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Abstract

:

The traveling wave and slope amplification effects should be considered in the shaking table test of large-span structures in mountain areas. Based on the structural characteristics and site conditions of a large-span structure in a mountain area, this paper designed a high-rise steel frame structure with viscous dampers through finite element analysis to amplify seismic waves with a time delay. Then, the original structure and steel frame models with a similarity ratio of 1/40 were made for shaking table tests. The test results showed that a high-rise steel frame structure with reasonable viscous dampers could delay and amplify seismic waves, and the scaled model of the structure could play the same role in shaking table tests. Meanwhile, by comparing the seismic responses of large-span structural models in mountain areas before and after the amplification of seismic wave delays, it was found that the delay and amplification of seismic waves had little impact on the acceleration response of the structure. In contrast, the seismic wave delay played a dominant role in the change in the structural displacement response.
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1. Introduction


In seismic engineering, the shaking table test can genuinely reproduce the earthquake process by loading actual seismic records and is the most direct method for studying the seismic response and failure mechanism of structures. Meanwhile, many large and complex structures use shaking table tests to study and evaluate the seismic performance of structures [1,2,3,4,5,6]. However, large-span structures located in mountain areas might need some help simulating seismic wave input due to the limitations of shaking table performance when using shaking table tests to study the seismic response of some unique structures, as shown in Figure 1. First, for large-span structures, due to the limited propagation speed of seismic waves, there will be significant time delays when seismic waves reach different supports of the structure, which are the traveling wave effects. At the same time, traveling wave effects can lead to different acceleration peaks and phases at different locations of the structure, significantly affecting the seismic response of various structures [7,8,9,10,11]. Therefore, some scholars have used shaking table arrays to simulate this effect in experiments for long-span structures which were affected by traveling wave effects [12,13,14,15]. Since the shaking table array was arranged on the same horizontal plane, the shaking table array was generally used in the testing of large-span structures with supports at the same horizontal plane. However, there needed to be more test cases for large-span structures in mountainous areas with significant height differences between supports.



Second, for the mountain buildings shown in Figure 1, the slope amplification effect of the cliff where some structural supports were located on the seismic wave plays a vital role in the seismic performance analysis of the structure [16,17,18]. Therefore, it was necessary to consider amplifying the seismic waves inputted at some supports when conducting shaking table tests on such structures to ensure the accuracy and rationality of the tests. However, there were no relevant research results on simulating the slope amplification effect at the support of structural parts in shaking table tests.



In summary, the study of the influence of the traveling wave effect and slope amplification effect in shaking table tests of large-span mountain structures can further improve the fidelity of shaking table tests, which is essential for improving the seismic resilience, optimizing design strategies, and enhancing the safety and performance of these structures. Based on the delay effect of viscous dampers on seismic wave acceleration peaks [18] and the amplification effect of high-rise structures on seismic wave acceleration [19,20,21,22], this paper proposed an experiment to make up for the shortcomings in the simulation of traveling wave effects and slope amplification effects proposed above in shaking table tests. In detail, a high-rise structure with viscous dampers was designed through finite element analysis to delay and amplify seismic waves following the original structural characteristics and building site conditions for the shaking table test of a large-span structure in the mountain area shown in Figure 1. Then, a dynamic scale model with a geometric similarity ratio of 1:40 was created based on the overall structure. By inputting white noise excitation into the model and simulating seismic waves, the seismic response of the model under the same seismic intensity before and after the seismic wave delay and amplification was tested and the test results were analyzed to verify the accuracy and feasibility of the test method for seismic wave delay and amplification.




2. Finite Element Model


2.1. Original Structure Model


The original structure is a cliff hotel located in the mountainous areas of southern China, with a height of about 155.3 m above the ground. The structural system is a shear wall structure + steel truss structure. The height of the shear wall structure is 135 m, with 25 floors and 5.4 m floor heights. The plane is rectangular and the overall dimension is 20.4 m × 17.6 m (1–6 layers of base) and 20.4 m × 9.6 m (7–25 floors) (Figure 2). The total length of the steel truss structure is 174.5 m, with a maximum span of 70.5 m. The main part consists of two tetrahedral steel trusses with a height of 6.6 m. One end is on a high mountain and the other end is connected to the shear wall structure at the top. The lower three floors are steel frame structures suspended under the main truss (Figure 3). According to the Seismic Ground Motion Parameter Zonation Map of China (GB18306-2015) [23], the seismic peak acceleration for Class II sites within the proposed site with a 50-year exceedance probability of 10% is 0.3 g, with a characteristic period of 0.45 s and the corresponding basic seismic intensity of 8.



