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Abstract

The goals of this study were to analyze the capabilities of DAS (distributed acoustic sensors) in resolving
mining problems, compare them with existing seismoacoustic data collection systems, and prepare the basis
for conducting seismoacoustic studies with recording by a fiber optic distributed system. This paper considers
the capabilities of recording seismoacoustic responses using fiber optic distributed acoustic systems (DAS).
Based on physical and geometrical analysis, the amplitude-frequency responses (characteristics) of recorded
longitudinal waves for straight and helically-wound fibers were obtained. In the case of helically-wound fiber,
the frequency response depends on several key factors: integrating the measured value along the fiber based
on the measurement; the angle of incidence on the cable; and the winding angle of the fiber in the cable.
An increase in the winding angle increases the uniformity of the amplitude-frequency characteristics of
longitudinal waves both in terms of frequencies and angles of incidence. At the same time, helical winding
changes the effective response spacing (gauge length). This makes it possible, by summing the responses of the
straight and helically-wound fibers due to the overlap of the spectra, to record frequencies that are suppressed
in case of separate recording. Based on the study results, a cable design was proposed to record broadband
seismoacoustic responses enabling a wide range of mining and engineering problems to be resolved, and for
seismic surveys both in wells and on the surface to be carried out.
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AHHOTauusA

[Ipu TIpoBeIeHNYM HACTOSIIETO MCCIeNOBaHMSI Obla IMOCTaBjIeHa MeJTb IIPOaHaIM3MPOBATh BO3MOXKHOCTH pac-
npefe/ieHHbIX JaTumMkoB DAS mpu pelieHMM TOPHOTEXHUUECKMX 3a]1ayu, CDABHUTH C CYIIECTBYIOIIMMHU CeiiCcMO-
aKyCTMUECKMMH CUCTEMaMM cOOpa JAaHHBIX M TOATOTOBUTH OCHOBY MJISI MPOBEIEHMSI CEICMOaKyCTUUYECKUX
yccaeqoBaHMIi C perucTpalieit orTOBOJIOKOHHOI paciipeiesieHHOI cucTeMoii. PaccMoTpeHbl BO3MOKHOCTU pe-
TUCTPaLNM CEMICMOaKyCTUUECKMX CUTHAJIOB C IIOMOIIBIO OITTOBOJIOKOHHBIX pacIipee/eHHbIX aKyCTUUECKUX CH-
creM. Ha ocHOBaHMM (DM3MKO-TEOMETPUUYECKOTO aHa/IM3a ITOTyUYeHbl aMILTUTYIHO-YaCTOTHbIE XapaKTePUCTUKI
PEerucTpUpyeMbIX MPOOIbHBIX BOJH /I ITPSIMOTO U CIIMPaIbHOTO BOJIOKHA. [I/1s1 ClIMpaibHOTO BOJIOKHA aMIUIU-
TYOHO-YaCTOTHBIE XapaKTEPUCTUKM 3aBUCST OT HECKOIBKMX KITIOUEBBIX (DAKTOPOB: MHTETPUPOBAHMS U3Mepsie-
MOTO 3HAYeHMs BAOJIb BOJIOKHA Ha 6a3e M3MepeHusl, yIvia MafeHust BOJTHbI Ha Kabesb 1 yIyia HAMOTKM BOJIOKHA
B Kabese. YBeJuueHMe yIyla HAMOTKM ITOBBIIIAET PaBHOMEPHOCTb aMILIMTYIHO-YACTOTHOM XapaKTePUCTUKU
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MPOOIbHBIX BOJIH Kak II0 YacTOTaM, TaK U IO yIjlaM majeHus. B To ke Bpemsi criMpasibHasi HAMOTKA MeHSIeT
abdexTUBHYIO 623y M3MepEHNsT CUTHAJIA, YTO ITO3BOJISIET ITyTEM CYMMMUPOBAHMST CUTHAJIOB TIPSIMOTO U CITUPAJIb-
HOTO BOJIOKHA 32 CUeT [1epeKPhITHSI CIIEKTPOB BITIONHSTh PETMCTPALIMIO YaCTOT, OAAB/ISIEMBIX IIPY pPa3fenbHO
3amnucy. [To pe3yabTaTam MCCIeNOBaHUS MPEAJIOKeHa KOHCTPYKIUS Kabesst [Jisi perucTpaluim mpoKOIoiIoc-
HBIX CE/ICMOAKYCTUUECKVX CUTHAJIOB, C [TOMOIIIbI0 KOTOPBIX MOSKHO PeliaTh OOIIVPHBIV KPYT TOPHOTEXHUYECKUX
Y MHKeHePHBIX 3a/1a4, BBITIOHSIS CeiiCMOpa3BeJOUHbIe VICCIEIOBAaHMS KaK B CKBasKMHAX, TAK Y HA TIOBEPXHOCTHU.
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paCHpe,U,eHEHHbIﬁ aKyCTI/I‘JECKI/IIZ OJaTuylnK, OIITOBOJIOKOHHBINI CeHcop, CeﬁCMopaBBeﬂKa, CKBa)KMHHAS CeMCcCMO-
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Introduction

