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ABSTRACT

We present the realization, installation, and first results of a three-axial Fiber Bragg Grating (FBG) strain sensor prototype. This sensor has
been developed in the framework of the Mediterranean supersite volcanoes (http://www.med-suv.eu, 2013) project and, in particular, with
the aim at contributing to the study and monitoring of Etna volcano. The FBG sensor was installed in the facilities of the Serra La Nave
Astrophysical Observatory (Catania, Italy) about 7 km south-west from the summit craters, at an elevation of about 1740 m. The three-
axial device showed a dynamic range of some hundreds of microstrains with microstrain resolution (submicrostrain concerning the vertical
component). That is a good trade-off among performances, cost, and power consumption. The sensor structure and its read-out system
are innovative in their assembly and offers practical advantages in comparison with traditional strain meters. As a demonstration of the
performances of our device, the data of about 28 months of operation are presented together with the records of some local, regional, and
teleseismic events. The sensor along the vertical axis showed to be the best performing one, having a power spectral density of about —90 dB

re. 1e*/Hz around one day period.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086516

I. INTRODUCTION

Fiber optic and fiber Bragg grating (FBG) sensors have attained
a large diffusion in the last years as cost-effective monitoring and
diagnostic devices in civil engineering.”” These sensors turned out
to have an important impact in geophysics,H even if not so many
submicrostrain performances are reported.”” In order to monitor
earthquakes and volcanoes, the measurement of crustal deforma-
tion through strain sensors is of crucial importance. Stress and strain
behavior at volcanic areas is among the best indicators of changes
in the activity of these systems. Conventional methods rely on the
use of extensometers, dilatometers, and interferometers installed
underground, but such sensors are large in size and need expensive
and time-consuming installation procedures. An example of such
instrumentation is given by deep bore-hole dilatometers and strain-
meters that have been employed to monitor tectonic and volcanic

activity.”® However, these instruments, even though very sensitive
and reliable, are expensive and require a large effort in preparing the
site of installation. Fiber optic based devices offer low cost, small size,
wide frequency band, easier deployment, and even the possibility of
creating a local network with several sensors linked in an array.

A fiber Bragg grating is a periodical variation of the refrac-
tive index generated in the core of an optical fiber. It is typically
obtained through UV radiation exposure with the help of a silica
phase-mask having a suitable spatial windowing” which allows the
determination of the spectral characteristics of the grating. When
the radiation coming from a broadband light source (spectral width
of some tens of nanometers) is injected into the fiber and interacts
with the grating, only the wavelength in a narrow band (of the order
of 0.2 nm) is reflected. The reflection wavelength is determined by
the spacing of the individual grating planes, which is chosen during
the manufacture of the Bragg grating itself. The reflected wavelength
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is a function of the effective refractive index n,.4 and of the grating
period ALY

/lb = 2neﬁrA. (1)

For a single transmission mode fiber of given refractive index and
core-cladding characteristics, the grating reflectivity R(l, 1) is a
function of the grating length I and wavelength A. Any change in
fiber properties, such as strain, temperature, or birefringence, which
varies the modal index or grating pitch, will change the Bragg wave-
length. The grating is an intrinsic sensor which changes the spec-
trum of an incident signal. If the strain € (defined as the length gauge
variation over its length) is homogeneous and isotropic, then

s

=(1-pe)e=~0.78¢, 2)
Ab

where p, ~ 0.21 is the photo-elastic coefficient of silica fibers."
The typical value for the sensitivity to an applied axial strain is 1.2
picometer/microstrain (pm/u¢) at the wavelength of 1550 nm. The
strain response is linear with no evidence of hysteresis up to some
millistrain. The temperature sensitivity of a bare fiber FBG sensor is
primarily due to the thermo-optic effect. It is given by

oy _ (oc+ 1@)AT, 3)
Ap

with « being the silica thermal expansion coefficient, n being the
refractive index, and T being the temperature. A typical value for
the thermal response of a bare Bragg grating at 1550 nm inscribed
in a Ge-doped silica fiber is 13.7 pm/°C."” When a load is applied
to a structure containing the FBG sensor, the grating is strained
causing a variation of the reflected Bragg wavelength, which in turn
can be detected by means of a suitable read-out system. The main
drawback is the simultaneous temperature dependence of the Bragg
wavelength. To overcome this problem, a temperature probe can be
positioned close to the FBG, allowing a post analysis data correction.

In the framework of the MEDiterranean-SUpersite Volcanoes
(MED-SUYV) project, we developed and tested a three-axial strain
sensor attaining submicrostrain resolution on the vertical axis and
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microstrain resolution relative to the axes on the horizontal plane in
static measurement.

