb
the cost of repairing a breakfand by Cr the cost of replacing a pipe
(or the cost of appropriate remedial action for eliminating the
possibility of breaks in the near future, e.g. replacement of only
the parts of the pipe that are considered "high risk," given the
available information on the location of previous breaks), then the
present value of the expected costs, if replacement takes place in

year t, will be given by:

expected noa, t Cr
PV |repair and =EC, I [ﬁ% + — (9.35)
replacement costs t=0 { (1+rx)
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W
N

where: E0 = expected number of breaks in year t=0, or equivalently,
for pipes in slow-breaking stage, the probability of

break in the reference year t=0
C, = cost of repairing a break ($)
C_ = cost of pipe replacement ($)
g = break growth rate, 1l/years
r = real interest rate, assumed constant over time.
By taking the derivative of equation (9.35) with respect to time

t and setting it equal to zerc we obtain an optimal replacement time

t*, given by:

C
T
b.Eo

t* = fn n (1+r)| /n(l+g) (9.36)

C

~-

where it was assumed thatyfor small values of r,(l+r)t x ert.

It must be pointed out that an optimal replacement time derived
from equation (9.36) is only based on economic costs for repair and
replacement. That is, no other criteria based on reliability or
bundling considerations were included. Thus, in reality such measure
should be only one of the factors that will result in the final deacision
of when to replace a pipe. Particularly for pipes in the slow-breaking
stage, for which formula (9.36) will apply, the calculated time t* is

expected to be quite far in the future for the majority of pipes,
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since EO and g will be very small. The value of t* will also criticaliy
depend on the value of Cr’ which could highly vary depending on the
cost of appropriate remedial action for restoring the structural

integrity of the pipe.

Thus for systems in a good overall condition with the high
majority of pipes in the slow-breaking stage, replacement decisions
for most of the pipes should be expected to be based rather on
reliability and bundlingcriteria as opposed to economic costs of
repairs versus replacement. And for such criteria the probability
of failure and its e;olution with time, obtained by the derived models,

provides a central piece of information.

In order to demonstrate the evolution of expected breaks in the
New Haven system equations (9.30)-(9.33) were applied by substituting
the values of the estimated survivor functions for the individual
pipes. 1In the few cases where the required survivor function
was not estimated by the model because of the small number of
observations beyond the third break, the probability of survival was
estimated just by the frequency of pipes that broke while being at that

same stage.

Table 9.1 shows the expected breaks calculated for the next four
years, starting from year 1984 as the reference year. The pipes are
classified by installation period, where DATE indicates the year of
installation (0>1900). For each year of installation the total number

of expected breaks for the pipes installed during that year is shown
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Table 9.1

EXPECTED NUMBER OF BREAKS CLASSIFIED BY
PIPE INSTALLATION PERIODS, NEW HAVEN
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40 | 1.24} ' 1.82] 1.70/} 1.88] 240%30.00

.-'.-..---..-.-ca-0-...-0----.Q-‘-..-.----.‘.-o..-..o--.0.----.-..---’-o--...-----.....---o---c

41 H 0.10{ 0.12} 0. 14§ 0.5} 1032%0.00

'.o-.-.--oq-.-o’.---..0-“-.-.0-‘-—..-.-...Q..-....----...---.-.0----0--.-.—. ..... ¢eemmcncmsane
42 H 0.02} 0.03)} 0.03| 0.03} 3550.00
.o--.-.......--..-.---..--.--.Q...q--------.-.....---.--’--0-.-.-0---0--.... ...... ¢eescccnacces
44 | 0.03} 0.03} 0.04/ 0.04} $000.00
u-...-..---.-o--.ooa-o.o----..Q---....----.Q..--.-.—--o-&-.--o----.--o--.---...--.¢---. ........

46 | 0.03} 0.03{ 0.03} 0.03} 4600.00

-.-.-...--...--..-.---------..o.}.-..----...........--.-g.------...--9-.-....-....4... ....... .o

47 i 0.02{ 0.02} 0.03} 0.03} 68%0.00

.--....-.-...----.-.--.--.-.-.0-.........-............--9-.-..-.-..--0-.-....-.--.......---....

as { 0.00} 0.01} 0.01} 0.0t} 150.00

-.---..--...---.o.-.-.-..-.-.ooo-.....-..--Q.--.-.----..0---.-.----o-.-....--.-..-’.-.---..-...

a9 | 0.03} 0.03}.. 0.03} 0.03} $100.00

--.-.-----..--...--...---.-..-Q.---.---...-Q.-.--.--.---o.--.-.-...--o----....-.-.Q..- ...... ces

50 1 0.46} 0.52) 0.57} 0.683} 106950.00

.....-....-.-..--.-.--..-..---Q...-.-...-...-...--..-....-.---.----..q.....--..-......--.....-.

L1] H c.o0t} 0.0t} 0.01} 0.04} 1000. 00

-.---..-.-....-.---.-..-.--..-.....-.---..-4-.--..--.-..0.....-..---.‘.....-..-.....-......-...

82 | 0.06} o.o6} 0.07} 0.08} 18500.00

-.----..----.--......-.---.n..q.--..--.........-....----.......n.o.--Q-...-- ..... edomescccercma

53 ' 0.08{ 0.05{ 0.08} 0.06} 12000.00

------.-..--.---...-o-o----.c.0--.-..------0...---.--.--0-..--..---..Q---..--.----o--. .........
2

54 ! 0.03} 0.03} 0.03} 0.03} 4400.00

----.....-...-..-.oa.---......Q-.-.-..-.....--.....---..0--.-.-...---9-.-..-. ..... dececevrcscnn

(1] 1 0. 19} 0.20} 0.21} 0.23} 439%0.00

-.-.......-.-.o--.------o.---..-..-.-...-.-o...-..---..-4--......----.-..---..-..-.-. ..........

s | 0.174 0.20] 0.23] 0.23} 26200.00

-...-....--.-.-.-.-.--.-.----.Q.....--.....o..-..--..---Q.-..-..-.---o.-.-...-.---¢-.... ------ -
7 ] 0.30} 0.32} 0.24} 0.36) 54850.00
-......-----.-c----.-..-------Q---a...-----..o..-...o---0....--0-.---Q.-..--.n.-0-0---. ........
38 | 0.20} 0.324) 0.23} 0.24} 43750.00
--¢--.-..----..--...---.-..-.-.o........---’-.-.---.--.-..-..-..---co.--.....-----Q... ..... seme
s9 H 0.08} o0.08} 0.08} 0.09} 13800.00
-...........-o--.-.-.---.-.-.-0-.............--..o..-.--...-..---a-.-o--...-..-....-...... .....

0 H 0.38} 0.3t} 0.3%a} 0.36} 72000.00

-.-¢.----o--...o.-.....--.-.....o-.o.-.........~..n.o-..-.......-.-.o.----‘.-..-.---.--.-----.o.'

(CONTINUED)
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...--...-..--o.---.-----—-.--o..----...-..-.-o-.-.---.-o--.---...----.-.-..-----.

| 1] 1 €2 i (%] | ({] |  LENGTH

senscvecccasasnens

-..-.--.----o...-.--.....0.....-...-.-o..-.-...-...‘.-. ....... -

l SuM | suM | SuM } sum ! SUM

.--c-.o.----.--...--...--.Q..-’-..----...--.--.-----.-—-Q.-..-----c.-‘n-..----..--‘ ..... emameae

DATE ! |
I 0.03} 10400.00

o1 0.03 0.03 0.03

--....-.---.--...----.--.-..--q-.---.-..-.-o----.-.-.....-..----.-.--.-..----.--.-,-. ..........

62 § o.o08} 0.o08} o0.08} 0.08} 8500.00

.---.o.-.--.--...---..--...---0—.---.0.---.Q----...-----Q--.oo-.-c---Q.----.- ----- boececmcmcea -

3 i 0.44] 0.48] o.a8 0.49} €2630.00

-----.-...-...-....---...-.-..Q---.--..--.-..-..-....-.-...--..-----.0..----..-.--.-...----....

se i 0.22} 0.24} 0.28} 0.126} 79900.00

.--.-..-.Q-....---.---Q.--.-...-.--.....--.-.---..-.--.---..-..--.....-...

ss ] 0.47}| 0.48] 0.32{ 0.5¢| 101620.00

-..o...--..--..o--...oo‘-----.'--------.---..-.------...‘--..-----..-‘ ..... esscveacpoacnceon pr—

(13 { o.08| 0.086} 0.07} o.07} 8450.00

----..---..------.o-----.-.---0..-..--...-.‘--....----..Q---o-----..-‘---.-.. ..... $evecccccenann

67 { 0.3} 0.13} 0.13} 0.14] 14100.00

.-..n--'....-.D---.C-O--.-.-....-.-n..-..-.'-.-.........0---..--0‘-.-'o.....-.----Q-...-----.--

68 ! 0. 12} o.13} 0.13} 0.14} 22400.00

.--.-.-.....-.---.--.-..---...Q--.....-..-.Q-...-.---..-Q--.-----.-..Q..--.-.{--..Q--. ..... R

70 H 0.50)} 0.54] 0.57f 0.9%9) 102200.00

----........._-------...-...--0.-..-----......-.--.-....q-----.---n--o.-..-..-----'.....-.-..-.

