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Abstract

:

Using the trendlines of an acceleration response as a tool to decompose a structural response is a new topic that was proposed by authors in 2020. This paper provides a numerical/experimental investigation of using a Savitzky–Golay filter (SGF) in a method to calculate the trendline and decompose building acceleration responses when subjected to a seismic load. Hence, this paper proposes an output-only, energy-based, damage detection method in which the trend lines of a building’s structural acceleration responses are used to locate the damage. For this purpose, an adjusted SGF is utilized to calculate an especial trend line for each floor’s acceleration response of the building structural model. The energy of these trend lines is then calculated and normalized. Two damage indices are used, of which, the second one is being proposed for the first time in this paper. The accuracy of the proposed method is numerically and experimentally investigated using a five-floor building structural model subjected to white noise excitation through a shake table. The results prove that the proposed method is capable of accurately locating and quantifying structural damages with a severity of more than 10% in a noisy environment. In view that the proposed method locates the damage with no need of determining the structural modal properties or parameters, it can be categorized as an online and quick structural damage detection method.
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1. Introduction


Structural health monitoring (SHM) is a tool used to monitor and detect structural damage based on the local or global vibration response of a building. It has been proved that structural damage changes the dynamic modal properties of a structure [1,2,3]. Vibration-based SHM attempts to measure these changes from the global vibration response of a structure. Recording structural vibration responses using accelerometers is an easy and cheap way to obtain the general vibration response of a structure. Although it has been proved that an acceleration response has the signatures of structural damage, these signatures cannot be seen by the naked eyes; therefore, it is necessary to utilize some signal processing techniques (methods). Some of these techniques (methods) are 1—transformer-based methods such as wavelet or Hilbert–Huang transformers [4,5,6,7], 2—special averaging-based techniques such as the random decrement technique (RDT) [8,9,10,11,12,13], 3—filtering-based methods such as Savitzky–Golay-filter-based or Kalman-based methods [14,15,16,17,18], and 4—source-separation-based methods such as the blind source separation technique [19,20,21,22,23]. The techniques (methods) mentioned in this paper are not the only techniques used, and we do not claim that our method provides the maximum accuracy. There are also other techniques that can be found in the literature such as [24,25,26,27].



Wavelet coefficients extracted from the acceleration data using wavelet analysis have been widely used for modal identification and damage localization in structures. Zheng et al. utilized discrete wavelet transform to identify the damage location in a dome subjected to an earthquake [4]. Combining wavelet analysis and fractal dimensions, a baseline-free damage detection method for frame structures under seismic excitations was developed [5] and verified experimentally [6]. Pnevmatikos et al. proved that the discrete wavelet coefficients extracted from the seismic acceleration response show spikes when damage occurs [7]. Delgadillo and Casas [28] used the results of the Hilbert–Huang transform in a machine learning algorithm and successfully located the damage in a real bridge under a moving load in Japan. Kildashti et al. [29] numerically investigated the effect of various vehicle parameters on the accuracy of their damage detection method in a cable-stayed bridge. There are also some other transformer-based methods such as that of Wang et al. [30], who proposed a Laplace-transform-based spectral element method, which utilizes strain statistical moments as a damage index for beam-like structures. Based on the results, they claimed that the use of the Laplace transform can avoid some limitations of the conventional Fourier-transform-based spectral element method. Hester and González [31] conducted a parameter study on the advantages and restrictions of using a wavelet-transform-based damage detection method to identify the structural damage from a bridge acceleration response.



The RDT is a promising special averaging technique that calculates a signal similar to the free vibration of a structure with no need of determining the input excitations. Therefore, the RDT receives a large amount of attention in SHM, especially when the input excitations are hard to estimate. Although a mathematical basis is only available for linear and stationary input [8,9], some researchers successfully employed it for non-stationary excitations [8,10,11]. A comparison of the application of the RDT for modal property identification in both the frequency and time domains was addressed in [12,13].



The use of filters to extract/remove a certain part of a structural response and attenuate the noise has been addressed in many studies. Kordestani et al. utilized a band-pass filter to extract the second vibration mode from a bridge seismic acceleration response [14]. They used an energy-based damage index (DI) and successfully located the damaged cable in a tied-arch bridge. The Savitzky–Golay filter (SGF) was also utilized to decompose a signal and find the first vibration mode of a bridge subjected to a moving sprung mass [15,16]. The use of a moving average filter to locate the damage was also addressed in [17,18].



