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Abstract
Distributed acoustic sensing (DAS) systems are a recent technological devel-
opment for seismic observations over a broad range of frequencies with a wide
variety of applications. Typically, fibre-optic cables are buried underground or
cemented into well casings where the cables are well-coupled to the ground.
Quick and temporary surface deployment of cables has great potential utility
in areas where rapid surveying and minimal disturbance of the subsurface are
desired.However, proper mechanical coupling between the fibre and the ground
is still a challenge for temporary surface deployments.Here we test four different
coupling strategies for a DAS system deployed in a grassy field, including uncou-
pled, pinned under tension to the ground, weighted down by carpeting, and
weighted down by a sandbag.We compare the DAS data to vertical component
geophone data and estimated horizontal geophone data to assess the fidelity of
DAS ground motion recordings.We find a completely uncoupled fibre is capable
of recording seismic energy up to ∼10 m away from the source, while the pinned
and weighted fibre record signals over several tens of metres. The DAS record-
ings compare favourably with the estimated horizontal displacement records
from the multi-channel seismic system. There is a good agreement between the
phase of the signals acquired by the DAS system with that of the geophones, but
there is a mismatch of up to a factor of two in the absolute amplitude at some fre-
quencies.We perform several standard analysis techniques, including refraction
and multi-channel analysis of surface waves, on the coupled DAS data. Finally,
the instrument response of the coupled DAS data to ground motions is deter-
mined using the estimated horizontal component from the multi-channel seismic
system. Surface deployments of DAS systems provide a complementary set of
observations to standard vertical geophone deployments, for instance, if multi-
component geophones are not available. Also, there are some advantages in
speed and ease of deployment of DAS in comparison to geophones depending
on the coupling strategy used.
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466 HARMON ET AL.

INTRODUCTION

Distributed acoustic sensing (DAS) is a recently devel-
oped method used to measure seismic wavefields with
high spatial and temporal sampling using fibre-optic
cables (Lindsey & Martin, 2021). DAS uses the phase
of the Rayleigh backscattered light within the fibre-optic
cable to estimate the optical fibre elongation with nano-
strain precision along discrete sections of the fibre. If
the fibre is embedded or coupled to a structure or
the ground, this technique permits the measurement of
motions and deformations of the medium that affects the
fibre (Masoudi et al., 2013).

DAS systems can be deployed in a variety of settings
and for various seismic and environmental applica-
tions. For example, vertical seismic profiling using a
permanently deployed fibre behind the borehole casing
has been used extensively for body wave measure-
ments (Daley et al., 2016). In addition, submarine cables
have been used to record earthquakes and detect tides
(Lindsey et al., 2019; Marra et al., 2018; Masoudi et al.,
2019; Zumberge et al., 1988). Unused telecommuni-
cation fibre, or dark fibre, has been used to examine
near-surface seismic structure using surface waves in
ambient noise as well as earthquakes and manmade
sources (Ajo-Franklin et al., 2019; Dou et al., 2017;Milne
et al., 2020; Zhu et al., 2021). Telecommunication fibre
also has many useful applications for geotechnical engi-
neering in urban environments (Ajo-Franklin et al., 2019;
Dou et al., 2017; Martin et al., 2017; Zhu et al., 2021).
Surface deployment of DAS systems has received less
attention.
Surface deployment of DAS systems has many poten-

tial advantages, including, for instance, imaging of the
subsurface beneath construction or archaeological sites.
In certain settings, including archaeological sites or
nature reserves, disturbing or damaging the ground is
forbidden for preservation purposes. Laying fibre-optic
cable along the ground at such sites may permit seis-
mic surveys with minimal disturbance. Potentially rapid
deployment and recovery of fibre over hundreds of
metres has economic advantages for field crews. In addi-
tion, the sensitivity of DAS systems to 1-D elongation
of the sensing fibre has the potential to provide com-
plementary information to standard vertical component
multi-channel seismic systems when three component
sensors are not available, giving information about hori-
zontal ground motions (Daley et al., 2016; Lindsey et al.,
2020; Wang et al., 2018).
The coupling of the fibre to the ground is an important

issue for surface deployments of DAS systems.Telecom-
munication optical fibres are designed to have minimal
coupling with acoustic waves in the surrounding envi-
ronment, and there are special cables (Freeland et al.,
2017) to increase the optical fibre sensitivity to external
vibrations. Vertical fibres are often encased in cement
in oil and gas wells to enhance mechanical coupling

