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ABSTRACT
Criticality and RiskAssessment for Pipe Rehabilitationthe City of
Santa Barbara Sewer System

Emilio Carmelo Rossi Il

Aging sswer infrastructurés posing greater and greater risk to the healthnazidbeing ofCity
residentsissues can range frorpipe blockages in sewer laterals to Sanitary Sewer Overflows.
Thisthesisdevelops a risk analysis method that can be used by municipalities to maintain and
rehabilitate sewer asseRisk combines the effect of Likelihood of Faily(teOF) and
Consequence of Failu(€OF)to perform a completevo-dimensional analysis that allows for
relative comparison between different pipes in the systemLOlkeratinghas beemrquated to

pipe integrity while theCOF ratingwas related to the environntaf) economic, and social

conseguences to pipe failure.

In order to estimate pipe integrity Closed Circuit Television (CCTV) sdavastheCity of

Santa Barbaravere ugd in combination witlspatial and physicgiroperties associated with each

pipe.The CCTV scores were simply integer values between 0 drab&d on the National
Association of Sewer Services Companyb6s (NASSC
Program (PACP) result3hequantitative parameters included pipe material and age, distance

from restaurants, distance from any above ground water source, pipe depth below the ground

surface, pipe lengtlandvehicular traffic volumesThe sensitivity analysis compardte given

structural integrityscoreswith the predicted scores based onwleighted scoring methott

isolated four out of six of the parameters tesked affected the structural integrity sgwer



pipes material and age (45%), pipe depth (20%), Vehicular Traffic (10%), and distance from an
aboveground water source (25%).program was created the C programming languaghat
iteratively determindthe percerggefor each factorThesepercentage factors are used to obtain

the predicted structural integrity score for all the pipes.

Like theLOF rating the COF ratingconssted of scores between 0 and'ae COF ratingused
pipe diameter, distance from commercial zones, distance from critical infrastructure, and
vehicular traffic volume as parameters for quantifyingeheironmental, economic, and social
consequences. Thefactors were determined from review of past literature and given
approximately equal weighting when determining@@¥ ratingvalues.The environmental
factor, pipe diameter, was givemparcentagéactor of 30%; the economic factor, distance to
commerdal zoneswas given a percentage factor3®o; and the social concerns, distance to

critical infrastructure and vehicul&affic volumewere given percentage factors2®Po each

Finally, the risk for each pipe was determine@ographic Informatio®ystems GIS) by
combining the predted structural integrity score bOF ratingandCOF ratingvalue for each
pipe. Thisgeneratedolor-coded maps that showed distinct pipes that had the most critical
predicted structural integrity scores, highest consequence, and the pipes with the midssrisk.
processcould be used by arfjity to create a maintenance and rehabilitation schedhueglan

for future CCTV inspections.

Key Words:Closed Circuit Television (CCTV), Geographic Information Systems (GIS),
Likelihood of Failure(LOF), Pipeline Assessment and Certification Program (PACP),
Likelihood of Failureg(LOF), Risk of FailurROF), Sewer Assets, Weighted Scoring

System Sensitivity Analysis
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CHAPTER 1INTRODUCTION

Americabds i nfrastr ucMethodsofiskassessmerdlonwcnumcipalitent decl

to maintain critical infrastructure bgroactively checkg transportation, energy, water

distribution, communiations, and many other infrastructgsestemslin particular, swer

infrastructure need® be addressdokcause it is often overlooked as compared to other forms of
critical infrastructurdike energy owater distributionThis paper develops a risk ass@ment

model that predistthe pipesmost at riskwith the help othe National Association of Sewer

Services Company (NASSCO) assessment methods, Closed Circuit Television (CCTV), and the
computemprogram, Geographic Information Systems (GMN@thodologyis tested using data

from the City of Santa Barbara (City).

1.1BACKGROUND

The American Society of Civil Engineer&CE) reports omMA me r ideteridrating

infrastructure in categories that include water and the environment, transportation, public
facilities, and energy. Overalmer i cadés f+repteastduat (Amaicar of a
Society of Civil Engineers, 2013n particular thewastewater system, which includes sewer

pipes, received grade of @ DO . T h i sok goodefas thepoesent| and this looks even

worse for our future. It is estimated that capital istrent of a total $298 billiodollars is

required over the next 20 years for upgrades and mainte(amegican Society of Civil

Engineers, 2013)Three quarters of this capital need addressgla¢ed issues while water

treatment plants and stormwater needs make up the remaining quarter.



