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ABSTRACT 

A beam structure subjected to different loading conditions is likely to have localised stress 

concentrations when loaded. High magnitudes of stress and repeated loading may lead to the 

development of cracks. Given the wide use of steel beams, the presence of cracks is a source of 

serious concern as cracks decrease the structural integrity of the structure. This can have 

catastrophic consequences in terms of human life, property damage, and economic losses. In 

order to eliminate or reduce the chances of structural failure due to a crack, it is desirable that 

any crack is detected in its early stages of development, before it becomes structura lly 

significant.   

The purpose of this thesis is to evaluate a crack on a simple structure using a vibration 

technique. This investigation presents a method of non-destructively assessing a structure to 

detect a crack from vibration measurements taken at a single point on the structure. 

Finite element analysis (FEA) software was used to model and understand the effects of crack 

severity and varying crack position along the length of the beam. This analysis determined how 

these crack characteristics affect the resonant frequencies of the structureôs mode of vibration.  

An impact test was used to obtain vibration measurements for a non-cracked and cracked beam. 

A saw-cut of various percentage reductions in cross-sectional area was used to resemble the 

crack. The data obtained were used in conjunction with receptance methods to indicate the 

location of the crack. 

Experimental results were performed on a universal beam (150UB14.0 Grade 300). 
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SYMBOLS & ABBREVIATION  

SYMBOLS: 

E Elastic Modulus 

I Second Moment of Area 

k Stiffness Constant 

L Length 

M Mass 

M Mass per unit length 

n Frequency mode 

  Resonant Frequency 

  nth Resonant Frequency 

n.b Standard SI units ï kg, m, s  

 

ABBREVIATIONS:  

CDU Charles Darwin University 

FFT Fast Fourier Transform 

UB Universal Beam 

FEA Finite Element Analysis 
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1.0 INTRODUCTION  

Cracking and the subsequent loss of strength is a main cause of failure in structures (Li, et al., 

2005). It is a source of serious concern as structural failure can have catastrophic consequences 

in terms of human life, property damage, and economic losses. The chances of structural failure 

due to cracking can be reduced or avoided if cracks can be detected in the early stages of 

development, before they becomes structurally significant.   

In theory every system has an infinite number of unique resonant frequencies and associated 

mode shapes. Resonant frequencies are the frequencies that occur in a system when driven into 

flexural, torsional or axial vibration. A system that is forced or allowed to vibrate at these 

frequencies will experience large amplitudes of oscillation. In a structure, this may produce 

damaging deflections and high values of stress at one or more points on the structure and may 

even result in collapse. The resonant frequencies of a simple structure such as a beam are 

determined by its structural and material properties; predominately its stiffness, mass and 

restraints. One of the earliest studies by Adams, et. al., (1978) found that the presence of damage 

within a structure can be expected to reduce its dynamic stiffness. A reduction in the stiffness 

causes a reduction in the values of resonant frequencies of the system which allows vibration 

to be used to detect a crack. The earliest application of vibration as a non-destructive test to 

detect a significant fault or defect was probably ówheel-tappingô which was conducted to detect 

cracks in cast iron railway wheels. (Lilley, 2016) 

The most common methods of damage detection were those which used the change in resonant 

frequencies as they are reliable and can be obtained quickly (Salawu, 1997). Over the years, 

new methods of non-destructive testing has been developed, such as ultrasonic testing, X-ray, 

and acoustic emission. However, most of these methods require access to the entire component 

under analysis. Adams et. al. (1978) developed a technique which used vibration measurements 

for non-destructive evaluation of structural integrity. It was shown that vibration measurements 

taken at a single point could be used to indicate the location and magnitude of a defect for a 

one-dimensional bar-type structure. This method was supported by experimental results 

obtained from a variety of components including straight prismatic bars, a doubly-tapered bar 

and an engine camshaft. Adams et. al. modelled the structures using receptance methods and 

neglected damping. Receptance is defined as amplitude of dynamic displacement divided by 

amplitude of dynamic force at harmonic steady-state vibration (Bishop & Johnson, 1960). 

Receptance allowed for the damaged structure to be modelled as two beams connected by a 

massless spring of infinitesimal length to represent the damage. This can be seen in Figure 1.1, 

where the damage location, x and the stiffness Kx are unknown. Manipulation of the frequency 
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equation with the appropriate receptance of the two bars allowed two possible damage 

location(s) to be identified using graphical methods. 

 

Superposing the appropriate equation obtained through manipulation of the frequency equation 

and plotting the first three modes against position x allows for the damage location to be 

identified. The possible damage location(s) are shown where the values of K/(EA) are 

approximately equal for each frequency. This can be seen in Figure 1.2. The values where 

K/(EA) for all three curves are exactly the same is rare due to the accuracy obtained from 

vibration measurements on real bars.  

 

In the research reported by Adams et. al. (1978), the choice of modes of vibration was mainly 

restricted to axial vibration. Axial vibration is also known as longitudinal vibration which 

occurs when oscillation of the test specimen is parallel to its length. 

The results indicated that the minimum amount of damage to a structure which could be 

detected was about 1% reduction in the cross-sectional area of the various bars tested. Damage 

 

Figure 1.1: Structure with damage represented as a spring (Adams, et al., 1978) 

 

Figure 1.2: Receptance analysis to indicate the location and magnitude of a defect on a freely suspended bar (Adams, 

et al., 1978) 
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sites were located accurately except when they were near the end of the bar, as axial stress at 

the end of the bar was almost zero in all modes of axial vibration.  

The position of the damage was located at two possible sites which were symmetrical about the 

mid-point of the length of the bar. Symmetry of the bar prohibits the graph to indicate a single 

damage location. One of the possible damage sites was eliminated when tests were conducted 

on an asymmetrical structure. Figure 1.3 shows a single damage location labelled óAô for an 

asymmetrical structure, a tapered bar.  

 

The effect of damage on a structure is not the same for each mode of axial vibration since the 

stress distribution through a vibrating structure is non-uniform and different in each mode of 

vibration. Adams et. al. measured and used the first three axial resonant frequencies to detect a 

defect.  

The method of detecting and locating a crack proposed by Adams et. al. (1978) required 

information about the dimensions and stress-wave velocity within the bar. The dimensions of 

the bar were measured and standard density was assumed. The use of quoted values of material 

proprieties obtained from the Onesteel catalogue were not sufficiently accurate for this purpose. 

Adams et al were able to overcome this issue by determining the effective Youngôs modulus 

from experimental testing on an undamaged bar. As the quoted values of material properties 

are not sufficiently accurate to detect defects and resonant frequency measurements of the 

structure are required during two stages of its life, one of the measurements from the undamaged 

 

Figure 1.3: Damage location in tapered bar (Adams, et al., 1978) 
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structure. This is an issue for structures which are already in service and the condition of the 

structure is unknown.  

Measured changes in resonant frequencies alone were sufficient to detect and locate a crack 

using the method proposed by Adams et. al. (Cawley & Adams, 1979). However, this method 

was limited to simple structures. The change in resonant frequencies alone may not be suffic ient 

to detect and locate damage in a complex structure as frequencies are obtained for the entire 

structure. Damage to a component within the structure may have local effects on the resonant 

frequencies, however may not affect the global resonant frequencies.   

Research has shown that damage located in regions of high stress in a structure, such as a frame, 

results in significant reduction in the associated resonant frequencies. These findings suggested 

that measurements of vibration alone, are not sufficiently accurate to detect damage located at 

regions of low stress (Salawu, 1997). 

Adams et. al. (1978) considered the effects of temperature and incorporated a temperature 

correction. Changes in resonant frequencies do not automatically imply that there is presence 

of damage. Changes in resonant frequencies exceeding 5% has been recorded within a single 

day for both concrete and steel bridges due to changes in ambient conditions (Aktan, et al., 

1994). 