Il. PRINCIPLE OF OPERATION

The basic strain sensor elements are shown in Fig. 1. The verti-
cal sensor is longer than those lying in the horizontal plane to get
more sensitivity along this axis. The other sensors are shorter to
keep the final cylindrical probe around a diameter of 10 cm, thus
allowing an easy deployment into the bore-hole. The three sensors
are placed along orthogonal axes [Fig. 1(a)] forming a Cartesian set.
Each of them consists of a steel pipe containing a short length of sil-
ica fiber with an engraved FBG. One end of the pipe supports the
fiber cable output, while the other end embeds the bare fiber tip by
means a hard-type glue cap. The fiber is prestrained of some hun-
dreds of microstrains to be sensitive to length changes. The volume
inside the pipes is filled with a special two-component resin to pre-
vent fiber damage and to keep it mechanically stable. Two steel disks
applied on each pipe provide a good grip between the device and the
external environment [Fig. 1(b)]."""* A Pt100 temperature probe is
positioned along the vertical axis allowing thermal monitoring of the
whole device. A polyvinyl chloride (PVC) pipe mold is used during
fluid grout pouring, forming in this way a pillar of 370 x 96 mm®
(length x diameter). This grout has been chosen because its Young
modulus after hardening is similar to that of basalt."” The final sen-
sor after grout drying and PVC tube removal is shown in Fig. 1(c),
together with the optical fiber cables and the Pt100 cable.

This device, with just two sensors in the horizontal plane, can
only measure two of the three components of the horizontal strain,
and the vertical probe is inherently more sensitive being the longest.
These choices have been dictated by ease of assembly and by the pro-
totype nature of the instrument which is intended to explore some
basic features in view of future developments. As we will see in the
following, the lack of the third horizontal sensor is not a real limita-
tion for the reconstruction of the signals because of the attention we
posed in the alignment of the probe along the cardinal axes during
its deployment.

FIG. 1. The three-axes probe. (a) Scheme of the sensors,
(b) the assembled sensors, and (c) the final probe.
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The schematic in Fig. 2 shows the optical and electrical setup.
The interrogation and the read-out system are composed by a con-
tinuous 10 mW Super-Luminescent emitting Diode (SLD), an in-
fiber light circulator, a 1 x 3 optical coupler, an Arrayed Waveguide
Grating (AWG), six Photo-Diodes (PDs), and an Analog to Digital
Converter (ADC) device called GILDA (Geophysical Instrument for
Low power Data Acquisition)'* developed by the section of Napoli
of the Istituto Nazionale di Geofisica e Vulcanologia (INGV). The
broadband radiation from the SLD is sent to each sensor through
the coupler, and the light reflected by the relative FBG is directed
to the AWG by means of the circulator. The AWG is a passive
optical device with equally spaced transmission windows, each cen-
tered at a predefined wavelength. Our AWG has 16 optical trans-
mission channels (just six of them are really used) in a spectral
grid according to the standard International Telecommunication
Union ITU-T G.694.1." Each channel has a -3 dB bandwidth of
50 GHz and a relative separation of 100 GHz (respectively, 0.4 nm
and 0.8 nm at 1550 nm). The AWG device is temperature con-
trolled to within a hundredth of a degree Celsius in a day to assure
spectral stability to the optical channel power transmission. Six tran-
simpedance amplified photodiodes receive the light signals from the
appropriate AWG channels and transmit them to the GILDA data-
logger. The signals of the borehole and AWG temperature probes
are acquired as well. The Bragg wavelength variations coming from
each sensor are analyzed following the principle of the paper of
Su and Huang.“‘ Using their notation, P(k) and P(k + 1) are the
optical powers transmitted by the (k) and (k + 1) adjacent AWG
channels,

P(k) = (1-1) f L)L) Ren (A Ay) Tawe (k A)dA,  (4)

Pk+1)=(1-1) f LN Resc (4 Ay) Tawe (k + 1L,A)YAA. (5)

These quantities are the function of A, and are detected by the
photodiodes of the respective channels. L is the optical attenua-
tion of the whole system, I;(1) is the intensity of the light source,
Resg (A, Ay) is the reflection spectrum from a FBG which is described

o
_g (=3
£= awe Q2
e (] z
A o <%
® e o <%
z o <2 GILDA
% ® 1X3 [ ] i datalogger
)
_|
>
¥
5 Connectors: Line:
= GILDA
= [ ] Data,
= SMA
O ®
EC
° Power(-5V)
Photodiodc
e . ) g s Power (£5V)
converter P“;‘z"r Power (+12V)

X

FIG. 2. Opto-electronic setup.
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by an analytical function,"’ and Tawg(k, 1) is the normalized trans-
mission function of an AWG channel that can be approximated
by a super-Gaussian of the kind exp(—(A - )Ll,)4/a4). The product
L(M)Resc (A, Ap)Tawc(k, A) has a small value when A is far away
from A;, and I;(A) can be consider as a constant in a narrow range
of wavelength around A;. Therefore, defining the power ratio S as

P(k+1) - P(k)

Pk+ 1)+ P(k)’ (©)

S(Ae) =
we get the simplified form

fRFBG (M Ap) Tawe(k+ 1, /l)d/l - IRFBG “, Ab) Tawe(k, A)dA

S(h) = [ RenG (4 Ap) Tawa (k + 1,A)dA + [ Resg (L Ay) Tawe (k,A)czA)'
7

The reading of the intensity of two adjacent AWG channels is used
to recover the Bragg wavelength shift through Eq. (7) (“S-ratio
algorithm”).

