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Abstract

:

Road traffic transportation has flourished in the process of urbanization due to its advantages, but concurrently it generates harmful environmental vibrations. This vibration issue becomes particularly crucial in production workshops housing precision instruments. However, limited research has been undertaken on this matter. This study aimed to investigate the influence of road traffic-induced vibration on micro-vibrations within a workshop housing precision instruments. A field test was conducted to assess the vibration levels originating from both machinery operation and vehicular traffic. The results indicated that ground-borne vibrations caused by road vehicles decrease with increasing propagation distance, peaking around 10 Hz. Machinery operation vibrations were primarily concentrated above 20 Hz, while vehicular traffic vibrations were more prominent below 20 Hz. Notably, the passage of heavy trucks significantly impacted both ground and workshop vibrations, with vertical vibrations being particularly significant. Within the workshop, the second floor experienced higher vibrations above 20 Hz due to the presence of installed instruments. Importantly, the micro-vibration levels on both floors exceeded the VC-C limit (12.5 µm/s), highlighting the need to account for road traffic and machinery vibrations in workshop design. These data can be utilized to validate numerical models for predicting road traffic-induced vibrations, aiding in vibration assessment during road planning and design.
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1. Introduction


With improvements in the urbanization rate in China, the population is gathering in cities, and the urban road network system has also been upgraded [1,2]. The well-connected traffic network has brought great convenience to people’s lives and travel. However, traffic-induced vibration has become a major environmental issue in urban areas, since the distance between the buildings and the traffic lines is decreasing due to space limitations in heavily populated cities [3,4,5,6,7]. The vibration hazard caused by road traffic is thus an urgent social and engineering problem to be solved [8,9,10].



Research on the vibration and noise problems of buildings, caused by railway traffic, is quite common [11,12]. As for vibration propagation caused by road vehicles running, Watts [13] found that significant vibration responses could be observed within 50 m from the center of the road when heavy vehicles were running on an uneven road. In theoretical investigations, a simplified vibration prediction model was proposed to consider the influence of factors such as vehicle speed, vibration propagation distance, and the maximum height and depth of the uneven pavement on the road [14]. Hunt [15,16] and Lombaert [17] assumed that the effect of running vehicles on the road was a steady-state process. In their studies, the vehicle was simplified into different models, and the influence of different road surfaces on the vibration caused by the vehicle was discussed. An analytical method based on random vibration analysis was proposed to predict the power spectral density of traffic-induced ground-borne vibration by Hao and Ang [18], which showed that the ground-borne vibration was mainly caused by the propagation of the Rayleigh wave. Other numerical models were established to study the vibration response caused by the running vehicle on roads of different roughness [19,20]. In Lak’s study [20], the load weight, traffic degree, and road roughness were significant factors that affected the environmental vibration caused by road traffic. However, the pavement structure primarily affected the near-field vibration response in a high-frequency band, and the road–soil transfer function was mainly determined by soil parameters, so the accurate identification of soil dynamic parameters was the key to predicting traffic-induced environmental vibration issues. Road humps and speed cushions were used to control vehicle speeds in specific areas, whereas obvious vibrations were produced when vehicles passed over these speed bumps; in some cases, they could reach perceptible levels in adjacent buildings [21]. A theoretical analysis model was established to study the subject of vehicles passing over speed bumps, and the influences of the vehicle speed, tire stiffness, and the height and width of the unevenness were discussed [22]. Many valuable findings have been obtained from the above theoretical analysis and numerical simulation.



However, any theoretical analysis and numerical simulation cannot consider all objective factors. Prediction uncertainties and inaccuracies resulting from assumptions in modeling cannot be neglected. A site experiment is the most intuitive and accurate means of studying the vibration source excitation and the response of sensitive targets when the vehicle passes, and it is also the most rigorous way of checking and evaluating analytical and numerical solutions. A large number of field experiments have been carried out in the academic and engineering fields to provide accurate model parameters and test data for validating theoretical models [23,24,25,26,27,28,29].



