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Key Points:

+ Using the Stanford DAS array, we demonstrate the reliability of urban DAS record-
ings when deployed in existing infrastructures.

e Short DAS recordings of far-field quarry blasts show sensitivity to the changes in
near-surface velocity within the boundaries of the array.

e DAS can play an important role in real time, high resolution, and long term ur-
ban monitoring applications.
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Abstract

Urban subsurface monitoring requires high temporal-spatial resolution, low maintenance
cost, and minimal intrusion to nearby life. Distributed acoustic sensing (DAS), in con-
trast to conventional station-based sensing technology, has the potential to provide a
passive seismic solution to urban monitoring requirements. Based on data recorded by
the Stanford Fiber Optic Seismic Observatory, we demonstrate that near-surface veloc-
ity changes induced by the excavation of a basement construction can be monitored us-
ing existing fiber optic infrastructure in a noisy urban environment. To achieve the sat-
isfactory results, careful signal processing comprising of noise removal and source sig-
nature normalization are applied to raw DAS recordings. Repeated blast signals from
quarry sites provide free, unidirectional, and near-impulsive sources for periodic urban
seismic monitoring, which are essential for increasing the temporal resolution of passive
seismic methods. Our study suggests that DAS will likely play an important role in ur-
ban subsurface monitoring.

1 Plain Language Summary

Seismic monitoring can provide crucial information about near-surface changes due
to natural or manmade activities. However, the high cost and the “after-effect” nature
of conventional station-based monitoring methods limit their application in urban en-
vironments where near real-time and meter-scale resolution are required. Distributed acous-
tic sensing (DAS) has the potential to achieve all requirements utilizing existing com-
munication infrastructure. Using Stanford Fiber Optic Seismic Observatory, we demon-
strate that its recordings of quarry blasts 13:3km away carry important subsurface ve-
locity information within the footprint of the array. These short bursts of quarry blast
signals provide us free, unidirectional, and repetitive sources that sample the urban sub-
surface at an interval frequent enough for monitoring. We observe large velocity decrease
from the recordings close to the excavation site. Our study suggests that telecommuni-
cations fiber repurposed for DAS will potentially play an important role in many urban
subsurface monitoring applications.

2 Introduction

Characterizing and monitoring changes in the top tens of meters of the Earth’s sub-
surface will play a significant role in satisfying the increasing need for urban sustainabil-
ity and resilience (Diaz et al., 2017). Near-surface changes due to natural or man-made
events may lead to hazards including ground subsidence (Tran & Sperry, 2018), sink-
holes (Dahm et al., 2011; Gutiérrez et al., 2014), and landslides (Renalier et al., 2010;
Schenato et al., 2017), which may result in direct casualties and damages to existing in-
frastructure (Douglas, 2004). Many such subsurface changes manifest themselves as tem-
poral variations in geophysical properties (such as velocity, attenuation, electric conduc-
tivity, gravity, etc.) before catastrophic hazards occur, which can be monitored and pre-
dicted by geophysical prospecting.

Compared to conventional geophysical exploration for resources, near-surface mon-
itoring in urban environments has unique acquisition requirements including high spa-
tial resolution towards meter-scale, high temporal resolution towards real-time data col-
lection and daily warning, low maintenance cost for long term monitoring and minimal
intrusion to urban life. These requirements are met by a passive system enabled by DAS
that we present in this paper. DAS arrays can measure strain along kilometers of op-
tical fiber, producing large datasets with kilohertz time sampling and at sub-meter chan-
nel spacing (Parker et al., 2014). Over the past decade, DAS has been a rapidly evolv-
ing technology for downhole recording in oil and gas reservoirs (Willis et al., 2016). Re-
cent success of DAS applications using existing telecommunication infrastructures (Jousset
et al., 2018; Yu et al., 2019; Ajo-Franklin et al., 2019) demonstrates its cost-effectiveness
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in deployment and maintenance. However, these experiments are conducted for appli-
cations in earthquake seismology in remote areas where anthropogenic noise is rare and
desired signals are clearly visible above the random noise in DAS measurements.

Studies using DAS arrays deployed in urban environments have reported that near-
surface velocities can be estimated with ambient noise recorded by DAS over month-long
periods (Dou et al., 2017; Martin et al., 2018; Spica et al., 2019). Averaging over long
observation times is needed to suppress strong near-field anthropogenic noise, but severely
limits the temporal resolution of passive seismic monitoring with DAS. Here we present
a case study from the Stanford Fiber Optic Seismic Observatory where we take advan-
tage of far-field anthropogenic activities - quarry blasts - to monitor the near-field an-
thropogenic activity - excavation. Weekly quarry blasts can be used to sample the sub-
surface with sufficient energy at intervals relevant to urban monitoring. We perform care-
ful signal processing to reduce the effect of strong nearby noise and the variability in the
blast sources. We demonstrate that with 100 seconds of DAS recordings after quarry blasts,
near-surface velocity changes caused by construction of a basement within the array can
be observed.

3 Data and Signal Processing

3.1 Stanford Fiber Optic Seismic Observatory data acquisition

The Stanford Fiber Optic Seismic Observatory (also called Stanford DAS Array) (Biondi

et al., 2017) is one of the first DAS arrays to use existing telecommunication infrastruc-
ture, and is the longest-running ultra-dense urban seismic study in the world. In this ex-
periment, 2.5 kilometers of fiber-optic cable are deployed loosely in existing underground
telecommunication conduits (typically 10 15c¢m wide PVC pipes) under the Stanford
University campus. Coupling between the fiber cable and the surrounding conduit re-
lies only on gravity and friction. This experiment simulates DAS acquisition using dark
fibers (the unused backup fiber-optic cables) that are commonly available in existing telecom-
munication systems. Figure la shows the layout of the DAS array, which records data

at a 25 Hz Nyquist frequency with 8:16 m channel spacing and 7:14m gauge length (Dean
et al., 2017; Lindsey et al., 2017). Construction of a basement (labeled with "A” in Fig-
ure la) began by its excavation on 7 November 2016.

3.2 Quarry blasts data

Lehigh Permanente Quarry is located 13:3km away 29:9 southeast of the DAS ar-
ray (Figure 1b). Figures 1c and 1d show the DAS recordings on 12 October 2016 18 :
30 :16:9 UTC and on 21 November 18 : 56 : 12:5 UTC, after applying a bandpass fil-
ter from 0:25 to 2:5Hz. The origin of the time axis denotes the blasting time provided
by analysis of the data recorded by a USGS seismometer at the Jasper Ridge seismic sta-
tion (JRSC) that is managed by the Berkeley Digital Seismic Network. The near ver-
tical events originate from the quarry blasts, whereas strong dipping events are the di-
rect impact of traffic on the fiber and the horizontal events are construction noise. We
observe polarity flips around the corners of each pair of orthogonal segments of the DAS
array (Figures 1c¢, 1d and Movie S1 in supporting information), which are caused by the
angular sensitivity of DAS strain measurements (Lindsey et al., 2017). Table S1 in sup-
porting information lists the time and the magnitude of 10 quarry blast events used for
further analysis.

In the subsequent signal processing section, we aim to extract subsurface informa-
tion based on far-field quarry blasts while minimizing the influence of near-field anthro-
pogenic noise. Figures 2a and 2b zoom in on two blast signals after geometric polarity
sign-correction (Biondi et al., 2017). Because of the strong surface wave energy originat-
ing from the quarry blast and anthropogenic noise (mainly traffic and construction noise)






