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Abstract

North American water distribution networks are at significant risk ofdaéueeaging cast iron

pipes For instance, of the 650,000 kilometers ofreaspipes in active service in the United
States and Canada, more than 80% are beyondhtineded service life. These aging and
deteriorated pipearefailing at an alarming rate (22 breaks per 100 km per year), resulting in
significant disruption to drinking and emergency water supply. The capital investment gap to
replace this inventory tigso large and will likely take several decades to bridge at the current
replacement rate of the order of 0.8% per year. Meanwhile, infrastructure managers rely on
managing this gap through simplistic replacement prioritization, e.g., the oldestiy@presire

at risk. Such adpased prioritization schemes disregard multiple risk drivers that contribute to
pipe failure. Riskased decision support frameworks that go beyond gimaptization schemes

by considering multiple risk drivers are necessadgntify and prioritize the mostresk
segments of the network, thereby leading to the better management of the aforementioned gap.
Previous teidies showed that localized corrosion flaws, also known as pitting corrosion, on the
external surface amimarily responsible fadamage impipes, and the strength of the
deteriorated pigao withstand loadings constitutkesir stress capacit@n the other handhe

streses caused by different loads on the pipe comprise stress degtchfadlure datedicate

that theplausible failure mechanism is flexure which cadsesiclé break§In theCentral and

Northern Californiaegionwhere expansive soils are prevaanajority of these bedks60%)

occurred during the months of high rainfddis suggestiatthe plausibléoading mechanism

is moistureinduced differential soil expansion/contraction

Despitethat studies focused on flexural failures driven by differential soil expansien and
overall reliability of pipes situated in environments where potential for meistueed
differential soil expansion/contraction exists hawebeen studied wellIn this thesis, a
probabilistic framework is developed for the assessmentsdipgystems vulnerable to fracture
caused by a combination of pitting corrosion and meistueed soil expansion. Timain
objective of this thesis are twofold. First, a jptsfsased approach is employed to develop an

analytical sepipe interaction model that can predictdntile breaks given a range of parameters,
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such as pipe configuration, soil conditions, and triggering factors (soil expansion). The model is
based orlassical solutions for beams on elastic foundations that are enriched to reflect material
nonlinearities in the soil medium. The model developmenbapérisiorare supported by a

suite of continuum finitelement simulations that simulate detailedhnttons between the pipe

and soil. The proposed analytical model demonstrated that it is able to reproduce flexural stresses
in a range of pipe configurations with good accuracy and in a fraction of the computational time
compared to detailed findéenent models Next, a rislbased assessment methodology is
developed whicbuilds upon this pipesoil interaction model along with corrosion equations
estimating pitting damage in the pipe wall. The sources of uncertainty (uncertainties in various
input parmeters and the model itself) in all the components are rigorously analyzed and
characterizedSubsequently, stochassomulations employingylonte Carlo procedure is
implemented to synthesize various uncertainties into a probabilistic estimate oétbedailu

pipe segment, defined by its configurational parameters and age. The prospective use of this is

outlined in the context of decisismpport frameworks to prioritize replacement.

In summary, this thesis presents a phlyagesd approach to help itiisnthe most atisk cast
iron main pipes given a combination of configurational, locational, and seasonal factors. The
outcome of the research is (1) a computationally inexpenss@lpigeraction model for pipes
experiencing moistumeduced diffeential soil expansion loading and (2) a vulnerability
assessment framework for a pipe segment given its various characteristics and
environmental/loading factors. This approach may be conveniently used by utility operators

within a decision support frametvéor asset management and the prioritization of replacement.
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Chapter 1