To verify a numerical model of environmental vibration, a field experiment was performed by Mhanna et al. [23]. Test vehicles were used in another field test carried out by Taniguchi and Sawada [24]. It was found that the Rayleigh wave played a primary role in the vibration propagation, and its dominant frequency range was located at 10~20 Hz. The field vibration responses induced by different types of vehicles traveling at different speeds were measured, and it was observed that the vibration responses mainly dominated in 10~40 Hz and the vibration frequency induced by buses was concentrated in the relatively narrow frequency band of 10~12.5 Hz [25]. A detailed field measurement of the environmental vibration caused by road traffic in Montreal was conducted, and it was observed that the dominant frequency band of vibration caused by trucks was concentrated between 10 and 20 Hz [26]. Another field test was executed to study the vibration response of a free field beside a two-way subway line and road traffic, and the different characteristics of vibration induced by the subway trains and road vehicles were discussed [27]. To find out the influence of road traffic on ancient buildings, an experimental study on the vibration of ancient buildings caused by road traffic vehicles was performed [28]. The vibration response caused by the vehicle passing through different types of deceleration devices was researched using experiments [29]. Obvious frequency characteristics of road traffic-induced environmental vibration were discovered in the above-mentioned studies.



In contrast, most experimental studies have focused on vibration problems encountered with intensive vibration levels, and relatively little attention has been paid to the impact of micro-vibration. With the development of the social industrialization process, the problem of micro-vibration has gradually been exposed [30,31,32,33]. For workshops with precision instruments, micro-vibration may affect the normal operation and working accuracy of precision instruments [34]. An experimental study was conducted to evaluate the influence of heavy-vehicle-induced vibration on precision instruments, which found that the amplitude of heavy vehicles is about 3~5 times that of small cars [35]. Another study focused on the attenuation of ground-borne vibrations by applying isolation measures for sensitive areas with precision instruments [36,37].



In this study, a random sampling analysis was conducted to assess traffic flow conditions on the expressway. Then, a micro-vibration field test was carried out for the production workshop of microelectronics enterprises adjacent to an urban expressway in Xiamen, China. Special attention is paid to the site vibration on the ground and the micro-vibration inside the production workshop due to road traffic. This study differs from previous works primarily in two aspects: firstly, we conducted a vibration test in a workshop operating continuously, with data collected every hour capturing both production and traffic-induced vibrations; secondly, we strategically placed measurement points along the traffic–factory path to cross-verify the traffic-induced vibration characteristics in the workshop, enhancing the reliability of the analysis. To obtain a better understanding of such a complex dynamic system, the measurement data were analyzed both in the time and frequency domains, and the test results provide references for similar research.




2. Field Test Site and Experiment Scheme


2.1. Field Test Site


The microelectronics enterprise is located off the northern side of an urban expressway in Xiamen, China, as shown in Figure 1a, where the No. 3 production workshop is in operation. It is a high-tech workshop for the production of new-type displays and is equipped with precision instruments for the production of low-temperature polysilicon (LTPS) and color filters (CFs). The distance from the edge of the urban expressway to the production workshop is approximately 82 m. There are six lanes in both directions making up the main carriageway of the urban expressway. Additionally, on the auxiliary carriageway, there are four lanes in both directions. The design speed of the expressway is 80 km/h. To the southwest of the No. 3 production workshop, the nearest distance from the workshop to the elevated rail transit line is about 65 m (see Figure 1a).



The overall length and width of the No. 3 production workshop is 507.9 m × 252.6 m, with a building height of about 26 m. There is no production equipment in the dust-free room on the first floor of the workshop, which is used as a ventilation space. The core area in the workshop is on the second floor. There is plenty of fully automated production equipment on the second floor, which operates continuously over 24 h. Therefore, the vibration sources for precision instruments in the workshop mainly include (1) vibration generated by the operation of machinery and equipment in the production workshop; (2) vibration of air conditioning and ventilation equipment in the dust-free room; (3) instantaneous shock and vibration caused by personnel walking; (4) vibration from the nearby construction site; and (5) vibration caused by vehicles running on the road in the factory area and urban roads outside the factory area.




