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Abstract 

This thesis investigates the use of the acoustic emission (AE) monitoring technique for 

use in identifying the damage mechanisms present in paper associated with its production 

process. The microscopic structure of paper consists of a random mesh of paper fibres 

connected by hydrogen bonds. This implies the existence of the two damage mechanisms 

of interest, the failure of a fibre/fibre bond and the failure of a fibre. 

The majority of this work focuses on the development of a novel hybrid mathematical 

model which couples the mechanics of the mass/spring model to the acoustic wave prop- 

agation model for use in generating the acoustic signal emitted by complex structures of 

paper fibres under strain. A discussion of the coupling method is presented and the model 

is then analysed using a simple plucked fibre as a test case with a comparison between the 

numerical and experimental results. 

The hybrid mathematical model is then used to simulate small fibre networks aimed at 

providing information on the acoustic response of each damage mechanism. To do this the 

mass/spring model must successfully simulate the response of the fibre structure when un- 

dergoing a fibre/fibre bond failure or a fibre failure. This can be achieved by dynamically 

manipulating the mass and spring elements of the fibre structure. The simulated AEs from 

the two damage mechanisms are then analysed using a Continuous Wavelet Transform 

(CWT) to provide a two dimensional time/frequency representation of the signal. From 

the CWT certain features of the AEs can be attributed to each damage mechanism and 

as such a criteria for the time and frequency properties of each damage mechanism can 
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ABSTRACT 

be formulated. This criterion provides the basis for identifying the damage mechanisms 

present in the experimental data. 

The final contribution of this thesis is the investigation of training an intelligent clas- 

sifier which can dynamically identify the AEs from the two damage mechanisms. This is 

achieved by converting the time and frequency criteria for each damage mechanisms into 

a set of features for the training of a Self-Organising Map (SOM). The significant step in 

this analysis is the method for the extraction of the features from the CWT of the AE. 

This work successfully combines four different scientific areas, paper physics, acoustic 

emission technology, data analysis and computational modelling to provide an insight into 

the micro-mechanics of paper. The most significant contribution of this work is the devel- 

opment of the hybrid model which has the ability to generate the acoustic response of a 

paper fibre structure undergoing two different damage processes. This alone has provided 

a significant insight into the micro-mechanics of paper to allow for the identification of the 

two damage mechanisms when the AEs are analysed with the CWT. Other contributions 

include the method used for the extraction of relevant features from the CWT to enable 

the training of a SOM for identifying the type of damage mechanism the AE originated 

from. 
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Preface 

The work presented in this thesis contributes to the EU project QLK5-CT-2002-00772 

AEP [2], a European Union Fifth Frame Program (FP5). The purpose of the FP5 project is 

to investigate the microscopic behaviour of paper under mechanical loading with a view to 

developing new and value added paper products. To achieve this, the Acoustic Emission 

(AE) monitoring technique is used for detecting and recording damage ranging from a 

single fibre or fibre/fibre bond failure to details on the macroscopic level. The objective 

of this work is to develop a method to identify the type of damage mechanism from the 

acoustic emission generated. 

This project requires a multi-disciplinary team comprising of four partners with experi- 

ence in paper science",, acoustic emission`, data analysis2 and computational modelling'. 

The preface provides an overview of the FP5 project as a whole and will provide a brief 

description of the different stages of the experimental process, with Chapter 1 providing 

an overview of the work contained in this thesis. 

'Partner 1: Mid Sweden University, Sundsvall, Sweden. Team Leader: Prof. Per Gradin 
2Partner 2: University of Greenwich, Greenwich, UK. Team Leader: Dr. Deryn Graham 
3Partner 3: Norwegian Pulp and Paper Research Institute (PFI), Trondheim, Norway. Team Leader: 

Dr. Per Nygard 
`Partner 4: Vallen-Systeme, Munich, Germany. Team Leader: Mr. Hartmut Vallen 
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PREFACE 

Paper Production and Paper Structure 

To understand the structure of paper and the subsequent damage mechanisms, it is im- 

portant to know the basic principles of paper making. Paper is made from trees which 

consist of millions of fibres which are categorised in to two types: hardwood and soft- 

wood. Hardwood trees such as oak are made up of very short fibres whilst softwood trees. 

such as spruce are made up of long fibres. It is these fibres which are the basic ingredient 

for paper. The paper making process begins by first harvesting the trees into logs which 

are then processed into wood chips. The fibres are then extracted from the wood chips 

using a technique called `pulping' which comes in two varieties, mechanical pulping and 

chemical pulping. Mechanical pulping uses a machine to beat the wood chips so that the 

fibres can be extracted, where as chemical pulping uses a chemical to separate the fibres. 

Both methods result in a solution of fibres that contains 80% water. This solution is then 

compressed which reduces the water content to around 65% and then dried to remove the 

rest of the water. This results in a mesh of fibres otherwise known as paper. 

As the fibres are initially extracted into a watery solution, the orientation of the fibres 

has no definitive direction. As this solution dries, hydrogen bonds form between the fibres 

acting like a glue, creating a fibre/fibre bond. The resulting fibre structure is random by 

nature, with the strength of each fibre/fibre bond proportional to its bonded area. There- 

fore, there exist two obvious damage mechanisms; the failure of a fibre/fibre bond and 

the failure of a fibre, with the partial failure of a fibre/fibre bond as a third damage mech- 

anism. Figure 1 shows a scanning electron microscope (SEM) picture of the surface of 

copy paper. 

Generation of the Acoustic Emissions 

Consider- a force applied to the material such that only elastic deformation occurs. Releas- 

ing this force will cause the material to return to its original state due to the potential strain 
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Figure 1: The Surface of Copy Paper [1] 

energy in the material. Increasing the force applied to the material will cause plastic de- 

formation to occur. When this force is released the material does not return to its original 

state. Figure 2 shows a typical stress/strain curve for a generic material. 

  Localised Strain Energy 

C 

U, 

CC 

C 

Figure 2: Stress/Strain Curve of a Generic Material 

Consider the straining of a fibre/fibre bond. At the moment of failure the stored strain 

energy local to the fibre/fibre bond is instantaneously released as elastic energy caused 

by the relaxation of the damaged fibre/fibre bond. The elastic energy is then transmit- 

ted through the paper and is recorded on the surface using an acoustic emission sensor. 
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PREFACE 

Therefore, it is assumed that one damage mechanism is the source of one AE. 

A similar process also occurs with the failure of a fibre, but the properties of the AE 

produced by a fibre failure is assumed to be noticeably different to an AE produced from a 

fibre/fibre bond failure. To be able to identify the AEs generated from a particular damage 

mechanism it is critical that certain mechanical tests be devised so that the AEs generated 

from the paper under load are predominantly one failure type. Figure 3 shows the Z-Test 

and Shear Test which are thought to produce predominantly fibre/fibre bond failures as the 

fibres are orientated in the plane of the paper. Figure 4 shows the Zero Span Test which, if 

the span length is less than the average fibre length, will generate AEs from fibre failures. 

Q Grip 
0 Paper Sample 
  AE Sensor 

- Force 

Z-Test Shear Test 

Figure 3: The Z-Test and Shear Test Designed to Produce AEs from the Fibre/Fibre Bond 
Failure Damage Mechanism [2] 

Q Grip 
® Paper Sample 

  AE Sensor 

- Forge. 

Figure 4: The Zero Span Test Designed to Produce AEs from the Fibre Failure Damage 
Mechanism [2] 

Once the data has been obtained from these three experiments, a third set of experi- 
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ments will be run which will contain AEs produced from both damage mechanisms. This 

will be used to see whether the damage mechanism can be identified from the AEs. These 

tests can be seen in Figures 5 and 6 where the paper sample undergoes uni-axial and bi- 

axial loading respectively. 

Q Notched Paper Sample 
" AE Sensor 

- Force 

0 

Figure 5: Experimental Set-up for the Notched Paper Sample [2] 

Figure 6: Experimental Set-up for the Sphere Test [2] 

Having defined the mechanical tests, it was decided that the AE sensor placement for 

Z-Test and Shear Test as seen in Figure 3, the Zero Span Test as seen in Figure 4 and 

the Sphere Test shown in Figure 6 produce significant errors in the gathered AE data. 

This is because the sensor is placed onto the experimental apparatus and not the paper, 

giving a poor coupling between the sensor and paper. The only experimental set-up which 

will give a good AE response is the tensile test on the notched paper sample as shown 

in Figure 5. Figures 7(a) and 7(b) show the apparatus used for the experiments and one 

possible configuration of the sensor positions. 

xxi 

® Paper Sample 
  AE Sensor 

- Force 



PREFACE 
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Figure 7: Typical Experimental Set-up [2] 

Data Analysis to Identify the Damage Mechanisms in Paper 

It is clear that the experimental data obtained are not ideal, as only one experimental 

set-up is provided which will contain both types of damage mechanisms. It was originally 

proposed that the three distinct types of data containing AEs from fibre/fibre bond failures, 

fibre failures and both damage mechanisms would be provided for analysis. If this was the 

case, the task of identifying the two damage mechanisms would have been much simpler 

and could have been limited to an exercise in data analysis. 

This is not the case, as the experimental data was found to contain AEs from two dif- 

ferent damage mechanisms, with no information known about the effects each damage 

mechanism has on the AE. Standard data analysis techniques may result in two distinct 

AE fingerprints, but determining which fingerprint is associated with a particular dam- 

age mechanism would be difficult. This situation requires a deeper understanding of the 

microscopic nature of paper which must be investigated using a numerical model. 

xxii 
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Chapter 1 

Introduction 

1.1 Thesis Introduction 

It is clear that there is a need for an alternative method to provide information on the 

acoustic properties of the two types of damage mechanism present in paper. The work 

contained in this thesis focuses on the development of a numerical model and its use in 

helping to identify the damage mechanisms in paper. To do this a hybrid vibro-acoustic 

model is described which simulates the vibration of a fibre structure using the mass/spring 

and couples this movement to the acoustic wave equation to generate the resulting AE. The 

hybrid model is able to simulate the two damage mechanisms by dynamic manipulation 

of the mass/spring elements. 

Using the hybrid model to simulate the two damage mechanisms will provide an in- 

sight into the relationship between the movement of the fibre structure caused by the dam- 

age process and the resulting AE. This thesis will explore the role the material properties 

of the paper fibres have on the frequency content of the AE, which will result in the use of 

the Continuous Wavelet Transform (CWT) as the primary analysis technique. The CWT 

allows the visualisation of certain features of the AEs, allowing the identification of the 

damage mechanism it was generated from. 
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CHAPTER 1. Introduction 

These features provide the information required to proceed with the analysis of the 

experimental data. Subsequently, a Self-Organising Map (SOM) is used to show the po- 

tential for the automatic classification of the AEs using the features extracted from the 

CWT. 

1.2 Thesis Contributions 

The main objective of this research is to answer the following question: 

Is it possible to identify two of the damage mechanisms present in paper, 

the fibre/fibre bond failure and the fibre failure, using an acoustic emission 

monitoring technique? 

From the outset of this project, it was clear that the experimental data, provided by the 

partners of the EU project QLK5-CT-2002-00772 AEP [2], would not provide enough in- 

formation relating to the microscopic nature of the paper to classify the AEs from the two 

types of damage mechanisms. A numerical model able to simulate the AE generated from 

the different damage mechanisms is needed to provide a starting point for the analysis of 

the experimental data. The major contribution of this thesis is the development of a nu- 

merical model able to simulate the movement of a microscopic fibre structure that results 

in the generation of an AE. The model can also dynamically manipulate the microscopic 

fibre structure to simulate a fibre/fibre bond failure or a fibre failure. 

Several smaller contributions resulted from the development of the numerical model: 

" Using the CWT to define an acoustic fingerprint for the failure of a fibre/fibre 

bond. 

" Using the CWT to define an acoustic fingerprint for the failure of a fibre. 
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CHAPTER 1. Introduction 

" Evidence that the frequency of the AEs decreases as the damage in the paper 

increases. 

Previous research using the AE monitoring technique with respect to paper has fo- 

cused primarily on using the number of acoustic events detected [3], or the amplitude of 

the recorded AE events [4]. This thesis presents work that uses the time/frequency repre- 

sentation of the AE and provides an understanding of the link between the fibre network 

and the properties of the generated AE. This work shows the potential of the AE monitor- 

ing technique for detecting and identifying the damage mechanisms in paper and provides 

the basis for further research in this area. 

1.3 Thesis Outline 

The remainder of this thesis is structured as follows: 

Chapter 2 reviews the available literature in the relevant subject areas. These areas are: 

the mechanical properties of paper, the AE monitoring technique, the analysis of the AE 

data and the numerical modelling of paper. 

Chapter 3 describes the development of the hybrid numerical model used in simulat- 

ing the acoustic response from the two types of damage mechanisms. This includes the 

derivation from first principles of the mass/spring model used in simulating the movement 

of the fibre structure. A detailed analysis of the mass/spring model is then presented, in- 

cluding a discussion on the advantages of an implicit formulation over an explicit one, 

followed by comments on the importance of applying physically correct initial conditions 

to the fibres. The mass/spring model is then tested using a single fibre. The acoustic wave 

equation, used to predict the resulting AE, is derived from first principles. The application 

of non-reflecting boundary conditions is then considered, followed by the modelling ap- 

proach for different types of acoustic sources. The acoustic wave equation is then tested 
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using a single oscillation of a sine wave and a continuous sine ", a% c. This chapter also 

includes a discussion on the optimal coupling of the mass/spring model to the acoustic 

wave equation. Finally, the hybrid model is tested by comparing the numerical predictions 

of a plucked rubber band and a plucked paper fibre to measurements. 

Chapter 4 introduces a relationship between the frequency of the generated AE,, to the 

material properties of a paper fibre. This is followed by an explanation of the assumptions 

used when modelling the paper fibre structure. The numerical model is then used to sim- 

ulate the AEs generated from a single fibre, a fibre/fibre bond failure in a 3x3 Cartesian 

mesh, and a fibre failure from 2x I fibre structure. These numerical results are analysed 

using the CWT and compared to similar experimental results, resulting in a set of cri- 

teria used to identify between the two damage mechanisms. This chapter also provides 

evidence that the frequency content of the experimental AEs decreases as the amount of 

damage increases in the paper. 

Chapter 5 uses the criteria obtained from Chapter 4 to extract the features from the 

CWT of a typical AE. The criteria are also used to manually classify a set of experimental 

AEs, of which 10% of these AEs are then used to train a SOM. The remainder of the ex- 

perimental AEs are then classified by the SOM, with the results showing a good potential 

for the SOM to automatically identify the damage mechansims. 

Chapter 6 presents the conclusions of the advances made in this research and discusses 

ideas for future work. The appendices include an example of the input file used for the 

hybrid model along with the CWTs of all the AEs from the experimental data of a typical 

notched paper sample. 
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Chapter 2 

Literature Review 

2.1 Overview 

The literature review presented here covers four diverse scientific disciplines required to 

identify the damage mechanisms in paper, namely, paper physics, acoustic emission tech- 

nology, data analysis and computational modelling. The literature available for each field 

of research is vast, but there has been very little work carried out where these four areas 

have been used in conjunction with one another. This thesis forms the basis of research in 

this specialist topic and, as such, there is a shortage of highly relevant literature to review. 

Section 2.2 reviews the current work in the paper physics field with particular interest 

in any research which can supplement the development of the numerical model. This sec- 

tion will also review any previous research that has used the AE monitoring technique on 

paper. Section 2.3 will provide a synopsis of current uses of the AE monitoring technique 

with Section 2.4 providing a review of current methods for analysing the recorded AEs. 

Finally, Section 2.5 will provide a review of the suitable numerical models available for 

simulating the micro-mechanics of paper. 
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2.2 Mechanical Properties of Paper 

As the bulk of this thesis is dedicated to the development of a numerical model for use in 

identifying the two damage mechanisms in paper, the review of the literature in the paper 

physics field will focus on research that will complement the development of the model. 

This leads to a single topic of interest, the mechanical properties of paper which encom- 

passes research on the microscopic structure of the paper, the fibre/fibre bond damage 

mechanism and the fibre failure damage mechanism. 

Much research has been undertaken to investigate the microscopic structure and me- 

chanical properties of paper. Niskanen [5] provides a good overview of the subject area, 

in particular the pre-rupture process of paper and is the source of most references stated 

on this topic. Corte and Kallmes [6] proposed a theory for the random geometry of two- 

dimensional fibre networks which showed good agreement with the geometric properties 

of thin paper sheets. The experimental work undertaken by Corte [3,7] allowed the detec- 

tion of individual fibre/fibre bond failures, with each failure generating an audible acoustic 

event. The number of fibre/fibre bond failures required for the paper to fracture as pre- 

dicted by the statistical model [6] was similar to the number of acoustic events generated 

from the experiment. If this is correct, it is plausible to assume that one damage event in 

the paper produces one acoustic emission. 

Page et al. [8,9] also studied individual fibre bonds under strain in normal paper sheets 

in contrast to the thin sheets studied by Corte. Page et al. found that only partial failure of 

the fibre/fibre bonds occurs before fracture of the paper specimen. It was observed in these 

partially damaged fibre/fibre bonds the irregularity in their bonded areas. As the bonded 

areas have an irregular shape, the stress within the bond is not uniform, which causes 

certain regions within the bond to fail first [5]. This partial failure causes a redistribution 

of the stress in the fibre structure so that the fibre/fibre bond doe,, not fail completely. This 

work suggests that there is a possible third damage mechanism present, the partial failure 
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of a fibre/fibre bond. However, as the proposed numerical model will only represent a mo 

dimensional fibre structure, then the work by Corte indicates that the numerical model 

need only consider the fibre/fibre bond failure and fibre failure damage mechanisms. 

Uesaka et al. [ 10] provide an overview of the fibre/fibre bonding process and a detailed 

discussion of the strength of a fibre/fibre bond. Uesaka states that a fibre/fibre bond will 

only form if the fibre surfaces are brought close enough together and if the conditions on 

the surface of the fibres are conducive to bonding. This work at present has had little use 

for determining the strength of the fibre/fibre bond as the model is in its infancy, but as the 

model evolves this property will be required. 

The work undertaken by Seth and Page [ 11 ] proposes that the stress/strain curie of 

paper is independent of the fibre structure and can be described by the average properties 

of the fibre. This is a very important result as it simplifies the modelling process. Instead 

of generating a system of fibres with properties calculated from a particular statistical 

distribution, it is possible to use the average values of these properties. 

Seth [1l] and Jayne [ 12] have shown that perfect fibres, which have no defects such as 

crimps, kinks and micro-compressions, behave linearly and elastically. The perfect fibres 

are most likely to exist in the middle layers of the paper sheet, protected from damage 

during the papermaking process by the fibres in the surface layers. This bodes well for 

the modelling process as the mass/spring paradigm is ideally suited for simulating perfect 

fibres. 

To summarise from the perspective of the numerical model; if the simulated fibre struc- 

ture is two-dimensional, then only two damage mechanisms are present, fibre/fibre bond 

failure and fibre failure. Expanding the fibre structure to a third dimension introduces a 

third damage mechanism, the partial failure of a fibre/fibre bond, which will occur more 

regularly than the fibre/fibre bond failure. If two fibres overlap, there is not necessarily a 

fibre/fibre bond between them. Also, if the fibres are assumed to be perfect, then they can 

7 



CHAPTER 2. Literature Review 

be approximated by an elastic spring. Finally, the properties of each simulated fibre can 

be approximated by the average properties of the fibres without affecting the stress/strain 

curve of the paper. 

2.3 Acoustic Emission Monitoring Technique 

Acoustic emission monitoring is used in a broad range of practical applications, from con- 

dition monitoring, and fault diagnostics of engines, gearboxes, in biomedical applications 

such as heart murmurs, in ship sonars, in geological and seismic surveys, in fault detection 

of medical components by ultrasonic inspection and many other applications [13-19]. An 

introduction to the fundamentals of AE is given by Holroyd [ 13] and Vallen Systeme [20] 

with Wu [21 ] providing an overview of the technique applied to concrete. 

The first use of the AE monitoring technique with respect to paper was performed by 

Corte [3] in the 1960's. The technique was used to count the number of acoustic events 

generated when a thin paper sheet was placed under load until fracture occurred. Corte 

showed an agreement between the experimental results and a statistical model of paper 

fracture [6]. In recent years, Yamauchi et al. [4] have carried out AE experiments on 

paper in an attempt to distinguish between a fibre/fibre bond failure and a fibre failure. 

To achieve this, a method involving the amplitude distribution of the acoustic events was 

used. 

More recent applications of AE technology include the monitoring of damage in spruce 

[22], light weight coated paper [23] and isotropic paper sheets [24]. Houle [25] and Salmi- 

nen [26] also monitored the damage progression in paper and used the AEs to show that 

the acoustic energy obeys a power law distribution similar to that of earthquakes. Figure 

2.1 shows that this relationship can also be found in the experimental data generated from 

this FP5 project. The exponent .j=1.30 agrees with the results by Minozzi et al. [271 and 

by Salminen [26]. Note that the tail in power law distribution is due to the finite size of 
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the paper sample and is common in this type of analysis. 
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Most of the literature uses the traditional AE monitoring technique which only records 

the number of AE events, peak levels and acoustic energies. This only provides data on the 

existence of a damage event, with no attempt to characterise the damage mechanism from 

the AE transient. The literature is very sparse regarding the analysis of AE transients from 

the damage mechanisms in paper. Johnson [28-33] has reported on work involving the AE 

transients generated from damage mechanisms in composite laminates. The approach used 

by Johnson can be applied to this project, as the composite laminate material is similar to 

paper as it has glass fibres embedded in it. Hamstad [34] has also used AE as a tool for 

identifying the source of damage within aluminium, however, the author could not show a 

unique and consistent relationship between the damage mechanism and the AE. 