The source separation technique is an output-only technique that identifies either dynamic modal parameters or input excitations. Independent component analysis and second-order blind identification are two well-known techniques for the blind source separation approach [19,20]. Kerschen et al. proved that each column of the mixing matrix in independent component analysis shows a vibration mode for low-damped structures [21]. A combination of the blind source separation approach with wavelet analysis was also addressed in [22]. Loh et al. utilized a blind-source-separation-based damage detection method and compared their results with other damage detection methods [23]. Li et al. [32] utilized the bridge acceleration response and identified the bridge frequencies using blind modal identification and singular-spectrum analysis. They provided numerical and experimental proof for their proposed method.



The abovementioned methods employ some complex signal processing techniques to identify the dynamic modal parameters, which is a time-consuming task. Authors numerically proved that the adjusted SGF can calculate a special trend line that has the signature of bridge structural damage when subjected to a moving sprung mass [15,16]. In these studies, authors showed that the adjusted SGF can remove most of the noise and calculate a special trendline that only has the first natural frequency of the structure and, therefore, that the calculated trendlines can be used as an input for damage detection techniques.



Using trendlines as an input for damage detection methods has rarely been studied in the literature. Additionally, those papers that use this topic mainly provide numerical proof that a trendline of an acceleration response can really help to identify structural damage [17]. Therefore, the main purpose of this paper is to provide a more advanced version of this topic with experimental proof of damage detection in buildings subjected to seismic excitation. Hence, in this paper, the application of the SGF to calculate the trendline of acceleration response and locate the structural damage of a building is experimentally investigated. This paper develops an output-only, SGF-based, damage detection method in which there is no need to determine and monitor the dynamic modal properties to locate and quantify the structural damage. Additionally, a new, energy-based DI is developed to locate the damage more accurately. The results of the new DI and the DI reported in previous works [15,16] are also compared with each other. To verify the developed method, numerical and experimental tests of a five-floor building were designed and built in the laboratory of Qingdao University of Technology. These tests could be considered as a simplified building model of a real building. The tests were subjected to white noise, and the acceleration responses were recorded at each floor. The results show that the developed method can accurately locate the structural damage in different damage scenarios. Since the developed method does not need to determine and monitor the dynamic modal properties, it can be categorized as an online and quick damage detection method. The flowchart of the proposed method is shown in Figure 1.




2. Savitzky–Golay Filter


For each observation of a signal at point   t  , the SGF finds a polynomial curve that fits the   M   observations around the signal at point   t  . This process is then repeated for all other observations, resulting in a unique polynomial curve at each point along the signal. The centers of the determined polynomial curves are then considered as the trend line of the signal. The full details of how this filter determines a trend line can be found in [33,34,35,36]. To calculate a trend line using the SGF, the span of the SGF,   M  , and the order of the polynomial function need to be specified in advance. Kordestani and Zhang [16] numerically proved that the trend line calculated using an adjusted SGF behaves similar to the first vibration mode of a simply supported bridge. They used a polynomial function with order 3 and chose the SGF span,   M  , based on the first natural frequency to adjust the SGF. In this paper, the same suggestion for adjusting the SGF is used to determine the structural acceleration’s trend lines and localize the damage in a building excited by a shake table.




3. Experimental Model and Numerical Simulation of a Five-Floor Building


The ultimate goal of damage detection methods is to use them in real practice. However, in the initial step of proposing a new damage detection method, it should be checked and verified using numerical and experimental examples. These kinds of examples are designed to verify the methods in controlled situations. In real practice, the boundary conditions and excitations cannot be fully controlled; therefore, there are a lot of uncertainties that need to be considered. In this study, only numerical and experimental tests of an aluminum moment frame are used to verify the proposed method. Since the damage is modeled through the replacement of columns with new columns with a lower section area, using an aluminum moment frame is a suitable way to prepare an easy-to-work test model.