2.2. Measurement Scheme


Since the environmental vibration caused by road traffic is low-frequency vibration, the vibration attenuation rate is slow during the process of propagation. Micro-vibration is one of the key issues to be considered and solved in the production process of the display screen. At the same time, the elevated rail transit line under planning may also have a significant adverse impact on the normal production activities in the No. 3 production workshop after it is put into operation. At present, the primary task is to find out the micro-vibration level of the No. 3 workshop and the significant influential factors of the existing vibration sources. Therefore, three test sections were arranged in different areas of the No. 3 workshop. Meanwhile, to find out the attenuation characteristics of vibration on the propagation path, test section 4 # is set on the transmission route between test section 3 # and the expressway. The four test sections are all within the green dotted circle in Figure 1a, which is illustrated in Figure 1b in detail.



The layout of test points for the four test sections is shown in Figure 1c. Test sections 1 #, 2 #, and 3 # were located in the workshop. Each test section contained eight measuring points, of which measuring points 1 # to 4 # were arranged on the first floor, measuring points 5 # to 8 # were installed on the second floor, and the intervals between the measuring points were 20 m. Test section 4 # was located on the transmission path between the urban expressway and the workshop. Seven measuring points of test section 4 # were arranged on the ground. Measuring point 4-1 # was installed next to the urban expressway, the intervals between the adjacent measuring points 4-1 # to 4-6 # are 10 m, and the distance between the measuring points 4-6 # and 4-7 # is 15 m. Each measuring point of the four test sections was equipped with three sensors to record the vibration speed in the X, Y, and Z directions, as shown in Figure 1c.



Based on the Technical Specifications for Environmental Vibration Monitoring (HJ 918-2017) [38], the monitoring of the regional environmental vibration was divided into two periods: daytime and nighttime monitoring. Daytime refers to the period between 6:00 a.m. and 10:00 p.m. in one day, and nighttime refers to the period from 10:00 p.m. to 6:00 a.m. on the next day. The time interval between the two tests was one hour. According to the above-mentioned specifications, micro-vibration monitoring in workshop No. 3 was carried out on test sections 1 #, 2 #, and 3 # for 24 h, respectively, and the monitoring was performed each hour with a duration of 10 min. Measurement was conducted for test section 4 # in the period between 7:30 p.m. and 8:30 p.m. when a large number of vehicles were running on the urban expressway. In total, 35 groups of data were collected, and the duration of each data collection was 30 s.



For test sections 1#, 2#, and 3 # in the No. 3 workshop, sensors were installed on the first and second floors of the building. The dust-free room on the first floor has no production equipment, and the sensors were directly installed on the first floor slab, as shown in Figure 2. The core production area was on the second floor, and the production equipment was placed on the waffle board. When installing the sensors on the second floor slab, the waffle board needed to be removed first, and the sensors were installed on the floor slab under the waffle board. The second floor was equipped with ventilation holes, and the sensors were installed on the floor beside the ventilation hole, as shown in Figure 3. In Figure 3, test sections 1 # and 2 # on the second floor were located in the yellow light area; the surrounding production equipment was dense, and test section 3 # was located in the white light area, which had the least equipment of the three test sections.



The measuring points of test section 4 # were placed on the ground between the urban expressway and the workshop. The surface of the green belt is covered with weeds and low trees. The installation procedure for the sensors is shown in Figure 4. Firstly, the surface floating soil needed to be removed, and a square foundation pit was excavated to place a square steel plate with an L-shaped angle steel and four small holes at the four corners. Then, four steel drills were inserted into the soil through the holes to fix the plate. Finally, sensors were mounted on the steel plate in the X, Y, and Z directions.



