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ÃBSTR,.ACT

The research project, sponsored by Manitoba Hydro' r'üas

undertaken at the Universi-ty of Manitoba to determine the

buckling behaviour and the axial load-carrying capacity of the

hrooden poIes. Two dif f erent species of wood I¡rere selected for

this project: Lodgepole Pine and Western Red Cedar, the most

commonly used by Manitoba Hydro" Pol-es were randomly chosen

from the Manitoba Hydro Yard, representing the most commonly

used pole dirnensions. Sixty-one specimens, produced frorn ten

wooden poles \^rere tested in axial compression, Iying

horizontally in the testing frarne"

lest results indicated that the compression capacity of

the pole is very much influenced by the polers out-of-

straightness "

Predicted nominal compression capacity of the column was

compared to measured buckling capacity of the tested poles

utílizing the Southwell plot for the measured load-deflection

data. The models for combined axial load and bending moment,

hrere also evaluated with regard to account for self-weight and

out-of-straightness effect"

rlanad i an Code eAN lCSA-O86 . 1 -M89 nred-i cts the ul-tímatet--

compression capacity of the column well-, using measured
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mat,erial properties and taking into account the pole¡s initial

out-of-straightness. However, specified material- properties

are significantly lower than the measured values. The Code

also does noL make any provisions for the existing crookedness

of the pole.

In order to more accurately predict the ultimate capacity

of the wooden po1es, specified material properties should be

based on full--size specimens cut from wooden poles. Based on

the limited number of poles consídered in thís program'

calculaLions taking into account initial out-of-straightness

of the poles and material properties for the two species are

reconmended. The prediction should incl-ude both recommended

material strength and out-of-straightness.
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T3{TRODÛCrT03ü

x"L GeneraL

Wooden po1es, shown in Figure 1- ' l- ' are popular structural-

elementscurrentlyusedbyManitobaHydrofordistribution
linesandtransmissiontowers.Woodenpolesareconsideredto

be a favourable material for transmission lines because of

theiravailabilit'y,lowcost,highstrength-to-weightratio,

andbetteraestheticacceptance.IftreatedproperlY,theycan
provj-de many years of service with little deterioration' Long-

term cost of the transmission lines can be further reduced by

reuse of the poles from up-graded or replaced lines'

Woodenpolesaredesigned'asfree-stand'ingstructures,to

withstand self-wei9ht, ice build-up' wind and' other loads

actingonthepole.Inrecentyears,aconsiderablenumberof
suchpoleslravefailedduetoheavyicebuild-upontbrelines'

such as YM31 line, La Verendrye-Morden and Y51.1, La Verendrye-

U.S.bord,er.Thesefailuresmaybeattributedtotheaccuracy

or reliability of the design method's and d'esign loads' and/or

a lack of und.erstanding and. adequate information about' their

buckling strength.
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Requirements of cAN/csA-o86.1-M89 for wooden poles are

essentially unchanged from csA-o86-MBO. Poles are designed

accord.ing to provisions given f or sav/n lumber " specif ied

strengths for wooden poles bear the same ratio to specified

strengths of sar¡/n lumber established and adopted in 1-953 (De

Grace, l_9g6). However, in the l-989 edition of the code,

requirements f or sahrn lumber hiere changed f ollowing the

research on in-grade beams under combined axial load and

bending moments. Instead of three classes of columns (shorÈ'

intermediate and long) , consid.ered in CAN3-O86 " l--M84 ' one

equation is given in CAN/CSA-O86.1--M89 for the whole range of

slenderness ratios, and the resistance factor is the same for

aII slenderness ratios.

In recent years experimental investigation was conducted

to determine the flexural behaviour of wooden poles (Goodman,

Lgg3 ) . Ì^Ihile many tests have been conducted to determine

f l-exural- capacity of shorter poles, only limited data is

available on the strength of longer poIes. In addition, there

is no research reported regard.ing testing of wooden poles

subjected to axial- load to determine the compression capacity

of such members. Therefore, this research project, sponsored

by Manitoba Hydro, \¡ras und.ertaken at the University of

Manitoba to d.etermine the buckling behaviour of the vrooden

po1es.



L"2 objectíve

The PrinarY objective of

the buckling behaviour and the

the v¡ooden Poles currentlY in

this research is to determrne

axial load-carrYing caPacity of

use bY Manitoba HYdro"

Theworkattemptstoexaminetheaccuracyandthe

prediction capability of the available models, including the

current codes, with regerd to the measured load-carrying

capacityofthepoles.Theevaluationofthemod.elsv¡iIl

include the effects of out-of-straightness, tapered shape, and

measured material ProPerLies'

Predictionsofthevariousmodelswillbecomparedtothe

measured values t.o determine the reliability of each model'

Basedonthisinvestigation,ad'esignprocedureforthistype

of wooden PoIe will be introduced'

1"3. gcoPe

Thescopeoftheprojectincluded'testingofsixtyone

specimens prod'uced ouL of ten wooden poles ' Two dif f erent

speciesofwood$/ereselectedforthisproject,LodgepolePine

and western Red cedar, since they are most commonly used by

Manitoba Hydro. Poles vlere rand.omly chosen from the Manitoba

Hyd.ro Yard, representing the most commonly used pole
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d'imensions" The nominal length, class, and. species of trre ten

poles considered in this study are given in Table 1"1-"

Material characteristics j-ncluding modulus of elasticity'

compressive strength paralIel to the grain, bending strength,

moisture content, and specific gravity of the given poles were

determined for each sPecies'
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T,ITER.ÀTURE REVTEW

The buckling capacity of slender columns h¡as fírst

determined by Euler Ln L744 (Chajes, tg74) " This initial study

included an ideal column, prismatic and perfectly elastic,

perfectly straíght and cornpressed by concentrícaIIy applíed

load. The Euler buckling l-oad, Pu, was determined as the load

under which the column of effective length L", is in

equilibrium both in the sLraíght and slightly bent

configuration:

n2 ErP.=
-2Le

where, E is modulus

about the weak axís

(2.1)

of elasticity, and I is moment of inertia

of the cross section"

vüith the increase in load, âD ideal column deforms

axially, in the direction of the applied load' trdhen the

applied load approaches buckling Ioad, a sudden sideways

deflection will occur due to stability loss of the column" In

practice, perfect col-umns do not exist in typical engíneering

sLructures. This is specially so for wooden members. vüood is

non-homogeneous material, and normatly contains natural

imperfections, such as knots, checks, hollow hearts, eLc" In

addition to considerable natural- imperfectíons, rarooden poles
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also have an initial out-of-straightness' and therefore, the

load could not be applied concentrically" Due to these

conditions, wooden poles start to deflect lateratly as the

load is applied. Initially, the defl-ection rate is maínly low

and constant; however, it increases rapidly as the applied

load approaches the buckling load. As a result, the carrying

capacity of wooden poles is always small-er than the value

predicted bY Eu1er"

For short columns, failure load is maín]y dependant on

the materialrs compression strength paraltel to the grain" The

compression capacity of the short column witl be given as:

Pc: Fc'A (2 "21

where Fc is the cornpression strength parallel to Lhe grain,

and A is cross-sectional area. Since Euler¡s formula is

devetoped for linearly elastic columns, the prediction is

valid only up to the proportional limit of the material" In

the case of wood, it is consequently valid only for slender

columns. If the induced axial stresses in the col-umn exceed

the proportional limit of the material-, failure load is always

Iess than Euler¡s prediction. Behaviour and failure of these

columns could be explained by using the tangent modulus theory

and/or other inelastic buckling theories (Bleich' L952) "



2. X Vli.nens s eolumn formula

For non-linear el-astic material,

capacity, Pn, of the column can be

tangent modulus theory (Ylinen, L956)

the nomj-nal comPressl-on

determined using the

P.* P" (2,3)
DLn 2c

$¡here c is an adjustable constant whích can be determined from

any given stress-strain diagrarn, f-€, of the material- used for

the column. An average value of c can be obtaj-ned using

various leve1s of stress, f, and strain, €ras follows:

(2.4)

2"2 Zabnos ProPosal

Behaviour of a column, under combíned axial load and

bending, r,/as proposed by Zahn (l-986) " the proposed model for

combined uniaxial- bend.ing and eccentric axial compressíon load'

is given as:

ft¡n"\-"n"-\f ,c )- c

r*r"'rn(t *t)

(ä)'
M_+ ' < l-.0
Mn

e.¡r+ F -.1n {, - 4

(2"5)



hrhere P. and M. are

moment resistance

resistance, under

M+ e'P, (1,.234 - O .2340)
M,

where M is the moment determined

I

combined nominal axial load and bending

the column. Nominal bending moment

combined l-oad, Mr, is gíven as:

(2,6)

by first order analYsis,

the

of

the

B:t- lf
Pe

t2 "7,

e is the total initial eccentricity, including end

eccentricity, e|- and out-of-straightness of the column, êb"

Ylinenls column formula, given in Equation 2.3, r¡Ias used to

determine Èhe nominal compression capacity of the column, Pn.

The nominal bending rnoment resistance, Mn, is determined as

Mn : S . Fb, where s is section modulus and Fb is bending

strength. It should be noted that Zahnrs model I^Ias compared

only to test results of sahln lumber.

2.9 Buchanano s ProPosal

Extensive research has been done at the University of

British columbia on the behaviour of saÌ¡rn lumber subjected to

combined bending and axial load (Buchanan, a984' 1985, 1986) '

An approximate design methodology ü/as recommended to predict

the nominal compression capacity, Pn, of a column. The design

equaLion, proposed. for members with rectangular cross-secti-on,

is given as:



P.
p:" F^c¿1+ --

840

(2.8)

(2.9)

of the column.

where C, is slenderness ratio, given as:

L.
cc*-d

where L" and d are effective length and width

The ProPosed

to combined axial

P, * != ,r,o
Pn Mn

interaction equation for a member subjected

load. and bending is:

(2,L0)

(2. L].)