To properly model the structure, the frame element is used for beams and columns, the thin shell element is used for slabs, and the nonlinear multi-layer shell element is used for shear walls. When meshing, the shape and size of the mesh are automatically adjusted through FEM software to match the nodes inside the element. Concrete C30 was adopted for plates and beams and C60 was adopted for the shear wall and column. The normal rebar was employed with HPB335 and HRB400, and profile steel was employed with Q355. In the elastic time history analysis of the structure, the fast nonlinear analysis method (FNA) is used and the iterative process is converged by adjusting the integration step. Figure 4 shows a perspective view of the entire structure in finite element modeling.




2.2. Seismic Wave Delay and Amplification


As a large-span structure, researchers should consider the impact of traveling wave effects when studying the original structure. Therefore, it is necessary to set a reasonable time difference for the seismic wave input at different supports to simulate the traveling wave effect when calculating the seismic response. Based on the data obtained from the geological survey of the building site, the equivalent shear wave velocity of the original structure building site was calculated as Vse = 339 m/s through the weighted average value. Then, the time difference between the seismic wave reaching each support was calculated (Figure 5). According to the calculation results, the time difference in seismic waves can be taken as 0.4 s. In detail, the support of the steel truss structure at the hillside is delayed by 0.4 s compared to the bottom support of the shear wall structure to input seismic waves when calculating the seismic response.


     t 1  =    H 1     V  s e     =   133   339   = 0.39   s ≈ 0.4   s      t 2  =    H 2     V  s e     =   122   339   = 0.36   s ≈ 0.4   s      t 3  =    H 3     V  s e     =   117   339   = 0.35   s ≈ 0.4   s    











Since the original structure is built against a mountain and the slope and height of the mountain where the steel truss structure is supported are substantial, researchers should consider the amplification effect of the mountain on seismic waves. According to the relevant regulations in the Code for Seismic Design of Building (GB50011-2010) [24] and engineering experience, the amplification factor of seismic wave acceleration could be determined as 1.6. In other words, the peak value of acceleration is amplified by 1.6 times after a series of actions when transmitted to the slope top by the seismic wave input at the slope bottom.




2.3. Mountain Model


Based on various aspects such as laboratory conditions, material costs, and the production process of scaled models for subsequent shaking table tests, this paper proposed replacing mountains with a steel frame to unify the analysis and calculation of mountains and building structures. Combined with the above content, it could be considered reasonable to replace the mountain with the steel frame as long as the steel frame could provide a seismic wave delay of about 0.4 s in the span direction of the steel truss and the peak seismic wave acceleration at the top could be amplified by 1.6 times. In addition, due to the substantial acceleration data of seismic waves, existing experimental techniques could not uniformly amplify all peak accelerations by 1.6 times, which was unnecessary. Therefore, it was further simplified to focus only on amplifying the maximum peak acceleration.



Due to the material characteristics of steel, the steel frame could not have a time delay effect on seismic waves. Based on practical engineering experience and research [18], adding viscous dampers to structures could have a certain time delay effect on seismic waves. The more viscous the dampers, the greater the output and the more apparent the time delay effect, but the amplification effect of seismic waves would decrease accordingly. Therefore, it is necessary to continue adjusting the size of steel frame structural members and the number and output of viscous dampers to balance the time delay and amplification, achieving the expected design goals of the mountain model. Through multiple FE analyses, the appropriate size of steel frame structural members as well as the number, parameters, and location of viscous dampers were finally determined (Figure 6).



The steel frame beam was the structural form of a box girder, with the size of 2500 mm × 1500 mm × 400 mm × 400 mm, and the steel frame column was the structural form of a box column, with the size of 3500 mm × 2500 mm × 500 mm × 500 mm. Four sets of viscous dampers were arranged between the floors of the steel frame, with a damping coefficient of 400 kN/mm/s and a damping index of 0.25. Five artificial seismic waves were generated based on the building site conditions and input into the structure for time history analysis to verify the effect of steel frame structures on the amplification of seismic wave delay. In detail, the span direction of the steel truss structure was in the X direction, the vertical direction was in the Y direction, the average time delay value in X direction was 0.43 s, and the average time delay value in Y direction was 0.07 s. The average acceleration amplification coefficient in the X direction was 1.56 times and the average acceleration amplification coefficient in the Y direction was 1.58 times (Table 1).