In the experiment, Type 891-II low-frequency accelerometers were employed, boasting a measurement range of 0 to 4 g and an effective frequency range spanning from 0.5 Hz to 80 Hz. The data acquisition system utilized for the measurements was the INV3060S, a product of the Beijing Oriental Institute of Vibration and Noise Technology. This advanced system supports up to 16 channels and offers a sampling frequency range extending from 6.25 Hz to 102.4k Hz. The sampling frequency was 1024 Hz. Random sampling was conducted beside the road. About three to five heavy trucks passed by per minute in one direction. Regarding trucks, they typically had multiple axles, ranging from double to five axles, with axle weights varying between several tons to ten tons. The traffic condition on the expressway is shown in Figure 5.





3. Vibration on the Transmission Route


Test section 4 # was set on the site of the transmission route between the road and the workshop. Before the field test, a random sampling study of the expressway’s traffic flow condition was undertaken. From 7:30 to 8:30 p.m., three to five heavy trucks went in one direction every minute, while other vehicles, including various types of cars, passed by continuously. To examine the effects of the actual random traffic flow, the duration of each test was 30 s. Generally, during the test period, the excitation of heavy trucks and cars could be recorded. The characteristics of the vibration responses were analyzed in time and frequency domains. The heavy vehicle shown in Figure 5b represents trucks.



3.1. Time History Analysis of Ground Vibration


The background vibration responses on the ground were quite minimal when there were no moving vehicles on the road. With the excitation of road traffic vehicles, the vibration responses on the ground increased to some extent, and while the heavy vehicles passed by, the ground-borne vibration responses were magnified significantly. The vibration responses of the measuring points decreased gradually with the increase in the distance from the road. Figure 6 shows the time histories of velocity responses in the vertical, X, and Y directions at locations 4-1 #, 4-5 #, and 4-7 #.



The comparison of time histories in the three directions in Figure 6 shows that the vertical vibration response was the largest, and the vibration response in the Y direction was the smallest. In Figure 6, both the background vibration and traffic-induced vibration can be observed in response to the three directions. The vibration responses of the ground measurement points in the periods of 7 s to 23 s and 27 s to 30 s were generated by the passage of road vehicles (except for heavy trucks) and were greater than those of background vibration. The vibration response from 23 s to 27 s increased significantly due to the passage of heavy trucks. Additionally, the closer to the road, the more the vibration response increased. From Figure 6a, the peak response caused by heavy vehicles passing by can be observed at locations 4-1 # and 4-5 #, corresponding to 23.77 s and 24.48 s, respectively, from which the time lag phenomenon can be observed.




3.2. Fourier Spectrum Analysis of Ground Vibration


The dominant frequency band of ground-borne vibration in the vertical, horizontal, X, and Y directions caused by road traffic was concentrated within 20 Hz. The peak frequency of the vertical vibration appeared at 12 Hz, and the peaks of the horizontal vibration responses in the X and Y directions appeared around 6 Hz and 12 Hz. During the propagation of vibration, the response amplitude gradually attenuated with the increase in distance from the road. The fast Fourier transform (FFT) spectra of vibration velocity in the vertical, horizontal, X, and Y directions at locations 4-1 #, 4-3 #, 4-5 #, and 4-7 # are given in Figure 7.



It can be seen from Figure 7 that the vertical vibration amplitude was greater than that in the horizontal X and Y directions, and the vibration amplitude in the horizontal Y direction showed the smallest response, which is consistent with the conclusion of the analysis from Figure 6. The vibration responses in the three directions decreased gradually with the increase in the propagation distance.




3.3. 1/3 Octave Spectrum of Ground Vibration


Based on the description in Section 2.2, 35 groups of test data were recorded for test section 4 # during the period of 7:30 p.m. to 8:30 p.m., when there were a large number of vehicles passing through the urban expressway. The duration of each test was 30 s. According to the 35 groups of test data, a 1/3 octave analysis was carried out. Due to the differences in the test data, a 95% confidence interval was employed for 1/3 octave spectra. The 95% confidence limits of vertical vibration responses at measuring points 4-1, 4-3, 4-5, and 4-7 # are shown in Figure 8. It can be seen from Figure 8 that the dominant frequency band of the ground-borne vibration response was within 20 Hz, and the peak frequency of the vibrations at 4-1 # and 4-3 # was located at 10~20 Hz. With the increase in propagation distance, the peak frequency of the vibration responses at 4-5 # and 4-7 # shifted to 10 Hz, and the vibration amplitude decreased, which was especially evident in the dominant frequency band.




