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Abstract

:

In view of the high-sensitivity vibration effect of precision instrument laboratory buildings under the influence of surrounding traffic loads, field micro-vibration tests under various working conditions were carried out based on actual projects. Combined with numerical simulation, measured data served as input loads to simulate the vibration effect of various traffic loads on the floor of a building structure, and the structural vibration laws under the comprehensive action of various loads were analyzed. The vibration isolation effect of the isolation ditch on the oblique orthogonal load was investigated according to the corresponding safety index. The results show that the main frequency components of the site vibration frequency caused by various traffic loads are approximately 25 Hz and that the root-mean-square speed value is stable below VC-E, which meets the design requirements. Under the comprehensive action of multiple loads, the site structure will produce a vibration amplification effect, which is obvious when all types of loads are distributed symmetrically and the curve distribution is controlled by load factors with large amplitudes. The isolation effect of a small isolation ditch is best when it is located close to the source and the building. The depth of the isolation ditch must be greater than the maximum depth of the source to achieve better results, and the width has little influence. The effect of a small isolation trench on vertical vibration is poor, and the oblique orthogonal triaxial load has a counteracting effect on the vertical component. Thus, additional structural vibration isolation measures are needed. The research results provide a reference for engineering vibration isolation, damping measures, and structural design.
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1. Introduction


In recent years, the application and development of high-tech technologies have gradually become important means to promote the in-depth implementation of innovation-driven development strategies in China and have created numerous precision factories, laboratories, and other building sites. However, vehicles, high-speed rails, pedestrians, and other daily traffic elements inevitably cause vibration loads. This vibration amplitude, usually referred to as micro-vibration, is lower than that of general vibrations; however, it often affects the normal operation of precision equipment or instrument vibration and has a nonnegligible impact on the daily production of equipment workshops [1,2,3,4]. Therefore, taking relevant technical measures to control vibration and ensure the normal operation of precision instruments and equipment has become an urgent technical problem.



Research on the influence of micro-vibration worldwide has focused mainly on measurement analysis and numerical simulation. In 1977, W. Kurze [5], for the first time, carried out field vibration test research and proposed a vibration measurement method for the Berlin railway in Germany. Y. Kitamura [6] proposed a simulation method to simulate roadside ground vibration caused by moving vehicles and compared it with the results of a field vibration test to provide a reference for subsequent scholars to carry out relevant research. Domestic research on micro-vibration began to flourish in the 21st century. In recent years, a team led by Gao et al. [7,8,9,10] has been committed to onsite micro-vibration testing, analyzing the vibration characteristics of the site to assess whether it meets the vibration requirements. Chinese researchers have conducted extensive research on various vibration sources. In terms of train vibration, Xie et al. [11] conducted a study of the prediction and countermeasures of subway vibration on precision instruments through field tests and verified the existence of a vibration amplification area. Chen et al. [12] established a coupling model of the subway tunnel-soil-building complex and conducted an in-depth study of the impact of subway tunnel-soil-building complex vibration. Jia [13] proposed an equivalent peak particle velocity vibration evaluation method and analyzed the attenuation characteristics of the peak particle vibration velocity of a high-speed railway vibration signal by conducting field soil monitoring tests. In terms of vehicle loads, Hao et al. [14] analyzed not only the influence of different site conditions and road center distances on structural vibration but also the vibration response of five hypothetical reinforced concrete structures under normal traffic conditions. Xing et al. [15] conducted in situ testing and analysis of vehicle vibration at three sites: Shanghai, Beijing, and Taiyuan. Their findings revealed that the vibration attenuation rate increases gradually with increasing soil hardness. Sun et al. [16] investigated the site vibration response caused by the passage of loaded trucks in different driving states, providing a basis for designing an electronic workshop and micro-vibration control. In addition, YU et al. [17] carried out monitoring and simulation analyses of structural micro-vibration of a proton service building based on the construction process and obtained a structural micro-vibration evaluation equation for the analyzed building under the working conditions of heavy vehicles through regression analysis. Zhang et al. [18] proposed a triangular wave model of pedestrian excitation and reported that fixed-point loading could envelope the vibration response caused by a single person walking. In view of the adverse effects of the above micro-vibrations on building structures, many researchers have begun to conduct relevant vibration isolation studies. Yang et al. [19] established a three-dimensional finite element analysis model based on the background of a commercial complex building to explore the vibration reduction and isolation effects of vertical vibration isolation supports. Wu et al. [20] used the three-dimensional finite element analysis method to investigate the vibration isolation effect of a ground barrier on a building floor and the rule of parameter influence, indicating that the average vibration reduction effect can exceed 5 dB. Shrivastava [21] used the finite element method to analyze the isolation effect of the depth, length, and width of the isolation ditch and the filling material. Deng et al. [22] used two-dimensional limiting elements and semi-infinite elements to discretize the boundary and reported that the isolation ditch had an optimal position between the vibration source and the investigation point.



