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Abstract

Timber is themost commonly used material for supporting utility power lines, with an
estimated quantity of over 165 million across North America. Timber Poles provide a safe and
cost effective mean to supply electricity and communication to vast majority of consumers,
and are considered to be the most important asset by utility companies. Due to significantly
large investment in timber poles across North America, there is need to investigate their
structural reliability. Within the past few decades, different partseofviorld have experienced
significant climate changes. Specifically in North America, Hurricanes and strong winds have
caused tremendous damage to infrastructure including Timber utility pole structures.
Therefore, there is an urgent need to understangdiermance of timber poles to mitigate
damage during extreme climatic hazards. This research presents a fragility based methodology
to assess and compare the vulnerability of timber poles exposed to wind hazards models for
selected locations. Timber pelare designed as per both CSA 22.3 No.1 deterministic design
wind loads and probabilistic wind loads. Wind hazard models for selected locations are
developed using Extreme value analysis. Reliability of timber poles is determined through
convolution of stuctural fragility models with the wind hazard models. Strength degradation
with time due to decay was also taken into account for a holistic approach towards risk
assessment of Timber poles.

In addition to reliability analysis, a framework for developmeh a fuzzy logic based
condition rating tool is also proposed in this research. Fuzzy synthetic evaluation technique,
which is based on fuzzy logic theory has been utilized for the proposed framework. External
decay, internal decay, wood pecker damagd mrechanical damage were selected as
performance indicators. A five tuple fuzzy linguistic evaluation set having levels of Very good,
Good, Fair, Poor and Very Poor was used to assess the performance indicators. The proposed
framework was validated througdn illustrative example of ten timber poles. Analytical
hierarchy process (AHP) was used to calculate weights for the four performance indicators.
The proposed framework also provides the ability to prioritize timber poles according to their

respective leel of deterioration.
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Chapter 1 Introduction

1.1. Background

The supply of electricity to potential customers is accomplished through two major systems.
First is the transmission system, which consists of high voltage lines through which electricity
travels from the geneiag source such as dams, nuclear power plants etc. to substations.
Second is the distribution systems, which transfers electricity fubstations directly to the
customers. Timber poles have been extensively utilized as support structures for overhead
electric transmission and distribution lines across Canada since the Taterit@ry(Shahi

2008; Tallavo 2009)Timber is a preferred choice for utility poles primarily due to its high
initial strength, low electrical conductivity, economy, reliability and ease of availability.
Manufacturing of wood poles genegdesser greenhouse gases compared to concrete and steel
poles, rendering them more sustainable and environmentally fri¢8dhjjo 2002) Wood

Poles are long round timber members, behaving as typical structural cantilever beams,
designed to support component dead loads sudworductors, insulators, cross arms and
others accessories. In addition to dead loads, wooden poles are also designed to have sufficient
capacity to resist climatic loads of ice and wind, live loads during routine maintenance and
inspections and other fags corresponding to earthquakes or imbalanced cable loads (broken
cable conditior{Datla and Pandey 2006)

The terms fARi sko and Haréeéntical bmplicatidny, wherausesl toa s s u r
describe the state of any particular system. Lower reliability corresponds to a higher risk and

vice versa. Risk and reliability assessment of utility wood poles is particularly important to any
power supply systerawing to the economic consequences associated with interruptions due

to utility pole failures(Li 2005). The structural design of utility timber poles contains
considerable ammt of uncertainties which stems to our inability to accurately specify material
properties, limitations of design methods, lack of knowledge regarding future loadings, the use

of simplified assumptions to predict behavior of structures and human fastbras errors,

omissions etq(Ayyub and Haldar 1985)

The power industry has employed the deterministic approach for years to design utility timber
poles. This approach is based on a set of prescriptive criteria, providing a siraigrdf

procedure to design and ensure safety of timber poles during extreme loading conditions (wind

1



and ice). Although, timber poles designed using deterministic design approaches have
remained in service for considerable amount of time, however, thealgeerformance or
reliability achieved through such methods remains unkn@wnet al. 2006) The true
performance of timber poles is controlled by the uncertainties associated with the load and
resistance parameters. Due to such uncertainties, there might be a probability that the timber
pole may not perform as intendddeterministic design approach does not account for such
uncertainties and hence is unatwespecify the probability of neperformance of a timber

pole structure(Foschi 2004) The application of probabilistic design methods provide a
systematic approach to reduce the probability ofperiormance by establishing appriagpe

design parameters, thereby increasing reliability of the component to an acceptable level. Since
1990, several countries around the world have incorporated probabilistic or reliability based
design methods into their national design standards.

Distribution poles are highly vulnerable to failure during extreme winds. The deterministic
wind loads as specified in CSA 22.3 No.1 have been used for decades for design of timber
utility poles. These specified wind loads are assumed to be equally applateley targe

areas without considering the local climatic conditions. This tends to create doubts regarding
performance or reliability of timber poles designed using deterministic wind loads. To address
the concerns, reliability assessment of timber pidssgned using deterministic wind loadings

will be carried out using fragility analysis. The reliability values thus obtained will be
compared with target reliability values specified in CSA 22.3 N0.60826 Reliability based
design codeli et al. (2006)conducted a study to evaluate tteliability of timber poles across
selected locations of British Columbia, Canada using first order/ second order reliability
methods. However, in this research, Fragility analysis will be used determine the reliability
index of timber poles. Fragilitynalysis provides a realistic and appropriate solytion
evaluate functional and safety performance of a structural system or comippiegting into
account potential uncertainties associatgith its behavior.Fragility analysis approach has
been useeffectively in the padiBjarnadottir et al. 2013; Li and Ellingwood 2006; Rosowsky
and Ellingwood 2002jo determine the probability of failure of structures against extreme
hazards. This research provides a probabilistic approaclséssathe risk of wind loads on

probability of failure and reliability of timber utility poles.



Being a natural material, wood is quite susceptible to physical deformation and deterioration
with the passage of time resulting from decay due to fungusexstiatacks and woodpecker
damage. The deterioration process causes significant loss to the structural capacity and service
life of pole structures and its corresponding components. The sudden failure of these pole
structures may jeopardize the overheavoek performance through unplanned interruptions

in power supply, causing safety and economic implicatiGustavsen and Rolfseng 2008)

is therefore imperative for the analysisatcount for changes in the resistance of timber poles
with time. The work presented in this research incorporates time dependent strength
degradation of timber poles through a probabilistic decay model. This holistic approach of
considering the simultaneseffect of decay and natural hazard on failure probability will help

to effectively address reliability issues of aging timber poles by deriving effective pole
management strategies.

In view of time dependent degradation, utility providers are also keete to develop effective
mechanisms for proper management of their timber pole assets. Timber utility poles usually
have a service life of 3b 50 years, which is mainly dependent upon the type of wood,
preservative treatment, atmospheric conditions mwaihtenance cycl¢Datla and Pandey

2006; Morrell 2008) Power lines consist of wooden poles connected in series. Failung of a
pole may constitute a weak link within the power line, leading to a cascading failure and
causing devastating consequences. Deterioration of wooden poles may also lead to fatalities to
line workers performing inspection and maintenance operations. &tang optimal
performance and adequate structural capacity of timber poles has always been a major concern
for utility companies. Line managers nowadays, have a profound focus towards optimizing the
lifecycle of timber pole assets so that utility linesitboue to supply electricity without any
interruption. It is therefore, quite imperative for utility providers to develop effective
preventative maintenance programs to identify deficiencies and defects in wooden poles in

order to circumvent their degradat and subsequent failu(felson and Sinclair 2005)

Condi tion assess mend prooessy of fystemalically i evakiating ars i
organi zationds capital assets in order to p
will preserve their ability to gpport the mission or activities they were assigned to éerve

(Ahluwalia 2008) The efficacy of any timber pole condition assessment program depends



upon its abity to identify potential defects and allow line managers to make informed decision
regarding maintenance and rehabilitation. In addition, it should also facilitate to rank timber
poles depending upon their respective condition. Condition assessmentef poles is
performed by inspectors using variety of techniques and procedures. The information obtained
can sometimes be imprecise and subjective due to lack of experience of site inspectors and
cause poles to be condemnethjch still exhibit adequatetsength. Adoption of more refined
inspection methods and development of new technology can help to make more objective
assessment. However, interpretation of results from advanced methods also requires
engineering judgment and hence requires consider&illeand experiencgNelson and
Sinclair 2005) The inherent subjectivity involved in the condition assessment process provides
an impetus to account for uncertainty. In this regard, a decision support tool for condition
assessment of timber poles based on flagic theory is proposed. The motivation behind
developing such a tool is based on the hypothesis that if uncertainty associated with condition
assessment results can be removed, then this information can be effectively used by asset
managers and line emgiers to make efficient maintenance decision regarding their timber

pole assets.

The cost associated with replacing timber poles is considerably higher as compared to
replacing single component. Line managers are therefore interested in allocatirfgfyodks
assets, which require immediate repair. For this reason, the fuzzy based tool would not only
provide a mechanism to assess the condition of timber poles in a particular line, but also
subsequently rank them according to their level of deteriorafitis will allow the line

managers to decide cost effective mitigations actions for pole maintenance.
1.2. Objective of this research

The objectives of this research are as follows:

1. To evaluate and study the difference in achieved reliability of timber istvn
poles designed according to both CSA 22.3 No.1 deterministic as well as

probabilistic wind loadings.

2. To study the #ect of time dependent degradation on reliability of timber poles due

to decay.



3. To develop a decision support tool for conditiosdzhrating of timber poles using

fuzzy logic based technique.

1.3. Organization of Thesis

Chapter 1 includes a brief introduction to timber poles, background of the research and

underlying objective to be achieved.

Chapter 2 provides a comprehensive literatavéew pertaining to design, reliability analysis,
structure, preservation, degradation and condition assessment of timber utility poles. It also
provides an introduction to fuzzy logic and its application to the condition rating of timber

poles.

Chapter3 presents a reliability based assessment for utility timber poles designed according to
deterministic wind design loadings as mentioned in CSA 22.3 No.1 and Probabilistic wind
loadings. The assessment is performed for timber pole at selected locatmgnghasioncept

of wind fragility. Probabilistic wind load models ftine selected locations are created using
extreme value analysis. The conditional probability of failures for timber poles determined
through fragility analysis are convolved with wind doaodels to estimate the annual
probability of failure for selected locations. Finally, the reliability index of timber poles for
both deterministic as well as a probabilistic loadings for selected locations are determined and

compared subsequently.

Chapte 4 focuses on the development of a fuzzy based decision support tool for condition
assessment of timber poles. This chapter starts off with an introduction to the performance
indicators, which are used to develop the hierarchical framework for condisessanent of

timber poles using Fuzzy synthetic evaluation (FSE) technique. Eventually, application of the
proposed methodology is validated through an illustrative case study and results are presented
herewith.

