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Abstract 

This dissertation develops and analyses the use of vibration signature as a method to 

detect damage in composite structures. A glass fibre pultrusion square hollow section 

member was used in this analysis.  

The member was subjected to a forced oscillation produced by a shaker. The response 

of the system was gathered by an accelerometer at several data acquisition points along 

the length of the member. The force and acceleration data obtained was then post 

processed to create fast Fourier transformations and frequency response functions. This 

process was completed for the undamaged section and several damaged scenarios. The 

frequency response functions of each of these scenarios at each node were then cross-

referenced with the relating undamaged data using a finite difference approach. This 

finite difference approach produced damage index values for each node at every 

damage level tested. This provided an indication of the position of any potential 

damages. The damage indexes at each level for a known damage were then used to 

create an arbitrary scale that could be used to determine the extent of damage 

sustained. 

This method was completed with inherent issues pertinent to interpolation, a small data 

sample frequency and initial delamination of the composite. However, despite these 

issues the vibration damage detection technique did correctly identify damages and 

damage levels when a node was directly damaged. Detection of damages between data 

acquisition nodes was less successful. 

Through further code optimisation and an increase in computing power this method 

may provide results accurate enough to be used in engineering endeavours. It is 

intended that this method be used to detect damages in structures used in low safety 

factor situations such as in the aerospace industry. It may be used to alert maintenance 

to particular points of interest and alert operators of anomalous damages before 

catastrophic failure occurs.  
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Nomenclature 

Abbreviations 

The following abbreviations have been used throughout the text: 

APS  Autopower Spectrum 

CEPS  Cepstrum Function 

COF  Curvature of Frequency 

COH  Average Coherence Function 

ESD  Energy Spectral Density 

FEA   Finite Element Analysis 

FFT  Fast Fourier Transformation 

FRF  Frequency Response Function 

Gxy  Averaged Cross Spectrum 

GxyN  Cross Power Spectrum 

PSD  Power Spectral Density 

WIN  Windowed 

Equation Variable Symbols 

The following variable symbols have been used in the text: 

   Cross-Sectional Area of the Beam [m
2
] 

   Initial Point [-] 

        FRF Taken at Node   with an Forced Oscillation at Position   

          FRF Taken at node   +1 with an oscillating force at position   

           FRF Taken at Node   -1 with an oscillating force at position   

           Curvature of Frequency at a Damaged Node and Particular Damage 

Extent 

          Curvature of Frequency at an Undamaged Node and Particular Damage 

Extent 

          Curvature of Frequency 

   Final Point [-] 



xiv 

 

         Damage Index at a Node and Particular Damage Extent 

    Young’s modulus [Pa] 

    Natural Frequency [Hz] 

   Node Spacing [m] 

   Moment of Inertia of the Cross Section of the Beam [m
4
] 

   Node Number Counter 

   Position of the Oscillating Force 

   Damage Extent Counter 

   Total Length of the Beam [m] 

   Number of Natural Frequency 

   Maximum Value of  , Total Node Number 

   Number of Trapezoid Sections Between   and   [-] 

    Frequency Coefficient 

   Density [kg/m
2
] 

   Acceleration or Velocity [m.s
-2

 or m.s
-1

]; 
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Chapter 1 Introduction 

 

Structural damage detection techniques are evolving to suit modern engineering 

applications. This evolution is required as the older techniques are unable to detect 

damage efficiently. Essentially these techniques use highly localised, destructive and 

are a highly operator and time dependant means of damage detection. Therefore it is 

the intention of the researcher to gather data pertinent to new avenues of damage 

detection. These methods utilise the vibration characteristics of damaged and 

undamaged composite structures.  

This new method of damage detection using vibration characteristics presents a 

number of beneficial attributes. It is a non-destructive, comprehensive technique that 

reduces the requirement for experienced operators, large amounts of money and time. 

Real time damage detection is also a viable option with this method, as 

Microelectromechanical Systems are small sensors that can be imbedded into 

structures providing acceleration data while the structure is being used. 

Vibration characteristics of structures can be used to determine the position and extent 

of a damaged section within a structure. The technique that has been chosen correlates 

the flexibility matrix of an undamaged structure with that of a damaged structure. This 

was achieved by obtaining acceleration and force data at a number of node points 

located on the structure and using this to gain frequency response function data. This 

data was then used in a finite difference type algorithm in an attempt to determine the 

position and extent of the damage sustained.  
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1.1 Background 

Damage detection is a significant part of the engineering world. It is used to determine 

when a particular structure requires maintenance and whether a structure is safe for 

use. This process saves lives and money by protecting from disaster.  

There are many different types of damage detection currently being used. These 

include X-Ray, ultrasonic, coin tap, dye penetration and visual inspection. The 

majority of these techniques require a skilled operator and some rendition of visual 

inspection as X-Ray and Ultrasonic are used with a display. These processes are also 

localised and therefore take a large amount of time to completely test a large structure. 

Visual detection is also difficult when using a composite material as composites are 

created from many materials that are bonded together. Because of this an operator may 

not be able differentiate between a legitimate crack and a line of a different material. 

Therefore other damage detection techniques must be discovered in order to detect 

damages in composite materials. 

For these reasons a different method of detecting damage utilising vibration was 

proposed. Damage detection using vibration has many desirable properties such as 

being a non-destructive, quick, cheap and easy method of damage detection. There are 

many different vibration damage detection techniques available. This includes 

frequency change using fast Fourier transformation. This method changes the data 

obtained through experimentation from being time dependant to being frequency 

dependant, which provides the natural frequencies of the structure. The small 

differences between the natural frequencies of a structure being tested and a known 

undamaged structure are used to determine whether the test structure is damaged. 

Change in modal strain energy, change in mode shape, neural network, residue force 

indicator and changes in the flexibility matrix may also be used. Essentially each of 

these uses a change in a vibration characteristic of a material to determine whether the 

structure is damaged or not. Factors used to describe these characteristics include 

acceleration, velocity, deflection, force, strain and mode shapes.  

The vibration damage detection method chosen utilised the small differences in 

flexibility matrix using frequency response functions to detect damage. This method 

converted force data and deflection data at various points along the structure into 

frequency response functions which were then used in a finite difference algorithm. 

This algorithm produced a damage index at various data acquisition nodes on the 
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structure that were subjected to increasing levels of damage. This index gave an 

indication of the position of these damages. Extent of damage was quantified with an 

arbitrary scale of damage which was created by tabulating damage indexes at known 

damage levels. 

This method was chosen as the literature reviewed suggested that it was highly robust, 

cheap, reliable, accurate and has the ability to detect numerous damages in a single 

structure. The location of the excitation force is also irrelevant so the testing apparatus 

can be set up with ease. It also removes the requirement for an experienced operator as 

the position and extent of the damage is identified automatically using algorithms in a 

post processing program. 

1.2 Aims and Objectives 

During the operational lifetime of a structure the vibration signature changes due to 

material property degradation. As such, vibration signatures can be used as an index of 

residual lifetime of the structure or component. This project investigated the change of 

vibration signature of a composite structure due to dynamic loading. Tasks that have 

been completed consist of an extensive literature review, sample preparation, 

measurement of vibration characteristics of composite components and validation 

using finite element analysis. 

1.3 Process 

The general processes conducted by the researcher in order to complete this analysis 

are outlined in the following: 

 Conducted research pertinent to the background material relevant to 

composite vibration modelling, the composite material being tested and 

vibration data acquisition 

 Designed and manufactured a device that was used to connect the 

excitation apparatus to the testing material 

 Data collection pertinent to the forced vibration of defective and 

faultless fibre composite members 

 Numerically solve for the natural frequencies and frequency response 

functions of the faultless material and the various levels of defective 

material 
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 Conducted the damage detection process using the finite difference 

algorithm 

 Created an arbitrary scale of damage using the output of the finite 

difference algorithm 

 Completed a computational finite element analysis of the member to 

confirm the numerical results 

 Evaluated whether this process was accurate enough to be a viable 

means of defect detection in composite materials 

1.4 Chapter Overview 

1.4.1 Chapter 2 Literature Review 

Chapter 2 consisted of a review of the literature pertinent to the various current 

damage detection methods available. Sensor variants, composite materials, signal 

processing and integration methods were also presented. The different damage 

detection techniques available were discussed. 

1.4.2 Chapter 3 Vibration Analysis Methodology 

Chapter 3 outlined the components of the apparatus and vibration damage detection 

method chosen.  Damage index and the type of test damage that was used were also 

defined and discussed. A brief overview of the post processing program was also 

presented 

1.4.3  Chapter 4 Apparatus 

The various components that were used to conduct the experimentation were presented 

and discussed in chapter 4. The construction process required to use the apparatus and 

the operation steps were also outlined. 

1.4.4 Chapter 5 System Verification 

The various system verification methods used were outlined in chapter 5. These 

consisted of finite element analysis, hand calculations and using LMS Express to 

perform data checks while the experimentation was occurring. 

1.4.5 Chapter 6 Data Analysis 

Chapter 6 explains the processes involved in the post processing program including the 

damage detection and post processing constituents. 



1.4 Chapter Overview   Introduction 

5 

 

1.4.6 Chapter 7 Discussion and Results 

Chapter 7 presented and analysed the various data plots produced in the post 

processing procedure. These included the presentation and examination of the raw 

data, FFT, FRF, damage index and scale of damage. 

1.4.7  Chapter 8 Conclusions 

The accuracy and viability of the damage detection system was discussed in Chapter 8. 

The way in which the project specifications are met was discussed and the future work 

required to achieve a reliable system were presented. 
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Chapter 2 Literature Review 

 

This chapter offers a brief review of the research conducted and the decisions made 

using this knowledge. It will cover a selection of the existing techniques that are viable 

in relation to damage detection as well as the different integration methods and the 

different sensors that can be used in this type of application. Signal processing will 

also be discussed briefly. 

2.1 Existing Techniques for Damage Detection 

Damage detection techniques have existed for many years. The general types of 

damage detection include ultrasonic, X-Ray and visual inspection techniques such as 

dye penetration. These are successful and useful avenues of damage detection, 

however they all have merits and detrimental aspects pertinent to particular 

applications. 

2.1.1 Dye Penetration 

Dye penetration is a visual inspection technique used to identify surface damages by 

introducing dye onto the surface of a material (Munns 2009). The dye is left to 

penetrate the surface of the specimen where the defects have occurred. The excess dye 

is then wiped away leaving the dye in the defects. The defects can then be visually 

identified by eye. Dye penetration damage detection can only detect the damages on 

the outer surface of the material (Munns 2009). Therefore, this method was deemed an 

inaccurate and operator dependant technique and therefore was not considered.  

2.1.2 Ultrasonic 

Ultrasonic damage detection is used in the engineering industry as a local damage 

detection technique (Tsuda 2006). This method involves investigating the changes in 

ultrasonic signal through a damaged structure in comparison to an undamaged 
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specimen. This allows the position of the damage and an indication of the extent of 

damage to be found. This method was improved upon by Dutta (2010). It was 

proposed that a non-baseline method be used in order to determine whether damage 

has occurred in a structure without prior undamaged test specimens. This method 

utilises Lamb waves and modal data which is created and gathered using piezoelectric 

wafer transducers. Therefore as both of these methods require many components that 

may not be easily obtained, this method will not be used. 

2.1.3 X-Ray 

Damage detection using X-Rays is described as a non-destructive method (Bathias & 

Cagnasso 1992). This method involves using X-Ray tomography to inspect the 

complete structure. While the X-Ray process is taking place the structure is rotated 180 

degrees. The specimen is tridimensionally reconstructed on a computer presenting its 

local density makeup (Bathias & Cagnasso 1992). This image is then used by an 

operator to determine where the damages exist and to what extent. This method was 

not used as it requires numerous expensive components and a relatively experienced 

operator in order to work accurately. 

2.1.4 Damage Detection Method Selection 

These typical methods of damage detection were deemed to be time consuming, 

inaccurate and generally operator dependant. Therefore a new damage detection 

technique utilising vibration characteristics was formulated. 

2.2 Existing Vibration Damage Detection Methods 

Many techniques have been created to detect damage in structures. These include X-

ray, ultrasonic, magnetic resonance, coin tap, dye penetration and visual inspection. 

Most of these techniques are localised techniques which require a substantial amount 

of time and money to perform. In this application a composite pultrusion will be used 

and as such, visual and magnetic detection techniques are not viable. This is because 

the composite material is created from a number of materials that have been bonded 

together. This mix of materials and bonding action make it impossible to correctly 

identify cracks and damages with these techniques. Therefore a less time consuming, 

accurate and preferably non-destructive technique of damage detection in composite 

and bonded materials is required. It is proposed that vibration damage detection be 

used to detect damage in the composite member. 
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There are numerous techniques available for determining the existence, location and 

magnitude of damage in structures using vibration techniques. These techniques do not 

usually require prior knowledge of the general location of the damage, do not destroy 

the structure and do not require disassembly of the structure. These techniques include 

frequency changes, modal strain energy, mode shapes, neural network, residue force 

indicator of damage and changes in the flexibility matrix. 

2.2.1 Changes in Frequency 

The first set of methods considered relates to the differences of frequencies between 

damaged and undamaged structures. Through the correlation of damaged and 

undamaged channel section test data it was discovered that general changes in 

frequency profile may occur when damage exists (Chen, Spyrakos & Venkatesh 1995).  