7 | 0.ss| 0.87} 0.60} 0.60} 43600.00

72 { 0.26} 0.29| 0.31} 0.32} 42050.00]

---...-.-..--...o.o...---..-.-..--.-..-...-.-.....-..-.-g.--..--.o--.o-...----.-...-----.....--

73 | 0. 10} 0.10} 0.10} 0.11} 202%0.00

-.-..-.-......------.---...-..4-.-..---...-.---.....--....-....--..--g...-.-.-.---‘-.-..----...

14 H 0.03] c.03| 0.03} 0.03} 6700.00

-....-..-.......o......----..-.----...0----0..--0--.----‘.--..o..‘---0.-0..-----.-.--.-... .....

78 | 0.03} 0.03} 0.04] 0.04} 3850.00

76 { 0.03} 0.09} 0.09} 0.09} %100.00

---..--....-..--......n..--..-o---....-..-.¢------..-.--...----..----.....-.--.-.- cememccomas -

77 { 0.0%} 0.09} 0.09]} 0.09} 10600.00

--»-....-....--...-.-...-.-...0--..--.-.......-...-......-..--.---.-.0---..-..----.--....---...

79 | 0.03} 0.03| 0.03} 0.03} 6000.00

---...-.-...--.--~---.-.-.-~.-¢-.-.--....--0....-..-...-0-----.----.-.-----... ..... boemscvesenancan
0 H 0.04} 0.04} 0.04} 0.04} 4800.00!
--o...----------o-.-.o--..-.--Q.o-....---..Q.---c-..----ooou----.--.-o---o.--......-.. ..... ecas’

'Y H 0.1} 0.2} 0.12} 0.12} ao.oo.oo!

..--...o...-.--o--o---.-.o.u..o.oo-.--..-.-..--.-.....-..o..-.-..------oo---.----.--.---.. .......
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under columns E1,E2,:23 and E4 corresponding to years 1984, 1985, 1986,
1987 respectively. Also the total length {in ft.) corresponding to

each year of installation is shown und2r the column denoted by LENGTH.
Given the fact that those breaks would represent rather major failures,
since they correspond to the larger diameter pipes (99% of the pipes
have diameters greater than or equal to 8 inches), the results presented
in Table 9.1 are very useful for assessing the overall condition of the

system and particularly obtain quantitative measures of how the pipes,

classified by period of installation, are expected to perform.

Since the severity of the consequences of a break can be directly
related to the size of the pipe, Table 9.2 shows the cumulative number
of expected breaks for yea;s 1984-1987, for each pipe diaﬁeter (diameter
1s denoted by the variable DIA and varies from 6 to 48 inches. Table
9.2 is very useful for assessing the overall reliability of the system.

From Tables 9.1 and 9.2‘Qe can obtain an average value for the
break growth rate in the whole system, which 1s equal to 7,3% per
year. The total number of expected breaks in the reference year is
equal to 15.98. If we assume that such average growth rate is indeed
realized for the next 10 years then the total number of expected
breaks per year is estimated to double by that time. The implications
that various replacement sceﬁaria can have on the total number of

expected breaks are examined in Section 9.3.

It must be pointed out that the results demonstrated in Tables

9.1 and 9.2 correspond to aggregate measures for the overall system.
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For the repair vs. replacement decision at the individual pipe level
the growth rate will be estimated from equations (9.30)-(9.33) for each
pipe separately. This growth rate 1s expected to be highly varying
among different pipes, as shows in Chapter 7 and the usefulness of the
derived models lies very much on the fact that they can capture this
high wvariability as opposed to previously developed techniques.

b. Systems in relatively severe deterioration - Pipes in slow-

breaking stage
When a system appears to be under rather severe deterioration,

as the Cincinnati system happened to be, two modes of pipe failure are
expected to exist (Cﬂapter 6). The first mode will be described by
pipes in the slow-breaking stage (i.e. pipes with 0,1 or 2 previous
breaks) and the second modé by pipes'in the fast—breaking'stage.
Although pipes in the slow-breaking stage will have in general higher
probabilities of failure than the pipes of a system in good overall
condition (as was found to hold for the New Haven and Cincinnati
system) the basic formulas for calculating the e#pected number of
future breaks, given that they are in that stage, will again by given
by equations (9.30)-(9.33). Of course, the estimated survivor functions
will depend on the models derived for the particular system. The
fact though that the system is not in a good overall condition would
imply that the probability for entering into the fast-breaking stage
at any given time period 1s not negligible any more but has a finite
value calculated by a model such that developed for the Cincinnati
system and described in Table 6.6 (Chapter 6). If this model is then

used in the analysis, it will provide the probability P_ for entering

f
t
into the fast-breaking stage at time t. The expected number of breaks
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Eb in year t will then be given by:
t

E, = P. +b_. + (1-Pf JE (9.37)
t t t t

expected number of breaks in year t if pipe 1is in

£
=
®
a}
(1]
2]
(n3
I

slow-breaking stage (equations (9.30)-(9.33)).

Pf = probability for entering into the fast-breaking
t
stage in year t.
bf = break rate (breaks/yar) if pipe enters into the
t

fast-breaking stage.

According to the modeis derived for the city of Cincinnati the
break-rate at the fast-breaking stage can be assumed to remain constant
with time. Depending on the way the fast-breaking stage has been
defined in the derived models the break rate bf can be approximated as
follows: a. Set roughly equal to the break-raze at which a pipe was
considered of being in fast-breaking stage (e.g. set equal to 0.5
breaks/year, if the Cincinnati model is used). b. Set equal to a
a fast-breaking rate estimated through a regression model derived for
pipes that already are in that stage (e.g. models similar to those
derived for Cincinnati to predict the break rate beyond the third
break). In the latter case, a more accurate estimation would be

possible, since the particular pipe characteristics will be explicitly

taken into account.
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For pipes in this category (i.e. pipes in slow-breaking stage but
within a system undergoing severe deterioration) the estimated
optimal replacement time based on break repair and replacement costs
will again be calculated by the same procedure as in the case of
pipes belonging to a good overall system. The only difference would
be that the break-growth rate and/or the yearly probability of failure
will now be much higher. Thus, the estimated optimal replacement times
are expected to be shorter. It must also be pointed out that reliability
considerations would become more important here than in systems in good
condition. Thus, thg calculated by the model failure probabilities
are expected to be very useful quantitative measures for making
reliability assessments.

c. Systems in relatively severe deterioration - Pipes in fast-

breaking stage
The analysis of the Cincinnati data set revealed that

when longer diameter pipes (> 8 inches) enter into the fast-breaking
stage, their break-rate does not show any trend of increasing or
decreasing with time and can thus be approximated with reasonable
accuracy by a constant rate. The models derived from Cincinnati for
pipes that were in that state indicate that this break-rate can be
highly varying depending on the particular operating and environmental
characteristics of each pipe. After this break-rate is estimated for
each pipe by the models described in Chapter 6, the assumption can be
made that breaks are Poisson arrivals at that rate. Thus, the expected
number of breaks each year will be equal to the estimated yearly

break-rate and also equal to the variance of the yearly number of breaks.
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For pipes at this stage both economic and reliability criteria
are expected to become important factors in the repair versus replacement
decision. The estimation of an optimal replacement time though based
on repair and replacement costs is significantly simplified. Since
the expected number of breaks will remain constant each year then
it is easily shown that replacement would always be more economical

if and only if:

(9.38)

Ea%
r

where: C cost of replacement (in $)
C, = cost of repair (in §), per break
E = expected'number of breaks per year, or.
equivalently the estimated yearly break rate R
r = real interest rate.

The right hand side of the inequality (9.38) simply represents

a perpetuity equal to EOC Of course it must be expected that for

b
the majority of pipes in fast-breaking stage reliability considerations
will have a great weight in the decision for replacement besides the

economic costs.

The discussion presented in this section involved the use of
repair and replacement costs for water mains. Such costs are not
though the same for each pipe and they vary primarily with pipe

diameter and break-type. Thus, when any of the derived formulas for
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economic analysis is applied the appropriate costs for each particular

case must be substituted.

Shamir and Howard (1979) assumed a repair cost per break equal
to $1,000, with a range of $500 to $2,000. No detailed discussion
is though made of how they arrived at those figures. In the Manhattan,
NY study (0'Day, 1980) the direct costs to the Water Supply Bureau were
assumed equal to $7,323 (including 11 man-days of Water Bureau staff
time per break). According to that study the average damage settlement
was roughly $1,000 per break (1980 dollars). Stafford et al. (1981)
reported that the av;rage cost for break repairs ranged from $1,170
to $1,760 per break for the Cincinnati (Ohio) Water Works (in 1975
dollars). Walski and Pellicia (1981) developed synthetic'cost function
for breaks by calculating the costs of individual items involved in
the break repair {labor and material costs). They included crew costs,
equipment and sleeve costs, repaving and overhead costs. Table 9.3
shows the estimated total costs by pipe diameter for the cities of
Binghamton, NY and Buffalo, NY respectively. It is argued in that
study that the Buffalo costs are believed to be more representative

of typical repair costs in an urban area.

