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Distributed acoustic sensing (DAS) is an effective tool for seismic surveys and is widely used as the preferred sensor for acquiring dense Vertical Seismic Profile (VSP). However, DAS has some disadvantages compared to conventional geophone acquisition, such as single-component data, sensor directivity pattern, low S/N, etc. To apply DAS data to VSP processing, it is important to understand the characteristics of DAS measurements. This study first examined DAS and geophone responses for a VSP survey in a 1D earth model. The relationship of signal amplitude as a function of incident angle and phase shift between wavelets was confirmed. Next, we validated this relationship in a walk-away VSP survey, which was conventionally applied to monitor geological CO2 storage. The survey was carried out at a test site in Japan. We obtained both three-component (3C) geophone and DAS data using a single-mode fiber installed behind a casing. The observed amplitudes of the first P-waves by DAS and geophone showed very good agreement with the theoretical expectations. Finally, we performed imaging using acquired DAS data following the workflow for conventional VSP processing. These basic behaviors of DAS are useful for designing further analyses, such as VSP in deviated wells and full waveform inversion.
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1 INTRODUCTION
Fiber-optic sensors (FOS) have been developed as advanced measurement tools. Many findings in geophysical applications have been reported in the oil and gas industries, as reviewed in Fenta et al. (2021). These applications include sensing pressure, temperature, vibration, and strain. In particular, distributed acoustic sensing (DAS) has been exploited for seismic exploration surveys during the past decade.
DAS utilizes optical time-domain reflectometry (OTDR) techniques to detect seismic waves along a fiber-optic cable. A pulse of laser light is transmitted from one end of an optical fiber; coherent, back-scattered Rayleigh light is recorded by an optical interrogator at the same end of the fiber. From the observed time of arrival of the returning light, the points passing the seismic waves can be determined (Molenaar, 2013). When a second laser pulse is fired into the fiber, changes in strain are evaluated by comparing the two records (Grindei 2019).
DAS measurements have been applied in mining, geothermal studies, natural earthquake detection, and hydraulic fracturing (Ajo-Franklin et al., 2019; Bakku et al., 2014a; Bakku et al., 2014b; Li and Zhan, 2018). DAS is now used for observation in marine environments using fibers for telecommunications deployed on the seabed (Spica et al., 2021). DAS technology is also popular for seismic data acquisition, especially in wellbores (Lellouch and Biondi, 2021). P-wave observation in less noisy environments can be expected from fibers deployed in vertical wells. A Vertical Seismic Profile (VSP) survey using DAS was assessed to possibly replace conventional surveys with geophones (Mestayer et al., 2011). Reports on VSP (Barberan et al., 2012; Willis et al., 2016; Wu et al., 2017), CO2 plume imaging by DAS-VSP (Daley et al., 2016; Miller et al., 2016; Harris et al., 2017; Cheraghi et al., 2018; Correa et al., 2018), and micro-seismic monitoring (Maxwell, 2014; Molteni et al., 2017; Karrenbach et al., 2019) have recently been published.
However, a large disadvantage of borehole DAS measurement is that only a single component can be acquired along the fiber. Moreover, DAS data on the strain or strain rate is the average over the a gauge length (Dean et al., 2016). These disadvantages introduce a sensitivity issue depending on the incident angle of a wavefield. Theoretically, the amplitude ratio of DAS over a single component of particle velocity exhibits cosine dependency as a function of the incident angle. This relationship indicates a drawback of DAS measurements of waves with large incident angles. Furthermore, comparisons of DAS and single-component geophone data have been reported in some field observations (Willis et al., 2016; Correa et al., 2017; Wu et al., 2017). In these comparisons, the basic trend followed the theoretical relationship; however, amplitude ratios in field data were very noisy. These results suggested that the relationship between DAS and geophone amplitudes in field data has not yet been fully demonstrated.
Another problem is differences in interrogator design. While some comparisons of DAS outputs among several vendors (Verliac et al., 2015; Olfsson and Martinez, 2017; Sidenko et al., 2020). Verliac et al. (2015) reported differing wavelets among three DAS datasets acquired with equipment from various suppliers, Olfsson and Martinez (2017) observed that differences among vendors were small. Sidenko et al. (2020) confirmed that the dimensions of interrogator output were deformation rate and dynamic strain, which are the output designed by the vendors. Therefore, signal directivity differed among interrogators.
