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*1 Interrogator Unit (IU)

The DAS observation device; a trans-
ceiver for optical signals. Connected to
one end of an optical fiber cable, it emits
light pulses into the optical fiber cable and
receives the backscattered light reflected
within the optical fiber cable, from which
strain is calculated.

*2 STA/LTA

The STA/LTA (short-term average/long-
term average) method detects the onset of
wave-forms characterized by abrupt ampli-
tude changes—such as P-wave arrivals—
by compu-ting the ratio of the average am-
plitude within a short-term window to that
within a long-term window. In the present
study, the amplitude ratio was computed
using a short-term window of 0.5 s and a
long-term window of 10 s.

*3 hypomh

A method for determining hypocenter
location by maximum likelihood estima-
tion using P-wave arrival times obtained
at multiple observation points. Maximum
likelihood estimation is an approach in
which the model parameters (here, the hy-
pocenter) are estimated so as to maximize
the probability (likelihood) of obtaining the
observed data.
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Construction of a Railway
Seismic Observation
Network Utilizing Optical
Fiber Sensing Technology:
Distributed Acoustic
Sensing (DAS)

Introduction

In recent years, the application of Dis-
tributed Acoustic Sensing (DAS)—a
technology that uses optical fiber cables
as sensors rather than solely as data com-
munication media—has advanced rapidly.
This technology analyzes changes in the
optical phase (i.e,, shifts in the light wave)

of backscattered light generated at inho-
mogeneities (scatterers) within the glass
of the optical fiber in response to incident
light pulses emitted by an interrogator unit
(IU*") connected to one end of a single-
core fiber, thereby enabling real-time,
high-density measurement of strain along
the optical fiber at intervals of a few meters
(Figure 7).

DAS Interrogator Unit (1U)
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Figure2 Comparison of error ranges in earthquake early warning between the
conventional method (seismometers) and DAS

Optical fiber cables for telecommunica-
tions are commonly installed along railway
lines, and by connecting an IU to such a
single-core fiber, DAS-based measure-
ments can be conducted along the railway
line. Moreover, DAS-based seismic obser-
vation has been extensively tested at nu-
merous sites on land and on the seafloor,
demonstrating that a wide variety of seis-
mic waveforms, including those from local
earthquakes and teleseismic events can be
recorded using optical fiber cables®”.

The current algorithm for seismic pa-
rameter estimation used in earthquake
early warning (EEW) for Shinkansen lines
estimates parameters such as epicentral
distance (C- A method) and epicentral azi-
muth (principal component analysis) from
single-station data. While this approach
enables warnings to be issued more rap-
idly than methods based on multi-station
data (with a minimum lead time of 1 s), the
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estimated epicentral distances are subject
to uncertainties up to a factor of 2, and the
estimated epicentral azimuth to uncertain-
tiesof =+ 30 ° (Figure 2). In contrast, be-
cause DAS can acquire data at intervals of a
few meters, it is possible to detect seismic
waves at multiple points almost simultane-
ously (e.g., within 0.5 s), thereby enabling
the application of high-precision hypo-
center determination methods that utilize
data from multiple observation points
(Figure 2). In addition, post-earthquake op-
erations—such as train withdrawal and the
delineation of areas requiring inspection—
currently rely on representative indices of
seismic intensity (e.g., acceleration) record-
ed by sparsely distributed seismometers at
intervals of approximately 10-40 km along
the railway line. High-density acquisition of
such indices through DAS is thus expected
to enable more precise delineation of in-
spection zones and optimization of related

operations (Figure 3). Furthermore, the use
of DAS has the potential to facilitate more
rapid and rational post-earthquake inspec-
tion activities and decisions to resume train
operation. An additional major advantage
is that a high-density seismic disaster pre-
vention system along railway lines can be
constructed at reduced cost by leveraging
existing telecommunication optical fiber
cables. Against this background, this article
presents the results of seismic observations
conducted by connecting DAS interroga-
tor units to existing optical fiber cables
installed along railway lines.

DAS-based seismic observation
along the Kyushu Shinkansen line

DAS-based seismic observations were
conducted twice over approximately one-
month periods each, utilizing existing
telecommunication optical fiber cables
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Figure 3 Optimization of areas requiring inspection based on DAS-derived spatial
distributions of ground motion along the railway line

Observation distance

Table 1

DAS observation parameters

FY2022
Approx. 75 km

Approx. 100 km

Observation period

Early January—Early February

Early February—Early March

Observation section

Shin-Yatsushiro—Shin-Omuta stations

Shin-Yatsushiro—Kurume stations

Sampling rate 500 Hz 1,000 Hz
Gauge length 10 m 5m
Spatial sampling interval 5m 5m

Total number of channels (observation points)

15,082 channels

20,762 channels

installed along the Kyushu Shinkansen
line”. The observation parameters are sum-
marized in 7able 7. Here, gauge length
refers to the length of the optical fiber seg-
ment over which strain is calculated; for
example, a gauge length of 10 m means
that the elongation and contraction of
the cable over a 10 m section can be mea-
sured. The spatial sampling interval was
set to 5 m. The observation sections were
approximately 75 km and 100 km long,
corresponding to 15,082 and 20,762 chan-
nels (observation points), respectively. The
observation sections encompass a variety
of railway structures, including rigid-frame
viaducts (Rahmen viaducts), bridges, tun-
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nels, and embankments. In general, the
optical fiber cables are routed inside cable
ducts installed beside the tracks on these
structures. Within tunnels, however, the
cables are fixed to the tunnel walls at regu-
lar intervals and suspended from the walls.