3. Shaking Table Test


3.1. Model Similarity


Determining the similarity between the model and the original structure was the most critical task of the entire shaking table test. To make the model and the original structure meet the physical-mechanical similarity, the following four similitude laws are required: similar geometry, similar stress–strain relationship between the model material and the prototype material, similar mass and gravity, and similar initial and boundary conditions. The similarity between mass and gravity is the most flexible similitude law in model design. In shaking table tests, the mass similitude law is widely used because it can satisfy the similarity conditions of both gravity and horizontal inertia force [25]. According to the principle of dimensional coordination, the similarity coefficients of elastic modulus, density, length, and acceleration had the following relationships:


   S E  /  S ρ   S a   S L  = 1  



(1)




where SE, Sρ, Sa, and SL are similarity scaling factors for elastic modulus, density, acceleration, and length.



Based on the size of the shaking table and the space size of the laboratory, SL was 0.025. According to the similarity relationship requirements, fine aggregate concrete was used to simulate the prototype concrete, a galvanized iron wire was used to simulate the prototype reinforcement, and red copper was used to simulate the prototype steel member. According to the material performance test, SE was 0.2. Based on factors such as the bearing capacity of the vibration table and the maximum ground acceleration peak of the prototype structure, Sa was 1.8. The density similarity coefficient Sρ was determined by the first three similarity coefficients through the formula (1). The remaining similarity scaling factors could also be calculated through the dimensional analysis method. The main similarity scaling factors for this test are shown in Table 2.




3.2. Model Building


The original structural components were numerous and complex, while the reduced space of the model structure was small, making construction and fabrication difficult. Therefore, appropriate simplification should be made without changing the mechanical mechanism of the structure when making a shaking table test model. In this model, non-main structural load-bearing components such as guardrails and curtain wall support components were omitted. Researchers simplified the consolidation of some load-bearing components, such as the consolidation of shear wall openings with constant lateral force stiffness. The model production process is shown in Figure 7.



Based on the parameters of the viscous damper in the FE Model calculation results and the above similarity, a scaled viscous damper was fabricated and installed in a steel frame (Figure 8). Due to the need for disassembly and assembly during the test, both ends of the viscous damper were fixed with removable pins.




3.3. Instruments and Sensors


The test was conducted at the Seismic Research Institute of Kunming University of Science and Technology using a Servotest seismic simulation shaking table. The shaking table could perform two-dimensional and three degrees of freedom movement (a table size: 4.0 m × 4.0 m; maximum bearing model weight: 30 t; maximum acceleration: ±1 g; maximum displacement stroke: ±125 mm; and effective frequency range: 0.1~50 Hz.).



The acceleration sensors were arranged to record the acceleration response of the model to measure the seismic response of the model in the test. They were installed on the top of the shaking table; on the top of the simulated mountain; on the 7th, 16th, and 23rd floors of the shear wall structure; and on the 26th and 30th floors of the steel truss structure in the X and Y directions. The displacement response was obtained using a quadratic integration calculation through the acceleration response. Before the integration calculation, a wire-type displacement sensor was used to calibrate the filtering parameters during the acceleration quadratic integration process.




3.4. Loading History


According to the site conditions, fortification intensity, earthquake grouping, and other information about the project location, the shaking table test used two actual seismic waves (the Parkfield Vineyard strong-earthquake record of the 1983 Coalinga earthquake in the United States and the San Justo Dam strong-earthquake record of the 1984 Morgan Hill earthquake in the United States) and an artificially simulated acceleration time–history curve of seismic waves as the test input seismic waves based on the GB50011-2010. The time–history curves of the three seismic waves are shown in Figure 9. After selecting the seismic wave, researchers adjusted the peak value of each wave acceleration time–history curve based on the acceleration peak value and similarity that should be adopted for the prototype structure under the frequent level eight earthquakes specified in the GB50011-2010. In addition, based on the principle of dimensional coordination, the time of earthquake records should be compressed according to the similarity relationship.



