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Abstract 

Timber is the most 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 parts of the world 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 understand the performance 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 poles are 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 structural 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 development of 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 damage and mechanical 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 through an 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 level of deterioration.   
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 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 generating source such as dams, nuclear power plants etc. to substations. 

Second is the distribution systems, which transfers electricity from substations directly to the 

customers. Timber poles have been extensively utilized as support structures for overhead 

electric transmission and distribution lines across Canada since the late 19th century (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 generate lesser greenhouse gases compared to concrete and steel 

poles, rendering them more sustainable and environmentally friendly (Sedjo 2002). Wood 

Poles are long round timber members, behaving as typical structural cantilever beams, 

designed to support component dead loads such as conductors, 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 forces corresponding to earthquakes or imbalanced cable loads (broken 

cable condition (Datla and Pandey 2006).  

The terms ñRiskò and ñReliabilityò are assumed to have identical implications, when used to 

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 system owing to the economic consequences associated with interruptions due 

to utility pole failures (Li 2005). The structural design of utility timber poles contains 

considerable amount 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 factors such as errors, 

omissions etc. (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 straightforward 

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



 2 

and ice). Although, timber poles designed using deterministic design approaches have 

remained in service for considerable amount of time, however, their actual performance or 

reliability achieved through such methods remains unknown (Li et 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 intended. Deterministic design approach does not account for such 

uncertainties and hence is unable to specify the probability of non-performance of a timber 

pole structure (Foschi 2004). The application of probabilistic design methods provide a 

systematic approach to reduce the probability of non-performance by establishing appropriate 

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 applicable to very large 

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 poles designed 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 No.60826 Reliability based 

design code. Li et al. (2006) conducted a study to evaluate the reliability 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. Fragility analysis provides a realistic and appropriate solution, to 

evaluate functional and safety performance of a structural system or component by taking into 

account potential uncertainties associated with its behavior. Fragility analysis approach has 

been used effectively in the past (Bjarnadottir et al. 2013; Li and Ellingwood 2006; Rosowsky 

and Ellingwood 2002) to determine the probability of failure of structures against extreme 

hazards. This research provides a probabilistic approach to assess the risk of wind loads on 

probability of failure and reliability of timber utility poles.  
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Being a natural material, wood is quite susceptible to physical deformation and deterioration 

with the passage of time resulting from decay due to fungus or insect attacks 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 overhead network performance through unplanned interruptions 

in power supply, causing safety and economic implications (Gustavsen and Rolfseng 2005). It 

is therefore imperative for the analysis to account 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 simultaneous effect 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 quite keen to develop effective 

mechanisms for proper management of their timber pole assets. Timber utility poles usually 

have a service life of 35 ï 50 years, which is mainly dependent upon the type of wood, 

preservative treatment, atmospheric conditions and maintenance cycle (Datla and Pandey 

2006; Morrell 2008). Power lines consist of wooden poles connected in series. Failure of any 

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. Maintaining 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 lines continue 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 degradation and subsequent failure (Nelson and Sinclair 2005).  

Condition assessment may be defined as ña process of systematically evaluating an 

organizationôs capital assets in order to project repair, renewal, or replacement needs that 

will preserve their ability to support the mission or activities they were assigned to serveò 

(Ahluwalia 2008). The efficacy of any timber pole condition assessment program depends 
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upon its ability 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 assessment of timber 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 condemned, which still exhibit adequate strength. 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 considerable skill and experience (Nelson 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 fuzzy logic 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 engineers 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 allocating funds for pole 

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 deterioration. This 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 distribution 

poles designed according to both CSA 22.3 No.1 deterministic as well as 

probabilistic wind loadings.  

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

to decay.  



 5 

3. To develop a decision support tool for condition based rating 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 literature review 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. 

Chapter 3 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 locations using the concept 

of wind fragility. Probabilistic wind load models for the selected locations are created using 

extreme value analysis. The conditional probability of failures for timber poles determined 

through fragility analysis are convolved with wind load models 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. 

Chapter 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 condition assessment 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 and provides recommendation for future research.  
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  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. 1-10 ñOverhead Systemsò and CAN/CSA C22.3 60826-06 

ñDesign Criteria of Overhead Transmission Linesò.  

CAN/CSA C22.3 No. 1 is based on deterministic design procedure, whereas CAN/CSA C22.3 

No. 60826 is based on probabilistic or reliability based design procedure. Currently, CSA 

C22.3 No. 1 is the 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 probability based 

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 is the utilization of pre-specified 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 the perceived level of safety, however, they are subjective in 

nature. The CSA 22.3 No. 1 provides a loading map of Canada (see illustration 2.1), which is 

used to determine the type load, which a utility structure will be subjected to for design 

purposes. The map is divided into four zones: Severe, Heavy, Medium A and Medium B. 

Medium A loading region is not shown in Fig and can be found in the province specific maps.   
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Illustration 2.1: Weather Loading Map of Canada (CSA C22.3 No.1 2015) 

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 the loading 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 C22.3 No.1 2015) 

  Loading Zone     

Loading Condition Severe Heavy Medium A Medium B 

Wind Pressure (N/m2) 400 400 400 300 

Radial Ice Thickness (mm) 19 12.5 6.5 12.5 
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Wind acts in the horizontal 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 for design purposes. Fig 

2.1 shows wind acting horizontally on a typical pole with conductors and transformer. 

 

Figure 2.1: Wind Force acting on Typical Timber Pole 

Ice accretion over conductors is not uniform and can be manifested in different complex 

shapes. However, for simplicity it is assumed that ice accretes on conductors with uniform 

radial thickness (Fig 2.2) and having value as specified in Table 2.1. The radial thickness of 

ice increases the vertical forces due 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. 

Wind on 
Tansformer

Wind on 
Conductors 

Wind on 
Pole 

G.L.
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Conductor 

Accreted ice over 

conductor 

 

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 both linear and 

non-linear analysis. In case of linear analysis, load factors are categorized based on type of 

load (vertical or horizontal) and construction grade. However, in case of non-linear analysis, 

coefficient of variation (COV) of material strength is also taken 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 shows Load factors to be used for linear and non-linear analysis.  