A building with five floors was designed and built in the laboratory of Qingdao University of Technology, China. The building was excited using a shake table as shown in Figure 2. The building was made using alloy material. The columns and floor dimensions were 25 × 8 and 500 × 500 mm. In order to make a rigid connection between the columns and floors, aluminum plates with dimensions of 75 × 75 mm and a thickness of 10 mm were welded to both ends of each column. Then, using four bolts and nuts, a rigid connection was achieved between the columns and floors as shown in Figure 3. In this test, we used bolts with a diameter of 7 mm. The position of the bolts and columns are schematically shown in Figure 3. Moreover, the columns of the building were rigidly fixed to the shake table (Quanser XY shake table III). To model the seismic load, the white noise was considered as input excitation and exerted on the building through the shake table in the x-direction. More details of the building are shown in Figure 3. Wireless accelerometers (model G-Link 200 from Lord, Microstrain® Sensing Systems, Williston VT, USA), as shown in Figure 4, were installed at the center of each floor to provide the x-direction acceleration response at a sampling frequency of 512 Hz. The full details of this accelerometer can be found in [37]. This building was also numerically studied using ABAQUS software 6.14 in this paper. An alloy material with a linear behavior was considered in this numerical simulation in which the Young’s modulus, Poisson’s ratio, and density were 72.8 GPa, 0.34, and 2800 kg/m3, respectively. Moreover, the Rayleigh damping was also set to alpha = 0.546. During the numerical analysis, the acceleration data were obtained at each floor with a sampling frequency of 512 Hz.



Lateral loads such as those generated by wind or earthquake will excite buildings in the lateral direction. In this situation, considering horizontal members such as floors as rigid elements, the vertical members such as columns and walls must resist these lateral forces. Therefore, in terms of having a lateral excitation, mostly the vertical members are vulnerable to receiving structural damage. Hence, the columns in this paper were modeled as damaged members. The structural damage was introduced to the building by changing the size of the columns. Therefore, to model the damage in a column, a new column with lower section area was used. Table 1 shows six column sections used in this study. Table 2 shows twenty-one damage scenarios considered for this paper (the first scenario had no damage (baseline)).




4. Results


Some of the natural frequencies calculated using numerical simulation are shown in Figure 5. Because of the laboratory limitations, the shake table used for this experimental test was not able to provide an excitation with a frequency higher than 10 Hz. Since only the first natural frequency of the building is less than 10 Hz, the experimental acceleration data recorded at each floor mostly show the first natural frequency.



For the sake of brevity, the experimental results are fully reported in this paper and the numerical results are only presented for cases in which the experimental results did not show enough accuracy, i.e., in those scenarios in which the level of damage is so small so that the noise available in the experimental test hides the effect of damage on the structure. For simplicity, the experimental results are called “results”, and for cases in which the numerical results are shown, the expression “numerical results” is used to point to the numerical results.



4.1. Applying SGF to All Acceleration Responses


As mentioned above, a set of acceleration responses were recorded on each floor at a sampling frequency of 512 Hz for all scenarios. The first natural frequency of the building was 4.9 Hz. As explained in [15,16], the suitable span for the SGF in this study is “sampling frequency/first natural frequency” namely: 512/4.9   ≅   105. Therefore, the SGF was considered with an order of 3 and a span of 105. After applying the SGF to all acceleration responses, the resultant trend lines are expected to behave only similar to the first natural frequency of the building as shown in Figure 6. Figure 6 only shows 5 s of the trend line of the acceleration response obtained on the fourth floor for scenarios 1 and 2.




4.2. Energy-Based Damage Indices


The use of dynamic modal parameters such as the natural frequency of the structure as a DI is well studied by many researchers. However, the limitations of dynamic-modal-parameter-based DI in locating the damage have also been addressed [38,39,40]. Since structural damage is a local physical phenomenon, it may not cause enough change in the general response of a structure. The dynamic modal parameters are calculated using the general structural response; therefore, they are not very sensitive to local damage. Additionally, in order to employ a dynamic-modal-parameter-based DI, these modal parameters have to be determined in advance, which is a time-consuming task. Therefore, the use of non-dynamic-modal-parameter-based DIs such as an energy-based DI is addressed in some studies [10,14,15,16,18]. The energy-based DI defined in [16] is briefly expressed in this paper. The energy of the signal can be calculated using the following:


  E =  ∫      T r     2   d t    



(1)




where   T r   is the trend line calculated using the SGF for the acceleration response of the building.   E   is the energy of the trend line. Since the amplitudes of acceleration responses obtained on different floors of the building are not the same, the amplitude of the trend lines and the energy calculated for each trend line are also different. Therefore, the energy for each scenario should be normalized as follows:


    γ   i   =         E   I N     i         E   I N    ¯       



(2)




where       E   I N     i     is the trend line’s energy for an intact building on floor   i   and       E   I N    ¯    is the arithmetic mean of       E   I N     i     for all floors of the intact building. In Equation (2),     γ   i     is the normalization factor, which is only calculated for all floors of the intact building. The energy-based DI, TREDI, finally, can be expressed as follows:


    T R E D I   i   =       E   i       E  ¯      ×     100     γ   i        



(3)




where     E   i     and     E  ¯    are the energy of the trend line for a damaged building on floor   i   and the arithmetic mean of     E   i     for all floors of the damaged building. If there is no damage, the   T R E   D I   i     should normalize all the energies to 100.



