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Abstract

:

Disaster prevention and the mitigation of earth fissures is a key issue in the sustainable development of urban land. Structures directly avoiding earth fissures are not conducive to the rational planning and efficient utilization of urban construction. The Su-Xi-Chang area, which consists of the cities of Suzhou, Wuxi, and Changzhou, surrounded by Taihu Lake, has developed bedrock buried-hill earth fissures that are rare in the rest of the country. Existing research results have identified the genesis mechanisms, distribution patterns, and developmental characteristics of this type of fissure. Not only does the slow-variable activity of earth fissures cause direct damage to surface and underground structures, but in addition, when an earthquake occurs, the presence of earth fissures may cause the seismic response of the site to be altered or even strengthened, leading to unknown damage or the possible destruction of structures near the fissures. However, no studies have been conducted to assess the dynamic effects of bedrock-buried-hill earth fissure sites. Therefore, in this research, based on six typical bedrock-buried-hill-type earth fissures in the Su-Xi-Chang area, and in order to accurately reveal the dynamic amplification effect law of the earth fissure sites, systematic spectral analyses and comparisons of the microtremor signals were carried out by using the linear analysis method (Direct Fourier Transform Analysis) and the nonlinear analysis method (Hilbert–Huang Transform). The results show that bedrock-buried-hill-type earth fissures have a significant amplification effect on the dynamic response of the site; the amplification effect of bedrock-buried-hill fissure sites follows the same attenuation pattern, and the furthest range of the dynamic response on the site is about 25 m, beyond which the original seismic fortification level can be maintained; the extreme value of the amplification factor of the two sides of this type of site, as derived from the Fourier and HHT methods, is about double, and the nearest earth fissure region should be considered to have a raised seismic fortification intensity of more than double the original. The Hilbert–Huang transform method has good applicability for processing microtremor data, and nonlinear signal analysis methods can be considered comprehensive for future microtremor signal processing.






Keywords:


earth fissure disaster prevention and mitigation; microtremor testing; amplification effect; spectrum analysis; sustainable development












1. Introduction


Earth fissures are geological disasters that occur worldwide. It involves linear tensile cracking with a specific extension length that develops on the land surface and may be accompanied by vertical dislocation. Earthquakes and active faults, underground mining, groundwater mining, and landslides can cause earth fissures [1]. China is one of the countries most severely affected by earth fissure disasters because of the large number and development scale of earth fissures and their wide distribution area. From 1966 to 2000, more than 6000 earth fissures were identified in China, with a cumulative length of more than 1000 km, affecting an area of more than 600,000 square kilometers. The three main areas of earth fissure development in China, namely the Fenwei Basin, the Hebei Plain, and the Su-Xi-Chang area, encompass 70% of the total number of earth fissures in China [2]. The special bedrock-buried-hill-type earth fissure is rare in China, but 25 typical bedrock-buried-hill-type earth fissures have been identified in the Su-Xi-Chang area, which is composed of the cities of Suzhou, Wuxi, and Changzhou around Taihu Lake [3]. The Su-Xi-Chang area is a prosperous metropolitan region in China, with densely built-up areas and complex traffic tunnels, and the active deformation of earth fissures has seriously impeded the high-speed development of the regional economy. In order to prevent earth fissure disasters, there has been some research into the development and distribution of bedrock-buried-hill-type earth fissures, analyzing their activity characteristics, genesis mechanisms, formation, and evolution. Static subsidence and the deformation of earth fissures have been identified as topics for study, and many consensus results have been achieved [4,5,6,7,8,9].



The various stratigraphic and topographic features of a project site often lead to specific seismic responses, which become a site-effect topic. Different studies for particular site conditions such as bedrock [10] and slopes [11] have revealed that the response patterns of irregular terrain sites in earthquakes are significantly different. Among them, earth fissures are a extremely significant engineering and geological issues, and many researchers and scholars have produced preliminary results revealing that the earth fissure site in Xi’an, China has potential dynamic amplification effects based on numerical simulations and physical model tests [12,13,14,15]. However, it is difficult for the existing results to provide a reference for the seismic fortification of earth fissure sites with special genesis types such as bedrock buried hills. Therefore, there is an urgent need to characterize the dynamic response of bedrock-buried-hill-type earth fissure sites.