Introduction

NorthAmer i cads wat er i,andthesighsrofdisttess suef@oeinenthasn d e c |
water mains breasausingvater losend service disruptio(esg. Figurel.l). Fortransmission

and distributiorof water, water industries rely on underground pipe networks, whiohstt

of large proportions of decad®d cast iron pipes. Currently, cast iron water mains constitute
approximately 28%y length) of the water distribution network across the United States and
Canad#l]i this corresponds to roughly 600,000 km of pipe lekgthjority of these caison

mains (>80%) were installed around the 140and many are severely deteriorated due to
corrosion. The life expectancy data estimated by American Water Works A$3psiajgest

that these pipes are beyond their intended service life. For example, the expected life of pipes laid
around the 192@sd 1940are about@0 years and 75 yeaespectivelB]Ji note that the older

pipes are expectéallast longebecause of the overuse of the material. Thisugdgast that a

large majoritgf these pipgare highlyulnerabléo lossof-service events, such as fracture, in the
coming decades.

A comprehensive study Bglkman[1] on water main breaks in the USA and Canada shows
that the failure rate is highest in-t@st pipesThese pipes are failing at an alarming rate (20.8
breaks per 100 km per year in the USA and 30.2 breaks per 100 km per year in Cangda), resultin
in significant disruption to drinking and emergency water supply. Furthermore, comparing this
2018 survetp the 2012 survey], the break rate in casin pipes has increased by over,40%
thusincreasing the cost of repainile simultaneously being associatéd decreasing water
1



quality and increasing water loss. Each year, the USA spends around $4.5 billion to operate and
maintain water transmission and distribution syggmeanwhile, survey conducted by Rajani

and McDonald6] reportel that the average annual cost of water main repairs in Canada is more
than $8Million. Apart from the repair cost, water main breaks alsdndirect costs, such as
nonrevenue water, street flooding, loss of business, damage to public and private properties, and
considerable risk of contamination to drinking water.

Figurel.1l: Water maitfiailures

1Sources:

https://www.cbc.ca/news/canada/kitchenaaterloo/kitchenewatermainbreakphotos1.5110533
https://www.chc.ca/news/canada/kitchenrsaterloo/waterlogegionwatermainbreakspotholeswarmwinter1.5422313
https://www.therecord.com/news/waterleregion/2015/11/06/watermainbreakfloodsion-constructiorsite. html
https://www.liherald.com/stories/watenainbreakin-lynbrookcauseseveraissues, 111828
https://www.cfpua.org/DocumentCenter/View/941/KidBage--WaterMain-Breaks?bidld=
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The most direcpproacho alleviatehis problems to replace all the weonit casiron pipes
from the systeni.he solution sounds simple enoumit far from being practical. Construction
and matenance of water distribution systems caa bgnificanb ur den on t he n
economy especially pipe networks that can account for 80% of the total expgnfiture
According to the AWWA repd] on the water pipe networks in the USA, replacing all existing
castiron pipes at once will require an estimated $2.1 trillion. Bdeilds lack oproper
planning and budgetary constraitits current replacement rate for water mains is ltail

(D0.8% per yeardnd at this rate, replacing the entire network would rBq@iseyears.

Given the condition of pipe networks and capital constraints, it is critical to identify and
prioritize the most atsk pipe segments for replacement becapkeing the entire netwak
onceisinfeasibleManycities have embarked on major infrastructure revitalization projects with
a focus on cast iron pipe replacen{®ht However, currently, operators utilizesiaple
prioritizationapproachsimplyreplacing pipes in the order they were insfall¢tdy assuming
that the oldest pipes are the most at risk. Field failures of pipes may not necessarily follow this
pattern, e.g., as noted by Peratai[11]in the City of Sacramento, suggesting that factors other
than age contribute to the failure procgsshfactors include pipe location, soil type, and pipe
diameter/thickness, as well as seasonal variationpénameprecipitationand soil saturation.
Consequently, approaches that consideinfactors are requiretd effectively identify and
prioritize the most vulnerable pipe segments for replacement.