3.4. Vibration Level of Ground Vibration


To further investigate the ground-borne vibration induced by road traffic, the vibration was evaluated by use of the speed vibration level Lv in decibels, expressed as


   L v   = 20  lg      V  rms      V  ref       ,  



(1)




where Lv is the velocity level in decibels,    V  rms     is the effective value (root mean square value) of vibration velocity in m/s, and    V  ref     is reference velocity, of which the value is   2  . 54  ×   10    − 8      m/s, according to the regulations of the Department of Railway Transportation in the U.S. [39].



For 35 groups of test data, the vertical velocity vibration level Lv was calculated using Equation (1). Due to the differences that exist in the test data, a 95% confidence interval was employed, as shown in Figure 9. In Figure 9, the total vibration levels at all test points on the ground are exhibited. The vertical velocity vibration level decreased gradually with the increase in distance from the road, indicating that the vibration energy gradually decreased during the vibration propagation, which follows the vibration propagation rule in Ref. [40].





4. Vibration in the Workshop


The production workshop is located near the urban expressway. The road traffic-induced micro-vibration may affect the normal operation of the instruments and equipment in the workshop. Therefore, it was necessary to conduct a detailed study on the influence of road traffic on the workshop.



4.1. Time History Analysis of Workshop Vibration


The road traffic-induced vibration in the workshop was attenuated during the vibration propagation from the first floor to the second floor. The vibration of the second floor was significantly affected by the operation of the production equipment. The time histories of the vertical vibration velocity at locations 2-4 # and 2-8 # are shown in Figure 10. Test point 2-4 # is on the first floor, and 2-8 # is on the second floor.



It can be observed from Figure 10 that the response increased significantly during the period of 348 s to 354 s when heavy trucks passed by. However, the response amplitude of the second floor was smaller than that of the first floor in this period, which indicates that the traffic-induced vibration was attenuated with the vibration propagation from the first floor to the second floor. Compared to the responses in the other periods (335 s to 348 s and 354 s to 365 s), it can be observed that the vibration amplitude in Figure 10b is greater than that in Figure 10a. Since the production equipment on the second floor operated continuously for 24 h, the most likely reason for the increase in vibration on the second floor slab in the periods of 335 s to 348 s and 354 s to 365 s is the contribution of vibration due to the operation of production machinery and equipment.




4.2. Fourier Spectrum Analysis of Workshop Vibration


The peak frequency of workshop vibrations in the vertical direction caused by the road traffic was concentrated around 10 Hz. The vibration in this frequency range was attenuated with the vibration propagation from the first floor to the second floor in the workshop. The vibration of the second floor slab was affected by the excitation induced by the production equipment, which resulted in localized peaks in the frequency band above 20 Hz. FFT spectra of vibration velocity in the vertical direction at all locations of test section 2 # are shown in Figure 11.



For the vertical vibration response of the workshop in Figure 11, the FFT spectrum waveforms of the vibration response at the test locations on the first and second floors were similar, and the vibration peaks appeared around 10 Hz. The vibration amplitude of the second floor slab was smaller than that of the first floor in frequencies around 10 Hz, suggesting that the dominant frequency range of road traffic-induced vibration was around 10 Hz, which agrees with Refs. [24,25,26]. The traffic-induced vibration decreased when it was transmitted from the first floor to the second floor. In addition, the localized vibration peaks of the second floor can be observed at 30 Hz, 50~60 Hz, and 70~80 Hz in Figure 11b. The amplitudes of the localized vibration peaks increased compared with Figure 11a, and the most likely reason for this phenomenon is the vibration effects generated by the operation of the equipment on the second floor.




