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Oil and gas exploration professionals have begun to focus more on unconventional oil and gas reserves in recent years as a result of their increased efforts. Fractures have a significant impact on the permeability and connectivity of reservoirs as a crucial component of rock mechanics and hydraulics, which directly affects the production of oil and gas. The identification of fracture development zones or micro faults, as well as how to adequately define the fracturing model, have thus become crucial and pressing issues in the forecast of oil and gas reservoirs. In this study, we decompose the three-dimensional seismic data volume in a site in order to obtain the single frequency data volume that can be calculated using the ant tracking technique. We do this by taking advantage of the synchronous extrusion improvement of short time Fourier transform in time-frequency focusing. Coupled with the advanced DFN model, the extracted data are calibrated in various rock attributes to restore the morphology and characteristics of fractures. The findings demonstrate that this method is capable of providing not only a precise outline of micro fractures but also a reflection of the characteristics of fractures at various scales, including structure and associated properties. The precision and applicability of this method are confirmed in this paper, which is significant as a reference for the oil and gas exploration industry.
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INTRODUCTION
Oil and gas exploration professionals are favoring unconventional and deep oil and gas reservoirs more and more as the amount of oil and gas exploration increases worldwide. Fractures play a crucial role as they affect the permeability and connectivity of the reservoir and directly determine the production of oil and gas. The complex fracture network is frequently generated in the underground rock due to rock mechanics and fracturing, combined with the development and interaction after the formation. According to the available research, the complexity of fracture systems frequently displays the traditional traits of a complex system with a power-law scale relationship (L Barabási and Albert, 1999) and is well acknowledged and accepted in geological study (Bonnet et al., 2001; Bour et al., 2002; Davy et al., 2010). Seismic treatment is very helpful for geological interpretation. In addition to the method in this paper, many researchers mentioned the practicability of edge detection filters in the potential field method of interpreting structural trends in structural research, which has similar purposes with the method in this paper, and is also worthy of relevant work.
Since Bahorich and Farmer (Bahorich and Farmer, 1995) proposed the seismic coherence data method in 1995, there have been many years of development and research into fracture and fault detection techniques. Amoco company applied the seismic coherence technology to the fault system detection of seismic data and saw positive results. Marfurt et al. (1998) (Marfurt et al., 1999; Satinder and Marfurt, 2008) introduced the second generation coherent volume algorithm in 1998, which can represent faults better than the first generation coherent algorithm, based on the similarity algorithm; To achieve the correlation between multi-channel seismic data, Gersztenkorn and Marfurt, 1999 introduced the third generation coherence algorithm based on the intrinsic structure and covariance matrix in 1999; The third generation coherent algorithm expands the technique to three-dimensional seismic data volume without horizon limits and enhances the vertical and horizontal resolution of seismic data compared to the first and second generations of coherent algorithms. It is unable to adequately describe the numerous small faults and secondary fractures, though. Wang et al. (2002) integrated the wavelet transforms and a coherent method. Although this method has a higher resolution than a conventional coherent algorithm, the way it depicts small fractures is still not perfect. Dorigo et al. (1996) introduced an ant tracking system based on the ant colony algorithm in 1999. This system mimics the pheromones generated by ants foraging barriers to track faults and fractures. Ant tracking technology is currently acknowledged as a technology that can accurately show faults and fractures. However, in practical uses, the ant tracking system still has drawbacks, such as the accuracy with which micro fractures caused by large faults are carved.
In order to reflect the geological information that cannot be highlighted in full band seismic data, Partyka et al. (1999) proposed the spectrum decomposition technology in 1999. This technique decomposed the full band seismic data volume into a single frequency data volume. Utilizing spectrum decomposition technology, Zeng et al. (2009) acquired seismic data volumes at various frequencies in 2009. The findings indicate that single frequency seismic data volumes are more detailed and can more clearly portray the spatial extent of subterranean aberrant bodies than full band data volumes. All of the aforementioned academics have significantly influenced how data are interpreted in the frequency domain.
