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resistancedistribution,thereislimitedvalueinattainingaprecisefit.In
suchcasesanormalPDFistheeasiestoftheestablishedparametricfunc-
tionstoworkwith.Forproductssubjecttosomelevelofqualitycontrolor
qualityassurance,thereisgenerallysomejustificationforassumingthat
theparentPDFwillbeskewedtothehighside.Normalandlog-normal
PDFsgivesimilarresultswithCOVsunder20%.Inthiscase,thenormal
PDFwillgiveslightlymoreconservative5%LTLvalues.

DocumentationofthederivationofR
n
shouldincludediscussionofthe

PDFandtheprocessusedforitsselection.ASTMStandardD2915-99,Section
4.5.7 (ASTM 1999a) suggests comparing a histogram or empirical
cumulative distribution function to one or more overlaid paramet-
ric distribution functions as a means of justifying the PDF selection.
Anderson (1952)discussesgoodness-of-fitmodelsandhowtheyvary
withdistributiontype.

Individual pole producers who maintain their own database on pole
strengthmayselectanyPDFthatcanbesupportedbytheirdataasameans
ofestimatinga5%LTL.ThenonparametricPDFassumptionisthemost
conservativeandisbestusedwithlimitedsamples.Ifthesamplesizeis
large and pole strengths are supported by simple, conservative models
that recognize basic material properties (from small clear tests, coupon
tests,andcylindertests)andpermissibledefects,thenormalorlog-normal
assumptionsarelikelytogivereasonablyconservativeestimatesofalower
fractileofthePDF,aswell.

Anyorganizationinterestedinusingastrictlyempiricalbasisforthe
derivationofnominalresistanceshouldmaintainanup-to-datedatabase
forpolesrepresentativeofthosebeingused.Increasingthesizeofthedata-
baseleadstogreaterconfidenceinthenominalresistancevalue.Increasing
thesamplesizeovertimeprovidesabasisforjudgingtrendsinmaterials
and manufacturing that might affect the strength PDF. Larger samples
alsoprovide theopportunity foradoptingamorerigorousapproachto
assessingthereliabilityofautilityline.

4.4.2.1.3 Empirical Analysis. Test data generally require some degree of
interpretation.Forexample,ANSIwoodpoledimensionsaretypicallyused
in design, rather than the measured dimensions of the pole. If empirical
strengthvaluesarederivedusingmeasuredpoledimensionsandapplied
usingtheANSIsize-classminimumdimensions,predictedGLMcapacity
willbelessthanthemeasuredvalue.Forthisreason,valuesreferredtoby
ANSIO5.1-2002(ANSI2002),AnnexCas“adjustedgroundlinemodulusof
rupture”arederivedastheaveragefailuremomentatgroundline,divided
bythepole-classminimumgroundlinesectionmodulus.Heretheground-
linesectionmoduluswasderivedusingtheANSI6-ft-from-the-buttvalue
adjustedtogroundlineusingtheANSI-tabulatedminimumdimensionsto
estimatetaper.Polemodulusofelasticityestimatesarealsobasedonthe
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classminimumdimensionsatthebuttandtip,assumingalineartaperand
constant modulus of elasticity (MOE) value over the length of the pole.
ThesevaluesarethereforeintendedonlyforusewiththeANSI-tabulated
minimumdimensions

4.4.2.1.4 Confidence. Anumberoffactorsaffecttheconfidenceorassur-
ance that an estimate based on a test sample provides a conservative
representationofthetargetpointoftheparentdistribution.Thegreater
the sample size, the greater the probability that the sample mean and
variance will closely approximate the parent population values. For a
nonparametricdistribution,confidenceischaracterizedintermsoforder
statisticsortheorderofmagnitude.Thesmallestvalueinasampleof20
isthe5thpercentileforthatsamplebutonlya50%probabilityexiststhat
itwillbeaconservativeestimateoftheparentpopulation5thpercentile.
Thefirst-orderstatisticinasampleof28,ontheotherhand,hasa75%
probabilityoflyingatorbelowtheparentpopulation5thpercentile.For
anormaldistribution,confidence/toleranceadjustmentfactorsrepresent
thedistancefromthemeanofasampletothepointestimateintermsof
thenumberofstandarddeviations.Basically,theconfidenceboundissetto
providesomelevelofassurancethatvaluesderivedonthebasisofasmall
samplewillencompassorprovideaconservativeestimateofthevaluefor
theparentpopulation.