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

2015) 

Type of Load 
Construction 

Grade 

Minimum Load Factor  

Linear Non-Linear 

Vertical 1 4 2 

 2 2.7 1.5 

 3 2 1.2 

Transverse 1 2 1.9 

 2 1.5 1.3 

  3 1.2 1.1 
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2.1.1.2. Minimum Grades of Construction  

Overhead utility structures are designed to be utilized for different purposes and also to be 

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 (CG-1), Construction Grade 2 (CG-2), and Construction Grade 3 (CG-

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 utility poles 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 passing. CG-3 is usually considered for 

typical construction near roads and highways, whereas CG-1 is used 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 common 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 analysis. The primary reason for choosing WRC was due the fact 

that it is the 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 for analysis purposes in 

this research. CSA 015-05 (CSA O15 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 given in Table 2.3.  
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Table 2.3: Minimum Circumference of Western Red Cedar (CSA O15 2015) 

CLASS 1 2 3 4 5 6 7 

CIRC AT TOP (IN)  27 25 23 21 19 17 15 

LENGTH 

(FT) 

SET 

DEPTH 

(FT) 

Minimum circumference at 6 ft. from butt, in 

20 4 33.5 31.5 29.5 27 25 23 21.5 

25 4.5 37 34.5 32.5 30 28 25.5 24 

30 5 40 37.5 35 32.5 30 28 26 

35 5.5 42.5 40 37.5 34.5 32 30 27.5 

40 6 45 42.5 39.5 36.5 34 31.5 
 

45 6.5 47.5 44.5 41.5 38.5 36 33 
 

50 7 49.5 46.5 43.5 40 37.5 
 

 

55 7.5 51.5 48.5 45 42 
 

  

60 8 53.5 50 46.5 43.5 
 

  

65 8.5 55 51.5 48 45 
 

  

70 9 56.5 53 49.5 46 
 

  

75 9.5 58 54.5 51 
 

   

80 10 59.5 56 52 
 

   

85 10.5 61 57 53.5 
 

   

90 11 62.5 58.5 54.5 
 

   

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 70.5 66           
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2.1.1.4. P-æ (Second Order) Effects 

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

of vertical and horizontal loads only. Now CSA 22.3 No. 1 specifies to adopt non-linear 

analysis for design purposes. Non-linear analysis takes in to account the P-æ (second order) 

effects, which is moment produced due to horizontal displacement of pole top resulting from 

vertical forces. The 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 non-linear state. (Fig. 2.3) 

 

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): 

Ў
Ȣ   

  
Ȣéééééééééééééééééééé..é..(2.1) 

 

Where, 

F = Horizontal Force (due to wind) 

æ
P

F

SecondaryMoment = Pæ
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L = Height of loading point from ground line 

E = Modulus of Elasticity 

DGL = Dia. of Pole at ground line 

DL = Dia. of pole at loading point  

The vertical unbalance causes the pole to lean 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 below (Gaiotti and Smith 1989): 

 Ў  Ў ρ ééééééééééééééééééééééééé(2.2) 

Where,  

Pe = Eulerôs Buckling Load  

Pv = Vertical load acting on the pole 

For a circular tapered column with fixed-free end conditions, the Eulerôs buckling load is given 

by the equation (Gaiotti and Smith 1989; IEEE 1991): 

ὖ
Ȣ

éééééééééééééééééééééééééééé.(2.3)  

Where, 

L = Length of Column 

E = Modulus of Elasticity 

I = Moment of Inertia 

DGL = Dia. of Pole at fixed end 

Dh = Dia. of pole at free end  

Therefore, the bending moment induced at ground line due to P-æ effect can be calculated as 

(IEEE 1991): 

ὓ Ў  ὖȢЎ  éééééééééééééééééééééééééé...(2.4) 
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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 to the probability that the structure will perform its intended 

function for a specified amount of time-period (Ellingwood 2004; Foschi et al. 2002; Li 2005). 

The introduction of probabilistic methods in engineering analysis provide an 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 semi-empirical safety factors to address 

safety issues for acceptable performance, which have 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 meet those objectives and evaluation methods to measure the satisfaction 

of criteria (Ellingwood 2004). 

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

performance of an engineering system, which may be expressed as (Foschi 2004). 

Ὃὼ ὅὼȟὨ ὒὼȟὨ éééééééééééééééééééééééééé.(2.5) 

Where,  

G(x) = performance function 

C = Capacity 

L = Load 

xc = uncertain parameters (variables) related to capacity 

dc = deterministic parameters related to capacity 

xL = uncertain parameters (variables) related to load 

dL = deterministic parameters related to load 

From the above equation, it is clear that the vectors x and d associated with capacity 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 probability that G 

< 0 or L > C. Such a situation corresponds to the probability of failure, PF. The reliability can 

then be calculated as 1-PF. 
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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 involves random 

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, earthquake intensities, etc. can be 

obtained from historical data. Subjective estimates can be made for variables, with less or no 

data is available. Sensitivity analysis can also be performed for values of these assumed 

variables, in order to study their effect on the overall reliability (Foschi 2004). 

Several methods can be employed to calculate the probability of failure and subsequent 

reliability of a structural system. These methods include First-Order Reliability Method 

(FORM), Second-Order Reliability Method (SORM) and Monte Carlo simulation. The 

FORM/SORM are very efficient but approximate methods for calculation of reliability index 

and involve complex algorithms. The non-linearity of the performance function G(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 function G(x) can be evaluated for each iteration. For values of 

G(x) > 0, it can be concluded that performance criterion is met, however values of G(x) < 0 

correspond to a failure event Nf. If N is the total number of iterations, then the probability of 

failure is given by: 

ὖ ééééééééééééééééééééééééééééééé.(2.6) 

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 or Adaptive Sampling Simulation can 

also be used. The reliability index (ɓ) can be estimated by the following relationships (Zhai 

and Stewart 2009): 

‍ ‰ ὖ éééééééééééééééééééé..éééééé..é...(2.8) 

Where ʌ(.) is the standard normal cumulative distribution. 
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2.2.1. Fragility Analysis 

The plot between probabilities of failure i.e. 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 describe the conditional probability of failure of a structural system as a function 

of the intensity measure (Schultz et al. 2010).  