Breaks are alsc a function of break-type, which apparently has
not been taken into account in the previously mentioned studies. This
is so because circumferential breaks can be repaired with a clamp while
split bell and longitudinal breaks require that part of the pipe be
cut out and replaced. In the Water Supply Infrastructure Study for

the City of Philadelphia (King 1984a) these costs were estimated from
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416 breaks that occurred during the period 1975 to 1981. The results

are shown in Table 9.4.

Replacement of pipes with new ones in urban areas (also called
"relaying" a pipe) represents significantly higher costs than laying
new pipes for the first time in undeveloped areas. Pipe replacement

costs involved all costs paid to the project contractors. They include
(Walski, 1975) the following items: excavation, abandoning existing
pipe, laying new pipe, reconnecting services, pressure testing,
disinfection, backfilling, repaving, contractor's overhead and profit.
Typical replacement ;osts for the City of Philadelphia are provided

by Walski (1985) (Table 9.5). Cost information was avallable as actual
price per foot of pipe avefaged over all projects in a single year and
not on a project by project basis. In cases where both the water main
and the sewer were replaced the allocated water main costs are only
shown. Cost information has also been provided only for pipes 8 and

~-

12 inches in diameter.

Costs of pipe relaying in New York City are provided by O'Day [1982].
They include the following items: protection and maintenance of traffic,
removal of pavement, excavation, sheating and skoring, removal of
existing main, dewatering maintenance and protection of existing
structures, furnishing and replacing new main, backfilling using
material from excavation removal and replacement of hydrants and
valves, and temporary and permanent restoration of pavements (Table 9.6).

Pipes smaller than 12 inches in diameter were not included because 1t is
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Pipe Diameter
in.

12
20
24
30
36
42
48

Cost for Indicated Pipe, $/ft

Ductile Iron Reinforced Concrete

106 -
132 -
144 -
354 319
472 461
589 561

662

685

Table 9.6

COSTS FOR PIPE RELAYING IN

NEW YORK CITY (1982 $)

Pipe Diaﬁeter : Cost
in. $/fc
4 68
6 72
8 - 77
10 84
12 89
16 . 115
20 139
24 166
30 205
36 262
48 384

Table 9.7

COST FOR PIPE RELAYING IN BUFFALO, NY

(1982 $)
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the current policy of New York not to install new mains with diameters

of less than 12 inches.

Costs of pipe replacement were also estimated from the City of
Buffalo, NY (U.S. Army Corps of Engineers Study), and they are shown in
Table 9.7. Although no accurate explanation can be provided for the
differences between the New York and Buffalo estimates they could be

attributed to lower labor and excavation costs in Buffalo.

It must be pointed out that replacement costs will also vary
depending on the size of the contracts. This issue is discussed in
greater detail in Section 9.5 where the bundling decision is also
considered. It might also be more economical if replacement of pipes
is done "in house'" by the water utility rather than using outside
contractors (e.g. city of New Haven, CT). No accurate data though
are aYgilable in order to support this argument.

Since many of the replacement decisions, particularly for the
severely deteriorated pipes, will involve a high weight on reliability
considerations, the following categories of failure impact can be

identified in addition to the break repair costs:

a. Service disruption
Disruption of service will be of varying importance
depending on the type of land use covering the pipe (residential,
industrial, commercial or mixture of the above). If a failure occurs

in a distribution main of great importance in the hydraulic network,
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then the disruption in service may extend well beyond the local point
of failure. For this reason results obtained by the derived models

are particularly useful, since after such pipes with high probability
of failure are identified in the network, hydraulic analysis could be
performed by assuming some of them to be out of service. This way, the
impact of a break in remote areas outside the break location could be
evaluated. It is well known a priori that water distribution systems
include many redundancies in order to avoid extensive impacts in other
parts of the network from systems failures. Such redundancies are also
a function of the number of water supplies available and they certainly
decrease as the size.of pipes becomes larger. Since the focus of this
study has been on larger diameter pipes, it becomes clear why

probabilities of failure are particularly useful for such'pipes.

b. Urban disruption
Urban disruption includeé impacts on various activities.
Water main failures could reqplt in traffic disruptions because of
street flooding, street damage and excavation within the street
during repair. The level of impact will depend on traffic volume
and also the expected duration of traffic disruption. Table 9.8 shows
the estimated time to repair breaks by pipe diameter and break-type

(King, 1984).

Other types of urban disruption may include flooding of basements
and subway stations. Other underground utilities, particularly power
and natural gas distribution, could also be threatened by water main

failure.
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9.3 The pipe rehabilitation decision

As water flows in the interior of cast-iron wunlined mains
electrochemical breakdown of the pipe wall can occur resulting in
the formation of tuberculous. The rate at which iron is pulled out
of the pipe wall depends on the properties of water and operating
characteristics of the pilpe. More specifically the factors that
accelerate internal corrosion are: low pH, dissolved oxygen,
insufficient alkalinity, high concentration of minerals and
dissolved solids, elevated temperature and high flow velocities.
It is also the case that when water is supersaturated with calcium
or magnesium (high pH) scale may form in the interior of the pipe.
The build-up of main sediments and tuberculation reduces the carrying
capacity of a pipe by reddcing its effective diameter and increasing
frictional losses. The Hazen-Williams C coefficients can be
reduced even more than three times from its initial value. A
significant reduction in fire flow capacity and increase pumping
costs would be some of the iﬁportant consequences. Tuberculation
can also have an impact on water quality. Water may become discolored
and develop bad taste or odor. The most serious though problem
associated with tuberculation is the growth of bacteria and viruses
in the rough surface of tuburculous. The great difficulty in
identifying the exact location of such bacteria along the pipe

length makes this problem even harder to attack.

Cleaning and lining (or rehabilitating) a water main is

considered by the water industry as the most effective method for



218

resolving the problem of tuberculation. The cleaning process
consists of mechanically or hydraulically scraping the insice of
the pipe to remove all corrosion products. After cleaning is
completed a thin lining of cement mortar is usually applied to

the interior pipe wall.

The cost of pipe rehabilitation is on average about half to
one third of the pipe replacement cost and does not vary as much
as replacement cost with pipe diameter. Walski (1982) provides

the following values for rehabilitation cost of water mains (Table 9.9):

Table 9.9

UNIT COST FOR REHABILITATION OF WATER MAINS

Diameter (inches) Unit Cost ($/foot)
4 | 25.00
- 6 . 25.00
8 25.00
12 25.00
16 23.10
20 23.10
24 23.10
30 32.20
36 34.50
48 42,20
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A more detailed evaluation of costs involved in pipe rehabilitation
is provided by Walski (1985) and by a study performed for the U.S.
Department of Housing and Urban Development by Brown and Caldwell

(1984).

The decision for rehabilitating a pipe will be based primarily
on economic ccnsiderations for increased pumping costs due to
the reduction in carrying capacity. Also on reliability of services
criteria related to reduction in fire flow capacity and water
quality problems. Thus, the need for pipe rehabilitation is
unrelated to the previous break history of the pipe. The decision
thoﬁgh of rehabilitating it can very well be affected by the
projected failure pattern Bf the pipe. There has been nb conclusive
argument in the literature as to whether cleaning and lining of the
pipe accelerates or decelerates the break-rate. Apparently,
rehabilitation is not expected to eliminate the existense of other
break causing factors except\internal corrosion. It will also
not restore the structural integrity of the deteriorated pipe wall
and there could be cases where corrosion might be enhanced by air
trapped between the coating material and the interior wall. In
the statistical analysis performed for the City of Cincinnati
(Chapter 6) it has been found that cleaning and lining had no effect
at the break-rate of pipes. Thus, given that further research and
tests will be needed in order to understand the effect of cleaning
and lining of pipes on the future evolution of breaks, a reasonable
first-order approximation would be to assume that the break-rate

remains unaffected by rehabilitation.
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Under such assumption the derived probabilistic predictive
models could provide a very useful piece of information for making
the rehabilitation decision. This is so, because it might be
uneconomical to rehabilitate a pipe that is expected to experience
frequent breaks (and thus associated repair costs) and it would
rather be better to replace it. If we denote by C the

rehab
rehabilitation cost of a pipe and by Cr and Cb the replacement

and repair cost per break respectively, then the following economic

comparison can be made:

n t
5 [li&] (9.39)
=0

where Eo expected number of breaks in current year

average break growth rate

0
]

time horizon, usually set equal to 10-15 years

=]
[

~

The values of Eo and g could be estimated according to the
techniques presented in Section 9.2. If it tuins out that the
cost of replacing the pipe is less than the present value of
rehabiliting it plus the expected repair costs, then it is more
economical for the pipe to be replaced. Given the predictions
about future pipe breaks, a rehabilitation decision could eventually
be substituted by a replacement decision, solely based on reliability
criteria. In any case, it appears that mostly pipes in the fast-
breaking stage and very few pipes in the slow-breaking stage will

exhibit break-rates such that a replacement decision would be made
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rather than a rehabilitation decision based either on economic or

reliability considerations.