(Mestayer et al., 2011). In other cases, fibres are buried
in horizontal trenches or pipes for protection (Jousset
et al., 2018). Buried fibres in pipes have weaker
mechanical coupling to the ground.
In surface deployments, the coupling between the

fibre and ground may degrade due to vegetation or
rough topography. Therefore, surface deployments may
not experience the uniform elongation that a buried
fibre might sense. DAS coupling can be increased, for
instance, by using sandbags. DAS strain recordings
of seismic signals from an experiment with sandbags
placed every 9 m over the length of a 142.5 m fibre, with
a gauge length of 10 m compare favourably with multi-
channel geophone data (Spikes et al., 2019). Another
study coupled the fibre to the ground by freezing the fibre
in a trench and found improvements in signal recovery,
but also found some complications in the signals (Yang
et al., 2021). Overall, the success of these experiments
suggests that further investigation into the viability of
rapid and temporary surface deployments of optical fibre
and optimal deployment strategies is warranted. Ideally,
with good coupling, both accurate amplitude and phase
information of the seismic wavefield can be recovered
from surface DAS deployments. The phase information
allows for many traditional techniques to be applied to
estimate the seismic velocity. Accurate amplitude infor-
mation is required for measurements of the seismic
quality factor (Q-factor) of the near surface. Q-factor is
useful for earthquake hazard assessment and various
geotechnical engineering purposes (Cornell, 1968).

In this study, we examine four different surface cou-
pling strategies for DAS systems and compare the
results from the DAS system recordings to record-
ings from a 24-multi-channel vertical geophone seismic
system. We then perform refraction and multi-channel
analysis of surface waves (MASW) of the DAS and
geophone waveforms to determine the subsurface prop-
erties. Comparison of the two verifies the applicability of
using the DAS system for shallow geophysical applica-
tions. We also present an empirical transfer function for
the DAS strain recordings to observed ground motions,
which encapsulates the response of the fibre and its
effective coupling to the ground.

METHODS

The location of the experiment was a grassy field
with a densely packed fine-grained soil adjacent to
the Highfield campus of the University of Southampton
(Figure 1a). The fibre-optic cable was deployed along an
inverted “L” shaped line, 30 m in the N-S direction and
12 m extending eastwards from the northernmost point
of the main line (Figure 1b). This geometry allowed for
the recording of two orthogonal horizontal components
of the wavefield on the DAS system. The vertical geo-
phones of themulti-channel array were deployed parallel
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SURFACE COUPLING FOR DAS SYSTEMS 467

FIGURE 1 Map of the experiment region (a) and details of the geometry of the experimental set-up (b). Note the different coupling devices
used for the fibre and their location in (b). Stars show shot locations, inverted red triangles show geophone locations, and sandbag and carpet
locations are indicated by hatched rectangles. Fibre is indicated in yellow.

to the N-S–oriented leg and within 5 cm of the fibre. For
the seismic source, we struck a 6.4 kg hammer onto a
plastic block every 2 m located from 1 m to 23 m along
the main line. We used 2 or 5 shots at each location,
depending on the experiment.
For the DAS recording, we used the University of

Southampton proprietary designed differential phase
interrogator, capable of fully quantifying the changes
in the fibre strain in real time (Chen et al., 2019). The
phase analysis mechanism of the system was based on
an imbalanced Mach-Zehnder interferometer (IMZI) with
8 m path imbalance, which corresponds to a 4-m gauge
length (Masoudi & Newson, 2016). The role of the IMZI
is to mix the backscattered signal from spatially sepa-
rated points on the fibre. The phase of the mixed signal
can then be used to measure the changes in the strain
level at each point along the sensing fibre.The fibre used
was a standard SMF-28 tight-buffer optical fibre with a
2-mm jacket. We used a 1550-nm seed laser, spatial
sampling of 0.30 m, and a temporal sampling interval
of 0.50 ms for the DAS system. Data were recorded
for the duration of repeated shots at each location,
which typically took about two minutes. The relatively
low sampling rate was chosen to make handling of the
continuously recorded DAS data more manageable. The
DAS system acquisition parameters are summarized in
Table 1.

For the geophone measurements, we used the Geo-
metrics Geode multi-channel seismic system, with 24
vertical component geophones. The first geophone was
located at the origin, and the rest were spaced every 1 m
going northwards (Figure 1b). We recorded the shots

TABLE 1 Optical specification

Parameter name Parameter value

MZI path imbalance 8 m

Spatial resolution (gauge length) 4 m

Channel spacing 30 cm

Pulse repetition period 500 μs (≡ 2 kHz)

Probe pulse duration 20 ns

Probe pulse wavelength 1550 nm

Pulse repetition period (sampling
interval)

0.50 ms

Record length Continuous, 30–120 s,
cut to 0.256 s

TABLE 2 Multi-channel seismic specification

Parameter name Parameter value

Geophone spacing 1 m

Sampling interval 0.125 ms

Recording length 0.256 s

Filtering None

Gain 24 dB

at a 0.125 ms sampling interval, for a total of 0.256 s,
with a gain of 24 dB. No filters or automatic gain
control were applied at acquisition. The multi-channel
acquisition parameters are summarized in Table 2.

