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The spatial autocorrelation method is an important method for extracting the velocity dispersion curve from microtremor data. However, site data typically cannot strictly meet spatial and temporal stationary feature, and this greatly affects the accuracy of the calculation results of this method. Therefore, based on the cosine similarity theory, this study deduces the applicability of the spatial autocorrelation method to unidirectional Rayleigh surface waves and again verifies the applicability of this method to spatially and temporally stationary Rayleigh waves. The numerical simulation results demonstrate that the velocity dispersion curve can be extracted from a one-way Rayleigh wave using the spatial autocorrelation method to obtain an accurate geological profile, whereas the superposition of finite groups of Rayleigh waves in different directions cannot yield an accurate geological profile. In this study, we quantitatively analyzed the impact of the spatial autocorrelation method on the extraction of the velocity dispersion curve when the signal could not meet the characteristics of temporal and spatial stationarity through numerical simulation. The results reveal that the velocity-dispersion curve can be accurately extracted only when the signal satisfies both spatial and temporal stationarity. When a signal is closer to the spatial and temporal stationary characteristics, this indicates that a more accurate velocity dispersion curve can be extracted. These results provide a reference for improving the calculation accuracy of spatial autocorrelation methods.
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1 INTRODUCTION
Microtremors are ubiquitous in nature and include various linearly polarized waves (body and longitudinal waves) and elliptically polarized Rayleigh surface waves [1–6]. It has been observed that the Rayleigh surface waves in the far field are dominant, and the spectral characteristics are closely related to the site changes [7]. This study provides a feasible basis for geological exploration using micromotion Rayleigh surface waves. The micro-motion signal contains rich information, including wide-frequency Rayleigh waves from 0.1 Hz to tens of Hz, and the detection depth can also reach from a few meters to several thousand meters. Therefore, researchers have begun to study the application of microtremor Rayleigh wave signals in the context of geological engineering exploration. Seismic exploration using a micromotion signal is termed the micromotion method and is also known as the microtremor method. It is used to deduce the geological structure by studying the frequency spectrum, velocity dispersion, and particle motion of the wave in the microtremors signal of the surface of the Earth. This enables the micro-motion signal to be widely used in site evaluation, engineering geophysics, and large-scale research examining the crust and mantle such as the frequency wavenumber method (F-K), the spatial correlation method (SPAC), the horizontal and vertical component Purby method (HVSR), and others [8–13].
The spatial autocorrelation method is important for extracting geological structural information using micromotion signals. This method was first proposed by Aki (1957). The basic principle of this method is to assume that the background noise fields incident in different directions around the array possess stationary random characteristics and the same phase velocity at the same frequency. Under this assumption, the cross-correlation of the spatial coordinates of the noise signal (vertical component) is received by two stations at different positions, and the azimuth average of the station pairs at different positions and the same distance is then calculated to obtain the spatial autocorrelation coefficient after the azimuth average. The spatial autocorrelation coefficient was used to fit the zero-order Bessel function of the first type, to calculate the phase velocity at different frequencies, and to obtain the dispersion curve of the surface wave. However, in theory, this method requires that geophones be uniformly distributed around the circumference, and this cannot be achieved in actual data acquisition [3]. In 1983, Okada and Sakajiri studied the collection and arrangement of spatial autocorrelation methods and demonstrated the rationality of a regular triangular arrangement. These research results promote a leap in the spatial autocorrelation method in practical applications [14]. Cho et al. analyzed the feasibility of the spatial autocorrelation method in 2008 and studied the error caused by the influence factors on the correlation coefficient, thus providing a theoretical basis for optimizing the results of the method [15]. In 1973, Cox et al. demonstrated the equivalence relationship between the spatial autocorrelation coefficient and the time-domain cross-correlation spectrum in Aki’s spatial autocorrelation formula method [16]. Horike, Matsushima, Okada, Tokimatsu, and others studied the method of spatial autocorrelation to extract the velocity dispersion curve from the microtremor signal [17–22]. Okada introduced a theoretical derivation of microtremor spatial autocorrelation and its application in a literature review published in 2003 [22]. Asten studied the inversion of spatial autocorrelation velocity dispersion and the effects of array mode and signal incidence direction on velocity dispersion [23–25]. Luo studied the application of a spatial autocorrelation method to extract velocity dispersion from one-way Rayleigh surface waves [26]. However, it is difficult to arrange circular arrays in complex terrain sites. To adapt SPAC to more complex site conditions, Ling and Okada proposed the extended spatial auto-correlation (ESPAC) method in 1993, improved the SPAC method geophone array, allowed the diversity of array layouts, and designed linear array, T-type, and L-type geophone arrays [27]. Ohori (2002) and Parolai used the ESPAC method to detect underground structures and achieved good results [28–30]. Although its effect is not as accurate as that of the circular array, it can make the geophone array shape not limited to the circular array and promote further development of the spatial sub-correlation method. Cho et al. used numerical simulations to study the characteristics of the spatial autocorrelation method in the case of a full-wave field. These results imply a possible improvement in the accuracy of the microtremor array survey analysis for velocity-structure interference by applying the full-wave theory to the peak phase velocity [31]. Ikeda et al. corrected the correlation coefficient using the imaginary portion of the signal to improve the accuracy of the velocity dispersion curve and achieved good results in field data applications [32, 33].
