










































































































































































































































CHAPTERS 

PRESENTATION OF CASE STUDIES 

5.1 Laramie Water 

As shown in Figure 5.1, Laramie, Wyoming is located 45 miles northeast 

from the state capital of Cheyenne and approximately 130 miles from the 

metropolis of Denver, Colorado. Laramie is home to the University of Wyoming 

and has a population of approximately 30,000. The City of Laramie Utility 

Division (Laramie Water) provides the residents of Laramie with water and sewer 

services. 

Figure 5.1 Map Showing the Location of Laramie, Wyoming and 
Colorado Springs, Colorado (Travel Post, 2006) 
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5.1.1 General Water System Characteristics 

Laramie's drinking water comes from two principal water sources; surface 

water from the Laramie River and various well fields which tap into the Casper 

aquifer. Whereas the surface water from the Laramie River is treated at the water 

treatment plant, the subterraneous water sources are treated at each individual 

well head. Laramie Water estimates the total capacity of their existing water 

sources to be 14.5 million gallons per day (mgd), with estimated system 

demands varying from 4.5 mgd in the wintertime to 11 mgd during the summer 

(City of Laramie Water, 2006). Treated drinking water is transported through 206 

miles of transmission and distribution water pipes for delivery to customers. The 

City of Laramie has approximately 8,200 meters of which some are master 

meters for trailer parks, the University of Wyoming, and subdivisions. 

5.1.2 Characteristics of the Water Distribution System 

The operation, maintenance and replacement of the water system's water 

mains comprise a large portion of the City of Laramie Utility's annual budget. 

Aside from allocating $300,000 annually to the water main replacement program, 

an additional one seventh of the utility's annual operation and maintenance 

budget is spent repairing the system's water mains (City of Laramie, 2006). 

As part of the pipe failure assessment investigation, officials from Laramie 

Water provided the researcher with a summary of their water pipe breaks during 

an 18-year period from 1987 through 2005. In addition to reporting the annual 

water main failure totals, Table 5.1 shows failure allocations between the 
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distribution system and transmission line pipes. For the Laramie water system, 

96% of the total 1, 136 water pipe failures occurred in the distribution system. 

Table 5.1 Yearly Water Pipe Failures for the Distribution System and 
Transmission Lines, Laramie Water System (City of Laramie, 2006) 

Fiscal Year 
Number of Water Main Failures 

Distribution System Transmission Line Total 
1987-1988 40 0 40 
1988-1989 38 1 39 
1989-1990 45 1 46 
1990-1991 44 4 48 
1991-1992 53 2 55 
1992-1993 57 1 58 
1993-1994 44 2 46 
1994-1995 38 2 40 
1995-1996 61 2 63 
1996-1997 70 1 71 
1997-1998 57 4 61 
1998-1999 61 7 68 
1999-2000 93 3 96 
2000-2001 77 2 79 
2001-2002 77 6 83 
2002-2003 68 2 70 
2003-2004 99 0 99 
2004-2005 74 0 74 

The propensity of pipe failures within the distribution system failures is 

common throughout the industry since these pipes comprise the majority of a 

water system's pipe infrastructure. In the Laramie water system, approximately 

80% of the total pipe inventory is contained within the distribution system. The 

dominance of failures within the distribution system is also related to the 

industry's risk adverse nature. Because transmission lines transport larger 

volumes of water under high pressure, the potential for major financial and legal 

consequences associated with a transmission line failure motivates utilities to be 

more proactive with their pipeline condition program. Whereas the low 
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consequences associated with distribution system failures imply an emphasis on 

failure management, the high consequences associated with transmission line 

failures lead to failure prevention polices. Transmission lines are also easier to 

inspect since they are larger in diameter and contain minimal cross-connections. 

In order to better understand the magnitude of the water main failure data 

provided by the City of Laramie, the break rates were compared to the guidelines 

established by the American Water Works Association Research Foundation 

(AWWARF). In a 1995 AWWARF publication entitled "Distribution System 

Performance Evaluation", the association reported that the industry-wide 

accepted yearly break rates for water systems vary from 25 to 30 breaks per 100 

miles with an average annual rate of 22 breaks per 100 miles (AWWA, 2002). 

The same publication mentions that utilities are striving for lower annual break 

rates in the range of 15 - 20 breaks per 100 miles. In the case of Laramie 

Water, the system's average yearly break rate of 36 breaks per 100 miles from 

1987-2005 is 1.6 times larger than the industry average. This rate increased 

significantly from 1999 to 2004 to a yearly average of 42 breaks per 100 miles 

with highs of 52 and 50 breaks per 100 miles in 1999 and 2003 respectively. 

As with most water utilities, Laramie's underground pipe infrastructure is a 

mixture of old and new. The oldest pipelines within the Laramie water system are 

the "pit" cast iron pipes (CIP) installed from the 1880's through the 1920's. The 

system also has large quantities of "spun" cast iron pipe, which was 

commonplace from the 1920's through the 1960's. As shown in Table 5.2, the 

combination of these two types of CIP comprise nearly a third of the utility's 
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entire pipeline inventory. This value is slightly larger than the national CIP 

average percentage of 29% (Grigg, 2004}. Aside from CIP, the Laramie system 

also has large quantities of ductile iron pipe (DIP) and polyvinyl chloride (PVC} 

pipe. The use of DIP occurred from the 1960's through the 1980's, while the use 

of PVC pipe started in the mid 1980's and continues to be popular for present-

day applications. Laramie Water's steel pipes are used primarily for the 

transmission lines. Of the 31 miles of steel transmission lines, roughly 90% of 

these lines were installed prior to the mid 1960's. The remaining 10% was 

installed in the late 1990's or in 2005. 

Table 5.2 Allocation of Pipe Materials within the Distribution System and 
Transmission Lines, Laramie Water System (City of Laramie, 2006) 

Pipe Inventory Range of 
Material Miles Percentage Installation Dates 

CIP 65.4 31.7% 1880- 1967 
DIP 60.2 29.2% 1968-1983 
PVC 48.9 23.7% 1984-2005 
Steel 31.1 15.1% 1945-2005 
Other 0.5 0.2% 1927 -2002 

5.1.3 Alterations to the Original Data Set 

Laramie Water's pipe inventory and break record data was generated 

using the utility's Geographic Information System (GIS}, which allowed for 

queried data to be imported into Microsoft Excel as a database file. Having the 

pipe inventory and break history records in electronic form simplified the model 

initialization and data entry processes. 
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In spite of the compatibility between Laramie Water's data fifes and the 

model's Excel platform, several alterations to the data set were required prior to 

importing the information into the model. There were two categories of revisions: 

• Revisions relating to incomplete datasets 

• Model-induced revisions 

Changes relating to incomplete datasets were the less cumbersome to correct 

than the model-induced changes. 

5.1.3.1 Incomplete Dataset Revisions 

These revisions relate to inconsistencies with the utility's inventory records 

and include missing and/or inconsistent material type, diameter, length, and pipe 

id information. These corrections are normally made by reviewing original 

installation records and/or examining the records of nearby pipes with similar 

characteristics. In the Laramie dataset, there were 30 pipes missing installation 

dates, 32 pipes without pipe lengths, and a handful of pipes with diameter and 

pipe identification (id) errors. 

5.1 .. 3.2 Model-Related Revisions 

Whereas incomplete datasets affect the accuracy and completeness of 

the model's output, model-related revisions are more serious because they affect 

the model operation. The two most cumbersome model-related deficiencies are 

missing installation dates and missing pipe identification (id) numbers. Missing 

installation dates affect the program's ability to evaluate pipe age and missing 
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pipe id numbers make it impossible for the inventory database to interact with the 

break record database since the pipe id serves as the common link. 

Utility personnel at Laramie Water allocated many man-hours to resolving 

both types of deficiencies. With regard to the pipe inventory records, 

approximately 8% of pipes had installation dates listed as "Pre-1920" or "Pre-

1927", which had to be modified in order for the program to calculate pipe age. 

Resolving the pipe id issue was even more cumbersome: none of the utility's 738 

break records from July, 1996 to February, 2006 had been referenced with the 

same pipe id number system used in the inventory database. While the majority 

of these deficiencies were resolved using GIS tools, several cases required the 

review of original installation and maintenance records. 

Resolving the issues relating to the utility's break records also proved to 

be arduous. Amongst the break records provided by Laramie Water from 1997 to 

2006, there were 60 cases in which the water pipe had been repaired more than 

once during the same month. Many of these cases involved pipes which had 

repaired within a week of a previous break. Having initially concluded that this 

occurrence was the result of data entry errors, the researcher had asked utility 

personnel to investigate these cases. Utility officials confirmed that the break 

records were correct, explaining that water pipes often experience multiple 

breaks within a distance of 5 - 20 feet. One likely scenario is that once a break 

has been repaired, because it no longer relieves pressure throughout the 

pipeline, another weak spot is exposed. It's also plausible that the multiple break 

events are related to damages resulting from the previous pipe repair(s). 
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Having confirmed the validity of multiple break dates within the same 

month, the researcher had to address the model-related consequences of these 

occurrences and the bigger issue of how break events are defined. From a 

modeling perspective, because the failure prediction component uses a monthly 

time step, pipes experiencing multiple breaks within the same month are viewed 

as lacking sequential break times. A monthly time step was selected for two 

reasons. First, it acknowledges that month/year is standard precision for 

maintenance practices within an industry. Secondly, the use of a monthly time 

step (0.0833 years) provides a more realistic degree of precision than a daily 

time step (0.0027 years) for the probability modeling. The issue of multiple break 

dates within the same month also affects the MCDA portion of the model since 

points are assigned as a function of the number of break events. 

Recognizing that the issue of multiple breaks within the same month 

would have to be evaluated on a case-by-case basis, the researcher consulted 

with the participating utility personnel to establish some guidelines. Based on 

these discussions, the researcher applied the following rules: 

• Break dates occurring near the end of a month could be rounded up to 
the following month. 

