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During(a(pipe’s(life(cycle,(failures(occur(due(to(numerous(factors(such(as(age,(

loading(conditions,(environmental(conditions,(installation(quality,(manufacturing(

procedures,(operation(and(maintenance(strategies(and(so(on.(Frequent(pressure(surges(

or(fluctuations(in(a(piping(system(may(cause(a(fatigue(failure(as(fatigue(is(one(of(the(most(

important(issues(in(water(pipes(due(to(water(hammer(impacts.(Application(of(buried(high(

density(polyethylene((HDPE)(water(pipelines(has(significantly(increased(in(recent(years,(

and(PE4710(is(a(new(member(of(HDPE(family.(So,(there(is(not(yet(enough(information(

about(PE4710(longXterm(performance.(Due(to(lack(of(enough(information(on(resistance(of(

large(diameter(HDPE(pipes(under(transient(pressures,(this(research(focuses(on(postX

fatigue(mechanical(properties(of(a(large(diameter(DR(17((16(in.)(high(density(

polyethylene((HDPE)(4710(pipe(under(cyclic(loading.(This(work(consists(of(two(parts:(

First,(experimental(work(which(included(the(fatigue(tests(on(an(HDPE(pipe(sample(for(



 

v(

2,000,000(cycles.(Second,(tensile(tests(on(the(dogbone(specimens(cut(from(the(fatigue(

tested(HDPE(pipe(and(a(new(pipe(sample(from(the(same(manufacturer(were(performed(

to(compare(material(properties.(Scanning(Electron(Microscopy((SEM)(tests(were(done(to(

visually(show(the(impacts(of(fatigue(on(the(molecular(structure(of(the(HDPE(pipe.(Finite(

Element(Modeling((FEM)(of(tensile(tests(validated(material(properties(and(were(used(to(

investigate(the(effects(of(different(stress(amplitudes(on(the(HDPE(pipe.(The(findings(of(

this(experimental(study(showed(that(after(two(million(cycles(of(internal(water(pressure(of(

125(psi(to(188(psi,(rupture(strain(and(tensile(strength(of(PE4710(increased(about(15%(

and(2%(respectively,(while(yield(strain(reduced(by(approximately(20%.(The(

circumferential(location(of(dogbone(specimens(from(the(pipe(sample(did(not(have(any(

effects(on(the(results,(but(longitudinal(location(of(specimens(had(impacts(on(fatigue(

mechanical(properties(of(samples.(Sections(near(buttXfused(joint(showed(more(reduction(

in(yield(strain(and(less(increase(in(tensile(strength(than(end(sections(near(the(end(

supports.(The(SEM(test(results(showed(initiation(of(microXcracks(in(longitudinal(direction(

of(the(pipe.(Using(finite(element(analysis,(a(new(equation(using(Stress(Amplitude(vs.(No.(

of(Cycles((SXN)(curve(for(PE4710(was(developed(for(PE4710.(FEA(results(showed(that(

current(equations(to(predict(fatigue(life(of(PE4710(pipes(may(overestimate(its(fatigue(life,(

but(more(numerical(studies(are(required(to(confirm(this(conclusion.(
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Chapter(1(INTRODUCTION(

HISTORY(OF(WATER(DISTRIBUTION (

The(main(objective(of(any(municipality(and(water(utility(is(efficient(and(costX

effective(delivery(of(high(quality(and(hygienic(water(to(the(public.(Every(water(distribution(

network(includes(pumps,(pipes,(junctions,(tanks,(reservoirs,(and(valves.(For(water(

delivery,(pumps(and(gravity(systems(are(used(to(convey(water(from(a(reservoir(by(a(

group(of(pipelines.(According(to(Austin((2011),(pipe(a(network(is(designed(to(deliver(

sufficient(quality(water(under(a(desirable(pressure.((

According(to(Clark((2012),(water(usage(is(classified(as:(

•( Domestic(or(Urban(

•( Agricultural(

•( Industrial((

The(primary(task(of(municipal(water(distribution(systems(is(to(provide(water(to(

residential,(industrial,(and(commercial(areas.(While(the(delivered(water(must(be(

drinkable,(it(is(also(used(for(other(purposes(such(as(toilet(flushing,(showering,(

landscaping(or(industrial(usages.(Drinking(water(must(be(certified(based(on(the(standard(

for(drinking(water(system(components(–(health(effects,(NSF(International(

Standard/American(National(Standard((NSF/ANSI(61(standard)((Austinh(2011). (

Early(civilizations(were(built(near(the(rivers(such(as(Sindhu,(Tigris(and(

Euphrates,(Yellow(and(Nile(which(indicates(the(knowledge(of(water(distribution(system(

has(a(long(history((Cechh(2005).(Use(of(ceramic(pipes(to(distribute(water(from(the(ruins(of(

Harappa(and(MohenjoXdaro(was(confirmed(by(archaeologists((Bhave(and(Guptah(2006).(

During(the(6th(century(B.C.,(Ephesus(in(Anatolia(or(Asia(Minor((currently(located(in(

Turkey)(was(reestablished(by(the(Romans((Cechh(2005).(“Water(for(the(Great(Fountain(
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was(diverted(from(a(dam(at(Marnss(and(conveyed(to(the(city(by(a(3.75Xmile(system(

consisting(of(one(large(and(two(smaller(clay(pipelines”((Maysh(2000).!(

The(first(city(to(operate(a(functional(water(supply(system(in(the(United(States(was(

in(1795(in(Boston.(Wooden(pipes(made(from(a(tree(trunk(used(to(convey(water(from(

Jamaica(Pond(to(Boston(by(a(private(water(supplier((Wallace,(Floyd(Associatesh(1984).(

The(Moravian(community(of(Bethlehem,(Pennsylvania,(installed(bore(logs(to(draw(water(

from(their(water(source(during(1652.(The(water(was(delivered(by(a(network(of(pipes(built(

on(bored(logs(which(provided(service(to(the(entire(community(of(Bethlehem(by(1754.(

HorseXdriven(pumps(were(used(to(pump(water(from(a(spring((Maysh(2000).(In(1817(the(

first(cast(iron(pipe(was(used(to(deliver(water(to(citizens(of(Philadelphia((Bhave(and(

Guptah(2006).((

BACKGROUND(OF(PIPELINE(SYSTEMS(

“Water(is(the(basis(of(life(on(earth(and(the(foundation(of(all(civilizations”((Cechh(

2005).(Pipeline(makes(water(available(to(use.(Pipelines(have(a(long(history.(Pipes(were(

used(in(ancient(times(till(now.(They(have(been(modified(extensively(to(be(more(efficient(in(

the(modern(era.(The(Egyptians(used(clay(pipes(for(drainage(system(in(4000(B.C.(The(

Romans(used(lead(pipes(in(aqueduct(system(during(400(B.C.,((Liuh(2003).(During(the(18th(

century,(a(breakthrough(occurred(in(pipeline(technology(with(invention(of(the(cast(iron(

pipe.(Cast(iron(pipes(dominated(water(pipe(materials(until(the(19th(century(when(steel(

pipes(were(invented.(Steel(pipes(gained(popularity(because(of(their(increased(wall(

strength.(

According(to(Liu((2003),(comparing(to(roads,(railways(and(air(transportation,(

pipes(are(the(most(neglected(and(least(appreciated(means(of(transportation(because(of(

being(buried(underground.(Pipeline(infrastructure(in(general(and(water(pipes(specifically(

play(an(important(role(in(the(economy(and(security(of(each(nation.(
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The(majority(of(pipelines(are(laid(to(convey(fluids(or(gases(such(as(water,(

sewage,(natural(gas,(crude(oil,(gasoline,(jet(fuel,(etc.,(from(treatment(plants(and(refineries(

to(residential(and(commercial(buildings(in(various(distances((Liuh(2003).(

CLASSIFICATION(OF(PIPES(

(( Table(1X1(presents(a(summary(of(classifications(of(pipes(according(to(Mays(

(2000).(Pipes(can(be(classified(based(on:((

•( The(nature(of(applications((commodity(transported(in(pipeline(like(gas,(water(or(

sewage).(

•( Environment(of(applications((offshore,(inland(or(mountain(pipelines).( (

•( Burial(or(support’s(type((underground,(elevated(or(underwater).( (

Material’s(type((cast(iron(pipe((CIP),(Polyvinyl(Chloride((PVC),(High(Density(Polyethylene�

�HDPE),(steel(pipe((SP),(ductile(iron(pipe((DIP),(vitrified(clay(pipe((VCP)(or(concrete(pipe(

(CP)). (

According(to(Najafi((2010),(pipes(can(be(classified(as(semiXrigid,(semiXflexible(or(

intermediate.(Intermediate(are(a(type(of(pipe,(which(share(partial(characteristic(of(two(

other(types.(Table(1X2(presents(pipe(materials(classifications(as(rigid(or(flexible.(Rigid(

pipes(are(resistant(to(bending(in(both(longitudinal(and(circumferential(directions(and(they(

do(not(have(deformation(under(the(load.(Flexible(pipes(are(capable(of(deforming(without(

any(damage(to(the(pipe.(According(to(Najafi((2010),(flexible(pipes(are(capable(of(being(

deformed(more(than(2(percent(of(their(diameter(size(without(failure.(Strength(and(

stiffness(are(used(to(characterize(properties(of(pipes(as(rigid(and(flexible.((

(

(

(

(
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Table(1X1(Classifications(of(Pipelines(based(on(Application,(Mays((2000)((
 

Classifications? Applications?

Commodity(Transported( Water,(Sewer,(Natural(Gas,(Oil,(Product,(
Solid(Pipelines(

Environment( Offshore,(Inland,(InXplant,(Mountain,(
Space(Pipeline(

Type(of(Burial(or(Support( Underground,(Elevated,(Aboveground,(
Underwater(

Pipe(Material(
Steel,(CastXiron,(Ductile(Iron,(Plastic(
(PVC,(HDPE,(etc.),(Concrete,(Others(

(Clay,(PCP)(
(

Table(1X2(Classification(of(Pipes(based(on(Material,(Najafi((2010)(
 

Rigid?Pipes? Flexible?Pipes?

Concrete((CP)( Steel((SP)(

Vitrified(Clay((VCP)( Ductile(Iron((DIP)(

PreXstressed(Concrete(Cylinder((PCCP)( Polyvinyl(Chloride((PVC)(

Reinforced(Concrete((RCP)( High(Density(Polyethylene((HDPE)(

BarXwrapped(Concrete(Cylinder((BCCP)( Fiber(Reinforced(Plastic((FRP)(

AsbestosXcement((AC)( X(

Fiber(Cement((FC)( X(
(

Table(1X3(presents(classification(of(pipes(based(on(being(metallic(or(nonmetallic.(

Metallic((or(mixture(of(metals)(pipes(are(conductive(and(classified(as(metallic(pipes.(If(

materials(other(than(metals(are(used(to(manufacturing(pipes,(such(as(concrete(or(

plastics,(pipes(are(nonXconductive(and(classified(as(nonXmetallic(pipes((Maysh(2000(and(

Liuh(2002).(

Table(1X3(Classification(of(Pipes(based(on(Metallic(and(NonXMetallic,(Liu((2002)(

Metallic?Pipes? NonHmetallic?Pipes?

Steel(Pipe,(CastXiron(Pipe,(Ductile(Iron(
Pipe,(Stainless(Steel(Pipes,(Copper(Pipe(

Concrete(Pipe((PCCP,(RCCP),(Plastic(
Pipe((PVC,(PE),(Vitrified(Clay(Pipe,(

AsbestosXCement(Pipe(
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(

Polyethylene(discovery(was(in(1933,(and(manufacturing(of(these(pipes(was(

during(the(1940s((Storm(and(Rasmussenh(2011),(but(the(application(of(HDPE(pipes(in(the(

water(distribution(was(approved(by(AWWA(in(1980(and(installation(of(HDPE(pipes(started(

the(same(year((Frank(et(al.h(2009).(

POLYETHYLENE(PIPES(

Usage(of(High(Density(Polyethylene((HDPE)(pipe(for(conveying(and(distributing(

gas(and(water(is(significantly(increased(recently.(The(HDPE(water(pipes,(like(any(other(

pipe,(are(subjected(to(internal(and(external(pressures(as(well(as(processes(of(

deterioration(such(as(creep,(fatigue(damage(and(crack(growth((Divyashreeh(2014).(

Despite(of(their(durable(structure,(the(pipe(design(and(analysis(should(consider(their(

working(conditions,(such(as(cyclic(loading(to(the(pipe((fluctuations(in(internal(pressure)(

with(a(considerable(stress(ratioh(and(accumulation(of(energy(in(the(water(under(pressure,(

which(manifests(in(the(form(of(elastic(strain(energy((Chengh(2008).(This(accumulated(

energy(initiates(and(develops(crack(growth(in(various(ways,(such(as(brittle,(semiXbrittle(

and(ductile(failuresh(and(defects(during(manufacturing(process(and(installation.(“Stress(

cracking”(is(almost(the(most(dangerous(failure(that(may(occur(in(a(pipe((Chengh(2008).(

Polyethylene(pipes(are(capable(of(resisting(static(loading(as(well(as(periodic(and(cyclic(

loading.(The(periodic(and(cyclic(loadings(have(constant,(random(or(intermittent(

frequencies(and(can(be(cause(material(creep.(Therefore,(fatigue(strength(is(an(important(

parameter(in(the(design(process.(Additionally,(Divyashree(et(al.((2015)(stated(that(fatigue(

testing(of(a(large(diameter(HDPE(pipe(was(ranked(with(high(priority(during(the(WRF’s(

project(workshops(with(water(utilities(and(other(pipe(professionals.(

Fatigue(is(a(phenomenon(which(occurs(in(structures(subjected(to(timeXdependent(

loading(and(deteriorates(material(ability(to(withstand(applied(loads(that(are(below(the(
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elastic(limit.(Experimental(observations(by(Pugno(et(al.((2006),(Molent(et(al.((2006)(and(

Schijve(et(al.((2005)(indicated(that(at(low(stress(levels((highXcycle(fatigue),(a(considerable(

percentage(of(the(usable(fatigue(life(is(consumed(by(the(crack(initiation(period,(while(at(

high(stress(levels((lowXcycle(fatigue),(fatigue(cracks(initiate(in(the(early(cycles.(

According(to(Zhou(et(al.((1996)(plastic(pipes(used(for(gas(and(water(distribution(

are(increasingly(the(subject(of(many(studies(that(emphasize(different(behavior(aspects(of(

service(lifetime.(In(order(to(develop(engineering(and(lifetime(design,(many(tests(such(as(

fatigue,(creep(and(environmental(stress(cracking((ESC)(are(performed(although(this(

information(is(not(still(sufficient(in(the(literature((Li(and(Qih(2014).(The(purpose(of(dynamic(

fatigue(tests(is(to(specify(the(endurance(limit(of(polyethylene(resins(subjected(to(periodic(

loading,(quantitatively.(The(endurance(limit(is(the(maximum(stress(amplitude(which(can(

be(supported(for(an(infinite(number(of(cycles(without(failure(of(specimen((Li(and(Qih(

2014).(Loading(type(and(pattern(differentiate(longXterm(fatigue(testing(methods.(Graphs(

of(magnitudes(of(stresses((S)(vs.(the(logarithmic(scale(of(cycles(to(failure((N)((SXN(

curves)(are(the(most(useful(and(common(method(to(describe(the(fatigue(behavior,(for(

practical(use(and(design((Kawai(and(Itohh(2014).(

Analysis(of(history(of(crack(growth(shows(when(crack(initiates,(there(is(a(logXlinear(

relationship(between(the(crack(size(and(the(lifetime.(Also,(when(plotted(in(a(log–log(scale,(

a(linear(relationship(exists(between(the(crack(growth(rate(and(the(crack(length(or(the(stress(

intensity(factor(range(in(mode(I((ΔKI).(

In(the(literature,(many(studies(are(performed(on(fatigue(crack(growth.(Pinter(et(al.(

(2006),(Favier(et(al((2002)(and(Ward(et(al.((1990)(performed(accelerated(fatigue(tests(on(

circumferentially(notched(HDPE(bars.(A(comparative(study(on(crack(propagation(in(

HDPE(under(fatigue(and(creep(loading(is(presented(by(Kasakevich(et(al.((1990).(Their(

study(is(focused(on(the(interaction(between(creep(and(fatigue(and(discusses(the(validity(
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of(fatigue(as(an(accelerated(laboratory(test(for(longXterm(field(failure(under(creep(

conditions.(

According(to(Parsons(et(al.((2000),(the(correlation(between(creep(and(fatigue(

strengths(indicated(that(creep(resistance(of(Medium(Density(Polyethylene((MDPE)(was(

much(more(than(HDPE(and(HDPE(pipes(were(much(less(sensitive(to(strain(rate(in(

fatigue.(Reynolds(et(al.((1993)(studied(the(mechanisms(of(failure(for(externally(notched(

sections(of(polyethylene(pipe(under(pressure.(They(confirmed(that(localized(shear(

deformation(is(origin(of(branching(fracture(features.(

Kiass(et(al.((2005)(conducted(an(experimental(investigation(to(establish(the(

distribution(of(mechanical(properties(throughout(a(HDPE(gas(pipe(wall.(The(mechanical(

properties(varied(within(the(pipe(wall(which(indicates(the(complexity(of(hierarchical(

structure(in(HDPE.((This(approach(contributed(in(understanding(of(the(longXterm(behavior(

of(pipe(and(associated(brittle(failure.((

Majority(of(studies(on(fatigue(of(HDPE(consider(the(crack(propagation(and(

assume(that(stress(concentration(and(crack(already(occurred.(But(in(most(parts(of(pipes(

fatigue(may(occur(without(any(previously(initiated(crack.(In(this(case,(fatigue(generates(

accumulated(damage(in(material,(which(leads(either(to(nucleation(of(crack(or(to(large(

deformation,(dependent(on(the(level(of(stress.(In(fact,(the(total(lifetime(of(pipe(would(be(

the(sum(of(damage(and(propagation(stages((Lin(and(Argonh(1994).(Fatigue(damage(

represents(more(than(90%(of(the(overall(fatigue(lifetime(of(pipe(in(many(cases((Khelif(et(

al.h(2008).(When(stress(variation(is(moderate(or(low,(the(crack(propagation(time(is(much(

less(than(the(damage(time((Khelif(et(al.h(2008).((

In(searching(the(literature,(no(experimental(work(was(found(for(HDPE(afterX

fatigue(analysis(to(evaluate(the(fatigue(damage(on(HDPE(material.(Material(property(after(

fatigue(was(recommended(by(industry(professional(and(utilities(during(a(workshop(for(a(
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Water(Research(Foundation(project((Divyashree(et(al.h(2015).(In(this(dissertation,(the(

main(focus(is(on(the(experimental(study(of(afterXfatigue(analysis(of(HDPE(pipe’s(material(

as(well(as(a(numerical(study(on(the(effect(of(stress(amplitude(on(the(number(of(cycles(

that(PE4710(pipes(can(withstand(before(failure.(

Background!of!HDPE!

Because(of(higher(hydrostatic(design(stress,(advanced(PE4710(is(utilized(in(

water(pipe(applications(with(the(following(designation(codes:((

•( Base(resin(density(–(1st(digit(in(the(code(	
 (

•( Slow(crack(growth((SCG)(–(2nd(digit(in(the(code(	
 (

•( Hydrostatic(design(stress((HDS)(–(3rd(and(4th(digits(in(the(code((Divyashreeh(

2014)�

( ( According(to(ASTM(standard(specification(D(3350,(the(pipe(material(designation(

codes(for(other(PE(materials(are((Divyashreeh(2014):(	
 (

1.( PE(3408(is(a(polyethylene((the(PE(abbreviation(is(according(to(ASTM(D1600)(

with(a(density(cell(class(of(3(and(a(slow(crack(growth((SCG)(cell(class(of(4(

(according(to(ASTM(D3350).(It(has(an(800(psi(maximum(recommended(

Hydrostatic(Design(Stress((HDS)(for(water(at(73°F((23°C).(	
 (

2.( PE(3608(is(a(polyethylene((the(PE(abbreviation(is(according(to(ASTM(D1600)(

with(a(density(cell(class(of(3(and(a(slow(crack(growth((SCG)(cell(class(of(6(

�according(to(ASTM(D3350).(It(has(an(800(psi(maximum(recommended(

Hydrostatic(Design(Stress((HDS)(for(water(at(73°F((23°C).�

3.( PE(4710(is(a(polyethylene((the(PE(abbreviation(is(according(to(ASTM(D1600)(

with(a(density(cell(class(of(4(and(a(slow(crack(growth((SCG)(cell(class(of(7(

(according(to(ASTM(D3350).(It(has(a(1000(psi(maximum(recommended(
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Hydrostatic(Design(Stress((HDS)(for(water(at(73°F((23°C).((

( Table(1X4(summarizes(the(differences(between(PE3408,(PE3608(and(PE4710.(

Table(1X4(Differences(Between(PE3408,(PE3608(and(PE4710,(Divyashree((2014)(

PE?3408?and?PE?3608? PE4710?

The(resin(is(classifies(as(class(3.( The(resin(is(classifies(as(class(4.(

Base(resin(density(of(PE3408(is(0.941(–(
0.947(g/cc 

Base(resin(density(of(PE3408(is(0.947(–(
0.955(g/cc(

The(slow(crack(
growth(for(Class(4(
is(at(least(10(hours 

The(slow(crack(
growth(for(Class(6(
is(at(least(100(

hours 

The(slow(crack(growth(for(Class(7(is(at(
least(500(hours(

Hydrostatic(design(stress((HDS)(is(800(
psi 

Hydrostatic(design(stress((HDS)(is(1000(
psi(

Pressure(Class(for(PE3408(and(PE3608(
is(lower(for(specified(DR.(The(flow(

capacity(is(less. 

Pressure(Class(is(higher(for(specified(DR(
when(compared(to(PE3408(&(PE3608.(

The(flow(capacity(increases. 
 

RESEARCH(OBJECTIVES(

The(objectives(of(this(dissertation(are:(

•( To(evaluate(the(impact(of(fatigue(on(mechanical(properties(of(PE4710(pipe(

material.(

•( To(develop(a(new(equation(for(stresses((S)(vs.(the(logarithmic(scale(of(cycles(to(

failure((N)((SXN(curves)(of(PE4710.(

The(ultimate(objective(of(this(dissertation(is(to(have(a(better(understanding(of(

fatigue(life(of(HDPE(water(pipelines.(Using(the(SXN(curve(developed(with(this(

dissertation,(fatigue(life(of(PE4710(pipes(can(be(estimated(more(accurately.( 

RESEARCH(NEEDS(

According(to(“Report(Card(from(America’s(Drinking(Water(Infrastructure”((ASCE,(

2017),(there(is(approximately(240,000(water(main(breaks(per(year(in(the(United(States(

due(to(the(poor(conditions(of(the(U.S.(infrastructure.(Water(utilities(in(the(United(States(
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lose(40(billion(liters(out(of(160(billion(liters((10.5(billion(gallons(out(of(42.3(billion(gallons)(

of(processed(water(everyday(due(to(leaks(and(breaks((Divyashreeh(2014).(Approximately(

$1.2(billion(was(spent(on(water(rehabilitation(in(the(U.S.(in(2006((Najafih(2013)(and(this(

cost(could(reach(to(more(than($1(trillion(during(the(next(decades((AWWA,(2013).(Also,(

according(to(ASCE((2013),(the(existing(drinking(water(pipeline(is(near(the(end(of(its(

useful(life.(

The(most(critical(elements(of(a(water(supply(system(are(large(diameter(

transmission(mains.(If(a(failure(occurs,(in(addition(to(extended(service(interruptions(and(

property(damages,(it(causes(disruption(to(the(social(life.(Replacement(of(deteriorated(

large(diameter(water(pipelines(may(be(necessary(since(due(to(capacity(concerns(and(

structural(integrity(of(large(diameter(pipes,(rehabilitation(by(relining(of(a(deteriorated(

water(main(may(not(be(feasible.(High(density(polyethylene((HDPE)(pipes(with(high(

flexibility(and(durability,(large(diameter((16Xin.(and(larger),(thick(walls((with(lower(DRs)(

are(manufactured(recently(taking(advantages(of(development(in(polymer(science(

(Divyashreeh(2014).(Since(PE4710(is(relatively(a(new(material,(studies(are(required(to(

assess(the(suitability(of(current(design(approaches((Janah(2012,(Divyashreeh(2014).(

According(to(PPI((2012),(development(of(additional(cyclic(fatigue(data(provides(

justification(for(increasing(the(allowable(repetitive(surge(pressures(and(provides(

additional(experimental(support(of(the(design(approach.(Also,(four(workshops(and(a(

survey(were(conducted(by(Divyashree(et(al.((2015)(at(the(Center(for(Underground(

Infrastructure(Research(and(Education((CUIRE)(and(results(of(a(utility(survey(showed,(as(

of(2013,(63%(of(PE4710(pipes(in(use(are(less(than(5(years(old.(In(the(survey,(water(

utilities(suggested(fatigue(testing(on(16(in.(or(larger(diameter(HDPE(pipe(since(no(testing(

was(performed(prior(to(that,(also(they(recommended(the(fatigueXtested(piece(should(be(

tested(for(material(properties(and(compared(with(material(testing(of(a(new(identical(pipe.(
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In(addition,(since(infrastructure(projects,(including(pipelines,(are(usually(designed(

using(limitXstateXdesign(procedure(due(to(the(potential(of(this(method(for(a(safer(and(

lower(cost(design((Zhang(and(Moore,(1997),(a(clear(understanding(of(serviceability,(

stability,(performance(limitations(and(durability(of(HDPE(pipe(is(required(for(limitXstateX

design(method.(But(there(are(still(many(difficulties(related(to(time(dependent(properties(of(

HDPE,(as(well(as(impact(of(its(loading(history(which(means(there(is(a(gap(in(information(

and(research(studies(about(the(nonXlinear(time(dependent(behavior(of(HDPE(pipes.(

Predictability(of(performance(of(a(pipe(in(service(requires(knowledge(of(the(mechanical(

properties(of(the(HDPE(resin(and(knowledge(of(the(profile(geometry((Gabriel,(2016)(but(

there(is(not(enough(information(about(impact(of(fatigue(on(HDPE(mechanical(properties(

and(profile(geometry.(This(dissertation(focuses(on(the(after(fatigue(mechanical(properties(

of(HDPE(pipes,(as(one(of(the(main(concerns(of(water(utilities,(as(well(as(the(effect(of(

stress(amplitude(on(the(number(of(cycles(the(pipe(can(withstand((SXN(curve)(of(PE4710.(

CONTRIBUTIONS(TO(THE(BODY(OF(KNOWLEDGE(

The(followings(are(the(main(contributions(of(this(research:(

1.( Providing(an(estimation(of(the(amount(of(degradation(of(material(properties(of(

PE4710(pipe(due(to(cyclic(internal(water(pressure(of(1.5(time(of(its(pressure(

class.((

2.( Developing(a(new(equation(for(SXN(curve(of(PE4710.(

Both(above(mentioned(findings(will(contribute(to(predict(more(accurate(design(life(of(

