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Abstract. Distributed acoustic sensing (DAS) is a rapidly expanding tool to sense
vibrations and system deformations in many engineering applications. In terms
of site characterization, DAS presents the ability to make static and dynamic
strain measurements on a scale (e.g., kilometers), density (e.g., meter-scale), and
fidelity (e.g., microstrain) that was previously unattainable with traditional meas-
urement technologies. In this study, we assess the effectiveness of using DAS to
extract surface wave dispersion data using the multichannel analysis of surface
waves (MASW) technique. We utilized both highly-controlled, broadband vibro-
seis shaker truck and more-variable, narrow-band sledgehammer sources to ex-
cite the near surface and compared the DAS-derived dispersion data directly with
concurrently acquired traditional geophone-derived dispersion data. We report
that the differences between the two sensing approaches are minimal and well
within the uncertainty bounds associated with each individual measurement for
the following DAS testing conditions: (a) a tight-buffered or strain-sensing fiber
optic cable is used, (b) the cable is buried in a shallow trench to enhance coupling,
and (c) short gauge lengths and small channel separations are used. Our deployed
conditions are more promising than previous attempts documented in the litera-
ture, thereby demonstrating that DAS can provide accurate measurements of sur-
face wave dispersion data of the same quality as geophones. We show that fre-
quency-dependent normalization of the dispersion image removes the effects of
scaling, integration, and differentiation of the measured data, thereby removing
the need to post-process the geophone-derived and DAS-derived waveforms into
equivalent units before performing dispersion processing. Finally, we summarize
the important effect of gauge length on the dispersion data for future reference.
This study demonstrates that DAS, when appropriate considerations are made,
can be used in-lieu of traditional sensors (i.e., geophones) for making high-qual-
ity measurements of surface wave dispersion data using the MASW technique.
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1 Introduction

Distributed acoustic sensing (DAS) is an emerging technology with broad applications
in infrastructure health monitoring and site characterization (Hubbard et al., 2022,
2021; Lindsey et al., 2020; Spikes et al., 2019; Wang et al., 2018). DAS permits the
acquisition of static and dynamic signals at scales of tens of kilometers and meter spatial
resolutions previously unattainable with traditional sensing technologies (Soga and
Luo, 2018). DAS, and for that matter, the larger area of distributed fiber optic sensing
(DFOS), requires three main system components: a fiber-optic cable, an interrogator
unit (IU), and a dedicated storage, computation, and visualization resource. The fiber-
optic cable is the sensing instrument whose elongation or compression (i.e., strain) is
measured by the DAS system. Fiber-optic cables are specially designed to propagate
the light emitted by the interrogator unit with minimal loss, allowing light to travel (and
therefore strain measurements to be made) over large distances (i.e., tens of kilometers)
(Lindsey and Martin, 2021). Note that the fiber must be selected and installed carefully
to ensure acceptable results; however, as even specially designed fiber-optic cables for
strain-sensing applications are relatively inexpensive (between $3 and $7 per meter)
they are typically not retrieved for re-use after testing concludes. The second compo-
nent, the IU, is connected to one end of the fiber-optic cable to send pulses of light
down the length of the fiber and measure the returned Rayleigh backscatter events. The
IU senses the Rayleigh backscattering caused by imperfections in the silica within the
fiber and interprets the phase change as measurements proportional to the local strain
along the fiber (Karrenbach et al., 2019). The IU uses precise timing and fast sampling
rates (i.e., up to 100s of kHz) to interpret the scattering events as one-dimensional meas-
urements of local strain at various physical distances along the fiber. The dedicated
storage, computational, and visualization resource is typically a high-end computer,
with large amounts of dedicated storage (at least multiple terabytes), and a real-time
data acquisition software interface to facilitate the visualization and interpretation of
DAS measurements.

The multichannel analysis of surface waves (MASW) is an active-source surface-
wave testing technique for measuring a site’s surface wave dispersion from recordings
of dynamic signals with strong surface wave content (Park et al., 1999). The MASW
technique most commonly involves a linear array of receivers, typically geophones
(i.e., velocity transducers), and a surface wave source located collinear with the array
and operated by the experimenters. Geophones are most commonly oriented vertically,
but they can be oriented horizontally in the in-line or cross-line direction (i.e., sensing
particle motion collinear with or perpendicular to the array, respectively). Just as with
the geophones, the seismic source may be oriented vertically, horizontally in-line, or
horizontally cross-line, depending on the types of surface waves one desires to utilize
(Vantassel and Cox, 2022).