Because of issues concerning differences in the averaged values or point sources and dimensional differences between DAS and conventional seismometers, it is critical to understand what is measured, and what limitations apply to those DAS measurements for a given interrogator unit. In further analysis, data conversion might be necessary to adjust data dimensions.
The present study compared DAS and conventional geophone data in a field survey conducted in Japan. In Section 2, we examine the theoretical relationship between strain rate and particle velocity that are observable by conventional geophone. In Section 3, we compute a synthetic wavefield at vertical observation points in layered models. We then compared the wavefield of direct P-waves measured by Vz and the vertical components of the strain rate. In Section 4, we introduce a test field for DAS measurements in Japan. During a walk-away VSP survey at this site, we collected both DAS and three-component (3C) geophone data at a borehole. From these data, we examined the sensitivity of the sensors against the incident angles by comparing the signal amplitudes of the direct P-waves. We also studied the resolution of imaging results obtained by standard VSP data analysis.
2 THEORY OF DAS MEASUREMENTS
In strain rate measurements for DAS output, the output is proportional to the strain rate averaged over a gauge length. This is the same as Silixa’s iDAS (Willis et al., 2020). Bakku (2015) reported that this type of output can be interpreted as the difference in velocities measured by two separated geophones. We followed their method to compute the theoretical strain rate in this study.
As many have noted, DAS measurements depend on gauge length (G) and pulse width (L) (Dean et al., 2016; Correa et al., 2017). In the following analysis, we assume that the wavelength of elastic waves is several times larger than the G and L. The DAS output for an optical fiber installed in a vertical borehole is represented by the difference in the strain at the internal sampling interval (Parker et al., 2013; Daley et al., 2016).
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where [image: image] is the dynamic displacement of the fiber at the location [image: image] and measurement time [image: image], respectively. When the sampling interval and gauge length are sufficiently smaller than the phenomena being considered, this output can be converted to either the strain rate of the fiber
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or the spatial derivative of the dynamic displacement of the fiber
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where [image: image] is the axial strain, [image: image] is the particle velocity at a fixed point, and the dot denotes its time derivative. Eqs 2, 3 show the relationship between DAS measurements (strain rate) and standard geophone measurements (particle velocity).
We consider a primary seismic plane wave propagating in the z-direction with an apparent velocity [image: image] (or slowness [image: image]) and an angular frequency [image: image]. Then the displacement and velocity field of the seismic wave is written as
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where [image: image] is the constant displacement equal to [image: image], and [image: image] is the vertical component of the wavenumber. From the equations with wavenumber, the relationship between the strain rate and particle velocity is represented as follows (Bakku, 2015),
[image: image]
where [image: image] is the inherent velocity in the medium. Thus, the amplitude of strain rate has a cosine dependency on the incident angle of the seismic wave compared to geophone data. In contrast, Daley et al. (2016) found that the dynamic strain and particle velocity could be linked from the equations with the apparent velocity:
[image: image]
This equation indicates that the strain rate amplitude depends on the apparent velocity in the z direction. Daley et al. (2016) applied this conversion to limited interval data, where the apparent velocity is a constant. This relationship suggests that the amplitude would be changed in layers with different apparent velocities. Another point in the comparison of Eqs 6, 7 is that time integration is needed as the first step to convert strain rate data to an equivalent geophone signal.
We can also derive the relationship between the strain rate and the total amplitude of the particle velocity. The sine [image: image] component is proportional to [image: image]; therefore, the relationship becomes
[image: image]
A more sophisticated transformation between DAS and geophone data was proposed by Bona et al. (2017) by considering the effects of gauge length and pulse width. Their evaluation is a kind of two-spatial averaging filter, and the amplitude ratio between DAS and geophone depends on the wavelength of the seismic field compared to the gauge length. This filter was applied to field data by Correa et al. (2017). Although the effect of gauge length is important in DAS measurement, the present study does not consider gauge length correction in its evaluation of the effect of depth-dependent apparent velocity in the DAS—geophone data conversion.