Failures of deteriorated water pipes attributed tocsulitions and climate patterns are not
well understood. Specifically, as noted by Gould[&R]athe effect of expansive soils on the
failures of underground cast iron pipes has received limited atterdgs@aih. Pericoli et al.
[11]studied the field failure data of cast iron pipes in the City of Sacramento and observed that a
maj ority (~ -6i0r%)!| e fb rtehaek sod u(l fl r a c touncided withr ans v e
periodsof high rainfall. This observation combined with the prevalence of expansive soils in the
Sacramento area points towards moistdreed differential soil expansion/contracticakay
risk driver for such failures. This type of failure is ngtionited to the Sacramento area but are

https://bloximagesltsicago2.vip.townnews.com/napavalleyregister.com/content/tncms/assets/v3/editorial/8/58/858be80f
28655fdcbcc30630d5f33539/4dcac49b16d9e.image.jpg
https://live.staticflickr.com/4620/40540970652_628ccc67ec_b.jpg
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prevalenacross North Ameriand other locationshere expansive soils are prevélemious
locations in the USY13} the Midlands region, Engléd4} Dallas County, Texag 5] City

of Regina, Saskatche@flt). Despitedhe prevalence of expansive soils in large parts of North
America, studies focused on flexural faillwegodifferentia soil expansion have not received

the attention they deserve.

1.1ResearchObjectives

The overarching goal of this thesis is to deveisglaasediassessment methodology for pipe
soil system vulnerablegitting corrosion and moistuireduced soil expans. The developed
framework will rank various regions of a pipe network based on the risk factors or stressors. Along

these lines, the proposed research objectivasvarerized as follows

1 To develop ahysicdhasedanalytical model that wilhantifyflexural stresses in pipes

subjected to moistureduced soil expansion.

1 To develop a probabilistic framework for risk assessment-wbregspes bysoil
systems vulnerable to fracture caused by a combinatiatingf gorrosion and

moistureinduced soil expansion.
1.20rganization ofthe Thesis

The thesis contaifichapters and is organized as follows:

1 Chapter 1provides drief introduction and motivation flolentifyngthe most atisk
cast irorpipesgiven a combhation of configurational, locational, and seasonal factors

andpresents the overarching research goal

1 Chapter 2provides background different mode of water pipe failures and loading

conditions Following thismoistureinduced soiloading is discusgd which includes

2Note that, in thishesisthe terrsd r dasnkd 0 r e | analdgous to theypdobahilityeof failang the
probability of survival, respectivétythis study, both these terms are used interchangeadgyesente

probability of occurrence of anevanh e f or mal d eab given in BSd#v8 (BS 19491), dormbinés,the
probability of occurrence and consequence of the occurrence of afheveohsequence of pipe failures is
briefly discussed in the appendix with an example.

4



theory of soil expansion and a reviewxastingpipesoil interaction modelblext,a
brief review of the literature on risk assessment of deterioratedncagbes is
presented-inally research gap areas are ident#etispecit research objectives are

outlined.

Chapter 3presents threedimensionatontinuumfinite ement study to investigate
the castiron pipe responsdo moistureinduced differential soil expansion

Subsequentiyhe impact of varying problem geometryraaterial characteristics on

Chapter 4presents an analytical model to prgdet flexurestressedue to moisture
induced soil expansigiven a range of parameters that describe pipe configuretion
soil conditionsMoreovera validation of this analytical model against finite element

predictionss presented.

Chapter 5presents arobabilistic framework for the assessment ofgoihsystems
vulnerable to fracture caused by a combination ofgpdtimosion and moisture
induced soil expansiomhe prospective application decisionmodel aimed at

identifying optimunpipereplacemens presented.

Finally severatonclusions resulting from the presented work are discuSsegbter
6. Several commendations for future study are also discussed, fdpaasdmmary

of the significant contributions of the current work.