HDPE(water(pipes.(

SCOPE(

The(scope(of(this(research(includes(experimental(study(on(mechanical(properties(

of(HDPE(specimens(cut(from(a(pipe(sample(after(successfully(passing(two(million(cycles(

of(internal(water(pressure(ranges(between(125(psi((pressure(class)(to(188(psi((1.5(times(
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pressure(class).(The(same(pipe(sample(went(through(additional(50,000(cycles(of(twice(its(

pressure(class.(AWWA(C906(defines(working(pressure(as("the(maximum(anticipated,(

sustained(operating(pressure(applied(to(the(pipe(exclusive(of(transient(pressures."(

Experimental(part(of(this(dissertation(includes:(

1.( Tensile(test(on(6(new(HDPE(dogbone(specimens.(

2.( Tensile(tests(on(32(HDPE(dogbone(specimens(cut(from(fatigueXtested(pipe.(

3.( Scanning(Electron(Microscopy((SEM)(test(on(new(and(fatigueXtested(specimens.(

The(numerical(part(of(this(dissertation(includes(applying(different(cyclic(loadings(

to(a(15Xft(long(HDPE(pipe(to(check(the(effects(of(stress(amplitude(on(the(number(of(

cycles(that(pipe(can(withstand(before(failure(and(develop(a(new(SXN(curve.(

METHODOLOGY(

To(achieve(the(objectives(of(this(research,(in(addition(to(a(comprehensive(

literature(review,(a(testing(concept(was(developed(to(determine(the(performance(of(a(

PE4710(pipe(sample(with(recurring(surges(for(two(million(cycles(ranging(between(125(psi(

and(188(psi((1.5(times(Pressure(Class,(PC)(for(a(16Xin.,(15Xft(long,(DR(17,(HDPE(pipe.(

After(successfully(passing(two(million(cycles(of(internal(water(pressure,(dogbone(shaped(

specimens(were(cut(from(fatigueXtested(pipe.(Tensile(tests(based(on(ASTM(D638(were(

conducted(on(dogbone(shaped(specimens(to(perform(fracture(analysis(of(HDPE(samples(

and(to(experimentally(evaluate(the(impact(of(fatigue(on(HDPE(pipes.(In(addition(to(tensile(

experiment,(a(corresponding(numerical(simulation(was(modeled(by(ABAQUS(6.14X3(

software.((

Another(objective(of(this(dissertation(was(to(numerically(simulate(the(behavior(of(

HDPE(subjected(to(cyclic(loading(with(FEM(code(ABAQUS(6.14X3,(to(analyze(impact(of(

stress(amplitude(on(HDPE(pipe.(For(this(purpose,(different(FE(models(under(different(

Von(Misses(stresses(were(analyzed(to(check(the(effect(of(stress((σ)(on(fatigue(behavior(
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of(HDPE(pipe(and(present(the(number(of(cycles(pipe(could(successfully(pass(before(

failure.(This(dissertation(is(a(preliminary(step(towards(understanding(the(PE4710(pipe(

performance(after(fatigue(for(larger(pipe(size(diameters. (

An(overview(of(the(methodology(to(accomplish(the(objectives(of(this(research(is(

presented(below.((

•( Conduct(an(extensive(literature(search.( (

•( Conduct(an(experimental(study(to(understand(the(fatigue(performance(of(the(

HDPE(pipe(under(two(million(cycles(of(internal(water(pressure(of(125(psi(to(

188(psi.( (

•( Perform(tensile(tests(based(on(ASTM(D638(and(SEM(test(on(new(dogbone(

shaped(HDPE(specimens(to(evaluate(mechanical(behavior(of(HDPE(and(to(

determine(the(material(parameters(for(further(numerical(study.((

•( Perform(tensile(tests(based(on(ASTM(D638(and(SEM(test(on(dogbone(

shaped(specimens(of(already(fatigue(tested(pipe(to(evaluate(material(

properties(of(HDPE(after(two(million(cycles(of(internal(water(pressure(ranges(

between(125(psi(to(188(psi.(

•( Conduct(Finite(Element((FE)(modeling(and(analysis(of(HDPE(pipe(to(develop(

a(new(equation(for(SXN(relation(of(PE4710.(

•( Draw(conclusions(from(analysis(of(results.((

The(methodology(of(this(research(is(illustrated(in(Figure(1X1. 
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Figure(1X1(Research(Methodology(

HYPOTHESES(

It(is(expected(that(this(research(will(show(that(mechanical(properties(of(HDPE,(

e.g.,(strain(at(rupture,(yield(strain(and(tensile(stress,(degrade(approximately(20%(after(

going(under(2(million(cycles(of(internal(water(pressure((considering(50(surges(per(day(will(

result(to(approximately(100(years((Divyashreeh(2014))(ranging(between(125(psi(to(188(

psi.(The(FE(modeling(results(will(indicate(that(current(equations(for(SXN(curve(of(PE4710(

provided(by(Petroff((2013)(and(EPRI((2013)(overestimate(fatigue(life(of(this(material. 

STRUCTURE(OF(THIS(THESIS(

Chapter(1(presents(a(brief(background(on(the(pipeline(history(and(polyethylene(

pipes(as(well(as(problem(statement,(contribution(of(this(study(to(the(body(of(knowledge,(

scope(of(the(work(and(research(methodology.(

Chapter(2(provides(a(comprehensive(literature(study(on(background(of(HDPE(

material.(

Chapter(3(covers(the(background(and(literature(review(on(fatigue.((

Chapter(4(presents(the(experimental(part(of(the(research(including(methods(and(

results(of(fatigue(test(on(HDPE(pipe,(tensile(test(on(HDPE(dogbone(specimens(cut(from(
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fatigueXtested(pipe(and(scanning(electron(microscopic((SEM)(test(accompanied(with(

discussions.(

Chapter(5(presents(FE(modeling(and(analysis(of(tensile(test(and(cyclic(loading(of(

HDPE(pipe(using(ABAQUS(6.14X3,(as(well(as(results(and(discussions.(

Finally,(Chapter(6(includes(conclusions(and(recommendations(for(the(future(

studies.(

CHAPTER(SUMMARY(

The(drinking(water(infrastructure(in(the(North(America(requires(a(durable(and(

reliable(water(transmission(pipe(material.(Thus,(it(is(important(to(study(pipe(performance,(

so(that(water(utilities(can(benefit(from(costXeffective(and(efficient(pipe(installations(and(

longer(pipe(design(life.(All(pipe(materials(deteriorate(overtime(and(every(pipe(has(unique(

properties(with(advantages(and(limitations.(During(a(pipe’s(life(cycle,(failures(occur(due(to(

numerous(factors(such(as(age,(loading(conditions,(environmental(conditions,(installation(

quality,(manufacturing(procedures,(operation(and(maintenance(strategies(and(so(on.(

Since(application(of(HDPE(pipes(in(the(water(pipeline(industry(has(been(significantly(

increased(in(recent(years(and(there(is(not(enough(study(available(about(their(longXterm(

performance,(more(research(in(this(area(is(required.((

(
( (
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Chapter(2(INTRODUCTION(AND(BACKGROUND(OF(PE(MATERIAL(

INTRODUCTION(

HDPE(pipes(are(widely(used(to(convey(water,(gas(and(all(other(types(of(liquids.(

Due(to(its(lighter(weight,(leakXfree(joints,(flexibility,(simple(installation(and(reduced(breaks(

due(to(freezing,(HDPE(pipes(are(preferred(over(metal(pipes.(

HDPE(pipes(typically(have(lower(cost(and(are(corrosion(resistant.(Previous(

chapter(provided(an(introduction(for(this(dissertation(and(some(general(information(about(

different(classification(of(pipes,(polyethylene(pipes(and(water(distribution.(In(this(chapter,(

a(brief(overview(of(HDPE(background,(material(properties,(its(application(in(water(

pipeline(systems,(advantages(and(limitations(and(its(manufacturing(process(are(

presented.(

BACKGROUND?

According(to(PPI((2008),(“High(Density(Polyethylene((HDPE)(was(first(invented(in(

England(in(1933(by(Imperial(Chemical(Company((ICI).(The(early(polymerization(

processes(used(highXpressure((14,000(to(44,000(psi)(autoclave(reactors(and(

temperatures(of(200˚F(to(600˚F.(It(was(produced(in(a(free(radical(chain(reaction(by(

combining(ethylene(gas(under(high(pressure(with(peroxide(or(a(trace(amount(of(oxygen.(

Later(in(the(1950’s,(polyethylene((PE)(with(low(pressure(was(introduced.(Density(of(

polyethylene(varies(between(0.935(to(0.941(g/cc((58.37(to(58.74(pcf)(for(medium(density(

polyethylene,(and(0.941(to(0.945(g/cc((58.74(to(58.99(pcf)(for(high(density(polyethylene.(

Industry(practice(has(shown(that(base(resin(densities(are(in(the(range(of(0.936(to(0.945(

g/cc((58.43(to(58.99(pcf).(The(polyethylene(pipes(with(higher(density,(such(as(0.952(g/cc(

(59.43(pcf),(in(combination(with(higher(molecular(weight(and(bimodal(molecular(weight(

distribution(are(known(for(higher(levels(of(performance(under(International(Organization(

for(Standardization((ISO)(standards(for(PE(piping(outside(North(America.”((
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According(to(AWWA((2006),(“Polyethylene((PE)(is(a(semi(crystalline(polymer(

composed(of(long,(chainXlike(molecules(of(varying(lengths(and(numbers(of(side(

branches.”(This(definition(means(that(the(structure(of(polyethylene(is(made(of(many(parts(

(monomers)(are(joined(together(to(build(the(whole((polymer).(High(density(polyethylene(is(

structurally(stronger(comparing(to(two(other(types(of(PE((i.e.,(LDPE(&(MDPE).(Its(

durability(is(determined(by(the(molecular(weight.(Increasing(molecular(weight(improves(

the(longXterm(strength,(toughness,(ductility,(and(fatigue(endurance.(Also,(high(density(

polyethylene((HDPE)(has(65%(crystallinity(which(is(more(than(MDPE(and(LDPE.(

Increasing(crystallinity(leads(to(increasing(stiffness,(modulus,(and(chemical(resistance,(

and(decreasing(permeability,(elongation(at(failure,(and(flexibility(decreases((Koernerh(

2012).((

According(to(Najafi(et(al.((2005),(“PE(pipes(in(North(America(are(classified(into(

three(groups,(based(on(density(and(crystallinity,(which(is(an(indicator(of(the(tensile(

strength.(The(higher(the(crystallinity,(results(in(greater(hardness,(stiffness,(tensile(

strength,(and(density.(ASTM(classifies(Type(I(as(a(lowXdensity(PE((LDPE),(Type(II(as(a(

medium(density(PE((MDPE),(and(Type(III(as(a(high(density(PE((HDPE).(HDPE(displays(

the(highest(stiffness(whereas(LDPE(is(the(most(flexible.”(?

MOLECULAR(PROPERTIES(OF(POLYETHYLENE((

Microstructure!!

According(to(Ward((1971)(polyethylene(is(made(up(of(repeating(basic(units(of((X

CH2–CH2

(

X)(to(form(chemically(simple(polymer.(It(has(crystalline(and(amorphous(phases(

which(build(a(semiXcrystalline(polymer.(Structural(integrity(of(polyethylene(is(provided(by(

the(ordered(crystalline(lamellae(and(elastic(properties(are(provided(by(the(random(

amorphous(parts.(Polyethylene(is(one(of(the(most(widely(used(polymers(worldwide(due(to(

its(semiXcrystalline(nature.((
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(

Figure(2X1(Schematic(Illustration(of(Spherulite,(Lamella(and(Amorphous(Phase(Structures(

Cheng(et(al.((2011)(

Single(crystals(of(polyethylene(can(be(obtained(with(nearly(one(hundred(percent(

crystallinity(in(dilute(solutions((Kellerh(2007).(Polyethylene(is(normally(crystallized(from(a(

melt(in(practical(applications.(According(to(Keith(et(al.((1959)(“meltXcrystallized(

polyethylene(has(a(spherulite(morphology,(where(lamellae(made(up(of(spherulites(are(

embedded(in(a(matrix(of(amorphous(material.”(Figure(2X1(illustrates(the(thin(flat(lamellae(

form(spherulites.(Based(on(Keller((1959)(“the(structure(of(lamella(generally(consists(of(

regular(chainXfolding(arrangements(with(the(molecular(chains((or(“stems”)(perpendicularly(

aligned(to(the(lateral(lamellar(surfaces”(as(shown(in(Figures(2X1(and(2X2((a).(Crystals(with(

lateral(direction(dimensions((1X50(μm(or(39.3X1,968(μin.)(of(much(larger(than(their(

thickness((2X25(nm(or(78.7X984(nin.)(is(caused(by(the(regular(chainXfolding(growth(of(a(

lamella((Keller,(1957,(Fischer,(1957,(Till,(1957,(Lin(et(al.(1994(and(Cheng(2008).(Another(

type(of(lamella(structure(was(proposed(by(Flory(and(Yoon((1978)(in(addition(to(the(chain(

folding(model.(In(their(model(an(arrangement(is(formed(by(a(growing(crystal(which(feeds(

on(whatever(chains(are(available,(as(shown(in(Figure(2X2((b).(A(study(by(Keller((1957)(

and(Lin(et(al.((1994)(indicated(that(meltXcrystallized(polyethylene(consists(of(both(types(of(

previously(explained(crystalline(structures.(The(regularly(folded(chain(model(is(more(
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extensively(used(than(the(nonX(regularly(folded(chain(model(in(studies(on(polyethylene.(

Currently,(regular(chain(folding(model(is(the(base(of(most(of(the(studies(on(polyethylene(

fracture.(

 (

Figure(2X2(Structure(of(Lamella((a)(Regularly(folded(model(for(a(semiXcrystalline(polymer(

and((b)(Extensively(interXwined(molecules(for(a(semiXcrystalline(polymer(

Flory(et(al.((1978)(

For(the(amorphous(phase(of(polyethylene,(there(are(three(types(of(interX

crystalline(material.(The(first(type,(cilia,(begins(as(a(crystalline(chain(and(ends(as(an(

amorphous(chain.(The(second(type(begins(and(ends(in(a(lamella(with(its(midXsection(in(

the(amorphous(phase,(thus(forming(a(loose(loop.(The(third(type(consists(of(interXlamellar(

links(that(connect(two(adjacent(lamellae.(There(are(two(types(of(interX(lamellar(linksh(the(

first(are(tie6molecules!that(are(chains(crystallized(in(two(or(more(lamellae(at(the(same(

time.(The(second(type(of(interXlamellar(links(consists(of(physical(chain(entanglements(

that(can(be(made(up(by(the(entanglements(of(cilia,(loose(loops(and(even(tieXmolecules.((

Types!of!Polyethylene!!

Various(types(of(polyethylene(all(are(made(up(of(the(same(basic(repeating(unit((X

CH2

(

–(CH2X).(However,(they(have(different(properties(and(applications(because(of(

differences(in(their(structure.(Molecular(weight((MW),(molecular(weight(distribution(

(a)( (b)(
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(MWD),(density,(percentage(crystallinity(and(degree(of(long(chain(and(short(chain(

branching(are(the(main(reasons(that(differentiate(the(various(types(of(polyethylene.((

The(main(factors(which(affect(processXability(and(mechanical(properties(of(

polyethylene(are(molecular(weights(and(molecular(weight(distribution.(Shorter(chains(that(

act(as(“lubricant”(make(the(process(of(MWD(material(easier.(Chains(in(polyethylene(can(

be(linear(or(branched.(Usage(of(comonomer((like(1Xhexene)(can(introduce(short(chain(

branching(into(polyethylene.(Short(chain(branches(can(affect(crystallinity(and(density(of(

semiXcrystalline(polymer(with(interfering(with(the(formation(of(lamellae((Hosoda(et(al.h(

1990).(According(to(ASTM(Standards((D1693,(D5397),(polyethylene(can(be(classified(in(

four(density(categories,(as(shown(in(Table(2X1.(Linear(low(density(polyethylene((LLDPE)(

and(HDPE(have(a(lamellar(and(spherulitic(morphology.(According(to(Lu(et(al.((1995)(

increase(in(crystallinity(increases(density(of(polyethylene,(hence(the(stiffness(and(tensile(

yield(strength(of(the(material(increase.(In(pipe(applications,(due(to(the(high(strength(of(the(

material,(high(density(polyethylene((HDPE)(is(the(preferred(choice((Scheirs(et(al.h(1996).((

Table(2X1(Classification(of(Polyethylene(Based(on(Density,(Scheirs(et(al.((1996)(

PE?Type? Density?(lb./in.
3
)?

Low( 0.0328(–(0.0334(

Medium( 0.0335(–(0.0339(

High( 0.034(–(0.0346(

High(density(homoXpolymer(0.0347(and(above(

?

Branch!Structures!!

Material(density(and(other(properties(of(polyethylene(are(affected(by(branching(in(

chains((e.g.,(rheological(properties).(There(are(two(types(of(branching,(short(chain(

branching(and(long(chain(branching.(Short(chain(branching((SCB)(is(formed(mostly(due(

to(introduction(of(comonomer,(and(long(chain(branching((LCB)(is(formed(from(side(
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reactions(during(polymerization.(As(illustrated(in(Figure(2X3,(HDPE(is(generally(linear(with(

low(SCB(content.(LLDPE(has(more(SCB(content(than(HDPE.(Low(density(polyethylene(

(LDPE)(has(both(high(short(chain(branching(and(long(chain(branching(contents.(LLDPE(

and(LDPE(with(higher(SCB(content(have(lower(density.(Type(of(catalyst(used(during(the(

polymerization(process(controls(short(chain(branch(distribution((SCBD)(of(polyethylene.((

(

Figure(2X3(Polyethylene’s(Branch(Structures,(Elvers(et(al.((1992)(

Chain!Movement!and!Viscoelasticity!!

Polyethylene(is(a(viscoelastic(material,(with(both(solidXlike(and(liquidXlike(

properties.(Changes(in(temperature(moves(chains(which(leads(to(change(in(mechanical(

behavior(of(polyethylene.(In(Figure(2X4,(changes(in(the(storage(modulus((E’)(of(

polyethylene(with(changes(in(temperature(are(illustrated.(Polyethylene(behaves(more(like(

a(rigid(solid(with(high(E’(values(at(temperature(lower(than(the(glass(transition(temperature(

(Tg)(because(only(local(movement(of(the(polymer(backbone(and(bending(of(side(chains(

are(possible.(Larger(scale(chain(movements(in(the(amorphous(phase(is(possible(at(

temperature(above(Tg(which(leads(polyethylene(behaves(more(liquidXlike(and(the(E’(value(

decreases.(Crystalline(lamellae(inside(the(polyethylene(matrix(start(to(melt(at(the(melting(

temperature(Tm(which(is(typically(120°(to(180°C((248°(to(356°F)((Chengh(2008),(large(

scale(chain(slippage(occurs(and(the(E’(value(significantly(reduces((Menardh(1999).(
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Polyethylene(loses(its(structural(integrity(and(becomes(a(viscous(melt(at(temperature(

higher(than(the(Tm.(

(

Figure(2X4(Stages(of(Thermal(Transition(of(Polyethylene,(Menrad((1999)(

Creep(of(polymer(chains(influences(many(mechanical(properties(of(polyethylene(

in(temperatures(above(Tg((the(solid(state)(shown(in(Figure(2X4.(The(type(of(chain(motion(

in(PE(solid(is(the(same(as(that(of(chain(motion(in(the(melt,(although(chain(movements(in(

solid(state(can(take(a(long(time(because(of(restrictions(from(the(crystalline(phase(and(

lower(chain(energy.(Brochard(et(al.((1986)(used(tube(model(to(explain(the(movement(

(relaxation)(of(polymer(chains(in(the(melt.(In(tube(model,(polymer(chains(move(by(

reptation,(which(is(a(thermal(motion(of(a(long(linear(entangled(macroXmolecule(in(polymer(

melt((Chengh(2008),(and(primitiveXpath(fluctuations.(De(Gennes((1971)(first(proposed(

reptation(for(the(movement(of(a(single(long(polymer(chain.(In(reptation,(the(long(chain(

moves(in(a(like(a(sliding(motion(along(its(own(contour(confined(in(an(imaginary(tube(as(

illustrated(in(Figure(2X5.(That(section(disappears(as(the(chain(moves(out(of(a(section(of(

the(tube.(Chain(can(move(back(and(forth(along(the(tube(in(both(ways(due(to(not(

anchoring(the(chain(at(either(end.(Figure(2X6(illustrates(the(reptation(movement(in(a(
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straight(imaginary(tube.(The(tube(can(bend(and(twist(in(various(directions(in(reality((Doi(et(

al.h(1986).(

(

Figure(2X5(Polymer(Chain’s(Reptation,(Graessley(et(al.((1982)((

 
Figure(2X6(Primitive(Path(Fluctuations,(Graessley(et(al.((1982)(

De(Gennes((1975)(and(Doi(et(al.((1980)(proposed(movement(by(primitiveXpath(

fluctuations(for(a(polymer(chain(tethered(at(one(end((e.g.,(a(branch).(The(free(end(of(the(

chain(in(primitiveXpath(fluctuations(randomly(pulls(away(from(the(end(of(the(imaginary(

tube.(Then(it(reXrelaxes(into(a(new(tube(of(lower(energy.(Resulting(chain(movement(of(

both(reptation(and(primitiveXpath(fluctuation(is(called(double(reptation.(Chain(segments(in(

the(interior(of(the(chain(in(a(long(polymer(chain(relax(by(reptation,(but(because(of(being(

faster(than(single(reputation,(the(chain(ends(relax(by(primitiveXpath(fluctuation.(With(
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increasing(MW(of(the(polymer,(the(chain(length(increases(and(the(contribution(to(overall(

relaxation(time(by(chain(ends(reduces((Larsonh(1999).(The(contribution(of(primitiveXpath(

fluctuation(in(high(MW(polymer(chains(becomes(too(small(and(can(be(ignored.(Reptation(

of(long(chains(dominates(the(relaxation(time(of(polymer,(this(is(the(reason(that(

rheological(properties(of(polymer(are(strongly(influenced(by(the(longest(chains(in(the(

system((Ferryh(1980).((

MECHANICAL(BEHAVIOR(OF(POLYETHYLENE(

!Ductile!Failure!!

Ductile(failure(usually(happens(in(a(short(period(of(time(at(high(stress(levels.(

Ductile(tensile(failure(results(in(observation(of(visible(deformation((necking)(in(the(

polymer(sample.(SemiXcrystalline(nature(of(polyethylene(influences(its(tensile(ductile(

behavior.(Figures(2X7(and(2X8,(illustrate(the(stressXstrain(curve(for(tensile(ductile(

deformation(and(what(occurs(at(the(micro(scale(within(the(polyethylene(matrix((material),(

respectively.(At(the(beginning,(before(the(yield(point,(there(is(not(any(visible(deformation(

in(the(material(and(rigid(crystalline(lamellae(carry(the(load.(With(increasing(strain,(stress(

increases(as(well(and(yield(occurs.(During(the(yield(point(and(strain(hardening,(the(load(

remains(at(almost(constant(level.(Combination(of(amorphous(phase(rearranging(itself(and(

crystal(lamellae(slipping(each(other(create(deformation(in(this(region,(but(still(each(

individual(crystal(itself(is(intact.(With(increasing(stressXstrain(values,(orientation(of(the(

crystalline(and(the(amorphous(phases(in(the(direction(of(drawing(increases,(as(shown(in(

Figure(2X7,(then(occurrence(of(strain(hardening(is(observed.((
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 (

Figure(2X7(Typical(StressXStrain(Curve(for(Tensile(Ductile(Deformation,(Menrad((1999)(

The(amorphous(phase(reaches(its(full(extension(during(strain(hardening.(Further(

deformation(of(the(polymer(in(this(stage(is(due(to(breaking(and(unfolding(of(lamellae.(

Under(the(scanning(electron(microscope((SEM),(it(is(observed(that(the(breaking(of(

lamellae(into(smaller(chunks(leads(to(the(characteristic(rough(fibrous(surface(of(ductile(

failure((Lustiger(et(al.h(1983).(Ultimate(failure(occurs(as(stress(continues(to(increase(with(

increasing(strain(and(the(material(breaks((AlvaradoXContrerash(2007).((

(

(
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 (

Figure(2X8(Deformation(of(SemiXCrystalline(Polymer,(Graessley(et(al.((1982)(

Brittle!Failure!!

Comparing(to(ductile(failure,(brittle(failure(of(polymers(is(a(quick(break(with(little(

material(deformation.(The(fracture(surface(appears(smooth(to(the(naked(eye(but(SEM(

shows(that(the(surface(actually(consists(of(short(random(pullouts((Lustiger(et(al.h(1983).(

Brittle(failure(occurs(with(applied(low(stress(over(a(long(period(of(time.(As(shown(in(

Figure(2X9,(in(the(first(steps(of(brittle(fracture,(stress(makes(the(amorphous(materials(to(

stretch.(The(interXlamellar(links(under(stress(start(to(relax(and(untangle(from(each(other(

due(to(the(longer(time(period(until(the(number(of(remaining(linkages(becomes(very(small.(

After(stretching(the(few(remaining(interXlamellar(links(to(their(limit,(they(are(not(able(to(pull(

apart(lamellae,(so,(a(brittle(fracture(of(the(polymer(occurs,(as(illustrated(in(Figure(2X9.((
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(

Figure(2X9(Different(Stages(of(Brittle(Fracture:((a)(Lamella(starts(to(pull(away,((b)(Tight(

stretching(of(tieXmolecules(and((c)(Clean(break(of(lamellae,(Cheng(et(al.((2011)(

Strain!Hardening!!

According(to(Ward((1971)(strain(hardening(is(observed(in(fully(drawn(and(coldX

drawing(polymers.(Cold(drawing(is(a(phenomenon(happens(when(a(thermoplastic(

polymer(is(subjected(to(a(continuous(stress(above(its(yield(point((Nicholsonh(2017).(

Molecular(alignment(of(polymer(chains(leads(to(increasing(strength(of(the(material(in(the(

reason(of(increasing(stress(during(strain(hardening.(This(alignment(of(chain(can(be(seen(

as(a(form(of(strainXinduced(crystallization((Wardh(1971).(Increasing(crystallinity(increases(

tensile(strength(of(polyethylene.((

With(stretching(the(amorphous(phase(of(polyethylene(to(its(limiting(extensibility,(

strain(hardening(occurs((Allison(et(al.h(1966).(Number(of(loadXbearing(junction(points(in(

the(system(affect(the(extensibility(of(a(polymer(network.(These(junction(points(contain(

crossXlinks(and(chain(entanglements(in(crossXlinked(polymer.(The(network(junction(points(

consist(of(physical(entanglements(and(crystalline(structures(in(semiXcrystalline(polymer,(

such(as(high(density(polyethylene.(However,(where(the(drawing(ratio(is(high,(the(junction(
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points(formed(from(crystalline(structures(are(temporary(in(coldXdrawing(cases.(Intense(

morphology(reorganization(occurs(in(semiXcrystalline(polymers(and(the(crystalline(

structure(is(destroyed(in(high(strain(deformations(like(strain(hardening((Hay(et(al.h(1965,(

Peterlinh(1965(and(Geilh(1964).(Therefore,(junction(point(role(falls(on(physical(chain(

entanglements(alone.(Hence,(the(number(of(chain(entanglements(influences(strain(

hardening(behavior(of(polyethylene(considerably.(

Environmental!Stress!Cracking!!