Although this method has been extensively studied by many scholars and is widely used in engineering, most of the research focuses on improving the accuracy of the velocity dispersion curve using methods such as virtual spectral density, the number of circular geophones, nested geophones, changing the shape of geophones, joint active source exploration, and further mining of useful information in the microtremor signal. However, many problems remain associated with this method. The fundamental reason for this is that the theoretical assumption of this method is that the micromotion signal possesses the characteristics of space and time stability, and the geophones are densely distributed in the circumference. However, these two preconditions cannot be strictly met in practical applications. Skaji studied the time-stationary characteristics of a microtremor signal using the frequency distribution of the amplitude of the microtremor signal and its autocorrelation coefficient. The research demonstrates that microtremor data with a sampling time of 10 min are stable over time, but stationary characteristics cannot be maintained when the sampling time is greater than 3 hours. Additionally, the noise interference between nearby and other vehicles breaks the stationary state. The spatial stability must consider the spatial interval of data acquisition [7]. Toks et al. (1964) observed that the micromotion signal in the range of 1–6s s contains multiple directional signal sources, and the short-period micromotion signal was unstable for more than 5 or 10 min. It can be observed that the conditions required for the microtremor signals of different frequency bands to meet the stationary characteristics are different [34]. This causes the velocity dispersion curve extracted using this method to be erroneous.
In summary, research examining spatial autocorrelation methods has primarily focused on arrangement, data acquisition, and joint inversion. Although current research focused on spatial autocorrelation is fruitful and has been applied to some practical projects, the problem of the accuracy of the velocity–dispersion curve extraction of this method has still not been perfectly solved. This significantly limits the application of this method in engineering. However, few studies have been conducted examining the influence of the time- and space-stationary characteristics of data on the velocity dispersion curve. Based on the cosine similarity theory and numerical simulations, this study analyzes the influence mechanism of time and space stationarity on the spatial autocorrelation method to extract the velocity dispersion curve from the perspective of theory and simulation, thus providing a reference for further research on the calculation accuracy and application range of this method.
2 METHODS
In this study, the spatial autocorrelation method was derived based on the cosine similarity theory that measures the similarity between two vectors using the cosine value of their angle. The similarity between the two vector directions can be determined using the cosine of the angle between the two vectors. When two vectors possess the same direction, the cosine similarity value is 1, and when the angle between two vectors is 90°, the cosine similarity is zero. When two vectors point in opposite directions, the cosine similarity value is −1. This result is independent of the vector length and is related only to the direction of the vector. This method of measuring the vector similarity is also applicable to multi-dimensional vectors.
As any signal of finite length is discretized into finite points when received, this study addresses each segment of the signal as a multi-dimensional vector, and the cosine similarity of the two vectors can be expressed by formula (1).
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The more similar the two vectors, the smaller the angle is between them. The larger the absolute value of the cosine, the more negative is the value, and the two vectors are negatively correlated. The inner product of the vector is expressed as follows:
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Where, [image: image] and [image: image].