1.2PROBLEM

Out of all the wastewater infrastructure, this paper focuses on the pipe networks that transport

waste to the wastewater treatment facilities. In the pas€itiidas seen an increased frequency

of Sanitary SeweASSOefergtdan eve wher( tit Sddténds)of.the sewer

overflow into public streets through manholBsiring the summer of 2011, SarBarbara

Channelkeepersuedthe @ y of Santa Barbara for the increa:c

2010 there was an average of 13Isgkr 100 miles of sewer pipe per year. This rate more than

tripled the California average, and a walaintained sewer system hag 8pills/100 miles/year

(Santa Barbara Channelkeeper, 2011)

The legal consent decree filedd@12required action by th€ity in two phasegUnited States

District Court Central Distict of California, 201Zhase 1 required 4 main aspects:

1) Reviewandupdateti@tydb s routi ne cl eaning

and

including development of standardized procedures for cleaning and for reporting

maintenance activitiefor sewer pipes

2) Review and updateti@ityb s emer gency SSO response

3) Update theCityGs ComputerizedMaintenancéManagement &tware(CMMS) to

implement improvements to tigityd asset management program

4) LinktheCityps CMMS to its Geographic

Phase 2 therequired 5 additional points:

1) Develop a plan for inspecting and assessing the condition of gravity sewers

2) Develop a m#od for prioritizing future replacement, rehabilitation and repair projects

3) Assessthe condition of tligityd s pump st ati ons
recommendations for prioritizing needed repairs

4) Review and update theityd Eats, Oils, and Greasds@G) program

and

acceler
progr

I nf or mati on
force mai

-

C

-



5) UpdatetheCityb s current sewer system management

Because of these legal issues, ity increased its focus on pipe maintenance and rehabilitation
using the NASSCO assessment and CCTV inspections. The data from these inspections was a

vital part of the aalysis presented in this pape

1.3SCOPE

Thisthesismeasuresisk by combinng the Likelihood of FailurgLOF) and Consequence of
Failure(COF)ratingusing a simple multiplication schenihe simple multiplication scheme
would allow for easy adoption ameplicationby other municipalities throughout the United

States.

PACP dataf CCTV inspe&tions were used to preditie LOF ratingscorefor each pipeThe
sensitivity analysighecked 20 scenarios ti@edicted both the highest structural condition grade
(absolute scoregs well as the weighted average of the two highest structural conglitides
(average scoreRelated to thé.OF rating the condition graddor scores between 3 andvas
predicted by material and a{#5%), pipe depth(20%), vehicular traffic volume (10%3and the
distance from any abosground water sourd@5%). The COF ratingwas then determined using

4 factors that encompass environmental, economics@aidl concernthat includedoipe

diameter (30%), distance from Commercial zones (30%), distance from critical infrastructure

(20%), and the amount of vehicularffiaflow (20%).

This paperaimed to develop a method of risk assessment for sewer pipes that can effectively
addresdlifferentpipe networks. The creation afmaintenance and rehabilitation schedule would

be the next step in the contin@amlsessment aewer pipes. Th€ity of Santa Barbarevas used

p |



as an initial test for the methodolodlyeffectively accomplished the goafl developing a risk
assessment modas it isolatedhecritical factors folLOF rating Visual maps were created in

GIS that shw LOF rating COF rating andtotal risk for each pipe.

1.4PAPER OUTLINE

Chapter A iterature ReviewPageb)

The literature review emphasizes previously developed assessment technologies, assessment
techniques, numerical analysis, and risk analysis methods. This research led to the development
of the methods used in th@alysis discussed in this paper.

Chapter Method(Page30)

The methodgontain information on the process of the analysis performed. This includes the
description of the tde used, data acquisition, sensitivity analyargrisk anaysis.

Chapter ResultgPages3)

This chaptersummarizes and discusses the resulthalf OF rating COF rating andROFrating
assessment#t will go into an irdepthsummary of patterns found through the results.

Chapter DiscussionPage66)

This chapter discusses the results and its possible implicdtigoegs into the Likelihood of
Failure, Consequence of Failure, and Risk of Failure results fah#gsandBrown ard
Caldwell results in 2012.

Chapter 8Conclusion(Pager1)

This section summarizes the whole paper and discusses improvements to future risk assessments.

Appendix AGIS SnapshotéPage’7)

This appendix contagthree toolboxes created@iS 10.1 used to determine the distance of

sewer pipes fromestaurantand water sources (river and ocean).



Appendix BOrganize PrograrfPage82)

This appendix contains tls®urce code of the prograhmt organizes the data from GIS to
prepare it for the analysis process by crea2ddifferent ext filesthat will be analyzed by the
sensitivity analysiprogram in Appendix Clt is composed of one text filmmedi or gani ze. c 0.

Appendix CSensitivity AnalysifProgram(Paged?2)

This appendix contains the program thatforms the sensitivity analysis the daa from the

CCTV NASSCO scores whidttetermines the best combination of factors that predicts the

structural criticality score. It is composed bfeetext files thema i n  sensftivity e 0fiand t he
headerfilei s ens.ihbohdi figt.ati sti cs. ho

Appendix DGIS Maps and DatalS Maps and DatdPagel 23

This section has GIS maps and data referenced throughout this thesis dothesmigures
represent the visual distribution of pipe data throughouCttyeof Santa Barbara Sewer System.

Appendix ECaltrans Traffic Count DatdPagel4d

Data usd in the sensitivity analysendconsequence assessmimtCaltrans traffic counts along
Highway 101lare included in this appendix. Refer to Sections 3.3.6 and 3.4.4.

Appendix F Results (Padel?)

This appendix includes results from the analysis inttigsis This includes tables and figures for

the sensitivity analysisConsequence of Failu(€OF)results, and Risk of Failuf@®OF)results.