In summary, most studies have adopted a single idealized approach to the vibration source, while it is usually the combined effect of multiple load combinations. In addition, for the selection of vibration isolation measures, vibration isolation supports, vibration isolators and vibration isolation barriers certainly have good vibration isolation effects, but for buildings such as equipment plants, it is more economical and reasonable to directly choose vibration isolation trenches to control micro-vibrations. Owing to the damping effect caused by the stiffness difference between the material fill in the trench and the surrounding soil, the energy loss of the vibration wave passing through the isolation trench further weakens the vibration intensity. However, existing studies are large-scale vibration isolation trenches that use a single vertical or orthogonal vibration source, which is not universal. Rationalization and effective exploration of structural measures are still rare, and the research results that can provide guiding opinions for practical projects are insufficient.



This paper uses a precision instrument laboratory building project as the research object, performs a field micro-vibration test, and establishes a three-dimensional finite element model of soil–load–building to explore the response characteristics of the building structure under the comprehensive action of various loads. The control effect of vibration reduction measures in the isolation ditch on oblique ramp loads is analyzed, providing reasonable guiding opinions for the project.




2. Project Overview


2.1. Project Introduction


The proposed project is the second phase of the Zhejiang Zhijiang Laboratory project, which is expected to create high-tech, sophisticated scientific and technological equipment and impose harsh requirements on the surrounding environment. The vast majority of precision equipment is extremely sensitive to vibration, and even small load vibrations can cause damage to such instruments and adversely affect their accuracy. Therefore, the influence of ambient vibration must be considered in early planning and construction.



As shown in Figure 1, the main factors currently affecting the normal work of the laboratory are Kechuang Road in the south, South Tiaoxi Road in the north, Zhida Road in the west, Hangzhou high-speed railway in the northwest, and surface vibration caused by nearby aircraft. To meet the requirements of high-precision equipment for micro-vibration in the laboratory, the micro-vibration region is determined. Because building #16 is divided into microseismic areas, which imposes higher control requirements, this paper selects it as the object of vibration control research.



The soil layer properties of the site are shown in Table 1. The equivalent shear wave velocity Vse of the soil layer in each test hole within a depth of 20 m below the ground is 158 m/s to 192 m/s.




2.2. Test Content and Purpose


To express the degree of influence of micro-vibration, the amount of vibration is generally used as the quantitative standard. The quantization standard includes three physical quantities: vibration displacement, vibration velocity, and vibration acceleration. Among these three methods, several mathematical derivations related to the measurement and numerical simulation analysis of micro-vibration induced by road traffic in a precision instrument laboratory exist. Therefore, if one of the physical quantities is measured, the remaining two terms can be derived via differentiation or integration. In actual engineering measurements, there are different errors in the measurements of velocity, acceleration, and displacement. Proper selection of reasonable physical quantities for measurement can effectively reduce the error to a minimum.



Field tests can be used to understand the ground pulsation characteristics of a site, evaluate the vibration status of the site, provide basic data for the vibration of the proposed building in the future, and provide an accurate excitation load for numerical simulation.



	(1)

	
Understand the ground pulsation characteristics.




	(2)

	
Understand the characteristics and distribution of vibration sources around the site.




	(3)

	
Understand the impact of the main vibration sources around the site (high-speed railway, aircraft, vehicles, pedestrians, construction machinery, etc.) on the micro-vibration level of the construction site.