When the Bragg wavelength A, shifts because of a strain (or
temperature) perturbation, the S-ratio value changes in the same
direction remaining between the value of —1 (A; at the center of
the lower wavelength AWG channel) and +1 (A, at the center of the
higher wavelength AWG channel). The best sensitivity and widest
dynamic range are obtained when A, is initially at midway between
the channel k and the channel (k + 1) of the AWG (Fig. 3). We
characterized the wavelength interrogation system through labora-
tory tests that indicated a dynamic range of more than 700 pm and a
resolution better than 0.05 pm for the most performing sensor (the
vertical one).

Calibration tests have been extensively conducted during lab-
oratory runs, both on individual steel frame FBG sensors and on
the final three-axes device. We changed the temperature of the
sensor and used a high-resolution wavelength meter to record the
Bragg wavelength variations. In this way, it has been possible to
obtain an experimental point-to-point relation between A}, and
AS, obtaining the responsivity curve A, vs S. This relation has been
fitted obtaining the Bragg wavelength vs S-ratio calibration curve
(Fig. 4). It is not possible to fit the experimental data in the whole
S range (-1, +1) with a single function, so we used a linear rela-
tion for S between —0.6 and 0.6 and a more complicate function for
0.6<|5 <1,

0.8
__ 0.6} 1
<
=
204t
a
it
s
0.2+ |
0 L 1 1
1544 1544.5 1545 1545.5 1546
A [nm]

FIG. 3. Transmission of two consecutive AWG channels (red) and reflectivity of a
FBG having its A, at midway between those windows (blue).
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FIG. 4. Wavelength variation vs S-ratio. The blue dots are the data, the green line
is the linear fit, and the red curve is the arctanhlike fit.

AA (pm) =828 —-0.6<S<0.6, (8)

A) (pm) = 113.078|S|** arctanh(|S))"*° 0.6 <[S|<1.  (9)

Equation (9) is the result of a heuristic choice starting from the gen-
eral form AS” arctanh(S)° and considering just S positive values (the
extension to S negative values has been implemented by applying the
absolute value |S)).

For the three strain probes, after their embedding into the grout
pillar, we had approximately starting S values of —0.3, 0.7, and 0.95
for Vertical (V), East-West (EW), and North-South (NS), respec-
tively (this notation will be clearer in the following when referred
to the geographic axes). The NS probe is found to feature a lower
sensitivity; indeed, the fit function Eq. (9) is less accurate for |S]
approaching 1. Despite the attention we paid during the develop-
ment of the device, the final wavelength of the embedded sensors is
not fully predictable because the Bragg grating was subjected to var-
ious stresses caused both by the curing of the resin used for their
initial casing into the steel tubes and the final grout sealing. In view
of a next generation device, the most practical solution to warrant
an overall good sensitivity could be to employ an AWG with a chan-
nel spacing of 50 GHz (even if at the expenses of a reduced dynamic
range) and with Gaussian shaped channels. This last option would
allow a better resolution on individuating the center of each AWG
channel with consequent less incertitude in recovering A, with ||
approaching 1. The adoption of thermally tunable AWG to match at
the best the Bragg wavelengths could be a solution as well.

Once completed, the prototype was tested against calibrated
compressions through a Universal Testing Machine (UTM). We
obtained the relation between wavelength and strain in picometer
(pm) vs pe. This last calibration confirmed what is already known
from the literature,'”'” validating the approximate correspondence
AAp =1 pm — Ae = 1 pe. Note that the AWG module is sensitive
to thermal variations with a shift of the central wavelengths of its
channels of about 1 pm/°C. To avoid signal fluctuations, this device
has been actively regulated to a temperature of about 32 °C with
this temperature kept stable within 0.01 °C over one day. The elec-
trical power consumption of the whole system (SLD thermal and
current control, photodiodes amplification, AWG thermostatation,
and GILDA ADC) is of the order of 10 W. Therefore, the unit can be
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powered although the solar panels are connected to trickle-charged
batteries.

The wavelength interrogation technique we adopted provides a
low-cost, compact, and high-performance solution for FBG sensors,
while most of the more common read-out systems (tunable Fabry-
Perot filters, Mach-Zender interferometers, optical grating devices,
and so on) make use of expensive and delicate components.

11l. SENSOR INSTALLATION

The installation site is Serra La Nave (SLN) Ragalna, Catania
37.69340° N, 14.97420° E, elevation 1740 m, in the facilities of the
Astrophysical Observatory managed by INAF (Istituto Nazionale
di Astrofisica). Figure 5 shows the location of the seismic/Global
Positioning System (GPS) station indicated with the acronym ESLN
(codename of the seismic/GPS station located in Serra La Nave,
Ragalna, Catania, Italy, see Fig. 5), a few tens of meters away from
the installation site of the FBG sensor. Other stations belonging to
the Istituto Nazionale di Geofisica e Vulcanologia-Osservatorio
Etneo (INGV-OE) permanent network'’ are shown in Fig. 5. All
these stations are equipped with a Trillium-40s three compo-
nent seismometer. Moreover, the Monte Denza (MDZ) bore-hole
(~28 m) tilt station™ is also indicated.