The procedure described in this section assumed that pipes
that need rehabilitation would have been preselected according to
the criteria chosen by the water utility and ranked into priority
groups. The next step then would be to decide which of them will

need replacement rather than rehabilitation.
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9.4 Comparisons between replacement/rehabilitation scenaria based
on the derived models and currently applied techniques

Water utilities use various criteria and methodologies for
making replacement and rehabilitation decisions. Past studies about
deteriorating systems have also proposed guidelines for maintenance
decisions. A representative sample of those techniques, classified
by system where they have been applied or by study where they have
been proposed, is presented below. A discuséion of how the developed
strategies relate to the findings of this study is also included in

each case.

A. The New Haven, CT System

The pipe replacement decision in the New Haven System was
based only on reliability considerations and no economic evaluation
at the individual pipe level was performed concerning future repair
and replacement costs. The three most important faétors on which

replacément decisions are based were:

-

a. On site inspection to determine pipe wall thickness for
problematic pipes. Pipes with severe wall deterioration

were replaced.

b. Liability to the water utility from a potential break.
Judgment on a case by case basls was required in order

to make that assessment.

¢c. Inconvenience to customers caused by frequent future breaks.
This assessment was also based on personal judgment and was

highly influenced by population density.
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Under the light of the results obtained in this study by analyzing
the New Haven system it appears that several of their strategies
are justifiable, while several of their decisions could have been assisted
by the models developed here. More specific;lly, it appears reasonable
not to base their replacement decision on economic costs of repairs
versus replacement. This is so tecausé according tu the developed
predictive models, the tailure probabilities of the great majority of
the pipes in their system are not high enough to result in futuré
repair costs that would exceed replacement costs. Assuming for
example a break repair cost of $1,400 per break, a replacement cost
of $100/ft. and a piée 1,500 ft. in length, it can be shown by
applying equation (9.36) that in order for the optimal replacement
time to be in less than 20.years, the yearly probability of failure
should be greater than.0.77. (The real interest rate was assumed
equal to 5% and the yearly break growth rate was set equal to the
unreal}stically high value of 10%.) Such high yearly failure
probabilities are practically” unobservable in the New Haven system.
Only pipes that are in the fast breaking stage could have such high
failure protabilities, but those are too few in that system.
Nevertheless, if attention is focused on those pipes and by assuming
a constant break rate at the fast-breaking stage, it can be shown
by applying equation (9.38) under the rest of the assumptions of
the previous example, that replacement would be economical only
if the break rate is higher than 5.35 breaks/year. Thus, the above
examples clearly justify the utility managers not to base replacement

decisions on economic costs of this type.
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Given the above discussion it becomes clear that the failure
probabilities obtained by the models derived for the New Haven system
would be very useful for reliability assessments in that system.

In other words, if the impact of a break (e.g. inconvenience to
customers or liability to the utility) that has been used as a
criterion for replacement in that system i- associated with an
esiimated failure protability, a better judgment is likely to occur
than solely relying on personal experience. Of course this doas not
imply that the models should be used in any occasion as a substitute
for subjective judgments, but they rather be used as complementary
quantitative tools that would assist in making a final decision.
Although the number of expected major breaks in the New Haven system
is very small as compared t; other systems, it would be uséful to
know that according to the results of the models in this study, they
are expected to double in the next 10 years. Such observation might
not only affect future maintenance practices but could also have
implications for budgeting alidcations related to expected repair

costs.

B. The Manhattan, NY System

Although we do not know what the detailed maintenance policy
has been in that system we can focus on the recommendations made
by the New York City Water Supply Infrastructure Study (New York
District Corps of Engineers, 1980). Currently applied by the city
replacement priorities are not based on pipe age but rather on

capacity requirements, previous break history and major street and
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sewer reconstruction projects in parts of the city. Mains ou which

two breaks have occurred in one block and mains that are believed to
have a higher than average break rate are top candidates for replacement.
Aiso if streets in the city are to be completely reconstru:cted mains in
these streets are also replaced based on the above criteria or on
whether they were laid prior to 1930 {(because the pipes installed

before 1930 were not cement-lined).

The decision not to base replacement on pipe age but rather on
previous break history seems appropriate to a first order approximation.
But as the derived péedictive models for both the cities of New Haven
and Cincinnati indicated, two pipes with the same previous maintenance
history are not necessarilf at the same risk for breaking; For
example, previous break rate would be a factor predicting future
rates, but according to the results of this study, this is very likely
not to hold if a pipe is in fast breaking stage. Pipe age will also
contribute to the failure probability up to the degree reflected by
the baseline hazard function and thus it should also be taken into
account. Other characteristics like land development, internal
pressure, and installation period could result in variable break
rates for pipes with the same break history. Given that not all
"high risk' pipes can be replaced at once, capturing the variability
in break rates among the set of pipes that are already at high risk
is very important for prioritizing pipe replacements. This stage

is where the developed models would be of help.
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The methodologies applied by the Manhattan Study (1980) (primarily
bivariate and discriminant analysis) were discussed in Chapter 2. The
recommendations of the study regarding the main's replacement program
as far as pipe breaks are concerned basically consist of replacing
all pipes with multiple breaks in a city block within the next 10
vears. The threshold though for multiple breaks has been defined
as one previous break during the past 25 years. Clearly such recom-
mendations would be effective i the budgets are available for
.implementing such program. But since it has been established that
high variability in break rates among pipes can exist beyond the first
break, such policy wiil not be optimal for a city where capital
rationing exists for replacement. That is, when the economic resources
for replacement programs are tight, then a more refined categorization
of pipes in risk categories will be needed. Besides that, it is not
clear, why should pipes’ be recommended for replacemect after their
first break even in cases where only reliability considerations are
assumed. That is, there would certainly be pipes with low failure

probabilities even after their first break.

C. Louisville, KY System
The water utility in the city of Louisville, KY is using the
following criteria for main replacement decisions based on a point

system (Table 9.10):
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POSSIBLE
CRITERIA POINTS

Central Business District (50/5%):
A candidate in the KIPDA Central 50
Business District (CBD), Zome 1.
Redevelopment Zone (200/20%) :
An approved redevelopment zone candidate
installed prior to 1937 in which street
and/or sewer replacement i3 proposed.
Main Size (0-200/20%):
Four inch and smaller unlined pipe (€I, GA)..
Select four inch and smaller lined pipe 50
(cu, CL, DI, PL).

KIPDA RoadwayACIaSsification (0-40, 4%):

Interstate (4) . ‘ 40
Major Arterial (3) N . ' ' 30
Minor Arterial (2) ) . 20
Collector (1) : 10

‘Local (0) : . ]

Main Break Data (0-50/5%):

C TMB = , Main Break Frequency (MBF) points = MBF + 10. 0-50

Joint Leak Data (0-50/52):
JL = , Joint Leak Frequency (JLF) points = JLF + 10. 0-50

Field Pipe Samples (0-50/5%) :

Internal Corrosion (Tubercilation). 25
External Corrosion (Graphitization or Pitting). (light) 15
' (heavy) 25 .

High Maintenance Priority (0-100/10%):

An appropriate point value for special high 0-100
maintenance candidates which do not fall into
any specific category.

Table 9.10

 CRITERIA FOR MAIN REPLACEMENT PROGRAM -
LOUISVILLE, KY
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14,

15.
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Table 9.10 (continued)

Fire Flow Availability (0-50/5%):
Flow Rate at 20 psi = gpm.

No hvdrants wichin 750 ft.

Flow less than 500 gpm at 20 psi.
Flow 500 to 999 gpm at 20 psi.

Flow 1000 to 1500 gpm at 20 psi.
Flow greater than 1500 gpm at 20 psi.

Continuous red water during flow test.

Red Water Data (0-50/5%):
RW = , Red Water Frequency (RWF) points = RWF * 10.

Documented Water Quality Data (0-100/10%):

An appropriate point value for specific water
quality problems determined by field testing.

Corrosive Soil Zone (0/0%):

Data base too small at present time to evaluate.

Dead End Main (20/2%):

Dead end main excess of 500 feet.

Age/Type of Pipe (0-20/2%):

© 1856~1865 - Sand cast iron - 9' and 12' lengths.
1866-1926 -~ Sand cast iron - 12' lengths and
unlined Delavaud - 18' lengths.
1927-1930 - Unlined Delavaud - 18' lengths.
1931-1936 - Unlined Delavaud - 18' lengths.
1937-1970 - Lined Delavaud - 18' lengths.