Chen et al. (1995) used an accelerometer and an impact loading in order to obtain test 

data pertinent to the damaged and undamaged sections. Linear regression was used to 

filter out background noise and a fast Fourier transformation algorithm was then used 

to change the data function from being time dependant to frequency dependant. The 

data from each section was then graphed in order to visually recognise any changes in 

natural frequency that had occurred between the two sections. Chen et al. (1995) 

discovered that the results they obtained “indicate a reduction in frequencies with 

increase in damage” (Chen et al. 1995, pg 1203).  

Salawu (1999) suggests that a frequency shift of approximately 5% is necessary to 

confidently determine whether a structure is damaged. However, Salawu also 

concludes that a 5% frequency shift is not always an indication of damage in a 

structure.  Ambient condition changes throughout the day may result in greater 

frequency changes in excess of 5% in certain structures (Salawu 1997). Therefore this 

method is proposed to be an avenue that can be used to detect large amounts of 

damage in structures. However, it cannot be relied upon for the detection of small 

defects as Salawu (1997) concludes it “may not be sufficient for the unique 

identification of the location of structural damage” (Salawu 1997, pg 721). 

2.2.2 Change in Modal Strain Energy 

The second set of damage detection methods considered relates to the change of modal 

strain energy. Shi et al. (1998, 2000) presented a technique that used the changes in 

modal strain energy to detect multiple structural damages without prior knowledge of 

damage locations. It was found that when damage is present in a structure the stiffness 
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matrix is affected while the mass matrix remains unaffected. With the use of finite 

element modelling it was also found that the undamaged elements in the structure 

would not have a significant change in stiffness and the damaged elements would. 

Therefore Shi et al. (1998, 2000) used these characteristics to create a modal energy 

change ratio algorithm. This algorithm utilises the stiffness matrices of damaged and 

undamaged structures and correlates the two over a particular node spacing to 

determine the differences in modal strain energy. It was found that the undamaged 

elements did not undergo a significant modal strain energy change while the damaged 

elements did. However, it was also found that the nodes of the structure that 

correspond to the particular mode shape introduced errors into the data. These readings 

gave either large values or small values for the modal strain energy change. This may 

cause incorrect identification of where damage would occur or may cause them to be 

disregarded altogether. In order to increase the accuracy of the results obtained from 

the algorithm Shi et al. (1998) used multiple modes instead of just one. It was also 

found that “the Modal Strain Energy Change in higher modes do not contribute much 

in the identification of the damage location” (Shi, Law & Zhang 1998, pg 831). 

2.2.3 Mode Shapes 

The third set of damage detection methods considered utilises mode shapes to detect 

damage in structures.  Maia et al. (2003) presented four different methods of mode 

shape utilisation in order to detect damage in structures. These consisted of mode 

shape, mode shape slope, mode shape curvature and mode shape curvature squared. 

These methods are interrelated as they are either the first or second derivative of the 

original mode shape. These mode shapes are created by the discovery of the natural 

frequencies of the damaged and undamaged structures by means of experimentation. 

Each of these methods can be used to detect the position and to some extent the degree 

of damage imposed on the structure with the use of the damage index method. Kim et 

al. (2002) used this damage index method which utilises an algorithm to correlate the 

damaged and undamaged test data at nodal points along the structure. This provides a 

damage index of which can be plotted and the position of damages can be visually 

identified by recognising the peaks in the plot. Although this is a prospective method 

Maia et al. (2003) describe the process of modal identification as time-consuming and 

fraught with unavoidable errors pertaining to the curve fitting method. Therefore this 

method was not considered in depth. 
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2.2.4 Residue Force Indicator 

The fourth method of damage detection utilises residue forces to determine the 

location and extent of the damage. Ricles and Kosmatka (1992) used this method to 

determine the position and extent of damage in structures. This method involves the 

use of modal test data and an analytical structure model to locate damaged regions 

using residual modal force vectors (Ricles & Kosmatka 1992). Then with the use of a 

weighted sensitivity analysis the damage extent was found using the changes in mass 

or stiffness of the structure (Ricles & Kosmatka 1992).  

2.2.5 Frequency Response Function 

The fifth damage detection method considered uses the frequency response function, 

FRF, curvature of a structure. Sampaio et al. (1999) and Maia et al. (2003) tested this 

technique’s viability in comparison to other damage detection avenues, primarily mode 

shape methods.  

It was found that the FRF based technique was similar to the mode shape methods 

previously mentioned. However, as this technique uses a large range of different 

frequencies, which could also include natural frequencies, it was shown that it is far 

more accurate (Maia et al. 2003) (Sampaio, Maia & Silva 1999). The frequency 

response functions, of both the undamaged and damaged structures, are calculated with 

the use of several sets of nodal deflection data and oscillating force data. This is 

achieved by dividing the displacement data by the force data, which is essentially 

creating a flexibility matrix (He & Fu 2001). The FRF data is then used in a similar 

damage index algorithm as in the mode shape circumstance. This involves the 

correlation of the FRF data of the damaged and undamaged sections in order to detect 

the large local differences in flexibility between the two structures. It is then possible 

to determine where multiple damages have occurred by observing where large changes 

in flexibility have occurred.  

This technique increases in accuracy as the nodal spacing decreases (Sampaio, Maia & 

Silva 1999). Sampaio et al. (1999) tested the influence of changes in frequency range, 

input force location and what impact noise had on the accuracy of this method. It was 

found that by using smaller frequency ranges the accuracy of the damage detection is 

increased. This is because as the frequency range increases the number of modal 

frequencies included in the calculations is increased. However an accuracy decrease is 

associated with the increase in the number of resonances and anti-resonances. This is 
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because the curvature of the FRF becomes “less significant when compared with the 

amplitude difference arising from the resonances’ frequency shift, because of the loss 

of stiffness” (Sampaio, Maia & Silva 1999, pg 1033). Therefore it was proposed that a 

frequency range before the first resonance or anti-resonance frequency should be used. 

The influence of the input force location was found to be irrelevant. Therefore the 

excitation oscillation force could be placed anywhere on the structure without effecting 

the damage detection process. The influence of noise on the accuracy of the damage 

detection method was also considered. In order to test this factor Sampaio et al. (1999) 

introduced noise into their test data. It was found that this damage detection method 

demonstrated resilience to the introduction of noise, by continuing to correctly locate 

and indicate the extent of damage in the structure.  

Other techniques that are described as parameter estimation are similar to this 

technique. Different parameters are used in these damage detection methods, for 

example Yao et al. (1992) successfully used strain frequency response functions in 

order to detect damage. 

2.2.6 Neural Network 

The neural network damage detection method was also considered. Ortiz et al. (1997) 

used this technique in order to find damage present in a cantilever beam. This 

technique involved splitting the structure into several sections that consisted of several 

Timoshenko beam elements (Ortiz, Ferregut & Osegueda 1997). The neural network 

algorithms and resonant frequency information sets were then used in conjunction with 

this model to produce damage locations. 

2.2.7 Vibration Damage Detection Selection 

In order to solve for the location and damage extent of a pin-pinned beam subjected to 

an oscillating force each of these methods were considered. Although each method is a 

viable means of damage detection in structures, the frequency response function 

method was chosen. The literature suggests that this method is robust, reliable and has 

the ability to detect multiple damages in a particular structure without issue. Therefore 

the frequency response method of damage detection was utilised in the research. 

2.3 Methods of Integration 

The acceleration data provided by the experimentation requires 2 sets of integration to 

change it into deflection data. There are many avenues available for the integration of 
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the acceleration data. These include the Trapezoidal rule, Simpson’s rule and the 

Midpoint rule. 

2.3.1 Trapezoidal Rule 

The Trapezoidal rule (Fink & Mathews 2004), (Faires & Burden 2003) is one avenue 

available for the integration of data. This method approximates the area underneath a 

curve, or several data points, by transforming this area into a number of trapezoids.  

This then allows for the integral to be found. Mathews and Fink (2004) later provided 

a revised version of this method that uses error analysis. This version produces far 

more accurate integrated data as it incorporates the error into the integration technique. 

It was found that this method was a possible means of data integration. 

2.3.2 Midpoint Rule 

The Midpoint rule (Fink & Mathews 2004), (Faires & Burden 2003) is an additional 

technique used to integrate data. This method uses two points and an equation for the 

midpoint between these points to find the integral of the data. This method can be 

improved by factoring in the error associated with this method (Fink & Mathews 

2004). 

2.3.3 Simpson’s Rule 

Simpson’s rule (Fink & Mathews 2004), (Faires & Burden 2003) is another method 

used to integrate data. This method uses the quadratic polynomial and Lagrange 

polynomial interpolation in order to find the integral. As Faires and Burden (2003) 

states “Simpson’s rule (is) significantly superior to the Midpoint and Trapezoidal rules 

in almost all situations”. 

2.3.4 Integration Method Selection 

It was found that Simpson’s rule provides the most accurate integration method. 

Therefore this method will be used to integrate the data as necessary. 

2.4 Sensor Variants 

The data required for damage detection using vibration techniques is varied. Therefore 

many different sensors are available for vibration data acquisition. These include laser 

Doppler vibrometers, accelerometers, Microelectromechanical Systems, hammers and 

shakers. 
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2.4.1 Laser Doppler Vibrometers 

Laser Doppler vibrometers are used to gain instantaneous velocity data of structures 

that undergo oscillating loads (Castellini & Revel 2000). The velocity information is 

collected by the laser Doppler vibrometer through the measurement of the diffusion of 

a laser beam due to the movement of the surface of the structure. These instantaneous 

diffusions can then be translated into the relating velocities of the surface. Accurate 

velocity data obtained from this method can then be used in many different damage 

detection techniques. As this method is a highly accurate method of data acquisition it 

is preferred. However, this method is unavailable as the facilities available do not 

include laser Doppler vibrometer technology. The components required are also 

expensive and would not be a cost effective means of damage detection. 

2.4.2 Accelerometers 

Accelerometers are an affordable and easily set up sensor available for vibration data 

acquisition (PCB 2009). Essentially, an accelerometer is created from a housing, a 

mass, piezoelectric material and signal leads. The acceleration associated with 

vibration testing is collected by measuring the electrical output of the piezoelectric 

material, such as quartz, when the acceleration is applied to the mass. As 

accelerometers are cheap and available they will initially be used in the data 

acquisition process.  

2.4.3 Microelectromechanical Systems 

Microelectromechanical Systems are a relatively new type of sensor that can be used in 

many different applications (Vittorio 2001). This new technology can be used to create 

accelerometers, miniature robots, microengines, inertial sensors and microtransmitters, 

etc (Vittorio 2001). In order to gain the required vibration data a 

Microelectromechanical Systems accelerometer should be used. This type of 

accelerometer acts in the same way a normal accelerometer, as previously discussed, 

by using piezoelectric properties. However, the materials are micro machined into thin 

films in order to create an extremely small sensor. It is thought that these sensors are 

small enough to be placed into composite materials for real time damage detection. 

2.4.4 Force Creation and Sensors 

In order to collect the force data required for vibration damage detection either impact 

hammers (PCB 2009) or shakers (NVMS 2011) are used. Both of these components 

generate their force data using piezoelectric materials. These materials are used as they 
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output an electrostatic charge when the force is applied to the apparatus. This charge is 

then used to determine the force applied to the apparatus and the structure being tested 

(PCB 2009). Impact hammers consist of a hammer head of a known weight with a 

force sensor on its tip. A shaker is generally created from a transducer which allows it 

to oscillate in and out of its casing causing oscillating forces at various frequencies 

(NVMS 2011). A force and acceleration sensor is placed onto the shaker to gather the 

required data. As impact hammers are generally used for impact scenarios and shakers 

are used to generate oscillation data, a shaker will be used in this circumstance. 

2.5 Signal Processing 

Signal processing describes a number of methods used “for the generation, 

transformation, and interpretation of information” (SPS 2011). The vibration analysis 

method chosen requires assignment of certain signal generation parameters and the 

implementation of noise reduction techniques. The input frequency, sample frequency, 

type of signal waveform and noise filtering techniques were investigated. 

2.5.1  Waveforms 

There are various types of waveforms available pertinent to signal generation. The 

general waveforms available were periodic, rectangular and triangular waveforms 

(Storr 2011). Each of these produces a different type of response when used as an input 

signal for the shaker. Therefore as each waveform produces a different response the 

ideal signal was chosen in order to produce a reliable response in the composite 

structure. 

Periodic waveforms are cyclical in nature and are used to describe various signals 

(Storr 2011). Over time these signals increase and decrease in accordance with their 

period and amplitude. These factors are used to describe the scale and frequency of the 

signal used (Storr 2011). The use of this set of waveforms also enables ease of 

integration and differentiation as the result of both of these processes are periodic in 

nature (James 2007). 

Rectangular waveforms are created by several positive and negative pulses. An initial 

pulse heightens the signal to its maximum amplitude. The signal remains at this 

amplitude until a second negative impulse is created reducing the signal to its original 

position (Storr 2011). These waveforms are used extensively in the electronic and in 

microelectronic circuits for timing purposes (Storr 2011). 
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Triangular waveforms are a group of oscillating signals that generally produce a 

symmetrical triangular shape. These triangles oscillate at equal amplitude above and 

below a centreline (Storr 2011). 

The research that has been conducted required an input signal for the oscillating force. 