When(exposed(to(an(aggressive(environment,(such(as(soapy(water,(

environmental(stress(cracking((ESC)(occurs(in(the(polymer((Chengh(2008).(In(pipe(

networks(and(other(polymer(structure(applications(ESC(is(a(frequent(problem((Brostow(et(

al.h(1986).(In(most(cases,(ESC(fracture(in(characterized(by(clean(cracks(which(indicates(a(

brittle(fracture(mechanism.(Any(cracking(of(polymer(due(to(subjecting(to(an(aggressive(

environment,(such(as(degradation(of(polymer(due(to(exposure(to(UV(light(which(

ultimately(leads(to(failure(of(the(material,(can(be(called(environmental(stress(cracking.(

ESC(commonly(is(known(as(stress(cracking(of(polymer(because(of(an(active(environment(

without(any(chemical(change(of(the(materialh(hence,(a(purely(physical(process.(Some(

examples(of(aggressive(environments(for(polyethylene(are(polar(solvents(such(as(

alcohols,(silicone(oils(and(even(emulsified(water.((

Stress(cracking(of(polyethylene(needs(a(very(long(time(in(normal(conditions.(

Lagarón(et!al.!(1999)(conducted(experiments(on(the(impact(of(an(active(environment(on(

the(polyethylene(structure.(They(indicated(that(surfactants,(decrease(the(free(surface(

energy(of(the(fibrils(and(prevent(the(fibrils(from(packing(into(a(dense(structure,(thus(craze(

stabilization.(Finally,(cracks(were(formed(and(polymer(is(failed.(Ward(et!al.((1991)(studied(

how(Igepal((a(common(surfactant)(facilitates(slow(crack(growth((SCG).(They(proposed(

that(the(long(Igepal(molecules(align(themselves(with(tieXmolecules(in(the(fibrils.(It(leads(to(
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reducing(the(frictional(stress(as(tieXmolecules(disentangle(from(crystals.(The(

environmental(stress(cracking(resistance((ESCR)(of(the(polymer(reduces(as(tieX

molecules(become(untangled(easier.(It(is(generally(accepted(that(acceleration(in(slow(

crack(growth(of(polyethylene(is(because(an(active(environment(acts(as(‘lubrication’(for(

chain(disentanglement((Ward(et(al.h(1991(and(Scheirsh(2000).(

Study(by(Ward(et(al.((1991)(indicated(that(diffusional(limitations(of(the(active(

ingredient(controls(the(initial(rate(of(ESC.(When(diffusion(of(the(aggressive(agent(is(

restricted,(the(ESCR(of(polyethylene(can(be(increased.((

HDPE(PIPE(MANUFACTURING((

Most(of(the(material(properties(of(HDPE(pipes(are(affected(by(HDPE(resins.(The(

latest(research(on(HDPE(resins(has(resulted(in(development(of(PE4710.(Extrusion(

process(is(used(to(manufacturing(HDPE(pipes.(Properties(of(HDPE(can(be(impacted(by(

extrusion(process((Park(et(al.h(1987).(Residual(stresses(in(HDPE(pipe(has(been(subject(

of(many(studies(of(HDPE.(Longitudinal(direction(of(the(liner(with(crack(growth(from(the(

outer(surface(through(the(liner(thickness(is(highly(affected(by(residual(stresses.(This(

points(that(one(of(the(factors(that(have(led(to(pipe(cracking(in(the(field(could(be(residual(

stress((Hsuan(and(McGrathh(1999).(A(solution(to(the(residual(stress(problems(in(HDPE(

pipe(is(annealing((Bhatnagar(and(Broutmanh(1985).(According(to(Bonds((2000)(the(

accuracy(of(manufacturers(in(extrusion(of(pipe(is(not(exact(enough(and(it(limits(the(

pressure(class(of(HDPE(pipe.(Based(on(PPI((2008)(extrusion(of(pipes(include(heat,(melt,(

mix,(and(convey(the(material(to(the(die,(to(shape(a(pipe(section.(Figure(2X10(illustrates(

the(typical(HDPE(pipe(extrusion(line.((

Paul(et(al.((2005)(introduced(a(high(density(polyethylene(resins(made(in(the(loopX

slurry(process((singleXreactor).(They(used(a(catalyst(of(chromium(on(modified(aluminoX

phosphate.(A(unique(structure(that(is(suitable(for(high(performance(pipe(applications(was(
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developed(using(his(process.(The(performance(requirements(of(PE4710(specifications(is(

satisfied(with(pipes(made(from(these(ethylene(IXhexane(copolymers.(Since(high(density(

polyethylene(pipes(are(widely(used(for(conveying(and(distribution(of(natural(gas,(Chevron(

Phillips(Chemical(Company(has(developed(a(catalyst(and(polymerization(system(capable(

of(producing(PE4710(resin(in(a(single(reactor(from(a(single(catalyst((Paul(et(al.h(2005).( 

Paul(et(al.((2005)(concluded(that(these(polyethylene(resins(have(enough(

resistance(to(rapid(crack(propagation(as(indicated(by(the(Charpy((a(standardized(high(

strain(rate(test(which(defines(the(amount(of(energy(absorption(by(the(material(during(the(

fracture(process((Meyers(and(Kumarh(1998))(results((see(ASTM(F1554(X(07ae1)(while(

they(have(a(wide(molecular(weight(distribution.(The(new(multimodal,(high(density(

polyethylene(resins(is(made(of(chromium/aluminoXphosphate(catalysts.((

(

Figure(2X10(Typical(Extrusion(Line(of(HDPE(Pipe,(PPI(Handbook(of(Polyethylene(Pipe(

(2008)(

HDPE(PIPE(STRUCTURAL(PROPERTIES((

The(PE(pipe(has(a(viscoelastic(nature(which(is(a(complex(combination(of(elasticX

like(and(fluidXlike(elements.(Figure(2X11(illustrates(the(small(elastic(strain(which(is(

followed(by(a(timeXdependent(strain.(With(increase(in(time,(the(strain(increases(as(well.(
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After(some(time,(the(strain(reduces(with(increase(in(time(which(is(related(to(fatigue(

resistance(of(surges(in(the(pipe((PPI(handbook(of(polyethylene(pipeh(2008).(

(

Figure(2X11(Viscoelastic(Response(of(HDPE,(Donald(et(al.((2011)(

Leakage!!

Donald(et(al.((2011)(presented(a(“Chambers(Report”(regarding(three(stages(of(

failures(Figure(2X12(illustrates(a(schematic(creep(rupture(curve(produced(by(Donald(et(al.(

(2011).(According(to(Donald(et(al.((2011),(“The(stage(I(failure(involves(a(purely(

mechanical(failure(mechanism(due(to(ductile(overload(of(the(material(failure(mechanism.(

Stage(I(failures(on(pipe(testing(manifest(as(ductile(bursting(of(the(pipe(with(yielding(of(the(

material.(Stage(II(failure(also(involves(a(mechanical(failure(mechanism(but(manifests(

itself(as(nonXductile(slit(or(pinhole(cracks(in(the(pipe(wall(permitting(leakage(from(the(

pipe.(Stage(III(failure(also(manifests(itself(as(leakage(from(nonXductile(cracking(of(the(

pipe(wall(but(it(is(not(purely(mechanical.(Stage(III(failure(occurs(at(lower(stresses(that(

Stage(II(failure(and(requires(some(minimum(level(of(oxidative(degradation(of(the(HDPE(

pipe(material.”((
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A(high(cost(for(many(water(networks,(which(often(overlooked(is(water(loss(

through(holes(and(cracks(in(the(pipe(material.(Ambrose(et(al.((2008)(estimated(cost(of(

leakage(based(on(two(models(as:((

•( Background(leakage,(which(happens(in(the(joints(of(the(pipes(and(perforations.(

•( Leakage(from(burst(failures,(which(can(be(longitudinal(splits(or(circumferential(

breaks.(

(

(

Figure(2X12(Stages(of(Failure(of(HDPE(Pipe,(Donald(et(al.((2011)(

 
Leakage(cost(simulation(by(Ambrose(et(al.((2008)(on(PE,(PVC/DI,(DI(and(mixed(

pipe(material(for(a(medium(network(of(100,000(costumers(indicated(that(PE(has(the(

lowest(leakage(cost.(According(to(American(Water(Works(Association((AWWA)(Manual(

M36,(the(main(water(lines(have(the(largest(leaks(which(can(reach(up(to(1,000(GPM(

(AWWA,(1999).(AWWA(mentions(the(cost(for(leak(detection(can(be(added(up(to($800(per(

mile(of(main(water(lines((in(1999(dollars).(This(cost(will(be(added(to(the(cost(of(leaking(

water,(treating(water(and(repair(of(the(leak((Rubeizh(2004).((

When(using(the(bell(and(spigot(type(joints(associated(with(some(piping(products(

such(as(PVC(or(ductile(iron,(leak(points(exist(every(10Xft(to(20Xft.(For(municipal(
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applications,(fused(joints(in(HDPE(pipes(eliminate(that(potential(leaks.(Therefore,(the(PE(

pipe(allowable(water(leakage(is(zero(compared(to(the(water(leakage(rates(of(10%(or(

greater(associated(with(other(piping(products((PPI,(2008).(This(significantly(decreases(

the(cost(associated(with(leakage.(

Fatigue!Resistance!!

For(fatigue(damage(to(thermoplastic(materials,(three(primary(models(exist,(

depending(on(the(load(type((Oliphant(et(al.h(2012)h((

•( SelfXheating(with(induced(localized(melting,(

•( Cumulative(damage(model,(and(

•( Crack(propagation(model(which(is(accelerated(by(cyclic(loading.(This(model(is(

divided(into:((

◦( Pure(fatigue(and,(

◦( Combined(creep(and(fatigue.((

Oliphant((2012)(found(resistance(of(PE4710(materials(based(on(available(data.(He(

found(an(approach(for(both(repetitive(fatigue(resistance(and(occasional(surge(resistance(

of(PE4710(and(PVC.(He(concluded(that(PE(has(significantly(higher(fatigue(resistance(over(

PVC(piping(material.(

Jeremy((1990)(studied(the(fatigue(response(of(PVC(and(PE(pipes.(He(concluded(

that(fluctuating(internal(pressures(induces(fatigue(stresses(in(pipes(and(fittings(and(the(

final(wave(pattern(quantifies(the(fatigue(damage(that(pipe(systems(sustain(in(service.(The(

results(also(indicated(that(fatigue(response(of(unXplasticized(PVC((UPVC)(pipe(was(

correctly(defined,(whereas(at(elevated(temperature(PE(pipes(failed(at(fittings(and(joints.(

Figure(2X13(illustrates(the(different(cyclic(loading(profiles.(
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(

Figure(2X13(Schematic(Illustration(of(Different(Periodic(Loading(Patternsh((

(a)(&((b)(Sinusoidal,((c)(Trapezoidal(and((d)(SawXtooth,(Jeremy((1990)(

A(study(of(literature(indicates(that(butt(fused(joints(are(capable(of(carrying(high(

surge(fatigue(stresses(at(68X73˚F((20/23˚C)(and(have(the(best(projected(fatigue(lifetimes(

(Donald(and(Daleh(2011).((

Velocity!in!HDPE!Pipe!

Petroff((2013)(studied(the(impact(of(flow(velocity(on(surge(pressure.(He(

concluded(that(with(increasing(the(velocity,(lower(dimension(ratio((DR)((thicker(wall)(

pipes(may(be(required(to(withstand(the(surge(pressure.(AWWAXWRF(“Guidance(Manual(

for(Maintaining(Distribution(System(Water(Quality”(recommends(“a(velocity(of(5(fps(or(

greater(to(remove(biofilm,(promote(scouring(and(removal(of(loose(deposits,(and(to(reduce(

disinfection.”(5(fps(is(the(safe(upper(limit(even(though(some(of(the(utilities(extend(up(to(8(

fps((Fleming(et(al.h(2006).(

Elevated!Temperature!!

Peak(elevated(temperature(140°X176°F((60X80°C)(influences(the(geoXmembranes(

service(life.(Acceleration(of(depletion(of(geoXmembranes(antioxidant(and(degradation(of(
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polymer(reduce(the(service(life(of(high(density(polyethylene(geoXmembranes.(Jafari(et(al.(

(2014)(studied(possible(temperature(requirements(for(landfills.(They(present(an(

explanation(of(the(approximate(service(life(of(HDPE(geoXmembranes(based(on(50%(

reduction(in(tensile(strength(at(break(in(various(temperatures.(Table(2X2(presents(service(

life(of(HDPE(geoXmembranes.(With(maintaining(the(temperature(at(68˚F((20°C)(the(life(of(

HDPE(increases(to(565X900(years((Jafari(et(al.h(2014).(With(increasing(temperature,(the(

service(life(reduces.(Figure(2X14(illustrates(the(effect(of(temperature(on(tensile(stressX

strain(curves(of(HDPE(material.(

Table(2X2(Effect(of(Elevated(Temperature(on(Service(Life(of(HDPE(Geomembranes((

Jafari(et(al.((2014)(

Temperature? Service?

Life?(years)?

Temperature? Service?Life?

(years)?°F? °C? °F? °C?

68( 20( 565X900( 104( 40( 80X120(

86( 30( 205X315( 122( 50( 35X50(

95( 35( 130X190( 140( 60( 15X20(
(

(

Figure(2X14(Effect(of(Elevated(Temperature(on(Tensile(Behavior(of(HDPE((

Provided(by(Georg(FischerXCentral(Plastics(Company(
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Thermal!Expansion!!

Zheng(et(al((2012)(investigated(the(effect(of(soil(load(combined(with(effect(of(

temperature(on(HDPE(pipe(with(introduction(of(thermal(expansion.(Using(ABAQUS(

software,(the(variation(between(stress(and(deflection(was(studied.(The(result(indicated(

that(pipe(temperature(has(a(significant(effect(on(performance(of(buried(HDPE(pipe,(and(

thermal(stresses(was(much(higher(than(stresses(induced(by(soil(load.(Hence,(deflection(

of(pipe(due(to(soil(load(is(prevented(by(thermal(expansion,(which(protect(HDPE(pipe(in(

application.(Temperature(changes(cause(expansion(and(contraction(of(HDPE(pipes.(

Expansion(and(contraction(coefficients(should(be(considered(in(the(piping(system.(The(

coefficient(of(thermal(expansion(for(HDPE(pipe(is(approximately(67*10X6(in.(/in.(/˚F((PPI(

hand(book(of(Polyethylene,(2008).(

Oxidation!!

Donald(et(al.((2009)(investigated(oxidation(in(HDPE(pipe.(Chlorinated(water,(

disinfectants(such(as(chlorine,(chlorine(dioxide(and(chloramines(leads(to(oxidative(

degradation(of(polyethylene(pipe(failure.(According(to(research(by(major(utilities(in(

France,(HDPE(pipe(oxidation(and(failure(are(associated(with(factors(such(as(disinfectant(

type,(average(service(temperature,(disinfectant(concentration(and(pressure((Haager(et(

al.h(2006).(Three(failure(stages(of(oxidation(degradation(of(HDPE(pipes(are:((

1.( In(stage(I,(flowing(water(which(contains(chemical(disinfectants(washes(finite(

supply(of(antiXoxidants(in(the(HDPE(pipe.((

2.( The(water(disinfectants(oxidants(degrade(pipe(inner(surface(polymer(when(the(

protective(antiXoxidants((AO)(package(is(exhausted(or(depleted.(In(stage(II,(

molecular(weight(is(reduced(and(mechanical(properties(of(the(surface(polymer(is(

diminished.((
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3.( In(severe(degradation(of(inner(surface,(cracks(are(developed.(By(internal(

pressure(and(other(sources(of(pipe(wall(stress(cracks(will(propagate(through(the(

pipe(wall.(Then(nonXductile(failure(of(the(HDPE(pipe(occurs(in(stage(III.((

Permeability!!

Water(Research(Foundation((WRF)((2008)(has(reported(“Impact(of(Hydrocarbon(

on(PE/PVC(Pipes(and(Pipe(Gaskets”(which(is(susceptible(to(permeation(of(organic(

compounds.(Water(utilities(require(to(maintain(high(standards(for(water(quality(and(

protect(water(from(contamination.(In(2009,(Plastic(Pipe(Institute((PPI)(commented(that(

while(the(overall(effect(of(hydrocarbons(is(very(small,(measures(must(be(taken(to(restrict(

the(of(hydrocarbon(permeation(effect.(Plastics(Pipe(Institute(presented(three(methods(of(

addressing(permeation(of(hydrocarbons:((

1.( The(pipe(to(be(surrounded(with(good(clean(soil(of(Class(I(or(Class(II(materials,((

2.( The(pipe(to(be(sleeved(in(areas(where(active(hydrocarbon(contamination(exists,(

and((

3.( The(pipe(to(be(rerouted(around(the(contaminated(plume.((

Ong(et(al.((2008)(suggested(replacing(HDPE(water(pipes(in(contaminated(areas.(

Plastic(Pipe(Institute((PPI)(states(that(in(water(mains(permeation(is(not(an(issue,(as(there(

is(not(any(water(stagnation.(According(to(PPI((2008),(the(WRF(report(is(not(applicable(

since(they(did(not(consider(the(effect(of(temperature(on(rate(of(permeation(as(their(study(

was(conducted(in(temperature(of(73˚(F.(However,(based(on(PPI(handbook(of(

polyethylene(pipe((2008),(increase(in(density(will(reduce(permeability.(

Seismic!Resistance!!

A(severe(earthquake(occurred(in(Awaji((Kobe),(Japan,(in(1995.(Table(2.3(

presents(the(failure(rates(of(water(pipes.(

(
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Table(2X3(Failure(Rates(of(Water(Pipes(in(Kobe(Earthquake,(Rubiez((2009)(

Type?of?Pipe? Water?Pipe?Damage/Km?(Damage/mile)?

PE( 0.00((0)(

Steel( 0.437((0.26)(

DCIP( 0.488((0.303)(

PVC( 1.43((0.88)(

CIP( 1.508((0.937)(

AC( 1.782((1.107)(

Compared(to(other(pipe(materials,(HDPE(pipe(performed(“very(well(with(few(

failures”((Rubeizh(2009).(Three(recent(earthquakes(have(indicated(that(main(areas(of(

occurrence(of(total(earthquake(damage(to(water(systems,(and(thus,(water(outages(to(

customers,(are(zones(of(in(firm(ground(with(smaller(diameter(distribution(pipes.(In(2012,(

seismicXresistant(design(was(used(for(approximately(75%(of(new(water(pipes(installed(in(

Japan(while(in(California(less(than(1%(of(new(water(pipes(use(seismic(resistant(design.(

HDPE(pipes((including(either(butt(fused(joints(or(electroXwelded(with(clamped(joints)(

show(excellent(earthquake(performance(in(common(distribution(pipes(and(service(laterals(

(diameter(of(under(1(in.(to(8(in.),(as(observed(in(three(recent(earthquakes((WRFh(2012).((

PE(pipe(is(well(suited(for(installation(in(dynamic(soil(environment(and(in(areas(

prone(to(earthquake(due(to(its(toughness,(ductility(and(flexibility(combined(with(other(

special(properties,(such(as(its(leakXfree(fully(restrained(heat(fused(joints.(Table(2X4(

presents(the(vulnerability(to(ground(deformation(for(various(pipe(materials(and(shows(that(

compared(to(other(commonly(used(water(pipe(materials,(PE(pipe(with(fused(joint(has(low(

vulnerability(to(ground(deformation.(

(

(

(

(
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Table(2X4(Water(Pipeline(Materials,(Standards(and(Ground(Deformation’s(Vulnerability,(

AWWA((2010)((

Material?Type?and?

Diameter?
AWWA?Standard? Joint?Type?

Low(Vulnerability(to(Ground(Deformation1(

Ductile(iron( C100s(series( Bell(and(spigot,(rubber(
gasket,(restrained(

Polyethylene( C906( Fused(
Steel( C200(series( Arc(welded(
Steel( No(designation( Riveted(

Steel( C200(series( Bell(and(spigot,(rubber(
gasket,(restrained(

Low(to(Moderate(Vulnerability(to(Ground(Deformation1(
Concrete(cylinder( C300,(C303( Bell(and(spigot,(restrained(

Ductile(iron( C100s(series( Bell(and(spigot,(rubber(
gasket,(unrestrained(

Polyvinyl(chloride( C900,(C905( Bell(and(spigot,(restrained(
Moderate(Vulnerability(to(Ground(Deformation1(

Cast(iron>8Xin((203Xmm)(
diameter( No(designation( Bell(and(spigot,(rubber(

gasket(

Polyvinyl(chloride( C900,(C905( Bell(and(spigot,(
unrestrained(

Steel( C200(series( Bell(and(spigot,(rubber(
gasket,(unrestrained(

Moderate(to(High(Vulnerability(to(Ground(Deformation1(

Concrete(cylinder( C300,(C303( Bell(and(spigot,(
unrestrained(

Steel( No(designation( Gas(welded(
High(Vulnerability(to(Ground(Deformation1(

Cast(iron( No(designation( Bell(and(spigot,(leaded(or(
mortared(

1(Resistance(of(a(pipe(to(ground(movements(due(to(seismic(and(dynamic(loads(

(

(

(

(

(

(
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HDPE(MATERIAL(PROPERTIES(

Table(2X5(presents(typical(physical,(mechanical(and(thermal(properties(of(HDPE. 
 
Table(2X5(Typical(Engineering(Properties(of(High(Density(Polyethylene,(Cheng((2008)(

Property( ASTM(Test(
Method( Unit( Value(

Physical?

Density( DX792( lbs/in.3( 0.0336(to(0.0349(
Water(absorption( DX570( %( 0.01(to(0.03(

Mechanical?

Tensile(strength(at(
break( D638( psi( 3,200(to(4,500(

Elongation(at(break( D638( %( 10(to(1200%(
Tensile(yield(strength( D638( psi( 3,400(to(4,800(
Elongation(at(yield( D638( %( 15(to(40(
Modulus(of(elasticity( D638( psi( 60,000(to(160,(000(
Flexural(modulus( DX790( psi( 145,000(to(225,000(

Compressive(strength( D695( psi( 2,700(to(3,600(
Thermal?

Melt(point( D3417( °F( 259X267(
Coefficient(of(linear(
thermal(expansion( D696( in./in.(°F( 0.000059(to(0.000120(

?

ADVANTAGES(OF(HDPE(PIPES(

HDPE(pipe(is(a(perfect(choice(for(piping(systems(due(to(its(physical(and(

performance.(HDPE(pipe(is(specified(and(approved(in(various(standards,(i.e.,(AWWA(

C901,(AWWA(C906,(NSF(14,(NSF(61(and(ASTM(International(D3035.(Some(distinctive(

advantages(of(HDPE(pipe(that(provide(important(benefits(for(water(applications(are(listed(

below((PPI(handbook(of(polyethylene(pipeh(2008).(

Corrosion!Resistance!

One(of(the(most(important(and(costliest(problems(of(metal(piping(systems(is(

corrosion.(Hydraulic(efficiency(of(pipe(is(affected(by(corrosion(which(can(happen(inside(or(

outside(of(the(pipe.(To(help(slow(rust(and(pitting(which(is(inevitable(at(metal(pipes(treated(

water(is(used.((Cathodic(protection(which(is(very(costly,(plastic(coating,(or(sleeving(can(

also(be(implemented(to(extend(the(service(life(of(metallic(pipes((Divyashreeh(2014).(
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HDPE(pipe(does(not(rust,(rot(or(corrode.((It(is(biological(growth(resistant.(

HDPE(pipe(is(chemical(resistant(and(in(aggressive(chemical(environments,(is(the(

material(of(choice.(HDPE(has(an(extended(service(life(and(is(long(term(cost(savings.(

Fatigue!Resistance!

HDPE(pipe(is(flexible(and(ductile.(It(is(fatigue(resistant.(HDPE(is(designed(to(

withstand(the(occasional(and(recurring(surge(events(that(commonly(happens(in(water(

distribution(systems.(Compared(to(other(types(of(plastic(piping,(fatigue(resistance(of(

HDPE(pipes(allow(utilizing(a(thinner(wall((Divyashreeh(2014).(

Extended!Service!Life!

HDPE(pipe(is(a(durable(material(which(is(suitable(for(pipeline(systems.(

Depending(on(application,(with(proper(design(and(installation(of(HDPE,(it(is(estimated(to(

have(the(service(life(of(50(to(100(years((Khelif(et(al.h(2008).(

Leak6Free!Joints!

Bell(and(spigot(or(mechanical(type(joints(are(the(main(type(of(joints(used(in(

traditional(infrastructure(piping(and(all(have(a(specified(leakage(factor.(Leaking(pipes(cost(

cities(money(and(water,(this(precious(resources(is(lost(as(well.(Heat(fusion(joints(used(in(

HDPE(pipes(produce(permanent(leak(free(joints((Divyashreeh(2014).(

Fusion!Joints!

Heat(fusion(welds(can(be(used(to(join(HDPE(pipes.(In(heat(fusion,(after(heating(

two(HDPE(surfaces,(they(are(brought(together(to(form(a(permanent,(monolithic,(leakXfree(

system((Najafi(and(Gokhaleh(2005).(

Adaptability!

Stab(or(mechanical(fittings(can(be(used(to(join(HDPE(pipes.(Dependent(on(the(

size(of(the(pipe(and(its(application,(different(types(of(fittings(can(be(used.(Using(various(
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types(of(joints(and(fittings(makes(transition(of(HDPE(pipe(to(and(from(nonXHDPE(piping(

systems(so(easy((Hsuan(and(McGrathh(1999).(

Trenchless!Installation!

OpenXcut(method(of(pipe(installation(causes(disruption(in(traffic(and(environment(

while(trenchless(technology(is(an(environmentally(friendly(method((Najafi(and(Gokhaleh(

2005).(However,(both(openXcut(and(trenchless(technology(can(be(used(to(install(HDPE(

pipes.(

(( HDPE(pipe(is(flexible(and(in(combination(with(its(high(tensile(strength(and(

abrasion(resistance,(it(is(a(perfect(option(for(being(installed(using(trenchless(technology.(

Leak(free(HDPE(pipe(installed(using(trenchless(method(is(cost(effective(than(nonXplastic(

pipes(installed(using(traditional(openXcut(method.(

Eco6Friendly!