A new DI is also proposed here in which the way of normalization of the energy is changed. For simplicity, the new energy-based DI is called TRENDI in this paper. To this end, the new normalization factor,     N γ   i    , for each floor is determined as follows:


      N E   I N     i   =     E   I N     i   −     E   I N     i − 1   ,     E   I N     0   = 0  



(4)






    N γ   i   =         N E   I N     i         N E   I N    ¯       



(5)




where       N E   I N     i     is the absolute difference in the energy of the trend line calculated from the structural acceleration response between adjacent floors of the intact building. In Equation (4), there is no floor 0, so the energy of the trend line belongs to floor 0;       E   I N     0    , is considered as 0.     N   E   I N    ¯    is the arithmetic mean of       N E   I N     i     for all floors determined without considering       E   I N     0    . In Equation (5),   N   γ   i     is the new normalization factor, which is only calculated for all floors of the intact building. The TRENDI is then calculated as follows:


    N E   i   =   E   i   −   E   i − 1   ,   E   0   = 0  



(6)






  T R E N   D I   i   =       N E   i       N E  ¯      ×     100   N   γ   i        



(7)




where     N E   i     is the difference in energy between two floors of the damaged building.     E   0     is considered as zero because there is no floor 0.     N E  ¯    is the arithmetic mean of     N E   i     for all floors determined without considering     E   0    .



The main concept of the energy-based DI is based on the fact that the structural damage changes the distribution of the energy along the building; therefore, the energy-based   D I   belonging to the damaged floor should give a normalized energy more than 100. Hence, the TREDI and TRENDI increase to their maximum value while approaching the damaged floor.




4.3. Damage Localization


In this section, the results of damage localization using TREDI and TRENDI are presented. The damage detected using TREDI and TRENDI for scenarios No. 3, 5, 7, 17, 18, and 20 are shown in Figure 7 and Figure 8 as samples of results.



The TREDIs and TRENDIs in Figure 7 and Figure 8 have the maximum amplitude in the horizontal direction (should be more than 100) at the place of damage. The vertical direction shows the floor number in these two figures. As shown in Figure 7, although the TREDI can accurately locate the damage in scenarios No. 3, 5, 7, 18, and 20, it fails to locate the damage in scenario No. 17. Moreover, a comparison of Figure 8 with Figure 7 shows the location of the damage very clearly. Additionally, the TRENDI can locate the damage in scenario No. 17 also, which shows that it performs better than TREDI.




4.4. Damage Quantification


In this section, all scenarios are investigated to find a relationship between the     T R E N D I   m a x     and the percentage of structural damage. The TRENDIs for scenarios 2 to 16 are plotted in Figure 9.



As shown in Figure 9, increasing the percentage of structural damage will increase the amplitude of the TRENDI at the place of damage. Additionally, Figure 9 shows that the damage in some scenarios at a level less than 10% cannot be identified. Figure 10 shows the TRENDIs of the numerical results for those scenarios with a damage level of less than 10%.



As shown in Figure 10, in the absence of any noise, the proposed method can accurately locate damage with a severity of less than 10%. Since there are always noises incorporated with the real acceleration data, the experimental noisy data were considered here to find a relationship for damage quantification in those scenarios in which the damage severity is more than 10%. Figure 11 shows a scatter plot of     T R E N D I   m a x     for those scenarios with a damage level of 15% and more. Hence, at the moment, it is assumed that the proposed method cannot identify floors with a damage less than 15% in a laboratory.



The following equation, as shown in Figure 11, gives a good approximation for the severity of damage using TRENDI.


  S e v e r i t y = − 0.0223   X   2   + 2.0235 X + 81.881  



(8)




where   X   is the     T R E N D I   m a x     calculated for different scenarios with a damage level of 15% and more.





5. Discussion


It has been proved that structural damage changes the structural stiffness matrix and makes the structure softer. However, the natural frequency of a structure should be changed by at least 5% to be sure that a frequency-based damage detection method identifies the structural damage accurately [41,42]. In most cases, structural damage cannot change the natural frequency of structure by at least 5%. For the experimental test provided in this paper, the maximum damage is defined in scenario No. 15, which is a 40% stiffness reduction in the fourth floor. Such a damage changes the first natural frequency of the building by about 3.8%, which is less than 5%. The frequency content of the acceleration response recorded at the roof of the building for a non-damaged building and a damaged building (scenario No. 15) is shown in Figure 12. The trend lines calculated using the SGF for a non-damaged building and a damage building (scenario No. 15) are shown in Figure 13.



