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Abstract. Mechanical joints, particularly fasteners such as bolted joints 
have a complex non-linear behaviour. The non-linearity might emerge 
from the material, geometry or by the contacts in the joints. However, 
damage to a structure can be happened either their connections or the 
material of components. The effect of damage can change the dynamic 
properties of the structure such as natural frequencies and mode shapes and 
structural performance and can cause premature failure to structure. This 
paper presents a damage detection method using a vibration based damage 
detection method based on the frequency response function (FRF) data. A 
combination of numerical model and physical bolted jointed structure of 
damaged and undamaged structure will be investigated. The validation is 
employed to detect the presence of damage in the structure based on the 
frequency response function (FRF) data from the parameter values used in 
the benchmark model and damaged model. The comparisons of the 
undamaged and damaged structure of the FRF have revealed the damaged 
structure was shifted from the undamaged structure. The effect of the FRF 
between undamaged and damaged structure is clearly affected by the 
reduction of stiffness for the damaged structure. 

1 Introduction 

A complex jointed structure, such as the automotive structure is produced using a mix of 
thin metal sheets and are joined by a thousand number of joints. The reliability arrangement 
of the structure extremely depends on these joints [1, 2]. The bolted joint is a typical sort of 
fastener for jointed the structure that is commonly used in the automotive structure. 
Complex jointed structures with involved with joints have its own dynamic properties, and 
the dynamic properties of the structure will alter due to the addition of stiffness in the 
structure.  

For instance, mechanical joints, particularly fasteners such as bolted joints have a 
complex non-linear behaviour. The non-linearity might emerge from the material, geometry 
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or by the contacts in the joints. However, damage to a structure can be happened either 
their connections or the material of components. Understandably, it also will reduce vehicle 
performance and can cause premature failure of the vehicle structure. Therefore, to 
overcome the presence of damage is vital to avoid the additional problem of the structure, 
such as significantly affects the performance, safety and dynamics properties of the 
structure due to the reduction of stiffness in the structure. For detecting the damage on the 
structure, it has several types of damage identification methods; non-destructive methods 
and destructive method [1]. The visual examination has usually been utilised in damage 
detection method because it is easy to perform for clear structural damage. However, it is 
problematic when the structure becomes complicated given the limited capability of 
conventional visual assessment. 

Normally, the non-destructive methods have wide variety methods for examples using 
strain gauges, penetrating liquids, ultrasound, visual inspection, etc. [3]. However, some of 
these methods are localised methods, it has a disadvantage in requiring the area of the 
damage to be known from the earlier and the area of the structure being investigated is 
readily accessible by a machine or labour, which makes the examination procedure 
practically difficult to perform, expensive and time-consuming [4]. 

Typically, there are other option methods like vibration-based damage detection method 
which can locate the damage region more efficiently [5]. Besides, the result of these 
methods can be utilised for further damage appraisal [6]. These methods are widely used in 
structural applications to identify the dynamic properties of the structure and frequency 
response function (FRF). The purpose of the damage identification is to offer data in the 
presence of the damage, area, and the level of damage in the structure [7]. Thus, it is 
important to monitor and detect the damage on the structure to reduce the cost and increase 
its reliability [8].  

Frequency response function (FRF) data are one of option methods for vibration-based 
damage detection method. Essentially an FRF is a numerical representation of the 
relationship between the input and output system. They may also be identified regarding 
magnitude and phase. Besides, it also covers the data of both natural frequencies and mode 
shapes [3], [9], [10]. This paper presents a damage detection method using a vibration 
based damage detection method based on the frequency response function (FRF) data. A 
combination of numerical model and physical bolted jointed structure of damaged and 
undamaged structure will be investigated, and the result will be validated. The 
reconciliation procedure is employed to detect the presence of damage in the structure and 
disparity in certain parameter values from the parameter values used in the benchmark 
model is used to localise and quantifies the damaged at the particular joint/structure. 