HDPE(is(known(for(being(environmentXfriendly.(According(to(Bell(and(Cave(

(2011):(

•( Manufacturing(HDPE(requires(less(energy(compared(to(nonXplastic(pipes.(

•( Being(lightweight(has(made(its(transportation(much(more(cost(effective(

compared(to(metal(pipes.(

•( Being(flexible(and(capability(of(utilizing(heat(fusion(joints(in(HDPE(pipes(has(

made(it(to(need(less(fittings(compared(to(other(piping(materials.(

•( Physical(characteristics(of(HDPE(help(to(utilize(smaller(diameters(of(pipes(which(

means(less(disruption(in(ground(when(using(trenchless(installation(compared(to(

other(fusible(products.(

•( Heat(fusion(joints(of(HDPE(pipe(has(made(perfect(leak(free(connections.(

•( Hazardous(levels(of(toxins(is(not(emitted(by(HDPE(during(different(steps(of(its(

production(and(application.(
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•( HDPE(pipe(is(recyclable.(

HDPE(PIPE(LIMITATIONS((

While( in( the( literature( many( benefits( of( HDPE( pipes( are( listed,( some( major(

limitations(are(also(described(as(follow:(

One(of(the(major(limitations(of(HDPE(pipes(is(permeation.(According(to(PPI(

(2009)(“If(any(ground(contamination(due(to(existence(of(hydrocarbons(are(found,(then(the(

pipe(should(be(rerouted(around(the(contaminated(plume,(or(surround(the(pipe(with(good(

clean(soil(of(class(I(or(class(II(materials(to(allow(the(hydrocarbon(that(may(have(

contacted(the(pipe’s(wall(to(dissipate(into(the(atmosphere.”((

Oxidation( is( another( problem( with( HDPE( pipes.( Water( disinfectants( such( as(

chlorine,(chlorine(dioxide(and(chloramines( induce(oxidative(degradation( in(polyethylene(

pipe((Donald(and(Daleh(2009).(

Also,(HDPE(has( poor(weathering( resistance( and( temperature( capability.(When(

temperature( reaches( to( near( or( below( freezing,( stiffness( of( PE( pipe( increases( while(

resistance( to( impact( damage( decreases.( HDPE( requires( more( time( for( handling( and(

installation( procedures( that( bend( and( flex( the( pipe( in( colder( situations.(Pipe( should( be(

prevented(of(being(dropped(or(impacted(by(handling(equipment(or(other(things(which(strike(

the(pipe(forcefully.(Pipe(surface(can(become(slippery(in(inclement(weather(condition(and(

walking(on(the(pipe(should(be(prevented((PPI(handbook(of(polyethylene(pipeh(2008).(

Limitations(of(HDPE(pipes(may(include,(environmental(stress(cracking,(its(high(

flexibility(results(in(encountering(problems(in(retaining(joints(restraints((unless(inserting(

stiffener(into(the(pipe(before(attaching(the(restraints)(and(requirements(for(skilled(labor(

and(special(equipment(to(perform(buttXfusion(joints((Divyashree(et(al.h(2015).(Table(2X6(

summarizes(advantages(and(limitations(of(HDPE(pipes.(

(
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Table(2X6(Advantages(and(Limitations(of(HDPE(Pipes,(Najafi(and(Gokhale((2005)(

Advantages( Limitations(

Resistant(to(both(internal(and(external(
corrosion(

May(be(subject(to(environmental(stress(
cracking 

ButtXfused(joints(effectively(create(a(
continues(joint(less(conduit(

Lower(Hydrostatic(Design(Basis(than(other(
thermoplastic(material,(require(thicker(
walls,(which(results(in(smaller(flow(area(

Abrasion(resistant(not(when(used(in(sewer(
applications.(

Skilled(labor(and(special(equipment(
required(for(buttXfusion 

High(ductility,(flexibility(and(toughness.(
Chemical(burial(properties(resist(most(
ground(contamination,(unless(excessively(
exposed. 

Lightweight(in(smaller(diameters.(
Cost/Benefit(Ratio(is(different(from(other(
thermoplastic(pipes(of(same(pressure(
capacity(

High(flow(coefficient,(low(frictional(
resistance(to(fluid(flow.(

Cannot(be(located(unless(buried(with(
metallic(wire(or(tape,(except(by(Ground(
Penetrating(Radar. 

Highly(resistance(to(rupture(by(impact,(
even(at(very(low(temperatures.(

Sensitive(to(temperature(differentials,(
resulting(in(measurable(expansion(and(
contraction(unless(constrained(by(soil(
friction. 

Resists(shatterXtype(or(rapid(crackX(
propagation(failure.(

High(flexibility(causes(problems(in(retaining(
joints(restraints,(unless(stiffener(is(inserted(
into(pipe(prior(to(attachment(of(restraints.(

Does(not(easily(crack(under(expansive(
forces(of(freezing(water.(

Degradation(owing(to(ultraviolet(light(
exposure(has(been(seen(in(some(HDPE(
pipes(of(low(carbon(black(content.(

((

PE(PIPING(SYSTEMS(OVERVIEW((

Polyethylene((PE)(is(one(of(the(most(used(thermoplastic(materials(after(its(

development(in(1933((Oliphant(et(al.h(2012).(New(resins(made(for(PE(are(suitable(for(

different(applications(in(gas,(sanitary(and(drinking(water(pipelines,(and(a(wide(range(of(

other(applications((PPI(Manual(for(Water(Applicationh(2009).((

PE!Water!Service!Lines!Sizes,!Pressures,!and!Specifications!!

Typical(nominal(diameter(of(PE(pipe(or(tubing(in(water(service(lines(are(1|2(in.(to(

3(in.(in(accordance(with(AWWA(C901X17,(ASTM(D2239,(ASTM(D3035(and(ASTM(
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D2737,(and(rated(pressure(is(80(to(250(psi.(This(water(service(pipelines(can(be(joined(to(

another(types(of(pipes(or(fittings((Oliphant(et(al.h(2012)(

CHAPTER(SUMMARY(

HDPE( is( a( semiXcrystalline( polymeric( material( with( crystalline( and( amorphous(

phases.(Structural(integrity(of(polyethylene(is(provided(by(crystalline(lamellae(and(elastic(

properties(of(polyethylene(is(provided(by(amorphous(parts.(The(semiXcrystalline(nature(of(

polyethylene(has(made(it(one(of(the(most(used(polymers(in(the(world.(

Polyethylene((PE)(can(be(classified(as(Low(Density((LD),(Medium(Density((MD)(

and(High(Density((HD).(Due(to(structural(differences,(they(show(different(properties(and(

applications.(Main(properties(which(distinguish(different(types(of(PE(are(molecular(weight(

(MW),(molecular(weight(distribution((MWD),(density,(percentage(crystallinity(and(degree(of(

long(chain(branching(and(short(chain(branching.((

The(PE(pipe(is(a(viscoelastic(material(which(makes(it(a(complex(combination(of(

elasticXlike(and(fluidXlike(elements.(Resins(in(HDPE(material(are(responsible(for(most(of(its(

material(properties.(

Corrosion(resistance,(fatigue(resistance,(leak(freeXjoints(and(extended(service(life(

are( some( of( the( benefits( of( HDPE( pipes.( Permeation,( oxidation( and( poor( weathering(

resistance(are(HDPE(pipe(limitations.(
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Chapter(3(FATIGUE(FAILURE(

INTRODUCTION(

 
In( the( previous( chapter( an( overview( and( background( of( the( PE( material,( its(

mechanical(and(structural(properties(and(use(of(HDPE(in(the(water(piping(systems(was(

provided.(In(this(chapter,(an(introduction(to(the(fatigue(phenomena,(background(of(fracture(

and(some(general(information(and(literature(review(about(fatigue(of(HDPE(are(presented.(

FATIGUE(

Fatigue(is(a(progressive,(localized,(permanent(structural(change.(According(to(

Boyer((1986),(fatigue(is(fluctuating(stresses(and(strains(that(may(result(in(cracks(or(

fracture(after(a(sufficient(number(of(fluctuations.(The(process(of(fatigue(consists(of(three(

stages:(1)(Initial(fatigue(damage(leading(to(crack(initiation,(2)(Progressive(cyclic(growth(of(

a(crack((crack(propagation)(and(3)(Final,(sudden(fracture(of(the(remaining(cross(section(

(PPIh(2012).(

Boyer((1986)(mentioned(stress(level,(cyclic(wave(form,(fatigue(environment(and(

metallurgical(condition(of(the(material(are(the(effective(factors(on(the(fatigue(behavior.(

There(are(three(different(types(of(fatigue:(high(cycle(fatigue((HCF),(low(cycle(fatigue(

(LCF)(and(thermal(mechanical(fatigue((TMF).(The(main(difference(between(HCF(and(

LCF(is(the(region(of(the(stress(strain(curve(where(the(repetitive(application(of(load((and(

resultant(deformation(or(strain)(is(occurring.(

High(Cycle(Fatigue((HCF)(has(low(amplitude(high(frequency(elastic(strains.(An(

example(would(be(repeated(bending(applied(on(an(airfoil.(One(source(of(this(bending(

occurs(as(a(compressor(or(turbine(blade(passes(behind(a(stator(vane.(High(velocity(gas(

pressure(bend(the(blade(when(it(comes(into(the(gas(path.(Blade(loading(frequency(is(
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changed(by(rotor(speed’s(change.(When(the(excitation(matches(the(resonant(frequency(

of(blade,(the(vibration(amplitude(significantly(increases.(

In(High(Cycle(Fatigue((HCF),(hundreds(of(cycles(of(loading(are(applied(on(the(

sample(per(second.(This(cyclic(loading(amplitude(leads(to(strains(that(remain(in(the(

elastic(part(of(the(stress(strain(curve.(There(would(not(be(any(permanent(deformation(

since(only(elastic(strain(has(taken(place.(The(sample(can(withstand(millions(of(cycles(but(

finally(failure(occurs(due(to(HCF.((

Low(Cycle(Fatigue((LCF)(has(high(amplitude(low(frequency(plastic(strains.(

Permanent(deformation(means(elastic(strain(limit(is(exceeded(and(the(plastic(region(is(

crossed.(Only(a(low(number(of(cycles(can(be(tolerated(with(sample(before(failure(due(to(

LCF.(In(areas(of(stress(concentration(of(the(turbine(blade(these(large(strain(occurs.(

Holes,(curves(and(notches(are(the(portions(of(a(sample(where(the(local(stress(level(is(

increased(to(the(point(of(plastic(strains(occurrence.(

In(Thermal(Mechanical(Fatigue((TMF),(large(changes(of(temperature(leads(to(

significant(thermal(expansion(and(contraction(and(hence(considerable(strain(excursions.(

Mechanical(strains(associated(with(centrifugal(loads(of(change(in(engine(reinforces(or(

counters(this(strains.(Combination(of(these(two(makes(material(degradation(due(to(TMF.(

It(may(happen(in(turbine(blades,(vanes(and(other(hot(section(components.( (

FRACTURE(MECHANICS(

There(are(two(types(of(reason(for(most(failures:(

1.( Negligence(during(design,(construction,(or(operation(of(the(structure(

(Peacockh(2000).(

2.( Application(of(a(new(design(or(material,(which(produces(an(unexpected((and(

undesirable)(result((peacockh(2000).(
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While(because(of(many(advantages(of(polymers(over(metal(their(application(in(

structures(is(rapidly(increasing,(but(another(kinds(of(fractures(will(occur(in(polymers.(The(

PE(material(is(mostly(utilized(in(the(water(and(natural(gas(transportation(system.(One(

important(advantage(of(PE(material(is(that(it(is(possible(to(perform(maintenance(on(a(

small(part(of(the(pipeline(and(it(is(not(necessary(to(shut(down(the(whole(systemh(using(a(

clamping(tool(to(the(PE(pipe,(the(small(area(can(be(shut(down.(While(the(operation(of(

pinch(clamping(saves(money,(it(will(make(fracture(problem((Hsuan(et(al.h(2005).(Figures(

3X1(and(3X2(show(the(typical(surfaces(of(fractured(PE(pipe.(

 
Figure(3X1(Fracture(Surface(of(a(PE(Pipe,(Hsuan(et(al.((2005)(

 
Figure(3X2(Thumbnail(Crack(Produced(in(a(PE(Pipe,(Hsuan(et(al.((2005) 
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(

 
Figure(3X3(Different(Modes(of(Fracture,((a)(Mode(I,((b)(Mode(II,((c)(Mode(III,(Kanninen(

and(Popelar((1985)(

Three(types(of(loading(which(a(crack(can(experience,(as(Figure(3X3(illustrates,(

include:(

Mode(I(fracture?–(Opening(mode((a(tensile(stress(normal(to(the(plane(of(the(

crack).(The(load(is(applied(normal(to(the(crack(plane(and(open(the(crack.(

Mode(II(fracture?–(Sliding(mode((a(shear(stress(acting(parallel(to(the(plane(of(the(

crack(and(perpendicular(to(the(crack(front),(corresponds(to(inXplane(shear(loading(and(

tends(to(slide(one(crack(face(with(respect(to(the(other.(

Mode(III(fracture?–(Tearing(mode((shear(stress(acting(parallel(to(the(plane(of(the(

crack(and(parallel(to(the(crack(front).(It(is(associated(with(a(pure(shear(condition,(typical(

of(a(round(bar(loaded(in(torsion.(

Linear!Elastic!Fracture!Mechanics!(LEFM)!

Linear(Elastic(Fracture(Mechanics((LEFM)(is(a(common(method(to(analyze(

fracture(behavior(of(materials,(since(the(fracture(property(is(narrowed(to(the(stage(of(

fracture(initiation.(By(comparing(applied(K((the(driving(force)(to(a(critical(K((critical(force),(

the(fracture(behavior(of(a(linear(elastic(structure(is(defined.(
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The(closed(form(expressions(for(stress(in(body(can(be(determined(when(applying(

external(forces(on(the(crack(configurations(and(making(isotropic(linear(elastic(material(

behavior(assumption.(Figure(3X4(shows(a(polar(coordinate(axis(with(the(origin(at(the(

crack(tip. 

 
Figure(3X4(Polar(Coordinate(Axis(with(the(Origin(at(the(Crack(Tip,(Liang((2007)(

According(to(Li(and(Qi((2014)(the(stress(field(in(any(linear(elastic(cracked(body(is(

given(by(Equation(3X1.(
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!
23
(is(stress(tensor,(

r(and(θ(can(be(found(in(Figure(3X5,(

k(is(the(constant(and,(

'
23
(is(dimensional(function(of(θ(in(the(leading(term.(

The(stress(intensity(factor(can(be(given(to(express(the(mode(of(loading,(so(the(

stress(on(the(crack(tip(in(an(isotropic(linear(elastic(material(can(be(written(as(Equations(3X

2,(3X3(and(3X4,(presented(below((Li(and(Qih(2014).(
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(()(Mode(III(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(3X4(

In(a(mixedXmode(problem(the(principles(of(linear(superposition(can(be(written(as(

the(following(format(in(Equation(3X5((Li(and(Qih(2014).(

(
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(888)((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(3X5(

Although(stress(intensity(solution(can(be(given(in(different(forms,(the(stress(

intensity(factor(K(can(be(related(to(the(crack(through(the(appropriate(correction(as(shown(

in(Equation(3X6.(

9
?,??,???

= A! :B((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(3X6(

Where(the(characteristic(stress(is(σh(α(is(the(characteristic(crack(dimension(and(Y(

is(the(dimensionless(constant(which(depends(on(the(geometry(and(the(mode(of(loading.(

For(the(linear(elastic(material,(due(to(the(linearity,(stresses,(and(the(stress(intensity(factor(

will(become(additive(as(the(loading(is(consistent.(That(is((Li(and(Qih(2014):(

9
?

CDEFG

= H9
?

(I)

+ 9
?

(J)

+ 9
?

(K)(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(3X7(

Elastic!Plastic!Fracture!Mechanics!

Linear(Elastic(Fracture(Mechanics((LEFM)(can(be(utilized(to(determine(material(

properties(when(material(shows(time(independent(plastic(deformation.(Since(when(plastic(

zone(occurs(the(LEFM(cannot(be(operated,(a(simple(plastic(zone(correction(to(the(stress(

intensity(factor(was(provided(by(Irwin((1957).(The(other(correction(methods(are(

suggested(by(Barenblatt((1959)(and(then(Dugdale((1960).(

For(materials(which(show(timeXindependent,(nonXlinear(behavior,(the(elastic(

plastic(fracture(mechanism((EPFM)(is(applied.(Two(elasticXplastic(parameters(which(can(

be(utilized(to(determine(the(fracture(condition(are(the(crack(tip(opening(displacement(
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(CTOD)(and(J(contour(integral.(Although(there(are(limits(to(the(applicability(of(J(and(

CTOD,(these(limits(are(less(restrictive(than(validity(requirement(of(LEFM.(

Crack!Tip!Opening!Displacement!

According(to(Liang((2007)(and(Peacock((2000),(Wells(introduced(the(crack(tip(

displacement(theory(and(an(approximate(analysis(to(relate(CTOD(to(the(stress(intensity(

factor(in(the(limit(of(smallXscale(yielding.(Figure(3X5(shows(a(crack(with(a(small(plastic(

area.(Irwin((1957)(presented(another(method(to(solve(CTOD(by(solving(for(the(

displacement(at(the(physical(crack(tip((Callisterh(2007,(Hodgkinsonh(2000,(Wetzel(et(al.h(

2006(and(Kfourih(1996).  (

(

Figure(3X5(A(Crack(with(a(Small(Plastic(Area,(Callister(et(al.((2007)(

In(Wells(theory,(the(CTOD(can(be(written(as(the(following(format:(

(

L =

M

N

∗

P
Q

R

S
TU

∗

V

W

(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(3X8(

δ(is(the(CTOD.(As
X

S
TU

→ 0,(Equation(8(can(be(rewritten(as(Equation(3X9.(

L =

P
Q

R

W∗S
TU

(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(3X9(
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There(are(different(definitions(of(CTOD.(Two(popular(definitions(are(the(

displacement(at(the(original(crack(tip(and(the(90°intercept,(as(illustrated(in(Figure(3X6.(If(

the(crack(blunts(in(a(semi(circled,(these(two(definitions(will(be(equivalent.(

(

Figure(3X6(Typical(Crack(Tip(Opening(Displacement,(Callister((2007)(

Modified(hinge(modal(is(the(standard(method(for(CTOD(and(the(displacement(

can(be(expressed(as(the(following(format(in(Equation(3X10.(

L = L
YG
+ L

Z
=

P
Q

R

[S
TU
W
\

+

]
^
(_`F)a

^

]
^
_`F bF

(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(3X10(

( L
YG
is(elastic(component,(L

Z
is(the(plastic(component,(rp(is(plastic(rotational(factor(

and(the(typical(value(is(0.44. 

Fracture!Toughness!

One(important(property(of(materials(is(fracture(toughness((9
?K
)(which(plays(an(

important(role(in(the(material(science(and(shows(the(ability(of(a(cracked(material(to(resist(

fracture((Yau(et(al.h(1980(and(Malchev(et(al.h(2007).(

The(fracture(toughness((9
?K
)(is(measured(by(loading(a(deliberately(cracked(

sample(of(length(2c(or(a(surface(crack(of(length(c(as(shown(in(the(Figure(3X7.(Using(the(

tensile(stress(and(bending(load(at(which(the(crack(suddenly(propagates,(the(fracture(

toughness((9
?K
)(can(be(calculated(by(Equations(3X11(and(3X12.(

9
8c
= A

1
! ∗ :e((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(3X11(
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9
8c
= A

2

f

gh

∗ :e(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(3X12(

(

Figure(3X7(Calculation(Relationship(of(Fracture(Toughness,(Callister((2007)(

F(is(the(bending(load(and(σ(is(the(tensile(stress.(Y1(and(Y2(are(geometric(factors.(

E(is(Young’s(modulus(and(b(and(w(are(the(beam(thickness(and(depth,(as(illustrated(in(

Figure(3X8.(The(fracture(toughness(can(be(well(obtained(followed(the(above(method(for(

material.(For(mulliteXfiber(composite,(the(fracture(toughness(is(about(1.8–3.3(MPa.m1/2(

(Liangh(2007).(Figure(3X8(shows(the(general(relationship(between(fracture(toughness(and(

thickness.(

(

Figure(3X8(Relationship(Between(Fracture(Toughness(and(Thickness,(Bao(et(al.((2004)(
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From(Figure(3X9,(the(thin(parts(have(a(high(value(of(fracture(toughness(and(with(

increasing(the(thickness,(the(Kc(value(will(reduce(and(this(type(is(called(stressXstrain(

mixed(mode.(In(thick(parts,(the(whole(surface(of(fracture(is(flat(and(the(fracture(

toughness(will(reach(the(minimum(value(of(the(asymptotic.(In(thin(parts(the(plastic(zone(

sizes(at(fracture(are(much(larger(than(thick(parts.(

FUNDAMENTAL(THEORY(OF(MECHANICAL(PROPERTIES(

To(understand(the(nature(of(fatigue(it(is(first(necessary(to(consider(some(basic(

aspects(of(material(behavior(presented(in(this(section.(

Stress6Strain!Curve!

Tensile(strength(is(one(of(the(important(mechanical(properties(of(material.(It(is(

expressed(as(a(stress,(measured(as(force(per(unit(area,(as(presented(in(Equation(3X13.(

In(nonXhomogeneous(materials,(tensile(strength(can(be(presented(as(force(per(unit(width.(

If(the(material(deforms(while(stretching,(the(crossXsectional(area(may(change(but(the(

area(used(in(the(calculation(is(the(unXdeformed(crossXsectional(area(A0. 

! =

iD]jY

I
k

(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(3X13 

Strain(is(the(change(in(length(of(the(sample(as(shown(in(Figure(3X9.(The(strain(

commonly(is(expressed(in(one(of(two(ways(shown(in(Equations(3X14(and(3X15.(

(

Figure(3X9(Elongation(in(direction(of(applied(force 
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Elongation:(

l = H

m

m
k

− 1((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(3X14 

 
Extension(ratio:(
 
B =

m

m
k

((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(3X15 

Figure(3X10(shows(a(typical(stress(X(strain(curve.(
(

(
Figure(3X10(Typical(StressXStrain(Curve,(Li(and(Qi((2014)(

 
StressXstrain(behavior(is(best(specified(in(tension.(Degree(of(deformation(is(

dependent(on(the(applied(stress(magnitude.(The(strain(is(directly(proportional(to(the(

stress(at(low(stresses(for(most(materials.(It(was(first(found(by(Hooke(in(1678(and(termed(

Hooke’s(law((Bao(et(al.h(2004).(

Many(materials(show(linear(elastic(behavior(and(controlled(by(linear(stressXstrain(

relationship.(Linear(stressXstrain(means(loading(a(specimen(elastically(in(tension(which(

cause(elongation,(but(after(removing(the(load,(it(will(return(to(its(original(shape(and(size.(

After(the(linear(region,(plastic(deformations(occur(which(means(after(unloading(deformed(

specimen(will(not(return(to(its(original(size(and(shape.(
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Young’s!Modulus!

Young's(modulus(or(modulus(of(elasticity(is(the(proportion(of(stress(to(strain.(It(is(

used(to(characterize(materials.(Slope(of(the(stress–strain(curve(at(any(point(is(the(

tangent(modulus.(StressXstrain(curves(often(are(not(straightXlines,(meaning(that(with(

change(in(the(strain,(the(modulus(changes.(In(this(case(the(initial(slope(usually(is(used(as(

the(modulus(which(is(illustrated(in(the(Figure(3X11.(

(

Figure(3X11(Graphical(Definition(of(Young’s(Modulus,(Li(and(Qi((2014)(

In(general,(rigid(materials(have(a(high(Young's(modulus,(and(elastomers(have(

low(values.(

Deformation!of!HDPE!

An(understanding(of(deformation(mechanisms(of(polymers(is(important(in(order(

to(be(able(to(manage(the(mechanical(characteristics(of(material.(The(deformation(of(the(

HDPE(depends(on(many(elements,(for(instance,(the(stress(mode,(speed(and(magnitude(

of(the(applied(load.(It(contains(the(rearrangement(of(the(molecules(and(change(in(the(

morphology,(which(is(elastic((recoverable)(at(low(stress(levels.(The(shape(of(the(stress(

versus(strain(curve(shown(in(the(Figure(3X12,(it(shows(the(details(of(deformation(process.(
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Figure(3X12(Typical(Deformation(Curve(for(Polymers,(Li(and(Qi((2014) 

In(the(elastic(region,(the(deformation(can(be(regarded(as(elastic(and(homogenous(

and( it( can( be( clearly( seen( in( the( Figure( 3X13( (stage( 1).( The( yield( point( which( is( the(

maximum(in(the(stressXstrain(curve(shows(heterogeneous(and(plastic(deformation.(In(the(

cold(drawing(stage,(the(neck(grows(along(the(specimen(and(it(can(be(seen(in(Figure(3X13(

(stage(2)(next(stage(shows(the(segments(separate(from(the(lamellae(but(remain(attached(

to(each(other(by(fiber(chains((stage(3).(In(the(hardening(stage,(it(shows(the(fibrous(material(

deform(uniformly(and(finally(reach(break((stage(4).(

(

Figure(3X13(Typical(Deformation(of(Polymers,(Peacock((2000) 

Figure(3X13(shows(the(processing(of(rearrangement(of(HDPE(in(tension(test.(

Many(elements(like(shear,(compressive(and(flexural(properties(of(HDPE(are(controlled(by(

the(same(morphological(characteristics(that(control(the(tensile(properties((Peacockh(
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2000).(In(the(above(processing(which(represented(are(reversible(and(very(different(to(the(

typical(engineering(materials(such(as(steel(or(concrete.(

FRACTURE(OF(PE(PIPES(

The(phenomenon(of(fracture(usually(happens(in(our(daily(lives,(for(example,(

when(a(dish(drops(and(breaks(into(several(pieces.(Metal(and(nonXmetal(materials(have(

extensively(been(used(and(utilizing(polymer(material(has(significantly(increased(in(the(

last(decades.(

One(of(the(failure(causes(of(HDPE(pipes(is(fatigue(which(is(the(result(of(pipes(

being(subjected(to(cyclic(loading(of(internal(pressure(and(external(loadings(on(buried(

pipes((Djebli(et(al.h(2014).(

In(the(industry,(the(products(should(be(tested(under(different(types(of(loading(

before(bringing(it(to(the(market.(In(those(test,(when(the(load(exceeds(the(material’s(load(

bearing(capacity,(it(fails(by(fracture((Hsuan(et(al.h(2005).(Failure(modes(can(be(different(

but(the(sequence(of(failure(is(illustrated(in(Figure(3X14.(

 
Figure(3X14(Typical(Procedure(of(Failure(of(Plastics,(Li(and(Qi((2014)(
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According(to(Barsoum(et(al.((2007)(elasticity(means(a(recoverable(deformation(in(

materials(when(the(load(is(removed(and(plasticity(is(an(unrecoverable(deformation(in(the(

material(when(the(load(exceeds(a(certain(limit.(This(plastic(deformation(remains(stable(

until(the(reaching(the(ultimate(tensile(strength.(Continuing(loading(the(material(after(

reaching(the(peak(load(leads(to(an(unstable(deformation(and(then(fracture(occurs.( 

FATIGUE(OF(PE(PIPES(

The(PE(design(practices(for(preventing(pressure(surge(fatigue(failures(in(water(

pipe(have(a(long(history.(These(practices(were(developed(based(on(the(older(generation(

PE(materials.(Since(this(time(there(has(been(considerable(evolution(in(the(performance(

of(PE(pipe(and(the(introduction(of(a(new(classification(of(high(performance(PE4710(

materials.(With(the(introduction(of(these(materials,(questions(have(been(raised(around(

the(suitability(of(the(current(design(practices.(

Bowman((1990)(discusses(the(fatigue(failure(in(polyvinyl(chloride((PVC),(MDPE(

and(HDPE(pipes.(They(cycled(at(a(rate(of(1Xcycle(per(second(from(a(base(pressure(of(58(

psi(to(a(range(of(peak(pressures.(They(produced(an(SXN(plot(of(their(findings.(Bowman(

compared(his(results(to(the(tests(run(by(Vinson((1981)(and(Hucks((1972)(and(concluded(

that(all(of(the(data(were(in(agreement.((

Marshall(et(al.((1998)(studied(the(effects(of(“surge(and(fatigue”(on(different(types(

of(pipes(in(the(UK.(They(looked(at(different(types(of(failures(for(PE((polyethylene)(and(

PVC(pipes.(As(part(of(their(research(they(derived(an(SXN(curve.(They(concluded,(“All(

types(of(PVC(apparently(have(similar(fatigue(characteristics.”((

Dusunceli(et(al.((2010)(conducted(a(series(of(experimental(work(were(performed(

to(explore(on(mechanical(response(of(HDPE(at(uniaxial(cyclic(and(loadingXunloading(

tensile(deformation.(It(was(observed(that(strain(accumulation(on(cyclic(loading(increases(
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with(increasing(number(of(cycle.(Figure(3X15(shows(uniaxial(cyclic(stressXstrain(curve(of(

HDPE.(

?