Due to the limitations of the shaking table used for this study, the higher frequency of the structure could not be excited. Therefore, the first natural frequency of the building has more amplitude compared with its other natural frequencies. This is the reason that Figure 12 only shows the first natural frequency. As shown in Figure 13, since the natural frequency of the damaged building in scenario No. 15 is decreased by about 3.8%, its trend line compared with a non-damaged building’s trend line is a bit elongated. It should be mentioned that the damage defined in the other scenarios was smaller than that in scenario No. 15; therefore, it caused a smaller shift in the natural frequency of the structure. Hence, from Figure 12 and Figure 13, it can be concluded that the proposed method is able to locate and quantify damage that causes even a small shift in the natural frequency of the structure.




6. Conclusions


The aim of this paper is to investigate and provide numerical/experimental proofs that the trendline of the acceleration data can be used as an input for damage detection methods in a building subjected to seismic load. Hence, this paper developed an output-only, damage localization/quantification method in which only the trend lines of the building’s acceleration responses were used. To this end, first the SGF was adjusted using the first natural frequency of the building, and the adjusted SGF was then employed to calculate an especial trend line for each acceleration response. Two damage indices were used to locate the structural damage, of which, one of them was proposed for the first time in this paper. The accuracy of the developed method was numerically and experimentally verified using a building with five floors subjected to white noise using a shake table. Structural damage was introduced to the building by changing the cross-section of the columns. To study the accuracy of the developed method, twenty-one different damage scenarios with different damage severities were considered. Considering the experimental results, it is proved that the new damage index (TRENDI) proposed in this paper can accurately locate damage with a severity equal to or greater than 15% of stiffness reduction.



The main advantages of the developed method are listed below:




	
Since the SGF has the ability to attenuate noise, the proposed method is essentially insensitive to the noise incorporated in the experimental data if the damage severity is more than 10%.



	
The proposed method can locate damage with no need of determining the dynamic modal properties.








Additionally, the proposed method does not need to know the place of damage in advance or have knowledge of the input excitation. To model the proposed method in real practice, it is recommended to install an accelerometer on the center of each floor and record the acceleration response of the building. Another accelerometer is also needed on the foundation to record the input excitation. Then, by repeating this process after an event such as an earthquake, it is possible to identify the damaged floor. The acceleration recorded on the foundation will be used to be sure that the excitation loads before and after an earthquake can be considered the same. It means that we should repeat the test many times to be able to find a situation in which the input excitation can be considered the same. Our future study will consider the accuracy of the proposed method in real practice.
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Figure 1. Flowchart of the proposed method. 
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Figure 2. A five-floor building with shake table at the laboratory of Qingdao University of Technology. 
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Figure 3. The dimensions of the experimental test. 
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Figure 4. G-Link®-200—ruggedized high-speed triaxial accelerometer node. 
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Figure 5. The natural frequencies calculated from numerical simulation. (a) First natural frequency: 4.9 Hz; (b) second natural frequency: 10.289 Hz; (c) third natural frequency: 11.808 Hz; (d) fourth natural frequency: 14.496 Hz; (e) fifth natural frequency: 23.407 Hz; (f); sixth natural frequency: 30.811 Hz. 
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Figure 6. The trend line calculated using adjusted SGF for the 4th floor in scenarios 1 and 2. 
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Figure 7. The TREDIs for scenarios No. 3 (30% damage on the 4th floor), 5 (25% damage on the 4th floor), 7 (20% damage on the 4th floor), 17 (30% damage on the 5th floor), 18 (20% damage on the 3rd floor), and 20 (20% damage on the 2nd floor). 
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Figure 8. The TRENDIs for scenarios No. 3 (30% damage on the 4th floor), 5 (25% damage on the 4th floor), 7 (20% damage on the 4th floor), 17 (30% damage on the 5th floor), 18 (20% damage on the 3rd floor), and 20 (20% damage on the 2nd floor). 
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Figure 9. The TRENDIs for scenarios 2 to 16. 
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Figure 10. The TRENDIs calculated from numerical data for scenarios No. 8 (7.5% damage on the 4th floor), 10 (5% damage on the 4th floor), and 12 (2.5% damage on the 4th floor). 
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Figure 11. The scatter plot of     T R E N D I   m a x     for scenarios with a damage level of 15% and more. 
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Figure 12. The frequency content of acceleration response recorded at the roof of the building for a non-damaged building and a damaged building (scenario No. 15). 
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Figure 13. The trend lines calculated using the SGF for a non-damaged building and a damage building (scenario No. 15). 
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Table 1. Different column cross-sections used for this paper.
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	No.
	Length (mm)
	Width (mm)
	Moment of Inertia (mm4)
	Degree of Change