Finally, chapter 5 presents conclusions pralides recommendation for future research.



Chapter 2 Literature Review

2.1. Design of Timber Utility Poles

In Canada, two standards are currently being used for design of overhead structures. These
include: CAN/CSA C22.3 No. 110/ Ov er h e a d an®GGABI/CRANTR203 6082606
ADesign Criteria of Overhead Transmission Li

CAN/CSAC22.3 No. 1 is based on deterministic design procedure, wherdd&CSA C22.3

No. 60826 is based on probabilistic or reliability based design procedure. Currently, CSA
C22.3 No. 1 ighe most widely used standard in Canada for design of overhead structures. It
is therefore, imperative to understand the archived performance and reliability of overhead
timber poles using deterministic design loads to allow comparison with probabiligd bas
design loadings. This knowledge will not only help to improve the current design practices but

would also allow to establish a target reliability.

2.1.1. Deterministic Design Approach (CSA 22.3 No. 01)

The main premise of deterministic design procedure igtihization of prespecified material
strengths and loading conditions without considering the inherent variability associated with
them. Depending upon experience of local conditions, factors have been derived to modify
strength and loads based on thecpaved level of safety, however, they are subjective in
nature. The CSA 22.3 No. 1 provides a loading map of Carsaéal(ustratior2.1), which is

used to determine the type load, which a utility structure lmélsubjected to for design
purposes. The ap is divided into four zones: Severe, Heavy, Medium A and Medium B.
Medium A loading region is not shown kg and can be found in the province specific maps.
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lllustration 2.1: Weather Loading Map of Canada(CSA C22.3No.12015)

The abovementioned loading region have specified values related to different weather
conditions, which include amount of ice accretion on conductors, intensity of wind loading and
temperature. Once thading region is selected, the corresponding values of weather
conditions can be determined. Table 2.1 provides the values for deterministic weather loads

corresponding to each of the loading region.

Table 2.1: Deterministic Weather Load Intensities(CSA C22.3N0.12015)

Loading Zone

Loading Condition Severe Heavy Medium A Medium B
Wind Pressure (N/@) 400 400 400 300
Radial Ice Thickness (mm) 19 12.5 6.5 12.5




Wind acts in thénorizontal direction, either longitudinally or transversely to the line direction,
on the pole structure including conductors and any additional equipment. Wind acting in the
transverse direction to pole and conductors is considered most critical fpr gagposes. Fig

2.1 shows wind acting horizontally on a typical pole with conductors and transformer.
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Figure 2.1: Wind Force acting on Typical Timber Pole

Ice accretion over conductors is not uniform amat ©e manifested in different complex
shapes. However, for simplicity it is assumed that ice accretes on conductors with uniform
radial thicknesgFig 22) and having value as specified in Table 2.1. The radial thickness of
ice increases the vertical foecadue to increased weight and also instigates additional
horizontal forces due to increased wind surface area of ice covered conductors. Temperature

variations are used in sag and tension calculations for conductors.
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Figure 2.2: Radial Ice Thickness over Conductors

2.1.1.1. Load Factors

In the deterministic design approach, safety factor have been derived which are used to
magnify the applied loads. CSA 22.3 No. 1 provides minimum load factors for bothdimskar
nortlinear analysis. In case of linear analysis, load factors are categorized based on type of
load (vertical or horizontal) and construction grade. However, in case dinean analysis,
coefficient of variation (COV) of material strength is algken into account for categorization

of load factors. Dead weight of poles, conductors and any attachment such as transformer may
constitute vertical loads. Wind pressure acting on pole, conductors and equipment corresponds

to horizontal load. Table 2.2 sWs Load factors to be used for linear and-hear analysis.

Table 2.2: Minimum Load Factors for Linear and Non-Linear analysis of Timber Poles(CSA C22.3No.1

2015)
Type of Load Congruction Minimum Load Factor
Grade Linear Non-Linear
Vertical 1 7 >
2 2.7 15
3 2 1.2
Transverse 1 > o
2 1.5 1.3
3 1.2 1.1




2.1.1.2. Minimum Grades of Construction

Overhead utility structures are designed to be utilized for different purposessartd ae

installed in a variety of surrounding. In order to establish the importance of timber poles based
upon purpose and type of surrounding, CSA 22.3 No.1 specifies three construction grades i.e.
Construction Grade 1 (G@), Construction Grade 2 (C8, and Construction Grade 3 (EG

3). In other words, these grades categorize utility structures based on severity of consequences
in the event of failure. Construction grades are established keeping in view various factors
which include proximity of utilitypoles to type and nature of nearby structures or facilities,

use of communications cables on utility poles in addition to supply conductors as part of joint
use and types of facilities over which utility lines are passing3G@&usually considered for

typical construction near roads and highways, wheread @Qused for poles near railway

control facilities.

2.1.1.3. Classification of Timber poles

Numerous species of timber is used to manufacture transmission and distribution poles in
North America. The most comon species include Southern Yellow Pine (SYP), Western Red
Cedar (WRC), Douglas Fir (DF) and Red Pine (RP). For this research, only western red cedar
was considered for reliability analysighe primary reason for choosing WRC was due the fact
that it isthe most widely available species in British Columbia (BC). Furthermore, majority of
distribution poles throughout different utility companies of BC comprised of WRC species. As
our selected location were in BC, hence it was pertinent to use WRC fosiamalyposes in

this researchCSA 01505 (CSA 015 2005)provides information regarding strength and
dimensional properties of various species and classes of timber utilized for timber poles in

Canada. The dimensional properties for WRC are givamlne 23.
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Table 2.3: Minimum Circumference of Western Red Cedar(CSA 015 205)

CLASS 1 2 3 4 5 6 7
CIRC AT TOP (IN) 27 25 23 21 19 17 15
LENGTH DI?IE'-II:H Minimum circumference at 6 ft. from butt, in
(FT) ET)
20 4 335 315 295 27 25 23 215
25 45 37 345 325 30 28 255 24
30 5 40 375 35 325 30 28 26
35 5.5 425 40 375 345 32 30 275
40 6 45 425 395 365 34 315
45 6.5 475 445 415 385 36 33
50 7 495 465 435 40 375
55 7.5 515 485 45 42
60 8 535 50 465 435
65 8.5 55 515 48 45
70 9 56,5 53 495 46
75 9.5 58 545 51
80 10 595 56 52
85 10.5 61 57 535
90 11 62.5 585 545
95 11.5 63.5 59.5
100 12 65 61
105 12.5 66 62
110 13 67.5 63
115 13.5 68.5 64
120 14 69.5 65
125 14.5 705 66
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2.1.1.4. P-ee (Second Order) Effects

Historically, overhead structures were designed using linear analysis i.e. considering the effect

of vertical and horizontal loads gnINow CSA 22.3 No. 1 specifies to adopt Aorear

analysis for design purposes. Namear analysis takes in to accounttheeP ( second or d
effects, which is moment produced due to horizontal displacement of pole top resulting from
vertical forces. Th second order effects are produced once the pole is deflected due to
horizontal forces and vertical forces (due to conductor and equipment) induce additional
moments in the nehnear state. (Fig. 3)

P
e

| ——

—— e
L / SecondaryMoment =P ¢

Figure 2.3: P-Delta Effect in Timber Utility Poles

The timber pole is generally designed as a cantilever structure. The deflection at the free end
of the pole due to horizontal forces can be calculated by the following equation (IEEE 1991):
y ®eééececeeéeceeeéeeceéeeceeée. . €2..1)

Where,
F = Horizontal Forcédue to wind)
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L = Height of loading point from ground line
E = Modulus of Elasticity

DcL = Dia. of Pole at ground line

D. = Dia. of pole at loding point

The vertical unbalance causes the poldean further to resist the loads, which cause an
additional increase in deflection. Eq. 2.1 does not take into account the additional deflection

and hence an amplification factor is used as shown b@aotti and Smith 1989)
y y p — ééééééeéééeeeeeeceeeeeeeéee(2.2)

Where,

Pe= Eul erds Buckling Load
Pv = Vertical load acting on the pole

For a circular tapered column withfixédr ee end condi tions, the Eul
by the equatior{Gaiotti and Smith 1989; IEEE 1991)

8
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0 — — é¢ééééééééééécééééeéecéeéeéecéd (23

Where,

L = Length of Column

E = Modulus of Elasticity

| = Moment of Inertia

DcL = Dia. of Pole at fixed end

Dn = Dia. of pole at free end

Therefore, the bending momednduced at ground line due teaPeffect can be calculated as
(IEEE 1991)

//////////////////////////

0 vy L& fééééééééééeeeeeeeeeeeeeeee. (249
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2.2. Reliability Theory in Engineering Analysis

Structural reliability is the application of probabilistic methods to study the safety of structures.
The reliability of a structure refers tcetiprobability that the structure will perform its intended
function for a specified amount of tiapeeriod(Ellingwood 2004; Foschi et al. 2002; Li 2005)

The introduction of probabilistic methods in engineering analysisge@n impetus to reduce

the risk of failure to a tolerable level by enhancing the level of performance or reliability.
Traditional deterministic methods use empirical or sempirical safety factors to address
safety issues for acceptable performanceclvhave deemed to be inadequate under extreme
natural hazards. On the contrary, performance or reliability based approach provide a
hierarchical system to explicitly state the functional objectives of the structure, strength or
stiffness criteria to meehose objectives and evaluation methods to measure the satisfaction
of criteria(Ellingwood 2004)

A performance or it state function can be used in general to describe the reliability or

performance of an engineering system, which may be expres@easahi 2004)
O 60 ol ééééééééeéééééééécéééééééqass.