Signal processing of this oscillating force and the response to this force was of 

paramount importance. Therefore as periodic functions are easily integrated and 

differentiated with a known outcome, periodic functions were used in this analysis 

(Storr 2011). 

2.5.2 Filtering 

Signal filtering is a process used to reduce the unwanted constituents, or noise, of a 

signal to “extract a desired signal” (Orfanidis 2010, pg 382). High and low pass filters 

are commonly used to reduce this noise. High and low pass filters are used by setting a 

cut off frequency. High pass filters discard any signal that is below the cut off 

frequency and low pass filters discard any frequencies that are above the cut off 

frequency (Orfanidis 2010). Therefore with enough information pertinent to the 

experimentation occurring, such as several natural frequencies, a particular range of 

frequencies can be set. It is intended that this process increases the accuracy of the 

analysis by solely analysing data relating to the particular experimental range. 

2.5.3 Input Frequency 

In order to produce an accurate and reliable output a particular shaker input frequency 

was determined. With the use of preliminary finite element analysis, in ANSYS, 

performed the initial natural frequencies were determined pertinent to the composite 

structure (ANSYS 2011). It was decided that reliable data would be produced if the 

excitation frequency was lower than the second natural frequency of the composite 

structure. As the second natural frequency of the system was found to be 145 Hz, using 

ANSYS (refer to section 7.2.1), it was decided that the input frequency should be 

60 Hz. Therefore the frequency of the input was 60 Hz and was periodic in nature. 

2.5.4 Sample Frequency 

The correct sampling rate is of paramount importance in numerical analysis. It was 

found that “the sampling rate must be at least twice the bandwidth of the signal, or else 

there will be distortion” (Nise 2008). Therefore a sampling frequency will be used in 

excess of twice the input frequency. 
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While higher sampling rates produce more accurate results the amount of data 

produced is extremely large. Therefore a sampling rate must be chosen that will 

accommodate for the required accuracy while reducing size of data and processing 

time. 

As the input frequency was 60 Hz a sampling frequency in excess of twice this must be 

used in the numerical analysis. Therefore a sampling rate of 5120 Hz was chosen. As 

this frequency is more than 85 times larger than the input frequency and will produce 

data small enough to process efficiently it was used. 

2.6 Composite Material 

Composite materials are advanced materials that are used in various engineering 

applications as they exhibit a mixture of desirable properties. They are light weight, 

incredibly strong, durable, resistant to corrosion and electrically inert (USQ 2008). As 

these materials will play a significant role in the future of engineering endeavours, 

quality control and damage detection methods must be created to suit them. Generally 

fibre composite materials are described by their fibre and resin.  

The general fibres used in engineering applications are glass, carbon and aramid. 

These long thin fibres are imbedded into a resin matrix to create a material that has 

high strength and stiffness (USQ 2008). The fibres act as reinforcement and carry the 

primary loads acting on the material. The resin matrix is used to fix the fibres in situ 

ensuring the fibres carry the primary loads. 

2.6.1 Glass Fibre 

Glass reinforcement fibres are “the most common synthetic reinforcing fibre available 

in today’s composite industry” (USQ 2008, pg 3.10). This material has many 

advantages and disadvantages. These will be outlined in the following lists adapted 

from ENG8803 Mechanics and Technology of Fibre Composites (USQ 2008): 

The advantages of glass fibre reinforcement include: 

 Low cost in comparison to other fibres 

 Widely available in a plethora of different shapes and components 

 Experienced glass fibre manufacturers exist, as this material has been 
used for many years 

 High tensile strength 

 Resistant to heat and can therefore be used in structural applications in 
high temperature environments 

 Dimensional stability when exposed to heat 
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 High chemical resistance 

 Highly resistant to moisture 

 Fire resistant 

 Electrically inert 

 Compatible with various polymer resins 

 

The disadvantages of glass fibre include: 

 Low modulus of elasticity 

 Low load carrying capacity in relation to its density in comparison to 
other fibres 

 Low fatigue performance in comparison to other fibres 

 Health risks associated with its handling 

 

Factors that affect the strength of glass fibres: 

 Incompatibility with organic resins, does not create good bonds 
between resin and fibre (this can be remedied with a coupling agent 

however) 

 Has a lower load carrying capacity in relation to its density than other 

fibres  

 Long term strength is an issue due to fatiguing problems of glass fibre 

 

2.6.2 Carbon Fibre 

Carbon reinforcement fibres are “the “high-performance” reinforcement for modern 

composites” (USQ 2008, pg 3.18). This material has many advantages and 

disadvantages. These will be outlined in the following lists adapted from ENG8803 

Mechanics and Technology of Fibre Composites (USQ 2008): 

The advantages of carbon fibre include: 

 

 High fibre stiffness 

 High strength capacity 

 Low density meaning high strength to weight ratio 

 Good long-term load performance.  

 

The disadvantages of carbon fibre include: 

 

 Expensive in comparison to other fibres 

 Has resin compatibility issues – epoxy resins are usually used, which 
increases the cost of the finished product 

 Carbon fibre is not as readily available as other fibres 

2.6.3 Aramid fibre 

Aramid reinforcement fibres are used “where other reinforcement cannot supply the 

required impact performance” (USQ 2008, pg 3.29). This material has many 
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advantages and disadvantages. These will be outlined in the following lists adapted 

from ENG8803 Mechanics and Technology of Fibre Composites (USQ 2008): 

The advantages of aramid fibre include: 

 High toughness and impact performance (around 2-4 times that of 
carbon fibre) 

 High tensile strength 

 Flame resistant 

 Chemical resistance (except high concentration chemicals) 
 

The disadvantages of aramid fibre include: 

 Low strength in compression circumstances (tend to micro-buckle in 
compression) 

 Fails when transverse tension is applied due to the weak hydrogen 
bonds between fibres 

 Ultraviolet radiation damages these fibres 

 Absorbs moisture 

2.6.4 Fibre Chosen for Analysis 

The damage detection analysis requires a cheap and readily available fibre composite 

material. As glass fibre is an easily accessible and cheap material it will be used in this 

analysis. The glass fibre material chosen was a pultruded square hollow section 

manufactured by Wagners CFT Manufacturing Pty Ltd (Wagners 2009). This material 

is formed from 76% glass fibre, 20% vinylester resin and 4% “other non-hazardous 

ingredients” (Wagners 2009, pg 2). A report outlining various aspects of this 

composite pultrusion can be viewed in appendix B.2. The material specifications can 

be viewed in appendix B.1.  

2.6.5 Factors that Affect the Strength of Fibre Composites 

There are many properties that affect the strength of composite materials. These are 

generally related to the way in which they are manufactured and the loading 

circumstances imparted upon the material (USQ 2008). Manufacturing faults, damages 

and incorrect loading may result in catastrophic failure of the composite material. 

Matching the correct fibre and resin is an important manufacturing decision that may 

affect the performance of a composite material. Factors such as the strength of the 

bond between fibre and resin, direction and angle of the fibre weave and fibre resin 

compatibility effect the materials performance greatly (USQ 2008). The bonding of an 
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incompatible fibre and resin may result in the introduction of moisture, delamination 

and destruction of the fibre due to a corrosive resin (USQ 2008) (Christensen 2009).  

Delamination is a particularly problematic situation as it may occur internally, 

reducing the strength of the material without warning. Essentially delamination is a 

process that uncouples the fibre from the matrix reducing the strength of the material 

drastically (Christensen 2009). This failure mode may be caused by a reduction in the 

bond between resin and fibre, through out of plane loading and by general damages 

(USQ 2008) (Christensen 2009). The damage detection analysis chosen may be 

affected by the delamination of the material, due to sustained damages. This may cause 

errors in the damage detection readings and will be further investigated.  
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Chapter 3 Vibration Analysis Methodology 

 

In order to complete a research task a number of processes must be completed. In this 

circumstance these tasks include reviewing literature to determine an ideal method, 

performance of this method and confirmation of the results using other methods. 

Therefore this chapter will outline the techniques that have been performed in order to 

complete the research task. 

3.1 Vibration Damage Detection Technique Selection 

In order to determine the ideal method of damage detection using vibration, numerous 

sources were reviewed. The information detailed within these sources was then 

combined to form a literature review. The assisted in choosing what type of vibration 

damage detection technique would be effective in this particular situation. Frequency 

response function, FRF, data pertinent to a composite beam structure would be used. It 

was intended that this data be compiled for a damaged and an undamaged section. This 

FRF data was then converted into a damage index by placing it into a finite difference 

algorithm. This algorithm outputted data that enabled the identification of the extent 

and position of the damage with the use of damage index (Maia et al. 2003). 

3.2 Apparatus selection 

Experimental data was required in order to complete the damage detection analysis. 

The technique chosen requires deflection and force data at certain points on a structure 

in order to detect the damage. Therefore sensors, data acquisition and excitation 

apparatus were required. The appropriate components were chosen after an extensive 

review of literature. The chosen components were an accelerometer, shaker, signal 

generator, signal amplifier and data acquisition component which were used in 

conjunction with a computer. 
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3.3 Damage Index 

Position of damage can be easily determined through the use of a node system. The 

extent of damage is more difficult to determine. To give an indication of how damaged 

a structure is, the researcher has used an algorithm that outputs a damage index (Maia 

et al. 2003). Damage index cross-references between the undamaged initial structure 

and the present damaged structure. In order to quantify the damage index the 

researcher has damaged the structure several times and to varying degrees. The 

damage index output of these was then used to determine the range in which the 

structure would be damaged when damage extent is unknown. Therefore, this system 

can then, theoretically, be used to determine the extent and position of damages in a 

particular structure. 

3.4 Type of Damage 

Several types of damages will be tested using the vibration damage detection technique 

chosen. The fibre composite material was artificially damaged at and between nodes. 

This was completed to establish the effect position of damage, in relation to the sensor, 

would have on the damage detection method. Damages will also be implemented prior 

to the damage detection method to determine the effect they will have on the damage 

detection method. 

3.4.1 Artificial damage 

To test the damage detection technique artificial damages were introduced into the test 

structure. To achieve this it was decided that the most accurate avenue was to 

introduce 1mm wide cracks into the member. These cracks were created with a 

hacksaw. 

The method chosen to introduce damage into the section was determined to be the 

removal of material. This was quantified by area or moment of inertia. As the area of 

the section is reduced at that particular point of damage it is believed that a relative 

amount of damage was introduced into the section. Therefore the percentage of area 

removed through the introduction of the crack is proportional to the percentage 

damage imparted upon the section. The damage levels and corresponding cut depths 

used can be viewed in the following table, Table 3.4.1.1. 
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Table 3.4.1.1 Damage Levels 

Damage Levels 

Percentage 

Damaged 

(%) 

Depth of 1 

mm Cut 

(mm) 

5 1 

10 2 

20 4 

30 12 

40 31 

50 50 

60 69 

80 96 

3.4.2 Position of Damage 

The effect of the position of the damages relative to the sensor was also tested. This 

test was conducted to aid in establishing the accuracy of the analysis. This process 

consisted of damaging the fibre composite material at and between sensor data 

collection nodes. The method outlined in section 4.3 was completed for each of these 

circumstances. 

3.4.3 Previously Damaged Section 

The fibre composite section was also damaged before analysis. This was to determine 

what effect this would have on the system. It was thought that these damages may have 

a significant effect on the characteristics of the material and therefore have a profound 

effect on the damage detection method. If this were to occur the damages that were 

intended to be found may be hidden in this previous damage and therefore will not be 

found or at least masked.   

3.5 Post Processing Program 

The post processing program was created to perform the required mathematical 

operations to determine the damages in the structure. A brief outline of this program is 

provided in this section. Full explanation of the program can be viewed in Chapter 6. 

3.5.1 Post Processing 

As deflection and force data is required by the analysis process, a Matlab script was 

created. This script was created to understand how the data was processed and have 

ultimate control over it.  
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One purpose of this script is to integrate the acceleration data provided by the 

accelerometer twice. This provided the required deflection data and the force data was 

directly provided by the shaker. The script then performed fast Fourier transformation 

on both the deflection and force data in order to convert it from being time dependant 

to being frequency dependant. This process provided the natural frequencies of the 

system. The natural frequencies were then checked through correlation of the acquired 

data and a finite element analysis, using ANSYS (ANSYS 2011).  

3.5.2 Damage Detection 

FRF data was then created using the FFT data and checked with the LMS express post 

processing program. This process was performed at particular points along the 

structure. It was decided that this nodal mesh would have a spacing of 20 mm (refer to 

section 6.1.1). With the FRF data at each point along the structure obtained, the data 

was then placed into the finite difference algorithm in order to determine the position 

of the damage. This process was then repeated after the section had been intentionally 

damaged. Essentially, this process correlates the differences in flexibility matrix 

between the damaged and undamaged structure at each nodal point. This difference 

was then used as a damage index in order to determine the position of the damage and 

to an extent the degree of damage sustained. In order to gauge the extent of damage an 

arbitrary damage scale was created. This entailed completing the damage detection 

processes several times with differing degrees of damage imparted upon the structure. 

Therefore, with this arbitrary scale the position and extent of damage was determined.  
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Chapter 4 Apparatus 

 

Certain apparatus were required to obtain the necessary vibration data used to test the 

damage detection technique. The purpose of this chapter is to explain the necessity of 

each of these components and briefly explain their functions. 