1971-Present Lined Ductile Iron - 18' léngths.
1930-1966 - Asbestos - Cement.
Type of Joint (0-20/2%):

1862-1922 - Lead.

1923-1955 - Leadite (Sulphur).
1956-1960 - Mechanical.
1960-Present Push--on.

Total:

Typical Range for Replacement:

25
25
15

25
0-50

0-100

20

20
10

20
10

10
20
0
0

1000

250-400
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The criteria used clearly include many other factors besides the projected

break events. Apparently, many utilities are expected to use

some type of point system (implicitly or explicitly) to rank

pipes according to maintenance proiorties. The evaluation system
described in Table 9.10 could certainly be improved if a measure such
as the failure probability of a main is included among the criteria.
Thus, for example, as argued extensively in previous sect.oums, criteria
like main break frequency, soil corrosivity and pipe age could be
lumped under an estimated failure probability measure. Of course, the

relative weight put on such measure with respect to other criteria

will be higuly varying depending on the priorities of each utility.

D. Boston, MA System

The Boston Water Distribution System has a very good break
record as compared to other systems in the U.S. (Sullivan, 1982).
The priority scheduling for replacing or rehabilitating a pipe is
based on maintenance records, "age records, loss-of-head tests, fire-flow
tests and implementation of other roadway reconstruction projects in
the city. A goal has been set to replace or rehabilitate all water

mains 100 or more years old.

As far as pipe rehabilitation needs are concerned it must very
well be expected that older pipes are in greater need for restoration.
But as far as replacement of mains because of breaking 1is concerned,
the results of the New Haven and Cincinnati systems clearly pointed
out that utilities must be aware that older pipes are not necessarily

the worst. Of course, the particular characteristics of the Boston
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system are not considered here for making this argument. Nevertheless,
water utilities need to be aware of that fact. Arguing by analogy

from the results obtained from the New Haven system if for example all
pipes installed before 1920 were replaced in that system, the expected

number of breaks per year would have been reduced only by 25%.
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In order to clarify certain of the points made in this section,
some further examples =ssociated with the New Haven system maintenance
strategies in relation to the derived predictive model are presented.
All pipes included in the following analysis had no more than two
previous breaks since for those pipes the derived model would apply
(as argued in Chapter 5, pipes with equal or greater than three breaks
were too few in the New Haven system to obtain any reliable predictive

model from this part of the data).

As it has been shown in Tables 9.1 and 9.2, the expected number
of breaks in the New Haven system during the year 1984 is approximately
equal to 16. Pipes with zero, one Or two previous breaks have con-
tributed to a given percentage in arriving at that number. Table 9.11
shows the number of breaks that are expected according to the model
to occur only on pipes with zero previous breaks. In this and the
following tables the number of expected breaks during the current
year is denoted by El while‘£2, E3 and E4 denote the expected breaks
2, 3 and 4 years hence. It is calculated that about 62% of the total
expected breaks would be experienced by pipes with zero previous
breaks. Of course it must be pointed out that such result is based
solely on the statistical model and if, for example, an unknown break
causing factor was not included in the regression it could be the
case that the number of expected breaks calculated by the model for
the pipes with zero breaks is an overestimate. Figure 9.1 shows a
plot of the yearly failure probabilities (or equivalently expected

number of breaks) of all pipes in the system as a function of the
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number of previous breaks. The high number of pipes with zero breaks
in the data (80%) has clearly contributed in making the percentage

of expected breaks associated with them that high., Table 9.12 demon-
strates the expected number of breaks associated with pipes with previous
breaks greater than or equal to one and also with pipes that had

two previous breaks. It is calculated that about 24% of the breaks
expected from the whole set of pipes that have already broker one

or more times would occur on pipes with two previous breaks. Such
finding indicates that if a strategy focuses on replacing only pipes
with two or more previous breaks it will not necessarily result in

a significant reducéion of the total number of expected breaks.

Table 9.13 shows the number of expected breaks associated with pipes
with yearly probability of failure greater than 5%. Those pipes
contribute 15% of the total number of expected breaks (i.e. when also
pipes with zero previous breaks are included), while they contribute
40% of the expected breaks of the set of pipes already broken. Those
high risk pipes (failure probability > 0.05) consist on the other

hand of only 23% of the total length of broken pipes.

Thus, it appears that a strategy of replacing all pipes among those
that have broken, which have probability of failure greater than 5%
(about 35 pipes) could result on the average in a reduction by 40% of
the total number of expected breaks while by replacing only pipes with
two previous breaks will result in a similar reduction by 24%. Given the
fact that in the New Haven system pipes with two previous breaks have
only about 10% less total length than the pipes with failure probability

greater than 5%, it appears that a  replacement strategy based on failure
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Table 9.12

EXPECTED NUMBER OF BREAKS FOR PIPES THAT HAVE
ALREADY BROKEN, NEW HAVEN
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Table 9.13

EXPECTED NUMBER OF BREAKS FOR HIGH RISK PIPES
(PROBABILITY OF FAILURE > 0.05 CLASSIFIED)
BY DATE OF INSTALLATION, NEW HAVEN
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probabilities would dominate one where replacement is only based on
the number of previous breaks. It must again be pointed out though
that failure probabilities are proposed to be used only as a tool

for assisting the replacement decision and not as a substitute for

judgment of the water utility managers.

In order to demonstrate the effect that the results of the
derived models can have on pipe replacement strategies as far as
replacement based on age is concerned, Figures 9.2 and 9.3 were
plotted. Figure 9.2 shows the number of expected breaks for each
pipe during the yea; 1984 as a function of the date of installation.
Figure 9.3 shows the number of expected breaks as a function of the
variable C35, where C35 =.l if a pipe was installed durihg the period
1930-35 and zero otherwise. It becomes clear from those two figures
that most recent pipes can also have high failure probabilities, while
pipes of the 1930-35 period are expected to perform the best. This
finding, as pointed out previously, indicates that focusing replacement
only on the older pipes in the network can very well be a suboptimal

strategy.

9.5 The "bundling'" decision

It has been argued by several utilities that efficiencies
can exist if replacement or rehabilitation of pipes takes place in
"bundles" rather than selectively for the whole network. In other
words, it appears that in many cases it is preferable to perform

restoration of the system by areas where a large number of pipes
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in a given block or neighborhood is replaced or rehabilitated at once.
Such policy is perceived, for example, as more efficient by the

New Haven Regional Water Authority. A detailed description of the
underlying reasons is presented by Ahrens et al [1983]. The most
important of the efficiencies gained by '"bundling" pipes together can

be summarized as follows:

a. Economies of scale in contracting for new projects

b. Water quality improvements will benefit all area customers

c. Efficiencies in total time of operations for cleaning and lining
d. The chlorination operation is quicker and easier

e. Economies of scale in excavation and paving costs

f. Customers' neighborhoods are disturbed by construction

activity only once rather than several times.

The "bundling' process in the New Haven system is performed
accogding to the Grid System Method. It involves a systematic
restoration of sections of the distribution system including street
laterals. That is, not only the main streets but also the interior

city street laterals are included in a given restoration project.

Similar methods are followed by other utilities as well.

There are two ways that the derived probability of failure of
individual pipe segments can be of help in the bundling decision.
One is related with the identification of "high risk pipes'" and
consequently '"high risk areas" in the water distribution network.

Such high risk areas could become the focus of pipe bundles
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appropriate for replacement. The other is related to the selection

of pipes that would need replacement within the area where rehabilitation
has been decided to be performed. That is, if a grid consisting of

main streets and laterals has been selected for rehabilitation,

there would be pipes in that grid for which, according to the

discussion in Section 9.4, it would be more econémical and/or

reliable to replace rather than rehabilitate them. Thus, estimated

failure probabilities and break rates could serve exactly that

purpose.