• A 14-day period was established at the minimum time interval between 
breaks. Any consecutive breaks occurring within this minimum time 
interval were removed from the break database. For consecutive breaks 
exceeding the minimum 14 days, the break dates were rounded up and 
down. For example, the repair dates 08/09/1978 and 08/21/1978 were 
modified to 08/1978 and 09/1978 respectively. 

• In cases in which utility personnel had firsthand knowledge that the 
successive breaks were not related (i.e. breaks occurring on the extreme 
ends of a pipeline, etc.), the break date was also rounded up or down to 
reflect a monthly time step. 
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Applying these guidelines, 42 of the 60 repeated break records were removed 

from the database. 

5.1.4 Correlation Analysis of Break Frequency Variables 

For water mains with one or two break records, the model uses a 

Weighted Average Method rt" AM) in which points are assigned to each criterion 

(variable) identified as having an influence on the break frequency of each pipe. 

Although Laramie Water personnel certainly "have a feel" for which factors 

influence the failure of their pipe infrastructure, these hunches had to be 

quantified through a statistical correlation analysis of the inventory and break 

record data. As was presented in Chapter 4, the statistical correlation approach 

used in this research is based on comparing a variable's break percentage to its 

overall percentage in the system. The following summarizes the results of the 

correlation analysis for the eight default criteria and an additional utility-specific 

criterion. 

Pipe Age: 

Researchers ranging from O'Day (1982) to Vanrenterghem (2003) have 

concluded that, although age is a factor in the frequency of pipe breaks, the 

assumption that the oldest pipes are in the worst condition is not borne out by 

experience (Butler and Earley, 2002). Acknowledging that age alone is certainly 

not the only contributing factor to pipe break frequency, its obvious contribution to 

the overall deterioration of buried pipeline certainly can not be ignored. 
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In order to determine a possible correlation between pipe ages and break 

failures for the Laramie water system, the break age data was normalized in 

proportion to the percentage of the system pipes within each age bracket. As 

shown in Table 5.3, pipe breaks rarely occur during the first 20 years of service. 

From a period of 20 to 40 years the break frequency increases to a level 

proportional to the inventory percentage. However, after 40 years the break 

frequency grows dramatically until it starts flattening out at the age of 60 years. 

The data suggests a definite trend between pipe age and break frequency. The 

apparent flattening out after the age of 60 years is misleading and most-likely 

related to a void in the utility's record keeping. 

Table 5.3 Pipe Break Distribution by Pipe Age, 
Laramie Water System (City of Laramie, 2006) 

Pipe Age (years) Percent of Breaks Percent of Inventory 
0.0-10.0 2.9% 21.8% 
10.1 .. 20.0 4.8% 8.0% 
20.1 - 30.0 21.4% 20.1% 
30.1 - 40.0 21.8% 20.6% 
40.1 - 50.0 19.4% 8.3% 
50.1 - 60.0 10.7% 6.5% 
60.1 - 70.0 0.4% 2.3% 
70.1 - 80.0 3.3% 1.6% 
80.1 .. 90.0 4.9% 3.1% 
90.1 - 100.0 2.1% 1.1% 

2: 1UU 8.4% 6.6% 

Based on this correlation analysis, the interval and point distributions for the age 

criterion were assigned as: 

< 20 years: 
20 - 40 years: 
40 - 60 years: 
> 60 years 

O points 
5 points 

10 points 
15 points 
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Break Causes: 

Information regarding the pipe failure cause was included in only a fraction 

of the utility's break records and with a high degree of uncertainty. No points for 

assigned for this criterion. 

Break History: 

Although a single break can be attributed to an isolated cause such as an 

installation-related error or a material defect that is remedied once the break is 

repaired, it is usually a strong indicator of potential problems. Accordingly, 10 

points were assigned for each reported break event. 

Diameter: 

In order to test for a correlation between pipe diameter and break 

frequency, break diameter data was normalized in proportion to its inventory 

percentage. Table 5.4 shows an overwhelming correlation for 6 inch pipe, which 

accounts for nearly 60% of the total break records. While this correlation has a 

break frequency to inventory ratio of nearly 2: 1, the correlation for both 4 inch 

and 8 inch pipe is approximately 1: 1 while the other pipe diameters have weak 

correlations. An evaluation of the break records revealed that the dominate break 

frequency of 6 inch pipe is also related to the presence of CIP, which is the 

oldest pipe material in the system. Of the total 448 break records involving 6 inch 

pipe, 96.9% occur with cast iron pipe. 

112 



Table 5.4 Pipe Break Distribution by Pipe Diameter, 
Laramie Water System (City of Laramie, 2006) 

Pipe Diamater (in) Percent of Breaks Percent of Inventory 
<4 0.0% 0.1% 
4 6.1% 5.1% 
6 59.4% 30.1% 
8 16.4% 13.8% 
10 7.8% 11.0% 

12-16 7.0% 16.1% 
18-24 3.2% 23.0% 
~~u 0.0% 0.8% 

Based on these observations, the following point allocations were made for the 

following pipe diameter intervals: 

< 4 inch: 
4 inch: 
6 inch: 
8 inch: 
> 8 inch: 

Material: 

0 points 
5 points 

10 points 
5 points 
0 points 

Applying a similar approach to that taken for pipe diameter, a correlation 

analysis was conducted for each pipe material. Not surprisingly, Table 5.5 shows 

CIP has a disproportionate number of breaks relative to its inventory percentage. 

Of the other materials, PVC has the second strongest correlation with a break 

frequency to inventory percentage ratio of approximately 0.25. 

Table 5.5 Pipe Break Distribution by Material Type, 
Laramie Water System (City of Laramie, 2006) 

Pipe Percent of Breaks Percent of Inventory 
CIP 88.1% 31.7% 
DIP 3.8% 29.2% 
PVC 5.7% 23.7% 
Steel 2.3% 15.1% 
Other 0.1% 0.2% 
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Because of the dominance of CIP, this material type was assigned the largest 

point value, whereas PVC was assigned the second largest point value. Due to 

the weak correlations for the DIP, Steel and other material types, they were 

assigned O points. 

CIP: 
PVC: 
Other: 

Pressure: 

10 points 
5 points 
O points 

Laramie Water does not maintain pressure data for individual water mains 

within their inventory or break record databases so no points were assigned to 

this criterion. 

Soil Resistivity: 

As is the case with pressure, no points were assigned to this criterion due 

to a lack of soil resistivity data for individual pipes. 

Soil Type: 

The City of Laramie's Utility website indicates that the excessive break 

frequency of the water system pipelines are the result of both pipe aging and 

corrosive soils. However, because Laramie Water does not maintain soil data for 

individual water mains within their inventory or break record databases, a 

correlation analysis could not be performed for this variable. 

Leak Type: 

Aside from the eight standard criteria included as defaults within the 

model, because the 86% of the break records contained leak type information, 

this criterion was included in the correlation analysis. Unlike the previous 
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correlation analyses in which each variable's break percentage was compared to 

its overall percentage in the system, because the dataset is limited to only the 

break-related events, a different approach was applied. 

The approach consisted of evaluating the annual distribution of each leak 

type in order to look for any time-related trends. Utility break records indicated 

that the primary leak types were beam breaks (35.8%), blowout (34.8%), and 

pressure splits (7.3%). The remaining 22.1% was caused by a combination of 

joint and unknown causes. While the percentages of beam break and blowouts 

indicate that these leak types are the most prevalent, Figure 5.2 shows that these 

yearly distribution of these leak types from 1996 to 2006 remained fairly 

consistent. Note that the percentages for 2006 reflect break records through the 

month of April. The only leak type that showed some deviation during this period 

was the blowout, which increased from 2003 to 2005 but appears to have 

decreased this year. Due to the absence of a significant trend, no points were 

assigned to this criterion. 

5.1.5 Consequence Module Configuration 

For water pipes with a minimum of three break records, in addition to 

providing probability-based decision variables, the model calculates a total risk 

score for as the product of the probability and the consequences. As was 

presented in Chapter 4, the model groups the consequence factors (weights) into 

three classes: location .. specific, indirect, and social factors. For the 7 4 water 

mains with a minimum of three break records, the factors pertaining to each 
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water main were selected through the user-friendly consequence form. Table 5.6 

shows the various located-specific, indirect and social weights used for the pipes 

receiving a risk score. The three most frequently selected consequence factors 

were the location of the pipe along a high-traffic street (65%), the potential for 

unfavorable publicity (43%), and the location of the pipe in an alley(%). 

0%+-~-.--~--.-.-~--.~~-.--~-.-~-..,....~--~~~=-.+--~-A 

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 
Year 

Figure 5.2 Yearly Distributions of Leak Types, 
Laramie Water System (Laramie Water, 2006) 
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Table 5.6 Consequence Factors and Weights, Laramie Water System 
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5.2 Colorado Springs Utilities 

The city of Colorado Springs, Colorado is located at the foot of Pikes 

Peak, approximately 70 miles south of state's capital of Denver (see Figure 5.1 ). 

Colorado Springs is Colorado's largest city in terms of land area and second only 

to Denver in population with an estimated 400,000 residents. 

Colorado Springs Utilities (CSU) is a community-owned utility that 

provides natural gas, electricity, water and wastewater services to customers in 

the Pikes Peak region. Included within its service region are the communities of 

Colorado Springs, Green Mountain Falls, and Chipita Park as well as contract 

sales for Fort Carson, Peterson Air Force Base, and the United States Air Force 

Academy. 

5.2.1 General Water System Characteristics 

The Colorado Springs water system is supplied by a variety of surface 

water, ground water, and purchased water sources. As shown in Table 5.7, most 

of the utility's water supply originates from various mountain streams located in 

the vicinity of Aspen, Leadville and Breckenridge approximately 200 miles away 

(ECRPD, 2005). Water taken from these surface water sources is collected and 

stored in a series of reservoirs along the Continental Divide and includes the 

Homestake Project, Fryingpan-Arkansas, Twin Lakes and Blue River systems. 