Chapter 2

Background

In line with the research objectives proposed in the previous section, this chapter provides the
background of thstudy. The overall reliability assessment process can be considered as a four
step procedure: (1) characterization of pipe failure mechanism which involves identification of key
loading conditions experienced by a typical pipe located within the tribtgratisretwork, (2)
characterization of pipe damage mechanismingsnlicapacityestimationof the pipe (3)
formulation of a risk assessment model by combining the resu(tk) &nd{2) whichyields the
probabilityof pipe failure, and (#@comnendatiorfor a pipe replacement strategy by extending

the results of the pipe segment to the pipe network.

Accordingly, this chapter starts with a discussion of different types of failures in cast iron pipes
and loading conditions that are common in pgbp@orks. The loading due to moistumckuced
soil expansion, which is regarded as the plausible failure mechanism responsible for the majority
of pipe fractures in North American pipe netwQmgere expansive soils are prevalerit)en
discussed thorghly. This discussion includes the theory of soil expansion and a review of
analogous pipsoil interaction models developed in other fields, such as pipe crossing faults and
tunneling effect on buried pipes. Next, a section is devoted to reviewingfstuoikding cast
iron corrosion damage in a soil environmiekt, a brief review of the literature on risk
assessment of deteriorated-castpipes is presented. Finally, key research gaps are identified
and specific research goals are outlined.
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2.1Castiron Material

Cast iron(particularly gray cast irag)a legacy material in waigresthroughout the world.
According to Cast Iron Pipe Research Associgdtincastiron pipes were first installed in
Europeasearly as the 16QUsowever, it was the dominant water pipe material from the mid
1800s to the 1950&hile some contemporary eiash (.e.,ductile iron) continues to be installed
today,in the USAthe oldest cagton pipesstill in use ereinstalledn the 188082].

Since it was first introduced, cast iron pipe manufacturing techniques have changed significantly.
Two primary types of casting methods, pit cast and spun cast, were used to produce cast iron
pipes[17] Pit casting typically involved the use of upright sand molds assembled in pits. Spun
casting used horizontal, spinning molds, which were made of sand or metal. The metal molds were
water cooledwhich promoted more rapid cooling the pipes. The different casting methods
produced profound differences in the metallurgy of the pipe meteighl affected the
mechanical propersi¢l8] The mechanical properties efhumedgray cast iron pipevere
investigatetly Makar and McDona]#9} Figure2.1 shows a typical strestsain curve in tension
for pit castand spun cast iron pipé&eferring to this figurd, is evidentthat themechanical
behavior ospun casiron pipeds differentfrom pit cast iron pipeandthat pit cast iron pipes

exhibitlower elastic modulus and ultimate strengths in tension.
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2.1.1Castiron Pipe Failure Modes
The lifecycle of a typical buried pipebed e scr i bed by (t20jeasshdwainht ub c

Figure2.2. Thisconsists of three phases: a banphase, an4iansage phase, antveaout phase.

The burnin phase describes a period right after installatierebreaks occur mainly due to

faulty installation or major material defects. Breaks decline over time and enise thleaise,

where it attains minima and a steady stateever, failure due to unexpected conditions could
occur, but they are generally unexpected. The third and the most troublesome phase is the wear
out phase, which is characterized by a higher frequency of failures due to factors related to pipe
ageingCurrently, about 28% of all existing water pipes in North American pipe natawohks
aremade out ofttast ironare n the weapbut phasgl]. According to AWWAS8], the pipes
manufactured at different times in history have different life expectlmscigs changing

materials and manufacturing techniques. For example, the oldest cast iron pipes dating back to the
8



late 1800s have an average life expectancy of about 120 ggapesTaid around the 1920s
have an average life expectancy of about 100 years. The more recent piped, laid around 1940s,

havethe least life expectancy of around 75 yearsinfbisationindicates that cast iron pipes

have reached their life expeggandhe majority of installations.