Repeatable and reproducible are two common terms referred to in experimental testing. 

Repeatability is a measure of variation in measurements obtained by a single person using the 

same instruments, in the same conditions and within a short period of time. Reproducibility is 

a measure of whether an experiment can be reproduced in its entirety by different individua ls, 

using different equipment, and in different conditions. Adams et. al. (1978) stated that the basic 

requirements of their proposed method are the reproducibility  to determine several resonant 

frequencies of the structure under consideration. Assuming idealised boundary conditions, the 

measured frequencies do not have to be the exact same as long as the mode shape do not differ 

from that predicted by a theoretical model. 

Over the years there have been many new methods of non-destructive testing developed to 

assess the integrity of structures. This thesis aims to expand the knowledge within this field, by 

exploring a method of non-destructive testing to detect cracks in simple beam structures. 
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2.0 PURPOSE 

This investigation attempts to detect and locate the presence of a crack in a simply-supported 

beam, with vibration measurements obtained from experimental testing. The vibration 

measurements were obtained for a standard 150UB14.0 section in major axis flexural vibration. 

The vibration data were used, with receptance methods, to confirm whether the changes in 

resonant frequencies are sufficient to detect a crack on a structure of this type.  

Flexural vibration occurs when the beam is oscillating in a direction normal to its length. In this 

investigation, the use of the term óflexural vibrationô refers to an in-plane flexure of the system. 

This flexure mode is where the bending is about the major principal axis.  

The aim of this investigation is to be achieved through the completion of the primary objectives. 

If time permits, the investigation may benefit through the completion of the secondary 

objectives. 

Primary objectives  

¶ To understand concepts of structural dynamics, particularly the effects of a 

structureôs stiffness and mass on its resonant frequencies. 

¶ To investigate the effects of crack characteristics (such as severity and position 

along the length of the beam) on the resonant frequencies, and associated mode 

shapes using finite element analysis (FEA). 

¶ To devise a method of data acquisition and data analysis to obtain the resonant 

frequencies of the beam 

¶ To obtain vibration data for an uncracked beam and a cracked beam from 

experimental testing in the Structural Load Testing Facility at Charles Darwin 

University.  

¶ To construct a mathematical model using receptance methods to locate a crack using 

experimentally-obtained resonant frequencies.  

Secondary objectives 

¶ To introduce another crack at a second location on the same beam and identify both 

defect locations. 

¶ To locate a crack within a different steel section  

¶ To locate a crack within a steel section with different support conditions, i.e. a 

simply-supported beam with cantilever overhang. 
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3.0 METH ODOLOGY  

The following section is an overview of the methodology followed in this investigation to 

identify and evaluate a crack in a simple structure from vibrational data of a beam in flexura l 

vibration. This section comprises three parts which are manual calculations, Microstran 

analysis, and experimental testing.  

3.1 MANUAL CALCULATION  

As discussed in the previous section, the resonant frequencies of a simple structure are 

determined by the relationship between its stiffness and mass. The general relationship is given 

by the following equations (Lilley, 2016). 

 

The resonant frequencies of a uniform, defect-free, simply-supported beam were calculated 

using Equation 2. These frequency values were then used to verify the analysis conducted using 

computer software, ensuring that values such as material and section properties were input 

correctly. A limitation to both the classic theory and equations behind the computer software is 

that there was no consideration of the initial curvature of the beam, or non-uniformity of the 

material or section properties. 

According to the equations used to obtain the resonant frequencies of a structure, material 

damping was ignored. This is not entirely accurate as an increase in the damping properties 

causes a reduction in the resonant frequencies. Damping has little effect on the period value 

itself but is responsible for the speed at which the system returns back to equilibrium, and 

reduces the maximum amplitude of the dynamic response. Damping within a system can be 

Simple Structure: 

          Equation 1

  

Simply Supported Beam: 

         Equation 2 

Where: 

ɤ = resonant frequency (radians/s)    n = node number 

E = Youngôs Modulus (N/m2)    m = mass per unit length (kg/m) 

I = Second moment of area (m4)    L = length (m) 
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determined from the decay of vibration during a transient test. This is called the logarithmic 

decrement () and the standard expression is given by  

  

Damping can be defined as the ability to dissipate energy within the structure. All órealô 

structures are damped. If an undamped system is vibrated, the vibration will theoretica lly 

continue indefinitely.  

Damping can be classified into different forms (Casciati, et al., 2006): 

¶ material damping ï energy dissipation through the material 

¶ geometric damping ï energy dissipation as vibration travels and spreads through the 

structure 

¶ fluid damping ï energy dissipation through interaction between the structure and fluid 

elements.  

The effects of damping on resonant frequencies are neglected, as the damping properties of the 

structure generally reduce the observed resonant frequency by only a small amount, generally 

less than a 1% reduction in the period of the resonant frequency of the structure (Lilley, 2016), 

however damping has a large effect on the amplitude of the vibration at these frequencies.  

3.2 FINITE  ELEMENT ANALYSIS (FEA)  

FEA was conducted with Microstran (Bentley, 2016). This computer software was used to 

perform a dynamic analysis of the structure in this investigation, and was chosen due to past 

experience with the use of the program. Microstran was used to obtain the resonant frequenc ies, 

and their associated mode shapes, for a simply-supported beam. Further investigation was 

conducted on the same simply-supported beam with a crack introduced. Several analyses were 

conducted, each with a crack of varying position along the length of the beam, and varying 

crack severity. 

Dynamic analysis computes the resonant frequencies of a structure and the associated mode 

shapes. In this computation, only the mass and stiffness of the model are considered. The 

software uses the óstiffnessô method to construct a global stiffness matrix [K] using the stiffness 

and mass of each member of the structure.  

 ÌÎ
 

        Equation 3 

Where •  and •  are the peak values of acceleration in two different wave cycles, 

which are N cycles apart.  
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Matrices are used in dynamic analysis. The size of the matrices depends on the size of the 

system and can become large and complex with complex problems. Solving the system directly 

requires considerable computational time, however this time is decreased by reducing the size 

of these matrices. This can be done with eigensolutions of a matrix, which consist of sets of 

eigenvalues and their associated eigenvectors.  

An eigen equation can be written as ὃὢ Ὧὢ (Lilley, 2016), where A is an n  n square matrix, 

X is an unknown column vector with n rows, (n,1) and k is an unknown scalar multiplier. The 

equation can also be written as ὃ ὯὍὢ π where I is an identity matrix. There are n number 

of k and each value of k having a different matrix X to produce a null matrix, where all its 

entries are zero. The values of k which produce the null matrix are termed eigenvalues and the 

corresponding X matrices are termed eigenvectors.  

Microstran conducts a óConsistency Checkô, which checks all input data and tries to detect 

problems within the geometry and loading. All analyses use double precision arithmetic, which 

doubles the usual number of computational bits that represent a number, and so increases the 

accuracy of the results. After an analysis, a report is presented, containing a óCondition 

Numberô, which is a measure of the loss of precision that has occurred during the solution. A 

value greater than 104 is considered óill-conditionedô and should be treated with caution. The 

Condition Number is calculated after the decomposition of [K] and that it is suspected that an 

óill-conditionedô model, possibly due to a large number of nodes close proximity to one another.  

Dynamic analysis is able to determine the resonant mode shapes and frequencies, but by an 

applied load does not provide quantitative information about the response of the structure to 

excitation. Determining vibration modes and resonant frequencies is sufficient for the purpose 

of FEA in this investigation.  