Table4-1 providesalistingoforderstatisticsusedtoestimatealower
5%tolerancelimitwithanonparametricdistributionandadjustmentfac-
torsrepresentingthenumberofstandarddeviationsfromthemeantothe
5%LTLofanormalPDF.

It is apparent from this discussion that an empiricallyderivedvalue
forR

n
willvary,dependingonthePDFassumedtorepresentthedata.It

isimperativeforthepolesuppliertoprovidedocumentationtosupport
theassumptionsmadeintheselectionofaPDFandthederivationofthe
nominalresistance.

InAppendixB,theMethod1sectionprovidesexamplesoftheapplica-
tionoftheempiricalmethodtoobtainthe5%LTLR

n
.

4.4.2.2 Method2:Mechanics-BasedModelsUsedinConjunctionwith
MonteCarloSimulation. Maintainingadatabaseoffull-sizedpoletests
canbeprohibitivelyexpensive.Asanalternative,basicmaterialproper-
tiescanbeusedinconjunctionwithmechanics-basedmodelstoestimate
mean pole strength. Strength variability, however, is a more complex
issue.Ifthereisnocovariancebetweenanyoftheindependentvariables,
varianceofastrictlylinearmodelcanbeestimatedasthesumofvari-
ancesoftheindividualinputparameters,eliminatingtheneedforsimu-
lation.Whenusinganonlinearmodelwithnocovariance,variancemay
beinfluencedbyparametereffectsonanynonlinearfunction.Simulation
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providesatoolforcharacterizingthiseffect.However,modelsthatrely
oncovariantinputparametersaremorecomplexbecause,forexample,
woodfiberstrengthandstiffnessbothvarywithdensity,age,andmois-
ture content, and the variability in weld strength may be larger with
thickersteelplate.ApplicationofMonteCarlosimulationinthesecases
requiresestablishmentofanaccuratecovariancematrixandinteraction
equationstoensurerealisticcombinationsofinputparameters.Anyin-
fluencethatoneinputparameterhasonanothershouldberecognizedin
thedevelopmentofthevirtualstructuresbeingevaluated.

Computersimulationroutinesaredesignedtorandomlygeneratephys-
icalandmechanicalpropertiesfromdefinedPDFsassumedtorepresent
thepropertiesfoundinservice,andareparametersoftheoreticalmodels
usedtopredictperformance.TheadvantageofMonteCarlosimulation
isthatstatisticalstrengthdataareobtainedusingrelativelyinexpensive
material coupon tests (small, clear samples for wood; cylinder tests for
concrete)ratherthantestingalargepopulationoffull-sizepoles.Basically,
the simulation routine compiles a large sample of computer-generated
polestrengthestimates.Theresultingsamplesarethentreatedsimilarly
totheempiricaldata,withtheaddedadjustmentsformodelingerror.

Afewpitfallstosimulationmustbeconsidered.Themostobviousis
thequestionofmechanics-modelaccuracy. It isdifficult todevelopand
verifyamodelthataccountsforallvariablesthatmayinfluencestrength
andvariabilityofthefull-scalestructure.Whenamodelisusedtopredict
performanceofacomplexsystem,itshouldbeverifiedoverthefullrange
ofinputparametersforwhichitwillbeused.