(

Figure(3X15(Uniaxial(cyclic(stressXstrain(diagram(of(HDPE,((

Hizoum(and(Belouettar((2011)(

Jeffrey(et(al.((2004)(performed(a(fatigue(study((cyclic(test)(on(6(in.(diameter(PVC(

pipe(with(thickness(of(0.17(in(and(water(pressure(fluctuation(of(40(psi.(The(pipe(failed(at(

3.3(million(cycles.(These(tests(indicated(that(stress(amplitude(primarily(influences(the(

fatigue(of(PVC(more(than(mean(stress(for(lower(peak(stresses.(They(developed(a(new(SX

N(fatigue(diagram(that(is(more(accurate(than(all(previous(methods.(Figure(3X16(illustrates(

SXN(curves(provided(by(Jeffrey((2004)(and(previous(developed(SXN(curves(by(Moser(

(2001)(and(Bowman((1990).(Another(study(by(Folkman(et(al.((2013)(focused(on(the(

effects(of(pressure(fluctuation(on(failure(rates(of(PVC(pipes.(They(concluded(that(the(

fatigue(damage(is(insignificant(when(pressure(fluctuations(are(limited(to(20(psi.(
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(

(

(

Figure(3X16(Developed(SXN(Curves(by((a)(Bowman((1990),((b)(Moser((2004)(and,((C)(

Jeffrey((2004),(Jeffrey((2004)(

(a)?

(b)?

(c)?
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Experimental(analysis(performed(by(Djebli(et(al.((2014)(for(determining(the(

fatigue(strength(of(PEX100(for(pipes,(under(constant(and(cyclic(axial(loadings.(Findings(of(

the(research(showed(that(fatigue(strength(of(HDPE(grade(PEX100(pipes(depends(on(the(

pipe(stress(and(HDPE(exhibits(a(cyclic(softening(behavior(in(cyclic(loading.(Also,(they(

established(the(relationships(between(stress(and(number(of(cycles((SXN(curve)(at(test(

frequency(of(2(Hz.(

According(to(Khelif(et(al.((2008)(Fatigue(lifetime(of(HDPE(structures(such(as(

pipes(is(recognized(to(show(a(large(scatter.(They(compared(median(rank,(the(maximum(

likelihood(and(the(KolmogorovXSmirnov(fitting(for(the(estimation(of(Weibull(parameters.(

They(found(that(whether(the(threeXparameter(distributions(of(Weibull(and(lognormal(types(

are(suitable(for(lifetime(prediction,(the(twoXparameter(Weibull(is(more(conservative(for(

probabilistic(fatigue(design.(

PRESSURE(SURGES(IN(PIPELINE(SYSTEMS(

"Rattling(Pipes"(occurs(when(turning(on(and(off(water(systems(within(the(house.(

Pressure(surges(in(piping(systems(are(common(and(can(be(destructive.(The(typical(

cause(of(this(rattling(or(“Water(Hammer”(is(caused(by(valve(operation,(entrapped(air(in(

the(line(and(sometimes(pumps(operations.(The(effect(of(any(one(of(these(events(can(be(

effectively(multiplied(many(times(by(the(geometry(of(a(piping(system(if(the(pressure(wave(

is(allowed(to(reflect,(or(bounce,(back(and(forth(within(the(system.(Frequent(pressure(

surges(or(fluctuations(in(a(piping(system(will(cause(a(fatigue(failure((Jung(et(al.h(2011). 

Surges(are(the(result(of(a(rapid(change(in(liquid(velocity(within(a(pipeline(which(

causes(the(stored(energy(in(the(flowing(fluid(to(be(converted(to(pressure(energy,(caused(

for(example(by(rapid(valve(closure(or(a(pump(tripping((Mcpherson(et(al.h(2011).(They(are(

a(short(term(event((on(the(order(of(seconds)(that(results(in(either(an(initial(rapid(increase(

or(decrease(in(pressure(above(or(below(the(steady(state(pressure.(The(resulting(pressure(
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wave(travels(down(the(pipeline(at(the(speed(of(sound(traveling(in(the(transport(fluid(

(which(for(water(piping(systems(is(the(speed(of(sound(in(water)(until(it(hits(a(barrier(and(is(

reflected(back.(The(resulting(pressure(changes,(commonly(referred(to(as(transients,(

hydraulic(surges,(hydraulic(transients,(and(water(hammer,(are(an(important(consideration(

in(the(design(of(water(transmission(and(distribution(systems((Jung(et(al.h(2011).(

Surges(are(characterized(with(two(design(approach(pathsh(One(deals(with(the(

instant((short(term)(impacts(of(the(pressure(surge((occasional(surges)(and(the(other(

deals(with(the(effect(of(recurring(surges((repetitive(surges)((Mcpherson(et(al.h(2011).(

Peak(pressure(surges(created(by(incidents(separate(from(normal(operations(of(

the(pipe((e.g.,(tripping(of(pumps(due(to(power(outage)(are(occasional(pressure(surges.(

Peak(pressure(surges(created(by(normal(operation(of(pipe(are(recurring(pressure(surges(

(e.g.,(turned(off(and(on(of(pumps,(opening(and(closing(of(valves)(and(occur(more(than(

once(per(day((Mcpherson(et(al.h(2011).(

According(to(Mcpherson(et(al.((2011)(in(shortXterm(impact(of(pressure(surges,(

these(factors(should(be(considered:(

1.(Upsurges((increase(of(pressure):(

•( When(pipe(is(over(pressurized(damage(or(rupture(of(pipes(can(happen.(

•( Different(components(of(the(system(can(be(damaged((gasket(blowout,(pump(

damage,(etc.)(

2.(DownXsurges((pressure(decreases):(

•( Collapse(of(pipe(

•( Infiltration(of(groundwater((at(leakage(points(such(as(joints)(

Basics!of!Surge!

The(common(reason(to(induce(surges(is(a(quick(change(in(the(velocity(of(the(

fluid(in(the(pipe,(which(can(be(created(by(valves(operating,(pump(startXup(and(shutXdown,(
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air(venting,(fluid(column(separation,(and(other(operations((Mcpherson(et(al.h(2011(and(

Jung(et(al.h(2011).(In(the(flowing(water,(the(kinetic(energy(converts(to(a(pressure(wave.(

This(wave(moves(with(a(constant(speed(through(the(length(of(the(pipe(until(facing(a(

boundary(or(barrier.(Interference(of(reflected(waves(which(return(back(down(the(pipeline,(

with(the(incident(wave,(produces(reinforced(peaks(which(can(have(greater(amplitude(than(

the(incident(wave((Mcpherson(et(al.h(2011). 

The(Joukowsky(equation(helps(to(a(basic(understanding(of(the(potential(peak(

pressures(in(surge(events.(This(equation(defines(the(relationship(between(different(

factors(affecting(pressure(surge(event(as(presented(by(Equation(3X16((Janah(2012).(

o
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where,(Ps(is(surge((psi),(ΔV(is(change(in(velocity((ft/s),(g(is(acceleration(due(to(

gravity((32(ft/s2)(and(a(is(wave(velocity((ft/s).(

For(water(pipelines,(the(wave(velocity(can(be(evaluated(by(the(known(fluid(

properties(and(the(piping(material(modulus,(as(expressed(in(Equation(3X17.(
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Where,(a(is(wave(velocity((ft/s),(Kbulk(is(fluid(bulk(modulus((300,000(psi(for(water(

at(73°F)(and(Ed(is(dynamic(instantaneous(effective(modulus(of(pipe(material((normally(

150,000(psi(at(73°F(for(PE).(Higher(modulus(materials(which(are(stiffer(have(

proportionately(higher(surge(velocities((Janah(2012).(

Another(effective(parameter(in(surge(analysis(is(the(critical(time.(Critical(time(is(

the(required(time(for(incident(pressure(wave(to(reflect(and(return(to(the(source.(If(the(

duration(of(the(incident(event(is(shorter(than(the(critical(time(is(longer,(destructive(

interference(at(the(source(will(not(happen(and(the(full(pressure(surge(will(occur.(If(the(
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duration(of(the(incident(event(is(longer(than(critical(time,(then(some(decrease(in(the(full(

pressure(surge(happens((Janah(2012).(Using(Equation(3X18(the(critical(time(can(be(

calculated.(

Ç
KÄ
=

rm

F

((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(3X18(

Where,(TCR(is(critical(time((seconds),(L(is(distance(through(pipeline(length(that(

pressure(wave(moves(before(being(reflected(by(barrier((ft)(and(a(is(wave(velocity((fps).(

Water!Velocity!Changes!and!Pressure!Surge!Loads!

The(only(unknown(in(the(Joukowsky(equation(to(define(pressure(surge(of(a(

determined(pipe(is(ΔV,(the(change(in(velocity.(Change(in(velocity(is(dependent(to(specific(

design(of(the(pipeline(system,(the(certain(event(that(induces(a(change(in(velocity,(and(the(

velocity(of(water(flow.(Fully(stopped(flow(is(the(maximum(change(that(can(happen(in(

velocity((so(ΔV(will(be(the(same(as(the(water(flow(velocity)((Janah(2012).((

Since(a(single(surge(event(may(result(to(failure,(for(design(purposes(the(

resistance(to(peak(surges(should(be(based(on(the(maximum(design(velocity(for(the(

pipeline.(UK(IGN(4X37X029(for(guidance(on(design(of(PE(and(PVC(pipelines(in(the(UK(

recommends(“for(identification(of(the(peak(surge,(the(worst(case(anticipated(event((e.g.,(

emergency(trip(of(all(pumps)(should(be(considered.”(

There(are(not(any(standard(design(velocities(for(pipeline(systems.(Utilities(usually(

based(on(the(requirements(of(a(specific(system(determine(maximum(design(velocities(for(

the(normal(operation(of(the(systems(and(fire(flow((Janah(2012).(

A(typical(limit(for(normal(operations(recommended(by(AWWA(operator(training(

documents(is(5(ft/s(but(higher(velocity(expected(during(“fire(flow(conditions.”(AWWA(

Research(Foundation(Guidance(Manual(for(Maintaining(Distribution(System(Water(

Quality,(suggests(“a(velocity(of(5(ft/s(or(greater(to(remove(biofilm,(promote(scouring(and(
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removal(of(loose(deposits,(and(to(reduce(disinfection(demand(and(a(velocity(of(12(ft/s(for(

removing(sand(from(siphons.”((

Pressure!Upsurges!

With(an(idea(of(the(maximum(flow(velocity(changes(that(can(be(anticipated(in(

water(piping(systems,(the(resistance(of(PE4710(piping(to(the(potential(pressure(surges(

resulting(from(a(sudden(flow(stoppage(at(these(velocities(can(be(considered((Jung(et(al.h(

2011).(

( ( According(to(design(against(surge(and(fatigue(conditions(for(thermoplastic(pipes(

(1999)(thermoplastics(like(PE(in(fast(loading(rates,(e.g.,(a(surge(event(with(the(rapid(

pressure(rise,(show(higher(strength(and(stiffness.(Therefore,(PE(material(resist(better(the(

higher(stress(levels(produced(by(surge(at(higher(pressure(rates(due(to(increase(in(

material(strength(with(higher(loading(rates((Design(against(surge(and(fatigue(conditions(

for(thermoplastic(pipesh(1999).(Bowman((1998)(mentioned(pressure(surge(events(on(

thermoplastic(piping(systems(usually(happen(at(a(rate(of(14.5(to(145(psi/sec.(The(short(

term(strength(of(PE(at(these(loading(rates(is(significantly(greater(than(the(long(term(

strength(utilized(in(Pressure(Class((PC)(design.( 
Surge!Allowance!for!PE4710!

The(US((AWWA(standardsh(2006(and(2008),(UK((Design(against(surge(and(

fatigue(conditions(for(thermoplastic(pipesh(1999)(and(Australian((Industry(guidelines:(

polyethylene(pressure(pipes(design(for(dynamic(stressesh(2010)(guidelines(of(PE(pipes(

consider(peak(surge(events(for(design.(It(should(be(considered(that(these(different(

guidelines(are(based(on(different(design(stresses(dependent(on(the(longXterm(strength(

rating(practices(of(each(region.(Table(3X1(presents(the(applicable(design(stresses(based(

on(each(guideline.(PE(design(stress(used(in(the(AWWA((2006(and(2008)(is(16%(lower(

than(design(stress(used(in(the(UK(and(Australia((based(on(PE100(materials).(Table(3X2(
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presents(the(maximum(allowable(short(term(stresses(for(PE4710/PE100(based(on(the(

US,(UK(and(Australian(design(approaches.((

Table(3X1(Design(Stresses(Based(on(the(US,(UK(and(Australian(Standards,(Jana((2012)(

Material( Design?Stress?(psi)?

US( UK( Australia(
PE4710/PE100( 1,000( 1,160( 1,160(

(

Table(3X2(Allowable(Upsurges(Based(on(the(US,(UK(and(Australian(Standards,(Jana(

(2012)(

Material( Maximum?Short?Term?Surge?Stress?(psi)?

US( UK( Australia(
PE4710/PE100( 2,000( 2,320( 1,450(

(

Pressure!Down6surges!

Pressure(downXsurges(are(an(important(phenomenon(in(pipe((Jung(et(al.h(2011).(

SubXatmospheric(pressure(downXsurges(can(collapse(pipelines((as(has(already(occurred(

in(steel(pipes)(or(they(can(result(to(entrance(of(groundwater(which(can(contaminate(

drinking(water(into(the(piping(system((Fleming(et(al.h(2006).(Design(of(pressure(pipelines(

prevents(subXatmospheric(pressures(but(yet(there(is(chances(of(occurrence(of(this(

phenomenon,(so(a(well(understanding(of(its(impact(on(the(piping(system(is(required(

(Fleming(et(al.h(2006).(

According(to(AWWA((2006)(PE4710(is(resistant(to(collapse(at(full(vacuum(and(

butt(fusion(joints(prevents(entrance(of(groundwater(into(the(PE(pipes.(

CYCLIC(LOADING(IN(PIPELINE(SYSTEMS(

Another(important(factor(to(define(the(potential(damage(to(the(pipeline(system(is(

the(total(number(of(pressure(surges(over(the(lifetime(of(a(pipe.(The(effect(of(repetitive(or(

cyclic(loads(on(piping(materials(is(known(as(fatigue.(For(some(materials,(fatigue(
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performance(is(considerably(below(the(static(pressure(longXterm(material(strength,(and(

hence,(considering(the(effect(of(cyclic(loading(in(design(of(pipes(is(vital((AWWAh(2002).((

Cyclic!Loading!in!PE4710!

Dependent(on(the(type(of(loading,(primary(models(for(fatigue(damage(of(

thermoplastic(materials(are(suggested(as(follow((Bowmanh(1990):(

•( SelfXheating(with(induced(localized(meltingh(

•( A(cumulative(damage(modelh(

•( A(crack(propagation(model(with(acceleration(by(cyclic(loading,(which(may(be(

further(subdivided(into:(

•( Pure(fatigue(

•( Combined(creep(and(fatigue(

According(to(Bowman((1990)(“selfXheating(with(induced(localized(melting(can(be(

discarded(in(water(pipelines(because(of(the(high(thermal(heat(sink(of(the(water(and(soil(

and(the(relatively(low(surge(frequencies.”(

Accelerated!Crack!Initiation!and!Propagation!by!Cyclic!Loading!

Many(plastics(will(transition(to(a(macroscopically(brittle(failure(mode,(with(very(

different(failure(morphology(and(failure(arithmetic(with(reducing(the(peak(load(and(

increasing(the(number(of(cycles(to(fail.(Macroscopically(brittle(failures(are(a(product(of(

initiation(of(crack(followed(by(its(propagation((Lu(et(al.h(1990,(Schaperyh(1975,(Lu(et(al.h(

1986).(This(mechanism(in(cyclic(loadings(results(to(fatigue(weakness((Zhou(et(al.h(1992,(

Balika(et(al.h(2007(and(Reynolds(et(al.h(1993).(

Initiation(and(propagation(of(cracks(depend(on(different(factors(including(the(

number(of(cycles,(the(loading(rate,(the(peak(stress,(and(the(stress(amplitude.(Crack(

propagation(is(accelerated(by(cyclic(loading.(Fatigue(failures(can(occur(in(couple(of(
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weeks(to(months(for(some(materials(even(when(the(peak(cyclic(stress(is(less(than(50%(of(

the(longXterm(creepXrupture(stress((Balika(et(al.h(2007).(

( ( Some(other(materials(can(withstand(much(larger(number(of(cycles(with(a(higher(

fraction(of(their(longXterm(creepXrupture(stress((Marshal(at(al.h(1998,(Design(against(

surge(and(fatigue(conditions(for(thermoplastic(pipesh(1999). 
Dependent(on(the(resistance(of(material(to(initiation(and(propagation(of(cracks,(

brittle(failures(of(pipe(can(occur(due(to(being(subjected(to(point(loads,(average(stress(

combined(with(long(times,(or(by(fatigue(from(the(cyclic(system(stress.(Bowman((1990)(

suggests(that(“there(may(be(an(impact(of(both(creep(and(fatigue(on(the(long(term(

strength(of(older(generation(PE(materials(under(cyclic(load.”(

PE(PIPE(FATIGUE(DESIGN(PRACTICES(

Currently,(US(PE(pipe(design(practice(for(pressure(and(pressure(surges(is(

provided(in(AWWA(C901X17,(C906X15,(M5521(and(the(Plastic(Pipe(Institute((PPI)(

handbook(of(polyethylene(pipe((PPIh(2008(and(2012).(The(pipe(pressure(rating((Pressure(

Class((PC))(is(determined(utilizing(the(Recommended(Hydrostatic(Design(Stress((HDS)(

and(the(standard(ISO(equation.(For(recurring(surge(events,(the(allowable(peak(surge(

pressure(is(limited(to(1.5(times(the(PC.(The(number(of(acceptable(recurring(surges(that(

are(is(not(limited.(

CHAPTER(SUMMARY(

The(PE(material(is(used(in(the(water(and(natural(gas(transportation(system(in(the(

world.(The(great(advantage(of(PE(is(that(maintenance(can(be(performed(on(a(section(of(

the(pipe(without(shutting(down(the(whole(system.(By(applying(a(clamping(tool(to(the(PE(

pipe,(the(local(area(can(be(closedh(however,(improper(installation(of(electro(fusion,(tapping(

and(connections(may(lead(to(fracture(problems.(
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Fatigue(is(a(progressive,(localized,(permanent(structural(change.(It( is(fluctuating(

stresses( and( strains( that( may( result( in( cracks( or( fracture( after( a( sufficient( number( of(

fluctuations.( The( process( of( fatigue( consists( of( three( stages:( 1)( Initial( fatigue( damage(

leading(to(crack(initiation,(2)(Progressive(cyclic(growth(of(a(crack((crack(propagation)(and(

3)(Final,(sudden(fracture(of(the(remaining(cross(section.(

Polymers(are(becoming(more(common( in(water(piping(applications(due( to( their(

advantages(over(some(other(materials,(such(as(their(corrosion(resistance(and(durability.(

However,(polymers(are(prone( to(other( types(of( fracture(situations.(Fatigue( is( the(major(

cause(of(failure(in(plastic(pipes.((

Frequent(pressure(surges(or(fluctuations( in(a(piping(system(will(cause(a(fatigue(

failure.(The(PE(design(practices(for(preventing(pressure(surge(fatigue(failures(in(water(pipe(

have(a(long(history.(These(practices(were(developed(based(on(the(older(generation(PE(

materials.(Since(this(time(there(has(been(considerable(evolution(in(the(performance(of(PE(

pipe(and(the(introduction(of(a(new(classification(of(high(performance(PE4710(materials.(

( (
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Chapter(4(EXPERIMENTAL(STUDY(

INTRODUCTION(

Previous(chapter(provided(a(comprehensive(review(of(fatigue(and(fracture(in(

pipeline(systems(and(mainly(focused(on(PE(pipes.(This(chapter(will(cover(the(

experimental(work(to(help(in(evaluating(the(effect(of(two(million(cycles(of(internal(water(

pressure(on(HDPE(pipe.(This(experimental(study(includes:(

•( Fatigue(test(on(a(HDPE(pipe(sample(with(16Xin.(diameter,(15Xft(length,(DR(17(

and(a(butt(fused(joint(in(the(middle(for(2(million(cycles(between(125(psi(

(pressure(class)(and(188(psi((1.5(times(pressure(class)(and(with(additional(

50,000(cycles(up(to(twice(its(pressure(class,(conducted(previously(at(CUIRE(

(Divyashreeh(2014),(

•( Tensile(tests(on(HDPE(dogbone(specimens(cut(from(a(new(pipe(and(the(pipe(

under(fatigue(test(after(passing(two(million(cycles(of(internal(water(pressure,(

based(on(ASTM(DX638(and,(

•( Scanning(Electron(Microscopy((SEM)(on(samples(from(the(new(pipe(and(

fatigueXtested(pipe.(

FATIGUE(TEST(ON(HDPE(PIPE(

High(pressure(cyclic(loading(fatigue(test(on(a(new(HDPE(pipes(with(a(joint(was(

conducted(in(the(CUIRE(Laboratory(at(the(UT(Arlington(by(Divyashree(et(al.((2015).(This(

test(determined(whether(a(16Xin.(diameter,(15Xft(long(HDPE((DR(17)(with(a(butt(fusion(

joint(in(middle(can(withstand(cyclic(loads(that(are(1.5(times(higher(than(the(longXterm(

pressure(rating(of(the(pipe(for(an(extended(period(of(time((2(million(cycles(in(this(study).(

Dimension(of(the(pipe(are(provided(in(Table(4X1.(Figure(4X1(shows(the(HDPE(pipe(

sample.(

(((((((((((((((((((((((((((((((((((((((((((((((((((
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Table(4X1(Dimensions(of(HDPE(Pipe,(Divyashree((2014)(

Diameter?

(in.)?

Length?

(in.)?

Inlet/Outlet?Pipe?Diameter?

Valve( Inner(Diameter((in.)( Outer(Diameter((in.)(
16( 179.69( 1/4( 0.995( 1.328(

(

(

(

(

(

(

Figure(4X1(HDPE(Pipe(

PPI(handbook(of(polyethylene(pipe,(is(used(to(define(maximum(operating(

pressure.(Pipe(pressure(class(is(calculated(based(on(Equation(4X1.(

((((((((oc = H r∗É�Ñ
(�Ä`V)

∗ HÖf
W
∗ Öf

C
((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(4X1(

Where,(PC(is(pressure(class((psi),(HDS(is(hydrostatic(design(stress(which(is(

1000(psi(for(PLP(water(pipe(at(73ºF,(DR(is(dimension(ratio((ratio(of(outer(diameter(to(wall(

thickness),(SFE(is(environmental(service(factor(which(is(equal(to(1.0(for(water(and(most(

sanitary(sewer(and(SFT(is(temperature(service(factor(equal(to(1.0(at(73ºF.(

According(to(Equation(21,(pressure(class(of(the(pipe(in(this(research(is(125(psi.(

Water(pipes(should(also(withstand(the(surge(events.(Pressure(and(surge(events(can(

reach(up(to(2(times(of(pressure(class(for(occasional(surge(and(up(to(1.5(times(pressure(

class(for(repeated(surge.(Table(4X2(presents(the(pressure(class(and(associated(working(

pressure.(

(

(

(
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Table(4X2(Pressure(Class(and(Associated(Working(Pressure,(Divyashree((2014)(

Pressure?

Class?(PC)?

Dimension?

Ratio?(DR)?

Working?

Pressure?

(WP)?(psi)?

WP?+?

Recurring?

surge?(psi)?

WP?+?

occasional?

surge?(psi)?

200( 11( 200( 300( 400(

160( 13.5( 160( 240( 320(

125( 17( 125( 188( 250(

100( 21( 100( 150( 200(

Experiment!Setup!!

The(testing(setup(comprised(of(a(450Xgallon(water(Reservoir(Tank,(a(MultiXstage(

Centrifugal(Pump((10(HP),(a(Data(Acquisition(System,(a(Control(Board,(several(Pressure(

Transducers,(a(DC(power(supply,(one(specimen((16Xin.(diameter),(and(Control(Valves(

including(one(BackXflow(Pressure(Valve,(two(Solenoid/Pressure(Ball(Valves,(and(two(

Butterfly(Valves.(A(galvanized(steel(pipe(system(with(pipe(diameters(of(1Xin(and(2Xin(

connects(the(equipment.(Before(the(test(setup(is(completed,(it(was(important(to(design(

the(test(parameters(based(on(the(PE4710(HDPE.(The(discharge,(temperature,(and(head(

loss(were(calculated(and(accounted(for.(

Initial!Project!Start6up!Procedure!!

•( Power(to(pump(should(be(off.((

•( Water(filling(hose(to(tank(should(be(properly(secured,(so(water(will(not(flood.((

•( Reservoir(should(be(full.((

•( Then(ball(valve(connected(to(reservoir(should(be(opened.((

•( The(pump(should(be(filled(with(water(and(bleed(air(from(pump.((

•( The(inlet(valve(should(be(opened(to(fill(up(the(tank.((

•( The(specimen(pipe(should(be(bled(from(air.((

•( The(bleed(valve(should(be(closed(until(water(comes(out.((

•( Outlet(solenoid(valve(should(be(opened(using(control(board.((
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•( The(bypass(valve(should(be(partially(opened(on(the(inlet(side.((

•( The(gate(valve(on(the(outlet(line,(which(is(near(reservoir,(should(be(opened.((

•( Inlet(solenoid(valve(should(be(closed.((

•( Then(outlet(solenoid(valve(should(be(closed.((

•( Bypass(valve(on(inlet(side(should(get(closed.((

•( The(pump(should(be(turned(on(and(backflow(valve(adjusted(to(208(psi.((

•( Bypass(valve(should(be(adjusted,(otherwise(it(takes(too(long(to(come(to(188(

psi.((

•( The(control(board(should(get(adjusted(and(finally(the(procedure(sheet(should(

be(checked(for(operation.((

Routine!Experiment!Start6up!(

•( That(tank(should(be(full.((

•( Control(board(switches(should(be(plugged(in.((

•( The(pressure(in(Control(board(should(be(checked(to(be(right.((

•( RocXlink(software(should(be(online.((

•( Power(the(pump.((

•( The(hand(operated(valve(should(be(opened(to(bleed(the(air.((

•( The(cycle(time(and(water(temperature(should(be(checked.((

Equipment!Details!!