This collected water is then transported through a vast network of transmission 

lines to the Rampart and Catamount Reservoirs on Pikes Peak where it is stored 

for future treatment. 
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Table 5.7 Water Source Allocations for the Colorado Springs Water System 
(Colorado Springs Utility, 2005) 

Water Sources Available Capacity 
(acre-ft/year) 

Mountain Sources: 
Blue River Project 10,200 
Fryinooan-Arkansas 14,200 
Homestake Proiect 13,800 
Twin Lakes 35,000 

Local Sources: 
Cheyenne Canyon 3,200 
Colorado Canal 13,700 
Monument Creek 3,100 
Northfield 700 
Pikes Peak 15,800 
Pinello Ranch 1,600 
Rosemont 1,100 

Other Sources: 
Arkansas River and local exchange 27,700 

Total Capacity: 140,100 

The utility's local water supplies consist of various surface and ground 

water sources. The local surface water sources are located along the north and 

south slopes of Pikes Peak, North and South Cheyenne Creeks, Fountain Creek, 

Monument Creek/Pikeview Reservoir and the Northfield Watershed. The utility's 

ground water sources include four wells pumped from the Arapahoe aquifer, one 

well pumped from the Denver aquifer, one well pumped from the Laramie-Fox 

Hills aquifer, and four wells pumped from the Widefield aquifer (ECRPD, 2005). 

In addition to the utility-owned water sources, Colorado Springs Utilities also 

purchases treated surface water from the Fountain Valley Authority. 

Water from the numerous mountain and local sources is treated by the 

utility's six water treatment plants, which have a combined maximum capacity of 
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232 million gallons of water per day (mgd). The utility's website reports that the 

average daily demand is approximately 60 mgd with an all-time peak demand of 

182.4 mgd in 2001 (Colorado Springs Utilities, 2005). The utility delivers water to 

its customers via an intricate series of 28 distribution tanks and 1,800 miles of 

distribution pipe. 

5.2.2 Characteristics of the Water Distribution System 

Officials from Colorado Springs Utilities provided the researcher with pipe 

break records from January, 1993 through May, 2005. As shown in Figure 5.3, 

aside from a minor drop from 1997-1999, the quantity of failures during this 

period has steadily increased. Note that the figure does not include data for the 

year 2005 since the break records for this year included data only through the 

month of May. Although the number of failures has increased over time, because 

the system's pipeline lineage has also increased, the annual break rates per 100 

miles have remained constant varying from 8 to 11 breaks per 100 miles with an 

average rate of 10 breaks per 100 miles. These rates are significantly lower than 

standard annual rate of 25 - 30 breaks per 100 miles and the target annual rate 

of 15 -20 breaks per 100 miles referenced by AWWARF. 

The oldest water mains in the Colorado Springs water distribution system 

are the "pit" and "spun" cast iron pipes (CIP) installed from the early 1900's 

through the mid 1970's. Although CIP makes up a sizeable portion of the utility's 

pipeline inventory, ductile iron pipe (DIP) and PVC pipe make up the largest 

quantities of pipe material found in the system with a combined total of 62%. The 
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abundance of the material types is a product of massive system expansions 

resulting from the absorption of several smaller utility districts and a population 

boom in the area from the 1960's through the mid 1980's. During the 25 year 

period from 1960 to 1985, the mileage of water distribution pipelines increased at 

a yearly average rate of 4.8% from 360 to 1 , 165 miles. Utility personnel 

indicated that the large quantity of unknown material type shown in Table 5.8 is 

mostly related to the pipe inventory inherited through the incorporation of various 

water districts throughout the utility's history. 
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Figure 5.3 Water Main Failures over Time, 
Colorado Springs Water System (Colorado Springs Utility, 2006) 

Another distinguishing characteristic of the Colorado Springs water system 

is its large range of pressure zones within the distribution network. As a result of 

the community's hilly terrain, there are a total of 26 different pressure zones 

within the distribution system with pressures ranging from less than 60 psi to over 

170 psi (ESRI, 2004). As will be discussed in the section devoted to correlation 
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analysis, these extreme pressures within the system impact on the failure 

frequency of the water mains. 

Table 5.8 Distribution of Pipe Material and Installation Date Ranges for the 
Colorado Springs Water System (Colorado Springs Utilities, 2006) 

Pipe Inventory Range of 
Material Miles Percentage Installation Dates 
Asbestos 15 0.8% 1959- 1972 
Cast Iron 445 23.6% 1909 -1975 
Concrete 10 0.6% 1985-2006 

Ductile Iron 568 30.2% 1968-2006 
HOPE 5 0.3% 2004-2006 
Other 2 0.1% 1952 -2001 
PVC 592 31.5% 1964-2006 
Steel 80 4.2% 1941 - 2005 

Unknown 163 8.7% 1928-2006 

5.2.3 Alterations to the Original Data Set 

Colorado Springs Utilities maintains all their natural gas, electricity, water 

and wastewater records electronically in a GIS-based program called Arc-Facility 

Management (ArcFM). As such, the utility was able to provide the researcher 

with the necessary water main inventory and break records in a format that 

allowed the information to be imported directly into the model with minimal data 

preparation. Unlike the Laramie Water case study, the inventory data provided by 

the utility for the case study represents only a fraction of the water system's total 

inventory. The decision to reduce the number of inventory records was based on 

the limitations inherent to the model's Microsoft Excel platform. The 1,800 miles 

of water mains of distribution pipelines translates to over 140,000 individual 

pipes. Because each pipe inventory entry is assigned its own row in Excel, the 

required 140,000 rows needed for the entire system's pipe inventory exceeds 

122 



Excel's row maximum of 65,500 by over 200%. Accordingly, the number of 

inventory records imported into the model was reduced to coincide with the 

number of pipes contained within the break records. In other words, rather than 

storing and processing various water main entries that have no break histories, 

all 1,471 water mains stored within the inventory module have at least 1 break 

record. 

The original pipe inventory and break history data provided by the utility 

was ranked based on the utility's confidence in the repair date, material and 

diameter information. The utility's confidence in these parameters was based on 

comparisons between GIS-based values and the values reported from field­

based operations. For pipes in which the computer and field-based data 

coincided perfectly, an uncertainty score of zero was assigned to that parameter. 

Conversely, if there is a major discrepancy between the G IS and field-based 

parameter, then the pipe received an uncertainty score of 1. For example, if the 

ArcFM program reported a water main material as PVC whereas the 

maintenance records reported that the water pipe as steel, then the material 

uncertainty score for this particular water main was 1. Since there were a total of 

three confidence parameters (repair date, material and diameter), the total 

uncertainty scores ranged from O and 3 respectively. Based on conversations 

between the researcher and representatives from Colorado Springs Utilities, it 

was determined that the case study should use only the pipe inventory/break 

records with a total uncertainty of O or 1. In terms of actual records, this meant 

that 111 (5.4%) of the total 2,058 records were excluded from the case study. 
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Of the remaining 1,94 7 records, 1,359 had uncertainty scores of o 

whereas 588 had uncertainty scores of 1. Although the utility's data-confidence 

approach was extremely useful in weeding out unreliable data, within the 1,947 

records there were still several inconsistencies within the data set that needed to 

be addressed prior to importing the information into the model. The most notable 

inconsistency related to the repair dates. Specifically, there were 149 cases in 

which the time to first break was less than 5 days. For these cases, the utility 

recommended that these entries not be included within the analysis since these 

breaks were related to construction practices or material defects in the pipe. 

Eliminating these 149 records from the database reduced the total dataset to 

1,798, which was the number used throughout the case study. 

5.2.3.1 Incomplete Dataset Revisions 

An important distinction between the dataset provided by Colorado 

Springs and that provided by Laramie Water related to the nature of the required 

data alterations. Whereas most of the data revisions for the Laramie system were 

model-induced, the majority of revisions to the Colorado Springs Utilities data 

involved "filling in the gaps" of incomplete data sets. For example, there were a 

total of 75 diameter and 647 material discrepancies between values reported in 

GIS and values reported from maintenance activities. For the pipe diameters, 

most of the discrepancies were minor (3 inch versus 4 inch) and the GIS value 

was assumed to be valid. Also, there were also several data entry errors such as 

typing 80 inches instead of 8 inches. Most of the material discrepancies were 
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also minor (steel versus ductile iron) and the GIS value was assumed to be valid. 

For pipes in which the material information was very inconsistent (PVC versus 

cast iron), the researcher used several guidelines provided by utility personnel to 

determine which material was valid. For instance, the utility representative 

indicated that CIP water mains were generally used prior to 1968 and DIP most 

prevalent after 197 4. 

Another significant data-induced deficiency related to the installation date. 

Of the 1,798 total records, 248 (13.8%) were missing installation dates. Although 

missing installation dates lead to pipe age calculation errors, because the model 

failure prediction module relies primarily on the age between consecutive breaks, 

missing installation dates are not considered as model-induced revisions. 

Regardless of the classification, in an effort to provide the utility with the most 

meaningful information possible, the utility allocated several man-hours to 

completing this information. In the end, the utility was able to locate installation 

dates for only a fraction of 248 records so several pipes were never assigned an 

installation date. Utility personnel indicated that a large portion of the pipes 

without installation dates came from portions of the system that were 

incorporated into the utility from other water districts. 

5.2.3 .. 1 Model-Related Revisions 

The only significant model-related change involved the 50 break records in 

which certain water mains had been repaired more than once during a month 

period. As was discussed with the Laramie Water case study, this phenomenon 
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is common throughout the industry and often the result of repair-induced stress 

defect or an exposure of a weak spot via a downstream improvement. Using the 

same guidelines established for the Laramie Water break records, the researcher 

evaluated each of the break events on a case by case basis and removed a total 

of 26 from the database. 

5.2.4 Correlation Analysis of Break Frequency Variables 

The first step in performing a Multicriteria Decision Analysis (MCDA) for 

the 1,420 water mains within the Colorado Springs water system with less than 3 

breaks was to determine which combinations of criteria affect the overall pipe 

break frequency. As was performed for the Laramie Water case study, a 

statistical correlation analysis of the eight default criteria was performed based 

on the pipe inventory and break record data provided by the utility. 