Althoughthemodelbeingusedmaybeaccurateatpredictingperfor-
manceforanyknowncombinationofparameters,itmaynotaccurately
representexpectedbehaviorinthetailsofadistribution.Forthisreason,
verification tests shouldbeconducted toassess thepredictionaccuracy
at the extremes of the influencing variables. A verification test should
includeaccuratemeasurementofrawmaterialmechanicalpropertiesas
wellasphysicalpropertiesofthetestpoles.Themorevariablethemate-
rialandthewidertherangeofstructuralconfigurationstobemodeled,
the larger the verification database should be. The model verification
databaseshouldbewell-documentedandincludedalongwithsimulation
resultsassupportfornominalresistancevaluestobeused.

Nonlinearmechanics-basedmodelsemployiterativetechniquestopre-
dictfailure.Thesemodelsaccountforchangeinmaterialaswellasgeomet-
ricpropertieswithincreasedstrainlevels.Verificationtestsareconducted
toassessthepredictionaccuracyattheextremesoftheinfluencingvari-
ables.Confidenceinsimulateddatavarieswiththeaccuracyofthemodels
aswellastheinputdata.Modelaccuracyshouldbeverifiedbycomparing
modelpredictionstofull-scalepoletestdatausingtheactualmaterialand
geometricpropertiesofthecorrespondingtestspecimen.Thedatausedto
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establishinputPDFsformechanics-basedmodelsshouldbesubjecttothe
sameassessmentofconfidenceasthefull-scalepoletestdata.

The number of simulations required to get a satisfactory confidence
onestimatesofdistributionparameterswillvarywith thecomplexityof
parameterinteractionsandsymmetryoftheirassumeddistributionfunc-
tions.ThesetopicsarediscussedingreaterdetailbyLawandKelton(2000),
Hammersley and Handscomb (1964), and Balci and Sargenti (1984). It is
oftenpreferabletorunanumberoftrials,eachconsistingof200to500simu-
lations, to generate a distribution of point estimates rather than one run
of10,000simulations.Thisprovidesabetter indicationofvariabilityand
confidencebounds.Thenumberofsimulationsconductedneedstobelarge
enough,however,toprovidestablepredictionsofthe5thpercentile.

ThePDFsusedtocharacterizetherawdatainputforsimulationmod-
elsshouldbebasedon largeenoughsamplesizes toensureastandard
error(SE)nogreaterthan10%oftheestimated5thpercentile.Ifnormality
isassumed,thetolerancelimitisestimatedusingEq.4-4(Natrella1963).
TheSEofthisstatisticvarieswithsamplesize(N)andsamplestandard
deviation(s)ofthesample.Itcanbeapproximatedusingtheequation:

 � �
�

2
1

2( 1)

k
SE

N
s

N
 (Eq.4-12)

where

Kconfidencelevelfactor(Table4-1).

InAppendixB,theMethod2sectionprovidesexamplesontheappli-
cationofMonteCarlosimulationalongwithmechanics-basedmodelsto
obtainthe5%LTLR

n
.

4.4.2.3 Method 3: Default Basis. The default basis is used if there are
insufficientdatatocharacterizethepolestrengthPDFempiricallyor if
demonstrably reliable models have not been developed to provide ac-
curateestimatesofpolestrength.Thedefaultmethodprovidesaconser-
vativeapproachtoassigningparametersforestimatingR

n
.TheNational

InstituteofStandardsandTechnology(NIST,formerlytheNationalBu-
reauofStandards)proposedguidelines(Ellingwood1980)forestimating
strengthvariabilityasafunctionofso-calledprofessional,material,and
fabricationinfluences.

A simple approach is to obtain a best estimate of mean with some
degreeofconfidenceandestablishaconservativeestimateofvariability
untilmoredatabecomeavailable.Polestrengthvariability,expressedhere
asCOV,isinfluencedbyanumberoffactorsthatshouldbeconsidered.
Theseincludeinherentmaterialvariability(COV2

M
),whichcanbeevalu-

ated using standard material property tests. The geometric variability
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includesinherentorfabrication-relateddimensionalandthicknesstoler-
ances.Fabrication-inducedvariability(COV2

FA
)forsteel,concrete,andFRP

polesincludemanufacturingprocesseffectsongeometryandonmaterial
strengthproperties.Finally,theaccuracyofthepredictivemodelofpole
strengthisreferredtoastheprofessionalfactorormodelaccuracy(COV2

P
).