2.3. Measuring Points and Instrument Layout


The layout of the onsite instruments and equipment is shown in Figure 2.



2.3.1. Acquisition System


	(1)

	
PCB-393B31 high-sensitivity low-frequency acceleration sensor







This measurement uses a low-frequency and high-resolution acceleration sensor (PCB-393B31), as shown in Figure 2a. The vibration frequency response of the acceleration sensor is 0.1~200 Hz, and its measurable range is 0.1–750 Hz, which meets the requirements of the maximum vibration bandwidth of general laboratory precision equipment (1~250 Hz). The resolution of the accelerometer is 0.00004 g RMS, which meets the requirements of the general high-tech factory micro-vibration specification of 0.01 g.



During the test, as the site is relatively soft, all three feet of the auxiliary measuring device are driven into the ground to make the bottom surface of the auxiliary measuring device touch the ground, as shown in Figure 2b. The acceleration sensor is fixed in the three directions of the auxiliary measuring device, and measures are taken to fix the data line connected to the vibration pickup with the ground to prevent measurement errors caused by the shaking of the connection line. During the installation process, the speed sensor maintains the sensitivity of the spindle direction in the vertical direction.



	(2)

	
Dynamic data acquisition instrument







This test uses the dynamic signal test and analysis system developed by Donghua Test Co., Ltd.(Shanghai, China) .The characteristics of the test are that it is convenient to carry out; it is fast and easy to install; it provides real-time monitoring of vibration data and connection of various bandwidths of acceleration, speed, FFT (fast Fourier transformation), and 1/3 frequency spectrum (0.1~1 kHz); and it involves online calculation and analysis of each common spectrum. The results of the micro-vibration analysis are given in real time.




2.3.2. Analysis System


This test adopts the Donghua dynamic signal test and analysis system (DHDAS). This system is based on a big data dynamic data analysis system, which has a friendly operation interface, convenient installation, and strong scalability. The root needs to be able to carry forward the FFT, 1/3 octave spectrum, triple spectrum, narrowband spectrum, time history curve reproduction, and other functions.



The arrangement of the measuring points is shown in Figure 1, with a total of 15 measuring points from P1 to P15. The pedestrian and vehicle loads are divided into x- and y-directions; the sampling frequency is 256 Hz; each collection time is 10 min; and the collection step is performed 3 times. To avoid interference, such as onsite construction operations and vehicle flow during the day, the test data were collected in the early morning to ensure the accuracy of the test data as much as possible. The measurement lasted three days. To remove the interference signal in the vibration signal, it is necessary to correct the original data, eliminate the noise and interference in the inclusion signal, and process the signal by eliminating DC drift, smoothing processing, digital filtering, etc.





2.4. Vibration Control Standards


The micro-vibration criterion referred to in this analysis is “Considerations in Clean-Room Design”, the vibration standard of the American Society for Environmental Science and Technology [23], which uses the RMS value of velocity as the control index. The criterion controls mainly the 1/3 frequency spectrum of the speed in the frequency range of 1–80 Hz. The numerical definition of the standard curve shown in Figure 3 is provided in Table 2.




2.5. In Situ Measurements


According to the field micro-vibration test, the following calculated loads are obtained (Figure 4): (a) pedestrian loads, (b) high-speed rail loads, (c) aircraft loads, and (d) vehicle loads.





3. Establishment of the Finite Element Model of the Soil–Building Load


In recent years, an increasing number of vehicle load models have been applied to vibration mechanics. Therefore, in this paper, a theoretical model that has been verified many times is used in the data model and compared with the measured data to verify the correctness of the subsequent model.



The vehicle load is generated mainly by vehicle self-weight and road irregularities. In this paper, a multifrequency sine wave load model considering road irregularities proposed in the literature [24,25] is adopted as follows:


      F ( t ) =  P 0  +   ∑  i = 1  N    P i  sin (  ω i  t )        P i  =  M 0  a   ω i  2       ω i  = 2 π  f i      a =  a 0  sin (  ω 0  t )      ω 0  =    2 π v  L        



(1)




where P0 is the static load of the car; Pi represents the fluctuating load of vehicle vibration; ωi is the vibrational PI; M0 represents the unsprung mass; a is the corresponding typical vector height; v is the speed of the car (since the test site is located inside the park, considering the speed limit inside the park and referring to the practices of researchers such as those in [24,25], the speed of the car is 20 km/h); and L indicates the curve wavelength and can be the body length.