We tested four different approaches of coupling the
fibre to the ground during two shot series experi-
ments. The first experiment was performed with the fibre

 18730604, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nsg.12232 by Southam

pton U
niversity H

artley L
ibrary, W

iley O
nline L

ibrary on [25/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



468 HARMON ET AL.

FIGURE 2 Pictures of coupling methods used on the fibre. (a) DAviS couplers used to pin the fibre to the ground under tension. (b) Sandbag
deployed on fibre. (c) Carpet deployed on fibre

stretched out straight on the ground, but otherwise totally
uncoupled. Two shots were performed at each loca-
tion. In the second experiment, we coupled the fibre to
the ground using three different methods: (1) pinning
the pre-strained fibre to the ground under tension using
a custom-made coupler (referred here after as DAviS
coupler); (2) weighting the fibre down using 4 m of car-
peting; and (3) weighting the fibre down using a 1-m-long
sandbag (Figure 2). Five shots were performed at each
location for this series. To ensure consistency between
shots, we used the same operator for all shots. During
the experiments, foot traffic on a nearby path varied with
time, which may have affected the background noise
slightly.
In the first experiment with an uncoupled fibre, we

deployed the geophones vertically. In the second experi-
ment, with coupled fibre, we started with the geophones
deployed vertically. The experiment was then repeated
with the geophones deployed at a ∼30◦ angle from
the vertical axis and parallel with the survey line. The
multi-channel data using the two different geophone
orientations were used to estimate the horizontal ground
motion using the relationship:

H (t) =
(R (t) − V (t) cos 𝜃)

sin 𝜃
, (1)

where H(t) is the estimated horizontal time series as a
function of time, t, R(t) is the tilted component geophone
deployed at an angle of θ to the vertical, and V(t) is the
vertical component geophone data in the same location.
This was necessary as we did not have horizontal geo-
phones available. However, it has been demonstrated
that geophones deployed at an angle record mixed
vertical and horizontal components of ground motion

despite some degradation due to harmonic distortion
(Claassen et al., 2015). Tilted geophones have some
loss of dynamic range (8%–50% at 40◦) (Claassen et al.,
2015). However, the geophones yield valid results as
long as the tilt angles are less than the critical threshold
where the solenoid coil and the mass are no longer iner-
tial (Claassen et al., 2015).We estimate the critical angle
to be 80◦ for the 14 Hz geophones used here (Claassen
et al., 2015). We estimate the error in the ∼30◦ deploy-
ment angle at ±15◦ and use this error range to quantify
the error in the waveforms.
The DAS data were post processed. The phase

information from the DAS data was processed and
extracted in real time through arctan analysis (Masoudi &
Newson, 2017). In this analysis, the variation in the inten-
sity of three detectors at the output of the IMZI was used
to measure the phase variation at 0.30 m intervals along
the sensing fibre (Masoudi & Newson, 2017). The phase
variation was then converted to strain using the following
equation (Chen et al., 2019):

Δ𝜑 = 0.78 𝜀𝓁𝛽, (2)

where ℓ is the gauge length, β is the propagation con-
stant of light, and ε represents the strain exerted on
the sensing fibre. Cycle skipping was visible in the raw
strain data and corrected by removing the median using
a moving window of 100 samples. This also removed
the lowest frequency components of the data. The strain
data were integrated spatially over one gauge length
centred on the measurement point, to obtain displace-
ment at each sensing channel. Shot time windows were
manually picked, and shots from the same location were
stacked after time alignment via cross-correlation.
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SURFACE COUPLING FOR DAS SYSTEMS 469

Geophone data were pre-processed. We linearly
stacked the vertical and the 30◦ geophone data for all
the shots. The instrument response was then removed
from the data in the spectral domain based on the man-
ufacturer’s specifications without calibration of the inst-
ruments. Specifically, the zeros and poles of the instru-
ment response in counts/m/s were determined from the
physical parameters of the system, e.g., mass, natu-
ral frequency, damping, coil resistance, etc. (Templeton,
2013). After response correction, the data were in units
of ground velocity, so we integrated the data in time to
determine the ground displacement. The source used
had a dominant frequency higher than 14 Hz within
the range where the geophone amplitude response was
nominally flat, and the phase response was linear.
We performed refraction and MASW to estimate the

velocity structure beneath our study area and to ascer-
tain if the results from the DAS would be similar to the
geophone data. We used refraction analysis of two flat
layers to determine the P-wave velocity structure of the
upper ∼6 m using first arrivals picked from the shots at
either end of the geophone array (Telford et al., 1990).
We calculated frequency–phase velocity (f–v) diagrams
using only the phase information of the DAS and geo-
phone array to estimate Rayleigh wave phase velocities
for fundamental and higher modes using a beamform-
ing method (Harmon et al., 2008). We then forward
modelled the fundamental and first three higher modes
using the Computer Programs in Seismology package
(Herrmann, 2013) to determine the S-wave velocity
structure with a simple four-layered model, holding the
P-wave structure fixed to the velocities determined by
refraction in the upper two layers.
We also estimated an instrument response function

