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Summary
Distributed acoustic sensing (DAS) is a newly developed
technology, and it is getting more attention in the energy
industry, civil engineering investigations and geo-hazard
studies due to its dense sensor spacing, low cost of fiber
cables and high repeatability for monitoring. Long-term
monitoring by DAS brings us huge amount of data,
processing of which is laborious and time consuming. We
use the quarry blasts data recorded by the Stanford DAS
array to demonstrate that reliable information can be
extracted using extremely short recordings. We apply
denoising, missing data interpolation, seismic interferometry
and dispersion analysis to the DAS data. The average
velocity changes along the DAS line are obtained using two
segments of 20-second recordings. The average velocity
changes are consistent with the nearby basement
construction schedule. Using pieces of 100-second recording,
the phase velocity changes with frequency have been
obtained. The dispersion results are consistent with those
obtained using month-long data recordings. These consistent
results suggest that reliable information can be extracted
using an extremely short period of DAS recordings due to
anthropogenic activities.
Introduction
The top tens of meters of the subsurface supports our modern
infrastructures, such as buildings and roads. Near-surface
monitoring is very important as it provides us early warnings
of the potential hazards such as ground subsidence and
sinkholes. Conventional sensors like geophones can be used
to monitor the subsurface (Hayashi, 2008; Nakata et al.,
2001; Zhang et al., 2018). However, they cannot be used for
permanent monitoring due to their limited battery span.
Since the costs of individual geophones are high, they are
usually deployed sparsely, which results in the lower
resolution than that required by urban monitoring.
Distributed acoustic sensing (DAS) is a newly developed
technology which enables continuous, real time and
permanent monitoring along the entire length of the fiber
cable. It has been used to acquire the vertical seismic profile
(VSP) in the gas and oil industry (Mateeva et al., 2014;
Parker et al.,2014; Willis et al., 2016), near-surface
monitoring (Dou et al., 2017; Fang et al., 2018; Martin et al.,
2018a), and geo-hazard studies (Lindsey et al., 2017; Wang
et al., 2018; Li and Zhan, 2018; Jousset et al., 2018; Yu et
al., 2019). A typical DAS system is comprised of an
Interrogator Unit and a fiber optic cable. The fiber cables are
cheap. They can be installed in a certain place for permanent

monitoring. Although the signal-to-noise ratio of DAS is low
and it has more angular dependent effect than geophones, its
dense sensor spacing, low cost and the ability of repeatability
monitoring make it an important tool in many areas.
Continuous and real time measurements of DAS bring us
huge amount of data. Processing a large amount of data is
laborious and time consuming. If reliable information can be
extracted from a very short period of DAS recordings, it may
save us a lot of time and provide us warnings much earlier
when there is a potential hazard in the subsurface.
In this study, we use the quarry blasts data (100-second after
each quarry blast) recorded by the Stanford DAS Array
(Yuan et al., 2017; Biondi et al., 2017; Martin et al., 2017)
to analyze the feasibility of using DAS to monitor the nearsurface changes due to basement construction on Stanford
campus. Based on the results, we demonstrate the possibility
of extracting reliable information using only an extremely
short period of DAS recordings.
We first introduce the quarry blasts data recorded by the
Stanford DAS Array. Then using only 20 seconds of the
recordings, we retrieve the empirical Green’s function of the
surface waves by seismic interferometry and the surface
wave average velocity changes are calculated along the DAS
line. Based on the average velocities, we have detected the
near surface changes due to basement construction. Finally,
we obtain the phase velocity spectrum from 100 seconds of
the recordings using slant stack in the frequency domain.
The results obtained using 100-second DAS recordings are
consistent with those obtained using month-long DAS
recordings.
Stanford DAS array and the quarry blasts data
Figure 1 shows the layout map of Stanford DAS array. The
red dots represent the positions of the sensors along the fiber
cable. The fiber cables are coupled with the earth only by
gravity and friction in the PVC conduit. The quarry site is
located about 13.3 km southeast of the campus. The orange
rectangular in Figure 1 represents the basement construction
site. The thick blue curves represent the roads. The line of
interest is marked by the thick green arrow.
The recorded DAS data has a Nyquist frequency of 25 Hz.
Figure 2 shows the DAS data recorded on the day
2016/10/12 after 0.25 ~ 2.5 Hz filtering. The signal marked
by the red rectangular is mainly surface wave generated from
the quarry blasts. The strongly dipping events on the
recordings are traffic noise.