Inestimatingthestrengthofafull-sizedpoleonthebasisofrawmate-
rialtestdata,confidenceintheresultisdependentontheaccuracyofthe
modelbeingused.

Finally, considerso-calledothereffects (COV2
O

) suchasdeterioration,
designerror,andenvironmentalrisk.Polesmaybedamagedduetomis-
handlingduring installationor theymayexperiencedeterioration from
environmentalexposuresuchashightemperatures,grassfires,ultraviolet
radiation,decay, corrosion, cracking,andspalling.Theseeffectsarenot
generallyincludedinadesignmodelandtheydonothavethesameeffect
onallpolesinaline.Polesremovedfromalineafter30yearsofserviceare
likelytohaveneitherthesamestrengthnorthesamestrengthvariability
theyhadwhentheywereinstalled.

Combiningtheseindividualeffectscanprovideanestimateofthepole
strengthCOV

R
:

 � � ��
2 2 2 2 2

R M POFA
COV COV COV COV COV  (Eq.4-13)

FurtherinformationisgivenintheAmericanIronandSteelInstitute’s
(AISI)“Specificationforthedesignofcold-formedsteelstructuralmem-
bers” (AISI1996)and“Developmentofaprobability-based loadcrite-
rionforAmericanNationalStandardA58”byEllingwoodetal.(1980).
Theseandotherpublicationssupportoveralldefaultvalues forCOV

R


ofsteelandconcretepolesof0.15,and0.20forwoodpoles.Anumber
of variables with fairly broad ranges affect the strength of FRP poles;
therefore,usefuldefaultvaluescannotbeestablishedforthesepolesat
thistime.

4.5 PROOFLOADING

Proof loading to a design value provides some degree of quality
assurance but, in the absence of pole failure, this procedure provides
little useful information on the strength distribution. Even when the
proof loadingdoes result inoccasional failures, such results canonly
provideabasisforassigningsomelevelofconfidenceabouttherelative
proximityoftheproofloadandsomefractileofthestrengthdistribu-
tion.Thedrawbackofproofloadingtoalevelthatresultsinoccasional
failure is that itprovides some riskof causingundetecteddamage to
thepole.
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If backed by research to correlate nondestructive evaluation (NDE)
parameters to strength, proof loading methods might be developed to
enableestimatesofLELsofstrength. Ingeneral,however,NDEparam-
eters are not used to define strength since NDE parameters are poorly
correlatedwithstrength.
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AppendixA

DESIGNEXAMPLES

A.1 INTRODUCTION

The following examples are for unguyed tangent transmission and
distribution(T/D)poles.Theyhavebeen includedto illustratesomeof
theconceptspresentedinthismanual.Theexamplesuseforcecoefficients
(dragcoefficients,shapefactors)thatarebasedontheminimumrecom-
mendations of the 1991 edition ofAmerican Society of Civil Engineers
(ASCE)Manual74(ASCE1991).Forwindonpoles,theforcecoefficient
valueswereselectedusingASCEManual74,Table2-3(ASCEdraft).For
wireloads,forcecoefficientsof1.0areusedforallwires,withorwithout
ice.Inthecalculationofwindforcesonbothwiresandpoles,theselection
ofappropriateforcecoefficientsisveryimportant.Supplementalinfor-
mationonforcecoefficientscanbefoundinAppendixHofASCEManual
74(ASCEdraft)aswellasinotherspecificationssuchasinAppendixB
ofASCE7-02(ASCE2002)andInternationalElectrotechnicalCommission
(IEC) Standard IEC 60826 (IEC 2002). Information in ASCE Manual 74
(ASCEdraft),AppendixH, forexample, suggests that forcecoefficients
greater than1.0maybeappropriate forsmall-diameter (˜½-in.)wire,
and IEC 60826 recommends force coefficients between 1.0 and 1.4 for
ice-coveredwires.