3.3 DATA ACQUISITION AND ANALYSIS  

Testing was conducted to obtain experimental vibration data. Vibration measurements were 

obtained using an accelerometer in conjunction with a charge amplifier. The specific 

accelerometer used was a óBr¿el & KjÞr Type 4391ô and was deemed suitable as the expected 

resonant frequencies of the beam obtained from manual calculations were within the inherent 

working range of the equipment, according to the calibration charts in Appendix K. 

Accelerometers generally contain a piezo-electric material such as Zirconium Titanate which 

generates small electric charge when subjected to vibration. 

The accelerometer was mounted on the top surface of the top flange of the beam using a 

magnetic clamp. The accelerometer measured the flexural acceleration of the beam in a 
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direction at right angles to its top surface. When the beam was excited, the accelerometer 

generated a small electric charge proportional to the acceleration. The small electric charge is 

converted to a voltage using the charge amplifier. Without the charge amplifiers, the electrica l 

charges are too small and occur too quickly to be captured using conventional measuring 

instruments.   

Dynamic tests were conducted on the beam using an impact hammer with a force transducer 

connected to a separate charge amplifier. The accelerometer and transducer were connected to 

the charge amplifiers using low-loss cables. In order to obtain valid results, the charge 

amplifiers had separate sensitivities which were set before use. The first setting is the charge 

sensitivity of the accelerometer which was specified by the manufacturer (Brüel & Kjær, n.d.). 

The charges for the accelerometer and force transducer were 1.01 and 1.04 pC/(m/s2) 

respectively. The second setting was the sensitivity of Volt/unit out, which amplified the output 

signal. The appropriate setting allowed the output signal to be detectable but not result in an 

overload of the charge amplifiers. This setting was adjusted through a trial-and-error method, 

and visual checks for a red light on the amplifier which indicates when an overload had 

occurred. The separate charge amplifiers to which the hammer and the accelerometer were 

connected were set to 0.01 and 0.1 pC/Unit, respectively. 

Regular calibration of the equipment is good 

practice to ensure that any data obtained is not 

affected by non-calibrated equipment. Calibration 

of the accelerometers were not conducted before 

testing as the hardware had recently been 

calibrated by a past student. The transient test 

were captured using a óLabJack U6ô data 

acquisition card and the data was logged using 

LabVIEW software. The experimental set-up can 

be seen in Figure 3.1. Learning to use LabVIEW, 

and resolving associated issues, was difficult and 

time-consuming, however with aid of CDU staff 

(Benjamin Saunders and Damien Hill) these 

problems were eventually resolved. It was later discovered that the software allowed for 

complex manipulation of the data, beyond the scope of this investigation. Alternative methods 

such as oscilloscopes may be more óuser-friendlyô and sufficient for obtaining the data required. 

 

Figure 3.1 Instruments used in experiment for impact  

testing  
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Data obtained from the experiments was processed in MATLAB, where the signals in a time-

domain (amplitude vs. time) format were converted into a frequency-domain (amplitude vs. 

frequency) format. This was done using the MATLAB function, óShowspec (Johnson, 2008)ô 

which conducted a spectral analysis. Showspec was used as it was a quick and easy method of 

performing fast Fourier transform.   

According to Fourierôs Theorem, a periodic function which is continuous may be expressed as 

a series of sinusoidal components (Condon & Ransom, 2010), each with specific amplitude and 

phase coefficients. This is known as the Fourier coefficients. Fourier Transform is used on a 

continuous signal and discrete signals are analysed using a Discrete Fourier Transform (DFT). 

Fast Fourier Transform (FFT) is essentially DFT and requires less computation. FFT 

deconstructs a signal in time-domain and represents it frequency-domain which allows the 

different frequencies of the signal to be analysed. In order for a DFT to represent accurately the 

signal, Nyquist-Shannon sampling theorem suggests that a sampling rate of at least twice that 

of the signal bandwidth is required (Stanford Research Systems Inc., 2013). The signal 

bandwidth is the highest frequency of interest.  

Signals analysed using FFT can introduce unexpected frequency components. This can be due 

to spectral leakage which occurs when the measured signal is not an integer number of cycles 

(National Instruments, 2011), which is common in experimental testing. FFT assumes the signal 

is an integer number of cycles, however as the measured signals are not an integer number of 

cycles, the endpoint is discontinuous. An example of 

this discontinuity in the time-domain can be seen in 

Figure 3.2. This discontinuity shows in the FFT as 

frequency components which were not present in the 

original data. Theoretically if there was an infin ite 

number of discrete data points, leakage would not 

occur however practical data is a finite measurement, 

and therefore there will always be some leakage. 

Spectral leakage can be observed in Figure 3.3 (a). 

The effects of spectral leakage can be reduced using 

ówindowingô which gradually reduces the amplitude at the endpoints toward zero. Windowing 

allows for a smoother transition between endpoints and signal to be continuous. An appropriate 

window function is determined from the frequency content of the sample. The Hamming 

window is commonly used for analysis of sinusoid-based signals and was assumed to be 

 

Figure 3.2: Discontinuity of a repeated discrete 

sample (Akyildiz, 2012) 
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sufficient for this experimental work. When applying a window, there is a trade-off between 

amplitude accuracy and spectral resolution.  

 

 

  

     

(a)                          (b) 

Figure 3.3 (a) Sample not containing whole number of periods, (b) Sample containing whole number of periods 

Stanford Research Systems (Akyildiz, 2012) 
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4.0 PRELIMINARY STUDY  

The purpose of the preliminary study was to gain a better understanding of the effects of a crack, 

and various characteristics on the resonant frequencies. This study comprised manual 

calculations, FEA modelling and experimental testing. The preliminary experimental testing 

was necessary to ensure that the equipment used, method of data acquisition and analysis were 

suitable to obtain the required data. 

4.1 GEOMETRY OF SECTION  

The manual calculations, FEA modelling and experimental testing was conducted on a standard 

150UB14.0. The beam was simply-supported with a clear span of 2.0 metres. Information 

regarding the section was obtain from the manufacturerôs catalogue (OneSteel, 2014) and can 

be observed in Table 4.1.1.   

 

4.2 MANUAL CALCULATION  

Manual calculations were used to obtain the first three resonant frequencies of the beam 

vibrating about its major axis. The calculations can be seen in Appendix E. The results obtained 

are summarised in the Table 4.2.1. These calculations were used to check and ensure that the 

various values input into the FEA software were consistent.   

 

Table 4.1.1:  Section properties of 150UB14.0 

Property Assumed Value 

Length (m) (overall) 2.15 

Mass per Unit length (kg/m) 14.0 

Second Moment of Area, Ixx (m ) 6.66x10̄6 

Young's Modulus (GPa) 200 

Gross Cross-Sectional Area (mm²) 1780 

Section Depth, d (mm) 150 

Flange Width, bf (mm) 75 

Flange Thickness, tf (mm) 7.0 

Web Thickness, tw (mm) 5.0 
 

Table 4.2.1:  Manual calculation of resonant frequency using Equation 2. 

Mode, n Frequency (Hz) 

1 109.87 

2 439.47 

3 988.81 
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4.3 MICROSTRAN ANALYSIS  

In order to understand the effects of varying crack position on the first three resonant 

frequencies of a beam in flexural vibration, a model of a beam (150UB14.0) 2.0 m long was 

developed in Microstran. The beam was simply-supported over a span of 2.0 m with a pin 

support at x/L = 0 and supported by a horizontal roller at x/L = 1. The beam was modelled using 

201 nodes spaced 10 mm apart; therefore the length of each member was 10 mm. An 

eigensolution analysis was conducted on the undamaged beam to obtain three resonant 

frequencies in flexural vibration, and the corresponding displacement mode shapes. The mode 

shapes obtained from Microstran were normalised within the program. This process allows the 

maximum amplitude to be set as the highest value of 1 and other values are normalised against 

the maximum value.   The normalised displacement mode shapes for three modes of resonant 

vibration can be seen in Graph 4.3.1. 