According to GB50011-2010, there are three levels for the frequency of earthquakes occurring during the building lifetime: frequent earthquake (an earthquake intensity with a probability of exceeding about 63% within 50 years); basic earthquake (an earthquake intensity with a probability of exceeding about 10% within 50 years); and rare earthquake (an earthquake intensity with a probability of exceeding about 2% to 3% within 50 years). According to the design objectives of an artificially simulated acceleration time-history curve using seismic waves as the test input seismic waves based on the GB50011-2010 for seismic performance of structures, the prototype structure is designed to be basically undamaged under frequent level eight earthquakes, and the overall structure can be in the elastic stage. Under an eight-degree fortification earthquake, certain damage to the structure is allowed, and some components may undergo elastic–plastic deformation. Under a rare earthquake of eight degrees, the structure can undergo significant damage but not collapse, at which time most components undergo elastic–plastic deformation. The model components should avoid elastic–plastic deformation to verify the test plan by comparing the seismic response of the model before and after installing a viscous damper in the simulated mountain and analyzing the delay and amplification effect of seismic waves, so the test loading condition was limited to the frequent eight earthquake stage. In the test, the model structure was subjected to simulated earthquake loading in two stages in the order of frequent level eight earthquakes (SWD and A (seismic wave delay and amplification)) (Table 3) and white noise frequency scanning was performed on the model before and after the earthquake action input to test the dynamic characteristics of the structure.





4. Experimental Result and Analysis


4.1. Dynamic Characteristics


Through a white noise frequency sweep on the model before and after an earthquake of the same intensity, the natural frequencies of the model at different stages are obtained from the time–history data collected using the acceleration sensor (Table 4). The first two shaking modes of the model were translational in the X and Y directions and the third mode was torsional. The first-order natural shaking frequency was significantly smaller than the second order, indicating that the model stiffness was more significant in the Y direction than in the X direction. After experiencing the first frequent level eight earthquake, the natural frequency of the model did not change, indicating that the model was in an elastic state. After the second frequent level eight earthquake the natural frequency of the model decreased slightly, indicating that the model was still in an elastic state. Therefore, the model was in an initial state without damage before each seismic loading. Meanwhile, the seismic response test data of the model obtained before and after the seismic wave delay and amplification could be compared laterally.




4.2. Seismic Wave Delay and Amplification


Researchers could obtain the amplification and delay data generated by the maximum peak acceleration when the seismic wave passed through the simulated mountain and reached the top by analyzing the acceleration data collected by the acceleration sensors installed on the tabletop of the shaking table and on the top of the simulated mountain (Table 5). According to the analysis, among the three seismic waves, the maximum delay in the X direction was 0.44 s and the minimum delay was 0.33 s. The maximum value in the Y direction was 0.11 s and the minimum value was 0.06 s. The maximum acceleration amplification coefficient in the X direction was 1.84 and the minimum was 1.55. The maximum value in the Y direction was 1.76 and the minimum value was 1.54. The test results met the requirements of the test plan for providing a seismic wave delay of about 0.4 s in the X direction and amplifying the seismic wave peak acceleration at the top of the simulated mountain by 1.6 times. In general, the expected delay and amplification effect of the three seismic waves input in the test was achieved by installing viscous dampers on the simulated mountain.




4.3. Acceleration Response


The acceleration response of the model is represented by the peak ratio of the acceleration of each floor to the acceleration of the table (acceleration amplification coefficient Ka). According to the data collected by each acceleration sensor, the change in the acceleration amplification coefficient Ka of the model under an earthquake is shown in Figure 10. Under the action of different seismic waves at the same level, the acceleration amplification coefficients of structures were different due to the differences in the spectral characteristics of seismic waves from different regions. However, the changing trend was basically consistent. The existence of steel truss structures caused sudden changes in the lateral stiffness of the structure along the height, resulting in a significant whip effect on the top structure and significant amplification of the top acceleration. Researchers found no significant changes in the X and Y directions under the action of three seismic waves by comparing the acceleration amplification coefficients of the model before and after the seismic wave delay and amplification. Furthermore, the maximum difference in the acceleration amplification coefficients of each floor was 5.48% (X direction) and 6.85% (Y direction), indicating that the seismic wave delay and amplification had no impact on the acceleration response of the structure.