3 COMPARISON OF DAS AND GEOPHONE DATA USING SYNTHETIC WAVE COMPUTATION
We compared geophone and DAS data by calculating the seismic wavefield using a synthetic method. We first simulated the wavefield from a point source on layered earth models. Based on the observation points in a wellbore, the velocity fields at 5-m depth intervals were calculated. From the obtained velocity field, the strain rate [image: image] along a borehole was calculated as the difference in [image: image] between two observation points. We then compared the wavefields of the strain rates and particle velocities.
To simulate a synthetic wavefield, we used “grpnt2” developed by Hisada (1994); Hisada (1995). This code calculates the strict Green’s function theoretically in layered half-space and uses an efficient mathematical method for wavenumber integrations. The wavefield excited by a Ricker wavelet with a 20-Hz dominant frequency was obtained in the frequency domain using this code. As the time domain wavefield was a bit noisy due to the transformation from the frequency domain to the time domain, we applied a bandpass filter to reduce artificial vibrations.
We tested three earth models to compare DAS and geophone responses: homogeneous, a layer model without an impedance jump, and a layer model with an impedance jump. To simplify the comparison among models, the parameters at the upper layer were identical. The parameters of the synthetic model are summarized in Table 1.
TABLE 1 | Summary of the synthetic models.
[image: Table 1]3.1 Homogeneous model
First, we computed the wavefield in a homogeneous half-space model. Density was set to 1,400 m/s for Vp, 808 m/s for Vs, and 2.1 kg/m3. We placed vertical sources at points 100 and 500 m horizontally from the wellbore. We introduced two source points because we encountered difficulties in following the first P-wave at shallower receivers (low incident angle). The P- and S-waves become too close to separate and were also affected by surface Rayleigh waves. These mixed waves cannot be regarded as a simple plane wave. Therefore, we excluded data from receivers shallower than 100 m in subsequent analysis. Then, the range of incident angles became limited at near offset (100 m) data. To cover the incident angle for the comparison between DAS and geophone data, we added far offset (500 m) results.
Figure 1 shows the wavefield in the synthetic homogeneous model in the case of a 500-m offset. To clearly show the wavefield, the time axis was shifted to 0.2 s using the grpnt2 function. Figures 1A,B are shot gathers for particle velocity and strain rate, respectively. The event starting about 0.55 s with a downward bent is the direct P-wave, while that starting about 0.8 s corresponds to the direct S-wave. The line connecting direct P- and S-waves represents the Rayleigh wave with a smaller propagation velocity than that of the S-wave excited at the surface. The directional dependency of amplitude is illustrated in this figure. The amplitude of the direct P-wave at shallower depths decreases since the wave path is close to the right angle to the measurement component. In contrast, the wavefield of the S-wave is perpendicular to the propagating direction; thus, the amplitude of the S-wave near the surface is larger than that of the P-wave. Figure 1C represents wavefields around the first break of the P-wave at a depth of 400 m for Vz and strain rate, although the amplitudes of the wavefields were normalized so that the maximum amplitude of the direct wave in the time domain is equal to 1. As Eq. 6 suggests, the wavelet of the particle velocity is close to the minimum phase, while that of the strain rate becomes zero phase. Figure 1D is the ratio of strain rate to particle velocity as a function of incident angle. The incident angle was simply evaluated by geometrical arrangement, and the amplitude ratio was normalized using the deepest point data to adjust the theoretical relationship ([image: image]). This figure shows clear [image: image] dependencies; thus, this synthetic approach can be used to investigate the relationship between strain rate and particle velocity.
[image: Figure 1]FIGURE 1 | Characteristics of the synthetic wavefield in a homogeneous model. (A,B) show shot gather with the z components of the particle velocity and the calculated strain rate, respectively. Overlapping red lines correspond to the first P-wave. (C) shows the wavefields around the P-wave arrival by particle velocity (red) and calculated strain rate (blue) at a depth of 400 m. The amplitude was normalized with the maximum absolute value equal to 1. (D) represents the P-wave amplitude ratio of strain rate/particle velocity. The colored lines correspond to the difference in the source offset; blue: 100 m, red: 500 m. The green line is the reference of the [image: image] dependency.