The associated displacement mode shape for each resonant frequency contains nodes and 

antinodes. Antinodes are positions of maximum displacement amplitude and nodes are position 

where there is no amplitude for that particular mode shape.  

The amount of reduction in resonant frequency was dependent on the position of the crack in 

relation to the mode shape for that particular mode of resonant vibration. It was expected that a 

crack located near the end of the beam would result in small reductions in the resonant 

frequencies for all three modes of vibration. Small reductions in the resonant frequencies were 

 

Graph 4.3.1:  Normalised mode shapes for three modes of flexural resonant vibration 
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also expected when the crack location corresponded to positions near a node in the mode shape 

for that particular mode of vibration. Maximum reduction in resonant frequencies was expected 

when the crack coincided with the position of the antinode for that mode of vibration.  

The first three resonant frequencies in flexural vibration obtained using Microstran can be seen 

in Table 4.3.1. Microstran is able to perform eigensolutions to obtain resonant frequencies for 

a structure with masses lumped at each node or a mass that is consistent along its length. A 

structure with consistent masses will yield a more accurate result, however requires greater 

storage and computational effort, when compared to lumped masses. The results obtained using 

lumped masses for a structure with 201 nodes were sufficiently accurate for practical purposes.  

The effects of different crack locations on the first three resonant frequencies of flexura l 

vibration were investigated by introducing a crack into the model. The crack severity was first 

modelled using a 150UB14.0 section with a 5% reduction in cross-sectional area. However, this 

crack severity in Microstran was insufficient to cause reduction in the resonant frequencies. It 

was expected that a crack of this severity should cause a detectable change in the resonant 

frequencies for the experimental testing.  The crack severity of the section modelled was 

increased to 30% reduction in cross-sectional area, which was predicted to cause a reduction in 

resonant frequencies sufficient enough to analyse the effects of the crack at different locations. 

A 30% reduction in cross-sectional is roughly equivalent to a cut through one entire flange 

(29.5%). 

The reduction in cross-sectional area caused by cutting one side of the flange results in a greater 

reduction in the resonant frequencies compared to a cut which is evenly distributed across each 

of the flanges. A diagram of this is shown in Appendix G and the effects can be observed in 

Table 4.3.2. The cut on one side of the flange creates an asymmetrical section whereas for a cut 

across all flanges the section remains symmetrical. An asymmetrical section compared to a 

symmetrical section causes a greater reduction in the relevant second moment of area which is 

used to determine the stiffness of that section.  

Table 4.3.1:  First resonant frequency (Hz) for a 2.15 m simply-supported beam in flexural vibration 

obtained using Microstran 

 Frequency (Hz) 

Lumped mass 104.92 

Consistent mass 104.92 

Percentage difference (%) 0.0 
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In order to model a crack in a beam at a given position, the section for the length of member 

either side of the crack position was replaced with the required values. The values for a 30% 

asymmetrical reduction in cross-sectional area can be seen in Appendix G. As the length of 

each member was 10 mm, the length of the crack was 20 mm. A separate eigensolution analys is 

was conducted each time for a crack at each position (100 mm apart, increments of x/L = 0.05). 

Values for the first three resonant frequencies are presented in Appendix A. The percentage 

difference in resonant frequencies between the undamaged beam and the cracked beam for 

varying crack positions are presented in Graph 4.3.2. 

The results in terms of mode shape are as expected. The maximum reduction in resonant 

frequency for the first mode of vibration occurs at x/L=0.5 i.e. mid-span which is the same 

position as the antinode for mode 1 in Graph 4.3.1.  The maximum reductions in resonant 

frequencies for modes 2 and 3 also occur at the same location as the antinodes in modes 2 and 

3. In mode 2, when the crack is position at x/L = 1/3 and 2/3 there is predicted no change in 

resonant frequencies. There is also no change in resonant frequencies for mode 3 at x/L = 0.5. 

Table 4.3.2:  Percentage difference of second moment of area for sections with a 30% reduction in cross-

sectional area. 

Section Second moment of area (m4) Percentage Difference (%) 

Asymmetrical 2.56 ρπ  

30.65 Symmetrical 3.70 ρπ  

Note: Calculations of the second moment of area can be seen in Appendix G. 

 

 

Graph 4.3.2:  Percentage reduction for three modes of resonant vibration with varying crack positions 
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This is in agreement with the mode shape, as no reduction in resonant frequencies is expected 

at the positions of the nodes.  

It can also be observed that the percentage differences in resonant frequencies for the first three 

modes of flexural vibration are symmetrical about mid-span. A crack located at any distance 

from the end of the beam will cause the same reduction in resonant frequencies as a crack at 

the same distance from the other end of the beam. This may be an issue as a crack at one location 

can be identified as being in two possible locations. This is due to symmetry of the section. The 

use of higher or more modes does not eliminate the possibility of two potential damage sites. 

However, identification of two possible crack locations may be satisfactory in a practical sense, 

as it identifies the presence of a defect(s).  

The Microstran analysis was repeated for the same structure with an increased number of nodes. 

The beam in this later analysis was modelled using 2001 nodes at a distance of 1.0 mm apart. 

Increasing the number of nodes allowed the crack to modelled more realistically (2 mm crack 

width). As can be observed in Graph 4.3.3, the reduction in resonant frequencies for a crack of 

30% reduction in cross-sectional area was very small. The maximum predicted reduction in 

resonant frequencies for a crack of this severity at positions of the antinode for each mode was 

approximately 0.13% of the value of the resonant frequencies of the undamaged beam. In 

practical testing, a 0.13% difference in resonant frequencies may be difficult to detect or may 

go undetected, depending on the accuracy of measurement of the instruments used. It was 

predicted with experimental testing, a 30% reduction in cross-sectional area would cause a 

greater reduction in resonant frequency than 0.13%. 
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There were several assumptions made when determining the resonant frequencies of the beam 

using manual calculations and Microstran. Both methods assume the beam has perfectly 

uniform material and section proprieties throughout its entire length. In an actual beam, it can 

be guaranteed that the beam will contain imperfections, which will cause variations in both the 

material and section proprieties. The allowable manufacturing tolerance is outlined in the 

Australian Standards. The maximum possible magnitude of the variation are known however 

the exact variation of this section is unknown. 

  

 

Graph 4.3.3:  Percentage reduction for three modes of resonant vibration with varying crack positions 
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4.4 PRELIMINARY EXPERIMENTAL TESTING  

Preliminary experimental testing was conducted to determine whether the proposed methods of 

data acquisition and data analysis was appropriate to obtain useful results. This was an 

important process conducted on the beam before a cut was introduced, as the beam cannot be 

restored to its original state once cut. 

Figure 4.4.1 shows the transient acceleration response of the beam in flexural vibration (about 

its major axis) when subjected to a single blow of the steel-tipped impact hammer. The 

amplitude of vibration is largest at the moment of impact and then exponentially decays towards 

zero due to damping. Measurements of the rate of decay can be used to find damping ratio, with 

the standard logarithmic decrement expression given in Equation 3. As discussed previous ly, 

damping has little effect on the resonant frequencies, and was therefore not considered in detail.  

 

Experimental data representing the transient response was imported into MATLAB, to perform 

a fast Fourier transform (FFT). Resonant frequencies were regarded to be those at which 

localised maximum amplitudes occurred. The first three resonant frequencies can be seen in 

Figure 4.4.2.  