A
Burn-in
\Phase  In-usage  Wear-out

Phase Phase

Risk of Failure

Time (years)

Figure2.2: Life cycle of a buried pip20]

Pipe failures occur due to accumulated damage followed by an associated loddingstvent.
iron pipes, le different modes of pipe fractures, classified by Clark[Zt]ahclude (a)
longitudinal cracks, (b) circumfeia cracks, (c) split bell, and (d) corrosion Hexesnples of

failed pipegxhibitingthese modedearlyare shown ifrigure2.3.



(b)

() (d)

Figure2.3: Different modes of failure (a) longitudinal failure (b) circumferential faitylé

bell(d) corrosiorholes(from pipe fracture data, The City of Sacramento)

Excessive circumferential stress probably due to internal water pressure causeal longitudi
cracks that are confined to large diameter [@pp©n the other hand, circumferential cracks
are the most common failure mode in small diameter pipes and are responsible for more than
60% of the failuref$). Typically, this type of failure occurs due to high longitudinal stresses caused
by axial tension and bending which is the result of temperature change, ground movement, soll
settlement, traffic load, ef23] Bell splitting is mainly caused by the differential expansion due
to the temperature change of filler mategabiie sepused inthe bell and spigot joirf22]
Corrosion holes occur due to the combineektedff pitting corrosion and water pressure inside
the pipe wherepitting thins the pipe wall to the point where the water pressure blows out the

remaining thickness.

Pericoli et a[11]studied the field failure data of cast iron pip#eei City of Sacramento and
observed that a majority (~ 60%) of failuresiacamferentiaffull-circle breaks transverse to
the pipe axis) and they occurred during the months of high rainfatjse4). Furthermore,

a moderate increasdaiurescanbe seen in the extreme dry month, which might be associated
10



with humannduced moisture change in the soil (such as irrigation and watering hasvns).
observation combined with the prevalence of expansive soils in the Sacramento area points
towards moisireinduced differential soil expansion/contractiora gmtentiakisk driverto
explainsuch failures. This type of failure is not only limited to the Sacramento area but are
predominant across North Ameri@ad other locationghere expansive soils @revalent
(various locations in the USA[13]} the Midlands region, Engléind14} Dallas County,

Texaé [15] City of Regina, Saskatcheivdmf). Despite such prevalence of expansive soils in
large parts of North America, studies focused on flexural failures driven by differential soil
expansion and reliability of such systems have not received the attention theyldsserve.
provided themotivationof this thesis to investigate the flexure failures Hr@astater pipes

caused by soil expansion, which has largelpbwedooked in the literaturéxpansion in soils

can result fromvto different mechanisms: frost induced expansioh lfrage) and moistdre
induced expansion (reactive sditsbhis thesisthe investigation Ismitedto moisturenduced

soil expansigrhowever, the pigsoil interaction model developed in this thesis can be easily
modified to capture the pipesponse in froshduced soil expansiand included in the reliability

assessment framework
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2.1.2Castiron Pipe Failure Criteria

Castiron water mains areontinuouslysubjected tadeterioration caused by corrostbat
underminetheir resistand® internal and external loa@ansequentlyailure isdefined when
existing stresses on structuratgdorated pigexceedheirstructural capacity (stress capacity)
The structuratapacityf a deteriorating pipe diminishes as corrosiomjigéde randomly and
subsequenttyrow over timgCast ironsa brittle materiandtypically fails throdngfactureaather
than through yieldingwo specific failure criteria are applicable to cast iron, nampklgeiand
bi-axial distortion enerf®4] Based ohisexperimental woykair[25]concluded thadhe failure
criterionin cast iron is best represented by the distortion energygiventyy von MisesThis
theory states th&ilure by fracture occurs whitie distortion energy per unit voluateaty
point in the body becomes equal to that associatetth@fithcture in a simple tension 2]

The biaxial failure criterion based on distortion energy thgiwsnsas

s mm 2.1)

where, and, are biaxial stresses, ands the ultimate tensile strength.