A 8.5 m deep and 15 cm wide borehole was drilled, and a first
layer of about 20 cm of grout was poured into. Afterward, the cement
pillar containing the sensors was lowered and rested on this fluid
substrate. Soon after, the sensor was covered by a second grout cast-
ing up to filling a column height of about 1 m. Unfortunately, it
was not possible to install the sensor at greater depth to ensure a
higher thermal stability and to minimize the thermo-elastic ground
displacement.”’ Indeed, when the depth of about 8.5 m was reached,
we found a mass of fractured rock and we had to stop drilling.
The casing grout is the same of that constituting the sensor pillar.

FIG. 5. Seismic/GPS (blue filled triangle) and tilt (yellow filled square MDZ) stations
map. Black and red lines connect stations considered for calculation in Secs. |/ A
and |V B.
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It has a low volume variation during its curing and has a Young
modulus of about 27 GPa, close to the basalt value. In this way,
the stress field is efficiently transferred to the device in the borehole.
The optical and electrical (for the Pt100 probe) cables are protected
by a PVC pipe running from the bottom of the borehole to the
opto-electronic control box situated about 10 m far from the bore-
hole itself. The pillar was positioned to orient the horizontal sensors
along the north-south and east-west axes. The positioning angular
error was estimated to be within a few degrees, and in the follow-
ing, we will refer to NS (North-South) and EW (East-West) sensors.
V (Vertical) is the vertical sensor. The electro-optical read-out sys-
tem and the GILDA acquisition system are housed into the control
box, which is a thermally insulated container 70 x 50 x 50 cm® pro-
vided with specific feedthroughs for cable connections and power
supply. This box is compliant with United States military standards
MIL-STD-810,”* and it is suitable to sustain high thermal excursions,
rain, and snow. The system’s power comes from the observatory.
The GILDA data acquisition system has 8 input channels: 6 photo-
diodes (corresponding to the six AWG operative optical channels),
a downhole temperature probe, and an internal box temperature
probe. The sampling rate is 40 Hz at 24 bits, and a Wi-Fi bridge
transfers the data to an indoor storage system in the facilities of the
INAF observatory.

IV. DATA ANALYSIS AND RESULTS

After the installation of the FBG device, at the beginning of
April 2016, a period of several months was necessary to allow the
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curing of the filling grout. During this time, we monitored the data
stream to verify its self-consistency and we tested the reliability of
the data acquisition and transmission systems. We verified that the
downhole temperature was quite stable, with small daily variations
around an average of 8.7 °C. Besides, between April and July 2017,
we had various technical problems and the system was off for a total
of about 45 days.

Figure 6 shows the time series of the three strain components,
air temperature, and rainfall between May 1, 2016 and September 1,
2018 (raw data averaged to one point every 30 min and fitting
curves). A phase lag is visible between V and EW components. This
lag is reduced passing from the second to the third annual cycle and
probably will disappear a couple of years later. There is not a clear
explanation for that, but we presume this is an effect due to some
long term rock/grout settlement. We observe a better resolution on
vertical and east-west sensors because the Bragg wavelength of the
north-south sensor falls almost in the middle of an AWG channel,
implying that the S-ratio algorithm has a poorer sensitivity in recov-
ering the wavelength variations. Figure 7 shows the power spectral
density (PSD) of the V and EW components. Signals at one day
(about 107> Hz) and its harmonics components are visible due to
the daily thermo-elastic effect, while the origin of the peak at about
0.05 Hz (20 s) is unknown.

A. Data fitting

As known from the literature,”” especially in the first months
following the installation of a borehole strainmeter, two distinct

FIG. 6. From top to bottom: Vertical (V), East-West (EW),
and North-South (NS) raw strain data (green) with their

NS [pe]

T fit functions (black); air temperature (red) and rainfall data
(blue) recorded by the Serra La Nave meteo station. Note
the different scale for the NS component.

10

Rain [mm/10 min]
ot

0
Jun-16 Sep-16 Jan-17 Apr-17 Jul-17 Nov-17 Feb-18 May-18 Aug-18
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FIG. 7. Power Spectral Density (PSD) of east-west (orange) and vertical (blue)
strain sensors.

phenomena must be considered: the tendency of the well to close
again due to the natural resettlement of the rock, and the solidifica-
tion of the contact cement between the strainmeter and the walls of
the well itself. The first effect causes a contraction of the volume of
the instrument, while the second one can induce both contraction
and dilatation depending on the type of grout in relation to Young’s
modulus of the rock. Basically, an exponential or polynomial fit of
the raw data can be used to simultaneously account for both effects.
In our case, an exponential fit is suitable for the vertical sensor V.
Moreover, we must consider the effect of the annual thermo-elastic
behavior, which can be modeled simply as a sine wave. The period of
this sine wave results to be about 313 days. In the complete expres-
sion of the fit, there is also a linear part that accounts for the “long
term” trend.