Considering the randomness of earthquakes, the time-consuming observation of measured earthquake data at earth fissure sites, and the difficulty of obtaining large-scale earth fissure site monitoring data, scholars have begun to search for alternatives in assessing the seismic field effects at sites.



In 1908, Omori observed an extremely weak foundation vibration with a high-multiple-vibration measuring instrument and named it a ‘microtremor’ [16]. Subsequently, in the 1950s, Kanai vigorously promoted the microtremor as an evaluation method of engineering site performance [17], popularizing it in Japan. Since then, scholars have conducted a series of studies on the microtremors’ sources, genetic mechanisms. and wave patterns [18,19,20,21]. However, research at this stage is mainly limited to short-period constant time microseisms below 1 s. In the 1970s, with the emergence of more high-rise buildings, the effect of deep site conditions on ground vibrations received some attention, and long-period microtremor observations of greater than 1 s were carried out. In the 1990s, Nakamura proposed a microtremor single-point spectral ratio method (H/V) [22] that once again formed a hot spot in the study of microtremors worldwide; following this, the Nakamura method has become widely practiced. Although there are still different views on the test methods of microtremors, several studies conducted thus far have shown that microtremors contain significant information on the foundation soil layer. The application of microtremors to detect the dynamic characteristics of the soil layer and calculate the characteristics of strong ground motion is very effective [23,24,25,26,27,28,29]. Recently, Jiang Chang, Xuan You, and Ge Cao carried out site-effect studies on a typical rift site in the Fenwei Basin of China by using microtremor tests [23,30,31], showing that the microtremor tests were very effective in revealing the dynamic effect of the earth fissure site. However, the application of microtremors in earthquake engineering is still in the initial stages.



The microtremor signal is a stable, non-repetitive random vibration signal. The most common microtremor processing methods include the traditional Fourier methods. These methods are based on the stability and linearity of the microtremor signal. However, when microtremor signals are collected, the inevitable interference of the surrounding environment may affect the steady state of the original signal. Therefore, this study considered the introduction of Hilbert–Huang transform (HHT), a nonlinear-based vibration signal processing method, into the processing of microtremors. Hilbert–Huang transform is a nonlinear and nonstationary vibration signal processing method first proposed by Huang in 1998 [32]. This method innovatively proposes empirical mode decomposition (EMD). Unlike the traditional signal analysis method, it does not consider any assumptions and starts from the signal to split any complex vibration signals into finite intrinsic mode function (IMF) components. Hilbert signal analysis can provide local time-frequency characteristics of the signal. Since the HHT method was proposed, it has been widely recognized in the field of signal processing and is commonly used in seismic engineering [33,34,35,36], fault identification [37,38], and aerospace [39]. As a significant breakthrough in signal analysis methods in recent years, it is still glowing with vitality.



The above studies show that there is a paucity of research on the dynamic effects of earth fissure sites. Therefore, in order to reveal the dynamic response characteristics of bedrock-buried-hill-type earth fissure sites, this paper analyzed and compared the basic characteristics of microtremor spectra of earth fissure sites through direct Fourier transform analysis and Hilbert yellow transform analysis based on microtremor testing methods, and systematically revealed the amplification effect and influence range of this type of earth fissure site, with the aim of providing a reference for their seismic design and prevention.




2. Background


2.1. Structure


The Su-Xi-Chang area is located on the southern margin of the Yangtze River Delta in China. The residual bedrock hills are scattered around Taihu Lake, and most areas are vast accumulation plains with low and flat terrain. The ground elevation is generally lower than 7 m. The geological environmental background of the Su-Xi-Chang area has determined the distribution and development characteristics of earth fissures in this area. The geomorphic pattern of the base in this area was caused by the Yanshan Movement that occurred at the end of the Mesozoic era. The Yanshan Movement alternates frequently, and the level of erosion is low. Hence, due to intense tectonic activity, the ancient terrain experiences successive rises. Quaternary strata are widely distributed in this area, with thicknesses of 150–260 m, generally increasing from southwest to northeast (Figure 1). The inherited differential subsidence movement of the base structure has always played a controlling role in the quaternary sedimentation in this area. This geological structure has retained abundant groundwater since ancient times [3]. It is a typical geological formation in which the second confined aquifer buried is widely distributed and has a high water yield, which led to the large-scale development and utilization of groundwater resources in 1970. The long-term overexploitation of groundwater and the sharp decline in the water level resulted in severe land subsidence in the Su-Xi-Chang area, and an earth fissure was subsequently formed [6].