for the fibre strain recorded by the DAS system. The goal
was to directly convert DAS outputs to ground displace-
ments by the simple linear filter given by the response
function and to ascertain the frequency range over which
the assumption of a linear relationship might hold. If
the response has been determined, then the filter can
be applied to the DAS data without the need to col-
lect geophone data. We used spectral division of the
DAS output and the nearest estimated horizontal ground
motion from the geophone data for one stacked shot
section with the shot location at 23 m.
The empirical response, R(f), as a function of fre-

quency (f) is given by:

R (f) =
CDH (f)
CDD (f)

(3)

where CDH is the cross spectra of the DAS and the esti-
mated horizontal motion from the geophones, and CDD
is the auto spectra of the DAS. Thus, a spectral multipli-
cation of the fibre strain data gives the equivalent inline
(in the fibre longitudinal direction) horizontal displace-

ment. We resample the DAS data to the same sampling
rate as the geophone data. We estimate the cross and
auto spectra using the Hanning method, with 1024 sam-
ples and a 25% overlap in the windows (Oppenheim &
Schafer, 1975). Spectral coherence between the DAS
and estimated horizontal components is also calculated
using the Hanning method with the same parameters.
Coherence is used to determine the frequency range
over which the empirical response function is reliable
(Bendat & Piersol, 2000). Coherence γ(f), is given by the
following expression:

𝛾 (f) =
|CDH (f)|2

|CHH (f)| |CDD (f)|
, (4)

where CHH is the auto spectra of the horizontal compo-
nent.

RESULTS

The comparison between the coupled fibre and uncou-
pled fibre is shown in Figure 3 with no normalization. A
comparison with each trace normalized to a maximum
of 1, for two different shot locations is shown in Figure 4.
The normalization effectively enhances low amplitude
phases and increases our ability to detect moveout on
signals at larger distances. For these comparisons, we
stack two shots per profile. On the uncoupled fibre, for
the shot at 1 m from the origin (Figure 3a), moveout is
visible along the fibre from 0–16 m of the ‘L’. The ampli-
tude drops off rapidly between 10 m and 16 m. In the
normalized plot of the uncoupled fibre with the shot at
1 m (Figure 4a), some phases are visible out to 30 m
distance and after the corner of the ‘L’, which have arrival
times greater than 0.15 s. However, there is a lot of
speckle with amplitudes near one, preceding the coher-
ent signals at distances greater than 15 m, indicating a
low signal-to-noise ratio (SNR). It is hard to determine
if the phases visible at >16 m are coherent with the
phases visible at <15 m distance since the energy is
patchy. For the uncoupled fibre with the shot location
at 21 m (Figures 3c and 4c), coherent phases are vis-
ible 10–15 m from the shot point in the unnormalized
plots. In the normalized plots, phases are visible to 20 m
away and past the corner of the ‘L’. Again, a similar
level of speckle is seen in the normalized plots, indicat-
ing a low SNR. The stacked shots at 1 m (Figure 3b)
of the coupled fibre show a stronger signal visible at
distances of 0–25 m, a region coupled with the DAviS
couplers. Beneath the carpet, the coupling appears to
degrade, and no signal is visible. Yet, the signal is visi-
ble beneath the sandbag extending for ∼4 m in total on
either side of the sandbag deployment, visible between
0.15 s and 0.23 s. The signal may or may not be the
coherent lower frequency Rayleigh waves visible on the
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470 HARMON ET AL.

FIGURE 3 Uncoupled fibre (a, c) profiles and coupled fibre (b, d) profiles for two example shot locations: 1 m (a, b), 21 m (c, d). Stars
indicate the source locations. Black triangles show locations of DAviS couplers, cyan line indicates the location of the carpet, and blue line
indicates the location of the sandbag. Black dashed line shows the location of the corner of the ‘L’ geometry shown in Figure 1.

N-S section. The different (W-E) orientation of the line
and resulting directivity of the sensitivity of the fibre may
mean that it is sensing another part of the wavefield.
The normalized plots of this shot (Figure 4b) show a
very similar image to the unnormalized plots. There is
little coherent energy beneath the carpet, although the
signals beneath the sandbag are more visible. For the
coupled fibre with a shot at 21 m, there is a strong signal
recorded by the DAS, from 0–30 m of the ‘L’ and beneath
the sandbag in both the unnormalized and normalized
records (Figures 3d and 4d). The energy beneath the
carpet coupling decreases in amplitude at 0.10 s for
this shot.
Beneath the sandbag in both shots, the phases do