The general expression of the fit function for the vertical sensor
data is

y0+a(t—t0)+Be_? +Ksin(w(t-t) +¢), (10)

where yo is a constant, a is the long-term “epochal” trend, B is
the “well-cement” coefficient, t, is the time of installation (April 8,
2016), 7 is the time-constant characteristic of the well-cement pro-
cess, K is the coefficient of the thermo-elastic behavior, w = 2n/T

ARTICLE scitation.orgljournal/rsi

with T being the period, and finally ¢ is the phase. We observe that
the most significant quantity is a because it expresses the strain trend
over the long term.

Note that the structure of V vs time is similar to the behavior
shown in Fig. 8 of DeWolf et al.,”* where a deep borehole vertical
optical fiber strainmeter is described. No spikes removing procedure
has been attempted before raw data fitting.

For the V probe, we obtain a = 3.50 + 0.3 pe/yr. In the case of
the EW sensor, the global fitting procedure does not give fully sat-
isfactory results and, with a conservative choice, we decided to start
the calculation from January 1, 2017 using just a linear plus a sinu-
soidal function. In this way, we get a trend of 15.9 + 2.1 pe/yr. For the
poor-quality NS data, we adopted the same fitting procedure, obtain-
ing a trend of 21.4 + 7.9 pe/yr. The reported errors represent the a
parameter fit variability within a 99% confidence interval for a nor-
mal distribution of the fit residuals and using a least-square recursive
algorithm. For the V component, the fit estimations for the param-
eters B, 7, and K give values of about 28 microstrain, 18 days, and
4.1 microstrain, respectively. We can consider negligible the expo-
nential contribution to Eq. (10) after a time period equal to 57 that
is 3 months. This is consistent with the expected borehole grout cur-
ing time. The annual thermo-elastic amplitude values K for V, EW,
and NS (about 4.1, 8.7, and 12 pe, respectively) are in a good agree-
ment with the model proposed in Ref. 25, postulating 1000 m for the
characteristic traveling thermal wavelength of the surface temper-
ature variation. The diurnal (day/night) thermo-elastic effect from
the surrounding rocks is well visible on the data from the three sen-
sors (Fig. 8). The average amplitude of this effect for V (0.1-0.2 pe)
and EW (1 ue) is consistent with the cited model. Concerning the NS
sensor, the diurnal amplitude results to be about 5 ye, larger than the
predicted value. However, the model does not take into account pos-
sible differences in the effect along different horizontal directions. In
a real situation, topography and soil peculiarities can make the dif-
ference. The daily thermo-elastic effect is larger by about two orders
of magnitude than the typical amplitude of the solid Earth tides that
can not be thus observed.

Comparing air and borehole temperature data, we observe
a phase lag of about 162 days, that is, summer/winter sea-
sonal variations are almost inverted in the borehole, where the

FIG. 8. From up to bottom: V, EW, and NS daily thermo-
elastic strain.
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temperature average value is 8.73 °C with yearly fluctuations of
0.22°C as expected.”® The borehole temperature is essential to the
first and fundamental data reduction.

In fact, fiber optic strain sensors are sensitive to temperature
variation,'’ and this effect must be subtracted from the raw data to
obtain the signal induced by strain. To do this, we obtained in a labo-
ratory experimental run the wavelength/temperature coefficients of
the sensors (about 25 pm/°C) and the original strain data are in this
way corrected.

Heavy rain episodes can have a great influence on a shallow
deployed instrument. The effect is especially evident on EW and NS
components, while the V component is affected to a minor extent.
The presence of spike signals is related to rainfall (Fig. 6), and we can
observe that spikes rate is higher during the first 6/8 months follow-
ing the installation. That is probably because a quite long settlement
time has been needed.

Spikes are of greater amplitude on EW and (especially) NS
components. It is our opinion that the cylindrical symmetry of
the borehole (vertical vs radial directions) plays a role for that.
Indeed, following rainfall episodes, there is a direct radial compres-
sion of the borehole as it is proven by the compressional aspect
of the EW and NS spikes. In correspondence, V spikes are pre-
dominantly upward and of smaller amplitude. This is qualitatively
in accordance with the elastic model predicted by Eq. (28). Just
three or four cases over 28 months seem to constitute an excep-
tion for this “rule,” but an explanation is not simple for that.
The difference in spikes amplitude between EW and NS may be
also due to strong inhomogeneities in the transmission of mete-
oric water occurring along different directions over the horizontal
plane.

To complete our analysis, we must move from the data
that represent the relative length variation of the single sen-
sor (that is the acquired raw data) to the effective strain along
the main directions in the horizontal plane, i.e., east-west and
north-south.”

Since in our case we have only two horizontal sensors, it is only
possible to compute areal dilatation and one component of shear
strain. Note that our choice not to provide the third horizontal sen-
sor has been done to simplify the setup and the read-out (moreover
one more ADC card was not available at the time of the sensor
positioning). However, our main goal is to test the sensitivity of
the prototype and to learn what improvements could be done on
a second-generation device.

