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Abstract 

Timber utility poles are traditionally used for electricity and telecommunication 

distribution and represent a significant part of the infrastructure for electricity 

distribution and communication networks in Australia and New Zealand. Nearly 7 

million timber poles are in service and about $40-$50 million is spent annually on their 

maintenance and asset management. To prevent the ageing poles from collapse, about 

300,000 electricity poles are replaced in the Eastern States of Australia every year. 

However, up to 80% of the replaced poles are still in a very good condition (Nguyen et 

al., 2004). Therefore, huge natural resources and money is wasted. Accordingly, a 

reliable non-destructive evaluation technique is essential for the condition assessment of 

timber poles/piles to ensure public safety, operational efficiency and to reduce the 

maintenance cost. 

Several non-destructive testing (NDT) methods based on stress wave propagation have 

been used in practice for the condition assessment of timber poles. However, stress 

wave propagation in timber poles especially with the effect of soil embedment coupled 

with unknown pole conditions below ground line (such as deterioration, moisture etc.) 

is complicated, and therefore it hindered the successful application of these NDT 

methods for damage identification of timber poles. Moreover, some stress wave based 

NDT methods are often based on over-simplified assumptions and thus fail to deliver 

reliable results. 

In the presented study, in order to gain an in-depth understanding of the propagation of 

stress waves in damaged poles and to develop an effective damage detection method, a 

solid numerical study of wave behaviour is undertaken and novel wavelet packet energy 

(WPE) method is investigated for damage identification. Numerical studies utilises 

finite element (FE) models to track the wave propagation behaviour characteristics 

considering different boundary conditions, material properties as well as impact and 

sensing locations.    

WPE is a sensitive indicator for structural damage and has been used for damage 

detection in various types of structures. This thesis presents a comprehensive 

investigation on the novel use of WPE for damage identification in timber utility poles 
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using FE models. The research study comprises several aspects of investigations such as 

a comparative study between 2D and 3D models, a sensitivity study of mesh density for 

2D models, and a study of the novel WPE-based technique for damage classification 

and detection in timber poles. Support vector machine (SVM) is imported for damage 

classification and particle swarm optimisation (PSO) is selected to achieve the 

classification. The results clearly show the effectiveness of the proposed novel WPE 

based damage identification technique. 

Damage prediction based on optimisation procedure is also carried out in this thesis. 

Several numerical models with different damage conditions are created and the damage 

size is predicted according to optimisation procedure based on information from sample 

damaged model. Genetic algorithm and artificial fish swarm algorithm are used as 

optimisation algorithms and the comparative study is conducted based on the prediction 

results.  

The influence of damage on the strength of timber utility poles is also studied in this 

thesis. The damage conditions are changes in diameter, length as well as location. Wind 

is considered as a main reason to cause the collapse of timber utility poles in this 

research. Wind load is defined based on Australian standards and the Ausgrid manual, 

and the corresponding stress is calculated through FE analysis. According to this 

analysis, it can be found that under specific damage conditions, some small damage 

may cause collapse; however, for certain conditions, the timber poles can still be safe 

even when large damage exists. 

In conclusion, a novel WPE based damage detection method has been successfully 

developed to address the limitations of existing methods for condition assessment of 

timber utility poles. The numerical verification has shown the method is effective for 

identification of the classification and severity of damage. 
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Error! Not a valid link. 

 velocity adjustment factor  

 elastic strain vector 

 shear strain vector 

 stress vector 

 Poison‟s ratio 

 strain tensor 

{} stress tensor  

[C]orth orthotropic elastic matrix 

ur displacement components along radial direction 

uθ displacement components along tangential direction 

uz displacement components along longitudinal direction 

k wavenumber 

 angular frequency  

c0 wave speed 

c phase velocity 

φ(t) mother wavelet  

 , - original signal  

g(k) group-conjugated orthogonal filters  

h(k) group-conjugated orthogonal filters  

    
  wavelet packet coefficients 

   
  component signal in a WP tree 

2D two-dimensional 

3D three-dimensional 

ASFA artificial fish swarm algorithm  

BEM boundary element method 

BW Bending Wave method  

CWT continuous wavelet transform 

Dav average diameter of the pole 

DEC difference of each energy component among the sensors 

DOF degree of freedom 

DWT discrete wavelet transform  

E elastic modulus 

 
  
  component energy of the decomposed signal  

EF parameter of the energy feature 

    total WP energy under the damaged conditions 

    total WP energy under the intact condition 

F measured frequency interval 

FDM finite difference method 



University of Technology, Sydney | Centre for Built Infrastructure Research  xx 

 

FE finite element  

FEA finite element analysis  

FEM Finite element method   

FFT Fast Fourier Transform  

FF parameter of the frequency feature 

FT tip strength of a pole 

    frequency of the corresponding mode under damaged 

conditions 

    frequency of the corresponding mode under intact 

conditions 

FRF Frequency Response Function  

G shear modulus  

GA genetic algorithm  

GW guided wave  

IR impulse response method 

L (for timber material) longitudinal direction 

L Length of the pole 

Ld length of pole in the dry zone 

LT length between the location of the sensor and the bottom 

of a pole or the location of a defect 

Lw length of a pole in the wet zone 

LCR rate of the maximum load capacity  

NDT non-destructive testing  

OAO multi-class classification using SVM: one-against-one  

OAR multi-class classification using SVM: one-against-the rest  

PSO particle swarm optimization 

R (for timber material) radius direction 

R  cross-correlation coefficients  

SE sonic echo method 

SEM spectral element method  

SVM support vector machines  

T time difference between the first arrival event and the first 

reflection event of stress wave 

T (for direction) tangential direction 

US Ultraseismic method  

V velocity of the longitudinal wave 

Vd wave velocity of the dry wood 

Vw wave velocity of the wet wood 

WP wavelet packet 

WPT wavelet packet transform 
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1 Introduction 
 

 

 

 

 

 

This chapter starts with the background of the project and then provides the rationale for 

the research to be conducted. The research aim and objectives are identified and the 

organisation of this thesis is demonstrated at the end of this chapter. 

1.1 BACKGROUND  

Utility poles made of timber are traditionally used all over the world as they are 

relatively low cost and environmentally friendly. Especially in Australia, timber utility 

poles represent a significant part of the country‟s infrastructure for power distribution 

and communication networks. There are nearly 7 million timber poles in the current 

network in Australia, and among them, 5 million poles are used for power and 

communication supplies (Nguyen et al., 2004). The nationwide demand for timber 

power poles was approximately 62,000 in 2004 and 75,000 in 2006 (Lesley and Jack, 

2006).  

Failure of timber utility poles can cause serious loss of life and economic cost. A 

number of fatalities have been reported where poles failed while line workers were 

performing operations on the poles. It is also reported that some bush fires have been 

caused by failure of timber poles. Failure of poles also leads to loss of power and 

possibly other functional facilities supporting daily life (Baraneedaran et al., 2009).  

To carry out routine inspection on poles to assess the structural integrity, $40-$50 

million is spent annually on maintenance and asset management to prevent utility lines 

failure. The lack of reliable tools for assessing the condition of in-situ poles seriously 
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jeopardizes the maintenance and asset management. For example, in the Eastern States 

of Australia, about 300,000 electricity poles are replaced every year. However, up to 80% 

of them are still in a very good serviceable condition, causing a large waste of natural 

resources and money (Nguyen et al., 2004).  

To address the needs of the utility pole asset management industry, a cost-effective and 

reliable non-destructive testing (NDT) method needs to be developed that is able to 

identify and separate healthy from unhealthy poles. In the last 20 years, various NDT 

techniques have been developed to evaluate the conditions and integrity of 

pile/foundation structures. Among those methods/techniques, visual inspection, 

sounding and stress wave methods remain the most widely used techniques in practice 

(Tanasoiu et al., 2002). Visual inspection is undoubtedly one of the oldest methods used 

in practice but suffers a major drawback on reliability and accuracy of its results since 

the method relies on the experience of the operator and accessibility of the structure. 

Stress wave methods, on the other hand, can offer simple and cost-effective tools for 

identifying the in-service condition as well as the embedment length of timber 

poles/piles. However, due to the lack of understanding of stress wave propagation in 

pole structures, especially with the effect of soil embedment coupled with unknown 

pole conditions below ground line (such as deterioration, rot, termite attack), the results 

rely heavily on experience and interpretations from individual operators. Another issue 

influencing the testing accuracy is related to the complexity of the timber material with 

anisotropy, non-homogeneity and many uncertainties on material properties. As a 

matter of fact, the material properties of timber can be affected heavily by 

environmental factors such as temperature and moisture changes. As a result, current 

stress wave NDT methods often fail to produce reliable results, which are vital for the 

utility pole management industry.  

In order to address this pressing and critical issue, an industry supported research 

project, involving three PhD students and one Master student, started in 2011 with the 

aim of developing a reliable non-destructive assessment method for timber utility poles 

based on stress wave techniques. Research students assigned to the project worked in 

four different areas to tackle the problem: firstly, stress wave theory study for pole 

structures including wavelet analysis; secondly, finite element analysis to investigate 

ideal wave propagation behaviour in simulated pole structures; thirdly, data post 



    

UTS-CBIR Page 3 

 

 

 

Introduction 

 

processing and data fusion for numerical and experimental results; and fourthly, 

laboratory and field work to verify stress wave propagation characteristics in timber 

poles and to determine material properties of timber using static and dynamic testing 

approaches. 

To study wave behaviour in depth, numerical studies needed to be undertaken to 

understand the wave propagation in timber poles, and this is the main focus of this PhD 

research, which is numerical investigation of stress wave propagation in timber poles 

considering effects of soil embedment such as in-situ timber pole conditions. Finite 

element analysis (FEA) has become commonplace in recent years for the simulation of 

complex real-life structural interactions. It typically involves the generation of a 

computer model of a structure that is stressed and analysed for specific results. Much 

software has been developed to assist engineers, analysts and designers to perform 

simulations, calculations and design. In this study, the commercial finite element 

analysis software ANSYS is the main tool used.  

1.2 RATIONALE FOR THE RESEARCH STUDY 

Based on the literature review (Chapter 2), the following challenges in this research 

were identified:  

 Limited research on numerical simulation of wave propagation in timber utility  

poles  

 Limited research on wave behaviour in utility poles influenced by soil  

 Limited research on effective and reliable damage detection methods for 

timber utility poles utilising wave patterns of utility poles 

 Limited research on strength prediction of timber utility poles under different 

damage scenarios 

From the research challenges mentioned above, it can be noticed that the research on 

stress wave propagation behaviour and damage detection for timber utility poles is seen 

to be limited. The main contribution of this research includes providing numerical 

investigations of wave propagation in timber poles as well as proposing a novel 

theoretical damage detection technique based on wavelet packet energy analysis. The 
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findings provide a sound platform for development of a practical and cost effective 

assessment technique for in-situ timber utility poles. 

1.3 RESEARCH AIM AND OBJECTIVES  

The main aim of this research is to numerically investigate the wave behaviour in 

embedded timber utility poles (for both damaged and undamaged cases) in order to gain 

an insight into the wave propagation in the pole and, therefore, to develop a novel 

approach to produce reliable and precise assessments of the condition and embedment 

length of utility poles in the presence of uncertainties. Comprehensive numerical and 

experimental studies will be undertaken to investigate stress wave propagation in utility 

poles under special consideration of uncertainties such as complex material properties 

(for example direction of annual growth rings in timber or inhomogeneous 

characteristics), environmental conditions (for example temperature or humidity 

fluctuations), soil conditions (for example density, soil composition or moisture 

content), and damage or defects (for example voids, fungi decay or termite attack). For 

the numerical investigation, finite element analysis techniques will be utilised to model 

the complex nature of stress wave travel. Laboratory testing will be conducted in 

parallel with the numerical studies to experimentally verify the numerical models. 

Accordingly, numerical optimisation techniques will be used to classify the damage 

types as well as estimate the damage severity. The findings of the research will then be 

used to assist development of state-of-the-art NDT and analysis methods for the 

condition and length assessment of utility poles utilising the latest developments in the 

field including advanced signal processing and dynamic feature extraction. The specific 

objectives of the research are: 

 FE modelling of timber material as an isotropic/orthotropic material 

(probabilistic FE modelling could also be considered) 

 Modelling of stress wave interaction between timber pole and soil 

 Modelling timber defects, deterioration and damage and investigation of damage 

signatures/patterns from wave propagation  

 Identification of aforementioned damage by using optimisation techniques 

 Possible residual life prediction for timber poles 
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1.4 ORGANIZATION OF THE THESIS 

In Chapter 1, a general overview of the research work is presented including the 

background, research objectives and the significance of the research. 

In Chapter 2, the state-of-the-art in NDT methods are outlined first and stress wave 

theory based NDT methods are briefly introduced. The numerical modelling of timber 

poles and soil as well as damage detection methods are reviewed extensively. 

In Chapter 3, numerical investigation of stress wave propagation in simulated timber 

poles are presented. Parametric study and model verification is undertaken. Wave 

behaviour is studied under different boundary conditions and material characteristics. 

In Chapter 4, a novel damage detection technique based on numerical results is 

proposed including damage classification and damage severity identification. Wavelet 

packet energy technique is briefly introduced. 

In Chapter 5, damage prediction is conducted according to an optimisation technique. 

Two well-known algorithms are imported to estimate the damage severity based on the 

known parameters. The accuracy of the prediction results are outlined and compared. 

In Chapter 6, loading capacities for damaged timber utility poles are analysed using 

numerical models. The loading is considered to be wind load based on the 

corresponding Australian standards (AS/NZS1170.2) and the Ausgrid manual (NS220).  

In Chapter 7, a summary of the research work and recommendations for future work are 

provided. 
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2.1 INTRODUCTION 

This literature review includes some of the most significant works regarding the 

numerical modelling of embedded timber poles and the development of non-destructive 

damage detection methods in civil engineering applications. Some works which have 

been reported by other researchers forms the platform upon which the research work 

offered in this thesis is based. 

This chapter starts with the traditional NDT methods for pile/pole structures. This is 

followed by a review of numerical modelling of embedded timber poles including 

modelling of timber material as well as soil. Damage types in timber poles are briefly 

introduced before reviewing damage detection methods. Some traditional damage 

detection methods are introduced and WPT based damage detection is reviewed 

extensively. Further to this, optimisation techniques with two relevant algorithms for 

damage detection are explored.   

2.2 OVERVIEW OF TRADITIONAL NON-DESTRUCTIVE TESTING METHODS 

FOR POLES/PILES 

Modern structural health monitoring (SHM) methods can be classified into two groups, 

the global methods well known as vibration based methods and local methods which 

include guided wave (GW) based methods (Raghavan and Cesnik, 2007). Local GW 

based methods, according to their features, are normally used in the condition that the 

potential damage location is known (Uhl et al., 2013). Both global methods and local 

methods are widely used in non-destructive testing (NDT) to assess the conditions of 
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structures. NDT is the means by which structures may be inspected without destruction 

of serviceability (Alvandia and Cremona, 2006).  

The damage identification can be divided into four levels (Rytter, 1994) as shown in 

Figure 2-1. 

 

Figure 2-1 levels of damage detection 

Non-destructive testing (NDT) methods are used in the field of civil engineering to 

assess the health state of civil infrastructures. Over the years, numerous specialised 

methods have been developed and have successfully been applied in practice.  

Current NDT techniques for civil infrastructures rely on visual inspection, acoustics, 

ultrasound, magnetic fields, radiography or X-rays. These techniques are local methods 

and require that the damaged region is known a priori, and usual inspection techniques 

require the portion of the structure being inspected to be readily accessible and are, 

therefore, not appropriate due to interference with operational conditions  (Doebling et 

al., 1998). 

To assess the integrity of poles/piles, the most practised methods are visual inspection, 

sounding and stress wave methods. Among these methods, visual inspection and 

sounding are the most commonly used techniques. They are, however, highly subjective 

and greatly depend on the experience of the practitioner. Further, they cannot always 

detect decayed parts of timber, especially when these are located underground 

(Tanasoiu et al., 2002). In Australia, drilling is a normal method using visual 

examination and sounding to assess the condition of a pole between the ground line and 

350mm below ground as shown in Figure 2-2 (Ausgrid, 2006). Drilling assessment is 

Determination of damage existence 

Identification of damage types and location 

Evaluation of damage severity 

Prediction of remaining strength 
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based on the sound, smell and resistance where the drilling is taking place. All these 

features will indicate the condition of the timber and then justify whether it is sound or 

decayed timber. The limitations are: location has to be accessible for the drilling and the 

results are subjective depending on personal observations (Baraneedaran et al., 2009). 

 

Figure 2-2 Inspection below ground line (Ausgrid, 2006) 

Other advanced methods that are applied to examine the integrity of timber poles/piles 

are, for instance, radiographic methods, X-ray techniques, force application and 

ultrasonic tomography. The use of these advanced methods is currently very limited due 

to their high cost, complex operation and often poor and inconsistent results (Tanasoiu 

et al., 2002). 

Stress wave methods, on the other hand, are considered as simple and cost-effective 

applications and a number of stress-wave based techniques have primarily been 

developed for the condition assessment of deep foundations. They are popular NDT 

methods and include sonic and ultrasonic techniques. Stress waves occur in a structure 

when sudden pressure or deformation is applied to its surface such as by impact 

excitation. The disturbance propagates through the structure in a manner analogous to 

how sound travels through air. The speed of stress wave propagation is a function of the 

modulus of elasticity, Poisson‟s ratio, the density, and the geometry of the structure 

(American Concrete Institute, 1998). Due to these dependencies, monitoring and 

analysis of stress wave propagation can be used to assess the condition of structures. 
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Over the past decades, the state-of-the-art for stress wave based NDT assessment of 

unknown foundation conditions mainly involved two methods: surface wave methods, 

where access is required only at the surface of the test structure, and borehole wave 

methods, where a borehole is drilled close to the test structure and wave reflections are 

monitored from the borehole. These methods were found to be able to accurately 

determine the unknown depths of exposed piles, drilled shafts, shallow abutments and 

piers. For field testing, however, the methods have a number of limitations. For example, 

it was found that traditional stress wave based NDT methods cannot detect the depth of 

foundations with underlying pile caps (Larry et al., 1998). 

In general, surface wave methods can be categorised by the type of wave they analyse. 

In surface wave testing, the disturbance caused by impact excitation propagates through 

the structure as three different waves, they are: longitudinal, flexural and Rayleigh 

waves. Longitudinal and flexural waves are body waves and propagate into the structure 

along hemispherical wavefronts, while the Rayleigh wave travels away from the 

disturbance along the surface. The longitudinal wave, also called P-wave, compression 

or dilatational wave, is associated with the propagation of normal stress and particle 

motion is parallel to the propagation direction (see Figure 2-3 (a)). The flexural wave is 

related to shear stress and particle motion is perpendicular to the propagation direction 

(see Figure 2-3 (b)). The Rayleigh wave, also called R-wave, travels across surfaces and 

moves in ellipses in planes normal to the surface and parallel to the direction of 

propagation (see Figure 2-3 (c)) (Davis, 1998).  

 

Figure 2-3 Different types of stress waves (ParkSeismic, 2012) 
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The most popular surface stress wave techniques used for the assessment of pile and 

foundation structures are: Sonic Echo method (Ni et al., 2006), Impulse Response 

method (Davis et al., 2005), Bending Wave method (Linjama, 1992), Ultraseismic 

method (Jalinoos et al., 1996) and Impact Echo method (Carino, 2001). 

Due to the successful applications and positive results of surface methods to pile and 

foundation structures as well as their limitations and challenges, surface stress wave 

techniques are found to be quite suitable to detect the depth and service condition of 

free standing timber utility poles such as those investigated in this study. To give more 

detailed background information, the most popular surface stress wave methods are 

briefly described in the following section. 

2.2.1 Sonic Echo/Impulse Response method 

In SE/IR testing, an impact is imparted from the top of a pile/pole structure (generating 

longitudinal waves) and reflection measurements (echoes) from the bottom of the 

structure are evaluated to assess the condition/determine the length of the structure. The 

SE method (also known as Echo, Seismic Echo, Sonic, Impulse Echo, Pulse Echo 

method and Pile Integrity Test), is the earliest of all stress wave NDT methods to 

become commercially available (Steinbach and Vey, 1975). It was first developed for 

quality assurance of the integrity and length of driven piles of new constructions 

(Rausche et al., 1992). The Impulse Response (IR) method (termed also as Sonic 

Transient Response, Mobility, Transient Dynamic Response and Sonic method) was 

developed as an extension to a technique originally proposed by Davis and Dunn (Davis 

and Dunn, 1974). 

The basic theory of both methods is that stress wave patterns and associated frequency 

domain data will change when stress waves propagate through different stiffness media 

(the bottom of a structure or defects/damage) according to the impedance function. The 

testing is performed by impacting the top of a pile foundation to generate longitudinal 

waves, which travel down to the bottom of the pile (see Figure 2-4 (a)). The wave will 

be reflected back from changes in stiffness, cross-sectional area and density. A crack or 

hollow section will have lower impedance, while rotten timber material, stiffer soil or 

bedrock layer will have higher impedance (Larry et al., 1998). The reflected 

longitudinal wave is recorded by a sensor, which is placed on top of the structure in 
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proximity to the impact location. For timber utility poles, the average diameter of a pole 

is around 300mm and the sensors have to be placed along the side of the pole to avoid 

the influence of the surface wave (see Figure 2-4(b)). 

 

Figure 2-4 SE/IR testing applied to (a) a pile and (b) a timber utility pole 

For the SE method, the length of a pile/pole structure can be calculated based on the 

time separation between the first wave arrival and the first wave reflection (echo) event 

or between any two consecutive reflection events according to the following equation: 

   
     

 
 Eq. 2-1 

where    is the length between the location of the sensor and the bottom of the pole or 

location of a defect; V is the velocity of the longitudinal wave; T is the time difference 

between the first arrival event and the first reflection event recorded by the sensor. β is a 

velocity adjustment factor and is normally set to 0.9 (Pandey and Anthony, 2005). 

As the frequency domain counterpart of the SE method, the IR method transfers the 

measured time history data into the frequency domain by Fast Fourier Transform (FFT). 

The length of the pole can be estimated by: 
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 Eq. 2-2 

where F is the measured frequency interval between two consecutive resonant 

frequency peaks of the pole; it is the inverse of T. 

In timber, the velocity of the stress wave is affected by the moisture content in the wood. 

A typical timber pole in service contains a dry zone (above the ground), a saturated zone 

(below the ground), and a transient zone (an increasing amount of moisture). Therefore, 

the formula to estimate the length using measured data is modified to: 

2
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Eq. 2-3 

where    is the length of pole in the dry zone,    is the length of pole in the wet zone, 

   is the wave velocity of the dry wood, and    is the wave velocity of the wet wood 

(Pandey and Anthony, 2005). 

Texas A&M University (Briaud, 1997) conducted a series of comparative NDT testing 

on nine bored piles using the SE/IR method. The piles were tested at the National 

Geotechnical Experimental Sites at Texas A&M University with five piles being 

embedded in sand and four piles in clay. Five companies were invited to conduct the 

SE/IR testing. The condition and the length were not revealed to the testing companies 

and the results were obtained directly after the site testing. The comparison between 

length predictions and actual feature led to the following findings. Firstly, the length 

prediction will not be accurate when two damages are present in a pile. Secondly, the 

accuracy of the result heavily relies on the operators‟ experience. For defects detection, 

the comparison of the results also revealed some significant issues. Firstly, as 

mentioned the experience of the engineer plays an important role in the testing and the 

interpretation of the measurement results. Secondly, the size and location of the defect 

will affect the accuracy of the testing. Thirdly, the stiffness of the soil surrounding the 

pile will influence the results.  

Federal Lands Highway Administration (Larry et al., 1998) tested several foundation 

piles of bridges. After collecting the data the researchers found that the SE/IR method 

works best for piles or drilled shafts without any structure on top. Typically, this 
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method is performed on piles for ratios of length-to-diameter (L/D) up to 20:1 and can 

only detect large damage with cross-sectional area changes greater than 5%. For higher 

L/D ratios of 30:1 or larger, the method is applicable for softer soils. A study conducted 

by the University of Houston at the National Geotechnical Experimentation Site also 

found that for a pile L/D ratio of less than 20, the pile length can be predicted more 

accurately and the success rate can reach at least 80%. If the L/D rate increases to 30, 

the success rate will decrease rapidly.  

2.2.2 Ultraseismic method 

The Ultraseismic (US) method is an extension of the SE/IR method (for longitudinal 

waves) and the BW method (for flexural waves). The method was developed as a 

response to overcome the difficulties with the SE/IR and BW methods when many 

reflecting boundaries are present (Olson and Aouad, 2001). The US method is used to 

predict the integrity and the length of foundation structures based on multi-channel 

seismic reflections. The method was developed for its application to drilled shafts, 

driven piles and shallow wall-shaped substructures with at least 1.5 m–1.8 m of the side 

of the structural element exposed for mounting instrumentation (Olson, 2014). 

Traditionally, several accelerometers with 15 cm–30 cm intervals are mounted on the 

side of the testing specimen. An impulse hammer is used as the source to generate stress 

waves (see Figure 2-5). 

 

Figure 2-5 US testing of a pile 
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Three types of waves including longitudinal waves, flexural and Rayleigh waves can be 

recorded. Each type of wave will provide vital information on poles/piles for depth and 

defects prediction. Reflected wave forms from the pile/foundation bottom are identified 

and the effects of undesired wave reflections from other boundaries are minimized. 

Information on the initial arrival and reflection of waves are captured by multiple 

accelerometers, and after data processing, a stacked record of measured data of all 

sensors will be provided. In the stacked record, the slope lines of arrival wave and 

reflected wave are connected, and the length or the location of the defect can be 

predicted (see Figure 2-6). 

 

Figure 2-6 Stacked record of US testing (Olson, 2014) 

According to the Federal Lands Highway Administration report in 1998, the US method 

was found to be able to provide much more accurate depth prediction than the SE/IR 

method under complex substructure condition. Research undertaken at the Chao Yang 

University of Technology in Taiwan found that the error to predict the depth of intact 

piles using the US method is within a range of 5% (Wang, 2003). 

Despite the widespread use of stress-wave based NDT methods such as the SE/IR, BW 

and US method, for their application to pile and foundation structures, the transfer of 

these techniques to the condition assessment of free-standing timber utility poles is not 
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straight forward due to the inaccessibility of the top of the pole structure, the complexity 

of material property, geotechnical conditions and interaction behaviour between pole 

and soil. To gain an insight into the complex stress wave propagation in free-standing 

timber pole structures, numerical investigations with extensive studies on the wave 

behaviour in timber utility poles are essential to the successful development of a stress-

wave based condition assessment technique for timber utility poles. Timber utility poles 

have different material characteristics as well as boundary conditions than piles. Hence, 

a study of the wave propagation behaviour in timber poles is needed in this research. 

2.3 NUMERICAL MODELLING OF EMBEDDED TIMBER POLES 

2.3.1 Introduction to numerical modelling 

Many practical engineering problems are too complicated to be solved accurately by 

classical analytical methods. To deal with the problems, numerical modelling methods 

are imported. Finite element method (FEM), finite difference method (FDM), boundary 

element method (BEM) and spectral element method (SEM) are always considered in 

numerical analysis of wave propagation (Wang, 2009). 

The first step of numerical analysis is discretisation which means dividing the medium 

of interest into a number of small subregions and nodes (Moaveni, 1999). FDM, using a 

differential equation for each node and replacing the derivatives by difference equations, 

is suitable for simple geometries and boundary conditions as well as simple material 

properties (Moaveni, 1999). BEM solving partial differential equations (Kirkup, 1998) 

for nodes is an effective method to simulate an infinite medium but has limitations in 

dealing with scattering problem in a finite medium (Wang, 2009).  

SEM is considered an effective numerical method especially in wave propagation 

studies and is adopted by many researchers. SEM obtains accurate results with less 

computational time. However, it has serious drawbacks to limit its application such as: 

 Exact shape functions are available only for relatively simple systems (this 

usually is a problem for multi-dimensional systems). Approximate methods may 

be used if accuracy decreases. 