not have the same arrival times as the phases visi-
ble on the N-S line at the same geometric distance.
There is no moveout visible in the phases, and they
appear rather flat with increasing distance along the
line. In addition, the signal appears to have a higher

dominant frequency. This is partly due to the change in
the geometry and possibly because the fibre may sense
a different horizonal component of the wavefield. Specif-
ically, for the shots shown, the difference in geometric
distance from the shot is<1m for 30–35malong the line.
The fibre orientation beneath the sandbag is also nearly
orthogonal to the shot, so the fibre is likely recording
strains associated with any horizontally polarized shear
waves generated by the shot. In addition, the 1 m sand-
bag may cause more uniform strain along its length,
which makes the phase arrival appear to have less
moveout.
Overall, the P-wave phase is more visible in the cou-

pled examples than the uncoupled examples (Figures 3
and 4). The P-wave is the first arriving coherent energy
in these figures. Rayleigh waves are also more visible
in the coupled examples (Figures 3 and 4). They can
be identified as phases with different moveout visible for
different frequencies. Some of the energy visible within
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SURFACE COUPLING FOR DAS SYSTEMS 471

FIGURE 4 Same as for Figure 3, but with each trace normalized to a maximum value of 1. Uncoupled fibre (a, c) profiles and coupled fibre
(b, d) profiles for two example shot locations: 1 m (a, b), 21 m (c, d).

the Rayleigh wave coda is likely also due to the direct
S-wave that is interfering with the Rayleigh waves in this
source–receiver distance range.
Near the source (0–2 m and 20–22 m), the first

arriving phases appear to be more coherent in the
uncoupled case, but noisy from 0.0–0.075 s over a
slightly larger distance range for the coupled cases. This
might be caused by the optical phase travelling over
multiple fringes at the beginning that are not accurately
accounted for by the DAS interrogator. The DAS sys-
tem may not be able to track the strain variation since
the strain rate is too high with the acquisition param-
eters used. A higher sampling rate may eliminate this
issue. Alternatively, the nearfield of the quasi-vertical
force source may be complicated and may not generate

horizontal displacements in line with the fibre. This may
be exacerbated due to the source being offset slightly
from the line.
The unfiltered geophone and DAS waveforms exhibit

similar signals, when translated to displacement.
Figure 5 shows example waveforms at a source–
receiver distance of 19 m. The P-wave is visible on the
vertical component (black line), weakly visible on the
estimated horizontal component (red line), and visible
on the coupled DAS record (blue line). The Rayleigh
wave and S-wave arrivals are visible on the vertical,
estimated horizontal and coupled DAS records. It is dif-
ficult to distinguish between Rayleigh wave and S-wave
phases given similar arrival times and interference.
The vertical and estimated horizontal components
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472 HARMON ET AL.

FIGURE 5 Comparison of geophone and DAS waveforms for a source–receiver distance of 19 m. The shot is located at 23 m. Black line
shows vertical geophone data, red line shows estimated horizontal component, grey dashed/dotted lines show the variation predicted from
errors introduced in the geophone angle of ±15◦, blue line shows coupled DAS displacement data, and cyan line shows the uncoupled DAS
displacement data multiplied by a factor of 10. Approximate locations of the P-wave and S-wave/Rayleigh wave are annotated.

are approximately 90◦ out of phase, as expected for
Rayleigh waves. The 90◦ phase shift is not perfect,
likely indicating the interference of the direct S-wave
and the Rayleigh wave. The coupled DAS record is
roughly in phase with the estimated horizontal geo-
phone component from 0.0–0.2 s. The magnitude of
the DAS record is greater than the geophone horizontal
record by a factor of 1.1–2.0 between 0.10 s and 0.15 s
but has a similar magnitude elsewhere. It does not
appear that a simple scalar gain applied to the DAS
would suitably correct the records because the differ-
ence in amplitude varies with time. The uncoupled DAS
record (cyan line) has very low amplitude but has been
multiplied by a factor of 10 to aid comparison here. The
uncoupled DAS record shows some energy that agrees
with the estimated horizontal and coupled DAS record
between 0.12 s and 0.17 s with opposite polarity, but
otherwise does not resemble the other records at this
distance.
The shot sections for the vertical geophone, esti-

mated horizontal geophone and coupled DAS also show
many similarities in terms of moveout and phases visi-
ble (Figure 6). The first arriving P-wave is visible in all
three sections, with a velocity of ∼1100 m/s. There are
also Rayleigh wave phases visible in the sections with
a moveout of ∼330 m/s and S-wave and/or Rayleigh
wave phases visible with a moveout of 185 m/s. The
phase with a moveout of 185 m/s is visible on the verti-
cal component and may be related to the direct S-wave.
The low-frequency Rayleigh waves travel faster than
our interpreted S-wave and/or Rayleigh wave phases as
they are sensitive to the deeper, faster structure.Multiple
modes are likely excited that are interfering, making indi-
vidual phase identification difficult. This is demonstrated
in the modelling work we present below. We do not
show other predicted reflections or arrivals in Figure 6
as clear visual identification is difficult. Visual inspection
suggests better agreement between the estimated hori-
zontal motion from the geophones andDAS records than

the vertical geophones and the DAS records. The corre-
lation coefficients of the estimated horizontal and vertical
components of the geophone data to the coupled DAS
records of the shot section (Figure 6) are 0.46 and 0.21,
respectively.
We perform refraction analysis and MASW, on the