Daubechies et al. (2011) squeezed and rearranged the spectrum values after wavelet transform in the time-frequency domain, and proposed a synchronous squeezing algorithm to improve the time-frequency focusing ability. In order to get a result with a greater resolution than that of the short-time Fourier transform, Yu et al. (2017) extended the window function of the short-time Fourier transform in 2017. However, the precision of time-frequency analysis will still be severely constrained by the Heisenberg principle’s restriction and the cross-terms’ interference.
Therefore, according to the principle of the synchronous extrusion algorithm, the synchronous extrusion improvement of short-time Fourier transform is developed through the time-frequency spectrum extrusion rearrangement after the improved short-time Fourier transform. The theoretical signal shows that this method has higher time-frequency resolution than the traditional time-frequency analysis method.
Combined with the research results of previous scholars (L Barabási and Albert, 1999; Bonnet et al., 2001; Bour et al., 2002; Davy et al., 2010; Bahorich and Farmer, 1995; Satinder and Marfurt, 2008; Marfurt et al., 1999; Marfurt et al., 1998; Gersztenkorn and Marfurt, 1999; Wang et al., 2002; Dorigo et al., 1996; Partyka et al., 1999; Zeng et al., 2009; Daubechies et al., 2011; Yu et al., 2017), this paper uses the advantage of synchronous extrusion improvement of short-time Fourier transform in time-frequency focusing to perform spectral decomposition on the three-dimensional seismic data volume of a site to obtain the single frequency data volume; Then the ant tracking technique is applied to calculate the single frequency data volume. At the same time, an advanced DFN model is established based on the obtained data volume. The results show that this method can give a fine outline of micro fractures, and can better reflect the characteristics of fractures in different scales, including structure and related properties. The results proved its accuracy and feasibility in practical application.
METHOD AND PRINCIPLE OF FOURIER TRANSFORM
Fourier transform can be regarded as the originator of time-frequency analysis, but it cannot describe non-stationary signals well; In reality, signals are almost non-stationary signals, especially seismic signals. Fourier transform has long been unable to meet people’s requirements for accuracy. The short-time Fourier transform truncates the non-stationary signal by adding a window function, and divides the whole non-stationary signal into several small segments. At this time, each segment of the signal in the window function can be regarded as a stationary signal, and then Fourier transform each small segment of signal to obtain a two-dimensional time-frequency spectrum.
Assuming the signal [image: image], then the expression of short-time Fourier transforms [image: image] of signal [image: image] is:
[image: image]
Where: [image: image] is frequency, Hz; τ is the time window length, constant; [image: image] is the imaginary number; [image: image] is the window function moving along the time axis with the change of τ. However, the window function of short-time Fourier transform is fixed and unique, which means that the position of signal truncation and the length of time window have a great impact on the calculation results.
Discretize Eq. 2 to obtain the expression of discrete Fourier transform [image: image]:
[image: image]
Improved short-time fourier transform
Because the time window of short-time Fourier transform cannot be changed, this method is limited to improve the time-frequency focusing. In order to overcome this defect, we must improve the time window function. From Eq. 2, the complex conjugate of signal and window function can be obtained:
[image: image]
[image: image]
[image: image]
Where: [image: image] is complex conjugate; [image: image] is the Fourier transform of [image: image], [image: image] is the Fourier transform of [image: image]; If [image: image], then [image: image] can be expressed as:
[image: image]
Let [image: image], then there is
[image: image]
Where: [image: image] is the representation of [image: image] in the frequency domain, and [image: image] is the length of the time window; [image: image] is the Fourier transform of the window function [image: image].
If we put the window function [image: image] into the short-time Fourier transformation, we get:
[image: image]
The expression for the original [image: image] is Eq. 2, and the expression for the improved short time Fourier transform [image: image] is:
[image: image]
Improved short time fourier transform by synchronous extrusion
According to the improved formula for the short time Fourier transform, first of all, calculating the derivative of [image: image] to time [image: image] as:
[image: image]
Then the instantaneous frequency expression of the signal can be obtained:
[image: image]
According to the instantaneous frequency obtained from Eq. 9, the improved short-time Fourier transform for synchronous extrusion can be obtained. The [image: image] value is expressed as follows:
[image: image]
Where: [image: image] is the time spectrum frequency value after synchronous extrusion transformation, Hz.