Pipe Age: 

Table 5.9 shows the correlation between pipe ages and break failures for 

the Colorado Springs water system. The data indicates that pipe failure is 

uncommon for the first 20 years of use, becomes more pronounced during the 

21-30 year range, and then increases dramatically from 31 to 50 years. Although 

the data reveals a drop off in failures after 50 years, this observation most-likely 

reflects a void in accurate installation records. Table 5.9 supports the utility's 

existing practice of paying close attention to pipes between the age of 30 and 50 

years. Based on this observation. the interval and point distribution for the age 

criterion were determined to be: 
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< 20 years: 
21 -30 years: 
31 -50 years: 
> 50 years: 

0 points 
5 points 

10 points 
15 points 

Table 5.9 Pipe Break Distribution by Pipe Age, 
Colorado Springs Water System (Colorado Springs Utility, 2006) 

Pipe Age (years) Percent of Breaks Percent of Inventory 
0-10 1.7% 28.1% 
11-20 5.7% 14.6% 
21-30 17.8% 22.9% 
31-40 46.4% 19.5% 
41-50 21.8% 9.6% 
51-60 4.7% 3.8% 
>60 2.0% 1.5% 

Break Causes: 

An analysis of all the break records from 1993 though 2004 indicated that 

the primary break causes are circumferential splits (39.1 %), corrosion (35.4%), 

and pressure splits (6.8%). The remaining 18.7% is caused by a combination of 

contractor, fitting, and unknown causes. The total number of breaks for years 

1993 through 2004 is shown in Table 5.10. 

Year 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 
2001 
2002 
2003 
2004 

Table 5.1 O Number of Breaks for Several Break Causes, 
Colorado Springs Water System (Colorado Springs Utility, 2006) 

Number of Water Main Failures 
Circum. Split Corrosion Contractor Fitting Press. Split Unknown 

72 34 1 10 8 4 
56 4 26 9 11 27 
72 6 32 7 14 2 
89 2 42 8 22 0 
52 2 54 9 10 6 
23 0 62 7 4 19 
15 0 40 9 4 51 
47 3 48 7 5 53 
47 3 73 5 7 19 
64 0 68 7 5 11 
76 2 63 8 13 10 
73 1 78 11 12 8 
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133 
133 
163 
133 
115 
119 
163 
154 
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172 
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Although the large percentage of circumferential splits and corrosion failures 

suggests that these causes dominate, an evaluation of each break cause's yearly 

contribution to the total number of failures (Figure 5.4) illustrates that the 

percentage of each break cause has remained fairly consistent. The only break 

cause that showed some deviation was the circumferential split case, which 

dropped from 1998-1999. Due to the absence of a significant trend, no points 

were assigned to this criterion. 
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Figure 5.4 Yearly Percentages of Break Causes, 
Colorado Springs Water System (Colorado Springs Utility, 2006) 

Break History: 

As was done for the Laramie Water case study, 10 points were assigned 

for each reported break event. 
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Diameter: 

Table 5.11 shows a strong correlation between the pipe diameter and 

break frequency for the 4 inch and 6 inch pipes. An examination of the break 

record database indicated that this correlation is also related to the presence of 

CIP, which is the oldest material type in the system. Of the total 964 break 

records involving either 4 inch or 6 inch pipe, 82.2% occur with cast iron pipe. 

Amongst the two pipe sizes, there were nearly 3.5 times more break events in 

the 6 inch pipe than in the 4 inch pipe. This also agrees supports the utility's 

prioritization policy which closely scrutinizes 6 inch diameter pipes. 

Table 5.11 Pipe Break Distribution by Pipe Diameter, 
Colorado Springs Water System (Colorado Springs Utility, 2006) 

Pipe Diameter (In) Percent of Breaks Percent of Inventory 
<4 0.9% 0.6% 
4 13.2% 4.0% 
6 54.1% 27.7% 
8 20.9% 36.2% 

10-12 6.2% 14.8% 
14-16 1.3% 5.7% 
18-24 2.3% 6.4% 
>24 1.1% 4.5% 

Based on these observations, the following point allocations were made for the 

following pipe diameter intervals: 

< 4 inch: 
4 inch: 
6 inch: 
> 6 inch: 

Material: 

O points 
5 points 

10 points 
O points 

Applying a similar approach to that taken for pipe diameter, a correlation 

analysis was conducted for system pipes for each type of pipe material. Not 
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surprisingly, Table 5.12 shows that the cast iron pipe has a disproportionate 

number of breaks relative to its percentage within the system. Although ductile 

iron has a relatively large percentage of breaks, its break frequency is lower than 

its inventory frequency. This tendency is true for all the other material types, with 

PVC pipe exhibiting the lowest ratio break frequency to inventory frequency. 

Points were assigned for pipe material according to the following scale: 

Cast iron: 
Ductile iron: 
PVC: 
Other: 

10 points 
5 points 
O points 
0 points 

Table 5.12 Pipe Break Distribution by Material Type, 
Colorado Springs Water System (Colorado Springs Utility, 2006) 

Pipe Material Percent of Breaks Percent of Inventory 
Asbestos 0.7% 0.9% 
Cast Iron 70.5% 25.9% 
Concrete 0.1% 0.6% 

Ductile Iron 20.2% 33.1% 
HOPE 0.1% 0.3% 
Other 0.0% 0.1% 
PVC 5.5% 34.5% 
Steel 2.9% 4.6% 

Pressure: 

Although the utility maintains information regarding the range of pressures 

within each of the system's pressure zones, presently this information is not 

correlated with their pipe inventory and break record databases. In consideration 

of the time required for the utility to develop this form of correlation, and in lieu of 

the absence of a definitive trend with pressure splits, no points were assigned to 

this criterion. 
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Soil Resistivity: 

While Colorado Springs Utility maintains soil resistivity information for their 

gas pipelines, this information has not been correlated to their potable water pipe 

inventory. At this point in time, both the cost and time associated with developing 

such a correlation make it beyond the scope of this investigation. Consequently, 

no points were assigned to this criterion. 

Soil Type: 

Like most utilities, Colorado Springs Utilities does not maintain soil records 

for individual pipes. In order to determine soil type information for all the pipes 

with break histories, utility personnel used the Soil Survey Geographic 

(SSURGO) Database from Natural Resources Conservation Service (NRCS). 

During the evaluation, utility personnel observed that approximately 20% of the 

pipes contained multiple soil types over the pipe's length. Because the exact 

location of each pipe repair along each pipe length is not recorded, in these 

cases the soil type classification was based on averaging and/or applying worse 

case scenarios. As shown in Table 5.13, for the 1,771 pipes within the break 

record database, the dominate soil types where silt (60.2%) and sand (35.6%). 

Despite the prevalence of these soils, the table shows a lack of correlation 

between the percent breaks and the inventory percentage for these soils. In 

terms of a yearly distribution of pipe breaks associated with these soils, Figure 

5.5 shows that their contribution is fairly consistent from 1996 to 2004. Based on 

these analyses, no points were assigned to this criterion. 
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Table 5.13 Pipe Break Distribution by Soil Type, 
Colorado Springs Water System (Colorado Springs Utility, 2006) 

Soil Type Percent of Breaks Percent of Inventory 
Clay 1.1°/o 0.6o/o 
Sand 35.6% 40.2% 
Silt 60.2% 56.9% 
Unknown 3.2°/o 2.4°/o 
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Figure 5.5 Yearly Percentages of Soil Types, 
Colorado Springs Water System (Colorado Springs Utility, 2006) 

Corrosion Potential: 

The SSURGO database was also used to assign a corrosion potential 

classification to each pipe with a break history. Although SSURGO provides 

corrosion potential information for both concrete and steel, because the water 

system has very limited quantities of concrete pipe, only the steel corrosion 
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potential was included for the correlation analysis. The analysis concluded that 

the majority of the steel corrosion potential ratings were either moderate (54.2%) 

or high (29.3%). Despite the dominance of these ratings, Figure 5.6 shows that 

their annual distribution changes very little over time. Accordingly, no points were 

assigned to this criterion. 
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Figure 5.6 Yearly Percentages of Steel Corrosion Potential, 
Colorado Springs Water System, (Colorado Springs Utility, 2006) 

5.2.5 Consequence Module Configuration 

Table 5.14 shows the located-specific, indirect and social consequence 

weights provided by utility personnel for the 51 water pipes containing multiple 

(>3) break records. 
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Table 5.14 Consequence Factors and Weights, Colorado Springs Water System 

Pipe Pipe Location Weiahts Social and Indirect Weiahts 
ID railroad building water population Welland traffic allf!'f slide slope heahh social services fire liability environ publicity trench 

P18426.552 1.60 1.20 
P185810359 1.80 1.20 
P185811385 
P185812481 
P18581651 
P185816633 1.20 
P185817299 
P186326316 1.20 
P186329182 1.40 
P186.131479 
P1863321022 
P1863321039 
P186332572 1.98 
P186847364 
P187355721 2.16 
P18735683 
P187869186 
P187871572 
P187871006 1.60 
P187878400 
P18780051 
P18838529 
P188391444 
P188897121 1.20 
P188899505 
P188908165 1.20 
P188900435 1.80 1.20 
P189412290 1.20 
P189422673 
P189423755 
P189425242 1.00 
P189425264 1.00 
P189931876 1.80 
P189934751 
P189934782 
P189936357 
P189937367 
P189939316 1.40 
P190959486 1.20 
P190966223 
P1900fi6725 
P191476497 
P191477450 
P191477486 
P191478190 1.20 
P191479273 
P191480799 
P191481203 
P191482993 
P191997849 
P192510497 
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6.1 Introduction 

CHAPTER& 

RESULTS OF CASE STUDIES 

Having presented the pipe failure assessment model for the Laramie 

Water and Colorado Springs Utilities case studies in Chapter 5, the purpose of 

this chapter is to provide a comprehensive discussion and interpretation of the 

results for each utility. In the first part of the chapter, results from the model's 

failure prediction module are presented with respect to its accuracy in predicting 

actual breaks and the results of the probability-based prioritization terms. Results 

from the model's MCDA module are presented in the second part of the chapter. 