Seismic and train vibration
waveforms recorded by DAS

During the observation period, numer-
ous waveforms were recorded, includ-
ing seismic waveforms associated with
earthquakes occurring in and around the
observation area, and train vibrations from
Shinkansen trains in service. Representative

examples of DAS-recorded strain rate data
are shown below:

- Seismic waveform of an earthquake (Mj
3.3) that occurred in Kumamoto Prefec-
ture on January 19, 2022 (Figure 4a)

« Non-seismic waveforms including train
vibrations and tunnel compression
waves (Figure 4b)

During the observation period, numer-
ous earthquakes occurred in Kumamoto
Prefecture and the surrounding subduc-
tion zone. Figure 4a shows the DAS strain-
rate waveforms recorded for a Mj 3.3
earthquake that occurred within a few

11



Mj 3.3 Hypocenter: Kumamoto Prefecture
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Figure 4 Various strain rate waveforms recorded by DAS

tens of kilometers of the railway line. Data
from each channel were bandpass filtered
between 1 and 10 Hz, with color intensity
representing strain rate amplitude. Clear P-
wave and S-wave arrivals are identifiable in
most channels. However, at approximately
55-64 km and 66-70 km along the line,
waveform amplitudes appear relatively
small. This is attributed to reduced cou-
pling between the optical fiber cable and
the surrounding ground in tunnel sections,
where the cable is partially suspended
from the tunnel walls, resulting in lowering
sensitivity to ground motion. At the section
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closest to the hypocenter (approximately
35 km along the line), the maximum strain
rate was recorded, and the propagation of
seismic waves in both directions away from
that point is clearly visible.

In addition to seismic waveforms, pas-
sages of several hundred Shinkansen trains
were also recorded during the observation
period. Figure 4b shows the strain rate
waveforms acquired by DAS after bandpass
filtering between 10 and 40 Hz. Vibrations
associated with downbound train passages
are identifiable at approximately 8-23 km,
42-54 km, and 55-69 km, while those from

upbound trains are visible at approxi-
mately 33-41 km. In certain tunnel sections
(particularly 42-47 km and 58-63 km), tun-
nel compression waves generated as trains
enter and exit the tunnels are observed;
these reflect air pressure waves propagat-
ing within the tunnel interior. These results
demonstrate that DAS can simultaneously
acquire not only the spatial distribution of
seismic ground motion along the railway
line, but also a diverse range of signals in-
cluding train vibrations, train positions, and
tunnel compression waves.
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Figure 5 Results of applying the immediate hypocenter determination method using DAS

Development of immediate
hypocenter determination method
using DAS

Using DAS seismic observation data ac-
quired via existing optical fiber cables, a
method was developed to rapidly estimate
the hypocenter by integrating information
from multiple observation points following
seismic wave detection®. The processing
workflow is outlined as follows:
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ously at 10-channel intervals.

(b)When the cumulative number of
channels in which P-waves have
been detected by the STA/LTA meth-
od reaches 100, the initial hypocen-
ter determination is performed using
hypomh**®.

(c)The hypocenter location obtained
in step (b) is saved as the initial esti-
mate.

(d)Each time the number of P-wave
detection channels increases by an
additional 20, the hypocenter is re-
estimated using hypombh.

(e)Steps (c) through (d) are repeated se-
quentially until the total number of P-
wave detection channels reaches 800.

Applying this method to the Mj 3.3 earth-

quake in Kumamoto Prefecture (Figure 4a),
clear P-wave detections were obtained at
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multiple observation points (Figure 3a).
Even when only P-wave arrival times ob-
tained within approximately 1 s of the first
P-wave detection were used, the hypo-
center was estimated with an error of ap-
proximately 5 km (Figure 5b). Although the
estimation error slightly increased thereaf-
ter, the hypocenter was again determined
to within approximately 5 km accuracy ap-
proximately 2.5 s after the initial detection.
As the number of P-wave detection points
increases, the computational load also
grows; however, the computation time
at each step was generally less than 0.3 s,
confirming that real-time processing is fully
feasible (Figure 5¢). The temporary increase
in hypocenter estimation error (observed
at approximately 500 P-wave detection
points) is attributed to the predominantly
north-south orientation of the optical fiber,
which renders east-west positional deter-
mination unstable. The developed method

demonstrates that, compared with conven-
tional single-station hypocenter estimation
methods (C- A method and principal com-
ponent analysis), it achieves far superior
hypocenter determination accuracy while
maintaining equivalent immediacy. In ad-
dition, it was confirmed that earthquake
magnitude can be estimated with an error
of approximately £ 0.5 units within 1-2's
after P-wave detection, thus demonstrat-
ing the applicability of this method to
earthquake early warning systems.

Conclusion and future perspectives

Seismic observations were conducted
using existing telecommunication opti-
cal fiber cables installed along the Kyushu
Shinkansen line, with the aim of applying
DAS technology to the railway sector. By
leveraging the high temporal and spatial
resolution of real-time DAS observation, it

is possible to enhance the accuracy and im-
mediacy of earthquake early warning and
to obtain instantaneous spatial distribu-
tions of ground motion along the railway
line immediately following an earthquake.
This is expected to support the efficient
delineation of areas requiring inspection
and to provide information assisting train
operation control decisions (e.g., train
withdrawal), thereby further improving
the seismic disaster prevention capability
of railways. Moreover, DAS is considered
applicable not only to earthquake ground
motion but also to the detection of other
disaster-related phenomena such as sedi-
ment inflow, rockfalls, avalanches, and fall-
en trees. Future development of a compre-
hensive multi-hazard monitoring system
capable of simultaneously detecting and
assessing these phenomena is therefore
anticipated.
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