Where
G(x) = performance function
C = Capacity
L = Load
Xc = uncertain parameters (variab) related to capacity
dec = deterministic parameters related to capacity

XL = uncertain parameters (variables) related to load

d. = deterministic parameters related to load

From the above equation, it is clear that the vecstarsld associated with capay C and load

L respectively may include random variables as well as deterministic quantities. The
probability of the structure not performing its intended function will be the probabilitysthat
<0orL > C. Such a situation corresponds to the proligtof failure, P.. The reliability can

then be calculated dsPr.
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Statistical information for each random variable related to capacity and load is required to
calculate the reliability of a structural system. Capacity of a structural system involvesirand
variables depending upon the type and nature of material used and can be obtained from
statistical analysis of test data. Information regarding load or demand related variables such as
maximum wind speed, accretion of ice on conductors, earthquakesiii@enetc. can be
obtained from historical data. Subjective estimates can be made for vanatiidess or no

data is available. Sensitivity analysis can also be performed for values of these assumed
variables, in order to study their effect on them reliability (Foschi 2004)

Several methods can be employedctaiculate the probability of failure and subsequent
reliability of a structural system. These methods include -Birder Reliability Method
(FORM), SecondDrder Reliability Method (SORM) and Monte Carlo simulation. The
FORM/SORM are very efficient but ppximate methods for calculation of reliability index

and involve complex algorithms. The nbnearity of the performance functioB(x) also

effects the outcome of these method. The Monte Carlo simulation, on the other hand is quite a
straightforward computer simulation technique. In this technique, the capacity and load
variables are generated randomly for a specified number of iterations based on their
distribution. The performance functi@i(x) can be evaluated for each iteration. For values of
G(x) > 0, it can be concluded that performance criterion is met, however val@)of 0
correspond to a failure eveNt If N is the total number of iterations, then the probability of

failure is given by

~
7z 7z 7z £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ Z

U —€ééééééééééééééééééééééééeééééécé . (26)

The accuracy of the Monte Carlo simulation depends on the number of iterations. It can also
prove to be data intensive for systems with very low probability of failure. In such situations,

more efficient techniques such as Importance Sampling ortéedgpampling Simulation can
alsobeusedhe reliablkhnt pei edex mated by the foll
and Seéewart

I %0 0 6666666666866066666666. . 666666.(2..8)

Wheren ( is )he standard normal cumulative distribution.
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2.2.1. Fragility Analysis

The plot between probabilities of failure. the number of times the load exceeds capacity for

a particular performance function using Monte Carlo Simulation against a specific range of
intensity measure or load is known as fragility curve. In other words, Fragility curves are
functions that desibe the conditional probability of failure of a structural system as a function
of the intensity measui&chultz et al. 2010)

The fragility curves provide comprehensive perspective on retiabilia structural system.

The shape of the fragility curve describes the uncertainty associated with capacity of the
structure to resist load. In case of Complex or poorly understood systems, fragility curves take
the form of sshaped functions, which isdicative of variability associated with the capacity

of system(Schultz et al. 2010 ragility curve for timber poles can be used to make informed
decision regarding asset management. In additlmgy can also be used to investigate the

effectiveness of various retrofitting measures on structures.
2.2.2. Previous Studies in Reliability Analysis of Timber Poles

Li et al. 2006 conducted a study to assess the reliability of wood utility poles designed
acording to CAN/CSAC?22.3 No. 1 deterministic design approach. Western Red Cedar poles
for all 3 grades of construction were designed for 15 locations across Canada using both linear
and nonlinear design approaches. Climatic loads based eye&0return peod as given in

CSA C22.3 No. 1. Gumbel distribution was assumed to model climatic loads. Annual
reliability index for each location and design scenario was determined using a reliability
analysis program known as RELAN. The results of the study showeddkign using linear
approach yielded structures with lower reliability as compared tdinear approach. This
showed the significance of seceodler effects even though linear approach possessed higher
load factors. Furthermore, reliability index sifuctures was not uniform across all locations,
which attributed to the disparity between the code specified climatic load and actual weather
loads at each selected location.

Daigle (2013)conducted a similar research to study the effect of construction grades, height
of pole, end of life criterion (60% remaining life) and wood pecker damage on reliability of

timber polesRed pine species was considered for analysis in this research.

16



Bjarmadottir et al. (2013proposed a probabilistic framework to assess the vulnerability of
timber distribution poles exposed to hurricane hazards under the impact of climate change.
Both NESC and ASCE methods with different safety factors were employed study to

design timber pole and Fragility analysis was used to determine the reliability. Effect of
degradation was also investigated in the analysis. The results of the study showed that changing
patterns of hurricane hazards due to climate changa kaghificant impact on the reliability

of timber poles. The probability of failure further increases when effect of degradation is
considered.

Ryan et al. (2014)eveloped a probabilistic methodology to carry out reliability assessment of
treated and untreated timber poles under wind loads incorporatingodatienn and network
maintenance in accordance with Australian standards. Monte Carlo simulation was used for
analysis purposes. The results of the study revealed similar failure rates and structural
reliability for both treated and untreated timber polesntained in accordance with Australian
studies over a period of 100 years. However, untreated poles experienced twice as much
replacements over the same period. In addition, effect of four different maintenance strategies
on network performance was alsovestigated, suggesting significant improvements in

network performance through minor changes in maintenance and design practices.

Salman (2014proposed a framework to fragility analysis of timber and steel poles subject to
extreme wind hazards. Deterioration of timber and steel poles with time was also considered
in theanalysis. The poles were assumed to be located in Florida and lowa for analysis purposes.
A life-cycle cost analysis framework was also proposed to compare both steel and timber poles.
The results of the analysis suggested that steel poles were mdiie i@hid depicted lower life

cycle cost as compared to timber poles.

Fu et al. (2016presented a study to conduct fragility analysis of transmission towers subjected
to wind and rain loads. In addition, the cept of critical collapse to evaluate the collapse
status of transmission towers was also presented. The results of the study showed that fragility
and critical collapse were greatly influenced by the wind attack angle and wind spectrum. The
study also sugested that rain load contributed significantly to the tower collapse and should

be paid added attention during severe thunderstorms and gales.
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2.3. Condition Assessment of Timber Utility Poles

Timber Poles are not only exposed to operational loads but alserieéxce varying
environmental condition during their service life. In general, new timber poles with proper
preservative treatment do not require regular inspection during the first 10 to 15 year of their
installation. However, with passage of time, ageand weathering effects will cause the pole

to lose its mechanical strength. Ageing in timber is poles manifested in two ways: Firstly, due
to constant effect of applied loads, the poles experience a gradual decrigasesinength.
Furthermore, contumous wetting and drying cycles and environmental changes can cause
cracks to develop in poles. The second form ageing occurs when barrier created by preservative
treatment is broken by microorganisms resulting ind@gradation of timber poles due to
decy fungi. Wood peckers and motor vehicle accidents also contribute to the ageing process
(Endrenyi and Anders 2006; Sandoz and Vanackere 198i#er poles provide mechanical
support to overhead line components such as conductors and insulageiag Aand
deterioration can cause failure of timber poles, which in return can cause forced interruptions
in power supply. Such interruptions are highly undesirable for utility companies as they readily
effect their reputation and integrity. In additiomnsiderable cost is incurred to rectify such
situations. Weak poles also pose safety issues to linemen and people in its vicinity. In order to
avoid these intricacies, utility companies have devised inspection programs to assess the
condition and structutantegrity of timber utility poles on a regular bagigown and Willis

2006) A literature review is performed regarding structure, preservation treatment,
degradation mechanisms and inspection techniques of timber poles. This knowledge may

prove essential towds condition assessment and subsequent ranking of timber poles.
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2.3.1. Structure of Wood
The crosssection of a tree is shown in FigdZUSDA-FPL 2010)

Figure 2.4: Cross-section of a Treg(lUSDA-FPL 2010)

The outer dead layer of the tree is known asotiiter bark (A) The outer bark prevents the
tree from drying and also serves as a protective layer for Fungi and insect attacks. The outer
bark is usually removed during pole manufacturing to as it can affect proper drying and

preservation treatment and may also attract various Avoddg insects.

The inner bark (B)is a thin living layer which transports food from leaves produced from

photosynthesis to roots and other growing parts of the tree.

The thin microscopic layer separating bark from the wood is knowasasilar cambium (C)

and is resposible for producing both outer and inner bark tissues each year.

Sapwood (D)s the living part of the tree forming a white to cream coloured band, and carries
sap (water) from roots to the leaves. It is also responsible for storage and synthesis of bio
chemicals in the living tree. The depth of sapwood depends upon the health of the tree and

varies widely within and among wood species.
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Hardwood (E)is the portion containing dead and inactive sapwood and may be more durable
than sapwood. The colour ofdréwood is either red or brown depending on the wood species.
Pith (F)is the central part of the tree trunk and signifies the place of early growth of the initial

wood.

Wood rays (Ghare tissues that are horizontally oriented through the radial plahe tfee.

Rays vary in size and connect various layers from pith to bark for storage and transfer of food.

Douglasfir (DF) and western red cedar (WRC) are the most widely used species for wood
poles by utilities in western Canada. Dougdiaas thickersapwood (43 inches), whereas
sapwood for WRC is relatively thin (3/4 inches). Chemical indicators such as difference in pH
can be used to distinguish between sapwood and hardwood. As long as the sapwood is wet, it
shows little resistance to fungal andewt attacks. However, dying cells of aging sapwood in
some species are converted into compounds called extractives, which are highly toxic to decay

fungi and insects, thereby protecting the hardwood for a longer period qiMionesll 2012)

Heartwood of DF and WRC is more durable as compared to their sapwood. Hence, Poles
manufactured from species having durable heartwood and suppbemeith preservative

treatment in the sapwood usually have a longer service life.

2.3.2. Preservation of Timber Poles

Wood poles are treated with preservative treatment to protect it from attacks by decay fungi,
insects and marine borers. The preservative tredterghances the service life and reduces

cost associated with replacement of wood poles. The effectiveness of the preservation
treatment depends upon its penetration and retention and varies with wood species and use
requirements. Wood species with thigda of sapwood such as western red cedar require less
penetration as compared to wood with thicker sapwood e.g. SoutheriMorell 2012;
USDA-FPL 2010)

2.3.2.1. Seasoning of Wood Poles

Seasoning is performed in order to dry wood poles before applying preservative treatment. Air
seasoning is the simplest method for this purposehich poles are stacked one foot above
ground in well ventilated open spaces with spacers to facilitate air circulation for 1 to 12
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months [llustration2.6). Although inexpensive, the poles may be susceptible fungi and insect
attacks due to direct expore to climatic conditions. Despite this, air seasoning commonly
adopted for WRC and DF poles before treatment. Air seasoning can prove to be time
consuming. Hence, alternate seasoning methods such as Boulton seasoning, steam
conditioning and kiln dryindnave been developed to reduce production times. Kiln drying is

the most commonly used method for wood seasoning nowédlayeell et al. 2009)
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lllustration 2.2: Seasoning of Timber Polesréproduced by permissionMorrell 2012)

2.3.2.2. Pre-treatment Procedures

In addition to seasoning, WUty providers can also adopt certain methods such abgnneg,

incising, deep incising, radial drilling, through boring and kerfing, to improve the pole
performance and reduce long term maintenance costs. Incision Gfighproves the depth

and effeaveness of preservative treatments in wooden poles. Incising is carried for the outer

¥ inch of the wood pole and is mostly recommended for western red cedar poles. Deep incising
(Fig 25) involves making 3 inch deep cuts along the ground line area of paedSimilarly,

radial drilling (Fig 25) involves drilling series of 3 to 5 deep inch holes in diamsimaped

pattern in the ground line zone. These both processes ensure preservative treatment to percolate
deeper into wood poles. Throughilling is anextension of radial drilling holes completely
through the pole and can reduce almost total treatment of the ground line zone5)Fig 2.
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Incising, radial drilling and through boring are only facilitate preservative treatment up to the

zone to which theyra applied and not above or below that z(verrell 2012)
A B D

Figure 2.5: Drilling Pat terns for Pre-treatment of Timber Poles ¢eproduced by permissionMorrell 2012)

C

2.3.2.3. Preservative Treatment

Wood preservatives are considered as a type of pesticides, hence, in addition to providing
protection to wood for its intended use, they should alsoposé any adverse risk to the
environment. Wood preservatives are generally classified into two categories (1) Oil based
preservatives (2) Watdrased preservatives.