The fragility curves provide comprehensive perspective on reliability of a 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 s-shaped functions, which is indicative of variability associated with the capacity 

of system (Schultz et al. 2010). Fragility curve for timber poles can be used to make informed 

decision regarding asset management. In addition, they 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 

according to CAN/CSA-C22.3 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 non-linear design approaches. Climatic loads based on 50-year return period 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 showed that design using linear 

approach yielded structures with lower reliability as compared to non-linear approach. This 

showed the significance of second-order effects even though linear approach possessed higher 

load factors. Furthermore, reliability index of structures 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 poles. Red pine species was considered for analysis in this research.  
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Bjarnadottir et al. (2013) proposed 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 in the 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 change had a significant impact on the reliability 

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

considered. 

Ryan et al. (2014) developed a probabilistic methodology to carry out reliability assessment of 

treated and untreated timber poles under wind loads incorporating deterioration 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 poles maintained 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 also investigated, suggesting significant improvements in 

network performance through minor changes in maintenance and design practices. 

Salman (2014) proposed 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 the analysis. The poles were assumed to be located in Florida and Iowa 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 more reliable and depicted lower life 

cycle cost as compared to timber poles. 

Fu et al. (2016) presented a study to conduct fragility analysis of transmission towers subjected 

to wind and rain loads. In addition, the concept 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 suggested 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 also experience 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, ageing and 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 decrease in fiber strength. 

Furthermore, continuous 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 in bio-degradation of timber poles due to 

decay fungi. Wood peckers and motor vehicle accidents also contribute to the ageing process 

(Endrenyi and Anders 2006; Sandoz and Vanackere 1997): Timber poles provide mechanical 

support to overhead line components such as conductors and insulators. Ageing and 

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 addition, considerable 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 structural integrity of timber utility poles on a regular basis (Brown 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 towards condition assessment and subsequent ranking of timber poles. 
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2.3.1. Structure of Wood 

The cross-section of a tree is shown in Fig. 2.4 (USDA-FPL 2010). 

 

Figure 2.4: Cross-section of a Tree (USDA-FPL 2010) 

The outer dead layer of the tree is known as the outer 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 wood-boring 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 known as vascular cambium (C) 

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

Sapwood (D) is 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 of heartwood 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 (G) are tissues that are horizontally oriented through the radial plane of the tree. 

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

Douglas-fir (DF) and western red cedar (WRC) are the most widely used species for wood 

poles by utilities in western Canada. Douglas-fir has thicker sapwood (1-3 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 and insect 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 of time (Morrell 2012). 

Heartwood of DF and WRC is more durable as compared to their sapwood. Hence, Poles 

manufactured from species having durable heartwood and supplemented with 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 treatment enhances 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 thin layer of sapwood such as western red cedar require less 

penetration as compared to wood with thicker sapwood e.g. Southern pine (Morrell 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 purpose, in which 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 (Illustration 2.6). Although inexpensive, the poles may be susceptible fungi and insect 

attacks due to direct exposure 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 drying have been developed to reduce production times.  Kiln drying is 

the most commonly used method for wood seasoning nowadays (Morrell et al. 2009). 

 

Illustration 2.2: Seasoning of Timber Poles (reproduced by permission Morrell 2012) 

2.3.2.2. Pre-treatment Procedures 

In addition to seasoning, Utility providers can also adopt certain methods such as pre-boring, 

incising, deep incising, radial drilling, through boring and kerfing, to improve the pole 

performance and reduce long term maintenance costs. Incision (Fig 2.5) improves the depth 

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

¾ inch of the wood pole and is mostly recommended for western red cedar poles. Deep incising 

(Fig 2.5) involves making 3 inch deep cuts along the ground line area of wood pole. Similarly, 

radial drilling (Fig 2.5) involves drilling series of 3 to 5 deep inch holes in diamond-shaped 

pattern in the ground line zone. These both processes ensure preservative treatment to percolate 

deeper into wood poles. Through-drilling is an extension of radial drilling holes completely 

through the pole and can reduce almost total treatment of the ground line zone. (Fig 2.5). 
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Incising, radial drilling and through boring are only facilitate preservative treatment up to the 

zone to which they are applied and not above or below that zone (Morrell 2012).   

 

Figure 2.5: Drilling Pat terns for Pre-treatment of Timber Poles (reproduced by permission Morrell 2012) 

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 also not pose any adverse risk to the 

environment. Wood preservatives are generally classified into two categories (1) Oil based 

preservatives (2) Water-based preservatives. 

2.3.2.3.1. Oil based preservatives:  

Most common Oil based preservative for treatment of wood poles include 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 pesticide and is only employed 

in pressure treatment facilities (Morrell et al. 2009). 

Pentachlorophenol (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 quite effective 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 November 1986, Pentachlorophenol became a restricted-

use pesticide and is currently only available for use in pressure treatment (CSA-O80 2011; 

USDA-FPL 2010). 

Copper Nephthenate was introduced in 1900 as a reaction product of copper salts and 

naphthenic acids. It imparts a light green 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 non-standardization as compared to creosote or penta, has 

restricted its use. It 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 regarding their effectiveness 

(Morrell 2012).   

2.3.2.3.2. Water based preservative  

Water based preservatives are used to provide clean and residue free surfaces of wood poles. 

Common types of water based preservatives for treatment of wood poles include chromated 

copper arsenate (CCA), ammoniacal copper zinc arsenate (ACZA), copper azole (CA), and 

ammoniacal copper quaternary (ACQ) (Morrell 2012).   