 The method cannot be applied directly to time variant, nonlinear systems 
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 The solution involves inverse time and deteriorates the solution quality 

(Stepinski et al., 2013). 

The FEM (its practical application often known as finite element analysis that is FEA) 

is one of the most widely used methods to deal with complicated problems such as 

dynamic and nonlinear problems, for example impacts or blasts. Due to the 

characteristics of FEM, this method (can potentially) provide a solution for any 

geometry, as long as this geometry and its boundary conditions can be modelled. 

ANSYS is a very powerful and impressive FEA tool and can be widely used to solve 

various engineering problems. 

A finite element analysis basically involves the following steps (Cook et al., 1989): 

1. Discretise the structure or continuum into finite elements using a mesh generation 

program. 

2. Formulate the physical behaviour of an element by assuming an approximate 

continuous function to represent allowable element deformation. 

3. Assemble elements to obtain an FE model and construct the global stiffness matrix. 

4. Apply boundary conditions and loads. 

5. Solve linear or nonlinear algebraic equations to obtain nodal results such as 

displacement or temperature value for each node. 

Moser and his team used FEM to model guided wave propagating in annular structures. 

The FE results were directly compared to an analytical solution as well as experimental 

results. All these comparisons confirm the high accuracy of FE solutions when applied 

to wave propagation problems (Moser et al., 1999). Bartoli and his colleagues applied 

FE analysis to simulate ultrasonic guided waves in rails to detect the defects. They 

found finite element modelling is an essential tool to predict the wave interactions with 

a variety of defects that would be impractical to replicate experimentally (Bartoli et al., 

2005). Cerniglia and his colleagues studied ultrasonic wave propagation in multi-

layered plates under intact and damaged conditions through finite element analysis. The 

numerical results matched with experimental results very well. They found that FEA 

was a powerful tool to obtain a better understanding of the wave propagation and 

interference phenomena (Cerniglia et al., 2010). 
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In this current research, the FEA software ANSYS was used to perform transient 

analysis to model timber poles and to investigate wave propagation behaviour. The 

material parameters of the poles were obtained from laboratory experimental testing 

undertaken by another PhD student of this project as well as some relevant literatures. 

2.3.2 Numerical modelling of timber material 

Timber is a natural composite material with anisotropic and inhomogeneous 

characteristics. The mechanical behaviour is complicated and the mechanics 

performance shows high nonlinear behaviour. Due to the lack of understanding of the 

nonlinear behaviour of wood, it is sometimes simulated as a homogeneous and isotropic 

material. However, the results will not be able to illustrate the real mechanics 

performance (Li, 2007). 

Over the years, timber-based composite materials, such as timber composite beams, 

have been developed. These reconstituted materials are more homogeneous than raw 

wood and usually have been seen as orthotropic materials (Serrano, 2000). Research on 

timber-based composite materials is typically focused on the strength testing to 

determine the fatigue fracture parameters. In most research, timbers are normally 

simulated as orthotropic linear elastic materials in tension, and as orthotropic elasto-

plastic materials in compression. 

For analysing the failure and fatigue behaviour of timber structures, such as timber 

composite beams, it is well recognised that it is necessary to model timber as an 

orthotropic material (Serrano, 2000) with elastic-plastic behaviour (bilinear curve) 

based on Hill‟s criterion (Junior and Molina, 2010) (Figure 2-7).  
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Figure 2-7 Stress-strain curve used to simulate the material behaviour of timber 

(Junior and Molina, 2010) 

To establish a constitutive model for timber material, several models have been used by 

researchers to simulate the behaviour of timber poles: 

1. Idealised isotropic and homogeneous continuum model, 

2. Orthotropic and homogeneous continuum model, 

3. Transversely isotropic (identical properties in tangential and radial directions) and 

homogeneous continuum model (Murray, 2007)  

In the development of the material model of a timber pole,  several assumptions are 

made as follows (Tabiei and Wu, 2000): 

1. Wood is idealized as an orthotropic material instead of anisotropic material.  

2. Wood is idealized as a homogeneous continuum. 

3. Wood is intact with no growth defects. 

4. Wood grain is oriented straight and parallel to the long axis of the timber pole. 

Piao (Piao et al., 2005) developed finite element models to predict the performance of 

the uniform-diameter composite poles subjected to loads. Five orthotropic models 

created by ANSYS have been developed and verified with experimental results. Three-

dimensional (3D) 10-node tetrahedral solid element is used in the modelling of wood 

laminated composite poles. This element type has a nonlinear displacement behaviour, 

plasticity, large deflection, and large strain capabilities. The predicted deflection by 

these models agreed well with those of the experiment, and the predicted normal stress 

agreed with those calculated.  Pellicane and Franco used 3D finite element models to 

investigate the stress distribution and failure of wood poles subjected to cantilever 
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bending. Orthotropic and isotropic models with linear-elastic material properties were 

established and verified with theoretical results. They came to the conclusion that 

orthotropic models are more sensitive to support conditions influencing the bending 

stress distribution near the boundary (Pellicane and Franco, 1994). Bulleit and Falk 

developed an isotropic model to investigate the use of stress wave velocity 

measurements to distinguish between strength-reducing decay and non-strength-

reducing growth ring separations (ringshake). The results from the field test and finite 

element analysis indicated that the stress wave velocity measurements alone were not 

sufficient to confidently differentiate between ringshake and decay (Bulleit and Falk, 

1985). 

2.3.3 Numerical modelling of soil  

Modelling of soil 

Soil is a complicated material and is composed of particles with various mineralogy, 

size and shape and as a consequence, the mechanical properties are complex (Airey et 

al., 2011). The detail of soil behaviour is discussed by Brinkgreve (Brinkgreve, 2005). 

Classical soil mechanics makes use of an idealised stress strain curve to simulate soil 

behaviour. In Figure 2-8, the curve OXY presents the typical shear stress and shear 

strain relationship of soil. Under working loads, the stress/strain behaviour is linear and 

elastic, which is presented as OA. The complete failure of soil with large deformation 

can be seen as perfectly plastic and is presented by OBC (Wood, 1990). 

 

Figure 2-8 Shear stress strain curve for soil (Wood, 1990) 

In general, the consideration for the soil modelling should always involve a balance 

between the requirements from the soil mechanics properties, reality of soil behaviour 
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from the laboratory testing and the effectiveness in computational application (Ti et al., 

2009). 

Several constitutive models are widely used in numerical analysis of geo-materials, 

such as linear elastic, nonlinear elastic or elasto-plastic. The Duncan-Chang model also 

known as the hyperbolic model (Duncan and Chang, 1970) is a nonlinear elastic model. 

This type of model is not widely accepted since it cannot  consistently distinguish 

between loading and unloading (Schanz et al., 1999). Mohr-Coulomb model, which is 

an elasto-plastic model and always used to simulate general soil behaviour, provides a 

better representation for wave propagation problem (Balendra, 2005). Drucker-Prager  

model (Drucker and Prager, 1952) is the simplification of the Mohr-Coulomb model. 

The Modified Cam-clay is an elastic plastic strain hardening model and suitable for 

describing the deformation of the consolidated soft soils (Ti et al., 2009).   

Soil modelling plays an essential part in pile testing research. High strain testing of piles 

is typically performed to evaluate the driving system for assessing the static or bearing 

capacity. For this kind of testing, soil behaviour is always considered as elasto-plastic 

and simulated by the Mohr-Coulomb model to describe the stability of foundation 

structures. Abdel-Rahman and Achmus created numerical models to simulate the pile 

foundations embedded in sand. An elasto-plastic model with Mohr-Coulomb failure 

criterion was used to illustrate the behaviour of medium dense sand when the piles are 

under an inclined load (Abdel-Rahman and Achmus, 2006). Kwon et al. used a Mohr-

Coulomb elasto-plastic model to describe soil behaviour and pile foundation stability 

when a strong earthquake happened (Kwon et al., 2013). Low strain methods are used 

for the integrity assessment and length prediction of piles. For a very low strain level 

(less than 10
-5

), elastic and linear behaviour is present  (Luna and Jadi, 2000). As a 

result, soil can be simulated as linear elastic, which provides the most basic soil 

behaviour without considering the nonlinear and plastic behaviour at failure. Chow and 

his fellow researchers used a linear elastic model to describe the soil behaviour under 

integrity testing (Chow et al., 2003). In this current research, low strain testing was 

conducted and the strain level was less than 10
-5

. Hence, the material constitutive in this 

research will be simulated as linear elastic.  

Modelling of soil-pole interaction 
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Over the last 40 years, research in dynamic Soil-Structure Interaction (SSI) has attracted 

intensive interest among researchers and engineers in the fields of structural dynamics, 

wave mechanics and soil dynamics (Li et al., 2004). The interaction behaviour between 

contact surfaces is critical if a dynamic load is generated, particularly if there is a 

significant difference in stiffness between the different media or if the potential for slip 

or separation exists. The response of the compound system is highly dependent on the 

interface behaviour (Drumm et al., 2000). A three dimensional model under dynamic 

load is more important to understand the overall structure‟s behaviour (Dutta and Roy, 

2002). 

Many researchers have proposed improved laws for the modelling of contact problems 

and various models have been proposed to represent “discrete” interface. Among the 

early models, Goodman, Taylor and Brekke (Goodman et al., 1968) explored the idea of 

linkage element and derived the stiffness matrix for a more general joint element to 

model the behaviour of jointed rocks. Figure 2-9 displays the interface modelling of a 

simple one-dimensional line element with zero thickness. In this model, the constitutive 

relation matrix is presented by the joints stiffness per unit length in the normal and 

tangential directions. Thin layer interface element (Desai et al., 1984) was developed to 

demonstrate the soil-structure behaviour under a seismic or blast load. It considered the 

deformation at interface including stick, slip, de-bonding and re-bonding. Some 

researchers (Wu and Finn, 1997, Cai et al., 2000) developed 3D finite element models 

to investigate the response of the pile-soil system under a seismic load. 

Several experimental investigations have been undertaken on the soil-structure interface 

behaviour, and it was found that the principal factors affecting the interface behaviour 

include the roughness of the contact body, the mineralogical and grading characteristics 

of soil, the soil density, and the normal pressure. Among these factors, the roughness of 

the contact body is the most critical one (Liu et al., 2006). 

For soil-pile interaction, interfaces are commonly simulated in two ways; perfectly 

bonded interface or frictional interface. The frictional interface allows slipping and 

gapping between the soil and the pile, which represents the real behaviour more 

accurately and Coulomb‟s friction model is used to simulate slipping and gapping in 

FEA. However, it takes more computational time and computer resource. Hence, if 
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slipping and gapping is negligible or will not influence the analysis results, perfect 

bonding using the coupling method can be applied (Balendra, 2005). 

 

Figure 2-9 Interface element with zero thickness (Drumm et al., 2000) 

 

Figure 2-10 3-D model of pile-soil response (Wu, 1994) 

For early research on pile-soil structure interaction, most of the studies have been done 

for the purpose of earthquake-resistant design (see Figure 2-10). In this specific field, 

the plastic deformations of the soil are represented by a series of non-linear springs. For 

the field study of pile integrity testing, the soil is always considered as a linear elastic 

material and the slip effect between pile and soil can be neglected (Schauer and Langer, 
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2012). In commercial FEA software ANSYS, the modelling of interaction behaviour 

can be achieved by contact analysis considering different contact conditions. Ji and 

Wang used surface contact element in ANSYS to simulate the integrity testing of a 

wharf pile based on one-dimensional stress wave theory. The results from numerical 

models matched with testing results quite well and the defects of the wharf piles could 

be detected accurately. The dynamic response of wharf piles caused by pulse load can 

be accurately simulated by ANSYS (Ji and Wang, 2010). Interface elements (contact 

pairs) in ABAQUS (a FEA software) was selected by Miao (Miao et al., 2007) to 

investigate the response of a single pile when subjected to lateral soil movements. These 

elements were allowed to separate if there was tension across the interface and the shear 

and normal force are set to zero once a gap is formed. The contact pairs in ANSYS have 

the same features as the interface elements in ABAQUS. Ninic studied the pile-soil 

interaction along the pile skin under an axial loading using a 3D frictional point-to-point 

contact formulation, where each pile integration point was associated with an adjacent 

target point in the soil element (Ninic et al., 2014). It has been shown that pile responses 

are comparable with the analytical models he developed. 

2.4 DAMAGE TYPES IN TIMBER POLES AND DAMAGE DETECTION 

METHODS 

2.4.1 Damages types in timber poles  

Timber utility poles are connected in series and the collapse of a single pole will initiate 

a domino effect bringing down a large part of the power line and as a result the power 

supply will be disrupted (Datla and Pandey, 2006). 

Damage to wood is normally caused by several factors such as fungi, climatic 

conditions, insects attack as well as mechanical damage from vehicles (Li et al., 2007). 

Decay caused by fungi once started can be very rapid as fungi can grow quickly over 

wood surfaces under ideal conditions (Nofal and Morris, 2003). These fungi can 

penetrate or destroy the cell walls of wood that will lead to significant loss of wood 

strength. If there is a connection point in wood, it will be susceptible to decay, such as 

when bracings are used to stabilise piles or poles. When these connection points are 

exposed to alternate moisture and dryness, they will be subjected to wetting and drying 
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cycles which make wood swell and shrink, and cause splitting, cracking or warping. 

(Nguyen et al., 2004) 

Timber poles deteriorate over time by varying levels, and in most cases, the damage is 

invisible and often below ground (Baraneedaran et al., 2009), since the influence of soil 

factors on decay of timber poles below ground were identified after analysing failure 

data from industries (Chattopadhyay, 2007).  

 

Figure 2-11 Possible decay patterns of utility poles below ground level (Nguyen et al., 

2004) 

Several types of decay on cross section of poles just below the ground level are shown 

in Figure 2-11. Wang et. al established a model to predict the decay according to the 

wood and climate information and thus the remaining life of a timber pole can be 

predicted (Wang et al., 2008) as shown in Figure 2-12. It can be found that the decay in 

the centre of a pole is much slower than the decay on the surface. Unfortunately, surface 

decay always has a significant influence on the strength of a pole. 
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Figure 2-12 Details of decay rate from software developed by Wang (Wang et al., 2008) 

2.4.2 Damage detection methods 

To avoid the sudden failure of structural components, damage detection in structures at 

the earliest possible stage is pervasive throughout the researchers in civil, mechanical 

and aerospace engineering (Sinou, 2009). The effect of damage on a structure can be 

classified as linear and nonlinear. The linear damage situation is that linear elastic 

structure remains linear elastic after damage and can be analysed by model-based and 

non-model-based methods; while the nonlinear damage is that linear elastic structure 

demonstrates nonlinear behaviour after damage such as a fatigue crack (Doebling et al., 

1998). 

2.4.2.1 Overview of vibration based damage detection methods 

Generally, the damage detection procedures are similar by analysing some parameters 

from measurement that are related to the condition of a structure. Much of the technical 

literature concerns the identification of structural damage by analysing the changes in 

measured structural vibration response including changes in modal frequencies, changes 

in measured mode shapes and changes in measured flexibility coefficients (Doebling et 

al., 1996).  

The most well-known methods are modal testing measuring changes in modal 

parameters, such as frequencies, mode shapes and response to specific excitation (Sinou, 

2009). The methods using natural frequencies are considered as one of the most popular 

damage detection methods since these methods are quite mature and easy to be 

conducted in experimental testing. The methods of frequency measurements extraction 
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are also well developed. Researchers have claimed that it was possible to identify the 

changes of structure properties from correlated measured frequency response functions 

(FRF) (Crema and Mastroddi, 1998). However, truncation could cause a significant 

change in FRFs even when there is no damage (Agneni, 2000).  

Modal assurance criterion (MAC) is suggested by researchers for damage detection 

using mode shapes. MAC is a scale factor from 0 to 1.0 representing the correlation 

between two sets of modal vectors; 0 for uncorrelated and 1.0 for perfectly correlated. 

MAC was not able to detect the damage location explicitly and accordingly, the co-

ordinate modal assurance criterion (COMAC) was developed. The location where a 

COMAC value is close to zero is the possible damage location. Ko and his colleagues 

presented a combined method using MAC and COMAC, and the damage in steel-

framed structures was identified (Ko et al., 1994). However, Parloo and his colleagues 

indicated that combined MAC and COMAC could only detect the most severe damage 

in the case of a highway bridge in New Mexico and the noise presented in the 

measurement significantly affected the damage detection (Parloo et al., 2003). 

The spatial location of damage can be identified by mode shape derivatives such as 

curvatures. Although this method was considered an efficient tool for damage 

localisation (Pandey et al., 1991), Parloo and his colleagues found this method not 

suitable for practical application since the measurement was influenced by the 

uncertainties, noise as well as ambient conditions (Parloo et al., 2003).  

Modal strain energy measuring the changes in strain mode shape and change in resonant 

frequency was proposed by Dong and his colleagues (Dong et al., 1994). Although his 

method was more efficient than the previous methods mentioned above, it was found to 

be hard to detect the damage located near the supports or joints. In addition, this method 

became less efficient due to the noise and multiple damages (Sinou, 2009). 

Dynamic flexibility using a dynamically measured flexibility matrix to estimate the 

changes in structural stiffness can be used as a damage detection method in the static 

behaviour of structure. Park and his colleagues applied this method to detect the damage 

of a ten-storey building, a bridge and an engine structure and the damage was predicted 

and located correctly (Park et al., 1998). However, it was found that the method became 
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less efficient if there was complex damage or simultaneous damages, or the damages 

were close to the joints (Alvandi and Cremona, 2006).   

2.4.2.2 Overview of wave propagation based damage detection methods 

The wave propagation based methods detect structural damage by sending stress waves 

in a structural geometry to compare the signal before and after damage and is more and 

more used in order to assess the state of various structures. Besides the SE/IR and 

ultraseismic methods mentioned in section 2.2, a number of studies are under 

investigation in damage detection mainly using Lamb wave. Lamb waves, was 

discovered by Horace Lamb in 1917, can exist in plate-like thin plate with parallel free 

boundaries (Su et al., 2006). Subsequently, Worlton introduced Lamb waves as a means 

of damage detection in 1961 (Worlton, 1961). Cuc and his peers successfully used 

piezoelectric wafer active sensors working in conjunction with guided Lamb wave to 

detect various types of damages in complex geometry structures (Cuc et al., 2007). 

Purekar and Pines successfully used Lamb waves associated with sensor arrays to 

identify the presence of delamination damage in a composite laminate (Purekar and 

Pines, 2010).  

Time of flight (TOF) and amplitude are important indicators for damage detection using 

guided wave method. TOF is one of the most common and simplest techniques used in 

damage identification. Typically, a stress wave is induced by striking one side of the 

inspected structure with a hammer, which is instrumented with a sensor. The sensor 

emits a start signal to a timer when the impact is imparted. The wave travels to the 

opposite side of the structure and is captured by the sensor placed directly opposite to 

the impact location. When the sensor receives the arrival wave, a stop signal will be sent 

to the timer. According to the measured times and the known distance between the 

impact location and the second sensor, the velocity of the wave can be calculated and 

used to assess the structural condition. Normally, stress wave travels quickly if the 

structure is dense and solid. Damages will cause increased transmission times for wave 

propagation, and therefore, slow moving wave always indicates presenting of damages. 

This method can be used to detect the internal damage of timber structures; however, 

early stages of decay cannot be detected. The effectiveness of this method also depends 

on the type of damage, for example, brown rots are generally more easily detected than 

white rots (Dackermann et al., 2013). Ramadas and his peers used TOF to detect the 
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crack of a beam structure. It was found that if the crack is close to the boundary, it is 

difficult to identify the arrival time of the reflected wave group since interference 

happened between the boundary reflection and the reflection from the crack, and 

therefore, TOF become less reliable (Ramadas et al., 2008). Tang and Yan pointed out 

that TOF-based methods need to subtract the guided waves before damage from those 

after damage to obtain the damage-scattered waves. However, the environment such as 

temperature, load and noise, can significant influence the propagation of guided waves 

in the structure. Therefore, the guided waves of an intact structure under different 

environmental conditions could be different which will lead to suspicious identification 

of damage (Tang and Yan, 2013). 

Guided waves are able to propagate long distances with little amplitude attenuation 

(Dodson, 2012). Hence, the wave amplitude based methods are widely used to extract 

damage features. Giurgiutiu and his peers used amplitude change to detect disbonding 

of a lap joint specimen. The amplitude of the transmitted wave signal can be an 

indicator of the bond quality. The amplitude of the received wave signal is large for a 

healthy bond. On the contrary, if disbonding presents, there will be a decrease in 

amplitude of the received wave signal proportional with the severity of the disbanding 

(Giurgiutiu et al., 2005). Li and his colleagues utilised the feature of amplitude 

reduction of the wave signals to detect the damage for composite laminates. The results 

demonstrated that the method is effective to identify the existence of delamination 

damages in composite laminate (Li et al., 2009).  Ramadas and his peers used amplitude 

ratio to identify the damage location and severity of a beam. The results demonstrated 

that if the crack is near the boundary, the reflected waves from the crack and boundary 

interfere. The amplitude will be influenced by this interference phenomenon. Hence, 

amplitude based methods may give a wrong interpretation if damages are close to the 

boundary (Ramadas et al., 2008). Lee and his colleagues experimentally found the 

variation in temperature dramatically changes the amplitude of the piezoelectric sensor 

response (Lee et al., 2003). In their research, a principle component analysis method 

was used to detect damages, but the results demonstrated that the temperature variations 

cause larger changes in signals than the damage. 

It is known that an incident wave reflects and refracts at an interface. Wave propagation 

in monitored structures is complex; multiple reflections and mode conversions in 
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complex structures may present due to the various interactions between waves and 

boundaries, and therefore it is difficult to interpret the results of damage detection. Lee 

and Staszewski, in their research, numerically verified that the propagating wave is 

significantly attenuated near the excitation source and very little attenuation can be 

found afterwards. When the incident wave hits the damage slot, it is observed that the 

wave reflected form the damage, transferred through the damage as well as diffracted by 

the damage.  A change in direction of wave propagation can also be identified. The 

transferred wave changes direction twice undergoing refraction when it passes over the 

two boundaries of the damage slot, and the bending angles depend upon the relative 

speed that wave propagates in two media. The wave speed in the specimen is much 

larger than in air, as a result, the wave propagation slows down when it passes over the 

damage slot. The incident wave passes around the damage slot, and thus a change in 

direction of propagation associated with diffraction presents. When the wavelength of 

the incident wave is much larger than the damage slot, diffraction can be negligible. 

While, the incident wave passes through almost unaffected if the damage slot is much 

larger than the wavelength. The results also demonstrated that the angle of incident 

wave propagation is important to detect the damage since the incident and reflected 

waves are difficult to be separated if the angle of wave propagation is large (Lee and 

Staszewski, 2007).  

Although the wave propagation based methods have demonstrated the great potential 

for structural damage detection, associated advanced signal processing methods are 

playing an important role to extract the damage feature effectively. 

2.4.2.3 Overview of advanced signal processing and pattern recognition methods 

used in damage detection  

With the rapid development of computer technologies, pattern-matching techniques 

using neural networks (NN) have drawn considerable attention in the field of damage 

assessment and structural identification. Wu and his colleagues reported the success of 

application of NN in damage detection using modal data (Wu et al., 1992). The basic 

strategy was to train a neural network to recognise the behaviour of the undamaged 

structure as well as the behaviour of the structure with various possible damage states. 

When the trained network is subjected to the measurements of the structural response, it 

should be able to detect any existing damage. Many pilot studies by researchers showed 
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that NN based methods for damage assessment were promising. However, for finite 

element analysis, the computational time and resource needed to train a NN model 

increases dramatically with increasing number of structural degrees of freedom. 

Therefore, most successful examples of damage detection using NN based methods in 

FEA were aimed for severe damage rather than small damage due to the mesh issue.  

Analysis methods of the signal measured from structure components are well developed 

such as wavelet-based methods (Percival and Walden, 2000, Addison and Addison, 

2002, Robertson et al., 1998), parametric system identification (Bisht, 2005), Hilbert-

Huang transform (Huang et al., 1998, Yang et al., 2004), and the peak-picking method 

(Bisht, 2005).  

Wavelet analysis can be viewed as an extension of the traditional Fourier transform with 

adjustable window location and size. It is capable of examining local data in multiple 

levels of details and approximations of the original signal. Therefore, transient 

behaviour of the data can be precisely described. Surace and Ruotolo used wavelet 

transform to detect the presence of a crack on the structure. They concluded that the 

method was more sensitive in detecting relatively small cracks (Surace and Ruotolo, 

1994). Dutta and Okafor successfully applied wavelet transforms to detect the damage 

on a cantilevered aluminium beam with Gaussian white noise based on the mode shapes 

(Okafor and Dutta, 2000). Wavelet transform can be divided into continuous wavelet 

transform (CWT) and discrete wavelet transform (DWT). CWT was obtained by 

changing the scale of the analysis window, shifting the window in time, multiplying by 

the signal, and integrating over time history. Therefore, the computation amount is huge. 

DWT analysed a signal by filtering of different cut-off frequencies with high pass filters 

and low pass filters (Polikar, 2001). It provided flexible time-frequency resolution but 

suffered from a relatively low resolution in the high-frequency region, which lead to 

difficulty in differentiating high-frequency transient components (Gao and Yan, 2011). 

However, wavelet packet transform (WPT) provided good resolution in both the low 

frequency region and the high frequency region, thereby overcoming the problem (Gao 

and Yan, 2011).  

Wavelet packet (WP) transform is a mathematical method that decomposes a signal into 

low and high frequency components at random time-frequency resolutions. Wavelet 

packets consist of a series of linearly combined usual wavelet functions. Sun and Chang 
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developed a more promising method for structural damage assessment using the wavelet 

packet (WP) energy method. The vibration signals caused by a pulse load were first 

decomposed into wavelet packet components. Signal energies of these components were 

calculated by their magnitudes and used as the inputs of NN models for damage 

detection. The numerical study was on a three span continuous bridge under impact 

excitation. The results showed that the WP energies are sensitive to structural damage 

and can be used to detect the damage occurrence, location as well as severity (Sun and 

Chang, 2002). Next, the authors extended the method to a pattern extraction to create a 

WP signature index based on vibration response using a statistical method. Two 

indicators based on component energy change were employed to determine the 

structure‟s condition. Statistical process control was applied to minimise the effect from 

excitation force. The novel method was validated by an experimental testing on a steel 

cantilever “I” beam and the results demonstrated that the indicators were able to 

discriminate the intact and damaged conditions of the structures accurately even with 

measurement noise (Sun and Chang, 2004).  

In signal processing, the energy associated with each frequency component at a given 

decomposition level of WPT tree shows more robust features than the coefficients alone 

(Yen and Lin, 2000). The wavelet packet energy can be understood as the total energy 

of the signal decomposed into a summation of wavelet packet component energies that 

correspond to different frequency bands (Han et al., 2005). Yam and his peers combined 

wavelet packet transform as well as artificial neural networks (ANN) to identify the 

damage of composite laminated plate using vibration response. The damage feature 

vectors were created based on energy variation of the vibration responses decomposed 

using wavelet package before and after the occurrence of structural damage. The ANN 

was applied to establish the relationship between structural damage feature and damage 

status (location and severity). The results indicated that the damage index was basically 

monotonously changeable with the severity of crack damage in the plates and it was 

very sensitive to small damages, therefore, the method could be applied for online 

damage detection and health monitoring for various industrial structures (Yam et al., 

2003). The sensitivity of WPT component energy related to the local change of system 

parameters has been derived analytically by Law and his colleagues. Both acceleration 

and strain responses have been used separately or in combination in numerical analysis. 