Distributed systems for recording acoustic re-
sponses using optical fiber (DAS - distributed acoustic
sensing) have been well known for several years [1-3].
However, their reduction to the practice of geophy-
sical research requires certain practical problems re-
lated to the physical and geometric features of such
systems to be resolved.

The recording of an acoustic response in a DAS
system is carried out by analyzing the spectrum of
Rayleigh light scattering in an optical fiber. This oc-
curs when a light pulse of a given wavelength and du-
ration passes. Longitudinal deformation of the fiber
leads to a change in the amplitude and phase compo-
nents of the frequency spectra of the reflection optical
response [2]. Optical interferometry enables the mag-
nitude of the strain in a certain section to be calcu-
lated. The position can be measured from the time of
arrival of the backscattered optical pulse at a known
velocity of light in the waveguide [4, 5]. The impor-
tant characteristic of the system is Gauge Length L,
which determined by specification of the interrogator.
As a result, the stress distribution profile in the fiber
at a certain point in time is calculated. The re-inter-
rogation is limited by the time of arrival of the reflec-
tion response from the most remote section of the
fiber optic cable. The velocity of light propagation in
an optical fiber is 2x10% m/s. For a 1 km line, the dou-
ble travel time of a light pulse is 10 s, and for 100 km
it is 107 s. This is currently the limitation of the re-
corded response sampling by time.

The goals of this study were to analyze the capa-
bilities of DAS in resolving mining problems, com-
pare them with existing seismoacoustic data collec-
tion systems, and prepare the basis for conducting
acoustic studies with recording by a fiber optic dis-
tributed system.

The frequency content of the responses recorded
by fiber-optic sensors with linear fiber is considered
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in [6-8]. Since DAS measurements involve averaging
the measured parameter based on gauge length L,
distortion of the acoustic response spectrum occurs
at frequencies above 150-300 Hz [7, 9, 10]. Responses
with a frequency not exceeding these values are suit-
able for resolving problems of oil seismic explora-
tion [3, 11, 12] and monitoring ore deposits [13, 14].
In borehole and seismic exploration of mines, the
upper limit of the frequency range of the useful re-
sponse is 1000 Hz and higher [15-17]. Therefore,
the possibility of using distributed fiber optic sys-
tems for solving mining problems needs to be con-
sidered and compared with existing seismoacoustic
data collection systems. In addition, at the present
time, the available literature provides no analysis of
the amplitude-frequency characteristics of a helical-
ly-wound optic cable.

Acoustic pattern of straight fiber

DAS systems measure the deformation of an op-
tical fiber alongits axis. Thus, for longitudinal waves,
the acoustic pattern is defined as Dy(a) = A,cos?a,
for transverse waves, D(a) = A,lsin 2a [1, 18], where
o is the angle between the fiber and the wave prop-
agation vector; and A, is the amplitude of the in-
cident wave. The incidence of a seismic wave on
a linear section of an optical fiber is considered
in [3, 11, 19]. Such a pattern significantly limits
the range of possible seismic survey problems to
be solved. Particularly, in many standard cases of
seismic surveys, the target waves arrive along the
normal line to the receiver line.