Chromated copper arsenate (CCA) is an acid system first developed in 1930 containing 

chromium trioxide, arsenic pent oxide and copper oxide. The acid system 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 Douglas fir species. Trials testing may be performed 

before recommending the chemical for this species (CSA-O80 2011; Morrell 2012; USDA-

FPL 2010). 
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Ammoniacal copper zinc arsenate (ACZA) is a combination of copper oxide (50%), zinc oxide 

(25%) and arsenic pentoxide (25%). It was originally developed without zinc as Ammoniacal 

copper arsenate (ACA) in 1930, which is no longer available. The presence of ammonia in 

ACZA is used 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 preservatives (CSA-O80 2011; Morrell 2012; USDA-FPL 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 ammonia or ethanol amine to solubilize copper which acts as primary fungicide and 

insecticide. The solution further utilizes quaternary ammonium compounds (óquatsô), which 

provide added protection against fungi tolerant to fungi. At present, the used of ACQ has 

rapidly increased in Canada and United States (CSA-O80 2011; USDA-FPL 2010). 

Copper azole Type B (CA-B) is another recently developed and standardized water based 

preservative solution. It utilizes copper as a primary biocide and organic trizaole as co-biocide. 

The copper 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 Zealand and Europe 

(CSA-O80 2011; USDA-FPL 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 different regions 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 decay 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 insects (Wang 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 

dissolve 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 (60o to 80o Fahrenheit) and food (the wood itself). Wood 

decay can literally be prevented by altering any of the aforementioned conditions (Shupe 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 

detected 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 marks the formation 

of rot (Brischke and Rapp 2008; Li et al. 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 wood reduces 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, this kind 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 attack, decay 

fungi can be grouped into three types (Brischke 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 

characteristic 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 strength loss even in the 

incipient stage, due to removal of cellulose. Wood affected by brown rot can shrink, crack 

across grain and crumble under dry conditions (Shupe et al. 2008; USDA-FPL 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 lose colour 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 holes through walls and general thinning of cell walls at advanced 

stage of decay (Morrell 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 to white 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 reduction of wood 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 content, and survive for fairly longer periods as 

compared to other decay fungi (Morrell 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 roosting (Harness and Walters 2005). Drumming is used for communication 

purposes and does not produce 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 

surrounding wood poles is often cleared which offers woodpeckerôs great visibility of their 

surroundings (Harness 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, attention must first 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 particular sectional 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 on the shear 

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 amount of damage 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 believed 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 woodpeckers to build their 

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 inspection 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 

treatment. Although bio-degradation 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 cracks (Nelson 1998). Two methods are used by utility companies 
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to perform inspection of timber poles. These methods include manual inspections and Non-

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 can be 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, pole top 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 closely assess 

wood pecker damage and defects not clear from ground (Nelson 1998; USDA-FPL 2014).     

2.5.1.2. Sounding 

Sounding 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 indicate the presence 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 areas (Morrell 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 line, as this zone provides the most conducive 

environment for attack by decay fungi. In order to perform drilling, the area around the pole at 



 29 

the ground line is excavated to a depth of 18 inches for humid climates. Further excavation 

beyond 18 inches can be made, if pole is located in a drier climate. Holes are drilled at 90o in 

the above ground portion and 45o in 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 treatments (Nelson 1998; USDA-

FPL 2014). 

The manual methods mentioned above for the inspection and assessment of timber poles 

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 are apparent or 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 in-accuracy and subjectivity associated with manual inspection 

methods, equal possibility exists that either 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 nature 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 Drilling 

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 compared 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 

change in 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 detect decay and voids 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 should be filled with chemicals to stop the ingress of 

decay and insects (Morrell 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 sound wave to travel 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 quality inhomogeneous 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 prompt assessment regarding the quality of the timber pole 

(Nelson 1998; Seavey and Larson 2002).  

Apart from stress wave 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 timber poles. 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 poles (USDA-FPL 2014).  

2.5.2.3. X-Ray Tomography method    

The X-Ray tomography method is similar to the method of x-ray 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 moisture, however, decay and other defects 
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can also complement to this variation. The x-ray 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 in-situ inspection of 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 on 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 different direction for 

accuracy (Morrell 2012; Nelson and Sinclair 2005). 

2.5.2.4. Radar Method 

In this method, a radar antenna transmits electromagnetic waves, which provide three 

dimensional images of 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 detailed analysis of pole 

structures. Due to cost issues, it is not feasible for regular or frequent inspection  (Nelson and 

Sinclair 2005; Seavey and Larson 2002). 

2.6. Fuzzy Logic and Fuzzy Synthetic Evaluation Technique 

2.6.1. Fuzzy set theory 

Subjective judgment (cognitive uncertainty) is inherent with human 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 theory provides an ideal approach to effectively 

formalize and handle such uncertainties in decision making.(Klir and 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 partially ignorant or missing information. Problems pertaining 

to ambiguous information can be ideally solved using evidential reasoning (Rajani et al. 2006). 

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

Fuzzy set theory 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 element x either has full membership to a particular set or no membership at all. 

In a fuzzy set, however, an element x can have a partial degree of membership µ, which ranges 

between 0 and 1. An element x having a value closer to unity signifies higher degree of 

membership within a specified fuzzy set and vice versa. Thus a fuzzy sets enables to 

characterize quantitatively, the degree to which an element belongs to a set. A fuzzy set can be 

characterized by a membership function (MF) that defines how each point in the input space, 

also referred to as universe of discourse, 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 simplicity and computational efficiency. A triangular MF is shown in Illustration 2.3:   

 

Illustration 2.3: Triangular Membership Function  

The above triangular MF is specified by three parameters a (smallest possible value), b (most 

likely value) and c (largest possible value). These parameters indicate the x-coordinate of the 

three corners of the triangular MF. The membership of any value x, mapped on the triangular 

function can be determined by relationships given in eq. 2.9 below: 
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ééé.éééééééééé (2.9) 

 

Similarly, a trapezoidal MF can be represented by four parameters a, b, c and d as shown in 