4.4. Displacement Response


The displacement response of the model was obtained through quadratic integration of the data collected by the acceleration sensor. The maximum lateral displacement curve of the model relative to the table is shown in Figure 11. The result showed that the lateral displacement of the structure gradually increased with the enhancement of seismic action. The lateral displacement curve of the structure was relatively smooth in the shear wall structure, indicating that the lateral stiffness of the shear wall structure was evenly distributed along the height. The structure has been transformed into the steel truss structure since the 26th floor and there has been a significant change in lateral stiffness, resulting in a significant turning point in the curve on this floor. The X-direction floor lateral displacement increased after the seismic wave delay and amplification under the action of the Coalinga wave and the Mongan Hill wave. Meanwhile, the Coalinga wave floor lateral displacement increased by 41.40% at most, appearing on the 26th floor. The lateral displacement of the Mongan Hill wave floor increased by 77.10% at most, appearing on the 23rd floor. Under the action of artificial waves, the lateral displacement of seismic waves in the X direction decreased after amplification, with a maximum reduction of 26.54%, appearing on the 16th floor. For the Y-direction floor side shift, the difference between the data obtained by the three seismic waves before and after the delay and amplification was tiny, with a maximum difference of 9.57%. Since the amplification coefficients of seismic waves in the X and Y directions were basically the same, there were significant differences in seismic wave delay. Therefore, the difference between the X-direction and Y-direction floor lateral displacement changes was caused by the delay effect of seismic waves. In other words, seismic wave delay was dominant in influencing floor lateral displacement. In addition, due to the differences in seismic wave spectrum characteristics across regions, the lateral displacement of the X-direction floor increased and decreased, but the changing trend was consistent.





5. Test Results and Discussion


By analyzing the data collected by sensors installed in various parts of the model, the following main experimental results can be obtained:




	
The three seismic waves achieved the expected delay and amplification effect. Although the delay and amplification effect achieved by each seismic wave were different due to the different spectral characteristics, the differences in values were small. It indicates that the steel frame with viscous dampers have a significant delay and amplification effect on seismic waves;



	
There was no significant change in the acceleration amplification coefficient of the model before and after the seismic wave delay and amplification. It indicates that the delay and amplification of seismic waves has essentially no effect on the acceleration response of the structure;



	
The lateral displacement of the model in the X direction changed significantly before and after the delay and amplification of the seismic wave, while there was no significant change in the lateral displacement of the model in the Y direction. It shows that the delay of seismic waves has a great influence on the displacement response of the structure, while the amplification of seismic waves has little effect.









6. Conclusions


A high-rise steel frame structure with viscous dampers was designed in this paper and corresponding scaled models were made for verification by shaking table tests to solve the problem of simulating traveling wave effects and slope amplification effects when inputting seismic waves in shaking table tests of large-span structures in mountain areas. The following conclusions could be drawn for reference in subsequent shaking table tests and related research by analyzing the test data:




	
It was feasible to add viscous dampers to steel frame structures to amplify seismic waves in a delayed manner. The specific dimensions of steel frame members and the number of parameters of viscous dampers could be determined through finite element analysis and trial calculation based on the expected goals;



	
In the shaking table test, the model made from the original steel frame structure could also delay and amplify the seismic wave after adding a scaled viscous damper and could achieve the effect set in the test plan;



	
The acceleration response of the model under the frequent level eight earthquakes had no significant change before and after the seismic wave delay and amplification. The maximum difference in the acceleration amplification coefficient was 6.85%, indicating that the seismic wave delay and amplification had no impact on the acceleration of the structure;



	
The displacement response of the model in the X-direction under the frequent level eight earthquakes had significantly changed before and after the amplification of the seismic wave delay. The floor lateral displacement has increased by 77.10% at most, and the increase or decrease in the floor lateral displacement caused by the spectral differences of the three seismic waves were different. However, the displacement response in the Y direction had not changed and the floor lateral displacement had increased by 9.57%. From this, it could be judged that the delay effect of seismic waves significantly impacted the displacement response of the structure, while the amplification effect had almost no impact;