(2 "Lzl

(2"13)

where M. is given as:

F.M
M a-"rB

where F is a moment magnification factor given by:

D
Lf

a+-
P^

k'- 

-

-o
a--

DLe

B is a dimensionless factor given by Buchanan as:

øLC

4B: i-.35



1-0

hrhere Fr is the tension strength of the wood"

The research stud.y at the university of British columbia

al-so considered the size effects on material properties for

in-grade lumber (Madsen , t986, 1-990a, l-990b' Buchanan' ]-984 '

L985, 1986). Effects of moisture content on material

properties \À¡ere examined' by Madsen ( l-982 ) " Equations t'o

evaluate size and moisture content effects on material

properties were given, based on tests of the specimens made of

sa\^/n lumber up to 5 m long"

2 " 4 " CÃN/CSÃ'-O86 " L-M89

According to clause L2 of the canadian standard cAN/csA-

0g6.1-Mggrawoodenpoleshoutdbedesignedaccordingto

appropriate provisions of clause 5 for sawn Lumber" since the

poles are tapered members, the effective diarneter, d", given

in Clause L2 "5 "2 "5 " is:

d": 4nir,+ 0, 45 (4"*- 4i")

where dr." and drin are maximum and minimum diameters

po1e. The factored. compression capacity of wood poles'

given in the Standard in Clause 5'5 "6'2"2" as:

Pn= óF"AK1"K"

(2 , Lgl

of the

P., is

12 "Ls',t



\dhere ø is resistance factor egual

compression strength of wood, given

F.^ f 
" 

(KDKHKscKT)

wherefcisthespecifiedcompressionstrengthparallelto
grain, Ko load d'uration factor, K* system factor' Kt" service

conditionfactorforcompressionparartertothegrainrandK,

treatmentfactor.,Kzcissizeeffectfactorforcompressionfor
sawn lumber which is given as:

K""-6 ,3 (d"L.J -o'r:31.3 (2.L7)

KcisslendernessfactorgivenbytheC]ause5"5"6"2"3"as:

(2.18)

where L" is effective length,

cross-section of the member'

The factored bending moment resistance

5"5.4"1- as:

1_ 1-

to 0.8, and Fc is t'he

AS:

(2. X6)

of

c.,

(2"X9)

and r radius of gYration of the

for modulus

erness ratio,

I r^K,^cZ f-'
""-lt'o* tffir)L

where K* is service condition factor

elasticity, and' cc slenderness ratio" Slend

for poles is given by the C1ause 12"5"2"4"2

Le
cc-

r,/TT

is given in Clause
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Mn* ÓFbsKrøK" ta "29'

where ø is resistance factor equal to O.9, and Fb bendíng

strength given as:

Fø: f ø(KoK*KroKr) (2 '2L,

where fb and K.u are specified. bending strength and service

condition factor for bend.ing consequently; Kro is size factor

for benditg, and K. lateral stability factor" According to the

Clause l-2.5.3.t the factored bending moment resistance of

circular section shall be taken as that of a square section

having the same cross-sectional area"

According to

bending and axial

P, * lr rr.,
Pn Mn

Clause 5.5.10. members subjected to combined

Ioad shalL be designed to satisfY:

(2 "22,

where Pr is nominal compressive axial J-oad, M. corresponding

nominal bending moment, taking into account the magnified

moment due to the presence of axial compression loads.

It shoul-d be mentioned that the design equations used for

design of po}es, are based on research conducted at the

university of British colurnbia (wood Design Manual-commentdrY,

l-990) for sawn lumber. The ratio between specified strengths

for wooden poles and sahrn lumber, i-s the same as in the l-984

ed.i-tion of the Code. This ratio r¡Ias adopted as conservative in
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l-953 (De Grace 1986).

The load f actors given in CAN/CSA-C22 " 3 No " 1-MB7 " are

higher than the ones given for steel structures to account for

¡rvarying strength of an individual pole and its deterioration

ruith age'u (CAN/CSA-C?2 " 3 No " 1-M87 " Commentary) .

2.5 Research done by Researcb Ins€itute of colorado

More reliabte design of wooden poles can be achieved by

using material properties obtaj-ned from tests on full-size

pole specimens. An extensive research has been conducted at

the Research Institute of Colorado (Goodman, l-983) ' dealing

with reliability-based design of wood transmission line

structures. As part of the research, results of pole bending

Èests v¡ere collected and organized into a data bank" Ho\^/ever,

only a few of the tested poles v/ere longer than 40 ft. The

study indicated that for very large Douglas Fir poles, the

reduction of strength and stiffness due to pole length (size)

r,¡as insignif icant. Hor,'rever, the sample síze was small, and

therefore more tests are required for a complete statistical

analysj-s. The tests r¡/ere also done to evaluate the influence

of the polers age on bending strength. Destructive tests rÀlere

conducted on 1-39 poles of various species, removed from

service. Test results ind.icated that the strength of the pol-es

decreased considerably with age" The mean bending strength of
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35 Western Red cedar poles, removed from service after 57

years, and tested by Manitoba Hydro (Munro I LgSg) cornplied

with csA average bending strength for new poles of the same

species, Nevertheless, both test samples v¡ere limited, and

more research is needed. to determine the effect of years in

service on material properties of wooden poles'

2"6. ont,ario Híghway Bridge Þesign Code

ontario Highway Bridge Design code (oHBDc-l-983) also

proposes Èhe straight-line strength criterion for member under

combined uniaxial bending and compression load as given in

Equation 2.2o. The code also requires use of a minimum

eccentricity of the applied load, ê1, of five percent of the

lateral dimension of the compression member, if the resulting

moment is larger than existing end moments in the sLructure"

All compression members shoul-d also be analyzed for the l-oad

effect d.ue to a minimurn eccentricit'y at the mid-height of the

unsupported column, êb, d'ue to the lateral out-of-

straightness:

(2 "23'
500
Le
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where Le is the effective length of a column"

Ontario Highway Bridge Design Code does not give any

specific provisions for the design of wooden poles- Pole

bending test d.ata v/ere used to determine specified bending

strength and modulus of elasticity for timber piles (OHBDC-

Commentary 1-983) " Consequently, the Code could provide more

reliabte values in terms of materiat properties" the Code

specifies the same val-ue for compression strength of pi-Ies as

for the bending strength, since no data is available regarding

compression capacity of the wooden poles"

2 "7 " Southwe1J. Plot

The nominal compression capacity of an imperfect column,

Pn, can be determined from load-deflection data of a column

failing withín the elastic region using the Southwell plot

method (Tinoshenko, l-961) " In this case, âS the load

approaches the buckling load, the total deflection at the mid-

height of the column , êt at various stages of loading, P,

coutd be determined with sufficient accuracy as3

( a",\ r-

"-[.tu. " )z .
P --

(2 "24,



L6

where êb is the initial out-of-straightness, and êu is the

eccentricity of the applied load" It should be noted that in

this approach, the initial shape of the column axis and the

consequent deflected shape, is assumed to be in the form of a

sine curve with maximum value at nid-height" Equation 2"2

could be rearranged as:

(2 "251

which shows that the relation of the ratio e/P and the

measured nagnified deflection, e, is a straíght line' v/ith

intersection value with the horizontal axis (e/P : 0) of

4e.
e^+ 3 " The inverse slope of the line could be al-so used to
-Tt

determine the buckling load, Pn, as shown in Figure 2"1"

ô 4e-
:-D--?-?-tJPTC
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CTTAPTER 3 "

EXPERT}4E3üTÃTJ PROGRåM

3"X IntroducLion

Atotalofl.owoodenpolesv/ereselected,withthe

approvalofManitobaHydro,toprovidesixty-onespecimensfor
this research project. Two species commonly used by Manitoba

Hydro were investigated: Lodgepole Pine and western Red cedar"

poles h¡ere also representative of typical- classes and lengths

used for transmission lines. Length of the specimens was

linited to a maximum of l-8 . 288 m ( 60 ft) , based on space

available in the structures Laboratory of the university of

Manitoba. Test specimens \¡¡ere selected randomly from the

Manitoba HYdro suPPlY Yard.

Total length, class and' species of the poles considered

in this investigation are shown in Table L.1-" The measured

circumference and the values specified by the CAN3-O15-M83

code are shown in Figures 3.1- to 3.5, which clearly indicate

that all actual dimensions of the poles exceed the values

reconmended by the code. In these figures' measured dimensions

are also compared to uniform taper from top to the butt of the

pole. Length, dimensions (including minimum and maximum

diameter), and d'iameters at quarter height of the pole, for
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the sixty-one test specimens, are given in the Table 3"1-"

3,2 Test, set-up and ínstrumenÈatíon

The poles were tested in a horizontal position, using a

modified testing frame specialty designed and built at the

University of Manitoba for the first phase of this research

program (Pincheira, Lg87) " Modifications of the testing frame

included:

(i) large bearing Plates to accommodate larger Poles

diameters

(ii) stiffeners of the supporting system to provide stability

of the end ptate under higher load levels"

(iii) Ioad. celL to provide accurate load measuringi

The testing frame consisted of two end supports which

were connected by four Dywidag bars. one of the end supports,

shown on Figure 3.6, íncluded two identical 445 kN (l-00r000

lb) hydraulic jacks that \^/ere used to apply a load up to 890

kN (2OO,OOO ]bs). The two jacks l^Iere attached to a 9O mm thick

plate supported by a bracing sysLem, resting on the floor" The

bracing system \^Ias used to prevent tipping of the plate at

higher loading conditions. The hydraulic jacks $/ere connected

to a load ce}1 through a 57 mrn thick steel plate to provide

more accurate measurements of the applied load" A round steel

plate was used to transfer the load to the pole end" The round
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plate v¡as supported by a roller system which all-owed the plate

to move in the axial- direction of the pote only" The end of

the pole tr/as supported by a 38 nlm thick square steel plate

which was pin-connecLed to the round p1ate, allowing rotation

about the horizontal axis onIy. At the other end of t'he

testing frame, shown in Figure 3"7, the pole was supported by

a 38 mm thick square plate which was directly pin-connected to

a 90 mm thíck steel plate supported by the bracing syst'em' At

this end, the rotation was also al-Iowed about the horizontal

axis onIy. This end plate v¡as enlarged to accommodate larger

diameters of the poles. The pole lÄ/as connected to the end

plates by a system of three braces " Both end f ittings \'\¡ere

equipped hlith chain hoists which were used to position the

pole in the testing frame, to hold it in place until the

beginning of the test, and. to remove the tested pole from the

testing frame"

Dywidag bars connecting the end fittings consisted of tv¡o

or three píeces (depending on the sample length) spliced by

high strength couplers. The end two meter section of each bar

was utilized as a load. cel-l- to measure the applied load using

a strain gage attached to the bar. Each of these bars h¡as

tested ín tension to determine their calibration factors"

These bars were also used to bal-ance the applied load to be

concentric with the po1e. An Linear variable Differential

Transduc,er, LVDT, v¡as attached to the testing frame to measure
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the end. plate movement known by the stroke. The complete test

set-up is shown in Figure 3"8"

strain gauge, LVDT and. Ioad celI readings v/ere recorded

using a 16 channel Techmar Lab Master Data Acquisition System,

connected to an IBM-PC computer. Due to the large relative

deflections of the pole, a two ruler system was used to

measure the deflection, as shown on Figure 3"9" A vertical

ruler was attached to the stationary post, while a horizontal

ruler was connected to the po]e. Deflections of the pole were

recorded at one-quarter, one-half and three quarters of the

specimen¡s length.