Extracting subsurface information based on extremely short period of DAS recordings

spectrum of the signals received by the two receivers,
respectively. The time lag between the virtual source and any
receivers can be obtained from the cross-correlation result,
which can be used to evaluate the average velocity between
several traces.
Other techniques such as deconvolution (Vasconcelos and
Snieder, 2008) and cross-coherence (Aki, 1957) can also be
used to get the empirical Green’s functions in seismic
interferometry. In this paper, the displayed results are
obtained using the cross-correlation technique.
Prediction error filter (PEF) filling the missing data

Figure 1: Layout map of Stanford DAS array. The small map on the
lower left corner shows the location of the quarry site. The orange
box indicates the basement. The purple dot indicates the location of
the virtual source. The axes of the layout map represent the relative
coordinates of the sensors.

The DAS recordings contain traffic noise as some parts of
the fiber are deployed near the roads on campus. These
traffic noises are difficult to be attenuated as they overlap
with the surface wave from the quarry blasts in both timespace and frequency. Thus, we first mute the data where they
are contaminated by traffic noise and then use a predictionerror filter (PEF) to fill the missing data.

PEF can be used for missing data interpolation (Claerbout
and Fomel, 2008, 2014; Claerbout et al., 2019). Taking a 3point PEF as an example, the general form for
autoregressions and prediction error is (Claerbout and Fomel,
2008):
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Figure 2: Quarry blasts data (0 ~ 100 seconds) recorded on
2016/10/12 after 0.25 ~ 2.5 Hz bandpass filtering.

The basic idea of seismic interferometry is that, given a
certain wavefield, by correlating the signal received at one
sensor with that received at the other sensor, the result can
be taken as the signal recorded at one sensor from the
impulsive source at the other sensor (virtual source). The
response from the virtual source is often referred to
empirical Green’s function (Claerbout, 1968; Wapenaar,
2004). Cross-correlation is a commonly used technique in
seismic interferometry. It can be calculated in both time
domain and frequency domain. The equation for crosscorrelation in frequency domain is
(
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It can be calculated from the known data by optimizing the
following objective function
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where W is a masking matrix which is used to throw out the
broken regression equations.
Assuming the data residuals for the known and missing data
have the same variance . We generate some noise n with
variance . The missing data can be solved by optimizing
the following objective function based on the solution of
PEF a:
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where A is a block diagonal matrix with coefficients of a.
Average velocity along the DAS line

noises and pump noise are replaced by the new data, which
are interpolated from the data nearby. Besides, several
missing traces are also interpolated.

In this section, we choose two segments of recordings to
calculate the average velocity of surface wave along the
DAS line (which is labeled by the thick green arrow in
Figure 1). One is recorded on the day 2016/10/12 before the
basement construction began. The other is recorded on the
day 2016/11/21 after the basement construction.