	1 (no damage)
	25
	8
	1066.7
	No damage



	2
	20
	8
	853.3
	20%



	3
	17.5
	8
	746.7
	30%



	4
	15
	8
	640
	40%



	5
	12.5
	8
	533.3
	50%



	6
	10
	8
	426.7
	60%










 





Table 2. Different damage scenarios used in this paper.
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Type

	
Scenario No.

	
Floor

	
Stiffness Reduction

in the Floor

	
Description






	
Baseline

	
1

	
----

	
No damage

	
Intact structure




	
Damage scenarios on the 4th floor

	
2

	
4th

	
15%

	
60% stiffness reduction in column 1




	
3

	
4th

	
30%

	
60% stiffness reduction in columns 1 and 2




	
4

	
4th

	
12.5%

	
50% stiffness reduction in column 1




	
5

	
4th

	
25%

	
50% stiffness reduction in columns 1 and 2




	
6

	
4th

	
10%

	
40% stiffness reduction in column 1




	
7

	
4th

	
20%

	
40% stiffness reduction in columns 1 and 2




	
8

	
4th

	
7.5%

	
30% stiffness reduction in column 1




	
9

	
4th

	
15%

	
30% stiffness reduction in columns 1 and 2




	
10

	
4th

	
5%

	
20% stiffness reduction in column 1




	
11

	
4th

	
10%

	
20% stiffness reduction in columns 1 and 2




	
12

	
4th

	
2.5%

	
10% stiffness reduction in column 1




	
13

	
4th

	
5%

	
10% stiffness reduction in columns 1 and 2




	
14

	
4th

	
30%

	
40% stiffness reduction in columns 1, 2 and 3




	
15

	
4th

	
40%

	
40% stiffness reduction in all columns




	
Damage scenarios on different floors

	
16

	
5th

	
15%

	
60% stiffness reduction in column 1




	
17

	
5th

	
30%

	
60% stiffness reduction in columns 1 and 2




	
18

	
3rd

	
20%

	
40% stiffness reduction in columns 1 and 2




	
19

	
3rd

	
25%

	
50% stiffness reduction in columns 1 and 2




	
20

	
2nd

	
20%

	
40% stiffness reduction in columns 1 and 2




	
21

	
2nd

	
25%

	
50% stiffness reduction in columns 1 and 2

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
Floor

Floor

H 5
TReD 1038 TReD1 1024 w0015
Foo Food Foart
\ | \ ‘ \ |
Damage Damage Damage
1 3 3
5 g
g g
= &
1 2 ]
1 1
—Scenario No 5| —Scenario No 7|
00 10 120 90 100 10 120 00 10 120
TREDI TREDI TREDI
5 5
R0 1026
Foors
Damage 4 4
TR 021
3 3
H \ H
= 5 = we0 062
P2
) amage 2
1 1 Damage
|[——Scenario No 17 —Scenario No 18’ '—Scenario No 20|
[
100 10 120 %0 100 10 120 100 10 120
TREDI

90

TREDI

TREDI





media/file4.png
5th Floor = LR -

4th Floor S .—la',_‘,c,;. b

| wireless accelerometer
3rd Floor [gee el

2nd Floor g+ il

Ist Floor | &*

Base - _a
e c > - : Shake table
X - control terminal
%
(3]

M Data collection

2

Shake table [
xIR Ry






media/file27.png





media/file18.png
Floor

__——-—[

Floor

—— Scenario No 2

‘\ = = ‘Scenario No 3 ——Scenario No 10
\ — = 'Scenario No 4 — = Scenario No 11
——Scenario No 5| 1 - = Scenario No 12 |-
——Scenario No 6 — Scenario No 13
- = ‘Scenario No 7 —— Scenario No 14
——Scenario No 8 - = Scenario No 15
- = ‘Scenario No 9 —— Scenario No 16
| | | O | | |
100 110 120 130 80 100 120 140 160

TRENDI TRENDI





media/file21.jpg
TRENDI

‘max

135

130

125

120

115

110

105

100

95

-
. S
-
7 00223 X2+ 20235 X + 81.881
- .
-
« -8
-
.
3 .
14
.
10 15 20 25 30 35 40

Damage percentage

45





media/file26.png
Trend line's amplitude (m/ sz)