CHAPTER 2LITERATURE REVIEW

Due to he constant aging of sewer systeassessmentre needed to determine theirrrent
andfuture condition In some form, all assessments consRlababilityof Failure(also known
as Likelihood of Failure(LOR) Consequence of Failu(€OF), or Risk of Failure(ROF). The
most complete assessment will contaldF, COF, and ROBecause it considers some form of

pipecriticality and consequence assessment.

Throughoutiterature, many authors relate th®F ratingto the structural integrity of pipes. Pipe
structural integrity is often ranked by a simple integer score between values of 0 and 5 but given a
different name depending on region and sewer maintenance autheritya®/ use€ondition

Class (CC); the Uréid States uses Criticality Score (C&)dGreat Britain uses Criticality

Rating (CR) The COFis often in monetary terms or values of {ifess and t measures the effect

of pipe failure in terms of environmental, economic, and social consequéfues 2013)Risk

of Failure combines bothikelihood of Failureand Consequence o&lfure to provide a more

accurate vievof pipe prioritizationfor maintenance and rehabilitatiaacompared to theOF or

COFindividually.

This section delves into the different typesas$essment technologies, assessByateéms, logits
and age dependenof pipe deterioratiommultiple regression analysislonte Garlo Simulations
and assessment models, determinaticaissetesidual life,and risk analyses. This chapter
discusses the topics bOF ratingand COF ratingindividually and will finally combine these

concepts to explaiROF rating



2.1 ASSESSMENTTECHNOLOGIES

Various asessment technologiage used taheck the current level oktkerioration within a pipe
network.Wirahadikusumah et #1998)andTuccillo et al (2010xonsider physical,
photographic, Closed Circuit Television (CCTV), and other advanced assessment tedbniques

check the current level of deterioration within a pipe network

Physical inspectiomvolves marentry into larg@ diametempipeswhich involves numerous risks
includinghydrogen sulfide buildip which must be ventilated to provide a safe working
environment. Photographic inspection usesraotecamera to taka series ophotos along the
pipe sectionOne of theanost commorphotographidechniqus, CCTV, consists ok mounted
camerahatis pulled through the sewer with cab(®girahadikusumah, Abraham, Iseley, &

Prasanth, 1998)

Both photographic and CCTV inspectiaith videohave similar disadvantageghe quality of

the results depends the skilland experiencef the technician or engineevaluating the photos
orvideoand debris can hakserious cracksAdditionally, photography and videarebetter for
smaller pipebecausdarger pipesreatdighting and camera resolution issy@&siccillo Ph.D.,

Jolley P.E., Martel P.E., & Boyd Ph.D. P.E., 2QX2CTV has also been expanded to include
video in addition tghotography and allows for every foot of pipe to be analyzed given freedom
of movementThe analysisn thisthesisuses CCTV data th&asdeterming the structural

integrity of the pipes

Wirahadikusumah et &1998)and Tuccillo et al (201®lIso cited several more advanced
inspectiorthatinclude infrared thermography system, sonic distance measuremédr@ound

Penetrating Radar (GPRJhe infrared thermograplsystemis basednthetheory that energy



flows from warmer to cooler ared=ollowing the transfer of heat throughout the pipe section,

this systenefficiently inspects pipe wall integrity and bedding and void conditions by locating
water leaks, voids caed by erosion, deteriorated insulation, and poor bafkfiticillo Ph.D.,

Jolley P.E., Martel P.E., & Boyd Ph.D. P.E., 2Q12)ncludes four main subsystems: the infrared
scanner head and detector |+&@&e microprocessor, data acquisition and analysis equipment, and

image recording or retrieving devic@4/irahadikusumah, Abraham and Isel&998)

The sonic distance meag devicedetermines théme forsound to travel from one object to a
target(Wirahadikusumah, Abraham and Isel@®98) This methods based on the theory that
different materials allow sound to travel more quickly or slowly depending on density and
eladicity. It can be used in water or air, buc#mot operate ifmothair and watesimultaneously

because different instrumentation is required.

Ground Penetrating&lar(GPR)transmits electromagnetic waves into the ground to determine
the change in electrical respongesn subsurface materia{§Virahadikusumah, Abraham and
Iseley, 1998)This methoctollects data on sewer structure condition, the condition of the sewer
soil interface, the condition of the surrounding ,saild void conditions surrounding the pipe
(Tuccillo Ph.D., Jolley P.E., Martel P.E., & Boyd Ph.D. P.E., 20t Z}Jansmits radio waves into
the ground and is reflected back to the surface after different speeds dependindemsitiyef

the surrounding so{Tuccillo Ph.D., Jolley P.E., Martel P.E., & Boyd Ph.D. P.E., 20G2pund
Penetrating Radattoes not work well around clay soils and does not identify specific utilities
(Tuccillo Ph.D., Jolley P.E., Martel P.E., & Boyd Ph.D. P.E., 20IRjs methodalsorequires
substantial experience &xcuratelyinterpret results and does not yield a complete picture of

sewer condition.