According to the actual vibration data collected from the measurement points, each parameter in the above formula can be determined, and the vehicle spectrum diagram shown in Figure 5 can be obtained. The dominant frequency of ground vibration caused by the vehicle load is 5~12 Hz. Within the dominant frequency range, frequencies corresponding to different peaks are used to obtain different corresponding ωi and Pi values. The calculation results are shown in Table 3.



In references [26,27,28], M0 can be 120 N·s2/m, with a body length of 6 m. The following is the numerical model of the vehicle load when the vehicle speed is 20 km/h (Figure 6):


  F ( t ) = 9200 +   ∑  i = 1  n    P i  sin (   20  3  π t )   sin (  ω i  t  )   



(2)







This paper is based on the preliminary design drawing of building #16 for modeling. The finite element method is widely used to analyze structural dynamics and vibration. With the ABAQUS platform, solid units were used to model the soil layer and other structures. The size of the soil model was 160 × 160 × 80 m (length × width × thickness). As the building structure is a three-story reinforced concrete frame structure, the actual proposed drawings are simplified accordingly, disregarding the influence of the wall. The shell unit and solid unit are used to model and calculate flat structures such as building floors and basement floors, respectively, and the beam unit and solid unit are used to model and calculate the building pillar to establish a more accurate model. The material properties are assigned to each part; the soil layer parameters are input according to the geological investigation report; C30 concrete material is used for building structures; material damping is added; and the sole-soil layer, pile foundation, and soil layer are connected by binding. The model adopts an implicit integration algorithm to ensure the stability of the calculation, and the solution results are more accurate for nonlinear problems, but a smaller time step is required. Therefore, the time step in this question is 1/4 (0.001 s) of the measured acquisition frequency, and the total time is 10 s. Regional division of the superstructure and soil mass was carried out, and hexahedral scanning elements were adopted as the grid control attribute to reduce the number of model elements as much as possible to improve the calculation efficiency. Figure 7 shows the overall finite element model.



To reduce the influence of wave reflection at the boundary on the results, viscoelastic artificial boundary conditions are added around the soil mass, and a series of viscous dampers are applied by using the spring unit of the finite element software. The normal and tangential spring stiffness and damper coefficient are calculated as follows:


    K  B N   =  α N    G R   A   ,    C  B N   = ρ  c P  A   



(3)






    K  B T   =  α T    G R   A   ,    C  B T   = ρ  c S  A   



(4)




where    K  B N     and    K  B T     are the normal spring stiffness and tangential spring stiffness, respectively;    C  B N     and    C  B T     are the normal damper coefficient and tangential damper coefficient, respectively;     a   N     and     a   T     are the correction coefficients of the normal viscoelastic artificial boundary conditions and tangential viscoelastic artificial boundary conditions, respectively, which can be 1.0 and 0.5; cp and cs are the P wave velocity and S wave velocity, respectively, of the soil layer; G is the shear modulus of the soil; R is the distance from the wave source to the artificial boundary; and A is the equivalent area of each node of the artificial boundary.



The calculated load in Figure 6 is used as the point load input, and the acceleration response of the measuring point is output for comparison with the field test. Since point load replaces vehicle vibration load in the model, this paper takes the peak value of vibration acceleration of the site in the frequency domain as the comparison target between measured and simulated values, as shown in Figure 8. After comparison, the value obtained by numerical simulation is too large, and the peak value of both is within an order of magnitude range, so the model is reasonable.




4. Analysis of the Model Vibration Response under Different Loads


In accordance with the methods of the Gao team [7,8], various acceleration loads obtained from the measured results were input into the model to obtain the time–history data curve, which was converted to a frequency domain graph through a fast Fourier transform. The RMS value of the 1/3 octave velocity was calculated via MATLAB programming to determine whether it met the requirements of the VC-E vibration criterion. Below is the root-mean-square value of the vibration velocity of the floor of a one-story structure obtained from the input models of four different types of traffic loads obtained in the field test. Considering that various loads may act together in real life for a certain period, this paper also conducted two additional simulations of comprehensive effects. In the first simulation, four types of loads act in the same direction, that is, they act on the same side of the floor. In the second simulation, each load acts on the surrounding side of the floor. The vibration response of the floor under the comprehensive effects of these two types of loads is observed. A spectrum diagram of various loads is shown in Figure 9.