To summarise, the AE monitoring technique has seen wide success when used as a 

tool for detecting damage in certain materials. More recent uses of the technology for 

locating the source of the damage has shown varying degrees of success, depending on 
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the material being examined. However, very little work has been attempted at identifying 

the type of damage occurring in the material, in particular where paper is concerned. The 

work presented here hopes to lay the foundation for future work in this area. 

2.4 Analysis of the Acoustic Emission Data 

Methods for analysing the AE data to distinguish between a fibre/fibre bond failure and a 

fibre failure fall into two main categories; the extraction of features from the AE signal and 

the analysis of these features. A typical AE waveform has several properties or features 

defining its behaviour. Standard time domain features include the maximum amplitude of 

the signal, the duration of the signal and the time taken to reach the maximum amplitude, 

known as the rise time, as suggested by Vallen-Systeme [20]. In the frequency domain, 

features include the dominant frequency of the AE, the power of the dominant frequency 

and total power of the signal. 

The standard method for extracting the frequency from a stationary signal (a signal 

where the frequency does not change with time) is the Fast Fourier Transform (FFT) 

[35-37]. In non-stationary signals, the Short Time Fourier Transform (STFT) [38], the 

Wigner Distribution (WD) [39,40] and the Wavelet Transform (WT) [41-43] are used. 

The STFT, WD and WT all produce essentially the same results, representing the sig- 

nal as a two-dimensional contour map of frequency against time, with varying degrees of 

time/frequency resolution. The WT was chosen as the preferred method as it overcomes 

the time/frequency resolution problem of the STFT and because of this it has generated 

much interest in the research community in recent times. 

The mathematical theory of the WT is discussed by Kaiser [41 ], Chui [42] and Young 

[43], with Torrence [44] providing a more practical approach to wavelet analysis and sup- 

plying the wavelet transform software on-line [45]. AGLi-Vallen is another freely available 

software tool for calculating the WT and is provided by Vallen-Systerne [46], having been 

10 



CHAPTER 2. Literature Review 

developed in corroboration with Takemoto [47] and Suzuki [48]. Hamstad [49] provides 

a brief overview of the software's functionality. Commercially available WT sofm are is 

available from Clecom Software known as AutoSignal [50] and the Wavelet Toolbox in 

Matlab from Mathworks [51 ]. 

In the AE field, wavelets have been used in determining the location of damage in 

materials such as metal plates [18,52] and composite laminates [53], and in structures 

[54,55]. However, for this work, recurrent time-frequency patterns will be extracted from 

the wavelet analysis to help in classifying the AEs from different damage mechanisms 

[34,56,57]. Currently, no such work has been carried out on the AEs generated from 

paper. 

Having extracted the required features from a set of AE signals, various methods can 

be called upon to analyse the data. Such methods include Principal Component Analysis 

(PCA) [58] and Self-Organising Maps (SOM) [59]. Once the data is processed by the 

PCA or SOM, the AEs from a particular damage mechanism will cluster together and will 

therefore be identifiable. If this is to be achieved, some of the features extracted from the 

AE must be dependent on the damage mechanism, so intelligent extraction of the features 

is required. To do this, a numerical model must be developed to ascertain which features 

of the AE are important. 

2.5 The Numerical Modelling of Paper 

It is clear a numerical model that can generate an AE from the movement of a complex 

structure of fibres would be a valuable tool to aid the identification of the AEs generated 

from the two selected damage mechanisms in paper. The modelling techniques used must 

be able to satisfy the following criteria. 

9 The ability to model the movement of a complex structure of fibre,,. 
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9 The ability to handle the dynamic changes in the fibre structure caused by the dam- 

age mechanisms. 

" The ability to generate an AE from the resulting movement. 

Current numerical schemes for vibro-acoustic systems are almost exclusively based on 

Finite (FEM) and Boundary (BEM) Element Methods as they provide easy coupling of the 

vibro-acoustic equations. Sample applications of these methods are those by Ohayon and 

Soize [60], Grosveld [61] and Jarvinen [62] and commercial software is available for this 

methodology [63-65]. The FEM and BEM model the vibration of a continuous surface 

and couple this movement to the acoustic wave equation to generate the acoustic radiation. 

In contrast, this work requires the movement of the paper structure to be simulated from 

a microscopic level at which there is no continuous surface to model; instead the surface 

comprises a number of interconnected fibres, therefore two dimensional element methods 

cannot be applied to this problem, but it is possible to use beam elements. 

It has been decided to approximate the paper fibres to a series of masses and springs, 

a technique known as the mass/spring or lumped mass system, rather than implement a 

FEM using beam elements. The reason for this as stated by Bourguignon [66], is that 

mass/spring models are able to generate dynamic behaviours in the fibre mesh, such as 

the two damage mechanisms, whereas FEMs are more suited to a static mesh. However, 

it is important to note that the formulation of the mass/spring model assumes that the 

springs have no bending stiffness. The bending stiffness of a typical paper fibre is defined 

as EI where E is the Young's modulus of the paper fibre and I= it; is the moment 

of inertia for a rectangular beam, where L and t are the fibre length and fibre thickness 

respectively. Using the material properties given in Table 4.1 for an average fibre, the 

bending stiffness FI=1.92E-10 Pa m4 0, showing that the mass/spring model is a 

suitable approximation for the paper fibre structure. As reported by Seth [11] and Ja` ne 

[ I2], a perfect paper fibre has a similar behaviour to that of the springs in a mass/,, pring 
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model. The mass/spring model has seen extensive use in the area of real-time animation 

of cloth [67-74], hair [75,76] and is an integral part of game physics engines [77.78]. The 

mass/spring model is thought to be an ideal candidate for modelling the movement of the 

paper fibre structure as it can model the motion of the fibres in a thin paper sheet at a lower 

computational cost than using beam elements. There are software packages available that 

use the mass/spring paradigm, both free [79] and commercial [80,81 ]. but they do not 

provide the flexibility needed to model the damage mechanisms in thin paper sheets. 

Much of the literature available on the mass/spring model focuses on its application in 

the animation and gaming industries, which often sacrifice accuracy for graphics speed. 

Baraff's ground breaking work [68] paved the way for the real-time simulation of cloth by 

solving the mass/spring model using an implicit formulation. The implicit formulation, in 

contrast with the explicit version as used by Provot [67], is unconditionally stable when 

a first-order accurate Euler approximation is used. This means that no matter what size 

time step is used, the motion of the mass/spring system is stable, which is desirable for 

the method's application in real-time animation. However, for physical simulations, a 

first order accurate approximation is poor, considering the fourth order accurate explicit 

Runge-Kutta method [82] is an available alternative. The work presented in this thesis will 

comment on the accuracy of the mass/spring model when applied to the vibration of the 

microscopic structure of paper. 

The mass/spring model has also seen use in the area of music synthesis [83-86], which 

further qualifies it for use in generating AEs for this work. However, all implementations 

of the mass/spring model for music synthesis fix the positions of the masses in a plane and 

only allow the mass to move perpendicular to this plane. This enables the acoustic wave 

to be recorded directly from the mass/spring model. Similarly, Minozzi et al. [27] use a 

dynamic lattice model, where the motion of the lattice is restricted to one dimension. to 

directly generate the AEs from the fracture process. In contrast, the model presented in this 
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thesis allows the two-dimensional movement of the masses in the plane. which requires the 

coupling of the acoustic wave equation to generate the acoustic wave. For completeness. 

it should be noted that the mass/spring model is used for approximating strings where the 

properties of the string are lumped to certain points. An alternative approximation exists 

where the string is discretised so that its properties are distributed across its length, leading 

to a set of partial differential equations that can be solved numerically using standard 

techniques [87]. However, this method was rejected as there is no obvious approach for 

implementing the damage mechanisms in thin paper sheets. 

The final topic that must be discussed is the acoustic propagation of the AEs generated 

from the vibrating mass/spring model. Wave propagation is defined by the Continuity 

equation and the Navier-Stokes equations. These equations can be found in standard texts 

on the subject [88,89]. Popular methods for the numerical solution of these equations 

include the Finite Element Method (FEM) [90-92], the Finite Volume Method (FVM) [93] 

and the Finite Difference Time Domain (FDTD) method [94]. 

As the model is being developed for a specific need, a high degree of flexibility is 

required that the commercial codes available to the author [95-97] cannot provide. There- 

fore, the FDTD method will be used for its ease of implementation. The work done by 

Zakaria [94] will be used as the basis for the acoustic wave propagation portion of the 

model. The Continuity equation and Navier-Stokes equations can be combined to form 

the wave equation [98]. The wave equation is very well documented and its numerical 

solution is detailed in standard numerical texts [82]. 

However, most standard texts do not cover the application of non-reflecting boundary 

conditions of the wave equation. Non-reflecting boundary conditions are required for this 

work, so that the finite acoustic domain can model free-field sound radiation. To do this, 

the method proposed by Reynold [99] is used, as implemented by Zakaria [94]. Alternative 

non-reflecting boundary conditions are available [100-102] but the selected method ýý ill 
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be shown to be adequate for this study. 

This discussion has so far covered the means for propagating a wave over a finite com- 

putational domain. The generation of the acoustic wave is now discussed. The movement 

of the mass/spring model is the required source function for the acoustic wave equation. 

The literature on this subject is very sparse and, as a result, no previous work could be 

found. Therefore, a study was undertaken to determine how the mass/spring model could 

be coupled to the acoustic wave equation. It is known that the mass/spring model is able to 

provide the velocities and positions of each mass. Coyle [103] defined the source term for 

an inhomogeneous acoustic wave equation that accounts for the presence of solid bound- 

aries. Using this definition, it is possible with the knowledge that all vibrating structures 

produce a dipole source [ 104], to accurately couple the mass/spring model to the acoustic 

wave equation. 
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Chapter 3 

The Numerical Model 

3.1 Overview 

This chapter will discuss the numerical techniques used in modelling the damage mecha- 

nisms present in paper. This involves developing a hybrid model which uses the mass/spring 

paradigm to calculate the movement of the fibre structure coupled with the acoustic wave 

equation to generate the resulting AE. The mass/spring model was chosen for its ability to 

approximate very simple structures like the simple harmonic oscillator to more complex 

structures like a 3x3 Cartesian mesh. More importantly, the mass/spring model can be 

dynamically manipulated to simulate damage mechanisms of paper. A discussion of this 

can be found in Chapter 4 as this chapter will only provide details of the basic use of the 

mass/spring model. 

In Section 3.2.1, the mass/spring model is derived from first principles, including de- 

tails of the implementation of Poisson's ratio (Section 3.2.2), which must be taken in to 

account for materials with a high degree of elasticity. The mass/spring model can be 

simplified to two first order ordinary differential equations (ODE), which can be solved 

by explicit or implicit methods. Three explicit and one implicit method are ins e,, tigated, 

namely the explicit Euler (Section 3.2.3), the fourth order Runge-Kutta (RK4) (Section 
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3.2.4) and the Velocity Verlet (Section 3.2.5) methods for the explicit methods, and the 

implicit Euler (Section 3.2.6) is the implicit method. The explicit Euler was considered 

for its simplicity, ease of implementation and is a standard benchmark for comparison 

with other ODE solvers. The RK4 method was considered as it incorporates a multi-step 

method and is widely used due to its stability and speed. The Velocity Verlet method is 

discussed as it is the only method which solves for the acceleration of the mass elements 

in the mass/spring model, rather than solving for the velocity. The implicit Euler method 

was considered as it is the simplest implicit method to implement. 

Finding a suitable solver for the mass/spring model is only one part of the achieving 

an accurate numerical solution. The initial conditions of the mass/spring model must be 

given much consideration and care. A detailed discussion of the initial conditions can be 

found in Section 3.2.8. This leads to the identification of two types of initial conditions, 

the Equilibrium Initial Condition (EqIC) and the Stretching Initial Condition (StIC), which 

handle the initial disturbance of the fibre structure and the stretching of the fibre structure 

respectively. 

Having described the implementation of the mass/spring model, Section 3.3.1 dis- 

cusses the use of the acoustic wave equation which can be formulated into the acoustic 

pressure wave equation (Section 3.3.2) or the particle velocity wave equation (Section 

3.3.3). Section 3.3.4 presents the use of non-reflecting boundary conditions when using 

the second and fourth order accurate numerical solvers of the wave equation. Section 

3.3.5 provides a study of the acoustic fields generated by a single monopole, dipole and 

quadrupole source. This is needed to validate the wave equation solvers against the stan- 

dard analytical test cases. Section 3.3.6 completes the analysis of the acoustic propagation 

model by presenting test cases of the acoustic wave equation using sinusoidal pulses for 

monopole and dipole sources. 

This completes the individual analysis of the two numerical models, with Section 3.4.1 
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formulating an accurate method for coupling the mass/spring model to the acoustic wave 

equation. The hybrid model is then tested using a simple harmonic oscillator with the 

results shown in Section 3.4.4. Finally, the hybrid model is used to simulate the vibration 

of a rubber band and a paper fibre, comparing the numerical results with their experimental 

counterparts, with the results shown in Section 3.5. 

3.2 Mass/Spring (Lumped) Model 

3.2.1 Derivation of the Mass/Spring Model 

Consider the mass/spring model unit cell: 

  System at Equlibrium 
® System after Disturbance 

L 

Figure 3.1: Mass/Spring Model Unit Cell 

where: 
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1r Position of the Mass 

rn Mass's Mass 

Ff Friction Force on the Mass 

A' Stiffness of the Spring 

E Young's Modulus of the Spring 

is Thickness of the Spring 

w, s Width of the Spring 

L Equilibrium Length of the Spring 

I Length of the Spring 

Before the derivation can proceed, there are certain assumptions associated with the 

mass/spring model. 

9 The mass of the fibre is localised to specific points. 

" The springs are completely elastic. 

9 The springs have no mass. 

9 The springs are rigid. 

The force Fs exerted by the spring on to the mass is given by Hooke's Law. 

FS = -k(l - L) (3.2.1) 

The frictional force Ff can be defined as proportional to the velocity of the mass. 

Ff -bdt (3.2.2) 

where b is known as the frictional damping coefficient. 

Applying Newton's Second Law, the sum of the forces acting on a rigid body is equal 

to the body's mass times its acceleration. 
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mdz. 
x 

=F +F dt2 f 

2 

and 
2+ k(I - L) + bd =0 dt dt 

The spring stiffness can be calculated as follows [105]: 

Ets w 

L 

For the general two-dimensional case, where there are several springs connected to 

each node, the equations of motion become: 

zrl. r 711 1I+ 
A'ij (l 

iJ - 
Lij)cos(Bij) + bi _0 d t2 11 t 

ll' 
ýy 

i (ý y' 

i dt2 + 4. ij (lij - Lij ). si n1(0ij )+ bi 
dt =0 

where: 

i Mass Index 

(3.2.3) 

(3.2.4) 

(3.2.5) 

(3.2.6a) 

(3.2.6b) 

j Neighbouring Mass Index 

ij Spring Connecting Masses i and j 

Equation 3.2.6 can be expressed in vector form as: 

cý= ri 

M; + I: A-ij(llrj - rill cit2 

rj - ri cri L1.1 ) 
1Ire - rill 

+ bi 
dt (3.2.7) 

where: 

r [. r. y] - Mass Position Vector 

llrj - r1H l,, - Length of the Spring Connecting Masses i and j 

[c'O', (Hij)" siii(Oi1) 
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3.2.2 Poisson's Ratio 

The simple mass/spring model assumes that the cross-sectional area of the springs remain 

constant, independent of the amount by which they are displaced from equilibrium. Thi,, 

is an incorrect assumption as it neglects the influence of Poisson's Ratio, defined as the 

ratio of the transverse contracting strain to the longitudinal extension strain in the direction 

of the stretching force. Simply put, as the spring is stretched its width contracts. which in 

turn changes the cross-sectional area. 

Poisson's ratio (v) can be expressed as: 

Etran. 5 
v=- (3.2.8) 

Elong 

The strain (E) in any dimension i can be calculated by: 

Di 
F1 - 

I 

For a fibre of length L, thickness t and width a', Poisson's ratio can be expressed as: 

JtL 
_J 

wL 

,, AD JL u, 

Express the above equation in terms of --\t and Aw to get: 

v\Lt 
L 

L 

The change in cross-sectional area can be calculated as: 
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.- (t + --ýt)(w + --\u, ) 

which can be expressed as: 

vOLt v\Lu A= t- 
L it, -L (3.2.9) 

The model uses Equation 3.2.9 to account for the change in the cross-sectional area 

due to the stretching of the system under load. 

3.2.3 Explicit Euler Method 

The simplest explicit numerical solver for a first order ordinary differential equation (ODE) 

is the first order explicit Euler method. As Equation 3.2.7 is a second order ODE, the Euler 

method cannot be applied directly to produce a solution. However Equation 3.2.7 can be 

simplified to two first order ODEs as shown below: 

du 4. r-rb Z =-ý? (Ilr-rZ. -L'j )ZZ (3.2.1Oa) 
dt Mi'll rj - rill miZ 

dri 
- ui (3.2.1 Ob) 

(It 

Using the explicit Euler method (refer to [82] for a derivation of the algorithm), the 

two time differentials can be approximated to: 

du u�+i - un 
dt ., t 

dr r"+1 - r� 
dt At 

Therefore, Equation 3.2.10 becomes: 

(3.2.11 a) 

(3.2.11 b) 
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nn 
n+l nn 

rj - ri ýý 
n ui = ui r ri II-L 

ij) nn+ 
11 (3.2.1 2a) 

7 m; jjri - ri mt 

rn+1 = r'1 + 
_ýfUn+l za (3.2.12b) 

Algorithm I shows the pseudocode for the explicit Euler method, with Algorithm 

showing the pseudocode for calculating the internal forces acting on each mass. 

Algorithm 1 The Explicit Euler Method 
Require: 

. 
F(i, r) (see Algorithm 2) 

1: I- Number of Masses 
2: N- Number of Iterations 
3: for n=0 to N do 
4: fort OtoIdo 
5: ui ui - 

of (F(i, r) + bir1) 

6: ri 4- r2 + Atui 

7: end for 
8: end for 
9: return r, u 

Algorithm 2 F(i, r) - Calculates Internal Forces on Mass i 

1: J Number of Neighbouring Masses 

2: F0 
3: for j=0 to J do 
4: L, 3 - Original Length of Spring 

5: h-; j f- Stiffness of Spring 
6: FF+ (I rj - rill - 

Lid) 
IrJ-rill 

7: end for 
8: return F 

Before the system can be solved using the explicit Euler method, a stability anal\ sip 

[ 106] must be performed to ascertain a stable time step. Consider the two first order ODEs 

of the mass/spring unit cell. 

d. r 
dt 
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dU 
-+ 

k 
-, r+ 

b 
-u=0 (3.2.13b) 

(lt ICI m 

The above two equations can be shown in matrix form as: 

dx 01 
. 1' dt 

_0 . 
2.14) 

du kb 
dt m in 

Using a first order forward difference approximation, Equations 3.2.13 become: 

, zýn+l = : T' + Atli" (3.2.15a) 

un+l = 11" - 
At k 

. 1'n - 
At b 

1(" (3.2.15b) 
117 10 

which can be expressed in matrix form as: 

1n+i 1 At 
_ (3.2.16) 

u, ý+i -Ot 1 -t 6 ir» 172 TI? 

where P, known as the amplification matrix, is given as: 

1 At 
P= (3.2.17) 

-At- 1-Ate Ire m 

A stable time step can be calculated by finding the roots of IPI, which are given as: 

PI= . 
fit' A, - Otb + in =0 (3.2.18 ) 

Therefore, the stability criteria for the mass/spring unit cell are defined as: 

b+, /b2 - Ukm 
Jt < 

ýý 
(3.2.19) 

The smallest positive eigenvalue must be used as the time step size ., t, to ensure the 
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system is conditionally stable. 

3.2.4 The Fourth Order Runge-Kutta Method 

The fourth order Runge-Kutta method (RK4) is similar to the explicit Euler method as it 

solves ODEs of the form. 

dx 

The formulae for the RK4 method are given below (refer to Cheney [82] for a descrip- 

tion of the algorithm). 

=. zn+ (K1+2K2+2K3+K4) (3.2.20) 
6 

where: 

K1 = At f (t, x) 

I12 = tf t+. t. 'T' + 
1K1 

2 
11 

13 = At ft+. 
. T' +2 KZ 

hý =L tf(t+At,. r+h3) 

Henrici [ 107] and Ralston [ 108] give a full derivation of the RK4 formulae. The equa- 

tion of motion for the mass/spring model as given in Equation 3.2.10 can be written as. 

du i r. ) I= f (t, u, r) where: f (t, u, r) (IIr- r- L, ) -« riII 
(3. '. 2la) 
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dry 
= g(t. ui) where: g(t. ui) = u; (3.2.2 l b) 

dt 

Algorithm 3 shows the pseudocode for the RK4 method. 