DAS records and geophone data, which essentially
yields the same results regarding the 1-D velocity struc-
ture. P-wave velocities are determined using a two-layer
refraction method using first arrivals (Figure 6). Evalua-
tion of shots at opposite ends of the linear array shows
no evidence for dipping layers. The resulting refraction-
derived P-wave velocity model has a small layer,
1.2 m, with a velocity of 330 m/s to match the air-wave
arrival at near offsets (less than 2 m). At depths of
1.2–6.2 m, the P-wave velocity increases to 1100 m/s
(blue line, Figures 6 and 7e). The f–v analysis of a single
shot located at 23m constrains the structure in the upper
15 m (Figure 7). By forward modelling the dispersion
curves, as described above in the Methods section, we
find S-wave velocities of 185m/s in the shallowest 6.2 m,
increasing to 530 m/s between 6.2 and 9.3 m depth and
increasing to 1300 m/s at depths greater than 9.3 m
(Figure 7e). We use the P-wave model from the refrac-
tion analysis in the forward modelling for the upper 6.2 m
and increase the P-wave velocity to 1200 m/s from
6.2–9.3 m depth and to 2420 m/s at depths greater
than 9.3 m. The upper 1-6 m has a very high Pois-
son’s ratio, 0.48, which could be consistent with clay-rich
material (Gercek, 2007) such as that observed at the
site. We note that the f–v analysis of the vertical compo-
nent has a strong fundamental mode visible (Figure 7a),
but the estimated horizonal geophone component and
coupled DAS record show both a fundamental mode
and higher modes (Figure 7b and d) and, therefore,
provide additional constraints on S-wave velocity. The
uncoupled DAS shows some of the higher modes,
with a very weak to non-existent fundamental mode
(Figure 7c).
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SURFACE COUPLING FOR DAS SYSTEMS 473

FIGURE 6 Shot sections of a shot at 23 m from the origin for the geophone vertical component (a), horizontal component estimated from
the geophone (b), and coupled DAS (c). Distance axis is relative to the shot. Coloured lines indicate moveout velocities of 1100, 330 and 185
m/s, i.e. velocities that might be expected for a P-wave, an S-Wave and/or a Rayleigh wave, respectively.

FIGURE 7 f–v analysis of the vertical geophone (a), estimated horizontal geophone (b), uncoupled DAS (c), coupled DAS (d), and best fit
forward velocity model (e) for a single shot located at 23 m from origin. In (a–d), darker colours indicate higher likelihood of a phase indicated by
greater power in the beamformer output. Dispersion is visible as curved and connected energy. In (e), P-wave (VP) (blue) and S-wave (VS)
(black) velocity models are shown. The predicted fundamental mode and first three higher mode dispersion curves for the velocity model shown
in (e) are indicated by the cyan lines and the modes annotated in (a–d).

Figure 8 shows the average amplitude and phase of
the empirical response of the DAS system and the coher-
ence between the DAS and the estimated horizontal
displacement for a single shot. We find that the signals
are highly coherent between 7.8 Hz and 62.5 Hz, with
average coherence values typically higher than 0.8. To
estimate the average empirical response, we average

the responses of individual records that had an aver-
age coherence of 0.8 or higher between 7.8 Hz and
62.5 Hz. The amplitude of the average empirical
response function from 7.8–62.5 Hz ranges from 1.25 ±
0.74 m to 0.33 ± 0.12 m. The phase ranges from −74◦

± 54◦ to 52◦ ± 33◦ over 7.8–62.5 Hz, with error bars in
phase that overlap with 0◦ for most frequencies, except

 18730604, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nsg.12232 by Southam

pton U
niversity H

artley L
ibrary, W

iley O
nline L

ibrary on [25/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



474 HARMON ET AL.

FIGURE 8 Empirical response function and coherence between
DAS record and the estimated horizontal component. The records
used are from a shot located at 23 m. (a) Empirical response function
amplitude. (b) Phase of the empirical response function. (c) Average
coherence between the DAS records and estimated horizontal
displacement signals

7.8 Hz, 15.6 Hz and 62.5 Hz. Averaging over multiple
shot records would likely enhance the estimation of the
empirical response function.