The acceleration was shown to be more sensitive to local change of structural 
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parameters during numerical as well as analytical analysis. An experimental result from 

a steel beam also indicated the effectiveness of the method (Law et al., 2005). Han and 

his colleagues employed WPT-based energy rate index to detect the damage of beam 

structures. After comparing with experimental results, they concluded that both 

simulated and experimental studies demonstrated that the WPT-based energy rate index 

was a good candidate index that was sensitive to structural local damage. Jiang and his 

colleagues used lifting WPT to achieve online damage detection of laminated composite 

plates. Structural damage feature vectors were obtained through energy variation of the 

decomposed vibration signals between the intact and damaged structures. The results 

demonstrate that the energy feature vector was sensitive to structural local damage 

(Jiang et al., 2010). Prakash used WPT-based method to identify the damage of a glass 

fibre reinforced polymer cantilever beam under ambient excitation. The effectiveness of 

this method was verified by changing the damage location and severity (Prakash, 2013). 

Facchini and his team used WPT as a feature extraction tool on a vibrating composite 

beam and pattern of the damaged beam was identified (Facchini et al., 2014). From the 

literature reviews, it can be found that WPT-based damage detection is a very effective 

tool for damage detection even for small damages regardless of the structural 

characteristics.  

2.4.2.4 Optimisation techniques for structural damage detection 

In the application of damage detection in structures, the aim is to formulate an objective 

function in terms of parameters related to the state of the structure. The objective 

function must be formulated in such a way that the measured value is close to the results 

that evaluated with the true parameters. An optimization procedure has to be employed 

to determine the values by following an iteration process. Once the procedure arrives at 

the solution, the values will indicate the state of the structure (Mares and Surace, 1996). 

Comparing many other optimization algorithms, genetic algorithm (GA) converges to a 

global optimal solution and has been successfully applied in many applications 

including FE analysis (Marwala, 2010), since it has less possibility to fall into local 

optimisation.  Friswell used GA combining with eigen-sensitivity method to identify 

location and severity of damage based on measured vibration responses. Through the 

numerical analysis as well as experimental testing, it is found the algorithm is effective 

and powerful (Friswell et al., 1998). Hao and Xia proposed a damage detection method 
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by comparing the frequencies and mode shapes before and after damage from 

measurement. A real-coded GA with real number encoding was used to minimise the 

objective function. A cantilever beam and a frame structure were tested and it was 

found the method with real-coded GA was more accurate to indicate damage of beam 

structure than other optimisation methods (Hao and Xia, 2002). Marwala used GA to 

successfully optimise FE model based on the wavelet data from experimental 

measurement of a suspended beam and the results indicated that GA is capable to find 

global optimum solutions (Marwala, 2002). Perera and Ruiz developed a multi-stage 

scheme for damage detection for large structures based on measured modal data (Perera 

and Ruiz, 2008). In their study, modal flexibilities and a damage location criterion 

dependent on frequencies and mode shapes were used as two objective functions. The 

method was successfully implemented in numerical analysis as well as in experimental 

testing of a real bridge. There are a series of parameters which need to be defined in GA, 

thus, the selection of proper parameters will significantly influence the accuracy of 

results. 

Artificial fish swarm algorithm (AFSA) is also an intelligent population-based 

optimization algorithm inspired by the behaviours of fish swarm and shares similarities 

with GA. It is one of the best methods of optimization among the swarm intelligence 

algorithms with many advantages such as high convergence speed, flexibility, fault 

tolerance and high accuracy (Neshat et al., 2012). Li and Yu identified damage using 

AFSA on their two-storey portal frame model. The illustrated results show that the 

proposed AFSA based optimisation method can effectively locate damaged elements of 

structures. The method was able to identify the extent of damage under all damage 

scenarios with a good noise immunity (Li and Yu, 2014). 

2.5 LOAD CAPACITY OF TIMBER UTILITY POLES  

Timber utility poles form an essential component of lifelines in all communities, 

including electricity distribution and communication systems. While timber poles may 

have high initial strength, they often experience deterioration and decay over their 

designed service life due to the fungus or termite attacks in varying levels, which may 

significantly influence the load capacity of timber utility poles. To quantify the load 

capacity or strength of timber utility poles, limit-state design procedures of timber poles 
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in Australia was suggested by Crews and Horrigan in 1998 (Crews and Horrigan, 1998). 

Limit-states are the limiting conditions beyond which a pole ceases to fulfil its intended 

function, and are calculated using a load and resistance format that separates the effects 

of component strengths and their variability from the effects of external loadings and 

their uncertainty. The limit-states determined for a particular structure are used in the 

application of reliability-based design procedures which are aimed at achieving an 

acceptable risk of the structure failing for a particular loading condition (Francis and 

Norton, 2006).  

Timber pole construction is typically utilised to provide support for gravity loads and 

resistance against lateral forces. Wind load acting on the timber utility poles is the most 

common lateral force during the service life of the poles, and thus, in this thesis, load 

capacity of the poles will be extensive studied under a design wind load. According to 

Australian Standard 1170.2, wind speed, aerodynamic shape factor and dynamic 

response factor of a structure are the critical issues to define a proper wind load.  Load 

capacity design in Australian Standard 1720.1 for timber structures is based on 

modifying the characteristic capacities by the factors appropriate to the service 

condition as well as the material property type. The design capacity in bending of round 

timbers such as poles or piles for the strength limit state is defined in the standard. 

However, the main limitation of this criterion is that it does not consider the damage 

type of a timber pole influences on the strength performance. Actually, the effects on 

the load capacity of timber utility poles caused by different types of damage are 

distinctly different.  

Timber utility poles are normally used for power and communication supply and thus 

different forms of cables are attached to the poles. As a result, wind loads acting on the 

cables have to be considered as well to analyse the load capacity of timber poles. These 

cables are more sensitive to wind loads than the pole structures and they have a 

uniformly distributed mass along the span. Generally, consideration of maximum wind 

load case along the cables distribution as well as normal to the cables distribution is 

necessary for load capacity design. According to Ausgrid NS 220, for network 

distribution application, at the termination of a distribution network or if the cables are 

attached to the poles at certain angles, stays are designed to take the full load applied 

and not just the portion by which the load exceeds pole capacity, and the purpose is to 
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avoid the collapse along the cables distribution. In this situation, the wind loads normal 

to the cables distribution are more likely to cause the utility poles collapse. Based on the 

review of related standards, this thesis will focus on estimation of load capacity or 

strength of damaged and undamaged utility poles considering the condition that the 

wind load is normal to the cables distribution. 

This chapter briefly reviewed the well-known stress wave based NDT methods and the 

application limitations of these methods in certain conditions, discussed the numerical 

modelling consideration for timber utility poles including timber material modelling and 

soil modelling. This chapter also briefly introduced the issues that caused the damage of 

timber utility poles. Damage detection techniques including the vibration based methods 

and wave based methods were reviewed extensively. Some optimisation algorithms that 

are used in this research were introduced briefly and detailed discussions will be 

conducted in Chapters 4 and 5. Load capacity of timber utility poles will be extensively 

studied in Chapter 6. 

2.6 IDENTIFIED RESEARCH GAPS 

Based on literature review, it is clearly noticed that there has been limited studies on 

condition assessment of timber utility poles. In other words, limited resources in the 

public domain can be found in this field of research. As a starting point of this specific 

topic several gaps were identified and need to be fulfilled during the research work: 

 Propagation behaviour of stress wave in timber utility poles is complex due to 

the material complexity and uncertainty, and there is limited research which 

can be found. 

 Most of the research on timber modelling has been focused on the composite 

beams and the purpose is to study the fatigue and failure behaviour of timber 

beams; limited research has been reported on modelling of wave propagation 

in timber poles.  

 Limited research can be found in the modelling of timber pole and soil 

interaction under low strain testing condition. Most relevant references relate 

to the modelling of pile integrity testing. However, pole and pile are different 

structures in relation to soil-structure interaction due to wave propagation, 



    

UTS-CBIR Page 36 

 

 

 

Literature review 

 

especially considering complicated timber properties. The interaction 

behaviour between soil and the poles is different from that with the piles.  

 Most damage detection methods and the associated research are based on 

vibration and vibration responses. Limited research has been found on utilising 

wave patterns for accurate and effective condition assessment of timber poles. 

 Limited research has been found on damage severity estimation of timber poles. 

 No research has been reported on strength prediction related to pole 

design/operation standard. 

To achieve the objectives of this research, we start from the numerical simulation by 

developing FE models to investigate the wave behaviour in timber utility poles. After 

this, a novel damage detection method can be developed based on WPT and damage 

prediction will be carried out by an optimisation technique. Finally, the remaining load 

capacity of the damaged pole can be predicted by numerical analysis using 

Australian/New Zealand standards. 
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3 FE modelling for wave propagation study in 

timber poles 

 

 

 

 

 

3.1 INTRODUCTION 

To describe and study the wave propagation behaviour in a timber pole that is 

embedded in soil, three issues should be considered: modelling of the timber material, 

modelling of the soil and modelling of the soil-pole interaction. By obtaining proper 

modelling methodology, the investigation of wave behaviour in timber poles will 

become achievable.  

The basic methodology of FEA is to divide a body into a finite number of small units 

(elements) which leads to a satisfactory approximate solution for the analysis.  In this 

research, to capture the wavefront accurately, at least 40 elements should be considered 

per wave length (depending on the excitation frequency). After this, the time step is set 

due to the minimum grid point distance and the wave speed (Fischer et al., 2010). 

As mentioned in Chapter 2, the timber will be considered as an homogeneous structure. 

3D model is considered in this stage to make the simulation more accurate. Element 

SOLID 185 is used for general 3-D modelling of solid homogeneous structures in 

ANSYS and is defined by eight nodes with three degrees of freedom at each node in the 

nodal x, y, and z directions as shown in Figure 3-1: 
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Figure 3-1 SOLID 185 homogeneous structural solid geometry (ANSYS, 2011) 

3.2 GENERAL NUMERICAL MODELLING OF TIMBER POLES  

3.2.1 Modelling of timber material 

Wave propagation in timber is a complex dynamic process controlled by the properties, 

orientation and microstructure of the fibre, and perhaps more importantly, by the 

geometry of the material (Wang et al., 2005). Therefore, accurate simulation of timer 

materials is the priority issue to get insight into wave propagation behaviour in timber 

poles. 

To investigate the influence of the material characteristics on the wave behaviour, FE 

modelling of material characteristics can be divided into three categories: isotropic, 

transversely isotropic and orthotropic. Isotropic materials have identical values of a 

property in all directions, none of the properties depend on the orientation and the 

material is perfectly rotationally symmetrical. Transversely isotropic materials (see 

Figure 3-2) have the same properties in one plane (for example the x-y plane) and 

different properties in the direction normal to this plane (for example the z-axis).  An 

orthotropic material has at least two symmetric orthogonal planes, where material 

properties are unique and independent in the direction within each plane. A material 

without any symmetric planes is defined as anisotropic material (Efunda, 2014). 
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Figure 3-2 Transversely isotropic materials 

Orthotropic materials can be expressed by the matrix below according to generalized 

Hooke‟s law. 

[
 
 
 
 
 
   
   
   
   
   
   ]
 
 
 
 
 

 

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
   
  

 
   
  

   

 
   
  

 

  
 
   
  

   

 
   
  

 
   
  

 

  
   

   
 

   
  

    
 

   
 

     
 

   ]
 
 
 
 
 
 
 
 
 
 
 
 
 

 

[
 
 
 
 
 
   
   
   
   
   
   ]
 
 
 
 
 

 
Eq. 3-1 

 

In the matrix,   is the elastic strain vector,   the shear strain vector,   the stress vector, 

E the elastic modulus, G the shear modulus and   the Poisson‟s ratio. The subscripts L, 

R and T represent grain directions, with L describing the direction along the grain 

(longitudinal direction), R across the grain (radius direction), and T tangential to the 

grain (tangential direction), respectively (see Figure 3-3). 
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Figure 3-3 Three dimensional fibre of timber 

The matrix can be simplified to the following equation: 

* +  , -    * + Eq. 3-2  

where * +  is the strain tensor,  * +  is the stress tensor and , -     is the orthotropic 

elastic matrix (6×6). For orthotropic materials, the following is valid:  

   

  
 =
   

  
 , i ≠ j    i, j=L, R, T 

Eq. 3-3 

Hence, the orthotropic elastic matrix , -     can be written as a symmetric matrix, with 

nine parameters needed to define the wood material properties. 

Experimental testing, which supports this research, was primarily conducted on test 

specimens of hardwood timber made from Spotted Gum. The density of Spotted Gum 

ranges from 950 kg/m
3
 (dry wood) to 1150 kg/m

3
 (green wood), and the elastic modulus 

varies from 18,000 MPa (green wood) to 23,000 MPa (dry wood) (Bootle, 1983). The 

typical stress-strain behaviour of hardwood timber can be illustrated by a hardwood 

species named Balau which has a density of 979 kg/m
3
. The related stress-strain 

diagrams are depicted in Figure 3-4. 
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Figure 3-4 (a)Stress/strain relationship for Balau loaded in compression up to a strain 

level of 1.0, (b) Zoomed-in view of the stress/strain relationship (Ellis and Steiner, 2002) 

It is well known that at a low strain level (for example, less than 0.03), timber exhibits 

linear elastic behaviour (Ellis and Steiner, 2002). In this project, by numerical analysis, 

it was shown that using an impact hammer to induce stress generates strain levels below 

0.001 throughout the pole structure. Therefore, for this research, it is reasonable to use 

linear elastic models to simulate the timber material. 

The material properties for the isotropic model are defined as 23,000MPa of Elastic 

modulus and 0.3 of Poison‟s ratio. For orthotropic and transversely isotropic material 

models, the parameters are listed in Table 3-1. The density for three different types of 

models is set to 950 kg/m
3
.  

 

 



    

UTS-CBIR Page 42 

 

 

 

FE modelling for wave propagation study in timber poles 

 

Table 3-1 Properties for orthotropic and transversely isotropic material 

 

3.2.2 Modelling of boundary conditions 

3.2.2.1 Modelling of soil 

The timber utility pole, as found in the field, is embedded in soil. Under this condition, 

boundary influences from the surrounding soil must be considered in order to correctly 

model the wave propagation. Classical soil mechanics makes use of an idealised stress 

strain curve to simulate soil behaviour as mentioned in Chapter 2. 

In this research, low strain testing was conducted to investigate the wave behaviour; as a 

result, the soil behaviour is assumed as linear elastic. To investigate the effect of soil 

modelling method, two models were created of a 5 m long pole using two different soil 

modelling methods (linear vs. non-linear), that is the elastic linear model and the 

Drucker-Prager model (see Figure 3-5). The Drucker-Prager model is used to represent 

the behaviour of dry soils, rocks, concrete and ceramics where the cohesion and 

compaction behaviour of the materials cause an increasing resistance to shear up to a 

limiting value of yield strength as the loading increases and the yield strength of these 

materials is highly dependent on pressure (ANSYS, 2012). The cohesion value of soil 

was set to 30 MPa and internal friction angle was 25 degrees (soil characteristics of 

Sydney region). All properties of materials used are listed in Table 3-2, and a 

comparison of calculated acceleration response captured by the measurement points at 

the same location of two models are shown in Figure 3-6. 
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Figure 3-5 Drucker-Prager Model 

Table 3-2 Material properties of soil models 

 

 

Figure 3-6 Comparison of numerical results according to different soil modelling 

methods 

In Figure 3-6, the dashed curve presents the results of the elastic linear soil modelling 

and the solid curve presents the Drucker-Prager model. The results comparison shows 

that different soil modelling methods cause some difference in the structural response. 

However, the difference is about the amplitude rather than the wave pattern. From the 

figure, it can be seen that the acceleration amplitude of the Drucker-Prager model is 

larger than the linear elastic model, while the locations of the wave peaks are almost the 
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same. This allows the conclusion that different soil modelling methods have less 

influence on the accuracy of wave propagation in this study and the linear elastic model 

is resonable to represent soil performance. 

3.2.2.2 Modelling of soil-pole interaction 

Interaction behaviour simulation between soil and timber pole is one of the most 

important issues of modelling as it will directly influence the results. In commercial 

FEA software ANSYS, the modelling of interaction behaviour can be achieved by 

contact analysis considering different contact conditions. Finite Element Analysis is 

often used in the initial design stages of a new contact. This analysis will test the contact 

by simulation to generate a normal force curve based on the stress-strain curve provided 

by the material properties. To obtain effective results from a FEA study, the restraints 

and contact conditions have to be carefully defined. 

Perfectly bonded contact analysis, considering two components are bonded together 

without friction, is based on small deflections or rotations and considers linear 

behaviour (Madenci and Guven, 2006). A set of coupled degrees of freedom DOFs 

contains a primary DOF and other DOFs, and coupling will only keep the prime DOF 

during the analysis and deletes other DOFs. The advantage of this method is to achieve 

an accurate solution with minimum computational resources. However, in a structural 

analysis, coupling DOFs to create a rigid region can sometimes cause apparent 

violations of equilibrium (ANSYS, 2011). For this research, coupled DOFs will be 

modelled if the interaction between pole and soil is not considered, which means that 

the DOFs of the pole and the soil act equally when impact is applied.  

For the other contact analysis, the interaction between two contact surfaces can have 

several characteristics: no penetration; normal stress transmission and tangential stress 

transmission. In general, no normal tensile stresses are transmitted between contact 

surfaces, meaning that the contact surfaces can be separated and this can be considered 

as nonlinear behaviour. There are two difficulties during the analysis; one is that the 

contact region is unpredictable because of many factors such as loading, material 

properties, boundary conditions. The other complication is that friction needs to be 

considered and the response can be chaotic, which can make the solution not convergent  

(ANSYS, 2011).  
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In this research, bonded (coupling contact) and no separation (frictional contact) were 

considered to describe the contact status in ANSYS. The algorithm, namely, Lagrange 

Multiplier method applied on the contact normal and the penalty method (tangential 

contact stiffness) on the frictional plane was selected, since this method only allows a 

very small amount of slip for a sticking contact condition which is quite similar to the 

condition in this research. 

 “Node to node” contact in ANSYS is normally used when one node comes into contact 

with another node, which means the contact location must be known beforehand. In 

some conditions, a series of node to node contacts can be used to simulate surface 

contact, and the prerequisites for this type of contact are: the mesh must be the same on 

both contact surfaces, which means the nodes on two surfaces line up; the relative 

sliding is small; and the deformation is negligible, which were the case in this project. 

In this research, an investigation was conducted comparing the perfect bonded method 

against the node to node contact method. The contact behaviour was considered as no 

separation but sliding was permitted to simulate the potential situation in experimental 

testing. In terms of the computation algorithms in ANSYS, based on the understanding 

from experimental testing, the Lagrange Multiplier on normal plane and penalty on 

tangent plane were considered, as this algorithm is suitable for a very small amount of 

slip for a sticking contact condition.  Figure 3-7 shows the node to node contact element 

created by ANSYS. 

 

Figure 3-7 Contact element created by ANSYS 

3.2.2.3 Comparison between soft boundary and hard boundary 

The boundary conditions of timber poles play an important role on the wave 

propagation behaviour. The hard boundary will change the phase direction of wave 
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propagation compared to the soft boundary. To clearly present this phenomenon, two 

numerical models with the length of 12m were created.  

The model with free end was achieved by modelling the pole hanging through two steel 

cables. Element LINK180 is a 3D spar and can be used in different engineering 

applications such as truss, sagging cables and links. The element is an uniaxial tension-

compression element with three degrees of freedom at each node: translations in the 

nodal x, y, and z directions as shown in Figure 3-8. Tension-only (cable) and 

compression-only (gap) options were supported without considering bending effects 

(ANSYS, 2011).  

 

Figure 3-8  LINK180 geometry (ANSYS, 2011) 

3D FE model with free end was created by ANSYS using element SOLID 185 and 

LINK 180 as shown in Figure 3-8. A hammer impact was applied on the centre of one 

edge of the pole. 

 

Figure 3-9 FE model with free end 

The fixed boundary was achived by coupling the contact node of the pole and bedrock 

as mentioned in the previous section. The hammer impact was applied on the top centre 

of the pole (see Figure 3-9). The mesh conditions were exactly the same for the contact 

surface to make use of the coupling method as shown in Figure 3-10 and Figure 3-11.  
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FE model with fixed boudary Zoom-in the contact part 

Figure 3-10 FE model with fixed boundary 

 

Figure 3-11 Mesh geometry of FE model for the contact suface 

A measurement point (or called sensor) was located on the top of the pole and a hammer 

excitation was applied on the top centre of the two models. The sensors recorded the 

two kinds of wave behaviour based on time history and the results are plotted together 

for comparison(see Figure 3-12). The material properties are shown in Table 3-3. 
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Table 3-3 Material properties for three structural components 

 

 

Figure 3-12 Results comparison between different boundary conditions 

From Figure 3-12, it can be seen that the incident wave (generated by hammer impact 

directly) propagates the same until it reaches the boundary of the pole. For the free end 

boundary condition, the wave reflects back from the boundary and keeps the same phase 

direction as shown by the red solid curve: all the peaks are in the same direction. 

However, for the bedrock boundary condition, when the wave reflects back, the phase 

direction is opposite to the incident wave and the phase changes again when it reaches 

the hard boundary as shown by the blue dashed curve: the peak directions are opposite 

to each other. This phenomenon is explained intuitively according to Hirose and 

Lonngren‟s wave theory (Hirose and Lonngren, 1985): the wave pulse approaches the 
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fixed end, the internal restoring forces which allow the wave to propagate exert an 

upward force on the end of the pole. However, the bedrock is fixed and must be exerting 

an equal downward force on the end of the pole. This new force creates a wave pulse 

that propagates back, with the same speed and amplitude as the incident wave, but with 

opposite polarity (upside down).  

3.3 NUMERICAL MODEL VERIFICATION AND VALIDATION 

As metioned in previous sections, frictional contact and bonding contact are both 

considered to simulate the interaction between pole and soil. In order to find a more 

proper model to reflect the wave propagation in poles with surronding soil, 

experimental testing was conducted simultaneously and compared with numerical 

results. In the laboratory, a 5m long pole was always used because of the limitation of 

the ceiling height and embedded in sand by 1m. The dimensions of the cage that stored 

the sand was 1.2m by 1.2m by 3m, in which, 3m was the height of the cage.  

Equipment 

The equipment necessary to perform surface stress wave testing consisted of a modally 

tuned impact hammer, multiple sensors (accelerometers), a multi-channel signal 

conditioner, a multi-channel data acquisition system and a laptop (personal computer) 

equipped with signal acquisition software. For stress wave testing at UTS, the impact 

hammer used was a PCB model HP 086C05 of sensitivity 0.24 mV/N as shown in 

Figure 3-13 (a). The hammer was equipped with a load cell to measure the impact load. 

To record the structural response, piezoelectric accelerometers were used. The 

piezoelectric accelerometers employed were PCB model 352C34 (see Figure 3-13 (b), 

which had a high sensitivity of 100 mV/g and had a bandwidth of 0.5 Hz to 10 kHz . To 

amplify and condition the signals of the modal hammer and the piezoelectric 

accelerometers, a 12-channel signal conditioner, model PCB 483B03, was used (see 

Figure 3-13  (c)). The data acquisition system employed for stress wave testing at UTS 

was a middle range 8 channel system with 12-bit 4M sample/sec per channel model NI 

PCI-6133 (see Figure 3-13  (d)). It was essential to utilise a data acquisition system that 

was able to record signals with a minimum sampling frequency of 1M sample/sec per 

channel. For data processing, a personal computer equipped with the National 
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Instrument software LabVIEW was used (see Figure 3-13 (e)) (Dackermann et al., 

2014). 

.  
 

(a) (b) 

 

(c) 

  

(d)  (e)  

Figure 3-13 Testing equipment (a) impact hammer - PCB model HP 086C05, (b) 

piezoelectric accelerometer - model PCB 352C34, (c) multi-channel signal conditioner - 

model PCB 483B03, (d) multi-channel data acquisition system- model NI PCI-6133 and 

(e) laptop equipped with the National Instrument software LabVIEW (Dackermann et 

al., 2014) 

Experimental testing procedure 

For experimental tests, a step-by-step testing procedure, including the set-up of the 

equipment, the settings of the acquisition software and the execution of the tests, is 

described as follows (Li et al., 2011).    

1. Setting up of laptop, data acquisition system and signal conditioner.  

2. Attachment of sensors to the structure.  

Note: A series of accelerometers are mounted in a line 0.2 m off the ground with a 

spacing of 0.2 m between the sensors. To be assured that a firm connection between 

the structure and the sensors is established, sensor brackets are used. For the 

magnetic piezoelectric accelerometers used in laboratory, steel brackets are screwed 
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to the pole to provide an adhesive surface (see Figure 3-14). All sensors must be 

orientated to measure longitudinal vibration.   

 

Figure 3-14 Sensors attached to the pole 

3. Connection of the impact hammer and sensors to the signal conditioner, data 

acquisition system and laptop (see Figure 3-15) .  

Note: For magnetic piezoelectric accelerometers used in the laboratory, a voltmeter 

is used to check the voltage to enssure the voltage of the DC power suppply is 

between 6 to 12 mV.  

 

Figure 3-15 Experimental testing set up 
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4. Launching and setting up of data acquisition software (such as National Instrument 

LabView).  

Note: In the data acquisition software, the sampling rate must be set to at least 

1 MHz for a frequency range of 100 Hz to 5 kHz and a minimum record duration of 

0.5 s. To ensure that the entire impact excitation signal is recorded, a pre-trigger 

delay of 0.01% of the test duration is set.   

5. Execution of trial tests.  

Note: To ensure that the testing equipment is set-up correctly and that all sensors 

are working properly, a number of trial tests should be performed before the real 

tests are conducted. The following features must be checked for the hammer and all 

sensor channels: noise-to-signal ratio of hammer and sensor signals (must be lower 

than 1%), amplitudes and shapes of hammer and sensor signals, DC offsets of 

sensor signals and consistency of sensor signals between different tests.  

6. Execution of real tests. 

Note: The hammer strike must be performed in a straight manner to ensure precise 

longitudinal excitation. The duration of impact depends on the individual operator. 

The hammer impact is an impulse load and the duration measures the time period of 

the load applied on the pole. The average impact duration in this testing is around 

500 µs, that is, the excitation frequency of the hammer impact is about 2KHz. 

7. Saving of recorded data. Disconnecting, dismantling and packing of equipment.  

 

FE models and experimental settings are shown in Figure 3-16. The isotropic material 

model was used for comparison and the corresponding material properties were 

mentioned in section 3.2.1. Bonded contact and frictional contact were used to represent 

the contact status, respectively.  
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Figure 3-16 FE model vs. experimental settings 

The measurement point was located at 1.6m from the bottom of the pole. The results 

obtained at the same meaurement points of FE models and the experimental specimen 

are shown in Figure 3-17 and Figure 3-18. The times at which peaks appear illustrate 

the arrival and reflection of wave propagation and it is a significant feature to present 

wave behaviour, and therefore, the time at which peaks appear is the most critical issue 

for the comparison.  

The red thick curve presents the experimental result and the blue thin curve indicates the 

numerical result. After comparing the results from the model of frictional contact as 

well as bonded contact, it was found that the wave pattern from the model of bonded 

contact was more consistent with the experimental results. In addition, the curve for the 

model using frictional contact misses several peaks compared to the experimental result. 

As a result, bonded contact will be used in further study to simulate interaction 

behaviour between pole and soil. 
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Figure 3-17 Comparison of experimental and numerical results using the frictional 

contact method 

 

Figure 3-18 Comparison of experimental  and numerical results using the bonded 

contact method 

 

To obtain the best constitutive model representing the timber pole, model verification 

was carried out. Isotropic, orthotropic and transversely isotropic material models were 

created and compared with the results from experimental testing.  
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Figure 3-19 Comparison between the results from FE models and experimental testing 

Figure 3-19 compares the results from a measured point located at 1.6m from the 

bottom of the pole using three different FE material models as well as the experimental 

specimen. Through comparison, it can be seen that the results for the isotropic material 

model and the transversely isotropic material model are quite close to each other for 

both wave pattern and the time at which peaks appear. It can also be observed that 

although the dark red curve representing the orthotropic material model missed some 

clear peaks, the times at which peaks appear are more consistent with experimental 

results than other material models.  