	
Limited by experimental conditions with only one model, this shaking table test only compared the dynamic response of the model in the elastic state before and after the seismic wave delay and amplification and did not involve the comparison of the dynamic response of the model in the elastic–plastic state.
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Figure 1. A large-span structure in mountain area. 
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Figure 2. Layout plan of the shear wall structure: (a) 1–6 layers of base and (b) 7–25 floors. 
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Figure 3. Layout of the shear wall structure: (a) 26 floor plan and (b) elevation. 
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Figure 4. Perspective view of the structure. 
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Figure 5. Structural supports. The red box represents a group of supports at the same elevation. 
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Figure 6. Steel frame structure and original structure. 
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Figure 7. Model production process: (a) reinforcement cage binding of shear wall structure; (b) welding of steel truss structure; (c) concrete pouring of shear wall structure; and (d) model production completed. 
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Figure 8. Installation of viscous dampers: (a) scaled viscous damper and (b) steel frame with viscous dampers. 
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Figure 9. Seismic wave time history curve: (a) Coalinga wave; (b) Morgan Hill wave; and (c) artificial wave. 
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Figure 10. Model acceleration response: (a) Coalinga wave; (b) Morgan Hill wave; and (c) artificial wave. 






Figure 10. Model acceleration response: (a) Coalinga wave; (b) Morgan Hill wave; and (c) artificial wave.



[image: Applsci 13 06728 g010a][image: Applsci 13 06728 g010b]







[image: Applsci 13 06728 g011 550] 





Figure 11. Model displacement response: (a) Coalinga wave; (b) Morgan Hill wave; and (c) artificial wave. 
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Table 1. Seismic wave time delay and acceleration amplification.






Table 1. Seismic wave time delay and acceleration amplification.





	Seismic Wave
	Time Delay (s)
	Acceleration Amplification





	AW1-X direction
	0.36
	1.39



	AW1-Y direction
	0.06
	1.44



	AW2-X direction
	0.51
	1.72



	AW2-Y direction
	0.11
	1.65



	AW3-X direction
	0.45
	1.56



	AW3-Y direction
	0.07
	1.83



	AW4-X direction
	0.43
	1.48



	AW4-Y direction
	0.06
	1.58



	AW5-X direction
	0.38
	1.66



	AW5-Y direction
	0.05
	1.42



	Average value in X direction
	0.43
	1.56



	Average value in Y direction
	0.07
	1.58
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Table 2. Main similarity scaling factors.






Table 2. Main similarity scaling factors.





	Parameter
	Relation
	Scaling Factors





	Length
	SL
	0.025



	Elastic modulus
	SE
	0.2



	Acceleration
	Sa
	1.8



	Density
	Sρ = SE/(SaSL)
	4.44



	Stress
	Sσ = SE
	0.2



	Mass
	Sm = SρSL3
	0.0000694



	Concentrated force
	SF = SσSL2
	0.000125



	Frequency
	Sf = (Sa/SL)0.5
	8.485281
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Table 3. Seismic Loading Cases.






Table 3. Seismic Loading Cases.





	
Phase

	
Seismic Wave

	
Input Direction

	
Input PGA(g)






	
White noise

	
/

	
X, Y

	
0.11, 0.11




	
Frequent 8

	
Coalinga

	
X

	
0.20




	
Y

	
0.20




	
Morgan Hill

	
X

	
0.20




	
Y

	
0.20




	
Artificial wave

	
X

	
0.20




	
Y

	
0.20




	
White noise

	
/

	
X, Y

	
0.11, 0.11




	
Frequent 8

(SWD and A)

	
Coalinga

	
X

	
0.20




	
Y

	
0.20




	
Morgan Hill

	
X

	
0.20




	
Y

	
0.20




	
Artificial wave

	
X

	
0.20




	
Y

	
0.20




	
White noise

	
/

	
X, Y

	
0.11, 0.11
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Table 4. Model dynamic characteristics.






Table 4. Model dynamic characteristics.





	
Phase

	

	
Model Order




	
1st

	
2nd

	
3rd






	
Initial

	
Frequency (Hz)

	
4.83

	
14.24

	
16.46




	
Degradation rate

	
/

	
/

	
/




	
After frequent 8

	
Frequency (Hz)

	
4.83

	
14.24

	
16.46




	
Degradation rate

	
/

	
/

	
/




	
After frequent 8

(SWD and A)

	
Frequency (Hz)

	
4.81

	
14.23

	
16.46




	
Degradation rate

	
0.6%

	
0.1%

	
/
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Table 5. Model seismic wave delay and amplification.






Table 5. Model seismic wave delay and amplification.