2.3.2.3.1. Oil based preservatives:

Most common Oil based preservative for treatment of wood polelsid| creosote,

pentachlorophenol (penta) and copper nephthenate.

Creosote was developed in 1838 by John Bethel and is one of the oldest preservative used for
protection of wood. Creosote is a black or brownish oil produced from destructive distillation

of coal. It is highly effective against wood destroying organisms and ensures longer service
life of wood poles. Some drawbacks of creosote solutions include unpleasant odour and skin
sensitization in contact. Creosote was rendered a restricted use pesiitisg only employed

in pressure treatment faciliti¢slorrell et al. 2009)

Penachlorophenol (penta) was developed in 1930 as a substitute for creosote and is used along
with a heavy hydrocarbon solvent (APWA Standard P9 type) for treatment of wood poles. The
solvent play an important role in the performance of penta. It is quéetie# against wood
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decay fungi, molds and insects. Results of field tests of wood poles treated with penta have
found to be similar with those of creosote. Due to presence of dioxins, vapour or solution can
prove be highly toxic for humans. In NovembeB@&9Pentachlorophenol became a restricted

use pesticide and is currently only available for use in pressure treg@&MO80 2011;
USDA-FPL 2010)

Copper Nephthenate was introduced in 1900 as a reaction product of copper salts and
naphthenic acids. It imparts a liggteen colour to poles, which turns light brown due to
weathering. Copper nephthenate has also been found quite effective against insects and wood
decay organisms. Higher cost and +st@andardization as compared to creosote or penta, has
restricted its usdt is generally recommended for repair of hole and cuts that expose untreated
portion of wood(CSA-O80 2011; Morrell et al. 2009)

In addition to the chemicals mentioned above, research is under development for less toxic
preservative such as chlorothalonil and isothiazolone. Utility companies are however reluctant
in accepting new chemicals, until they are completely sure regardingefifectiveness
(Morrell 2012)

2.3.2.3.2. Water based preservative

Water based preservatives are used to provide clean and residue frezssafrfacod poles.
Common types of water based preservatives for treatment of wood poles iclctodeated
copper arsenate (CCA), ammorah copper zinc arsenate (ACZA), copper azole (CA), and

ammoniacal copper quaternary (AC@)orrell 2012)

Chromated copper arsenate (CCA) is an acid system first developed in 1930 containing
chromium trioxide, arsenic pent oxide and copper oxide. Tidesgstem undergoes chromium
reactions with wood, which may continue for several days or weeks to fix arsenic and copper.
CCA has being used quite effectively for treatment of southern pine poles, however is has
shown lesser degree of permeability for Dlas fir species. Trials testing may be performed
before recommending the chemical for this spe(@sA-080 2011; Morrell 2012; USDA

FPL 2010)
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Ammoniacal copper zin@arsenate (ACZA) is eombination of copper oxide (50%), zinc oxide

(25%) and arsenic pentoxide (25%). It was originally developed without zinc as Anualonia
copper arsenate (ACA) in 1930, which is no longer availdlile. presence of ammonia in
ACZA is uzd to solubilize the metals. When the heated ACZA solution is applied to wood,
ammonia evaporates and metal precipitate, resulting in deeper penetration than other water
borne preservativg €SA-O80 2011; Morrell 2012; USDAPL 2010)

Ammoniacal copper quaternary (ACQ) is a recently developed water based preservative
solution to address the issue of arsenic and chromium in treated wood poles. The formulation
utilizes amnonia or ethanol amine to solubilize copper which acts as primary fungicide and
insecticide. The solution further wutilizes
provide added protection against fungi tolerant to fungi. At present, the used of &CQ h
rapidly increased in Canada and United St@@&3A-0O80 2011; USDAFPL 2010)

Copper azole Type B (GR) is another recently developed and standardized water based
preservative solution. It utilizes copper as a primary biocide and organic trizaotbiaside.

The ®pper in copper azole systems provides the primary fungicide and insecticide activity,
whereas the azole component provides protection against fungi that are tolerant to copper.
Copper azole is widely being used in North America, Australia, New Zealan&umoge
(CSA-080 2011; USDAFPL 2010)

2.4. Degradation of Timber Poles

Timber poles usually have high initial strength and can survive over a longer period of time
under proper environmental conditions. However, environmental conditions are not constant
and vary in differetregions of the world. Wet and humid environmental conditions encourage
the development of organisms which results in degradation of wood. Wood decay can be
considered as the most significant cause damage to Timber poles throughout the world. The
term deay in timber poles describes the process pertaining to different stages of fungal attack
i.e. from initial penetration to complete destruction. Principally, the organisms responsible for
bio-degradation of wood poles include fungi and insééfang and Wang 2012; Wareing
2005)
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2.4.1. Decay Fungi

Decay fungi are the most destructive organisms, when it comes to damaging the structural
integrity of timber poles. Decay fungi decompose wood by releasing enzymes and acids, which
dissolhe cellulose, lignin and other constituents of wood in presence of moisture. The
decomposed matter serves as nutrients and is absorbed by fungi. Decay fungi requires
favorable conditions to decay wood which include: moisture content (20% to 30%), sufficient
availability of oxygen, temperature (6@ 8(® Fahrenheit) and food (the wood itself). Wood
decay can literally be prevented by altering any of the aforementioned con(#ian et al.

2008)

The decay of timber poles occurs in various stages. In the earliest stage of decay, known as the
incipient or initial stage, the wood appears to be firm and hard and fungal attack can only be
deteced by microscopic examination of culture. As the wood continues to decay further, the
changes in appearance and condition of wood become more apparent and strength of wood is
considerably reduced. This is known as the advanced stage of decay and niariksatien

of rot (Brischke and Rapp 2008; Li at 2007; Nguyen et al. 2004)

Change in wood colour from normal is indicative of decay presence, however, it is often absent
in the incipient stage. Another indication of decay is the softening of wood when checked with

a sharp object. Strength of wooetuces considerably even at slight incipient decay. Due to
decomposition of wood by decay fungi, the density of wood also reduces as compared to sound
wood. Wood affected by decay fungi can also be detected by presence of a mushroom odour.
However, thikind of odour can also be indicative of damp conditions and not necessarily the
presence of decay. In addition, excessive shrinkage can also provide some clue fungal decay,
as decayed wood shrinks more than sound wood. Depending upon the mode of atégck, de
fungi can be grouped into three tyg@sischke and Rapp 2008; Li et al. 2007; Nguyen et al.
2004)

2.4.1.1. Brown Rot

Brown Rot is a type of advanced decay most common in soft woods. The brown rot fungi
decompose the cellulose, leaving lignin in cell walls more or less unchanged, thus giving a

charactestic brown colour to wood attacked by these fungi. Brown rot is also sometimes
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referred to as dry rot, which is misleading considering the fact that wood must sufficiently
damp for the decay to occur. Brown rot are responsible for substantial strengiveloss the
incipient stage, due to removal of cellulose. Wood affected by brown rot can shrink, crack
across grain and crumble under dry conditi(Btsupe et al. 2008; USDERPL 2010)

2.4.1.2. White Rot

White Rot differs from brown rot as it attacks both cellulose and lignin simultaneously. The
wood attacked by white rot may loselour and generally provides a white or bleached
appearance. White rot is usually associated with hardwood, however it can also affect
softwoods as well. White rot on wood cells can be characterized at the microscopic level
through presence of bore holeassough walls and general thinning of cell walls at advanced
stage of decagMorrell 2012; Shupe et al. 2008)

2.4.1.3. Soft Rot

Soft Rot fungi generally attacks the exposed superficial surface of both softwood and
hardwoods, especially the area where the preservative treatment has lost its efficacy. As
opposed tavhite and brown rot, which occur internally within the timber, Soft rot fungi cause
external softening of treated wood, causing considerable damage at ground line and below.
This damage results in significant decline in flexural strength due to reduétieood pole
circumference. Some soft rot fungi are tolerant to wood preservative that provide sufficient
protection against brown and white rot. Some soft rot fungi can also tolerate extreme conditions
such as high temperature and high moisture contedtsaunvive for fairly longer periods as
compared to other decay furi®lorrell 2012; Shupe et al. 2008)

2.4.2. Wood Pecker Damage

Woodpeckers peck tress for a variety of reasons. These reasons include drumming, foraging,
and nesting and roostir(glarness and Walters 200®)rumming is used for communication
purposes and does not gduee significant mechanical damage. Foraging is done in order to
search for food. Finally, nesting and roosting cavities are used to lay and roost eggs. The
primary reason for woodpecker to target utility poles is thought to be for nesting. The area
suromdi ng wood poles is often cleared which

surroundinggHarness and Walters 2005)
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In order to do a structural evaluation of these damaged wood poles, their sectional properties
must be determined. In order to do this, attentiostfirst be place on the sectional resistances
which are required. In this case, flexural and shear resistances are of interest. Work by Steenhof
(2011) has shown that it is important to consider the orientation of the damage when
determining a particulasectional resistance. Orienting the damage with the extreme fibers
(i.e., the tension or compression fibers) will have the greatest impact on the flexural resistance
whilst orienting the damage with the neutral axis will have the greatest impact oreéne sh
resistance. Thus, to properly evaluate the effect of woodpecker damage on the structure,

section properties reflecting both damage orientations must be calculated.

2.4.2.1. Exploratory and feeding damage

The exploratory damage category exhibits the lowest abadulamage of all three categories.

It is believed that these holes are made by woodpeckers in search of food. The shape of the
hole is roughly cylindrical with an opening size ranging from 25 to 75 mm and a depth ranging
between 25 to 150 mm. It is beled that these holes are made at locations where woodpeckers
think they have found food. The shape of the hole is similar to that found in exploratory holes.
However, the opening has an elliptical shape with a height ranging from 75 to 200 mm and a

width ranging from 50 to 75 mm. The depth of hole ranges from 150 to 175 mm.