Typical bedrock-buried-hill earth fissures developed in the Su-Xi-Chang area were surveyed and investigated in this paper. Six typical earth fissures were ultimately identified as the study object: the F1 and F2 earth fissures in Yingguoan Village, Wuxi City; the F3 and F4 earth fissures in Guangming Village, Wuxi City; the F6 earth fissure in Chaqiao, Wuxi City; and the F9 earth fissure in Hetang, Jiangyin City.




2.2. Earth Fissures


2.2.1. Earth Fissures in Yingguoan (F1–2, 1991)


The F1 and F2 earth fissures are located in Yingguoan Village, Shitangwan Town, Wuxi (Figure 2), and began in 1991. At present, there are two nearly parallel earth fissure belts with lengths of approximately 2000 m in the NE direction. F2 has experienced greater differential settlement than F1. The mountain terrain significantly differs from north to south, and the site is located above ancient, submerged hills that trend in a NE–NEE direction. In addition, the ancient buried ridge is shallow at the uplifted section of the hill, and the thickness is less than 40 m, whereas the buried depth and consistency are significantly greater on the north and south sides. The thickness varies significantly across the entire site. In addition, the differential settlement of soil after groundwater mining has eventually induced earth fissures. Figure 2 depicts the 120 m long survey line that runs through F1 and F2.




2.2.2. Earth Fissures in Guangming Village (F3–4, 1998)


Guangming Village is home to F3 and F4, in Xibei Town, Wuxi City, near Hetang Town, Jiangyin City. F3 is a differential ground-subsidence type of earth fissure dominated by pumping. Earth fissures began to appear in Guangming Village in 1998 and were first discovered in a resident’s home in Yangshuli. The earth fissures rapidly developed, propagating in village groups such as Tangjiali, Shuiqu Lane, Xujiazhuji, and Jijiaba in Guangming Village. Thus far, the earth fissures in Guangming Village have caused serious damage to the area. Wherever an earth fissure appears, residential houses are damaged, door frames are deformed, entire houses become tilted, and the earth becomes significantly staggered (Figure 3c), resulting in more than 400 unsafe houses. The earth fissures in Guangming Village are generally NE fissures and appear in clusters. The primary and secondary cracks are roughly parallel. The surface traces are mainly concentrated in residential homes and are most evident at the entrance of Yangshuli, with a surface dislocation of approximately 20 cm (Figure 3b). According to the survey, the underlying bedrock surface is uneven, the loose layer at the uplift is only 60 m, and the earth fissures in this area are closely related to groundwater exploitation. When the first earth fissure appeared in Guangming Village, it was during a period of rapid decline in groundwater (Figure 4) [4]. Under the mutual impact of various factors, the formation of earth fissures was induced; since then, the groundwater level has gradually decreased, and fissures have begun to develop continuously. The entrance of Yangshuli, where the situation is the most serious, is at the top of the buried bedrock hill. The survey line is arranged at the village entrance, where the F3 main crack is exposed in front of a residential building (Figure 3).




2.2.3. Earth Fissures in Chaqiao (F6, 1992)


The Chaqiao earth fissure is the most extensive in Xishan City. It began in 1992, starting from Longdangtou (F5) in Shanhe Village and subsequently extending to Jijianong in Houshan Village, Denggengxiang (F6) in Shanhe Village, Chuanqiaotou, and other areas. The scale of damage in each village varies, but the earth fissures are distributed in a north–south direction (Figure 5). F6 is located in Denggengxiang, with an evident surface trace; the earth fissure is approximately 80 m long and 30 m wide.