DISCUSSION

One of the most surprising observations is that a com-
pletely uncoupled fibre can be used to record the ground
motion of seismic phases. Although some components
of the wavefield are visible, such as the Rayleigh waves,
not all phases are clearly visible. For instance, P-waves
beyond 16 m from the shot (Figure 3a and c) are less

visible without normalizing the shot section. Surface
waves are also visible in the uncoupled DAS records,
so MASW could be performed to estimate shallow
S-wave velocity structure. The uncoupled DAS for
MASW (Figure 7c) yielded similar results to the cou-
pled DAS (Figure 7d), although the fundamental mode
was very weak. This suggests that the rapid deployment
of fibre and moving closely spaced shots could be an
effective strategy for this type of geotechnical work.
Relatively rudimentary and rapid coupling methods

are also very effective. The DAviS coupler provides sig-
nals that are comparable to the estimated horizontal
component geophone data. Specifically, P-waves and
the mixed S-waves and Rayleigh waves are visible,
including higher modes, using this method. This cou-
pling method can be as fast as deploying geophones
or even faster considering there are no additional con-
nections needed for DAS. The DAviS coupler can be
used on a variety of substrates. In the present study, we
employ the DAviS coupler every 1 m. However, further
testing may suggest that coupling might only be needed
at a given gauge length to provide effective coupling.The
other advantage of optical fibre deployment is that it can
be deployed over several kilometres to provide dynamic
measurement over thousands of sensing channels.
The carpet coupling is not effective for coupling and

may degrade the signal. The wide area and relatively
low mass of the carpet used in this test may result in it
being supported by the vegetation, thereby decoupling
the fibre, if it is mostly in contact with the carpet. In addi-
tion, the material properties of the carpeting may act to
damp or absorb the signal.A heavier carpet than the one
used here may enhance coupling.
The sandbag coupling effectively enhanced the SNR

in the region of the fibre where it was deployed, espe-
cially in comparison to the uncoupled fibre. The DAS
records beneath the sandbag deployed on the W-E
segment have different arrival times and a different
frequency content than those from the N-S line. This
difference is likely caused by directivity related to the
‘L’-shaped geometry, which results in different phases
being sensed by the different fibre orientations. For
instance, horizontally polarized Love waves from our
shots have a roughly W-E particle motion, that is, per-
pendicular to the N-S fibre and parallel to the W-E fibre.
These particle motions are better sensed by a fibre in
the W-E direction beneath the sandbag. This ambigu-
ity makes direct comparisons between the sandbag and
the DAviS coupler challenging. However, previous work
shows weighting of the fibre at intervals similar to the
gauge length is effective (Spikes et al., 2019), at least
for the clay substrate that appears in the photo of this
study environment.
The relative merits of pinning the fibre to the ground

with a DAviS coupler or weighting using sandbags may
depend on the substrate or study area. We expect the
grass to make the coupling worse as the grass was
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SURFACE COUPLING FOR DAS SYSTEMS 475

strong enough to lift the fibre away from the ground. The
DAviS coupler was effective here.The sandbagmay also
be a good coupling strategy even in low grass regions
like our experiment. In addition, the sandbag may only
need to be deployed at every gauge length to ensure
good coupling, as implied by the width of high signal
(∼4 m) near the sandbag, relative to the total length
of the sandbag (1 m). Heavier sheathing or specialized
fibre sheathing (like a weighted tape) could be devel-
oped for direct deployment, although this may increase
the cost of the fibre. For reference, we use a commercial
single telecommunications fibre, which is inexpensive
(∼£0.10/m) in comparison to a heavily sheathed fibre
(£2–3/m). Weighting the fibre with sandbags is faster
and less invasive, but also heavier, adding to the over-
all weight of the DAS system for deployments. Pinning
the fibre to the ground, on the other hand, does not
have the weight penalty, but it is more time consuming.
The time required for weighting with a sandbag is about
the same time it takes to lay out the fibre as pointed out in
the work of Spikes et al. (2019). These weighting meth-
ods of deployment may also be ideal for sensitive areas,
such as archaeological sites, where disturbing the sub-
surface is sometimes forbidden, given that it may harm
potential artefacts.
Although we cannot directly compare our results to

permanently installed fibre, we find similar variability in
SNR and retrieval of P-, S- and surface waves in compar-
ison to previously published work. Two studies of active
source shots comparing geophones to buried telecom-
munication fibre found weak surface wave arrivals
on the DAS records in comparison to the geophone
data, but good recovery of body waves and reflections
(Martin et al., 2017; Zhu et al., 2021). This contrasts
with our study, which was dominated by surface wave
energy with little evidence for reflections. Another study
of buried telecommunications fibre found a good recov-
ery of the fundamental mode and higher mode surface
waves in ambient noise correlations as well as body
waves from distant earthquake events along some seg-
ments of a 101 km of fibre (Ajo-Franklin et al., 2019).
Some of the differences in the recovery of surface
waves may be attributed to depth variation in the sur-
face wave amplitudes, source excitation and ellipticity
due to local structure as well as the coupling of the
telecommunications fibre (Lindsey & Martin, 2021).
There are several possible explanations for the