 

Figure 4.4.1:  Transient response of beam in flexural vibration about its major axis 
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In order for this technique of evaluating a crack to be successful, a basic requirement is that the 

method of obtaining results is reproducible, assuming idealised boundary conditions (Adams, 

et al., 1978). It can be observed from Figure 4.4.3 that the results were reproducible by 

frequency responses obtained from two separate tests. Reproducible experimental results which 

showed agreement between each test increases confidence in the results. 

 

 

Figure 4.4.2:  Frequency response of beam in flexural vibration about its major axis 

 

Figure 4.4.3:  Frequency response of beam in flexural vibration about its major axis for two separate tests 
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4.4.1 MATERIAL PARAMETERS  

Many factors may cause discrepancies between frequencies obtained from manual calculat ions 

and experimental results. The evaluation of the manual calculations requires knowledge on the 

physical dimensions, mass, and dynamic value of Youngôs modulus of the beam. The values 

from the steel manufacturer catalogue for material properties are not sufficiently accurate. 

Adams et. al. (1978) proposed this issue can be overcome by using the resonant frequencies of 

the undamaged structure to determine an effective value of Youngôs modulus as well as taking 

measurements of the physical structure.  

4.4.2 CONSIDERATIONS 

In order to obtain accurate experimental results, several factors must be considered. These 

factors are: 

¶ measurements of acceleration should be taken at a point where there is likely to be a 

localised maximum response. These points correspond to the position of the antinode 

of the beams mode shapes. Theoretically, an accelerometer placed at mid-span will  

experience values of acceleration which should clearly identify the first and third modes 

of flexural vibration, but not the second mode. However the experimental results 

obtained for tests with an accelerometer at mid-span allowed all three resonant 

frequencies to be identified.  

¶ effects of signal noise on the frequency response are minimal, the coupling between the 

accelerometer and the structure must be considered. To achieve good coupling, the 

rough surface of the structure should be cleaned and smoothed. 

¶ the resonant frequencies are sensitive to the position of the supports as this changes the 

free span of the simply-supported beam. The same set-up for each test can be achieved 

by fixing the steel supports as well as measuring the distance of the overhang of the 

beam from the supports. 
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4.5 COMPARISON OF RESULTS 

This section is a comparison of the results obtained from manual calculations, Microstran 

analysis, and experimental testing. The first three resonant frequencies for a beam in flexura l 

vibration were obtained using Microstran analysis and manual calculation are summarised in 

Table 4.5.1. The percentage difference between the values are very small and may be due to 

rounding of numbers within each method.  

The manual calculations were computed using Microsoft Excel. Excel is capable of displaying 

values up to 30 decimal places however the precision of the computation is restricted to 15 

significant figures (Levie, 2004). This precision is sufficient for the purpose of this 

investigation. 

 

The first three resonant frequencies obtained from experimental testing are summarised in Table 

4.5.2, together with a calculation of the percentage differences between Microstran and the 

experimental results. The differences between the two methods range from 12.89% to 19.20%. 

These differences may be due to a number of different factors, including: 

¶ allowable tolerances in section thickness and dimensions outlined in AS/NZS3679.1 

(Autralian Standards, 2016). Microstran assumes a perfect section throughout the 

length of the beam.  

¶ possible variation in mass due to allowable tolerances in section thickness and 

dimensions 

¶ possible variations in Youngôs modulus.  

¶ variations in the support positions and free span of the beam modelled in Microstran 

when compared to the experiment setup.  

A sensitivity analysis was conducted to investigate the effects of variation in the values used to 

determine the resonant frequencies. This analysis can be seen in Appendix I. 

Table 4.5.1: Comparison of three predicted resonant frequencies obtained using manual calculation and 

Microstran  

Mode 
Frequency (Hz) 

Percentage difference (%) 
Manual calculation  Microstran 

1 104.82 104.91 0.09 

2 419.27 419.67 0.10 

3 943.35 944.26 0.10 
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Table 4.5.2: Comparison of three resonant frequency obtained using manual calculation and Microstran  

Experimental  

Mode 1 2 3 

Test 1 91.09 339.1 1066 

Test 2 90.71 339.2 1065 

Percentage Difference Microstran vs experimental 13.18 19.20 12.89 
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5.0 EXPERIMENTAL  INVESTIGATION  

5.1 EXPERIMENTAL TESTING  

Experimental testing was conducted to obtain vibration measurements for 2.15 m standard 

150UB14.0. The beam was simply-supported with a free span of 2.0 m. Measurements were 

taken for the beam at three locations indicated in Figure 5.1.1, values can be seen in the 

Appendix H. This was conducted to ensure that the beam dimensions were within allowable 

tolerances outlined in the Australian Standards. The measurements were made using a vernier 

scale and due to limitation of the scale, the web thickness was not measured at location 2 (mid-

span).  

 

As discussed previously, this thesis attempts to confirm whether the use of vibration 

measurements made at a single point is sufficient enough to detect and locate a crack on a beam. 

For the purpose of this investigation, the accelerometer was attached to the beam at approximate 

0.6 m from one support which is 0.3 of the beamôs span. At this position, the accelerometer 

should experience values of acceleration which should clearly identify all of the first three 

resonant frequencies of the beam in flexural vibration.  A diagram of the experimental setup is 

shown in Figure 5.1.2.  

 

 

Figure 5.1.1:  Measurements taken for the beam at three locations 

 

Figure 5.1.2:  Experimental set up of simply-supported beam (all dimensions in mm) 
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The location of the cut, indicated on the diagram was at the same position as the accelerometer 

but at the opposite end. i.e. the position symmetrical about the mid-span position. It was 

determined from the preliminary investigation that a crack located in this position should cause 

a reduction in the first three resonant frequencies. The exact point of excitation from the impact 

hammer was not nominated. The beam was excited at a point approximately midway between 

the support and the location of the crack.  However, close attention was paid to the point of 

excitation in respect to position of the web to ensure the beam was predominately excited in 

flexural vibration.   

Ten vibration measurements were recorded for the beam prior to the introduction of the first 

cut. This was conducted to examine the repeatability of the results in its óvirginô condition. 

After these tests were conducted, a cut producing approximately 1% reduction in cross-

sectional area was introduced into the beam at location ó1ô shown in Figure 5.1.3. Several 

vibration measurements were taken before another cut of the same depth was introduced at 

location ó2ô. Vibration measurements were then taken for the beam with a total of 

approximately 2 % reduction in cross-sectional area. Following measurements were made with 

the cut at location 1 increasing by approximately 1% reduction in cross-sectional area before 

the cut at location 2 was similarly increased. The test was conducted with a cut following this 

location trend, increasing at increments of 1% reduction in cross-sectional area until a total of 

10% reduction was achieved.  Calculations for the reduction in cross-sectional area can be 

observed in Appendix G. 

 

5.2 ANALYSIS OF VIBRATION DATA  

Vibration measurements obtained from the experimental testing were analysed by applying FFT 

to obtain the values of resonant frequencies. A large number of vibration measurements 

presented in frequency-domain appear erroneous and significantly affected by noise. This was 

a problem as the frequencies of interest, obtained through manual calculations were not clearly 

represented in the frequency response. It was expected that the experimental resonant 

frequencies would show as clear peaks within the frequency-domain, similar to the results 

 

Figure 5.1.3:  Plan view of the beam (flange) 
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obtained in the preliminary testing (see Figure 4.4.2). Noise is a term used to describe unwanted 

signal which has been captured. Noise generally does not carry useful information and may 

interfere with the signal of interest (National Instruments, 2016). There are different types of 

noise, and the effects can be reduced with the use of filters. Applying an appropriate filter 

requires knowledge of the effects of each adversely type of noise, however this was not 

achieved in this investigation. An example of one of the many samples affected by noise can 

be seen in Figure 5.2.1. 