Illustration 2.4 below: 

 

Illustration 2.4: Trapezoidal Membership Function 

Mathematical representation of a trapezoidal membership function can be given by Eq. 2.10. 
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ééé.éééééééééé (2.10) 

 

Fuzzy set theory has been successfully used in studies related to water quality assessment (Lu 

et al. 1999; Sadiq and Rodriguez 2004; Sadiq et al. 2004), industrial applications (Kabir and 

Hasin 2012), deterioration of water main pipes (Najjaran et al. 2004; Sadiq et al. 2004), 

Condition assessment of water main pipes (Al -barqawi and Zayed 2006; Rajani et al. 2006; 

Yan and Vairavamoothy 2004), Seismic risk assessment of RC buildings (Tesfameriam 2008), 

Condition evaluation of RC bridges (Sasmal and Ramanjaneyulu 2008), Pavement condition 

evaluation (Fwa and Shanmugam 1998; Sun and Gu 2011) and Urban infrastructure 

management (Tesfameriam and Vanier 2005). 

2.6.2. Fuzzy Synthetic Evaluation 

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 fuzzy logic 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, aggregation and defuzzification (Rajani et al. 2006; 

Sadiq et al. 2004). The following sections give a detailed step by step description of the fuzzy 

synthetic evaluation technique (Sadiq 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 making 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 number obtained by 

grouping sub-criteria 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. the efficiency of a certain machine can be 

defined as ñmoderateò or ñsatisfactoryò. The FSE has the advantage to deal with such data that 

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

2.6.2.1.1. Fuzzification 

The fuzzification process is 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 by 5 ï 11 qualitative levels 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, Very Poor}ééééééééééééééééé   (2.11) 

The scope of this study 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 a membership 

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 criteria is mapped on the corresponding 

scale of its respective membership function to obtain a 5-tuple fuzzy set (ɛVG, ɛG, ɛF, ɛP, ɛVP), 

where ɛ 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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Illustration 2.5: Performance Scale for Fuzzification 

Iluustration 2.5 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 the observed value for the criteria X is 0.65 which is represented by X1. After 

Fuzzification, a 5-tuple fuzzy set is obtained, i.e. (0, 0, 0.75, 0.25, 0), where the values 

represent the membership to each category of evaluation set ï Very Good (0), good (0), fair 

(0.75), poor (0.25) and Very Poor (0). 

Table 2.4: Values obtained after Fuzzification 

 

ɛVery Good ɛGood ɛFair ɛPoor ɛVery 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 goal is reflected through 

its corresponding weight co-efficient. 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 requires sufficient 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= (w1, w2, w3,éé.., wn)ééééééééééééééééééééé..ééé(2.12) 

Where,        В ύὮ ρ     

In this study, Analytical hierarchy process (AHP) will be applied to determine the weight 

coefficients of each criteria.  AHP was proposed by Saaty (1988) and 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 criteria to serve as 

reference point and relies heavily on engineering judgment.  Table 2.5 shows 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 I can be established (Fig 2.13) given 

by I= (I ij)mxm  where m = number of criteria and I ij = importance intensity of a criterion i with 

respect to criterion j. Consider the example of an importance matrix I as shown below. It is 

evident that the criteria a11 has been assigned a relative importance of three times greater than 

a12 and 1.5 times greater than a13 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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éééééééééééééééé......(2.13) 

Table 2.5  Fundamental scale used to develop priority matrix for AHP (Saaty 1988) 

Intensity of 

Importance 

Definition  Explanation 

1 Equal importance  Two activities contribute equally to the objective 

2 Weak  ï 

3 Moderate importance Experience and judgement slightly favour one 

4 Moderate plus ï 

5 Strong importance Experience and judgement strongly favour one 

6 Strong plus ï 

7 
demonstrated 

importance 
An activity is favoured very strongly over another 

8 Very, very strong  ï 

9 Extreme importance 
The evidence favouring one activity over another is 

of highest possible order of affirmation 

 

 

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 reliable data or new expert judgement. There are several methods to derive weight vector 

a 1 a 2 a 3

a 1 1.00 3.00 1.50

I = a 2 0.33 1.00 4.00

a 3 0.67 0.25 1.00
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ééééééééé..éé (2.14) 

(2.16) 

éééééééééééééééééééééé.éééé (2.15) 

ééééé..ééé (2.17) 

W form the pair wise comparison matrix I. These methods include the least square method (Xu 

2000), geometric mean method (Buckley 2012), extent analysis (Chang 2004) and eigenvector 

method (Saaty 1988). The geometric mean method proposed by Buckley will be utilized in this 

research.  

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

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

 

2.6.2.1.3. Aggregation 

The five-tuple fuzzy set for each criteria established as a result of fuzzification are arranged in 

a five-tuple fuzzy matrix R. The weight vector as determined in the previous step is multiplied 

with the Fuzzy matrix R, which gives a final fuzzy set F. This process is known as aggregation 

and represented by the following relations: 

   F = W      R 

 

 

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 

1.64 w 1 0.50

J = 1.10 => W = w 2 = 0.33

0.55 w 3 0.17
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comfortable with results expressed in fuzzy values. The process to calculate 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 method (Chen and 

Hwang 1992) and weighted average approach (scoring method) (Lu et al. 1999; Sadiq and 

Rodriguez 2004).  

In this research, the maximum operator method, also known as maximum grade principle (Sun 

and Gu 2011) will be used for defuzzification. The maximum 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 state-of-the-art knowledge and 

research available on reliability assessment of timber utility poles. In Canada, two standards 

are used to design overhead utility support structures. These standards include CAN/CSA 22.3 

No.1 Deterministic design code and CAN/CSA 22.3 No.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 Canada have been carried 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 through CSA 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 this research. 