B. Principal axes strain calculation

. . . . . 30
For each horizontal i sensor, we can write the linear strain e;,

ei = Cea + Dy; cos(2¢;) + Dy, sin(2¢), (11)
€A = EE T &N, (12)

Y1 = €E — €N, (13)

Y2 = 2&EN. (14)

Indicating e; = egw and e, = e, we get

1
€E + &N = ——(€EW + €ns), 15
E T &N 2C(Ew NS ) (15)
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1
&g —en = —(€Ew — éns),» 16
E — €N 2D(EW NS) (16)

where ¢ and ey are, respectively, the east-west and the north-south
principal horizontal strains and y, is the engineering shear strain.
ea and y; are the definitions of areal and differential strain. ¢; is the
angle between the strain gauge i and the east-west direction, mea-
sured counterclockwise. Because of the attention we dedicated in
orientating the axes of the pillar probe, we can pose ¢; ~ 0 and ¢,
~ 71/2. The C and D coefficients represent the areal and the shear
coupling factors. As a first approximation, the theory of elasticity for
an isotropic medium indicates C = 3 and D = 6.”” We easily obtain

e1 = egw = 3ea + 6y, (17)
€ = ens = 3ea — 6Y1, (18)
171 1

EE = Z[§(€1+62)+8(€1—€2):|, (19)
171 1

EN = Z[g(€1+62)—8(€1—€2):|‘ (20)

Because of the poor quality of NS data (and consequently of their
fit), it is not realistic to utilize the above results to get the whole time
series for eg and en. It makes more sense to consider EW and NS evo-
lution over short periods or to look at the linear part of their annual
trends. To validate this approach and to test the sensor calibration,
we considered the M 6.5 seismic event which occurred in central
Italy on October 30, 2016, at a distance of about 600 km.”' The
P-wave arrival time at Serra La Nave is 06:41:38 as confirmed by the
signal from the ESLN seismometer. In Fig. 9, the data from the indi-
vidual sensors are shown, averaged to 1 point each 100 s from their
original sampling rate of 40 Hz. Seismic-induced slow transients are
well observable for each component. Note the high and narrow peak
on the V component at about 07:23. In correspondence of the event,
the uncorrected displacements are

ev = 7.9 pe, (21)
e1 = egw = —31.6 pe, (22)
e = ens = —89.6 pe. (23)

After the reduction in the principal axes, we get

ea = €g +en = —20.2 pe, (24)
Y1 = €g — ex = 4.8 e, (25)

and finally, we obtain
&g = 7.7 pe, (26)
en = —12.5 pe. (27)

We can write”
ey = — Y As (28)
1-v

where v~ 0.25-0.3 is Poisson’s coefficient for basaltic rock. With this
formula, we find a calculated value (ev calc) » 7.7 pe which is in a
very good agreement with the measured one Eq. (21). This exercise
confirms also the autoconsistency of the data. Values in Egs. (21),
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(26), and (27) are much higher than the value of about 0.3 nanos-
train predicted in the case of a co-seismic displacement by the elastic
dislocation model for a M6.5 earthquake with an epicentral distance
of 600 km.” The paper of Barbour et al.”* shows that co-seismic
observed strain may exceed by an order of magnitude the calculated
one, but that does not explain the anomalous values we recorded.

We postulate that the huge discrepancy between theory and
observation might be due to the peculiarity of our installation site,
placed on the slope of an active volcano. It is possible that distant
earthquakes may induce volcanic phenomena as tremor Variations,
lava fountains, local seismic sequences, and even eruptions.”” Per-
haps, in certain situations, regional earthquakes of relevant magni-
tude might drive also elastic displacement and strain episodes.

In the whole period 2016/05/01 up to 2018/09/01, we get the
following trends:

gy = 3.5 £0.3 pefyr, (29)
€ =29 +0.6 pefyr, (30)
en =3.3 = 1.1 pefyr. (31)

These values are the result of fitting the data, taking the respec-
tive linear coefficients a [Eq. (10)] and reducing these quantities

to the principal axes. Error values shown in Egs. (30) and (31)
represent the result of the error propagation starting from the fitting
“a” parameters and following equations (19) and (20).

These values can be compared with data from GPS stations,
following the methods described in Secs. IV C and IV D.

C. Strain reconstruction via pairs of GPS stations

The time series from the Etna GPS database are considered
for two pairs of GPS stations located relative to SLN approximately
along east-west [ECHR and ESPC (codenames of the seismic/GPS
station located near ESLN)] and along north-south [EINT and ENIC
(codenames of the seismic/GPS station located near ESLN)] (Fig. 5).
For each couple of stations, the relative displacement is considered,
and the strain along each axis is obtained by dividing the relative
displacement for the distance between the stations (Fig. 10).

In this way, we obtain the following estimates:

1. East-west direction

During the period September 2016 to September 2018, ECHR
moves toward west by 16.9 mm/yr, while ESPC toward east by
9.5 mm/yr, in total 26.4 mm/yr over a distance of about 10.1 km.
We get an expanding trend of 2.6 ue/yr. Considering all the
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approximations, this value is in a very good agreement with our
measurement of €g.