difference in amplitude between the estimated hori-
zontal geophone record and the DAS record. First,
the response of the estimated horizontal geophone is
poorly estimated due to non-linear distortion of the non-
vertically deployed geophone. Admittedly, the angle of
the geophone deployment is not precise or accurate.
Therefore, the absolute amplitude of the estimated hor-
izontal component has a large uncertainty. However,
there is some evidence that we are recovering some

amount of horizontal component amplitude, given that
the higher mode Rayleigh wave is much more coherent
on our estimated horizontal component than on the ver-
tical component (Figure 6). Removing this uncertainty
would require using three component seismometers or
geophones to better validate the groundmotion.Second,
the fibre response may not perfectly reflect the Earth’s
displacement due to its elastic properties (sheathing and
the fibre itself). The strain of the fibre depends on the
material properties of the fibre itself and the coupling
to the sheathing. The material properties of the fibre
are well known and are taken into account to estimate
the strain calculations, but the effect of the sheathing
remains an active area of research (Castongia et al.,
2017). Third, imperfect coupling between the fibre and
the ground may result in artificial attenuation of the sig-
nal as the ground moves more than the fibre. This is
certainly the case for the uncoupled fibre experiment, in
which the signal attenuates rapidly away from the source.
The poor coupling is likely compounded by the vegeta-
tion at the experiment site. This may also explain the
poor coupling due to the carpet. Its low mass and wide
area may effectively couple the fibre to the vegetation
rather than to the ground. Finally, the spatial averaging
over a gauge length may result in a difference between
the displacement estimated from the DAS, and the dis-
placement measured at a geophone/point. Given the
lowest velocities (185 m/s) and highest frequency range
(∼50–70 Hz), which corresponds to a minimum wave-
length of 4 m, we do not expect much spatial aliasing
based on our gauge length of the DAS system.However,
one way to test this would be to use a shorter gauge
length closer to the geophone spacing where we might
expect the strain to be more uniform.
As discussed above, converting strain to displace-

ment using theoretical relationships does not match
the horizontal displacement estimated from the geo-
phones (Daley et al., 2016; Lindsey et al., 2020; Wang
et al., 2018), necessitating the calculation of an empiri-
cal response function. In our case, even with imperfect
coupling, if the assumption of a linear system holds,
developing an empirical response function for the ‘esti-
mated’ horizontal ground displacement and the DAS
records may be reasonable. The high coherence in the
7.8–62.5 Hz frequency range suggests that the system
is reasonably linear and that the spectral ratio between
the estimated horizontal and the DAS records is robust in
this range. However, there remains a significant amount
of uncertainty in the horizontal displacement and the
phase distortion of the geophones.
Our experiment highlights the need for several top-

ics of future work. First, tests on other substrates such
as gravel, sand, and thicker vegetation are required to
assess the effectiveness of the different coupling strate-
gies examined here. In addition, investigating these
different substrates will allow us to determine whether
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476 HARMON ET AL.

the response function is universal, or if an empirical
response function needs to be acquired for different sub-
strates. Second, detailed comparisons of the response
of DAS to three component seismometers or geophones
are needed.This will allow us to better evaluate the effec-
tiveness of different coupling methods and the fidelity
of the ground motions determined by the DAS systems.
Three component instruments will allow us to better
identify different seismic phases including Love waves
and assess whether DAS systems can be deployed
in more complex geometries. Finally, following previ-
ous work, assessment of different types of fibre-optic
cable sheathings and types over different substrates is
needed. Overall, this will allow us to develop optimal
strategies and equipment for surface deployments.

CONCLUSIONS

The surface deployment of the fibre-optic cable can
record seismic waves from a hammer source in the
nearfield (less than 10 m from the source) if com-
pletely uncoupled on a grassy field. Better coupling
via a DAviS coupler or sandbag, improves the SNR,
allowing observation of P-waves, S-waves and Rayleigh
waves travelling through the subsurface to at least
23 m away from the source. The phase of the DAS shot
records compare well with our estimated horizontal com-
ponent data, confirming that the fibre records horizontal
motions inline of the fibre.Amplitudes of the DAS records
and the estimated horizontal components from the geo-
phones are not exactly the same. This is either owing to
the uncertainty in the geophone deployment angles or
because there is a difference in the response of the fibre
relative to the groundmotion, possibly related to coupling
issues. Future work will require the use of well-calibrated
seismometers or geophones to reduce the uncertainty
in the response of the DAS system deployed on the sur-
face. Further testing of alternative coupling methods in a
variety of substrates will also allow for the development
of optimal deployment strategies.
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