Algorithm 3 The Fourth Order Runge-Kutta Method 
Require: T(i, r) (see Algorithm 2) 

1: I- Number of Masses 
2: N- Number of Iterations 
3: forn=0 toNdo 
4: for i= 0 to I do 
5: Klui Ot(, J(i, r) -m ui) 
6: Klri i Otui 

7: end for 
8: fori= 0toIdo 
9: K2 

1 
At(T(2, r+Z Kir) 

- -L 
(Ui + Klu, ) ) 

10: K2r, At(ui +Z Klri ) 

11: end for 
12: fori= Otoldo 
13: K3u, Ot(. F(t, r+ 2K2r) - (uj + 2I12u, )) 
14: I1 

gri 
, 

F- 
At (Ui +2 K2r; ) 

15: end for 
16: fori. = 0toIdo 
17: h 4uß r+ K3r) 

-b 
(ui + 13u)) 

18: I1.4rt At (ui + A3ri) 

19: end for 
20: for i= 0 to I do 
21: u; ui+ 6(K1u+2K2u+2K3u+IA_lu) 

22: ri<-- rz+-1 (Kir +2K2r+2K3r+Kir) 

23: end for 
24: end for 
25: return r, u 

3.2.5 The Velocity Verlet Method 

Consider the general equation of motion for a mass/spring system as shown in Equation 

3.2.7, which can be written in terms of displacement r, velocity u and acceleration a. 

rrr; ýý, + rill - Li1) r1 - ri 
jrj - rill 

+ biii. =0 (3.2.22) 
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where: 

d2ri 
a2 _ dt2 

dri 
Ui _ dt 

The Velocity Verlet method as described by Eberly [78] and Ercolessi [ 109] is a variant 

of the Verlet method [I 10] with the formulae stated below. 

ri +i = rý` + ui At +1 aý' Ot 9 (3.2.23a) 

un+ 21 = u; ' +2 ai Ot (3.2.23b) 

ýý1 n+l ý 
n+l ýr+l 11 -Lý 

rJ - ri 
- 

bý 
=0 (3.2.23c) rý -r ip n+i - ri ,ý +i 11 u+ a' 

r nl, ýýr 

n+ 51 1 
un 

ý1 
_ ui 2+- a2 

+1 A'+ (3.2.23d) 

where Equation 3.2.23c is simply Equation 3.2.22. Algorithm 4 shows the pseudocode 

for the Velocity Verlet method. 

Algorithm 4 The Velocity Verlet Method 
Require: 

. 
F(i, r) (see Algorithm 2) 

1: I- Number of Masses 
2: N Number of Iterations 
3: for i=0 to I do 
4: ri ri + ui At +2 ai \t2 

5: Ui - ui + la;. At 

6: ai Y(l. r) - In i t 
7: Ui - Ui + ')a, At 

8: end for 
9: return r, u. a 
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3.2.6 Implicit Euler Method 

The simplest implicit numerical solver for a first order ODE is the first order accurate 

implicit Euler method. The explicit Euler method uses a forward difference to approximate 

the two time differentials, but the implicit Euler approximates the two time differentials 

with a backward difference which leads to the following discretised form of Equation 

3.2.10. For a full derivation of the implicit Euler method, refer to the work by Baraff and 

Witkin [68]. 

Ui+l = Un - 
Ot -L (Ilr 

j1 mZ 

rn+i _ rn+i 
-riýý-L1J) 12 n 

r'ý+1=rný-Sturz+i 

+ 
bi 

u, 1+1 1 
02i 

(3.2.24a) 

Equation 3.2.24a can be simplified to give: 

(3.2.24b) 

n+l n 'iJ 
Lij 

n+l n+l 
bi 

1r-1 Ui =ui _At 
I 1- 

11 tý 
(rý -ri )+ui (3.2.25) 

n1i I Jr,. - riý I) mi 

Given that un+l = Du + u" and r"+1 = Or + r", Equations 3.2.25 and 3.2.24b can 

be expressed in matrix form as: 

ýu = -ALAI-1f (. Ar+r".. L\u+u") 

--\r = At(, \u + u1 ) 

(3.2.26a) 

where: 
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f(Or+rn, Au+u ) Li 
=j 

)(i+r 
" 

-. 
ý1i-r ) +bi (--\u1+u ) 

rn-r ni 

(3.2.27) 

Equation 3.2.27 is non-linear and can be approximated to a linear equation by applying 

a first order Taylor expansion as shown below: 

(Or+rn, Du+un) = fn+ 
OFAr+ Of r2--\ 

u Or äu 

Therefore by substituting in the linear approximation, Equation 3.2.26 becomes: 

Du = -ALAI-1 f" +n öu 
Au (3.2.28a) 

Or 
Ar +n 

Or = Ot(Du + u") (3.2.28b) 

Substituting in Or = Ot(Du + u") into Equation 3.2.28a to get: 

nn 

Du =_ t11I -i 
(fn 

+f Ot(Du + u") + 
Of 

Du 
ör au 

Re-arrange the above equation to get: 

nnn 

I+ , ýt11I-1 
of 

+ AtAI-1 
F 

Du = --ýtýll-i 
(fT? 

+ Jt u" (3.2.29) 
öu Or Or 

where I is the identity matrix. To solve for . u, f är and ü must be evaluated. 

These are shown below as stated by Choi [69]: 

fill 
_ 

]. 
l ji 

L11 
R 

Irn - rig 
ri 

i 
rr') + biuf' (3.2.30a) 
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Of r' ýr" - rý) (rn - rI') T- Lý 
_ 

(rý - rn) (rý - r, )T 
Jý 

nn+ 
ý` 

z. 7 
1, 

n rý T( n Ürj (r 
-r)T(r n -rn 

Ilr n-r nill (rj 
-ri) 

(rj r, ")) 

(3.2.30b) 
n fi 

= biI (3.2.30c) 
auj 

Equation 3.2.29 has the from Ax =b and can be solved using a host of different 

techniques. To be able to choose a suitable solver, it is important to note that A on first 

inspection is a sparse symmetric positive definite matrix, ideally suited for the Conjugate 

Gradient solver. However, it is possible to manipulate the inverted mass matrix . 
II-1 

so that certain masses remain fixed throughout the simulation. To fix mass i, the two 

corresponding entries in Al-' must be set to 0. This destroys the symmetry exhibited by 

A and causes the Conjugate Gradient method to fail when the system has a large number 

of fixed points. 

To overcome this problem, the BiConjugate Gradient solver as documented by Press 

et al. [37] is used as shown in Algorithm 6, with Algorithm 5 describing the Implicit Euler 

method. Finally, the structure of the matrices involved in the Implicit Euler method for 

a9 mass fibre can be seen in Figure 3.2. Of particular interest is Figure 3.2(a) which 

highlights the non-symmetric nature of A. 
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Figure 3.2: Structure of the Important Matrices 

Algorithm 5 Time Implicit Euler Method 
Require: ! 3(A, xn, b) (see Algorithm 6) 

1: N- Number of Iterations 
2: B <-- Populate Damping Matrix 
3: I ý-- Populate Identity Matrix 
4: for n=0 to N do 
5: 111-1 Populate Mass Matrix 
6: K Populate Stiffness Matrix 
7: <-- Populate Matrix of Spring Force Vector 
8: du <- Populate Matrix of Damping Force Vector 
9: A-I- ýit -11-1 

(fr' 
- 

ýt lI -1 afu 

10: bff"+. Atafü' 
11: Au <-- 13(. -1.. \u, b) 
12: Ar <-- ., 

t(Du + u) 
13: u -An+u 

14: rA+ r 
1 5: end for 
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Algorithm 6 13(A, xn-1, b) - Preconditioned BiConjugate Gradient Solver 

1: t- Tolerance Level 
2: rn-1 -b- AXn-1 

3: rn-1 rn-1 

4: while rn - r" 1>t do 
5: Solve Mzn-1 = rn-1, M- Preconditioner 
6: Solve 11T I zn-1 = p-1 

7: pn-1 Zn-1Tp-1 

8: if pn-1 =O then 
9: Exit - Method Fails 

10: end if 
11: if 11 =I then 
12: pn zn 1 

13: pn Zn-1 

14: else 
15: 

pn-2 

16: pH Zn-1 + jpii-1 

17: Piz Zuu-1 + l3pfl-1 

18: end if 
19: cx <- 

20: X" xn '+ apn 
21: rrt rn-1 - a. 4pn 

22: i' F- rn-1 -c 
AT pn 

23: end while 
24: return xn 
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3.2.7 Comparison of the Numerical Methods 

This section will compare the differences in the results obtained from the explicit Euler, 

RK4 and Velocity Verlet methods from two test cases, the simple harmonic oscillator and 

the 5 mass fibre. Each simulation will provide statistics on the execution time along with 

plots of the displacements and velocities of the central mass. 

Simple Harmonic Oscillator (SHO) 

  Fixed Mass 
0 Free Mass 

y ý0 
2 

r 

Figure 3.3: Simple Harmonic Oscillator 

Table 3.1 states the model parameters and initial conditions of the simple harmonic oscil- 

lator with Table 3.2 providing the simulation statistics. 

Model Parameters 
At 0.01 s 
b 0.00 kg/s 
in 0.20 kg 
E 1.00 Pa 
t 1.00 m 
u' 0.25 m 
L 0.25 m 
v 0.00 

Initial Conditions 
Mass r (m) Or (m) u (m/s) 
0 [-0.55,0.00] [0.00,0.00] [0.00,0.00] 
1 [0.00,0.00] [0.00,0.10] [0.00,0.00] 
2 [0.55,0.00] [0.00,0.00] [0.00,0.00] 

Table 3.1: Model Parameters and Initial Conditions for a Simple Harmonic Oscillator 
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Explicit Euler RK4 Velocity Verlet Implicit Euler 
Order of Accuracy 1 4 4 1 
Time Taken (s) 2.574 2.669 2.687 0.102 
Time Step (s) 0.01 0.01 0.01 0.50 
Number of Iterations 10000 10000 10000 200 
Time/Iteration (ms) 0.257 0.267 0.269 0.510 

Table 3.2: Simple Harmonic Oscillator Simulation Statistics 
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Figure 3.4: Results for the Simple Harmonic Oscillator 
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Figure 3.4: Results for the Simple Harmonic Oscillator 
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5 Mass Fibre 

  Fixed \Iati 
  Free Mass 

3 
1 

yý0 
-ý 

Figure 3.5: 5 Mass Fibre 

Table 3.3 states the model parameters and initial conditions of the 5 mass fibre with Table 

3.4 providing the simulation statistics. 

Model Parameters 
At 0.01 S 
b 0.00 kg/s 

m 0.20 kg 
E 1.00 Pa 
t 1.00 m 
u' 0.25 m 
L 0.25 m 
v 0.00 

Initial Conditions 
Mass r (m) Or (m) u (m/s) 
0 [-0.55,0.00] [0.00, 0.00] [0.00, 0.00] 
1 [-0.275,0.001 [0.00, 0.05] [0.00, 0.00] 
2 [0.00,0.00] [0.00, 0.10] [0.00, 0.00] 
3 [0.275,0.00] [0.00, 0.05] [0.00, 0.00] 
4 [0.55,0.00] [0.00, 0.00] [0.00, 0.00] 

Table 3.3: Model Parameters and Initial Conditions for a5 Mass Fibre 

Explicit Euler RK4 Velocity Verlet Implicit Euler 
Order of Accuracy 1 4 4 1 
Time Taken (s) 3.656 3.810 4.086 0.204 
Time Step (s) 0.01 0.01 0.01 0.50 
Number of Iterations 10000 10000 10000 200 

Time/Iteration (ms) 0.366 [_0.381 0.409 1.020 

Table 3.4: 5 Mass Fibre Simulation Statistics 
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Figure 3.6: Results for the 5 Mass Fibre 

37 

100 

A 



CHAPTER 3. The Numerical Model 

E 

O 
w 

i 

[U Velocity] 
Mass 2 

4 

ýy 
's ", 

Iný 

ýt 
(j 

ýI 
p, 

ýý 

ýfi 
' 

, ý:? , 
s51 

y'` 

s' 
4 

ý, 
^.: 

' i. 
rI Sj 

, Iý 
1( 1 ,ýý". 1L5M, ý `., J 

.1ý, y 

fI' 
"1 

, 

0 20 

2.5e-07 

2e-07 

1.5e-07 

1 e-07 

5e-08 

0 

-5e-08 

-1 e-07 

-1.5e-07 

-2e-07 

-9 5a-n7 

Analytic Solution + 
Explicit Euler ------- 

0.06 

0.04 

0.02 

y E e0 
O 

G) 

-0.02 

-0.04 

-0.06 L 
0 20 40 60 80 

Time (s) 

Analytic Solution + RK4 -------- Explicit Euler ------- Velocity Verlet ....... 

(d) V Velocity 

Figure 3.6: 5 Mass Fibre Results 

38 

40 60 80 100 
Time (s) 

RK4 -------- Implicit Euler - 
Velocity Verlet ......... .... 

(c) U Velocity 

[V Velocity] 
Mass 2 

.. +... - ........... :.... _.. _.. _....... -... -....... ....... ++++++ 

1++ 

10 

Implicit Euler 

A 



CHAPTER 3. The Numerical Model 

Discussion of Results 

It is clear from Figure 3.4 that the solution of the SHO using the explicit methods do not 

incur any significant artificial numerical damping. The explicit methods also cause the 

SHO to oscillate at a slightly higher stationary frequency to that of the analytic solution. 

In contrast, the solution of the SHO using the implicit Euler method does initially oscillate 

at the same frequency as the analytic solution, but intrinsic to the implicit method is an 

artificial damping factor. 

Figure 3.4 shows that the SHO oscillates at a non-stationary frequency when solved 

with the implicit Euler. This is because the implicit Euler method accurately simulates the 

effect of the decreasing tension in the springs as shown in Figure 3.4(c). Rossing [ 104] 

states that the frequency produced by a vibrating string is dependent on the tension within 

the string and the linear density of the string. Therefore, as the average tension within 

the spring decreases, due to the artificial damping, the frequency of oscillation will also 

decrease. It is clear that for the SHO example, the implicit Euler method reproduces the 

correct frequency characteristics of the SHO but does not correctly represent the time 

domain characteristics of the SHO as the motion is artificially damped compared to the 

analytical solution [104]. Although there is no physical damping present in the SHO, 

there is physical damping present in the paper fibre structure. Section 3.2.9 discusses the 

relationship between the artificial damping present in the implicit Euler method and the 

physical damping seen in the experimental data, from which it is possible to conclude that 

the implicit Euler method is the correct solver to use. 

The results for the 5 mass fibre given in Figure 3.6 show that the three explicit solvers 

develop waveforms which depart from the harmonic analytical solution. They display 

unwanted dispersion characteristics, whilst the implicit Euler solver produces ph}, sicall` 

correct results. A damping coefficient b has been applied to the explicit methods to produce 

better behaved solutions. Even with this measure in place, the results were dispersive. 
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However, the implicit Euler method once again produces the correct results. 

The 5 mass fibre is a general case where any given mass is connected to at least one 

other free mass causing a non-linear term in the internal forces of the system as shown 

in Equation 3.2.7. The equation is written in full with the non-linear term highlighted for 

convenience. 

d2ri rj I ri dri 
mi + kij (rj 

- ri) - ý'tj L7., + bi =0 dt2 11rj rill dt 
jj 

where, 
[I: 

j kijLZ, j Ilr; -rill] 
is the non-linear term. This leads to a `stiff' system which 

is defined by Cartwright [1l I] as: 

"If a numerical method is forced to use, in a certain interval of integration, a step length 

which is excessively small in relation to the smoothness of the exact solution in that 
interval, then the problem is said to be 'stiff' in that interval. " 

Definition 3.1: A `Stiff' System 

Table 3.4 shows that a stable time step for the 3 explicit methods is At = 0.01, but 

Equation 3.2.19 states that for the 5 mass fibre a value of At < 0.44 should provide a 

numerically stable system. This highlights that the mass/spring model is indeed a set of 

`stiff' equations. The solution is to use an implicit solver which is unconditionally stable 

for any given time step, although the time step must be small enough so that resolution of 

the results is not effected. 

Tables 3.2 and 3.4 also show the time per iteration of each of the four methods. The 

explicit methods all have comparable speeds, but the implicit method is far more com- 

putationally expensive. This can be expected as the method requires generating a sparse 

matrix at every iteration. Although each iteration of the implicit method may take longer 

to run, less iterations are needed compared to the explicit methods, due to a larger time 

step being used, meaning less time is need to run a simulation. 

To conclude, the implicit Euler method provides the fastest solution time wt ith the most 
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accurate results as it overcomes the difficulties associated vv ith a 'stiff' system at the cost 

of introducing an artificial damping factor to the solution. This artificial damping factor is 

discussed in Section 3.2.9 and with careful selection of the simulation time step doe,, not 

effect the validity of the solution. Unless otherwise stated, the implicit Euler method will 

be the default solver for the mass/spring simulations in this research. 

3.2.8 Initial Conditions 

The mass/spring system is an example of an initial value problem and in its simplest form 

can be expressed as. 

d. ri 
dt =f (cl, ) 

dui 
=g(dýz, u ) dt 

X0 = Ck; 2d0 = '3 

where: 

a Initial Value of the Displacement i2 

/3 Initial Value of the Velocity uz 

The initial values a and 13 are important in achieving a physically realistic model. This 

section includes two examples where the system is started at rest (u° = OVi). In the first 

example, the end masses and the central mass are clamped at t=0, resulting in 5 (. r. j) 

constraints. In the second example, 5 masses are clamped at t=0, resulting in 9 

constraints. 
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Fibre with a Single Starting Constraint 

Figure 3.7(a) shows the fibre at t=0. This is modelled as an assembly of 21 equall\ 

spaced masses connected by 20 springs. The end masses are clamped in i and y through- 

out the simulation. The central mass is constrained in y at t<0. At t=0 this single 

constraint is removed. Table 3.5 list the model parameters and initial conditions used for 

this example. 

Model Parameters 
At 0.01 s 
b 0.00 kg/s 

m 1/21 kg 
E 1.00 Pa 
t 1.00 m 
w 0.25 m 
L 0.05 m 
v 0.00 

Initial Conditions 
Mass r (m) Or (m) u (m/s) 

0 [-0.50,0.00] [0.00,0.001 [0.00,0.00] 
10 [0.05,0.00] [0.00,0.10] [0.00,0.00] 
20 [0.60,0.00] [0.00,0.001 [0.00,0.001 

Table 3.5: Model Parameters and Initial Conditions for a Fibre with a Single Starting 
Constraint 

Figures 3.7(b-f) show the resulting motion of the fibre. Figure 3.7(g) shows the rj 

displacements of masses 2,4,6,8 and 10, where mass 10 is the central mass of the fibre. 

The y displacements show simple harmonic motion which is to be expected showing that 

the motion of this fibre is physically correct. There is no x displacement in masses due to 

the symmetry of the system. 

Fibre with Multiple Starting Constraints 

Figure 3.8(a) shows the fibre with a different initial condition at t=0. This is again 

modelled by an assembly of 21 equally spaced masses connected by 20 springs. The end 

masses are clamped as before. The central mass is again constrained in y at t< fl. in 

addition masses 9 and 11 are also are constrained at .r=0 and y=0 at t<0. At t=0, 

the constraints on masses 9,10 and 11 are removed. Table 3.6 list the model parameters 
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and initial conditions used for this example. 

Model Parameters 
At 0.01 S 
b 0.00 kg/s 
m 1/21 kg 
E 1.00 Pa 
t 1.00 m 
w 0.25 m 
L 0.05 m 
v 0.00 

Initial Conditions 
Mass r (m) -ýr (m) u (m/s) 
0 [-0.50,0.00] [0.00, 0.00] [0.00, 0.001 
9 [-0.005,0.00] [0.00, 0.00] [0.00, 0.00] 
10 [0.05,0.00] [0.00, 0.10] [0.00, 0.00] 
11 [0.105,0.00] [0.00, 0.00] [0.00, 0.00] 
20 [0.60,0.00] [0.00, 0.00] [0.00, 0.00] 

Table 3.6: Model Parameters and Initial Conditions for a Fibre with Multiple Starting 
Constraints 

Figures 3.8(b-f) show the resulting motion of the fibre when solved using an explicit 

method. Figure 3.8(g) shows the y displacements of masses 2,4,6,8 and 10. The 

masses exhibit a more complex motion, which can be explained by the excitation of high- 

frequency modes. The predicted displacement seen in Figure 3.8(f) are asymmetric, indi- 

cating that numerical errors have contaminated the prediction. 

Figures 3.9(b-f) show the resulting motion of the fibre when solved using the implicit 

method. Figure 3.9(g) shows the y displacements of masses 2,4,6,8 and 10. The masses 

exhibit high frequency oscillations with the overall motion resembling the sinusoidal mo- 

tion of the fibre with a single starting constraint. 

It is clear that the explicit methods are more prone to developing some numerical error 

when resolving high-frequency oscillations. In contrast, the implicit method is able to 

predict high-frequency symmetrical modes with a lower numerical error. The resulting 

motion of the fibre is numerically correct for the initial conditions used. 

Algorithm to Calculate Initial Conditions 

Figures 3.7,3.8 and 3.9 show how vital it is to supply the mass/spring model with a 

realistic initial condition. Finding such an initial condition for a single fibre example is 
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Figure 3.9: Results of a Fibre with Incorrect Initial Conditions when solved using an 
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a trivial task, but consider the slightly more complex example of two connected fibres as 

shown in Figures 3.11 and 3.13. 

Algorithm 7 describes the process of calculating the initial conditions. The algorithm 

requires that any mass with an initial condition must have its mass set to infinity. This 

fixes the mass to the displacement specified by the initial condition. The system is then 

solved iteratively using an explicit method such as the explicit Euler, RK4 or Velocity 

Verlet methods until a new equilibrium is reached. Once this equilibrium is reached, any 

mass attached to an EqIC will have its mass set to its original value, allowing it to move 

freely. The masses attached to a StIC will remain fixed to represent a constant load on the 

system. 

It is important to note that the algorithm gradually increases the damping coefficient 

b from 0 to the value of critical damping b,. This damping coefficient has no relationship 

to the physical damping that will act on the system as the motion of the system is yet 

to be modelled. Algorithm 7 simply calculates the initial condition of each mass in the 

model by minimising the potential energy within the system. If no damping were applied 

to the system, the potential energy in the system would continually oscillate and never 

reach the new equilibrium. Therefore, an artificial damping factor must be introduced to 

dissipate the kinetic energy in the system. If the damping coefficient were to increase 

too quickly, the system would reach a false equilibrium as shown by Figure 3.10. The 

model will actually let the system vibrate under no damping for 10000 iterations before 

gradually increasing the damping factor by 0.001 % each subsequent iteration, or until a 

suitable convergence criterion is satisfied. This will allow the system to reach a sensible 

equilibrium and seems to work well in practice. 