2. North-south direction

Both EINT and ENIC move toward south at a rate of 14.3
and 12.3 mm/yr, respectively. This different rate results in a net
contraction along the line of about —0.17 pe/yr, considering the
station-to-station distance of 11.9 km.

This results does not match our experimental value ex. How-
ever, strain information recovered from GPS stations data gives val-
ues averaged over the distance between the stations themselves, that
is, some kilometers. Our instrument is subjected both to massive
and to local point source ground displacements. In this sense, it is
not surprising a partial disagreement with other strain estimation
techniques based on the hypothesis of ground homogeneity on some
square kilometers.

3. Vertical direction

As mentioned, our device measures a vertical trend ey = 3.5 pe/
yr. Starting from the mean annual vertical velocities of the three
nearest GPS stations (ECHR, EINT, ESPC), it is possible to calcu-
late the algebraic average of the variations with respect to SLN. We
thus obtain a trend of 6.5 mm/yr for the rise-up of the SLN site. Data
from the three closest GPS stations positioned at the sea level over
the coast line [Fig. 5 EPOZ, ETEC, and ELAC (codenames of the
closest seismic/GPS station to ESLN at the sea level over the coast
line) from north to south], show in the same period an average
trend of about —2 mm/yr. So, we can make the hypothesis of
a vertical deformation involving a height of about 1.74 km (SLN ele-
vation) with a net trend of [6.5 — (-2)] = 8.5 mm/yr, corresponding
to 4.9 pe/yr. This estimation, even if quite raw, accounts for the order
of magnitude and agrees substantially with our instrumental value.

D. Strain reconstruction via UNAVCO applet

We use the algorithm provided by UNAVCO (University
NAVstar COnsortium, a nonprofit university-governed consortium
that facilitates geoscience research, and education using geodesy,
www.unavco.org).*®

This algorithm provides exx = ¢g and eyy = ex (and also exy).
These values represent averages within a triangle having as vertices
three GPS stations whose displacement velocities in millimeter per
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year are known. Using data from ECHR, EINT, and ESPC stations
(SLN falls within the triangle about 800 m south-west from its cen-
troid, as shown in Fig. 5), we get on east-west a strain trend of
2.5 pelyr and on north-south a strain trend of —0.4 pe/yr. These val-
ues are in accordance with those obtained with the method based on
GPS stations data.

While the EW strain velocity deduced from the two above
methods (pairs of GPS stations and UNAVCO calculator) is in
agreement with the results from the FBG sensor data, a remarkable
difference is found along the NS direction. To address this inconsis-
tency, we should also consider the effect of local tectonic structures
(e.g., the Ragalna Faults System) on the strain data from the FBG
sensor at SLN.”*” Nonetheless, it is worth noting that our measured
areal strain rate £y = €g + ex = 6.2 + 1.3 pe/yr is in accordance with
the value of about 7 pe/yr that can be deduced from the data shown
in Ref. 40.

V. SEISMIC EVENTS

A. Regional and local events

As an example of regional event, Fig. 11 shows the records of
the V and EW channels during the already cited M 6.5 seismic event
that occurred on October 30, 2016 with epicenter in central Italy.
Each trace is compared with the corresponding seismic signal from
the SLN seismometer. Strain data are pass-band filtered between 0.01
and 10 Hz. The recorded strain amplitude of the order of tens of
nanostrains is in a very good agreement with the model suggested
by Barbour and Crowell."' By using Eq. (5) therein, we get in this
case about 80 ne for the expected strain amplitude. Furthermore,
local seismic events where utilized to make estimates of the sensi-
tivity of the three instrumental axes. In particular, we consider two
earthquakes that occurred on July 18, 2018 M 3.4 and hypocenter
at a depth of 7-8 km. The epicenter of both events was only a few
kilometer from SLN. Figure 12 shows the measured strain for the
vertical and the east-west axes, together with the corresponding seis-
mic signals from ESLN station. If we focus on the vertical component
during the surface wave arrival of the first event (21:20:38 UTC), we
note that the signals from the FBG sensor and seismometer are out
of phase (Fig. 13). This is due to the fact that the seismogram is a
velocity and the strain is proportional to a displacement.
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) FIG. 11. Central Italy October 30, 2016 M6.5 Earthquake.
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FIG. 12. July 18, 2018 Zafferana—Ragalna Earthquake.
Top: vertical component of seismometer (blue) and strain

o
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1. North-south sensor sensitivity

The north-south axis is blind to the events previously described,
as well as to every event with amplitude below the order of sev-
eral microstrain and occurring over a time scale shorter than a
few tens of seconds. In this sense, the NS channel is scarcely suit-
able to observe seismic events, but it can evidence relatively small
(even sub-u¢) medium to long term displacements occurring on time
scales exceeding several minutes. However, strain changes occur-
ring over time scales of months to years are difficult to be defined,
even with deep borehole devices, due to the intrinsic difficulty in
distinguishing them from instrumental artifacts.