6.2 Failure Prediction Modeling Results 

For water pipes with a minimum of three break records, the model's Pipe 

Failure Prediction (PFP) module uses the Power Law form of a Non­

Homogeneous Poisson Process (NHPP) to calculate the probability of failure, 

expected number of failures, and time to next failure. A critical process in the 

evaluation these probability-based terms involves the determination of the shape 

(~)and scale (A.) factors which are calculated based on each pipe's break history. 

Because the calculation of these parameters requires only three break 
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records, for water mains with four or more break records, the model calculates 

the ~ and 'A parameters for a multitude of break record combinations and 

determines the best combination based on an assessment of the coefficient of 

determination (R2
) between the predicted and actual breaks. 

6.2.1 Comparison between Actual and Predicted Breaks 

Figure 6.1 illustrates the variance between the actual and predicted 

breaks for three pipes within the Laramie water system. Of the 7 4 pipes analyzed 

within the PFP module for this system, these three pipes are representative of 

the varying failure trends and common levels of break histories. For pipe 

167327SW 142, the decreasing time between successive breaks indicates that 

the failure rate is increasing. This trend is indicative of a pipe experiencing a 

normal deteriorating process. The decreasing failure rate for pipe 157304NE70 

implies that the pipe's reliability is improving. With the first three breaks occurring 

within the same year, it appears that the repair efforts at the third break stabilized 

the pipe's performance. Possible explanations for this phenomenon include the 

compaction of the pipe bed soil to improve stability, or improvements to 

upstream/downstream pipes. The cumulative break graph for pipe 

157303NW 105 illustrates the unpredictable nature of buried pipeline. Whereas 

the increasing time between the second and third breaks implies an improvement 

in reliability, the increasing failure rate after the third break is indicative of a 

decaying pipeline. The cumulative break graphs in Figure 6.1 illustrate the merit 

in applying the NHPP approach since the NHPP provides the needed flexibility to 
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model a pipe's performance throughout all phases of its life cycle. For the 74 

water pipes from the Laramie water system analyzed within the model's PFP 

module, the R2 values between the predicted and actual breaks range from 0.66 

to 0.93 with a mean of 0.77. 

For the Colorado Springs water system, Figure 6.2 shows similar graphs 

of cumulative breaks over time for three pipes representative of the failure trends 

found throughout the system. For the 51 pipes evaluated within this water 

system, the R2 values range from 0.68 to 0.93 with a mean of 0.76. The long 

break times (x-axis) for pipes P185810359 and P187871806 indicate that each 

pipe is missing its installation date. This does not affect the projection 

calculations since the model uses the age between consecutive breaks in its 

algorithm. 

6.2.2 Probability-Based Prioritization Results 

Having calculated shape and scale factors (~ and A.) which yield the 

optimal coefficient of determination (R2
) between the predicted and actual 

breaks, these parameters were used to calculate the probability of failure, time to 

next failure, and risk score for each water pipe. Recall that the risk score is the 

product of the probability and the total risk score shown in Tabfes 5.6 and 5.13. A 

summary of these results is available through the model's reporting module, 

which also allows the user to sort the results based on pipe id, probability value, 

time to next failure and risk score. Tables 6.1 and 6.2 provide a partial summary 

of the probability-based results for each case study for the year 2010 
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Figure 6.1 Variance between the Actual and Predicted 
Breaks for Three Water Pipes in the Laramie Water System 
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Figure 6.2 Variance between the Actual and Predicted 
Breaks for Three Water Pipes in the Colorado Springs Water System 
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Table 6.1 Partial Summary of the Probability-Based Results 
for the Year 2010, Laramie Water System 

Pipe Material Diameter Prob.Of RI Next Break Total 
ID (in) Failure Date Risk Score 

157303NE10 CIP 6 0.000 0.734 Aua-15 0.000 
157303NW03 CIP 16 0.999 0.734 Jun-08 3.997 
157303NW08 CIP 6 0.418 0.814 Jun-14 1.588 
157303NW101 CIP 8 0.809 0.728 Seo-13 2.752 
157303NW 102 DIP 6 0.889 0.893 Jun-13 1.423 
157303NW105 CIP 6 0.998 0.928 Aor-OB 3.195 
157303NW11 CIP 6 0.961 0.738 Nov-10 3.556 
157303NW15 CIP 6 0.963 0.729 Jan-11 2.215 
157303NW28 CIP 6 1.000 0.734 Mar-09 3.500 
157303NW46 CIP 4 1.000 0.734 Dec-06 4.200 
157303NW82 CIP 6 0.822 0.890 Seo-13 3.534 
157303SW01 DIP 6 1.000 0.734 Dec-06 2.900 
157304NE07 CIP 8 0.978 0.834 Jan-10 4.400 
157304NE103 CIP 6 0.975 0.816 Feb-10 2.827 
157304NE26 CIP 6 0.019 0.734 Nov-10 0.055 
167333NE120 CIP 6 0.913 0.860 Jul-12 1.460 

• • • • • . . 
• • • • • • • 
• • • • • • • 

167333NE40 CIP 4 1.000 0.734 Dec-06 2.100 
167333NE90 CIP 8 0.139 0.734 Aua-14 0.961 
167333NW58 CIP 6 0.769 0.667 Aua-18 1.615 
167333NW65 CIP 6 0.991 o.n4 Jan-09 1.585 
167333SE114 CIP 4 1.000 0.834 Dec-06 o.soo 
167333SE115 CIP 4 0.789 0.875 Nov-14 0.631 
167333SE26 CIP 6 0.784 0.734 Seo-15 1.254 
167333SW153 CIP 16 1.000 0.734 Dec-06 4.598 
167334NW27 DIP 16 0.999 0.925 Dec-06 5.494 
167334SE60 CIP 6 0.910 0.887 Mav-15 1.455 
167334SW21 CIP 4 0.988 0.734 Seo-OB 0.791 
167334SW30 CIP 6 0.027 0.734 Jun-12 0.044 
167334SW3.S CIP 6 0.993 0.734 Mar-09 1.589 

In addition to summarizing the probability-based decision variables in 

tabular form, the model's graphing module converts the time to next failure data 

into a histogram showing the expected number of failures per year. This 

information is particularly useful for the utility's short-term and long-term planning 

activities. Figure 6.3 and 6.4 show the histograms of the expected number of 

failures for the Laramie and Colorado Springs systems respectively. In the case 

of the Laramie water system, 44 of the expected 74 failures (59%) are forecasted 

to occur by 2011 and 69 failures (93%) by the year 2016. The Colorado Springs 

system has a similar trend with 29 of the expected 51 failures (57%) by year 

2011 and 44 failures (86%) by year 2016. 
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Table 6.2 Partial Summary of the Probability-Based Results 
for the Year 2010, Colorado Springs Water System 

Pipe Material Diameter Prob. Of R2 Next Break Total 
ID (in) Failure Date Risk Score 

P18426552 CIP 8 1.000 0.734 Dec-05 2.800 
P185810359 CIP 4 0.989 0.812 Jul-08 2.968 
P185811385 CIP 6 0.999 0.734 Feb-09 0.000 
P185812481 CIP 4 0.912 0.734 Jul-13 0.000 
P18581651 CIP 8 0.998 0.772 Nov-08 0.000 
P185816633 CJP 6 0.852 0.734 Jan-38 1.022 
P185817299 CIP 6 0.831 0.734 Oct-14 0.000 
P186326316 CIP 6 1.000 0.734 Jul-06 1.200 
P186329182 DIP 4 0.999 0.874 Feb-07 1.399 
P186331479 CIP 6 0.971 0.857 Oct-10 0.000 
P1863321022 CIP 6 0.990 0.734 Aug-09 0.000 
P1863321039 CIP 6 0.980 0.739 Jan-10 0.000 
P186332572 DIP 12 1.000 0.734 Jan-09 1.980 
P188391444 CIP 6 0.212 0.734 Nov-19 0.000 
P188897121 DIP 6 1.000 0.734 Dec-05 1.200 . • . . • . . . • . • . • . 

• • . . . • . 
P190959486 DIP 8 1.000 0.734 Oct-08 1.200 
P190966223 CIP 8 0.144 0.734 Mav-15 0.000 
P190966725 CIP 6 0.541 0.734 Jul-14 0.000 
P191476497 DIP 6 1.000 0.734 Nov-06 0.000 
P1914n450 DIP 12 0.988 0.734 Oct-09 0.000 
P1914n486 DIP 6 0.574 0.734 Oct-12 0.000 
P191478190 ClP 8 0.993 0.734 Jan-09 1.192 
P191479273 CIP 6 0.908 0.734 Sep-11 0.000 
P191480799 CIP 6 0.837 0.734 Aua-36 0.000 
P191481203 DIP 6 0.736 0.901 Mav-14 0.000 
P191482993 DIP 6 1.000 0.734 Dec-05 0.000 
P191997849 DIP 8 1.000 0.734 Dec-05 0.000 
P192510497 DIP 6 1.000 0.734 May-09 0.000 
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Figure 6.3 Forecasted Number of Failures over Time, Laramie Water System 
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Figure 6.4 Forecasted Number of Failures over Time, 
Colorado Springs Water System 

6.3 MultiCriteria Decision Analysis Results 

For pipes with one or two break repairs, the model's Multicriteria Decision 

Analysis (MCDA) module assigns points to each variable identified as having an 

influence on the overall life expectancy to each pipe. The resultant point total for 

each pipe provides a relative ranking that corresponds to a replacement priority 

for each pipe. The higher the point total, the higher the priority for pipe 

replacement. Whereas the water mains with three or more break records pose 

the greatest threat to the overall system performance, and thus receive first 

replacement priority, the information from the MCDA module can be used to 

profile pipes as part of a utility's multiyear planning activities. 