2 Frequency response function (FRF) 
Figure 1 is shown the relationship between excitation input and the output signal of a 

measuring point on mechanical system of frequency response function (FRF). The concept 

of FRF is at the basis of modern experimental modal analysis. The experimental FRF data 

are generally acquired from vibrational testing. 
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Fig. 1. Block diagram of FRFs [11] 

� �� � � � � �� �F� � �� � 	
 �X H                                                 (1) 

where, 

� �� �X �  = output force  

� �� �F �  = input force 

� �H �� 	
 �  = response model (the ratio of output by input) 

 

Therefore, the relationships between the response model � �H �  to modal model and spatial 

can be arranged and expressed by; 

                        � � � � 12
i� � �

�
� �  H M C K                                             (2) 

where, 

M = mass 

C = damping  

K = stiffness  

 

Since the input force to the structure and dynamic response of the structure are acquired 

from physical measurement, it is hypothetically conceivable to get a mathematical 

description of the structure through experiment. 

3 Experimental setup 

3.1 Experiment modal analysis 

The experimental modal analysis (EMA) is a method to define the dynamic properties of 

the structure from on vibration testing, such as natural frequencies, mode shapes and 

damping ratios [4]. Essentially, it is carried out according to both input and output 

experimental data by the impulse response functions (IRF) in the time domain and 

frequency response functions (FRF) in the frequency domain. These method has developed 

since the beginning era for the digital Fast Fourier Transform algorithm (FFT) analyser in 

the early 1970's [11]. Vibration testing is to check the result from finite element model 

proposed for the experimental data.  
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3.2 Experimental procedure 

The structure under investigation is a simplified model structure of u-shape components 

made from Aluminium 6061-T4 and for the thin metal plate is made of mild steel. Before 

the experimental arrangement, every one of this procedure must consider getting the 

reliable result. It is the hanging orientation of the structure, the number of measuring points 

or nodes of the structure, the excitation method and the number of the accelerometers. The 

initial idea of the procedure was determined by finite element analysis (FEA) results. The 

experimental model was set-up in free-free boundary conditions as shown in Figure 2.  

In this experiment, four nylon strings with springs were used to simulate the conditions. 

Based on finite element analysis, the frequency range of interest in this study was 0 Hz to 

600 Hz. Besides, roving accelerometer method and impact hammer were used to excite the 

experimental model. LMS SCADAS analysis interpreted the load and response signals. The 

data used in this research consists of two stages; the benchmark structure and damaged 

structure. It is because to simulate the present of damage to the structure. The damage was 

presented to the structure by cutting on the thin metal plate as shown in Figure 3. 

 
Fig. 2. Schematic diagram of the simplified model tests setup. 
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Fig. 3. Damaged structures. 

4 Finite element analysis 

The simplified model of the car hood was constructed using finite element analysis. The 

simplified model consists two components, u-shape component and thin metal plate as 

shown in Figure 4. It will be assembled by a number of bolted joints. The FE model for the 

u-shape component is made from Aluminium 6061-T4 and for the thin metal plate is made 

of mild steel. Table 1 and Table 2 showing the detail of FE model for u-shape component 

and thin metal plate. For Table 3, it is only showing the detail of the FE model for the 

joints. 

Table 1. Detail of the FE model for the u-shape component. 

 No. of Element Properties Value 
 52309 Young’s Modulus 68.9 GPa 

Type of element  Poisson’s Ratio 0.33 

CTETRA  Density 2700 kg/m3 

Table 2. Detail of the FE model for the thin metal plate. 

Type of element No. of Element Properties Value 
CQUAD4 5603 Young’s Modulus 210 GPa 

CTRIA3 252 Poisson’s Ratio 0.30 

  Density 7900 kg/m3 

Table 3. Details of the FE model for the joints. 

Type of Elements No of Elements 
RBE2 98 

 The simplified structure was discretized into two elements, solid element for u-shape 

component and shell element for the thin metal plate. Meanwhile, the model of the jointed 

structure was constructed using rigid connector elements (RBE2) to represent the bolted 

joints. Therefore, since the only rigid body element (RBE2) was used, there is no mass 

apply to the joint and mechanical properties. Though it is a 1D element, the idea of using 

this model is to form a look like bolted joints as shown in Figure 5. It is the combination of 

the rigid body element to form a spider-web like connecting the node at the edge of the 

hole. It was modelled using Altair HyperMesh software and Nastran SOL103 was used to 

Damage 
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compute the dynamic properties of the structure. The value of frequencies of interest is set 

between 1Hz to 600Hz and only first ten modes were recognised. 

 
Fig. 4. The simplified model of the car hood. 

 
Fig. 5. The FE model of the connector element to represent a bolted joint. 