3.2 A layer model without impedance jump
Next, we computed the wavefield in a layer model without a jump in impedance. We studied this artificial case to consider the effects of differences in inherent velocity without impedance jump. Therefore, we set the parameters of the second layer to 1,500 m/s for Vp, 866 m/s for Vs, and 1.96 kg/m3 for density at a boundary depth of 252.5 m. We also calculated the wavefield from the 100 and 500 m offsets.
Figure 2 shows the wavefields of this model for a 500-m offset. Figures 2A,B illustrate shot gathers for particle velocities and strain rates, respectively. The events in these figures are almost the same as those in Figures 1A,B. However, reflected and converted waves can be seen in Figure 2B at the point of 252.5 m and 0.6 s. These waves correspond to converted P-S waves, where the properties of wave propagation were not the same as in the homogeneous model. Figure 2C shows normalized wavefields around the first P-wave (at 400 m) for strain rate and particle velocity. The features of the two wavefields are the same as those in Figure 1C. Figure 2D is the ratio of strain rate to particle velocity as a function of incident angle. The incident angle was evaluated by ray tracing between sources and receivers in the velocity model. The ratios at the two offsets differ above and below the layer boundary. From the part above the boundary, the ratios were close to the theoretical dependency, [image: image]. However, for the parts below the boundary, the ratios became smaller. This difference comes from the relationship represented in Eq. 7. Thus, we modified the change of apparent velocity (Figure 2E). After the modification, the ratios were close to the theoretical dependencies.
[image: Figure 2]FIGURE 2 | Characteristics of the synthetic wavefield in a layer mode without a difference in acoustic impedance. (A–D) use the same arrangement as in Figure 1. In wavefields shown in (C), amplitude normalization is the same as in the homogeneous model. (E) shows the amplitude ratio modified by the effect of apparent velocity. The colors in (E) are the same as in (D).
3.3 A layer model with impedance jump
Finally, we computed the wavefield in a layer model with a jump in impedance. In this model, the amplitude of the wavefield decreased due to reflection at the layer boundaries. We used the same values as in the previous model, except for the density of the second layer (2.1 kg/m3, as in the top layer).
Figure 3 shows the wave fields of this model for a 500-m offset. The shot gathers (A and B) show events similar to those in the previous models. Moreover, apparent reflected waves, especially S-S waves, appear at the point of 252.5 m and 0.9 s. The reflection at the surface is also evident. Figure 3C shows the normalized wavefields around the first P-wave (at 400 m) for strain rates and particle velocities. Although this reflected wave decreased the amplitude of the wavefield below the boundary, the amplitude ratio between strain ratio and particle velocity was the same, except for data near the boundary. Figures 3D,E are the ratios of strain rates to particle velocities before and after the modification of apparent velocity. The modification worked well to adjust the amplitude ratio between strain rate and particle velocity to the theoretical dependency of the incident angle.
[image: Figure 3]FIGURE 3 | Characteristics of the synthetic wavefield in a layer mode with impedance change. (A–E) show the same arrangement as in Figure 2. In the wavefields shown in (C), amplitude normalization is the same as in the homogeneous model.
The synthetic model confirmed the dependency of the incident angle in the amplitude ratio by modification of the apparent velocity. This was also noted by Daley et al. (2016). However, many papers comparing the amplitude of DAS and geophone data did not consider this dependency. The next chapter introduces our field survey and shows the results using DAS.
4 A WALK-AWAY VSP SURVEY IN CHIBA, JAPAN
The results of a walk-away VSP survey at a site in Japan were used to compare DAS and geophone data. Although there was no expected subsurface change at this site, such as fluid injection, the results are a good reference for understanding the characteristics of DAS measurements and considering survey design using DAS-VSP.
