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Damage detection in beam-like structures via frequency response function
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Abstract. In this paper, a method is developed to detect the damage’s occurrence and location in beams using frequency response function (FRF). This method is applied to a steel beam whose damage is created by reducing the bending stiffness of the beam’s element. Additionally, this study is conducted in three steps of structural health monitoring. Firstly, FRF data is collected in undamaged and damaged states. Secondly, the occurrence of the damage is evaluated by the correlation coefficient of the FRF. Finally, a frequency response function-based index (FRFBI), which is used for detecting the damaged location, is proposed from the results of vibration analysis for the beam simulated by ANSYS software. This study indicates that the FRF-based damage detection method gives the results with high accuracy in both the occurrence and location of the damage.
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Introduction
Beam-like structures are common in civil infrastructures. Due to the beam’s important roles, the development of new damage identification methods is necessary. Over the years, many researchers have developed various beam structural health monitoring methods. Especially, detecting the damage in beams using the frequency response function has received more attention. In the past, Özgüven [1] showed how to develop the method using the frequency response function to re-analyze the structure after the model was modified the feature parameters, which are expressed as mass matrix, stiffness matrix and resistance matrix. FRF data was theoretically calculated or experimentally measured for the modified structure. The author indicated that the results have a clear change when the parameters are modified. Thereafter, Ting et al. [2] presented the method to improve the sensitivity of FRF data. Overall, the basic idea of this method is to evaluate the amplitude of the frequency response function by comparing the theoretical value and the measured value.
Sampaio et al. [3] proposed the frequency response function curvature method to detect the damage location by collecting numerical data through the simply supported beam. De Roeck et al. [4] proposed the finite element method (FEM) and the FRF components of dynamic methods to identify the model-based damage.  Besides, Lin et al. [5] discussed updating the damping coefficient for the structure and solving the complex problem of collecting the FRF data on the model that used the damping coefficient or without the damping coefficient. Afterward, Yan et al. [6] proposed the global vibration-based structural method to detect the damage by comparing the FRF shapes and other vibration parameters of the bridge structure. Liu et al. [7] proved using the imaginary part and normalization of the FRF shapes to localize the damage location before comparing them. Furthermore, Nuno [8] proposed the frequency response function curvature-based index to detect the damage severity of the bridge’s horizontal beams in Sweden under the certain condition. Mondal et al. [9] proposed the frequency response function curvature method at frequencies adjacent to natural frequencies to detect the damage location and considered the effect of random noise on the simply supported aluminum beam. Afterward, Esfandiari et al. [10] showed that the method avoided errors in analysis by using FRF data instead of free vibration data, especially when adjacent modes were extracted. Kumar and Reddy [11] proposed the new formula to make the frequency response function curvature smoother and applied it to identify the location and level of the damage in the beam. Murali [12] used the FADC index to identify the damage’s occurrence and severity in the structure by calculating the amplitude, the drift, and the shape of the FRF-based changes. Oskoui et al. [13], Zhou et al. [14], and Locke and colleagues [15] presented issues in the structure that should be regularly checked to detect the potential damage due to overload, environmental impacts, fatigue, and dynamic effects. Esfandiari et al. [16] proposed the model-updating method, which is used for identifying the location and level of the damage, based on the new sensitivity algorithm by observing the fluctuations of the FRF principal components. Kildashti et al. [17] monitored each span of the bridge and detected the damage's location and severity by optimizing the vehicle's characteristics. Recently, Zhan et al. [18] integrated the frequency response function and model updating to identify the location and level of the damage in the simply supported steel beam. Jalali and Rideout [19] used frequency response function (FRF)-based inverse dynamic substructuring and FRF-based model updating to detect, locate, and quantify the damage of the global structure.
Various studies have been conducted to minimize these errors and the complexity of the FRF data. However, not only the measurement process is complex and requires high accuracy but also the convergence of the calculation process is still slow. Considering the conditions mentioned above, this paper presents a method that is simple and uses only FRF data to detect the damage’s occurrence and location. Additionally, this study is conducted in three steps of structural health monitoring. Firstly, FRF data is collected in undamaged and damaged states. Secondly, the occurrence of the damage is evaluated by the correlation coefficient of the FRF. Finally, a frequency response function-based index (FRFBI), which is used for detecting the damaged location, is proposed from the results of vibration analysis for the beam simulated by ANSYS software. Especially, the frequency response function curvature method is applied to increase the sensitivity of the FRF data. A simply supported steel beam is selected for the study.
Frequency response function-based damage detection
The paper mainly adopts the damage detection method in beam-like structures via frequency response function and has two advantages. Firstly, using only FRF data to detect both the occurrence and location of the damage. Secondly, mathematical formulations are simple and effective. Consequently, the damage’s occurrence and location can be determined. This study includes three aspects, namely, the correlation coefficient of the FRF, the frequency response function-based index (FRFBI) and the damage threshold.
The correlation coefficient of FRF
Damage causes changes in structural parameters (such as mass, damping and stiffness), which lead to a change in the vibration response of the structure. With these changes, Kim et al. [20] identified the occurrence of the damage via the correlation coefficient of power spectral densities (CC of PSDs). In the same way, the correlation coefficient of the FRF (CC of FRF), which is used for early warning of the damage’s occurrence, is proposed. Fig. 1 illustrates mathematical symbols in detail. The correlation coefficient of the FRF is expressed as shown in Equation :
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where  and  are FRF at the jth node in undamaged and damaged states of the beam, respectively.  is the mean value of the FRF at the jth node corresponding to the ith frequency in undamaged and damaged states.  and  are the standard deviation of the FRF at the jth node at the ith frequency o in undamaged and damaged states.
Frequency response function-based index (FRFBI)
As mentioned above, to increase the sensitivity, the FRF data is applied with the second-order central difference formula through Equation  and Equation  in undamaged and damaged states, respectively:
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whereis the distance between the measurement node j+1 and j-1.
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[bookmark: _Ref128120870]Fig. 1.  A simply supported beam.
Damage directly affects the stiffness of the beam and leads to change in the FRF at that location. The frequency response function-based index (FRFBI) is proposed to identify the damage's location in beams. FRFBI is expressed as shown in Equation 
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where  is the deviation of the frequency response function.  is the mean deviation.  is the standard deviation. Afterward, the damage location is determined by normalizing the FRFBI index and is expressed as shown in Equation :
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where  is the normalized index.  and  are the mean value and standard deviation of , respectively.
Proposed damage threshold
The identification of the damage zone in beams is based on the damage index after normalization. In the damage index graph of the whole beam, many damage elements have relatively large damage indexes compared to the others, and some elements aren’t damaged but they have the damage indexes that are greater than "0". Therefore, the damage threshold, which is calculated as a percentage of the largest damage index in beams, is proposed to identify the damage zones, as follows:
· 
: The jth node is considered damaged;
· 
: The jth node is considered undamaged.
[image: ]