2.2 Failure Mechanism Associated with Moisturanduced Soil

Expansion

2.2.1Theory of Soil Expansion

Expansive soils (alknown as swelling or reactive soils) absorb moisture from available sources
(such as rainfall, watering, irrigation, or leakage from water supply pipes or drain) and produce
heave. Conversely, they can also contract when dry, resulting in shrinkingiagdttae

ground. This heavirmnds hr i nki ng i s-stwaebivad [X]eExpaadve J0ils k
exhibit expansion/contractions primarily due to a high percentagegvaiimea clay particles.

Briefly, these clay npiales consist of mineralmg@ntmorillonite elite, and kaolinite) containing

sheets of silica tetrahedrarappingoctahedral aluminum hydroxide and other ions (for detailed
configuration sg@8, 29)] Due to the xcess negative charge on these minerals, they absorb water

and expand. Similarly, due to evaporation, they lose water and contract.
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The severity of the expansive soil is controlled by the amount of moisture variation that the soll
experiences. Even thouthie soil is highly reactijexpansiveno effect would be observed, if
the soil moisture is constant throughout the year. On the other hand, areas where the expansive
soil experiences consistent moisture fluctuation can be severely affected. BEuotoottiet f
greatly influences the degree of expansion is the depth of active zone. According to Nelson et al.
[30] the depth of active zone may be defined as the depth of soil that experiences moisture
fluctuation (se€igure2.5) and participate in soil expansion. Due to its dependency on various
factors such as depth of water table, soil type, vegetation, temperature, and the lack of field
measurements, a common practice in the literature is to assume this variable to be between 2 to 3
m [31] However, discontinuities in the soils (such as the bedding plane, cracks, and fissures) and
the presence of tregots have a significant influence on its vi§32¢3 he depth of active zone
has particular importance because the total heave can be estimated by integrating the displacement
produced over thdepth[27, 33]

Moisture Content

\ Depth of
X Active Zone

! Seasonal
\ ! ..

*\  Variation
‘\i

Equilibrium *,

Depth Below Ground Surface

<€

Figure2.5: Typicalvatercontentprofile along soil depth

2.2.2Heave Prediction Methods

Differential movement of the expansive soil in which a pipe is buried can result in significant pipe
deformations due to pipe curvature dmhdingforces. The pipe deformation anthe
corresponding stressgstrains depends on the magnitude of soil volume changes (more

importantly vertical heaving), whselmalsabe taken as the upper bounthefpipe displacement
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[34] Significant advances have been rnaithe literaturéowards the prediction of heave and

shrink related volume change behavior of expansive soils. Heave prediction methods were first
introduced when researchers were interested in estimating volume change due to settlement in
saturated soi[85] There are several procedures available in geotechnical engineering to estimate
the XD heave in expansive soils. These procedures can be divided broadly into three main

categories: empirical methods, oedometer test methods, and sorhstiotids.

The soil classification and Atterberg limits are the basis of empirical methods. Many empirical
methods have been suggested to correlate the swelling potential to the soil piaipegies.
presents several proposed relationships bessédetassificatiortharacteristicand swelling
potential. These relationships provide an estimaf2 béave, and theyeredevelopedhrough

laboratory experiments ameld data.

Table2.1: Summary oémpirical methodsroposedn literature

Empirical methods Reference
YO T8t ¢ PP Seed et g36]
YO M@ttt o Ranganathan & Satyanarajanph
YO pjpcm@00 U ud v Vijayvergiva & GhazzdB8]
11D Moo pd w Schneider & PodB9]
YO T® L 0§ Chen[40]
YO Yk O Dhowian[41]

Where'Y lis swelling potentid is plasticity indesQis shrinkage indei, Us liquid limitp
is initial water content "Gs total heave ari@is soil thickness. Note that these equation

specific to the study test sites.