4.3. 1/3 Octave Spectrum of Workshop Vibration


During the normal operation of sensitive equipment, the vibration at the placement position of the equipment was quite severe. There is a special vibration criterion for the evaluation of micro-vibration which takes a 1/3 octave spectrum of the effective value of velocity as the evaluation index [41]. Seven vibration levels of vibration criterion (VC) curves from VC-A to VC-G were used for the evaluation of micro-vibration, and the limit value was reduced step by step (VC-G had the most rigorous standard and the smallest vibration limit) [41]. Table 1 shows the vibration limit from VC-A to VC-G in VC standard [41]. A detailed description can be found in the work of Amick [42]. According to the precision requirements of the production equipment in this study, the vibration in the workshop needed to be kept within the VC-C limit.



On the second floor slab, the area of test section 2 # was densely populated with production machinery, the vibration response of which was analyzed in detail to explore the vibration characteristics in the workshop. The 1/3 octave spectra of the vibration velocity at each measurement point in the vertical, horizontal X, and Y directions on the first and second floors are illustrated in Figure 12, Figure 13 and Figure 14, respectively. The test results have obvious discreteness. The reasons for this are two. On one hand, the vibrations of different measurement points caused by the operation of equipment were different. On the other hand, random traffic flow on the expressway contributed to significant differences in vibration responses.



Figure 12a,b show the 1/3 octave spectra of vertical vibration at the measuring points on the first and second floors in the daytime (6:00 a.m. to 10:00 p.m), and the nighttime spectra (10:00 p.m. to 6:00 a.m. on the next day) are presented in Figure 12c,d. In the daytime, the vertical vibration response of the measuring points on the first and second floors far exceeded the VC-C limit in a wide frequency range. At night, some test conditions of the vertical vibration response on the first floor exceeded the VC-C limit of around 6 Hz, while the vertical vibration response on the second floor in the peak frequency band of around 30 Hz and 80 Hz also exceeded the VC-C limit.



Considering the effects of the road vehicles, part of the test results shows response peaks around 6 Hz in Figure 12a–d, and a larger response peak appears around 10 Hz in Figure 12a,b. The reason is primarily due to the large traffic flow and rapid passage of heavy vehicles during the daytime, resulting in a peak response near 10 Hz. While there was relatively less traffic flow and few heavy vehicles at night, no response peaks around 10 Hz were observed. In the frequency ranges around 30 Hz and 80 Hz, obvious vibration response peaks can be observed in Figure 12b,d, and response amplitudes are significantly higher than those in Figure 12a,c. This is likely due to the 24 h uninterrupted operation of the production facilities on the second floor. So, for the daytime and nighttime, no significant differences in vibration responses around 30 Hz and 80 Hz can be observed in Figure 12b,d. It can be seen from Figure 12d that the vibration generated by the operation of the production facilities at night even exceeded the contribution of road vehicles to the vibration on the second floor slab.



The 1/3 octave spectra of vibration in the X direction at the measuring points on the first and second floors during the daytime are illustrated in Figure 13a,b, and the nighttime spectra are presented in Figure 13c,d. The X-direction vibration response of test section 2 # in the production workshop was smaller than that in the vertical direction. In the daytime, only a few test data on the first and second floors exceeded the VC-C limit in the peak frequency band. At night, the vibration responses on the first floor were very small, and all of them failed to reach the VC-C limit. Additionally, X-direction vibration responses on the second floor were only greater than the VC-C limit in the peak frequency band around 80 Hz.



The 1/3 octave spectra of vibration in the Y direction at the measuring points on the first and second floors during the daytime are indicated in Figure 14a,b, and the nighttime spectra are presented in Figure 14c,d. The Y-direction vibration response of test section 2 # was similar to the vibration in the X direction and much smaller than that in the vertical direction. In the daytime, very few test data on the first floor exceeded the VC-C limit in the peak frequency ranges around 10 and 50 Hz, and vibrations on the second floor only exceeded the VC-C limit at the peak frequency of 80 Hz. At night, only individual data on the first floor exceeded the VC-C limit at the peak frequency of 50 Hz, while partial vibration responses on the second floor exceeded the VC-C limit at 30 and 80 Hz.