4.1 Overview of the field survey
To conduct field experiments for DAS measurements, we have established a research site in Chiba Prefecture, Japan. This site has an 880-m, deep-cased borehole with a single-mode and single-end, straight, fiber-optic cable cemented behind the casing, a 250-m well in which a straight and a helically wound cable are cemented, and surface deployed cables buried in a shallow trench (Figure 4). These installed fibers were connected as a one-stroke sketch to measure the DAS signal with an interrogator located in an observation shed. This study focused on DAS data from this borehole to compare the sensitivity pattern against that of a conventional geophone.
[image: Figure 4]FIGURE 4 | Overview of a test field for DAS field measurement in Chiba, Japan.
A walk-away VSP experiment was carried out in January 2021. Eleven shot points were selected for the survey (Figure 5). Shot points up to 1,300 m away from the borehole were employed (Figure 5). At each shot point, a vibroseis truck was used, with an increased number of sweeps at far-offset points. Particle velocity was acquired via a 3C geophone tool with four downhole shuttles. The shuttle interval was 15 m. Therefore, with 21 deployments, we obtained data measurements every 7.5 m between depths of 100 and 700 m in the casing of the 880-m borehole. In contrast, a Silixa iDAS v2 interrogator unit was used for the DAS measurements. The data interval was set to ∼1 m. Furthermore, DAS was available for data acquisition at every sweep of geophone measurements; thus, the total number of stacks at each shot point was approximately 100;5 (sweeps) x 21 (geophone deployments). The data acquisition settings of the walk-away VSP survey are summarized in Table 2.
[image: Figure 5]FIGURE 5 | Positions of shot points and the observation site for a walk-away VSP conducted in January 2021.
TABLE 2 | VSP survey settings.
[image: Table 2]4.2 Comparison of observed wave data between DAS and geophone measurements
We first examined the signal-to-noise ratios (SNRs) between the DAS and geophone measurements. We simply compared the root-mean-square (RMS) between the direct P-wave signal and the duration before the first break. The seismic signal at each sweep was clearer in the geophone data. This noise floor of DAS data was higher than that of the geophone data. Figure 6 shows the SNR of DAS against stack numbers at SP121, offset 650 m, where the SNR of the geophone data was obtained by stacking five sweeps. The SNR of DAS increased when the stack number increased. When the number of stacks reached 100 for DAS at a 650-m offset and a 700-m depth, the SNRs were comparable to those of geophone data. This difference in the stack number was not disadvantageous for DAS. The geophone tool must be relocated to cover the entire length of the borehole, while DAS data can be acquired at all depths in a single sweep.
[image: Figure 6]FIGURE 6 | Comparison of SNR by geophone and DAS. Geophone data were evaluated by a stack of five sweeps and the effect of stacking to SNR is shown for DAS data.
Next, we compared the wavefields obtained with DAS and geophone. Figure 7 shows the wavefield and spectrum around the first P-wave at the SP121 shot point (offset 650 m) and recorded at 700 m. Unlike the results of the synthetic model, the wavelet at the direct P-wave of DAS and geophone data was close to the zero-phase case. However, the apparent first break time of the DAS data was earlier than that of the geophone data. The synthetic results and field data differences occurred due to the method of data deconvolution. The source signal was a linear sweep with a vibroseis, and the shot gathered was calculated by cross-correlation or source deconvolution. This process produces essentially zero-phase data. However, the difference in first break time may reflect the phase difference of the wavelets. As Daley et al. (2016) noted, the time integration procedure of DAS data can reduce the difference between DAS and geophone data.
[image: Figure 7]FIGURE 7 | Comparison of DAS and geophone data shot at a 650-m offset and a 700-m depth. (A) Wavefield in the time domain. (B) Amplitude spectrum.
After confirmation of the waveform of the direct P-wave, we compared the amplitudes of DAS and geophone data. We first evaluated the incident angle of the direct P-wave between shot points and receivers using 3C geophone data (Figure 8). This analysis did not use any special rock physics model to modify the observed amplitude. The horizontal direction and amplitude at each receiver potion were evaluated from particle motions of horizontal components of the geophone records. The incident angle was then calculated from the evaluated horizontal and vertical components of the geophone. The general trend of the incident angle (Figure 8) became steeper, as expected. This step provided a precise incident angle for the DAS amplitude trend against the angle and also allowed the comparison of DAS amplitude with both Vz and the total amplitude of the particle velocity. We also compensated for the difference in apparent velocity along the well, as shown in Eq. 7. Since the P-wave velocity generally increases with depth, the amplitude ratio without this modification increases at larger angles.