High risk pipes were identified for the system of New Haven
by applying the derived model. The threshold for classifying a
pipe as high risk was set arbitrarily equal to a yearly failure
probability greater tﬁan 5%. Thirty-five pipes were selected as
belonging in the high risk category. Their characteristics are
shown- in Table 9.11, where El denotes the expected number of breaks
during the current year (1982) or equivalently the yearly probability
of failure. Only pipes with up to two previous breaks were included,
since the model applied only to this part of the data. The few
pipes which have experienced three or more breaks will also belong
in the high risk category unless they have already been replaced.
By using maps of the New Haven water distribution system the high
risk areas have been identified, where subsets of high risk pipes
were grouped together. The results are shown in Table 9.12 where
information is also provided about the link number for each pipe

in the group, the geographical location of each particular area
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08s LINK DIA LENGTH BREAKS DATE E1
1 8 8 3500 2 72 0.070610
2 23 48 2500 1 63 0.063055
3 28 8 2750 2 41 0.050340
4 47 0 2000 2 o 0.097779
5 133 24 1500 o] o 0.057830
6 136 20 1500 1 o 0.077657
7 140 16 2000 1 o] 0.086127
8 236 12 600 1 o 0.054992
9 290 12 1250 1. o) 0.073798
10 438 12 3500 1 71 0.063268
11 468 24 6500 1 58 0.057726
12 492 16 3500 1 40 0.054932
13 601 8 5000 2 40 0.066729
14 693 6 3000 1 0 0.101223
15 698 12 3000 - 21 0.053655
16 706 16 3000 1 o] 0.053655
17 708 8 2500 1 67 0.050211
18 781 24 1600 o o 0.063101
19 861 12 7600 1 67 0.062554
20 Q22 10 800 1 10 0.056287
21 929 8 5700 1 12 0.066691
22 970 8 3200 1 76 0.067686
23 971 10 7000 1 65 0.067389
24 1021 12 6200 1 6 0.151299
25 1044 48 14000 1 63 0.097690
26 1069 16 3250 2 63 0.080973
27 1123 12 5500 0 25 0.057011
28 1162 12 4500 1 57 0.054464
29 1187 8 2500 2 71 0.111620
30 1274 12 5000 2 56 0.053073
314 1332 12 8600 0 8 0.090914
32 1339 12 4000 o] 8 0.064968
a3 1372 10 5750 o] 8 0.058672
34 1373 8 7000 1 50 0.053510
as 1391 10~ . 1600 o 16 0.076851
Table 9.14

SET OF HIGH RISK PIPES, NEW HAVEN
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and the total number of breaks experienced by the pipes of each group.
Since no exact information on pipe location in the network had been
provided in the original data set and the derivation of Table 9.12

was based on inferences from street names, it should only be considered
as a first order approximation in the attempt to identify the high

risk areas in the system. By focusing the attention on those areas,
additional break causing factors could be identified related to above
ground activities, soil characteristics, etc. It is interesting, for
example, to notice that all pipes in group 1 of Table 9.12, which is
the highest risk group, are located close to the shoreline of the

Quinnipiak River.

Another important point related to the application éf the proposed
methodologies for assisting in making the bundling decision is associated
with the way pipes are coded in data sets. Since the focus for replace-
ment or rehabilitation would be in pipes belonging in a particular
system grid, the model couldfbe used much more efficiently if
predictions could be made corresponding to the pipe length included
in each grid. Thus, for one more reason in addition to those mentioned
in Chapter 4, pipe lengths should be rather short, possibly corresponding
to a few street blocks, as grids for restoration would be defined in

a similar scale.
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CHAPTER 10

CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE RESEARCH

10.1 Introduction

The contribution of this work consists of the successful develop-
ment of modelling methodologies for the analysis of the deteriorating
water mains at the individual pipe level witﬁ clear implications of future
maintenance practices. Given the fact that techniques developed in
the past have failed to capture with any reasonable accuracy failure
patterns at the individual pipe level, the successful implementation
of the results of this work is expected to significantly influence the
way current repair, replacement, and rehabilitation decisions are made.
This investigation has clearly shown that the deteriorating process of
larger diameter pipes should be modeled in a very different way than
that used in current practice. Becaﬁse of the great flexibility in
the mathematical structure of‘uhe proposed modelling methodologies,
significant insights have been gererated about the various stages of
deterioration that a water distribution system as a whole or individual
mains, are likely to go through during their useful life. Issues
pertaining to the effect of pipe aging on failure rates, which have
resulted in many controversies appearing in the literature, have been
clarified. The issue of missing records of pipe breaks beyond a
certain time period in the past, that raised serious questions on
the validity of models derived through such data sets, has been
investigated and techniques for dealing effectively with the left

censoring problem were tested under various conditions. For the
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For the first time in the literature clear inferences and quantitative
estimates could be obtained about the relation between the different
pipe installation periods and the rates of deterioration of existing
systems. The implications of the new methodologies on the economic
evaluation of capital investments for pipe repair, replacement and
rehabilitation are also important. The results clearly indicate
that‘currently applied replacement rules and analytical techniques

for economic evaluation, are oversimplified and could lead to great
inefficiencies in management practices, both in terms of economic and
reliability consideretions. The approach follewed in this study
provided the necessary tools for categorizing existing systems
according to their current and future degree of deterioration, sc

that the appropriate metho&(s) of analysis, as proposed b§ this work,
could be readily applied. Suggestions on future data collection

needs and implications of current operating practices in water utilities
on future pipe failures are also made and new knowledge has been

created concerning those issues.

The following section presents in greater detail the

conclusions and contributions of this work.
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10.2 Conclusions of the research

1.

The study -of the New Haven, CT and Cincinnati, OH water distribution
systems clearly revealed the high variability in break rates

than can exist among different mains of a particular system and
among water distribution systems as a whole. Due to differences

in maintenance practices, construction materials, soil and pipe
characteristics, weather conditions and water properties, a broad

range of failure patterns can be developed.

Two distinct types of failure patterns were identified: Slow
breaks, where a pipe experiences infrequent breaks at an increasing
break rate with time and fast breaks, where the pipe enters a fast

breaking state with very frequent breaks (probability of failure

greater than 50% each year). The above observation was found to

hold for large diameter pipes (greater than or equal to 8 inches

in diameter), while no data were available to perform any
investigation on smallersdiameter pipes. The fast breaking pattern
was clearly much more pronounced in the Cincinnati system, where

the overall cordition of pipes (according to the failure records)

appears to be much worse than that of the New Haven System.

Cox's proportional hazards model can work successfully in predicting
breaks at the slow breaking stage. For pipes in that stage,

the renewal assumption works very effectively in providing

us with an appropriate failure time model. For pipes entering

the fast breaking stage, a variation of Cox's model has been

successfully applied, where the time to failure is considered
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to be equal to the time for entering the fast breaking state. The
latter model estimates the probability for a pipe that has already
experienced one or two previous breaks to enter a fast breaking

state.

The idea, most commonly reported in the literature, that the number

of breaks increases exponentially with time, once a pipe starts

breaking, has been challenged by the findings of this research.

Although the time to next break could be considered to decrease ‘
exponentially with time as thé first one or two breaks occur, that

indeed appears not to be the case, as multiple breaks start occurring.

It has been found that, when a pipe enters the fast breaking stage,

the break rate remains approximately constant. It has also been

found that, although it is possible to predict an average value of

the break rate for a pipe at th;t stage, very high variability of

partially can be explained by the derived models.

The research strongly suggested that the problem of left censoring
of the data sets can be effectively accommodated in the proposed
Cox's regression methodology by setting the survival time of

pipes with missing past break observations ac starting at the

time that records have become available and using the installation
period of those pipes as a covariate. This finding is of great

practical use, since many of the existing data sets have missing

1
this rate does exist among the pipes entering that state, which only
break records beyond a time period in the past.
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The proposed methodologies for analyzing deteriorating water mains
have avoided many of the deficiencies of currently applied
techniques and modelling approaches that appear in the literature.
Thus, problems associated with mixing pipes of different
characteristics and breaking patterns together in the derivation
of general predictive models for pipe failures, have been treated
with theoretically sound methods. Also arbitrary model structures
(e.g., exponential increase of break rate with time) have been
avoided through the use of Cox's model, where the baseline hazard

function does not need to be prespecified.

The covariates found to be statistically significant in the
derived regression models can serve a dual purpose: a) Increase
our understanding of the physical phenomenon of breaks in pipes
and the interactions of the various factors contributing to
breaks and b) be ﬁsed as potentiél predictors of failure for
f&recasting future breakg. For pipes in a slow breaking state,
the analysis revealed the following independent variables to be

affecting the break rate:

a. Internal pressure; although it is believed that pressure
is not a direct cause for breaks, high internal pressure
can clearly be associated with the acceleration of break
occurrences once other stress factors are present (e.g.,
excessive corrosion of pipe wall, improper bedding conditiomns,

etc).



250

Land development covering the pipe; this variable usually
represents an average estimate of the percentages of
indusérial, commercial, transportation, and residential land
use covering the pipe and could thus be considered as a
surrogate of external loads transmitted at the pipe (in
addition to loads imposed by soil cover and improper bedding
conditions). The percentage of land development can also

be associated with the type and number of other activities
affecting water mains. For example, high land development
could indicate greater chances for disruptions cﬁused by
excavations in the vicinity of the pipe, more frequent
contact of water pipes with other structures believed to

be contributing to breaks and greater number of ﬁipe
connections associated with potentially higher nunber of

leaks that could undermine pipe's bedding material.

Early age of the secand break; apparently, an early second
break clearly points to certain deficiencies of pipe material
or high concentration of break causing factors, that are
expected to cause accelerated future breaks, if appropriate

remedial measures are not taken promptly.

Number of previous breaks; since the occurrence of previous
breaks reveals some information about the presence of
unfavorable conditions for a particular pipe, it is
intuitive to believe that it could be used as a potential

failure predictor. This indeed has been the case for pipes




in the slow breaking stage. Nevertheless, the number of
previous breaks turned out not to be an important predictor
of future failures for pipes in the fast breaking stage.
This finding along with the detailed study of the various
phases of failure indicated that the early stages of
deterioration can be modelled as a non-homogeneous Markcv
Process, where the probability of a break varies both in
time and with the number of previous breaks. When a pipe
though enters into the stage of severe deterioration (fast
breaking stage) then breaks can be modelled as Poisson

arrivals at a constant rate.