ïnitial out-of-straightness of the pole was also measured

before application of the load. As can be seen on Figure 3"10'

the distance of the top point of the pole from the floor was

measured. The pole's d.iameter was determined by the measured

circumference, assuming a circular cross-Section" The position

of the centerline from the floor \Âras determined by subtracting

half of the pole¡s d.iameter (D/2) from the measured distance

of the top point from the floor. Eccentricity was determined

as the difference between the measured distance of the

centerline from the floor and the height of the applied load,

h. Load was applied at the height of 40.5 cil, except for the

pol-e #LO, for which the load was applied at' the height of

58"3 cm.
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During the test,, the load-stroke relationship was plott'ed

using an x-y plotter" The curve obtained by this method

clearly indicated when the pole reached its buckling load'

After the completion of the fifty-seven tests, Lhe

test,ing frame was again modified to accommodate specimens with

a smal-l slenderness ratio. Modified. testing frame is shown in

Figure 3.1-1. Modifications were done mainly to provide better

st.ability of the testing frame, and to allow for higher load

levels. The load cell was removed from this setup, since the

expected loads were higher than its capacity, and also to

provid.e more stability to the end fitting under higher load

Ievels. To prevent t,orsion of the end plate, six 445 kN

(1OO,OOO Ib) hydraulic jacks l{ere used" The jacks were

d.irectly connected to the round steel plate on rollers' The

end. fittings of the modified test frame are shown in Figure

3.1,2. To accommodate higher loads, and to provide more

stability to the testing frame, ten Dlnaridag bars were used to

connect the end supports. Each bar was made of two sections,

spliced by high strength couplers" The end section of each bar

was equipped with two strain gauges on opposite sides of the

bar, utilized to measure the applied load" calibration factors

for all bars v¡ere determined from the tension tests' Due to

safety reasons, the deflections hlere measured using a transit,

for these test specimens" For this phase of the testing

program, strain gauges and LVDTTs were connected to an HP-3490
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voltmeLer/multíplexer data acquisj-tion system' connected to an

IBM-PC computer via GPIB paraIlel interface"

3"3 Test, procedure

Before testing, the length of the test specimen was

measured.. The circumf erence of the test specimen I,\Ias measured

at one quarter, one half and three quarters of the pole

length, and at the specimens ends " Each test specimen \¡ilas

marked. by tr,*o nurnbers, i and j. The first nurnber, i, indicated

the mark of the pole from which the specimen originated, and

the second number , j, indicated the number of the specimen

provid.ed from the same po1e. Bags filted with plaster v/ere

used to provide a uniform contact surface to transfer the load

between the two end plates of the testing frame to the test

specimen. After the test specimen was in ptace, initial

read.ings were taken, and the distance of the top of the pole

from the floor vlas measured. Before the test, steel chains

r¡rere wrapped. around the Dywidag bars and the pole, to prevenL

any possible accident.

The poles vrere placed in the horizontal position in the

testing frame with their maximum natural curvature lying in a

vertical plane (upwards where possible). This orÍentation

ensured. that buckling would occur in t'he vertical plane

without interference from the Dlrwidag bars, and about the
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hinged end connections. It was observed in some cases that the

pole deflected sideways, due to initial out-of-straightness in

horizontat dírection and/or natural imperfections of the poJ-e"

In this case, the test was stopped and the pole rotated and

ret,ested "

At the beginning of each test an initial load of 50 to

1-oo kN was applied and the l-oad in the Dlrwidag bars rras

adjusted to ensure that the difference between the forces in

the bars was within ten percent" This procedure was used to

appfy concentric load to the tested pole"

The Load v/as applied in increments which were adjusted

according to the response of each pole. For each load Ievel'

def ormations at the specif ied locations \^¡ere measured and

recorded. The test v/as terminated. when large deformations

occurred without a corresponding increase in the load-carrying

capacity. In some cases, the test had to be stopped before the

pole reached its ultimate capacity. This was the case when the

pole reached the l-ab f loor, the end plates reached its

ultimate rotational freedom, or the upward deflections were

extremely large, and. it hIaS therefore unsafe to proceed any

further.

After the completion of the test, the load r¡Ias released,

and a set of deflection readings was recorded. These readings
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\Àrere compared to the initial- readings before the test" In all

case, the difference between initial and final readings were

within the range of accuracy of the instrument used, showing

that the buckling took place within the elastj-c range' some

resid.ual d.eflections \¡/ere recorded after the tests on samples

7 /7 and ::o/8, indicating that the material reached inelastic

range. However, these were the last tests of the given poles"

Repeated tests on some of the specimens also confirmed the

elastic behaviour of the poles, since the same buckling load

v¡as reached in both tests '

Becausethebucklingcapacityofthetestspecimenwas

within the elastic range, after cornpletion of the test the

specimenwasshortenedby5feettoproduceane\^Jtest

specinen with a different slenderness ratio. The test specimen

before the test is compared to the test' specimen after the

test is completed', as shown on Figure 3 " 1-3 '

3.4 Descript,ion of the Èest'ed poles

POL,E #L: LODGEPOLE PINE CLASS 3/4O ft

The initial length of the pole was l-2'068 m (391-7 "125r¡) "

ThePolehadlargechecks,asignificantnumberofknotsand

spiraì- grain, one spiral with the full twist through t'he pole

length. The pole also had holes d.rilIed at 8.9 and 29"2 cm

from the toP"
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POLE #2: LODGEPOLE PINE CLASS 4/40 ft

The initial length of the pole v¡as l-2"1-79 m (39¡-l-1-.stu) "

The checks, ]<nots and. spiral grain were similar to PoIe #t"

The drilled. holes $/ere located at 10, 30, and ]-22"5 cm from

the top. Holes at 10, and 30 cm were drill-ed in the same

direction, and the hole at 1"22 "5 cm \'/as drilled at a 90

degrees angle from the other two'

POLE #3: LODGEPOLE PÏNE CLASS 4/45 ft

The initial length of the pole was 13 "77O m (451-2"L25rr) '

The pole had large checks, knots, and spiral grain wit'h one

fulI twist through the pole length" The po]-e afso had two

Iarge scars, as shown on Figure 3.14, and a cut 2"3 cm deep 31-

cm from the butt. The pole had drilled hol-es dril-]ed at 91-"44,

I43.5t 2O3.2t 355.6' and 391"6 cm from the top'

POLE #4 "" LODGEPOLE PINE CLASS 3/45 ft

The initial length of the pole was l-3 "748 m (45'-1 "25") "

Pole had larqfe checks, extensive knots' surrounded with

deteriorated wood, and spiral grain" The pole had holes

drilled at 92.L, L43.2, 2O3.2, 355.9 and 39I" 2 cm from the

top.

POLE #5 g I^IESTERN RED CEDAR CLASS 2 /45 ft

The initial length of the pole was L3 "745 m (45'-1"1-25rr).

The pole had. large checks, smaIl knots, and the sma1l cracks
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across the fibre at 5.2 m from the butt" It also had small-

holes near the butt and two holes 3"8 cm deep on the opposite

sj-d.es of the pole 27.9 cm from the butt, probably made by the

machine that was lifting the pole. The pole had holes drilled

at gO.2, !43.2, 2O3-5' 355.6 318'8 c¡n from the top"

PoLE #6s WESTERN RED CEDAR CT,ASS 2 /5O f t

The initial length of the pole was l-5.22L m (49', 1-I"25")'

Defects of the pole incl-uded a large check which reached the

polesheart,smallknots,andsomehol]-owheartat

approximately 4.5 m from the butt. The pole had holes dril-Ied

at 94,1L3, 2O2,355 and 390"5 cm from the top"

T,oI.E #72 I^TESTERN RED CEDAR CLASS 2/55 ft

the pole was 1-6"688 m (54t-9r¡) "

a some checks, smaIl knots, small

some cuts d.ue to transPortation'

POLE #8: WESTERN RED CEDAR CLASS 2/5O ft

The initial length of the pole was 15"1-89 m (49¡-10rr) "

The pole had very large initial out-of-straightness in one

direction, and it had a notable s shape in the otLrer, as shown

in Figure 3.1-5. It also had smal-l holes near the butt, and

small- knots. Drilled holes hiere positioned at 93 "2, L43 "5 '

203.5, 357 and 390.5 from the top of the pole"

The initial length of

Defects of the PoIe included

holes near the large end and
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POLE #93 WESTERN RED CEDAR CLASS L/6O ft

The initial length of the pole was L8"21-8 m (59¡-9"25'u) "

pole had knots and checks, some hollow heart, âs seen on

Figure 3.L6, which extended approximately 3 m (1-0 ft') from the

butt. Pole also had a split near the butt, âs shown on Figure

3 "1,7 "

POLE #Los WESTERN RED CEDAR CLASS L/6O ft

The initial length of the pole was l-8 "234 m (59¡-9.875r¡) "

The pole did. not have any significant defects, but had small

knots evenly distributed throughout the pole and very small

checks.

3.5 Material ProPerties tests

Material properties for each pole were measured according

to ASTM Standards. Moisture content was d'etermined according

to ASTM D-20L6, usingi the oven-drying method. Specific gravity

was determined. according to ASTM D-2395s using the water

immersion method to determine samplets volume"

To estimate the modul-us of elasticity and compression

paralleI to grain, ASTM Standard D-1-98 was used. Test samples

trdere representative of the full- cross-sectional area of the

pole" For each specimen, height T¡/as measured and recorded' The

circumference hras measured at the top, bottom and points at a
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quarter of the sample¡s heighÈ" Diameters of the sample v/ere

estimated assuming a circular cross-section of the sample"

cross-sect.ional area was based. on díameter determined as an

averageofthedianetersofthreemiddlepoint's"

Thesamplesweretestedina600.ooolbsSatecuniversal

testing machine. To provid.e uniform transfer of the load' bags

filledwithplasterwereusedatthebothendsofthe

specimen. Application of the load. was ad'justed so that the

tests lasted approximately the same time as the pole tests"

This \^ras done to excl-ude the effects of duration of 10ad on

the material properties' For the first group of specimens'

deformations were measured using two dial- gauges, positioned

atoppositesidesofthespecimen.Theread'ingsfortheload

and. deformation \¡Jere taken rnanually. DeformatiOnS of the

second group of specimens \{ere measured using two LVDTTS

positioned at opposite sides of the specimen" Readings v/ere

taken electronically using the HP-3490 voltmeter/multiplexer

data acquisition systern, connected to an IBM-PC computer Via

a GpIB paraIlel interface. In addition to load and deflection

readings, the stroke of the machine v¡as recorded using LVDT¡s"

Testset-upformeasuringmodulusofelasticityand

compressionparalleltograinisshownonFigure3"lS"

In order to

of bending tests

determine ultimate bendíng stress' a serres

r¡rere done on the remaining portions of the
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poIes. Tests \dere done using the 600"OO0 lbs SaLec universal

testing machine that was applying point load on the beam" Test

setup is shown in Figure 3.1-9. The pole was supported' by two

hinged.supportsrrestingontherigidbeam"Thetestspanwas

3.2 m. Deflections of the pole were measured at mid-span using

LVDT r s. Data \¡¡as recorded using the HP-3490 voltmeter-

multíplexer d.ata acquisition system, connected to an IBM-PC

computer via a GPIB parallel interface'

AllLodgepolePinepoles\,¡eretestedinbending.onlytv/o

western Red cedar poles r¡/ere tested in bending. À series of

tension tests on small clear samples r¡¡as done for Western Red

cedar poles. Ultirnate bending strength f or l'Iestern Red cedar

poles v¡as eval-uated based on the ratio betr^¡een bending and

compression t,ests and the ratio betr¡¡een tension and bending

tests "
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TEST REg['LTg

4,x" Introéuet,íon

In this chaPter, the rneasured

poles tested in this research prograrn

and/or graphical form.
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data for all sixtY one

are presented in tabul-ar

The data include the specimen material properties,

buckling capacity of wooden poles, and deflection

measurements.