2.2.4. Earth Fissures in Hetang, Jiangyin City (F9, 1995)


The two most representative earth fissures in Jiangyin are located in Changjing (F8) and Hetang (F9) Towns in the south. The F8–9 earth fissures have been developing since 1995. The direction of the two main cracks is the same, and the main fracture zone is distributed in the NE direction where the earth fissure situation is the most serious. F8 once crossed a nine-story building of the local Shuangping group and destroyed it [6]. Subsequent investigation found that the old site had been completely demolished, but the earth fissure was still active. At that time, the water conservancy and agricultural technology station had been transformed into the Huanghong textile factory, and several earth fissures were found in the textile factory, resulting in serious damage to its walls (Figure 6); F9 had mainly developed in the building complex on the north side of the Hetang community. The main fracture trend is NE 20°, and the width is approximately 20–60 m. The fracture zone is composed of one main fracture and three to four secondary fractures, extending up to approximately 500 m. It is generally found in a differential settlement mode, high in the east and low in the west. According to the investigation, the buried bedrock ridge at the development of the earth fracture is consistent with the earth fissure, and the shallowest buried depth of the ridge is approximately 64 m. The thickness of loose overburden on both sides of the mountain is generally 140–150 m (Figure 7). The area of unsafe buildings caused by F9 could be as high as 8763.8 m2 [40]. At present, a few unsafe buildings are still preserved. Earth fissure damage has been found in an old tax bureau and the residential area in the north (Figure 8), and the survey line is located in the residential area in the north (Figure 7).






3. Methodology


3.1. Microtremor Test


Microtremors are microseismic signals that vibrate continuously on the Earth’s surface. The spectral characteristics of microtremor signals can reflect the dynamic properties of the site. Since the local site conditions, seismic source characteristics, and testing instruments remain unchanged during the testing process, the effect of earth fissures on the site’s dynamic response can be revealed based on the changing pattern of microtremor spectral features across different locations at the site.



The servo velocity network seismometer (CV-374AV) manufactured by Japan’s Tokyo Vibration Measurement Company (Tokyo, Japan) features high sensitivity, portability as well as a long measurement time, and can be used to effectively monitor microtremor data. The test instrument sampling frequency had a range of 0.1–100 Hz, and could simultaneously monitor the data in three orthogonal directions.



The selection of survey lines was as previously mentioned. In principle, each survey line had 18 survey points and a total length of 60 m. The survey points were arranged densely near the earth fissure, and the hanging and heading sides were arranged symmetrically (Figure 9). The microtremor data were collected at night.



Each measuring point collected a section of microtremor data of 600 s, intercepted the relatively stable wave band, and considered the data for 10 s as a group for analysis.




3.2. Data Processing Method


Fourier transform is the conversion of a continuous signal that is nonperiodic in the time domain into a continuous signal that is nonperiodic in the frequency domain. A certain number of trigonometric functions are used to arbitrarily characterize nonperiodic complex functions. However, because Fourier transform uses a global definition of the signal, there are some crucial restrictions in Fourier spectral analysis: (1) the system must be linear, and (2) the data must be strictly periodic or stationary. Therefore, the nonlinear data analysis method should be considered when the data collected do not satisfy these strict requirements. Therefore, we introduced the Hilbert–Huang transform method, which involves an EMD method that can decompose any complex dataset into a finite and often small number of IMFs that allow for well-behaved Hilbert transforms. The decomposition is based on the local characteristic time scale of the data applicable to nonlinear and nonstationary processes. The final presentation of the results is an energy–frequency–time distribution, designated as the Hilbert spectrum. By integrating the Hilbert spectrum with time, we can obtain the marginal spectrum, which offers a measure of the total amplitude (or energy) contribution from each frequency value [30].



Figure 10 shows the EMD decomposition process of the 10 s microtremor data. The signal was efficiently decomposed into seven IMF components and a residual term. The frequency of the decomposed IMF components decreased in turn, and there was no sinusoidal function of the decomposed IMF components. The HHT method provides the first innovative improvement in the basic signal and frequency definitions, considering that the basic components that make up a signal are no longer sinusoidal, but rather consist of a finite number of intrinsic modal functions. The EMD decomposition process has been applied in related seismic engineering fields such as the dynamic response of slopes under seismic activity [41], the decomposition of seismic signals [42], and the seismic response of soft soils [43], showing the effectiveness of the EMD sieving method of Hilbert–Huang transform for processing complex nonlinear signals.



In order to investigate the dynamic response characteristics of the earth fissure site, based on fast Fourier transform and Hilbert–Huang transform, the effect of the existence of an earth fissure on the basic characteristics of the dynamic response within the site can be revealed by comparing the Fourier spectrum and the marginal spectrum of each spectral feature of the 18 measurement points on both sides of the earth fissure. A comparison of the two methods of spectral analysis of microtremors not only revealed the dynamical characteristics of earth fissure sites more accurately, but also opens up a completely new way of thinking for the future acquisition of spectral characteristics reflected by microtremors.