Some conclusions can be drawn from the comparison results:  

1. The behaviour of the longitudinal wave is quite similar for the three kinds of 

material models. Although the orthotropic material model gives the most accurate 

result compared with the experimental testing, the results from the three kinds of 

material models have no obvious difference. 

2. In order to simplify the FE model and reduce computational time, the isotropic 

material model can be considered in the next research stage for study of 

longitudinal wave propagation in timber poles. 



    

UTS-CBIR Page 56 

 

 

 

FE modelling for wave propagation study in timber poles 

 

3.4 MATERIAL PARAMETRIC STUDY 

Wood properties will be significantly affected by the diversity and variation between 

and within different species of woods in terms of the biological origin. Take Spotted 

Gum as an example: the elastic modulus is increased from 18,000 MPa for green wood 

to 23,000 MPa for dry wood; the density is decreased from 1150 kg/m
3
 for green wood 

to 950 kg/m
3
 for dry wood. With the environmental condition changed, the material 

properties changed as well. Damages can also cause the material properties to change. If 

the timber poles have been attacked by fungi and decayed, the parameters of the 

material properties such as elastic modulus and density will be changed, and 

accordingly, the wave behaviour in the decayed pole will be different with the intact 

pole. This phenomenon will give a fingerprint to detect the damage of the timber poles. 

Hence, investigation of material properties affecting the wave propagation behaviour is 

another important issue; accordingly, a parametric study is needed to be conducted. 

Elastic modulus, density and Poison‟s ratio will be considered as the candidate 

parameters that are changed by environmental conditions. Wave velocity of the incident 

wave is considered an index to illustrate the change of wave propagation behaviour. 

Since this study focuses on the longitudinal wave, the wave velocity mentioned in this 

thesis is always longitudinal wave velocity. One important issue which needs to be 

identified is that the velocity of the arrival wave and the reflected wave is not the same 

as well as the down-travel wave and up-travel wave in a tapered pole. The wave signal 

was obtained from the 5m pole with an excitation on the top centre, and the wave 

velocity was calculated based on the first arrival wave signal that was captured by a 

series of measurement points (nodes). To obtain a more accurate wave velocity, 30 

nodes that were located between the ground level and 1.5m above ground level were 

selected. 
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Figure 3-20 Diagram of nodes vs. time 

The displacements from these nodes in the longitudinal direction were obtained from 

ANASYS to investigate the wave behaviour. Accelerations of the selected nodes were 

calculated by double differential and plotted in time versus nodes location diagram. The 

peaks indicate the time that the wave arrived at specific nodes. All the peaks were 

connected by a line and the slope of the line represented the average velocity of the 

wave propagated in the pole. Figure 3-20 shows an example of this method to calculate 

the wave velocity based on eight nodes. Through this method, the wave velocity can be 

calculated and compared under different material parameter scenarios. 

3.4.1.1 Elastic Modulus  

Both the isotropic and orthotropic models were considered to investigate the elasticity 

modulus influence on the wave behaviour. Three sets of data were used to compare the 

elastic modulus influences on the wave velocity. The parameters were selected within 
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the range of elastic modulus for Spotted Gum and were listed in tables. The elastic 

modulus for orthotropic material is independent of the directions of three orthogonal 

axes, therefore, the study along three directions was considered to find if a change in 

elastic modulus in each direction influenced the wave velocity. The time history 

diagram shows the wave signal that was captured by the measurement point located at 

1.6m from the bottom of the pole. 

Table 3-4 Parametric study of elastic modulus for isotropic model 

 

 

Figure 3-21 Elastic modulus influences on wave behaviour in isotropic material 

In Table 3-4, reduction percentage shows the reduction ratio of the elastic modulus 

within the three models. Also the percentage change compares the velocity change ratio 

among the three models when the elastic modulus changes. It can be observed that if 

other parameters (for example density and Poisson‟s ratio) are set for the isotropic 

material, the higher elastic modulus will cause higher wave velocity.  Figure 3-21 shows 

the time history diagram of wave signal captured at the measurement point. The dark 
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line illustrates the elastic modulus of 23,000MPa condition, the light solid line shows 

the elastic modulus of 21,000MPa and the dotted line represents the elastic modulus of 

18,000MPa. The first peak of the curve indicates that at the specific time, wave 

propagates to the sensor location for the first time. From the figure, the dark curve 

reaches the peak firstly and is followed by the light solid curve and then dotted curve, 

which present the calculation results graphically confirming that higher elastic modulus 

will result in the higher wave velocity. It also can be found in the figure that the delay of 

wave peaks appearing is more obvious within the three materials after the waves travel 

up and down the poles several times. 

Table 3-5 Parametric study of elastic modulus for orthotropic model (longitudinal 

direction) 

 

 

Figure 3-22 Elastic modulus in longitudinal direction influences on wave behaviour in 

orthotropic material 
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Table 3-6 Parametric study of elastic modulus for orthotropic model (radial direction) 

 

 

Figure 3-23 Elastic modulus in radial direction influences on wave behaviour in 

orthotropic material 

Table 3-7 Parametric study of elastic modulus for orthotropic model (tangential 

direction) 
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Figure 3-24 Elastic modulus in tangential direction influences on wave behaviour in 

orthotropic material 

For the orthotropic material model, the elastic modulus in the longitudinal direction 

(Table 3-5) plays a more important role in changing wave velocity, and the phenomenon 

is quite similar to the isotropic model. The changes in elastic modulus in the radial and 

tangential directions provide less influence on wave velocity. In Figure 3-23 and Figure 

3-24, it is illustrated that the first peak of the curves are totally overlapped; however, 

according to the shape of the wave patterns in these two figures, the wave propagation is 

slightly affected by the changes of elastic modulus in the tangential direction. 

As it was mentioned previously, longitudinal waves are mainly studied in this research. 

Velocity of longitudinal waves highly depends on the elastic modulus in longitudinal 

direction. Damage or decay may lead to change of elastic modulus of material in 

different degrees. In this context, the elastic modulus in the longitudinal direction is 

more sensitive to the decay than the ones in other directions. The general relationship 

between strength and the effect of decay indicates that an initial rapid loss of strength 

occurs in the early stages and then this is followed by a gradual decrease in the rate of 

the strength loss at higher weight losses (Ouis, 1999, Kim et al., 1994). As a result, for 

the purpose of damage detection, further research in parameter study of elastic modulus 

needs to be done experimentally to investigate the wave behaviour signatures in a 

specific strength scenario. 
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3.4.1.2 Density  

After considering the parameter of elastic modulus influences on wave behaviour, the 

parameter of density was considered. The parameters were selected within the range of 

density for Spotted Gum as listed in Table 3-8 and Table 3-9. The isotropic model and 

orthotropic model were imported, respectively. The same measurement point as the 

parametric study of elastic modulus was used to record the time history of wave 

propagation. 

Table 3-8 Parametric study of density for isotropic model 

 

 

Figure 3-25 Density influences on wave behaviour in isotropic material 
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Table 3-9 Parametric study of density for orthotropic model 

 

 

Figure 3-26 Density influences on wave behaviour in orthotropic material 

In Figure 3-25 and Figure 3-26, the dotted curve reaches the peak first and is followed by 

the light solid curve and then the dark dotted curve, which intuitively demonstrates the 

calculation results in Table 3-8 and Table 3-9; higher wave velocity can be obtained 

from the model with lower density regardless of the material characteristics. It should be 

noticed that decay of wood will cause the strength loss at first and then a gradual 

decrease in the rate of the strength loss at higher weight losses as mentioned before.  

The range of parametric study for density in this paper is within the intact pole of 

Spotted Gum. The lower limit of the density is still higher than intact soft wood. If there 

is decay in the wood, the density of the decayed wood should be much lower than the 

intact wood; as a result, a wider range of density parameter should be studied in future 

for damage detection. 
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3.4.1.3 Poisson’s ratio 

Poisson‟s ratio is normally set as 0.3 for the isotropic model; as there is no reference 

range of Poisson‟s ratio for the same species of wood, 0.35 was set for comparison. In 

the orthotropic model, three independent Poisson‟s ratios obtained from related literature 

were firstly defined for three directions, and then the Poisson‟s ratios obtained from 

experimental testing were used for comparison to investigate the wave behaviour under 

different sets of Poisson‟s ratio. The same measurement point mentioned before was 

used to indicate the time history. 

Table 3-10 parametric study of Poison‟s ratio for isotropic model 

 

 

Figure 3-27 Poisson‟s ratio influences on wave behaviour in isotropic material 
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Table 3-11 Parametric study of Poison‟s ratio for orthotropic model 

 

 

Figure 3-28 Poisson‟s ratio influences on wave behaviour in orthotropic material 

From Table 3-10, the longitudinal wave velocity did not change much due to the change 

of Poison‟s ratio for the isotropic model. In Figure 3-27, the dark red curve shows 

Poison‟s ratio of 0.35 and light blue solid curve shows the ratio of 0.3. It can be seen that 

the two curves are almost overlapped at this measurement point. For the orthotropic 

model (Table 3-11), as can be observed, the Poisson‟s ratio in the longitudinal and radial 

direction were quite similar, however, in the tangential direction, the ratio changed by 

almost 50%, and the longitudinal wave velocity changed accordingly. From Figure 3-28, 

it can be found that the wave pattern also changed slightly due to the change of Poisson‟s 

ratio. A conclusion can be drawn that longitudinal wave velocity is more sensitive to the 

Poisson‟s ratio in the orthotropic model than in the isotropic model. 

Through the parametric study above, some conclusions can be drawn: 
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1 higher elastic modulus (longitudinal direction for orthotropic material) always 

yields higher wave velocity regardless of the material characteristics 

2 elastic modulus changes in the radial and tangential directions for the orthotropic 

material have less influence on longitudinal wave propagation 

3 lower density will always generate higher wave velocity regardless of the 

material characteristics 

4 change of elastic modulus and density has less influence on the wave velocity for 

the orthotropic material models compared with the isotropic material models. For 

example, the percentage change of the wave velocity is 10% for the isotropic 

model with density reduction percentage of 17.4%, while the percentage change 

of the wave velocity is 7.62% for the orthotropic model under the same reduction 

percentage of density. However, change of Poisson‟s ratio for the orthotropic 

material model has more effects on the wave velocity than for the isotropic 

model.  

3.5 INFLUENCE OF IMPACT LOCATION ON WAVE PROPAGATION 

3.5.1 Introduction 

One of most challenging issues of this research is caused by the practical restriction to 

where stress waves can be generated. In laboratory testing, a 5m long pole is always used 

because of the limitation of the ceiling height. Impact on the top of the pole will generate 

a pure longitudinal wave, which makes analysis of wave behaviour straightforward.  

However, in-situ utility poles are normally 12m long with 1.2-1.5m embedment length, 

which makes top excitation unfeasible due to practical restrictions. Therefore, the 

excitation was imparted at 1.5 m from the ground level at an angle of 45 degrees 

through a waveguide, and it caused more complicated problems. To investigate the 

wave propagation behaviour caused by different excitation locations, a series of 

numerical models were created. 

To study and investigate the wave propagation behaviour, different impact locations 

were created including top impact (for 5m pole), top side impact with 45 degrees (for 

5m pole) and side impact with 45 degrees (for 12m pole).  The impact was imparted on 

the node at the top centre with load F to simulate the top impact (Figure 3-29 (a)). The 

impact on the node at the top side of the pole with incline load F was applied to 
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simulate top side impact (Figure 3-29 (b)). In ANSYS, the incline load F amount can be 

defined as corresponding component loads in horizontal and vertical directions (x and y 

direction). In addition impact on the node at the side surface of the pole can be used to 

simulate the field testing for 12m poles (Figure 3-29 (c)). The isotropic model was 5m 

with 1m embedded in the soil and all material properties were the same as with previous 

studies. Wave signals were captured by the measurement point at 1.6m from the bottom 

of the pole. The results from these numerical models were discussed and compared with 

analytical results according to the wave theory. 

 

Figure 3-29 Three different impact locations 

3.5.2 Influence of impact location on wave propagation 

3.5.2.1 Study of wave behaviour in isotropic material model 

Guided wave (Dieulesaint and Royer, 1980) propagation in a structure combined 

different types of wave shapes due to the wave reflection from boundaries (Graff, 1975). 

The function of displacement components for a GW in an isotropic cylindrical 

coordinate system (r, θ, z) is provided by Hanifah (Hanifah, 1999) as below,  
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Eq. 3-4 

 
Eq. 3-5 

 
Eq. 3-6 

where ur, uθ and uz are the displacement components along radial, tangential and 

longitudinal directions. Z is the ordinary and modified Bessel function of the first kind 

and A1, A4 and A6 are undetermined coefficients. A1 represents longitudinal effects 

while A4 and A6 represent shear effects. The three equations above identified that if 

axisymmetric waves (such as longitudinal wave, i.e. p=0) were generated, uθ 

components become zero. In other words, in longitudinal waves, the displacement only 

contains radial and longitudinal components. Moreover, only longitudinal components 

can be obtained if the waves are captured in the longitudinal direction. However, if non-

axisymmetric waves (such as bending wave) were generated (p = 1), the displacement 

contains all three components (Subhani, 2014). According to the guided wave theory 

above, the pure longitudinal component of the longitudinal wave can be captured at a 

specific location. 

To verify this phenomenon, two isotropic models with different impact locations were 

created. The sensors were placed from 1m to 2.4m from the bottom of the pole with the 

interval distance of 200mm and aligned with the impact line which was named as 0° and 

the sensor opposite to 0° was set as 180°, while the sensors located between 0° and 180° 

around the circumference from the impact location was defined as 90° (see Figure 3-30). 

The setup and the physical parameters were the same as previous models and the wave 

was captured in the longitudinal direction to obtain the longitudinal components. Firstly, 

a hammer impact was imparted on the top centre which generates a pure longitudinal 

wave (Figure 3-30 (a)). Secondly, the impact was applied on the top side with an angle 

of 45 (Figure 3-30 (b)). In this condition, the longitudinal wave and the bending wave 

were generated at the same time. Sensors were placed in the longitudinal, radial and 

tangential directions to capture corresponding wave components as shown in Figure 3-

31. 
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Figure 3-30 Different locations of impact and sensor arrangement 

 

Figure 3-31 Sensor measurement directions 

Impact at top centre  

Figure 3-32, Figure 3-33 and Figure 3-34 compare the wave patterns captured at 0, 180 

and 90 degrees in three orthogonal directions with the height of 1.6m from the bottom 

of the pole under top centre impact. From these three figures, it can be observed that the 

value of the tangential component under this impact condition is zero which is 

consistent with the wave theory that a longitudinal wave does not contain a tangential 

component but has radial and longitudinal components. 
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Figure 3-32 Comparison of wave patterns at 0   in three orthogonal directions 

 

Figure 3-33 Comparison of wave patterns at 180   in three orthogonal directions 
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Figure 3-34 Comparison of wave patterns at 90   in three orthogonal directions 

Figure 3-35 illustrates the comparison of the longitudinal component from the sensors at 

the same height at 0, 90 and 180 degrees. It can be observed that the wave patterns are 

the same and overlapped. This indicates that in the longitudinal wave, only the 

longitudinal component can be obtained if the sensors are placed in the longitudinal 

direction regardless of the orientation location of the sensors. Figure 3-36 presents the 

wave patterns captured by all the sensors in the longitudinal direction with the three 

orientations. It clearly shows that at the same height level the wave patterns are the 

same regardless of the orientations. This again verifies the wave theory that for the 

longitudinal waves, in the longitudinal direction, the wave pattern will not be influenced 

by the orientation.  
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Figure 3-35 Comparison of wave patterns in longitudinal direction 

 

Figure 3-36 Wave patterns captured from all sensors in longitudinal direction with three 

orientations 

Figure 3-37 compares the wave patterns in the radial direction with orientation of 0, 90 

and 180 degrees. The radial component of longitudinal wave is presented by measuring 

the wave signals in the radial direction. The waves have the same phase in three 

orientation locations even if it presents the opposite phase direction at 0 and 180 

degrees due to the contraction effect. Thus, the symmetric behaviour of the longitudinal 

wave is identified. 
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Figure 3-37 Comparison of wave patterns in radial direction 

As a conclusion, according to Eq. 3-4 – Eq. 3-6, the circumferential component of the 

longitudinal wave is zero, and thus the longitudinal wave will not be affected by the 

impact angle and measurement orientation.  

Impact at top side at 45 degrees  

Figure 3-38, Figure 3-39 and Figure 3-40 compare the wave patterns captured at 0, 180 

and 90 degrees in three orthogonal directions at the height of 1.6m from the bottom of 

the pole under impact at top side at 45 degrees. Although the wave signal is not as clear 

as in the previous scenario due to the flexural waves, it still can be observed that at 0 

and 180 degrees, the tangential component becomes zero and at 90 degrees all three 

components appear which is caused by the flexural waves and is in line with the theory 

and equations mentioned above. 
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Figure 3-38 Comparison of wave patterns at 0   in three orthogonal directions 

 

Figure 3-39 Comparison of wave patterns at 180   in three orthogonal directions 
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Figure 3-40 Comparison of wave patterns at 90   in three orthogonal directions 

Figure 3-41, Figure 3-42 and Figure 3-43 compare the wave patterns in longitudinal, 

radial and tangential directions along three orientations. In the longitudinal direction, 

the wave patterns are not overlapped along the three orientations. Although the 

amplitudes of wave patterns are different, the wave velocity is not influenced too much 

according to the locations of peaks. In the radial direction, the wave patterns at 0 and 

180 degrees are almost the same which is due to the flexural wave behaviour. 

 

Figure 3-41 Comparison of wave patterns in longitudinal direction 
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Figure 3-42 Comparison of wave patterns in radial direction 

The radial component has small amplitude in longitudinal wave propagation as shown 

before and confirms that the radial component is dominated by the bending / flexural 

waves behaviour. According to the Eq. 3-4 – Eq.3-6, the tangential component becomes 

zero at 0 and 180 degrees and only appears at 90 degrees which is clearly presented in 

Figure 3-43.  

As a conclusion, for the impact at 45 degrees, according to the wave behaviour 

characteristics, an effective method can be conducted to separate the longitudinal 

component from the other components at the location of 90 degrees. 
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Figure 3-43 Comparison of wave patterns in tangential direction 

Wave pattern comparison between different impact locations   

 

Figure 3-44 Top side impact at 45   and measurement in longitudinal direction at 90   

Figure 3-44 shows the time history of calculated acceleration from all sensors in the 

longitudinal direction at 90 degrees when impact is at the top side at 45 degrees. To get 

a clear overview and comparison between the wave signal caused by top side impact 

and top centre impact, the results of sensors located at 2.4m (sensor1) and 1.6m 
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(sensor5) from the bottom of the pole were selected and compared between two impact 

scenarios as shown in Figure 3-45. 

 

 

Figure 3-45 Comparison of different impact scenarios via measuring in the longitudinal 

direction at 90 

From Figure 3-45, it can be seen that the wave patterns are almost the same except for 

the amplitude. The impact forces for these two scenarios are the same which is around 

2kN and to apply the inclined force to the model in ANSYS, the x component and y 

component force are applied at the same time.  
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Under this situation, the load in the y direction generating a longitudinal wave by 

incline impact is smaller than the top centre impact condition. As a result, the amplitude 

of the longitudinal wave generated from incline impact is smaller than the top centre 

impact. 

From the comparison figure above, a conclusion can be drawn that in the longitudinal 

direction at 90 degrees, the longitudinal wave can be captured even when the inclined 

impact is conducted. 

3.5.2.2 Study of wave behaviour in transversely isotropic material model 

Guided wave propagation in a transversely isotropic cylindrical structure has more 

complicated behaviour as shown in equations below: 

 

Eq. 3-7 

 

 

Eq. 3-8 

 

 

Eq. 3-9 

where   and    are constants that depend on the elastic constants of the material. From 

the equations above, it can be seen that even though the expression for wave behaviour 

in a transversely isotropic material is more complicated than the isotropic material, the 

same behaviour characteristics appear.  

Impact at top centre  

Figure 3-46 to Figure 3-48 show the comparison of wave patterns under different 

directions and orientations when longitudinal waves are generated (p = 0) and illustrates 

the same features as the isotropic model: only longitudinal and radial components are 
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present; the wave patterns are overlapped in the longitudinal direction regardless of the 

orientations (Figure 3-49); the wave phase direction has a difference of 180 degrees 

between orientation of 0 degrees and 180 degrees in measurement of the radial direction 

(Figure 3-50). 

 

Figure 3-46 Comparison of wave patterns at 0  in three orthogonal directions 

(Transversely isotropic model) 

 

Figure 3-47 Comparison of wave patterns at 180   in three orthogonal directions 

(Transversely isotropic model) 
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Figure 3-48 Comparison of wave patterns at 90  in three orthogonal directions 

(Transversely isotropic model) 

 

Figure 3-49 Comparison of wave patterns in longitudinal direction (Transversely 

isotropic model) 
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Figure 3-50 Comparison of wave patterns in radial direction (Transversely isotropic 

model) 

Impact at top side at 45 degrees 

Figure 3-51 to Figure 3-56 compare the wave patterns under different directions and 

orientations when flexural waves are generated (p = 1) and the same wave behaviour as 

the isotropic model can be observed. The tangential component becomes zero at 0 

degrees and 180 degrees but appears at 90 degrees which is clearly indicated in Figure 

3-51, Figure 3-52, Figure 3-53, and Figure 3-54.  
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Figure 3-51 Comparison of wave patterns at 0   in three orthogonal directions 

(Transversely isotropic model) 

 

Figure 3-52 Comparison of wave patterns at 180   in three orthogonal directions 

(Transversely isotropic model) 
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Figure 3-53 Comparison of wave patterns at 90  in three orthogonal directions 

(Transversely isotropic model) 

Figure 3-54 presents the wave patterns in the longitudinal direction at three orientations 

and it can be seen that the wave patterns are not overlapped. Both the amplitudes and 

peak locations are different from each other which indicates that the characteristics of 

the transversely isotropic material will affect the wave speed in the propagation 

directions and this will be identified in the next step. In the radial direction, the wave 

patterns also confirm that the wave behaviour is influenced by the transversely isotropic 

material properties as shown in Figure 3-55. Also the tangential component becomes 

zero at 0 and 180 degrees and only appears at 90 degrees (Figure 3-56) which is clearly 

the same phenomenon as the isotropic model. 
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Figure 3-54 Comparison of wave patterns in longitudinal direction (Transversely 

isotropic model) 

 

Figure 3-55 Comparison of wave patterns in radial direction (Transversely isotropic 

model) 
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Figure 3-56 Comparison of wave patterns in tangential direction (Transversely isotropic 

model) 

Wave pattern comparison between different impact locations   

In the longitudinal direction at 90 degrees, the longitudinal component can be obtained 

in the transversely isotropic model according to the equations in this section. Figure 3-

57 compares the longitudinal wave patterns captured from the same sensor under top 

centre impact and topside impact. The dotted curve representing top side impact is 

delayed comparing with the solid curve referring to top centre impact. This 

phenomenon explicitly demonstrates that in a transversely isotropic material, the wave 

propagation is affected by the orientation material properties.  



    

UTS-CBIR Page 87 

 

 

 

FE modelling for wave propagation study in timber poles 

 

 

Figure 3-57 Comparison of wave patterns generated by top centre impact and topside 

impact 

 

Figure 3-58 Wave propagation under top centre and topside impact 

As mentioned before, an isotropic material has the same material properties in three 

orthogonal directions, so the wave speed is the same in each direction. However, 

transversely isotropic material properties in the plane are different than the properties in 

the normal to the plane and the wave speed will be different in these two directions. The 

longitudinal direction representing the fibre direction has a higher elastic modulus, and 

thus, wave propagation in this direction is faster. Under top centre impact, the direction 

of wave propagation is close to the longitudinal direction, while the direction of wave 

propagation caused by the incline impact combines the longitudinal and tangential 

directions and as a result, the wave speed is slower (see Figure 3-58). 
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A conclusion can be drawn from the study above that although the wave behaviour is 

more complicated in a transversely isotropic material, the feature of wave behaviour is 

similar with the isotropic material. For both material constitutive models, at 90 degrees 

in the longitudinal direction, a pure longitudinal wave can be captured regardless of the 

top centre impact or inclined impact but the speed of wave propagation will be affected 

by the material properties. 

3.5.2.3 Study of wave behaviour in orthotropic material model 

Study of wave propagation in orthotropic material is the most challenging work since 

the wave behaviour is very complicated in this kind of material.  To understand the 

wave behaviour in an orthotropic material, the 5m pole with top centre impact was 

studied first. Impact on the top centre of pole will generate a longitudinal wave, which 

makes analysis of wave behaviour straightforward. To investigate the wave behaviour 

caused by top centre excitation on the 5m pole, both the isotropic and orthotropic 

models were created. The cylindrical pole was tapered in shape with 1m embedded in 

soil. The diameter at the top was 270mm and at the bottom was 300mm and the material 

properties of the isotropic and orthotropic model were the same as the parameters in 

section 3.2.  Figure 3-59 provides a typical example of FE results of wave propagation 

in a full sized 5m pole. Figure 3-59 (a) is the wave trace for the isotropic model and (b) 

is for the orthotropic model. Although the material characteristics of the two models are 

different, the wave behaviour is quite similar. 

The displacements from all nodes along a line in the longitudinal direction at 90 degrees 

are selected as output to investigate the wave behaviour in the entire timber pole. 

Accelerations of the selected nodes were calculated and plotted in time versus node 

location diagram (Figure 3-59). In the diagram, the peaks of the accelerations are 

indicated by darker colour in the time history of the wave traces. The intersections of 

incident and reflection waves (the adjacent two oblique lines) indicate the reflection of 

boundaries including the top of the pole and bottom of the pole beneath the soil. 

According to the distance from the point to the soil level, the embedment length can be 

predicted. The slope of these lines presents the velocity of the waves. The solid line is 

the ground level; after reaching the bottom of the pole, wave reflection and refraction 

occurs at the boundary (the bottom of the pole), that is, some wave reflects back and 

some wave propagate into the soil. It also confirms that, due to the tapered shape of the 
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pole, up-going wave and down-going wave have different velocities. For the 5 m pole 

with the excitation on top centre, the velocity of the incident wave or called down-going 

wave was 4920m/s and the reflected wave or called up-going wave was 4864m/s. In 

application, the measurement area is located between the soil level and 1.5m above the 

soil (demonstrated by dotted line), and the signal captured by the measurement points 

within this area would be easily distinguished to obtain effective wave information 

including the incident wave and reflected wave. Accordingly, the embedded length of 

the pole could be predicted.  

 

(a) (b) 

Figure 3-59 Wave trace for 5 m pole (a) isotropic model (b) orthotropic model 

However, in-situ utility poles are normally 12m long with 1.2-1.5m embedment length, 

which makes top excitation unfeasible due to practical restrictions. Therefore, the 

excitation has to be imparted at 1.5 m from the ground level at an angle of 45 degrees 

through a waveguide, and it will cause more complicated problems. It will generate two 

types of waves: longitudinal wave and bending wave; it will generate two directional 

waves as well: up-going wave and down-going wave. To investigate this wave 

propagation behaviour, a full sized utility pole model of 12m was created. The pole was 
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of tapered cylindrical shape with the top diameter of 228 mm and the bottom diameter 

of 300 mm, respectively. The impact excitation has been imparted at 1.5 m from the 

ground level at an angle of 45 degrees. Both isotropic (Figure 3-60 (a)) and orthotropic 

models (Figure 3-60 (b)) were created and compared.  

 

(a) (b) 

Figure 3-60 Wave trace for 12 m pole (a) isotropic model (b) orthotropic model 

Again the displacements from all nodes along a line in the longitudinal direction at 90 

degrees are selected as output to investigate the wave behaviour in the entire timber pole. 