[image: Figure 8]FIGURE 8 | Evaluation of the incident angle evaluated by the three geophone components when the vibrator is shot at SP61. The locus is obtained from the time duration of the direct P-wave arrival.
Figure 9 shows the ratios of DAS amplitude over Vz (A) and over the total amplitude of the particle velocity (B) against the incident angle. Dependencies are shown at all shot points against the theoretical dependencies on the incident angle; i.e., [image: image] for Vz and [image: image] for the total velocity field. The results show fairly good matching. At high incident angles (SP201), the data were smaller than the theoretical relationship owing to difficulties in evaluating small amplitude data from far offset data. Although there is a small inconsistency in the far offset data, we believe that this relationship is the most favorable result obtained in field DAS measurements.
[image: Figure 9]FIGURE 9 | Incident angle dependency of DAS amplitude over the geophone amplitude evaluated by the direct P-wave. (A) Vz amplitude for geophone data. (B) Geophone total amplitude. The colors and markers correspond to different shot points.
4.3 Comparison of imaging results between DAS and geophone data
We evaluated imaging from DAS and geophone data, where only Vz components were used for geophone data processing.
First, we compared shot gathers of DAS and geophone stacked data. Figure 10 shows the shot gathers collected at each offset. In the near-offset geophone results, the noise was evenly aligned along the time axis because the sensitivity of the Vz geophone array component was not even. This effect was large in the near-offset survey. The quality of the shot gather was good in both DAS and geophone, and the direct P- and S-waves were clearly recognizable. From the first break time in the nearest offset data, we evaluated a 1-D velocity model of the site for the further analysis.
[image: Figure 10]FIGURE 10 | Shot gathers obtained by DAS (A) and geophone array (B) at each shot point.
These results were used for image data processing. To image DAS data, we utilized data at 7.5-m and 1-m intervals to compare the effect of measurement density. The 7.5-m interval is the same as that of the geophone, and 1 m is the resolution of the original DAS data, although the SNR is inferior to the averaged data. The peak position of source deconvolved data from DAS measurement is about 5 ms ahead compared to that of geophone data (Figure 7). This difference can be adjusted with time integration of each trace. Signature deconvolution (Isaenkov et al., 2020), would also be useful to adjust wavelets and to obtain clear reflected events, although we did not do that in this data analysis. After preconditioning, we followed the general data processing flow for 2D-VSP. This workflow includes wavefield separation and VSP-CMP transformation. For wavefield separation, an FK-filter was used to isolate primary PP reflections. This filter is also valid to exclude diminishing S-waves. For time migration, we used normal moveout (NMO) and common mid-point (CMP) stacking techniques. Bins for migration were set at 5 m.
After time domain data processing, the time axis of the image was converted to a depth domain (Figure 11). The white area in the wide area view (upper raw) means that the reflection points cannot be visualized by the configuration of this survey. The general characteristics of the strong reflections were similar between the DAS and geophone images. However, the results looked different in the enlarged view. The reflections in geophone measurement were not clear in the right (eastern) part shallower than 800 m, while the continuity of reflections improved in DAS measurements, even in 7.5-m interval data. The coupling of the geophone at that shot point may not have been not equal to that at other shots, as the geophone tool must be relocated at each depth and shot point.
[image: Figure 11]FIGURE 11 | Migrated VPS images for 2-D walk away at a test site in Japan. Vz data [(A) 7.5-m intervals], averaged DAS data [(B) reduced to 7.5-m intervals], and original DAS data [(C) 1-m intervals] were used for migration processing. The upper raw image represents a wide area, while the lower image is the enlarged view around the well.
Comparison of the results of DAS data at 7.5 and 1 m intervals showed that the reflections were more clearly connected at smaller intervals. This is because the number of traces at each bin for migration was larger at 1 m intervals. This effect had advantages despite the inferior SNR at each trace. This represents another advantage of DAS-VSP with distributed sensing.