4. Results


4.1. Spectral Analysis


The results of the microtremor spectral analyses of different sites showed that the Fourier and marginal spectral characteristics were basically consistent for sites with close soil conditions. Earth fissures did not change the predominant frequency of the sites and all the different earth fissures had significant amplification effects on the dynamic response characteristics of the sites.



Based on the aforementioned Fourier and HHT analysis of the microtremor data collected from the five survey lines, the results of each site are shown in (a) and (b), respectively, in Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16. The same method yielded consistent spectral patterns in the hanging and heading sides of the earth fissure sites; a comparison of the analytical results of those two methods showed that similar to the results of the previous analysis of the 10 s microtremor signal, the Fourier spectral patterns were always comprehensive, and roughly concentrated within 0–15 Hz. In contrast to the marginal spectral energy distributed between 0 and 10 Hz, the Fourier spectral energy distribution range was extensive and the spectral pattern was relatively broad. The superior amplitude of the marginal spectrum was always more significant than that of the Fourier spectrum. The position of the marginal spectrum amplitude was in front, comparatively; that is, the predominant frequency with HHT was lower and more concentrated than that with Fourier transform. Based on the spectral patterns reflected by different survey lines, the marginal spectrum of the same fissure site was similar in shape to the Fourier spectrum. However, the marginal spectrum resembled a lateral narrowing of the Fourier spectrum, narrowing it to a lower frequency interval.



To visualize the relationship between the amplitude of each point on the survey line and the distance of the earth fissure, we directly analyzed the graphs in Figure 12c, Figure 13c, Figure 14c, Figure 15c and Figure 16c, where the points represent the average amplitude in the three directions of the measurement point. The results of both analysis methods showed that there was a significant amplification effect of the bedrock-buried-hill-type earth fissure on the response of the sites, as indicated by a significant increase in the amplitude of the measured points closest to the fissures, and the amplitude of the site gradually decreased with an increasing distance from the earth fissure. This then gradually tapered off in areas farther from the earth fissure. Figure 12c further confirms this amplification phenomenon, where F2 and F1 are the primary and secondary fissures of the bedrock-buried-hill structural site on the Yingguoan, respectively. The amplitude of the entire site reached its peak in the hanging side of the central fissure F2 and then gradually attenuated. In an area far from F2, the curve tended to be stable, but was then affected by the secondary fissure F1; the curve inversion showed an increasing trend. Compared to the two broken red and black lines in the figure, the amplitude of the HHT method was always greater than that of the Fourier method, and the difference between these two values at the earth fissure was more significant. Subsequently, the difference slowly decreased further from the fissures, and the two lines were nearly parallel.




4.2. Amplification Factor Analysis


From the analyses of the five microtremor survey lines, the average peak values of the spectra at each site tended to be stable at the measurement points within 25–30 m from the earth fissures, and the peak values were kept within a certain low threshold, which can be regarded as the smooth amplitude of the original site not being affected by the amplification effect of the fissures. However, since the overall amplitude varied from site to site, we needed to assess the characterization of the amplification effect at these earth fissure sites on an identical amplitude scale.



The ratio of the average peak spectrum of each measurement point to the original site’s peak smooth spectrum is the magnitude of the amplification of the site by earth fissures, defined as the “amplification factor”:


  A F   i   = A i / ω  



(1)






  B F   i   = B i / ω  



(2)




where   i = 1,2 , 3 , … , 9  ;   A F ( i )   is the amplification factor of each measurement point on the hanging side; and   B F ( i )   is the amplification factor of each measurement point on the heading side.



Figure 17 shows a broken line diagram of the amplification factors for the Fourier and HHT methods at each site.



The amplification degree of the dynamic response of the bedrock-buried-hill-type earth fissure at the site can be seen in Figure 17. The decay pattern of the amplification factor is consistent with the average amplitude fold, as described earlier. Based on the horizontal comparison of Figure 17, it was found that the extreme values of the Fourier method ranged from 1.8 to 1.5 for the hanging side amplification factor and 2.1 to 1.3 for that of the heading side; the extreme values of the HHT method ranged from 2.3 to 1.6 for the hanging side amplification factor and 2.1 to 1.4 for that of the heading side. It can be seen that there was a slight difference in the dynamic amplification response between the two sides of the bedrock-buried-hill-type fissure site, that structures in the area of the two sides closest to the earth fissure may be exposed to seismic intensities well in excess of the original level of containment, by more than double, and the fortification intensity of the hanging sides needs to be considered to be slightly higher than that of the heading.