For the dispersion analysis, we use the slant stack method in
frequency domain. It can be used to calculate the phase
velocity spectrum from the virtual shot gathers.
Mathematically, the phase velocity spectrum is obtained by

We use the first 20 seconds of the recordings after each blast
to perform the seismic interferometry. The purple dot on the
layout map indicates the virtual source in Figure 1.
Assuming the offset at the virtual source is 0 m for both
recordings. The cross-correlation results of these two
recordings are displayed in Figure 3 (a) and (b), respectively.
We can see that some parts of the cross-correlation results
are messy which is mainly because of the traffic noise in the
data. We have picked three locations on each crosscorrelation profile to evaluate the average velocity along the
DAS line. The middle part is right at the basement site and
the other two parts are on the west and east side of the
basement, respectively. The red curves in Figure 3 (a) and
(b) represent the picked time lags between the virtual source
and the selected traces. By fitting a straight line of the time
lag versus the offset of each part, average velocity of the
three parts can be obtained.

where ( , ) is the Fourier transform of the virtual source
gather ( , ), N is the trace numbers,
is the offset, and
is the phase velocity.

Figure 4 shows the average velocity plot for each recording.
We observe very similar velocities at the three parts of the
array before the basement construction. However, after the
basement construction began, the average velocity at the
basement decreases by approximately 120 m/s, while the
average velocities of the other two parts remain almost the
same. These results agree with the construction schedule,
according to which a void space was created at the basement
construction site.
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Figure 3: The cross-correlograms on (a) 2016/10/12 and (b)
2016/11/21.

2016/10/12

Dispersion analysis of the DAS data
In this part, we use two recordings to do the dispersion
analysis. One recoding was recorded on 2016/10/12 while
the other one was recorded on 2017/02/09. We only use the
first 100 seconds of each data for the dispersion analysis.
Figure 5 (a) and (b) show the two recordings after 0.25 ~ 10
Hz filtering. Strong traffic noises and pump noise observed
on both profiles are difficult to be removed and reduces the
accuracy of the dispersion analysis. Thus, we apply a mask
to mute the noises, creating missing data on space and time.
To fill in the missing data, we divide the raw data into five
parts, and estimate one stationary PEF for each part. The size
of each PEF is 20 in time and 15 in space. Figure 6 (a) and
(b) display the data in Figure 5 after missing data
interpolation using the PEF. We can see both the traffic

2016/11/21

Figure 4: The average velocities calculated from the picked time
lags in Figure 3 (a) on 2016/10/12 and 3 (b) on 2016/11/21,
respectively.
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(a)

length and the low signal-to-noise ratio. By comparing the
two results, we can see that the phase velocity on 2017/02/09
is slightly lower than that on 2016/10/12 at a specific
frequency.
(a)

(b)

(b)

Figure 5: Raw data after 0.25 ~ 10 Hz filtering on (a) 2016/10/12
and (b) 2017/02/09.
(a)

Figure 7: Phase velocity spectrum (a) using only 100 seconds of
DAS data recorded on 2016/10/12, (b) using only 100 seconds of
DAS data recorded on 2017/02/09.

Conclusions

(b)

Figure 6: PEF filling the missing data for the data in Figure 5 which
are recorded on (a) 2016/10/12 and (b) 2017/02/09.

After using PEF interpolate the missing data, we perform
median filtering and FK filtering to the data in Figure 6. The
dispersion analysis results are displayed in Figure 7. We can
see that the phase velocity at 3 Hz is about 500 m/s. As the
frequency increases, the phase velocity decreases and then
almost stays stable at about 350 m/s. The phase velocities at
frequency higher than 3 Hz are consistent with the results
obtained using month-long recordings (Martin, 2018b). The
dispersion curve below 3 Hz is noisy due to the limited array

In this paper, we have obtained the average surface wave
velocity changes along the DAS line and phase velocity
spectrum using only 20 seconds and 100 seconds of the DAS
data recorded by the Stanford DAS array, respectively. The
average velocity changes are consistent with the nearby
basement construction schedule and the dispersion analysis
results are consistent with the results calculated using
monthly-long data.
These two experiments demonstrate that reliable subsurface
information can be extracted using extremely short DAS
recordings. It provides us an efficient way to obtain the
subsurface information, which avoids expensive acquisition
and long recording time. Besides, for the traffic noise that is
hard to be filtered and occurred at isolated time and space, it
can be replaced by the interpolated data by PEF.
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