5 Results and discussion 
The identification of natural frequencies of the structure has always been a challenging task 
and difficult. In this study, the measured data for natural frequencies of undamaged and 
damaged will be compared with the predicted result to confirm the accuracy of the model 
[4]. Table 4 and Table 5 shows the result of natural frequencies obtained from the 
experiment and predicted by comparison the results between undamaged and damaged 
structure. 
 The results in Table 4 shows the comparisons of the measured data and predicted result 

based on the natural frequencies that were obtained from the undamaged structure. 

Meanwhile, in column IV of Table 1 shows the total results of the percentage error is 27.54 

percent. These are clearly presented that the least error was in mode five with MAC value 

0.83 and the mode seven shown with the highest error of 6.26 percent. Meanwhile, for 

Table 5 the highest error was in mode nine and the mode three shown the least of 0.01 

percent with a total of MAC value 0.87. Based on Table 4 and Table 5, it shows the 

changes in the natural frequencies of the undamaged and damaged structure. The changes 

U-shape component 

Thin metal plate 
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in the natural frequencies achieved from the measured data a r e  s h o w n  the presence 

of damaged in the structure. 

Table 4. Comparisons of measured and predicted natural frequencies for undamaged structure. 

I II III IV MAC 
Mode No. Test Data (Hz) Undamaged (Hz) Error (%) Value 

1 120.17 126.82 5.53 0.88 

2 193.16 198.66 2.85 0.83 

3 203.95 210.53 3.23 0.85 

4 220.02 224.03 1.82 0.79 

5 295.64 295.76 0.04 0.83 

6 409.56 405.83 0.91 0.78 

7 454.33 482.79 6.26 0.80 

8 513.50 500.28 2.57 0.73 

9 524.44 528.30 0.74 0.70 

10 562.17 542.01 3.59 0.84 

Total Error (%) 27.54  

Table 5. Comparisons of measured and predicted natural frequencies for damaged structure. 

I II III IV MAC 
Mode No. Test Data (Hz) Damaged (Hz) Error (%) Value 

1 98.49 102.85 4.43 0.90 

2 147.22 150.22 2.04 0.83 

3 189.16 189.18 0.01 0.87 

4 197.76 197.60 0.08 0.82 

5 216.58 218.94 1.09 0.87 

6 292.64 285.91 2.30 0.79 

7 399.28 400.44 0.29 0.83 

8 411.83 396.15 3.81 0.74 

9 426.34 473.46 11.05 0.72 

10 487.30 493.78 1.33 0.84 

Total Error (%) 26.43  

 

 
Fig. 6. Comparisons of measured data of the frequency response function (FRF) for undamaged 
structure and damaged structure. 
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For instance, the natural frequencies for mode one of the undamaged structure (Table 4) 

and damaged structure (Table 5) were diminished from 120 Hz to 98 Hz because of the loss 

of stiffness caused by the damaged in the structure. Meanwhile, Figure 6 shows the super-

impose on the FRF’s of damaged and undamaged structure that was obtained from the 

vibration testing. Therefore, the identification of the presence of damage of the structure 

was carried out by mapping the FRF for undamaged and damaged structure. It clearly can 

be seen that the FRF data for the damaged structure was shifted from the undamaged 

structure due to the loss of stiffness in the structure due to the existence of damage to the 

structure. The effect of the FRF between undamaged and damaged structure is clearly 

affected by the reduction of stiffness for the damaged structure [12]. Therefore, if the crack 

becomes bigger, a more stiffness reduction in the structure will lead to a larger shift of the 

peak in the FRF. 

6 Conclusions 
The dynamic properties of the both bolted joined structure, undamaged and damaged 

structure were investigated experimentally and numerically. Moreover, combinations of the 

experimental and predicted data are shown in relatively in good agreement. This paper has 

shown the presence of damage structure in a bolted joined structure based on the frequency 

response function (FRF) data from the parameter values used in the benchmark model and 

damaged model. It has been shown that identification of damage based on frequency 

response function (FRF) data has been successfully and accurately using the proposed 

technique with guidance from the predicted data. The comparisons of the undamaged and 

damaged structure of the FRF have revealed the damaged structure was shifted from the 

undamaged structure. The effect of the FRF between undamaged and damaged structure is 

clearly affected by the reduction of stiffness for the damaged structure. 
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