BackXFlow(Pressure((BFP)(Valve(

(The(backXflow(pressure((BFP)(control(valve(is(used(for(two(main(reasons:((

•( During(water(hammer(protecting(the(pump(from(excessive(water(pressure(

and,(

•( Control(excessive(pressures(of(the(pump(since(the(inlet(control(valve(to(the(

pipe(is(not(able(to(sustain(excessive(pressures.((
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Figure(4X2(illustrates(the(backXflow(pressure(valve.(While(testing,(the(pump’s(

head(was(approximately(480Xft((i.e.,(208(psi)(and(the(sample(is(designed(to(carry(188(psi(

at(each(cycle.(So,(the(pressure(is(decreased(to(188(psi(by(backXflow(pressure(control(

valve(assimilating(the(water(head(from(multiXstage(pump(and(reducing(the(surge(on(the(

inlet(valve.(

(

Figure(4X2(BackXFlow(Pressure(Valve(

Inlet(and(Outlet(Solenoid(Valves((

Opening(inlet(valve(induces(pressure(inside(the(specimen(to(reach(188(psi,(and(

the(pressure(inside(the(sample(is(reduced(to(125(psi(by(outlet(solenoid(valve(reduces.(

Figure(4X3(shows(inlet(and(outlet(valves.(
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(

Figure(4X3(Inlet(and(Outlet(Solenoid(Valve(

Control(Board((

Signalizing(both(inlet(and(outlet(solenoid(valves(to(open(and(close(is(performed(

by(the(Control(Board((CB).(Also,(generation(of(the(data(using(RocXlink(software(is(done(

by(CB.(Figure(4X4(shows(the(control(board(and(its(components.(

(

Figure(4X4(Control(Board(and(Its(Components(
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Pressure(Transducer((

Pressure(transducer(is(used(to(convert(water(pressure(in(the(pipe(into(an(analog(

electrical(signal(and(to(regulate(convert(pressure(inside(the(pipe((125(psi(X188(psi).((

MultiXStage(Centrifugal(Pump((

The(pump(used(with(this(experiment(had(10(horse(power((HP)(to(provide(input(

pressure(to(the(solenoid(valves.(Based(on(head(pressure(of(the(pump(and(the(inlet(

settings(of(solenoid(valves,(the(backflow(valve(opens(and(closes.(Figure(4X5(illustrates(

the(multistage(centrifugal(pump.(

(

Figure(4X5(MultiXStage(Centrifugal(Pump((10(HP)(

Other!Project!Equipment!!

Water(Reservoir:(It(contains(three(inlet(pipes(at(top(and(one(outlet(pipe(at(bottom,(

which(is(connected(to(the(pump(that(is(10Xft(below.(Its(dimension(is(3Xft(height(and(42Xin.(

diameter(with(450(gallons(capacity.(
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Butterfly(Valve:(For(maintenance(purposes,(this(valve(is(used(to(turn(on(and(off(

the(water(flow(into(the(pump.(To(prevent(flooding(of(test(area,(it(should(get(turned(off(

when(the(pump(is(off.((

Air(Conditioning(Unit((Cooler):(It(is(used(to(maintain(the(water(temperature(at(

70˚FX73˚F(since(water(temperature(impacts(cycle(time((i.e.,(with(increasing(water(

temperature,(the(duration(to(complete(one(cycle(gradually(increases).(To(keep(water(

temperature(and(cycle(duration(constant,(a(cooler(was(installed.((

Fatigue!Testing!Operation!

To(create(a(head(pressure(of(480Xft,(the(water(from(reservoir(flow(to(the10Xft(

below(the(reservoir(located(pump.(Pressure(of(208(psi(is(put(out(by(the(pump(and(since(

the(pipe(can(withstand(pressure(between(125(psi(to(188(psi,(a(“backflow(control(valve”(is(

used(to(back(pressure(the(extra(water(from(the(pump(to(reservoir(that(is(approximately(20(

psi.(With(the(control(board,(inlet(and(outlet(solenoid(valves(are(electrically(operated(to(

pressurize(the(specimen(using(188(psi(from(the(pump.(The(pressure(transducer(is(

connected(to(the(end(of(pipe.(A(signal(is(sent(to(the(control(board,(once(the(water(wave(

pressure(hits(the(transducer,(to(operate(solenoid(valves.((

The(pressure(increases(to(188(psi(when(the(inlet(valve(opens,(then(the(inlet(

valve(closes.(For(about(one(second,(this(pressure(impacts(the(pipe(and(then(outlet(valve(

opens(and(with(decreasing(the(pressure(to(125(psi,(it(closes.(Now,(water(goes(back(to(

reservoir(from(outlet(valve.(This(process(repeated(for(2(million(cycles.(The(Control(Board(

(CB)(is(connected(to(data(logger(to(collect(data(from(software.(The(air(conditioner(works(

to(maintain(temperature(range(between(70°FX(73°F.(Figure(4X6(shows(the(sawXtooth(

loading(pattern(of(the(pipe(while(under(fatigue(test.(
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Figure(4X6(Fatigue(Loading(Pattern(of(the(Pipe(Sample(

Fatigue!Test!Results!

After(about(6(months(of(testing,(the(pipe(could(successfully(pass(two(million(

cycles(of(internal(water(pressure(of(125(psi(to(188(psi(which(is(1.5(times(of(its(pressure(

class.(Figure(4X7(shows(the(graph(of(deformation(of(pipe(during(testing(versus(time.(As(

can(be(seen,(after(approximately(1.1(million(cycles,(pipe(had(about(0.27Xin.(

circumferential(expansion.(Pipe(diameter(remained(constant(after(0.54Xin.(expansion(with(

1.7(million(cycles(of(internal(water(pressure.(

 (

Figure(4X7(Diagram(of(Deformation(vs.(Time(for(Pipe(Sample(



 
 

81(

Discussion!

The(pipe(sample(successfully(passed(2(million(cycles.(As(shown(in(Figure(4X7,(

until(approximately(1.7(million(cycles,(the(diameter(of(pipe(remained(constant(which(

means(higher(stresses(required(to(induce(higher(deformation(in(the(pipe.(It(also(indicates(

that(PE4710(is(durable(and(reliable(enough(to(be(used(in(water(pipeline(systems.(

TENSILE(TEST(

Tensile(tests(are(performed(to(measure(the(strength(of(material(in(terms(of(either(

the(required(stress(to(create(large(plastic(deformation(or(the(maximum(tolerable(stress(of(

the(material((ASM(Internationalh(2004).(In(this(test,(the(specimen(should(be(mounted(in(

the(testing(machine,(between(top(and(bottom(grips,(and(be(subjected(to(tension(force(

until(fracture.(The(measure(of(deformation(before(fracture(shows(material’s(ductility,(

which(is(used(in(material(specifications(to(assure(quality(and(toughness(of(the(material(

(ASM(Internationalh(2004).(

Elastic(properties(also(could(be(measure(during(tensile(testing(using(special(

methods(such(as(ultrasonic(techniques.(Tensile(test’s(results(are(used(to(select(

appropriate(materials(for(engineering(applications,(ensure(quality(and(predict(material’s(

behavior(under(different(loading(conditions.(

After(successfully(passing(the(fatigue(tests,(pipe(was(divided(in(different(sections(

through(its(length(and(then(each(section(is(marked(based(on(the(angles(from(0º(to(360º(

to(study(the(effect(of(longitudinal(and(circumferential(location(of(each(segment(on(the(

after(fatigue(properties.(Figure(4X8(illustrates(the(marked(pipe(through(its(length(and(

perimeter(and(after(cutting(each(segment. 
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Figure(4X8(Longitudinal(and(Circumferential(Marking(of(the(Pipe(Sample(

To(clarify(the(locations(of(first,(middle(and(last(sections(of(the(pipe(and(also(

angleXmarking(definition(Figures(4X9(and(4X10(are(illustrated.(Segments(A,(E,(F,(K(and(J(

are(the(selected(sections(of(the(pipe(to(be(tested.(Dogbone(specimen(type(III(came(from(

angles(0º(to(360º(in(45º(intervals((angles(0º,(45º,(90º,(135º,(180º,(225º,(270º(and(315º)(

through(pipe’s(perimeter,(illustrated(in(Figure(4X11,(to(perform(tensile(test.(For(the(middle(

segment((segment(F),(no(sample(could(be(tensile(tested,(since(the(responsible(company(

to(prepare(the(samples,(destroyed(the(middle(segment(and(enough(samples(could(not(be(

made.  
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Figure(4X9(Schematic(Design(of(Sections(and(Angles(of(the(Pipe(Sample(

 

 
Figure(4X10(Schematic(Drawing(of(Longitudinal(Marking(of(the(Pipe(Sample(
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Figure(4X11(Circumferential(Locations(of(Dogbone(Specimens(Type(III(

Specimens!

A(typical(tensile(test’s(specimen(is(shown(in(Figure(4X12.(The(gage(length(is(the(

most(important(part(of(the(specimen.(Reduction(of(cross(sectional(area(of(gage(section(

occurs(relative(to(the(remained(specimen(in(gage(length(and(localized(deformation(and(

failure(will(happen(in(that(area.(

(

Figure(4X12(Typical(Tensile(Test(Specimen,(ASM(International((2004)(

Tensile(test(on(plastic(samples(would(be(based(on(ASTM(DX638.(In(this(study(

sample(type(III(is(cut(from(the(pipe(and(used(for(tensile(testing.(Figure(4X13(shows(a(

schematic(design(of(sample(type(III.(
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(

Figure(4X13(Dimensions(of(Dogbone(Sample(Type(III(

Figure(4X14(illustrates(a(picture(of(HDPE(type(III(dogbone(sample(before(tensile(test.(

(

Figure(4X14(Dogbone(Specimen(Type(III(Cut(from(FatigueXTested(Pipe(Sample(

Specimens’(numbering(and(exact(dimensions,(temperature(and(humidity(are(

shown(in(Table(AX1(and(Table(AX2(in(the(Appendix(A.(The(number(in(each(sample’s(ID(

shows(the(circumferential(angle(of(the(pipe’s(sample(and(the(alphabet(shows(the(

longitudinal(location(of(the(segmenth(i.e.,(specimen(ID(“45XA”(shows(the(sample(was(

located(at(the(angle(45º(of(the(segment(A((first(segment)(of(the(original(pipe.(More(

pictures(of(samples(and(testing(are(provided(in(Appendix(A.(

Testing!Machine!

Universal(testing(machines(are(the(most(common(testing(machines(used(for(

tensile(tests.(They(can(test(materials(under(tension,(compression(or(bending(and(show(

the(outcome(as(stressXstrain(curves.(
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Based(on(the(method(of(applying(load,(testing(machines(can(be(electromechanical(or(

hydraulic.(

An(electromechanical(machine(is(shown(in(Figure(4X15.(It(includes(a(variableX

speed(electric(motor,(a(gear(reduction(system,(and(screws(that(move(the(crosshead(up(

or(down(to(create(tension(or(compression.((

A(hydraulic(testing(machine(is(illustrated(in(Figure(4X16,(which(includes(a(single(

or(dualXacting(piston(that(moves(up(and(down(the(crosshead.  

(

Figure(4X15(Components(of(a(Electromechanical(Universal(Testing(Machine,(ASM(

International((2004)(

(
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 (

Figure(4X16(Hydraulic(Universal(Testing(Machine(and(Its(Components(

ASM(International((2004)(

In(terms(of(capability(of(performing(wider(range(of(test’s(speeds(and(longer(

displacements,(electromechanical(machines(work(much(better(that(hydraulic(ones(but(if(

the(costXeffectiveness(and(applying(higher(loads(are(the(main(points,(hydraulic(machines(

would(be(the(better(option.(In(this(study,(testing(machine(INSTRON(4467 was(used(to(

perform(tensile(tests.(Figure(4X17(shows(the(testing(machine(used(for(this(dissertation.(
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(

Figure(4X17(Instron(4467(Testing(Machine(Used(for(this(Dissertation(

This(tensile(machine,(has(a(pair(of(pneumatic(gripper(which(is(used(to(clamp(the(

ends(of(specimen.(In(the(operation(process,(the(lower(grip(keeps(stationary(and(the(

upper(grip(moves(with(the(certain(defined(speed.(The(specimen(is(mounted(between(the(

grips(and(it(the(phenomenon(of(slipping(can(be(avoided(because(of(the(clamp.(The(

testing(machine(was(connected(to(a(data(acquisition(system(and(a(desktop(computer((

with(software(to(collect(the(test(data.(

Tensile!Test!Performance!

Tensile(tests(were(performed(on(38(dogbone(specimens,(based(on(ASTM(DX638.(

Tests(were(performed(at(HTS(piping(company(at(Houston,(on(Tuesday,(August(22nd(2017(

and(Wednesday,(October(18th(2017.(The(temperature(of(the(room(ranges(between(74ºX(

76º(F(with(humidity(of(42X45%.(The(rate(of(tensile(test(was(2(in./min(for(all(tests.(Figures(

4X18(shows(how(the(specimen(is(mounted(on(the(testing(machine(and(Figure(4X19(and(4X
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20(illustrate(the(pulling(process(of(the(HDPE(dogbone(specimen(and(rupture(of(

specimen,(respectively.(

(

Figure(4X18(Placement(of(Dogbone(Specimen(in(Testing(Machine(

 
 

Figure(4X19(Pulling(the(Specimen(



 
 

90(

 
Figure(4X20(Rupture(of(the(Specimen(

Stress6Strain!Curve!

Tensile(strength(is(one(of(the(important(mechanical(property(of(material(and(is(

defined(as(force(per(unit(area(or(for(some(nonXhomogeneous(materials.(While(stretching(

the(samples,(the(crossXsectional(area(would(change,(so(the(area(used(in(the(calculation(

of(stress(is(the(original(nonXdeformed(crossXsectional(area(Ao.(Also,(strain(is(measured(as(

changes(in(length(of(the(samples.((

After(placing(the(sample(in(testing(machine(and(applying(tensile(force,(recording(

the(tensile(force(as(a(function(of(elongation(of(gage(length(started.(Using(these(data,(

testing(loadXdeflection(curve(is(produced.(This(loadXdeflection(curve(would(be(converted(

to(engineering(or(nominal(stressXstrain(curve(using(Equations(4X2(and(4X3.(
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Where(F(is(applied(tensile(force((lb.),(A0(is(initial(cross(section((in.
2),(ΔL(is(

elongation((in.)(and(L0(is(initial(length((in.).(

Once(necking(starts(and(developed,(A0(would(not(be(the(cross(sectional(area(and(

it(should(be(measured(directly(at(the(base(of(the(neck.(Because(the(true(stress(

calculated,(is(the(true(stress(at(the(base(of(the(neck,(the(true(strain(should(also(be(at(the(

base(of(the(neck.(Thus(the(true(stress(and(true(strain(can(be(calculated(as(Equations(4X4(

and(4X5,(respectively.(
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Results!of!Tensile!Test!

Tensile(tests(were(performed(on(the(dogbone(shaped(new(and(fatigueXtested(

specimens.(Results(of(the(yield(stress,(yield(strain(and(strain(at(rupture(for(each(segment(

are(presented.(Of(38(samples(tested,(inappropriate(results(were(discarded(and(30(other(

remained(approximately(accurate(results(were(presented(and(compared.(Since(there(was(

not(any(difference(between(the(results(of(different(circumferential(locations(of(dogbone(

specimens(of(each(section(cut(from(HDPE(pipe(sample(after(fatigue(test((circumferential(

angle),(the(study(focused(mainly(on(the(effect(of(longitudinal(locations(of(specimens(and(

comparison(with(new(HDPE(dogbone(specimens.(So,(to(prevent(confusion,(specimens(

called(just(as(numbers(1(to(6(for(each(section.(

Yield(Strain(

Table(4X3(and(Figure(4X21(present(the(results(of(yield(strain(of(each(fatigueX

tested(section(and(new(specimens(as(well(as(location(of(each(section(on(the(pipe(

sample.(

(
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(

Table(4X3(Results(of(Tensile(Test(on(HDPE(Dogbone(Specimens,(Yield(Strain(

Yield?Strain?(%)?

Specimen?No.? Section?A? Section?E? Section?J? Section?K? New?

1( 22( 18( 21( 21( 25(
2( 20( 17( 19( 20( 23(
3( 19( 16( 18( 19( 22(
4( 18( 16( 17( 17( 21(
5( 18( 15( 16( 16( 21(
6( 17( 14( 14( 16( 20(

Mean(Value( 19( 16( 17( 18( 22(
Standard(Deviation( 1.6( 1.3( 2.2( 1.9( 1.6(

(

(
Figure(4X21(Yield(Strain(of(New(and(FatigueXTested(Dogbone(Specimens(

As(can(be(seen(from(the(graph(above,(yield(strain(in(all(segments((A,(E,(K(and(J)(

is(decreased(comparing(to(the(new(HDPE(samples.(Comparison(of(mean(value(of(yield(

strains(of(sections(A,(E,(J(and(K(with(new(samples(show(approximately(14%,(27%,(23%(

and(18%(reduction(in(yield(strain(after(fatigue(test(comparing(to(new(specimens,(

respectively.(
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Also,(results(indicated(that(end(sections(A(and(K,(have(slightly(larger(yield(strain(

comparing(to(other(two(sections,(E(and(J.((

Tensile(Strength(

Tensile(strength(of(specimens(cut(from(various(sections(of(fatigueXtested(pipe(

sample(along(with(results(of(tensile(test(on(new(specimens(are(presented(in(Table(4X4(

and(Figure(4X22.(

Table(4X4(Results(of(Tensile(Test(on(HDPE(Dogbone(Specimen,(Tensile(Strength(

Tensile?Strength?(psi)?

Specimen?No.? Section?A? Section?E? Section?J? Section?K? New?

1( 3681( 3611( 3645( 3659( 3626(
2( 3662( 3602( 3627( 3648( 3536(
3( 3658( 3561( 3594( 3637( 3534(
4( 3597( 3527( 3568( 3625( 3519(
5( 3593( 3493( 3531( 3569( 3483(
6( 3487( 3471( 3496( 3511( 3424(

Mean(Value( 3613( 3544( 3577( 3608( 3519(
Standard(Deviation( 65( 52( 52( 52( 61(

 

 
Figure(4X22(Tensile(Strength(of(New(and(FatigueXTested(Dogbone(Specimens(
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As(shown(in(Table(4X4,(yield(stress(of(specimens(have(increased(compared(to(

the(new(ones.(For(end(sections,(A(and(K,(the(increase(is(approximately(2.5%,(and(for(

sections(E(and(J,(it(is(roughly(1%.(

Rupture(Strain(

Table(4X5(and(Figure(4X23(present(the(rupture(strain(of(different(samples.(

Table(4X5(Results(of(Tensile(Test(on(HDPE(Dogbone(Specimens,(Rupture(Strain(

Rupture?Strain?(%)?

Specimen?No.? Section?A? Section?E? Section?J? Section?K? New?

1( 269( 235( 238( 287( 214(
2( 261( 227( 224( 264( 204(
3( 246( 193( 221( 241( 198(
4( 211( 189( 214( 206( 183(
5( 209( 177( 202( 198( 177(
6( 196( 172( 185( 179( 169(

Mean(Value( 232( 199( 214( 229( 191(
Standard(Deviation( 28( 24( 17( 38( 16(

(

 
Figure(4X23(Ultimate(Strain(of(New(and(FatigueXTested(Dogbone(Specimens(
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As(shown(in(Figure(4X23,(considering(the(mean(value(of(each(set(of(specimens,(

at(two(end(sections((A(and(K)(rupture(strain(has(increased(approximately(20%(compared(

to(the(new(specimens(and(for(sections(E(and(J(increases(in(rupture(strain(are(

approximately(4%(and(7%(compared(to(the(new(ones.((

Discussion!

The(results(of(tensile(test(showed(the(longitudinal(location(of(the(specimens(in(

each(segment(has(an(almost(considerable(effect(on(the(after(fatigue(mechanical(

properties(of(the(material.(Both(end(sections(are(somehow(restricted(in(free(expansion(

due(to(wooden(support(at(the(bottom(of(these(parts(and(also,(because(of(tight(cap(at(both(

ends,(while(other(segments(can(freely(expand.(HDPE(is(a(semiXcrystalline(material(which(

shows(completely(different(behavior(under(different(stress(levels,(strain(rates(and(

temperatures.(

An(important(phenomenon(that(affects(the(tensile(strength(and(yield(stress(of(a(

semiXcrystalline(polymer(is(reXorientation(of(polymer(chains.(According(to(Juska(et(al.(

(1982)(and(Crist(et(al.((1989)(the(yield(behavior(of(semiXcrystalline(polymers(is(associated(

with(morphology(transformation(from(original(isotropic(structure(to(reXoriented(one.(

Transforming(to(reXoriented(structure(creates(a(stiffer(structure.(It(means(higher(modulus(

of(elasticity(with(increasing(yield(stress(while(decreasing(yield(strain(simultaneously.(To(

clarify(forming(this(reXoriented(structure,(it(should(be(considered(that(HDPE(molecular(

structure(includes(two(regions:(an(ordered(crystalline(and(a(random(amorphous.(The(

crystalline(region(contains(packs(of(folded(molecules((lamella),(which(are(separated(by(

the(amorphous(region.(One(vital(factor(which(impacts(deformation(is(the(interXcrystalline(

polymer(chains.(Three(types(of(interXcrystalline(chains(include(Cilia(which(are(suspended(

chains(from(the(end(of(a(crystalline(chain,(loose(loops(which(are(chains(that(begin(and(
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end(in(the(same(lamella(and(tie(molecules(that(are(chains(which(begin(and(end(in(

adjacent(lamellae.((

Applied(tensile(load(to(the(face(of(the(lamellae(pull(and(deform(the(tie(molecules.(

Tie(molecules(counted(as(reinforcing(elements(since(they(are(intricately(tangled.(In(this(

“mortar(and(brick”(model,(lamellae(act(as(bricks(and(the(tie(molecules(act(as(mortar(

which(keeps(the(bricks(together.(MicroXfibrils,(which(present(mainly(in(an(oriented(

polymer,(are(connected(to(many(tie(molecules(through(the(amorphous(region(and(make(a(

fibrous(stiffness(in(the(material.(Therefore,(increase(in(tensile(strength(and(decrease(in(

yield(strain(occurs.(But(then(under(applied(stresses,(the(tie(molecules(get(pulled(to(the(

point(that(they(cannot(withstand(the(applied(stresses.(It(causes(the(lamellae(to(break(up(

to(smaller(units(and(ductility(after(yield(point((rupture(strain)(increases.(Considering(the(

effect(of(microXcracks(and(strain(accumulation(in(HDPE(fatigueXtested(specimens,(it(was(

expected(to(have(less(tensile(strength,(in(samples(cut(from(sections(E(and(J(comparing(

to(sections(A(and(K.(

SCANNING(ELECTRON(MICROSCOPY((SEM)TEST(

This(test(is(a(type(of(electron(microscope(that(images(a(sample(by(scanning(it(

with(a(high(energy(beam(of(electrons(in(a(raster(scan(pattern.(In(electron(microscopes,(

generation(of(electrons(are(by(heating(a(tungsten(filament(to(a(temperature(of(about(

2800°C((electron(gun).(Then(electroXmagnetic(lenses(focuses(electron(beam(and(the(

apertures(in(the(column(to(a(very(small(sharp(point.(The(electron(interacts(with(the(atoms(

that(make(up(the(sample(producing(signals(that(contain(information(about(the(sample’s(

surface(of(topography,(composition(and(other(properties.(Figure(4X24(shows(parts(of(

SEM,(which(generate(electrons.(
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Figure(4X24(Source(of(Generation(of(Electrons(in(SEM,(Hafner((2007)(

Characteristics(that(can(be(viewed(on(SEM(includes:(

•( TopographyX(The(surface(features(of(an(object(or(“how(it(looks”,(its(textureh((

•( MorphologyX(The(shape(and(size(of(the(particles(making(up(the(objecth((

•( CompositionX(The(elements(and(compounds(that(the(object(is(composed(of(

and(the(relative(amounts(of(themh(

•( Crystallographic(InformationX(How(the(atoms(are(arranged(in(the(objecth((

•( There(is(a(direct(relation(between(all(above(features(and(material(properties.(

Components!of!SEM!Instrumentation!

All(SEMs(have(essential(below(mentioned(components:(

•( Gun(or(electron(source(

•( Electron(lenses(

•( Sample(stage(
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•( Signals’(detector(

•( Display(device(

And(it(also(requires,(power(supply,(cooling(and(vacuum(system(and(a(stable(floor(

free(of(any(kind(of(vibrations.(A(schematic(drawing(of(SEM(instrumentation(is(shown(in(

Figure(4X25.(

 

 
Figure(4X25(Schematic(Drawing(of(SEM(Instrumentation,(Joy((1989)(

Application!

( SEM(is(used(to(generate(highXresolution(images(of(different(objects’(shapes.(It(also(

can(be(used(to(show(difference(in(chemical(compositions(by(generating(elemental(map(or(

detecting(chemical(analyses,(identification(of(different(phases(based(on(mean(atomic(

number((generally(depending(on(relative(density)(and(compositional(maps(according(to(

difference(in(trace(element("activators."(The(SEM(is(also(widely(used(to(identify(phases(



 
 

99(

based(on(qualitative(chemical(analysis(and/or(crystalline(structure.(Very(small(features(

and(objects,(as(tiny(as(50(nm(in(size,(can(be(measured(exactly(using(the(SEM.(Rapid(

discrimination(of(phases(in(multiphase(samples(can(be(accomplished(by(backscattered(

electron(images((BSE).(SEMs(equipped(with(diffracted(backscattered(electron(detectors(

(EBSD)(can(be(used(to(examine(microXfabric(and(crystallographic(orientation(in(many(

materials.(

Testing!process!