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 fuzzy logic 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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 Reliability Assessment of Timber Utility Poles using Fragility 

Analysis 

3.1. General 

Fragility of a system is a key component in defining the damage state of a structural system 

exposed to extreme wind hazards. The probability that a structure is not able to meet its 

prescribed performance criterion conditioned on an intensity measure, can easily be described 

by a fragility curve (Shafieezadeh et al. 2013). In this research, damage state has been specified 

as the flexural failure of timber poles at ground 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 given by: 

Ὃ ὅ ὒééééééééééééééééééééééééééééé.é..(3.1) 

Where, 

C = Actual capacity of timber pole (N-m) 

L = Load or demand on the timber pole (N-m) 

Although, there are several failure modes for timber poles such as foundation failure, failure 

due to unbalanced forces (broken wire condition), failure due to torsion etc. (Datla and Pandey 

2006; Datla 2007), however, only flexural failure mode at the ground level due to wind speed 

is considered in this research. According to ASCE (2006), for timber poles (<60 ft in height) 

such as distribution poles, bending stresses are critical at the ground level (Salman 2014). 

Hence, the general equation for performance function can be written in terms of flexural stress 

at the ground level as: 

Ὃ ὅ ὒ „ „ééééééééééééééééééééé...ééé.(3.1a) 

Where, 

ůC = Flexural capacity of timber pole at ground level (N-m) 

ůL = Flexural stress or load on the timber pole at ground level (N-m) 

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). Fragility 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 establish the capacity and demand model for timber pole under consideration 

(Shafieezadeh et al. 2014). The effect of age 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 study for performing 

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 vertical resultant 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 span is the 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. 

Construction Grades 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 assumed, which depicts the majority of distribution poles. For 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 No.1 code (CSA C22.3 No.1 2010), all the selected locations fall in the Medium B loading 

zone (Fig. 2.1). The deterministic wind pressure specified in the code for Medium B loading 

zone is 300 N/m2. As the selected locations fall under the same loading zone, hence the analysis 

will be considered more representative in terms of comparison of reliabilities.  
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Figure 3.1: Configuration & Layout of the Timber Distribution Pole  
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Figure 3.2: Horizontal and Vertical Spans (USDA-RUS 2009) 

3.2.1. Design Load on Timber Pole 

The wind force acting on each component produces certain amount of moment at the ground 

line. The intensity of wind force acting on timber poles is a direct function of its geometric 

features, which primarily include the free length of the pole above ground, diameter of pole at 

top and ground line, span between adjacent poles, number of conductors attached to the poles, 

conductor diameters and their height above ground line. Similarly, any additional component 

attached to the pole such as transformers and switches will also influence the magnitude and 

intensity of wind force. Depending upon the class of poles, CSA 015-05 (CSA O15 2005) 

provides the geometric properties such as length and diameter of timber utility poles.  

In addition to wind loads, Vertical loads such as dead load of timber pole, conductors and other 

components also contribute towards the total moment at ground line. Hence, the total design 
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load on the pole is the summation of moments due to horizontal load on components as well 

as vertical loads due to dead weights, and is given by. 

ὒ  ВὊȢὬ ὗȢὩéééééééééééééééééééééééééé.(3.2) 

Where, 

 L = Design Load (N-m) 

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

 h = Distance from ground level to 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 non-linear (considering P-ȹ effect) approaches 

for design of timber poles. Hence, reliability 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 pressure that wind exerts on the pole, conductors or other components is 

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

ὖ  ὅ Ȣ ρς ” Ȣ ὠéééééééééééééééééééééééééé...(3.3) 

Where, 

P = Wind Pressure (N/m2) 

C
d
 = Drag Coefficient or shape factor = 1.0 (for cylindrical objects)  

ɟ = air density (kg/m3) 

V = Wind Speed (m/s) 

3.2.2. Design Capacity of Timber Pole 

The CAN/CSA 015-05 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, some portion 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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increases. Lateral wind pressure acting on the face of the pole and conductors horizontally tend 

to cause deflection at pole top, thus producing moments near 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 ultimate bending strength („) of the timber pole at ground level, also 

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

„  ééééééééééééééééééééééééééééééé.(3.4) 

Where, 

M = Ultimate moment capacity at ground level (N-m) 

S = Section modulus (m3)  

Eq. 3.4 can also be written as, 

ὓ  „ Ȣ“ éééééééééééééééééééééééééééé...(3.5) 

Where D 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 tendency to lose strength 

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 facilitated by 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 resistance of timber poles resulting from deterioration at any 

specific time during its service life can be characterized by a degradation function (Bjarnadottir 

et al. 2013) and can be written as: 

ὅὸ  ‌ὸȢ ὅéééééééééééééééééééééééééé...é...(3.6) 
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Where, 

 C(t) = Capacity of pole at time t 

 Ŭ(t) = Degradation function 

 C = Design capacity of timber pole 

Wang et al. (2008) developed a model to estimate the loss in capacity of timber poles at ground 

level subject to attack by decay fungi. The model was developed in Australia on the basis of 

tests carried out on 77 untreated species of heartwood between 1968 and 2004. Although, the 

decay model was developed in Australia, it will be used as starting point in Canada to estimate 

the strength loss of timber poles resulting from fungal deterioration with time. Wang et al. 

(2008) assumed that the decay in the timber pole occurred in the region 100-200 mm below 

ground level and progressed inwards from the outer parameter. This results in loss of section 

and can be estimated as: 

‌ὸ   Ὀ ςὨὸ ééééééééééééééééééééééééé(3.7) 

Where, 

 D = Initial Diameter of Pole  

 d(t) = decay depth 

Timber poles do not consist of homogenous sections throughout its entire length. Depending 

upon the type of species, timber poles can either have a combination of sapwood and heartwood 

or solely heartwood. Western red cedar is found to possess considerably thin sapwood, as 

compared to other species such as Douglas Fir and southern Pine etc. (Lassen and Okkonen 

1969). For this particular research, it is assumed that timber poles are only composed of 

untreated heartwood, and therefore, the deterioration model as proposed by Wang et al. (2008) 

can be implemented directly. The decay model is based on survey of timber poles in Australia. 