Autonomousand semiautonomousewer inspection systems incluganalroboter KARO),
Pipeline Inspection Redlime Assessmentechnique PIRAT), andSewer Scanner and
Evaluation TechnologfSSET). KARO is the name given to a German robot that automatically
detects sewer type, location, and size of defects. The cab@s3D optical sensors, ultrasonic
sensors, d microwave sensorthat detectlefectsup to ten centimetetseyond the pipe wall
(Wirahadikusumah, Abraham, Iseley, & Prasanth, 19B&se defects includmut are not

limited to voids in surrounding soil, cracks in {hipe, root intrusion, and joint offsets.

Australian authorities have created the PIRAT, an instrument that distegesometric dataf
pipesandautomaticallyidentifies and rates each defect. It is aipiime vehicle thais equipped
with a laser scarer for drained pipes and sonar for flooded pip@sR0O and PIRAT are both
semiautonomous can be equipped with CCTV, sonar, laser, and microwave sers@ and
consi de rpeads sad0 (Bugesat Pd.ov, Jolley P.E., Martel P.E., & Boyd Ph.D. P.E.,
2012) The first pass detects potential defects while the secondqafesns those defects in

more detailTuccillo Ph.D., Jolley P.E., Martel P.E., & Boyd Ph.D. P.E., 2012)

The Sewer Scanner andgdtuation Technology (SSET9 a flexible tool thauses CCTVa laser
scanner, and gyroscope technoldtjyprovides video record, a full circumferencersoad image

of the pipe, a colecoded print out of the defects, and written description of each déféht.

most other methodshe operator scores the sewer pipes while the inspection equipment goes
through the pipes and the engineer must verify these réaliltsthe SSET, the operat is only
responsible to ensure that equipment operates correctly, while the engineemaigitenance

and rehabilitatiomecisions from the automatically created defect reports.



2.2ASSESSMENT SYSTEMS

McDonald and Zha¢2001)performed a condition and raiiilitation assessment on large
diameter sewergreater than 900 mi36 inches)based on th€anadiarNational Research
Council CNRC) sewer rehabilitation modtiatoutlines the performance assessment of sewers.
The paper summarizes th&jor impact faairs in decisiormaking, data management, selection
of rehabilitation methods, prediction of existing sewer conditions, and cost estimateshdleis
process includesreating annventory databas@erforming anmpact assessment, prioritizing
and inspedhg sewer pipesassessg pipecondition,decisionamaking on rehalitation actions,
rehabilitating anddetermining thdrequency ofutureinspection. This process is shown in
Figure2-1 below. It is important to note that pipes go through a constant cycle of inspection,

condition assessment, and rehabilitation.

Inventory Database

Impact Assessment
Prioritization
Frequency .Of next Inspection
mspection
Rehabilitation Condition Assessment

\ J

Decision-making on
rehabilitation actions

Figure2-1 Approach for Managing Sewer AsséidcDonald & Zhao, 2001)
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One of the most important aspects of the assessment is the impact prediction of the existing sewer
conditions. In order to preditteexisting sewer pipe conditionsix factorsareimportant:

location €,), type of embedment soily), burial depthf(), pipe diameterff), functionality §;),

and seismic zondg. McDonald and Zhao (2001) calculatid Weighted Impact Rating (WIR)
asshown inEquation2-1 below.

WOY M@Q 1m™PQ 1™ ¢Q 1™ ¢Q Equation 2-1
™ ¢Q ™ ¢Q

This equation uses factorg (fthat range between valuesldior a low degree of impact to 3 for
a high degreef impact.The constantm front of theconditionfactor scoresotal toa value of
oneto approximatehe percentage of impact. Weighted impact ratings allow municipal

professionals to prioritize current inspection tasks and future inspection frequencies.

The Water Research Center (WRBveloped théirst Manual of Sewer Condition Classification
(MSCQ) in 1980 to provideonsistent assessmehtoughoutGreat Britain(National Association
of Sewer Service Companies, 2010}herregionsincluding Australia, New Zealand, Southeast
Asia, and Europe have developed Whsed corhg systems. In 2002, the WRc helped the
National Association of Sewer Service Companies (NASSCO) to develop the Pipeline
Assessmerdind Certification Program (PACBhd more recently the Manhole Assessment and
Certification Program (MACP) and the Latefasessment and Certification Program (LACP)
This was developed in the United States to provide a standard for sewer assbssaesd, in

the pastengineers had usetifferentadaptations of the WRc codes.

NASSCO cites six main reasons for inspectimutine operational requirements,
troubleshooting, compliance with mandated programs, inspection of new or renewed sewers, the

detection ofinflow and Infiltration (/1), and capital improvement program projedtise
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inspectionprocess allows municipalits to record descriptive data, develop a Condition Rating

(CR) for each line, develop rehabilitationdamaintenance recommendatipasd establish future

inspection needsstandardizing scoring f@CTV datawi t h NASSCO6 s standar d s
techniques ibeneficialbecause it normalizes pipe scores that accurately compare different sewer

systems

NASSCOtrainsmunicipalitiesin the PACP codw effectivelyrate thestructural, operation and
maintenanceand construction condition sEwermpipes, based ora scoringsystem betweerero

and five A score 6zeromeans that there are no defects in the pipe while a pipe with a score of
five is in the worst conditiowith manydefects Operation ad maintenance scores deal with
foreign objects found in the pip&his includesieposits, root imusion I/l, obstacles and
obstructions, the preace of vermin, and the testing of greaaothnectiongNational Association

of Sewer Service Companies, 20IDhe constructiorcondition scores are basedthe methods

of constructiorwhich aredividedinto four groups: taps, intruding seal material,

direction/alignment othe sewer, and access points.