U
N

[E—

0.5

-

S
n

1
[U—

1
[E—
N

/

Trend line of accreleration response obtained at roof (non-damaged building)
Trend line of accreleration response obtained at roof (Scenario No 15)

WDt

N

Time

ek

1.5

3.5






media/file3.jpg
Sth Floor W™

4th Floor figr—tiyifi—= i

wireless accelerometer

31d Floor g w

2nd Floor

B ™ - Shake table

control terminal





media/file22.png
TRENDI

max

135

130

125

120

115

110

105

100

95

- ®
- ' - - |
® -
d
_ _ 7 -0.0223 X*+2.0235 X + 81.881
il *
e
® 7 3
— / —
7
/7 73
i g b ]
/
i L ]
10 15 20 25 30 35 40

Damage percentage

45





media/file19.jpg
Floor

L2
et ks Trevor s oo
4
Damage Damage 3 Damage
2 2
2 2
: | 2
: | 1
[Seemaronod —ScenarioNo 10] —semmron)
ol 0
90 100 110 120 130 90 100 110 120 130 90 100 110 120 130

TRENDI

TRENDI

TRENDI





media/file7.jpg





media/file10.png





media/file14.png
Floor

Floor

5 |
TREDI 103.8
Floor 4
4 B -\ —
/ Damage
3r ‘ i
2 | _
1 | _|
‘— Scenario No 3 ‘
0 | |
90 100 110 120
TREDI
5 o
TREDI 102.6
kFloor 5
4l Damage
3 B _
2 B _
1 | _
’— Scenario No 17 ‘
90 100 110 120

TREDI

Floor

Floor

TREDI 102.4
N Floor 4
4 °\
Damage
3r ‘ i
2 | _
1 | _|
’— Scenario No 5 ‘
90 100 110 120
TREDI
5 ;
4 B _
TREDI 102.1
Floor 3
3 L ‘ _
Damage
5L g
1 | _
’—Scenario No 18‘
O l l
90 100 110 120
TREDI

Floor

Floor

TREDI 101.5
Floor 4

Damage

‘— Scenario No 7 ‘

0
90

0
90

100 110 120
TREDI
TREDI 106.2
Floor 2
i Damage -
’— Scenario No 20‘
100 110 120
TREDI





media/file11.jpg
— Acereleration esponse obiained on 4™ flor (scenaro 1)

| Trend ine of acerleration response abiained on 4™ loor (Seenari 1)

, Time
o s l 15 2 25 3 3s 4 15
15
cion respanse obiained on 4 floor (Scenari2)
% ! = Trend line of ac ion response obtained on 4" loor (Scenari 2)






media/file6.png
5th ﬂooor

i i F i
o
E?? Tlh 4th. Fnlooor qT ??1 ns I 1T I ‘_m B ——
- ok o
(o=
(==’
o
.. 3rd Flooor _I_ 1
IL# # II ‘g- # [0 1 II 1 '_w —
(==’
L=’
o
I 2nd Flooor | _ 1
L1l 11 il i 1 11 1 I]—\
Lo [ —
500 500 b=
o
. 1stFlooor _l_ || an
111 1l il 1 1 1l 1 11 JE——
iy pimees = =
VA 425 YA l, 425 ) b=
o™
|__x Base I——y
%}o *L*
75
.,
iy he | e 0
I~ 7 =
N
ol — Column 2
- b=
a
Direction of motion
X-direction
Column 4
W Cﬂlumrll%
o (o] o (o]
500

.

500 mm —ﬁl
Z

' 10 mm  Cross section of the

floors

‘Smm

Y

—i—]

X

Cross section of the

columns





media/file15.jpg
Floor

TRENDI 1253
Ford

ﬁ "
| i

Floor

TR

TRENDI 1174

Foord

Damage

!