If vectors [image: image] and [image: image] are points on functions [image: image] and [image: image], respectively, the sampling rate is sufficient. Eq. 1 can be written as:
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The definite integral of function [image: image] in the definition domain (a, b) can be expressed as follows:
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According to the definition of the definite integral, when the sampling interval is infinite and the number of sampling points [image: image] tends to infinity, the summation formula can be expressed as a definite integral:
[image: image]
According to the Fourier transform, any seismic wave signal can be obtained by the harmonic superposition of different frequencies and amplitudes. We first assume that [image: image], [image: image] is a function on [-T/2, T/2], We then assume that [image: image] and [image: image] are two functions on the interval [-T/2, T/2]. These two functions are cosine waves with different phases that propagate in the same direction. At this time, the cosine similarity of functions f (t) and g (t) can be rewritten from Formula (5) as follows: 
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We can simplify Equation 6 to yield:
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The integral in formula (7) is only related to vector θ, specifically:
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It can be observed from Equation 8 that when the functions [image: image] and [image: image] are regarded as vectors, [image: image] is the angle of the n-dimensional vector, and [image: image] is the vector similarity. If the functions [image: image] and [image: image] are regarded as two cosine functions, [image: image] is the phase difference between two cosine functions. According to the above conclusion, if the functions [image: image] and [image: image] are regarded as the signals of cosine waves received by two points A and B on the free surface of a homogeneous half space assuming that the distance between two points A and B is [image: image], the wave propagation velocity in the medium of the half-space is [image: image], and the wave propagates along direction AB. The following equation can be established based on the phase difference:
[image: image]
Any signal in nature can be regarded as a superposition of multiple sinuses or cosines of different frequencies. Eq. 6 represents the similarity of the single-frequency harmonic signals, and [image: image] represents the energy spectrum of the two single-frequency signals. The energy of a single frequency is the energy spectral density, and the power is the power spectral density. Therefore, if signals [image: image] and [image: image] are broadband signals containing more than one frequency, (6) can be rewritten as follows:
[image: image]
The numerator and denominator correspond to the spectral density functions. The left side of (10) is the correlation coefficient of signals [image: image] and [image: image]. This is also a formula for calculating the velocity of Rayleigh surface waves in one-dimensional arrangement according to the spatial autocorrelation method.
Two-dimensional spatial geophones are arranged in a circular manner, and a triangular arrangement as an example is presented in Figure 1.
[image: Figure 1]FIGURE 1 | Plane wave and circular geophones array.
When a unidirectional plane Rayleigh surface wave is transmitted, if there are only two AB geophones arranged along the wave propagation direction, the velocity dispersion curve can be calculated according to (11).
[image: image]
As presented in the figure, when AB is not arranged along the wave propagation direction, Eq. 11 cannot accurately provide the velocity dispersion curve. For the plane Rayleigh surface wave signal, the signal received at point B is the same as that at point B Therefore, the following formula can be used to calculate the velocity dispersion curve from the signals at points B and D:
[image: image]
When the geophones are uniformly and densely arranged on the circumference, the data of each point on the circumference can be processed in the same manner as for that of B. The following formula can be obtained by averaging the results of all the points:
[image: image]
This conclusion is the same as that of the spatial autocorrelation method under the conditions of spatial and temporal stationarity in which the formula for calculating the correlation coefficient is as follows:
[image: image]
Where [image: image] are the self-power spectrum of the seismic record at the circumference and center, respectively, and [image: image] is the cross power spectrum of the seismic record on the circumference and the seismic record at the center of the circle.
A single-direction Rayleigh surface wave is calculated using a circular spatial autocorrelation array. When the signal meets the spatial and temporal stationary characteristics, the spatial autocorrelation method can be used to calculate the dispersion curve. However, in actual received signals, it is difficult to meet the requirements of time and space stationarity in many cases. Therefore, this study considers a situation in which the signal does not meet the stationarity characteristics in the later numerical simulation portion of the paper. It is likely that a precise spatial autocorrelation exploration can be realized by combining stationary and nonstationary signals.
3 NUMERICAL SIMULATION
The finite element method has a wide range of applications in the simulation of acoustic and seismic wave propagation [35–38]. This section primarily focuses on three aspects that include the establishment of a numerical model, the extraction of the velocity dispersion curve of a single group of Rayleigh waves in a homogeneous half-space, and the extraction of the velocity dispersion curve of multiple Rayleigh waves.
3.1 Numerical model
First, the numerical models and parameters used in the velocity-dispersion simulation are introduced. Considering the far-field characteristics of the microtremor signal, a plane-wave source was used for numerical simulation. Each plane-wave source is composed of a linear array of point sources. According to Huygens’ principle, the wavefront of a Rayleigh wave radiated by a linear array of point sources is of the plane type. In this study, the plane-wave field was simulated in this manner. The model grid was divided into 2m, and the 20 Hz dominant frequency of the Rick wavelet was selected as the source. The circular array radius of the geophones was 2m, and 15 survey lines were set with each side-line 4m apart. The basic model is presented in Figure 2 and indicates only a circular geophone array on the central side.
[image: Figure 2]FIGURE 2 | Homogeneous half-space model.
This study primarily focused on two aspects that included the velocity profile characteristics of the half-space model and the influence of the multi-directional Rayleigh surface wave on the spatial autocorrelation method to extract the velocity dispersion curve. According to different research contents, different sources and geophone distributions were set in this study as presented in Figure 3. All of the data related to the velocity profile in this study are derived from the layout in Figure 3A. Among them, Rayleigh surface wave data with two propagation directions were additionally loaded with linear sources as presented in Figure 3A. Relevant research data for the velocity dispersion curve of a single array were derived from the layout presented in Figure 3B. The multi-source data revealed a continuous increase in linear sources around the circular array as presented in Figure 3B. The vertical distance between the linear sources and the circular array was the same. The difference in the wave arrival times was determined by adjusting the shooting time. Table 1 presents the elastic parameters of the half-space model.