As seen from the vibration velocity frequency domain diagram of the site under each load, the vehicle load is the main source of all traffic loads—the vibration response caused by it is still mainly low-frequency and its main frequency component is approximately 25 Hz because the test speed is slow and the vibration velocity and frequency of the test point have a certain degree of weakening influence. Further tests will be conducted considering vehicle type and speed. According to the vibration standard, the vibration caused by vehicle load generally reaches the standard of VC-F, and the higher the frequency, the faster the attenuation. The other loads independently met the control standards. The main frequency of pedestrian loads is approximately 12.5 Hz, which may be due to the significant suppression of high-frequency vibration components of pedestrian load through the soil layer filtration of the site and the action of the structure itself during testing. The main frequency of high-speed rail loads and aircraft loads is approximately 25 Hz because the actual application points of these two loads are far away. In this paper, point load is used for simulation, which is greatly affected by environmental factors, and there are too many interference sources during vibration propagation. Field tests will be conducted again after the construction of the structure to verify the simulation results. Using a comprehensive comparison, it is found that the vertical vibration of these traffic loads is significantly greater than the horizontal vibration, which is consistent with what is mentioned in the literature [28]. Under the comprehensive action of each load, regardless of whether it is in the same direction or in different directions, the vibration intensity increases, and the maximum velocity amplitude increases by 20% and 50%, respectively, compared with the vehicle load. The vibration standard of the site has reached the standard of VC-E, with the main frequency distribution area of 25 Hz and the curve distribution law similar to that of the vehicle load. This finding shows that the vehicle load is the main controlling factor of site vibration in this project. Therefore, some vibration reduction and isolation measures must be established to reduce the vibration caused by it.




5. Research on the Control of Small Isolation Ditches


Vibration isolation ditches are often used as the first vibration isolation measure for precision instruments and equipment building structures; their construction is simple, economical, and efficient and is widely used in practical engineering. In this project, the north side of building #16 is an underground garage entrance. To reduce the impact of slope vibration caused by incoming and exiting vehicles, most projects choose to arrange an ornamental pond between the ramp and the floor (Figure 10), which can be regarded as a small vibration isolation ditch. An empty ditch is selected as the research object in this paper, which can effectively cause discontinuity of the propagation medium and reduce the harm of environmental micro-vibration. Research on the influence of small isolation gullet hooks on slope loads is lacking. According to the mechanism of the focal load on a building structure, this paper investigates the isolation control effect of the depth, width, and relative position of the three parameters of the isolation pond.



To evaluate the vibration isolation effect of different pool arrangements, an evaluation criterion is introduced to define the peak vibration level reduction rate δmax, which is used to compare the reduction amplitude of the mean square value of the maximum vibration acceleration before and after taking vibration isolation measures. The calculation is as follows:


   δ  max   =     v 1  −  v 2     v 1      



(5)




where v1 is the root-mean-square value of the maximum vibration acceleration of the pool without vibration isolation at the 1/3 octave and v2 is the root-mean-square value of the maximum vibration acceleration of the pool with vibration isolation at the 1/3 octave.



5.1. Location of Vibration Isolation Pool


When the distance between the vibration isolation pool and the car ramp is 2, 4, 6, 8, or 10 m, the width is 2 m, and the depth is 3 m, the vibration isolation effect of each floor under different working conditions is analyzed. Figure 11 shows the reduction rate of the peak vibration level of the isolation pool at different positions. For a first-story structural floor, the vibration isolation basin has the best vibration isolation effect when it is located close to the source and the building, and the phenomenon is more obvious in the vertical direction, which confirms the results of [29]. Especially when the vibration isolation basin is close to the source, the maximum vibration reduction effect can reach nearly 20%. The reason for this phenomenon is that the location cuts off the propagation medium of the wave source for the first time. The vibration amplitude is attenuated to the maximum. However, the law of the floor of the two-story structure is completely opposite to that of the first-story structure, and the vibration isolation pool located near the source increases the vibration intensity. The reason for this phenomenon is very likely that the natural vibration frequency of the two-story structure is close to the load frequency, resulting in an inverse increase in the dynamic response. Therefore, the project must avoid this situation; in the early design, the vibration frequency of the source and the floor needs to be calculated, and the micro-vibration control area must be set at a reasonable floor position.