[bookmark: _Ref128120936]Fig. 2. Damage threshold, illustration: . 


In this study,  is the threshold, which is used for detecting the zone of the damage (where  is the largest value of the damage index), Illustrated as shown Fig. 2.
Numerical verification
Beam model


A simply supported beam shown in Fig. 3 is used for verifying this study. The span of the simply supported beam is 1900 mm. The thickness and width are 20 mm and 150 mm, respectively. The material of the beam is steel with elastic modulus and density of MPa and 7850 kg/m3, respectively. The beam is evenly divided into 20 elemental structures and 21 nodes. To effectively stimulate the vibration of the bridge and reduce noise in the low-order mode of the simply supported beam, an impact load was applied on the 15th node. The damage was created by reducing the bending stiffness of the beam elements using three damage case scenarios listed in Table 1. The beam’s damage index is denoted by DI.		
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[bookmark: _Ref128120967]Fig. 3. Finite element model of the simply supported steel beam.
[bookmark: _Ref128120982]Table 1. Damage cases for the simply supported steel beam.
	Damage cases
	Damage elements
	DI

	Case 0
	0
	0

	Case 1
	No. 12
	0.3

	Case 2
	No.6
	0.1

	Case 3
	No.6, No. 12 
	0.5, 0.5


Natural frequency
To check the accuracy of the simulation, the natural frequencies of the intact beam are compared with the results calculated from the analytic theory [21]. The comparison results are presented in Table 2. In addition, with each different damage case, the natural frequency peaks have deviation and are shown in Fig. 4. 
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[bookmark: _Ref128121077][bookmark: _Ref128121013]Fig. 4. Frequency response function (FRF) spectrum comparison between undamaged and damaged conditions at the 15th node.
[bookmark: _Ref128121048]Table 2. Natural frequency (Hz) comparison between this study and analytic theory (Case 0).
	Mode
	This study
	Analytic theory 
[21]
	Difference
(%)