4 "2 Material ProPerties

Measured compression strength parallet to the grain, for

full size specimens, and the corresponding modulus of

elasticity are presented in the Table 4"L" fn the same table

diameter, height, weight, moisture content and specific

gravity for each tested specirnen are also given. The height-

diameter ratios for all tested samples used for compression

tests are given in Figure 4"t" The measured stress-strain

curves for the compression tests for the Lodgepole Pine and

Western Red Cedar samples are presented on Figures 4"2 and

4.3, respecLively. These figures indícate that the ultímate

compression strength and the elastic modulus for Lodgepole
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pine could vary between L4.g2 to 32"OL MPa, and 7,'706 to

L4 , g85 Mpa respectively, excluding test l--l- " similarly ' the

ultimate compression strength and mod.ul-us of elasticity for

ï{estern Red cedar could vary between L7 "52 to 28"81- MPA, and

7 ,L1-o to 11,038 r respectively' The same test results are

presented for the each pole in Figures A1"L to 41"5 in

Appendix A"

Bending test results are given in Tab1e 4"2" In the same

table, the sizes of the tested specimens are also presented'

Measured bending stress deflection relationships for the

Lod.gepole Pine and western Red cedar poles are presented in

Figure 4.4.

Tension test results for small clear I'iestern Red cedar

specimens are presented in Table 4.3" All tested samples were

approximately 3o cm long, having reduced cross-section in the

rniddl-e of the sample, as given in Table 4"3" The same results

are presented in Figure 4.5. In the same figure, the mean

value of the tension strength for each pole is presented" The

measured. vaLues ind.icate that tension strength of clear wood

samples for western Red cedar could vary between 48"46 to

66 "87 MPa "
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4.3 l{ooden Poles test' resu}ts

The d.imensions of the tested specimens are given in Table

3. 1. Measured initial- out-of-straightness, maximum deflection

d.uring the test, and rneasured. buckling load are presented in

Table 4.4. fn Table 4.5 measured length, effective diameter

(d") and length-dianeter ratios (1/de) are compared to nominal

values determined. from the pole dimensions based on the

Canadian Standard CAN3-O1-5-M83 '

Moisture content and specific gravity of the test samples

are given in Table 4.6. In Table 4.7 compression strength

parallet to the grain, bending strength, and modulus of

elasticity for each pole are compared to the specified

strengths gíven by the code cAN/csA-o86"1--M89" In the same

table classification stress and modulus of el-asticj-ty given by

cAN3-oj-5-M83 and material properties for wooden piles given by

OHBDC-83 are also Presented'

The typicaJ- Ioad-deflection relationship and deflected'

shape of the pole at load. increments of approximately one

quarter of the buckling load are shown in Figure 4"6 for the

pole 7 /L. Load.-deflection relationships and' deflected shape of

each pole are given in Appendix A in Figures A2"l- Eo A2"62"
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The effect of out.-of-straightness on the buckling

capacity of the poles is shown on Figure 4"7 " It represents

comparison between two tesLs administered on the pole 2/I in

tv¡o dif f erent positions . Pole 2 / L [,fas tested, turned 18 0

degrees, and then retested"

Thetypicalload-deflectionrelationshipfortest

specimens originated from the same pole is given in Figure

4.8. In this figure initíaI out-of-straightness of the test

specimen was included" The same relationship is presented for

al-l tested poles in Àppendix A in Figures A3 " l- to A3 " 10 "

Figure 4"9 presents the typical load-relative d'eflections with

respect to the initial deflected. shape of the pole

relationship for the specimens originated. from the same pole'

The load-rel-ative deflectíon relationship for specimens

originated from the same po1e, for each po1e, is shown in

Figures A4.l- to A4"LO- in Appendix À'
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C}T.APTER 5.

A}TAÏ,YSTS Ã3üD DISCUSSTOSI OF TESS RESULTS

5 " 1. Int'roduct'ion

The behaviour of wooden poles subjected' to axial

compressionload,andtested'inthisprogram'isdiscussedin

thisChapter.Thevariousfactorsthatinfluencethebuckling

loadofthespecimenarepresented.Themeasuredmaterial
propertiesandpoledimensions'presentedinChapterfour'

wereusedtocomputetheultimateload-carryingcapacityof

thewoodenpoles.Theaxialload-carryingcapacity$/aS

comparedtopredictedcriticalloadforastraightcolumn,

usingthesouthwellplot.andmeasured'results,asexplainedin

Chaptertwo.Capacityofthewoodenpoleundercombinedaxial

load'andbendingmoment,duetoout-of-straightness'wasalso

evaluated. and compared Lo measured values, excluding the self-

weighteffectduetothehorizontalorientationduring

testing.

5"2 SPecímen behaviour

Specimen behavíour during the testing was inftuenced by

itsinitialout-of-straightnessíntheverticalandhorizontal
planes. For each test, âD attempt was made to position the
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upwards in the vertical Plane"

pole was also influenced bY the
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out-of-straightness was lYingr

The behaviour of the tested

effect of the gravitY load"

In some cases, poJ-es would start to d.eflect laterally'

This behaviour could be caused by larger out-of-straightness

in the horizontal plane than in the vertical plane, and / or due

to natura]- imperfections of the wood (such aS knots, checks

etc.),ordifferencesinthematerialproperties(material

strength and modulus of elasticity) within the po1e" Lateral

movementofthepotewasnormallyfollowedbyasuddenlossof

stabilityintheverticalplanewhenthepolereachedits

buckling load. In the cases when the lateral movement of the

test specimen was large under the substantial axial load' the

test was stopped and' the pole rotated and retested"

specimens with snratl initial ouL-of-straightness normally

exhibited. a small increase in deflection d'uring the test'

followed by a sud.den loss of stability as they reached their

buckling load leveI. It \,/aS also noticed. t'hat the load-

deflection curve was steeper for the specimens with smaller

initial out-of-straightness than the one for the specimens

with rarger initial eccentricity. rn general, the specimen

behaviour was cl-oser to the behavíour described by Euler for

sl-ender columns "
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Specimens with large initial out-of-straightness started

to deflect significantly as the l-oad was applied" For most of

these poles, the test had to be stopped before the pole

reached its ultimate buckling capacity" This was the case when

the pote touched the floor of the testing bed, the end plates

reached their ultimate rotational freedom, oT the upward

defl-ectíons hlere extremely targe' and it was therefore unsafe

Lo proceed any further" The measured load for these poles was

smaller than the buckling l-oad of the specimen with a larger

slenderness ratio originated from the same pole by shortening

the pole by l-"5 m (5 feet) from the larger end"

Most. of the tested. specimens had smal] deftections at

early stages of loading. Normally, the deflection rate started

to increase when the load was approximately one half of the

buckling load. lVhen the load reached the buckling capacity of

the specimen, smal1 íncreases in the applied load would induce

large deflectj-ons of the pole" Except for the cases where

initial out-of-straightness vlas very 1arge, test specimens

with smaller slenderness ratios exhibited higher buckling

load-carrying capacitY.

The influence of the out-of-straightness on the buckling

behaviour of the specimen can be seen in Figure 4"7. This

figu-re presents the load-deflection relationship of two tests

conducted on the same specimen, 2/I, with different
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orientat.ions of the pole lsith respect to the test'ing f rame "

Smallerinitialout-of-straightnessofthespecimeninthe

second test led to a larger buckling road" The different

behaviourcouldbealsoattributedtothedifferencein

modulusofelasticity,d'uetotheanisotropicnatureofthe

materialandthedifferenceinmomentofj.nertiaduetothe

imperfectcircularcross-Sectionofthepole,âsshownon

Figure 5 " 1-.

Depending on the orientation of the pole¡s out-of-

straightness,twotypesofbuck}ingbehaviourwereobserved,

as shown on Figure 5'2' One of the tesÈ specimens buckled

upwardandtheotheronedownward.Comparisonofthepole

beforeapplyingtheloadandatultinateload'isshownonthe
Figure 5 " 3.

5.3 Bfateríal ProPertÍes

The average material properties given in Table 4'7

indicate that the modulus of elasticity and the compression

strengthofther,uoodenpolestestedinthisprogramhave

highervaluesthanthespecifiedstrengthsreco]nmendedbythe

cod.e CAN/CSA-o86.L-M89. The code also introduces an additional

reduction of the compression strength ranging between eighty

toninetypercentd'uetothesizeeffectfactor.Measured

bending strengths were considerably higher than the one gíven
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by the CAN/CSA-O86.1--M89 code, and. oHBDC-83 values for piles"

Measured mod.ulus of elasticiLy and compression strength

parallel to grain v¡ere also higher than values specified in

CAN/CSÀ-O86.1-M89, and oHBDC-83 values for piles' Average

bendingstrengthforthepolesofTtol.]-mlengthis

specified as classificat.ion strength in cAN3-OL5-M83 ' The

measured bending strength of Lodgepole Pine poles was higher

than the classification stress, and for western Red cedar' it

was the same as the classification stress for given species'

Samplesize,moisturecontentand'specificgravity

influenced compression capacity of the short samples" Test

resuLts ind.icated that the presence of natural- imperfections

has greater influence on the material properties ttran the

effect of sarnple size, moisture content and specific gravity

of the sample. Most of the tested specimens failed' in tension

parallel to the grain around the knots and other defects'

Specimens which failed in pure compression showed much higher

compression strength than the specimens which failed due to

the presence of natural imperfections'

5"4" BuckJ.ing capacíty of wooden poLes

Thenominalbucklingcapacityofthecolumn!.IaS

determined from measured load'' P, and' corresponding

d.eflection, e, utilizing the southwell plot. For each test'
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theratioofthemeasureddeflectiontoload,e/P,\úaSrelated

to the measured defrection, e. A linear regression analysis

\Ñras used to provide a straight line relation for the measured

data within t'he large defl-ection range' âs stror¡rn in Figure

5.4,forpoleLo/2.Southwetlplotsforotherpolesaregiven

inAppendixB,inFiguresBl.l-toBl"30.Thereliabilityof

the southwell_ plot method can be estimated. by comparing the

nominal- buckling load estimated for two tests of the pole 2/1"

The difference between the predicted buckling loads was within

two percent. For poles 9/4, 9/5' and 9/6' v¡hich exhibited a

sud.den l-oss of stability without any significant d'eflections

priortostabilityloss,themeasured'valuesofthebuckling

load were used for this investigation"

Testresultsweredividedintwomaincategories,

according to the type of poles tested'" The first category,

typeA,consistsofpoleshavingasinglecurvatureofout-of-

straightness.Forthiscategorythedeftected'shapeofthe
poleisassumed'tobeasinecurvewithmaximumvalueatthe

mid.-height.Thisassumptionagreed'withthetheoretícaI

developmentoftheSouthwellplotmethod.Testresultsofthe
poles9/4,9/5,and9/6werealsoincluded'inthisgroupdue

to the nature of their faiture. The second category, type B,

consisted'ofpoleswhichhaddoublecurvatureofout-of-

straightness. This category also included all other poles with

anirregularout-of-straightness.Sincetheshapeofthese
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poles does not satisfy the assumptions made in the theoretical

development of the southwell plot, it cannot be used to

pred.ict the critical load of these poles"

These mod.ified measured axial capacities of the poles

\¡rere cornpared to nominal compression capacities using the

various models discussed in chapter Two and the measured

material properties and dirnensions'

The various model-s used in this study to predict the

nominal compression capacity include;

5.4"1Euler:theequationisgiveninEquation2"]-"The

Euler formula was used in the 1984 edition of Code CAN3-O86'1-

Mg4 to predict the compression capacity of the long columns"

Comparíson beLween predicted and modified measured load is

given in Figure 5.5. It can be seen that Euler¡s predictions

are reasonably good for the members with smaller buckling

load. Ttrese resul-ts suggest that this model predicts

compression capacity well for members with high sl-enderness

ratios, and is unconservative for members witn smaller

slenderness ratios"

5.4.2 yIínene The constant c in the Equation 2"3 was

evaluated using the stress-strain relation of the compression

tests, Evaluated values of coefficient c for each pole are
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given in Table 5. 1-, For all Lod.gepole Pine poles, the constant

c is assumed to be o.80, and o.85 for western Red cedar"

critical load evaluated by the southwell plot is compared to

predicted values in Figure 5.6. It can be noticed that

Ylinen¡s column f ormula pred.icts the buckì-ing load of the

wooden pole quite well"

5.4.3 Buchananc in this analysis the slenderness ratio,

Cc, in Equation 2.8 is assumed. to be Z./ (r,/TT) , for members

with circular cross-section. Prediction of the model is

evaluated in Figure 5.7. Buchananrs formula gives good

prediction of the buckling load for members with large

slenderness ratios, and is unconservative for members with Iow

slenderness ratios.