4.1 Apparatus Chosen 

Various components were required and chosen for the purpose of gathering 

acceleration and force data pertinent to the vibration characteristics of the composite 

member. These components consist of an accelerometer, shaker, signal generator, 

signal amplifier, data acquisition component, shaker attachment apparatus, stands, 

computer, LMS express post processing program, Matlab and the structure that is to be 

tested. 

4.1.1 Composite Structural Member 

The composite structural member chosen for this analysis process was a 

100 mm by 100 mm by 5 mm thick glass fibre and resin square section. This member 

has been previously damaged and will therefore test the robustness of the post 

processing program. Wagners produced the composite structural member that will be 

tested (Wagners 2011). 

The analysis of this structure was achieved through using 82 data acquisition nodes 

along its surface. 81 of these nodes were used as the damage detection data acquisition 

positions. These nodes were spaced 20 mm apart along the 1.6 m section. The 

additional node point was used to collect data pertinent to the vibration directly on top 

of the oscillating force point. Additional information pertinent to the choice of nodal 

spacing and number of nodes can be viewed in section 6.1.1. The member may be 
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viewed in appendix C.1. The specifications of this material can be viewed in appendix 

B.2. 

4.1.2 Stands 

The performance of this analysis required the composite structure to have 1.6 m of its 

length suspended in the air. This was achieved with the use of multi-height stands. The 

height of these stands can be adjusted by rotating their top section. Therefore the 

composite structure was placed onto these stands. This was achieved by placing the 

stands 1.6 m apart and placing the composite structure onto the circular sections of the 

stands. 

4.1.3 Shaker Attachment Apparatus 

In order to perform the vibration analysis the composite structure must be attached to 

the shaker. This device was required to translate vibration well, exhibit robustness, and 

had to have the ability to be attached to the section at varying points. To achieve this, a 

shaker attachment apparatus was created by the researcher. 

Attaching the shaker to the composite structure was required. Therefore the researcher 

created an attachment apparatus with the use of 4 mm carbon steel plate, 3 steel G-

clamps and a small piece of carbon steel angle section. An angle grinder was used to 

cut the plate into a square that was 250 mm by 250 mm a smaller square, 150 mm by 

150 mm, was then cut out of the centre of this square. The G-clamps were then 

prepared by removing the threaded section and handle of each, discarding the 

remaining pieces of the G-clamp. Each G-clamp section was then welded using a MIG 

welder to the square piece of plate at the centre of the top, right and left sides of the 

front face, each threaded section being perpendicular to their corresponding side. The 

small piece of angle iron had a 5 mm hole drilled into the centre of one of its flanges, 

which was countersunk. This component was then welded onto the untouched side of 

the square component. 

The shaker attachment apparatus can be seen in appendix C.2. It was designed so the 

square composite section would slide through the centre of the square piece of plate. 

When the apparatus arrives at the required position the apparatus is fixed to the 

structure. This is achieved by tightening the g-clamp mechanisms, locking the section 

between the two side clamps and between the base of the plate and the top clamp. The 

angle iron component is then used to attach the shaker by means of a threaded rod and 
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two M4 nuts. The two nuts work against each other to lock the shaker onto the angle 

iron and therefore the composite structure. 

4.1.4 Shaker 

Industrial shakers are expensive devices used to impart varying degrees of forced 

vibration onto a structure or material (NVMS 2011). This equipment is capable of 

recording the oscillating force and acceleration at the point of excitation. As forced 

vibration must be imparted upon the composite structure in order to gather the 

pertinent data for damage detection a shaker will be used. As was stated in sections 

2.5.1 and 2.5.3 the input signal into the shaker will be periodic and will oscillate at 

60 Hz. The shaker that was made available was the PCB shaker which may be viewed 

in appendix C.3. The specifications and cross-section view of this device can be 

viewed in appendices C.4 and C.5 respectively. 

4.1.5 PCB Accelerometer 

The accelerometer was an integral part of the vibration apparatus design. Through the 

use of piezoelectric materials the accelerometer allows acceleration data to be obtained 

(PCB 2009). This application required the use of a single axis accelerometer capable of 

recording acceleration data in the positive and negative y axis. This data was then used 

to perform the damage detection process 

Portability, accuracy and availability were the factors affecting the choice of the single 

axis accelerometer. The available accelerometers included a large, robust, cylindrical 

thread and nut mounted accelerometer capable of recording g-force readings. A 

slightly smaller cylindrical accelerometer was also available it was a small cubic 

accelerometer, 10 mm by 10 mm, and was capable of measuring acceleration within a 

range of 0 ± 5000 g. The smaller cubic PCB accelerometer was chosen as the optimum 

accelerometer in this circumstance. This decision was made as this accelerometer was 

readily available, was accurate enough to record the small vibration responses in the 

structure and had the ability to be mounted with the use of wax. The specifications of 

this accelerometer can be found in appendix C.6. 

4.1.6 Microelectromechanical Systems 

Due to time strict time constraints Microelectromechanical Systems were not tested. 

They are however, a sensor that may be used in real time damage detection as they can 

be imbedded into various materials (Vittorio 2001). 
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4.1.7 Signal Generator 

Signal generation at a particular chosen frequency is an important aspect of the data 

formation process. This particular analysis system required the generation of an 

oscillating signal, which was transformed into an oscillating force with the use of the 

shaker and signal amplifier. The composite structure was then subjected to this 

oscillating force and the response was recorded by the accelerometer. Therefore in 

order for a reliable analysis to be performed it was paramount that each data set 

acquired from all of the nodal points located on the composite structure was obtained 

through the same signal frequency and type. 

Devices that are capable of creating the required signal frequency and type are called 

signal generators. The signal generator available for this research was the Function 

Generator HM8030-4. This device can be used to generate a large range of frequencies 

from 0.25 Hz to 3500 kHz. Various signal waveforms can also be chosen which 

include periodic, triangular and rectangular waveforms. It is important that the correct 

oscillating frequency and signal be sent to the shaker. The signal generation unit used 

can be viewed in appendix C.7. 

4.1.8 Signal Amplifier 

Amplification of the oscillating signal generated was required as the signal generator 

was limited to producing low amplitude signals. Signal amplifiers are used to boost 

signals that have previously been produced. 

The signal amplification unit available for this analysis was the LDS PA25U Power 

Amplifier. Gains produced by this device are within 0 to 10 times larger than the 

original signal. As the signal generated was too small to be used the signal was 

amplified using the signal amplifier before it was then sent to the shaker. The signal 

amplifier used can be viewed in appendix C.8. 

4.1.9 Data Acquisition Unit 

Acquisition of the acceleration and force data produced by the system was one of the 

most important tasks completed. Processes such as these are performed using data 

acquisition units, in conjunction with computers and software, that convert the physical 

form of signals into quantitative data. This data can then be used further to describe 

how a particular system is acting. 
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The data acquisition component that was available for this system was the LMS 

SCM05 Serial: 46080207. To obtain the required sensor signal data this unit was used 

in conjunction with LMS Express vibration signal processing software available on the 

laboratory computer (LMS 2010). This unit had the ability to process signals produced 

by up to 16 sensors at one time while boosting each of these signals with an internal 

amplification unit. This amplification was a means of reducing the effect of external 

undesirable noise that may be present in the signal. The data acquisition unit can be 

viewed appendix C.9. 

4.1.10 Computer 

Computing power was required for this data intensive analysis. It was decided that two 

computers were required for this study, a laboratory computer and a personal 

computer. The laboratory computer was used to collect the force and acceleration data 

using the LMS Express software (LMS 2010). The powerful personal computer was 

used for the vast amount of numerical calculations required using Matlab (MathWorks 

2011). 

4.1.11 LMS Express 

LMS Express software is a data acquisition and processing program used in vibration 

analysis of systems (LMS 2010). Essentially LMS Express is a graphical user interface 

used to run the data acquisition unit and process the data obtained.  

The LMS Express software is used to perform many tasks in the research process. 

These processes include starting and stopping the analysis, obtainment of data, visual 

representation of data and the exportation of data into Text “.txt” files. Additional data 

post processing techniques, used as verification methods for the post processing 

program, are also available in this software package. These include CEPS, FFT, APS, 

Gxy, GxyN, FRF, COH, WIN, PSD and ESD analyses. 

4.1.12 Matlab 

Matlab is a powerful program that is generally used to “perform computationally 

intensive tasks” (MathWorks 2011). This software enables the user to create programs 

to perform various tasks ranging from simple calculations to the simulation of complex 

systems.  

The researcher has used this software to produce a program that performs the various 

steps required to detect position and extent of damage in the composite structure. 
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Acceleration and force data at particular points on the structure obtained from the 

apparatus was imported into the program and the damage index of each node is 

displayed graphically. The calculations and data analysis will be discussed further in 

Chapter 6.  

4.2 Construction of the Apparatus 

The apparatus required by this damage detection process must be connected in a 

particular fashion. The construction of the system is as follows: 

1. Place the structure onto the stands which are 1.6 m apart  

2. Place the shaker attachment apparatus onto the structure 

3. Attach the shaker to the bottom of the shaker attachment apparatus 

4. Place the accelerometer at the first nodal position that is required 

5. Connect the signal generator to the signal amplifier 

6. Connect the signal amplifier to the shaker 

7. Connect the shaker and accelerometer to the data acquisition 

component 

8. Connect the data acquisition component to the computer 

9. Plug in all necessary components into the mains power 

10. Turn on all components and the computer, excluding the signal 

amplifier 

11. Open the LMS express program 

12. Calibrate each component accordingly 

A complete set up picture of this system can be found in appendix C.10. LMS express 

then outputs the data into a “.txt” file which can be read by the Matlab script. This 

script is run and the damage position and extent is shown. 

4.3 Operation of Apparatus 

Operating this system required a number of steps that were performed periodically. 

These steps were conducted after each artificial damage was performed. The artificial 

damages were decided to be 5%, 10%, 20%, 30%, 40%, 50%, 60% and 80%. These 

damages were performed at data acquisition node 23 and between nodes 54 and 55. 

Damages of 60% were also introduced at nodes 30, 40 and 48 and between nodes 15 

and 16 and also between nodes 60 and 61 to determine the effect previous damages 

would have on this damage detection method. The sequence of operation steps is as 

follows: 
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1. Assemble the apparatus as outlined in 4.2 

2. Place the wax on the accelerometer 

3. Place the accelerometer onto node 1, shaker position/ forced oscillation 

point 

4. Turn the signal amplifier on and place the dial to the required gain 

5. Press the record button located in the LMS Express graphical user 

interface 

6. Repeat step 3 - 5 for the remaining 81 nodes, taking samplings of LMS 

Express generated FFT data for later comparison and verification. 

7. Turn signal amplifier dial to the off position 

8. Export the data as “.txt” files 

9. Disconnect all equipment connected to the composite structure and 

shaker attachment apparatus 

10. Artificially damage the section at or between predetermined nodes 

11. Perform steps 1-10 until all damage percentages have been investigated 

12. Import data into the Matlab post processing program 

13. Perform the analysis 
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Chapter 5 System Verification 

 

Verification of the numerical analysis is required to ensure the program is performing 

correctly. The researcher has performed three different techniques to verify the output 

of the Matlab program. The LMS Express post processing of the FFT data was used as 

an initial data verification measure. Hand calculations of the first natural frequencies 

have been performed. These were then used to cross-reference with the natural 

frequencies obtained with the numerical processing program. Finite element analysis 

of the square section composite structure was performed in the finite element analysis 

program ANSYS (ANSYS 2011). These analyses were performed in order to obtain an 

estimate of a number of the natural frequencies associated with the structure. These 

natural frequencies were then use to verify the numerical analysis of the shell. 

5.1 Finite Element Analysis 

Finite element analysis, FEA, is a method used in various types of analysis to solve 

complex engineering problems (Martin & Carey 1973). Analyses of complex 

structural, modal and thermal problems are simplified greatly using this method 

(ANSYS 2011). This mathematically intensive method is generally performed using 

computers as achieving a finite element analysis of even a simple system is laborious 

and time consuming. This method will be used to verify the numerical method outlined 

in chapter 6. 

The finite element method consists of the transformation of a complex model into a 

mesh consisting of numerous elements and nodes (Martin & Carey 1973). Elements 

are considered as the components of the mesh that translate the inputs of a system. 

Nodes are the connecting points between elements where the reactions to the inputs are 

calculated. Meshing is considered as an accurate estimation of a complex model 
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(Martin & Carey 1973). This allows a mathematically simple, accurate estimation of 

the required reactions to the external inputs of the system to be found. External inputs 

such as theoretical forces, pressures and various node restrictions are applied to 

simulate the actions of the model when environmental interaction occurs. To determine 

the response to these environmental interactions the required output, deformation or 

stress for example, is obtained through calculating the reactions at each node through 

each element. 

Certain factors affect the accuracy of a finite element analysis. Element size and shape 

of mesh used in the analysis greatly affect this accuracy. Reducing the element size in 

a finite element analysis increases the precision of the output as the mesh becomes 

finer and represents the model more accurately (Biomesh 2010). Decreasing the 

elements size does, however, increase the amount of mathematic processes required 

and therefore the time required to analyse a system. There are also various different 

mesh shapes available when conducting an FEA. These typically involve changing 

how many elements connect to nodes and in what way. Different shapes are used to 

describe certain shapes and orientations of models more accurately. 

Verification of the correct natural frequencies of the composite structure was required. 