Figure 3.1 1 highlights the first type of initial condition, a displacement from the equi- 

librium, referred to as an EqIC. The model is designed so that the initial condition of 

the system can be calculated from a single initial displacement. The simulation shown in 
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Algorithm 7 Calculating the Initial Conditions 
Require: R(r. u) (Fourth Order Runge-Kutta method, see Algorithm 3) 

l: I ý- Number of Masses 
2: for i=0 to I do 
3: if Initial Condition == TRUE then 
4: 6ri - Displacement of Mass i 
5: ri - ri + bri 

6: if Initial Condition == EqIC then 
7: m° mi 
8: end if 
9: mi+- oc 

10: end if 
11: end for 
12: while System is Changing do 
13: r, u- Z(r, u) 
14: if b>0 AND b<b, (b, - Critical Damping) then 
15: b- b+A 
16: end if 
17: end while 
18: if Initial Condition == EqIC then 
19: m I1Z1 

20: end if 
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Time: OOEOls 

(a) Correct Initial Condi- 
tions 

"Fi. ed Mass 
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Time 2 OOEOls 
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Figure 3.10: Over Damping Resulting in a False Equilibrium 
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Figure 3.7 applies this method. 
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Figure 3.11: Initial Condition of a Two Fibre System from a Single Displacement 

The model is also able to apply multiple EqICs as shown by Figure 3.12. The second 

type of initial condition highlighted by Figure 3.13 is used to stretch the system and is 

referred to as the StIC. 
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3.2.9 Damping Coefficient 

The results from Section 3.2.7 have shown that the implicit Euler method provides a more 

accurate solution to the mass/spring model than the explicit methods. Inherent to and 

implicit scheme is the artificial damping of the solution. This section will present a detailed 

discussion of the nature of this artificial damping and propose a suitable time step and 

frictional damping coefficient b for the mass/spring simulations of the paper fibre structure. 

In contrast, only a cursory study of the damping coefficient is applied to the experimental 

data from a rubber band in Section 3.5.2. 

It is presumed that the amplitude of the numerical and experimental AEs decay expo- 

nentially as shown by Equation 3.2.31. 

y= Yoe-ýc 

where: 

y Amplitude of AE at time t 

yo Maximum Amplitude of AE 

-y Logarithmic Decrement 

(3.2.31) 

Figure 3.14 shows the relationship between the logarithmic decrement 1 and the time 

step used in simulating a plucked paper fibre when no physical damping is present, i. e. 

b=0. The results shows a linear increase in the logarithmic decrement as the time step 

increases. The typical logarithmic decrement from a set of experimental AEs generated 

from a notched paper sample is approximately 50000 Hz. Figure 3.14 suggests that the im- 

plicit Euler method with a time step of approximately 4.5E-08s would apply the required 

amount of numerical damping to the system to reproduce the logarithmic decrement seen 

in the experimental data. Therefore the frictional damping coefficient b is not required 

when using this time step. 
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Figure 3.14: Logarithmic Decrement 'y vs Time Step for a Plucked Paper Fibre 

Figure 3.15 shows the effect the numerical damping has on the frequency response of 

the paper fibre for different time steps. As the time step increases, the number of harmonics 

that the fibre is able to produce decreases. For a time step of 5.0E-08s only the fundamental 

frequency and the first two harmonics are successfully represented. However, a time step 

of 1.0E-08 is able to capture all the harmonics of the paper fibre in the frequency range of 

0- 2500 kHz. 

Figure 3.16 shows the computational run time required for simulating a plucked paper 

fibre using different time steps. The time required to complete one simulation increases 

exponentially as the time step decreases. The time step which provides the best frequency 

response of the paper fibre with the optimum computational efficiency is at around I. OE- 

08s and as such will be used in all the simulations of the paper fibre structure. 

Figure 3.14 suggests that a time step of 4.5E-08s is required for the numerical damping 

to be equivalent to the physical damping seen in the experimental data. However. a time 

step of 1.0E-08s is to be used as it best represents the frequency response of the plucked 
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fibre with minimal computational expense. The numerical damping present in the implicit 

Euler method for the chosen time step is less than the physical damping seen in the exper- 

imental data, therefore a frictional damping coefficient b must be selected to represent the 

physical damping of the fibre structure. 

Through a process of trial and error, a frictional damping coefficient of b=1.5E- 

06 was chosen to best represent the physical damping present in the experimental data. 

Figures 3.17 and 3.18 show the simulated AEs generated from a fibre/fibre bond failure 

and fibre failure respectively, together with the exponential fit of the numerical results with 

b=1.5E-06 and b=0.0 and the exponential fit of a typical experimental AE generated 

from the respective damage mechanism. Figure 3.17 shows that the selected value of b 

results in the AE from the simulated fibre/fibre bond failure to be slightly over damped 

compared to the experimental data, with the AE from the fibre failure showing a good 

agreement with the experimental data, as highlighted by Figure 3.18. 
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3.3 Acoustic Wave Model 

3.3.1 Derivation of the Acoustic Wave Model 

The motion of an acoustic wave is governed by the weakly compressible form of the Con- 

tinuity equation (Equation 3.3.1) and the Momentum equation (Equation 3.3.2). otherwise 

known as the Navier-Stokes equations. 

Op 

+pv u=0 

öu 
_(u. V)u- 

1Vp+ 
-+-vv2u (3.3.2) 

at pp 

where: 
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p Fluid Density 

u Fluid Velocity 

p Pressure 

9 Gravitational Body Force 

v Fluid Viscosity 

9 The fluid has no gravitational body force, =0 

9 The fluid flow is inviscid, v=0 

A fluid that has no gravitational body forces exhibits no change in its density in the 

direction of gravity. A fluid that is inviscid has no resistance to the flow of an acoustic wavc 

through it. These two assumptions have no effect on the propagation of small amplitude 

AEs over short distances and are valid for the purpose of this work. 

Applying these assumptions to Equation 3.3.2 gives the weakly compressible form of 

the Euler momentum equation for inviscid flow. 

au l 
= (u V)u - Vp (3.3.3) at p 

Using Equations 3.3.1 and 3.3.3 it is now possible to derive the acoustic wave equation 

assuming that: 

" The acoustic perturbations in the fluid are small 

" The fluid is an ideal gas 

" The fluid remains at a constant temperature 

The first assumption allows the intrinsic properties of the fluid to be expressed as an 

average value plus a small change. Therefore, the density. velocity and pressure of the 
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acoustic mean-field can be expressed as: 

p=P+äP 

u=6u where: ü=0 

J +äJ) 

(3.3.4) 

As the perturbations in the fluid are small, then the product of two perturbations is 

infinitesimally small. 

6ý6( )0 where: ý. (=p, u, p (3.3.5) 

Substituting Equations 3.3.4 in to Equations 3.3.1 and 3.3.3 and assigning variable 

names so that 5ý -ý where: ý = p, u, h to get: 

O 

OtP+pv-u=0 
(3.3.6a) 

Ou+ Ivp=0 
(3.3.6b) 

at p 

As the medium the acoustic wave is travelling through is assumed to be an ideal gas, 

the speed of sound can be defined as: 

19p c dP 
(3.3.7) 

As the fluid is assumed to remain at a constant temperature, c2 =f (T) is constant. 

Therefore, Equation 3.3.6a becomes: 

Op 

"u=O (3.3.8) 
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It is now possible to combine Equations 3.3.8 and 3.3.6b to either eliminate u or p. 

Eliminating u gives the acoustic pressure wave equation as discussed in Section 3.3.2. 

whilst eliminating 1) gives the particle velocity wave equation as discussed in Section 

3.3.3. 

3.3.2 Acoustic Pressure Wave Model 

Combining Equation 3.3.8 and Equation 3.3.6b, it is possible to eliminate u. First operate 

on Equation 3.3.8 with to get: t 

cß'1) + pczV , 
du 

=0 vt2 at 

Substitute in Equation 3.3.6b to get: 

02p 
+ pc2V " 

(_V) 
p=0 of p 

Re-arrange to get the wave equation in terms of the acoustic pressure. 

at2 

where: 

p Acoustic Pressure 

c Speed of Sound in Medium 

(3.3.9) 

The acoustic pressure wave equation in two-dimensional Cartesian coordinates (x. y) 

is given as: 

0. '1) 
_c>ý, 

dpi 
+ 

c1 dh 
=0 ät' ox äa- ätß d tý 

(3.3.10) 
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Second Order Accurate Approximation of the Acoustic Pressure Wave Equation 

Equation 3.3.10 can be discretised using second order central differences for the temporal 

and spatial derivatives as shown below: 

k+l k k-1 32p 
= 

pi, ý - 2pi, ý + hz. ý + Öt2 Ott 

32p 
=p 

+i, j - 2pi, j + pj-i.; 
+ O( h2) 3x2 z\. r2 

Substituting in for atp, 
2 and similarly for äyp, the finite difference approximation 

of the acoustic pressure wave equation can be shown to be: 

Pý'+1 2 (1 - 2a2 )ý- - 
k-1 +0 2p 

(i+l, 
j + pi-i, j + pz j+i +P 

. j-i ,j ilj 1,3 

where: 

cOt 
Ah 

At Time Step 

Oh Cell Width/Height, Oh =Ax = Ay 

1. j Position in Space, (i. y) = (iLh, jAh) 

h Position in Time, t= A-At 

( 3.3.1 1) 

To prevent the reflection of outgoing acoustic waves at the computational boundaries, 

non-reflecting boundary conditions are applied to the pressure domain using the method 

discussed in Section 3.3.4. Finally, the stability condition for the finite difference scheme 

shown in Equation 3.3.1 1 according to Zakaria [94] is given in Equation 3.3.12. 

1 
(<- 

' ý2 
(3.3.12) 
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Fourth Order Accurate Approximation of the Acoustic Pressure Wave Equation 

Equation 3.3.10 can be discretised using a second order accurate central difference for the 

temporal derivative and a fourth order accurate central difference for the spatial derivatives 

as shown below: 

alp 
at2 

alp 
3x2 

k+l k k-1 
pi, ý - 2p 1 +p ij 

Ott 

p+2, j+ 16pß+i. j - 30p 
,ß+ 

16p 
_1, ß - Pi-2, j + 12ý1. r2 

+ O(ot2) 

Substituting the central differences in to Equation 3.3.10 gives the following approxi- 

mation as stated by Zakaria [94]: 

vý, +' = (2 - 5Ce2)pk -P 
A. -i+4 oz 2+1+A+ ik j73 

(ii. 

j l, j j+l j1 

1 
(3.3.13) 

12 
(12 

(J+). 
+ Pi-2, j 

+P 
. 
j+2 

+ Pi, j-2 

The stability condition for the fourth order accurate acoustic pressure wave as pre- 

sented by Alford [ 112] is: 

cY <8 (3.3.14) 

3.3.3 Particle Velocity Wave Model 

Combining Equation 3.3.8 and Equation 3.3.6b it is possible to eliminate p. First operate 

on Equation 3.3.8 by a to get: 

ä2u 1 Oh 
dt' + 

pý dt 
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Substitute in Equation 3.3.6b to get: 

olu 1 

ate +-o -cz/5 u=o P 

Re-arrange to get the wave equation in terms of the particle velocity. 

a2u 
= - C2V (V U" 0 (3.3.15) 

at2 _ 

Applying the triple product rule axbxc= a(b " c) - (a - b)c, 

V(V " u) =VX (V x u) + V2u (3.3.16) 

The flow is assumed to be irrotational such that Vxu=0. Therefore the particle 

velocity wave equation for irrotational flows can be expressed as: 

0`u 
- c'V2u=0 (3.3.17) 

at 
where: 

u Particle Velocity 

c Speed of Sound in Medium 

The particle velocity wave equation in two-dimensional Cartesian coordinates (. r. y) 

is: 

02u 
., 

ö 3u ä Chu 

Second Order Accurate Approximation of the Particle Velocity Wave Equation 

Equation 3.3.18 can he discretised using second order central differences for the temporal 

and spatial derivatives as shown in Section 3.3.2 to give two second order accurate finite 

difference approximations of the particle velocity wave equation as shown below: 

61 



CHAPTER 3. The Numerical Model 

k+1 2), k A-1 2kkkl: 
u%j = 2(1 - 2a ,, j - u; j +o- u1 +1,. + aI - l. j 

+ ui. j+1 + uzj -1 
(3.3.19a) 

ýk+1=2(1-2cx2)z' z, A-1+i2 
(L. 

1 +++3.3.19b t l, j L+lj) 

where: 

u Particle Velocity in r Direction 

v Particle Velocity in y Direction 

ce cLt 
Ah 

At Time Step 

Oh Cell Width/Height, Oh = Ax =y 

i, j Position in Space, (r, y) - (i0h., jAh) 

k Position in Time, t= kzt 

The stability of the particle velocity wave equation is also subject to the condition 

stated in Equation 3.3.12. 

Fourth Order Accurate Approximation of the Particle Velocity Wave Equation 

Equation 3.3.18 can be discretised using a second order central difference for the tempo- 

ral derivative and a fourth order central difference for the spatial derivatives as shown in 

Section 3.3.2 to give two spatially fourth order accurate finite difference approximations 

of the particle velocity wave equation: 

1_ (2 - 5Ü, 2)uk _ ilk-1 +4' uk + uk r. j r. j 7. j 3 i+l. j i-l. j 

1, 
- 12 0`u 

(+2. 

J + z1 -2. j 

k + z(i. j+l + 2(i. j-1 

+ tli j+. ) + 1i j_2 

(3.3.20a) 
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k+ I'tj= (2 
- 5a 2) 

l' 
.j-t'i. j+ 3a 

2 
(t, 

1 l. j +l'i-l. j+L, 
11 

'+ Z)i. j-1 

CY2 

("i, 
A+ 

t'ý + 1'k +, k1 
12 2. j i-2j t, j+2 i. j-2 

3.3.4 Non-Reflecting Boundary Conditions 

(3.3.20b) 

One of the major obstacles in modelling acoustic wave propagation is that the domain in 

which the wave travels through must have a finite size. If the boundaries of the domain 

remain untreated, they will reflect the acoustic wave back into the domain causing the 

simulation to produce incorrect results. There are two proposed solutions to this problem; 

first, simply create a domain large enough so that the time taken for the acoustic wave 

to reflect off the boundary is greater than the time needed for the simulation. The second 

solution is to simulate free-field acoustic radiation at the computational domain boundaries 

by applying an appropriate numerical technique to the boundary grid cells. 

The first solution although the most accurate is not economically viable, as even the 

shortest simulation would require an excessive amount of time to solve. This fact alone 

drives towards the use of non-reflecting boundary conditions. 

The non-reflecting boundary conditions used in this model are due to Reynold [99], 

with Zakaria [94] presenting them in discretised form as shown in Equation 3.3.2 1. Equa- 

tions 3.3.21 a, 3.3.21 b, 3.3.21 c and 3.3.21 d describe the conditions for the North, South, 

East and West boundaries respectively. 

k Ko = I)IM + pil - pi. 1 + (A 
(Pi. 

1 - Pi. 0 .2 
pi, +i k-1 A. k (A -i ý- i) (3.3.2 1a) 

+1 
_lk \y1 + pi. _ 

l, " 1 1. 

y2 
Cl 

(pk 

p. \ y-1 - 
k-1 ýýýi.. 

\y-: 3 
k-1 

lit.. \ )) 

(3.3.21b) 

k+1 + 1) i. 
k-1 k 

p1 + (1 ý1, 
J 

k k-1 k-11 
ho. j - (P2, ß -1)1. ý 1 (3.3.21c) 
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k+l 
=kk- 

k-1 k1 
_ -1 ýýNS-l, j - PN, 

-lj 
+PN2, j PN, 

-2. j +4 
(PkN, 

-2j 
ANr-l. j 

ýP\'r-3. 
j 1ý_\'r-2 j 

(3.3.21 d) 

Figure 3.19 shows the implementation of the boundary conditions for a second and 

fourth order accurate Cartesian grid. The equations given in Equation 3.3.21 will simulate 

a non-reflecting boundary for the second order accurate grid. To simulate a non-reflecting 

boundary for the fourth order accurate grid, the boundary conditions given in Equation 

3.3.21 must be first applied to the inner boundary grid cells, followed by the outer bound- 

ary grid cells for each iteration of the simulation. 

Acoustic Domain Grid Cell 

Boundary Grid Cell 

® Redundant Grid Cell 

Ny 

Second Order Accurate Grid Fourth Urtier A(( mat(, Grid 

Figure 3.19: Boundary Grid Cells for the Second and Fourth Order Accurate Grids 

3.3.5 Acoustic Sources 

A monopole source is described as a point source, which is the limit of a pulsating sphere 

as its radius tends to zero [ 104]. Figure 3.20 shows the evolution of the acoustic near-field 

from a monopole source with time. This does not accurately describe the generation of 

sound from a vibrating structure, but rather a structure that is undergoing periodic com- 
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pression and expansion. To understand how sound is generated, consider the motion of 

the simple harmonic oscillator as shown in Figure 3.21. 
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Figure 3.20: Evolution of a Monopole Source 

Figure 3.21 shows that the initial movement of the SHO compresses the air directly 

in front of the mass causing an increase in pressure. At the same time rarefaction is 

occurring to the air directly behind the moving mass causing a decrease in the pressure. 

From viewing the pressure field at a distance such that the SHO becomes a point source, 

over time the pressure field generated will look similar to that shown in Figure 3.21. This 

is known as a dipole source which is equivalent to two monopole sources of equal strength 

but with opposite phase being placed close to one another. Figure 3.22 shows the evolution 

of the dipole source with time. 

'ö eo 

65 



CHAPTER 3. The Numerical Model 

" Moving Mass/Pressure Source 

--º Direction of Motion 
- Positive Pressure 

--- Negative Pressure 

mr---- 
Simple Harmonic Oscillator Resulting in a Dipole Source' 

Figure 3.21: Representing the Simple Harmonic Oscillator as a Dipole Source 
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For completeness, Figure 3.23 shows a quadrupole source which is equivalent to two 

dipole sources of equal strength but with opposite phase. 
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Figure 3.23: Evolution of a Quadrupole Source 

3.3.6 Acoustic Wave Test Cases 

This section will test the accuracy of both formulations of the acoustic wave model. Each 

algorithm will be subject to two different sources, the monopole source and the dipole 

source, with the source function being a single sine pulse. For each example the grid size 

is-10m<x < 10m, -10m<y < 10mwith Oh=0.2m, At=0.1 s, c= 1 m/s and 

p=1 kg/m3. Although the monopole source is physically incorrect for the purpose of this 

work, it will still be used to ascertain the accuracy of the acoustic wave models. 
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Acoustic Pressure Wave Model 

Figures 3.24(a) and 3.24(b) show the acoustic pressure generated by a monopole source 

(see Figure 3.20), measured at the centre of the grid (0 m, 0 m) and at the corner of the grid 

(-9.8 m, -9.8 m)' respectively. Figure 3.24(c) showing the acoustic pressure at t= 10. (). -,. 

The black `dots' on Figure 3.24(c) indicate the positions of the monitoring points 1 through 

7. 

Figure 3.24 shows that the acoustic pressure wave model is producing sensible results. 

The acoustic pressure wave model correctly reproduces the amplitude and speed of the 

acoustic wave, with only a slight discrepancy in the frequency of the acoustic wave. How- 

ever Figure 3.24(d) shows evidence of a high frequency component due to small numeri- 

cal inaccuracies caused in part by the truncation error of the discretised acoustic pressure 

equation and the numerical influence of the non-reflecting boundary conditions [ 102]. 

Figures 3.25(a) and 3.25(b) show the acoustic pressure generated by a dipole source 

(see Figure 3.21), measured at the centre of the grid (0 m, 0 m) and at the corner of the 

grid (-9.8 m, -9.8 m). The acoustic pressure wave model reproduces the correct ampli- 

tude and speed of the acoustic wave from the dipole source and provides a more accurate 

approximation of the frequency than for the monopole source. Figure 3.25(c) shows the 

acoustic pressure at t= 10.0s. The numerical errors can be seen in Figure 3.25(d) which 

is of the same order as the monopole source shown in Figure 3.24(d). 

The fourth order accurate approximation of the acoustic pressure wave equation given 

by Equation 3.3.13 is also tested using a dipole source at the centre of the grid. Figures 

3.26(b) and 3.26(d) clearly show the benefit of using the fourth order accurate discreti- 

sation of the acoustic pressure wave equation. Specifically, the spurious numerical errors 

in Figure 3.26(b) are about half the amplitude and twice the frequency of those in Fig- 

ure 3.25(b), hence increasing the order of the spatial integration has attenuated but not 
'The y axis appears to be inverted in the contour plots due to the JAVA 2D Graphics API using the top 

left of the image as the origin. 
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[Acoustic Waveform] 
Pressure at (0 m, 0 m) for a Monopole Source 
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[Acoustic Waveform] 
Pressure at (-9.8 m, -9.8 m) for a Monopole Source 
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eliminated the numerical noise from the domain boundary. 

The previous test cases have shown the evolution of the numerical error for a single sine 

pulse is acceptable, but not ideal if a highly accurate solution is required. The following 

example uses a continuous dipole as a source term. This will show how the numerical 

errors evolve when an external force is always present. Figures 3.27(a) and 3.27(b) show 

an initial transient in the amplitude of the acoustic wave. The response of the medium in 

which the wave propagates requires several periods before the wave settles and oscillates 

about the equilibrium pressure. Figure 3.27(d) shows two periods of the predicted acoustic 

pressure oscillation from the dipole source. The waveform appears sinusoidal without 

any significant high frequency component. This suggests that this numerical scheme will 

produce accurate results as long as there are source terms which ensure that the amplitude 

of the wave is always greater than the numerical error. 
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3.4 Coupling Method 

3.4.1 Coupling Theory 

When considering a method for coupling the movement of the mass/spring model to the 

acoustic wave propagation model, it is important to first understand which variables are 

available for coupling from the mass/spring model and secondly the definition of the 

source terms for the acoustic wave propagation model. The mass/spring model, regard- 

less of the solver, will provide displacements and velocities for each of the masses. The 

acoustic pressure/particle velocity wave equation is formed by combining the Continuity 

equation and Momentum equation, therefore it is essential that the source terms for the 

Continuity and Momentum equations are analysed. 