The improved short time Fourier transform is to extrude and rearrange the time and frequency spectrum of the improved short time Fourier transform in the time and frequency domain, so as to improve the time and frequency focusing of the signal.
Model validation
In this section, the model test of the synthetic narrowband signal is carried out. The original signal [image: image], shown in Figure 1A, was synthesized and a random white Gaussian noise with a mean of 0 and a variance of 0.5 was added to obtain the noised signal shown in Figure 2A. After being processed by different time-frequency analysis methods, both 30 and 60 Hz frequency components have been characterized to varying degrees in the time spectrum. The specific signal [image: image] and the corresponding analysis are as follows:
[image: image]
[image: Figure 1]FIGURE 1 | Results of time-frequency analysis of non-noisy narrowband signals (A) The original signal [image: image] (B) STFT (C) GSTFT (D) SSTFT.
[image: Figure 2]FIGURE 2 | Results of time-frequency analysis of noisy narrowband signal (A) Noised signal (B) STFT (C) GSTFT (D) SSTFT.
The time-frequency spectrum as shown in Figures 1B–D is obtained by performing the short-time Fourier transform (STFT), the improved Short-time Fourier transform (GSTFT) and the improved synchronous extrusion Short-time Fourier transform (SSTFT) on the simulation signal [image: image]. STFT (b), GSTFT (c), SSTFT (d) can recognize the components of two different frequencies by comparing the results of three time-frequency analysis methods. However, the energy distribution in the time-frequency spectrum of STFT is rather divergent, and the overlapping signals near 60 hz cannot be separated completely; The frequency energy of GSTFT is more concentrated than that of STFT, but it still has to be affected by the Heisenberg uncertainty principle and cross terms, and still cannot achieve the best time-frequency resolution. On the time-frequency spectrum of SSTFT, the energy spectrum of the simulated signals is more concentrated and clearer in the direction of frequency and time, and the overlapping parts of the two signals are separated successfully; SSTFT has higher time-frequency focusing ability than STFT and GSTFT, and can clearly and accurately depict the instantaneous frequency of the signal.
Noise resistance
According to the principle of SSTFT, we can know that SSTFT algorithm has certain anti-noise performance. Random white Gaussian noise with a mean of 0 and a variance of 0.5 (Figure 2A) is added to the simulation signal [image: image] in Figure 1 and the signal added with random noise is subjected to short-time Fourier transform, improved short-time Fourier transform and synchronous extrusion improvement of short-time Fourier transform. The noise resistance of the algorithm is verified by comparing and analyzing the time-frequency spectrum.
Figure 2B shows the time spectrum of the noisy signal after STFT, and Figure 2C is a time spectrogram after GSTFT. By comparing STFT and GSTFT, it can be seen that STFT is very sensitive to noise, and the time spectrum of the signal is greatly affected by noise and is relatively fuzzy. Compared with STFT, the time-frequency tuning of GSTFT is almost unaffected, but it is still unable to completely eliminate the influence of noise on the time spectrum of signal; GSTFT has a certain immunity to noise, but due to the limitation of Heisenberg uncertainty principle and the influence of cross terms, the time-frequency resolution of GSTFT is low, while the time-frequency resolution of SSTFT is significantly higher than STFT and GSTFT, and SSTFT can effectively suppress noise interference, as shown in Figure 2D. Therefore, SSTFT has a certain degree of noise control.