5 DISCUSSION
To consider the observed characteristics of DAS data, we computed synthetic wavefields from a point source excitation using simple layered models. The calculated velocity field was taken as the spatial derivative to obtain the strain rate. The amplitude ratio between the strain rate and particle velocity of the direct P-wave showed that the effect of inherent velocity is more important than that of impedance, as previously suggested in DAS papers (Daley et al., 2016; Isaenkov et al., 2020), but we confirmed the compensation method for recovering the DAS amplitude. Note that the determination of wavefield amplitude near layer boundaries including the surface was difficult, even for synthetic results. This difficulty occurs because some converted waves are too close to separate near the boundaries. Therefore, we considered two shot points to cover a wide range of incident angles. This would be more severe in field surveys with observation noise.
We demonstrated a walk-away DAS-VSP using a single-mode fiber installed behind the casing of a borehole at a site in Japan. During survey comparisons, DAS and 3C geophone data were acquired at the same borehole. Using the survey data, we performed two main analyses: we compared the amplitude ratio of the direct P-wave as a function of the incident angle between DAS and geophone data. To exclude the effect of surface waves, we did not use shallow (<100 m) data. We also applied the same compensation method as in a synthetic case, in which the velocity trend was considered. Isaenkov et al. (2020) discussed the effect of rock stiffness on the amplitude ratio. This effect is essentially the same as our compensation method since both methods consider changes in medium velocity. Our results show very good agreement with the theoretical relationship. We believe that the results are the best to date among reported field results.
Field data were also imaged using DAS and geophone data. The total time of data acquisition was the same except for the wireline logging efforts to relocate the geophone array. Even though the DAS data had a lower SNR compared to that for geophone data at each trace and shot point, the connectivity of the reflected waves was better in the DAS data. One reason for this is the high-density data in DAS measurements. Many traces was more important than the quality of individual traces in the imaging analysis. Another reason is that the observation points did not change in DAS measurements and the coupling between DAS and the formation was invariant, illustrating the advantages of DAS-VPS. In contrast, signal amplitudes with high incident angles were weaker than those of the geophone (Figure 7). This is the major limitation of DAS measurements. Thus, it is better to design survey plans to exploit the sensitivity of the DAS sensor. When data with a low-sensitivity angle must be acquired, we should consider the survey time to stack the data. These limitations are important for cost-effective surveys, as in time-lapse monitoring of subsurface CO2.
As many papers have indicated, DAS has lower sensitivity than geophone (Figure 6). However, new interrogators with high sensitivity are being developed. Moreover, the proper combination of engineered fiber and interrogator reportedly yields DAS sensitivity comparable to that of high-sensitivity seismometers (Hartog et al., 2022; Shatalin et al., 2022). This type of interrogator also has a larger dynamic range than that used in the present study. Thus, the issue of sensitivity will hopefully soon be solved.
6 CONCLUSION
We compared strain rates based on DAS and particle velocity data using synthetically computed data and a field survey in Japan. DAS amplitude depended on the incident angle of the acoustic waves; however, we also confirmed its dependency on the apparent velocity. The synthetic computations of artificial layered models showed that the effect of the apparent velocity in the layer is more important than that of the reflected waves. The amplitude change due to reflection was automatically adjusted by taking the ratio of the strain rate and the particle velocity, except near the boundary zone. While the effect of apparent velocity has already been suggested in the derivation of DAS measurements, it has been little discussed in the literature.
To examine the effectiveness and limitations of DAS measurements in field surveys, we conducted a walk-away VSP at a test site for DAS measurement in Japan. We acquired DAS data using a combination of a single-mode straight fiber installed behind the casing and a Silixa iDAS v2 interrogator and also obtained a conventional geophone array in the same wellbore. The amplitude ratio of DAS and geophone as a function of the incident angle agreed well with the theoretical relationship after modification of the effect of the apparent velocity. Furthermore, we compared imaging results obtained using a standard VSP analyzing workflow. The DAS image was superior at near offset owing to the high-density data and better repeatability compared to those for wireline logging. These results will guide future survey designs, such as the offset range of shot points, survey time, monitoring of small changes in physical parameters, and surveys related to the incident angle of the wavefield.
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