In this paper, we examine the fitness of DAS to acquire dynamic strains to extract
surface wave dispersion data using MASW. This study compares a 94-m section of a
200-m long strain-sensing fiber-optic cable with an adjacently deployed 94-m long ge-
ophone array (48 receivers at a 2-m spacing). The array recorded dynamic signals rich



in surface wave energy generated by off-end vibroseis and impulse sources. The dis-
persion extracted from both measurement systems shows excellent agreement. This
study demonstrates that DAS can be used as a replacement for traditional geophone
deployments for extracting surface wave dispersion data.

2 Experimental Setup

This experiment was conducted at the NHERI@UTexas (Stokoe et al., 2020) Hornsby
Bend test site in Austin, Texas, USA. Figure 1 shows a plan view of the experimental
setup: a 94-m geophone array deployed alongside 200 meters of fiber-optic cable. The
DAS array consisted of two fiber-optic cables buried alongside one another, one from
NanZee Sensing Technology (NZS-DSS-C02) and the other from AFL
(X3004955180H-RD). However, only results from the NanZee cable will be discussed
here for brevity. Both cables have tight buffered optical fibers and are constructed such
that strain is transferred from the exterior to the core. The AFL cable was designed for
tactical telecommunications applications while the NanZee cable was specifically de-
signed for strain sensing (Zhang et al., 2021). Note that the fiber-optic cables are sen-
sitive to strain along their length (i.e., in the horizontal in-line direction). The signals
on the two cables were recorded simultaneously by splicing the NanZee and AFL cables
together at the far end of the array. On the near-side of the array, the fiber was connected
to an OptaSense ODH4 IU, and the other end was appropriately terminated to reduce
end reflections. This IU allows for a variable gauge length, we selected the minimum
available gauge length of 2.04 m. For those readers who may not be familiar, the gauge
length represents the length of fiber that the elongation (or strain) is measured/averaged
over at each sensing position. The channel separation, as configured in this study, is the
distance between each gauge lengths’ centers, and it was set at 1.02 m. The effect of
gauge length and channel separation on surface wave dispersion will be discussed later
in this work. The IU's sampling frequency (or ping rate) was set at 100 kHz. After
acquisition, the purposely over-sampled raw measurements (for the purposes of in-
creasing the acquisition’s signal-to-noise and dynamic range) were appropriately
downsample to 1 kHz and high-pass filtered at 3 Hz. Immediately adjacent to the fiber-
optic cables, two geophone arrays (one vertical and one horizontal in-line) were de-
ployed. However, for brevity, only the results from the horizontal in-line geophones
(i.e., those sensing in the same direction as the DAS array) will be discussed in this
study. The 48 vertical and 48 horizontal 4.5-Hz Geospace Technologies (GS-11D) ge-
ophones were deployed at a constant 2-m spacing. The geophones were mounted in
PC21 land cases and coupled to the ground surface with 7.6-cm aluminum spikes. Note
that geophone arrays with equal length and channel spacing to the DAS could not be
deployed due to equipment constraints. Signals from the geophone arrays were rec-
orded simultaneously at 1 kHz using four interconnected 24-channel Geometric Geode
seismographs.
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Fig. 1. Plan view of the experimental setup at the Hornsby Bend test site in Austin, Texas, USA,
where 200 m of fiber-optic cable was deployed alongside a 94-m long geophone array (48 re-
ceivers at a 2 m spacing) to assess the effectiveness of using distributed acoustic sensing (DAS)
for recording surface wave propagation. Surface wave energy was produced from four distinct
shot locations denoted as 5 m, 10 m, 20 m, and 40 m.