Rectangular(specimens(were(cut(from(a(new(HDPE(and(HDPE(fatigue(tested(

pipe(samples(to(compare(the(SEM(test(results.(Figure(4X26(shows(SEM(samples.(

(

Figure(4X26(Rectangular(Samples(for(SEM(Test(

The(SEM(test(was(performed(with(Hitachi(SX3000N(testing(machine(at(material(

science(and(engineering(lab(at(the(University(of(Texas(at(Arlington,(as(shown(in(Figure(4X

27.(((

 
 

Figure(4X27(Hitachi(SX3000N(Testing(Machine(to(Perform(SEM(Test(

(New)? (FatigueHtested)?
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Surfaces(of(samples(got(carefully(cleaned(with(alcoholic(pads(and(glued(to(a(

metal(cylinder(to(be(mounted(in(the(testing(machine(as(shown(in(Figures(4X28(and(4X29.(

 
Figure(4X28(Preparing(the(Specimen(to(be(Placed(in(the(SEM(Testing(Machine(

 
Figure(4X29(Placing(the(Specimen(in(the(SEM(Testing(Machine(

For(the(test(the(accelerating(voltage(was(set(at(25(kV.(Accelerating(voltage((kV)(

is(the(difference(between(filament(and(the(anode’s(voltage(which(accelerates(the(electron(

beam(towards(the(anode.(Figure(4X30(shows(the(filament(and(anode(in(SEM(testing(

machine.(The(accelerating(voltage(of(a(typical(SEM(ranges(between(0(to(30kV.((

In(general,(selection(of(acceleration(voltage(depends(on(the(type(of(information(

which(is(required,(the(type(of(SEM(testing(machine(available,(material(type((i.e.,(a(highly(
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insulating(ceramic(materials(versus(a(metal(versus(plastic),(geometry((i.e.,(a(thin(film(

versus(a(bulk(sample(versus(powder)(and(techniques(used(for(preparation.(Higher(

accelerating(voltage(causes(electron(beams(penetrate(deeper(within(the(sample,(

depending(on(the(density(of(the(sample(and(its(elemental(composition,(so(results(in(

higher(signals(and(lower(noise(in(the(images.((

However,(higher(accelerating(voltages(create(a(phenomenon(called(charging.(In(

this(phenomenon,(the(number(of(escaping(electrons(from(the(surface(of(the(specimen(is(

lower(than(the(number(of(incident(electrons,(so(it(builds(a(negative(charge(at(the(hitting(

point(of(electron(beam(with(specimen’s(surface.(It(means(there(is(lack(of(an(even(flow(of(

electrons(emitted(from(the(specimen’s(surface(which(leads(some(unusual(effects(on(the(

image(such(as(abnormal(contrast,(deformation(and(shift.(If(the(specimen(is(coated(

appropriately(with(a(metal,(then(the(issue(of(charging(would(be(minimized.(

 
(

Figure(4X30(A(Conventional(SEM(Source(of(Electrons(with(Thermionic(Tungsten(

Filament,(Hafner((2007)(
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SEM!Topography!Test!

Surface(topography(test(were(performed(on(the(specimens(to(compare(surfaces(

of(the(new(HDPE(specimen(and(fatigueXtested(HDPE(specimen.(Figure(4X31(shows(how(

the(topography(test(can(be(monitored(on(the(computer(connected(to(the(testing(machine.(

 

Figure(4X31(Monitoring(Surface(Topography(of((a)(New(Specimen(and((b)(FatigueXTested(

Specimen(

Results(of(surface(topography(showed(that(there(are(so(many(microXcracks(in(the(

fatigue(tested(pipe(comparing(to(the(surface(of(a(new(pipe(sample.(Figures(4X32(and(4X33(

illustrate(the(new(and(cracked(surfaces(of(specimens,(respectively. 

 

Figure(4X32(SEM(Test(Result(of(Surface(of(New(HDPE(Specimen(

(a)? (b)?
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(

 

 
(

Figure(4X33(SEM(Test(Result(of(Surface(of(FatigueXTested(HDPE((

Specimen(Including(Many(MicroXcracks(

Since(HDPE(is(not(electrically(conductive,(to(have(higher(quality(images,(after(

performing(SEM(test(on(uncoated(surfaces(of(specimens,(the(test(was(repeated(with(and(

metalXcoated(surfaces(of(samples.(A(thin(layer(of(silver(was(applied(on(the(surfaces(of(

both(specimens(with(CrCX100(Sputtering(system.(Figure(4X34(shows(CrCX100(Sputtering(

system.(
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Figure(4X34(CrCX100(Sputtering(System(

Steps(of(operation(procedure(for(this(system(are:(

1.( The(specimen(should(be(loaded(on(the(sample(chamber(after(venting.((

2.( Then(the(chamber(should(be(closed.(

3.( Cooling(water(should(be(turned(on.((

4.( Option(“coat”(should(be(selected,(as(illustrated(in(Figure(4X35.(

5.( Vacuum(pump(should(be(turned(on,(as(shown(in(Figure(4X35.((

6.( When(the(pressure(is(below(0.001(millitorr,(Argon(gas(should(be(turned(on,(as(

illustrated(in(Figure(4X35.((

7.( On(threeXway(valve,(as(shown(in(Figure(4X36,(gas(should(be(selected(and(the(

pressure(must(be(between(5(and(10(millitorr.((

8.( Finally,(time(should(be(set(up(and(“process”(turned(on.(When(time(is(over,(the(

process(will(be(off(automatically.((
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(

Figure(4X35(Process(of(MetalXCoating(HDPE(Specimens((Steps(4(to(6)(
 

 
 

Figure(4X36(Process(of(MetalXCoating(HDPE(Specimens((Steps(7(and(8)(
 

Figure(4X37(shows(specimens(after(being(silverXcoated.(Results(SEM(test(of(metalX

coated( specimens( are( illustrated( in( Figures( 4X38( and( 4X39( for( new( and( fatigueXtested(

samples,(respectively.(
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(

Figure(4X37(SilverXCoated(HDPE(Specimens(for(SEM(Testing(

 
 

 
 

Figure(4X38(Surface(of(New(HDPE(Specimen(after(Being(SilverXCoated(

 
 

(New)? (FatigueHtested)?
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Figure(4X39(MicroXCracks(on(the(Surface(of(FatigueXTested(HDPE((

Specimen(after(Being(SilverXCoated(
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SEM!Composition!Test!Results!

Scanning( Electron( Microscopy( (SEM)( composition( test( was( performed( on( the(

specimens.(Results(of(composition(test(on(new(HDPE(sample(showed(it( includes(100%(

carbon,(as(is(shown(in(Figures(4X40(and(4X41.(

 
 

Figure(4X40((a)(Chemical(Composition(of(New(HDPE(Specimen((b)(Surface(of(New(

HDPE(Specimen(for(Composition(Analysis(

Element'
''Line'

'''''Int.'
''Cps/nA'

'''Z'
'
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'
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'
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''Error'

'Norm.'
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'Norm.'
Wt.%'Err'
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Atom'%'
''Error'

'''C'K' (((37.169( 1.000((( 1.001((( 1.000((( 1.001((( (100.00( ±(0.26( (100.00( ±(0.26( (100.00( ±(0.26(

Total' ( ( ( ( ( (100.00( ( (100.00( ( 100.00( (

Figure(4X41(Composition(Analysis(of(New(HDPE(Specimen(

Two(different(points(on(fatigue(tested(HDPE(specimen(were(selected(to(perform(

composition(analysis.(Figure(4X42(illustrates(the(selected(locations(of(unXcracked(point(

and(cracked(point(of(fatigueXtested(specimens(for(chemical(composition(test(to(be(

performed.(
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Figure(4X42(Selected(Locations(on((a)(UnXcracked((b)(Cracked(Points(of((

FatigueXTested(HDPE(Specimen(

Figures(4X43,(4X44,(4X45(and(4X46(show(results(of(SEM(composition(test(on(

fatigue(tested(HDPE(specimen,(for(unXcracked(and(cracked(points.(The(results(indicated(

that(unXcracked(point(composition(includes(100%(of(carbon(while(cracked(point(includes(

98.5%(of(carbon(and(1.5%(of(oxygen(in(its(composition.(

 

Figure(4X43(Chemical(Composition(of(an(UnXCracked(Point(of((

FatigueXTested(HDPE(Specimen(
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Figure(4X44(Composition(Analysis(of(an(UnXCracked(Point(of(FatigueXTested(HDPE(

Specimen(

 
 

Figure(4X45((a)(Chemical(Composition(of(a(Cracked(Point(of(FatigueXTested(HDPE(

Specimen((b)(Surface(of(Crack(Selected(for(Composition(Analysis(
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Weight'%'
'

Weight'%'
Error'

Norm.'
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Norm.'
Wt.%'Err'
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Atom'%'
Error'

'''C'K' (((12.835( 1.000((( 1.001((( 1.000((( 1.001((( (100.00( ±(0.34( (100.00( ±(0.34( (100.00( ±(0.34(

'''O'K' (((((0.000( 1.052((( 12.562(( 1.000((( 13.216(( ((((0.00( ((((((XXX( ((((0.00( ((((((XXX( ((((0.00( ±(0.00(
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(
Figure(4X46(Composition(Analysis(of(a(Cracked(Point(of(FatigueXTested(HDPE(Specimen(

Discussion!

According(to(Donald(and(Dale((2009)(HDPE(pipe(materials(are(heavily(stabilized(

with(antioxidant(additives((some(with(additional(UV(additives)(to(last(multiple(years(of(

continuous(service(in(the(field(and,(therefore,(unless(the(antioxidants(are(consumed,(it(is(

not(likely(to(get(oxidized(when(exposed(to(air((or(typical(potable(water)(in(cracked(or(unX

cracked(areas.(Pipe(extrusion(is(typically(at(higher(temperature((370°(F(to(420°(F)(and,(at(

this(temperature(HDPE(is(more(vulnerable(to(oxidation(than(at(ambient(temperature(

(Donald(and(Daleh(2009).((While(under(the(protection(of(sufficient(antioxidants,(the(
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O(=(Oxygen(
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chance(of(oxidation(is(low(but(if(the(antioxidants(in(HDPE(pipe(are(insufficient(or(

depleted,(oxygen(can(cause(chain(scission(for(polyethylene(backbone(and(results(in(

weakened(physical(properties(due(to(molecular(structure(changes,(i.e.,(creation(of(

impurity(and(defection(in(the(pipe.(

In(the(SEM(topography(many(microXcracks(were(observed(in(the(inner(surface(of(

the(pipe(after(being(fatigue(tested.(Defects(such(as(impurities,(i.e.,(air(bubbles(or(

imperfections,(caused(cracks(to(initiate.(In(the(SEM(test(imperfections(were(observed(at(

the(inner(surface(of(the(pipe(wall(which(emerges(that(crack(initiation(most(likely(occurs(at(

these(defects(at(the(inner(surface(and(then(propagate(through(the(wall(in(a(longitudinal(

direction.(This(longitudinal(cracking(demonstrates(that(the(driving(force(is(oriented(

circumferentially((hoop(stress).(

Failure(mode(in(the(pipe(is(the(actual(procedure(of(pipe(failure,(not(the(failure(

mechanism.(Failure(mode(depends(on(the(material(of(the(pipe(and(its(diameter,(e.g.,(in(

smaller(diameter(pipes(which(have(relatively(low(water(pressure(and(smaller(moments(of(

inertia,(longitudinal(bending(derives(circumferential(failure(and(larger(diameter(pipes(

because(of(having(higher(internal(water(pressure(and(larger(moment(of(inertia,(mainly(

longitudinal(cracking(and(shearing(at(the(bell(occur.(In(this(study,(the(HDPE(pipe(with(16X

in(diameter(classified(as(large(diameter(pipes(and(longitudinal(cracking(was(expected,(as(

the(SEM(results(also(proved(existence(of(longitudinal(cracks(in(the(inner(surface(of(HDPE(

fatigueXtested(pipe.(

CHAPTER(SUMMARY(

PE4710(pipe(with(15Xft(long(and(16Xin.(diameter((DR(17)(successfully(passed(two(

million(cycles(of(internal(water(pressure.(After(performing(fatigue(test,(dogbone(

specimens(type(III,(based(on(ASTM(D638,(were(cut(from(the(pipe(to(perform(tensile(test.(

Results(of(tensile(tests(indicated(that(circumferential(location(of(HDPE(specimens(does(



 
 

112(

not(have(any(effect(on(the(mechanical(properties(of(samples(while(longitudinal(location(

have(an(almost(considerable(impact(on(yield(strain,(tensile(strength(and(rupture(strain.(

According(to(the(test(results,(tensile(strength(and(rupture(strain(of(fatigueXtested(

specimens(were(increased(comparing(to(the(new(ones(but(yield(strain(were(considerably(

reduced.(Also,(longitudinal(cracks(were(observed(in(SEM(test(of(the(specimens(cut(from(

fatigueXtested(pipe(sample.(
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Chapter(5(FINITE(ELEMENT(MODELING(

INTRODUCTION(

( Previous(chapter(presented(information(about(the(experimental(study(and(results(

and(discussion.(In(this(chapter(a(brief(description(about(Finite(Element(Modeling((FEM)(

part(of(the(study(has(been(given.(Detailed(information(about(the(different(aspects(of(this(

study,(including(the(geometry(of(models,(mechanical(properties(of(materials(and(

modeling(details(are(presented. Also,(since(this(study(is(a(numerical(study,(it(is(highly(

essential(to(ensure(the(accuracy(of(modeling(results.(Therefore,(the(results(of(tensile(test(

are(used(to(verify(the(material(properties(used(in(the(study. For(this(research(FE(

modeling(software(ABAQUS(6.14X3(was(used.(

The(results(presented(in(this(chapter(is(based(on(a(theoretical(Finite(Element(

Analysis((FEA)(model(that(while(was(verified(with(material(tensile(test,(but(was(not(

verified(with(real(conditions(with(actual(fatigue(cycles(that(are(commonly(determined(by(

physical(testing.(These(results(are(based(on(capability(of(the(ABAQUS(software((version(

6.14X3)(at(the(time(of(study,(so(this(dissertation(developed(a(preliminary(programing(code(

to(be(used(along(with(ABAQUS(software(to(perform(cyclic(analysis.((Since(actual(fatigue(

testing(of(HDPE(pipe(is(time(consuming,(the(suggested(FEA(model(was(developed(to(

simulate(actual(testing,(but(it(is(preliminary(and(did(not(agree(with(actual(cyclic(test(

results(presented(by(physical(testing(at(JANA(Lab,(UTAXArlington/CUIRE(and(the(UK(

Water(Industry(Research((UKWIR).((The(FEA(model(developed(with(this(dissertation(

would(need(to(be(further(developed,(studied(and(validated(to(properly(evaluate(the(

fatigue(resistance(of(HDPE(material.(
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THE(FINITE(ELEMENT(METHOD(

In(the(finite(element(method,(the(structure(body(of(interest(can(be(subdivided(into(

many(discrete(shapes(which(are(called(elements.(The(stiffness(finite(element(method(is(

usually(used(in(stress(analysis(problems.(This(approach(is(outlined(below(for(the(two(

dimensional(case.(

Figure(5X1(shows(an(isoperimetric(continuum(element(for(two(dimensional(plane(

stress(or(plane(strain(problems,(together(with(local(and(global(coordinate(axes.(The(local(

coordinates(vary(from(X1(to(+1(over(the(element(area.(

(

Figure(5X1(The(Local(Coordinates,(Lapidus(et(al.((1982)(

Consider(one(of(points(on(the(element(at((ξ,(η),(the(global(coordinates(of(this(

point(can(be(written(as(Equations(5X1(and(5X2.(

â = H ä
2

á

2ãV
(å, ç)((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(5X1(

A = H ä
2

á

2ãV
(å, ç)é

2
((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(5X2(

Where(n(is(the(number(of(nodes(in(the(elements(and(Ni(is(the(shape(functions(

corresponding(to(the(node(i,(whose(coordinates(are((xi,yi)(in(the(global(system(and((ξi,(ηi)(

in(the(parametric(system.(

The(displacements(within(an(element(can(be(written(as(Equation(5X3(and(5X4.(
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2
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Where((ui,vi)(are(the(nodal(displacement(for(x(and(y(directions.(The(strain(matrix(

at((x,y)(can(be(written(as(Equation(5X5.(

l
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((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(5X5(

Where: 

ì =

îä
2

îë

0

0

îä
2

îé

îä
2

îé

îä
2

îë

 

and((

îä
"

îë

îä
"

îé

= ï
−1

îä
"

îå

îä
"

îç

(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(5X6 

Where(J(is(the(Jacobian(matrix(and(can(be(written(as(Equation(5X7.(
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                                                                                                       Equation(5X7 

The(stress(matrix(can(be(written(as(Equation(5X8.(

! = ñ l ((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(5X8(

ñ  is(stressXstrain(matrix. 

The(stresses(and(strains(can(be(calculated(at(several(Gauss(points(or(integration(

points(within(each(element.(The(global(force,(displacement,(and(stiffness(matrices(are(

related(and(can(be(written(as(Equation(5X9.(

9 è = f ((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(5X9(

9 (is(the(element(stiffness(matrix(and(can(be(written(as(Equation(5X10.(
(
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9 = ì
C
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óò; ï óåóç((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(5X10(

ABAQUS(Simulation(

ABAQUS(software(does(not(have(any(fixed(units(for(the(input(parameters(and(the(

unit(should(be(set(by(the(user.(In(this(study,(the(following(units,(presented(in(Table(5X1,(

are(used(in(the(software.(

Table(5X1(Units(to(be(Used(for(FE(Modeling(with(ABAQUS(

Parameter? Unit?

Density( lb./in.3(
Force( lb.(
Length( in.(
Stress( Psi(
Time( S(

 
All(material(properties(and(parameters(such(as(elastic,(plastic,(young’s(modulus(

and(damage(values(have(been(obtained(from(the(tensile(test(of(dogbone(shape(HDPE(

specimen.(

The(properties(have(been(used(to(model(the(tensile(test(to(validate(the(material(

properties(definition.(After(validation,(15Xft(long(pipe(with(16Xin.(outer(diameter(and(DR(17(

was(modeled(to(analyze(different(cyclic(loadings.(3D(solid(part(model(is(chosen(to(

analysis(the(specimen.(The(following(key(points(have(been(used(in(the(model:(

•( The(material(property(is(considered(as(isotropic(and(homogeneous.(

•( In(the(part(section,(3D(is(chosen(as(the(modeling(spaceh(deformable(and(solid(is(

chosen(in(the(corresponding(section.(

•( Young’s(modulus,(plasticity(and(damage(parameters(should(be(obtained(from(the(

true(stressXstrain(curve.(

MATERIAL(PROPERTIES(FOR(ABAQUS(SIMULATION 
Different(material(properties(should(be(defined(in(ABAQUS(to(model(the(material(

correctly.((



 
 

117(

Density(is(volumetric(mass(density(of(a(substance(described(as(mass(per(unit(

volume(and(can(be(calculated(by(Equation(5X11.(

ñòàô";é = H

öFpp

aDGÜ[Y

                                                                                           Equation(5X11 

Young’s(Modulus:(Young's(modulus,(E,(can(be(calculated(by(dividing(the(tensile(

stress(by(the(extensional(strain(in(the(elastic((initial,(linear)(portion(of(the(stress–strain(

curve(as(presented(in(Equation(5X12.(
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                                                                  Equation(5X12 

In(the(ABAQUS(simulation(model,(only(values(form(true(stressXstrain(curve(can(

be(accepted.(Some(modification(for(engineering(stressXstrain(curve(should(be(done(to(

match(the(numerical(simulation(requirement.(True(stress(is(the(stress(determined(by(the(

instantaneous(load(acting(on(the(instantaneous(crossXsectional(area(true(stress(is(related(

to(engineering(stress(as(mentioned(in(Equations(4X4(and(4X5.((

Poisson's(ratio:(is(the(negative(ratio(of(transverse(to(axial(strain.(When(a(material(

is(compressed(in(one(direction(it(usually(tends(to(expand(in(the(other(two(directions(

perpendicular(or(parallel(to(the(direction(of(flow.(

Plasticity:(In(physics(and(engineering,(plasticity(is(the(propensity(of(a(material(to(

undergo(permanent(deformation(under(load(when(compressed.(In(ABAQUS(model(the(

plasticity(value(should(be(obtained(from(the(true(stressXstrain(curve(and(followed(the(

Equation(5X13.(
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ù

)                                                                           Equation(5X13 

Fracture(at(strain:(The(logarithmic(strain(where(the(specimen(breaks(and(it(can(

be(obtained(from(the(true(stressXstrain(curve.(

Damage(Evolution:(The(evolution(of(damage(variable(with(the(relative(plastic(

displacement(can(be(specified(in(tabular,(linear,(or(exponential(form(and(linear(form(is(
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chosen(in(this(study.(In(linear(form,(the(damage(variable(increases(according(to(the(

Equation(5X14.(
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                                                                                                     Equation(5X14 

The(plastic(displacement(at(failure(can(be(computed(as(Equation(5X15.(
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                                                                                                    Equation(5X15 

 
Where(Gf(is(the(fracture(energy(per(unit,(σy0(is(the(fracture(stress(and(L!is(the(

characteristic(length(of(the(element.(

NONLINEAR(ALGORITHMS((

Nonlinearities(in(analysis(always(present(in(the(structural(mechanics(problems.(

Three(general(types(of(nonlinearities(are(material,(geometric,(and(contact(nonlinearities.((

In(the(material(nonlinearities,(the(constitutive(equation(which(relates(stress(and(

strain(rates(is(nonlinear.(Materials(behave(linearly(until(they(reach(to(a(certain(point,(

which(is(called(elastic(limit,(after(this(point(the(behavior(is(nonlinear.(There(are(different(

nonlinear(material(models(for(different(types(of(material.((

In(geometrical(nonlinearity,(the(relationship(between(strain(and(displacement(is(

not(linear.(Large(rotation,(large(strain,(and(large(displacement(are(various(types(of(

geometric(nonlinearities.(Geometric(nonlinearity(is(solved(by(using(Lagrangian(and(

Eulerian(techniques.(In(Lagrangian(method,(material(and(mesh(points(deform(and(

translate(together(due(to(their(attachment.(In(Eulerian(technique,(during(analysis(mesh(

points(stay(in(their(initial(position(and(material(nodes(will(move(independent(of(the(mesh(

nodes.(The(later(formulation(is(suitable(for(liquid(materials.((

Changing(boundary(conditions(of(the(problem(creates(contact(nonlinearity.(Also(it(

can(be(created(when(the(load(path(is(going(through(the(contact(of(two(surfaces.(In(
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contact(nonlinearity(two(constraints(are(appliedh(displacement(constraint(and(force(

constraint.(Two(surfaces(of(the(contact(should(not(penetrate(each(other(which(is(known(

as(displacement(constraint,(and(load(or(force(should(not(keep(the(two(surfaces(together,(

which(is(called(force(constraint.(

HARDENING(

Loading,(unloading,(and(reloading(cycles(of(yield(of(an(elasticXperfectly(plastic(

material(are(the(same.(Yield(strength(is(varied(in(different(load(cycles,(in(a(material(with(

hardening(properties.(Therefore,(previous(loading(cycles(has(a(significant(role(in(the(

behavior(of(the(material(and(the(elastic(region(of(it.(Three(major(hardening(theories(of(

materials(consist(of(isotropic(hardening,(kinematic(hardening,(and(mixed(hardening(

(Dezfoolih(2013).((

In(isotropic(hardening(theory(it(is(assumed(that(the(hardening(is(the(same(in(all(

directions.(As(shown(in(Figure(5X2(the(yield(surface(will(expand(symmetrically(about(its(

origin.(Figure(5X3(shows(the(effect(of(isotropic(hardening(on(stressXstrain(curve.(

 
Figure(5X2(Yield(Surface(in(Isotropic(Hardening(Model,(Dezfooli((2013) 



 
 

120(

 
(

Figure(5X3(StressXStrain(Curve(of(Isotropic(Hardening(Model,(Dezfooli((2013) 

Another(hardening(theory(which(includes(the(Bauschinger(effect(in(cyclic(loading(

of(metals(is(kinematic(hardening.(In(kinematic(hardening(theory,(the(hardening(in(one(

direction(increases(while(the(hardening(in(other(directions(decreases(equally((Dezfoolih(

2013).(Figure(5X4(shows(the(effect(of(kinematic(hardening(model(on(yield(surface.(Figure(

5X5(illustrates(the(effect(of(kinematic(hardening(on(stressXstrain(curve.(

 

 
Figure(5X4(Yield(Surface(of(Kinematic(Hardening(Model,(Dezfooli((2013) 
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Figure(5X5(StressXStrain(Curve(of(Kinematic(Hardening(Model,(Dezfooli((2013) 

A(combination(of(the(isotropic(and(kinematic(hardening(creates(the(mixed(

formulation.(A(weighted(average(of(plastic(strain(increment(of(the(either(models(will(be(

calculated.(

NUMERICAL(METHODS(OF(FATIGUE(LIFE(PREDICTION((

Initiation,(growth,(and(propagation(of(microXcracks(and(voids(in(the(material(

degenerate(mechanical(properties(of(material.(According(to(Warhadpande((2010)(

damage(variable(of(a(oneXdimensional(structure,(can(be(calculated(as(Equation(5X16.(

ñ =

Ñ
§

Ñ

(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(5X16(

Where(S(is(total(cross(sectional(area(and(SD(is(total(microXcracks(and(cavities(

area.(

By(strain(equivalence(theory(after(damage(initiation,(Lemaitre((1992)(obtained(

the(true(stress(of(material.(So,(in(oneXdimensional(stress(state,(the(constitutive(relation(of(

material(can(be(defined(as(Equation(5X17.(
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Where(!,(E0(and(ε(are(damaged(material’s(true(stress,(the(initial(modulus(of(

elasticity(of(material,(and(the(elastic(strain,(respectively.(

For(threeXdimensional(isotropic(damage(material(constitutive(relation(is(

presented(in(Equation(5X18.(

!
23
= c

23•G
(1 − ñ)l

•G
(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(5X18(

Where(D(=(0(presents(undamaged(material(and(D(=(1(is(a(completely(failed(

material.(According(to(Xiao((1998)(and(Bomidi((2012)(damage(evolution(model(can(be(

written(as(Equation(5X19.(
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Where(ìHand(q(are(material(constants,(σeqM(is(the(maximum(equivalent(stress(

(MISES),(and(σeqm(is(the(minimum(equivalent(stress.(

These(nonlinear(equations(should(be(solved(with(increment(variable(of(damage(

parameter(to(calculate(the(stress(and(damage(field(of(the(model.(In(the(increment(step(of(

damage(parameter,(c
23•G

(1 − ñ)(is(a(constant(matrix.(So,(the(damaged(material(would(

be(considered(as(a(“new”(material((undamaged).(For(the(linear(elastic(materials(

maximum(equivalent(stress(can(be(calculated(as(Equation(5X20.(
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Here(R(is(the(ratio(of(stress(of(fatigue(loads(and(during(the(damage(process(it(is(

a(constant.(So,(Equation(5X19(can(be(written(as(Equation(5X21.(
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Where(in(ì(and(q(are(the(material(constants.(Equation(5X21(can(be(modified(as(

Equation(5X22.(
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Since(R((stress(ratio)(is(constant(during(damage(process(of(the(model,(ì =

®

J(V`Ä
R©
)

(is(also(constant.(So,(the(model(would(have(less(fitting(parameters(and(finite(

element(programs(would(be(capable(of(analyzing(it.(

Therefore,(the(model(of(damage(evolution(can(be(employed(to(predict(the(lifetime(

of(specimen,(using(equations(of(geometry,(equilibrium,(constitutive(relation,(and(

boundary(conditions,(combined(with(damage(and(stress(which(are(known(parameters.(