Consider the following definition of the Continuity equation for a control volume [93]. 

Rate of Increase of Mass Net Rate of Flow of Mass 

in the Fluid Element through the Fluid Element Boundaries 

Fahy [1131 defines the existence of a source term in the Continuity equation if: 

"In a region of a volume of fluid there operates a mechanism by %t'hich fluid volume is 

active/v displaced by an independent agent in an unsteady fashion" 

Definition 3.2: Continuity Equation Source Term 

then the linearised Continuity equation in terms of pressure becomes: 

(91) 
_-Pct 7"u-q 

dt (3.4.2) 

where pq is the rate of mass introduction in to the control volume. Consider the fol- 

lowing definition of the Momentuni equation for a control volume [93]: 
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Rate of Increase 

of Momentum inside 

the Fluid Element 

Net Flux of Momentum 

= through the Fluid 

Element Boundaries 

Sum of Forces 

+ Acting on the 

Fluid Element 

(3.4.3) 

Fahy [1 13] defines the existence of a source term in the Momentum equation if: 

"In a region of fluid there operates a mechanism by which an external force acts on the 
fluid" 

Definition 3.3: Momentum Equation Source Term 

If ü=0, then the linearised form of the Momentum equation becomes: 

äu_ 11 
at Pýp+ PF (3.4.4) 

where F is the external force acting on the control volume from the mass/spring sys- 

tem. The following sections will investigate the mathematical evolution of the two source 

terms as the acoustic pressure wave equation and the particle velocity wave equation are 

formulated. From this, it will be decided which wave equation is best suited for the pur- 

pose of this work. Finally, Section 3.4.4 will test the accuracy of the suitable coupling 

method. 

3.4.2 Coupling the Mass/Spring Model to the Acoustic Pressure Wave 

Model 

This section investigates combining Equations 3.4.4 and 3.4.2 to eliminate u to form the 

inhomogeneous acoustic pressure wave equation as shown in Equation 3.4.5. Differen- 

tiating Equation 3.4.2 with respect to time and substituting for at from Equation 3.4.4 

gives: 
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02p 
= c2 v'' p-7"F+p 

ad 
(3.4.5) ät2 at 

The source term in the form of an external force is now represented by the divergence 

of that force, hence V"F, with the mass source term represented by pä. The movement 

of the mass/spring system displaces the surrounding fluid, which means c. 2pd 0 at the 

model paper fibre. 

p PI is known as the volumetric acceleration. This volumetric acceleration must be 

caused by the movement of the masses, therefore it is possible to express the volumetric 

acceleration in terms of the mass/spring model as: 

aq 
_ 

au12 S 
at at (3.4.6) 

where n is the inwards unit normal vector to the acoustic domain boundary and um,, 

is the mass/spring model velocity vector. A mass displacing into the acoustic domain, in 

the positive n direction, adds mass to the mass balance as expressed by Equation 3.4.2 

and it is therefore a positive source. It is also important to note that any vibrating source 

will always produce a dipole as shown by the three examples in Figure 3.28. Using this 

method, it is possible to accurately couple the mass/spring model to the acoustic pressure 

wave equation. 

3.4.3 Coupling the Mass/Spring Model to the Particle Velocity Wave 

Equation 

This section investigates combining Equations 3.4.4 and 3.4.2 to eliminate p to form the 

inhomogeneous particle velocity wave equation as shown in Equation 3.4.7. assumimT that 

the flow is irrotational. 
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Figure 3.28: Coupling the Mass/Spring Model to the Acoustic Pressure Wave Equation 

02 u= c2 V2u - Vq +1F (3.4.7) 
at 2 Of 

In Equation 3.4.7, the non-zero source term is given by Vq. The mass/spring model can 

only offer the displacement, velocity or acceleration of each mass at a particular point. The 

source term for the particle velocity wave equation requires the gradient of the rate of mass 

introduction in to the control volume, which means that a velocity field is required. As only 

velocity point sources are available, it is not possible to readily couple the mass/spring 

model to the particle velocity wave equation. 

3.4.4 Simple Harmonic Oscillator 

In this section, the coupling method between the mass/spring model and the acoustic pres- 

sure wave equation will be tested using the Simple Harmonic Oscillator (SHO) as shown 

in Figure 3.3. Table 3.1 states the model parameters and initial conditions of the simple 

harmonic oscillator. Figure 3.29 compares the normalised acceleration of the SHO to the 

normalised acoustic pressure wave generated at the acoustic domain, with the resulting 
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power spectra shown in Figure 3.30. The results show an almost exact coupling beta cell 

the mass/spring model and the acoustic pressure wave equation. 
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3.5 Results - Validating the Model 

3.5.1 Overview 

This section will assess the accuracy of the hybrid model by comparing the measured 

data of two experimental set-ups involving two different materials to the results of their 

numerical counterparts. The two experimental set-ups involve a tensile force being applied 

along the length of the rubber band and paper specimen. 

3.5.2 Plucked Rubber Band 

This section describes a simple experiment that is conducted to validate the accuracy of 

the model. A rubber band is stretched between two points and then plucked. The resulting 

AE is recorded using a standard microphone connected to a computer. The microphone is 

placed directly over the centre of the rubber band as close as possible without interfering 

with its motion. Table 3.7 states the model parameters and initial conditions of the plucked 

rubber band. 

Model Parameters 
At 2.00E-05 s 
b 7.00E-04 kg/s 
iii 1.96E-05 kg 
E 8.63E05 Pa 
t 1.00E-03 m 
u' 6.00E-03 m 
L 3.40E-03 m 
v 0.144 

Initial Conditions 
Mass r (m) Ar (m) u (m/s) 
(0)2,10 [(-)0.0760,0.00] [0.00,0.000] [0.00,0.00] 
(1), 9 [(-)0.0608,0.00] [0.00,0.002] [0.00,0.00] 
(2), 8 [(-)0.0456,0.00] [0.00,0.004] [0.00,0.00] 
(3), 7 [(-)0.0304,0.00] [0.00,0.006] [0.00,0.00] 
(4), 6 [(-)0.0152,0.00] [0.00,0.008] [0.00,0.00] 
5 [0.00,0.00] [0.00,0.010] [0.00,0.00] 

Table 3.7: Model Parameters and Initial Conditions for a Plucked Rubber Band 

Figure 3.31 shows the experimental and simulated AE waveforms of the plucked rub- 

ber band. Using the experimental data from Figure 3.31(a), an exponential fit is applied to 

the data of the following form: 

The () indicates that Mass 0 is placed at [-0.0760,0.001 and Mass 10 is placed at [0.0760,0.001 
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Yoe-ryt 
. 
y= 

where: 

y Amplitude of AE at time t 

yo Maximum Amplitude of AE 

(3.5.1) 

Logarithmic Decrement 

The data fit gives ry =22.135 Hz. It is assumed that the logarithmic decrement , is 

linearly related to the frictional damping coefficient b of Equation 3.2.4 such that: 

^; =«b (3.5.2) 

where a is the mechano-acoustic attenuation ratio. To calculate ce, the rubber band 

numerical model was run with an estimated value of b=5.5E-04 kgHz, with the resulting 

AE having a logarithmic decrement of ,= 17.329 Hz. The damping ratio for the rubber 

band model can was calculated from Equation 3.5.1 as (1 = 3.15E04 kg-'. Therefore, 

the correct frictional damping coefficient for the numerical model that matches the ex- 

perimental 'y = 27.135 Hz is b=7.0E-04 kgHz, with the resulting AE shown in Figure 

3.31(b). 

The logarithmic power spectrum for both signals can be seen in Figure 3.32. Figure 

3.32 shows a fundamental tone of the experimental AE at 196.29 Hz, with the simulated 

AE producing a fundamental frequency of 189.21 Hz. With only a 417c difference in the ex- 

perimental and numerical fundamental frequencies, this suggests that the numerical model 

is producing sensible results. Rossing [ 104] states that the 11 th harmonic of a plucked string 

has a frequency of (2n + I) F where F is the fundamental frequency of vibration. There- 

fore, the first harmonic of the experimental data occurs at 588.87 Hz. and similarly with 

the numerical data at 567.63 Hz. The experimental data clearly show the first and sec- 

and harmonics, but the numerical data only shows the first harmonic. This k due to the 
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artificial damping intrinsic to the implicit method affecting the frequency response of the 

mass/spring system. A detailed analysis of the artificial damping factor can be found in 

Section 3.2.9. 

3.5.3 Notched Paper Sample 

The experimental set-up for the notched paper sample involves stretching a 10mm x 

100mm paper sample until fracture occurs. The acoustic sensor is located in the centre 

of the paper sample directly between the two notches. This process releases hundreds of 

AEs and due to the complexity of the paper, as seen in Figure 3.33, most of the AEs will 

be complex waveforms. However, a small fraction of the AEs exhibit a sinusoidal wave- 

form and it is thought these AEs are produced from a microscopic region where sufficient 

de-bonding of the paper fibres has occurred so that the characteristic length of the paper 

fibre is allowed to freely vibrate. 

The simulated AE is produced from a similar same mass/spring set-up as the rubber 

band with the material properties corrected for paper. Table 3.8 states the model parame- 

ters and initial conditions for the plucked paper fibre. 

Model Parameters 
At 1.00E-08 s 
b 1.50E-06 kg/s 

III 1.01 E-1 1 kg 
E 3.50E 10 Pa 
t 2.80E-06 m 
III 3.50E-05 m 
L 7.14E-05 m 
1 0.28 

Initial Conditions 
Mass r (m) Or (m) u (m/s) 
(0), 14 [(-)5.00E-04,0.00] [0.00,0.000] [0.00,0.00] 
(1), 13 [(-)4.29E-04,0.00] [0.00,7.14E-07] [0.00,0.00] 
(2), 12 [(-)3.57E-04,0.00] [0.00,1.43E-06] [0.00,0.00] 
(3), 11 [(-)2.86E-04,0.00] [0.00,2.14E-06] [0.00,0.00] 
(4), 10 [(-)2.14E-04,0.00] [0.00,2.86E-06] [0.00,0.00] 
(5), 9 [(-)1.43E-04,0.00] [0.00,3.57E-06] [0.00,0.00] 
(6), 8 [(-)7.14E-05,0.00] [0.00,4.29E-061 [0.00,0.00] 
7 [0.00,0.00] [0.00,5.00E-06] [0.00.0.00] 

Table 3.8: Model Parameters and Initial Conditions for a Plucked Paper Fibre 

Figure 3.34 shows the selected experimental and simulated AE waveforms from the 

paper sample. Figure 3.35 shows the power spectra for the experimental and numerical 
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Figure 3.33: Notched Paper Sample 

AEs. The fundamental frequency of the experimental AE is shown as 253.91 kHz with the 

simulated AE also having a fundamental frequency of 253.91 kHz. The results show that 

the model is correctly predicting the first resonant frequency of the paper fibre. 

3.6 Summary 

The work presented in this chapter has shown that the mass/spring model and acoustic 

wave equation are good candidates for use in the simulation of AEs generated from vi- 

brating fibre structures. To achieve the best results, the implicit Euler method must be 

implemented for solving the equation of motion of the mass/spring system as it over- 

comes the problems associated with `stiff' systems. The implicit Euler method also has 

the advantage of being unconditionally stable irrespective of the time step, giving the best 

performance among the ODE solvers tested. 

The implicit Euler method does have one shortcoming; if the time step chosen for the 

89 



CHAPTER 3. The Numerical Model 

0.2 

0.15 

0.1 

0.05 

E 
m 

0 
ä 
E 
Q 

-0.05 

-0.1 

-0.15 

-n 9 

[Acoustic Waveform] 
Experimental Data from a Notched Paper Sample 

.............. .......... ................................... - ....... .... ......... . ... . .. 

----------------- - 

........... .... 

................ 

..................................... ....... ......... 

.......... .... 

0 

0.004 

0.003 

0.002 

0.001 

3- 

0 

0- 
-0.001 

-0.002 

-0.003 

n nnA 

5e-06 1 e-05 1.5e-05 2e-05 2.5e-05 3e-05 3.5e-05 4e-05 
Time (s) 

(a) Experimental Data 

[Acoustic Waveform] 
Simulation of a Plucked Paper Fibre 

ý 
PN 

4 
^N 

ýý 

it 
-- -- ---------------------------- 

-v. vv-r 
0 5e-06 1 e-05 1.5e-05 2e-05 2.5e-05 3e-05 3.5e-05 4e-05 

Time (s) 

(b) Numerical Data 

Figure 3.34: Acoustic Emissions 

90 



CHAPTER 3. The Numerical Model 

20 

0 

m -20 
a 

0 
CL -40 U E 

M 
0) 
J -60 

-80 

[Power Spectrum] 
Experimental Data from a Notched Paper Sample 

-100 L 
0 

20 

0 

-20 

a) 
0 

-40 U 

E 
L 

N 
01 

-60 

-80 

-100 L 
0 

500 1000 1500 2000 
Frequency (kHz) 

(a) Experimental 

[Power Spectrum] 
Simulation of a Plucked Paper Fibre 

2500 

500 1000 1500 2000 

Frequency (kHz) 

(b) Numerical 

Figure 3.35: Power Spectra of the Acoustic Emissions 

2500 

91 



CHAPTER 3. The Numerical Model 

simulation is too large, the frequency response of the mass/spring model is compromised 

and will not produce the harmonics of the motion. Using too small a time step will increase 

the simulation time exponentially, therefore a balance between the frequency response of 

the mass/spring model and the simulation time must be reached. 

The tests for the acoustic wave equation clearly show the advantages of using a fourth 

order accurate approximation to minimise the errors associated with the discretisation pro- 

cess and the effects of the non-reflecting boundary conditions. It is also important to con- 

sider the frequency response of the acoustic wave equation. The time step used in the 

acoustic wave equation is analogous to the inverse of the sampling rate of a sensor and, as 

such, the maximum frequency (Nyquist frequency) of the recorded signal is governed by 

the Nyquist's Sampling Theorem: 

fN =l fs where: fs = 2 
1 

At 
(3.6.1) 

where: 

fN Nyquist Frequency 

fs Sampling Rate 

At Time Step of the Simulation 

The sampling rate of the sensors used in recording the experimental data is 10 MHz 

[114], which means the theoretical maximum frequency that is captured is 5 MHz, there- 

fore the time step used for the acoustic wave equation must be ., t =I E-07s. In practise, 

the sensors provide an optimal response within the frequency range of 500 - 800 kHz and 

are able to capture signals with a frequency range of 100 - 2500 kHz [ 115]. 

The results for the plucked rubber band and the paper fibre show that the fundamental 

frequency of the numerical data is within 3% of the fundamental frequenc` of the experi- 

mental data. This shows that the hybrid model is providing sensible results and is ready to 

be challenged with more complex fibre structures. 
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Chapter 4 

Acoustic Evidence of the Damage 

Mechanisms 

4.1 Overview 

The following chapter will present the classical relationship describing the frequency of a 

plucked string to its material properties, as shown in Equation 4.2.2. Using this relation- 

ship, the assumptions connected with each material property are then presented. Having 

justified the assumptions used in generating a numerical representation of the microscopic 

structure of the paper, the numerical model is then used to simulate the vibration of a range 

of simple fibre structures when undergoing the two types of damage mechanisms. 

The numerical results are then analysed to determine whether there is any detectable 

difference between the resulting AEs of the two damage processes. It is important to note 

that these results will only provide a very basic understanding of the micro-mechanics of 

the paper; partly due to the two dimensional approximation of the model and the simplified 

structures it is used to model. However, it will be shown that the results will still provide 

important information in the identification of the damage mechanisms. 
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4.2 Frequency Relationship 

The frequency produced by a vibrating string is dependent on the tension within the string 

and the linear density of the string. In terms of the mass/spring model, it leads to: 

Fc 
T 

m 
(4.2.1) 

Using T= -lex given by Hooke's law and substituting k with Equation 3.2.5, the 

frequency relationship can be expressed by the paper fibre physical parameters and its 

strain. 

F 
Ets ius. r 

Lm 

where: 

E Young's Modulus of the Paper Fibre 

is Thickness of the Paper Fibre 

w Width of the Paper Fibre 

X Displacement of the Paper Fibre from Equilibrium 

L Free Vibrating Length of the Paper Fibre 

in Mass of the Paper Fibre 

(4.2.2) 

Using Equation 4.2.2, it is possible to predict how the changes in the fibre properties 

due to the two damage mechanisms affect its frequency of vibration. The following sec- 

tions will address the assumptions associated with each variable of Equation 4.2.2 and 

investigate the mechanics of a fibre/fibre bond failure and a fibre failure respectively. 
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4.3 Assumptions of the Fibre Structure 

4.3.1 Overview 

To successfully model the acoustic response of the damage mechanisms, several assump- 

tions regarding the fibre structure and individual fibre properties must be properly de- 

scribed. There are four assumptions presented below, each dealing with different aspect', 

of the relationship given in Equation 4.2.2. 

4.3.2 Free Vibrating Length of a Paper Fibre 

Figure 4.1(a) shows a typical undamaged paper sample with Figure 4.1(b) showing the 

same paper sample post failure. Figure 4.1(c) shows a second undamaged paper sample 

with Figure 4.1(d) showing the second paper sample at 98% of the load required for failure 

of the first paper sample. The paper samples have been created so that 5% of the fibres 

have been dyed. The images have been filtered to enhance the definition of the fibres. 

Figure 4.1(d) clearly shows two opaque regions next to the middle of each notch on 

the paper sample. The opaque regions highlight where damage of the fibre structure has 

already occurred and shows that the length of the damage area is not greater than 1 mm. 

Therefore it is assumed that the fibre structure outside of the damage zone remains un- 

damaged suggesting that no plastic deformation of the fibre structure has occurred here. 

If no deformation has occurred then the fibre structure outside of the damage zone can be 

thought of as having an infinite mass for dynamic modelling purposes. This leads to the 

first assumption that the maximum free vibrating length of a paper fibre in the damage 

zone is equal to I mm. 
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lo mm 

(a) Undamaged Paper Sample I at Zero Load 

I 

10 mm 

(c) Undamaged Paper Sample 2 at Zero Load 

10111111 

(b) Failure of Paper Sample I 

(d) Paper Sample 2 at 981% of Failure Load 

Figure 4.1: Details of the 10 mm x 10 mm Central Section of the 10 mm x 100 mm of 2 
Paper Samples under Varying Degrees of Load 
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4.3.3 Extension of the Paper Fibre 

Figure 4.2 shows the extension of the paper specimen versus the AE number. The paper 

sample has a length of 100 mm which undergoes a maximum extension of approximately 

0.85 mm. This equates to approximately I% of the length of the paper sample. For 

simplicity, it is assumed that the paper is constructed from a Cartesian mesh of fibres so 

that an extension of I% in the macroscopic length of the paper is equal to an extension of 

I% in each fibre. Therefore, it is assumed that the damage zone will also experience an 

extension of I% of its length. This assumption remains valid as long as the size of the side 

notches is small compared to the sample width. 

0.9 

[Extension vs AE Number] 
Experimental Data from a Notched Paper Sample 

0.8 

E 0.7 
E 

E 0.6 
cz 

ä 0.5 

ö 0.4 
co c 

0.3 

0.2 

ý 

0.1 L 
0 100 200 300 400 500 600 

AE Number 

Figure 4.2: Extension of a Typical Paper Sample 

4.3.4 Material Properties of the Paper Fibre 

The previous two sections have dealt with the variables L and x from Equation 4.2.2 re- 

spectivvely. This section will define values for the remaining material properties specified 
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in Equation 4.2.2. Due to the collaborative nature of this EU project, the material proper- 

ties of the paper fibre were obtained from the project partner with particular expertise in 

the paper physics field [116]. 

Material Property Value Average Value 
Young's Modulus 30 - 80 GPa 35 GPa 
Fibre Length (Chemical) <4 mm 3 mm 
Fibre Thickness 2-6 jim 2.8 pm 
Fibre Width 30 - 40 pm 35 pm 
Fibre Density 1.5 g/cm3 1.5 g/em3 
Poisson Ratio 0.28-0.29 0.28 

Table 4.1: Material Properties of a Fibre 

For all simulations, unless otherwise stated, the average values of the material proper- 

ties are used. The fibre length as stated in Table 4.1 is different to the free vibrating length 

as discussed in Section 4.3.2. The connectivity of the fibre structure ensures that the free 

vibrating length is always less than the average fibre length. 

4.3.5 Degrees of Freedom of the Paper Fibre 

This final section addresses the need for approximating the number of degrees of freedom a 

fibre has. This encompasses the ability of the vibrating paper fibre to accurately represent 

its harmonic frequencies as well as the freedom the fibre has when it is connected to 

a larger structure. Rossing [104] states that the frequency F, of the 11th harmonic of a 

plucked fibre is given by: 

F�_ (2n + 1)F n=0,1 , 2, ... (4.3.1) 

where F is the fundamental frequency of vibration. Figure 4.3 shows the minimum 

number of free masses required to produce the fundamental frequency and first two har- 

monic frequencies of a plucked fibre. 
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  Fixed Mas's 
Q Free Mass 

Fundamental Frequency Mode Shape 

First Harmonic Frequency Mode Shape 

Second Harmonic Frequency Mode Shape 

Figure 4.3: Mode Shapes for the Fundamental Frequency and First 2 Harmonic Frequen- 
cies 

Figure 4.3 shows that the number of masses required to reproduce the 11th harmonic is: 

m=(2n+1) n=0,1.2.... (4.3.2) 

where in is the number of masses. Figure 4.4 highlights the need for enough masses 

to allow for sufficient movement between two fibre/fibre bonds. Figure 4.4(a) shows a 

rigid system where there are no degrees of freedom between two fibre/fibre bonds, with 

Figure 4.4(b) showing a loose system where there is one degree of freedom between two 

fibre/fibre bonds. 