According to Australian Standard AS 5604 (2005) on durability of timber poles, western red 

cedar corresponds to a durability class of 2 and classified as softwood. Australian standards 

have been assumed applicable in Canada due to non-availability of such characteristic data in 

Canada. These assumptions may be modified in future as more information become available. 
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The rate of decay of untreated heartwood can be estimated as follows:(Wang and Wang 2012) 

ὶ  Ὧ Ὧ (mm/year)ééééééééééééééééééééééé(3.8) 

The climate parameter depends upon the temperature and rainfall occurring in a particular 

area. Hence, Eq. 3.8 can be written as:   

ὶ  Ὧ  ȢὪ ‗ ȢȢὫ† Ȣ (mm/year)ééééééééééééééééééé(3.9) 

Where, 

Ὧ  

πȢςσȟ     Ὢέὶ ὅὰὥίί ρ

πȢτψȟ     Ὢέὶ ὅὰὥίί ς

πȢχφȟ    Ὢέὶ ὅὰὥίί σ

éééééééé..ééééééééééé....é(3.9a) 

Ὢ‗
ρπρ Ὡ Ȣ ρ ȟ ὭὪ Ὑ ςυπάά ὥὲὨ π ὔ φȠ

πȟ                                                                                                         ὕὸὬὩὶύὭίὩ
éé.(3.9b) 

Ç†  

πȟ                   ὭὪ † υᴈ

ρ Ȣς†ȟ                  ὭὪ υᴈ † ςπᴈ

ςυ ρȢτ†ȟ                          ὭὪ † ςπᴈ

éééééééééééé.éé.(3.9c) 

Ὢ‗ and  Ç† are the functions of annual rainfall (mm/year) and average annual temperature 

(oC), respectively. ὔ  refers to number of dry months per year during which total rainfall does 

not exceed 5 mm.  

Wang et al. (2008) found out that the decay in timber poles did not commence immediately 

after installation, in fact there was a certain period initially, in which the timber poles 

experienced negligible or no decay. This period is referred to as time lag and can be estimated 

in terms of decay rate as follows: 

ὸ  υȢυὶ Ȣéééééééééééééééééééééééééééé(3.10) 

The decay depth can be calculated on the basis of decay rate as follows: 

Ὠὸ  ὸ  ὸ ὶéééééééééééééééééééééééééé..(3.11) 

According to Wang et al. (2008), uncertainties 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 strength with time. The coefficient of variation (COV) of decay depth is given 

by: 

ὠ  ὠ ὠ ééééééééééééééé..ééééééééé(3.12) 

Where, 

VKwood = COV of wood parameter 

VKclimate = COV of climate parameter 

The COV values of both wood and climate parameters pertaining to timber poles of durability 

class 2 are the same, i.e. 0.55. Therefore, the COV of decay depth for durability class 2 timber 

after incorporating the above values in Eq. 3.12 comes out to be 0.78. 

The uncertainty in the strength of timber pole at any time t is directly related to its initial 

strength and the uncertainty arising from the decay depth. The COV of pole strength at any 

time t is given as: (Wang et al. 2008) 

ὠ ὸ  ὠ π  ééééééééééééééééééé..éé.(3.13) 

Where, 

VC (0) = COV of initial strength 

Vd = COV of decay depth 

D = Initial diameter of pole 

d(t) = Decay depth at time t 

3.3. Wind Fragility Analysis  

The conditional probability of failure of a structural system as a function of wind speed is 

defined as the wind fragility (Bjarnadottir et al. 2013; Li and Ellingwood 2006). Monte 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 associated with the design 

of timber poles are randomly generated 50,000 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. The results are then used to develop 

fragility curves. 
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Previous studies (Li 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. 

Ὂ ὠ    ééééééééééé.ééééééééééééé...(3.14) 

Where, 

V = Wind Speed 

mR = Median Capacity or Resistance 

ɕR = Logarithmic Standard Deviation of the Capacity or Resistance  

ū(.) = Standard normal cumulative distribution function 

3.4. Annual Probability of Failure  

Fragility analysis provides the conditional probability 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 particular location based on a desired return period. CSA Standard for reliability 

based design (CSA C22.3 No.60826 2006) suggests that annual wind speed can be modelled 

using Gumbel Type-1 distribution in Canada. The probability density function (PDF) for 

extreme wind speed using Gumbel Type-1 distribution is given as: 

Ὢ ὠ  ÅØÐ ÅØÐ ééééééééééééééé..(3.15) 

Where, 

V = Extreme gust/wind speed (m/s) 

Õ = Location parameter 

Ŭ = Scale parameter 

Wind speed data for the four selected locations was obtained from the Environment Canada 

website (weather.gc.ca). Extreme Value analysis (Goel 2008) was performed to estimate the 

parameters for Gumbel Type-1 distribution and has been provided in Appendix 1. Table 3.1 

shows the parameters of Gumbel Type-1 distribution for each location. 
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Table 3.1: Probabilistic Parameters for Wind Loading 

Location 
Mean Wind 

Speed (m/s) 
COV (%)  

Gumbel Parameters 

µ Ŭ 

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 period (T) in case of Gumbel Type-

1 distribution can be calculated by the following equation: (Goel 2008) 

ὠ  ὠ  „    ÌÎ ÌÎρ ééééééééééééé..(3.16) 

Where, 

Vm = Mean value of wind speed 

ů = Standard deviation of wind speed 

C1 & C2 = Parameters depending upon the no. of observations 

T = Return Period  

Based on the parameters of Gumbel Type-1 distribution in Table 3.1 and Eq.3.16, extreme 

wind speeds at different return periods are given in Table 3.2. Illustrations 3.1 to 3.4 show the 

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

Location 

Return Period (Years) 

T=10 T=25 T=50 T=100 T=200 T=300 T=400 T=500 

Vancouver 30.16 33.26 35.56 37.85 40.12 41.45 42.39 43.13 

Victoria 27.83 30.37 32.25 34.12 35.98 37.07 37.84 38.44 

Kelowna 25.39 27.75 29.51 31.26 33.00 34.01 34.73 35.29 

Castlegar 28.49 31.45 33.64 35.82 37.99 39.26 40.16 40.86 

 

 

Illustration 3.1: Wind Hazard Chart for Vancouver  
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Illustration 3.2: Wind Hazard Chart for Victoria  

 

Illustration 3.3: Wind Hazard Chart for Kelowna  
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Illustr ation 3.4: Wind Hazard Chart for Castlegar 

The expected annual probability of failure for extreme wind speed can be determined by 

convolution of cumulative distribution function (CDF) of wind fragility (Eq. 3.15) described 

in section 3.3 and probability density function (PDF) of the extreme wind speed model (Eq. 