Similar to the probability-based results, a summary of MCDA scores for 

each pipe is provided in both the model's reporting and graphing modules. As 
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shown in Tables 6.3 and 6.4 for the Laramie and Colorado Springs water 

systems, the report summarizes the points for each variable and a point total. 

Within this report, the model provides the user with the ability to sort the results 

based on either pipe id or the point total. Note that both Tables 6.3 and 6.4 

provide only a partial list of the total number of pipes included in the MCDA. For 

the Laramie Water case study, the are a total of 293 pipes with either one or two 

breaks whereas the Colorado Springs case study includes 1,420 pipes with 

either one or two break records. In both tablest the relative importance factors 

(weights) for each variable (age, break history, diameter, and material) is one. 

Lastly, observe that the installation dates for the Laramie system are given in 

years whereas these dates for the Colorado Springs are provided as month/year. 
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Table 6.3 Partial Summary of the MCDA Results for the Laramie Water System 

General Properties Variable-Specific Pipe Scores (Points * Relative Weights) Total 
Pipe ID. Material Dia. (In) Install Date Material Dia. Break. Hist. Age Causes Press. Soil Resist Soil Type Score 

147502SW06 STEEL 20 1945 0 0 10 15 25 
157303NE08 CIP 4 1954 10 5 10 10 35 
157303NE33 CIP 6 1962 10 10 10 10 40 
157303NE41 CIP 6 1955 10 10 10 10 40 
157303NE44 CIP 6 1960 10 10 10 10 40 
157303NE50 CIP 6 1954 10 10 10 10 40 
157303NE56 CIP 6 1965 10 10 10 10 40 
157303NE74 PVC 8 1988 5 5 10 0 20 
157303NE79 CIP 6 1962 10 10 10 10 40 
157303NE83 CIP 6 1960 10 10 10 10 40 
157303NW07 CIP 6 1949 10 10 10 10 40 
157303NW10 PVC 8 1992 5 5 10 0 20 
157303NW110 CIP 6 1949 10 10 10 10 40 
157303NW117 CIP 6 1950 10 10 10 10 40 
157303NW118 PVC 6 1988 5 10 10 0 25 

• • • • • • • • • 
• • • • • • • • • 
• • • • • • • • • 

167331SW65 DIP 8 1972 0 5 20 5 30 
167331SW81 DIP 10 1972 0 0 20 5 25 
167332NE15 CIP 10 1962 10 0 20 10 40 
167332NE40 CIP 6 1958 10 10 20 10 50 
167332NE47 CIP 6 1958 10 10 20 10 50 
167332SE15 CIP 4 1949 10 5 20 10 45 
167332SE32 CIP 6 1949 10 10 20 10 50 
167333SE18 CIP 10 1908 10 0 20 15 45 
167333SE85 CIP 16 1927 10 0 20 15 45 
167334SE102 CIP 4 1951 10 5 20 10 45 
167334SE54 CIP 6 1956 10 10 20 10 50 
167334SE59 CIP 6 1951 10 10 20 10 50 
167334SW44 CIP 6 1920 10 10 20 15 55 
167335SW196 DIP 10 1981 0 0 20 5 25 
167426SW01 PVC 12 2000 5 0 20 0 25 



Table 6.4 Partial Summary of the MCDA Results for the Colorado Springs Water System 

General Properties Variable-Specific Pipe Scores (Points * Relative Weights) Total 
Pipe ID. Material Dia. (in) Install Date Material Dia. Break Hist Age Causes Press. Soil Resist Soil Type Score 

P183237332 PVC 6 AuQ-91 0 10 10 0 20 
P183752185 DIP 20 Aug-85 5 0 10 5 20 
P18375295 DIP 20 Aug-85 5 0 10 5 20 
P183753253 DIP 6 Jan-86 5 10 10 5 30 
P183753306 DIP 8 Jan-86 5 0 10 5 20 
P183753321 DIP 12 Dec-84 5 0 10 5 20 
?183753431 PVC 8 Feb-96 0 0 10 0 10 
P183753525 DIP 12 Oct-96 5 0 10 0 15 
P1842653 CIP 8 Jan-62 10 0 10 10 30 
P1842659 CIP 8 Jan-62 10 0 10 10 30 
?184266120 CIP 6 Jan-62 10 10 10 10 40 
P18426615 CIP 8 Jan-63 10 0 10 10 30 
P184266361 DIP 12 Mar-82 5 0 10 5 20 
?184266378 DIP 12 Mar-82 5 0 10 5 20 
?184266385 PVC 6 Mar-82 0 10 10 5 25 

• • • • • • • • • 
• • • • • • • • • 
• • • • • • • • • 

P191476459 DIP 6 Jan-81 5 10 20 5 40 
P1914n493 DIP 6 Nov-79 5 10 20 5 40 
P191477499 DIP 12 Mar-73 5 0 20 10 35 
P191477546 DIP 8 Nov-79 5 0 20 5 30 
P191477582 DIP 6 Nov-79 5 10 20 5 40 
P191477631 DIP 6 Apr-82 5 10 20 5 40 
?191478168 CIP 8 Jan-72 10 0 20 10 40 
P191479321 CIP 8 Aua-72 10 0 20 10 40 
P191479431 ClP 6 Jul-68 10 10 20 10 50 
P191479435 CIP 8 Sep-72 10 0 20 10 40 
P191479470 CIP 8 Aug-72 10 0 20 10 40 
P191479492 CIP 8 Aug-72 10 0 20 10 40 
P191479621 CIP 6 May-73 10 10 20 10 50 
P1919913 DIP 12 Nov-86 5 0 20 0 25 
P192510627 CtP 6 ·-- 10 10 20 OU 40 



Figure 6.5 and 6.6 show the histograms of the MCDA point totals for each 

case study. One notable difference between the two histograms is that the 

Laramie system has a more diverse spread of point values than the Colorado 

Springs system. Observe that in the Laramie system approximately 48% of the 

pipes have point totals that exceed 85 points, whereas in the Colorado Springs 

system only 8% of the pipes have point totals exceed 85. One explanation for 

this difference in point totals relates to percentage of one break pipes within each 

system's break database. In the Laramie water system, 72% of the pipes 

evaluated using the MCDA module have only one break record. In the case of 

the Colorado Springs system, this percentage is substantially larger at 88%. 

Another notable difference between the two histograms relates to the number of 

pipes evaluated. Whereas the MCDA analysis for the Laramie system includes 

293 pipes, the MCDA analysis for the Colorado Springs system consists of a total 

of 1,420 pipes. 
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Figure 6.5 Distribution of the MCDA Point Totals 
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for the Colorado Springs Water System 
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CHAPTER7 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 

7.1 Background 

Like other civil infrastructure systems, the nation's aging water distribution 

systems are deteriorating due to neglect and excessive demand. As a result, 

water utilities are faced with the formidable task of renewing their buried water 

pipes in order to provide customers with reliable and safe water supplies. 

However, the repair and/or replacement of water pipes, especially in urban 

environments, impose major expenditures on organizations that are already 

financially strained. In response to this dilemma, the water supply industry is 

embracing a variety of scientific approaches aimed at quantifying their pipeline 

renewal decisions. One such approach involves the use of information 

technology combined with the application of pipeline asset management. A key 

component in the asset management process is the assessment of each pipe's 

condition to identify failure-prone pipes and prioritize their renewal. However, the 

below ground location of pipes and large quantities make the direct inspection of 

these pipes prohibitively expensive. Aside from not knowing the condition of the 

pipe inventory, the lack of standard guidelines or tools to assist utility managers 

with their daily renewal decisions further complicates these decisions. 
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The purpose of this research was to develop a pipe failure assessment 

model to assist water utilities with their pipe renewal decisions. Rather than 

creating a data-intensive physical model aimed at determining the cause of pipe 

breaks, the model's performance-based approach makes use of pipe inventory 

and break record data gathered from the utility's daily operation and maintenance 

activities. Aside from eliminating the need for utilities to allocate financial 

resources to gather additional data, these approaches inherently incorporate site­

specific data. Lastly, performance-based models have the added benefit of not 

requiring high levels of technical expertise to calibrate and verify below-ground 

parameters common to physical models. 

The conceptual model was developed from an extensive literature review 

of existing pipe deterioration models, reliability modeling applications, and risk 

management concepts. The assessment of the existing deterioration models 

provided the researcher with insights regarding the data requirements, modeling 

limitations, and forecasting accuracy of each approach. The focus of the 

reliability modeling review was to determine how traditional reliability techniques 

can be applied to water main failure analysis. The risk management research 

helped clarify the role of risk management in the pipeline replacement 

prioritization, highlighting the need to include a consequence component within 

the model. The conceptual model was refined through collaboration of a focus 

group of water utility professionals. By drawing on the knowledge and experience 

of these experts, the review process added unique features that facilitate the 

model's use and its responsiveness to the industry's needs. 
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The model consists of several modules (components) written in Visual 

Basic for Application (VBA) within a Microsoft Excel platform. Excel was selected 

due to its commercial availability and the use of VBA user-forms simplifies the 

data entry and analysis features of the program. Each module works interactively 

through the use of various databases. Whereas the Pipeline Data Module (PDM) 

and the Consequence Module (CM) are used for data entry, the program's Pipe 

Failure Prediction (PFP) and Multicriteria Decision Analysis (MCDA) modules 

perform the pipe renewal replacement calculations. The model's output is 

managed through the Reporting and Graph modules, which produce several 

standardized reports and graphs. The characteristics that distinguish the model 

from its predecessors are: 

• For water pipes with a minimum of three break records, the model's pipe 
failure prediction module applies a performance-based approach through 
a Non-Homogeneous Poisson Process (NHPP) to calculate the 
probability of failure, expected number of failures, and time to next failure. 

• Recognizing that pipe renewal decisions are also based on risk 
avoidance, the failure predictive modeling is supplemented with a risk­
based consequence module. This dual approach enables decision 
makers to prioritize pipe renewal decisions as part of a comprehensive 
risk management process. 

• In order to provide utilities with a tool for pipe profiling as part of multiyear 
planning activities, for pipes with either one or two break records, the 
program uses a MCDA approach to provide the decision maker with a 
relative ranking. 