[image: Figure 3]FIGURE 3 | Arrangement of source and geophone. (A) Arrangement of geophone; (B) arrangement of source.
TABLE 1 | Elastic parameters of medium.
[image: Table 1]3.2 Application analysis of numerical simulation
First, the wave field distribution and velocity dispersion characteristics of a single-source Rayleigh wave inhomogeneous half-space were analyzed. To clearly reveal the distribution of the wave field excited by a plane source in a homogeneous half-space, we extracted snapshots of the vertical wave field along the central line and the horizontal wave field on the free surface as presented in Figure 4. The vertical wave field snapshot (Figure 4A) clearly distinguishes the S wave (shear waves), P wave (longitudinal waves), and R wave (Rayleigh surface waves) after 0.2s. After 0.35s, the reflected wave of P wave reflected from the bottom boundary appears below. To prevent the interference caused by boundary reflection, the operation time was set to be less than the time required for the reflected wave to reach the ground. Figure 4B presents a snapshot of the wave field in the horizontal section. The P and R waves can also be clearly distinguished after 0.2s. As the energy of the P wave is weak, and the diffusion speed is faster than that of the Rayleigh surface wave, the color code in the figure is shallow. The wave field distribution of the plane-wave source in the homogeneous model is clearly presented.
[image: Figure 4]FIGURE 4 | Arrangement of source and geophone. (A) the vertical section wave field; (B) the horizontal section wave field.
According to the needs of the experiment, the sampling interval of the homogeneous half-space model data was 0.0005s, the sampling time was 0.7s, and the seismic records of 15 survey lines were obtained. Figure 5A presents the data of an array in the central line, whereR1, R2, and R3 are the three vertical component seismic records uniformly distributed on the circumference of the array, and R0 is the vertical component seismic record at the center of the circle. It can be observed from the seismic records that there was no interference (similar to the coda and refraction waves) before and after the primary wave peak.
[image: Figure 5]FIGURE 5 | Single source simulation results of homogeneous half-space model; (A) vertical component seismic records of single circular array; (B) the vertical velocity profile of the centerline; (C) the velocity horizontal slice at 20m from the free surface.
Next, we analyzed the velocity dispersion of the homogeneous half-space data. According to this theory, the spatial autocorrelation method calculates the velocity dispersion curve using the relationship between the correlation coefficient and the first zero-order Bessel function. A velocity-dispersion curve can be obtained if an accurate correlation coefficient is obtained. The correlation coefficient and velocity dispersion curve were calculated using (13) and 14, respectively.
The spatial autocorrelation method was used to calculate the velocity-dispersion curve of each measuring point in the 15 measuring lines. The corresponding velocity profile was obtained by collecting the dispersion curves. Figure 5B presents the vertical velocity profile obtained from the seismic records of the central line. The depth of the profile was converted to a half wavelength. Figure 5C presents the calculation results of the seismic records of the 15 survey lines and the construction of a horizontal section with a half-wavelength of 20 m. The two sections clearly reflect the homogeneous properties of the half-space. The calculated Rayleigh wave velocity was also consistent with the theoretical Rayleigh wave velocity, where Vs .= 490 m/s. This indicates that the spatial autocorrelation method can be used to calculate the velocity dispersion curve of a single set of Rayleigh waves and that the seismic records obtained by the numerical simulation software and method are reliable.
When the micromotion signal satisfies the spatial and temporal stationary characteristics, the velocity dispersion curve obtained by the spatial autocorrelation method can truly reflect the velocity property of the medium, and the theoretical and practical applications have been verified. The above numerical simulation verified that a single-plane Rayleigh surface wave can also reflect the medium properties of a homogeneous half-space. However, the composition of the surface waves of microtremor signals is complex and typically contains multiple sets of surface waves. Therefore, considering the superposition of two sets of Rayleigh surface waves as an example, this study uses a numerical simulation method to study a situation in which the signal contains two sets of Rayleigh surface waves with mutually perpendicular propagation directions. Two sets of plane sources were set in the homogeneous half-space model with one along the central line direction and the other perpendicular to the central line direction. The simulation results are presented in Figure 6.
[image: Figure 6]FIGURE 6 | Multi-direction Rayleigh surface wave simulation results of the homogeneous half-space model. (A) vertical component seismic records of single circular array; (B) the vertical velocity profile of the centerline; (C) the horizontal velocity profile at 20m from the free surface.