It is also important to note that if there are too few masses, the error in the displacement 

of the mass along the length of the fibre becomes greater, resulting in an unrealistic vibra- 

tion. Therefore, unless otherwise stated, each fibre will be approximated by 29 masses and 

28 springs. This number of masses and springs allows for a good level of accuracy at an 

acceptable computational expense. 
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  Fixed Mass 
Q Free Mass 

  Fixed Mass 
Q Free Mass, 

(a) Rigid 3x3 Cartesian Mesh (b) Loose 3x3 Cartesian Mesh 

Figure 4.4: Degrees of Freedom in a 3x3 Cartesian Mesh 

4.4 Acoustic Evidence of a Vibrating Fibre 

This section will investigate the frequency generated from the vibration of the middle 

section of a single fibre within the damage zone. This will determine the fundamental 

frequency of the vibration of the free section of the fibres within the damage zone. Figure 

4.5 shows the model used for the simulation of the vibrating free section of the fibre. 

  Fixed Mass 
Free Ma, 

  Fibre/Fibre Bond 

Time O. OOEOOs 

Figure 4.5: Vibrating Fibre Unit Cell 

Figure 4.6(a) shows the AE generated from the simple harmonic motion of the single 

fibre. Figure 4.6(b) shows the Continuous Wavelet Transform (CWT) of the AE. The 

wavelet software is provided by Vallen Systeme [46] and is based on the work h% Takemoto 
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[47] and Suzuki [48]. 

The fundamental frequency of vibration for the single fibre is given as 253.91 kHz as 

shown by the dark spot maximum in Figure 4.6(b). Using the frequency relationship given 

in Equation 4.2.2 it is possible to use the numerical model to calculate the fundamental 

frequency for a range of single fibres with varying material properties. The subsequent 

frequency relationship map can be seen in Figure 4.7. 

Figure 4.7 only uses a range of + 10% of the average value of the material properties 

given in Table 4.1. This suggests that there is a wide range of fibres with differing material 

properties that will produce any given frequency. However, if the range of + 10% of 

the average value of the material property is accurate enough to encompass the majority 

of the fibres, the change in the frequency response is limited to less than + 150 kHz. 

Therefore, if the changes in the fibre structure due to the damage mechanisms shift the 

structure's frequency response by more than 150 kHz, the damage mechanisms should 

be distinguishable. It will be shown in the forthcoming sections that there is little need 

for concern in using the average material properties of the paper fibre as the two types of 

damage mechanisms can be identified from different shapes and frequency ranges in the 

CWT. 

4.5 Acoustic Evidence of a Fibre/Fibre Bond Failure 

4.5.1 Predicting the Change in Frequency of Vibration of a Fibre 

Structure as a Fibre/Fibre Bond Failure Occurs 

Consider the 3x3 Cartesian mesh shown in Figure 4.8. Where two fibres overlap, it a,, - 

sumed that they are bonded by a fibre/fibre bond. As the mass/spring model approximates 

the fibre's mass to particular points, the fibre/fibre bonds are restricted to forming where 

the masses from two fibres overlap. The mass of the fibre/fibre bond is the sum of the 
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mass of the two masses, assuming that the `glue' used in forming the fibre/fibre bond iý 

massless. 

At the fibre/fibre bond, the increased mass requires a larger force to displace it the 

same distance compared to an arbitrary point on the paper fibre. To simplify the model, 

the fibre/fibre bond was approximated to a fixed point. If L is defined as the free vibrating 

length of the fibre, Lo as the free fibre length before failure of the fibre/fibre bond and 

L1 as the free fibre length after failure of the fibre/fibre bond, it is possible to derive a 

relationship between the fibre length and the frequency, assuming that E, t, u', S, and .r of 

each spring and m for each free mass remains constant. 

The relationship for the frequency of vibration (F0) of the system before failure of the 

fibre/fibre bond is: 

Fo D( 
1 
Lo (4.5.1) 

When the fibre/fibre bond fails, the free vibrating length of the two fibres that were 

bonded together increases, so that L1 > Lo. The relationship for the frequency of vibration 

(Fl) of the system after failure of the fibre/fibre bond is: 

1 
F1xL 

i 
(4.5.2) 

Therefore the change in the 3x3 Cartesian mesh produces the following general rela- 

tionship for the change in the frequency of vibration of any fibre structure, following a 

fibre/fibre bond failure. 

F1 < Fo (4.5.3) 

Using Equation 4.5.3 it is possible to find evidence of the fibre/fibre bond failure in 

the experimental data by searching for a drop in the frequency of the AEs. Hoýý ever, this 
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change can only be seen by analysing a group of AEs over an entire experiment rather on 

an individual AE basis, due to the random nature of the fibre structure. The experimental 

results showing this trend are presented in Section 4.5.5. 

A second method is first investigated which will determine whether a fibre/fibre bond 

failure can be identified directly from the AE rather than requiring a group of AEs. This 

requires the simulation of the 3x3 Cartesian mesh consisting of 9 identical fibres each 

with a length of 2 mm. The Cartesian mesh was chosen as it represents an ordered, highly 

connected structure, with the middle part of the structure representing the damage zone. 

Although the microscopic structure of paper is not ordered in this way, the model does 

represent the damage zone, with a length of 1 mm, and the presence of the neighbouring 

structure, with a length of 0.5 mm either side of the damage zone. The results are also 

easier to understand if they have originated from a well defined structure. Figure 4.8 

shows the 3x3 Cartesian mesh and also highlights two of the bonds in the damage zone 

labelled by (1) and (2) respectively. 

Section 4.5.2 describes the numerical aspects of the implementation of the fibre/fibre 

bond failure damage mechanism, with Section 4.5.3 presenting the results generated from 

the model. Equivalent experimental results can be found in Section 4.5.4. 

4.5.2 Numerical Implementation of the Fibre/Fibre Bond Failure Dam- 

age Mechanism 

As discussed in Section 4.5.1, a fibre/fibre bond exists when two fibres overlap at that 

particular point. In terms of the mass/spring model, this is represented by two masses 

bonded together producing a larger mass. This larger mass has a mass which is equal to 

the sum of the two individual masses. 

The presence of a fibre/fibre bond mass could change the material properties of the 

its surrounding springs. such as the spring thickness. For example, consider two fibres 

105 



CHAPTER 4. Acoustic Evidence of the Damage Mechanisms 

perpendicular to one another. The width and length of the fibre/fibre bond is the same 

as the width of the fibre. It also possible to approximate the thickness of a fibre/fibre 

bond to twice that of the spring thickness. However, the mass/spring model dictates that 

the fibre/fibre bond be represented by a point in space and therefore, the thickness of the 

fibre/fibre bond is dependent on the length of the springs attached to the fibre/fibre bond. 

For a spring length L, and spring width w3, where L- u'3, increasing the thickness of 

the springs connected to the fibre/fibre bond mass becomes more realistic, but, as L>> 

w5, the approximation of the fibre/fibre bond as a point in space is more accurate, hence 

there is no need to modify the thickness of the connected springs. Therefore, it has been 

decided for simplicity that, irrespective of the spring length, the only difference between 

a fibre/fibre bond mass and a normal mass is the increased mass of the fibre/fibre bond 

mass. 

The pseudocode for the failure of a fibre/fibre bond can be seen in Algorithm 8. 

Algorithm 8 Simulating a Fibre/Fibre Bond Failure 
1: if Fibre/Fibre Bond Failure = TRUE then 
2: 1 F- fibre/fibre bond mass 
3: mi mass of the fibre/fibre bond 

j 4: Create new fibre mass j 
5: Find the 4 springs, a, b, c, d, connected to i 
6: Connect the 2 pairs of opposing springs to i and j respectively 
7: I0i, '1)1j F- 111i 

8: end if 

It is also interesting to understand how the dynamic addition of an extra mass in the 

mass/spring model changes the structure of A=I+ t1l-1 af" + Aft lI-1 afr a.,, 

given in Equation 3.2.29. The shape of A before and after the failure of the fibre/fibre 

bond in a 3x3 Cartesian mesh, where each fibre consists of 9 mass and 8 springs, can be 

seen in Figure 4.9. 

The arrows in Figure 4.9(b) shows the addition of extra elements into matrix .4 caused 

by the creation of an extra mass in the fibre structure. The matrix .4 still remains asym- 
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Figure 4.9: Changes in the Matrix A due to the Failure of One Fibre/Fibre Bond 

metric due to the fixed masses within the mass/spring system. 

4.5.3 Theoretical Results of a Fibre/Fibre Bond Failure 

This section presents two sets of results. The first set, Figure 4.10, shows the AE and 

CWT resulting from the failure of the fibre/fibre bond designated by (1). The second set, 

Figure 4.11, shows the AE and CWT resulting from the multiple failures of the fibre/fibre 

bonds designated by (1) and (2). In this simulation, fibre/fibre bond (1) is the first to fail 

and then, 40 ms later, fibre/fibre bond (2) fails. 

4.5.4 Experimental Evidence of a Fibre/Fibre Bond Failure 

The experimental results presented in this section have been acquired from a typical 

notched paper sample under load. The fibre/fibre bond failure is the predominant damage 

mechanism in the paper, generating a high proportion of the AEs in the dataset. Therefore, 

the ensemble av ei-age of the measured AEs, provides an insight into the average AI; of a 

fibreffibre bond failure. Figure 4.12 shows the CWT of the average AE of the experimental 
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data. 

The first point to note is that temporal representation of the average AE provides inac- 

curate information regarding the duration of each AE. This is caused by each experimental 

AE having different arrival times at the sensor, causing the average duration of the AE to 

increase. However, it is important to note the general shape of the CWT and the dominant 

frequencies present within it. There are two dominant frequency components at around 

250 kHz and 750 kHz. 
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Figure 4.12: The CWT of an Average AE from a Notched Paper Sample 

For completeness, Figure 4.14 shows the CWT of 6 typical AEs, resulting from sus- 

pected fibre/fibre bond failures, chosen from the experimental data. They all show a similar 

shape and frequency content, but it is the strength of the dominant frequency components 

that are of particular interest. The lowest dominant frequency is at approximately 250 

kHz. This agrees with the prediction in Section 4.4 of the fundamental frequency of a 

single vibrating fibre that has a length equal to that of the damage zone in the paper. The 

other dominant frequency is at approximately 750 kHz, which, from Equation 4.3.1 is the 
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first harmonic of a single vibrating fibre. 

The presence of the first harmonic can be explained by investigating the initial shape 

of the fibres in the fibre structure. Figure 4.13(a) shows the initial conditions of the single 

vibrating fibre of Figure 4.5. Figure 4.13(b) shows the initial conditions of fibre I in the 

3x3 Cartesian mesh of Figure 4.8. 

The initial conditions of the fibre shown in Figure 4.13(a) are identical to the mode 

shape of the fundamental frequency and result in the generation of a sinusoidal AE with a 

frequency of approximately 250 kHz. In contrast, the initial conditions of fibre I in Figure 

4.13(b) is closer to the string's fourth eigenvector. When one of the fibre/fibre bonds fails. 

the resulting initial movement of the fibre is a combination of the first few harmonics, with 

the motion gradually converging to the mode of the fundamental frequency between each 

remaining node. 

From the model results of Figure 4.1 1, it is inferred that the CWT of an AE generated 

from a fibre/fibre bond failure must satisfies the following conditions. 

" The dominant frequency components of the AE must be at approximately 250 kHz 

or 750 kHz. 

" The dominant tone may be at either approximately 250 kHz or 750 kHz. 

" The duration of the AE frequency component at approximately 250 kHz is longer 

than that of the frequency component at approximately 750 kHz. 

4.5.5 Experimental Evidence of Multiple Fibre/Fibre Bond Failures 

The damage zone area of Figure 4.1(d) was digitally magnified and compared with the 

corresponding area of the undamaged paper sample of Figure 4.1(c). It was noted that 

most of the dyed fibres were displaced but not broken. This indicates that in this test the 

predominant damage mechanism is the failure of the fibre/fibre bonds. Therefore, when 
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Figure 4.13: Initial Conditions of the Single Fibre and Fibre I in the 3x3 Cartesian Mesh 

analysing a set of data from one experiment, it can be assumed that AEs generated from 

fibre failures have little effect on the overall results. Therefore, the AEs from suspected 

fibre failures are not filtered out from the data set. 

This section will use data from several 100 mm x 10 mm notched paper samples similar 

to the one shown in Figure 4.1 to prove that as the fibre/fibre bonds fail, the frequency of 

the generated AEs decreases as predicted by Equation 4.5.3. The paper samples are placed 

under a load which increases at a constant rate until fracture of the specimen occurs. Figure 

4.15 shows the load applied to the paper sample over time. 

Figure 4.15 shows the time trace of the axial load applied to the paper sample. Figure 

4.15 shows that up until 32 seconds, the load in the paper sample is increasing or remain- 

ing constant. This suggests that the frequency of the AEs generated will increase, if the 

free vibrating length of the fibres remain constant, as shown by the relationship given in 

Equation 4.2.2. Conversely, if fibre/fibre bonds fail during the tensile test, the average 

free fibre vibrating length will increase, which will reduce the AE frequency, according to 

Equation 4.5.3. 

Figure 4.15 shows that, after 32 seconds, the load that the paper sample is under will 

start to decrease. If the tension in the paper sample decreases, so does the frequency of the 

generated AEs, making it impossible to distinguish whether the decrease in the frequent` 
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Figure 4.15: Load vs Time of a Typical Notched Paper Sample 

of the AEs is due to the failure of the fibre/fibre bonds or to the decrease in the load. 

Therefore, the following analysis will focus on the AEs emitted before the load begins to 

decrease. The following two sections will ascertain from the numerical model the impact 

the increasing tension and the effect the fibre/fibre bond failures have on the frequency of 

the generated AEs respectively. 

The Effect Increasing the Tension in a Fibre has on its Frequency of Vibration 

Figure 4.16 shows the amount of extension a typical paper sample undergoes before frac- 

ture occurs. The load in the paper sample begins to decrease at approximately 32 seconds, 

when the extension of the paper sample is around 0.82 mm. Using this information, a sin- 

gle plucked fibre as shown in Figure 4.5 is simulated using the average material properties 

with an extension varying between 0.217c to 1.0% of its length. The resulting frequencies 

can be seen in Figure 4.17. 

The equation of the line of best fit in Figure 4.16 is F =1.? 7E07. r -- 115.21, ýý here F is 
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the frequency in kHz and x is the extension of the paper fibre in mm. Using this equation, 

the change in the frequency of vibration of a fibre which has been extended by 0.6% ww ill 

only increase by approximately 10%. This increase in frequency is much smaller than the 

decrease in frequency of approximately 67% caused by the failure of a fibre/fibre bond. 

Therefore, it is expected that the effect of increasing the tension in the paper sample has a 

negligible effect on the frequency of the AEs. 

The Effect a Fibre/Fibre Bond Failure has on the Frequency of Vibration of a Fibre 

The theoretical and experimental results have shown that the failure of a fibre/fibre bond 

generates an AE which contains strong frequency components at around 250 kHz and 750 

kHz as seen in Figures 4.10 and 4.14 respectively. Section 4.4 has shown that the move- 

ment of a single fibre produces an AE with a fundamental frequency equal to approxi- 

mately 250 kHz. Section 4.5.3 has shown that when a fibre is part of a larger structure, the 

AEs generated contain a higher dominant frequency at approximately 750 kHz. There- 

fore, it is proposed that as damage occurs within the paper sample, there will be a decrease 

in the number of fibre/fibre bonds in the damage zone, causing the fibre structure in the 

damage zone to disintegrate into individual fibres. In doing so, there will be a noticeable 

shift in power from the higher frequency to the lower frequency. 

The failure of a fibre/fibre bond is a localised event and will only affect the neighbour- 

ing fibre structure. This suggests that the transfer of power from the high frequencies to 

the low frequencies will rarely be seen in two consecutive AEs; instead it must be mea- 

sured over a complete set of AEs from the same experiment. Using the numerical results 

as guidelines, it was decided to split the frequency components of each experimental AE 

into equal windows of bandwidth -ýf 100 kHz for the range 0- 2500 kHz. The power 

ratio for the i`h window is: 
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VI 

i0 f 

öff PSD(f)df 
(i-l)z f 

2500 

25äo 
f PSD(f)df 
0 

where: 

im 

Z sPLi 
j=(i-1)m+l 

_v Z SPLj 
j=1 

Wi Power Ratio of Window i 

PSD Power Spectral Density 

where: i=1.2, .... 25 (4-5-4) 

SPL Sound Power Level generated by DFT of the AE 

N Number of Frequency Bands in the DFT 

j j(th)DFT Frequency Band 

m Window Size = 100 khz 

For each experimental AE, a Pearson's product moment correlation (Pearson's corre- 

lation) is performed on the power ratios of each frequency window. The formula for the 

Pearson's correlation as given by Allan [117] is shown in Equation 4.5.5. 

I' 

nnn 
- 

ýi=1 
't 

XI)2 1t 2 (ýi 
1 ! /i )2) 

L. i=1 'z i-n 
Ei=1 yi -n 

where: 

I. Pearson's Correlation Coefficient (-1 <r< 1) 

(4.5.5) 

r=1- Strong Positive Correlation, r= -1 - Strong Negative Correlation 

a AE Number 

y Power Ratio 

n Number of AEs Recorded Consecutively in Sample 

Table 4.2 shows the results of the Pearson's correlation coefficient r for each of the 

siglll flennt frequency windows from the experimental data of a typical paper sample. 
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Frequency Window r p 
200 - 300 kHz 0.19 6.08E-03 
300 - 400 kHz 0.29 3.96E-05 
500 - 600 kHz -0.28 7.69E-05 
700 - 800 kHz -0.29 4.45E-05 
1300 - 1400 kHz 0.34 9.05E-07 
1400 - 1500 kHz 0.20 4.86E-03 
1500 - 1600 kHz 0.22 1.63E-03 
1900 - 2000 kHz 0.22 2.07E-03 

Table 4.2: Pearson's Correlation Coefficients and p Values for the Experimental Data for 
Frequency Windows with Significant Correlation 

Table 4.2 also shows the observed significance level p, which is the smallest fixed 

level at which the null hypothesis can be rejected [ 118]. The results for the 200 - 300 

kHz frequency window show a weak positive correlation, r=0.19, with an observed 

significance level p=6.08E-03, which means there is 0.6% chance that the observed 

correlation is a fluke. Table 4.2 only lists the correlation coefficient of the frequency 

windows where the significance level is less than 117c. Whereas correlation does not imply 

causation, the results from Table 4.2 suggest that a trend does exist. This will be explored 

using a linear regression. 

Figure 4.18 shows the linear regression (y = i, u + c) of the power ratio, rJ vs the AE 

number, .r for the same data used in Table 4.2. 

The details of the linear regression are summarised in Table 4.3 where m is the gradient 

of the linear regression and c is the value of the y when i=0. 

Frequency Window in c r p 
200 - 300 kHz 7.68E-04 0.19 0.19 6.08E-03 
300 - 400 kHz 7.31 E-05 0.01 0.29 3.96E-05 
500 - 600 kHz -2.96E-04 0.10 -0.28 7.69E-05 
700 - 800 kHz -8.30E-04 0.34 -0.29 4.45E-05 
1300 - 1400 kHz 1.27E-04 0.01 0.34 9.05E-07 
1400 - 1500 kHz 1.00E-04 0.02 0.20 4.86E-03 
1500 - 1600 kHz 1.15E-04 0.01 0.22 1.63E-03 
1900 - 2000 kHz 1.54E-05 0.00 0.22 2.07E-03 

Table 4.3: Summary of the Linear Regression 
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[Linear Regression] 
Experimental Data from a Notched Paper Sample 
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Figure 4.18: Results from the Linear Regression 

Using the Pearson's correlation coefficient it was shown in Table 4.2 that 8 of the 

frequency windows showed significant correlations. Figure 4.18 shows the 4 frequency 

windows that exhibit the strongest relationship (linear regressions with the steepest gradi- 

ent) between the power ratio and the AE number, of which the 200 - 300 kHz and 700 - 

800 kHz windows are the strongest. The CWTs of the numerical and experimental AEs 

have shown that the most powerful frequency components can be found around 250 and 

750 kHz. The symmetry of these two lines of best fit about the y=0.26 line show that 

there is a linear transfer of power from the frequency components in the range of 700 - 

800 kHz to the frequency components in the range 200 - 300 kHz. 

As the power ratio is a measure of the strength of the frequency components within 

the specified bandwidth, it must also represent the dominating frequency of the AE. The 

generation of each AE within the specified range is caused by the failure of a fibre/fibre 

bond, therefore the AE number is proportional to the amount of damage present within 

the fibre structure. Figure 4.18 shows that the statistical frequency of the 700 - 800 kHz 
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signals is inversely proportional to the amount of damage within the paper sample and the 

statistical frequency of recording the 200 - 300 kHz signals is proportional to the amount 

of damage within the paper sample. From the relationship presented in Equation 4.2.21 and 

the analysis of the variability of E, t, u's, x, L, and m in Section 4.4. the only parameter 

that undergoes a significant change due to the failure of the fibre/fibre bond is the free 

vibrating length of the fibre L, which increases as the damage increases. Therefore it is 

inferred that the probability P(f) of the dominant SPL frequency f of the AE being high 

or low is: 

P(700 kHz <f< 800 kHz) x1x1 (4.5.6a) 
L damage 

P(200 kHz <f< 300 kHz) xLx damage (4.5.6b) 

4.6 Acoustic Evidence of a Fibre Failure 

4.6.1 Predicting the Change in Frequency of Vibration of a Fibre 

Structure as a Fibre Failure Occurs 

Consider the 2x 1 fibre structure shown in Figure 4.19. The fibre structure uses identical 

fibres to those of the 3x3 Cartesian mesh used for the fibre/fibre bond failure simulations. 