5.2. Depth of Vibration Isolation Pool


Taking the depth of the isolation pool as 1, 2, 3, 4, and 5 m and keeping the width 2 m and the distance from the source 6 m unchanged, the isolation effect of each floor under different working conditions is analyzed. Figure 12 shows the reduction rate of the peak vibration level of the isolation pool at different depths. The depth of the vibration isolation pool has an obvious suppression effect on horizontal vibration propagation. The maximum reduction rate of the peak vibration level of the first-story structural floor in the x- and y-directions can reach approximately 25%. Although the vibration isolation effect of the second-story structural floor is slightly weakened, the rules of the two floors remain consistent. Notably, the depth of the vibration isolation pool is greater than the vertical depth of the ramp as much as possible; a depth less than this depth may cause a poor vibration isolation effect or a reverse increase in the vibration strength.




5.3. Width of Vibration Isolation Pool


The isolation effect of each floor under different working conditions is analyzed when the width of the isolation pool is 1, 2, 3, 4, or 5 m, the depth is 3 m, and the distance from the source is 6 m. Figure 13 shows the reduction rate of the peak vibration level of the isolation pool of different widths. A comparison of the above two factors reveals that the vibration intensity curve is relatively gentle at each width, the vibration isolation effect is not significantly improved with increasing width, and the first-layer structure is always in the range of 15–20%, which is consistent with the conclusions obtained in the literature [21,22]. Similarly, the vibration amplitude of the second-layer structure is not sensitive to the vibration isolation pool. In addition, the results of the three vibration isolation tank parameters show that the reduction in vertical vibration is almost zero because the slope is different from the ground and because the vertical components of the load perpendicular to the slope direction and along the slope direction may cancel each other. This situation is particularly noteworthy in engineering as most projects pay more attention to vertical vibration. Other vibration isolation measures are needed, including structural measures such as increasing floor thickness.



According to the analysis of the above factors, we can take relevant measures to avoid the adverse effects of micro-vibration in practical engineering. The examples of such measures are as follows: (1) The isolation ditch should be set as close to the source or the building as possible, and the effect on different floors is best when it is close to the building. Notably, in early design, attention should be given to the natural vibration frequency of the structural building, combined with field tests to determine whether the frequency of the micro-vibration load is similar and the phenomenon of resonance should be avoided. (2) The vibration isolation trench should be dug as deep as possible, the stiffness of the filling material should be as different as possible from that of the soil layer, and the vibration wave can be further weakened via layer isolation.





6. Conclusions


	(1)

	
In this work, the measured results are input into the numerical model of the structural site as loads, and the vibration law of the site under various loads is obtained. The root-mean-square velocity value is stable below VC-E, which meets the design requirements. The research results have a certain significance for guiding actual construction.




	(2)

	
Under the comprehensive action of multiple loads, the vibration amplification effect of the site structure is obvious. The curve distribution is controlled by the factors of vehicle loads with large amplitudes, and the main frequency distributions are consistent.




	(3)

	
The isolation effect is best when the small isolation ditch is located close to the source and the building. The depth of the isolation ditch needs to be greater than the maximum depth of the source to have a better effect, the width of the isolation ditch has less influence, and the resonance between the source and the site needs to be avoided.




	(4)

	
Small vibration isolation trenches have poor vibration isolation effects on vertical vibration. Since the vertical components of nonorthogonal triaxial loads may cancel each other, other structural vibration isolation measures are needed.