Figure 6A presents the vertical component of the seismic record of one of the circular array geophones. Both the vertical (Figure 6B) and horizontal velocity profiles (Figure 6C) exhibit obvious high- and low-velocity anomalies. As the alternation of high- and low-velocity anomalies is relatively evident with frequency, the anomalies in the fixed-frequency wave velocity distribution profile (Figure 6C) were more evident than were those in the vertical profile (Figure 6B). However, regardless of the horizontal or vertical velocity profiles, the velocity distribution was significantly different from the theoretical velocity distribution of the homogeneous half-space model. This also indicates that the credibility of the velocity dispersion curve extracted by the spatial autocorrelation method is significantly reduced when the Rayleigh surface wave superposition in different directions does not satisfy the stationary condition.
From the above numerical simulation experiment results, it can be observed that a single set of Rayleigh surface waves can accurately extract the velocity dispersion curve through the spatial autocorrelation method, but the nonstationary superposition of multiple sets of Rayleigh surface waves may affect the calculation of the velocity dispersion curve. The following section discusses the influence of nonspatial and time-stationary signals superimposed by multiple groups of surface waves on the velocity dispersion curve of the spatial autocorrelation method.
4 ANALYSIS OF INFLUENCING FACTORS OF THE VELOCITY DISPERSION CURVE
When the micromotion signal meets the requirements of spatial and temporal stationarity, the spatial autocorrelation method can be used to calculate the velocity dispersion curve, and this has been confirmed by Aki’s theory and has been widely applied by many scholars [10]. Concurrently, through the theoretical derivation and simulation results in the previous section, it can be observed that the spatiotemporal autocorrelation method is also valid when only a single-plane Rayleigh wave is accepted by a circular array. However, many scholars have demonstrated that it is difficult for ground pulsation signals to satisfy stationary characteristics in space and time. It is necessary to consider the length and spatial distance of a section of the signal, particularly for surrounding cities and high-speed railways, as some frequency-band signals exhibit obvious directionality. In these cases, the traditional spatial autocorrelation method cannot be used to calculate the velocity-dispersion curve. Specifically, when the Rayleigh surface wave superposition in different directions in the signal does not satisfy the spatial and temporal stationary characteristics, the velocity dispersion cannot accurately analyze the characteristics of the medium.
This section primarily studies the situation in which the signal does not meet the stationary characteristics of space and time and contains multiple sets of Rayleigh surface waves as well as the influence of the non-stationary state of the microtremor signal on the spatial autocorrelation method to extract the velocity dispersion curve. The stationary characteristics of time and space are primarily reflected in the arrival time interval and propagation direction of different waves in the signal. Focusing on these two characteristics, two groups and multiple groups of Rayleigh wave superpositions were discussed. As the purpose of the experiment was to analyze the influence of the characteristics of the signal itself on the velocity dispersion curve, all the experimental data were from the homogeneous model. There was no interference caused by the difference in geological structure, and only the Rayleigh surface wave was retained by filtering when processing the data. The experimental half-space model is presented in Figure 2 and Figure 3B As the data were too large, only a single circular array was arranged in the center of the model in this section. The array comprises four sensors. The following describes the numerical experimental analysis process and research results presented in this section.
4.1 Two groups of Rayleigh wave superposition
This section primarily considers the influence of two groups of Rayleigh surface waves superimposed at different time intervals or in different directions on the spatial autocorrelation velocity-dispersion curve. First, the influence of two sets of Rayleigh waves propagating in the same direction on the velocity-dispersion curve was studied. In this study, the same source was used for two consecutive shots within 2s with time intervals of 0.25, 0.251, 0.252, and 0.253s to obtain four sets of data. Each dataset contained two Rayleigh surface waves that propagated in the same direction. One group of seismic records is presented in Figure 7A, and Figure 7B presents the spectral distribution of the seismic records.
[image: Figure 7]FIGURE 7 | Same direction Rayleigh surface wave with different time intervals. (A) a single-array Rayleigh wave vertical component seismic record with an interval of 0.253s; (B) the spectrum diagram of four groups of seismic records; (C) the velocity dispersion curve of each group of seismic records.
Figure 7A presents four vertical-component seismic records of the circular array and center point, including two groups of co-propagating Rayleigh surface waves. It can be observed from Figure 7B that the effective frequency band of seismic records is 10 Hz–30 Hz, and there is a zigzag fluctuation that is caused by the time-shift characteristic of Fourier transform. Coherent phase cancellation occurred when the Rayleigh wave Fourier transform was superimposed. The velocity-dispersion curve was calculated using four sets of data as presented in Figure 7C The blue, black, red, and green curves in the figure correspond to the velocity dispersion curves of the two sets of seismic records with arrival intervals of 0.25, 0.251, 0.252, and 0.253s for the Rayleigh surface waves in the data. It can be observed from the figure that within the effective frequency band, the four curves are almost identical, and this can reflect the Rayleigh surface wave velocity of 490 m/s in the homogeneous half-space model. This also demonstrates that the superposition of two Rayleigh surface waves in the same direction does not affect the spatial autocorrelation method used for calculating the velocity–dispersion curve. The arrival times of the two sets of Rayleigh surface waves did not affect the velocity dispersion.