Calculated accelerations are plotted in time versus node location diagram. The dotted 

line is the level where the impact takes place and the solid dark line stands for the soil 

level. In the isotropic model (Figure 3-60 (a)), from the impact point, it can be seen 

clearly that the up-going and down-going waves are generated simultaneously. The 

down-going wave propagates down to the bottom of the pole and the wave velocity in 

the pole will be slowed down slightly by surrounding soil when it reaches the part that 

is embedded in soil which is the same phenomenon as the wave behaviour in the 5m 

pole. The up-going wave propagates in the pole at the same time; when it reaches the 

top of the pole, it will be reflected back. 
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The results also show the wave behaviour in the measurement zone where the sensors 

are located between the impact location and ground level, that is, the sensors will 

capture the down-going wave first and then its reflection wave before capturing the up-

going wave reflected from the top of the pole.  

 

Figure 3-61 Wave trace in12m timber pole and soil 

In Figure 3-61, the signal from the sensor No. 6 is used to illustrate the wave 

propagation behaviour. Sensor 6 is located at 400 mm above the soil level and the figure 

above shows the time history of the signal captured by sensor 6. The travel-down wave 

will be captured first by the sensor and in the time history graph is shown as the first 
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peak named 1a. The wave is then  reflected from the bottom of the pole and captured by 

the same sensor, shown as the second peak named 2a. In the meantime, the travel-up 

wave reflected from the top of the pole will then reach sensor 6 as a peak named 1b 

followed by its reflections from the bottom of the pole as a peak named 2b. Figure 3-61  

also indicates the wave propagation in the soil that is below the pole. From the interface 

between the pole and soil (dashed line), it can be clearly seen that some of the incident 

wave is reflected by the bottom boundary of the pole and some of the wave is refracted 

into the soil and according to the wave trace, it can be observed that the wave in poles 

captured by sensors will not be influenced by the wave reflected from the bottom 

boundary of soil since the wave speed in soil is extremely slow and the reflected energy 

is also very small and thus can hardly be detected by the sensors within the recording 

time. 

From the wave trace, it can be found that although the wave signal in the 12m isotropic 

pole with side excitation is more complicated than the wave signal in the 5m pole with 

top excitation, the interference zone of the up-going and down-going waves and their 

reflection wave can still be identified to avoid errors during the signal processing.  

The most complicated situation is the wave behaviour in the 12m orthotropic pole with 

side excitation. From Figure 3-60 (b), it can be observed that from the impact point, two 

types of waves were generated at the same time: longitudinal waves and bending waves. 

In addition, different modes of waves are generated due to the orthotropy feature of the 

material, that is, reflection and refraction occurs at the same time inside the orthotropic 

material. Also because of the different types of waves and various modes of waves, 

reflected wave identification becomes difficult. Therefore, further study in signal 

processing needs to be done to effectively separate longitudinal and bending waves as 

well as different modes. 

3.6 WAVE DISPERSION IN TIMBER POLE 

3.6.1 Introduction 

The dispersion is a normal phenomenon in wave propagation problems and is defined as 

waves with different wavelengths (frequencies) travelling at different speeds in the 

same material (Puckett, 2000).  
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When stress wave based NDT methods are applied, the premise of results interpretation 

is assuming a one-dimensional wave is generated (Wang and Chang, 2008). One-

dimensional wave illustrates that wave propagates through a string or a plane in infinite 

space and the lateral displacement is not considered. The boundary condition can only 

affect the wave amplitude but not the wave speed when reflection and transmission 

happens during the wave propagation. The wave equation is shown below: 

   

   
   

 
   

   
   

Eq. 3-10 

 

where    is a constant value and is described as the wave speed, while y is displacement. 

The equation indicates that one-dimensional waves are functions of time and space. The 

full solution is (Plumb, 2003): 

 (   )    [   
 (     )     

 (     )] Eq. 3-11 

Where        are constant complex amplitudes, k is wavenumber and 2/k is 

wavelength,   is angular frequency and satisfies equation 3-9 and describes the 

dispersion relation for the wave: 

       
  Eq. 3-12 

Eq. 3-11 describes some characteristics in a progressive wave (Plumb, 2003): 

 At a given instant t, it is a sinusoidal wave disturbance with the wavelength of 

2/k 

 At a given location x, it is an oscillation of     
         with period of 2/, 

    
    is the complex amplitude. 

 The wave propagates with the phase velocity of c = /k =     and indicates 

non-dispersive feature, i.e. the phase velocity keeps constant regardless of the 

wavenumber and angular frequency.  

However, the waves propagated in timber poles are three dimensional waves. 

Pochhammer first derived a three-dimensional wave equation for an infinite cylindrical 

bar in 1876. He developed frequency equations for the three-dimensional wave and 

described all modes during wave propagation in a three-dimensional traction free 

infinite cylinder. In a finite medium, the boundary of a structure will cause the reflection 
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of waves and changing of wave type. Guided wave exists in all finite media including 

elastic and inelastic materials (Wang, 2004) and all guided waves are dispersive in finite 

media except light in a vacuum (Brillouin, 1960).  Due to the excited longitudinal waves 

by hammer within a low frequency range, the wave velocity does not change too much 

with frequency (Finno et al., 2001). Accordingly, it is acceptable to assume that 

longitudinal waves in pole /pile structures are one-dimensional with constant velocity. 

3.6.2 Dispersion study of wave propagation 

3.6.2.1 Simplification of numerical model 

Concentration on traction free condition 

To investigate the dispersion phenomenon of a longitudinal wave in a cylindrical 

structure, some research work has been done and the dispersion relations are obtained 

under specific conditions. A key description of a dispersion phenomenon is a dispersion 

curve which shows the relationship between the phase velocity or group velocity and 

the wavelength or the frequency of a specific material with certain geometry (Puckett, 

2000). In this research, only the longitudinal wave is studied in numerical analysis and 

the dispersion curve is presented by the relationship between phase velocities versus 

frequencies. Hanifah and Chao (Hanifah, 1999, Chao, 2002) have verified that in the 

traction free (without surrounding soil) and embedded conditions, phase velocity is 

almost not affected. Subhani (Subhani, 2014) also presented the same phenomenon 

through analytical analysis (see Figure 3-62).  

The connection between soil and timber material plays an important role to generate the 

dispersion curves. In this research, rigid connection is employed as mentioned in 

Chapter 3 since the low strain produced by excitation.  
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Figure 3-62 Comparison of phase velocity and group velocity curves between traction 

free and embedded condition (Subhani, 2014) 

Figure 3-62 compares the wave velocities based on analytical analysis between the 

traction free and embedded situation of an isotropic model (Subhani, 2014). The pink 

solid line and the blue dashed line present the longitudinal wave in the traction free and 

embedded condition, respectively. The figure clearly illustrates that phase velocity of 

longitudinal waves is almost unaffected in the traction free and embedded conditions. 

Since the real part of wavenumber for both traction free and embedded cases is not 
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affected significantly by the density or shear modulus of the surrounding medium. 

However, in the embedded situation, imaginary part of the wavenumber has a large 

value and causes attenuation due to the rigid connection between soil and timber pole. 

Group velocity represents the propagation of energy and attenuation presents in the 

embedded structure, hence, infinite value of group velocity presents at cut-off frequency. 

In this condition, group velocity cannot be obtained directly, on the contrary, leakage of 

the energy in the surrounding medium is high, and thus, energy velocity was calculated 

(Subhani, 2014). From the figure, it was found the energy velocity of longitudinal wave 

is less affected by the surrounding medium except in very low frequency range. In this 

research, traction free condition is considered to simplify the numerical models.  

Model simplification from 3D to 2D 

To balance the computational time and accuracy, 2-D axisymmetric models are 

considered. In general, more accurate results are obtained from a finer mesh density. 

Although 3D models deliver more accurate results compared to 2D models, they require 

more computational time and resources. For the modelling of timber poles for stress-

wave-based damage detection, at least 30 elements must be created per wave length 

(depending on the excitation frequency) in order to capture the wave front accurately. 

Hence, a large number of elements are required, which results in an extremely long 

computation time. To overcome this problem, a 2D axisymmetric numerical model is 

developed. In ANSYS, the axisymmetric model is defined in the X-Y plane with 

positive X values. The geometry can be created by a cross-section, which, when rotated 

along the Y axis of the global Cartesian system, forms the actual model as shown in 

Figure 3-63 (ANSYS, 2012).  
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Figure 3-63 Two-dimensional axisymmetric numerical model 

To verify that a 2D model will be able to represent a 3D model, a comparative study 

between 2D and 3D models was undertaken (see Figure 3-64). A 5 m free standing 

timber pole was simulated and a Gaussian excitation  ( ) (see Eq. 3-13) with a central 

frequency of 20 kHz was applied on the top centre of the pole to generate longitudinal 

waves. 

 ( )  
 

 √  
 
 
 
 
.
   
 
/
 

   (    ) Eq. 3-13 

where   is standard deviation,   is mean (where Gauss distribution is a maximum), A is 

amplitude and  is central frequency. The time step is 1 µs and the deviation is 0.000125. 

The excitation signal is shown in Figure 3-65. 

 

Figure 3-64 3D and 2D axisymmetric models created with ANSYS 
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Figure 3-65 Excitation with central frequency of 20 kHz 

Figure 3-66 shows the recorded acceleration results from a sensor located at a distance 

of 1 m from the bottom of the pole. It can be seen from the figure that even though the 

amplitudes are slightly different, the wave patterns of the two models are consistent. 

Based on these results, it is confirmed that a 2D axisymmetric model can be used for 

further studies. 

 

Figure 3-66 Result comparisons between 2D and 3D models of 5 m long pole 

3.6.2.2 Dispersion study 

To create the dispersion curve, accurate wavenumbers have to be collected. In the 

longitudinal direction of the pole, 2000 elements were created and 500 nodes were 
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selected to compute the wavenumber. The time step is 0.2µs to capture the wave front. 

The method of obtaining the wavenumber in this study references Dr Puckett‟s work 

who did dispersion study of longitudinal wave in a cylindrical structure by numerical 

methods. In this study, to collect clear wave numbers, pure sinusoidal waves with 

different frequencies (2kHz, 4kHz, 6kHz, 8kHz, 10kHz, 12kHz, 14kHz 16kHz, 18kHz 

and 20kHz) as excitation were in turn applied on the top centre of the pole in traction 

free condition. The excitation frequency excited all modes whose cut-off frequencies 

were below this excitation frequency. The corresponding acceleration was obtained and 

a frequency spectrum in time was created by applying a Fourier transform. The 

amplitude of a specific frequency was taken from each of the frequency spectrum for 

the nodes along the pole and these points were used to create the wavenumber spectra in 

the space domain by applying another Fourier transform (Puckett, 2000). The 

wavenumber for specific frequency (according to the excitation frequency) was 

determined by the spectrum in space domain. Accordingly, the phase velocity was 

calculated by Eq. 3-12 and the procedure was repeated when another excitation was 

applied. After obtaining the phase velocities under all excitations, the dispersion curve 

was plotted. The wave data obtained from ANSYS were processed according to the 

method above through MATLAB. The longitudinal wave propagated in a 5m isotropic 

model with traction free condition was considered. The calculated wave number and 

phase velocity is listed in Table 3-12 and the dispersion curve is plotted accordingly. 

From the calculations, it can be found that the second mode appears from an excitation 

frequency of 12 kHz and the third mode is present from 14 kHz. However, the velocity 

value exceeds the range of figure settings so it did not appear in the dispersion curve. 

Figure 3-67 compares the numerical and analytical results. From the comparison, it can 

be seen that although there are some errors appearing, most numerical results are quite 

consistent with the analytical results. At lower frequencies (below 10 kHz), only one 

mode appears for each frequency, while in the higher frequency range, more modes are 

presented. The phase velocity is always around 5000 m/s in the lower frequency range 

such as below 8 kHz. In the higher frequency range, the phase velocity of the first mode 

(red) is decreased to 3000 m/s. In addition, the second mode (black) and the third mode 

(blue) are presented in this range with higher phase velocities.  
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Table 3-12 Calculated wavenumber and phase velocity under different excitations 

 

 

Figure 3-67 Comparison between analytical and numerical results 

From the calculated results and the dispersion curve, it can be observed that the phase 

velocity decreases when the frequency increases in each mode; the second and third 

modes have a higher phase velocity than the first mode.  

For the transversely isotropic and orthotropic model, there is no obvious peak of 

wavenumber and, thus, it can hardly be detected and obtained, as a result, the phase 

velocity cannot be calculated accurately. Hence, the results are not shown in this thesis. 

This phenomenon may be due to the limitation of the numerical analysis method. In 
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analytical analysis, the wavenumber is obtained from structure‟s physical information 

directly such as geometry and material properties. However, in numerical analysis, the 

wavenumber is calculated from captured wave data that is generated by different 

excitations and can be influenced by the energy of the wave propagation as well as the 

errors of finite element analysis. For the transversely isotropic and orthotropic material, 

the wave behaviour is more complicated as shown in section 3.5. The energy of 

longitudinal wave propagation may not be as concentrated as it propagates in an 

isotropic material, and, therefore, the peak of the wave number is not prominent. 

3.7 CONCLUSIONS 

This chapter discussed the critical issues for creating numerical models of timber poles 

such as material characteristics and boundary conditions. The behaviour of wave 

propagation in a complex material (such as timber) is dependent on the location of 

excitation where the stress wave is initiated.  For the excitation on the top centre with 

low frequency (such as hammer impact), wave behaviour is quite similar in isotropic 

and orthotropic materials. As the starting stage of this research topic, the isotropic 

model was considered as the priority selection and will be used in the next research 

stage.  

To simplify the numerical model and reduce the computational time, a 2D model was 

imported to represent a 3D model. Comparison study has verified that the wave pattern 

from the 2D model is quite close to the 3D model. Therefore, the 2D model will be used 

in the next research stage for developing a novel damage detection method. 

Dispersion study demonstrates that the velocity of a longitudinal wave will not be 

influenced directly regardless of the boundary condition for an isotropic material. 

Accordingly, in the next research stage, the model will be created without considering 

the soil influence. 

According to the outcomes of the investigation on wave propagation characteristics in 

this chapter, a novel damage detection method will be proposed based on numerical 

models developed. 
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4 Damage detection based on wavelet packet 

energy 

 

 

 

 

 

4.1 INTRODUCTION  

Significant economic loss, threats to human injury and property damage due to the 

sudden collapse of the civil infrastructure highlights the importance of developing 

applicable techniques for damage detection and condition monitoring of structures. 

Timber utility poles are one of the key civil infrastructures which provide an essential 

component of lifelines in all communities and, therefore, damage detection for the poles 

is very important. As mentioned in Chapter 2, there are several typical damages for 

timber poles (see Figure 2-11) 

Some similar damage scenarios can be simulated by ANSYS (see Figure 4-2). In this 

chapter, wavelet and wavelet packet (WPT) theories are briefly reviewed, and then 

mesh density affecting wave behaviour is studied. The internal and external artificial 

damages with axisymmetric characteristics were created such as the damage scenarios 

shown in Figure 4-1 on the left. A novel damage detection method based on WPT was 

developed including an effective damage classification technique based on SVM with 

optimisation algorithm. 
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Figure 4-1 Damage scenarios created by ANSYS 

4.2 OVERVIEW OF WAVELET AND WAVELET PACKET 

Spectral analysis using Fourier transform has been one of the most important and most 

widely used tool in different engineering fields including damage detection. However, 

in some specific conditions, Fourier transform cannot provide enough information to 

identify the problem. Over the past few years, researchers have become aware of the 

limitations of this technique and have developed wavelet transform to deal with the non-

stationary signals and non-linear systems. Wavelets are a natural extension of the 

Fourier transform and are used widely for signal analysis in the time and frequency 

domain simultaneously. A wavelet packet transform is a simple generalization of a 

wavelet transform and offers a great deal of freedom in dealing with different types of 

transient signals (Learned and Willsky, 1995). In this section, the theory of wavelet 

transform is briefly explained. 
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4.2.1 Continuous wavelet transform (CWT) 

Continuous wavelet transform maps the original time series into a function of time and 

frequency providing highly redundant information and, therefore, will cause long 

computational time. Continuous wavelet transform is defined as follows: 

    
  (   )    

 (   )  
 

√| |
∫ ( )  (

   

 
)   Eq. 4-1 

Where   and   are translation and scale parameters, respectively. Translation is related 

to the location of the window and corresponds to time information. Scale corresponds to 

frequencies and is used to collect information in detail (high frequency/low scale) or 

globe (low frequency/high scale).  ( ) is the mother wavelet and is a prototype for 

generating the other window functions. Some mother wavelets are well known and 

widely used such as Mexican hat wavelet, Morlet wavelet, Daubechies wavelet.  

The wavelet analysis measures the similarity between the wavelets and the signal. If the 

signal has a major component of the frequency corresponding to the current scale, then 

the wavelet at the current scale will be similar to the signal at the particular location 

where this frequency component appears. As a consequence, the CWT coefficient in the 

time-scale will be a large number (Polikar, 2004) and hard to implement. 

4.2.2 Discrete wavelet transform (DWT) 

The discrete wavelet transform is easier to implement compared with CWT and makes 

significant reduction in the computation time. DWT is a tool that separates a signal into 

different frequency components, and then studies each component with resolution 

matched to its scale (Kociołek et al., 2001).  

DWT converts a signal into different frequency bands with a high pass wavelet filter 

and a low pass wavelet filter as in the equations below: 

     , -  ∑ , -
 

  ,    - Eq. 4-2 

    , -  ∑ , -
 

  ,    - 
Eq. 4-3 

Where      , - and     , - are the outputs of a signal converted by the high pass and 

low pass wavelet filters, respectively.  , -  is the original signal while   and   are 
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wavelet filters. The DWT analyses the signal at different frequency bands with specific 

resolutions by decomposing the signal into an approximate and detail components. The 

original signal is first passed through a half band high pass filter and low pass filter. 

After the filtering, half of the samples can be eliminated according to the Nyquist‟s rule. 

This procedure provides a good time resolution at high frequencies and good frequency 

resolution at low frequencies. Figure 4-2 indicates the procedure that DWT processes a 

time domain signal. DWT coefficients are sampled from the CWT on a dyadic grid; that 

is       and       ,   is the number of the final decomposition level. Also, due to 

the successive subsampling by 2, the signal length must be a power of 2. The length of 

the signal determines the number of levels that the signal can be decomposed to (Polikar, 

2004). 

 

Figure 4-2 3 level decomposition by DWT 

From the figure above, it can be found that in DWT, after down sampling, low 

frequency components will be decomposed into the next level decomposition. However, 

the information in high frequency components is not desirable and accordingly may 

cause problems in certain applications in which the main information is located in high 

frequency components. To overcome this problem, an alternate analysis method needs 

to be employed.  

4.2.3 Wavelet packet transform (WPT) 

4.2.3.1 Wavelet packet decomposition 

Wavelet packet transform is a generalization of DWT and the necessary frequency 

resolution can be achieved. In WP analysis, both high frequency and low frequency 

components can be split, and this, therefore, provides sufficient information for signal 

analysis. Figure 4-3 shows the wavelet packet tree of a time domain signal  ( ) up to 3 

levels of decomposition. As shown in the figure, both high and low frequency 

components are decomposed.  
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Figure 4-3 WP decomposition tree 

Each component in this wavelet packet tree can be viewed as output of a particular filter 

and the whole tree can be viewed as a filter bank. At the top of the tree, the good time 

resolution of the WP components is obtained but at the expense of poor frequency 

resolution whereas at the bottom of the tree with high decomposition level, the 

frequency resolution of the decomposed component is good but the time resolution is 

poor (Amiri and Asadi, 2009). 

A wavelet packet is presented by Eq. 4-4 

    
 ( )   

 
 ⁄   (     ) Eq. 4-4 

where  ,  ,   are the modulation, scale and translation parameters, respectively. The 

wavelet   is defined by the recursive relations as: 

    √  ∑ ( )
 

 
 

(    ) Eq. 4-5 

      √  ∑ ( )
 

 
 

(    ) 
Eq. 4-6 

where  ( )  and  ( )  are called group-conjugated orthogonal filters (Fan and Zuo, 

2006) and are quadrature mirror filters associated with the scaling function and mother 

wavelet function (Ghodrati et al., 2008).  

The wavelet packet coefficients corresponding to the signal  ( ) can be obtained from: 

    
 ( )  ∫  ( )

 

  
    
 ( )   Eq. 4-7 

where     
  is wavelet packet coefficients and satisfies the orthogonality condition: 
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 ( )    

 ( )    (   ) Eq. 4-8 

The wavelet packet component of a signal at a specific node of the decomposition tree 

is: 

  
 ( )  ∑     

 

 

    

( )    
 ( ) Eq. 4-9 

After the decomposition of  th level, the original signal  ( )can be constructed by the 

sum of   components as in Eq. 4-10 

 ( )  ∑  
 ( )

  

   

 Eq. 4-10 

An entropy based criterion is used to determine the most suitable decomposition of a 

given signal and also an adaptive filtering algorithm (Amiri and Asadi, 2009). 

4.2.3.2 Wavelet packet component energy 

Yen and Lin (Yen and Lin, 2000) have shown that the energy associated with each 

component at a certain level of WP tree represents a more robust signal feature for 

classification than using the WPT coefficients alone. In this study, the wavelet packet 

energy index is proposed to identify the damage severity. The signal energy at  th level 

can be defined as: 

    ∫   ( )
 

  
   ∑ ∑∫   

 ( )
 

  

  

   

  

   

  
 ( )   Eq. 4-11 

where   
  and   

  are decomposed wavelet components. Substituting Eq. 4-9 into Eq. 4-

11 when the orthogonal condition is satisfied: 

    ∑ 
  
 

  

   

 Eq. 4-12 

The component energy  
  
  can be considered as the energy stored in the component 

signal   
 ( ) and can be obtained by: 
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  ∫   

 ( )
 
  

 

  
 Eq. 4-13 

The component signal   
 ( ) is a superposition of wavelet function     

 ( ) of the same 

scale as   but translated into the time domain (      ). The total signal energy 

can be decomposed into a summation of wavelet packet component energies that 

correspond to different frequency bands which are determined by the wavelet function.  

In this study, the mother wavelet BiorSplines 6.8 was selected due to its features of 

good orthogonality and symmetry as well as high vanishing moments (Li et al., 1995). 

The sampling rate was set to 5 MHz to capture the wave front accurately and the 

decomposing scale was set to 10 accordingly. Shannon entropy based criterion was 

selected to decompose the wave signal. 

4.3 DAMAGE DETECTION BASED ON WAVELET PACKET ENERGY 

4.3.1 Sensitivity study of mesh density for 2D models 

In FE analysis, the mesh density significantly influences the numerical results. 

Therefore, several different mesh densities were studied under different excitation 

frequencies. The wave signal from a fine mesh of 40 elements per wavelength (Fischer 

et al., 2010) (depending on the input frequency) was set as a benchmark. The signals 

from the models with different mesh densities will be compared to the benchmark. 

Several measurement points for capturing wave signals were selected which were 

located from 1.7 m to 2.7 m near the bottom of the pole with a distance of 200 mm 

between two points. To evaluate the results, the cross-correlation coefficient was used, 

which is a similarity measurement of two signals or waveforms. If two signals are 

exactly the same, the coefficient will be 1.0; if the signals do not match at all, the 

coefficient will be 0. In this study, this methodology was used to identify the differences 

between signals that were obtained from two mesh conditions with the same 

measurement point. For example, a wave signal obtained at 2.1m of the model with fine 

mesh is set as benchmark; the wave signal from the same location of a coarse mesh 

model is compared with the benchmark signal and the difference between these two 

signals will be qualified by cross-correlation coefficient. If the coefficient closes to 1, 

there is no significant difference between two signals; while the coefficient closes to 0 
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indicates that the signal from the coarse mesh is obvious different with the benchmark 

signal. 

Figure 4-4 provides an intuitive example of mesh density influencing on the wave signal 

captured by different measurement points. The excitation frequency is 25 kHz, 

accordingly the wave length is extremely small. In this situation, the mesh density will 

affect the wave signal significantly. In the figure, the results from four measurement 

points are taken and plotted which are located at 1.9m, 2.1m, 2.5m and 2.7m. Coarse 

mesh1, 2 and 3 present the mesh density of 4*2000, 20*800 and 20*1000, respectively. 

For coarse mesh1, the cross correlation coefficient of the signal captured by the 

measurement points at 1.9m is less than 0.5, and coefficients from other measurement 

points are always less than 0.9. For other coarse mesh conditions, the coefficients of 

some measurement points are less than 0.9. It is clearly shown that for coarse mesh 

conditions, the accuracy of some measurement points is significantly decreased. For 

medium mesh condition (mesh density of 40*1000), the cross correlation coefficients 

are always above 0.9 regardless of the measurement location. 

 

Figure 4-4 Mesh density influence on wave signal under excitation of 25 kHz 

Table 4-1 shows the cross-correlation coefficients between the standard mesh condition 

(fine mesh) and different medium and coarse mesh conditions. In the table,  represents 

the wavelength; w and h indicate the width and the height of an element, respectively.  
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In the table, the cross-correlation coefficients of three excitation frequencies are listed. 

For the 2D model, the mesh density can be increased or decreased in the radial and 

longitudinal direction.  

Table 4-1 Comparison of cross-correlation coefficients under different mesh densities 

 

The cross-correlation coefficient study of different mesh densities leads to the following 

findings.  

1. From the coefficients, it can be seen that for high frequency excitations, such as 25 

kHz, the coarse mesh generates larger errors compared to the fine mesh condition. For 

the low frequency excitation, such as 8 kHz, the coarse mesh is still quite accurate to 

represent the wave behaviour. This indicates that to capture the wave front accurately, 

the mesh density plays a crucial role.  

2. An optimised mesh density in all directions is more important than the total number 

of elements. The results of the model with an excitation frequency of 12 kHz supports 

this phenomenon. When comparing the two coarse mesh conditions, it is found that the 
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mesh dimensions of 12×500 contains a much smaller number of elements than the 

dimensions of 4×2000, but the results are more accurate.  

Hence, from the cross-correlation coefficient results, it is concluded that a medium 

mesh delivers a good balance between computation time and result accuracy and is, 

therefore, used in further studies. 

4.3.2 Proposed damage classification algorithm 

Wavelet packet energy (WPE) methods are traditionally used with vibration-based 

methods to identify damage in a structure. Thereby, a number of sensors are attached at 

various locations of the structure, typically covering the entire area that needs to be 

inspected. Significant energy changes indicate the occurrence of damage in the 

proximity of the measurement point (see Figure 4-5). This WP based method is able to 

indicate the damage location as well as the severity as mentioned in Chapter 2. 

However, the application of these methods on the wave signal is limited especially in 

that sensors/measurement points cannot cover the entire area where damage has to be 

assessed.  

 

Figure 4-5 Damage detection for beam structure using WP energy method 

For embedded utility poles, however, the part that is buried in soil, which is indeed most 

prone to damage, cannot be covered with sensors (see Figure 4-6). Therefore, in this 

study, the damage detection can only rely on the wavelet packet energies from the 
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reflected wave signal, and a novel damage detection algorithm is investigated for 

application to utility poles.  

 

Figure 4-6 Damage detection for utility pole structure 

4.3.2.1 Damage classification  

Since the damage detection in this study can only rely on the wavelet packet energies 

from the reflected signal, it results in some complications in identifying the damage 

since interference may occur between the incident wave and the reflected wave, and, 

thus, the energy change may not only be caused by damage but also by other factors. To 

overcome this issue, the use of a sensor network is proposed to minimise the effect of 

the interference between the incident wave and reflected wave. 

In the current study, the isotropic model was considered without surrounding soil 

influence. The pole was 5m long with diameter of 300mm, and seven measurement 

points (sensors) were placed at 1.7 m to 2.9 m from the bottom of the pole with a 

distance between each sensor of 200 mm. Wave signals were generated with a 

continuous sine wave excitation of 8 kHz, applied on the top centre of the pole. 