2.4.2.2. Nesting damage

Nesting damage exhibits a form of damage that is different from exploratory and feeding
damage. As the name implies, nesting damage are holes used by woodpeckédstheibui
nests. The hole consists of a 100 to 175 mm opening into a large cavity. The cavity can be seen

as a hollowing of the core of the pole leaving a shell approximately 25 to 75 mm in thickness.

2.5. Timber Pole Inspection Methods

Effective and reliable ispection methods can undoubtedly play a pivotal role in the proper
management of timber poles. A successful inspection program should account for various
factors such as climatic conditions, pole species, system age and type of initial preservative
treatmat. Although biedegradation may be more eminent in regions with moist and wet
climates, equal importance should be given areas with drier climate as it may be conducive to

development of checks and cra¢kielson 1998)Two methods are used by utility companies
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to perform inspection of timber poles. These methods include manual inspectioNsrand

destructive evaluation (NDE) methods.

2.5.1. Manual inspection methods

Manual methods of inspection have been consistently used for years by utility companies for
condition assessment of timber poles. The manual methods of inspection generally include the

following procedures:

2.5.1.1. Visual Inspection

Visual inspection is performed by experienced and qualified linemen to assess the condition
of the structure and its components, right of way obstructions and to identify any other
irregularities. Visual inspection carme performed either on foot, on vehicle or aerially on
helicopters. Due to the direct involvement of a skilled personnel, visual inspection provides
valuable information regarding safety and integrity of the line. Defects such as wood pecker
damage, poldgop deterioration, pole leaning, missing or loose hardware can be detected
through visual inspection. However, defects such as internal decay cannot be detected through
visual inspection. Sometimes, linemen perform climbing or bucket inspection to @esels

wood pecker damage and defects not clear from grideidon 1998; USDA-PL 2014)

2.5.1.2. Sounding

Soundimg provides and effective way to detect the presence of decay in timber poles if used by
an experienced inspector. A hammer is used to perform sounding and the feel of the sound
produced is used to assess the pole condition. A hollow sound would indeateskence of

rot whereas, a sharp sound would indicate sound wood. This method is only suitable for
detecting potential hollow areas in portions of the pole above ground and may not be applicable
for below ground areg®orrell 2012; Nelson 1998)

2.5.1.3. Drilling

Portions of the utility pole which are identified as hollow, can be further investigated by drilling
series of hole in those particular areas. Drilling is used assess the pole in the critical zone, i.e.
6 inches above and 18 inches below the ground Isthis zone provides the most conducive
environment for attack by decay fungi. In order to perform drilling, the area around the pole at
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the ground line is excavated to a depth of 18 inches for humid climates. Further excavation
beyond 18 inches can be neadf pole is located in a drier climate. Holes are drilled &ir90

the above ground portion and®46 the excavated portion. Depending upon the sound of the
drill, resistance offered by the pole to the penetration of drilling bit and smell of the wood
shavings, an experienced will assess the condition of the timber pole. Cores (3/8 in.) can also
be extracted from poles, which can cultured to ascertain the presence of decay fungi or to
evaluate the retention and penetration levels of preservative trgaf{idelson1998;USDA-

FPL 2014)

The manual methods mentioned above for the inspection and assessmentepfpbieb
greatly rely on the experience and skill of the inspector. Hence any decision regarding the
condition or structural capacity of the timber poles using these methods will involve subjective
judgment. Manual methods only detect damages that areesmpma near surface and do not

possess the capability to identify internal decay.

2.5.2. Non-destructive Evaluation (NDE) Methods

Due to inherent amount of -accuracy and subjectivity associated with manual inspection
methods, equal possibility exists thatheit a timber poles adequate capacity may be
condemned prematurely or a weaker poles remains in service. These limitation have led to the
development of more advanced inspections methods, which provide a much higher degree of
reliability in assessing the nae and extent of damage. These advanced inspection methods
include devices which operate on a certain technology principle to measure defects using non
destructive evaluation. The following sections give brief descriptions of the various NDE
technologies

2.5.2.1. Resistance Dirilling

The method is quite similar to the conventional method of drilling but provides more accuracy
in mapping and detecting voids and hollow areas in timber poles. This method uses a relatively
smaller dia (1/8 inch) drilling bits as compd to larger dia bits used in conventional drilling.

The resistance offered to the bit rotation is recorded and printed as a graph. A slow change in
resistance is indicative of change in density due to moisture or initial stages of decay. A sudden

changen resistance can be correlated with a decay pocket or void. The measurement obtained
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from this method depends upon the relationship between the drill resistance and penetration
depth. The devices used in this method were originally developed to det@gtdecvoids in

living trees. The inspection holes drilled in trees by this method usually close down due to
natural healing and growth. However, such natural phenomenon does not occur in utility timber
poles. Hence, holes made in timber poles shouldlbd fwvith chemicals to stop the ingress of
decay and insec{®orrell 2012; Nelson 1998; Nelson and Sinclair 2005)

2.5.2.2. Stress Wave Methods

The method utilizes the stress wave (speed of sound) propagation principle to assess the
material. The technique involves measurement of time taken by a sauadotravel between

two sensors attached on both sides of the timber pole. The principle behind the use of this
method is that stress waves propagate at a lower speed in a decayed or low quality timber.
However, it has been observed that good qualitprnmbigeneous materials allow faster
propagation of stress waves as compared to the ones with low quality. As timber is an
inhomogeneous material, the reliability of this technique is debatable. Nevertheless, it can be
viewed as a method that provides a proagsessment regarding the quality of the timber pole
(Nelson 1998; Seavey and Larson 2002)

Apart from stressvave measurement, stress wave analysis technique provides a more reliable
method for estimation pole condition. This method is the based on the concept that in
inhomogeneous materials like timber, stress wave not only propagates at different speeds but
also attenuate differently at various frequencies. The stress wave devices are not capable to
detect decay, rather they use the sound wave parameter and relate them with modulus of rupture
and modulus of elasticity to estimate the residual strength of tipdles. Hence, they will

give similar strength values for both weak and sound poles. In such a case, stress wave method
may be supplemented by conventional methods to come up with a final decision regarding
strength of timber pole@JSDA-FPL 2014)

2.5.2.3. X-Ray Tomography method
The X-Ray tomography method is similar to the method -oayx used in the medical field.

Timber poles possess considerable variation in density throughout its length. In general,

variation in density depends upon the presence of mejdtowever, decay and other defects

3C



can also complement to this variation. Theay tomography method can be used to detect
these variations in densities in different portions of the timber pole. The method has been used
since 1970 for irsitu inspectionof timber poles. However, due to heavy equipment, slow
process and relatively higher cost, this method is rendered unsuitable for field use. The device
used in this method emits radiations, which pass through the timber pole and are measured by
a sensor o the opposite side. The amount of radiation received at the sensor will fluctuate
depending upon the density of timber poles i.e. higher the density, lesser will be amount of
radiations received by the sensor. Measurements can be taken from differetnrdiie
accuracyMorrell 2012; Nelson and Sinclair 2005)

25.2.4. Radar Method

In this method, a radar antenna transmits electromagnetic waves, which provide three
dimensional imageof timber poles. These images are used to interpret various characteristics
such as variation in density and presence of internal defects such as decay. The radar system
is either mounted on a truck or helicopter and can be used to perform detailstsafaiple
structures. Due to cost issues, it is not feasible for regular or frequent inspgdgison and

Sinclair 2005; Seavey and Larson 2Q02)

2.6. Fuzzy Logic and Fuzzy Synthetic Evaluation Technique

2.6.1. Fuzzy set theory

Subjective judgment (cognitive uncertainty) is inherent withméan decision making.
Uncertainty can be classified into two forms i.e. fuzziness (vagueness) and ambiguity
(conflicting possibility). Fuzziness may be defined as the lack of clarity or sharp distinction
among deliberations or decisions. Fuzzy set theayiges an ideal approach to effectively
formalize and handle such uncertainties in decision mgkilngand Yuan 1995; Sadiq et al.
2004) Ambiguity, on the other hand arises when there are several alternatives to the same
problem or proposition due to pathaignorant or missing information. Problems pertaining

to ambiguous information can be ideally solved using evidential reag@aani et al. 2006)

In this thesis, uncertainty associated with fuzziness will only be considered.

Fuzzy set thery was first introduced by Lotfi Zadeh (1965), as an extension to the traditional

set theory and since then has been used to solve complex real world problems. In the traditional
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set theory, an elemereither has full membership to a particular setmmembership at all.

In a fuzzy set, however, an elem&mian have a partial degree of membershivhich ranges

between 0 and.lAn elementx having a value closer to unity signifies higher degree of
membership within a specified fuzzy set and vice aefBhus a fuzzy sets enables to
characterize quantitatively, the degree to which an element belongs to dusty et can be
characterized by membership functio@MF) that defines how each point in the input space,

also referred to as universe ofabsirse, is mapped to a membership value between 0 and 1.
Based upon available data and experience, fuzzy numbers can be represented by MF of various
shapes. In general, triangular and trapezoidal shapes are used to represent fuzzy numbers due

to their sinplicity and computational efficiency. A triangular MF is shownllunstration 2.3

Membership  (u.X)

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
b

Universe of discourse, X
lllustration 2.3: Triangular Membership Function

The above triangular MF is specified by three parameters a éstadissible value), b (most
likely value) and c (largest possible value). These parameters indicatedbedinate of the
three corners of the triangular MF. The membership of any xalmepped on the triangular

function can be determined by relatibiss given in eq. 2.9 below:
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Similarly, a trapezoidal MF can be represented by four parangtere€andd as shown in

[llustration 2.4below:

Membership (1.X)

c d
Universe of discourse, X

lllustration 2.4: Trapezoidal Membership Function

Mathematical representation of a trapezoidal membership function can be given by Eq. 2.10.
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Fuzzy set theory has been successfully used in studies related to water quality asglegsment
et al. 1999; Sadiq and Rodriguez 2004; Sadiq et al. 208)strid applications(Kabir and
Hasin 2012) deterioration of water main pipéblajjaran et al. 2004; Sadiq et al. 2004)
Condition assessment of water main pip&lsbargawi and Zayed 2006; Rajani et al. 2006;
Yan and Vairavamoothy 20043eismic risk assessment of RC buildifibssfameriam 2008)
Condition evaluation of RC bridg€Sasmal and Ramanjaneyulu 200Bavement catition
evaluation (Fwa and Shanmugam 1998; Sun and Gu 2Mrid Urban infrastructure

managemen(fTesfameriam and Vanier 2005)

2.6.2. Fuzzy SyntheticEvaluation

Multi criteria decision making (MCDM) methods have been used for years to solve real life
problems. However, these methods do not have the capability to account for uncertainty and
imprecision arising from human perception. Integration of fuegyc in MCDM methods
enables to incorporate subjectivity to provide a rational approach to decision making. Fuzzy
synthetic evaluation is a type fuzzy MCDM method and consists of the following distinct three
step process referred to as fuzzification,raggtion and defuzzificatiof(Rajani et al. 2006;

Sadiq et al. 2004)r'he following sections give a detailed step by step description of the fuzzy
synthetic evaluation techniq8adiq et al. 2004)

2.6.2.1. Development of Framework for Fuzzy Synthetic Evaluation

The first step of FSE is to identify of criteria and alternatives which directly influence the
decision naking process. The criteria for decision making can be broken down into sub criteria
to account for detailed analysis. This results in hierarchical structure of criteria, which may be
broken down further until no subdivision is possible. The composite auwtitained by

grouping sukcriteria provides a final score, which forms the basis of decision making. The
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basic criteria can either be estimated quantitatively in the forms fuzzy or crisp values or may
be expressed as qualitative linguistic terms e.g.effieiency of a certain machine can be
defined as fimoderateo or fAsatisfactoryo. The

is qualitative, imprecise and involves inherent amount of subjective judgment.