Next, we studied the influence of the superposition of two sets of Rayleigh surface waves in different directions on the dispersion curve. We fixed a plane source and continuously adjusted the angle between the other source and the fixed source to obtain four groups of seismic records of two Rayleigh surface wave superpositions with the angles of 0°, 45°, 90°, and 180° in the propagation direction.
Figure 8A presents a single array Rayleigh wave vertical component seismic record with the same time interval and opposite propagation direction, and Figure 8B corresponds to the spectrum of two groups of superimposed Rayleigh wave propagation directions with included angles of 0°, 45°, 90°, and 180°, respectively. It can be observed that the spectrum of four groups of seismic records is completely consistent, thus indicating that the coherent cancellation of the spectrum of Rayleigh wave superposition is only related to the time interval. The four curves (blue, black, red, and green, respectively) represent the velocity dispersion curves when the propagation directions of two groups of Rayleigh surface waves differ by 0°, 45°, 90°, and 180°. Experiments confirmed that the velocity dispersion curve of the superposition of two groups of Rayleigh surface waves in the same direction is consistent with the theoretical velocity. When the propagation directions of the two groups of superimposed Rayleigh surface waves differed, the velocity-dispersion curve periodically fluctuated around the theoretical value. As presented in Figure 8C, the fluctuation became increasingly intense with an increase in the difference in direction. The experimental results demonstrate that Rayleigh surface wave superposition in different directions affects the velocity dispersion curve, and the degree of influence is related to the included angle of the propagation direction.
[image: Figure 8]FIGURE 8 | Rayleigh surface waves with different propagation directions at the same time interval. (A) a single array Rayleigh wave vertical component seismic record with opposite propagation direction; (B) frequency spectrum of four groups of seismic records; (C) velocity dispersion curve of each group of seismic records.
Taking Rayleigh surface waves with opposite propagation directions as an example, the effect of time interval on the velocity dispersion curve of two groups of Rayleigh surface waves with different propagation directions was studied. The plane sources were set at the left and right ends of the model, and a circular array of geophones was placed in the middle of the model. After the left source was fired, the right source was fired with delays of 0.25, 0.251, 0.252, and 0.253 s. Four groups of seismic records are simulated as presented in Figure 9A Figure 9B presents the spectra of the corresponding seismic records. The spectral curves exhibit periodic fluctuations. With a change in the time interval, fluctuations appear and correspond to translation.
[image: Figure 9]FIGURE 9 | Reverse Rayleigh surface wave superposition at different time intervals. (A) a single-array Rayleigh wave vertical component seismic record with an interval of 0.253s; (B) frequency spectrum of four groups of seismic records; (C) velocity dispersion curve of each group of seismic records.
The blue, black, red, and green curves presented in Figure 9C correspond to the velocity dispersion curves extracted from the two sets of seismic records at intervals of 0.25, 0.251, 0.252, and 0.253s for the Rayleigh surface wave in the data, respectively. The figure indicates that the four groups of dispersion curves possess the same fluctuation amplitudes and similar fluctuation trends. The difference in time interval caused the wave to shift along the horizontal direction. The results revealed that when two groups of Rayleigh surface waves with different propagation directions were superimposed, the arrival time interval of the Rayleigh surface waves affected the velocity dispersion curve. Concurrently, it was also observed that a higher frequency resulted in a higher fluctuation frequency of the influence, and the internal influence mechanism requires further study.
The above experimental results reveal that the superposition of Rayleigh surface waves propagating in the same direction does not affect the spatial autocorrelation method to extract the velocity dispersion curve. If the two groups of waves are superimposed by Rayleigh surface waves propagating in different directions, the velocity dispersion curve fluctuates periodically around the theoretical value, and the size of the time interval between the two Rayleigh surface waves also affects the velocity dispersion curve. The wave phase of the dispersion curve changes with a change in the time interval.