Therefore in order to verify the numerical analysis, finite element analyses will be 

performed pertinent to each level of damage sustained. These analyses were performed 

using the finite element software package ANSYS to reduce mathematic operation 

time (ANSYS 2011). 

5.1.1 Creation of the Solid Model 

Finite element analysis using computer software requires a solid model of the structure 

that is to be analysed. Therefore a solid model of the composite structure was created 

in order to perform the FEA. 

ANSYS (ANSYS 2011) was used to model this section by means of drawing the cross-

section of the member, two concentric squares the first 100 mm by 100 mm and the 

second 90 mm by 90 mm with 5 mm rounds, and extruding it to 1.6 m. As a finite 

element analysis was required for each damage level, undamaged to 80%, 9 models 

were created. Each of these models were damaged in accordance with their percentage 

damage. This was achieved through placing 1 mm thick cuts into the material at the 

particular depths outlined in section 3.4. As the section that is being analysed is 
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previously damaged the initial damages were also modelled. The model representing 

the 50% damaged level can be viewed in Figure 5.1.1.1 and Figure 5.1.1.2.  

 

Figure 5.1.1.1 Side View of ANSYS Model 

 

Figure 5.1.1.2 Isometric View of ANSYS Model 

5.1.2 Conduction of the Finite Element Analysis 

The finite element analysis was performed in ANSYS to verify the information 

provided by the post processing program (ANSYS 2011). This analysis was completed 

9 times in order to check each damage level was producing the correct natural 

frequencies. The following outlines the steps taken to perform the finite element 

analysis: 

1. Opened ANSYS and clicked and dragged “modal analysis” into the 

work space 

2. Inputted the material properties 

3. Created the solid model using ANSYS 

4. Generated the mesh 

5. Constrained the model at its ends, pinned-pinned 

6. Performed the modal finite element analysis 

7. Saved the modal analysis data outputted, natural frequencies 

8. Repeated steps 1-6 for each of the models 
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The information provided by these modal finite element analyses was then tabulated. 

The natural frequencies of each of the damages can be viewed in section 7.2.1. As can 

be seen the natural frequencies generally lower when damages are introduced into the 

system. This is also a method of damage detection, however, it does not identify where 

the damage and to what extent has taken place. 

5.2 Hand Calculations  

Hand calculations were also performed in order to verify the first natural frequency of 

the undamaged section. This was performed to verify the finite element analysis 

verification method. Essentially the performance of this method is a simple calculation 

that determines the first natural frequency of the member using the following equation: 

    
  

 

 
   

 

 
   

 

    
 

where    is the Young’s modulus [Pa] 

    is the density [kg/m
2
] 

    is the moment of inertia of the cross section of the beam [m
4
] 

    is the cross-sectional area of the beam [m
2
] 

     is the frequency coefficient 

    is the number of natural frequency [1] 

    is the total length of the beam [m] 

     is the natural frequency [Hz] 

Figure 5.1.2.1 Natural Frequency Equation (Balachandran & Magrab 2009) 

5.3  LMS Express FFT 

To further verify the numerical method performed in Chapter 6 the post processing 

program available in LMS Express was also used. LMS Express has the ability to 

perform fast Fourier transformations on the data that it is acquiring. FFT data was 

checked as the data obtainment operation was performed to ensure the correct range of 

frequencies was being collected. 

  



 

35 

 

 

 

 

 

 

Chapter 6 Data Analysis  

 

Post processing and damage detection of the composite structure was conducted using 

a user created Matlab program. This program was designed to convert the provided 

data into usable damage detection data. Therefore two main sections of the script were 

created. These were the post processing section and the damage detection section. The 

post processing section converted the data provided by the apparatus into the data form 

required for the damage detection process. Subsequently the damage detection section 

then placed this data into a finite difference type algorithm. It was intended that the 

combination of these sections and the data collected be used to accurately estimate the 

extent and position of damage sustained by a structure.  

6.1 Matlab Program Part 1 – Post Processing 

Section one of the Matlab data analysis program involved the conversion of data into 

the required data form. The damage detection process required deflection and force 

data with respect to frequency (He & Fu 2001). As the apparatus used provides 

acceleration and force data with respect to time a number of processes had to be 

completed. These included inputting the required data and initial parameters, 

performing interpolation and integration and converting the data into frequency 

domain data with the use of fast Fourier transformation. 

6.1.1 Inputs 

Various inputs are required for the successful use of the post processing program. The 

first section of this program was designed to assign and import this information in 

order to organise it for use. These inputs comprise of the importation of the raw 

apparatus data to the input of various constants required for operations such as data 

windowing and filtering.  
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Data generated by the apparatus outlined in Chapter 4 was imported for use in 

subsequent calculations. The raw data output was provided as uniquely named text 

files. For ease of use the post processing program was designed to run independently 

after the initial user inputs. Therefore to achieve this, the data text files were renamed 

to denote the node position. Undamaged node data was renamed “Data_U_x” and the 

damaged data was renamed “Data_D_x”, where x was the data acquisition node 

number. Furthermore these files were then placed into unique folders to organise the 

data of each damage extent. With the use of this organisation system the program then 

imported the data by means of the “importdata” function (MathWorks 2011). This 

provided a large matrix with acceleration, force and time data present. Therefore each 

set of node data for each extent of damage was split into respective acceleration, force 

and time constituents for later use. 

The post processing program required various constant inputs to function effectively. 

These include assigning values for: 

 Total number of nodes (82) 

 Distance between nodes (0.02m) 

 Total number of damaged data sets (8) 

 First windowing time value (user defined) 

 Final windowing time value (user defined) 

 Total sample time (3s) 

 Low frequency filter parameter (80Hz) 

 High frequency filter parameter(500Hz) 

 Substitution filtering factor (1x10
18

) 

 Sampling frequency (calculated from input) 

The assignment of the total number of nodes used in the data acquisition process was 

required. This initial user input was necessary as it was used to determine the number 

of iterations required for a large number of the subsequent processes. Such processes 

included the importation of the raw apparatus data, assignment of this data, 

interpolation and integration, performance of fast Fourier transformations and the 

creation of the damage index. As finer meshes provide increased accuracy the mesh 

size, or number of nodes along the composite member, chosen was the smallest 

possible (Biomesh 2010). The accelerometer used to gather the raw apparatus data was 

10 mm wide and 10 mm long. As the determination of the accuracy of this damage 

detection method was required, artificial damages were introduced at and between 

nodes. Therefore the smallest possible node spacing, using this accelerometer, was 
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found to be 20 mm. This nodal spacing would ensure the entire section would be 

analysed while leaving enough space between nodes to test the accuracy of damages 

present between nodes. Therefore the total number of nodes chosen was 82, inclusive 

of the initial force node, refer to section 4.1.1. Figure 6.1.1.1 and Figure 6.1.1.2 depict 

the nodal spacing placed on the composite structure. 

 

Figure 6.1.1.1 Full Node Spacing 

 

Figure 6.1.1.2 Close-Up of Node Spacing 

The total number of damaged data sets was required as it acted as a counter for the 

damaged data importation and post processing. As the damages investigated were 5%, 

10%, 20%, 30%, 40%, 50%, 60% and 80% the number of damaged data sets in this 

circumstance was 8. This value was used by the program to determine how many 

damaged data importations and processes to perform and in what order. In this 

circumstance the initial value, 5%, was provided with the reference number 1 and all 

subsequent damages were provided reference numbers in ascending order, where the 

maximum,80%, was 8.  

Windowing of data was used in order to reduce the amount of memory required and 

hasten the computational process. The first windowing value refers to the starting time 

parameter, beginning of computations, and the final windowing value refers to the end 

time, finish of computations. The input of total sample time is required as it is used to 

create the windowing parameters for the data. For example if one required a 3 s long 

data set to be windowed from 1 s to 1.5 s, the first windowing value would be 1 s and 

the final windowing value would be 1.5 s. Setting these parameters in this manner 

would decrease the computation time and amount of memory required by 83%, which 

is important when using large sampling frequencies.  
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Each set of data was provided with a unique set of full length time data. As the raw 

time data output was only accurate to 2 significant figures several force and 

acceleration data points “shared” time data. As this was not acceptable new time data 

was created. This data was created by forming a 1 line matrix whose values were set to 

range from 0 to the total time at increments of total time divided by the number of data 

acquisitions in this time frame. The position of each windowing value was then found 

by multiplying each of the input values by the length of the time matrix divided by the 

total time. These position values were then used to window the data between the user 

defined windowing parameters. 

Additional filtering was performed in order to provide results with increased accuracy. 

As this analysis considers the initial few natural frequencies of the system, all other 

frequency information was considered as noise and was disregarded. This was 

achieved through defining the low and high frequency filtering parameters. These 

parameters were determined through extensive modal finite element analysis, hand 

calculations and LMS Express output. From these verification methods it was 

determined that the first few natural frequencies would almost exclusively occupy 

frequencies ranging from 80Hz to 500Hz. Therefore the low frequency filter parameter 

was set at 80Hz and the high frequency filter parameter was set at 500Hz. 

Filtering was achieved using the low and high frequency filtering parameters and the 

substitution filtering factor. In order to ensure the first few natural frequencies were 

exclusively used in the subsequent computations, amplitudes of all frequencies outside 

of the low to high filtering range were set to a small number. This was performed in 

both the force and deflection data following the fast Fourier process, frequency domain 

conversion. As the frequency response function was calculated by dividing the 

deflection by the force, while in the frequency domain, values of 1 would be found 

outside of the specified range with this method. Furthermore this method ensured these 

frequencies did not impinge on the damage detection process. 

Sampling frequency describes the rate of data acquisition performed. This value is 

calculated for each new analysis by dividing the amount of data acquisitions by the 

total acquisition time. It was used in the frequency domain conversion of data to 

determine the frequency of each acceleration and force amplitude. 



6.1 Matlab Program Part 1 – Post Processing Data Analysis 

39 

 

6.1.2 Simpsons Rule Loops 

Deflection and force data with respect to frequency was required to perform the 

frequency response function calculations. Therefore as the raw data consisted of 

acceleration and force data, the acceleration data was converted into deflection data 

prior to the domain change. This was completed with the use of a function file created 

to perform interpolation and integration on set of data. 

The function file “Simpsons.m” was created to perform the required interpolation and 

integration steps required in the acceleration to deflection conversion. This function 

file completes these processes on any data that also has time data present with it. 

Initially interpolation was required to transform the data into usable data that could be 

integrated. This process involved utilising the “interp” function provided by Matlab 

(MathWorks 2011). In order to produce the most accurate data possible all points were 

interpolated in sets of 9. As the counter of this data increases by 1 the data connects 

itself automatically. 

Simpsons rule was then used as the integration method to gain the required data (Fink 

& Mathews 2004). This was completed using the interpolated data provided by the 

interpolation process. This process was performed using 2 trapezoids for each 

calculation. The calculations continue until the data end of the data inputted into the 

function. The following equation was used to achieve this (Fink & Mathews 2004): 

        
   

  
         

   

 
       

 

 

 

where    is acceleration or velocity [m.s
-2

 or m.s
-1

]; 

    is the initial point [-] 

    is the final point [-] 

    is the number of trapezoid sections between a and b [-] 

Figure 6.1.2.1 Integration: Simpson’s Rule 

This method approximates the integral of the data inputted with the use of quadratic 

polynomials, refer to section 2.3.3. The constants b and a describe the starting and 

ending positions of the process and      and      are the values at these positions. 

This process is run twice to change the acceleration data into velocity data and then the 

velocity data into deflection data. The created function file can be viewed in appendix 

D.2. 
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6.1.3 Fast Fourier Transformation 

Fast Fourier transformation is a technique used to transform time domain data into 

frequency domain data. This process was required as the determination of natural 

frequencies and calculation of frequency response function data requires frequency 

domain data. Therefore the FFT function was used in Matlab to achieve the fast 

Fourier transformation of the deflection and force data of all damage extents 

(MathWorks 2011). 

Fast Fourier transformation is used to divide a set of data into a set of frequencies that 

when used together, algorithmically describe the data set (Rao 2005). This operation 

was used to determine the natural frequencies of the data input, for verification, and to 

create the frequency response data. This was achieved by setting the resolution of the 

process which is achieved through calculating the next power of the length of the time 

matrix. This is then used with the deflection or force data to obtain the fast Fourier 

transformation, using the “fft” function in Matlab (MathWorks 2011). Frequency data 

was also created to plot the data for verification. 

Filtering was then applied to the fast Fourier transformation data as described in 

section 6.1.1. 

6.2 Matlab Program Part 2 – Damage Detection 

The damage detection constituent of the program was formed to determine the extent 

and the position of damage in the composite structure. The data transformed in the 

previous post processing program was used to achieve this by calculating the 

frequency response functions of the data. The frequency response functions were then 

used in a finite difference type algorithm to achieve a damage index value pertinent to 

each node at each damage extent. 

6.2.1 Creation of Frequency Response Function Data 

Frequency response function, FRF, data is easily obtainable and is used in a far more 

robust damage detection method in comparison to others (refer to 2.2). This method 

was used in this analysis. FFT data, pertinent to force and deflection, gathered from the 

post processing section is used to create the FRF data. 