5.4"4 CAN/CSA 086"1-M89: all- modification factors for

compression strength and modulus of elasticity are assumed to

be unity:

K""- K"- Kp'Kn* K""* Kr- Kt"-L

The resistance f actor , Q, !\¡'as also assumed as unity.

Consequently the Code equation to predict the nominal-

compression capacity, Pn, in terms of the compression

strength, Fc, and eLastic modulus, E, is:



42

D-cÐ:-n (5"L)
FC CZ

t+--- E 35

tfhere A is cross-sectional- area, and cc is the slenderness

ratio given by Equation 2.L9" Prediction of the model is

compared to the critical load of the column in Figure 5"8" The

code equation gives conservative solutions for a wide range of

sl-enderness ratios "

For aII the above models, a linear regiression analysis

!,ras cond.ucted. to det,ermine the best-f it line f or measured

values as related to the perfect prediction l-:1 line in

Figures 5.5 to 5.8. The results indicate that Ylinenrs column

f ormul-a gives the best prediction of the test results. Hot'/ever

it would require extensive testing to determine the values for

the constant c. In cases where compression test specimens have

brittle failure due to tension paraIlel to the grain around

defects before reaching proportional limit of the material,

the coefficÍent c is assumed as unity. For slender members the

value of coefficient c does not influence the predicted

compression strength significantly, as seen in Figure 5"9" It

becomes more significant for members with small slenderness

ratios. rn Figure 5.9 average values for the compression

strength to modulus of elasticity ratio, for given species

\¡/ere used to determine the nominal compression capacity of the

column, for this comParison"
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equation does not give as good prediction of the

as YIi-nen' s column f ormula, but it' ís much

with the given material properties'

5"5. Combined axíal load and bendíng momen€

Momentsduetoself-weightwereevaluatedforeachpole.

Self-weightwasestimatedusingspecificgravityandassuming
uniformtaperbetweenthemeasuredd'iametersattheendsand

threequarterlengths.Deflectionsduetoself-weightwere

deterrnined'usingtheconjugatebeammethod.Measuredinitial

out.of.straightness, def]-ection d.ue to self-wei9ht, and the

poleIsout-of-straightness,calculatedbysubtractingself-

weight deflection from measured initial out-of-straightness'

aregiveninTable5.2.Theratiobetweenthepole|slength

anditsout-of-straightnessispresentedonFigure5.lo.

Eccentricity between the measured points was estimated

assuming parabolic shape of the pole' Typical pole shape at

various loading stages is shown on Figure 5"1-1'

Test resul_ts v¡ere eval-uated using four different models

topredicttheultimatecapacityofthecolumnundercombined

bend'ingandaxialcompression.Modelsv/ereevaluaLedusing

initialmoments,takenasmomentduetothepoleself-weight

and moment due to axial- compression road and polers out-of-

straightness,exclud'ingthedeflectionduetoself-weight.
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Ultinatebendingmomentresistancewasdeterminedusing

measured material properties and assurning uniform taper shape

betv¡een the measured diameters. ultimate moment resistances

f¡/ere d'etermined for circular cross section, and for Square

cross.sectionhavingthesameareaascircularcrosssect'ion"

The four models used in this study were:

5.5.1Buchanane3proposal:Theinteractionrelationship

betweenaxia].loadandbendingmomentisgiveninEquation

2.1-O. The value of bending strength is taken as the value of

tension strength of the material' to determine the

dimensionless constant B. Predicted and measured buckling 10ad

are comPared in Figure 5"L2"

5.5'2 Modifíed Bucbanans s

Equations as proposed by Buchanan'

factor as:

Ft_ D
I 

-- n

proposal: using the same

and a moment magnification

(s.2)

The predicted buckling

in Figure 5. 1-3 "

where Pe

load was

is the Eu1er buckling load"

compared. to measured values

5.5.3 Zahnss ProPosal:

relationshiP between axial

The buckling load and' int'eraction

load and. bending moment are given
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by Equations 2.3 and 2.5 respectively. Prediction of the model

using initial moments is shown in Figure 5"L4"

5 " 5.4, Code equat,íona Resistance f actor and all

modification factors for bending strength are taken as unity:

ó- Krr- KL- Kn- Kn- Ksb- Kr:1- . o

Mr* Fb'S
(s,3)

where Fb is bending strength and s is section modulus of

equivalent square cross-section. Interaction relationship

between axial load and moment is given in Equation 2"22"

Prediction of the model was compared to test resul-ts in Figure

5.15. The commonly used moment nagnification factor, given in

Equation 5.2, was used to predict buckling load of the pole"

For the first three models, the sectional modul-us of the

circular cross-section was used to pred.ict ultimate bending

moment resistance of the poles, while the sectional modulus of

equivalent square cross section was used to predict ultimate

bend.ing resistance f or the f ourth model- "

Buchananrs proposal gives a conservative prediction of

compression capacity of the poles for both Lodgepol-e Pine and

Western Red Cedar. Using Buchanan¡s proposal- with the commonly

used magnification factor instead' of the one proposed by
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Buchanan gives better pred.iction of the compression capacity

of the column.

Zahn!sproposalgivesverygoodpred'ictionforthe

Lodgepole Pine poles, but it gives unconservative predicÈion

for some Western Red. Cedar Po1es. This rnodel uses Ylinen¡s

column formula to determine nominal compression strength of

the poIes, which requires considerable testing to deterrnine

the value of constant c, as explained above"

Use of the equation ProPosed bY the

used rnagnification factor for the moments

prediction of the compression capacity for

Code witn commonlY

gives conservative

all tested samPles-

For a1l- evaluated models the l-inear regression analysis

$ras used to provide the best-fit line for the test resuLts'

The standard deviation of the test results is larger for

I{estern Red cedar than for Lodgepole Pine poles. comparing the

best-fit line for both Lodgepole Pine and' western Red cedar

samples for all- given models, it can be concluded:

1-. Zahnrs rnod.el gives the best pred.iction of the test

results

2. Code equation gives better prediction than Buchanan¡s

proposal using both magnification factor'



47

CH.åPTER 6 "

su3&{ÀRY Ã}üD CONCÍTUSTOSÛS

The research project, sponsored by Manitoba Hydro' was

undertaken at the university of ManÍtoba to determine the

buckling behaviour and the axial load-carrying capacity of the

wooden poles. Two different species of v¡ood, Lod.gepole Pine

and Western Red Cedar, l,{ere selected for this project since

theyaremostcommonlyusedbyManitobaHydro.Polesv¡ere

randomly chosen from the Manitoba Hydro Yard'' representing the

mostcommonlyusedpoledimensions.Sixty-onespecimens,
prod.ucedoutoftenwoodenpoles'\¡/eretestedinaxial-

compression,whilelyinghorizontallyinthetestingframe.

Thepredictednominalcompressioncapacityofthecolumn

was compared to measured. buckling capacity of the tested poles

using the southwell plot for the measured load-deflection

d.ata" predicted nominal cornpression capacity of wood poles

withthepresenceofbendingmoment'toaccountforself-

weightandout-of-straightnesseffect'wasalsoevaluated.

Previousanalysisshowedthattheequationintroducedin

the new edition of the code can predj-ct the ultimate buckling

capacity of the poles well. However, the buckling behaviour of

thepolesisverymuchinfluencedbytheinitialout-of-
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straightness of the pole. If the effect of the pole¡s out-of-

straightness was not considered, the predicted load would be

higher than the measured. Current Code CAN/CSA-O86'l--M89, does

noL take ínto account the polers initial crookedness to

d.etermine its buckling capacity. Hov/ever, for design of this

type of members, the current safety is achieved by using lower

values for the material strengths.

To improve the prediction of the ultimate capacity of the

wooden poles, specified material properties should be based on

ful}-sized. specimens cut from v¿ooden poles, include the effect

of initial out-of-straightness, and include the eccentricity

of the applied load. These initial eccentricities were

included in OHBDC-83 for design of members subjected to axial

compression. The value of the recommended eccentricity should

be evaluated based on actual poÌe crookedness. Based on the

lirnited. number of poles considered in this program ' a

reconlmended ínitial out-of -straightness of L/5OO and L/2OO

coul-d be assumed for Lodgepole Pine I{estern Red cedar poles,

respectively "

The average measured compression strength parallel to the

grain of the tested specimens cut from Lodgepole Pine and

western Red cedar poles was 23"33 MPa and 23"07 MPa'

respectively. Average values of the modulus of elasticity were

11-1-56 MPa and 8784 MPa for Lodgepole Pine and lrTestern Red
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Cedar poles respectively. Average bending: strength was 64"Lo

Mpa for Lodgepole Pine, and 39.52 MPa for western Red ced'ar'

A design example using these recommended values for the

materiaL properties, measured pole dimensions and out-of-

straightness is presented in Appendix c. Pred'icted cornpression

capacityofthepolewascomparedtothemeasuredvalue.A

design example using code equations with measured material

properties,reconmendedpoleout-of-straightnessandnominal

pole dimensions vras also presented in Appendix C' In Appendix

c nominal buckling load predicted by the code was also given'

Thisstudyshowsthatthecompressionstrengthand

modurus of el-asticity of the short portions, having the fuII

cross-section, could be used to predict compression capacity

of the pole. To obtain more reliable values for compression

strength paraIlel to the grain of the poles' compression tests

should. be conducted using short specimens from the pole"

Research is al-so needed to determine the behaviour of the

poles under combined axial load and bending, for lower levels

of axial 10ads. Load duration and' time-in-service effects

should also be exarnined for this type of members"
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pole Nominal length

[*] tftl
Class Species group

1,

2

a
J

4

5

6

7

8

9

10

t2.192

12.L92

13.7L6

13.716

13.716

15.240

16.764

1.5.240

18.288

18.288

40

40

45

45

45

50

55

50

J

4

4

J

2

z

z

)

LPP

LPP

LPP

LPP

WRC

WRC

WRC

WRC

WRC

WRC

60

60

T

1

LPP - Lodgepole Pine
WRC - Western Red Ceda¡

Table l-.1. Poles claccification
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pole test length

lml
dmin d1 d2 d3 dmax

lmml lmml lmml lmml [mm]

7

2

J
4

5

L

1,

1_

1,

1

11.951

i0.455
9.080
7.620
6.090

273

265
263
258
252

218 251,

218 247

2r8 245

2L8 245

218 237

344
3L3
299
282
274

284
278
269
262

1

2

J

4

5

2

2

2
2
2

12.4r4
L0.497

9.154
7.604
6.096

239
239
239
239
239

283 305

281. 296
271. 283
262 276

259 269

257 270

2s5 264
251 26r
249 257
247 255

1

2

4

5

J

J
4J
J
J

13.719
12.1.89

10.655

9.L44
7.6t8

227 261. 285 306 326

227 255 279 293 315

227 254 277 291. 310

227 249 269 284 294
227 242 26L 282 287

t
2

J

4

5

4
4

4

4

4

L3.691.

t2.192
1.0.662

9.r41,
7.601,

243 273

243 272

243 267
243 263
243 262

299 329 356
294 32I 346

289 308 331,

283 299 321.