2.6.2.1.1. Fuzzification

The fuzzification proceds the most important part of the proposed methodology and converts
criteria into a homogenous scale by assigning memberships with respect to an evaluation set.
The number of qualitative levels of the evaluation set, also known as the granularity, may be
defined by expert opinion or industry choice. Other methods such as heuristic and-fuzzy c
means (cluster analysis) may also be used generate fuzzy evaluation sets. In general, the
granularity of a fuzzy evaluation sets can be defined bylk qualitative évels depending

upon the type of application. In this study, a five granular fuzzy evaluation set has be defined

heuristically to be assigned to each basic criteria:
B = {Very Good, Good, Fair, Poor, V1 Poor}

The scope of thistgdy is to classify each pole in a particular utility line segment into an
appropriate evaluation category according to a predefined set of criteria or defect indicators.
The shape of the fuzzy evaluation sets for a corresponding criteria represent ashigmbe
function. The development of a membership function depends upon how a particular defect
indicator is measured and the shape is defined either by expert opinion using Delphi methods
or through available literature. The observed value of a critemajgped on the corresponding
scale of its respective membership function to obtaitupke fuzzy sefeve, €c, €F, €p, Evp),

whereeg refers to the degree of membership to each category in the fuzzy evaluation set. The

sum of degree of membership of all values is known as the cardinality of the fuzzy set.
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Performance Scale, X

lllustration 2.5: Performance Scale for Fuzzification

lluustration2.5 shows an example of membership function in which a criteria X is defined
over a range of 0 to 1. The shape fuzzy evaluation set for the criteria X are also defined.
Suppose thebserved value for the criteria X is 0.65 which is represented by X1. After
Fuzzification, a Buple fuzzy set is obtained, i.e. (0, 0, 0.75, 0.25, 0), where the values
represent the membership to each category of evaluatién\vsaly Good(0), good (0), fair
(0.75),poor (0.25) andvery Poor(0).

Table 2.4: Values obtained after Fuzzification

& Very Good & Good & Fair & Poor & Very Poor
Performance Scale, X (<0.2,0.2,0.4) (0.2,0.4,0.6) (0.4,0.6,0.8) (0.6,0.8,1) (0.8,1,1)
Observed Value, X1
X1 =(0.65) 0 0 0.75 0.25 0
X1 (5-tuple fuzzy set) (0,0,0.75,0.25, 0)
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2.6.2.1.2. Determination of Criteria Weights

The impact and contribution of each criteria towards the final rating or gedlested through

its corresponding weight eefficient. The value of weight coefficient depends upon the
relative importance of criteria and is established through a set of preference weights and trade
offs among each criteria. This process requiresaeffi information regarding criteria, careful
deliberation and subjective judgment. The set of weights obtained represents a weight vector,

which satisfies the normalized condition as shown in Eq. 2.12 below:

,,,,,,,,,,,,,,,,,,,,

W= (W, Wwo,W3€ €. Wy €ééeééeeééeceéecéeceéd . eeé (212
Where, B 0Qp

In this study, Analytical hierarchy process (AHP) will be applied to determine the weight
coefficients of each criteria. AHP was proposedshaty (1988and provides a manageable
approach to estimate the relative importance of each criteria one at a time using pair wise
comparison. Pair wise comparison allows equal opportunity to each criterervi® as
reference point and relies heavily on engineering judgment. Tablsh®dws the scale by

which relative importance of different criteria is established using intensity of importance.

As a result of pair wise comparison, an importance matrix beastablishe(Fig 2.13)given

by I= (lj)mxm Where m = number of criteria amg= importance intensity of a criteriarwith

respect to criteriojp Consider the example of an importance matrix | as shown below. It is
evident that the criteria all hasen assigned a relative importance of three times greater than
al2 and 1.5 times greater than al3 respectively. Similarly, importance intensities can be
assigned to other criteria in this manner. It should also be noted the values in the upper triangle

of the matrix are reciprocal to the values in the lower triangle.
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Table 2.5 Fundamental scale used to develop priority matrix for AHP(Saaty 1988)

Intensity of  Definition Explanation
Importance
1 Equal importance Two activities contribute equally to the objective
2 Weak T
3 Moderate importance  Experience and judgement slightly favour one
4 Moderate plus |
5 Strong importance Experience and judgement strongly favour one
6 Strong plus i
demonstrated o
7 . An activity is favoured very strongly over anothe
importance
8 Very, very strong T

) The evidence favouring one activity o\arother is
9 Extreme importance _ _ _ _
of highest possible order of affirmation

aj 1.00 3.00 1.50

////////////////

| = a, 0.33 100 400|eeéeééééééeeceeeeéeé. .(213)

as 0.67 0.25 1.00

The importance intensities to each criteria should be assigned based on expert opinion and
judgement. The importance intensity values can be modified at a later stage on availability of

more reliabé data or new expert judgement. There are several methods to derive weight vector
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W form the pair wise comparison matrix I. These methods include the least square(athod
2000) geometric mean meth@Buckley 2012) extent analysi€Chang 2004and eigenvetor
method(Saaty 1988)The geometric mean method proposed by Buckley will be utilized in this

research.

After taking the geometric mean of each romtie importance matrix I, a matrix J is obtained.

The weight vector W can be determined by normalizing the matrix J.

1.64 W 0.50

J =1110l=> W =|w, | =1]033 éeeeééeee. . €14
0.55 W3 0.17

2.6.2.1.3. Aggregation

The fivetuple fuzzy set for each criteria established as a result of fuzzification are arranged in
a five-tuple fuzzymatrix R. The weight vector as determined in the previous step is multiplied
with the Fuzzy matriR, which gives a final fuzzy sét This process is known as aggregation

and represented by the following relations:
F=W® R eéeéeéeéeceéeéeceéeéceeeeée. eéeé1y

1 1 1 1 1
€ve € € F € p €y

_ 2 2 2 2 2
F —[Wl W2 WS]@ €ve €ve € ve €ve € ve |(216)

3 3 3 3 3
€ve €ve € v € ve € vG

2.6.2.1.4. Defuzzification

The final fuzzy set F provides an overall membership corresponding each qualitative level in
the fuzzy evaluation set. Decision makers are more interested in crisp value and are often not
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comfortable with results expressed in fuzzy values. The proces&tidata a crisp value of

the final fuzzy set F is known as defuzzification. There are several methods to perform
defuzzification. Centre of Area method (Yager 1980), maximum operator mghed and
Hwang 1992)and weighted average approach (scoring methad)et al. ®99; Sadig and
Rodriguez 2004)

In this research, the maximum operator method, also known as maximum grade piSwiple

and Gu 2011yill be used for defuzzification. Theawimum operator principle implies that

the entry in the final fuzzy set, whose membership corresponds to the highest qualitative
linguistic level in the evaluation set, is assigned as the crisp value and may be defined as the

overall evaluation outcome.

2.7. Summary

This chapter presents a detailed review pertaining to the-cdtéte-art knowledge and
research available on reliability assessment of timber utility poles. In Canada, two standards
are used to design overhead utility support structures. Thesastamnclude CAN/CSA 22.3

No.1 Deterministic design code and CAN/CSA 22.3 N0.60826 Probabilistic design code.
CAN/CSA 22.3 No.1 is the most commonly used design code in Canada for overhead
structures. Previous reliability assessment studies in Canadaédavearried out using CSA

22.3 No.1. These studies have concluded that reliability of structures is mainly dependent upon
the geographical conditions and is not uniform across all locations. In this research, reliability
of timber poles achieved throu@SA 22.3 No.1 deterministic code will be evaluated using
fragility analysis, the procedure for which has been outlined. Furthermore, time dependent
degradation of timber poles due to decay, not considered in previous studies, shall be accounted

for in thisresearch.

In addition to reliability analysis, this chapter provides as insight to structure, manufacturing,
preservation, degradation mechanism and condition assessment methods for timber utility
poles. This chapter also provides an introduction to fuegyc based fuzzy synthetic
evaluation technique, which will be employed in this research to develop a condition rating
tool for timber utility poles.
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Chapter 3 Reliability Assessment of Timber Utility Poles using Fragility

Analysis
3.1. General

Fragility of a ystem is a key component in defining the damage state of a structural system
exposed to extreme wind hazard$ie probability that a structure is not able to meet its
prescribed performance criterion conditioned on an intensity measure, can easily ibedlescr
by a fragility curvgShafieezadeh et al. 2018) this research, damage state has been specified
as the flexural failure of timber polesground level. Here, the probability that a timber pole
will break at ground level, conditioned on an intensity measure (wind pressure) will be
estimated through fragility analysis of timber poles. The general performance function for

timber poles is give by:
'O 0O 0éééeééééeeecéééececéééeceecéeééeeee .3
Where,

C = Actual capacity of timber pole (M)

L = Load or demand on the timber poleifN

Although, there are several failure modes for timber poles such as foundation failure, failure
due to unbalanced fags (broken wire condition), failure due to torsion @batla and Pandey
2006; Dath 2007) however, only flexural failure mode at the ground level due to wind speed
is considered in this research. AccordindA®CE (2006) for timber poles (<60 ft in height)

such as distribution pe$, bending stresses are critical at the ground (Sadiman 2014)
Hence, the general equation for pemiance function can be written in terms of flexural stress

at the ground level as:
O o6 0 , ,6eééeéeéeéeéeéeéeéecée. . . éBB4a
Where,

Uc = Flexural capacity of timber pole at ground levelry

o

= Flexural stress or load on the timberepat ground level (Mn)

Failure of any structural system or component is an uncertain event. This uncertainty is directly

associated with the uncertainties inherent with the capacity of the structural components and
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demand (whether natural or manmade).gHitsg assessment provides solid framework to
evaluate the performance of the structure by incorporating uncertainties with both capacity and
demand. In order to obtain fragility curves to estimate reliability of timber poles, it is
imperative to establisthe capacity and demand model for timber pole under consideration
(Shafieezadeh et al. 2014)he effect ofage dependent deterioration or decay due to fungal
attack on reliability of poles designed as per deterministic approach shall also be investigated

in this research.