Ant tracking technology
Ant tracking technology is developed on the basis of ant colony algorithm. It simulates the pheromone released by ant foraging to guide other ants to track. It has a very strong ability to identify fracture information. However, for many associated folds and secondary fractures, ant tracking based on original data cannot effectively describe them. In order to avoid damaging the vertical and horizontal resolution of the actual seismic data, the actual seismic data processing requires high time-frequency resolution. The traditional time-frequency analysis methods, such as short-time Fourier transform, S-transform, WVD, etc., are restricted by their own window function, so the time-frequency resolution cannot reach the best, and even produce a lot of false information; In particular, WVD method will produce unexpected cross terms in calculation, resulting in great errors in the results. The synchronous extrusion algorithm makes use of the advantages of suppressing Heisenberg uncertainty and the influence of cross terms to make the results have high resolution, which has been well verified in practical applications.
Based on this, this research employs distinct frequency information to carve the fault system of the seismic data by combining ant tracking technology with the synchronous extrusion improvement of short time Fourier transform in time-frequency analysis. The following are the primary operational steps (Figure 3):
1) The synchronous extrusion improvement of short time Fourier transform is used to decompose the frequency spectrum of three-dimensional seismic data, yielding data at low, medium, and high frequencies, respectively.
2) Execute edge detection and edge enhancement for single frequency data volumes, including extracting variance, chaos, coherence, and curvature attributes; These attribute volumes are smoothed and enhanced to highlight the data volumes’ discontinuities.
3) The aforesaid attribute body is then subjected to the ant tracking technology to produce a single frequency ant attribute body.
[image: Figure 3]FIGURE 3 | Improved ant tracing process framework of short-time Fourier transform based on synchronous extrusion. ① Conventional method steps. ② Method steps in this paper.
Advanced DFN model
In industrial production, such as the deep storage of nuclear waste, the exploitation of unconventional oil and gas, the development of geothermal resources, and so forth, the study of fractured systems is extensively applied. Research on fractures is frequently crucial to the in-depth study of these domains, as fractures are one of the major variables influencing both the mechanical characteristics of rocks and the properties of how fluids flow through them. In subsurface rocks, complex fracture networks frequently occur as a result of the evolution of fractures and their interaction after they form. As was already indicated, substantial study has demonstrated that complex fracture networks in subsurface rocks frequently exhibit the traditional traits of a complex system with a power-law scale relationship.
The DFN model can define the fracture density according to the variable fracture size and direction, and form a statistical model. In the modeling process, different data can be extracted from different scales, geometric characteristics and dimensions (1D and 2D). The problem of data extraction in the modeling process can be solved by merging these available data. Based on the DFN scaling model, the fracture characteristics from wellbore scale (centimeters) to reservoir scale (kilometers) are defined through stereological rules and assumptions. Furthermore, an improved DFN model is established by considering the mechanical characteristics of the interaction between fractures. The improved DFN model can be calibrated with several simple parameters according to various rock attributes, and can better restore the shape and characteristics of fractures.
At present, it is generally believed that the fault system is often defined according to the statistical law, especially the observation and research of local interpolation within the site scale. The accurate study of these statistical distribution laws is the key to establish the discrete fracture network model.
DFN model characterization parameters
The discrete fracture network model reveals the relevant statistical laws of the size, direction and spatial distribution of fractures in a certain range. The core of DFN model is its density distribution law [image: image], which can reflect quantitative distribution characteristics of different fracture sizes [image: image] and fracture angles [image: image] in domain [image: image]. At the same time, in the process of modeling, problems such as transmittance flow modeling and aperture will be considered to make the model more comprehensive, more accurate and more widely applicable.
Although the three-dimensional fracture network model composed of two-dimensional structure can be established, in terms of dimension and size, especially dimension, such as two-dimensional surface of field outcrop and tunnel, one-dimensional line of borehole, data acquisition is often limited, involving stereology and scale problems. Stereology rules are often determined by the established model, while the scale function is usually determined by [image: image] and [image: image], so as to extrapolate the data measurement to the appropriate scale range. Power law models are usually used for this (Bonnet et al., 2001; Bour et al., 2002; Davy et al., 2010), so:
[image: image]
Among them, the density function is [image: image], determined by the direction of the fracture. Where [image: image] is the topological dimension of the fracture set, [image: image] is the power-law scaling exponent of the fracture size. The definition of distribution depends on the situation, usually from the minimum fracture length [image: image] to the maximum fracture length [image: image], which can also be determined in other cases or with the site area under study.