The model was tested using pipe inventory and break history information 

contributed by Laramie (Wyoming) Water and Colorado Springs Utilities. The 

data for each utility was provided as Excel files and imported directly into the 

model's platform. For each utility, the model's failure prediction module was 
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tested by comparing the actual break records to the forecasted breaks and 

observing the associated coefficients of determination {R2
). The program's 

MCDA module was tested by first performing a correlation analysis of each 

utility's data set to determine which factors contribute to the pipes' failure rates. 

Having identified these factors, weights were assigned to each factor and the 

module was tested. The MCDA results were verified by utility personnel based on 

their familiarity of the system and pipe data. The model's consequence module 

was tested using the consequence factors provided by utility personnel. 

The results from the two case studies proved to be very insightful since 

each utility is vastly different with regard to population served, operating 

conditions, pipe inventories, failure rates, and break causes. The Laramie water 

distribution system is relatively small with 206 miles of pipes of predominately 

cast iron and ductile iron pipe. Due to the age of the system and abundance of 

corrosive soils in the region, Laramie's water pipes fail at a rate twice the industry 

average. Conversely, the Colorado Springs distribution network is comprised of 

over 1,800 miles of newer and more diverse pipe materials. Although the 

system's pipes also fail due to corrosion, the utility's pipe failure rate is 

approximately half the national average with many failures occurring due to 

pressure splits. 

7 .2 Conclusions 

The overall conclusion resulting from this research is that, while the pipe 

failure assessment model is a step in the right direction, much more work needs 

151 



to be done. Whereas the pipe failure prediction and consequence modules 

provide decision makers with a transparent and quantifiable process for 

prioritizing their short-term pipe renewal decisions, the model's MCDA module is 

useful in determining the failure potential of water pipes as part of a multiyear 

planning process. The participating utility professionals also indicated that the 

model's use of data already gathered as part of the day-to-day operation and 

maintenance activities, intuitive nature, and Excel platform makes it more 

responsive to the industry's needs. During a panel discussion held at Colorado 

State University, utility personnel pointed out that the model's Excel format was 

particularly appealing since Excel's popularity makes the program less 

intimidating to first time users. 

Ultimately, the quality of any model's predictions is only as good as the 

data used to support it. While most utilities now acknowledge the importance of 

maintaining accurate inventory and break history records of their pipe supplies, 

this practice has only been emphasized for the past decade. This gap between 

the age of each utility's pipeline infrastructure and the degree of reliable pipe 

inventory and break history information affected the results generated from the 

model's failure prediction and MCDA modules. In the case of the failure 

prediction modeling, because the NHPP approach requires a minimum of three 

break records, many water pipes with known break histories could not be 

included in the analysis. For example, a total of 87 pipes in the Laramie system 

and 172 pipes in the Colorado Springs system were not analyzed using the 

program's predictive module because they only had two break records. Had 

152 



these pipes' break histories included one additional break, the number of pipes 

evaluated by the model's prediction component would have doubled. For the 

MCDA modeling, the lack of break cause, pressure, and soil type data limited the 

ability of the MCDA module to differentiate between the various water pipes 

competing for renewal prioritization. Because the MCDA scores had been based 

on factors common to numerous pipes throughout each system (size, diameter, 

material, break history), there were several pipes with identical/close resultant 

scores. For example, in the MCDA scores for the Laramie Water system, nearly 

19% of the 293 pipes had between 100-105 points. The inclusion of variables 

would have proven invaluable in differentiating the total scores and thus 

providing a more complete pipe prioritization. 

Aside from identifying deficiencies that influence the performance and 

accuracy of the model, this investigation also clearly identified deficiencies that 

affect the model's responsiveness to the industry's needs. For example, 

information regarding the exact break location should be included in future data 

sets since this could resolve much of the ambiguity about how various risk 

factors such as soil type and corrosion potential are distributed along the length 

of the pipe. Likewise, a more concerted effort by utility maintenance personnel to 

provide detailed information regarding the break type and suspected cause 

would be invaluable to the MCDA correlation analysis as well as enhancing utility 

personnel's understanding of their system's behavior. 
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7.3 Future Research Needs 

Improvements in Data Management 

Statistically-based models provide an effective and economically viable 

alternative to measuring the deterioration of water pipes. However, in order for 

the water supply industry to take full advantage of these models such as the one 

developed in this dissertation, water utilities must improve their data collection 

and management procedures. 

Future research efforts should concentrate on developing standard 

protocols for water pipe data collection and management. Such protocols need to 

be comprehensive, addressing the full spectrum of data-related issues such as 

collection procedures, quality control, data storage, and updating procedures. 

Such protocols would also facilitate the sharing of information among utilities and 

researchers. Ongoing research should also address the need to coordinate the 

data collection efforts between utility's maintenance and management personnel. 

Whereas maintenance personnel have access to a wealth of pipeline condition 

and break information on a regular basis, far too often this information does not 

reach the individuals responsible for making pipe renewal decisions. Similarly, 

maintenance personnel usually are not aware of the data needs of the utility 

decision makers. 

Potential Modeling Improvements 

From a modeling perspective, there are several modeling approaches for 

enhancing both the failure prediction and MCDA capabilities of the pipe failure 

assessment model that should be considered in future research. For water 
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systems in which break data is too scarce to apply a NHPP approach, one 

promising technique involves the use of Bayesian statistical modeling. Bayesian 

modeling combines data taken from a limited data set with information derived 

from a "lessons learned" database for a similar pipe (Watson et al., 2001). For 

example, data taken from a pipe failure on one side of a network can be 

combined with the knowledge acquired from a similar pipe taken from the other 

side of the network. Because of the sophistication associated with this form of 

modeling, care must taken to assure that model's complexity does not require a 

level of expertise too high to be comfortably used by utility decision makers. 

The MCDA technique chosen by the researcher, known as the Weighted 

Average Method, is appealing due to its simplicity and ability to provide a 

complete ranking. Despite these merits, the method must be used with care 

since the relative importance weights can easily bias the overall rankings. Within 

the MCDA literature there are a multitude of other methods including 

PROMETHEE (Preference Ranking Organization Method for Enrichment) and 

Goal Programming that are less sensitive to weights and also provide complete 

rankings. Aside from the actual MCDA technique, several utilities indicated the 

need to simply the assignment of consequence weights. In particular, they felt 

that the interval and relative weight terms were confusing and also recommended 

that the program provide the users with industry-wide weight values to serve as 

guidelines. 

In terms of correlation techniques for quantifying the factors that influence 

break frequency, while the approach used in the model based on comparing a 
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variable's breakage percentage to its overall inventory percentage is intuitively 

appealing, there are numerous more sophisticated approaches such as Artificial 

Neural Networks (ANN), fuzzy programming, and survival analysis that are 

better-equipped to assess the interrelationships between the various factors that 

influence a pipe failure rate. As is the case with the Bayesian modeling, it is vital 

that the approach does not reach a level of complexity which deters utility 

personnel from applying the model. 

THE END 
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For multiple choice questions, please CIRCLE 
the number that corresponds to your response. 
For the remaining questions, please FILL IN the 
blanks as indicated. 

I. GENERAL INFORMATION: DATE: 07/17/2006 

Utility 
Information: 

Utility Name: Colorado Springs Utilities 

Utility 
Address: 

Reviewer 
Information: 

1521 Hancock Expressway 

P .0. Box 1103, Mail Code 1825 

Colorado Springs, CO 80947-1825 

Name: David Totman 

Title: Engineering Systems Planner 

Office 
Number: (719) 668 - 8493 

Email: dtotman@csu.org 
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II. QUESTIONS REGARDING THE MODEL'S RESPONSIVENESS TO 
INDUSTRY'S NEEDS : 

Strongly 
Disagree Agree 

Strongly 
Disagree Agree 

The model's statistical 
(probability) approach is 1 2 <3> 4 
more appropriate than 
physical model. 
The model's consequence 
feature adequately 1 2 <3> 4 
addresses the industry's risk 
avoidance needs. 
This kind of model is likely to 
be accepted by decision 1 2 <3> 4 
makers investing in pipe 
renewal. 
Overall, the model addresses 1 2 a> 4 
the industry's needs 

111. QUESTIONS REGARDING THE MODEL'S DESIGN : 

Strongly 
Disagree Agree 

Strongly 
Disagree Agree 

The model's format makes it easy to 
use. Conceptually the model is easy 1 2 3 © 
to understand. 
The probability model provides valid 1 2 <3> 4 
information even with limited data. 
The use of a Decision Support 
System (DSS) for pipes with limited 1 2 3 © 
break histories is appropriate. 
The model's combined probability 
and DSS method is superior to 
models which prioritize replacement 1 2 <3> 4 
solely on assigning points to risk 
factors. 
The program's Excel format is 

1 (2) 3 4 
desirable. 
The model is simple to use yet 
powerful enough to be an effective 1 2 a> 4 
prioritization tool. 
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IV. RECOMMENDATIONS: 

What do you feel are the strengths and weaknesses of the model? 

• Strengths 
- Brings powerful mathematics to the user in an easy to use front end. 
- Ability to work individual pipe data, yet compute system wide metrics. 
- Based on availability of data, provides both probability and correlation 

analysis where appropriate. 

• Weaknesses 
- Population constrained by Excel's original 16-bit limit {65,536 rows). Ok 

for break modeling, not suitable for complete inventory holdings of large 
Utilities. 

- To meet the model's full potential, it seems to require a significant 
amount of pre-analysis {consequence module). 

What are your recommendations for future additions to the model? 
• Process 

- Reduce/simplify factors in consequence module. 

• Programming 
- In inventory module, link all 4 tabs to single Pipe ID when first populated 

in any of the tabs. 
- Increase date granularity from MMNYYY to MM/DDNYYY h24:mm:ss. 

Minutes and seconds not realistic, however provides sufficient detail to 
accommodate multiple breaks in same day if necessary. 

- Attach hard-coded worksheets in workbook to ODBC-linked database 
tables to support larger utilities with enterprise systems. 