Thisthesisfocuses on using thretructural condition scorevhich deals wih physicalpipe
damageto predict the current condition of active sewer pigexording to the PACP reference
manualthe structural condition score has a total of thirteen typdsfetts:.cracks, fractures,
broken, hole, deformed, collapsed, jointface damage, buckling, weld failure, point repair,

lining features, and brickworNational Association of Sewer Service Companies, 2010)

2.3LOGITS AND AGE DEPENDENCY OF PIPE DETERIORATI®

Younis and Knight2010)publishedwo articles in thelTunneling and Underground Space

Technologyournal. Both case studies procuidata from theCity of Niagara Falls wastewater
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infrastructure to perform seweriticality assessment¥.ounis and Knight (201Q)sed an ordinal
regression moddased on cumulative logits using a generalized linear model formulation.

Ordinal refers to any response where a variable is rank ordered. In the case of the sewer system
assessmetity Younis and Knight (20103his refers to the letnal Condition GraddCG) of the

pipe based on the Sewer Rehabilitation Model (SRivihis casel ogits return values between
negative infinity and positive infinity and has the input of a probability of an event occurring as
shown inEquation 2-2 below. If the logit equals @alue of less than or equal to zetivere is a

50% chance or less of the event occurring. If the logit equals a value of greater than or equal to

zerq there is &0% chance or more of the event occurring.

0 € Q(Iogm Equation 2-2

Finally, the generalized linear model formulation combihesanalysis and thgiven data to
solveproblemof the seweassessmentThey found that Reinforced Concrete Pipes (RCP)
deteriorated with age, while Vitrified Clay Pipes (VCP) did not. They determined that VCP can

survive indefinitely if installed properly, while RG®prone to corrosion from hydrogen sulfide.

Younis and Knigh{2010)used an ordinal regression model with continuation ratio logits to
determine thestimate probability that a pip&vill stay at the currentCG or will deteriorate

beyond the current ICG. They again established that RCP degradagsdependent and the
probability to go to a worse ICG increases as age increliseas shown that the conditional
probability for RCP to go beyond the ICG o&Bthe age of 40 years is 60&mdincreases to

90% at 80 yearddowever VCP degradatiois independent of ag&@he results showed that up to

the age of 65 years, VCP had greater conditional probabilities than RCP due to poor installation
practices, butsaage increased, the probabilities to go beyond the current ICG stayed constant.

For examfe, all VCP with an ICG of 4 had a probability to advance to a worse condition of 45%.
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Younis and Knight only based their research on pipe material and age and did not include other

variables as will be seen in other research articles in this section.

2.4MULTIPLE REGRESSION ANAYSIS

Chughtai and Zaye(®007)assessed the structural conditadrthe sewer system in the City of
Niagara Falls, Canadt proactivelyprovide costkeffective preventativanaintenane and

solutions based on the severity of pgoadition Theydiscusgdthat the existing condition of a
sewer pipe can be divided into the structural and operational categories. Structural categories
referredto the physical properties of the pipe, while the operational categories describe the

i caiplaibty t o meet i tChugbtaerandiZayg@007)elayeldpechte ment s . 0
assessmenol to predict the structuraind operational condition grasief a pipe basedn

CCTV inspectiordatafiltered throughthe WRc classification system.

Using multiple regression analysis, many different variables were considered in the prediction of
the structuratondition ofthe pipesbut the analysis resultéd sevendifferent factors that

affected the pipe degradatiorhese factors are separated into thagegoriesphysical,
operationaland environmental factors. Thectors includedliameter, length, street category,

depth, age, material class, and beddiragerialas shown in

14



Equation2-3 throughEquation2-5 below. The equationslemonstrat¢hat different factors affect
thepipe material$o varying degreeg hese equations are prediction models for RCP, Asbestos

Cement Pipes (ACP), and Polyvinyl Chloride (PVC) pipes
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Equation 2-3 RCP Structural Condition Prediction Model
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Equation 2-4 ACP Structural Condition Prediction Model
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Equation 2-5 PVC Pipe Structural Prediction Model
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In addition, the operational condition gradealso predicted. Pipe material, age, length, diameter,

and bed slope contributed to the prediction of the operation of a pipe asiateguration2-6

below. All four equationshowedbetweerB2%and86% accuracy when applied to the given data

Equation 2-6 Operational Condition Prediction Model for ACP, RCP, and PVC
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2.5MONTE CARLO SIMULATIONS AND ASSESSMENT MDELS

Monte Carl o Simulations (MC&)cesgetmasngl veepraodh
problemg(Moss, 2013)They are often used to generate random numbers in order to obtain a
specific probability distribution or for optiization.Uses for MCS will be discussed in

assessment models.