Davy et al. (2013) showed that when the DFN model is a two power-law model with [image: image] as the transition scale, the model can be considered as a universal fracture model. When DFN model is considered as a universal fracture model, it can not only simplify the mechanical rules of the single fracture generation and extension, but also consider the interaction between fractures. The model is usually composed of two power-law regions, which restricts the number of free parameters in the model. The corresponding fracture density distribution is as follows:
[image: image]
From Eq. 13, [image: image] and [image: image] can be obtained from the universal fracture model. It has been shown that, in general, [image: image] = 4, [image: image] and [image: image] [see (Davy et al., 2010; Yu et al., 2017)] are taken from the model.
Under such conditions, if the mass density of the model is defined as the total fracture surface per unit volume, the mass density of the model can be written as the following expression:
[image: image]
In the above formula, considering all fracture length scales, the DFN model density [image: image] is obtained and controlled by the minimum boundary of the system. From the above conditions, it is obvious that [image: image] and [image: image] are the core parameters of DFN model density.
Generally, fracture sampling can be carried out through core observation, surface mapping, tunnel wall mapping and other methods. Building stereological relationship can better change and transform DFN model.
Stereology for cores
In (Davy et al., 2006), the sampling of fractures larger than the core in the wellbore is described in detail. Considering the fractures intersecting with the core, the three-dimensional relationship between DFN model and core related data is established. Based on the classical Terzaghi correction in the power-law model (Terzaghi, 1965), the three-dimensional relationship established further explains the finite size effect. If the length of the core sample is [image: image] and the diameter is [image: image], the fracture intercept of the core sample can be given according to Eq. 14. Among them, [image: image] is the included angle between core and fracture pole:
[image: image]
The last two terms [image: image] and [image: image] are long and complex mathematical expressions. See (Terzaghi, 1965) for details. The angle of [image: image] can be changed by correcting [image: image]. By combining Eqs 14, 15, we can define the mass density, two of which are key parameters [image: image] and [image: image] can be obtained from UFM framework or correlation analysis, and the mass density can be determined according to the conditions obtained from the analysis to determine [image: image]
APPLICATION EXAMPLES
Based on the above contents, in the 3D seismic fault interpretation, this paper combines the ant tracking technology with the advantages of synchronous extrusion improvement of short-time Fourier transform in time-frequency analysis, and uses different frequency information to carve the fault system of seismic data, as shown in the Figure 4.
[image: Figure 4]FIGURE 4 | Ant fracture identification based on synchronous extrusion improvement of short-time Fourier transform (A) 3D seismic data volume of a site (B) Visualized extracted ant volume (C) Visual interception of a fracture plane.
The data used in this paper belongs to the 3D seismic data volume of a site. Spectrum decomposition technology first needs to determine the size of the frequency value, which directly determines whether the effective information in the single frequency profile can be accurately depicted; Therefore, the selection of frequency value occupies a very important position in the whole process. In this paper, the actual seismic data are processed by time-frequency transform. By determining the dominant frequency band range of the seismic data, the size of the frequency value can be selected to highlight the required effective information of the seismic data.
In this paper, 30 and 60 Hz are selected as the frequency values of the single frequency data volume within the dominant frequency band of the site, and then the edge of the single frequency data volume is enhanced to calculate the single frequency of the ant. The specific steps have been described in Chapter 1.5 above.
In the dominant frequency band range, as shown in Figure 5, after the above steps, the geological information in the coherent attribute profile obtained by method of this paper will be different from that obtained by conventional methods, which can be obviously obtained in the calibration area of Figure 5. In the coherent attribute profile obtained by traditional methods, larger scale faults can be identified, as shown in Figure 5A; In the profile of this method, not only the overall distribution characteristics of faults, but also micro fractures and fracture development areas can be seen, as shown in Figure 5B.