B. Teleseismic events

Figure 14 shows the Mexico (M8.1 2017/09/08) teleseism
recorded by the V (Vertical) strain sensor component of our instru-
ment and by the corresponding component of the Serra La Nave
(ESLN) seismometer. The strain signal is band-pass filtered between
0.016 and 0.15 Hz (6.7-60 s). In this frequency band, the resolu-
tion of V is better than 10 ne. We also recorded the teleseismic
event of November 13, 2016 (M 7.8) in New Zealand: the strain sig-
nal is observable on the V and EW components. Figure 15 shows

21:40

the strain traces after pass-band filtering between 0.005 and 0.1 Hz
(10-200 s) and the corresponding seismic signals from ESLN. It is
possible to obtain an estimate of the strain expected on the horizon-
tal plane by the parameters of the earthquake (magnitude and angu-
lar distance).””" The relation proposed for the maximum strain
(nanostrain units) is"

log,,(¢) = 0.95M — 1.65 log,,(A) — 2.8, (32)

where M is the moment magnitude and A is the angular distance in
degrees. This formula provides peak values, respectively, of the order
of 43 ne for the Mexico event (distance 10 576 km, A = 95°, azimuth
76.8°) and of 9 ne for the New Zealand one (distance 18079 km,
A = 162°, azimuth 299.1°). Note that the formula is thought for
radial and transverse components and we have a clear horizontal sig-
nature (EW) in the case of the New Zealand earthquake only. More-
over, the EW strain amplitude we recorded for the New Zealand
event is greater than the predicted one.

Anyway, considering all the limitations of this comparison
between calculated and experimental data (i.e., lack of signature on
the NS component of our instrument), we can conclude that the
scale calibration of our strain device is substantially correct.

FIG. 13. Zoom of the M3.4 earthquake at 21:20:38 of
July 18, 2018. From top to bottom: vertical component of
seismometer (blue) and strain (orange).
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VI. ERUPTIVE EVENTS AND RELATIVE RAPID
SLIP MARKS

At the beginning of 2017, an eruptive phase occurred from the
southeast Crater Complex of Etna. This activity involved Strom-
bolian explosions, ash emission, and emission of lava flows from
different vents."* During this period, the most relevant feature in

the signals from the FBG device is the sudden change (“step”) in
the average level of V and EW time series, that occurred between 8
and 9 February (Fig. 16). For both components, the amplitude of the
change is about 0.4 pe, while the sign is opposite (a decrease and an
increase is observed in the signal from V and EW sensors, respec-
tively). A similar change is not observed in the signal from the NS
sensor. During almost the same interval, a change in the average level

FIG. 16. The displacement event recorded on February

2017. From above: V strain (blue), EW strain (red), tilt X
(green), and tilt Y (black).
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of the signal was also observed in the data from the Monte Denza
(MDZ) tilt station (Fig. 16), about 2 km from SLN (Fig. 5). The
sudden change observed in both tilt and strain signals could reflect
ground deformation associated with the ongoing eruptive activity.
The shape of the signals shows the typical behavior induced by lava
fountains and eruptions.”’ Strain and tilt amplitudes and duration
are substantially in accordance with those of Ref. 45. In this work, the
authors recorded strain and tilt signals originated by the same south-
east Crater by means of instruments placed at a distance similar to
that of our device. They recorded a volumetric strain ranging from
0.1 to 0.5 pe evolving in some hours. In that paper, a model for the
event is also described, which is in accordance with the experimental
data.

VII. CONCLUSIONS

We describe a three-axes FBG strain sensor for geophysical
applications, with a dynamic range of hundreds of microstrains and
submicrostrain resolution for its most performing axis. The sensor
is suitable for borehole deployment, and the prototype described
in the present paper has shown encouraging results. The perfor-
mances of the device can be tailored to fit the requirements of vol-
cano monitoring in harsh conditions, with special attention to the
trade-off among resolution, ease of deployment, cost, and power
consumption. Speaking of the cost, it is important to observe that
our instrument has required a budget of a few thousands of Euro
for the interrogation and the read-out unit. Including data acquisi-
tion and storage plus borehole drilling, the overall expense has been
of the order of 15k Euro. This amount is one order of magnitude
less than needed to install a conventional deep borehole strainmeter
(Sacks-Everson’ or Gladwin™ type). As for the prototype device
described here, the borehole is not deep enough to avoid the thermo-
elastic induced strain. Besides, some improvements must be done on
the read-out technique to reach the best sensitivity for each sensor.
A third and maybe a fourth sensor should be added in the hor-
izontal plane to recover shear strain and for redundancy, even if
their presence would complicate the whole probe geometry and its
deployment. The architecture of our instrument turned out to be
very reliable, with a duty cycle of about 95% over more than 2 years.
This device could be intended as the basic element to get a detailed
ground strain map over areas of some square kilometers. That could
be realized by deploying an array of sensors in a star configuration
with a single interrogation unit in the center and some individual
boreholes at the vertices. Anyway, the experiment performed using
this FBG strain prototype allowed us to gain a unique experience
through which we will improve the performance of next-generation
devices.
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