3.2. Pole Model

Fig 3.1 shows a typical distribution timber pole considered in this studyeidorming
reliability analysis. The timber pole is assumed to be a tangent structure without any guy
supports. Timber poles connected in a line are categorized by vertical and horizontal spans,
which are important in determining the transverse and verésaltant loads on the pole.

Vertical span (VS as depicted in Fig 3.2), or weight span is the horizontal distance between the
lowest points of the conductor sag on adjacent spans. Whereas, the horizontal span (HS as
depicted in Fig 3.2), or wind spantise horizontal distance to mid points of adjacent spans
(Steenhof 2011) For this research, the timber pole is considered to be located on flat terrain

i.e. Weight span = Wind span, i.e. VS = HS.

ConstructiorGrades ranging from 1 through 3 have been specified in CSA 22.3 code for deign

of utility poles. Grade 1 is the strongest, whereas Grade 3 is the weakest. In this research, Grade
2 construction was assied, which depictshe majority of distribution polesFor wind
pressure calculations, the span length is taken as 100 m. Timber Poles were assumed to be
located in four cities in the province of British Columbia (BC) namely Vancouver, Victoria,
Kelowna and Castlegar. According to the weather loading map of Canada as given in CSA
22.3 No0.1 cod¢CSA C22.3 No.1 2010all the selected locations fall in the Medium B loading

zone (Fig. 2.1)The deterministic wind pressure specifiadhe code for Medium B loading

zone is 300 N/ As the selectedkatiorsfall under the same loadirzgne, hence the analysis

will be considereanore representativia terms of comparison of reliabilities.
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Figure 3.1: Configuration & Layout of the Timber Distribution Pole
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VS
VS VS»

HS

L = span,

3

L| - span from structure 1 to 2
L> = span from structure 2 to 3

HS = horizontal span
VS = vertical span

Figure 3.2: Horizontal and Vertical Spans(USDA-RUS 2009)

3.2.1. DesignLoad on Timber Pole
The wind force acting on each component pr oc

Il i ne. The intensity of wind force acting on
features, which pri matrhid ypadlne | aubdoev & hger o uwrede, |
top and ground | ine, span between adjacent p
conductor diameters and their height above ¢
attachedetpo!l er sana fdwaimea lses wi | | al so influe
intensity of wind force. DepeXIC84 OpBHEN206GB
provides the geometric properties such as | e
I n awWdti o iwind | oads, Vertical | oads such as

components also contribute towards the total
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|l oad on the pole is the summat i onenotfs naosmewnetl:

as vertical |l oads due to dead weights, and i
0 B'O8Q 08Nééééééééécéééééeéééeéééééééé.(3.2)
Where,

L = Design Load (Nm)

F = Horizontal force due to wind acting on the component n (N)

h = Distance from ground leV& the centroid of component n (m)

Q = Vertical dead load due to components (N)

e = eccentricity of vertical loads (m)

CSA 22.3 No.1 specifies both linear as well as-logar (consideringfp ef f ect ) appr
for design of timber poles. Hence, eddility analysis will be performed using both these
approaches. In this research, wind load on timber pole is assumed to act in the transverse
direction, which is the worst case scenario and produces maximum bending moment at the
ground level. The pressutkat wind exerts on the pole, conductors or other components is

given by(CSA C22.3 No.1 2010)

0 ('5SPC”&béééééééééééééééééééééééééé.(.3. 3)

Wh e,r e
P=  WiPm & s(sNiA)ne

C,= Drag Coeffici®ndf oor cyHamearfiaatiorobg ect

Jj= air depsity (kg/ m
V= Wind Speed (m/s)

3.2.2. Design Capacity of Timber Pole

The CAN/CSA01505 categorizes the capacity or resistance of different species of timber
poles in terms of their fiber stress values. The geometry of timber poles include its total length
and circumferences at different heights. During erection of timber poles pswtion remains
embedded in ground, which experiences a distributed lateral soil pressure under wind loads.

As the circumference of the pole increases linearly from top to bottom, the moment capacity
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increased.ateral wind pressure acting on the facehefpiole and conductors horizontally tend
to cause deflection at pole top, thoodudng momentsnear the ground line. Failure of the
timber pole occurs when the induced moment due to wind exceeds the moment capacity of the
pole at ground line. The ultimabending strength, () of the timber pole at ground level, also

known as the Modulus of Rupture (MOR) is given by:

"""""""""""""""""""

" —fééééééccéééécceéééccceéeééceceéeééé (349

Where,
M = Ultimate moment capacity at ground leveh{N

S= Section modulus (M

EqQ. 3.4 can alsodwritten as,

""""""""""""""""

0 , O —€éééééééééééééeeeéeeeeeeeééé. (35
WhereD is the diameter of timber pole at ground level.

3.2.3. In-service deterioration of Timber Poles

Timber poles are naturally occurring materials and possess a high tendeney strdogth

with time under the effect of climatic conditions. Timber absorbs moisture from the
atmosphere and instigate the development of decay by fungi attack which are the main
contributors to the deterioration of timber poles. Decay is usually faeditay moisture,
humidity and lack of oxygen. The region of timber pole in the vicinity of ground line provides
such ambient conditions for fungal growth; and hence, can be considered the most vulnerable

to decay.

The decrease in capacity or resistanceiraber poles resulting from deterioration at any
specific time during its service life can tiearacterized by a degradation functjBrarnadottir
et al. 2013pnd carbe writtenas:

00 | 080ééééééééééééééeéeééeéeééeéééé. . (63..6)
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Wher e,
C(t)Capacity tof pole at ti me
U(¥ Degradation function

C= Design capacity of timber pol e

Wang .et( 200d0v&) oped a model to estimate the | o
l evel subject to attack by decay fungi. The

tests carried out on 77 wuntreated Adperciueggsh,of

decay model was developed in Australia, i1t w
the strength | oss of timber poledvVangseltiang
(20883umed thabhethemdecapola b6cO0r endn ibre | tohv
ground | evel and progressed i nwar dssefcrtoinont h e

and can be estimated as:

,,,,,,,,,,,,,,,,,,,,,,,,,

| O — O Q0 ééeééeeeéeceeeeeeceeeeeeeeeeée(3.17)

Wher e,
D= I hi bi ameter of Pol e
d(f )decay depth

Ti mber poles do not consist of homogenous s
upon the type of species, timber poles can e
or solely headtwedadar Wesstfeoorumdreda o possess cC
compared to other species suchlLasss eo wlagilda sO kK
1969)For this particular resseaarcér, onlty i so napsc
untreated heartwood, and therefWMang, ethal def &

can be i mplemented directly. The decay model
According toda AABt5S@ODAHAM duraanbi | ity efntreber
cedar corresponds to a durability class of

have been assumed appiaivaabladiilnt@amddaudine ct
Canada. These assumptions imdy rbreatmaoodhi fbieecd men
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The rate of decay of untreat éWahgaahwoWwang a2

i Q 0Q (mm/ ek éeecéeéeéeéeéeéeéeé((3)8
The climate parameter depends upon the tempe
area. H® rc&en, bEqg .wri tten as:

TN M QAL Q7 .y . s s s N £ s £ s s oz s oz s L s oz oz s oz

i N 8Q_ 880t 8(m/ yégdepééeéeéeéeéeéeéeé(3.9)

Wher e,
™o QD &
0 mMp Qidacieéeéeéé.ééeéeééeééeééé. . (3¢é9a)
™ @ QED & I i
Q 8 — QW cuvauon 0
o P™ ) ¢ e (3. 9b)
mh O &RI 0VQI Q
mh QN uvs
Ct p &fth MPN3 t+ meééeéeéeeeéeée. eé(.3.9¢c)
¢ v p&th QN qms3
"Q_an@tare the functions of annual rainfall (
°C), respecefieebyto number of dry months per

not exceed 5 mm.

Wang et fbund2608)that the decay in timber
after installation, i n fact there was a ce
experienced negls gpddieodri sror efeermaryed Tho as t

in terms of decay rate as foll ows:

0 VBl B ééeééceéeeéeeéeecééecééeééeééeée(3.10)
The decay depth can be calculated on the bas
Qo 0O O 1éééééeéeéeéeéeéeceéeéeéeceeéeeé. (.3.11)
According toWang et al. (2008uncertainties within the predictive decay model arising from

the variability in timber and climatic parameters must be accounted for in estimating the
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deterioration of stragth with time. The coefficient of variation (COV) of decay depth is given

by:

w w W Eééeéeééeéecécéecéée. . eéeéeéeéges. 12)
Wher e,

Vkwoscd COV of wood parameter

Vkclimat €OV of cl i mate parameter
The CQ@Qwsvalf both wood and climate parameter

cl aase theOsBAhkeheriefeare, the COV of2tdaxhaey de
after i ncorporati mBg tt@hme sa bun.28& walbees i n Eq.

The eun@ainty in the strentgtsh dafr etcitmbyerr ep alt e
strength and the uncertainty arising from t
ti mes giWVWaang@set al. 2008)

W o W T eéeéeéeéeéeéeéeéeéee. . e€3.13)
Wher e,

Vce(0=) COV of initial strength
Va= COV of decay depth

D= I nitial diameter of pole
d(% )Decay depth at time t

3.3. Wind Fragility Analysis

The conditional probability of failure of a structural system as a funciomind speed is
defined as the wind fragilitgBjarnadottir et al. 2013; Li and Ellingwood 2008)onte Carlo
simulation (MCS) has been utilized in this study to estimate the conditional probability of
failure of timber utility poles. To account for uncertainty, variables associatedhei design

of timber wles are randomly generaté@,000 times in the MCS. For each run of the MCS,
wind speed is increased monotonically from 0 to 100, and the number of cases where the
demand exceed the capacity (i.e. pole fails) are counted. THes r@guthen used to develop

fragility curves.
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Previous studiegLi and Ellingwood 2006; Rosowsky and Ellingwood 2002; Schultz et al.