The fast Fourier transformation of the deflection data and the force data was used to 

calculate the FRF data at each node and damage extent of the composite structure. This 

was achieved by dividing the frequency domain deflection data by the frequency 
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domain force data (He & Fu 2001). FRF was then used to calculate the damage index 

at each node of each damage extent. This method was used as it was found to be far 

more accurate than simply using the changes in natural frequency at each node. The 

process of dividing the deflection data by the force data ensures that any errors 

attributed to the data collection processes do not affect the damage detection outcome. 

For example, if the operator were to set slightly different amplitudes of signal sent to 

the shaker, causing larger or smaller oscillation forces, this method would disregard 

this error. 

6.2.2 Damage Index Algorithm 

Damage index is a dimensionless factor that can be used to describe the amount of 

damage in a structure (Sampaio, Maia & Silva 1999) (Maia et al. 2003). The FRF data 

calculated was used in conjunction with this method to obtain the position of damage 

in the structure. The extent of damage was to be quantified through imparting the 

differing damage extents onto the structure and obtaining a different damage index for 

each. It was thought that an arbitrary scale could then be created to obtain an indication 

of the extent of damage the structure had endured. 

The damage index method utilises the differences in a vibration characteristic of a 

structures nodes to determine the position and extent of damage present. This analysis 

used the frequency response data collected in the post processing program to form the 

damage index pertinent to the composite structure. This was achieved through the use 

of the following equation (Maia et al. 2003): 

        
           

             
  

              
  

   

                       
 
               

  
   

 

where    is the node number counter 

    is the damage extent counter 

          is the damage index at a node and particular damage extent 

           is the curvature of frequency at a damaged node and 

particular damage extent 

          is the curvature of frequency at an undamaged node and 

particular damage extent 

  is the maximum value of i, total node number 

Figure 6.2.2.1 Damage Index Equation (Maia et al. 2003) 
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Where the values of the curvature of frequencies were obtained with the use of the 

following equation (Sampaio, Maia & Silva 1999): 

          
                            

  
 

where    is the node number counter 

    is the position of the oscillating force 

            is the curvature of frequency 

          is the FRF taken at node i with an oscillating at position j 

          is the FRF taken at node i+1 with an oscillating force at 

position j 

          is the FRF taken at node i-1 with an oscillating force at 

position j 

    is the node spacing 

Figure 6.2.2.2 Curvature of Frequency Equation (Sampaio et al. 1999) 

The curvature of frequencies, COF, equation was used to obtain the required input into 

the damage index equation. Essentially this equation is a finite difference method that 

is used to calculate an estimate of the curvature of frequency at each node point. It uses 

FRF values before and after the current node point to achieve this.  

With the curvature of frequency information for each extent of damage, including 

undamaged, the damage index at each node and extent of damage was then found. The 

numerator of the damage index equation sums the COF squared of each damage extent 

and adds the current node COF squared to this. The result is then multiplied by the sum 

of the undamaged COF squared. The denominator is similar to the numerator except 

the sum the undamaged COF squared is added to the undamaged COF of the current 

node. This is then multiplied by the sum of the COF squared of the current damaged 

data being used. This method of damage index formulation identified values that were 

greatly different than the average (Sampaio, Maia & Silva 1999). Damaged nodes 

provided a large damage index value in comparison to other nodes. 

Finally the Matlab program constructed a plot that grants the ability to visually 

determine the position and extent of damage. A copy of the full program, post 

processing and damage detection, can be viewed in appendix D.1.  
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Chapter 7 Discussion and Results 

 

7.1 Post Processing Program Results 

To complete the damage detection method various post processing procedures were 

carried out. As outlined in Chapter 6 the procedures included the acquisition of 

acceleration and force data which was used to obtain velocity, deflection, FFT, FRF 

and a damage index. The damage index was then further used to create a relative 

damage index, which may be used to quantify damages sustained in various 

circumstances. 

Over 3000 data sets have been used to produce the damage index as there is 

acceleration, velocity, deflection and force for each node at each damage level. 

Additional FFT, FRF and damage index data sets were also created increasing the total 

results. Therefore as there are a great number of results available a selection of these 

results will be presented in the following figures. Information relating to the directly 

damaged node is presented together with single representatives of undamaged and 

internodal damaged nodes. Therefore results obtained from nodes 23, 54 and 40 will be 

presented. The corresponding internodal damaged node, node 55, results were not 

included as they produce practically identical results to node 54. 

7.1.1 Experimentation 

Acceleration and force were initially obtained from the apparatus as outlined in section 

4.3. The following graphs are small sections, 0.05 s, of the larger 3 seconds of force 

and acceleration data gathered from the apparatus. The acceleration data was then 

processed to produce 0.05 seconds of velocity and deflection data to provide a 

graphical representation.  
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Figure 7.1.1.1 Acceleration Data, Node 23, Undamaged 

 

Figure 7.1.1.2 Velocity Data, Node 23, Undamaged 
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Figure 7.1.1.3 Deflection Data, Node 23, Undamaged 

 

Figure 7.1.1.4 Force Data, Node 23, Undamaged 
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Figure 7.1.1.5 Acceleration Data, Node 40, 10 Percent Damage 

 

Figure 7.1.1.6 Force Data, Node 40, 10 Percent Damage 
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7.1.2 FFT 

Various FFT analyses were conducted in order to complete the damage index method. 

The FFT of deflection and force were required to obtain the frequency response 

function of the system at a particular node point. Therefore these processes were 

completed for each of the data sets obtained from the 82 nodes and the 9 different 

damage levels, resulting in over 700 different FFT plots. A small sample of these will 

be presented in this section to convey the differences in the FFT between damages. 

Firstly, as the damages were created at node 23 and between nodes 54 and 55, a 

selection of FFT plots will be presented. As a control the FFT of the undamaged node 

40 will also be presented and discussed.  

Fast Fourier transformations were completed for each set of force data in order to 

perform the frequency response function calculations. As each of the force data sets 

obtained was only minutely different, the FFT of each was also almost identical. An 

example of the force FFT may be viewed in figure 7.1.2.1. 

 

Figure 7.1.2.1 FFT of Force, Node 23, Undamaged 

Due to inaccuracies, the differences between the FFT of the internodal damage nodes, 

54 and 55, within the range of 5 to 60 percent are only small amplitude discrepancies. 

Therefore the undamaged, 5 percent damage and 80 percent damage results have been 
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percent were virtually undiscernible. This can be viewed in figures 7.1.2.2, 7.1.2.3, 

7.1.2.4 and 7.1.2.5 using node 23 as an example. 

 

Figure 7.1.2.2 FFT of Deflection, Node 23, Undamaged 

 

Figure 7.1.2.3 FFT of Deflection, Node 23, 5 Percent Damage 
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Figure 7.1.2.4 FFT of Deflection, Node 23, 60 Percent Damage 

 

Figure 7.1.2.5 FFT of Deflection, Node 23, 80 Percent Damage 
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Figure 7.1.2.6 FFT of Deflection, Node 54, Undamaged 

 

Figure 7.1.2.7 FFT of Deflection, Node 54, 5 Percent Damage 
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Figure 7.1.2.8 FFT of Deflection, Node 54, 80 Percent Damage 

 

Figure 7.1.2.9 FFT of Deflection, Node 40, Undamaged 
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Figure 7.1.2.10 FFT of Deflection, Node 40, 5 Percent 

 

 

Figure 7.1.2.11 FFT of Deflection, Node 40, 80 Percent Damage 
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7.1.3 FRF 

The following are plots of the FRF data gained by dividing the deflection by the force. 

These correspond to the FFT plots in 7.1.2. Therefore the undamaged, 5 percent 

damage and 80 percent damage results have been presented for each node as the 

differences in the intermediate results between 5 and 60 percent were virtually 

undiscernible. As the inaccuracies do not affect the directly damaged node to the 

extent of the internodal damaged nodes, 60 percent damage FRF data will be presented 

for node 23. 

 

Figure 7.1.3.1 Frequency Response Function, Node 23, Undamaged 
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Figure 7.1.3.2 Frequency Response Function, Node 23, 5 Percent Damage 

 

Figure 7.1.3.3 Frequency Response Function, Node 23, 60 Percent 

100 150 200 250 300 350 400 450
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
x 10

-9 Frequency Response Function, Node 23, 5 Percent Damage

A
m

p
lit

u
d
e
 o

f 
F

re
q
u
e
n
c
y
 R

e
s
p
o
n
s
e
 (

m
/N

)

Frequency (Hz)

100 150 200 250 300 350 400 450
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
x 10

-9 Frequency Response Function, Node 23, 60 Percent Damage

A
m

p
lit

u
d
e
 o

f 
F

re
q
u
e
n
c
y
 R

e
s
p
o
n
s
e
 (

m
/N

)

Frequency (Hz)



7.1 Post Processing Program Results Discussion and Results 

55 

 

 

Figure 7.1.3.4 Frequency Response Function, Node 23, 80 Percent Damage 

 

Figure 7.1.3.5 Frequency Response Function, Node 54, Undamaged 
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Figure 7.1.3.6 Frequency Response Function, Node 54, 5 Percent Damage 

 

Figure 7.1.3.7 Frequency Response Function, Node 54, 80 Percent Damage 

100 150 200 250 300 350 400 450
0

0.5

1

1.5

2

2.5

x 10
-9 Frequency Response Function, Node 54, 5 Percent Damage

A
m

p
lit

u
d
e
 o

f 
F

re
q
u
e
n
c
y
 R

e
s
p
o
n
s
e
 (

m
/N

)

Frequency (Hz)

100 150 200 250 300 350 400 450
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
x 10

-9 Frequency Response Function, Node 54, 80 Percent Damage

A
m

p
lit

u
d
e
 o

f 
F

re
q
u
e
n
c
y
 R

e
s
p
o
n
s
e
 (

m
/N

)

Frequency (Hz)



7.1 Post Processing Program Results Discussion and Results 

57 

 

 

Figure 7.1.3.8 Frequency Response Function, Node 40, Undamaged 

 

Figure 7.1.3.9 Frequency Response Function, Node 40, 5 Percent Damage 
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Figure 7.1.3.10 Frequency Response Function, Node 40, 80 Percent Damage 
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Figure 7.1.4.1 Damage Index – 5 Percent Damage 

 

 

Figure 7.1.4.2 Damage Index – 10 Percent Damage 
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Figure 7.1.4.3 Damage Index – 20 Percent Damage 

 

 

Figure 7.1.4.4 Damage Index – 30 Percent Damage 
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Figure 7.1.4.5 Damage Index – 40 Percent Damage 

 

 

Figure 7.1.4.6 Damage Index – 50 Percent Damage 
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Figure 7.1.4.7 Damage Index – 60 Percent Damage 

 

Figure 7.1.4.8 Damage Index – 80 Percent Damage 
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Figure 7.1.4.9 Relative Damage Index 

7.2 Verification of Results 

Verification of the natural frequencies gathered from the post processing program was 

completed using the FEA program ANSYS and simple calculations (ANSYS 2011) 

(Rao 2005). This was carried out to ensure the correct range of natural frequencies was 

detected and used in the damage detection process. 

7.2.1 Finite Element Analysis Results 

Finite element analysis was completed in the FEA program ANSYS. Modal analyses 

were completed for each damage level with the inclusion of the previous damages. The 

following show the natural frequencies gained from this analysis. 
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Table 7.2.1.1 Composite Member Natural Frequencies – Undamaged 

Undamaged 

Natural 

Frequency 

Number 

Frequency 

(Hz) 

1 50.58 

2 145.28 

3 187.91 

4 388.57 

5 415.79 

6 459.74 

Table 7.2.1.2 Composite Member Natural Frequencies – 5 Percent Damage 

5 Percent Damage 

Natural 

Frequency 

Number 

Frequency 

(Hz) 

1 50.22 

2 145.58 

3 187.12 

4 388.55 

5 413.85 

6 457.73 

Table 7.2.1.3 Composite Member Natural Frequencies – 10 Percent Damage 

10 Percent Damage 

Natural 

Frequency 

Number 

Frequency 

(Hz) 

1 50.60 

2 145.62 

3 187.3 

4 389.26 

5 413.15 

6 462.15 
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Table 7.2.1.4 Composite Member Natural Frequencies – 20 Percent Damage 

20 Percent Damage 

Natural 

Frequency 

Number 

Frequency 

(Hz) 

1 50.87 

2 145.73 

3 188.74 

4 389.24 

5 414.41 

6 461.27 

Table 7.2.1.5 Composite Member Natural Frequencies – 30 Percent Damage 

30 Percent Damage 

Natural 

Frequency 
Number 

Frequency 
(Hz) 

1 50.02 

2 145.11 

3 185.25 

4 386.25 

5 414.14 

6 454.4 

Table 7.2.1.6 Composite Member Natural Frequencies – 40 Percent Damage 

40 Percent Damage 

Natural 

Frequency 

Number 

Frequency 

(Hz) 

1 49.15 

2 144.89 

3 178.48 

4 387 

5 406.67 

6 461.35 
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Table 7.2.1.7 Composite Member Natural Frequencies – 50 Percent Damage 

50 Percent Damage 

Natural 

Frequency 

Number 

Frequency 

(Hz) 

1 47.74 

2 144.02 

3 169.26 

4 382.94 

5 400 

6 451.25 

Table 7.2.1.8 Composite Member Natural Frequencies – 60 Percent Damage 

60 Percent Damage 

Natural 

Frequency 
Number 

Frequency 
(Hz) 

1 43.99 

2 142.84 

3 150.62 

4 376.27 

5 384.04 

6 451.84 

Table 7.2.1.9 Composite Member Natural Frequencies – 80 Percent Damage 

80 Percent Damage 

Natural 

Frequency 

Number 

Frequency 

(Hz) 

1 46.18 

2 139.92 

3 158.68 

4 355.51 

5 412.09 

6 422.98 

7.2.2 Natural Frequency Calculations Results  

To further verify the correct natural frequencies were used by the damage detection 

process a simple pin-pinned beam natural frequency calculation was performed. The 

equation used can be viewed in Figure 5.1.2.1 and the operations taken to obtain the 
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first natural frequency can be found in appendix F.1. It was found that the first natural 

frequency of the beam was 200.51 Hz using this method. 