According to the dispersion study of isotropic material, it was found that longitudinal 

wave with 8kHz had only one mode as well as a smaller wave length. The wave signal 

generated by a continuous sine wave of 8 kHz was easy to analyse and was more 

sensitive to small damage. Damage was simulated by removing specific elements. 

Different damage types with varying size of damage were simulated with a damage 

width of 15 mm, 30 mm, 45 mm, 60 mm, 75 mm, 90 mm, 120 mm, 150 mm, 180 mm 

and 210 mm, respectively, and a constant damage height of 200 mm. An example of 
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damage size of 150mm is shown in Figure 4-7. To make it easy to demonstrate, if there 

is no specific description, the damage size in this thesis refers to the width of damage. 

Four investigated damage types are illustrated in Figure 4-8, among them damage type 

2 is the major damage type in timber utility poles that has been reported and type 1 is 

designed to verify the capability of the proposed method for damage classification. For 

all damage scenarios, the wave signals were captured by the sensors and the wavelet 

packet component energies of each sensor were calculated according to the equations in 

section 4.2.3.1. 

 

Figure 4-7 Damage with 150mm in width and 200mm in height 
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Figure 4-8 Damage classifications 

These four types of damage, named internal type 1, internal type 2, surface type 1 and 

surface type 2, are simplified to an axisymmetric form. In reality, some damage caused 

by decay or insects attack occurs internally and some is present on the surface. For some 

utility poles, different degrees of protective measures have been taken to deal with fungi 

and insect attack at the bottom part; and, therefore, much decay occurs above the 

protected area such as damage type 2. Also, in this research, for damage type 2, the 

damage location was designed at 400mm from the bottom of pole (see Figure 4-9). 
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Figure 4-9 Damage localization for type 2 

To classify the damage type, WP energy and natural frequency parameters were used as 

classification features. Since the change of these parameters was hard to be identified 

for small damage, the damage classification started from damage size of 90mm (that is 

30% of cross section) up to 210mm (70% of cross section) with increasing step size of 

30mm, that is five damage sizes of 90mm, 120mm, 150mm, 180mm and 210mm with 4 

damage types were used for damage classification. 

After 10 levels of wavelet packet decomposition, 1024 frequency bands, that is 1024 

energy components, were obtained for each sensor. The WP energy feature was 

obtained by the following equations: 

   
√ ∑ .

   
   

  /
 

 
   

 
                (           ) Eq. 4-14 

where    is the parameter of energy feature for each damage scenario,   is the total 

number of sensors,     and     are the total WP energy for each sensor under damaged 

and intact conditions, respectively. According to Eq. 4-14, four types of damage with 5 

different damage sizes were obtained. Take the damage of 150mm for example: 
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Table 4-2 WP energy components from 7 sensors under intact and damaged (150mm) 

conditions 

 

In Table 4-2, the energy components from sensors of damage type 2 have more obvious 

difference with the intact ones compared with damage type 1. For example, the energy 

component from sensor 4 of intact condition is 18895091, and for the same sensor, the 

damage of internal type 1 has the value of 18088275 and internal type 2 has the value of 

19422246. The surface type 1 has the value of 17372529 while the surface type 2 has 

the value of 21860683. From these parameters, it can be seen that the values change 

considerably under damage type 2. According to Eq. 4-14, the    index of these 

damage types are 0.036, 0.18, 0.078 and 0.19 respectively. The results from different 

sensor arrangements are quite consistent. 

Figure 4-10 indicates that damage type 1 and damage type 2 can be almost separated by 

   index of 0.1 using 7 sensors. Figure 4-11 and Figure 4-12 demonstrate the results 

from different sensor arrangements and a similar phenomenon can be observed. 
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Figure 4-10 Energy feature obtained from 7 sensors 

 

Figure 4-11 Energy feature obtained from 13 sensors 
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Figure 4-12 Energy feature obtained from 25 sensors 

To further classify the damage, the parameters of the natural frequency feature need to 

be collected. The natural frequency was obtained by applying transient analysis through 

a hammer impact with a sampling frequency of 10 kHz. Frequency Response Function 

(FRF), a common transfer function measurement similar to Fast Fourier Transfer (FFT), 

was then used to process the acceleration, and the frequencies of the first four modes 

clearly appeared. Modal analysis based on the physical parameters of the models was 

conducted as well to compare the results with the transient analysis. The modes in this 

research were concentrated on the longitudinal modes only. The errors between these 

two methods were around 7%-8% and two examples are shown below: 

Table 4-3 Comparison between transient and modal analysis under intact condition 
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Table 4-4 Comparison between transient and modal analysis under severe damage 

condition 

 

From the tables above, it can be seen that the results from the two methods are close to 

each other in the lower frequency range (first 2 modes) while the error increases at the 

3
rd

 and 4
th

 modes. The results of transient analysis are corresponding to the sampling 

frequency as well as data processing through FRF, while for the modal analysis the 

frequencies of each mode are obtained from the structural characteristics directly; as a 

result it will generate some numerical errors during the transient analysis.  

The natural frequencies obtained from transient analysis were used for frequency 

feature acquisition: 

   √∑(
   
   
  )

  

   

                (         ) Eq. 4-15 

where     is the parameter of the frequency feature for each damage type,     and     

are the frequency at specific modes under damaged and intact condition, respectively. 

Take the same damage size (150mm) as an example again: 

Table 4-5 Natural frequencies (Hz) for intact and damaged condition 
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From Table 4-5, it can be seen that the frequencies change significantly under surface 

damage compared with internal damage. For example, at the 2
nd

 mode, the frequency 

under the intact condition is 726Hz, while the values under surface damages are 651Hz 

and 665Hz, respectively. However, under the internal damage conditions, the values are 

715Hz and 717Hz. The change of frequencies under surface damage is more obvious. 

Based on Eq. 4-15, the   indices are 0.029, 0.024, 0.188 and 0.169, respectively. 

Figure 4-13 indicates that internal and surface damage can be almost separated by the 

   index.      

 

Figure 4-13 Frequency feature obtained from all damage scenarios 

Combining the frequency feature with the energy feature, more obvious damage 

classification is obtained. It can be seen that each damage type covers a particular area 

in Figure 4-14. To verify the effectiveness of these features, damage of 160mm and 

200mm with four damage types were imported. The damage classification shows 

consistent results with previous models. In Figure 4-15, the particular damage type 

again falls into the corresponding area that is formed by the specific features. 
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Figure 4-14 Combined feature to identify the damage classification (5 damage sizes) 

 

Figure 4-15 Combined feature to identify the damage classification (7 damage sizes) 

According to combined energy and frequency feature, the damage classification can be 

identified systemically using a support vector machine (SVM).  

4.3.2.2 Support vector machine 

Support vector machines (SVM) are Kernel-based techniques and represent a major 

development in machine learning algorithms. It makes use of limited sample 
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information in a training model to seek the best compromise between accuracy and 

generalization performance and shows a unique advantage in solving the problem of 

small sample, nonlinear and high dimension, and, therefore, is the most effective 

machine learning method so far. SVM was firstly developed by Vapnik and his 

collaborators (Boser et al., 1992) based on the statistical learning theory in the early 

90‟s and has grown in its popularity due to simple geometric interpretation, competitive 

classification accuracy in practice and has been successfully used in many applications 

of data mining, pattern recognition, fault diagnosis, intelligent control and signal 

processing (Lee, 2011). It also has operational characteristics such as sparsity and 

duality and makes the SVM solution more efficient for data reduction at the testing 

stage and allows coherent handling of high dimensional data (Lee, 2011). 

The SVM can be considered to create a line or hyperplane boundary between two sets 

of data with maximum margin for classification.  

 

Figure 4-16 Classification of data by SVM (linear) 

Figure 4-16 shows a series of symbols for two classes, circles and squares. The SVM 

attempts to separate the two different classes by placing a linear boundary (solid line), 

and orient it to achieve a maximum margin (represented by dotted lines). Support 

vectors (SVs) are used to define the margin and the boundary H is then placed in the 

middle of the margin. The boundary H can be expressed as Eq. 4-16 
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Eq. 4-16 

where   defines the boundary,   is the input vector of dimension   and   is a scalar 

threshold.  For two classes at the margins, H1 and H2, can be expressed by Eq. 4-17 and 

Eq. 4-18 

         Eq. 4-17 

         Eq. 4-18 

Since SVs correspond to the extremities of the data for a given class, the decision 

function can be used to classify any data point in either class: 

 ( )   (     )  Eq. 4-19 

The distance between H and H1 is: 

|     |

‖ ‖
 

 

‖ ‖
 

Eq. 4-20 

The distance between H1 and H2 is 
 

‖ ‖
 

In order to maximise the margin, ‖ ‖ has to be minimised according to (Scholkopf, 

1998): 

 ( )  
 

 
‖ ‖  

Eq. 4-21 

And subjected to a constrained optimization problem: 

  ((    )   )            
Eq. 4-22 

where   is the number of training sets. Eq. 4-22 defined the constrained condition as a 

“rigid margin”. A Rigid margin requires the distance of all sample points and the 

classification plane exceeds a certain value. However, if there are a few stray samples 

which exist, it becomes no longer a linear problem, and this kind of classification 

problem is called “approximately linearly separable”. A Rigid margin may make the 

whole optimization problem with no solution in dealing with this kind of problem. “Soft 

margin” is used to overcome this problem by introducing non-negative slack variables, 

  , satisfying     . Eq. 4-21 and Eq. 4-22 lead to equations below; 
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‖ ‖   ∑   

 

   

 
Eq. 4-23 

  ((    )   )                  Eq. 4-24 

where   is a penalty multiplier and accordingly the optimization becomes a trade-off 

between a large margin and a small error penalty. 

If the linear boundary cannot separate two classes properly, a hyperplane allows linear 

separation in the higher dimension by a transformation  ( ). Substituting  ( ) into Eq. 

4-24 yields; 

  .(   (  ))   /                  
Eq. 4-25 

By using the Lagrangian multiplier method, the solution of the constrained optimization 

problem can be obtained as follows: 

 (         )  
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Eq. 4-26 

where    are SVs obtained from training,    is Lagrange Multipliers, and the 

optimization solution can be obtained from the saddle point of the Lagrange function: 

{
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Eq. 4-27 

Substituting it into Eq. 4-25 a dual form can be obtained: 
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                             Eq. 4-29 
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where  (     ) is a kernel function to reduce the computational load and at the same 

time retain the effect of higher-dimensional transformation (Samanta, 2004). The kernel 

is related to the transform  (  ) by 

 (     )   (  )   (  )  
Eq. 4-30 

The optimization should also satisfy: 

{
  ,  (   (  )   )      -   

         (    )    
  

Eq. 4-31 

Combining Eq. 4-28, Eq. 4-29 and Eq. 4-31, the hyper plane in high dimension is 

obtained: 

 ( )  ∑  

 

   

 ( )    

 ∑    ( (  )   ( ))   

 

   

 

 ∑      (    )

 

   

   

Eq. 4-32 

Sign function is always used to determine the classification of samples  

 ( )     , ( )- Eq. 4-33 

4.3.2.3 Design of classifier for damage type classification 

Typical application of support vector machine (SVM) uses a binary classifier, that is 

identifying the samples belonging to positive or negative class. In this research, 

identification of damage types is a multi-class classification problem. The most direct 

way is to establish an objective function to obtain multiple hyperplanes. The sample 

space will be divided into several regions and each region will correspond to a category. 

However, this method is not applicable since it requires a large computational resource. 

In application, the methods used in multi-class classification can roughly be divided into 

two approaches: one-against-the rest (OAR) and one-against-one (OAO). The 

implementation procedure is reducing a multi-class classification problem to a binary 



    

UTS-CBIR Page 126 

 

 

 

Damage detection based on wavelet packet energy 

 

problem and the binary classifier also can be called the sub-classifier. Using OAR to 

solve an n-class classification problem, n sub-classifiers have to be constructed and each 

of them will be trained to separate one class from the rest. The i
th

 sub-classifier is 

trained with all the training examples of the i
th

 class with positive labels, and all the 

others with negative (Liu and Zheng, 2005). This method needs fewer sub-classifiers, 

but may cause overlapped categories or no category at all. OAO on the other hand 

constructs a sub-classifier for each possible pair of classes resulting in  (   )   sub-

classifiers. When a sample is tested, each sub-classifier gives one vote to the winning 

class and finally the sample will be labelled with the class having the most votes. It can 

be found that OAO needs more sub-classifiers if the total number of categories 

increases. 

Considering the damage types are not many, OAO was selected in this research to 

establish the classifier for damage type classification.  

In practical applications, most classification problems are non-linear separation 

problems. Kernel methods map data from the original space onto the kernel space so 

that classifiers could find a linearly separable hyperplane (Liu et al., 2012). Kernel 

function has to be determined in advance to create classifiers and some common kernels 

include: 

 Linear kernel  (   )      

 Polynomial kernel  (   )  ,(   )   -      

 Gaussian radial basis function (Gaussian RBF)  (   )     {
 ‖   ‖ 

   
} 

 Hyperbolic tangent  (   )      , (   )   -     

For the choice of kernel function, there is a lack of recognised principle to guide the 

choice. This research adopts the Gaussian radial basis kernel function, because it has a 

strong capability of nonlinear approximation. 

After selecting the kernel function, two parameters have to be set which are penalty 

multiplier   and the value of   , respectively.   is a trade-off between training error 

and the flatness of the solution. Increasing   will cause less final training error, but it 

may also result in a risk of losing the generalization properties of the classifier since it 
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will try to fit as best as possible all the training samples. In addition, the time needed for 

training will also be increased. As a result, it is important to find a   that keeps the 

training error small, but also generalizes well. For Gaussian RBF, selecting appropriate 

parameter   is essential and crucial to determine the robust performance of classifiers. 

Small   will cause over-fitting while large   will lead to under-fitting for classifiers 

(Liu et al., 2012). Gird search is the most intuitive and practical way for parameter 

selection by defining search ranges in advance; however, improper ranges will cause 

failure in searching appropriate parameters (Liu et al., 2012). In this research, the 

parameter selection was considered as an intelligent optimization problem and particle 

swarm optimization (PSO) algorithm was introduced. 

Particle swarm optimization is a population based stochastic optimization technique 

originally attributed to Dr Eberhart and Dr Kennedy in 1995 and was intended to 

simulate social behaviour of bird flocking or fish schooling (Huang and Dun, 2008). 

The PSO algorithm uses particles representing a potential solution moving in an n-

dimensional search space to search for solutions for n-variable function optimization 

problem. Each particle flies through the search space with a velocity adjusted by its own 

flying velocity and position according to its own flying experience as well as those of 

the other companion particles in the swarm (Liu et al., 2011). PSO is initialized with a 

population of random solutions and searches for optima by updating generations which 

are quite similar with other evolutionary computation techniques such as genetic 

algorithm (GA), but embraces the excellent advantages of simplicity and fast speed 

(Zhai et al., 2008).  

In this case, the particle swarm optimization (PSO) was adopted to make the classifier 

parameters arrive at their optimums in the meantime. Then the classifier was 

constructed on the basis of these optimal parameters for pole damage classification. In 

other words, the PSO algorithm attempted to explore the optimal parameters to 

guarantee the sub SVM model fitted the training samples with maximal mean 

classification accuracy. The specific process of SVM based on PSO was composed of 

the following steps: 

Step 1. Choose the kernel function and initialize the parameters of the SVR model: RBF 

function, C and σ. 
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Step 2. Initialize parameters of PSO algorithm, including particle population size P, the 

maximal allowable velocity vmax, the maximal iteration number Niter. In this case, P=20, 

vmax=2 and Niter=100. 

Step 3. Randomly assign the position and velocity vectors of each particle by the 

following equation: 

max

( )i l u l

i

x x rand x x

v rand v

   

 
 Eq. 4-34 

where xu and xl denote the upper and lower boundaries of the estimated parameter 

vector, respectively. In this work, xl =[0, 0] and xu =[100, 100]. 

Step 4. Input the training data and corresponding outputs and calculate the fitness 

value of each particle. Evaluate and record the pbesti and gbest according to the 

following equation: 

1

1

1

,    ( ) ( );

,                                  i

k k k

k i i i

k

i

pbest if f x f pbest
pbest

x or else







 
 


 Eq. 4-35 

Step 5. Check the termination rule. There are several rules available to terminate the 

PSO algorithm. Here, the maximal iteration is regarded as the stopping condition. If the 

condition is satisfied, the calculation will be terminated, gbest is stored as the best 

solution and the operation will go to Step 7. Or else, repeat Steps 4-6. 

Step 6. Update the velocity and position of each particle 

Step 7. Set up the forecast model according to the optimal values of C and σ.  

Step 8. Save the optimal parameters and trained model, and the classifier setup is 

finished. 

In conclusion, the process of sub model setup for damage type classification can be 

illustrated in Figure 4-17.  

The design of classifier was crucial for damage type classification and the procedure of 

damage classification is shown in Figure 4-18. Four damage types are named as C1, C2, 

C3 and C4 for convenience and, therefore, six classifiers are created to achieve binary 

classification including C1-C2 classifier, C1-C3 classifier, C1-C4 classifier, C2-C3 

classifier, C2-C4 classifier and C3-C4 classifier, respectively. When a sample data with 
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the feature of specific damage type is tested, each sub-classifier gives one vote to the 

winning damage type and finally the sample will be labelled with the damage type 

having most votes.  

Initialize the parameters of 

SVM

Initialize the parameters of 

PSO

Randomly initialize the 

position and velocity of 

particles

Train the SVM classifier 

using n-fold cross 

validation

Fitness calculation

Maximal iteration?

Update and record pbesti 

and gbest

Update the velocity and 

position of ith particle

Updated parameter values

Optimal values of C, σ  

Train SVM classifier 

according to optimal 

parameters

Input testing samples for 

classifier validation and 

accuracy estimation

Start

Training samples

End

Yes

No

 

Figure 4-17 Parameter optimization process of SVM classifier 
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Figure 4-18 Design of classifier for damage type classification 

Figure 4-19 to Figure 4-24 describe the parameter optimization process of six sub SVM 

classifiers. The left figures show the algorithm convergence during the iteration while 

the right figures exhibit the variance trend of each parameter for six cases. It is obvious 

that for all the cases the optimal fitness gradually increases with the increase of iteration 

number though some fluctuations still exists in the mean fitness (classification 

accuracy). In addition, it is easily found that two parameters (C and σ) always arrive at 

their optima in the meantime. Figure 4-25 depicts the visualization classification results 

of six sub SVM classifiers. It is noticeable that all categories of timber pole condition of 

training samples are clearly separated by an optimal hyperplane in each sub classifier 

although more support vectors are occupied in the training samples due to the limited 

data. Table 4-6 gives the classification results of all sub SVM classifiers by n-fold cross 

validation. It can be seen that the classification accuracies of all classifiers are above 90% 

and the average classification accuracy can reach 97.22%. In order to evaluate the 

performance of built multi-classifier, a damage case of 160mm and 200mm for four 

types of damage was adopted to extract the feature, which was then inputted into the 

classifier for damage type identification. Table 4-7 illustrates the identification results of 

a new group of damage cases (damage of 160mm and 200mm for four types). The 

results demonstrate that all damage types are correctly identified, which is regarded as a 

satisfactory result for its engineering application.  
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(a) Convergence rate (b) Parameter optimization 

Figure 4-19 Parameter optimization process of sub SVM 1 
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(a) Convergence rate                                           (b) Parameter optimization 

Figure 4-20 Parameter optimization process of sub SVM 2 
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(a) Convergence rate                                           (b) Parameter optimization 

Figure 4-21 Parameter optimization process of sub SVM 3 
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(a) Convergence rate                                           (b) Parameter optimization 

Figure 4-22 Parameter optimization process of sub SVM 4 
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(a) Convergence rate                                           (b) Parameter optimization 

Figure 4-23 Parameter optimization process of sub SVM 5 



    

UTS-CBIR Page 133 

 

 

 

Damage detection based on wavelet packet energy 

 

0 10 20 30 40 50 60 70 80 90 100
40

60

80

100

 Optimal classification accuracy

 Averaged classification accuracy
C

la
ss

if
ic

at
io

n
 a

cc
u

ra
cy

 /
 %

Iteration number  

0 10 20 30 40 50 60 70 80 90 100
0

15

30

45

60

C

Iteration number

0 10 20 30 40 50 60 70 80 90 100

0

2

4

6



Iteration number

 

(a) Convergence rate                                           (b) Parameter optimization 

Figure 4-24 Parameter optimization process of sub SVM 6 

 

  

(a) Sub SVM 1                                                              (b) Sub SVM 2 

 
 

(c) Sub SVM 3                                                              (d) Sub SVM 4 



    

UTS-CBIR Page 134 

 

 

 

Damage detection based on wavelet packet energy 

 

  

(e) Sub SVM 5                                                              (f) Sub SVM 6 

Figure 4-25 Visualization classification results of six sub SVM classifiers 

Table 4-6 Classification results of all sub SVM classifiers using n-fold cross validation 

 

Table 4-7 Identification results of a new group of cases 

 

4.3.2.4 Damage classification using experimental data 

To verify the effectiveness of the damage classification method proposed in section 4.3.2.1, a 

set of experimental data was used. This experimental testing was conducted at the “Federal 

Institute for Materials Research and Testing” in Berlin, Germany by Dr Ulrike Dackermann and 
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Dr Saad Subhani  (Dackermann et al., 2015). Various types of wave excitation including 

Mexican hat, sine wave were applied as excitations for the purpose of damage detection. Due to 

the set-up of utility poles, a hammer impact can only be imparted from the side of a pole, as a 

result, two types of waves including longitudinal wave as well as flexural wave were generated. 

Using tractile transducers (see Figure 4-26) as wave excitation source can overcome the major 

issues associated with a hammer impact. The Experimental settings and the dimensions was 

shown in Figure 4-27.  

The specimens were soft wood with the density of 520 kg/m
3
 and the elastic modulus of 11000 

MPa in longitudinal direction. All the poles had a length of 3 m and a diameter of 0.25 m. One 

pole was intact and the other two poles were inflicted with two types of artificial damage 

simulating internal termite voids and external circumferential fungi decay (see Figure 4-28). 

For all testing, four tractile transducers were used as excitation source and 12 accelerometers 

measured the wave signals. The four tractile transducers were mounted to the sensor wedges via 

a screw connection and were firmly attached to the pole structure in a ring formation with equal 

spacing using a ratchet strap. The specific excitation setting was trying to minimise the effect of 

flexural wave. The accelerometers were attached to the pole in a line. The applied excitation 

signals were narrow-band frequency burst signals and narrow-band continuous wave signals in 

the shape of a Mexican hat and a sine wave (Dackermann et al., 2015). 

  

(a) (b) 

Figure 4-26 (a) tractile transducer, (b) tactile transducer mounted on sensor wedge (Dackermann 

et al., 2015) 
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Figure 4-27 Testing set up and dimensions - (a) and (b) line measurement set-up 

(Dackermann et al., 2015) 

 

 

Figure 4-28 Damage configurations and dimensions of tested poles in longitudinal-

section and cross-section view (a) intact pole (b) internal void damage (c) external 

circumferential cross-section loss damage (Dackermann et al., 2015) 
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The energy feature index and frequency feature index were calculated using the wave 

signal generated by different excitations and were listed in Table 4-8 and Table 4-9. The 

excitation frequencies include 5 kHz and 7 kHz; while the excitation waves are 

continuous sine wave, continuous Mexican hat wave, sine burst wave as well as 

Mexican hat burst wave. Table 4-8 indicates the damage classification using EF index, 

and the indexes are obviously different especially under the situation of high frequency 

excitations. Table 4-9 provides the natural frequencies of the intact and the damaged 

poles according to the wave signal generated by hammer impact. Due to the broadband 

excitation as well as the measurement noise, the natural frequencies are less accurate. 

Therefore, the difference of FF index between two damage types is not as obvious as 

the numerical results shown in section 4.3.2.1. 

Table 4-8 EF index of damage classification 

 

 

Table 4-9 Natural frequencies (Hz) and FF index  
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4.3.3 Proposed damage severity identification algorithm 

The wave signals were generated with a continuous sine wave of 8 kHz that was applied 

at the top centre of the pole. The wave measurements were captured by the seven 

sensors and the WP component energies of each sensor were calculated. After 10 levels 

of WP decomposition, 1024 frequency bands, that is 1024 energy components, were 

obtained for each sensor.  

Each sensor had an energy component matrix    . The difference of each energy 

component (DEC) between any two sensors under the same condition were calculated 

using Eq.4-36. For the seven sensors, it generated 21 combinations of DECs (see Table 

4-10) and each DEC formed a new energy signal. The comparison of each combination 

of DECs between the intact and the damaged conditions then indicated the damage 

severity. The cross-correlation coefficient was considered as a comparison parameter 

and was defined by Eq. 4-37. 

                      (          ) 
Eq. 4-36 

      |∑      

   

   

( )     (   )| Eq. 4-37 

where R is cross-correlation coefficients of two DEC signals, and indicates the 

similarity of DECs under intact and different damage conditions, DECci presents the 

results from the intact condition and DECcd is obtained from the damaged condition.   

is the lag of two DECs and N is the length of each DEC. A damage severity index based 

on a set of R is calculated by: 

      √
∑(   ) 

  
 

Eq. 4-38 

 

This method eliminates the wave interference effect by calculating DECs under intact 

and damaged conditions, respectively. Also, the difference of DECs between intact and 

specimen with unknown state will only be caused by damage. 
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Table 4-10 Calculation of DECs 

                             

    -       

            -      

                    -     

                            - 
   

                                    - 
  

                                            - 
 

                                                    - 

4.3.3.1 Results and discussion 

After calculating different damage scenarios (different damage sizes of 15mm, 30mm, 

45mm, 60mm, 75mm, 90mm, 120mm, 150mm, 180mm, 210mm and 240mm with the 

same damage length of 200mm), the results are plotted in Figure 4-29. From the figure, 

it can be seen clearly obviously that the index increases as the damage size increases 

regardless of the damage type. To verify the consistency of the results under different 

sensor arrangements, 13 sensors and 25 sensors were used to capture the wave data. 

After calculating and comparing with the indices obtained from 7 sensors, the results 

were quite consistent and  show the same phenomenon.   
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Figure 4-29 Damage severity identification 

 

Figure 4-30 Damage severity identification using different sensor arrangement 

In Figure 4-30, there are three symbols under the same damage type and size which 

indicate three different arrangements of sensors, which are 7 sensors, 13 sensors and 25 

sensors. All the results identify the same phenomenon that the index increases as the 

damage size increases.   

To verify whether the phenomenon still exists if the length of damage increases or the 

location of damage changes, other damage scenarios were created.  
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Firstly, the length of damage type 2 was increased from 200mm to 300mm at the same 

location (Figure 4-31) with different damage sizes of 30mm, 60mm, 90mm, 120mm, 

150mm, 180mm and 210mm. 25 sensors were used to calculate the indices. 

 

Figure 4-31 Length and localisation of damage for type 2 

 

Figure 4-32 Damage severity identification for damage length of 300mm 

Figure 4-32 indicates the results that the index is still able to describe the damage 

severity when the length of damage increases. This verifies that the change of damage 

length will not influence the identification of damage severity. 
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Secondly, the length of damage was kept at 200mm and the location of damage was at 

600mm and 800mm from the bottom of the pole as shown in Figure 4-33. 

 

 

Figure 4-33 Change of location for damage type 2 

The results are shown in Figure 4-34 and Figure 4-35, respectively. From the figures, it 

can be seen that the same phenomenon is occurring. The index always increases when 

the damage size is increased, and, therefore, the change of damage location will not 

influence the identification of damage severity. One important issue is the pick-up 

period. The pick-up period has to be satisfied that all the sensors capture the incident 

wave and reflected wave from the damage area and the bottom of the pole (see Figure 4-

33). The wave reflects from the top of the pole should not be included. In this case, the 

wave signals captured by all the sensors contain the same information of the pole. For 
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these verification models, the pick-up period was shortened to avoid capturing the 

reflected wave from the top of the pole.  