275 29r 306

1

2

J

4
5

6

5

5

5

5

5

5

L3.646
12.1.1.6

10.662
9.084
7.626

6.448

246 279 3L9 360 424

246 278 313 344 386

246 274 307 330 365

246 273 294 318 344
246 265 284 31L 324

259 273 290 3L1 320

1,

2

J

4

5

6

6

6

6

6

6

6

15.081

14.005

12.205
10.674
9.1.57

7.639

216 287 357 437 515

21,6 281 345 420 493

216 275 327 392 459

2t6 267 315 368 424

2L6 258 302 342 392
216 249 286 320 356

Table 3.1. Dimensions of the tested poles
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pole test length
lml

dmin d1 d2 d3 dmax

tmml lmml tmml [mm] t.q]

1

2

J
4

5

6

7

7

7

7

7

7

7

7

L5.278
13.738
12.1,19

10.668
9.1.44

7.616
6.084

235 304 369 4t4 466

235 301 360 395 44t
235 297 343 380 424

235 288 331. 372 400

235 279 31.6 357 378

235 278 303 338 367

235 265 295 3r3 338

8

8

8

8

8

8

1

2

J

4

5

6

15.151

13.71,6

12.1,82

10.658
9.r41,
7.618

402
395
375

357
348
31,4

237 281. 3r4 366

237 277 307 354

237 271 296 349

237 267 294 32L

237 263 291, 307

237 260 281, 295

1

2
J

4

5

6

7

8

9

9

9

9

9

9

9

9

18.123
1.6.758

t5.237
13.716

12.186
10.668
9.138
7.620

2n 3L9 375 436 480

223 312 365 424 471'

223 305 358 408 444

223 297 354 401 437

223 290 344 376 4r9
223 282 332 361' 406

223 273 319 354 377

223 263 301 335 362

10 1

102
103
104
r.0 5

106
i07
108

18.113
1.6.748

L5.227
13.7t0
L2.179
10.668
9.1_38

7.617

n4 309 384 444 506

224 303 374 433 487

224 296 362 417 461'

224 289 347 402 444

224 280 334 384 421,

224 272 321 367 407

224 265 309 347 385

224 256 293 324 357

Table 3.1. (Continued) Dimensions of the tested poles
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test
Compression Modulus of Sample Sample

strength elasticity diameter height

[MPa] [MPa] [rnm] [cm]

Sample Moisture SPecific

weight content gravitY

tkgl % lglcm^31

1-1

1,-2

r-3
t-4
1-5

1,4.26

t5.69
L4.92
1.6.12

1.8.24

4981
7706
9335
8675
9065

324
308
289
277
267

126
L17

109

104
r04

53.0
44.0

36.0
31.0
29.0

1,6.45 0.503

18.66 0.519

16.38 0.463
16.15 0.475

14.50 0.509

2-7
2-2
2-3
2-4
2-5

24.78

23.35

26.42
23.27
27.85

12395

10690
r4tl5
9769

1,1873

298
285
279
273

267

69

6T

127

100
102

28.0

23.0
45.4

33.4
3L.2

20.49 0.611

1,6.79 0.583

17.40 0.599

16.33 0.570
16.85 0.577

3-L
3-2
J-J
3-4

20.24
31.60

26.45

25.40

L3929
13073

11338
1.r768

29r 108

88

118

L07

34.4
1.6.r

40.3

35.0

L2.39 0.497

10.26 0.543

N/A 0.497

N/A 0.496

221

307

297

4-r
A'

4-3

4-4

1.9.42

22.1.9

30.54
32.01

1.0877

9344
14985

13201,

31,1,

252
318
293

118

90
t21,

126

45.6

22.7
46.5

41.9

1,6.07 0.514

13.53 0.539

1.t.33 0.498

N/A 0.ss3

5-1

5-2
5-3
5-4

21..52

28.81
24.55

24.64

9902
8820
960s
8105

335
253
317
263

L35
108

723

100

43.0

21..0

34.5

20.3

13.24 0.365

72.92 0.399

12.07 0.374

1.2.7L 0.387

Table 4.1. Compression test results
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test
Compression Modulus of

strength elasticitY

[MPa] [MPa]

Sample Sample SamPle
diameter height weight

lmml [cm] [tg]

Moisture Specific
content gravity

Vo [g/"m^ 3]

6-r
6-2
6-3
6-4

18.39
22.45
20.98
23.22

741.L

9840
7624
8530

377

JJI
313
225

t32
120
L20
89

58.3

41..8

35.8
14.8

77.72 0.444
15.18 0.449
t5.54 0.425
12.03 0.446

7-1,

7-2
7-3
7-4

24.13
22.89
21.21,

25.33

8023
71.t0

11038
8092

353

376

330

242

120
r24
1.24

90

47.3

53.6

43.6

17.6

12.60 0.417

L0.97 0.403
13.52 0.437

13.28 0.436

8-1

8-2
8-3
8-4

25.26
26.76
26.05
23.00

10041

1,0467

9593
9872

326
303
292
244

120
109

121.

91.

43.2

JJ.J
34.2

19.4

13.56 0.442

13.20 0.428
12.01, 0.391.

13.06 0.505

9-1
9-2
9-3
9-4

23.r3
23.7t
25.1,4

27.57

7430
9L92
8066

10901

362
350

289
237

129
122

r20
91,

50.5

44.4

31.3

16.0

15.37 0.394
14.22 0.397

13.15 0.412

rt.36 0.403

10-1

L0-2
10-3
t0-4

1.8.32

L7.52
20.68
25.38

773t
842L
5799
9268

396
372

346
229

L47

130
r29
90

7L.3

55.9
48.7

1.5.2

11,.94 0.396

14.40 0.413
12.84 0.421
1.0.42 0.440

Table 4.1. (füntinued) Compression parallel to the grain test results
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pole sample
Sample Sample Ultimate
height width measured load

[mm] [mm] tkNl

Ultimate
tension stress

lMPal

1

2
J
4

5

6

7

8

9

10

1.

2
J

4

5

6

7

8

9

10

1.1.

12

T3

L4

15

t6
17

18

19

20

16.5

15.6

17.2

t7.1,

15.9

I7.3
17.8

t7.8
17.8

17.L

r7.7
18.0

L8.2

18.8

L7.3

T7.T

18.7

17.0

17.5

I7.8
1.5.7

16.8

r7.9
15.9

16.8

17.8

17.r
17.0

15.9

16.8

Lt.2
rt.2
10.8
10.8
10.8

1.L.4

10.9
L7.3

1.1.2

1.L.2

1.L.9

11.5

1.r.4

11.5

1.1.4

rt.6
11..6

11.8

11.8
11.8

10.9

1.0.2

1L.0

1.1..3

1.L.2

1_0.9

1.L.3

10.8
11.0

1,0.7

t0.28
9.88
9.45
8.38
9.30

1.1..57

r2.34
9.65

1.0.32

9.39

5.74
4.74
8.32

9.30
4.78
6.85
4.89
9.43

12.30
6.18
7.83

8.76
6.25
4.23

1.0.72

6.23

8.63
8.94
7.1.8

7.52

55.69

56.47

50.85
45.30

54.25

58.58

63.56

48.25

51.93

48.98

27.35
22.88
40.25

43.1.4

24.22
34.57
22.55
46.92

59.42

29.44
45.52

51..45

31..68

23.55
56.96

32.07
44.53

48.44

4L.08

42.04

Table 4.3. Tension test results
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pole sample
Sample Sample Ultimate
height width measured load

lmml [mm] tkNl

Ultimate
tension stress

IMPa]

8

t
z
J

4

5

6

7

8

9

10

1

)
J

4

5

6

7

I
9

10

11

T2

13

14

15

1,6

fl

i5.5
16.6

1.6.4

1.6.6

77.7

!4.s
16.6

18.5

15.6

18.4

17.8

18.3

17.0

18.9

16.8

1.6.7

76.6

16.8

18.6

17.3

1.5.1

16.6

17.7

78.2

t7.5
L7.7

r7.3

11.8

11.1

11,.4

1,1.3

11.3

11.5

1.t.4

r1.7
1,L.2

1.1.2

LL.3

Lt.7
11.5

t1..4

11.8

12.7

12.6

1.0.7

1.0.7

10.8

10.8

r0.7
r0.7
10.8

1.0.7

1.0.4

10.5

11.90
t2.4L
9.79

10.99
9.85

10.59

10.56
9.88
7.78
8.1,4

4.45
4.72
6.67

5.r2
11.68
11..43

1.1_.70

10.39
10.36
12.50
1,0.12

8.90
t0.23
11.68
1T.74
9.96
9.83

65.30

67.4I
52.26
58.43

49.38

63.55

55.81
45.58
44.52

39.55

22.r2
22.05
34.15

23.73
58.97

54.02

55.92

57.90
52.1.8

67.20
59.39

50.13
54.r7
59.56
62.81,

54.20

54.00

Table 4.3. (Continued) Tension test results
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pole sample

Sample Sample Ultimate
height width measured load

[rm] [tom] tkNl

Ultimate
tension stress

[MPa]

9 1

)
J

4

5

6

7

I
9

10

1

2
J
4
5

6

7

8

9

10

19.8

18.3

1.8.7

i8.3
17.7

20.4

19.5

19.8

79.6

19.0

L6.6

1.6.1,

15.5

17.8

1.5.7

17.6

17.8

1.8.2

15.4

12.0

1_1..6

tt.9
12.0

1L.7

11.8

11.5

11..6

L1..6

LT.7

11.8

L2.T

1i.8
11.8

12.0

1.1..9

L2.1

12.1,

1.1..9

1.0.23

12.8L

12.46

14.97
L4.T9

1,5.57

t4.06
15.03

T6.41

L4.1.5

9.79
9.L6
8.50

10.63

8.18
8.81

6.92

8.27
5.87

43.07

60.35
56.00

68.18
70.84
64.63

62.98
65.75

72.34
63.36

49.85
47.L4
46.33

50.52

43.51,

41..97

32.24

37.52
32.1.r

Table 4.3. (Continued) Tension test results
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pole test
Measured initial

out-of-straightness

Ultimate
measursd deflection

Ultimate
measured

load

tkNl
e1 eZ e3

lmml lmml lmm

el- eZ e3

lmml lmml lmml

11
1.2
I3
t4
15

-1,4

74

22

18

-15

36 29

32 35

30 47

77 34

-12 -19

r75
155

t49
107

-62

r94 86

185 111

tgz tzû
138 69

-83 -56

733

149

188

z&
372

22
23
24
25

1.2 38368
93032

18 20 12

74 4t 27

11243
51472

208

r76
t44
763

r7z
109

726

137
y2

L08

L05

77

176

118

115

105

129

76

185

205

245
289

405

s58

31
32
^^-t1

34
35

55 0 -24

53n-9
48290
41, 35 -4

27 37 ZZ

182 140

776 764

175 r78
t6z 181

118 156

56

75

92

87

98

162
176

205

?57

372

47
42
43
44
45

35 51 43

2t 34 24

15 t3 74

72728
2728

757 208 745

1,57 270 1,40

83 108 77

7M 136 93

77 115 78

177

233

293

346
462

51
52
53
54
55
56

-31 -33 -4

-46 -52 -38

-44 -53 -4?.