4.4. Vibration Level of Workshop Vibration


To study the vibration level of the first- and second floor slabs in the workshop at different moments, Equation (1) is used to obtain the velocity vibration level of the responses in the workshop. The mean and standard deviation of the vibration levels at the four measurement points on the same floor are then found. Taking test section 1 # as an example, the mean and standard deviation of the vibration response on the first floor are calculated according to the responses of the measuring points 1-1 # to 1-4 #, and the mean value and standard deviation of the responses on the second floor are obtained according to the responses of measuring points 1-5 # to 1-8 #. The mean and standard deviation of vibration responses on the first- and second floor slabs at the three test sections in the workshop are shown in Figure 15.



As shown in Figure 15, the square and circular dots represent the means of the vibration responses, and the vertical short line represents the standard deviation of the vibration responses. It can be seen from Figure 15 that the mean value and standard deviation of the vibration levels in the workshop have obvious variations at different moments, mainly due to the random road traffic flow on the expressway. However, it can be observed that the mean values of the vibration level magnify with the increased traffic flow in the morning and evening peak periods. During the three days when the three test sections were measured, respectively, the morning peak periods were uniform, which appeared in the period of 8:00 a.m. to 9:00 a.m., while the evening peaks primarily appeared in the period of 7:00 p.m. to 9:00 p.m.



Comparing the vibration characteristics of the first and second floor slabs at the three test sections, it can be found that except for the morning and evening peak periods, the velocity vibration level of the second floor slab is greater than that of the first floor slab, which is due to the vibration excitation caused by the operation of production facilities on the second floor. However, during the morning and evening peak periods, due to the increase in the road traffic flow, the contribution of vibration induced by road traffic increases, and the differences in vibration levels between the first and second floors decrease. It can even be observed in Figure 15a that the vibration level on the first floor slab exceeds that on the second floor slab due to the dominant increase in road traffic flow during the morning and evening peak periods. Therefore, it is necessary to take measures to control the vibration response caused by running vehicles, such as limiting the load capacity of heavy vehicles, controlling the vehicle speed, improving the pavement grade, and reducing the pavement’s roughness.





5. Conclusions


The rapid construction of urban roads improves people’s travel, yet it may cause environmental vibration issues. In the current study, we conducted field measurements to investigate the effect of road traffic-induced vibration on the micro-vibration of a workshop equipped with precision instruments. The test equipment was divided into two groups. One group was set on the ground to measure the vibration response on the propagation path. The other group was arranged in the workshop to collect the velocity signals on the first and second floors. The test results were analyzed in the time and frequency domains. Relevant data and findings can not only guide the design of vibration reduction schemes for road traffic environmental vibration but also validate potential numerical model predictions of traffic-induced micro-vibration. Our main conclusions are listed as follows:



The traffic-induced ground-borne vibration on the transmission route attenuates with the distance from the road and shows peak responses around 10 Hz. The passage of heavy vehicles causes remarkable vibration response both on the ground and in the workshop, among which the vertical vibration is the most significant.



The workshop is subject to vibration excitation from the operation of production equipment (above 20 Hz) in addition to vibration stimulation from vehicles (below 20 Hz). In the daytime, the vertical vibration responses on the first and second floors in the workshop far exceed the VC-C limit, but only a few test conditions of the vibration responses in the horizontal X and Y directions exceed the VC-C limit in the peak frequency range. At night, only individual test conditions of the vibration responses on the first and second floors exceed the VC-C limit in the peak frequencies.



During the periods of morning and evening peaks with heavy road traffic flow, the vertical vibration responses on the first and second floors in the workshop increased significantly. However, the second floor vibrates more than the first floor above 20 Hz, which can be attributed to the stimulation of instruments installed there.