Oedometer tests are widely used and more common as compared to other methods. The
swelling pressure determined fromlooeeter test methods is one of the key parameters used in
the determination of thell heave. The-D oedometer tests comprise of loading and unloading
sequence on a soil sample to determine the swelling pressure. The index parameters (i.e., swelling
index heave index) can be determined from the Oedometer té&tasadan be calculaath

the help of these parameters
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Table2.2: Heave calculation fro®edometer test methads

Oedometer test method Refererce

YO & © - Fredlund42]
0 p Q &e
YO 6 — 1 i : Dhowian[41]
p Q ?
. 0o .. .
p - & Nelson & Millef43
Yo o p 'QI ! > 3]

WhereCsis swelling inde& is heave inde,is initial
void ration P is final stress stats@orrected swellin
pressurelsswelling pressui,is effective overburde
pressureDds vertical stress #e midpoint of the soi
layers an@fis svell pressure from constant volu
swell test

The soil suction method is more advanced compared to the other two methods in calculating
the D heave in expansive solils. It uses the stress state and suction pressure to calculate heave.
There areseveral heave prediction formulations based on soil suction methods available in the
literature. The method given by Hamberg & Nditlis widely used because of its simplicity.

This method uses the relationship between water content and volume change (between shrinkage
limit to liquid limit) which is determined from @@LE (coefficient of linear extensibility) .test

The COLE testvas @veloped to calculate the heave of airfield pavejgehis this test, the

initial moisture aaent of a resicoated soil sample is determined by measuring its voRBne at

kPa suction pressuisilwater content at a 3®&suctioncorrelate closely with field capacity

To determinethe inal moisture condition, the ovened sample is weighted, and volume
measured. A COLE valter the sample gefined as the normal strain that occurs from the moist

to the dry conditimasshown in Eq2.2). COLE values for various locationsargined in the

USDA map$45] The COLE represents the free swell capachyg gbil, providing a convenient

way to quantify its swalhrink respongd6}
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OVLO—— — p — P (2.2
0 0 I
whered is the length of moist sample at 33 kPa suétias,the length of oven dried sample,

[ is the dry density of moist sample at 33 kPa suctipn aisdthe dry density of oven dried
sample.

2.3Pipe-Soil Interaction in an Expansive Soil

A typicalsituationis shownin Figure2.6 wherea pipeis passsthroughan expansiveoil
experiencingroisturdluctuatiors. In the rainy seasathe part of the soithat receives moisture
expands and forces the pipe to ewpward. Similarly, in the dry season, the soil shrinks and
forces the pipe to mowmwnward. This up and down movement causes significant bending in
the pipe andouldlead to circumferentialaiture. An early experimental study by Kassiff and
Zeitlin [47]showed that the failure in buried pipes is correlated with soil expansion. This study
concluded that swelling in expansive soil can damage pipes by introducing cracks in
circumferential directiomsnother study48]showed amcreased failure rate of pipes in hot and

dry seasons (after rainy seasons) and periods of relatively low annual rainfall. Furthermore, Chan
[49]and Gould50]showedhat considerably higherpentages of failures occur in reactive soil
zones. The number of failures varies with the seasonal climate changes in a consistent pattern.

16



Figure2.6: Pipe movement due to soil expansion and contraCtiamat el[51]

A significant number of circumferential failures and their correlation with moisture change in
the soil have led researchers to conclude that the effect of soil expansion is a major reason for
pipe failuresn the areas where expansive soils are prevalent. The differential movement in the
soil causes significant flexural stresses in buried pipes, and when the stresses exceed the strengtf
failure occurs. Despite thasirprisinglyflexural failures driven by differential soil expansion and
reliability opipeshave not receiveduchattentionn the literaturelThe next section is dedicated
to exploring the relevant literature in the area ofspipenteraction modelirtgchniqus. The
discussion is limited to numerical simulations and analytical modeling appnoactnese is a
lack of experimental studies.

2.3.1Numerical Smulation of Pipes Buried in Expansive Soil

Literature is very limitédr pipes buried iexpansiveoil subjected to moistwrariationsMuch

of the previous work has been focused on foundations and pavements built on expansive soils.
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