-49 -52 -48

-43 -43 -29

-30 -33 -34

-168 -r87 -10ó

-185 -216 -139

-184 -273 -151

-770 -198 -138

-126 -L48 -94

-732 -764 -176

168

r82
276
2s5
302
50ó

61.
6Z
63
64
65
66

30 -12 -15

85 133 74

ó0 10s 77

0 -18 -36

95-11
9136

74t 98 47

770 226 728

I77 23r 154

-118 -L53 -179

96 '104 47

82 97 59

763

100

140

242

287

338

Table 4.4.PoIe deflections and ultimale load
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pole test
Measured initial

out-of-straightness

Ultimate
measured deflection

Ultimate
measured

load

IKNI
e1 eZ e3

lmml lmml lmm

e1 eZ e3

lmml lmml [mml

71
72
73
74
75
76
77

32207
1923
37 60 29

25 39 36

15 79 24

744r4
-7-92

757 89

r31 81

189 107

193 132
145 104

99 75

-87 -64

160

739

145

159

122,

97

-58

197

239
zl5
26,6

338

445

s67

81
82
83
84
85
86

2 -36 -13

3 -20 -76

74 6 -39

-29 -10 76

-31 -20 4

-25 -27 -6

-103 -769 -761,

-r49 -207 -20r
-106 -776 -139

-743 -r47 -69

-135 -747 -78

-115 -r4l -81

1.40

762
205

202

?34

294

91
92
93
94
95
96
97
98

79 37 36

60 77 ?3

32 -5 -10

21, I -26

77 15 -25

74 17 -10

15 20 27

0 -20 -76

ßz
96

60

-92
-38

25

99

-76

185

779

150

-67

11

69

123

-80

749

140

114
-93

J

79

744
-r77

723

151

203

235

318

327

338

435

10 1

L0z
103
104
105
106
107
108

717

10ó

31

31

76

-4

-15

-18

76 39

80 35

59 42

73 46

4t 32

48
-76 -2

-37 -26

3(6 2W 151

27r 254 L38

190 242 148

2I7 275 171.

744 189 724

-83 -77 -39

-723 -1s1 -84

-129 -169 -10ó

r07

725

160

195

203

308

329
381

Table 4.4. (Continued) Pole def,lections and ultimate load
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pole test
Measured values Nominal values

length de l/de

Iml lmml
length de llde
tml lmml

11,
1.2
1,3
14
L5

11.95i 275 43.9

10.455 261. 40.5

9.080 254 36.1,

7.620 247 31.3

6.090 243 25.5

12.192 250 48.7

10.668 243 43.9

9.1.44 234 39.L

7.620 225 33.9

6.096 2r5 28.4

2L
22
23
24
25

72.014 269 45.7

10.497 265 40.1

9.154 259 35.8

7.604 256 30.2

6.096 253 24.6

12.L92 230 53.1

10.668 223 47.9

9.144 21.4 42.6

7.620 205 37.2

6.096 196 31.2

3T
32
^^J)
34
35

13.7L9 272 50.9

I2.r89 267 46.1.

10.655 264 44.7

9.144 257 36.0

7.61.8 254 30.4

13.7L6 237 57.9

L2.192 230 53.1

10.668 223 47.9

9.1.44 21"4 42.6

7.620 205 37.2

41
42
43
44
45

13.691. 294 47.0

12.L92 289 42.5

IA.662 283 38.1

9.r4L 278 33.3

7.60t 271. 28.4

1,3.716 257 53.3

12.192 250 48.7

10.668 243 43.9

9.144 234 39.1

7.620 225 33.9

51,
52
53
54
55
56

13.646 326 42.2

12.11,6 309 39.6

10.662 300 36.0

9.084 290 31..7

7.626 281. 27.5

6.448 286 22.5

13.71,6 289 47.4

r2.r92 282 43.2

10.668 273 39.0

9.1.44 264 34.6

7.620 254 30.0

6.096 261, 23.4

61
62
63
64
65
66

15.081 35L 43.3

14.005 34L 41.4

12.205 325 37.2

1,0.674 310 34.8

9.L57 295 31..4

7.639 279 27.8

1.5.240 296 5L.5

13.71.6 289 47.4

12.192 282 43.2

10.668 273 39.0

9.1.44 264 34.6

7.620 254 30.0

Table 4.5. Measured and nominalpole dimensions
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pole test

Measured values Nominal values

length de l/de

lml lmml

length de lide
[ml [mml

71
72
ã4IJ

74
75
76
77

1,5.278 339 45.4

13.738 328 42.3

12.LL9 320 38.2

10.668 309 34.9

9.L44 299 30.9

7.6L6 294 26.2

6.084 281. 2r.6

15.240 296 51.5

13.716 289 47.4

12.192 282 43.2

10.668 273 39.0

9.1.44 264 34.6

7.620 254 30.0

6.096 242 25.L

81.
82
83
84
85
86

15.151 311. 49.0

r3.7t6 308 44.9

L2.L82 299 4L.1,

10.658 29r 37.0

9.141. 287 32.2

7.618 272 28.4

15.240 296 51.5

13.71.6 289 47.4

L2.t92 282 43.2

10.668 273 39.0

9.1.44 264 34.6

7.620 254 30.0

9L
92
93
94
95
96
97
98

1.8.123 339 53.8

16.758 33s 50.4

1.5.237 322 47.6

13.716 3L9 43.3

12.186 311 39.5

10.668 30s 35.3

9.138 292 31.6

7.620 286 26.7

18.288 330 55.4

1,6.764 324 51,.7

1,5.240 317 48.0

13.11.6 311 44.2

12.192 302 40.3

10.663 294 36.3

9.1.44 284 32.2

7.620 261. 29.2

10 1

102
l_0 3

L04
105
106
107
108

18.L13 351 5L.9

16.748 342 49.2

15.227 331. 46.4

r3.7t0 323 42.8

r2.L79 3r3 39.3

L0.668 306 35.2

9.L38 296 31,.2

7.617 284 26.8

18.288 330 55.4

76.764 324 51.7

15.240 317 48.0

13.716 311, 44.2

12.192 302 40.3

10.668 294 36.3

9.1.44 284 32.2

7.620 261, 29.2

Table 4.5. (Continued) Measured and nominal pole dimensions
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pole test
Moisture SPecific

content gravitY

Vo [g/cm ^ 3]

TL
t2
1"3
L4
15

16.45 0.503

i8.66 0.5L9

16.38 0.463

16.15 0.475

14.50 0.509

21
anLL

)7
24
25

20.49 0.611

1.6.79 0.583

17.40 0.599

1.6.33 0.570

16.85 0.577

3L
32
33
34
35

L4.1.6 0.505

14.00 0.494

13.74 0.47r
12.39 0.497

10.26 0.543

41
42
43
44
45

20.82 0.533

t9.57 0.519

L8.52 0.538

16.07 0.514

13.53 0.539

51
52
53
54

50

16.03 0.421,

L4.30 0.381

1,4.46 0.375

13.24 0.365

12.92 0.399

12.39 0.380

61
62
63
64
65
66

N/A 0.s01

N/A 0.496
NiA 0.456

N/A 0.449

N/A 0.460

9.18 0.409

pole test
Moisture SPecific

content gravitY

Vo [g/cm^ 3]

71
72
73
74
75
76
77

10.15 0.423

10.8r" 0.390

r0.2t 0.414
8.89 0.396

t0.29 0.458

9.72 0.444
13.40 0.436

81
82
83
84
85
86

N/A NiA
12.64 0.456

9.96 0.437

10.39 0.421

10.46 0.435
7.79 0.421

91
92
93
94
95
96
97
98

L7.68 0.389

15.72 0.406

8.08 0.399

16.27 0.382
tt.26 0.383

9.56 0.389

7.60 0.378

12.97 0.406

10 1.

102
L03
104
105
106
107
108

L3.85 0.468

I8.r7 0.46L

1.6.66 0.401

15.35 0.413

1,4.7L 0.483

10.92 0.401

9.46 0.406

11.63 0.43r

Table 4.6. Moisture content and specific graviry of the tested poles



pole
Compression Bending

strength strength

[MPa] [MPa]

1

2
õJ
4

16.24

25.1.3

25.92
26.04

5

6

7

8

9

10

Modulus
of elasticity

[MPa]

47.3r
79.30
60.14

69.67

24.88
2L.26

23.39
25.27
23.13

20.47

CAN/CSA-O86.1-MB9

luatedbasedontensionandcompressiontestresults

8695

LT768

t2060
r2t07

39.69*
40.58

40.L7*
38.37
44.L9*
34.1J"

Fc : 7.60 MPa
Fb : 10.88 MPa

meanE:8500MPa
E:6000MPa

9108
8351

8566
9978
8897

7805

CAN3-O15-M83

Fc : 5.76 MPa
Fb : 1"0.24 MPa

meanE:8000MPa
E:5500MPa

Classification stress

45 MPa

OHBDC-83

: N/A

Table 4.7. Material proPerties

Classification stress

38 MPa

E:7 700 MPa

Fc : 1,9 MPa
Fb = L9 MPa

E:5500MPa

Fc : L8 MPa
Fb : 18 MPa

E:5000MPa

Ot
\o
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pole Coefficient c

1

2

J

4

5

6

7

8

9

10

0.80

0.93

0.80

0.84

0.85

0.85

0.96

0.8s

0.94

0.85

Table 5.L. Coefficient c
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pole test

Deflection due to
self-weight

Measured initial
out-of-straightness

Pole's
out-of-straightness

point 1 point 2 point 3 point 1 point 2 point 3 point 1 point 2 Point 3

11
2

4

5

34 22

21. 14

128
64
32

26
16

9

5

2

36 29 -1-4

32 35 1.4

30 4L 22

I7 34 18

-r2 -19 -15

10 -5 -36

16 1,4 -0

2t 29 1.4

12 28 14

-1,4 -22 -I7

21
2
5

4
5

23 31. 2I
14 79 13

811 8

464
222

93032
18 20 12

14 41. 27

11243
5 1.4 12

-t4 -1 11

41-1.
6 30 1.9

118-1
37210

aaJ1
2
J
4

5

31,

z0
12

7

3

40 26

26 18

15 10

96
53

55 0 -24

53 23 -9

48290
41. 35 -4

27 37 22

24 -40
a5J -J

36 1,4

34 26

24 32

-50
-27

-10
-10
19

41
2
J

4
5
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1 -5 -r7
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Table 5.2. Pole's out-og-straightness
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342