	

	
Sensor Location

	
Coalinga Wave

	
Morgan Hill Wave

	
Artificial Wave




	
X

	
Y

	
X

	
Y

	
X

	
Y






	
Moment of maximum peak acceleration of seismic waves (s)

	
Top of the shaking table

	
5.83

	
5.60

	
5.68

	
6.27

	
7.28

	
5.75




	
Top of the simulated mountain

	
6.27

	
5.71

	
6.03

	
6.36

	
7.61

	
5.81




	
Time Delay(s)

	
0.44

	
0.11

	
0.35

	
0.09

	
0.33

	
0.06




	
Maximum peak acceleration of seismic waves (m/s2)

	
Top of the shaking table

	
2.19

	
1.87

	
2.13

	
1.90

	
2.06

	
1.85




	
Top of the simulated mountain

	
3.74

	
3.29

	
3.91

	
2.93

	
3.19

	
2.99




	
Acceleration amplification

	
1.71

	
1.76

	
1.84

	
1.54

	
1.55

	
1.62

















	
	
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/).






media/file26.jpg
L ]
2 Displacemenifmm) ‘Displacerment(mm)’
O " Ditplacementmm) "Displcementimm)

X direction

Y direction

? Displacementm)

©

T FE
‘Displacement(mm)





media/file8.jpg





media/file27.png
X direction Y direction

30 — 30
C',
25F ‘\‘ 25F
[
II
20 / 20
7p / 7p
— ! —
>, A >,
- 15 ’ - 15
— —
10r 10r
5t —Frequent 8 5t ’ —Frequent 8
-~ Frequent 8(SWD&A) ! . ~ |=~Frequent 8(SWD&A)
0 1 2 3 4 5 0 I 2 3 4
Displacement(mm) Displacement(mm)
(a)
X direction Y direction
— 30 e
<« d
N‘s~ 25r
]
II
/ 201
/ N
/ *—
/ >
>15
I,' FJ
// 101
o —Frequent 8 5t —Frequent 8
. =~ Frequent 3(SWD&A) . =~ Frequent 8(SWD&A)
1 1.5 2 2.5 3 0 I 2 3 4
Displacement(mm) Displacement(mm)
(b)
X direction Y direction
30 4 g 30 ; .
251 251
201 201
95! 95!
*— *—
>, >,
- 15 - 15
— —
10r 10r
5t —Frequent 8 5t —Frequent 8
P . . -~ Frequent 8(SWD&A) ) . . |=~Frequent 8(SWD&A)
0 2 4 6 8 0 1 2 3 4
Displacement(mm) Displacement(mm)

(c)





media/file13.png
Viscous damper I






media/file12.jpg
Viscous damper






media/file18.jpg
8)

Acceleration(

W‘WW’ WIW WA;'(\!‘W it b Ao Ao

15 - = . e

Tirhe(s)
(a)






media/file9.png





media/file14.jpg





media/file19.jpg
n(g)

Acceleration(g)

o

(b)

ZWWP'MW Ww W’M ]

° lme( ) "





media/file15.png





media/file6.png
op9'L  0SK'S YTvA
<o
=
\ \rﬂ\ i / = |
\ - 5 ENA VARt
4
-~ \ I 7/
\ / _—‘ / \ s\ \\ .._.._\ m
\ VAR VAR V; / ; jo
\“ / AN A ¥ / /
rd 74N \
// \\ /, / z/ /z \ / Am..
\|/ \N 74 \ \|/ \J
| N \, i N \
\ T\ / / \\ // \\ // / / \\ / ./ / m.
\, \\ ‘W 7 \ 0 )
Y i 7| g 4 S ﬂl_-u
‘. // Vs 7’ AN \\\ -
/YN\ N 8
\\ ,t/ \\ / \ oS
/ N e /a \
I /N /A N P |
! \ \ s (=4
/ A B} \ \ \ . 3
T\ / \ \\ / / \ // \ 2
i/ \|/ \/ Al \
’ N, A \ II@
/\\ // \\ 1/ \\ // / a/\ -—\ s
X o
A 7 N\ o
./. ’ / 1/ / // / // % oo
VINCNAY s
) /s AN S/
/v .“\ /x\ N A\ m
N, VAAN /! o5
/ N/ /c\ // l®
% —
/ AN N \ o
\ / \ / o
XN 2@
\y/ / \b/ o ©
| =" T~ S ¥ 21 (=
, A — o —
\, / AN / S
N W \ 1/ & =
\/. A -3 L] V .\/ S i s
N SN = =
=}
N / 8
7 \, =
B e
\, ’
/t \\ ==
m <t
\\ 1/ od m
4 N |
A\ Bl —fe
\ /
| /s m
\\ // o =
e
21N RS /s S
II‘ 4 # o Ilt\\\ o If4 ‘\\ Hr .ﬁ
AN /N = —_
/1N /1N <
AN Ve \, /| .Il@
AN V4 AN 74 b=
S
P AN V4 AN =) I@
AINA 1 EN 1]
Nt /N /IN\T/ o
\/ ,Ux / 1/ S
\, \, / o
NN 8 =
= N
N VANV W =g =
N / \ |/ \ B/ o 2 _r,
i/ N4 N % S
=7\ ~. M
\\ // \\ /f \\ // - m H
% \]/ \, .\/\ \| 5| |
N /
// p FARN p Vs /t \\ g @
AN \/ /N <
4 \ //K\ N | | |@
N PAANVAN %4
\ .\ \_/ AN % m
AN \x/ N oo
‘S RVARVE A |®
o
S
o
)
e e
| o
=}
<
o3
SR ®
o H < ——
o
S
S)
sir q A4 4 |I|®
00€°)
Swﬁ_omtn_ 00L