3 Data Acquisition

The DAS and geophone arrays were used to simultaneously record actively generated
surface waves using highly controlled vibroseis shaker trucks and more variable sledge-
hammer impact sources. The vibroseis sources include the specialized three-dimen-
sional shaker T-Rex and the highly-mobile one-dimensional shaker Thumper from the
NHERI@UTexas experimental facility (Stokoe et al., 2020). T-Rex was used to shake
the ground in all three directions (i.e., vertically, horizontally in-line, and horizontally
crossline). However, only the vertical and horizontal in-line shakes are discussed here.
T-Rex was used to produce a 12-second chirp with frequencies swept linearly from 3
to 80 Hz. The other vibroseis source Thumper was used to shake vertically following a
12-second chirp with frequencies swept linearly from 5 to 200 Hz. The impact source
used for this study was an instrumented 5.4 kg sledgehammer from PCB Piezotronics.
The frequency content produced by the sledgehammer is highly variable and depends
on the operator and the tested material. All four sources (i.e., T-Rex shaking vertically,
T-Rex shaking horizontally in-line, Thumper shaking vertically, and the sledge hammer
striking vertically) were deployed in-line at 5, 10, 20, and 40 m away from the start of
the DAS fiber-optic cable and geophone array. The source positions relative to the array
are shown in Figure 1. Three vibroseis chirps and five sledge hammer impacts were
stacked in the time-domain to produce a single vibroseis or sledge hammer waveform
at each sensing location with higher signal-to-noise ratio.



4 MASW Processing

Only the first 94 m of the 200-m long DAS array was used during MASW processing
to ensure a fair comparison between the geophone-derived and DAS-derived disper-
sion. All MASW processing was performed using the frequency-domain beamformer
with cylindrical-steering vector and square-root weighting (Zywicki and Rix, 2005). A
comparison of dispersion images from the geophone array and NanZee cable DAS ar-
ray is made in Figure 2 for a vertical sledgehammer impact at the 5 m source location.
We utilize frequency-dependent normalization of the dispersion image, where we nor-
malize the surface wave energy at each frequency by its maximum, to remove the ef-
fects of scaling, integration, and differentiation and thereby allow us to process the ge-
ophone-derived and DAS-derived waveforms in their raw units. The small white circles
shown in each panel indicate the relative phase velocity maximums selected via an al-
gorithmic relative peak search. From examining Figure 2, we first observe the com-
plexity of the Rayleigh-wave dispersion at the Hornsby Bend site, with the presence of
multiple Rayleigh-wave modes. Second, when comparing Figures 2a and 2b, it is clear
that the geophone array acquires shorter wavelengths than the DAS array. Specifically,
the lower right-hand corner of Figure 2b indicates that the DAS dispersion data for this
offset cannot be extracted for wavelengths less than about 2 m indicated by a light-
colored dashed line. This observation, which is confirmed by other data acquired at the
site (see Figure 3), shows a relationship between the minimum wavelength of surface
wave dispersion acquired and the DAS system’s gauge length. In particular, there is
very limited coherent surface wave energy at wavelengths less than approximately 2 m
for the DAS array for any source-offset combination. In contrast, we are able to clearly
resolve such wavelengths using the geophone array. This is especially notable given
that the DAS data is acquired with a 1.02 m channel separation whereas the geophone
data is acquired at a 2 m receiver spacing. This effect shows that when sufficiently small
channel separations are used it is the gauge length that controls the shortest wavelength
surface waves DAS can measure. While unfortunately there is insufficient room in the
current work to fully discuss the physics behind the gauge length’s limiting effect, we
do note that it is the result of a 180 degree phase shift that occurs for wavelengths
between 0.5 and 1 gauge lengths and more generally every (n + 1) to n™! gauge
lengths where n is an odd integer. While this limitation of DAS is not particularly trou-
blesome for the present study, because a short gauge length was able to be used, this
observation is critically important for those using DAS systems with much larger min-
imum gauge lengths. Therefore, when using DAS systems for surface wave acquisition
for engineering applications, where short wavelengths are critical for correctly resolv-
ing the stiffness of near-surface layers, two factors must be considered. Those two fac-
tors are the trace separation, and especially, the gauge length, which must be selected
to be sufficiently short to permit good near-surface resolution. The reader will note that
the gauge length limitation discussed here for MASW is less restrictive than those pro-
posed by others for other imaging techniques (e.g., Dean et al., 2017) as MASW is
primarily sensitive to changes in phase and is not greatly affected by amplitude-related
effects provided they are consistent across the array as they are in this case.
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Fig. 2. Comparison of surface wave dispersion images derived from the stacked vertical sledge
hammer impacts at a distance of 5 m away from the array as derived from (a) geophone array
and (b) NanZee cable of the DAS array. The small white circles shown in each panel indicate the
relative phase velocity maximums selected from the dispersion images and later used to identify
multiple Rayleigh modes of surface wave propagation. The apparent fundamental, first-higher,
and second-higher Rayleigh wave modes are denoted as R0, R1, and R2, respectively. The dashed
line in each panel’s lower right denotes a wavelength equal to the IU’s gauge length (i.e., 2.04
m).