With the helpof MCS, Ruwanpura eal (2004)createda model to predict th€riticality Rating

(CR). The CRhas arange ofintegersbetweenl and5 from best to worstUsing the sewer

networkof Edmonton Ruwanpura et al (2004) created a proactive approach to preventative sewer
rehabilitation with three rulbased simulation modetlsat predicthe current CR, uses Markov

Chains to predict transitional probabilities, and predicts the costinfenance or rehabilitation.
Markov chains model the probability of a future event depending only on its current state. In this

case, the probability that a pipe will degrade baseils current CR

The first modepredics the current CR of a pigeaseddn pipe age, material type, and length
Usingpipe age increments of 5 years, fwtual Robability of Existence (APE)s determinedor

each CRMonte Carlo Simulations are then used to calculate the Simulated Prghatbilit
Existence (SPERnd the SPE are compared to the APE to determine the current CR of the pipe.

A pipe is within a CR ithe SPE is greater than the APE.

The second model uses Markov Chains to predict transitional probabilitiestmdse® on the
APE. It is assumed a p#pcan do one of two things: stay at the current CR or detertorate
higher CR The small, Eyear age increment ensures that the pipe will not increase by more than

onerating Once the Actual Transitional Probabilities (ATd¥ determined, MCS are ugded
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determine the Simulated Transitional Probability (STRhe STPfor a pipe to get worsis

greater than the AT#r a pipe to get worsehen thanodel predicts the pipe wilegrade

The third model uses either the current CR from the first mardible future CR from the second
model to estimate the costs of maintenance or rehabilit&ioly.those pipes with a CR of four
or five are inneedof rehabilitation according to th€ity of EdmontonMonte Carlo Simulations
usestatisti@l, historicaldata topredictthe cost of each rehabilitation techniduased on the
historic likelihood of occurrencé&or this study,le cost okachrehabilitation techniqubas been
simplified only to thdength of the pipe in questiomable 21 showsthe City of Edmonto® s
rehabilitation techniquesnd approximataistoriccostsasused in the MCS. This modgikeldsan
approximate cost of sewer rehabilitation watbonfidencethat will not exceed the cogk
confidence interval of 80% gives28@% probabilityto exceed the budge€ombinedthese three
models wouldenablemunicipalities to effectively create a rehabilitation schedule as well as

predictthe associateshonetary costs for sewer maintenance and rehabilitation.

Table2-1 City of Edmonton Rehabilitadn Techniques and CogfRuwanpura, Ariaratnam, & El
Assaly, 2004)

Method Full reline | Spot reline | Open cut| Spot open cu] Tunnel

Percentage 67.44% 13.84% 12.69% 3.16% 2.87%

Cost/mreter
562.00 1812.00 1426.00 1812.00 4200.00
(Canadiars)

2.6 DETERMINATION OF RESDUAL SERVICE LIFEFOR EWER TYPES

Most states in Germany require yearly sewer inspec{Bagr & Herz) This is a very expensive

process that can be mitigated by predictirg@ondition Clas (CC) of pipes to determine
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critical areas in the sewer system that are in need of inspettie@C score ranges betweén
and5 from best to worstondition Baur and Herzn.d.)createl a method to determine
transitional prbabilities between pipe s@s tofind the residual service life of the pipes, daad

schedule inspection datbased on data frothe City ofDresden seweinfrastructure

A deterioration model that predicts the service life within any single CC was used to rank the
sewer pipes. The deterioration model utilized a transition function to mgmetieterioration as

shown in Euation2-7 below.

YO 0 pTo 0Q Equation2-7

The functionR(t), predictsthe percentagef pipes that willstay in their curren€ondition Class
from agivenage t, in years. A igheaging parametdhatregulates themoothnessf transition
in thefunction. B is a transition parameterumits of 1/yearthatacceleratethe transition rate as
B increasesC isresistance timéo stay in a transition cla@s years Figure 22 belowshows the
transition curves foproducedrom Equation 27 where the axis represents pipe age in years
and the yaxis represents R(t) T h e fi ¢ ¢ 5 reflectsthe stedpestiropwff irvtensition
percentage because pifibat aren the best condition at advanced agedese likely to stay in
their current conditionTh e A ¢ ¢ Zunter@fleatsthdse pipes going into the woksC

becaus@ipesthat are alreadin bad condition are more likely giay in the same condition
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Figure2-2 Transition Functions for the Dresden Sewer Sar(ipdair & Herz)

The aging speed and residual service life can be found from the transition curves as shown in
Figure 24 below The residual service life refersthenumber of yearsemaininguntil the sewer
pipereaches CC ofone the worst condition ratingossiblewith respect to the aging speed of
the pipe Once a pipe is inspected, the municipality can estimate the rembieingthin a CC

with Figure 23 by approximating the aging speddhe final step of any sewer systassessment

involves the scheduling of inspection dates.