4.2 Multi-group Rayleigh surface wave superposition
This section discusses the effects of changing the time interval and spatial distribution of the source on the velocity dispersion curve when multiple groups of Rayleigh surface waves are superpositioned. First, the influence of increasing the number of Rayleigh waves at equal time intervals on the velocity-dispersion curve was analyzed. A circular array of geophones was placed in the middle of the model, and four, eight, and 24 sources were loaded in different directions. The sources are evenly distributed. Each source was shot at equal time intervals of 0.25s. The seismic records of four, eight, and 24 groups of Rayleigh surface wave superposition with uniform distribution in the direction and equal time intervals were obtained. The seismic records of the 24 groups of Rayleigh surface-wave superpositions are presented in Figure 10A Figure 10B presents the spectral distribution of each group of seismic records. The figure indicates that the superposition spectrum of the Rayleigh surface waves in different directions exhibits coherent cancellation, and the effect of coherent cancellation increases with an increase in the number of equally spaced Rayleigh surface waves. This demonstrates that increasing the number of Rayleigh surface wave overlays in different directions at equal time intervals strengthens coherent cancellation in the fixed frequency band.
[image: Figure 10]FIGURE 10 | Multiple sets of Rayleigh surface waves in different directions with equal time intervals. (A) the single array Rayleigh wave vertical component seismic record when 24 groups of waves are superpositioned; (B) the spectrum diagram of four groups of seismic records; (C) the velocity dispersion curve of each group of seismic records.
The four curves presented in Figure 10C (black, red, blue, and green) correspond to the velocity dispersion curves recorded by equal-interval superposition of Rayleigh surface waves in directions 1, 4, 8, and 24, respectively. It can be observed from the figure that by increasing the number of Rayleigh surface waves in different directions, the dispersion curve still fluctuates violently. Specifically, the emphasis on the average of the source direction cannot eliminate the volatility of the velocity dispersion. Additionally, a comparison of the velocity dispersion and spectrum distribution reveals that the fluctuation period of the velocity versus dispersion curve is consistent with the period of coherent cancellation, and the underlying reason requires further study.
Next, we studied the effect of the superposition of multiple Rayleigh surface waves at equal intervals and different intervals on the extraction of velocity dispersion curves. First, by simulating four shots of the same plane source at equal time intervals of 2s, we obtained the same direction and equal interval multiple groups of Rayleigh surface wave superposition seismic records. Then, the source shooting time was changed such that the time interval between each shot was different, and the seismic records of multiple groups of Rayleigh surface wave superpositions in the same direction and at different time intervals are presented in Figure 11A. Figure 11B presents the spectrum distribution diagram. By comparing the spectral distribution in the figure, it can be observed that the coherent cancellation effect of the seismic records at the same interval is significantly stronger than that of the superposition at different intervals for the same four groups of Rayleigh surface waves. When the time interval of the four groups of Rayleigh surface waves was changed, the coherent cancellation effect of the spectrum was significantly weakened, and the effect became more obvious when the number of different interval waves was further increased.
[image: Figure 11]FIGURE 11 | Multiple sets of Rayleigh surface waves in the same direction at different time intervals. (A) a single array vertical component seismic record with 4 groups of Rayleigh surface wave intervals superimposed at different times; (B) the spectrum diagram of three groups of seismic records; (C) the velocity dispersion curve of each group of seismic records.
Figure 11C presents the velocity-dispersion curve extracted from the four groups of Rayleigh surface-wave superposition records in the same direction and at different intervals. It can be observed from the figure that the velocity dispersion curve is approximately equal to the theoretical value, regardless of if the time interval is the same. When multiple Rayleigh surface waves in the same direction are superimposed, the frequency distribution is coherently cancelled; however, this does not affect the velocity dispersion curve. Therefore, it cannot be observed that changing the superposition time interval will affect the velocity dispersion curve.
The experimental results of multiple groups of Rayleigh surface wave superposition indicate that increasing the number of Rayleigh surface waves at equal time intervals does not eliminate the influence of Rayleigh surface wave superposition in different directions on the spatial autocorrelation extraction of the velocity dispersion curve. With an increase in the number of Rayleigh surface waves, the fixed-frequency coherence cancellation becomes more severe, and the effect of coherent cancellation will be weakened with the increase in Rayleigh surface waves at different time intervals.
4.3 Analysis of the joint effect of time interval and propagation direction
The influence of Rayleigh surface wave superposition on the spatial autocorrelation velocity dispersion curve was analyzed from the perspective of the Rayleigh surface wave time interval and direction distribution. Different directions led to periodic fluctuations in the velocity dispersion curve, and a change in the time interval led to a shift in the dispersion curve along the frequency direction. Changing only one of the variables cannot eliminate the influence of the Rayleigh wave superposition on the velocity dispersion curve.