The use of special cables with non-standard fiber
laying can expand the capabilities of fiber-optic sys-
tems for solving seismoacoustic problems. The cable
design options are given in a patent [20]. For manu-
facturing, the most accessible way of laying a fiber in
a cable is helical winding; field measurements are de-
scribed in [21, 22].
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Influence of winding angle
on effective gauge length
With helical winding, the length of the fiber
laid in a cable will be greater than the length of the
cable. Thus, the effective value L, (effective gauge
length) of the rock mass associated with the cable
will also change.
The decrease in the gauge length is proportional
to the cosine of the winding angle:

L, =Lcos®, (1)

where 6 is the angle of deviation of the fiber guide
from the cable axis (for straight fiber 6 = 0°)!; L is
gauge length along the fiber; L, is gauge length along
the cable with helically-wound fiber.

Influence of winding angle on cable sensitivity
When changing the cable directivity pattern
due to winding, a single segment of the helix can be
represented as a linear section with an equivalent
distribution of sensitivity along the axes (Fig. 1).
In a parametric form, the response energy will be
distributed as follows:

E_=Ecos’6; )

E =Esin*6; (3)
E, =1Esin’6

Xy _E sSin" o, (4)

where E is full sensitivity; E, E,, E, E, are the
sensitivities along z axis, in the plane perpendicular
to z axis, along x and y axes, respectively.

Fig. 1. Sensitivity distribution along the axes
at helically-wound fiber

Per unit cable length, an increase in the recorded
energy will occur due to an increase in the length of
the fiber and the number of channels due to a decrease
in the effective gauge length according to formula (1).

! In literature, there are two different ways of calculating
the winding angle. Kuvshinov, Braid, Innanen et al. take 90° for
a straight fiber, while in the study of Egorov, Tertyshnikov, and
others, 0° corresponds to a straight fiber. We stick to the latter
version of the notation.
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The algorithm for numerical calculation of the ca-
ble directivity pattern due to winding is given in [23, 24].

With an increase in the fiber winding angle, the
sensitivity of the system along the normal to the cable
axis appears. The directivity pattern for longitudinal
waves changes from the pattern of a single-axis sensor
towards the pattern of a pressure sensor having
a uniform (spherical) pattern.

The sensitivity is evenly distributed between the
axes at the value of the winding angle

1
0 =arccos| — | = 54.7° [19, 23].
()57 o0

Thus, with a uniform directivity pattern (spherical)
along one axis, the recorded energy will be 3 times less,
and the response amplitude will decrease by /3 times.

The total response from the impact of a seismic
wave with a helically-wound fiber consists of its
interaction with equivalent sections decomposed
along orthogonal axes. In the case of longitudinal
waves, the responses will be added, and for transverse
waves, they will be subtracted (Fig. 2).

a b
E; /P  E: /S
) ol
K-——@ @
EH=EZ+EX EH=EZ_EX

Fig. 2. Scheme of changing the length of the fiber under
the influence of longitudinal (a) and transverse (b) waves

The directivity pattern is symmetrical with
respect to the cable axis and depends on the angles
of winding and seismic wave incidence in accordance
with expressions (2-4):

1.
D, (0., 8)=cos” o.cos’ 0 +§sm2 0.cos” 6;

)

1 sin20sin’ @

D, (0., 0) = |sin 20.c0s> e|_ ;

o (0)

where D,, D, are directivities for P and S waves, respec-
tively; o is the angle between the cable and the seismic
wave beam. Graphically, the patterns are shown in Fig. 3.