	Mode 1
	12.904
	12.869
	0.27

	Mode 2
	52.038
	51.477
	1.09

	Mode 3
	118.690
	115.823
	2.48

	Mode 4
	215.087
	205.907
	4.46



It can be seen from Table 2 that the natural frequencies obtained from the ANSYS model are quite accurate compared to the analytic theory. The natural frequency peaks are similar between Table 2 and Fig. 4 (Case 0). Furthermore, the differences are smaller than 5%. Therefore, the simulation results are reliable.
Damage occurrence
When the correlation coefficient value is smaller than "1", it indicates that the damage has occurred in the beam. The nodes along the beam length show these changes. The 1st node (located 0.0 m) and the 21st node (located 1.9 m) are the boundaries of the beam so the values do not fluctuate and default to “1”.
[image: ]
[bookmark: _Ref128121129]Fig. 5. The correlation coefficient of FRF for Case 1.
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[bookmark: _Ref128121133]Fig. 6. The correlation coefficient of FRF for Case 2.
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[bookmark: _Ref128120829]Fig. 7. The correlation coefficient of FRF for Case 3.
It can be seen from the three charts shown in Fig. 5, Fig. 6, and Fig. 7 that the CC of FRF indicated the damage’s occurrence in both one location damage case and two locations damage case. Finally, the damage’s location is identified in Section 3.4.
Damage location
For the first damage scenario (Case 1), the FRFBI index is determined for the first 4 modes (Mode 1, Mode 2, Mode 3, Mode 4) and for the combination of 4 modes (i.e., All mode). In the first damage scenario, the first 4 modes are able to detect the damage’s location, as shown in Fig. 8a, b, c, and d. Practically, the case of all mode is selected as the priority mode because it helps to quickly identify the damage location. As shown in Fig. 8e, the result indicates that the FRFBI index detects the location of the real damage that is covered by the identification line of the damage.
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[bookmark: _Ref128121375]Fig. 8. The FRFBI damage index (Case 1); (a) All mode, (b) Mode 1, (c) Mode 2, (d) Mode 3, and (e) Mode 4.
For the second damage scenario (Case 2), the 6th element (located from 0.475 m to 0.57 m) is not the mid-beam position and the quantity of 10% reduction in the bending stiffness is quite small, but the FRFBI indexes show that the results of the damage detection for the first 4 modes are high accuracy (see Fig. 9a, b, c, and d). On the other hand, in All mode, the line graph of the FRFBI index identifies the position of the actual damage (see Fig. 9e) .
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[bookmark: _Ref128122866]Fig. 9. The FRFBI damage index (Case 2); (a) All mode, (b) Mode 1, (c) Mode 2, (d) Mode 3, and (e) Mode 4.
For the third damage scenario (Case 3), two damage locations are the 6th element (located from 0.475 m to 0.57 m) and the 12th element (located from 1,045 m to 1.14 m) with the same bending stiffness reduction (DI = 50%), the damage index plots of the first 4 modes show that the results are reliable. Especially, All mode identifies both two damaged elements, as shown in Fig. 10. 
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[bookmark: _Ref128124002]Fig. 10. The FRFBI damage index (Case 3); (a) All mode, (b) Mode 1, (c) Mode 2, (d) Mode 3, and (e) Mode 4.
Conclusions
In this study, a new FRF-based damage detection method is proposed to identify the occurrence and location of the damage. The results of free vibration analysis in the steel beam are reliable. Therefore, the numerical simulation method can be applied in research work as the natural frequencies’ values are compared with analytic theory, and the difference does not exceed 5%. The correlation coefficients of the frequency response functions indicate that the values are smaller than 1 for three damage scenarios. This method effectively identifies the damage's occurrence. Finally, the frequency response function-based index (FRFBI) is the simple and effective formula for detecting the damage’s location. Overall, the main findings from this paper can be summarized as follows:
(1) The method uses only FRF data to identify both the occurrence and location of the damage.
(2) The method effectively detected the occurrence of the damage. In the three damage scenarios, the correlation coefficient of FRF indicated the occurrence of the damage in the steel beam.
(3) The FRFBI index positively detects the damage’s location when the steel beam has one damaged element or two damaged elements at the same time.
(4) The damage threshold, which shows the effectiveness of eliminating some noisy elements, is proposed for this method. 
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