7.3 Discussion 

7.3.1 Post Processing 

Accuracy and consistency of the acceleration and force data was important in the post 

processing operation. Achieving accuracy and precision in raw experimentation data 

assists in the accuracy of the various post processing steps. It was imperative that the 

acceleration and force data obtained from the apparatus, through experimentation, was 

of a particular precision. This would ensure the production of reliable velocity, 

deflection, FFT, FRF and damage detection results. 

Vibration experimentation was performed at the 82 accelerometer position nodes at 

each of the 9 damage levels. The sensor gathered acceleration information pertinent to 

the oscillation of the composite member for later post processing. As can be seen 

Figure 7.1.1.1 the acceleration data gathered at node 23 at the undamaged level repeats 

a particular waveform. The signal appears to take the form of several summed 

sinusoidal waveforms creating the response of the member caused by forced 

oscillation. The repetition and uniformity of this signal led the researcher to believe it 

was an accurate and consistent representation of what was occurring in the member. 

Figure 7.1.1.5 was created using acceleration data gathered at node 40 at a 10 percent 

damage level. This data set is an example of the differing waveforms that were 

gathered in this experimentation. This node was positioned close to the centre of the 

composite member. The overall wavelength of the oscillation at the centre of the beam 

appeared to be larger than that of node 23 positioned a quarter down the member’s 

length. Different waveforms relating to other node positions and damage levels may be 

viewed in appendices E.1 to E.3. 

The force data gathered from the shaker appears to be consistent throughout all node 

points and damage levels. The oscillation force imparted upon the undamaged member 

when acquiring acceleration data at node 23 may be viewed in Figure 7.1.1.4.  

Although the input waveform of the shaker was sinusoidal in nature it appeared that 

the resulting output of the shaker was almost rectangular. This may have been caused 

by the shaker’s attempt to create a sinusoidal output by gradually increasing the force 

on a relatively heavy member. The weight and rigid nature of the member may have 

caused the maxima and minima of the sinusoidal force signal to oscillate in an 
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undesirable fashion. However, the waveform generated was uniform and consistent in 

nature across all data collection points as can be seen in Figure 7.1.1.6. Generally the 

force oscillated between 6 N and -6 N at a constant frequency of 60 Hz. As each set of 

force data was practically identical only two were presented, additional force data can 

be viewed in appendices E.4 to E.6. 

Velocity and deflection of the member at the particular points was successfully 

calculated using the acceleration data provided by the apparatus. This data was created 

using methods outlined in section 6.1. Typically the velocity and deflection profiles are 

similar in nature to their corresponding acceleration data, having similar wavelengths 

and waveforms.  

The accuracy of the acceleration, velocity, deflection and force was of a high enough 

standard to graphically represent the response of the member. Although, it was thought 

that this accuracy was not of a high enough standard to correctly identify the damages 

in the system 100 percent of the time. This was due to the relatively low sample rate 

that was implemented. This sample rate affected the accuracy of the FFT and FRF 

analyses greatly. It achieved this by limiting the concentration of frequencies available 

for each FFT analysis. Therefore, with a low sample frequency, small frequency 

differences in the response waveforms were not identified. This allowed large damages 

to be identified while preventing smaller damages from being detected. The 5120 Hz 

sample rate that was chosen in section 2.5.4, was implemented in order to shorten 

computation time and memory usage. This sample rate allowed the post processing 

program to complete the 9 damage level analyses within 24 hours and required 4 

gigabytes of memory. It was not possible to increase the sample rate due to the 

limitations of the computers available. To produce results accurate enough to perform 

this damage detection process it is recommended that one analysis be completed at a 

time with a large sample rate to verify findings. Small inaccuracies pertinent to the 

velocity and deflection data are also prevalent due to the interpolation required by 

Simpson’s rule, outlined in section 6.1.2. Therefore the researcher suggests the use of a 

different sensor that gathers deflection directly in an attempt to remove these 

inaccuracies completely. 

7.3.2 Fast Fourier Transformation 

Fast Fourier transformation was used to create frequency response function data in 

order to carry out the vibration damage detection method. Force and deflection FFT 
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operations were completed for each data acquisition point and at each damage level. 

These analyses were performed successfully, however accuracy problems were 

prevalent. 

Force fast Fourier transformations for all sets of data were identical as the form nature 

of the force data collected was uniform. An example of the fast Fourier Transformation 

of the oscillating force may be viewed in Figure 7.1.2.1, where the FFT of force at 

node 23 is presented. The frequencies that have been identified are a direct result of the 

phenomenon outlined in section 7.3.1. This phenomenon has caused the output of the 

shaker to be almost rectangular in fashion with small oscillations at the maxima and 

minima, see Figure 7.1.1.6. The frequencies of these maxima and minima oscillations 

have caused additional frequencies of 180 Hz, 300 Hz and 420 Hz to be present in the 

analysis. These extra oscillating forces, in addition to the 60 Hz main frequency, may 

cause inaccuracies in the damage detection method. However, as a frequency response 

function was created using a relationship between deflection and force, the inaccuracy 

caused by the extra oscillations was minimal. 

Damage sustained directly on a data collection node had the greatest effect on the FFT 

processes. Several of the initial natural frequencies have been discovered as can be 

seen in Figure 7.1.2.2. The first of these natural frequencies was found to be slightly 

higher than 120 Hz, represented by the small heightening of the line at 120 Hz. This 

frequency was difficult to identify as the sample rate was not great enough to provide 

high frequency accuracy. After 5 percent damage had been implemented the frequency 

profile changed slightly, see Figure 7.1.2.3. The first natural frequency was then able 

to be easily identified as being close to 120 Hz. As this natural frequency is slightly 

smaller than the undamaged natural frequency, it is apparent that damage has occurred 

(Chen, Spyrakos & Venkatesh 1995). However, due to the inaccuracies associated with 

the small sampling frequency, natural frequency shifts did not occur again until the 80 

percent damage level. Small amplitude shifts did occur between the 5 percent and 60 

percent levels, however these were too small to visually convey in a graph. The 

similarity can be viewed by comparing the 5 percent and 60 percent damage levels at 

node 23, Figure 7.1.2.3 and Figure 7.1.2.4. At the 80 percent level the FFT at node 23 

changes drastically. As can be seen in Figure 7.1.2.5 the first natural frequency has 

changed from being around the 120 Hz mark to being around 180 Hz. This would 

suggest that the member has sustained enough damage to allow it to act as though it 

were two shorter members increasing the natural frequency. 
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Damage sustained between nodes had far less effect on the FFT process. Damage was 

introduced gradually half way between nodes 54 and 55. These nodes acted in 

precisely the same fashion. Therefore only node 54 will be analysed in depth. The 

undamaged FFT analysis appeared to have identified the first natural frequencies 

correctly, (Figure 7.1.2.7). However, when damage was introduced into the system the 

frequency distribution did not change drastically. Amplitude changes did exist between 

the undamaged and damaged sections, but differences were minute. This can be found 

through a comparison between Figure 7.1.2.6, Figure 7.1.2.7 and Figure 7.1.2.8. 

Fast Fourier transformations of nodes unaffected by damage were also completed. To 

achieve an identification of damage the deflection FFT of a node must change between 

damage levels. An example of an undamaged node was presented as a control. The 

FFT analyses at node 40 at undamaged, 5 percent and 80 percent damage levels were 

presented. These can be viewed in Figure 7.1.2.9, Figure 7.1.2.10 and Figure 7.1.2.11 

respectively. As can be seen these frequency distributions do not differ in any way, 

suggesting no damage had taken place. The FFT analyses at node 54 and 40 at 

undamaged, 5 percent and 80 percent damage levels are similar. In this analysis they 

were similar as the natural frequencies did not change when different damage levels 

were applied. However, the damages between nodes 54 and 55 did cause an amplitude 

change in the FFT of node 54. This may suggest that this method may not be able to 

detect damages with accuracy between sensor data acquisition points, further research 

may verify this.  

7.3.3 Frequency Response Function 

Frequency Response Function data was produced using the FFT of force and the FFT 

of deflection outlined in section 6.2.1. This process was completed at each sensor 

location using each damage level. As the FRF process utilises the deflection FFT data, 

similar differences in results occur at the different damage levels. The FRF process 

appeared to exhibit a greater sensitivity to damages in comparison to the FFT process. 

The frequency response function output differed drastically between damage levels 

pertinent to node 23, directly damaged node. As can be seen in Figure 7.1.3.1 the 

frequency response function has augmented the FFT data by removing the forced 

oscillation frequencies which highlighted the response frequencies. The 5 percent 

damaged FRF distribution, Figure 7.1.3.2, was vastly different to the undamaged. This 

difference in FRF was used to create the damage index values in order to determine 
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position and extent of damage. Therefore, a greater difference in FRF distribution 

causes a greater damage index reading. As can be seen in Figure 7.1.3.3 and Figure 

7.1.3.4 the greater the damage the greater the difference in FRF in comparison to the 

undamaged specimen. 

FRF output relating to the internodal damaged nodes, 54 and 55, between damage 

levels appeared to be relatively consistent. As can be seen in Figure 7.1.3.5 there is a 

peak around the 250 Hz mark with two smaller amplitude peaks at 150 Hz and 350 Hz. 

These peaks also existed when the member had been damaged at the 5 percent level, 

Figure 7.1.3.6, and at the 80 percent level, Figure 7.1.3.7. This suggests that the 

damage has not been detected using the FRF process nor the FFT process. This may be 

due to the small sample frequency problems previously discussed. 

Nodes that remain undamaged, node 40, produced FRF data that was generally 

consistent. This can be seen by viewing the similarities between the undamaged FRF 

data of node 40, Figure 7.1.3.8, and the 80 percent damaged FRF data, Figure 7.1.3.10. 

As can be seen the peaks at the 250 Hz mark and the 350 Hz mark are consistent. 

However, in some circumstances the FRF data between damage levels of undamaged 

nodes was different. This produced incorrect large damage index values at these points 

where these differences occurred, causing incorrect damage position identification. An 

example of this difference between FRF distributions can be seen by comparing the 

undamaged and 5 percent damaged node 40 FRF data, Figure 7.1.2.8 and Figure 

7.1.2.9 respectively. 

7.3.4 Damage Index 

Damage index is an arbitrary measure that was used to identify the location of the 

damages introduced into the composite member. This measure was created through the 

discovery of small differences between the undamaged and damaged FRF distributions 

at each data acquisition point, see section 6.2.2. With the use of the varying levels of 

damage imparted upon the member this arbitrary measure was used to form an 

arbitrary damage index scale. This scale quantified the damage index by relating a 

certain damage index to a level of damage. Therefore the position and extent of the 

damage sustained in a different structure may be identified using this method. 

However, this technique differed in reliability at varying levels of damage. 

Damage index values were created for each data acquisition node and level of damage 

imparted on the composite member. The successful identification of the position of 



7.3 Discussion Discussion and Results 

72 

 

damage increased with an increase in the damage sustained by the member when 

damage was directly applied to a node, node 23. When considering the 5 and 10 

percent damage levels, Figure 7.1.4.1 and Figure 7.1.4.2 respectively, a damage index 

peak can be seen at node 23. However, these peaks can be rendered insignificant by the 

numerous large error peaks. At the 20 percent damage level, Figure 7.1.4.3, the 

damage index errors are several orders of magnitude larger than the damaged node. 

After the member had been damaged to the 30 and 40 percent levels, Figure 7.1.4.4 

and Figure 7.1.4.5 respectively, the damage index at the true damage point begins to be 

comparable to the error readings. As seen in Figure 7.1.4.5 the damage index at node 

23 has become larger than the other error values. At the 50 percent damage level, 

Figure 7.1.4.6, it can be seen that the true damage location at node 23 has a far greater 

damage index than the various error positions. This can also be seen at the 80 percent 

damage level, Figure 7.1.4.8, where the damage index at node 23 is several times 

larger than any other reading. However, the error readings reappear in the 60 percent 

damage level damage index distribution, Figure 7.1.4.7. 

The detection of damages in between data acquisition nodes was less successful. As 

can be seen in Figure 7.1.4.1 and Figure 7.1.4.2 the 5 and 10 percent damage level 

analyses did not correctly identify the damage located between nodes 54 and 55. 

However, as can be seen in Figure 7.1.4.3 to Figure 7.1.4.7 a small damage index 

plateau was created at damage levels 20 to 60 percent. This would suggest that both 

nodes 54 and 55 had been affected by the damage in between them. However, the error 

and node 23 damage indexes render these readings insignificant if the damage 

locations were unknown.  