- Expose actual polynomial used in generating probability failure curves 
when J3 and A are decided upon. May already be identified in 
documentation? Intended use is to generate useful life for entire 
population of pipes based on behavior of leaky pipes. 
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COLORADO STATE UNIVERSITY 

DEPARTMENT OF CIVIL ENGINEERING 

FORT COLLINS, CO 80523 

WATER UTILITY QUESTIONNAIRE 

PIPE FAILURE ASSESSMENT MODEL 

INSTRUCTIONS: Please answer all questions. 
For multiple choice questions, please CIRCLE 
the number that corresponds to your response. 
For the remaining questions, please FILL IN the 
blanks as indicated. 

I. GENERAL INFORMATION: DATE: 07/18/2006 

Utility 
Information: 

Utility Name: City of Laramie Water and Utilities 

Utility 
Address: 

Reviewer 
Information: 

P.O. BoxC 

Laramie WY 82073 

Name: Cal Van Zee 

Title: Utility Maintenance Supervisor 

Office 
Number: (307) 721 .. 5206 

Email: cvanzee@ci.laramie.wy.us 
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II. QUESTIONS REGARDING THE MODEL'S RESPONSIVENESS TO 
INDUSTRY'S NEEDS : 

Strongly 
Disagree Agree 

Strongly 
Disaaree Aaree 

The model's statistical (probability) 
approach is more appropriate than 1 2 3 @ 

physical models. 
The model's consequence feature 
adequately addresses the 1 2 (3) 4 
industry's risk avoidance needs. 
This kind of model is likely to be 
accepted by decision makers 1 2 (3) 4 
investina in pipe renewal. 
Overall, the model addresses the 1 2 3 

@ 

industry's needs. 

Ill. QUESTIONS REGARDING THE MODEL'S DESIGN : 

Strongly Disagree Agree 
Strongly 

Disaaree Agree 
The model's format makes it easy 
to use. Conceptually the model is 1 2 3 @ 

easy to understand. 
The probability model provides 
valid information even with limited 1 2 3 @ 

data. 
The use of a Decision Support 
System (DSS) for pipes with limited 1 2 3 @ 

break histories is appropriate. 
The model's combined probability 
and DSS method is superior to 
models which prioritize replacement 1 2 3 @ 

solely on assigning points to risk 
factors. 
The program's Excel format is 1 2 3 

@ 

desirable. 
The model is simple to use yet 
powerful enough to be an effective 1 2 3 @ 

prioritization tool. 

168 



IV. RECOMMENDATIONS: 

What do you feel are the strengths and weaknesses of the model? 

The strengths of the model are the ease of operation and the ability of the 
model to fit each system regardless of size or complexity. The one downside 
may be the size of the computer necessary to run the model, particularly for 
small systems. 

What are your recommendations for future additions to the model? 

The one thing that would make this system easier to run and operate is a 
conversion table for address to pipe node number. Smaller systems usually do 
not have the funding to provide pipe node identification. 
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COLORADO STATE UNIVERSITY 

DEPARTMENT OF CIVIL ENGINEERING 

FORT COLLINS, CO 80523 

WATER UTILITY QUESTIONNAIRE 

PIPE FAILURE ASSESSMENT MODEL 

INSTRUCTIONS: Please answer all questions. 
For multiple choice questions, please CIRCLE 
the number that corresponds to your response. 
For the remaining questions, please FILL IN the 
blanks as indicated. 

I. GENERAL INFORMATION: DATE: 

Utility 
Information: ...-------------------
U t iii ty Name: City of Loveland, Department of Water and Power 

Utility 
Address: 

Reviewer 
Information: 

200 N. Wilson Ave 

Loveland, CO 80537 

....-------------------
Name: Thomas Greene 

Title: Utility Information Manager 

Office 
Number: (970) 962-3706 

Email: greent@ci.loveland.co.us 
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II. QUESTIONS REGARDING THE MODEL'S RESPONSIVENESS TO 
INDUSTRY'S NEEDS : 

Strongly 
Disagree Agree 

Strongly 
Disaaree Agree 

The model's statistical 
(probability) approach is more 1 2 Q) 4 
appropriate than physical model. 
The model's consequence feature 
adequately addresses the 1 2 Q) 4 
industry's risk avoidance needs. 
This kind of model is likely to be 
accepted by decision makers 1 2 (3) 4 
investing in pipe renewal. 
Overall, the model addresses the 1 2 (3) 4 
industry's needs 

Ill. QUESTIONS REGARDING THE MODEL'S DESIGN : 

Strongly 
Disagree Agree 

Strongly 
Disaaree Agree 

The model's format makes it easy 
to use. Conceptually the model is 1 2 3 © 
easy to understand. 
The probability model provides 
valid information even with limited 1 2 Q) 4 
data. 
The use of a Decision Support 
System (DSS) for pipes with limited 1 2 (3) 4 
break histories is appropriate. 
The model's combined probability 
and DSS method is superior to 
models which prioritize 1 2 Q) 4 
replacement solely on assigning 
points to risk factors. 
The program's Excel format is 1 2 (3) 4 
desirable. 
The model is simple to use yet 
powerful enough to be an effective 1 2 3 © 
prioritization tool. 
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IV. RECOMMENDATIONS: 

What do you feel are the strengths and weaknesses of the model? 

It appears to be easy to use and requires minimal effort to import data. Users are given 
the opportunity to "weight" pipe elements by assigning points which provides a better 
assessment for future pipe failures. Typically the utility company has the best 
knowledge why a pipe failed. 

Some additional enhancements in the program could allow the input of data and the 
analysis process to Hflow" easier. I really think that this model is a "diamond-in-the­
rough". 

What are your recommendations for future additions to the model? 

Provide comments for users when filling in point values. The comments could contain typical 
or industry values and or reasons why you would assign that variable a higher or lower value. 

If the assessment model gains acceptance, it would be nice to obtain the general weighted 
values by other users. 

I don't recall seeing any variables that evaluates temperature, differential temperature between 
ground and water ... Not sure if that has much influence on breaks or not. One of our "old 
timersn that has retired always said that the frost from a long cold winter would be "driven'' 
down deep into the ground as spring started to return. We did experience more breaks during 
those winter/springs. Fortunately we have not had many cold winters for the past decade. 

I also did not see any variable that would evaluate the pipe segment velocity. Utilities like 
Loveland are now using hydraulic water models that evaluate every pipe so it would very easy 
to provide velocities. 
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COLORADO STATE UNIVERSITY 

DEPARTMENT OF CIVIL ENGINEERING 

FORT COLLINS, CO 80523 

WATER UTILITY QUESTIONNAIRE 

PIPE FAILURE ASSESSMENT MODEL 

INSTRUCTIONS: Please answer all questions. For 
multiple choice questions, please CIRCLE the number 
that corresponds to your response. For the remaining 
questions, please FILL IN the blanks as indicated. 

I. GENERAL INFORMATION: 
DATE: 

Utility 
Information: 

Utility Name: Albuquerque Bernalillo County Water Utility 
Authority 

Utility 
Address: 

Reviewer 
Information: 

One Civic Plaza, Room 5027 

Albuquerque, NM 87102 

Name: Stephen W. Bockemeier, P.E. 

Title: Manager, Utility Engineering & Planning Division 

Office Number: (505) 768-3646 

Email: Bockemeier@cabq.gov 
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II. QUESTIONS REGARDING THE MODEL'S RESPONSIVENESS TO 
INDUSTRY'S NEEDS : 

Strongly 
Disagree Agree 

Disagree 
The model's statistical (probability) 
approach is more appropriate than 1 2 3'1 
physical models. 
The model's consequence feature 
adequately addresses the 1 2 3'1 
industry's risk avoidance needs. 
This kind of model is likely to be 
accepted by decision makers 1 2 3'1 
investing in pipe renewal. 
Overall, the model addresses the 1 2 3.../ industry's needs. 
Ill. QUESTIONS REGARDING THE MODEL'S DESIGN : 

Strongly 
Disagree Agree 

Disagree 
The model's format makes it easy to 
use. Conceptually the model is easy to 1 2 3 
understand. 
The probability model provides valid 

1 2 3.Y information even with limited data. 
The use of a Decision Support System 
(DSS) for pipes with limited break 1 2 3'1 
histories is appropriate. 
The model's combined probability and 
DSS method is superior to models which 

1 2 3 
prioritize replacement solely on 
assigning points to risk factors. 
The program's Excel format is desirable. 1 2 3 
The model is simple to use yet powerful 
enough to be an effective prioritization 1 2 3 
tool. 
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Strongly 
Agree 

4 

4 

4 

4 

Strongly 
Agree 

4'1 

4 

4 

4'1 
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IV. RECOMMENDATIONS: 

What do you feel are the strengths and weaknesses of the model? 
1. User interface seems easy to use, i.e. Excel plus VBA enhancements. 
2. Variety of available inputs (which the user can define) is useful for interfacing 

with modern CMMS and work order tracking system data on types of line 
failure mechanisms, and with GIS attribute data typical for pipelines. 

3. Good use of site factors to simulate varying conditions contributing to break 
frequency. 

4. Good use of consequence factors to weight the costs of pipeline failures. 
5. Bias may be introduced by modeling line segments with 1 or 2 breaks 

differently than lines with 3 or more breaks. 
6. Guidelines needed on varying model inputs to adjust for better fit of break 

history data. 
7. Reference values need benchmarking with other utility's data. 

What are your recommendations for future additions to the model? 
1. Have ability to select pipes meeting a specified Probability of failure versus 

time. 
2. Add life cycle costing calculation to evaluate when deferral of line 

replacement and increased line repair is preferred over line replacement at 
the predicted end point. Higher costs of repairs can result in shifting analysis 
to more frequent line replacements. These cost factors might be 
characterized geographically (like ENA index values). 

3. Constrain the pipe system analysis to "geographical block area groups" as 
opposed to individual pipeline segments which may be scattered 
geographically. Projects are usually built to limit neighborhood areas being 
disturbed. 
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