The amplification factor of the hanging side was more significant than that of the heading side for the same fissure site, and this can be attributed to the concentration of bedrock-buried-hill-type earth fissures at the top of the mountain; symmetrical cracks can be found on both sides, similar to the Chinese character ‘eight’. The fissures on either side were always in the descending state of the hanging side, which is a standard normal fault. Therefore, the hanging side is more active, and the dynamic amplification effect in the hanging side of the earth fissure site is more significant. In a longitudinal comparison of Figure 17, the extreme value of the amplification factor obtained by the Fourier method was always lower than that of the HHT method for the same fissure site. The amplification factor of the HHT method was on average higher than that of the Fourier method by approximately 0.1–0.2, with the maximum difference reaching 0.7 (Site 6, hanging side). In the far field, approximately 15–30 m away from the fissure, the difference between the amplification factors obtained by the two methods gradually decreased until they converged.



When the amplification factor converges to 1, the dynamic response of the site can be considered to be unaffected by earth fissures. Therefore, we can divide a safe avoidance distance for building construction, and the buildings in this area can maintain the original seismic fortification level. From the HHT and Fourier amplification factors, it can be concluded that the safety distances were relatively close. However, the range of influence slightly varied depending on the site, with the amplification factors generally stabilizing at approximately 25 m.



The analyses show that both the Fourier and HHT methods are valid for the dynamic response of earth fissure sites, as revealed by the microtremor data. The two analyses yielded the same maximum range of dynamic amplification for bedrock-buried-hill-type earth fissure sites, with both sides at about 25 m. The surface structures beyond this distance could maintain the seismic fortification level of the original area. The extreme value of the amplification factor of the bedrock-buried-hill-type fissure site obtained by the two analysis methods was close, but the Fourier method was slightly lower than the HHT method. The extreme value of the amplification factor of the hanging side was about 1.8–2.3, while the extreme value of the amplification factor of the heading was about 2.1. In practice, the basic design of the seismic acceleration of the structure close to a bedrock-buried-hill fissure should be adjusted to more than twice the original value.





5. Discussion


Hilbert–Huang transform is based on a nonlinear, nonsmooth signal analysis method compared with the traditional Fourier spectral analysis method, without strict assumptions. The results of this study prove the effectiveness of the HHT method in the processing of microtremor data using nonlinear analysis. However, there are still many areas in which the HHT method can be applied. Many ‘nonstationary’ segments that are evidently disturbed can be seen by the naked eye from the microtremor data collected. Generally, we try to avoid selecting such microtremor data for processing. We can use the HHT method to screen such evident interference segments with EMD, remove individual IMF components, and restore signals (such as regular factory machine and passing car vibrations), thus achieving a ‘filtering’ process that allows the affected microtremor data to be restored to their original state, significantly improving the efficiency of microtremor processing, which is worthy of further research.



Moreover, the difference between the Fourier and HHT methods in the near- and far-field results of earth fissures has attracted our attention. We should investigate whether the reason for the above phenomenon is the interval tending to an unstable state being larger in the far-field area after being affected, or the high overall amplitude of microtremors near the fissures, due to which the Fourier method supplements simpler harmonics, resulting in the most significant difference between the two methods on both sides closest to the fissure. From the point of view of seismic safety, the amplification factors given by each of the two analyses should be considered together. The HHT method can more accurately reflect the real frequency component of the signal in the case of interference by decomposing the signal from the vibration mode of the signal itself. This provides a new scope for analysis in future applications of microtremor testing.



This study focused on a unique bedrock-buried-hill-type earth fissure site in China, filling the research gap on the dynamics of this type of fissure site. The results confirm that bedrock-buried-hill fissures in the Su-Xi-Chang area have a significant amplification effect on the dynamic response of the site, which should attract the attention of scholars to this topic. This study also clarifies the dynamic response law and its influence range on bedrock-buried-hill earth fissure sites and provides a reference for seismic fortification planning in the Su-Xi-Chang area as well as a basis for the seismic design of future engineering structures and the disaster prevention and mitigation of related sites. In future research, if different engineering structures are constructed at this type of earth fissure site, more systematic and comprehensive guidance on seismic fortification can be provided from the perspective of the vibration response characteristics.