 

Figure 4-34 Damage severity identification for damage location at 600mm from the 

bottom 

 

Figure 4-35 Damage severity identification for damage location at 800mm from the 

bottom 
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Figure 4-36 Pick-up wave signal 

4.4 CONCLUSIONS 

In this chapter, finite element models of intact and damaged poles were developed and 

employed to investigate, numerically, the effectiveness of the proposed damage 

detection method using WPE analysis. The damage detection is divided into two steps: 

damage classification and damage severity identification. To achieve damage 

classification, four damage types were defined. WPE and natural frequency data were 

combined to classify the damage types through support vector machine (SVM) 

technology. The comparison of WPE change gives the indicator for damage severity. 

There are several advantages of the presented method: 

 The proposed method is able to identify the damage in an area where the sensors 

cannot be placed. 

 The novel method is capable of removing the interference of incident wave and 

reflected wave. Accordingly, the damage can be identified more accurately. 

 WPE information combining natural frequency data gives a conspicuous and 

indicative feature for damage classification, especially for internal and surface 
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damage types. Damage classification based on the experimental testing data also 

verifies the effectiveness of the proposed method. These two damage types play 

different roles in affecting the strength of utility poles which will be discussed in 

Chapter 6. 

 Damage severity can be identified through wave data using the novel WPE 

based method. 

According to the findings in this chapter, damage prediction will be applied in the next 

chapter. 
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5 Damage prediction using advanced 

optimisation techniques 

 

 

 

 

 

5.1 INTRODUCTION 

The proposed method in Chapter 4 shows its capability to identify the damage severity 

under different damage scenarios. This method will be more applicable if the damage 

severity can be predicted through the measurements from an unknown condition. In this 

chapter, damage prediction using optimisation technique is conducted. Four kinds of 

damage size under different damage types are imported to validate the accuracy of the 

proposed method. 

5.2 APPLICATION OF OPTIMISATION TECHNIQUES 

Standard analytical techniques use mathematical models to approximate the 

relationships between the specific damage conditions and the structural responses. This 

procedure can be taken as an inverse problem (Sandhu et al., 2001).  

Inverse problems can be considered as optimisation problems. Solving an inverse 

problem is a procedure of determining the parameters of a model according to 

measurements performed on the structure (Friswell, 2008).  

5.2.1 Optimisation algorithm 

There are quite a number of algorithms used in optimisation; among them, genetic 

algorithm (GA), particle swarm optimisation (PSO) and simulated annealing (SA) are 

widely used in most of the optimisation problems. In this research, GA was firstly 
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selected as the algorithm for model optimisation. A new algorithm named artificial fish-

swarm algorithm (ASFA) was also considered to compare the results with GA. 

5.2.1.1 Genetic algorithm 

Among different optimisation algorithms, genetic algorithm (GA) is well known and 

has been widely used. GAs are inspired by Darwin‟s theory about evolution and were 

formally introduced by John Holland in the 1970s (Holland, 1975). A GA searches 

through a space of “chromosomes” (a set of solutions or called population), each of 

which represents a candidate solution to a given problem. Solutions from one 

population are taken to establish a new population according to the specific fitness score, 

which makes sure that the new population will be better than the previous one. When 

solutions are taken from the current population, the chance of being selected is 

proportional to the chromosomes fitness, and, therefore, roulette wheel selection is 

usually used. To form a new population, a GA also applies “natural selections” with 

genetic operators such as mutation and crossover to evolve the solutions. Each 

chromosome consists of “genes” and each gene (an instance of a particular “allele”) can 

be represented by a string of zeros or ones. Accordingly, one population of 

chromosomes will be formed by a series of zeros and ones. For example, parent 

chromosomes can be described as: 10000100 and 11111111. Crossover exchanges 

subparts of two chromosomes, so if it happens after the third locus in each parent 

chromosome, the offspring will be produced as 10011111 and 11100100; mutation 

changes the allele value of some locations randomly and if the offspring is 00000100 

originally, the mutated one could be 01000100, and each bit has same probability of 

mutating. The general process to apply GA is show in Figure 5-1 and can be simply 

summarised as: 

 Start with a large “population” of randomly generated “attempted solutions” to a 

problem 

 Repeat following steps: 

o Evaluate each of the attempted solutions 

o Keep a subset of the best solutions 

o Use these solutions to generate a new population 

 Quit when a satisfactory solution is obtained 
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Each iteration of this process is called a generation.  A GA can be iterated from several 

to hundreds of generations. It can also  be applied several times on the same problem to 

get the average result since randomness plays a large role in processing. Another issue 

which needs to be briefly introduced is selection in the GA. There are several selection 

methods such as roulette wheel selection, rank selection, steady-state selection and 

elitism. However, as mentioned before, roulette wheel selection is normally used to 

select parents due to its characteristics of being quicker in convergence and easier in 

operation. The fittest chromosomes have a greater chance to be selected (see  Figure 5-2) 

and this replicates nature in that fitter individuals will tend to have more possibility to 

survive and breed (Newcastle University, 2014). 

GAs have been applied in different fields since they are easy to implement and less 

likely to get stuck in a local optimum. Therefore,  GA was selected to achieve damage 

prediction in this research. 

 

Figure 5-1 Flow chart for applying GA 
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Figure 5-2 Roulette wheel approach: based on fitness (Newcastle University, 2014) 

5.2.1.2 Artificial fish-swarm algorithm (AFSA) 

Artificial fish swarm algorithm, firstly proposed by Li in 2002 (Li et al., 2002), is a 

novel intelligent optimization algorithm originated from foraging behaviour of fish 

groups in nature, such as preying, swarming and chasing. AFSA has been applied in 

various fields like optimization, control, image processing, data mining, improving 

neural networks, networks, scheduling, and signal processing and so on (Neshat et al., 

2012).  AFSA is an effective swarm intelligent optimization algorithm. The main 

characteristics of AFSA is that artificial fish movements solely depend on their current 

positions and other members of the group situations but not their past movements and 

experiences (Azizi, 2014).  

AFSA has similar features to GA such as independence from gradient information of 

the objective function and the ability to solve complex nonlinear high dimensional 

problems (Neshat et al., 2012). Moreover, AFSA has lower computing complexity, 

faster convergence speed and greater precision. 

AFSA searches the problem space with foraging behaviour and the objective function 

for the algorithm is to find the maximum food density. The algorithm simulates the 

biological behaviour: the artificial fish can perceive the change of the food 

concentration Y, and then change the current position X through evaluation function of 
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their own behaviour in order to obtain the global optimum location, that is the 

maximum concentration of food  (Yu and Li, 2014). The behaviour of AF searching for 

maximum food concentration can be shown as Figure 5-3. If Xv has better food 

concentration than the current position, AF moves one step towards Xv, which results in 

displacement of AF from the original location to Xnext. Otherwise, AF selects another 

position in its visual distance if the current location is better than Xv (Azizi, 2014). 

 

Figure 5-3 Artificial Fish behaviour (Azizi, 2014) 

Suppose N artificial fish (AF) are initialised for the problem space presented as Xi = 

X1,…,XN , where Xi indicates the AF current position. Xj is an intended position in its 

visual distance. The food concentration Y=f(X) stands for the objective function. Several 

critical parameters are required to be defined in AFSA: 

try-number the maximum tentative time for AF each foraging  

visual visual distance of individual AF 

step length of AF movement 

 crowd factor of AF (0<) 

The behaviour of AF can be explained as follows: 

1 Preying:     represents the current state of AF and     is a random state within 

the visual distance. The relationship is expressed as: 

          (   )         Eq. 5-1 

If  (  )   (  ), AF moves from    to   , i.e.   
    

   , and forms: 
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      (   )       
  
    

 

‖  
    

 
‖

 Eq. 5-2 

If  (  )   (  ), AF randomly selects another state again. If it cannot satisfy 

the requirement within a given try-number, AF moves one step randomly as: 

  
      

      (   )       Eq. 5-3 

It is important to understand that try-number can be adjusted for several times to 

avoid getting in the local optimisation. 

2 Swarming: the current state of AF is    and    is the number of its companions 

within the visual distance dij between    and    , i.e. dij< visual. If       there 

is 

        ∑
  
  

  

   

 
Eq. 5-4 

         (       ) Eq. 5-5 

        and         indicate the fitness of the centre position.  

If                , it means that the companion centre is not crowded. 

If           , AF moves one step towards the centre position: 

  
      

      (   )       
  
    

 

‖  
    

 
‖

 
Eq. 5-6 

3 Chasing: suppose    is the best state of AF individual within   ‟s visual 

distance and        (  ).    is the number of   ‟s companions within the 

visual distance. If it is satisfied  

                     Eq. 5-7 

AF moves one step towards   . Otherwise, it goes to the behaviour of preying 

(Wu et al., 2011). 

  
      

      (   )       
  
    

 

‖  
    

 
‖

 Eq. 5-8 

From the behaviour above, it can be concluded: 

 Swarming behaviour helps to get rid of local extremum and search for other 

extremum and finally get global extremum. 

 Chasing behaviour helps AF to move towards an extremum rapidly and, 

therefore, speed up the optimization searching.  
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 AFSA evaluates two behaviours above and then selects a proper behaviour. 

Hence, it is a fast optimisation method with high efficiency. 

5.2.2 Procedure of optimisation technique 

As mentioned in Chapter 4, different indexes correspond to damage severities.  Damage 

severities from unknown conditions could be predicted through an optimisation 

technique. In this procedure, the analysis of the entire FE model was avoided. A 

mathematical model can be generated to accurately describe the relationship between 

the damaged sample and the corresponding index, and accordingly can be used to 

predict the damage severity based on the obtained index from an unknown condition 

such as in Figure 5-5.  

 

Figure 5-4 Damage severity index 

The objective function can be expressed as follows: 

     ∑, (  )    -
 

   

   

    Eq. 5-9 

where  (  ) is the mathematical model in the form of a polynomial and is shown below; 

   refers to specific index and    represents the corresponding damage size. 

 ( )             Eq. 5-10 

Damage prediction was concentrated on the damage size from 90mm to 210mm and 

five scenarios of damage size with corresponding indexes were obtained. The 
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mathematical model was established and evaluated based on the damage samples and 

their corresponding indexes. The damage prediction procedure can be presented by the 

flowchart shown below in Figure 5-5. 

 

Figure 5-5 Damage prediction by optimisation technique 

Parameters in the polynomial function were updated by an optimization algorithm to 

find a best model defining the relationship between the index and the damage size. Then, 

the index from an unknown damage condition was used as an input variable and the 

corresponding damage size could be obtained as an output.  

5.2.2.1 Optimisation technique using GA 

There is no theoretical principle to guide the choice of the parameters in GA; some 

recommendations for parameters selection were proposed by some researchers 

(Boyabatli and Sabuncuoglu, 2004) and can be divided into three aspects: 

Crossover rate: 

Generally, the crossover rate should be high around 80%-95%; however, some results 

show that the crossover rate of about 60% is the best choice for some problems.  

Mutation rate: 
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Mutation rate, on the other hand should be very low. Best mutation rates reported are 

about 0.5% to 1%.  

Population size: 

Very big population size usually does not improve the performance of GA and the 

speed of finding a solution will be slowed down. Good population sizes are about 20-30. 

However, population sizes of 50-100 sometimes are reported as the best choice. Some 

researchers also mentioned that the best population size depends on the encoding, that is 

the encoded string.  

The crossover, the mutation rate as well as the population size were selected after 

several testings. As mentioned before, randomness plays a large role in the processing 

so each procedure has been run five times and the average results were obtained as the 

prediction of the damage size.  

In the optimisation procedure, the information of the damage samples including the 

damage size and index was used for searching the optimal model to present the 

relationship between damage size and index. Four damage sizes of 100mm, 130mm, 

160mm and 200mm under four damage types located 400mm from the bottom of the 

poles were selected for damage prediction. The indexes of DEC for each damage size 

under specific damage types were calculated and the predicted damage sizes were 

compared with the given damage sizes. The results are listed in the tables below (Table 

5-1 to Table 5-4).  
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Table 5-1 Damage size prediction for the damage type of internal type 1 

 

Table 5-2 Damage size prediction for the damage type of internal type 2 
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Table 5-3 Damage size prediction for the damage type of surface type 1 

 

Table 5-4 Damage size prediction for the damage type of surface type 2 

 

From the tables above, it can be seen that the maximum error is less than 10% for all 

damage scenarios. The maximum error, which is 8.6%, exists in the damage type of 

internal type 2 with the damage size of 160mm. The errors for the damage type of 

internal type 1 with damage size of 100mm and 160mm are also quite large, which are 8% 
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and 7.6% respectively. Prediction errors for other damage scenarios are mainly around 

2.5% to 3.0%.  

From each damage scenario, it can be seen that some of the prediction results have large 

fluctuations and this phenomenon indicates that randomness plays an important role in 

the optimisation process. Thus, each procedure has to be run several times to get reliable 

results if GA is used as the prediction algorithm. 

5.2.2.2 Optimisation technique using AFSA 

AFSA has the same problem as GA which is no theoretical principle for guiding 

parameters selection. Some researchers (Azizi, 2014) provided recommendations in 

different application fields; after summarising, it can be concluded that: 

 Small step always gives good precision. 

 Visual does not influence too much if step is small 

 Small crowd factor always helps to eliminate the local optimisation 

 Large try-number is good for obtaining the convergence precision 

The same damage samples were used to create the mathematical model as  was used in 

GA. Randomness also exists in the optimisation procedure, and, therefore, each 

procedure has been run five times and the average results were obtained as the 

prediction of the damage size. According to the recommendations above, the 

corresponding parameters were defined. The same damage conditions which are 100mm, 

130mm, 160mm and 200mm under four damage types were used for the damage 

prediction. All the damages are located at 400mm from the bottom of the poles. The 

calculation results are listed in the tables below (Table 5-5 to Table 5-8). 
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Table 5-5 Damage size prediction for the damage type of internal type 1 

 

Table 5-6 Damage size prediction for the damage type of internal type 2 
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Table 5-7 Damage size prediction for the damage type of surface type 1 

 

Table 5-8 Damage size prediction for the damage type of surface type 2 
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From the tables above, it can be seen that the maximum error is less than 8% for all the 

damage scenarios. The maximum error, which is 7.4%, exists in the damage type of 

internal type 2 with the damage size of 160mm. The error for the same damage type 

with the damage size of 130mm is also quite significant, which is 6.2%. Prediction 

errors for other damage scenarios are quite small, mainly below 3%. From each damage 

scenario, it can be found that the prediction results have little fluctuation and the 

prediction results are almost the same after running five times. According to this 

phenomenon, the prediction procedure can be run fewer times to obtain reliable results; 

and therefore, this algorithm is less time consuming compared to GA. 

To further verify the effectiveness of damage prediction using AFSA, two more damage 

cases were investigated: 1) the damage is located at 600mm from the bottom of the pole 

with the damage length of 200mm; 2) the damage is located at 200mm from the bottom 

of the pole with the damage length of 300mm. In these two cases, damage prediction is 

conducted for the damage type 2 including the surface as well as the internal damage 

since they are the most common damage types existing in timber utility poles.  

Table 5-9 to Table 5-12 gives the damage prediction results of two damage cases. It can 

be found that all the errors are below 6% in case 1 and the maximum error presents in 

the surface damage of 130mm. For damage case 2, all the errors are less than 3% and 

the maximum error appears in the surface damage of 100mm. It can be observed that the 

optimisation method is effective to predict the damage severities under different damage 

conditions using numerical results. 
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Table 5-9 Damage size prediction for case 1 with surface damage type 2 

 

Table 5-10 Damage size prediction for case 1 with internal damage type 2 
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Table 5-11 Damage size prediction for case 2 with surface damage type 2  

 

Table 5-12 2Damage size prediction for case 2 with internal damage type 2 
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5.3 CONCLUSIONS 

This chapter discussed the damage prediction based on the advanced optimisation 

technique.  The mathematical model was optimised to represent the relationship 

between the damage sizes and the indexes according to the damage samples. 

Accordingly, the damage size can be predicted through the obtained index from an 

unknown condition.  

Two optimisation algorithms, genetic algorithm (GA) and artificial fish swarm 

algorithm (AFSA) were selected. Through the comparison of the results, it can be found 

that both algorithms gave quite accurate prediction results regardless of the damage type 

and size. Based on this study, the method is able to estimate the severity of damage with 

reasonable confidence using numerical data. 

Combining with the damage detection method proposed in Chapter 4, it can be seen that 

although the detection or prediction of damage was based on the simplified numerical 

models, the proposed method provided a potential possibility for condition assessment 

of the timber utility poles. A novel signal processing technique which tries to separate 

multiple modes of wave signals in an orthotropic material has to be developed in future 

research. The proposed damage detection method will be more reliable and applicable 

when combining with the novel signal processing method in future research work. 
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6 Load capacity prediction for in-situ timber 

poles 

 

 

 

 

 

6.1 INTRODUCTION 

Timber poles may have high initial strength. However, they may experience 

deterioration and decay over their designed service life due to the fungus or termite 

attacks in varying degrees. In most cases, the damage is not visible and is often below 

the ground. This chapter introduces the common types of degradation of the timber 

utility poles in the Sydney region and presents relevant deterioration models which 

simulate the loss of sections of the timber poles. This chapter is aimed to determine the 

remaining load capacity of the damaged utility poles based on the numerical models and 

provides investigations on estimation of strength of damaged and undamaged utility 

poles through some corresponding standards. The purpose of this chapter is to explore 

theoretical factors of damage influencing the strength of timber utility poles.  

6.2 LOAD CAPACITY ANALYSIS OF INTACT AND DAMAGED TIMBER POLES 

The load capacity analysis in this chapter is firstly achieved by calculating the 

maximum stress under a design wind load and comparing this with the corresponding 

fibre strengths of timber poles provided by the Australian/New Zealand standard.  

6.2.1 Wind load design 

Wind loading is among the dominant environmental loads for utility pole structures. 

Severe tropical cyclones known in some parts of the world as hurricanes and typhoons 

generate extremely strong winds over some parts of the tropical oceans and coastal 

regions. Thunderstorms also contribute significantly to the strongest gusts recorded in 
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many countries, including the United States, Australia and South Africa (Holmes, 2001). 

Damage to structures produced by wind forces, either overloads caused by overstressing 

under peak loads or fatigue damage under fluctuating loads of a lower level, has been a 

fact of life, therefore, appropriate wind load design is needed in this research. 

6.2.1.1 Wind speed 

The establishment of appropriate wind speed is a critical first step towards the 

calculation of design wind loads for structures. AS/NZS 1170.2 provides a method to 

calculate wind speed as is shown below: 

           (          ) Eq. 6-1 

where 

       --- site wind speed 

   --- regional gust wind speed for annual probability of exceedence of 1/R, R is return 

period 

   --- wind directional multiplier for the 8 cardinal directions ()  

       --- terrain/height multiplier 

   --- shielding multiplier 

   --- topographic multiplier 

Regional wind speed (  ) and wind direction multiplier (  ) 

Normally, structures are designed to resist a strong wind with a very long return period, 

such as 100 years or more. The design wind speed is determined from historical records 

using extreme value theory to predict future extreme wind speeds. The term “return 

period” is introduced for describing annual risk of exceedence. A wind speed with a 50-

year return period     indicates an expected risk of exceedence of 0.02 (1/50) in any 1 

year (Holmes, 2001). Australia is divided into several regions based on the maximum 

wind speed expected during peak storm activity as shown in Figure 6-1. This research 

concentrated on the strength analysis of timber utility poles under a design wind load in 

Sydney and, thus, the corresponding regional wind speed has to be selected based on the 

region where Sydney is located, that is region A2. Industry practice is to consider wind 

loads on structures based on a 3 second wind gust that occurs over a certain return 

period typically 50-200 years. However, for a 50 year return period, there is a 63% 
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probability that actual wind speeds will exceed design wind speed during a 50 year 

design life. Hence, the regional wind speed with a 50 year return period will not be 

considered in industry practice. Wind Speed for Region A and annual probability of 

exceedence is listed in the Appendix Table A1. In this study, the regional wind speed 

with 100-year-return period can be considered as appropriate which is 41m/s. 

 

Figure 6-1 Wind regions (Australian/New Zealand Standard 1170.2, 2011) 

Wind-tunnel and full scale studies have verified the variation of structural response as a 

function of wind direction as well as speed (Holmes, 2001). To describe the influence of 

direction on wind speed, a direction multiplier    is introduced and the values are in 

the range from 0.8 to 1.0 depending on wind direction. In Region A, and where the final 

orientation of the building is unknown,     has to be set to1.0. For ultimate limit states 

design which is a conservative approach, the wind speed and multipliers for the worst 

direction should be used, that is, the multiplier has to be considered as 1.0.  

Terrain/height multiplier (      ) 

Different terrains as categorized according to their associated surface roughness also 

influence the wind speed. At great heights (a few hundred meters) above the ground, 

frictional effects can be negligible. Closer to the ground surface the wind speed is 

affected by frictional drag of the air stream over the terrain. It is known that the wind 

speed increases with increase in height above ground level. There is a boundary layer 

within which the wind speed varies from almost zero, at the surface, to the gradient 
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wind speed at a height known as the gradient height (Mendis et al., 2007). Terrain 

categories (TC) with corresponding wind speed under a certain range of height are 

defined in AS/NZS standard 1170.2 and listed in the Appendix Table A2 and A3. 

The length of timber utility poles used for network distribution in the residential areas 

of Sydney is normally from 11m to 14m with 1.5 to 2m embedded in soil. In this case, 

TC1, TC 2.5 and TC 3 are the proper terrain categories where the timber utility poles 

are placed. For ultimate limit state design, the worst situation was considered and the 

multiplier was set to 1.12. 

Shielding Multiplier (  ) 

The shielding multiplier describes the situation where design wind speed is reduced by 

the protection afforded by buildings located on the upwind directions.  Thus, this 

parameter highly depends on the location where the timber poles are placed. In this 

situation, the multiplier is set to 1.0 (meaning no shielding) due to timber poles having 

varying shielding and often no shielding. 

Topographic Multiplier (  ) 

The topographic multiplier demonstrates a local geographic effect and increases the 

design wind speed based on the gradient upwind of the site. Especially, if the intended 

structures are located on a hill or escarpment, the topographic multiplier has to be 

evaluated properly and a multiplier of 1.0 is not a conservative assumption anymore. In 

this research, due to lack of information on the exact location of timber utility poles, the 

multiplier cannot be determined by assumption. 

6.2.1.2 Wind pressure 

According to the Australian standard, the wind pressure can be obtained based on wind 

speed. Similar to calculation of wind speed, a series of coefficients need to be 

determined for calculating wind pressure. It has been discovered that the design wind 

speed depends on the geographic region, terrain category, shielding and the topographic 

location of the structures, whereas the wind pressure coefficients are dependent upon 

the characteristics of the intended structures.  
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Timber utility poles are normally used for power and communication supply in 

Australia and thus different forms of cables are attached to the poles as shown in Figure 

6-2. Wind loads on these structures result from two components: wind loads on the 

poles as well as on the cables. These cables are more sensitive to wind loads than the 

pole structures and they have a uniformly distributed mass along the span (Davenport, 

1979).  

  

Figure 6-2 Cables attached to timber utility poles for network distribution 

For network distribution application, at the termination of a distribution network or if 

the cables are attached to the poles at certain angles, stays are designed (see Figure 6-3) 

to take the full load applied and not just the portion by which the load exceeds pole 

capacity. Generally, consideration of maximum wind load case and the corresponding 

tensions on the cables is analysed. Accordingly, this prevents the poles from collapse 

along the cables distribution.  However, if the wind storm is normal to the cable 

distribution direction and no stays are in place (such as an intermediate in-line pole), the 

situation can be a problem, since the cables are subjected to wind loads and in turn, 

these loads are transmitted to the poles. In this case, the poles are more likely to 

collapse (see Figure 6-4). Hence, the situation that the wind storm direction normal to 

the cables which are supported by the intermediate in-line poles was concentrated on in 

this study.  
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(a) Stay applied at the termination of 

distribution network 

(b) Stay applied when the cables attached 

to the pole at a specific angle 

Figure 6-3 Stays applied to distribution system 

 

 
 

Figure 6-4 Collapse of timber utility poles 

AS/NZS1170.2 gives an equation to determine the wind pressure based on the wind 

speed and some characteristic coefficients of a structure. 

                 Eq. 6-2 

where 

  --- design wind pressure (Pa) 

  --- air density and shall be taken as 1.2 kg/m
3
 

  --- wind speed 

     --- aerodynamic shape factor of a structure 

     --- dynamic response factor of a structure 

Aerodynamic shape factor (    )  
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Aerodynamic shape factor is used to determine the pressure applied to each surface of a 

structure. In this research, the pole structure can be classed as a cylinderical structural 

member in shape  according to AS/NZS 1170.2. The pole structure above ground is 

around 10m high and the average diameter is 0.315m. According to the criteria below, 

the value of      can be set to 0.2.  

            ,          Eq. 6-3 

            ,          
Eq. 6-4 

where 

   --- design wind speed 

  --- breadth of a structure usually normal to the wind stream 

Dynamic response factor (    ) 

Based on the uncertainties associated with dynamic features of structures and the target 

limit state, dynamic response factors for tall building and wind sensitive structure 

design are required. The factor would primarily account for deviations in the actual 

wind loads from the nominal wind loads and for uncertainties associated with the load 

effects. The factor is determined for structures or elements of structures with natural 

first-mode fundamental frequencies. If the frequency is greater than 1.0 Hz, the factor 

will be set to 1.0. In this study, the natural first-mode frequency of timber utility pole 

was around 1.9Hz, so the dynamic response factor was set to 1.0. 

6.2.1.3 Wind load 

To determine the wind force, a vector sum of the forces calculated from the pressures 

applicable to the assumed area is used for structural surface or elements: 

  ∑(    ) Eq. 6-5 

where 

   --- design wind pressure at height z  

   --- a reference area at height z, upon which the pressure at the height z acts 

In this study, the intended pole structure has circular shape and the wind load can be 

calculated directly by:  



    

UTS-CBIR Page 171 

 

 

 

Load capacity prediction for in-situ timber poles 

 

                     Eq. 6-6 

where     is the projected area normal to the wind direction. 

From the previous studies, it can be found that the wind action highly depends on the 

characteristics of the location where the structures are placed as well as the 

characteristics of the structures. Due to the shortage of solid information about where 

utility poles are placed, it was hard to determine the design wind load accurately and 

only according to AS/NZS 1170.2. Therefore, other references have to be employed. 

This project is funded by Ausgrid, which is a State Owned Corporation whose 

stakeholder is the New South Wales Government. The Ausgrid electricity network 

provides power to 1.6 million homes and businesses throughout Sydney, the Hunter and 

the Central Coast. The network is made up of more than 200 large electricity substations, 

500,000 power poles, 30,000 small distribution substations and almost 50,000 km of 

below and above ground electricity cables (AUSGRID, 2014). Network standard NS220 

which facilitates the design of the Ausgrid‟s overhead distribution network was 

compiled by staff and accredited service providers. It outlined key line design 

parameters and provided information on mechanical loadings, pole/structure capacity, 

and preferred practice. Therefore, the design principles it provided were not only 

according to Australian standard but also based on lots of practical experience and 

criteria. Hence, the information and corresponding parameters provided by Ausgrid 

standard were also adopted in this research. 

In the Ausgrid standard, for round timber poles, a design wind pressure of 1.3kPa is 

used based on practical experience. The wind load on a round pole, resolved to its tip is 

given by: 

            Eq. 6-7 

where 

   --- tip load due to wind load on pole (kN) 

  --- pole height above ground (m) 

  --- design wind pressure on pole (kPa) 

    --- average diameter of pole (m) 
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Ausgrid generally uses CCA-treated (a chemical timber preservative coating containing 

chromium, copper and arsenic) timber poles for distribution lines and there are some 

typical types of length used for different applications (see Appendix Table A4). 