Pipe length; as opposed to previously developed models, pipe
length has been used in the regression models as a covariate,
The omission to include length in the predictive models
developed by other inveétigators implicitly assumes that

the break causing factors are uniformly distributed along
the pipe length. Such hypothesis though is very easily
contradicted by reality. The inclusion of length in the
predictive equations derived in this work indicated that the
probability of failure 1s in most cases proportional to the
suqare root of length. Such finding could be attributed to
the following causes: 1) longer pipes might lie on less
developed areas of the city (since less connections are
present), thus they are indirectly associated with more
infrequent risk factors (excavzations, traffic loads, etc.);

11) breaks are associated with unfavorable conditions
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developed only at certain points along the pipe length.
Thus, if two pipes with different lengths have already
broken, the longer pipe has higher chances for Lreaking

in the future, since more length is exposed to risk factors,
but the probability of failure does not increase linearly
with lengch, because the distribution of potential break
factors would be concentrated in the vicinity of the

previous break.

Pipe installation period; both the New Haven and Cincinnati
studies indicated that younger pipes (i.e., pipes installed
in the 50's and 60's) were less reliable than older pipes.
This finding could be explained by differences in pipe and
joint materials used and also differences in construction
practices. It is clearly suggestive of future needs for
modifying pipe standards and applied construction

methodologies. -~

For pipe entering a fast breaking state it has been

found that besides length, which is used as a scaling
factor, internal pipe pressure was the most important
predictor of future pipe failures. This finding indicates
that in a severely deteriorated pipe the stresses caused by
internal pressure are critical for accelerating future
failure events., This observation and the fact that the
effect of pressure on the probability of failure can be
quantified through the model are very important for utility

operating practices and future standard's design. It could
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be possible, for example, under certain circumstances, to
confine the number of future breaks at a desirable level
by reducing pipe pressure. Also, pipe wall thickness

standards could be affected by this finding.

h. Soil corrosivity; although higher soil corrosivity was not
found to affect the break rate of pipes in the New Haven
system, it had an important negative effect for the
Cincinnati pipes. As it has been argued in previous
chapters, soil corrosivity only partially captures the
potential effeccs of corrosion on pipes and thus it
should not be considered as the only factor associated
with it, Nevgrtheless, the much more severe deterioration
observed for pipes in the Cincinnati system as compared
to those in New Haven could possibly be related to more

corrosive soll properties in the former system.

Cox's Regression provideg us with an estimate of the shape of the
baseline hazard function, which gives an accurate representation

of how time affects the break rate. The "bath tub" shape obtained
in many cases for that function is an intuitively appealing result
and provides a satisfying answer at the current controversy that
exists in the literature about the effect of aging pipes. More ir-
regular shapes of the baseline hazard functions obtained in certain
cases also point out that the issue of the effect of time on breaks

is not a trivial one.

The probabilities of failure and expected break rates by the

model (s) of the individual pipe segments can be used directly
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for assessing the reliability of a particular water distribution
system. Two questions are raised concerning the reliability
problem. The first is related with the assessment of the
reliability of isolated links in the network. This apparently
can be easily done by using the appropriate predictive model
among thoée developed in this study. The second question relates
to the more complicated issue of assessing the reliability of

the system for delivering water at particular points in the network,
given the failure of an individual link. What makes this problem
complicated is ghe fact that hydraulic analysis at the network
level is needed in order to evaluate the impact in areas of the
system at some distance from the break. On the other hand, most
of the existing systeﬁs have many redundancies built'into them
that minimize the effect of a break in points quite remote from
it. The redundance of a system is associated both with the
number of loops in the network and the number of sources
(reservoirs) for water sapply. Of course, it 1s expected that
the redundancies in the system will be less as failures occur

in larger diameter mains. For this reason, it is believed that
water utilities could use the results of this research (primarily
probabilities of failure and break rates of individual links)

as inputs to the hydraulic models that usually they have set

in place, to determine the impact (reduction in flow and pressure)

of major breaks in various parts of the network.

The findings of the research have the following implications for

repair/replacement/rehabilitation strategies:
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In order to obtain estimates of the number of expected

breaks and thus evaluate the future expected repailr costs,

an assessment of the general condition of the systém (e.g.

in terms of number of breaks per ft. each year) is necessary.
This will give a preliminary idea about which of the proposed
methodologies for analysis would be more applicable for that
system. The mathematical computatidns for estimating the
expected number of future breaks become more complex the
more in "good" condition a system is, since our results
suggest that in this case, where most pipes are in the slow
breaking stage, the breaking mechanism is better approximated
by a Markov Process, where the probability of failure varies
with time and is conditional on the number of previous breaks.
As we move to more severely deteriorated systems, many pipes
have entered into the fast breaking stage, where breaks tend
to become more frequent and more uniformly distributed along
the pipe length (as opposed to being a localized phenomenon
occurring in pipes that are structurally more sound) .

In such severely deteriorating systems sever;l pipes will
again be in a slow breaking stage. For the rest of pipes
though which are in the fast breaking stage, the number of
previous breaks is not any more an important predictor of
future failures. In this latter case, making projections
about future breaks is not as complex computationally as in
the case of the more reliable overall pipes and the process

can be modeiled as Poisson.
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Even in systems that are experiencing a relatively small
number of breaks yearly (such as the New Havern system) and
are thus in a generally good condition, the number of
breaks in large diameter pipes is expected to double in
about 10 years if proper remedial measures are not

taken. The methodology proposed by this research provides
utility managers with a quantitative tool for evaluating
various replacement scenario and also for assessing future

budgeting needs for pipe repairs.

The models developed in this work for describing the failure
patterns in pipes result in quite different formulas for
calculating an optimal replacement time, than the over-
simplified formula currently applied by several investigators,
which is based on the assumption of exponential increase

of breaks with time.

The proposed methodology proved very helpful in identifying
high risk areas in the network today and also determining
areas with the potential for developing into '"high risk" at

some future time. It thus provides a very useful input for

the bundling decision of pipe repairs.

Among the developed models, the one that provides an estimate
of the probability for a pipe to enter into a fast breaking
state, is a particularly useful input in the pipe rehabili-
tation decigion. Since it is not economical to rehabilitate

a pipe that is likely to frequently break in the future and
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it is instead better to rzplace it, the estimate of the
probability for entering into a fast breaking state at
some time in the future is critical for comparing the

economic costs of the two alternatives.

The results indicate that currently used rules of thumb for pipe
replacement by many utilities could lead to very suboptimal
decisious. Thus, decisions for replacement based solely on
criteria such as pipe age and number of previous breaks are
miscalculating the real needs and ignore significant factors

contributing to future breaks.

Given the fact that internal pipe pressure was found to be an
important variable for determining the probability tﬁat a pipe
would enter the fast breaking state once it starts breaking, some
changes in system operating practices could occur by reducing
pipe pressure, where it is possible, and thus slowing down the
number of future breaks.‘bAlso, since both high pressure and

most recent (after 1950) pipe materials were found to be related

to acceleration of the failure rate, certain suggestions for

future pipe design standards could be made.

This study clearly pointed out many cf the deficiencies of
existing data sets and indicated which of them would be most
important to be corrected in the future. The problem of left
censored data proved to be accommodated satisfactorily by the
proposed methodologies. The following basic suggestions were

then made concerning the collection of future data, that will




408

lead to more reliable models:

a., Pipe length does not need to be fixed in the data sets
but a reduction of the high variability of its values should
be attempted and the uniformity of external environmental
conditions should become an important factor for its

definition.

b. Information on the exact pipe break location and break type
should be included in the future data sets, since this could
resolve much of the ambiguity about how the various risk

factors are distributed along the pipe length.

c. The intertemporal variation of certain variables (e.g.,
percentage of land development, pressure, pipe materials):
is needed for a more accurate system representation. Also,
information on maintenance practices and m2asures taken for
corrosion prote~tion would be useful for performing a more

complete analysis.
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10.2 Suggestions for Future Research
The following directions for future research are proposed within

the framework of analyzing historical pipe break records:

1. Application of the proposed methodologies of analysis on
data sets where improvements have been made according to the
discussion presented in Chapter 4. Apparently many of the
suggestions about better coding of break records and other
relevant variables would apply only to future data collectionms,
since for historical records much of the necessary additional
information is expected to be missing. Nevertheless, it seems
feasible that some of the improvements could be made even on
past records. For example, information about the location of
a pipe in the network could be useful in stratifying the data
in a way that would reflect}particular areal characteristics
within the system. Also information on break-type and break
location could possibly exist in historical records but not
being yet properly coded, as it has been the case for the
systems ahalyzed in this study. An improvement in that
direction coula even be made if pipe segments are redefined

so that they correspond to shorter lengths.