 

There were several different factors which may have caused noise issues in the frequency 

responses. It is thought the major source may be due heavy machinery operating outside the 

laboratory where the experimental testing was conducted. It was known at the time that an 

óelevated work platformô was in use, however the effects this may have on the measurements 

were not considered at the time. The effects were noticed after the initial experiment had been 

conducted and the saw-cuts had been introduced into the beams.  

Another factor which may have caused noise issues in the frequency response were changes in 

the experimental setup. In the preliminary investigation, the beam was simply-supported on 

steel supports which were bolted to a heavy steel frame, weighing several tons. In this 

experimental testing, the beam was supported using the same two supports clamped down a 

table. It was thought this may have been the issue, however, it was later determined this was 

not the cause as tests conducted in the Structural Load Testing facility had the same issues.  

The preliminary testing obtained vibration measurements from the beam in its origina l 

condition (see Appendix D). The beam was grit-blasted and painted after the preliminary 

testing. This may cause issues if the paint and the beam have not bonded and there are voids 

 

Figure 5.2.1:  Frequency response of an uncut beam affected by noise 
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between the layers. thismay cause issues with noise as there is an impedance mismatch. 

Impedance mismatch can also occur between the surface of the metal and the accelerometer 

with a magnetic clamp. A couplant such as glycerine is generally used between the test surface 

and the accelerometer.  

5.3 RECEPTANCE ANALYSIS  

Receptance analysis has existed since the late 1950s and was developed and published by 

Bishop and Johnson (1960). The analysis is essentially a dynamic flexibility technique for 

predicting the response of a structure to harmonic vibration.  

Receptance is defined as 
   

   
 for low-amplitude harmonic excitation. 

Receptance analysis allows members that are connected at the joints to be effectively combined 

to produce a composite system. The procedure for analysing a system with two-degrees-of-

freedom can be applied to systems with any number of degrees of freedom. The term ón degrees 

of freedomô is used to describe the ónô number of directions which a node may deflect. A node 

on a plane structure generally has 3 degrees of freedom, which include the three primary axis 

in the three-dimensional plane. Receptance has advantages over other methods of dynamic 

analysis, as each individual member is modelled. This allows factors such as damping to be 

given an appropriate value. 

Receptance theory was applied to attempt to locate the position of a crack on a simply-supported 

beam in flexural vibration. The following section illustrates the procedure for finding tip 

receptances of a pinned-pinned (simply-supported) beam. The system is shown in Figure 5.3.1. 

óTipô receptances refer to co-ordinates at the end of the member and allows a system to be built 

up by joining individual members at their ends.  

For a beam in flexural vibration, there are four cross-receptances between any two sections of 

the beam. Therefore, there are two co-ordinates at any section of the member which is denoted 

by q1 and q2 where 

ή ÄÅÆÌÅÃÔÉÏÎ ÁÔ ÔÈÅ ÅÎÄ ÏÆ ÔÈÅ ÂÅÁÍ ÓÅÃÔÉÏÎȟ  

 

Figure 5.3.1:  Pinned-pinned beam 
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ή ÓÌÏÐÅ ÁÔ ÔÈÅ ÅÎÄ ÏÆ ÔÈÅ ÂÅÁÍ ÓÅÃÔÉÏÎ  

The system was divided into sub-systems A and B with the co-ordinates as shown in Figure 

5.3.2. 

The system can also be represented in form of a block diagram shown in Figure 5.3.3. 

The frequency equation for an interacting system comprising two sub-systems B and Cin 

flexural vibration is given by: 

The relevant repentances were obtained from Table 7.1 (c) by Bishop and Johnson (1970), 

 

 

Figure 5.3.2:  Composite system shown as two sub-systems, pinned-free and free-pinned 

 

Figure 5.3.3:  Composite system represented as a block diagram. 

      π     Equation 4 

where 

 and  are the receptances of the sub-system B and C, respectively. 

 ȟ ȟ   

 ȟ ȟ      Equation 5 

Where 

Ὂ ÓÉÎ ‗ὰ ίὭὲὬ‗ὰ                                      Ὂ ὧέί‗ὰὧέίὬ‗ὰ 

Ὂ ὧέί‗ὰ ίὭὲὬ‗ὰ ίὭὲ‗ὰ ὧέίὬ‗ὰ     Ὂ ὧέί‗ὰ ίὭὲὬ‗ὰ ίὭὲ‗ὰ ὧέίὬ‗ὰ 
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The change in sign for   and   was necessary when the end-conditions of the beam were 

changed over. Subscripts have been added to various symbols to distinguish between the two 

sub-systems. The values of flexural rigidities (E x I) seen in Equation 6 are the same for both 

sections of the beam. 

 

Equations 5, 6 and 7 are substituted into Equation 4 and it follows that the resonant frequenc ies 

must satisfy the condition 

The frequency equation was checked for the correct receptances using manual calculations for 

the first resonant frequency of a beam in flexural vibration. The computation was conducted 

using Microsoft Excel and can be seen in the Figure 5.3.4. 

It was understood for a cracked bar in axial vibration, the crack can be represented as an axial 

stiffness. Direct receptance can be found by adding the receptance of the spring to the direct 

receptance of a section of the beam. However, a beam in flexural vibration was more 

complicated as there were two receptance terms between any two sections of the beam one for 

translational movement, the other for rotation (or slope) of the beam at that point.  

ὉὍ ὉὍ         Equation 6 

For each of the beams, 

‗ ‗       Equation 7 

Where   resonant frequency (rad)           ὃ  Area (m²)            ”  Mass density (kg/m³) 

 

 

π    Equation 8 

(if damping is included) 

 

 

Figure 5.3.4:  Calculation in Microsoft Excel to check for the correct terms for receptance in the frequency Equation 

8. 
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6.0 CONCLUSION 

The effects of crack position on the first three resonant frequencies of a beam in flexura l 

vibration have been investigated using Microstran. It was found that the maximum difference 

in resonant frequencies for each mode occurred when the crack was located at a displacement 

antinode for that particular mode shape. The analysis also showed that there were no changes 

in resonant frequencies when a crack was positioned at a node. Cracks may not be accurately 

detected when positioned at a displacement node, as there is little or no amplitude in the 

displacement mode shape at these points.  

Resonant frequencies obtained from preliminary experimental testing showed differences of up 

to 19.2% when compared with frequencies predicted by Microstran. Factors which may cause 

this difference were investigated and discussed. The proposed method of data acquisition and 

analysis was considered suitable as the resonant frequencies of a beam in flexural vibration 

were clearly displayed within the frequency response but only in the preliminary results. 

Based on this, the primary experiment was conducted to obtain the resonant frequencies of the 

beam with saw cuts introduced to represent a crack. Analysis of the vibration measurements 

presented many problems. The possible causes of those problems were discussed, however the 

effect of each potential causes was not determined.  

The experimental testing was unsuccessful in obtaining valid results. This was a major problem 

for the proposed method of crack detection which relies on data from experimental vibration. 

It was not possible to conclude whether changes in resonant frequencies are sufficient to detect 

a crack. Further investigation is required to obtain useful vibration data before any possible 

conclusion can be drawn.  

7.0 RECOMMENDATIONS FOR FUTURE STUDY  

Obtaining valid experimental results is crucial for a thesis which set out to detect a crack in a 

beam from vibration measurements. It is recommended in the future of this study, several trials 

should be conducted in an attempt to obtain useful results. A key recommendation is to analyse 

the vibration data obtained immediately after each test. This can help determine whether the 

data is useful or if the test needs to be repeated, before a crack is introduced or increased in 

severity.  