The damage index errors significantly impinged upon the ability to correctly identify 

damage locations. These errors may be attributed to the error introduced into the post 

processing program by the Simpson’s rule interpolation, problems with the sample 

frequency or existing damages in the structure. Previously existing 60 percent damages 

were located at nodes 30, 40, 48 and between nodes 15 and 16 and 60 and 61. This was 

completed in order to determine the effect existing damages would have on the damage 

detection system. By observing the damage index distributions from 5 to 80 percent, 

Figure 7.1.4.1 to Figure 7.1.4.8, it can be seen that these locations do not have 

significant damage index values. However, nodes 15 and 16 do occasionally gain a 

small damage index error. This led the researcher to believe that previous damages, of 

this form, in a structure would have little effect on the damage detection method. 
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However, delamination of the composite material may have occurred while the 

member was initially cut to size (Christensen 2009). Therefore, if this type of damage 

existed in the member at the time of damage detection data acquisition, large damage 

index values may exist at either end of the member. Due to the nature of this analysis, 

only one end of the member was analysed and was represented by node 82. Therefore, 

the large damage index values associated with nodes 64 and 73 may be attributed to 

delamination of the end of the member. The more insignificant error values located 

closer to the centre of the member were determined to be errors associated with the 

Simpson’s rule interpolation and the low sampling rate issues. 

The ascending nature of the damage index at node 23 through the damage levels would 

suggest that the damage index increases with the amount of damage sustained. 

Although the damage index values are considered as being inaccurate they were used 

to plot an arbitrary scale of damage. The damage index of node 23 at each damage 

level was used to create this scale. The damage indexes gathered from the 5 to 80 

percent damage levels at node 23 may be viewed in Table 7.3.4.1. 

Table 7.3.4.1 Damage Index at Each Damage Level 

Damage 

Percentage 

(%) 

Damage 

Index 

5 1.61 

10 15.51 

20 251.6 

30 52.21 

40 62.15 

50 252.5 

60 500.9 

80 53670 

This data was graphed using a log scale on the vertical axis to assess whether any 

relationships between damage percentage and damage index exist. As can be seen in 

Figure 7.1.4.9 the damage index generally increases when the damage percentage 

increases. This seems to be linear with a logarithmic vertical axis, which indicates that 

the relationship between damage index and extent of damage is exponential in nature. 

However, the damage index resulting from a 20 percent damage level is larger than the 

30 and 40 percent damage indexes. It is assumed that this anomaly is due to an error 
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associated with interpolation and issues with the sample frequency and would require 

further research for verification. 

7.3.5 Verification 

ANSYS and natural frequency calculations were performed in order to verify the range 

of frequencies used in the damage detection process. The ANSYS results provided the 

first 6 natural frequencies and the simple natural frequency calculation provided the 

first. These results varied in comparison to each other and the results obtained in the 

FFT analyses. 

The ANSYS undamaged analysis performed produced a first natural frequency of 

50 Hz and a second natural frequency of 145 Hz, (Table 7.2.1.1). As the first natural 

frequency obtained in this analysis was below the cut off frequency of the post 

processing program it could not have been identified in the FFT analyses. However, 

the FFT analysis at node 40 at the undamaged level, Figure 7.1.2.9, did indicate that 

there was a natural frequency between 120 Hz and 150 Hz. Therefore the FFT analyses 

correctly identified the second natural frequency relating to the ANSYS analysis. 

Throughout the entire set of ANSYS analyses it was also apparent that the natural 

frequencies of the system decrease as the damage extent increases, Table 7.2.1.1 to 

Table 7.2.1.9. This is confirmed in the FFT analyses and was discovered in by Chen et 

al. (1995), presented in Chapter 2. 

The large 200 Hz first natural frequency calculated using simple natural frequency 

undamaged beam equations may be unreliable as the analysed member in this 

circumstance is completely undamaged and idealised. The previous damages imparted 

upon the member used in the experimentation were factored into the ANSYS analyses. 

This produced far smaller natural frequencies than were obtained using simple 

calculations. A phenomenon that affects the natural frequencies of a structure was 

outlined by Chen et al. (1995). As the damage introduced into a structure is increased 

the natural frequency of the structure decreases. Therefore, as the simple calculations 

related to an idealised perfect beam the previous damages were not factored in. This 

idealised beam would therefore have natural frequencies higher than in reality.  

Although these verification methods differ slightly in comparison to one another and 

the FFT analyses it can be seen that they are in a similar range. Therefore as the 

frequencies gained through the FFT analyses were within the same range as the 

frequencies in the verification methods, the FFT analyses were completed correctly.  
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Chapter 8 Conclusions 

 

The researcher has somewhat successfully utilised the frequency response functions of 

a glass fibre pultrusion composite to detect imparted damages in its structure. The use 

of processed acceleration and oscillating force data was used to conduct this non-

destructive, comparatively less time and money consuming damage detection 

technique. Although the process was successful it was found that its accuracy was 

significantly affected by the data sampling frequency, Simpson’s rule interpolation, 

operator fault and possible major initial damages. 

Conduction of this damage detection method required data pertinent to the deflection 

and forced oscillation of the member. The deflection data was created by integrating 

acceleration data, provided by an accelerometer, twice. As Simpson’s rule was used, 

interpolation was required which may have caused compounding inaccuracies in the 

deflection data. Sampling frequency was a major issue relating to this technique. As 

the researcher did not have access to a computer with a large memory capacity, the 

sampling frequency was limited in this analysis. This reduced the accuracy of the fast 

Fourier transformations which may have affected the damage detection process 

greatly. Delamination may have existed at one end of the pultruded member which 

may have also greatly affected the data at that end. 

Regardless of the various errors associated with this initial analysis the system did 

detect damages in the structure. The experimentation successfully detected various 

levels of damages imparted upon a data acquisition node. However, this process had 

less success when attempting to detect damages between nodes. Through the 

conduction of this analysis with varying ranges of imparted damage levels, an arbitrary 

scale of damage was created. It was determined that this scale of exponential in nature. 
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With the use of a damage index plot and this arbitrary scale of damage plot the extent 

and position of damage may be estimated. 

This avenue of damage detection may be a viable option in future engineering 

endeavours for real time updating of structural damages subject to dynamic loading. 

After addressing the issues pertaining to the current method such as code optimisation, 

error reduction and implementation of Microelectromechanical Systems, this method 

may be used in various engineering materials and applications. Ideally this method 

would be best applied to engineering endeavours that require reduced safety factors to 

increase performance such as aerospace purposes. When applied to such an 

application, this method may be used to detect anomalous damages which may have 

serious and catastrophic consequences if left undiscovered. Therefore this method may 

aid the maintenance process of dynamically loaded structures increasing the safety of 

the general public. 

8.1 Achievement of Project 

At the beginning of this research project a number of project specifications were 

created. It was the researcher’s intention to fulfil all of these specifications in order to 

produce a well-rounded analysis of this damage detection method. All of the seven 

main project specifications were completed. These included the completion of 

extensive composite and vibration acquisition research which can be found in Chapter 

2, the design and manufacture of the shaker attachment apparatus and several 

undamaged and damaged member data collections. The natural frequency signatures 

were then found using the numerical FFT process and were verified with 

computational FEA using ANSYS. This damage detection process was the deemed a 

plausible technique to detect damage in composite materials after certain problems had 

been addressed.  

The specification that was to be completed if time permitted was not completed as the 

project grew far larger than was initially intended. The initial proposed project 

consisted of the performance of several FFT analyses at the centre of the composite 

member at differing levels of damage. This may have consisted of only 9 separate data 

acquisitions. The project grew into converting FFT data into FRF data at 82 locations 

at 9 different damage levels, or 738 data acquisitions.  Therefore it would be almost 

impossible to analytically solve this system for each of these data points in the time 

allocated for the project.  
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Additional specifications were also completed. These included the creation of FRF 

data, the use of the FRF data to create a damage index at each node along the member, 

the creation of an arbitrary scale of damage using the damage index at node 23 at 

several damage levels. With the use of the arbitrary scale of damage the extent and 

position of damage along the composite member was then found. This method was 

considered as far more in depth than the initial proposed project as it would only 

indicate damage existed in the composite structure. 

 

8.2 Further Research Recommendations 

The method outlined in this dissertation is in its infancy and various issues must be 

addressed before it can be used and relied upon to detect damages. These mainly 

involve addressing inaccuracies, errors and computational requirements of the post 

processing program and apparatus used. 

Errors in the system may be reduced easily and significantly through the use of a far 

higher sampling frequency. This would allow a far more accurate frequency 

distribution to be created in the FFT and FRF stages of the process. The minute 

frequency changes caused by small damages may then be revealed, creating far more 

accurate damage index values. It is thought that some of the large errors viewed in the 

damage indexes would also be reduced with an increase in sampling frequency. 

The use of Simpson’s rule may have introduced compounding errors in the deflection 

data. Other integration methods may be investigated to determine the ideal technique 

in this circumstance. Alternatively a different sensor may be used to detect deflection 

directly thus removing this step from the damage detection method. 

Ensuring the structure being analysed has no prior damages is imperative. Damage 

indexes may have been correctly assigned to nodes that were continuing to be 

unknowingly significantly damaged. These results may be considered as large errors, 

causing confusion.  

The application of Microelectromechanical Systems may also be investigated. The 

researcher was under pressure from strict timelines and was unable to investigate this 

type of apparatus. 
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Appendix A.1: Project Specifications 

University of Southern Queensland 

FACULTY OF ENGINEERING AND SURVEYING 

ENG 4111/4112 Research Project 

Project Specification 

 

FOR:   Erin Heaton 

TOPIC:  Use of vibration signature in structural health  

monitoring (Composites/Internal Damages). 

SUPERVISORS:  Dr. Jayantha Epaarachchi 

ENROLMENT:  ENG4111 – S1, 2011 
   ENG4112 – S2, 2011 

PROJECT AIM: During the operational lifetime of a structure the vibration 

signature changes due to material property degradation. As 

such, vibration signatures can be used as an index of residual 

lifetime of the structure or component. The proposed project 

intends to investigate the change of vibration signature of a 

composite structure due to dynamic loading. Tasks to be 

completed consist of sample preparation, measurement of 

vibration characteristics of composite components and 

dynamic analysis using FEA. 

PROGRAMME:  ISSUE A. 21
st
 March 2011 

 

1. Research background material relevant to composite vibration modelling, the 

composite material being tested and vibration data acquisition. 

2. The design and manufacture of a device that will be used to connect the 

excitation apparatus to the testing material. 

3. Data collection pertinent to the forced vibration of defective and faultless fibre 

composite members. 

4. After successful data collection numerically solve for the natural frequency 

signatures of the faultless material and the defective material. 

5. Complete a computational finite element analysis of the members in order to 

confirm the numerical results. 

6. After successful numerical analysis and finite element analysis, evaluate 

whether this process is accurate enough to be a viable means of defect 

detection in composite materials. 

7. Submit an academic dissertation of research conducted. 

Time permitting 

8. Analytically confirm the numerical solution for the faultless member and the 

defective member. 
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Appendix B: Wagners Glass Fibre Pultruded Sections 
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Appendix B.1: Wagners Composite Pultrusion Specifications 

(Wagners 2009) 
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Appendix B.2: Wagners Composite Pultrusion Information 

(Wagners 2009) 
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Appendix C: Experimentation Apparatus  
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Appendix C.1: Composite Member 

 

Appendix C.2: Shaker Attachment Apparatus 
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Appendix C.3: Shaker 
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Appendix C.4: Shaker Specifications 
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Appendix C.5: Shaker Cross-Section Assembly Diagram 
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Appendix C.6: PCB Accelerometer Specifications 
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Appendix C.7: Signal Generator 

 

Appendix C.8: Signal Amplifier 
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Appendix C.9: Data Acquisition Unit 

 

Appendix C.10: Fully Assembled Experimentation Apparatus 
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Appendix D: Matlab Post Processing Program  
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Appendix D.1: Matlab Post Processing Script 
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Appendix D.2: Matlab Simpson’s Rule Function File 
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Appendix E: Data Produced by Post Processing 

Program  
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Appendix E.1: Acceleration Data, Node 55, 10 Percent Damage 

 

Appendix E.2: Acceleration Data, Node 55, 30 Percent Damage 
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Appendix E.3: Acceleration Data, Node 23, 40 Percent Damage 

 

Appendix E.4: Force Data, Node 23, 10 Percent Damage 
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Appendix E.5: Force Data, Node 40, 40 Percent Damage 

 

Appendix E.6: Force Data, Node 55, 50 Percent Damage 
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Appendix F: Natural Frequency Calculation  
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Appendix F.1: First Natural Frequency Calculations 

To obtain the first natural frequency of the system the equation outlined in section 5.2 

was used (Balachandran & Magrab 2009): 

    
  

 

 
   

 

 
   

 

    
 

Where the material properties are: 

        GPa (obtained from appendix B.1 (Wagners 2009)) 

        kg/m
2
 (obtained from appendix B.2 (Wagners 2009)) 

    
 

 
            

 

 
                          m4 

                            m
2
 

       (for the first natural frequency, obtained from table 9.3, pg 578, 

Balachandran & Magrab 2009) 

       m (length of member) 

Therefore: 

    
  

 

 
   

 

 
   

 

    
 

    
  

        

    
   

            

      
   

      
 

           

Therefore the first natural frequency of the system was 200.51 Hz for a perfect 

undamaged section of material. 