This section considers the influence of changes in the time interval and direction distribution on the velocity dispersion curve. The experiment continuously increased the number of uniformly distributed Rayleigh surface waves, changed the time interval of arrival of the two waves, gradually simulated the uniform characteristics of the microtremor signal in the spatial direction and arrival time, and studied the influence of the microtremor signal on the spatial autocorrelation velocity dispersion curve when stationary and non-stationary. The seismic records of 4, 8, 64, and 128 groups of Rayleigh surface wave superpositions were simulated by increasing the number of sources and adjusting the source shooting interval. Figure 12A presents the seismic records of the 128 groups of Rayleigh surface-wave superpositions. These seismic records consider the direction of Rayleigh surface waves and the shooting time interval simultaneously so that the seismic records gradually meet the uniform distribution of source space and time. Figure 12B presents the spectral distributions of the five groups of seismic records. It can be seen from the figure that between 15 Hz and 30 Hz, the spectrum gradually tends to become uniform with the change in the number of superimposed waves and the time interval. This is due to the observation that the signal tends to be stable in space and time with a change in the number of superimposed waves and time interval.
[image: Figure 12]FIGURE 12 | Multiple sets of Rayleigh surface waves with different time intervals and directions. (A) a single array vertical component seismic record with 4 groups of different Rayleigh wave intervals superimposed; (B) the spectrum diagram of five groups of seismic records; (C) the velocity dispersion curve of each group of seismic records.
Figure 12C presents the corresponding velocity dispersion curve. The velocity dispersion curve (black) corresponding to the non-stack seismic records is close to the theoretical Rayleigh wave velocity of 490 m/s. From the change trends of the four groups of dispersion curves (red, blue, green, and green), we can see that the fluctuation amplitude of the velocity dispersion curve gradually decreases with an increase in the number of waves and change in time. The velocity dispersion curve gradually approached the theoretical velocity value. This influence gradually increases from low to high frequencies as predicted. An accurate velocity dispersion curve can be obtained when the amount of data increases to a certain amount.
In summary, the superposition of Rayleigh surface waves in the same direction did not affect the extraction of the spatial autocorrelation velocity dispersion curve. Different propagation directions cause periodic fluctuations in the dispersion curve, and the degree of influence changes with changes in the Rayleigh surface wave propagation direction. The arrival time interval of Rayleigh surface waves also affects the dispersion curve. Increasing the number of Rayleigh waves with equal time intervals alone strengthened the coherent cancellation of a fixed frequency but did not eliminate the influence on the dispersion curve. Simultaneously, gradually increasing the number of Rayleigh surface waves in different directions and changing their arrival time interval of Rayleigh surface waves will gradually reduce the periodic fluctuation of the velocity dispersion curve caused by Rayleigh surface wave superposition.
5 CONCLUSION AND DISCUSSION
This study focuses on the application of the spatial autocorrelation method to seismic wave exploration from two perspectives that include theory and numerical simulation. First, the spatial autocorrelation method was theoretically deduced based on cosine similarity theory. The results demonstrated that single-group or spatially and temporally stable Rayleigh surface waves can be accurately extracted from the velocity dispersion curve using this method. The spatial autocorrelation method was applied to extract the velocity dispersion curve of a single set of Rayleigh surface-wave seismic data from the homogeneous model. It was observed that the velocity profile of a single set of Rayleigh surface waves clearly reflected the homogeneous property of the half-space, and the calculated velocity was consistent with the theoretical Rayleigh wave velocity. This indicates that the spatial autocorrelation method can use a single set of Rayleigh waves to calculate the velocity dispersion curve. When mutually perpendicular Rayleigh surface waves are superimposed, the velocity distribution of the velocity dispersion profile is extremely chaotic, and it is unable to accurately distinguish the structural characteristics of the homogeneous half space. Thus, the non-stationary multiple sets of Rayleigh surface waves may not be applicable to the spatial autocorrelation method.
Based on the characteristics of spatial and temporal stationarity, the influence of the superposition of multiple Rayleigh surface waves on the extraction of the spatial autocorrelation velocity dispersion curve was also studied. The results reveal that the calculated velocity-dispersion curve is not affected by the spatial and temporal stationarity characteristics when the Rayleigh surface wave is superimposed in the same direction. When Rayleigh surface waves in different directions are superimposed, they are affected by the propagation direction and time interval of the waves. Increasing the number of Rayleigh surface waves in different directions or at different time intervals in one direction did not reduce their impact on the velocity dispersion curve. With an increase in the direction and different time intervals, the signal gradually satisfies the stationary characteristics, and the velocity dispersion curve returns to the theoretical value. This indicates that the non-stationary microtremor signal cannot be used to accurately calculate the velocity dispersion curve through the spatial autocorrelation method. A more stable microtremor signal results in a more accurate velocity dispersion curve. The conclusions of this study further broaden the application range of the spatial autocorrelation method and improve the accuracy of the velocity dispersion curve extraction method.
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