If this proposed method of non-destructive testing is able to detect and locate a saw cut in a 

beam, further investigation should be conducted on a beam with a more realistic form of 
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damage. Realistic damage on a beam can be achieved by vibrating the beam until fatigue cracks 

are produced.   
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APPENDICES 

APPENDIX A: RESONANT FREQUENCIES OF A CRACKED BEAM  

Three resonant frequencies predicted using Microstran for varying locations of a crack of 30% reduction in cross-

sectional area 

x/L 

Frequency (Hz) 

Mode 1 Mode 2 Mode 3 

0.05 121.21 484.40 1088.39 

0.10 121.10 482.88 1082.45 

0.15 120.93 481.05 1078.48 

0.20 120.72 479.61 1079.61 

0.25 120.48 479.10 1084.81 

0.30 120.25 479.69 1089.97 

0.35 120.05 481.15 1090.88 

0.40 119.88 482.95 1086.69 

0.45 119.78 484.42 1080.91 

0.50 119.74 484.98 1078.29 

0.55 119.78 484.42 1080.91 

0.60 119.88 482.95 1086.69 

0.65 120.05 481.15 1090.88 

0.70 120.25 479.69 1089.97 

0.75 120.48 479.10 1084.81 

0.80 120.72 479.61 1079.61 

0.85 120.93 481.05 1078.48 

0.90 121.10 482.88 1082.45 

0.95 121.21 484.40 1088.39 
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APPENDIX B: PERCENTAGE DIFFERENCE IN RESONANT 

FREQUENCIES DUE TO A CRACK 

Percentage difference in resonant frequencies between a uniform and defective beam of varying crack locations 

x/L 

Frequency (Hz) 

Mode 1 Mode 2 Mode 3 

0.05 0.03 0.12 0.26 

0.10 0.12 0.43 0.80 

0.15 0.26 0.81 1.17 

0.20 0.44 1.11 1.06 

0.25 0.63 1.21 0.59 

0.30 0.82 1.09 0.11 

0.35 0.99 0.79 0.03 

0.40 1.12 0.42 0.41 

0.45 1.21 0.12 0.94 

0.50 1.24 0.00 1.18 

0.55 1.21 0.12 0.94 

0.60 1.12 0.42 0.41 

0.65 0.99 0.79 0.03 

0.70 0.82 1.09 0.11 

0.75 0.63 1.21 0.59 

0.80 0.44 1.11 1.06 

0.85 0.26 0.81 1.17 

0.90 0.12 0.43 0.80 

0.95 0.03 0.12 0.26 
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APPENDIX C: SECOND MOMENT OF AREA FOR ALLOWABLE 

MANUFACTURING TOLERANCE  

DIMENSIONS WITH LARGEST NEGATIVE TOLERANCE  

 

Ὅ  
Ȣ Ȣ Ȣ Ȣ

υȢσπ ρπά  

 

 

 

 

 

DIMENSIONS WITH LARGEST POSITIVE TOLERANCE  

 

 

Ὅ  
πȢρυςυπȢπχψ

ρς

πȢρσφυπȢπχςσ

ρς
χȢχσ ρπά  
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APPENDIX D: INSTRUMENTS USED FOR TESTING 

 

150UB14.0 (original condition) 

Charge amplifier 

Steel beam supports 

150UB14.0 (current condition) 

Data acquisition hardware  
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Magnetic clamp 
Accelerometer Low-loss cable 

Force-transducer 
Impact Hammer 



 

Crack evaluation in a simple structure using a vibration technique 39 

APPENDIX E: MANUAL CALCULATION OF RESONANT 

FREQUENCIES 

150UB14.0 ï In-plane flexural vibration (about major axis) 


ὲ“

ὒ

ὉὍ

ά
 

Section properties (nominal values) 

ὒ ςȢππ ά 

Ὁ ςππρπὔ άϳ  

Ὅ φȢφφρπ ά  

ά ρτȢπὯὫάϳ  

First resonant frequency 


ρ “

ςȢππ

ςππρπ φȢφφρπ

ρτȢπ
χφρȢπψ ὶὥὨὭὥὲίίϳ 

Ὢ
χφρȢπψ

ς“
ρςρȢρσ Ὄᾀ 

Second resonant frequency 


ς “

ςȢππ

ςππρπ φȢφφρπ

ρτȢπ
σπττȢσπ ὶὥὨὭὥὲίίϳ 

Ὢ
σπττȢσπ

ς“
τψτȢυς Ὄᾀ 

Third resonant frequency 
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ςȢππ

ςππρπ φȢφφρπ

ρτȢπ
φψτωȢφψ ὶὥὨὭὥὲίίϳ 

Ὢ
φψτωȢφψ
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 ρπωπȢρφ Ὄᾀ 
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APPENDIX F: CALCULATION OF PERCENTAGE REDUCTI ON IN 

CROSS-SECTIONAL AREA  

 

Gross area of cross section of a standard 150UB14.0 section obtained from manufacturerôs 

catalogue (OneSteel, 2014): 

ὃ ρχψπ άά  

Area of a cut which results in a 1% reduction in cross-sectional area 

ὃ ρχψππȢπρ ρχȢψ άά  

Depth of the cut, x introduced into 7.0 mm thick flange required for a 1% reduction in cross-

sectional area. 

Ḉὼ
ρχȢψάά

χάά
ςȢυτ άά 
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APPENDIX G: CALCULATION OF SECOND MOMENT OF AREA  

Section dimension were obtained from manufacturerôs catalogue (OneSteel, 2014) 

NON-DEFECTIVE SECTION  

Section dimensions 

Component Values (mm) 

d 150 

Ä 136 

Ô 7.0 

Ô 5.0 

ÂÆ 75 

ÂÆ 75 

 

Second moment of area 

  Area (mm²) y (mm) area × y (mm³) Ixx (mm ) 

flange 1 7×75=525 3.5 1837.5 2686075 

flange 2 7×75=525 146.5 76912.5 2686075 

web 136×5=680 75.0 51000.0 1048107 

×= 1730 
 

129750.0 6420257 

    
6.42×10-6 m4 

 

ώ
ρςωχυπάά

ρχσπάά
χυ άά 

Second moment of area of flange 

Ὅ
χυ χ

ρς
υςυχυσȢυ ςȢφωρπ άά  

Ὅ
υ ρσφ

ρς
ρȢπυρπ άά  

ḈὍ φȢτςρπ άά  
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1% REDUCTION IN CROSS-SECTIONAL AREA   

Section dimensions 

Component Value (mm) 

d 150 

Ä 136 

Ô 7.0 

Ô 5.0 

ÂÆ 75 

ÂÆ 72.5 

 

Second moment of area  

 
Area (mm²) y (mm) area × y (mm³) Ixx (mm ) 

flange 1 525 3.5 1837.5 2630624 

flange 2 507 146.5 74307.7 2649239 

web 680 75.0 51000.0 1048482 

total 1712 
 

127145.2 6328344 

    
6.33×10-6 m4 

 

ώ
ρςχρτυȢςσάά

ρχρςȢςςάά
χτȢςφ άά 

Ὅ  

χυχ

ρς
υςυχτȢςφσȢυ ςȢφσρπ άά  

Ὅ  

χςȢυ χ

ρς
υπχȢςς ρτφȢυ χτȢςφ ςȢφυρπ άά  

Ὅ
υ ρσφ

ρς
φψπχυ χτȢςφ ρȢπυ ρπ άά  

ḈὍ φȢσσρπ άά  
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2% REDUCTION IN CROSS-SECTIONAL AREA   

Section dimensions 

Component Value (mm) 

d 150 

Ä 136 

Ô 7 

Ô 5 

ÂÆ 75 

ÂÆ 70 

 

Second moment of area  

 
Area (mm²) y (mm) area × y (mm³) Ixx (mm ) 

flange 1 525 3.5 1837.5 2576379 

flange 2 490 146.5 71785.0 2611523 

web 680 75.0 51000.0 1049589 

total 1695 
 

124622.5 6237490 

    
6.24×10-6 m4 

 