DD

(a)





media/file2.jpg
8700

.

)

s

(b)

(a)





nav.xhtml


  applsci-13-06728


  
    		
      applsci-13-06728
    


  




  





media/file11.png
—1 =
- 11
H1 W=

H3

—r—————
L






media/file1.png





media/file20.png
o) = o —
O. 0 _

(3)uonera[addy

i

. 20 25 30 35 40
Time(s)

(a)

10

o





media/file23.jpg
X direction

Y direction

3

2 E
0 W2
ER £
3 3

4 (—Frequents. —Frequent s
= Frequent S(SWD&A)| - Frequent SGWD&A)|
2 1 © s 0 3 4 5 6
Ka Ka
®)
X direction Y direction
K —
25 2 7
e 2
23 s
1 1
4 I~ Frequent. E! —Frequent s
[~ Frequent SWD&A)| Frequent SEWDEA)|
[ 5 0 1 0 0 © g 10
Ka

©





media/file10.jpg





media/file5.jpg
& [ %

J o0 | s o] | Lsm | s | Jonden]

J s || |
@ O GO BED ® O YIEEE ® B ® ©
®)





media/file7.png
s

| [ ]

1,300 1,200 3,100

3,00 1,300
8,000 [ 8,000 16,000 8,000 | 8,000 P59 p,600 | 6,700 [ 8,000 |4,950 8,000 1%02107 8,000 4,900{ | 6,700 | 8,000 8,000 | 6,500 [ 8700
®H ® O ® O GO @HW @& @ CHOE ® O @ @

(b)





media/file24.png
X direction

—Frequent 8
~~Frequent 8(SWD&A)

0 2 4 6 8

(a)

Y direction

—Frequent 8
~~Frequent 8(SWD&A)

Ka

6 8

10






media/file16.jpg





media/file3.png
06

%_

8,700

8,700

16,850

8,150

(a)





media/file22.jpg
X direction

Y directs

tion

—Frequent§
Frequent SEWDE)|

~Frequent§

~Froquent

o

] g
Ka

(@

i

Ka

g






media/file17.png
- — -
i VY TG PR

[T

[ S - - |

2y
T e e e
- R e . Gl
2 S m— e . e .
2 e

o - ik N2






media/file4.jpg





media/file25.png
X direction

30 Wl-/“'y’
25t ! '
20f
N
—
D) ]
2
— |
10t ]
|/
5l —Frequent 8
| | ==Frequent 8(SWD&A)
0 2 4 6 5
Ka
X direction
30 -
25¢
20f
N
—
>,
= 15
-
10r
5l —Frequent 8
| | - |7~ Frequent 8(SWD&A)
9 4 6 8 10 12
Ka

Y direction

30
25¢
20f
D
—
>,
15
—
10r
5 —Frequent 8
| ==Frequent 8(SWD&A)
0 2 3 4 5 6
Ka
(b)
30
25¢
20f
9
—
>,
=15
—
10r
5 —Frequent 8
| == Frequent 8(SWD&A)

(c)

Ka





media/file0.jpg





media/file21.png
o o |

(3)uoneraraddy

Tirr115e(s) 20 25 30
(b)

10

o

(3)uoneraraddy

20 25

15

Time(s)

(c)

10

o