3.16) mentioned in section 3.4: (Bjarnadottir et al. 2013; Li and Ellingwood 2006) 

ὖ  ᷿ Ὂ ὠȢὪ ὠὨὠééééééééééééééééééééééé..(3.17) 

Where, 

FR(V) = Cumulative distribution function (CDF) of wind fragility  

fV(V) = Probability density function (PDF) annual wind speed model   

The above equation can be solved using numerical integration. The reliability index (ɓ) can 

be estimated by the following relationship: (Zhai and Stewart 2010) 

‍ ‰ ὖ ééééééééééééé.éé..éééé..ééééééé...(3.19) 

Fig 3.3 shows a flow chart of estimating reliability of timber poles using fragility analysis.  
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Figure 3.3:  Flow Chart for Reliability Analysis  

Selectthe Grade of Construction, 
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span length
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Analysis (P-æ Effect)

Select a PoleClass 

Capacity> Load

Yes

No
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variables for Capacity (C) 

Consider 

Degradation 

with Time

C(t) = CC(t) =ȹ(t).C

Conduct Monte Carlo Simulation i.e. 
Randomize Capacity and Load variables 

for N runs 

Determine Annual Probability 
of Failure and Reliability Index

No
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Choose Failure Mode (Flexural, 
Torsional,Foundation etc.)

Design is Ok. Proceed 
for Fragility Analysis

Establish values of random 
variables for Load (L)

Estimate degradation 
function ɲ(t)

Develop Fragility Curves 

Fragility Analysis 
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3.5. Results of Fragility Analysis 

Fragility analysis was carried out by considering 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 previously in Section 3.3, the probability of failure can be estimated 

by counting the number of times the Load (L) exceeds Capacity (C) for N runs 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 capacity and load 

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 No.1 non-linear design 

requirements. CAN/CSA-015 specifies a COV of 20% for strength of timber poles. For this 

analysis, bending strength of timber poles was assumed to follow a lognormal distribution, 

which was also previously suggested by Li et al. (2006) and Wolfe 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 to be 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. Eqs. 3.6 to 3.13 

were used to calculate the strength of timber under the effect of degradation. As decay occurs, 

the effective 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 parameter (kWood) and Climatic parameter (kClimate) as 

given in Eq. 3.8 and Eq. 3.9. According to Australian Standard (AS 5604 2005), Western red 

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 Eq. 3.9b and 3.9c. 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 

Variable  Description Unit  
Probability 

Distribution  

Mean 

Value 
COV Remarks Source 

ůb Fiber Stress  MPa Lognormal 39 Varies WRC CSA 015-05 

E Modulus of Elasticity  MPa Normal 7720 0.14 WRC CSA 015-05 

DPole Dia of Pole m Normal Varies 0.06 WRC 

Bjarnadottir 

et al. 2013 

(for COV 

values) 

DConductor Dia of Conductors mm Normal 20.7 0.06 

477 

ACSR 

Pelican 

DNeutral Dia of Neutral mm Normal 7.82 0.06 

# 2 

ACSR 

Haddock 

DComm 

Dia of 

Communication 

Cable 

mm Normal 60.59 0.06 

8mm 

1x200 

pair Cu 

+2x50 

pair Cu 

hPole 
Distance to Centriod 

of pole from GL 
m Normal 5.3 0.03 

  

Bjarnadottir 

et al. 2013 

(for COV 

values) 

hConductor 

Distance to Centriod 

of Conductor from 

GL 

m Normal 11.66 0.03 

hNeutral 

Distance to Centriod 

of Neutral wire from 

GL 

m Normal 10.66 0.03 

hComm 

Distance to Centriod 

of Comm Cable from 

GL 

m Normal 7.74 0.03 

WRC = Western Red Cedar  

GL = Ground level 

Table 3.4: Climatic Parameters for selected locations 

Location KClimate 

Vancouver 1.66 

Victoria 1.50 

Kelowna 0.60 

Castlegar 1.18 
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The variation in climatic parameter would result in 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 Eq. 3.13. Table 3.5 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 

Location 
Service 

Life 

Pole Class 

1 2 3 4 5 

COV (%)  COV (%)  COV (%)  COV (%)  COV (%)  

Vancouver 

0 20.00 20.00 20.00 20.00 20.00 

25 29.84 31.06 32.53 34.30 36.07 

50 62.57 67.29 72.90 79.69 86.54 

Victoria 

0 20.00 20.00 20.00 20.00 20.00 

25 27.62 28.58 29.75 31.16 32.58 

50 55.22 59.14 63.81 69.43 75.07 

Kelowna 

0 20.00 20.00 20.00 20.00 20.00 

25 20.32 20.36 20.42 20.48 20.56 

50 24.24 24.81 25.49 26.32 27.17 

Castlegar 

0 20.00 20.00 20.00 20.00 20.00 

25 23.88 24.40 25.03 25.80 26.58 

50 41.97 44.50 47.51 51.12 54.73 

It may be noted from Table 3.5 that 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. Class 1). This 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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Illustrations 3.5 to 3.8 show the wind fragility 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 fragility curves 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 probabilistic wind loads 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 mentioned in 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 lower class 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 translate to a greater 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 values of COV calculated for different ages and for 

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

Load 

(a) 

(b) 



 61 

 

 

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

(a) 

(b) 










































