Note that the data obtained differs from that
presented in study [23], where the polarity of S-wave
response varies depending on the direction of prop-
agation of the optical response in the fiber. However,
this would mean that measurements on the same ca-
ble section when connecting from different ends of
the optical line would give different results.
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Fig. 3. Dependences of the sensitivity of a cable with
helically-wound fiber on the angles of wave incidence and
the fiber winding for P (a) and S (b) waves

Frequency characteristics of the recorded
response for direct fiber

Let us consider the moment of time when
a monochromatic elastic wave with oscillation
frequency fhas created longitudinal stresses in a fiber
stretched along z axis. In this case, the amplitude of
the recorded response will change according to the
following expression:

A(x) = A,sin(kz),

where k = 2nf/V is wavenumber; A, is maximum
response amplitude.

The amplitude of the response measured on
a segment of length L is equal to the sum of the
amplitudes along this segment:

A = Aojsin(kz)dz =A, %[l—cos (@j) )

Here we see that, firstly, as the frequency increa-
ses, the response amplitude decreases. Secondly, at
points which satisfy the condition L=n\, n € Z, the
function takes a null value. As a result, the ampli-
tude-frequency characteristic (AFC) is complicated
by the response attenuation sections as a result of the
action of a rectangular window filter, which an exten-
ded linear receiver appears to be. The AFC for longi-
tudinal waves propagating along the fiber at a velocity
V'=2500 m/s and spacing L = 10 m is shown in Fig. 4.

<E> 10 1
S~
< 54 /\/\_/\
0 T T T T
0 200 400 600 800

Frequency, Hz

Fig. 4. Amplitude-frequency characteristic of a section
of a straight fiber during the passage of a wave along it
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The dependence of amplitude-frequency
characteristics on the angle of incidence of a wave
When a linear receiver is located in the field of
a harmonic wave (Fig. 5), the visible period will in-
crease by increasing the angle o between the direc-
tion of wave propagation and the receiver line from 0°
to 90°. The apparent frequency, in turn, will decrease:

f, = flcosal. ®)

Fig. 5. Change in the visible period at different wave
incidence angles

With regard to a section of a straight fiber and an
arbitrary angle of incidence of wave a, the dependence
of the AFC on the angle of incidence can be found as
the product of the amplitude characteristic (7) and the
directivity pattern, taking into account the apparent
frequency instead of the actual one (8):

_a V(1 cos| 2L
A (o, f)—Aoznfa (1 cos( v ]]D(a). 9)

The image of this dependence for longitudinal
and transverse waves at L=10 m, V,=2500 m/s,
V¢=1500 m/s is shown in Fig. 6. The image draws
attention to the areas of rejection in the form of
“smiles” and low sensitivity at angles close to 90°.

Amplitude

-90-60-30 0 30 60 90
Incidence angle, deg.

-90-60-30 0
Incidence angle, deg.

30 60 90

Fig. 6. Amplitude-frequency characteristic of a section
of a straight fiber at different angles of incidence
of an elastic wave for P (a) and S (b) waves
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Amplitude-frequency response
of helically-wound fiber
Next, let us consider a cable of radius r with
helically-wound fiber, on which a wave is incident at
an angle a. The angle of a wave incidence on separate
small sections is equal to o + ¢(z) (Fig. 7), where ¢(2)
can be found through the derivative of the function
describing the helically-wound fiber in plane view (z, x):

Xx(z)= rsin[ztggj, (10)

from where

(p(z)=arctg(tg0cos(ztggn. (11)

The function ¢(z) takes values from -6 to 6, and
provided that the wavelength is much larger than the
pitch between the turns in the cable, the response will
be equal to the sum

A (f, 0, 0)= Y A(f,a+@(2)AL(Q)/L, (12)

®=—0
where factor AL(9)/L plays the role of a weighting
factor depending on the proportion of the sections
with a fixed angle ¢ in the total length of the fiber.
The angle distribution can be found by calculating the
derivative of function z(x) = r ctg 6 arcsin (x/r):

dz ctgo

(13)

for which x € [-r, r] and the angles vary from -6 to 6.
An example of ¢ distribution for a winding angle of
45° is shown in Fig. 8.