Aging speed R*(t)
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Figure2-3 Aging Speed and Residual Service Life Estin{B&ur & Herz)
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Additionally, Baur and Herz (n.d.) found thatrestruction period, material type, function, type of

pipe,pipe shapgegradientand street category all affetbie agingbehavior ofsewermipes.
Construction period refers to yDdfarentfuntionsonstr uc
include watewater, stormwater, or combined pipes. The type of pipe takes into account whether

it is a feeder or main channel. Street categories include main streets and side streets as well as

other streets in th€ity of DresdenAnalysis of these categories alongh new inspection data

will allow for better estimation of aging speed and inspection (Badr & Herz)

2.7RISK ANALYSIS OF SEWER ASSETS

All of the previously mentioned methods of sewer system assessment have acknowledged the
failure methods and predictions of failure, but they have not considered the consequence of those
failures. In an effort to perform a more complete evaluation, a risk assessment process is used to
combineboth thelLikelihood of Failure(LOF) and the Consequnee of Failur§COF). The Risk

of Failure(ROF)can be simply defined as the multiplication of t@F andCOF as shown

below inEquation2-8 (Moss, 2013)

YO O0UOZX® U O Equation 2-8

At its most basic form, theOF measures the chance of a particularly defined failure to occur.

The frequentist and Bayesian apprasitavebothbeen employed in previous studies to
determineLOF. The frequentist approach requires a large number of data points, which is

typically difficult to obtain in manyeal worldengineering applications. A good example that uses

the frequentist approach is manufacturing engineering, where items are created in large quantities.
On the other hand, the Bayesian or degrieleelief approach does notyadn large data sets, but

rather makes inferences for unique situations. This tends to be more common in areas where data

is difficult and expensive to collect. TIGOF ratingmeasures the effect of failure and can be
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represented as a monetary,-ibss,or other defined scaling factor (Moss 2013). These
consequences can include social, economic, and environmental effectafietimathof a pipe

failure.

Nelson et a(2010)describeghe process to evaluate sewer pipe and mandwidition
assessmerata. Their researadddresses two main issueswer pipe prioritization arthe risk
based approach to conditianalysis(Nelson, Rowe, & Varghese, 201@)ccording to Nelson et
al (2010) deterioration resutfrom adjacentonstruction activities, weathesgismicground

movementyandalism, and normal wear and tear.

The first step ira sewersystemassessment j@pelineinspectionto gathercurrent conditiordata
Nelson et al (201Q)tilized PACPdatafrom inspectionst h e  ssewedsystedp
effectively manage these assétsey collected condition datdetermined th& OF andCOF
ratingof manholes and sever pipes, and determingide ROF. Based orthe results of the
assessment, four actiocanresult

1) Do nothing

2) Cleanand maintain

3) Structural repair

4) Rehabilitation
Next, the LOF ratingandCOF ratingarescored In order to obtain theOF ratingandCOF
rating, individual factors withinboth scoresary between one and fivend theraresummed

together uimg a weighted scoring systesimilar toEquation 21 as statd previously.

Nelson et al (2010) determined thia¢ LOF scoreis basedn structural conditior§40%),
hydraulic @apacity(40%), andmaintenance facto(20%). Theyassigned treeweighting

coefficients based on professional judgemé&he structural conditioand maintenance scare
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weredeterminedusingCCTYV dataanalyzed usinghe Pipeline Assessment and Certification
Program PACP). See Sectio.2 for more information on the PACP methottydraulic
capacitywas scored based on hydraulic analgsid predicted Inflow and Infiltratioi/l) rates.

I/l refers to the amount of water thatenstthe pipe segment from groundwater or stormwater.
Infiltration and Inflow (I/1) ratesvere combined to supplemehe hydraulic analysis to
determine the available desigtorm capacity within the pip®ipe segments that could carry

larger storm eventsere given a less critical scaoffdelson, Rowe, & Varghese, 2010)

Nelson et al (2010) also determined that@@F score is based anajor users,
community/environmental impact, service area, consdhility, and critical cossingfactors.

Major users refer to hospitals, schools, amtlistrial areasCommunity orenvironmental impact
measures the impact associated with community health, safety, and environmental protection
Service area covers the impact of service dispnptiroughout a citywhichwasbased on pipe
diameter. Constructabilitgeals with theamount ofdifficulty associateavith replacing broken

pipe segments, which was supplementttedand use, traffic, and geoliogl data. Critical

crossings encompass ctmstion issues associated with fixing p@eross utilities, water ways,

railroads, and majanadwayqNelson, Rowe, & Varghese, 2010)

In order to determine thROFfor a particular pipelNelson et a(2010)multipliedthe LOF and
COFtogetheraspreviouslyshown inEquation2-8. The resultingqROF can then be used by

municipalities to piritize rehabilitation efforts fotheir sewe system.

Salmon and Salem (2012) focused on the determinati@®éfand presented simple
multiplication, matrix and fuzzy schemes to perform the risk analysikis study, he LOF
values areleterminedrom predictiors or observatioafrom sewer pipe structurakedradation

The COFdeals with factors that have economic, social, and environmental efeotsomic
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factors includd those factors that influence the operation, maintenance, and repair costs.
Environmental factors referred to gmissues that have the potential to affect the amount of
sewage discharge and quality of aquatic life. Lastly, social factors apply to public inconveniences
and traffic delaysln order b combine all these factors, a weighted scoring system was used to

put more weight on factors that cause more monetary damaggpeatin more than one

categoryExamples of each are shown below in Tab(8almon & Salem, 2012)

Table2-2 COF ratingCategories and ExampléSalmon & Salem, 2012)

COF rating Categories Examples

Economic Pipe diameter, depth, number of laterals,
building proximity, location relative to right
of-way, distance from force main, and
proximity to railroad track.