5 Extraction of Experimental Dispersion Data

The frequency-phase velocity peaks from all 16 source-position and source-type com-
binations were extracted from their respective dispersion images. These peaks were
interactively trimmed to isolate three clear Rayleigh modes and summarized into dis-
persion statistics following the workflow developed by Vantassel and Cox (2022). The
interactively-trimmed peaks and dispersion statistics (mean +/- one standard deviation)
are shown for the geophone array and NanZee cable of the DAS array in Figure 3a and
3b, respectively. To facilitate a more direct comparison, Figure 4 plots the dispersion
statistics from the geophone-derived and DAS-derived experimental dispersion data
directly on top of one another. Excellent agreement is observed between the two sensing
systems. We note that at high frequencies the consistency between the geophone-de-
rived and DAS-derived dispersion data decreases slightly for the RO and R1 modes.
This slight decrease in consistency is due in part to less clear dispersion trends in these
regions (recall Figure 2) that make consistent interactive trimming difficult. Nonethe-
less, the geophone-derived and DAS-derived experimental dispersion data is in excel-
lent agreement, thereby demonstrating that when appropriate considerations are made
(i.e., proper cable selection, good cable-soil coupling, and sufficiently short gauge
length and trace separation) DAS can be used to measure surface wave dispersion data
that is of equal quality to that acquired using geophones.
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Fig. 3. Experimental dispersion data after performing interactive trimming to isolate the first
three Rayleigh modes (i.e., RO, R1, and R2) for the: (a) geophone array, and (b) NanZee cable of
the DAS array. The statistical representation of each mode is denoted by error bars that delineate
the +/- one standard deviation range. The dashed line in each panel’s lower right denotes a wave-
length equal to the IU’s gauge length (i.c., 2.04 m).
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Fig. 4. Comparison between the geophone-derived and DAS-derived experimental dispersion
data at the Hornsby Bend test site. The vertical error bars at each frequency represent the mean
+/- one standard deviation of the experimental dispersion data for the fundamental, first-higher,
and second-higher Rayleigh modes (RO, R1, and R2, respectively). The dashed line to the lower
right denotes a wavelength equal to the IU’s gauge length (i.e., 2.04 m).

6 Conclusions

We assess the effectiveness of using DAS for extracting dispersion data using the
MASW technique. The DAS data from a tightly-buffered, strain-sensing fiber-optic ca-
ble buried in a shallow trench were compared with dispersion data extracted from hor-
izontal geophones coupled to the ground surface using an aluminum spike. Wavefields
with strong Rayleigh-type surface wave content were generated by using highly-con-
trolled vibroseis sources and more-variable impact sources at four distinct source posi-



tions. The use of frequency-dependent normalization allowed the raw geophone-de-
rived waveforms, proportional to velocity, and the raw DAS-derived waveforms, pro-
portional to strain/displacement, to be used for dispersion processing in their raw units
and eliminate the need to convert the measurements into consistent units. Using a rela-
tive-peak search three Rayleigh wave modes of propagation were able to be extracted
over a relatively broad frequency range for active-source studies (~6 to 70 Hz). A lim-
iting gauge length effect was observed for the DAS-derived dispersion data, where
wavelengths shorter than approximately the gauge length could not be resolved despite
using a 1.02-m trace separation, thereby making gauge length selection an important
factor to consider in future near-surface studies using DAS. The limitation of DAS at
short wavelengths aside, the experimental dispersion data recovered from the geophone
and DAS systems show excellent agreement for all three recovered Rayleigh modes.
Therefore, when appropriate considerations are made to ensure proper cable selection,
good cable-soil coupling, and sufficiently short gauge lengths and trace separations,
DAS can be an effective alternative to geophones for the purpose of acquiring dynamic
signals for the intent of extracting surface wave dispersion data using MASW.
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