In the case of longitudinal waves, using formu-
la (12), the amplitude-frequency characteristics were
obtained for various winding angles of fiber in a cable
(Fig.9). With an increase in the winding angle, the rejec-

1

0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8

B -1
Amplitude

Fig. 7. Helically-wound fiber in the field of a plane elastic
monochromatic wave
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tion bands are smoothed out. As a result, the response
becomes more uniform in the angles of incidence. There
are sensitivity curve dips in frequencies, although they
are less pronounced than those for a straight fiber. This
leaves room for spectrum whitening.

An important case here is the wave incidence
angle of 90°, the response at which is shown separately
in Fig. 10. It can be seen from the graphs that there
are frequency bands, in which the response amplitude
increases with increasing winding angle, and other
bands where such amplification does not take place.

With an increase in the winding angle, the ef-
fective gauge length decreases in accordance with
formula (1). This, in turn, leads to an increase in the
frequency of the first minimum in the total frequency
response. This fact makes it possible, when summing
the responses from a straight and helically-wound
fiber, to obtain a more uniform AFC (frequency re-
sponse) in a wide range of the angles of wave inci-
dence on the cable (Fig. 11). An exception relates to
angles of incidence close to 90°, where the AFC de-
pends only on helically-wound fiber.

Fiber bend radius in helically-wound cable

A standard telecommunication fiber has a certain
range of standard sizes and labels. One of the main
characteristics is the dependence of the response
attenuation constant on the fiber bend radius.

The bend radius is determined in the plane where
it is maximum. With uniform helical winding, the
radius of bend is constant and coincides with the radius
of the minimum curvature of the ellipse formed when
the cable is intersected by a plane at the same angle as
the winding angle (Fig. 12). Thus, the effective radius
of curvature of a fiber will depend on the radius of the
fiber in a cable r and the winding angle 6:

r

sin?@’

(14)

(4

I T I LI |
-45 -35 -25 -15 -5 5 15 25 35 45
Fiber inclination angles relative to cable, deg.

Fig. 8. Distribution of fiber inclination angles relative
to cable axis at 45° helical winding
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Fig. 9. Amplitude-frequency characteristics of a cable for different fiber winding angles
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Fig. 10. Cross-sectional sensitivity of helically-wound fiber cable at various winding angles
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Fig. 11. Amplitude-frequency characteristics of the summed response from a straight and helically-wound fiber with
different winding angles
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Fig. 12. Scheme for determining effective fiber bend radius
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Taking R, as a fixed value determined by the
selected type of fiber, one can obtain the dependence
of the cable radius on the winding angle 6: r = R,sin?6.
The weight of such a cable will be proportional to sin*0.

In the case of G657.A2 standard fiber, the bend
radius at which there are no losses on a significant
number of turns is 30 mm. Based on this value of
the radius and the winding angle of 45°, a cable was
designed containing both straight and helically-
wound fibers. The outer diameter of the cable is
32.6 mm, and the weight is 721 kg/km. Such a cable
can be used both for land seismic surveys and for
downhole ones.

Conclusion
Analysis of the physical and geometric processes
of recording acoustic responses by a distributed fiber
optic system enabled the spatio-temporal charac-
teristics of such systems to be obtained for straight
and helically-wound fibers in a cable. The ampli-
tude-frequency characteristics of the responses re-
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corded by a helically-wound fiber depend on several
key factors: integration of the measured value along
the fiber on the gauge length; the angle of incidence
of the wave on the cable; and the angle of winding
of the fiber in the cable. It is possible to show that
an increase in the winding angle increases the uni-
formity of the amplitude-frequency characteristic of
longitudinal waves both in terms of frequencies and
angles of incidence.

At the same time, helical winding changes the
effective gauge length. By summing the responses
of the straight and helically-wound fibers due to
the overlap of the spectra, it is possible to record
the frequencies suppressed in the case of separate
recording.

Based on the results of the study, a cable design
was proposed for recording broadband seismoacoustic
responses, the use of which enables a wide range of
mining and engineering problems to be resolved and
for seismic surveys both in wells and on the surface to
be carried out.
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