6. Conclusions


The aim of this study was to obtain the dynamic response characteristics of bedrockburied-hill-type earth fissure sites based on six typical earth fissure sites in the Su-Xi-Chang area, China. Through a systematic microtremor test, Fourier spectrum analysis, and Hilbert–Huang transform analysis, the variation law of the dynamic amplification effect of bedrock-buried-hill-type earth fissure sites was compared and revealed.



Bedrock-buried-hill earth fissures have a significant amplification effect on the dynamic response of the site, which indicates that the spectral peaks of measuring points close to the earth fissure are significantly higher than those far away from the fissure. This shows that the strength of the dynamic response of the buildings around the bedrock-buried-hill-type earth fissure under seismic conditions is expected to be much higher than the original field dynamic response under the condition of no fissure sites.



Based on the fact that the peak value of the spectrum at each measuring point on the site tended to be stable after 25–30 m from the earth fissure, the amplification factors of the direct Fourier spectrum and Hilbert–Huang marginal spectrum were calculated for the stationary reference index of the site amplification effect, and the basic characteristics of the amplification effect of the bedrock-buried-hill-type fissure site were revealed on the same order of magnitude.



Fourier and Hilbert–Huang transform amplification factors showed that the dynamic amplification effect of bedrock-buried-hill-type fissure sites followed the same change pattern; that is, the amplification factor closest to the earth fissure was the highest, and it gradually decreased with the distance from the earth fissure.



The furthest influence range of the dynamic amplification effect of bedrock-buried-hill-type fissure sites was about 25 m. From the perspective of seismic fortification, buildings in areas 25 m away from the earth fissure can maintain their original seismic fortification level.



The extreme value of the amplification factor for bedrock-buried-hill earth fissure sites was around 2.0, indicating that the buildings at the site closest to the earth fissure should be considered in order to adjust the basic design seismic acceleration to about two times the original one, and that the hanging side should be higher than that of the heading side as much as possible.



Both Fourier and HHT methods are effective in processing microtremor data to reveal the site’s dynamic response characteristics, but the Fourier analysis method may underestimate the amplification extremes of earth fissure sites. In the future, the two spectral analysis methods should be considered comprehensively to reflect the dynamic response characteristics of the site as accurately as possible and to provide references for the actual seismic fortification work.
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Figure 1. Geographical location and structure map of the Su-Xi-Chang area. 
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Figure 2. Distribution map and profile of F1–2. 
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Figure 3. Distribution and earth fissure situation in Guangming Village (F3 and F4): (a–c) F3 earth fissure disaster. 
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Figure 4. Changes in the groundwater level near Guangming Village from 1996 to 2005. 
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Figure 5. Distribution and earth fissure situation in Chaqiao (F6): (a,b) F6 earth fissure disaster. 
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Figure 6. Earth fissure situation at the Jiangyin Huanghong textile factory (F8). 






Figure 6. Earth fissure situation at the Jiangyin Huanghong textile factory (F8).



[image: Sustainability 16 03117 g006]







[image: Sustainability 16 03117 g007] 





Figure 7. Distribution map and profile of F9. 






Figure 7. Distribution map and profile of F9.



[image: Sustainability 16 03117 g007]







[image: Sustainability 16 03117 g008] 





Figure 8. Wall of a tax bureau that has cracked under the influence of fissures (F9). 
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Figure 9. Schematic diagram of the survey line layout. 
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Figure 10. Data processing: (a) resulting empirical mode decomposition components from the microtremor signal; (b) Fourier and marginal spectra. 
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Figure 11. F1 spectra results: (a) Fourier spectrum; (b) marginal spectrum. 
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Figure 12. F2 spectra results: (a) Fourier spectrum; (b) marginal spectrum; (c) average amplitude curve. 
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Figure 13. F3 spectra results: (a) Fourier spectrum; (b) marginal spectrum; (c) average amplitude curve. 
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Figure 14. F4 spectra results: (a) Fourier spectrum; (b) marginal spectrum; (c) average amplitude curve. 
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Figure 15. F6 spectra results: (a) Fourier spectrum; (b) marginal spectrum; (c) average amplitude curve. 
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Figure 16. F9 spectra results: (a) Fourier spectrum; (b) marginal spectrum; (c) average amplitude curve. 
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Figure 17. Magnification factor line chart. 
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