According(to(Wang(et(al.((2016)(damage(mechanicsXfinite(element(method(can(

be(used(to(predict(the(fatigue(life(and(simulate(damage(field(of(material.(In(this(method,(

during(the(analytical(process(the(damage(increment(of(dangerous(point(remains(

constant.(The(steps(of(this(process(include:(

1.( After(developing(FE(model,(the(values(of(damage(are(assumed(to(be(zero(

the(first(loading(step.(

2.( According(to(the(stress(field,(damage(evolution(is(calculated.(Then,(

maximum(damaged(element(is(selected(as(the(dangerous(point(of(the(

structure.(During(every(loading(step(the(status(of(the(dangerous(point(should(

be(checked(in(terms(of(damage(value.(When(the(dangerous(point(is(failed,(

another(dangerous(point(should(be(reXestimated(for(the(model.(

3.( For(ith(modeling(cycle((i≥2),(life(increment(is(calculated(according(to(Equation(

5X16.(
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The(value(of(total(life(is(updated(as(
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4.( The(damage(increment(of(gauss(points(of(other(elements(is(obtained(on(the(

basis(of(life(increment:(



 
 

124(
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The(damage(values(of(gauss(integral(points(of(each(element(are(
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w
((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(5X26(

5.( With(the(new(damage(field,(the(stress(field(is(updated(until(the(components(

lose(efficacy(or(ΔNi(is(infinitesimally(smaller(than(ΔNiX1.(

CONVERGENCE(DIFFICULTIES((

Different(convergence(problems(may(occur(during(modeling(and(analyzing.(

There(are(several(methods(to(solve(the(problems(considering(the(definition(of(mesh,(

boundary(condition(and(loads.(Some(common(solutions(for(convergence(problem(are(

mentioned(in(this(part.(Sometimes(ABAQUS(cannot(analyze(the(problem(in(some(points(

and(it(is(required(to(divide(the(increments(into(smaller(steps.(In(these(cases,(in(the(time(

step(definition(in(ABAQUS,(the(minimum(time(increment(should(be(defined(lower(than(the(

default(values(and(thus,(the(maximum(number(of(increments(should(be(increased.(Apart(

from(solving(the(convergence(problem,(it(also(leads(to(more(accurate(results.(However,(it(

needs(high(computational(capacity(and(is(time(consuming.((

In(parts(including(contacts,(convergence(problems(occur(due(to(distortion(of(

elements(with(less(stiff(material.(In(some(cases,(due(to(local(instabilities(such(as(surface(

wrinkling,(material(instability(or(local(buckling,(the(results(cannot(converge(in(

aforementioned(zones.(Therefore,(it(is(recommended(to(specify(automatic(stabilization,(

which(can(be(introduced(in(time(steps.(Automatic(stabilization(can(be(defined(by(either(

specifying(a(dissipated(energy(fraction(or(specifying(a(damping(factor.(According(to(

Esfahani(and(Nilforoush((2012),(this(stabilization,(if(a(relatively(small(amount(is(used,(

does(not(interfere(with(the(material(behavior(and(thus,(it(is(an(appropriate(manner(to(

overcome(such(this(problem.(The(most(effective(way(of(handling(convergence(problems(
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is(to(increase(the(tolerances(and(the(number(of(iterations((Esfahani(and(Nilforoushh(

2012).(Parameters,(which(are(recommended(to(change(in(step(module,(are:(

•( ™
á

±:(A(convergence(criterion(for(the(ratio(of(the(largest(residual(to(the(

corresponding(average(flux(norm(for(convergence((Habbitth(2010).(The(default(

value(is(0.005(and(it(should(be(increased(to(solve(convergence(problem.((

•( I0:(the(number(of(equilibrium(iterations(without(severe(discontinuities(after(which(

the(check(is(made(whether(the(residuals(are(increasing(in(two(consecutive(

iterations((Habbitth(2010).(Default(value(is(4(and(it(can(be(increased(up(to(3X4(

times(the(default(value.((

•( IR:(the(number(of(consecutive(equilibrium(iteration(without(severe(discontinuities(

at(which(the(logarithmic(rate(of(convergence(check(begins((Habbitth(2010).(The(

default(value(is(8(and(it(can(be(increased(up(to(3X4(times(the(default(value.((

•( IA:(the(maximum(number(of(cutbacks,(allowed(for(an(increment((Habbitth(2010).(

The(default(value(is(4(and(it(can(be(increased(up(to(3X4(times(the(default(value.(

DOGBONE(SPECIMEN(TENSILE(SIMULATION(

Results(of(tensile(test(performed(on(HDPE(dogbone(specimens(used(to(validate(

material(properties(in(ABAQUS.(Uniaxial(tensile(test(was(performed(based(on(ASTM(

D638.(NonXlinear(analysis(was(performed(by(ABAQUS(6X14.3.(

Geometry!

Dogbone(shaped(specimens(were(made(based(on(ASTM(D638,(type(III(

specimens.(The(dimensions(of(dogbone(specimen(type(III(were(illustrated(in(Figure(4X13.(

Dogbone(shape(specimen(was(modeled(as(3XD(solid.(The(section(was(partitioned(in(

different(locations(in(order(to(use(different(sizes(of(mesh(wherever(required.(Figure(5X6(

illustrates(3XD(model(of(HDPE(dogbone(sample.(
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Figure(5X6(3XD(Model(of(HDPE(Dogbone(Specimen(

Material!Properties!

Elastic(and(plastic(behavior(of(HDPE(should(be(defined(in(ABAQUS(in(order(to(

model(the(material(correctly.(Input(value(for(defining(elastic(part(of(PE4710(material(

model(is(presented(in(Table(5X2.((

Table(5X2(Input(Values(to(Define(Elastic(Behavior(of(PE4710(Material(

Parameter? Value? Unit?

Density( 0.0343( lb./in.3(
Elastic(Modulus( 100,000( psi(
Poisson’s(ratio( 0.4( X(

Plastic(behavior(is(defined(using(plastic(part(of(true(stressXstrain(curve(of(HDPE.(

True(stressXstrain(curve(was(calculated(based(on(nominal(stressXstrain(curve(of(HDPE(

(results(of(uniaxial(tensile(test).(Equations(4X4(and(4X5(was(used(to(convert(nominal(

stressXstrain(curve(to(true(stress(strain(curve.(Then(Equation(5X13(was(used(to(define(the(

plastic(part.(Figure(5X7(shows(the(true(stressXstrain(curve(comparing(to(the(nominal(

stressXstrain(curve(and(Figure(5X8(illustrates(the(input(value(of(stressXstrain(as(plastic(

behavior(of(PE4710(in(ABAQUS.(
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Figure(5X7(True(StressXStrain(and(Nominal(StressXStrain(Curves(of(HDPE(

 

Figure(5X8(Plastic(Part(of(True(StressXStrain(Curve(

Boundary!Conditions!

Dogbone(specimen(is(assumed(to(be(fixed(at(the(bottom(and(free(at(the(top,(as(it(

really(was(in(the(testing(machine.(Therefore,(Ux,(Uy,(Uz(and(Urx,(Ury(and(Urz(are(closed.(Ux,(
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Uy(and(Uz(are(translation(in(direction(of(X,(Y(and(Z(axes,(as(shown(in(Figure(5X9.(Urx,(Ury(

and(Urz(are(rotation(about(X,(Y(and(Z(axes(as(shown(in(Figure(5X10.(

(
(
(
(
(

(
Figure(5X9(Definition(of(Ux,(Uy(and(Uz(in(ABAQUS(Software(

(

(

(

(
Figure(5X10(Definition(of(Urx,(Ury(and(Urz(in(ABAQUS(Software(

 
Loading!

Distributed(load(has(been(applied(to(the(top(surface(of(the(specimen(to(pull(it(

upward.(Figure(5X11(shows(the(applied(load(on(the(top(surface(of(the(specimen. 

(
Figure(5X11(Applied(Load(on(the(Top(Surface(of(Dogbone(Specimen(
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Meshing!

For(meshing(the(whole(specimen(C3D8(elements(was(used.(C3D8(is(a(three(

dimensional(element(with(8(nodes(as(is(illustrated(in(Figure(5X12.(Mesh(size(is(0.06Xin.(at(

thicker(parts(of(top(and(bottom(and(0.05Xin.(at(the(thinner(middle(part(of(the(specimen.(

Meshed(specimen(is(shown(in(Figure(5X13.(

 

Figure(5X12(C3D8(Element(Used(to(Mesh(Dogbone(Specimen(

(
Figure(5X13(Meshed(Dogbone(Specimen(

Analysis!and!Results!

After(nonXlinear(analysis(of(the(model,(stressXstrain(curve(of(FE(model(was(

compared(with(stressXstrain(curve(of(experiment(and(the(results(show(a(good(agreement(

between(graphs.(Figure(5X14(shows(the(contouring(of(strain(distribution(in(HDPE(
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dogbone(specimen(after(analysis.(StressXstrain(curves(of(FE(results(and(experiment(are(

illustrated(in(Figure(5X15.(

(

Figure(5X14(HDPE(Dogbone(Specimen(after(FE(Analysis(

(
Figure(5X15(StressXStrain(Curve(of(HDPE(Specimen,(FE(Modeling(and(Experiment(

MODELING(OF(HDPE(PIPE(SAMPLE(

After(verifying(material(properties(using(tensile(test(data,(the(PE4710(pipe(

sample(was(modeled.(The(purpose(of(modeling(was(to(evaluate(the(performance(of(pipe(

under(cyclic(loading((fatigue)(to(develop(a(new(equation(to(draw(SXN(curve(of(PE4710.(
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Geometry!

3XD(solid(section(was(used(to(model(PE4710(pipe(sample(with(a(15Xft(long(and(

16Xin.(diameter((DR(17).(This(model(is(shown(in(Figure(5X16.(

(
Figure(5X16(3XD(Model(of(HDPE(Pipe(Sample(

Material!Properties!

Defined(material(properties(for(PE4710(to(model(material(behavior(is(the(same(

as(dogbone(shaped(specimen.(Subroutine(USDFLD(in(ABAQUS(is(used(to(define(the(

damage(in(ABAQUS(and(using(the(Python(language(the(fatigue(process(of(PE4710(is(

simulated.(According(to(ABAQUS(manual,(“USDFLD(is(utilized(to(define(the(values(of(

field(variables(directly(at(the(integration(points(of(elements.(The(field(variable(values(can(

be(functions(of(element(variables(such(as(stress(or(strain.” 

The(damage(mechanicsXfinite(element(method(is(used(in(ABAQUS,(according(to(

proposed(model(of(Wang(et(al.((2016).(Python(and(Fortran(are(used(for(coding(to(

implement(the(builtXin(functions,(such(as(postXprocess(of(stress,(and(results(of(damage(

field(analysis.(The(modeling(includes(these(steps:(

1.( Coding(with(the(Python(language,(finite(element(model(is(built(in(ABAQUS(while(

the(initial(damage(field(value(is(set(to(zero.(

2.( Using(SDVINI(subroutine,(the(damage(field(is(imported(to(USDFLD(subroutine.(

Then,(the(structural(stress(would(be(analyzed.(
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3.( After(distribution(of(stress(of(the(inner(structure,(results(are(read(using(Python(to(

find(the(dangerous(points(of(the(specimen.(Then(considering(the(damage(

increment(and(output(the(file(including(status(of(damage(of(the(model,(life(

increment(and(damage(values(of(other(gauss(integral(points(are(calculated.(

4.( Finally,(a(new(dangerous(point(is(selected(when(the(value(of(damage(in(

dangerous(point(reaches(to(the(critical(state.(This(step(is(repeated(until(the(

complete(efficacy(loss(of(component.(

Boundary!Conditions!

Both(sides(of(the(pipe(in(the(real(test(had(a(tight(cap(to(keep(it(close(while(

preventing(any(movement.(So,(in(this(FE(model(it(was(assumed(that(two(cap(exists(on(

both(sides(of(the(pipe(and(they(got(fixed(to(prevent(movement(in(X,(Y(and(Z(directions.(

Loading!

Internal(water(pressure(was(applied(to(the(inner(surface(of(pipe(as(cyclic(internal(

pressure.(Model(with(different(cyclic(loadings(were(analyzed(to(check(the(total(number(of(

cycles(for(each(scenario.(Loading(pattern(assumed(to(be(sawXtooth,(as(was(really(applied(

to(the(fatigue(test(on(HDPE(pipe.(Loading(pattern(for(the(performed(fatigue(test(was(

shown(in(Figure(4X6.(Table(5X3(shows(different(applied(stresses(considered(for(this(study.(

Table(5X3(Different(Scenarios(for(FE(Analysis(

Case?No.? Pmin?(psi)? Pmax?(psi)? σamplitude?(psi)?

I( 125( 188( 252(
II( 125( 250( 500(
III( 125( 300( 700(
IV( 125( 350( 900(
V( 125( 400( 1,100(

Meshing!

Element(type(used(is(C3D8((shown(in(Figure(5X12).(Sensitivity(analysis(was(

performed(on(the(model(with(mesh(sizes(of(0.2(in.,(0.4(in.(and(0.6(in.(The(results(are(
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shown(in(Figure(5X17.(Mesh(size(0.4(in.(is(selected,(since,(as(shown(in(Figure(5X17,(

larger(mesh(size(did(not(provide(accurate(results(and(smaller(mesh(size(had(the(same(

results(as(mesh(size(0.4(in.,(while(requiring(more(time(for(analysis.(Swept(mesh(was(

assigned(due(to(the(round(shape(of(pipe.(Figure(5X18(shows(meshing(of(pipe.(

 
Figure(5X17(StressXStrain(curves(of(Mesh(Sensitivity(Analysis(

(

Figure(5X18(Meshing(of(3XD(Pipe(Model(

Results!

Figure(5X19(shows(contouring(of(maximum(principal(stress(for(HDPE(pipe(after(

analyzing.(After(analysis,(the(number(of(cycles(to(failure(of(each(scenario(was(derived.(

The(results(are(shown(in(Table(5X4.(
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(

Figure(5X19(HDPE(Pipe(after(FE(Analysis(

Table(5X4(Results(of(FE(Analysis(of(Cycle(Number(of(each(Case(

Case?No.? σamplitude?(psi)? Number?of?Cycles?

I( 252( 6,654,321(
II( 500( 387,416(
III( 700( 37,638(
IV( 900( 10,302(
V( 1,100( 2,873(

SXN(CURVE(

SXN(Curve(is(a(graph(of(the(magnitude(of(stress(vs.(the(number(of(cycles(to(

failure(for(a(given(material.(Using(this(curve,(fatigue(life(of(the(material(can(be(estimated(

considering(the(applied(stress.(It(was(first(developed(by(the(German(scientist(August(

Wöhler(while(investigating(of(a(train(crash(in(1842(in(Versailles,(France((Frank(et(al.h(

2009).!
In(this(study(SXN(curve(of(PE4710(was(drawn(using(Equation(5X27(suggested(in(

technical(report(of(Electric(Power(Research(Institute((EPRI)((2013)(for(PE4710(and(

Equation(5X28(based(on(Petroff((2013).(

Ö = H

≤Mrw

ß
k.ÅR

H(üô")                                                                                                          Equation(5X27 

Where(S(is(the(stress(amplitude((half(range)(and(N(is(total(number(of(cycles(to(

failure.(

ä = 10

Å.≥k¥Øµ∂∑

∏´π|HU∫ª´ºº

ÅΩæ

k.ÅkÅ ((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(5X28(
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Where(N(is(total(number(of(cycles(and(peak(stress(is(calculated(based(on(

Equation(5X29.(

oò=%HÖ;&òôô = o
øÜ[Z2áu

+ o
ÑÜ]uY

∗

(�Ä`V)

r

(((((((((((((((((((((((((((((((((((((((((((((((((((Equation(5X29(

Figures(5X20(and(5X21(illustrate(SXN(curve(of(PE4710(based(on(EPRI((2013)(and(

Petroff((2013)(equations,(respectively.(According(to(Petroff((2013),(fatigue(tested(pipe(in(

this(study(will(fail(after(7,(313,(515(cycles.(In(the(pipe(fatigue(design(1,000,000(cycles(are(

equal(to(approximately(50(years. 

(

Figure(5X20(SXN(Curve(of(PE4710(Based(on(EPRI((2013)(

 
Figure(5X21(SXN(Curve(of(PE4710(Based(on(Petroff((2013)(
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New!S6N!Curve!

A(new(equation(was(developed(to(draw(SXN(curve(of(HDPE(using(the(outcomes(

of(ABAQUS.(For(developing(the(new(equation,(linear(regression(was(applied(on(FE(

outcomes.(Equation(5X30(was(obtained(as(shown(in(Figure(5X22.(

Ö = 5048.3Hä
`w.VƒV(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(5X30(

Where(S(is(stress(amplitude((half(range)(and(N(is(total(number(of(cycles.(Two(

constants(of(5048.3(and(0.191(depend(on(the(material(type.(

(

Figure(5X22(Proposed(Equation(for(Stress(to(Number(of(Cycles(Using(FE(Outcome(

Equation(5X30(can(be(rewritten(as(Equation(5X31.(

Ö =

≈wM≤.t

ß
k.Å∆Å

(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Equation(5X31(

( Using(Equation(5X31,(SXN(curve(for(PE4710(would(be(as(illustrated(in(Figure(5X

23.(Figure(5X24(illustrates(EPRI((2013)(SXN(curve(and(the(new(proposed(SXN(curve(for(

PE4710.(According(to(the(Equation(5X31,(the(PE4710(pipe(in(this(study,(can(withstand(
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6,545,379(cycles(of(internal(water(pressure(of(125(psi(to(188(psi(which(is(much(less(than(

suggested(equation(by(Petroff((2013).((

(

Figure(5X23(New(Developed(SXN(Curve(

 
Figure(5X24(Comparison(of(New(and(EPRI(SXN(Curves(of(PE4710(

CHAPTER(SUMMARY(

This(chapter(presented(results(of(FE(study.(FE(results(showed(that(predicted(FE(

results(of(total(number(of(cycles(that(PE4710(material(can(withstand(before(failure(is(

much(less(than(the(predicted(fatigue(life(with(current(equation.(More(numerical(studies(

are(required(to(confirm(if(Petroff((2013)(overestimates(fatigue(life(of(the(PE4710(pipe(or(
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limited(ability(of(the(developed(code(and(software(to(analyze(tens(of(millions(of(cycles(of(

loading(on(the(defined(material((fatigue(analysis)(leads(to(failure(of(material(before(

reaching(to(its(actual(final(capacity.(

Using(FE(analysis(results,(a(new(equation(was(developed(to(predict(cycle(

numbers(of(PE4710(for(different(applied(stress(levels.(A(new(SXN(curve(was(developed(in(

this(dissertation(to(predict(fatigue(life(of(PE4710(material.(According(to(this(SXN(curve,(the(

fatigue(tested(pipe(could(withstand(approximately(6,545,379(cycles(of(125(psi(to(188(psi(

before(failure.((

As(mentioned(in(this(chapter,(the(FE(results(presented(in(this(dissertation(are(

based(on(FE(model(verified(only(with(material(tensile(test(and(not(with(actual(fatigue(

cycles(testing.(Since(actual(fatigue(testing(of(HDPE(pipe(is(time(consuming,(the(

suggested(FEA(model(was(developed(to(simulate(actual(testing.(These(results(are(based(

on(a(capability(of(ABAQUS(6.14X3(and(with(future(versions(of(FE(modeling(software,(

more(accurate(FE(models(would(be(developed(to(analyze(billions(of(cycles(of(loading(on(

different(materials. 

(
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Chapter(6(CONCLUSIONS(AND(RECOMMENDATIONS(FOR(FUTURE(STUDY(

CONCLUSIONS(

One(of(the(major(challenge(faced(by(drinking(water(infrastructure(in(the(North(

America(is(delivering(potable(water(efficiently(with(minimum(loss(to(end(users(through(a(

durable(and(reliable(water(transmission(and(distribution(pipe(material.(Frequent(pressure(

surges(in(a(piping(system(may(lead(to(fatigue(failure.(Therefore,(evaluation(of(the(fatigue(

life(of(pipes(is(of(a(great(importance.(Application(of(HDPE(pipes(has(been(increased(

recently(and(more(studies(on(the(longXterm(performance(of(these(pipes(are(required.(

Two(million(cycles(of(internal(water(pressure(from(125(psi(to(188(psi(with(

additional(50,000(cycles(up(to(250(psi(were(performed(at(CUIRE(Laboratory(on(a(15Xft(

long(and(16Xin.(diameter((DR(17)(PE4710(pipe(sample.(Several(specimens(were(taken(

from(this(fatigue(tested(pipe(sample(to(determine(material(properties(and(compare(with(a(

new(pipe(sample(from(the(same(manufacturer.(These(dogboneXshaped(specimens(were(

tensile(tested(according(to(ASTM(DX638.(Additionally,(Scanning(Electron(Microscopy(

(SEM)(tests(were(performed(on(both(new(and(fatigue(tested(specimens.(Results(of(

tensile(tests(were(used(to(validate(material(properties(in(FE(analysis.(Then,(FE(analysis(

were(utilized(to(simulate(the(number(of(cycles(that(PE4710(pipe(sample(can(withstand(

under(different(stress(amplitudes(before(failure.(Using(above(physical(testing(and(FEA,(

the(following(results(were(obtained:(

•( After(approximately(two(million(cycles,(PE4710(became(stiffer,(as(compared(with(

the(new(pipe,(the(higher(tensile(strength(and(lower(yield(strain(were(observed(for(

the(fatigueXtested(dogbone(specimens.(The(tensile(strength(increased(in(average(

by(approximately(2%,(and(the(yield(strain(decreased(in(average(by(approximately(

20%.(Rupture(strain(showed(about(15%(increase(compared(to(new(specimens.(
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•( Circumferential(location(of(samples(in(each(segment(did(not(have(any(impacts(on(

the(mechanical(properties(after(the(fatigue,(but(longitudinal(location(impacted(the(

results.(End(sections(of(the(fatigue(tested(pipe(sample(showed(higher(rupture(

strain,(yield(strain(and(tensile(strength.(This(phenomenon(is(due(to(free(

expansion(of(mid(sections(compared(to(the(end(sections(of(the(pipe(sample,(

which(led(to(initiate(microXcracks(in(those(areas.(

•( Longitudinal(cracks(observed(in(the(pipe(sample(were(an(indication(that(the(

driving(force(is(in(circumferential(direction.(These(cracks(usually(initiate(at(the(

location(of(defections(or(impurities,(e.g.,(air(bubbles.(

•( SXN(curve(of(PE4710(derived(with(this(dissertation(indicated(that(current(fatigue(

life(design(equations(may(overestimate(the(expected(life(of(the(pipe(under(

fatigue.(More(numerical(studies(are(required(to(confirm(if(current(equations(

overestimate(fatigue(life(of(the(PE4710(pipe(or(limited(ability(of(the(developed(FE(

model(to(analyze(tens(of(millions(of(cycles(of(loading(on(the(pipe(leads(to(failure(

of(material(before(reaching(to(its(actual(final(capacity.(

RECOMMENDATIONS(FOR(FUTURE(STUDIES(

Recommendations(for(future(research(can(be(summarized(as(following:(

•( More(cyclic(loading(tests(on(PE4710(are(needed(to(validate(maximum(number(of(

cycles((that(a(pipe(sample(can(withstand.(According(to(experimental(and(

numerical(results(of(this(dissertation,(it(is(anticipated(that(current(PE4710(water(

pipes(can(withstand(several(million(cycles(without(failure(in(surge(pressures(up(to(

1.5(times(pipe’s(pressure(class,(but(more(research(is(needed(to(determine(

fatigue(strength(in(other(pressure(classes.(
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•( (It(is(recommended(that(repair(spots,(tapping(points,(electro(fusion(joints,(

mechanical(joints(and(connections(be(added(to(the(pipe(sample(to(verify(their(

resistance(to(cyclic(loadings.(

•( The(experimental(fatigue(test(described(in(this(dissertation(was(performed(in(a(

soil(box(without(any(soil(cover.(Impact(of(pipe(embedment(and(soil(cover(should(

be(investigated(to(realistically(simulate(actual(service(conditions.(

•( It(is(suggested(to(perform(fatigue(test(on(different(lengths(of(large(diameter(pipe,(

to(check(the(effect(of(longitudinal(location(in(degradation(of(mechanical(

properties.(

•( Cyclic(testing(should(be(conducted(for(different(pipe(diameters(and(different(resin(

types.(

•( Due(to(time(and(resource(limitations,(this(dissertation(conducted(FE(models(to(

predict(fatigue(failure(of(PE4710(pipe(sample(of(15Xft(long(and(DR(17(under(five(

different(stress(amplitudes.(It(is(recommended(that(future(researchers(develop(

more(accurate(FE(model(and(consider(other(stress(amplitudes(and(surge(

pressures(on(different(pipe(sizes(and(configurations.((
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Appendix(A(

EXPERIMENTAL(STUDY(
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Table(AX1(Dogbone(Samples(Dimensions(and(Environmental(Condition(of(Tests(

Sample(ID( Dimensions(
Width((in)*Thickness((in)(

Temperature(
(º(F)(

Humidity(
(%)(

0XA( 0.754(*(0.500( 76( 45(
45XA( 0.754(*(0.500( 76( 47(
90XA( 0.750(*(0.500( 76( 44(
135XA( 0.755(*(0.500( 76( 43(
180XA( 0.750(*(0.500( 76( 44(
225XA( 0.755(*(0.500( 76( 47(
270XA( 0.754(*(0.500( 76( 44(
315XA( 0.750(*(0.500( 76( 43(
0XK( 0.748(*(0.504( 76( 44(
45XK( 0.752(*(0.500( 76( 47(
90XK( 0.756(*(0.500( 76( 44(
135XK( 0.750(*(0.500( 76( 43(
180XK( 0.753(*(0.500( 76( 44(
225XK( 0.753(*(0.500( 76( 47(
270XK( 0.750(*(0.500( 76( 44(
315XK( 0.756(*(0.500( 76( 43(
0XE( 0.762*0.556( 74( 42(
45XE( 0.762*0.555( 74( 42(
90XE( 0.760*0.558( 74( 42(
135XE( 0.759*0.562( 74( 42(
180XE( 0.759*0.555( 74( 42(
225XE( 0.775*0.518( 74( 42(
270XE( 0.765*0.540( 74( 42(
315XE( 0.763*0.520( 74( 42(
0XJ( 0.757*0.570( 74( 43(
45XJ( 0.753*0.585( 74( 43(
90XJ( 0.764*0.550( 74( 43(
135XJ( 0.762*0.523( 74( 43(
180XJ( 0.762*0.540( 74( 43(
225XJ( 0.758*0.534( 74( 43(
270XJ( 0.752*0.530( 74( 43(
315XJ( 0.767*0.559( 74( 43(
NX1( 0.764*0.559( 73( 44(
NX2( 0.765*0.518( 73( 44(
NX3( 0.762*0.567( 73( 44(
NX4( 0.767*0.593( 73( 44(
NX5( 0.762*0.588( 73( 44(
NX6( 0.763*0.559( 73( 44(
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Figure(AX1(Reciprocating(Saw(to(Cut(the(Pipe(and(Cutting(Process(
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(

Figure(AX2(Different(sets(of(Dogbone(Shape(Samples(
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(

Figure(AX3(Measuring(Distance(Between(two(Grips(to(Set(Gage(Length(

(

Figure(AX4(Pulling(Out(the(Sample
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