ST \ -
TRENDI 1114
Fosrs

Damage

Floor

—Senarono7]

[—Scenario No 3

semmnes]

100 110 120 130

ol
90100 110 120 130

ol
90 100 110 120 130 %0
TRENDI TRENDI TRENDI
5 r— S s v
TReNoI 246 |
Foors
Damage
4 4 4
meno1 108
Foo3
3t 3 3
H H \ E
= = = ReNDI 116
Damage Foo?
2t 2t 2
1 1 1 Damage
cenario No 17) cenario No 18| [—Scenario No 20/
90100 110 120 130 90100 110 120 130
TRENDI

90100 110 120 130
TRENDI

TRENDI





nav.xhtml


  buildings-13-03007


  
    		
      buildings-13-03007
    


  




  





media/file16.png
Floor

RN

TRENDI 125.3
Floor 4

Damage |

Floor

Scenario No 3 ‘

0 |
90

100 110 120 130
TRENDI

Floor

TRENDI 124.6 A

Floor 5

Damage

|

Scenario No 17‘

|

90

100 110 120 130
TRENDI

Floor

TRENDI 117.1

Floor 4

Damage

‘ Scenario No 5 ‘

90

100 110 120 130
TRENDI

TRENDI 109.6
Floor 3

Damage

|

| |

Scenario No 18|

90
TRENDI

Floor

100 110 120 130

5 \
TRENDI 111.1
Floor 4
4 L
Damage
3F ‘ ©
5L |
1L |
Scenario No 7‘
90 100 110 120 130
TRENDI
5 ' | !
4l |
3L |
j -
o
2 |
= TRENDI 116
Floor 2
2 I ‘ 4 ]
1k Damage -
]—Scenario No 20‘

100 110 120 130
TRENDI

90





media/file2.png
Applying the seismic load and recording the
structural acceleration response on all floors

\ 4
Calculation the trendlines using SGF

\ 4

Calculation the energy-based Dis namely
TREDI and TRENDI for all floors

\ 4

Is there an obvious max in in TREDI and
TRENDI for each scenario?

Damage is in the location of
No damage | % max on DI
—
o
\__/
End

) 4

A





media/file20.png
Floor

TRENDI 105.6
Floor 4

\

Damage

Floor

TRENDI 103.6
Floor 4

Damage

Floor

TRENDI 101.7
Floor 4

Damage

Scenario No 8 ‘

Scenario No 10‘

90

100 110 120 130

TRENDI

100 110 120 130

TRENDI

100 110 120 130

TRENDI

Scenario No 12‘





media/file23.jpg
5 g — e T - =

——Non-dumaged g I Damaged Buildin (cenario o 15)
ast 43 {
4 4 oy |

0! 10" 0! W’ 0! W
Frequency. Frequency





media/file5.jpg
10 mm  Cross section of the
floors

8mm

25mm

LM,

Cross section of the

columns





media/file24.png
Non-damaged building‘

4.5

Frequency 4.907
Frequency amplitude 3.107

Fourier amplitude
(\®)
N

5l |
1.5+ :
i |
0.5+ :
AR cal

107! 10° 10!

Frequency

4.5

(U S)
()]

(8]

Fourier amplitude
(\9)
O} W

[E—
W

0.5

Damaged Building (Scenario No 15)‘

Frequency 4.719
Frequency amplitude 3.684

Al iiiii

10 10’
Frequency





media/file1.jpg
Start

v

Applying the seismic load and recording the
structural acceleration response on all floors

v

Calculation the trendlines using SGF

v

Calculation the energy-based Dis namely
TREDI and TRENDI for all floors

l

Is there an obvious max in in TREDI and
TRENDI for each scenario?

Damage is in the location of
max on DI






media/file25.jpg
Trend line's amplitude (m's”)

I Trend e ofacreerton espons obiained t rof (no-damaged uiding|
| Trend line ofacreeruion esponse obiained t rof (Scenario No 15






media/file12.png
Trend line's amplitude (m/ sz)

Trend line's amplitude (m/ 32)

p—
N

[E—

S
n

S

1
=
)

1
p—

—
W

[E—
()]

0.5

[

| | |
Accreleration response obtained on 4" floor (scenario 1)
- Trend line of accreleration response obtained on 4" floor (Scenari 1) [
| | | | | | Time
0 0.5 1.5 2 2.5 3 3.5 = 4.5 8
| | | | | | |
— Accreleration response obtained on 4™ floor (Scenari 2)
- Trend line of accreleration response obtained on 4" floor (Scenari 2) [
| | | | | | Time
0 0.5 1.5 2 2.5 3 3.5 2 4.5 5





media/file9.jpg
(d)





media/file0.png





media/file8.png
MicroStrain G-Link-200%






media/file17.jpg
100

1o
TRENDI

— Scenario No 2|
Scenario No 3
Scenario No 4
— Scenario No §
— Scenario No &

Scenario No 7
— Scenario No

Scenario No9

20

Floor

130

0
0

100

— Scenario No 10]
- Scenario No 11
- Scenario No 12
— Scenario No 13
— Scenario No 14
- Scenario No 15
— Scenario No 16,

120 14