Certain fibres were omitted from this structure to represent the absence of fibre/fibre bond 

in the damage zone, consistent with the assumption that the fibre/fibre bonds in the local 

structure will have failed first [119]. 

Before failure occurs in the fibre, the fibre behaves like a string, with the frequency of 

its vibration defined by Equation 4.2.2. When the fibre fails, it no longer has both ends 

fixed, but consists of two smaller fibres with one fixed end and one free end. The dominant 

movement of the fibre as failure occurs is a sharp compression along the length of the fibre, 
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UFixed Mass 
Q Free Ma, -, 
U Fibre/Fibre Bond 

Time. 0.00EOOs 

Z 

Figure 4.19: 2x l Fibre Structure with Potential Fibre Failures 

in contrast to that of an undamaged fibre, where the dominant movement is perpendicular 

to that of the fibre. 

Physically, as failure occurs, the fibre no longer behaves like a string, instead it behaves 

like a spring. Equation 4.6.1 presents the well known relationship of the natural frequency 

of a mass connected to a spring as shown in Figure 3. l . 

_1k_1 
fEts zL ýs Fý 

27r 11 27 L», 

where: 

F� Natural Frequency of Oscillation 

E Young's Modulus of the Paper Fibre 

is Thickness of the Paper Fibre 

u', Width of the Paper Fibre 

L Free Vibrating Length of the Paper Fibre 

nz Mass of the Paper Fibre 

(4.6.1) 

Using Equation 4.6.1, it is possible to predict an approximate frequency of the AEs 

generated from the fibre failure damage mechanism. Figure 4.20 presents the predicted 

frequency of oscillation of a simple mass/spring system using the average material prop- 

erties of paper with varying spring length. 
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It is important to stress that the predicted frequencies shown in Figure 4.20 are approx- 

imate as the mass/spring system shown in Figure 3.1 is connected to a fixed point, whereas 

the failing fibre in Figure 4.19 is connected to a flexible fibre structure. 
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Figure 4.20: Predicted Frequencies of Oscillation of the Simple Mass/Spring System with 
Varying Spring Length 

Figure 4.19 shows 12 points, denoted by (1) to (12), at which failure of the fibre can 

occur. For example, failure of the fibre at point (1) leaves two smaller fibres with one end 

fixed and one end free. Figure 4.23 shows the fundamental frequency of the AE resulting 

from when failure occurs at each point. Each occurrence of the damage mechanism will 

produce a pair of fibres where the sum of the individual lengths is equal to the original 

length of the fibre. The two smaller fibres, according to Figure 4.23 will produce two 

distinct frequencies, unless they have exactly the same length. It is also important to note 

that the failure of a fibre produces a monopole source at the point of failure, in contrast 

to the failure of a fibre/fibre bond which produces a dipole source along the length of the 

vibrating fibres. Figure 4.21 shows that the method for coupling the mass/spring model 
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to the acoustic wave equation described in Section 3.4.1 reproduces the monopole source 

when a fibre fails. The change in mass of the grid cells where there is an introduction of 

mass and a reduction of mass is effectively zero, which leaves an initial net reduction of 

mass located around the point of failure. 

11 

: tý 

Figure 4.21: Resulting Monopole Source from a Fibre Failure 

Simulations of the damage mechanism have suggested that only one frequency pro- 

duced by the fibre failure is dominant. This can be explained by the tension in the local 

fibre structure. Consider the fibre structure in Figure 4.19 where the fibre in question, de- 

noted by 3, is connected to two other fibres at each end, denoted by l and 2. The system is 

stretched along the length of fibre 3, so that fibre 2 is under a higher tension than fibre 1 as 

shown in Figure 4.22. As fibre 3 fails, the lower tension in fibre I causes it to absorb more 

of the resulting movement of its connected half of fibre 3. In contrast, as fibre 2 is under a 

higher tension, it is unable to absorb the movement of the other half of fibre 3. This results 

in an AE with a fundamental frequency which is proportional to the length of the half of 
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fibre 3 which is connected to fibre 2. 
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Figure 4.22: Initial Conditions of Fibres I and 2 in the 2x 1 Fibre Structure 

Figure 4.23 shows a linear relationship between the frequency and the length of the 

fibre after failure has occurred. Although the relationship in Figure 4.23 differs from that 

in Figure 4.20, it is possible to propose a more general correlation between the frequency 

and length of the fibre as shown in Equation 4.6.2. 

1 
FxL (4.6.2) 

It is also important to investigate whether the extension of fibre 3 is a factor on the 

resulting AE of the fibre failure. Figure 4.24 shows the power spectrum of 6 fibre failures 

as the extension in the fibre is increased from 1.09 to 2.0%. It shows that the fundamental 

frequency of the AE remains constant at around 1175 kHz, with the SPL at this frequency 

increasing as the extension increases. Therefore, a higher tension in a failing fibre causes 

a stronger AE to be generated, but has no effect on its dominant frequency. This behaviour 

is unlike that of an undamaged fibre, where an increase in the tension causes an increase 

in the frequency of the AE. It is important to note from Figure 4.24 that the frequency 

content of the AE does slightly increase, most likely due to the increased tension in the 

Surrounding fibre structure. 
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To summarise, the expected frequency range of an AE resulting from the failure of 

a fibre with average material properties is between 800 kHz and 1700 kHz as shown in 

Figure 4.23. Section 4.6.2 describes the numerical aspects of the implementation of the 

fibre failure damage mechanism, with Section 4.6.3 presenting the result,, generated from 

the 2x 1 fibre structure. Equivalent experimental results can be found in Section 4.6. -t. 

4.6.2 Numerical Implementation of the Fibre Failure Damage Mech- 

anism 

The failure of a fibre is conceptually simpler with regard to the numerical implementation 

than the failure of a fibre/fibre bond. There are no additional assumptions to the fibre 

structure as there are with the fibre/fibre bond failure. However, a single manipulation of 

the mass/spring model is required. The failure of a fibre can be represented by simply 

removing the spring that connects two masses together. In terms of the material properties 

of that spring, the stiffness is simply set to zero. 

The accuracy of this method is dependent on the spring length; a larger spring length 

results in a larger section of the fibre being removed. The sum of the length of the re- 

suiting two fibres is always less than the length of the original fibre. As the frequency is 

inversely proportional to the length of the split fibre, a larger discrepancy in the sum of the 

fibre lengths produces a larger error in the frequency. The fundamental frequency of the 

resulting AE will always be slightly higher than that of the experimental data, due to the 

removal of a section of fibre. 

The pseudocode of for the failure of a fibre can be seen in Algorithm 9. 

Algorithm 9 Simulating a Fibre Failure 
if Fibre Failure = TRUE then 

i- damaged spring 
3: k; -0 
4: end if 
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Also of interest is how the dynamic subtraction of a spring in the mass/spring model 

changes the structure of AI+ Ot 1I-1 ü+ ýt2_1I_1 afr as given in Equation 3.2.29. 

The shape of A before and after the failure of the fibre in a 2x I fibre structure where each 

fibre consists of 9 masses and 8 springs can be seen in Figure 4.25. 
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Figure 4.25: Changes in Matrix 
.4 

due to the Failure of a Fibre 

The arrows in Figure 4.25(b) show the absence of certain elements in matrix . -l caused 

by the removal of a spring in the fibre structure. The matrix A remains asymmetric due to 

the fixed masses within the mass/spring system. 

4.6.3 Theoretical Results of a Fibre Failure 

This section will present three sets of results, each showing the AE and CWT resulting 

from the failure of a fibre at different points in the 2x 1 fibre structure. Figures 4.26 and 

4.27 show the removal of springs (1) and (12) shown in Figure 4.19, each producing an 

unequal pair of fibre segments. The short segment near fibre I after the removal of spring 

(1) has the same length as the short segment near fibre 2 after the removal of spring (12 ). 

The corresponding long segments also match in length. However, the CWTs in Figures 
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4.26 and 4.27 show two different dominant frequencies. Namely, 800 kHz in the case of 

Figure 4.26 and 1750 kHz in the case of Figure 4.27. This is the result of the difference 

in tension of fibres I and 2 as explained in the previous section. For completene,,,,, Figure 

4.28 shows the AE and CWT of the failure of spring (7) in the 2x l fibre structure. The 

removal of spring (7) creates fibre segments of lengths different to those in Figures 4.26 

and 4.27. This results in the different dominant frequency of 1250 kHz. 

4.6.4 Experimental Evidence of a Fibre Failure 

The experimental results presented in this section have been acquired from a typical 

notched paper sample under load. The failure of a fibre is rare event in paper, generat- 

ing only a handful of AEs in the experimental data. Opinion is very much divided in 

the paper physics community as to whether fibre failures actually occur [119], or if the 

fibre/fibre bonds fail and the damage zone just slides apart. 

Figure 4.29(a) shows a typical undamaged paper sample, with Figure 4.29(b) showing 

the same paper sample at 98% of the average fracture load. The damage zone is marked 

by the circles. Figures 4.29(c) and 4.29(d) show a close up of a region in the damage zone 

before and after damage has occured, respectively. Figure 4.29(d) shows that the fibre in 

the white circle has failed. Therefore, fibre failure occurs in paper samples subjected to 

axial loads. 

The theoretical results have shown that the CWT of an AE resulting from a fibre failure 

has a distinct form. The fibre failure causes an acoustic pulse, rather than the acoustic 

wave, produced from a fibre/fibre bond failure. In terms of the CWT, this produces a 

strong high frequency component above 800 kHz, with a duration of less than 5.00E-06 

seconds. Figure 4.30 shows the CWT of 6 typical AEs of suspected fibre failures chosen 

from the experimental data. 

The experimental results in Figure 4.30 show that the high frequency short duration 
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`pulses' due to the failing fibres in the selected AEs are accompanied by lower frequency 

oscillations of lower amplitude, attributable to the vibration of the surrounding structure 

that is excited by the fibre failure event. This lattice feature was less prominent in the 

numerical predictions of Figures 4.26 to 4.28, as the network of fibre connection,, in the 

paper samples are more complex than in the numerical model. Still, the numerical model 

is reproducing the short duration, high frequency `pulse' attributed to a fibre failure that 

can also be identified in the measured AEs. 

Therefore, by summarising the information known about the fibre failure damage 

mechanism, it is proposed that the CWT of an AE generated from a fibre failure must 

satisfy the following conditions: 

9 The dominant frequency component of the AE must be greater than 800 kHz. 

" The duration of dominant frequency component must be less than 5.00E-06 seconds. 

" The dominant frequency component must be present at the start of the AE record. 

4.7 Summary 

This chapter has presented the governing relationship of the frequency of vibration of a 

classical string to its material properties, as shown by Equation 4.2.2. The assumptions 

needed to successfully simulate a fibre structure using the mass/spring model were stated 

and justified. These were: 

" The free vibrating length of a paper fibre is equal to 1 mm. 

" The extension in the length of the paper fibre is equal to 1(7c. 

" The average material properties of a paper fibre are as stated in Table 4.1. 
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" The paper fibre mass is evenly distributed along its length. resulting in a lumped 

mass model with 29 masses. 

The first system to be simulated was that of a single vibrating fibre to ascertain its fun- 

damental frequency. The frequency produced was approximately 250 kHz. This provides 

the starting point for the analysis of the AEs produced from the fibre/fibre bond failures 

and fibre failures. Having modelled the movement of the most basic fibre structure, a R3 

Cartesian mesh was used to simulate the failure of a fibre/fibre bond. Simulations showed 

that dominant frequency components existed at 250 kHz and 750 kHz. It was also shown 

that failure of fibre/fibre bonds gradually decreases the frequency of the recorded AEs 

when analysed over an entire set of experimental data. Finally, the fibre failure damage 

mechanism was simulated using a 2x I fibre structure showing the existence of dominant 

frequency components above 800 kHz, which are dependent on the point along the fibre 

at which failure occurs. 

Therefore, using the results presented in this chapter, it is possible to state the defining 

characteristics of the two selected damage mechanisms by looking at the CWT of the 

resulting AEs. The criteria for identifying a fibre/fibre bond failure are: 

9 The dominant frequency components of the AE is at approximately 250 kHz or 750 

kHz. 

" The strongest frequency component maybe at either approximately 250 kHz or 750 

kHz. 

" The duration of the frequency component at approximately 250 kHz is longer than 

that of the frequency component at approximately 750 kHz. 

The criteria for a identifying a fibre failure are: 

9 The dominant frequency component of the AE is greater than 800 kHz. 
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" The duration of dominant frequency component is less than 5.00E-06 second. 

9 The dominant frequency component is present at the start of the AE record. 

Chapter 5 describes the use of the above criteria to train an intelligent classifier to 

dynamically identify AEs from the two damage mechanisms. 
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Chapter 5 

Classification of the Damage 

Mechanisms 

5.1 Overview 

This chapter documents the training of an intelligent classifier to dynamically identify the 

AEs from the two selected damage mechanisms. To achieve this, a Self-Organising Map 

(SOM) is used, due to its ability to visualise the inter dependencies of high-dimensional 

data into simple geometric relationships on a two-dimensional grid. A complete descrip- 

tion of the SOM from first principles is presented by Kohonen [59]. The software used 

in this work is known as SOM_PAK and is provided free of charge by Kohonen [ 120]. 

Alhoniemi [121] and Honkela [122] provide examples of past research where SOM_PAK 

has been used. 

5.2 Feature Extraction 

This section will propose a method for extracting features from the CWT to best represent 

the criteria set in Sections 4.5.4 and 4.6.4 for the fibre/fibre bond failure and the fibre 
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failure respectively. The basis of the criteria for distinguishing between the two damage 

mechanisms is on the frequency and duration of the dominant frequency component in the 

CWT of the AE. It is clear that the feature extraction method must preserve the general 

shape of the AE with minimal information loss. 

Figure 5.1 shows typical examples of AEs generated from a fibre/fibre bond failure and 

from a fibre failure respectively. These two AEs will be used as examples in the feature 

extraction processes. 

The feature extraction method involves splitting the normalised CWT of each AE into 

windows that are 5.00E-06s in duration and cover a frequency range of 100 kHz. This 

results in 200 windows for which the power ratio Hi is calculated as in Equation 4.5.4 and 

used as a feature in the SOM. Figure 5.2 shows the location of each of the 200 windows. 

This method effectively resamples the CWT with a frequency bandwidth and time in- 

terval that are just enough to preserve the relevant time-frequency information in the AEs. 

Figure 5.3 shows examples of the simplified representation of the CWT for a fibre/fibre 

bond failure and a fibre failure. 

5.3 The Self-Organising Map 

This section presents a brief theory of the Self-Organising Map invented by Teuvo Koho- 

nen. For a full discussion of the SOM refer to Kohonen [59]. The software used to produce 

the SOMs is also supplied by Kohonen [120]. The SOMs used in this work consist of a 

two dimensional network of nodes in a rectangular lattice. An example of a 4x4 SOM 

can be seen in Figure 5.4. Each node has a specific topological position in the SOM and 

consists of au dimensional weight vector w, where n is the number of features in the input 

data. For the purpose of this work, n= 200. 

Before the SOM can be used as a classification tool, it must be trained by a sample 

of the input data. The training of the SOM consists of three algorithms, the competitive 
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algorithm, the cooperative algorithm and the synaptic adaptation algorithm. Each of these 

algorithms will be discussed in detail starting with the competitive algorithm. 

The Competitive Algorithm 

Consider aI Ox 10 SOM where each node has a weight vector of 2 dimensions, correspond- 

ing to its position on a plane. The weight vectors u. wj of each node jj have been randomly 

initialised to a value between 0 and 1. The input data 
.r consists of 1000 position vectors 

uniformly distributed over a range of 0,0 and 10,10. The initial state of the SOM and the 

input vectors can be seen in Figure 5.5. 

For each input vector . r, the node which is most similar is selected as the best matching 

unit. To do this, the Euclidean distance is calculated between the input vector and each 

node, as shown in Equation 5.3.1, with the best matching unit being the node with the 

smallest distance to the input vector. 
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htý _ Ü(t)exp 20r2(t) 

where: 

hid Neighbourhood Function between Nodes i and j 

rid Distance Between Nodes i and j 

Oz (t) Learning Rate, which decreases linearly over time 

cx(t)=ao----> 0, ast--+ c 

a(t) Neighbourhood Size, which decreases linearly over time 

or (t)=a0 1, ast --ýx 

(5.3.2) 

Figure 5.6 shows the shape of the Gaussian neighbourhood function at different points 

in time. It is important to note that the learning rate and neighbourhood size decrease with 

time. 
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The Synaptic Adaptation Algorithm 

All the nodes that exist within the neighbourhood of the best matching unit as, defined by 

Equation 5.3.2 are forced to `learn' from the input data. The manner in which each node i 

learns from its neighbouring nodes is by changing the weight vector uwj according to: 

wj (t + 1) = u'j (t) + hid (t) . r(t) - u'j (t) (5.3.3) 

where, j is the index of the node in the neighbourhood h;, of node i. The shape 

of the neighbourhood function causes the best matching unit to undergo the strongest 

adaption of its synaptic weights with the node further away from the best matching unit 

subject to a weaker learning rate. This causes similar nodes to cluster together and, over 

many iterations, they will expand their knowledge to encompass the whole of the input 

dimensions. 

Figure 5.7 shows an example where the input data consists of a two dimensional vector 

uniformly distributed between 0,0 and 10,10. Over time, the SOM adapts to represent the 

uniform distribution of the input data. Specifically, the position vectors represented by the 

weights u spread nearly equidistant over the two-dimensional space. 

5.4 Results 

The results for the SOM using the features extracted with the method described in Section 

5.2 are presented below. Details of training the SOM are provided before the explanation 

of the results. 

Training the SOM 

To train the SOM, a set of training data that represents most of the variance of the c\peri- 

mental data is required. It is known from the experimental data that very ie%ý fibre failures 
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occur, therefore to accurately classify the fibre failure damage mechanism, this must be 

adequately represented in the training data. To achieve this, a preliminary visual classifica- 

tion is performed on the experimental data. An index of all the CWTs of the experimental 

AEs can be found in Appendix B. Table 5.1 shows the rudimentary classification results. 

Classification Group Percentage of AEs Ratio 

Fibre/Fibre Bond Failure 84.64% (551/651) 
Fibre Failure 1.23% (8/651) 

Erroneous Data 4.45% (29/651) 
Both Damage Mechanisms 9.68% (63/651) 

Table 5.1: Rudimentary Classification Results 

The visual classification has provided four different groups of AEs, covering the two 

damage mechanisms, erroneous data and AEs with CWTs that exhibit properties of both 

damage mechanisms. Figure 5.8 shows an example of the CWT of an AE from each of 

the four visual classification groups. 

The fibre/fibre bond failure and fibre failure groups contain AEs that satisfy the criteria 

set in Sections 4.5.4 and 4.6.4. The erroneous data group contains AEs where a fault has 
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occurred in the recording of the AE, such that the general shape of the CWT is incorrect. 

The example shown in Figure 5.8(c) shows that the hardware used to record the AE was 

triggered before the front of the AE had reached the sensor. Another common signal 

acquisition error is when two distinct signals are contained in one AE. 

The last group containing AEs that have features from both damage mechanisms is 

of particular interest. When a fibre fails, the resulting contraction of the two fibre ha1v-c,, 

causes the local fibre structure to move. As this is almost instantaneous, the contraction 

of the two fibre halves, which generates a high frequency pulse, and the movement of the 

local fibre structure, which generates a low frequency wave, are contained within the same 

AE. This explains why 63 of the 651 AEs in the experimental dataset have CWTs with 

features from both damage mechanisms. However, it is highly likely that this process is 

present in the 8 identified fibre failures AEs. The difference in the CWTs can be explained 

by the strength of the high frequency component in the AEs. For example, if a fibre fails 

in close proximity to the sensor, the resulting high frequency pulse hides the vibration 

of the local fibre structure, but if the fibre failure occurs some distance away, geometric 

attenuation causes the strength of the high frequency component to be comparable to that 

of the strength of the vibration of the local structure. Therefore the CWT exhibits proper- 

ties of both damage mechanisms. Theoretically, all the AEs within this group should be 

classified as fibre failures, but currently there is no obvious method to validate this theory. 

Therefore, the AEs that contain properties of both damage mechanisms will retain their 

own classification group. 

Having preliminary identified the fibre failures in the experimental data, approximately 

half of these are selected for use in the training data. If an equal number of bond failures 

are randomly selected from the data, this will provide a training dataset containing around 

8 individual AEs. Having a training dataset of just 8 AEs is insufficient and likely to 

results in a poorly trained SOM [59]. Therefore. a large training dataset of 64 AEs ýý a 
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Training Stage Learning Rate cY Neighbourhood Size (r Iterations 
Ordering Stage 

Convergence Stage 
0.05 
0.01 

10 1000 
3 10000 

Table 5.2: Coefficients for Different Training Stages in the SOM 

selected. If the 64 AE training set were chosen at random from the experimental data, the 

fibre failure damage mechanism would not be adequately represented and the SONI not 

properly trained. Therefore, the 4 fibre failures chosen at random are repeated 8 time 

in the training data. The training data is then populated with 32 randomly selected bond 

failures to provide a training set of 64 AEs, where the experimental data contains 65 1 AEs. 

The SOM is traditionally trained using two stages. The first stage uses a high learning 

rate a with a large neighbourhood or over a small number of iterations, to order the nodes 

in the SOM. The second stage uses a small learning rate with a small neighbourhood over 

many iterations so that the weight vectors of the nodes converge. Table 5.2 details the 

values used for the (cr, a) coefficients used in both training stages. 