2. The derived failure probabilities and break rates for
individual pipes could be integrated with a numerical
hydraulic model of the water distribution system, in order
to examine the consequences of a break in terms of flow

and pressure reductions in areas at various distances




260

from the break. Although water distribution systems have
many redundancies, breaks in large diameter pipes could

have an impact on locations far from the actual break.

The projections about expected breaks and the implied
repair, replacement and rehabilitation strategies could
be integrated with financing decisions, since now a more

detailed assessment of future needs would be possible.

Extension qﬁ the proposed methodologies for analyzing
failure records on smaller diameter pipes, sewers and
gas pipelines, depending on the availability of data,
could also generate useful insights about the behavior

of such systems.

Statistical analysis of a water distribution system from
a drier section of the country (e.g. California) would
also be useful, since a comparison could be made with

trends existing in cities of Eastern US, as it has been

the case in this study.
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APPENDIX A



VARIABLE
1. LINK
2. USNODE
3. DSNODE
4. DIA
5. LENGTR
6. BREAKS
7. DATE
8. TYPELl
9. TYZE 2
10. ORGCOST
11. CORR
12, s1
13. s2
14. PRESSURE
15. Low
16. MEDZ
17. HIGHZ

EXPLANATION

Numeric identifier for each pipe
segment in model. Total = 1391.

Upstream Node: Numeric identifier
of upstream node for each link.

Downstream Node: Numeric identifier
of downstream node for each link.

Diameter: Diameter of each pipe {(link)
in inches. Range: 6-48 in.

Length of each pipe in model in feet.
Range: 100-14,000 ft.

Total number of breaks on each pipe.
Range: 0-14.

Year of pipe installation.

Dummy variable for pipe type (material).
1l = concrete.

Dummy variable for pipe type.
1 = Cast Ironm.

Original cost of each pipe when installed.
Range: $216.00-$820,400.00. -

Corrosivity: Dummy variable indicator
of corrosive or non-corrosive soil type.

Dummy variable for soil stabilicy.
S1 = Unstable Soil.

Dummy variable for soil stability.
S2 = Moderately Stable Soil. (Classifi-
cations for vars. 11-13 taken from Soil
Conservation Survey for New Haven).

Absolute pressure of water traveling
through each pipe in pounds per square
inch. (PSI)

Percent of each pipe length covered by
minimal land development.

Percent of each pipe covered by moderate
land development.

Percent of each pipe covered by maximum
land development.

Table Al

LIST OF VARIABLES PROVIDED FOR THE ANALYSIS

OF THE NEW HAVEN SYSTEM



18.

20.

21.
33.

34.

36.

49.

SWAMP

FIRST

SECOND -
FOURTEEN

YR1RPRS

YR2RPR -
YR14KPR

AGE83

Percent of each pipe covered by swamp.
(Classifications for vars. 15-18 taken
from U.S.G.S. Topographic Maps.)

Date of first repair for each pipe.

Dates of second through fourteenth
repairs 1if pipe experienced those repairs.

Year to first repair: Number of years
from date. of installation to date of
first repair. (var. 20 minus var. 7).

Similar to var. 34: Number of years
from previous repair to subsequent
repairs. -

Age of each pipe in 1983.
(1983 minus vaxr. 7).




23

N
O

15

10

AVERAGE TIME TO THE NEXT BREAK [YEARS]

® (292, 17.94)
Observation
(x,y)
e
x = number of observations
y = stondard deviation of the
time to next break
(90, 10.13)
® (24, 11.19)
[
{4,.2.02)
[ ]
(33,3.84) © (9,3.25) .
o ¢ (5,3.16)
(13,4.29) 7 319).
® v
- (9,1.73) . (3,169
® (8093 (2,1.29) -
® [ J ‘(2,'.35) '

llllillllllili

|
0023456789l0|ll2|3l4
NUMBER OF PREVIOUS BREAKS

Figure Al

AVERAGE TIME TO NEXT BREAK BY NUMBER OF
PREVIOUS BREAKS, NEW HAVEN
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FREQUENCY CUM FREQ PERCENT CUM PERCENT

1099 1099 ) 79.008 79.008
202 1301 14.522 93.530
52 13%3 3.738 97.268
14 1367 1.006 98.275
1" 1378 0.791 99.088
4 1382 0.288 99.353

1 1383 0.072 . 99.42%

1 1384 0.072 99.497

2 1386 0. 144 99.641

1 1387 0.072 99,712

1 1388 0.072 99.784

1 1389 0.072 39.856

2 1391 .0.144 100.000

Table AS

FREQUENCY OF BREAK NUMBERS
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APPENDIX B
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Documentation of the data variables for Cincinnati area pipe file (SAS data
set: CINCY.DATA[CWW] )

1. PI?thDE: Arbitary numbering of all pipes staring with 1 - 801 with
destinctions for the different sections of' the city.

1 - 9: Brecon
50 - S5: California
100 ~ 185: Clifton
200 - 288: Central Service
300 - 347: Eastern Hills
400 ~ 468: Greenhills
500 - 525: Mt. Washington
600 - 689: Western Hills
700 - 731: Winton Road
800 - 801: Gravity Tunnels
>801 : Covington and Kentomn County

2. NCENT: number of the cenus tract that the pipe crosses
3. SIZEIN: size of pipe in inches
4. DATELAY: Date of pipe installation

. 5. PCOST78: Total cost of installation in 1978 dollars
. (update this value using Construction Cost Index ENR)

6. LENGTH: Length of pipe in feet

7.' PRESDIF: Pressure differential between highest and lowest pressure
values on a pipe

8. CL: Dummy variable for cleaning and "lining 0 = NO
’ 1 = Yes

9. CLDATE: Dace of cleaning and lining if CL = 1
CLDATE = 0 1f CL = 0 i

10. ASBPRES: Average pressure for pipe

11. YRTORP40: for Cincinnati data (CATITIL = 1)
YRTORP40 = number of years from installation date to the
first repair occurring on a pipe in or after the year 1940.
Repairs may have been made prior to 1940 but the daca is
missing. An exception is PIPE #217; for which entire repair
history is known, i.e., install date = 1870, year of first
break = 1886 and YRTORP4D = 16

for Covington and Kenton founty (CATITIL = 2 or 3)
YRTORP4O = number of years from installation to the first
repair occurring in or after the year 1968. Break data
prior to 1968 is missing.

Table Bl

LIST OF VARIABLES PROVIDED FOR THE ANALYSIS
OF THE CINCINNATI SYSTEM
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12. SUMREP40: SUM of repairs on a pipe assuming the conditions of
YRTORP4O

13. AGEFREP: number of years from first repair (assuming conditions
of YRTORP40O) to the year 1980.

14. YROFRE: year of first repair assuming conditions of YRTORP4Q

15. AGE: number of years from date of installation to the year
1980

16. AVINDPCT: percent of pipe under industrial land uses

17. AVCOMPCT: percent of pipe under commercinl land uses

18. AVRESPCT: percent of pipe under residential land uses
19. AVTRPRCT: percent of pipe under transportation land uses
20. LENLOW: length of pipe ia lowly corrosive soil

21. LENMOD: length of pipe in moderately corrosive soil
22. LEMGIGH: length of pipe in highly corrosive soil
'23. AVDENTY: average populécion density over pipe

24, PIfEIY?E: dummy variable 0 = councrete
‘ : ~ 1 = metal (cast iron, steel)”

'25. CATITIL: Cincinnati city data coded as 1 = CATITIL
Covington as 2
Kenton County as 3

26. CENT1-CENT8: census tracts that pipe crosses

27. CENTP1-CENTP8: percent of pipe that crosses associated census tract
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The Newton-Raphson Algorithm

The control of the Newton-Raphson Algorithm is described in detail
in the BMDP Statistical Software [1983]. The most basic steps in

applying this alorgithm are as follows:

The initial values for the parameter estimates are assumed to
be zero, indicating that the covariates have no effect on survival.
The algorithm terminates when the relative improvement in the bartial
likelihood function is less than the value of the 'convergence' criterion
or when the maximum number of "iterations' has been reached. The
number used as the coﬁvergence criterion of the partial likelihood
function was 0.00001. The maximum number of iterations allowed to

maximize the partial likelihood function was 15.

When there is no improvement in the partial likelihood function
between successive iterations, the computed parameter correction vector
is halved and the partial likelihood function is recomputed. The
halving process goes on until the partial likelihood function is
greater tha; in the previous iteration, or until the maximum number
of "halvings'" is reached. If the maximum number of halvings is reached
before any increase in partial likelihood, the computations terminate.
In such a case, there is strong indication that problems exist with

the data or the chosen model structure. The maximum number of

halvings used was 5.

The tolerance for inversion of the information matrix is

controlled by the '"tolerance'" limit. No change at a parameter
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estimate is made if it fails the tolerance test. The value used as
tolerance limit was 0.00001. Failure to pass the tolerance test could
indicate the presence of a singular or nearly singular information
matrix, implyinz that possibly a problem might exist in the chosen

regression equation.