Environmental Proximity to water sources, pipe function,
landslide potential, and distance from overflc
locations.

Social Roadway type, building type, distance from

central business, distance from businesses,
distance from recreational areas, and
observations and/or public cotapts.

To combine both th€ OF andCOF scoresSalmon and Saleif2012)used simple multiplication,
risk matriees, and fuzzy inference systeribe multiplication schempresentedhe total risk for
each pipe, butouldnot differentiate beteenpipes witha smallLOF and largeCOFfrom pipes
with alargeLOF and smallCOF. Risk matricesllow for different levels of risk from different
combinations of OF andCOF. Fuzzy inference systems defidiéferentLOF and COFin
linguistic terms angield similar results to the risk matrices. According to Salmon and Salem

(2012) fuzzy inference systengovideslightly better method compared tiee matrices.
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2.8BROWN AND CALDWELL RISK ASSESSMENT

In response to the legal consent de¢Bsmta Barbara Channelkeeper, 201i¢ City of Santa
Barbara hired Brown and Caldwell to develop methodology to improve their inspection
techniques. One particular aspect of the improvements created a risk assessment model to
prioritize CCTV nspetions. The City planto completely inspedhe entire network within ten

years(Brown and Caldwell, 2012)

The risk assessment involved quantifying It ratingand theCOFratingusing a system of f

then statements akown in Figure 21, on the next pagéfter both ratings were determined,

they were multiplied together to find the risk score. A pipe with a risk score greater than or equal
to 16 was included in the priority 1 inspection list. Thpigees with a priorit of 1 need

emergency regir and areat high risk of a Sanitary Sewer Overfl¢&SO) Priorities 2 through 4

relate to decreasing levels of required maintenance. Pipes without a priority level are not in need

of maintenance or repair.

TheLOF ratingwas based on past rehabilitation or replacement and inspection, age, diameter,
and Inflow and Infiltration (I/lestimates as shown on the left half of Figu# @ the next page.
TheCOFratingwas affectd by sensitive environment or public health, pipe diameter, service
disruption or high traffi@as shown on the right half of Figured2The results of theOF rating

COF rating and risk score are displayed in Figurg through Figure & andwere creatd in
Geographic Information Systems (GIS). These results are used as a comparison for the results in

this thesis.
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CCTV and Repair, Rehabilitation and Replacement Work Plan

Section 2

Likelihood of Failure (LOF) Consequence of Failure (COF)
Santa Barbara Wastewater
Collection Pipe Inventory
“Comprehensive . ,’ \ ol it
rehabilitationor . “ Inspected in the past 5 . " High maintenance or . .
Lt % P Qi) Yes—@~  LOF Rating 5 COF Rating St
S 10years? N > N . public &
. 4 N ”~ R /
& y N e <
S ¥
No
v
” Diameter
. le. > 15 inches; 8
Yes—~  LOF Rating 4 COF Rating 4 ooy D
& . crossing "
N
A
[ v
No No
~ Diameter=6 1o Service disruption or
Lite 3 Yes——=  LOF Rating 3 (COF Rating 3 N high traffic /,>
Y ’
No
Y
, N N 15 P Poor access/
< Hgh ibasin ——Yes—>|  LOF Rating2 COF Rating 2 < emement 7
N < /
N b <
No
)
<_Allother pipes ———Ves—»  LOF Rating 1 COF Rating 1 {_ Allotherpipes >
Yes N R /
\ /
\ /
A A

Risk Score = LOF Rating x COF Rating

Risk Score >16: Include in Priority 1 Inspection List
Remaining pipes will be inspected by basin with the highest average basin risk score inspected first.

Figure 24 RiskBased Prioritization for Initial CCTV Inspection

26

Includes:
coastal zone; proximity
to stream, storm drain

or receiving water

Includes:
proximity to school,
hospital, fire station;

tourist area; freeway or
railroad crossing



Legend

Santa Barbara Sewer Pipes —— Highway 101

Brown and Caldwell LOF
0]

—1

Goleta

Pacific Ocean
N
g Pacific OCeaN  £.;; pel orme, GEBCO, NOAANGDC, and other contrbutors fSources: Esri/ GEFCO,
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Figure 25 Brown and Caldwell Likelihood of Failure Results
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Legend

Santa Barbara Sewer Pipes

- Highway 101
Brown and Caldwell COF
—1)

1

‘ S I

e )T

!pacific Ocean

z

N
i Pacific Ocean
H
! NOAA, National Geographic, DeLorme, HERE, Geonames.orgg and other contribfitors

Esri, DeLorme, GEBCO, NOAA NGDC, and other contributors,sSources: Esri, GEBCO,
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Figure2-6 Brown and Caldwell Consequence of Failure Results

28



Figure 27 Brown and Caldwell Risk of Failure Result
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