ώ
ρςτφςςȢυάά

ρφωυάά
χσȢυ άά 

Ὅ  

χυχ

ρς
υςυχσȢυ σȢυ ςȢυψ ρπ άά  

Ὅ  

χπχ

ρς
τωπρτφȢυ χσȢυ ςȢφπρπ άά  

Ὅ
υ ρσφ

ρς
φψπχυ χσȢυ ρȢπυ ρπ άά  

ḈὍ φȢςτρπ άά  
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3% REDUCTION IN CROSS-SECTIONAL AREA   

Section dimensions 

Component Values (mm) 

d 150 

Ä 136 

Ô 7 

Ô 5 

ÂÆ 75 

ÂÆ 67.5 

 

Second moment of area  

 
Area (mm²) y (mm) area ×y (mm³) Ixx (mm ) 

flange 1 525 3.5 1837.5 2520708 

flange 2 473 146.5 69221.3 2571030 

web 680 75.0 51000.0 1051512 

total 1678 
 

122058.8 6143249 

    
6.14×10-6 m4 

 

ώ
ρςςπυψȢψάά

ρφχχȢυάά
χςȢψ άά 

Ὅ  

χυχ

ρς
υςυχςȢψ σȢυ ςȢυς ρπ άά  

Ὅ  

φχȢυ χ

ρς
τχςȢυ ρτφȢυ χςȢψ ςȢυχ ρπ άά  

Ὅ
υ ρσφ

ρς
φψπχυ χςȢψ ρȢπυ ρπ άά  

ḈὍ φȢρτρπ άά  
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SUMMARY OF CALCULATED  AREA AND SECOND MOMENT OF AREA  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
Area (mm²) Ixx ×10-6 (m ) 

Catalogue 1780.0 6.66 

non-defective 1730.0 6.42 

1 1712.2 6.33 

2 1695.0 6.23 

3 1677.5 6.14 

4 1660.0 6.05 

5 1642.5 5.95 

6 1625.0 5.85 

7 1607.5 5.75 

8 1590.0 5.64 

9 1572.5 5.53 

10 1555.0 5.42 
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30% REDUCTION IN CROSS-SECTIONAL AREA  FOR AN ASYMMETRICAL 

SECTION 

Section dimensions 

Component Values (mm) 

d 150 

Ä 136 

Ô 7 

Ô 5 

ÂÆ 0 

ÂÆ 75 

 

Second moment of area  

 Area (mm²) y (mm) area × y (mm³) LȄȄ όƳƳщύ 

flange 1 0 0.0 0.0 0 

flange 2 525 146.5 76912.5 856847 

web 680 75.0 51000.0 1707987 

total 1205  127912.5 2564834 

    2.56×10-6 m4 

 

ώ
ρςχωρςȢυÍÍσ

ρςπυάά
ρπφȢρυ άά 

Ὅ  

χυχ

ρς
υςυρτφȢυ ρπφȢς ψȢυχρπ άά  

Ὅ
υ ρσφ

ρς
φψπρπφȢς χυ ρȢχρ ρπ άά  

ḈὍ ςȢυφρπ άά  

 

  

 

Asymmetrical section (coloured area indicating removal 

of section) 
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30% REDUCTION IN CROSS-SECTIONAL AREA  FOR AN SYMMETRICAL 

SECTION 

Section dimensions 

Component Values (mm) 

d 150 

Ä 136 

Ô 7 

Ô 5 

ÂÆ 37.5 

ÂÆ 37.5 

 

 

Second moment of area  

 Area (mm²) y (mm) area × y (mm³) LȄȄ όƳƳщύ 

flange 1 263 3.5 918.8 1343038 

flange 2 263 146.5 38456.3 1343038 

web 680 75.0 51000.0 1048107 

total 1205   90375.0 3734182 

    3.73×10-6 m4 

 

ώ
ωπσχυÍÍσ

ρςπυάά
χυȢπ άά 

Ὅ  

σχȢυ χ

ρς
ςφςȢυ χυȢπ σȢυ ρȢστ ρπ άά  

Ὅ  

σχȢυ χ

ρς
ςφςȢυ ρτφȢυ χυȢπ ρȢστ ρπ άά  

Ὅ
υ ρσφ

ρς
φψπχυ χςȢψ ρȢπυ ρπ άά  

ḈὍ σȢχσρπ άά  

 

 

 

 

 

Symmetrical section (coloured area indicating removal 

of section) 
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APPENDIX H: MEASUREMENT OF PHYSICAL BEAM  

 

Measured Dimension (in mm) 

 
Location  

Dimension (mm) End Middle End 

Ô 6.9 7.1 7.1 

Ô 7.1 6.8 7.3 

Ô 6.9 6.9 6.9 

Ô 7.1 7.2 7.3 

Â  75.5 75.5 75.6 

Â  75.5 75.3 75.9 

Ô 4.9 
 

5.2 
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APPENDIX I: SENSITIVITY ANALYSIS  

The following section contain a sensitivity analysis to investigate the effects of variation in 

input values used to determine potential resonant frequencies. The effect of the input value is 

shown as a percentage difference of resonant frequencies. 

 

 

 

Table AI.1 :  Section properties of 150UB14.0 (OneSteel, 2014) 

Property Assumed Value 

Length (m) 2.15 

Mass per Unit length (kg/m) 14.0 

Second Moment of Area, Ixx (m ) 6.66x10¯6 

Young's Modulus (GPa) 200 
 

 

Graph AI.1  :  Percentage difference on the first resonant frequency due to variation in free span 
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Graph AI.2 :  Percentage difference on the first resonant frequency due to variation in mass 
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Graph AI.3 :  Percentage difference on the first resonant frequency due to variation in second moment of area 
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Graph AI.4 :  Percentage difference on the first resonant frequency due to variation in elastic modulus 
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APPENDIX J: MATLAB PROGRAM  

The following program óShowspecô was created by Johnson (Johnson, 2008). 

 

function  [X,w] = showspec(x,fs)  

%SHOWSPEC  Plot a simple estimate of the spectrum of a signal.   

%    usage:   [X,w] = SHOWSPEC(x,fs)  

%        x = the signal  

%       fs = the sample rate  (if omitted, it defaults to 2)  

%        X = the magnitude of the spectrum  

%        w = the corresponding frequency vector  

%  

%    If no output arguments are used SHOWSPEC plots the spectrum.  

%    Otherwise, no spectrum is plotted.  

% 

%--  Updated by jMc (10/98) include Hamming window as in - line 

code.  

% 

  

if  nargin < 2,  

    fs = 2;  

end 

if  nargin < 1,  

    error( 'SHOWSPEC expects 1 or 2 input arguments' );  

end 

x = x(:);  

L = 2^ceil(log2(length(x)));  

%--  

   Lx = length(x);  

   HammW = 0.54 -  0.46*cos(2*pi*(0:Lx - 1)'/(Lx - 1));  

%--  

XX = abs(fft(HammW.*x,L))/length(x)*3.86;  

XX = XX(1:L/2);  

ww = [0:L/2 - 1]/L*fs;  

  

if  nargout == 0,  

    plot(ww,XX);  

    grid on;  

    zoom on;  

    xlabel( 'Frequency in Hz' );  

    ylabel( 'Approximate Amplitude' );  

else  

    X = XX;  

    w = ww;  

end 
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APPENDIX K: TECHNICAL DATA SHEET FOR EXPERIMENTAL 

INSTRUMENTS  

BRÜEL & KJÆR  ACCELEROMETER TYPE 4391  

(Brüel & Kjær, n.d.) 
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BRÜEL & KJÆR IMPACT HAMMER TYPE 8202  

 

  