2010) have shown that Fragility of a structural system can be described by a lognormal

distribution.
O w Eéééééééceéee. éeeéeéceéeéeeéeeeéeécé (319
Where,

V = Wind Speed

Mk = Median Capacity or Resistance
6r = Logarithmic Standard Deviation of the Capacity or Resistance

0 (.) = Standard normal cumulative distribution function

3.4. Annual Probability of Failure

Fragility analysis provides the conditional pabidity of failure over a range of wind speeds

to which the timber pole can be subjected to. For reliability analysis, the expected or actual
annual probability of failure of a timber pole has to be estimated using probabilistic wind speed
data for a partiular location based on a desired return period. CSA Standard for reliability
based desig{ICSA C22.3 N0.60826 20068uggests that annual wind speed can be modelled
using GumbelType1 distribution in Canada. The probability density function (PDF) for

extreme wind speed using Gumbel Typdistribution is given as:
Qw -APDP — AQD — ¢éééééééééééééé.(.3.15)

Wher e,

V= Extreme gus(tn/wi)nd spee
O= Location parameter

U= Scale parameter

Wind speed data for the four selected locations was obtained froEntii®nmentCanada
website (weather.gc.ca). Extreme Value anal{Gisel 2008)was performed to estimate the
parameters for Gumbel Tygdedistribution and has been provided in Appendix 1. Taldle 3

shows the parameters of Gumbel Tafpdistribution for each location.
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Table 3.1: Probabilistic Parameters for Wind Loading

; Gumbel Parameters
Location Mean Wind COV (%)

Speed (m/s) ~

VI U
Vancouver 24.60 15.55 22.80 3.27
Victoria 23.27 13.32 21.80 2.68
Kelowna 21.10 12.93 19.76 2.50
Castlegar 23.07 13.94 21.40 3.39

The extreme wind speed corresponding to a specific return p&jioddase of Gumbel Type
1 distribution can be calculated by the following equat{@uel 2008)

~
,,,,,,,,,,,,,

w W ,— — 11 11p - eécécééeéeééeé.(3.16)

Where,

Vm= Mean value of wind speed
8 = Standard deviation of wind speed
C1 & C» = Parameters dependingon the no. of observations

T = Return Period

Based on the parameters of Gumbel F¢paistribution in Table 3.1 and EQ.3.16, extreme
wind speeds at different return periods are given in TaBldlBistrations3.1 to 34 show the

wind hazard curves fdhe selected locations.
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Table 3.2: Wind Speeds (m/s) at various Return Periods

Return Period (Years)

Location
T=10 T=25 T=50 T=100 T=200 T=300 T=400 T=500
Vancouver 30.16 33.26 3556 37.85 40.12 41.45 4239 43.13
Victoria 27.83 30.37 3225 34.12 3598 37.07 37.84 38.44
Kelowna 2539 2775 2951 3126 33.00 34.01 34.73 35.29
Castlegar 28.49 3145 33.64 3582 3799 39.26 40.16 40.86
45
- 40
£
3 35
[
[ 0]
F'g 30
E
o
=2 25
20
100 200 300 400 500 600

Return Period (Years)

lllustration 3.1: Wind Hazard Chart for Vancouver
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lllustration 3.2: Wind Hazard Chart for Victoria
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Illustration 3.3: Wind Hazard Chart for Kelowna
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lllustr ation 3.4: Wind Hazard Chart for Castlegar
The expected annual probability of failure

convolution of cumulative distEigbhutdi.d)f drst

in section 3.3 and probability density funci
3.16) menti on(eBlj amnadcatttiion &t 4al . 2013; Li a
0 L Ow8QwQwééeééééeéééééééeééeééeééeééé.3.17
Wher e,

FrR( V) Cwlmati ve distribution function (CDF)
(V) Probability density function (PDF) ar

The above equation can be solved u®iktmag@ numer
be estimated by 11 ke hfaal lamwdi nSg erwealrat i200nlsOh)

,,,,,,

f %00 0 6666666666666 . 666666, . 66666643...19)

Fig 33 shows dlow chart of estimating reliability of timber poles using fragility analysis.
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v

Determine Annual Probability
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f Conduct Monte Carlo Simulation i.e.

Figure 3.3: Flow Chart for Reliability Analysis
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3.5. Results of Fragility Analysis

Fragility analysis was carried out by caesiing wind speed as the intensity measure. Wind
fragility curve shows the conditional probability of failure of a timber pole for a defined range
of wind speed. As stated previouslySaction 3.3, the probability of failure can be estimated

by counting he number of times the Load (L) exceeds Capacity (CNfauns of a Monte

Carlo Simulation. For each iteration of Monte Carlo simulation, the wind speed is increased
monotonically (0 to 100 m/s), while uncertain parameters associated with capacitydnd loa
are randomly generated according to their respective distribution. Pole class for the reference
structure as shown in Fig. 3.2 was selected according to the CSA 22.3 Ndirieaomlesign
requirements. CAN/CSA15 specifies a COV of 20% for strengthtimiber poles. For this
analysis, bending strength of timber poles was assumed to follow a lognormal distribution,
which was also previously suggestedbyet al. (2006)andWolfe et al. (2001)

The magnitude of wind load on the pole structure is determined by the geometry of the pole
and conductors. The statistical parameter of random variables for both capacity of timber poles

and wind load tdoe used for fragility analysis are shown in Table 3.3.

Fragility curves were also developed for poles at the age of 25 and 50 years. Eqgs. 3.6 to 3.13
were used to calculate the strength of timber under the effect of degradation. As decay occurs,
the effetive diameter of timber pole decreases and also causes a decrease in bending strength
with time. The decrease in bending strength depends upon the rate of decay, which further
depends upon two parameters; Wood paramé&igid and Climatic parametekdjimatd as

given in Eqg. 3.8 and Eq. 3.9. AccordingAau st r al i 4 A SS t5& r0,dl 28 k& )
cedar falls under the durability class 2. Hence, the value of wood parameter can be taken as
0.48 from Eq. 3.9a. Similarly, the climatic parameter for a specific location can be calculated
by using Eqg. 3.9b an8.9c. This involves the analysis of actual rainfall and temperature data
for that particular location. The climatic parameters for the selected locations are given in Table
3.4.
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Table 3.3: Statistical Parameters for Fragility analysis

Probability

Mean

Variable Description Unit Distribution  Value COV Remarks Source
O Fiber Stress MPa Lognormal 39 Varies WRC CSA 01505
E Modulus of Elasticity MPa Normal 7720 0.14 WRC CSA 01505
Drole Dia of Pole m Normal Varies 0.06 WRC
477
Dconductor  Dia of Conductors mm Normal 20.7 0.06 ACSR
Peli . .
ilgan Bjarnadottir
Dnewa  Dia of Neutral mm  Normal  7.82 006 ACSR ©tal 2013
Haddock (for COV
smm values)
Dia of 1x200
Dcomm Communication mm Normal 60.59 0.06 pair Cu
Cable +2x50
pair Cu
Distance to Centriod
hpole of pole from GL m Normal 53 0.03
Distance to Centriod
hconductor gLConductor from m Normal 11.66 0.03 Bjarnadottir
- - et al. 2013
Distance to Centriod (for COV
hneutral of Neutral wire from m Normal 10.66 0.03
GL values)
Distance to Centriod
hcomm of Comm Cable from m Normal 7.74 0.03

GL

WRC = WesterRed Cedar
GL = Ground level

Table 3.4: Climatic Parameters for selected locations

Location Kciimate
Vancouver 1.66
Victoria 1.50
Kelowna 0.60
Castlegar 1.18
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The variation in climatic parameter would rksun different values for decay rate. This
suggests that the reduction in strength or capacity of timber poles with time due to degradation
depends upon the climatic conditions. The COV of capacity of timber poles at different ages
is calculated by Eg. B3. Table 3 shows the COV of timber poles from class 1 to 5 at 0, 25

and 50 years respectively.

Table 3.5: COV of Capacity (C) of timber poles for class 1 to 5 at various ages

Pole Class

Location Sﬁir])gce 1 2 3 4 5
COV (%) COV (%) COV (%) COV (%) COV (%)

0 20.00 20.00  20.00 20.00 20.00

Vancouver 25 29.84 31.06  32.53 34.30 36.07
50 62.57 67.29  72.90 79.69 86.54

0 20.00 20.00  20.00 20.00 20.00

Victoria 25 27.62 2858  29.75 31.16 32.58
50 55.22 59.14  63.81 69.43 75.07

0 20.00 20.00  20.00 20.00 20.00

Kelowna 25 20.32 2036  20.42 20.48 20.56
50 24.24 2481 2549 26.32 27.17

0 20.00 20.00  20.00 20.00 20.00

Castlegar 25 23.88 2440  25.03 25.80 26.58
50 41.97 4450 4751 51.12 54.73

It may be noted from Table3that uncertainty in capacity of timber increases with age, which
translates into a higher COV. Similarly, timber poles of lower class (i.e. Class 5) experience
greater uncertainty with age as compared to higher class (i.e.1}ladss is due to the fact

that decay depth remains the same, irrespective of the initial diameter of pole, resulting in

profound dimensional changes for lower class poles as compared to higher class poles.
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lllustrations3.5 to 38 show the windragility curves for timber pole in Vancouver, Victoria,
Kelowna and Castlegar designed using both deterministic and probabilistic wind loads.
Strength degradation with age due to decay was also considered in the analysis. It is evident
from the fragilitycurves at each location that probability of failure of timber poles designed as
per CSA 22.3 No.1 deterministic wind loadings is much higher as compared to those designed
as per probabilistic wind loads. This is attributed to the fact that probabilisticleads yield

a higher class pole than deterministic wind loads, resulting in a higher capacity and lower
probability of failure. This statement implies that the actual wind speed data for locations in
consideration comes out to be greater than that orerdiin the CSA deterministic code for

the same region. Design using probabilistic wind loads will result in the selection of a higher
pole class. Hence, for a particular wind speed, probability of failure of higher class poles is
always less than lowerads poles. This fact is also evident from the fragility curves.

Furthermore, the probability of failure of timber poles with age is not consistent across the four
selected locations, with Vancouver being the most and Kelowna being the least vulnerable.
The reason behind this inconsistency stems to the variation in climate parameter across the
selected locations. Vancouver has the highest value of climatic parameter (1.66), which
corresponds to a higher rate of decay. A higher rate of decay would translageeater decay

depth resulting in higher strength degradation with time and consequently, higher probability
of failure as evident from fragility curves. This variation in probability of failure with time can
also be validated by the corresponding ealef COV calculated for different ages and for

different pole classes as given in Tablg. 3
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lllustration 3.5: Fragility Curves for Vancouver (a) Deterministic Wind Load (b) Probabilistic Wind
Load



(@)

(b)

lllustration 3.6: Fragility Curves for Victoria (a) Deterministic Wind Load (b) Probabilistic Wind Load
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