79

60

32

27

17

74

15

0

36
23

-10

-26
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Table 5.2. (Continued) Pole's out-of-straightness
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APPENDTX C

DESIGN EXAMPLE

C"t" predicted buckling load using measured
and mat,eråaL propertíes and equat,ions
cÃ,3ü/CSAO86 

" X*$89

poJ.e dímensíons

gíven by Ëhe

Measured pole

drin : 246 mm

d1 = 278 nm

d2 : 313 nm

dj : 344 nm

d*^ : 386 mm

f, : l-2 . l-16 m

Measured material

F" = 24.88 Mpa

Fb: 39"69 Mpa

E : 91-08 Mpa

Specific aravity g : O.3BB g/.,ms

Effective diameter d":

Cross-sectional area, A:

Í'd3

dimensions:

ø^_ t-9 
_- _l l_?:_1?_T ø

i om¡n d1 dz do omaxii,-.i

iiiii
i lt¿ i ttn i ,,^ i i

i- H ' , 41 i U4 i ll4 :"Ê'- - ---'Æ- - -'--'.--.---;¿{--.--.-:--------.-.-ø----.-..--:...:............ø..

i ; -' 'i
ø-""" ' ' ..---..------t........... ............ .æ

ttH

properties:

Clause L2"5"2"s

A^ ^ 74,99Imm
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Moment of inertia:

-^E/1 '
I = '"=".t = 447 5LLL}5mm4

64

Effective length is taken as

hinged connections as:

L" : L * O"1-2 = 1-2"236 rn

Axial compression strength of

Pc- Fc.A : 1-866 JcN

distance between centres of the

the columns cross-section, p"3

Nominar buckring load is determj-ned by the clauses 5.5. 6.2.2.
and 5.5. 6 "2 "3. since the measured material- properties T¡rere

used resistance factor and all modification factors for
compression strength and modulus of elasticity are assumed to
be unity" consequentry the nominal- compression capacity is
given as following:

D--n = 22LkN

where Cc is the slenderness ratio g.iven as:

Le

p
'c

4.F"CZ_L-t,.--
E,35

r\/1'2 \/3 ae Clause L2"5"2"4"

To predict the compression resistance, pr, of the poIe,
existing moments r¡rere included in the evaluation by using
interaction equaÈion:

cc-

P- M--J +; ,t.o
-n '-n

2L. 45.7

Cl-ause 5"5"1-0"



i¡/ith the

24L

presence of theNominal bending moment resÍstance
axial- load v¡as determi_ned as:

Mr- Fl.M

where Fr is commonly used rnagnification

a

factor gi-ven as:

pl:
D

L-

I

Pe

r¡/here P
e

P"* îE2Er
L,.

is the Eulerts buckling load, given

: 269 kN

Moment, M, determined by first order analyses, vras taken as

moment due to self-weight, Md, and axiar- road, pr, due to out-
of-straightness, e, as:

M, : Mo+ e.P,

since the pole hras tested in the horizontal position, the
deflection due to self-weight was deducted from the measured
initial out-of-straíghtness. The defrected shape between the
measured points ü/as estimated as parabolic. self -weight vras

estimated using measured specific gravity and assurning uniform
taper shape between the measured diameters at the two ends and
three quarter lengths measurements. Def l-ections due to sel_f -
weight hrere determined using conjugate beam method.

Nominal bending moment resistance, Mn, is given in the



C1ause 5.S" 4.A" Since

used all_ modification
resistance factor were

Mr- F;S

242

the measured. material properties v¡ere

factors for bending strength and the
taken to be one, yielding:

where S

modulus

circular

d.

6

is determíned by the Clause

of square cross-section having
cross section:

L2"5.3" as section
the same area as

where a is gr_ven as:

uniform taper between the measured diameters r¡ras assumed in
calculation of the section modulus. Measured eccentricity,
moment due to self-weight, M¿, defr-ections due to serf-weight,
polers out-of-straightness, e, and nominal bending capacity
along the length of the pole are shown in Table c.r_.

Buckli-ng load was determined using iterative procedure. Ratio
between buckling road resi-stance and nominar buckling road was
assumed, and applied moment and magnification factor were
calculated" using interaction equati_on buckling load
resistance hras calcul-ated and compared to the assumed val_ue.
Prediction of the buckling r-oad of the pole is presented in

n'd?
4
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Tabl-e C"2 
"

calcul-ated ratio between buckling load resistance and nominal_

buckling load was determined as:

P./Pn : O"794

thus predicting the ulti-nate compression resistance of the
pole with existing moments as:

P. : 0"793 . 22L : i-75 kN

Measured buckling load for this pole túas pr.* : LBz kN

Therefore the ratio of the measured and predicted buckting
load is:

Pnet;ured:ly-L.O4
Pr a75

rf can be concluded that proposed model gives conservative
solution for the buckling load of the poIe,

e"2,, Frediet,ed buckríng load using nominal_ BoJ.e dímensíons,

ütroposed out,-of-straíghtness at the mid heíght,, and measureê
mat,erial. propert,ies and equat,íons gíven by t,he cmû/csÄog6,r-
M89

Nominal pole dimensions:

dr"* : 20i- mm

dru* : 382 mm

f, : L2.192 m

Material properties v/ere taken as averag,e of the al_l Vüestern
Red Cedar poles tested in this research programå
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F": 23"07 MPa

Fb = 39"52 MPa

E : 8784 MPa

Effective diarneter de:

d"-4i'+0,45 (4"*-4ir,) : ZB2rnn

Cross-sectional area, A:

n'd?A: ___= : 62,657

Axiar compression strength of the columns cross-section, p"l

Pc: Fc,A : L446 kN

Nominal buckling l-oad.:

p
Pn- '" 

-:14OkJV
1'*ls cå

835

To predict the compression resistance of the pore including
the moments, the folr-owing interaction equation courd be used:

P Ft.v
lt*'."r <1.0Pn Mn

rnitiat moment, Mr, Ìüas taken as moment due to polers out-of-
straightness" rt was assumed that the pole has parabol_ic shape

with maximum value at. the rnid-height of the column of:
T..: ñ =67mm
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Nominar bending moment resj-stance, Mn, was determined using

measured material properties and assuming uniform taper
between the ninimum and maximum diameters as:

Mn: Fb's

where s is section modulus of square cross-section having

same area as circular cross section:

CI

6

where a is given as:

Applied moments on the pole hrere calcul_ated as:

M, - ê'P,

Buckring load was determined using iterative procedure.

Porers out-of-st,raightness, e, nominal bending capacity along

the length of the pole and prediction of the buckling load of
the pore are shown in Tabl-e c. 3 " cal-culated ratio between

buckling load resistance and nominal buckling load was

det,ermined as:

P./Pn : 0"822

thus predicting the urtimate compression resist,ance of the
pole with existing moments as:

P. = 0"822 . L40 : 1l-5 kN
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e "3. Predíet,ed br¡clrl-íng Load aeeordi.ng Èo cÃüü/esÃ-o86.9

Nominar pore dimensions are represented in the section c.2"

Material properties given by the Clause L2"3 of the Code:

F" : 5"76 MPa

E = 5500 MPa

Effective diameter, d", cross-sect.ional- area, A, slenderness

ratio of the column are the same as presented in section c.2.
Load duration factor, KD, was taken as one according to Table

4"3"2"L" for standard Lerm loading. system factor, KH, is ar-so

taken as one, according to cl-ause s"4"4. service condition
factors, Ky were assumed to be one, for dry service
conditíons as given in Tabte s"4"2. Treatment fastor is given

in Clause 5" 4"3" as one.

Axial compression strength of the columns cross-section, p"3

P":F".A : 321_kN

Size effect, Rzb, factor is given in Clause 5"5" 6"2.2. as:

K"":6.3 (d.L") -0.1_3 - 0.890 < l-,3

Nominal buckling load:

P"K""
Pn- :7skN

1* F"Kr" cZ
E'35



Distance
from the top
of the pole

0

1

)
J

4

5

6

7

I
9

10

1,7

1,2

1.3

L4

15

76

0.000
0.765
1.530
2.294
3.059
3.824
4.589
5.353
6.118
6.883
7.647
8.4r2
9.177
9.942

1.0.707

11,.471

12.236

Measured
eccentricity

Moment
due to

self-weight

0

-17

-30
-40
-46
-50

-52
-53

-52
-50
-47

-43
-38
-31

-23

-13

0

Deflections
due to

self-weight

0.00

7.1,4

2.r6
3.06

3.84

4.48
4.91

5.32
5.50

s.51

5.34

4.98

4.43

3.66

2.68

1.46

0.00

Table C.1. Moments and deflections due to self-weight, out-of-straightness, and nominal buckling capacity of the pole

Pole's
out-of-

-straightness

0

5

9

13

7l
1,9

20

27

2I
20
19

t6
L4

II
7

4

0

0
-22

-40
-53
-63
-69
n^-t3

-74

-73
-70
-66
-60

-52
-42

-30

-17

0

Nominal
bending
capacity

68.55

75.46
82.82

90.64

98.93

108.57

118.82

129.69

I41.20
151.95

163.24

L75.06

1,87.45

205.14

223.92
243.80

264.83

N)
È\¡
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Assumed ratio between compression resistance of the pole
and nominal compression resistance:
PrÆn: 0.794

Magnification factor:
F - 2.8685

Ratio between
applied moment and

nominal moment capacity

Ratio between
predicted axial load and

nominal compression capacity

0

7

2
a
J

4

0.000
-0.036

-0.058
-0.068
-0.072

1.000
0.896
0.835
0.804
0.794

5

6

7

8

9

10

11

12

13

L4

15

T6

-0.070

-0.065
-0.059
-0.052
-0.045
-0.038
-0.031

-0.025
-0.018

-0.0r2
-0.006

0.000

0.799
0.813
0.832
0.852
0.872
0.892
0.911
0.929
0.948

0.966
0.983
1.000

Table C.2.Predicted buckling load



Asumed ratio between compression resistance of the pole and nominal compression resistance: PriPn = 0.BZZ
Magnification factor : F : 2.7229

Distance
from the top
of the pole

Pole's
out-of-

-straightness

0.762
I.524
2.286
3.048

5

6

7

8

9

10

1,1

72

T3

14

15

1,6

3.810
4.512
5.334
6.096
6.858
7.620
8.382
9.144
9.906
10.668

tt.430
12.192

0

14

27

37
46

Norninal
bending
capacity

31.23

46.10

56.29

67.81
80.94

52
57
60
6I
60

57
52
46
37

27

14

-0

Ratio between
applied moment and

nominal moment capacity

95.58
111.90

129.98

749.90

711.76

195.65

22r.66
249.88

280.40

313.30

348.69

386.64

0.000

0.036
0.055

0.063
0.065

Ratio between
predicted axial load and

nominal compression capacity

0.063

0.059

0.053

0.047
0.040
0.034
0.021

0.021.

0.015

0.010

0.005

0.000

Table C.3. Predicted buckling load

1.000
0.902
0.851

0.827
0.822

0.827
0.839
0.854
0.812
0.890
0.908
0326
0.942
0.958

0.973

0.987

1.000

t\)
È
\o