In general, heavier poles (8 or 12kN working strength) are used for terminations and 

line deviations, whereas, lighter poles (6kN working strength) are used for intermediate 

in-line sites.  

As mentioned previously, the utility poles used for intermediate in-line sites are studied 

in this chapter, lighter poles are considered in this situation and can be set to 12m long 

with average diameter of 0.315m. Normally the embedment length of a pole is 1.5m to 

2m, so the height above ground level can be considered as 10m. The tip load due to the 

wind load on the pole can be calculated which is 1.95kN. 

After considering the wind load directly acting on timber poles, wind load influencing 

the poles through conductors should be taken into account.   

Transverse wind force applying on the poles through the conductors can be calculated 

by Eq. 6-8 provided by Ausgrid: 

 

Figure 6-5 Wind Force on Conductor 

                
   Eq. 6-8 

where 

   --- transverse force applied to pole due to conductor windage (kN) 

  --- span length (m) 

  --- projected diameter of conductor (m) 

  --- design wind pressure on conductor (kPa) 

  --- drag coefficient of conductor (default value of 1.0) 

    --- span reduction factor (SRF, default to 1.0, reducing for long spans) 

  --- angle between wind direction and normal to the conductor 
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The poles intended for use in an urban area were studied in this chapter and thus the 

maximum span length was set to 80m (typical length of 65m); in this case, the SRF can 

be ignored as the span lengths tended to be short. For an urban area, wind pressure of 

900Pa is used widely by the industry for distribution line design and drag coefficient is 

always set to 1.16. Suppose the wind direction is normal to the conductors, the angle   

shall be 0 degrees and the value of       shall be 1.0. In this situation,    depends on 

the model of the conductors or the cables.  

Conductor Low Voltage Aerial Bundled Cable (LVABC) 95mm
2
 is normally used in 

residential areas. It is a preferred cable type for new low voltage mains and unsuitable 

for long spans, so this cable is typically used in an urban area for distribution 

application. One or two cables can be attached to the utility poles for network 

distribution, and one cable attached is normally used in residential areas and were 

considered in this study. For the straight line intermediate situation (see Figure 6-6), the 

maximum wind load on the LVABC is 2.62kN according to Ausgrid NS220. This value 

covers the majority of situations except the situation of extremely long span and 

includes the ultimate limit state.   

 

 

Figure 6-6 Straight line intermediate 

Accordingly, the total wind load applied on network distribution can be calculated 

based on the previous study which is 4.57kN. 

6.2.2 Load capacity analysis of timber poles under wind load 

Load capacity design in Australian Standard 1720.1 for timber structures is based on 

modifying the characteristic capacities by the factors appropriate to the service 

condition as well as the material property type. The design capacity in bending of round 

Top view of distribution network 
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timbers such as poles or piles for the strength limit state has to satisfy the following 

equation: 

    
 
 Eq. 6-9 

where 

                          
   Eq. 6-10 

and 

   --- bending produced by strength limit states design loads 

  --- capacity factor, and 0.6 for round timber intended to fulfil an essential service 

   to    --- strength modification factors 

    --- stability factor, and 1.0 for round timber 

    --- immaturity factor, and 1.0 for hard wood with mid-length diameter greater than 

0.125m 

    --- shaving factor, and 0.85 for hard wood considering bending stress 

    --- processing factor, 0.85 if poles are steamed otherwise it shall be 1.0 

  
 

 --- characteristic strength in bending, evaluated by in-grade testing 

  --- section modulus of a round timber, 
   

 

  
,    is the diameter of the pole at the 

relevant section 

The main limitation of this criterion is that it does not consider the damage type of a 

timber pole influences on the strength performance. Suppose there are two types of 

damage and they both cause the same loss of cross section but one of the damages is on 

the surface and the other is internal. In this situation, the calculated section modulus ( ) 

of these two damage scenarios will be the same as well as the bending capacity. 

However, the effects caused by these two types of damage are distinctly different. 

Ausgrid NS220 highlights this difference based on Eq. 6-11 and Eq. 6-12 

   
  

 
         

   
 Eq. 6-11 

   
  

 
  (     )      

    
 Eq. 6-12 
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where 

   --- ultimate tip strength (kN) 

D --- ground line diameter (m) 

d --- diameter of internal hollow (m) 

h --- tip height above ground (m) 

k --- factor accounting for load duration, degradation, shaving, immaturity and 

processing, 0.8 is set for assessing the in-service pole 

Ausgrid NS220 uses tip strength to assess the strength of a pole instead of bending 

capacity used in AS1720.1. Eq. 6-11 is used to determine the tip strength of a pole if 

there is an external damage at the ground level whereas Eq. 6-12 is used for the internal 

damage condition. From these two equations, it can be seen that Ausgrid NS220 mainly 

considers the damage which happens at the ground level (see Figure 6-7) even though it 

highlights the different effects caused by the internal and the external damage.  

 

Figure 6-7 Typical example of ground line decay 

Actually, the damage occurring at ground level is more likely than any other area and 

can cause severe consequences. Hence, it is reasonable to concentrate on the study of 

the effects on strength when there is damage at the ground level for practical 

applications. However, for academic research, effects caused by other damage locations 

are interesting as well. 



    

UTS-CBIR Page 176 

 

 

 

Load capacity prediction for in-situ timber poles 

 

6.2.3 Strength analysis of damaged timber poles 

In this section, different damage influencing the strength of the poles are concentrated 

on including different damage size and locations. The maximum strength in bending 

under a wind load is used to assess the effects of damage on the strength of the poles. 

In order to investigate the damage influencing the strength of the timber poles, a number 

of numerical models with different damage conditions were created. 

 Two damage types were considered: external damage and internal damage 

 Three locations of damage were considered: ground level, middle and the top 

area (2m from the top of the pole) 

 Five types of damage size (diameter) were considered 

 Five types of damage length were considered 

Different types and locations of damage are shown in Figure 6-8. In this study, 

considering transverse wind load will be applied on the pole, the 2D axisymmetric 

model was not appropriate, and thus the 3D orthotropic material models were created. 

The maximum stress in the longitudinal direction of the pole was obtained to represent 

the strength in bending for the pole under a design wind load. 
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Figure 6-8 Different damage types and locations 

The intended pole structure is a hardwood named spotted gum with unseasoned 

condition and in strength group S2 according to AS1720.1 and the strength in bending is 

normally considered as 80MPa for distribution applications in the Ausgrid standard, and 

the strength factor is set to 0.6 considering the maximum wind load is of interest in this 

research. Thus, the ultimate design strength in bending can be obtained which is 38MPa. 

For numerical analysis, a design wind load was applied, and the maximum stress in 

bending was obtained. A safety ratio was considered to determine the damage effect on 

the strength of a pole which can be expressed as: 

             
                         

                        
 Eq. 6-13 

Firstly, the strength of the intact pole under a design wind load was studied and the 

results are listed in Table 6-1: 
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Table 6-1 Strength analysis for an intact pole 

 

Note: L --- length of the pole; Dav --- average diameter of the pole;  

The material properties used to create the FE models were defined in Chapter 3. Table 

6-1 provides the maximum strength in bending for an intact pole with specific 

dimension under a design wind load. The design wind load as mentioned previously 

includes the wind action on the pole as well as the cables attached. It can be found that 

the maximum stress caused by wind load is much less than the ultimate design strength, 

and the safety ratio of 0.42 indicated the pole is safe under the design wind load. 

6.2.3.1 Damage at ground level 

As mentioned previously, damage at ground level is more likely to happen and will 

significantly influence the load capacity of a utility pole. Hence, the damage at ground 

level was studied prior to the other locations. Table 6-2 indicates the acceptable tip load 

of timber utility poles for the intact pole as well as the damaged poles according to 

equations 6-11 and 6-12. 

Table 6-2 Maximum acceptable tip load for the intact pole and the poles with damage at 

ground level  

 

It can be noticed that for the timber pole with small external damage such as 79mm at 

the ground location, the tip load is greater than the design wind load; that is, the 

damaged pole still retains a reasonable load capacity under service condition. However, 
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the pole with a large damage on the surface at ground level has almost lost its entire 

load capacity. For the internal damage condition, the pole still retains a higher load 

capacity even when the large damage appears. 

It is surprising that the load capacity of the pole with large internal damage (236mm) is 

almost twice that of the pole with small external damage (79mm). From the comparison 

of results, it is obvious that the external damage at ground level influences the load 

capacity of a utility pole significantly. 

For the external and the internal damage at the critical location of ground level, the 

poles with different damage sizes were studied numerically by ANSYS. From the 

results of numerical analysis, the same phenomenon was observed. In Table 6-3, RL and 

RW indicate the proportion of the damage part relative to the original dimension. For 

small external damage, the utility pole still had considerable bending strength under the 

design wind load. However, the maximum bending stress of the damaged pole was 

close to the ultimate design strength under design wind load. If the damage size keeps 

increasing, the maximum stress on the pole under the design wind load will exceed the 

ultimate bending strength and it will tend to collapse.  

Table 6-3 External light damages at ground level influencing the strength of the pole 

 
Note: LD is the length of damage, LO is the length of the pole; WD is the 

diameter of the damage, WO is the average diameter of a pole  

Table 6-4 gives the corresponding strength parameters of the poles with internal damage 

appearing at ground level under the design wind load. It can be seen that even when the 

damage size is reaching 75% of the original diameter, the maximum stress in bending is 

still smaller than the ultimate design strength. Therefore, the internal damage will not 
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significantly affect the strength of the pole within a certain range. Another issue which 

should be noticed is the effect of the damage length. Obviously, neither the Australian 

standard nor the Ausgrid standard took damage length into account. Actually, the 

diameter/width of damage is the most important factor to affect the strength of a pole. 

However, from Table 6-4 it can be seen that with increasing damage diameter, the 

length of the damage becomes more significant in influencing the bending strength of a 

pole. For example, the safety ratio is 52% for damage dimension of 236mm by 100mm 

whereas the ratio is increased to 70% for the dimension of 236mm by 500mm.  

Table 6-4 Internal damages at ground level influencing the strength 

 

After comparing the results from these two types of damage, it can be concluded that 

the dimension of external damage, exceeding 25% of the original diameter of the pole 

will cause a tendency to collapse, while a utility pole can be still safe even when 75% of 

the internal cross section has been lost. According to this study, the difference between 

these two types of damage influencing the strength of the poles is highlighted.  

 In the next stage the study concentrated on the remaining load capacity when damage 

appears externally at ground level which is the same concept as the tip load mentioned 

in Ausgrid NS220. The rate of maximum load capacity (LCR) was used to evaluate the 
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remaining load capacity by Eq. 6-14. The maximum load capacity was determined from 

the ultimate design strength in bending which is 38MPa; that is, to reach this maximum 

strength, the maximum load can be applied on the pole. This study was based on 

numerical analysis. 

LCR  
                                      

                                    
 Eq. 6-14 

Table 6-5 summarises the remaining load capacity for the poles with external damage at 

ground level. It can be seen that when reaching the maximum bending stress, the intact 

pole is capable of accepting a maximum wind load of around 11kN. The poles with 

damage size of 79mm are able to be subjected to a maximum wind load of 4.8kN. Even 

though this value was still higher than the design wind load of 4.57kN, the load capacity 

decreases to 44% of the intact one.  

From Table 6-5, the poles with the damage diameter of 118mm are not able to carry the 

design wind load of 4.57kN. As mentioned before, the wind load combines the wind 

action on the pole as well as on the cable model LVABC. It is obvious that the poles 

with damage size of 118mm are unsafe to support this cable model under the design 

wind speed. Another cable model AAC-LV MERCURY 7/4.50 is sometimes used 

where LVABC is unsuitable especially for long span distribution and is also used for 

existing mains repairing. According to these practical criteria, if LVABC is replaced by 

AAC-LV MERCURY 7/4.50, the design wind load on the pole and cable is 2.87kN, 

which is almost the maximum load capacity of the poles with damage size of 118mm. 

The load capacity decreases to 25% of the intact pole. From this value, it can be seen 

that with the damage size reaching around one third of the original diameter of a pole, 

the load capacity decreases significantly.  

For the pole with damage size of 158mm, the maximum load capacity is 1.4kN. This 

means the pole is not safe under the design wind speed even when there are no cables 

attached to the pole. However, this is unrealistic. In this case, the poles with this damage 

size cannot be used in a network distribution application anymore and the remaining 

load capability is only 13% of the intact pole. For large damage size such as 197mm and 

236mm, the poles have lost almost the whole capacity of load bearing. 
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According to the studies based on numerical models, it can be concluded that for 

damage sizes greater than 25% of the original diameter of a pole, the damaged pole may 

not be safe for a distribution application.  

Table 6-5 Maximum load capacity for external damage at ground level 

 

Although, the internal damage in a certain range will not influence the strength of a pole 

under a design wind load, it is still valuable to find out the maximum load capacity of a 

damaged pole under the ultimate design bending strength.  Table 6-6 indicates the 

remaining load capacity for the poles with internal damage at ground level. According 

to the results, it can be seen that the remaining load capacity is not reduced significantly 

even when half of the cross section of the pole is lost. For the poles with some large 

damage situations, the remaining load capacity is above 60% of the intact condition.  

Table 6-6 Maximum load capacity for internal damage at ground level 

 

However, it should be noticed that the damage length in this study was up to 500mm. 

For the light damage, such as 79mm, the length of the damage may not affect the 

strength significantly, but when the damage size increases, the influence of damage 

length on the load capacity of a pole increases dramatically, such as in the case of the 

damage with a diameter of 236mm (see Figure 6-9).  With a small damage length, the 
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bending stress is much less than the ultimate design strength value; however, the 

maximum bending strength of the damaged pole almost reaches the ultimate design 

strength when the damage length increases to 500mm. 

Table 6-7 Strength of the poles with large damage 

 

Figure 6-9 summarises the maximum strength for five damage scenarios with different 

damage length from 100mm to 500mm and indicates the influence of damage length on 

the maximum strength of the poles under their maximum load capacity. It is clearly 

demonstrated that the maximum strength of the poles with small damage size (79mm) is 

almost not affected by damage length. When the damage size increases, the effects of 

damage length on the maximum strength becomes more obvious.  

 

Figure 6-9 Damage length influences on the maximum strength of the poles 
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Figure 6-10 Load capacity changes with damage size under different damage types 

Figure 6-10 demonstrates the load capacity changing with the damage size under two 

damage types. The solid curve represents the load capacity change for external damage 

condition, while the dashed curve indicates the load capacity for the internal damage 

condition. It can be found that the curve for the internal damage has much lower 

gradient compared to the curve of the external damage and the maximum load capacity 

of the utility poles with the internal damage is higher than the external damage 

condition. For the internal damage situation in the figure, the load capacity does not 

change much if the damage size is less than 150mm; however, with the damage size 

increasing, the load capacity decreases significantly. For the external damage condition, 

the load capacity of the damaged pole drops considerably. The load capacity studies of 

timber poles in this section considered the transverse wind load. In this situation, the 

timber pole can be seen as a cantilever beam structure and the maximum stress presents 

at the bottom of the cantilever beam. The normal bending stress at a distance from the 

neutral surface is acting on a transverse plane of the structure. Normal bending stresses 

appear to be of greatest concern for cantilever beams in bending. At any section of a 

cantilever beam, the fibre stress will be maximum at the surface farthest from the 

neutral axis. This verifies that the external damage plays a more critical role on 

affecting the bending strength as well as the remaining load capacity of the utility poles.  
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6.2.3.2 Damage at middle and top area 

After considering the damage at ground level, the damage at the middle and the top 

areas of the poles has to be taken into account. The same damage scenarios with the 

previous study, that is, external and internal damage with different damage sizes and 

lengths were created. 

Firstly, the maximum load capacity for the external damage at the middle (4m above 

ground) of the utility pole was calculated based on numerical analysis and the 

summarised results are listed in Table 6-8. From the results it can be seen, even with a 

damage area at the middle of the pole, the external damage still affects the load capacity 

of poles significantly. For the light damage such as damage size of 79mm, the 

maximum load capacity is 5.3kN and slightly higher than the load capacity of the pole 

which has the same damage size at ground level. When the damage size reaches one 

third of the original diameter of a pole, it can be noticed that the load capacity is smaller 

than the design wind load. In this case, this damaged pole cannot carry LVABC under 

the design wind speed. The poles with medium and large damage sizes have almost lost 

the load capacity. This study indicates that the external damage at the ground level and 

at the middle of a pole have similar influences on the bending strength of the timber 

utility poles.  

The maximum load capacity for the external damage at the top area (2m below the top) 

of the pole was investigated by numerical analysis and the summarised results are 

shown in Table 6-9. It can be seen that the load capacity of the poles with damage size 

of 79mm and 118mm at the top area is not influenced too much. Although the load 

capacity decreases dramatically when the damage size increases to 158mm, the 

damaged pole still has the capacity to take the design wind load. However, for the 

conditions of large damage size, the damaged poles almost lost the load capacity under 

the design wind load.  
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Table 6-8 Maximum load capacity for external damage at the middle of poles 

 

Table 6-9 Maximum load capacity for external damage at the top area of poles 

 

Based on the studies above, it can be concluded that, any large external damage always 

significantly influences the bending strength of the utility poles regardless of the 

damage location.  The poles with light damage in this study were likely to take design 

wind load under certain conditions even when the maximum load capacity of the pole is 

influenced. However, whether the pole with medium damage can take the design wind 

load or not depends on the damage location. The calculation results for different damage 

length under each damage size are provided in the Appendix. 
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Figure 6-11 Maximum load capacity of utility poles with external damage at different 

locations 

Figure 6-11 provides an intuitive demonstration to indicate that the maximum load 

capacity is similar if the external damage appears at ground level or the middle of the 

pole. The maximum load capacity for the poles with light or medium external damage at 

the top area is much higher than the same damage at the ground level or in the middle. 

The large external damage such as the damage size of 236mm always leads to the total 

loss of the load capacity. 

The maximum load capacity for the internal damage at the middle and the top area of 

the utility poles were also analysed by numerical modelling method, and the same 

damage size was selected for analysis. It was found that the maximum load capacity 

will not be influenced by whether the internal damage appears at the middle or at the top 

area. The maximum bending strength of the poles with internal damage at the middle or 

the top area is almost the same as for the intact pole and, therefore, the internal damage 

at the middle or the top area of a pole will not affect the maximum bending strength as 

well as load capacity of a pole according to the numerical results.  

6.3 CONCLUSIONS 

From the studies in this chapter, it can be concluded that, the damage at ground level 

will significantly influence the load capacity of a pole. The external damage plays a 
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more important role in affecting the load capacity of a pole compared with the internal 

damage condition. Even light external damage can cause a significant reduction in load 

capacity. However, the pole with large internal damage can still take the design wind 

load even when the damage is present at ground level. Normally, for industry practice, 

more than half of the original cross section suffering internal decay will be taken as 

severe damage for inspection. 

In this study, the numerical model provided an ideal situation for examining the effects 

of strength losses for the damaged poles. The strength analysed by numerical modelling 

highly depends on the material properties, structural geometry and the boundary 

conditions. Timber is a product of nature hence the damage condition is different with 

man-made material such as steel or concrete. The damage of timber is mostly due to 

insect attack, fungi and ageing. For example, fungal decay can be divided into white rot, 

brown rot, soft rot and white pocket rot (Ausgrid, 2011). Some fungi will affect the 

mechanical performance of timber material gradually. In this case, regular inspection is 

needed if light damage appears regardless of the internal damage or the external 

damage. Some inspection operators will replace the utility poles if some specific fungi 

are found since it may totally destroy the mechanical performance of the poles within 

one week.  
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7 Conclusions and recommendations 
 

 

 

 

 

 

 

7.1 CONCLUSIONS 

This research focused on the exploration of the new condition assessment for the timber 

utility poles based on numerical simulation using finite element modelling. In order to 

gain an insight into stress wave propagation in the timber poles, a series of numerical 

models were developed. Different material characteristics were considered and 

compared to examine the stress wave behaviour in specific materials. Experimental 

testing was carried out by another member of the research team to assist in the 

development of accurate numerical models. A novel wavelet packet energy method was 

developed to assess the condition of the poles, and the damage condition can be 

predicted by an optimisation technique. The damage influencing the load capability was 

studied extensively considering different damage locations and dimensions. Wind load 

was considered as the main load that was applied on the timber utility poles and the 

corresponding standards were used as references.   

Based on the material properties obtained from relevant literature, numerical modelling 

using finite element analysis (FEA) of timber utility poles was performed. The FE 

models comprised material modelling as well as boundary conditions modelling. The 

material modelling included isotropic, transversely isotropic and orthotropic material 

characteristics. As it is known, timber is an anisotropic and inhomogeneous material 

since it is a product of nature. The FE model is not able to fully simulate the timber 

material, and thus, transversely isotropic and orthotropic materials with homogeneous 
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properties were used to represent the complexity of the timber material. Experimental 

testing was conducted to verify the most accurate FE model to represent the wave 

behaviour in timber poles. The orthotropic material model has the most similar results 

to the experimental results and accordingly should be used to simulate timber material 

for the purpose of studying the wave behaviour. Parametric studies including changing 

of elastic modulus, density as well as Poisson‟s ratio has been performed for both the 

isotropic model and orthotropic model to investigate the material properties which 

influence the wave behaviour. Since only the longitudinal wave was studied in this 

research, wave behaviour mentioned in this thesis refers to the longitudinal wave. It is 

found that the elastic modulus (in the longitudinal direction for orthotropic material) 

affects the wave propagation more significantly than density, while Poisson‟s ratio has 

less effects on wave behaviour. Soil modelling was also studied in this research. 

According to numerical analysis, the perfect bonding contact was the most appropriate 

way to simulate the interaction between pole and soil comparing with other methods. 

Linear elastic model and Drucker-Prager model were considered and created to simulate 

soil material characteristics and the results did not show much difference under a 

hammer impact. 

An inclined impact on a utility pole at approximately 1.5m above ground is an ideal 

location for field applications. However, the inclined impact will generate three 

different wave modes and the wave behaviour becomes more complicated when 

propagating in timber material. Therefore, it causes difficulty in obtaining an effective 

longitudinal wave signal. In this thesis, the investigation on the impact location and sensing 

location/orientation was conducted. According to the theory of guided wave propagation in 

cylindrical structures, for the structures with isotropic or transversely isotropic material, 

pure longitudinal wave can be obtained at 90 degrees around the circumference from the 

impact location. The numerical results showed the consistency with the guided wave theory. 

However, the numerical results of the orthotropic material model indicated that different 

wave modes are still hardly separated.     

This thesis also involved dispersion study of longitudinal wave in isotropic material model. 

The results of numerical analysis showed consistency with analytical results and gave a 

guide to choose appropriate excitation frequency for damage detection. Due to the 

limitation of the finite element analysis, it is hard to obtain the dispersion curve for the 

transversely isotropic and the orthotropic material models. Dispersion curve for the 
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transversely isotropic material model in this thesis was obtained through analytical analysis 

conducted by another PhD student in this research group. It can be found that the waves in 

the isotropic material model with certain frequencies have fewer modes compared to the 

waves with the same frequencies in the transversely isotropic material.  

Damage detection for timber utility poles was one of the most challenging parts in this 

research, since little reference has been found in this field. Based on the previous studies, it 

is noted that wave propagation behaviour in timber is very complicated. Another big 

challenge in this study is that the sensors cannot be placed to cover the damage area as the 

damaged part is always below ground. These two issues determined that damage detection 

for the timber utility poles cannot be based on the reflected wave signal directly. In this 

situation, wavelet packet energy is imported to obtain the features of the damaged poles 

based on the wave patterns. As the starting stage in this research field, the intact and the 

damaged models were considered as isotropic material. The proposed method minimised 

the interference caused by the incident waves and the reflected waves. The method based on 

the change of WP energy demonstrates the capability of damage classification as well as 

damage severity identification. Support vector machine and particle swarm algorithm were 

used to achieve damage classification while genetic algorithm and artificial fish swarm 

algorithm were used and compared for damage prediction. Although the prediction results 

have some errors, the damage can be identified with the error less than 10%.  

The study of load capacity influenced by damage formed the last part of this thesis. This 

part focused on the damage size as well as location affecting the load capacity of the timber 

utility poles. From industry applications, the damage is divided into external and internal. 

External damage will influence the load capacity of the timber poles significantly while 

internal damage will not cause big loss of load capacity within a certain range. Under the 

design wind load, the external damage has a high potential possibility to cause the collapse 

of the utility poles while the poles may be safe with internal damage. It should be noticed 

that the cables attached to the poles also play an important role in determining the load 

capacity of the poles under the design wind load. The external damage at ground level is the 

most serious factor to influence the load capacity of the timber poles. The internal damage 

at ground level in this thesis has less effect on the poles to carry the design wind load 

comparing with the external damage. The Australian standards and Ausgrid manual were 

both considered in this study to calculate the design wind load as well as the bending 

strength and the load capacity of the timber utility poles. 
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In summary, a novel damage detection method based on reflected wave signal was 

developed in this thesis. The damage classification and damage prediction demonstrated 

good accuracy based on numerical results. Although the numerical models only considered 

an isotropic material, it provided a potential possibility to achieve damage detection when 

the sensors cannot be placed in the damage area and the reflected wave signals from 

damaged and intact structures cannot be compared directly.  

Timber is a natural product with complicated material characteristics; to obtain an effective 

condition assessment method for the timber utility poles using stress wave based method, 

lots of effort is needed in further studies to make it more reliable and applicable. 

7.2 RECOMMENDATIONS FOR FUTURE RESEARCH 

Further work and some refinements are recommended to make this research work more 

practical for application. Hence, the purpose of this section is to focus on the issues that 

should be addressed by future researchers to make a further development as well as 

application of this novel method for damage detection of timber utility poles. 

First of all, soil modelling can be ignored for damage detection of timber utility poles 

based on stress wave methods, since soil has little effect on wave propagation in 

structures according to the dispersion study. However, in the future research, 

embedment length determination of the timber utility poles is also important as the 

utility poles may collapse if the embedment length reduces significantly. For this 

specific research purpose, soil modelling has to be employed. 

Secondly, as it is the starting stage in condition assessment of the timber utility poles, 

the proposed method for damage detection is based on the isotropic material model and 

further studies based on the orthotropic materials should be conducted. Also for 

selecting the most appropriate excitation frequency, a dispersion study based on 

numerical analysis on orthotropic material is needed and an effective method to pick the 

wave number for the orthotropic material has to be developed first. Alternatively, 

analytical results for the dispersion curve of the orthotropic material can be used 

directly instead of the numerical analysis. 

Thirdly, since the proposed method aims at the longitudinal waves with one mode, 

combined waves and modes will cause unreliable results. An effective method for 
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separation of the wave modes is needed to deal with the problem caused by inclined 

impact at middle of a timber utility pole. The feature of the phase velocity of different 

modes may provide a possibility to design an effective filter of wave modes to pick up a 

pure longitudinal wave with single mode. 

Finally, further experimental testing as well as field testing is needed. Timber is a 

complex material with orthotropic mechanical property and complicated microstructure. 

Behaviour of stress wave propagation in orthotropic material is very challenging and 

many tangled issues are yet to be solved. This thesis focused on damage detection of the 

timber utility poles by extracting the wave feature related to defects from complex wave 

responses. The influence of temperature and moisture will further complicate the study, 

therefore outside of the scope of the research and it is recommended for the future work.   
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Appendix 
 

 

Table A1 Regional wind speed 

 

Table A2 Terrain/Height multiplier 

 

Table A3 Terrain category 

 

Note: Definition and interpolated is in accordance with AS/NZS 1170.2.  
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Table A4 Typical length of poles used in Ausgrid  
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Table A5 Internal damages at ground level influence on the strength 
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Table A6 Maximum load capacity for external damage at ground level 
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Table A7 Maximum load capacity for internal damage at ground level 
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Table A8 Maximum load capacity for external damage at the middle of poles 
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Table A9 Maximum load capacity for external damage at the top area of poles 
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