[image: Figure 5]FIGURE 5 | Slice of single frequency coherent attributes along layers (A) Results from conventional methods (B) Results obtained by this paper.
The slice along the layer is extracted from the single frequency coherent data volume, and the result is shown in Figure 6. Figure 6A is a coherent slice obtained by conventional methods, which is more sensitive to the information of large fractures, as shown in the calibration area; As shown in Figure 6B, the method in this paper can not only highlight micro fractures, but also identify associated fracture development areas, reflecting more abundant information.
[image: Figure 6]FIGURE 6 | Single frequency coherent attribute profile (A) Results from conventional methods (B) Results obtained by this paper.
Figure 7A shows the original amplitude slice along the layer, Figure 7B shows the full band ant slice along the layer, Figure 7C,D respectively show the 30 and 60 Hz single frequency ant slice along the layer. In the single frequency ant, micro fracture information is well carved. Both the 30 Hz single frequency ant and the full band ant describe the large fracture information in detail, while relatively high frequency 60 Hz ant clearly depicts micro fracture information. Full band ant can clearly depict large faults; In the single frequency ant, with the increase of frequency, some subtle fracture information in the profile is highlighted; However, with the increase of frequency, the noise information will also be amplified. Therefore, some interference information such as collected footprints will appear in the high-frequency profile; However, the single frequency ant technique can identify the small fractures that cannot be characterized by the full frequency band ant, and has high practical value. In combination with the above, the medium and high frequency ant obtained based on the synchronous extrusion short-time Fourier transform have a strong ability to depict the micro fracture information, and the low-frequency ant bodies can engrave the large faults in detail.
[image: Figure 7]FIGURE 7 | Ant slice along the layer (A) Amplitude slice along the layer (B) Full-band ant slice along the layer. (C) 30 Hz ant slice along the layer. (D) 60 Hz ant slice along the layer.
Combined with the advanced DFN model, the extracted data are calibrated in the model to restore the fracture morphology and characteristics. The results show that the complexity of fracture system often presents the classical characteristics of complex system with power-law scale relationship, as shown in the Figure 8. The blue trace line in the figure represents the information with smaller scale such as fractures, while the red trace line represents the features with larger scale such as faults. At the same time, it is normalized according to the advanced DFN model, and the overall fractal dimension of the model in the figure is obtained, which is represented by a black trace line. The results prove the accuracy and practicability of the method in practical application.
[image: Figure 8]FIGURE 8 | Distribution law of fracture system with different scales based on model.
The method in this paper is related to the geological research of relevant work sites. As shown in Figure 9, the base map is the contour map of gas content in the work site, and the arrow direction is the growth trend of micro fracture development areas obtained by this paper. It can be clearly and intuitively concluded from Figure 9 that the more microfractures are developed, the higher the gas content is. The correlation between the two is significant, which is of great significance for oil and gas prediction and exploration. The result also shows the feasibility and importance of the method in this paper.
[image: Figure 9]FIGURE 9 | Microfracture development area and its growth trend. And gas content contour map.
CONCLUSION
In this paper, the frequency spectrum of seismic data is decomposed by using the synchronous extrusion improvement of short time Fourier transform, which can effectively suppress the influence of noise, and provide a data volume with high signal-to-noise ratio for the subsequent ant calculation; Moreover, the high frequency ant data volume can depict the micro faults and associated folds that the full band ant cannot depict; Especially in the fracture development zone, this method can accurately carve its distribution area and characteristics. Combined with the advanced DFN model, the extracted data are calibrated in various rock attributes, and the power function analysis is carried out by using the fracture trace map data of different scales, and the normalization processing is carried out to determine the fracture size distribution parameters, which is the key to reflect the characteristics of fractures under different scales, including the structure and its related properties, in the process of geological and engineering modeling. In this paper, the information obtained by this method provides a practical basis for subsequent reservoir production prediction and well location determination.
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