The quantisation error q is the average difference between the input data and its corre- 

sponding best matching unit. 

qN 

where: 

q Quantisation Error 

11 Iteration Number 

N Total Number of Iterations 

i Input Data 

u Best Matching Unit 

(5.4.1) 

A perfectly trained map will have a quantisation error of 0. The quantisation error for 

the AE dataset is 0.044923. This indicates that the SOM is well trained and should , how 

reasonable performance in classifying the AEs. 
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Performance of the SOM 

This section assesses the performance of the SOM in classifying the two types of damage 

mechanisms. The structure of the SOM can be visualised using the unified distance matrix 

(u-matrix) method by Ultsch [123]. Figure 5.9 shows the u-matrix representation for the 

SOM. The light colours highlight areas of the map with similar nodes, with a dark colour 

showing that a node is unrelated to its neighbours. 

.......... 

..... 

... 000000. 

Figure 5.9: The U-Matrix showing the Distances between Weights of Neighbouring Nodes 

Figure 5.9 clearly shows a divide between the north half of the map and the south 

half of the map. The southern half of the map is one large cluster of similar nodes and 

is denoted by (1). The northern half of the map contains two smaller clusters of similar 

nodes denoted by (2) and (3) and a small cluster of dissimilar nodes denoted by (4). To 

understand the nature of areas (1), (2), (3) and (4) the SOM is used to classify the ex- 

perimental data. Figure 5.10 shows the number of AEs classified by each node for each 

visual classification group. Figure 5.10(b) shows that area (1) is associated with the fibre 

failure damage mechanism. Figure 5.10(a) shows that areas (2) and (3) associated with 

the fibre/fibre bond failure mechanism and Figure 5.10(c) shows that area (4) associated 
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with the erroneous AEs present in the experimental data. 
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Figure 5.10: Number and Type of AE Classified by the SOM 
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On closer inspection of Figure 5.10,6 of the AEs that have been classified as fibre 

failures by the SOM, 5 were visually classified as containing features from both damage 

mechanisms and 1 AE was visually classified as a fibre/fibre bond failure. Table 5.3 details 

the discrepancy in classification between the visual inspection approach and the SONI. 

with Figure 5.11 showing the incorrectly classified AEs. 

Area (4) that defines the erroneous AEs within the experimental data contains nodes 

(7,4), (7,5), (8,5), (9,5), (8,6) and (9,6). These nodes have classified 26 of the 29 erroneous 

AEs and 13 of the 551 fibre/fibre bond failures. Assuming that the visual classification of 

the experimental data is correct, Table 5.4 summarises the findings of this preliminar\ 

study of the SOM, showing the probability of the AE generated being correct1 classified 
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Figure 5.11: AEs Incorrectly Classified by the SOM 
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Visual Classification Group Node AE Number 
Fibre/Fibre Bond Failure (9.8) 571 

Both Damage Mechanisms (0,6) 111 
Both Damage Mechanisms (9.7) 379 
Both Damage Mechanisms (9,7) 494 
Both Damage Mechanisms (0,6) 566 
Both Damage Mechanisms (9,9) 582 

Table 5.3: AEs Incorrectly Classified by the SO`I 

as a particular damage mechanism. 

Fibre/Fibre Bond Fibre Failure Erroneous Data 
Damage Mechanism Failure 

% Ratio % Ratio % Ratio 
Fibre/Fibre Bond Failure 89.80% (537/598) 7.14% (1/14) 33.33% 13/39) 

Fibre Failure 0.00% (0/598) 57.14% (8/14) 0.00% (0/39) 
Erroneous Data 0.50% (3/598) 0.00% (0/14) 66.67% (26/39) 

Both Damage Mechanisms 9.70% (58/598) 35.71 % (5/14) 0.00% (0/39) 

Table 5.4: Performance of the SOM 

Table 5.4 states that if an AE is classified by the SOM as a fibre/fibre bond failure, 

there is an 89.80% chance that it has been classified correctly, with a 0.50c1c chance that 

the AE is erroneous and a 9.70% chance that the AE exhibits features from both damage 

mechanisms. Similarly, if an AE is classified as a fibre failure, there is a 57.14(7k chance 

that the classification is correct, with a 7.14% chance that the AE was generated from 

a fibre/fibre bond failure and a 35.71 % chance that the AE exhibits properties of both 

damage mechanisms. Overall, there is a 87.71 ckc ((537+8+26)/651) chance that the SOM 

will correctly classify the AEs as one of the two damage mechanisms or recognise that the 

AE is erroneous. 

5.5 Summary 

This chapter has presented a preliminary investigation of the potential of the SONI for u,, c 

in classifying the damage mechanisms present in paper. The suc: cc of the SOM is MAIN 
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dependent on the relevance of the features used and the quality of the training data. The 

feature extraction method employed reduces the resolution of the CWT of each AE, at 

the same time attempting to preserve the overall shape of the CWT. This method is not 

ideal, as approximately 25% of the features which are located in the northwest corner of 

the CWT are effectively redundant as only a small number of AEs carry any information 

within this time and frequency range. However, the feature extraction method was the 

simplest way of conserving the basic shape of the CWT. 

This chapter has also explained the method for training an unbiased SOM by equitably 

representing both damage mechanisms in the training data. This process must he applied 

to any data where there is an abundance of one particular damage mechanism. Failure to 

do so will produce a SOM that is only able to classify one type of damage mechanism. 

Having trained the SOM, an initial study was conducted to ascertain the potential of using 

the SOM as a classification tool for the damage mechanisms in paper. 

The SOM is able to distinguish between the two damage mechanisms, but there are a 

number of AEs exhibiting properties from both damage mechanisms, that the SOM fail 

to properly classify. However, the SOM is able to provide an initial classification and 

at the least shows that AEs generated from the fibre failure damage mechanism actually 

occur. The SOM has definite potential for use as a classification tool and this chapter only 

addresses the initially steps of developing a SOM for this purpose. 
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Chapter 6 

Conclusions and Future Work 

6.1 Conclusions 

This research has presented a method for investigating and understanding the micro- 

mechanics of paper using the AE monitoring technique by bringing together ideas and 

approaches from several scientific disciplines ranging from paper physics, acoustic emis- 

sion technology, numerical modelling and neural networks. 

The main objective of this research was to answer the following question: 

Is it possible to identify the two damage mechanisms present in paper, the 

fibre/fibre bond failure and the fibre failure, using the acoustic emission 

monitoring technique? 

The theoretical results from the hybrid vibro-acoustic numerical model developed in 

Chapter 4 show that the two damage mechanisms can be classified using features from the 

CWT of the generated AEs. The following criteria characterise a fibre/fibre bond failure: 

" The dominant frequency components of the AE is at approximately 250 kHz or 750 

kHz. 
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" The strongest frequency component exists at either approximatel\ 250 kHz or 750 

kHz. 

9 The duration of the frequency component at approximately 250 kHz is longer than 

that of the frequency component at approximately 750 kHz. 

Similarly, the criteria characterising a fibre failure are: 

" The dominant frequency component of the AE is greater than 800 kHz. 

" The duration of the dominant frequency component is less than 5.00E-06 seconds. 

" The dominant frequency component is present at the start of the AE. 

Simply put, the fibre/fibre bond failure is represented by a low frequency wave, with 

the fibre failure represented by a high frequency pulse. In general, the experimental data 

confirms the findings of the numerical model, however there are a number of AEs with 

CWTs that fit the criteria of both damage mechanisms. This was highlighted when trying 

to classify the two damage mechanisms using a SOM in Chapter 5. 

The SOM is able to classify the AEs that have distinct properties relating to each 

damage mechanism, but fails when the AEs appears to exhibit properties of both damage 

mechanisms. It is important to remember that the AE is a byproduct of the damage mecha- 

nism and does not result directly from the failure process. As failure occurs, the tension in 

the local fibre structure changes, causing a redistribution of the internal stress that in turn 

causes the local fibre structure to vibrate. It is this vibration that generates the AE. This 

implies that the properties of the AE are dependent on the state of the local fibre structure. 

The failure of a fibre/fibre bond will cause the local fibre structure to vibrate and will 

produce an AE with a low frequency component. The failure of a fibre causes an instan- 

taneous contraction of the two fibre halves that produces a high frequency pulse. Thi' 
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contraction of the two fibre halves causes the local fibre structure to vibrate. The fibre fail- 

ure damage mechanism causes a high frequency pulse immediately followed by the loýý 

frequency vibration of the fibre structure. The SOM is able to classify the fibre failure,, 

where the high frequency pulse dominates the features of the CWT, but fails ýý hen the 

high frequency pulse has a similar amplitude to that of the low frequency vibration. This 

is highly dependent on the location of the fibre failure, as a failure closer to the senor wti ill 

produce an AE with a CWT that has the characteristics of a fibre failure damage mech- 

anism, whereas a fibre failure occurring at a distance from the sensor exhibits the CWT 

characteristics of a fibre/fibre bond failure damage mechanism. 

Therefore, to answer the research question, it is possible to distinguish between a fi- 

bre/fibre bond failure and a fibre failure. However, in practise factors such as the random 

nature of the microscopic structure of the paper and the attenuation of the acoustic signal 

complicate the classification process. The following sections will provide more detailed 

conclusions on the different aspects of this work. 

The Numerical Model 

The hybrid vibro-acoustic numerical model provides a method for producing and analysing 

the two damage mechanisms at a level unachievable by experimental techniques. The dif- 

ficulty of being able to generate experimental data containing AEs of predominantly one 

type of damage mechanism spawned the development of the numerical model. The model 

is able to provide a theoretical acoustic fingerprint of the two types of damage mecha- 

nisms. In doing so, it has enabled a deeper understanding of the micro-mechanics of the 

fibre structure and has provided a point of reference to analyse the experimental data. 

The hybrid vibro-acoustic model uses the mass/spring paradigm to simulate the move- 

ment of the paper fibre structure that in turn generates an AE when coupled ww ith the 

acoustic wave equation. Most current vibro-acoustic simulations use FEN1 or BEM as the 
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modelling technique, which suggests that the hybrid vibro-acoustic model is to some c\- 

tent novel. The mass/spring model has seen extensive use in the real-time animation of 

cloth, where accuracy is sacrificed for speed as long as the animation is visualk accurate. 

In this work, the mass/spring model has shown to be able to simulate the vibration of Ii- 

bres with an accuracy that was adequate to drive the acoustic model, but was primarily 

chosen for its flexibility in simulating the damage mechanisms in paper-. This mass/spring 

implementation is unique in its simulation of the damage mechanisms present in paper by 

dynamically manipulating the mass and spring elements as stated in Algorithms 8 and 9. 

Acoustic Evidence of the Damage Mechanisms 

By developing the hybrid vibro-acoustic numerical model, the author gained a further 

insight into the physical process involved in the generation of the AE resulting from the 

two selected damage mechanisms. For instance, Chapter 4 documents how the fibre/fibre 

bond failure damage mechanism causes a measurable change in the fibre structure such 

that the average length between two bonds increases as the damage increases. Simply put, 

the fibre structure before any failure has occurred is well connected and can be thought 

of as rigid. As the fibre/fibre bonds fail, the fibre structure becomes more flexible as the 

connectivity within the structure decreases. This can be detected by a decrease in the 

average frequency of the AE, as shown by the results in Section 4.5.5. 

Classification of the Damage Mechanisms 

The SOM has provided an insight into the potential of automatic identification of the 

fibre/fibre bond failure and fibre failure damage mechanisms. The theoretical results high- 

light the importance of the shape of the CWT for distinguishing between the two damage 

mechanisms. The feature extraction method was designed to best preserve the shape of the 

CWT using the least amount of information possible. It ýý aý decided to split the CWT into 

157 



CHAPTER 6. Conclusions and Future Work 

windows of 5.00E-06s in duration covering a frequency range of 100 kHz. This result,, in 

200 windows. The normalised sound power level of each window is calculated to provide 

200 data elements for each AE. 

The SOM is then trained using a small subset of the experimental data so that both 

damage mechanisms are evenly represented in the training dataset. The anal` sis of the per- 

formance of the SOM described in Chapter 5 shows that the SOM has an 87.71 ri chance 

of correctly classifying the experimental data. This provides a solid basis for developing a 

commericially viable classification tool. 

6.2 Future Work 

This work has provided a solid argument for using numerical modelling techniques in 

conjunction with experimental data to better understand the micro-mechanics of paper. 

It would be beneficial to the paper physics community to continue this research using 

different well defined paper types to expand the knowledge accrued by this work. The 

numerical model need not be limited to paper and is versatile enough so that its use can he 

expanded to other types of material, such as cloth and rubber. Essentially, all that would 

be required is the use of different material properties and an understanding of the damage 

mechanisms in the material in question. 

The hybrid vibro-acoustic numerical model is in its infancy as a tool for the mate- 

rial scientist. The obvious natural progression and most important step for the numerical 

model would be to expand it to the third dimension. The implementation would require 

a third coordinate for each node in the input file and an extra dimension to the matriccs 

used in the implicit solver. Once this is completed, the numerical model can be applied to 

a host of new materials and structures ranging from the microscopic to the macroscopic in 

scale. 

It would also be of interest to employ the numerical model to simulate larger structures 
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to those presented in this work. However, the computational efficienc} of the implicit 

solver leaves much to be desired when the number of mass/spring elements is greater than 

1000. This can be attributed directly to the storage mechanism of the sparse array. The 

sparsity of the arrays generated from the mass/spring model are dependent on the number 

of springs connected to each mass and it is difficult to pre-determine the general structure 

of the matrix. Therefore the most efficient method for populating the sparse array is to 

use a flexible array which allows the dynamic insertion of data. The JAVA ArrayList has 

this feature, but is considerably slower than the standard array object. To eliminate the 

computational cost a standard array could be used or investigate the possibility of using 

the standard BLAS and LAPACK high performance numerical libraries. It would also 

be possible to increase the efficiency of the implicit solver by preconditioning the spark 

matrix. 

The final suggested improvement on the numerical model is to model the fibre as a 

string instead of a series of masses and springs. This would require a fundamental change 

in the theory of the model to incorporate the equation of a realistic string as shown below. 

0. )Y T 192y 
Er1 +t, 

+ cr 
dtj 

Ot2 110.1.2 4p Ox' Ot 

where: 

'r Tension in the String 

p Mass/Unit Length 

E Young's Modulus 

I' Radius of String 

a Damping Constant 

The last suggestion for future work is to investigate the fracture behaviour of the paper 

using the experiments presented by this report. It is possible, using the SOM as a cla""i- 

fication tool. to label each AE from the experimental data with a damage type. This will 
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provide the order and type of each recorded AE. Figure 6.1 shows the damage profile of 

a typical notched paper specimen. A cursory glance shows that the failure of the fibres 

occur before final fracture, suggesting that the final few AEs are generated by the fibre 

sliding over one another. Further work is needed to explore the validity of this statement. 

[Damage Profile] 
Results for a Typical Notched Paper Sample 

Fibre Failure 

Fibre/Fibre 
Bond Failure 

+ 

0 100 200 300 400 500 600 

AE Number 

Figure 6. l: Damage Profile of a Typical Notched Paper Sample 
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Appendix A 

Input File for Simulation of a Single 

Vibrating Paper Fibre 

The following details the input file for the single vibrating fibre shown in Section 4.4. Note 
that the some of the tab delimiters used in the input file have been removed to ensure the 
correct text width. 

Section System 

xl x2 yl y2 dt damping gravity iters solver runwave stretch 

-5.5E-04 5.5E-04 -5.5E-04 5.5E-04 1.0e-08 1.5e-06 0.0 4000 IEuler false true 

End System 

Section Nodes 

Node xy 

0 -5.0E-04 0.0 

1 -4.6E-04 0.0 

2 
3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

-4.3E-04 0.0 

-3.9E-04 0.0 

-3.6E-04 0.0 

-3.2E-04 0.0 

-2.9E-04 0.0 

-2.5E-04 0.0 

-2.1E-04 0.0 

-1.8E-04 0.0 

-1.4E-04 0.0 

-1.1E-04 0.0 

-7.1E-05 0.0 

type 

1 

0 

0 

0 

0 

0 

0 

0 
0 

0 

0 

0 

0 

m 

5.1E-12 

5.1E-12 

5.1E-12 

5.1E-12 

5.1E-12 

5.1E-12 

5.1E-12 

5.1E-12 

5.1E-12 

5.1E-12 

5.1E-12 

5.1E-12 

5.1E-12 
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13 -3.6E-05 0.0 0 5.1E-12 

14 0.0 0.0 0 5.1E-12 

15 3.6E-05 0.0 0 5.1E-12 

16 7.2E-05 0.0 0 5.1E-12 

17 1.1E-04 0.0 0 5.1E-12 

18 1.4E-04 0.0 0 5.1E-12 

19 1.8E-04 0.0 0 5.1E-12 

20 2.1E-04 0.0 0 5.1E-12 

21 2.5E-04 0.0 0 5.1E-12 

22 2.9E-04 0.0 0 5.1E-12 

23 3.2E-04 0.0 0 5.1E-12 

24 3.6E-04 0.0 0 5.1E-12 

25 3.9E-04 0.0 0 5.1E-12 

26 4.3E-04 0.0 0 5.1E-12 

27 4.6E-04 0.0 0 5.1E-12 

28 5.0E-04 0.0 1 5.1E-12 

End Nodes 

Section Springs 

Spring Ni N2 E L t w P. Ratio Fibre Type 

0 0 1 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

1 1 2 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

2 2 3 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

3 3 4 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

4 4 5 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

5 5 6 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

6 6 7 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

7 7 8 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

8 8 9 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

9 9 10 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

10 10 11 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

11 11 12 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

12 12 13 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

13 13 14 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

14 14 15 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

15 15 16 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

16 16 17 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

17 17 18 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

18 18 19 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

19 19 20 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

20 20 21 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

162 



APPENDIX A. Input File for Simulation of a Single Vibrating Paper Fibre 

21 21 22 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

22 22 23 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

23 23 24 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

24 24 25 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

25 25 26 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

26 26 27 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

27 27 28 3.5E10 3.6E-05 2.8E-06 3.5E-05 0.28 0 0 

End Springs 

Sect ion Initial 

Node dx dy du dv type 

0 -5.0e-06 0.0 0.0 0.0 1 

28 5.0e-06 0.0 0.0 0.0 1 

1 0.0 1.1e-06 0.0 0.0 0 

2 0.0 2.2e-06 0.0 0.0 0 

3 0.0 3.3e-06 0.0 0.0 0 

4 0.0 4.3e-06 0.0 0.0 0 

5 0.0 5.3e-06 0.0 0.0 0 

6 0.0 6.2e-06 0.0 0.0 0 

7 0.0 7.1e-06 0.0 0.0 0 

8 0.0 7.8e-06 0.0 0.0 0 

9 0.0 8.5e-06 0.0 0.0 0 

10 0.0 9.0e-06 0.0 0.0 0 

11 0.0 9.4e-06 0.0 0.0 0 

12 0.0 9.8e-06 0.0 0.0 0 

13 0.0 9.9e-06 0.0 0.0 0 

14 0.0 1.0e-05 0.0 0.0 0 

15 0.0 9.9e-06 0.0 0.0 0 

16 0.0 9.8e-06 0.0 0.0 0 

17 0.0 9.4e-06 0.0 0.0 0 

18 0.0 9.0e-06 0.0 0.0 0 

19 0.0 8.5e-06 0.0 0.0 0 

20 0.0 7.8e-06 0.0 0.0 0 

21 0.0 7.1e-06 0.0 0.0 0 

22 0.0 6.2e-06 0.0 0.0 0 

23 0.0 5.3e-06 0.0 0.0 0 

24 0.0 4.3e-06 0.0 0.0 0 

25 0.0 3.3e-06 0.0 0.0 0 

26 0.0 2.2e-06 0.0 0.0 0 

27 0.0 1.1e-06 0.0 0.0 0 

End Initial 
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Section Force 

Node Fx Fy Start Finish 

End Force 

Section NodeDama ge 

Node When Type Option 

End NodeDamage 

Section Grid 

xl x2 yl y2 Nx Ny dt is rho c 

-9.0E-03 9.0E-03 -9.0E-03 9.0E-03 250 250 le-07 le-07 1.25 350.0 

End Grid 

Section Storage 

NodePos NodeScreen NodeList Spring SpringPos Ini t Coeff Tension Energy 

np. dat nsp. dat nl. d at s. dat sp. dat i. dat c. dat t. dat e. dat 

End Storage 

Section Sensor 

Sensor X Y File 

0 125 100 sensor0. dat 

1 125 80 sensorl. dat 

2 125 5 sensor2. dat 

3 100 125 sensor3. dat 

4 80 125 sensor4. dat 

55 125 sensor5. dat 

6 100 100 sensor6. dat 

7 80 80 sensor7. dat 

85 5 sensor8. dat 

End Sensor 

Section DrawNode 

Draw Width Height xMargin yMargin xMass yMass Prefix Every 

true 470 330 150 10 5 5 n 100 

End DrawNode 

Section DrawGrid 

Draw Var Width Height xMargin yMargin dx dy Max Min 

true P 640 550 10 10 2 2 6e-2 -6e-2 

End DrawGrid 

Section DrawKey 

Draw width Height Colours Levels stepX stepY Scheme 

true 10 400 400 10 2 2 redblue 

End DrawKey 

Section DrawTen sion 

Draw Width Height xMargin yMargin Max Min Prefix Every 

Method 

acoustic04 

Prefix Every 

p 10 

164 



APPENDIX A. Input File for Simulation of a Single Vibrating Paper Fibre 

true 470 330 150 10 00t 100 

End DrawTension 

Section DrawForce 

Draw Width Height xMargin yMargin Max Min Prefix Every 

true 470 330 150 10 00f 100 

End DrawForce 
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Appendix B 

CWTs of 651 Experimental AEs 

This appendix lists the 65 1 CWTs of the experimental data used in testing the potential of 

a SOM for classifying the fibre/fibre bond failure and fibre failure damage mechanisms as 

seen in Chapter 5. 
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