Due to the heavy traffic flow in the daytime, the vertical vibration response of the floor slab in the workshop can easily exceed the VC-C limit. In addition, the vibration generated by the operation of the production equipment in the workshop cannot be ignored, which, in turn, has an obvious impact on the normal running of the production equipment. Therefore, it is necessary to explore vibration reduction measures for the production equipment. Moreover, due to the planning of a metro line, in the future, there will be an elevated metro line located 65 m away from the workshop, which, after it is completed and put into operation, will have adverse impacts on the workshop. It is necessary to further study the impacts of vibration induced by the subway line. Apart from this effect, we did not delve into specific details such as the axle weight, vehicle speed, or model information of the passing vehicles. Future research should aim to quantify these factors and conduct a more nuanced analysis of the building’s vibration response to specific sources of vehicle-induced vibration.
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Figure 1. Test scheme for the microelectronics enterprise beside the urban expressway: (a) plan of the microelectronics enterprise; (b) locations of the four test sections; and (c) illustration of measuring points. 
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Figure 2. Installation of sensors on the first floor slab. 
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Figure 3. Placement of test points on the second floor: (a) test section 1 #; (b) test section 2 #; (c) test section 3 #; and (d) installation of sensors on the second floor slab. 
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Figure 4. Vehicles on the urban expressway beside the workshop. 
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Figure 5. Vehicles on the urban expressway beside the workshop: (a) traffic flow on the expressway and (b) heavy trucks on the road. 
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Figure 6. Time histories of vibration velocity at test section 4 # in the (a) vertical direction; (b) X direction; and (c) Y direction. 
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Figure 7. Spectra of vibration velocities at test section 4 # in the (a) vertical direction; (b) X direction; and (c) Y direction. 
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Figure 8. The 1/3 octave spectra of vertical velocity at the following test points: (a) 4-1 #; (b) 4-3 #; (c) 4-5 #; and (d) 4-7. 
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Figure 9. Vertical velocity levels of test points from 4-1 # to 4-7 # at test section 4. 
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Figure 10. Time histories of vertical vibration at test points 2-4 # and 2-8 #: (a) first floor and (b) second floor. 
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Figure 11. Spectra of vertical vibration at test section 2 # on the (a) first floor and (b) second floor. 
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Figure 12. The 1/3 octave spectra of vibration velocities in the vertical direction (a) on the first floor in the daytime; (b) on the second floor in the daytime; (c) on the first floor at night; and (d) on the second floor at night. 
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Figure 13. The 1/3 octave spectra of vibration velocity in the X direction (a) on the first floor in the daytime; (b) on the second floor in the daytime; (c) on the first floor at night; and (d) on the second floor at night. 
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Figure 14. The 1/3 octave spectra of vibration velocity in the Y direction (a) on the first floor in the daytime; (b) on the second floor in the daytime; (c) on the first floor at night; and (d) on the second floor at night. 
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Figure 15. Vertical vibration levels of the workshop during one day at (a) test section 1 #; (b) test section 2 #; and (c) test section 3 #. 






Figure 15. Vertical vibration levels of the workshop during one day at (a) test section 1 #; (b) test section 2 #; and (c) test section 3 #.



[image: Buildings 14 01142 g015]







 





Table 1. Vibration limits from VC-A to VC-G.
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Vibration Level

	
Frequency Range (Hz)

	
Vibration Limit






	
VC-A

	
4~8

	
The acceleration does not exceed 260    μ g   .




	
8-80

	
The velocity does not exceed 50    μ m / s   .




	
VC-B

	
4~8

	
The acceleration does not exceed 130    μ g   .




	
8~80

	
The velocity does not exceed 25    μ m / s   .




	
VC-C

	
1~80

	
The velocity does not exceed 12.5    μ m / s   .




	
VC-D

	
1~80

	
The velocity does not exceed 6.25    μ m / s   .




	
VC-E

	
1~80

	
The velocity does not exceed 3.12    μ m / s   .




	
VC-F

	
1~80

	
The velocity does not exceed 1.56    μ m / s   .




	
VC-G

	
1~80

	
The velocity does not exceed 0.78    μ m / s   .
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