The design parameters used for these examples do not represent all
possibleloadconditions,structuretypes,orcomponentsbutdoprovide
insight into how to properly apply the reliability-based design (RBD)
methodology discussed herein. These examples demonstrate how the
loadingrequirementsprescribedintheworkingdraftofASCEManual74
canbeusedtodeterminethesizeofvariouspoletypesfordifferentgrades
ofconstruction.Examplesaregivenforwood,steel,concrete,andfiber-
reinforced polymer (FRP) poles based on pole bending (strength being
theonlydesigncriterion).Theseexamplesdonotconsiderotherdesign
criteriasuchaselectricalclearancesorseismiceffects.Ineachexamplethe
polesizeisinitiallyestablishedbasedonacalculatedgroundlinemoment
(GLM),andthenthepolestrengthisverifiedatotherlocationsalongthe
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pole.As implemented, thisGLMaccounts for thedeflectedshape (P-∆)
effect.

ThepolesineachoftheexamplesaresizedforNationalElectricalSafety
Code(NESC)(IEEE2002)GradesBandCconstructionusingtheloadfac-
torsgiveninTable2-3inChapter2ofthismanual.Asillustratedinthe
examples, weather-related loads on poles are independent of material
type.Windloadingonthepolestructuredependsonthegeometryofthe
pole(includingtheprojectedwindareaofthepoleabovegroundline),the
heightoftheverticalcentroidoftheappliedwindpressure,andthepole
forcecoefficient(round,polygonal).

A.2 EXAMPLELOADREQUIREMENTS

Inthefollowingexamples,twodifferentpoleconfigurationswillbe
considered,eachassumedtobegovernedbydifferentloadingcondi-
tions.Atransmissionpolewillbedesignedforanextremewindloading
andadistributionpolewillbedesignedforacombinediceandwind
loading,bothinaccordancewiththecriteriaset forthintheworking
draftofASCEManual74 (ASCEdraft). (Inpracticalapplications, the
controlling condition will often correspond to that of extreme wind
loading, for both transmission and distribution poles.) For all exam-
ples,bothpoleconfigurationsassumeweightspans thatareequal to
thewindspans,althoughthis isnotoftenthecase inactualpractice.
Note that thewindforce formulaused in theworkingdraftofASCE
Manual74(ASCEdraft),Eq.2.1-1,isthesameasformulaspecifiedin
theNationalElectricSafetyCode(IEEE2002)forextremewindloading.
Thisdesignprocessisaniterativeone.Mostmethodsrequirethatan
assumption be made regarding pole size. This pole size is then ana-
lyzedfortheforcesitmustsupport.Basedonthisanalysis,ifadifferent
polesizeisrequiredtheanalysisshouldberepeatedtoverifytheade-
quacyofthepole.

TransmissionPoleDesign(LasVegas,Nevada)

Considera75-ft-longpole(65.5-ftheightaboveground),oftheconfigu-
rationindicated,andsubjecttothefollowingconditionsandparameters
(Fig.A-1):

• ASCEExtremeWind:90mph,ExposureC
• Designfor twogradesofconstruction:NESC (IEEE2002)GradeB

andGradeC
• WireParameters:
 • Conductor:795aluminumconductorsteel-reinforced(ACSR)(26/7)
  Dia.1.108in.,Wt1.091lb/ft

https://www.civilenghub.com/ASCE/152499484/Reliability-Based-Design-of-Utility-Pole-Structures?src=spdf


 • ShieldWire:3/8-in.high-speedsteel(HSS)
  Dia.0.36in.,Wt0.273lb/ft
 • CommunicationWire:
  Dia.2.0in.,Wt2.25lb/ft
• SpanParameters:
 • WindandWeightSpans500ft

(3) Phase Conductors:

(1) 3/8” OHGW

795 (26/7) ACSR

5’6”     from Pole CL

Groundline

(1) Communication Wire:

2” Diameter
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FIGUREA-1. TransmissionPoleDesign.
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