In this work, the soil layer is homogenized and multilayered during modeling. In practice, traffic loads such as high-speed railway vehicles are often blocked by other building foundations or rivers on the propagation path, and the influencing factors are relatively complex and can be further analyzed in future studies. In addition, this paper simplifies the form of the comprehensive action of loads, so the method of machine learning can be used in subsequent research to further summarize it and summarize the vibration law generated by the joint action of multiple loads on a structure.
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Figure 1. Building plan and measuring point layout. 
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Figure 2. Field test equipment. (a) Field measurement; (b) Acceleration sensor placement method. 
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Figure 3. General vibration standard (VC) curve for the vibration sensing equipment. 
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Figure 4. Traffic loads. 
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Figure 5. Spectrum diagram for V = 20 km/h. 
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Figure 6. Load model of the car. 
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Figure 7. Overall finite element model. 
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Figure 8. Comparison between measured data and numerical simulation. 
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Figure 9. One-third frequency octave band of the RMS value of the site speed under various loads. (a) One-third frequency octave band of the RMS value of the site speed under vehicle loads. (b) One-third frequency octave band of the RMS value of the site speed under pedestrian loads. (c) One-third frequency octave band of the RMS value of the site speed under high-speed rail loads. (d) One-third frequency octave band of the RMS of the site speed under aircraft loads. (e) One-third frequency octave band of the RMS value of the site speed under the combined action of loads (in the same direction). (f) One-third frequency octave band of the RMS value of the site speed under the combined action of loads (in different directions). 
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Figure 10. Numerical model of the vibration isolation ditch. 
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Figure 11. The reduction rate of the peak vibration level of the isolation pool at different positions. 
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Figure 12. The reduction rate of the peak vibration level at different depths of the isolation pool. 
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Figure 13. The reduction rate of the peak vibration level of different isolation pool widths. 
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Table 1. Physical and mechanical index parameters of the foundation soil.
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Index

	
Density/kg/m3

	
Elasticity Modulus/MPa

	
Poisson’s Ratio




	
Soil Layer

	






	
Miscellaneous fill

	
1700

	
40

	
0.35




	
Silty clay (I)

	
1870

	
60

	
0.28




	
Silty clay (II)

	
1820

	
48

	
0.28




	
Muddy silty clay

	
1690

	
25

	
0.25




	
Silty clay (III)

	
1920

	
60

	
0.3




	
Pebbly boulder

	
2050

	
170

	
0.22




	
Highly weathered mudstone

	
2200

	
290

	
0.23




	
Moderately weathered mudstone

	
2300

	
500

	
0.24








Note: (I), (II), and (III) represent substrata belonging to the same engineering geological unit layer.













 





Table 2. Numerical definition of the standard curve in Figure 3.
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	Criterion
	Definition





	VC-A
	260 μg between 4 Hz and 8 Hz; 50 μm/s (2000 μin/s, 50 dB) between 8 Hz and 80 Hz



	VC-B
	130 μg between 4 Hz and 8 Hz; 25 μm/s (1000 μin/s, 25 dB) between 8 and 80 Hz



	VC-C
	12.5 μm/s (500 μin/s, 12.5 dB) between 1 and 80 Hz



	VC-D
	6.25 μm/s (250 μin/s, 6.25 dB) between 1 and 80 Hz



	VC-E
	3.1 μm/s (125 μin/s, 3.125 dB) between 1 and 80 Hz



	VC-F
	1.6 μm/s (62.5 μin/s, 1.5 dB) between 1 and 80 Hz



	VC-G
	0.78 μm/s (31.3 μin/s, 0.75 dB) between 1 and 80 Hz










 





Table 3. Value table of the dominant frequency interval.
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	Value Points
	fi (Hz)
	ωi (rad/s)
	Pi (N)





	1
	6.56
	41.22
	407.74



	2
	7.05
	44.30
	470.92



	3
	7.38
	46.37
	516.04



	4
	7.91
	49.70
	592.82



	5
	8.31
	52.21
	654.29



	6
	8.82
	55.42
	737.07



	7
	9.34
	58.68
	826.54



	8
	9.67
	60.76
	885.98



	9
	9.84
	61.83
	917.41



	10
	10.21
	64.15
	987.69



	11
	10.52
	66.10
	1048.58



	12
	11.04
	69.37
	1154.81



	13
	11.43
	71.82
	1237.84



	14
	11.91
	74.83
	1343.99



	15
	12.06
	75.78
	1378.05
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