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Fig.1. Core and clad making up optical fiber. Incident and
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reflective index than those of the clad.
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Fig.2. Schematic illustrations of the frequency shift by the
stimulated (or induced) Brillouin scattering. (a)
Acoustic oscillations of SiO: are induced by an
injection of strong light beam (e.g. laser) into an

fiber the effect of the

(b) The

backward-scattered light contains frequency

optical because of

electro-strinction by the incident light.

shifts caused by photon-phonon interactions;

the Brilloiun scattering.
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Fig.3. Schematic illustration of strain measurements under
atmospheric pressure conditions. Optical fiber and
strain gauges measure the strain of a cantilever

beam made of metallic plates.
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Table 1. Sensitivity coefficient of the optical fiber for

strain measurements used in this study.

Strain Sensitivity
Type
By [MHZpe ] Br[GHZue ]
BGM-SM-BR 0.0507 -0.155
BBG-HF 0.0532 -0.162
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Fig.4. Results of strain measurements of (a) aluminum and (b) copper plate by Brillouin and Rayleigh scattering and strain

gauges under atmospheric pressure conditions. Abbreviations denote as: BR for Brillouin; RAY for Rayleigh; SG for

strain gauge. Optical fiber and strain gauge have almost the same accuracy for strain measurements.
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Table 2. Young’s modulus, Poisson ratio and bulk modulus of

the metallic plates used in this study.

Al Cu SUS Brass  Quartz
Young's modulus [GPa] 70.3 129.8 209" 100.6 73.1
Poisson's ratio 0345 0343 029" 0.35 0.17
Bulk modulus, K [GPa] 75.5 1378 168" 111.8 369
K/K Quarts 2.05 3.73 4.55 3.03 1.00

“Mean value of iron (steel).

=
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Fig.5. Schematic illustration of strain measurements of
metallic plates under static pressure conditions.
Optical fiber and strain gauges measure the
strain of metallic plates induced by the changes

of oil pressure.
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Fig.6. Results of strain measurements of metallic plates
under static pressure conditions. There is no
“Free” data for strain gauge because no strain
gauges can be applied on optical fiber. The
results obtained by fiber optic measurements do
not correspond to calculated values, whereas

those obtained by the strain gauges do well.
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Table 3. Measured and theoretical values of frequency shift under the change of static pressure, and the difference

between the two.

Differential Measured frequency shift, /), cas Theoretical frequency shift, /,cq/ S p-catf p-meas
pressure,
MPa Al Cu SuUS Brass Free Al SUS Brass Free Al Cu SuUs Brass Free
Brillouin [MHz]
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 -0.50 -0.86 -0.58 -0.96 -0.81 -0.23 -0.15 -0.09 -0.18 -0.48 0.26 0.71 0.49 0.78 0.33
3 -1.81 -1.62 -1.53 -1.79 -2.30 -0.70 -0.46 -0.28 -0.55 -1.44 1.11 1.16 1.26 1.23 0.86
5 -2.88 -231 -2.30 -2.50 -3.84 -1.17 -0.77 -0.46 -0.92 -2.40 1.70 1.54 1.84 1.58 1.44
7 -4.00 -3.45 -3.26 -3.76 -5.50 -1.64 -1.08 -0.64 -1.29 -3.36 2.36 237 2.62 247 2.14
9 4.90 -4.41 -3.85 4.58 -6.76 -2.11 1.39 -0.83 1.66 4.33 2.79 3.01 3.02 2.92 2.44
11 6.19 -5.31 -4.86 5.64 -8.58 -2.58 1.70 -1.01 -2.03 5.29 3.61 3.61 3.85 3.61 3.30
Rayleigh [GHz]
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0.21 -0.51 -0.23 -0.39 0.75 0.72 0.47 0.28 0.56 1.46 0.50 0.98 0.51 0.95 0.71
3 0.10 -1.36 -1.06 -1.02 2.00 2.15 1.41 0.84 1.69 4.39 2.05 2.77 1.90 271 2.39
5 -0.57 -1.98 233 -1.42 3.03 3.58 235 1.40 2.81 7.32 4.15 4.34 3.73 4.23 4.29
7 -0.44 -3.06 -3.06 -2.26 4.50 5.01 3.30 1.96 3.93 10.24 5.44 6.35 5.02 6.19 5.74
9 -0.66 -3.70 -4.01 -2.68 5.60 6.44 4.24 2.52 5.06 13.17 7.10 7.94 6.53 7.74 7.58
11 -0.81 -4.12 -5.02 -2.86 6.75 7.87 5.18 3.08 6.18 16.10 8.68 9.30 8.09 9.05 9.35
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Table 4. Axial and radial strain generated on the optical fiber adhered to a metallic plate during the increase of static

pressure. Positive sign denotes compressive strain. & is calculated by the equation (5), then, & is calculated by

substituting the value of & into the equation (12).

Differential Strain, pz
pressure, MPa SUS Brass Quartz

o, £, £, £, &, £, £, £, £, £, £,
0 0 0 0 0 0 0 0 0 0 0

1 -4.4 -9.8 -24 -10.2 -2.0 -10.2 -3.0 -10.1 -9.0 -9.0
3 -13.2 -294 -7.3 -30.5 -6.0 -30.7 -8.9 -30.2 -27.1 -27.1
5 -22.1 -49.1 -12.1 -50.8 -9.9 -51.1 -14.9 -50.3 -45.2 -45.1
7 -30.9 -68.7 -16.9 -71.1 -13.9 -71.6 -20.9 -70.4 -63.2 -63.2
9 -39.7 -88.3 -21.8 -91.4 -17.9 -92.0 -26.8 -90.5 -81.3 -81.3
11 -48.6 -107.9 -26.6 -111.7 -21.8 -112.5 -32.8 -110.6 -99.4 -99.3

T 7 A N=TIE, BMIRMOT RV FHIRS

ADHXZOQORUTRAL, KT 7 A RN—De HFET RN A

D2, &g LV/INEW, gleDFEIL, K77 A /3—
(VA il 5%) & B E ) DIRFEMESE L. KIK e PR E WD

5%
BEERE D, ThDL, EREIERIEL RS
=] 7L R VS A AN =] N =R N
Sr:%(Hv)(l—zv)O'r—vgz (12) S;is;ﬁj(k 20, RREEER DR b/ S U Al TR

FERIC, 12KD I ZOFTHT =V OFENEZIRAL,

Table 4 244 B OEFEMESR L IREG DY > 7 =R
LRT VU ERY, GBIk vkooni-
& Lo BT, WRAIEOT — X X EARICHR S L

WO T 7 A N—= X0 7z, FARRICEMT St 7z, QDR XV FHE SN RLEHIFFFEL,

Table 5. Axial and radial strain generated on the optical fiber adhered to a metallic plate during the increase of static

KD7ze % Table 5 1Z73d, K7 7 A4 = ZITOTHYT
—VEMATTE RN, BRAEOOT AT S
72\, Table 5 1D g, (% Table 4 FOfE & IFIFELL, F

pressure. Positive sign denotes compressive strain. & is measured by strain gauges, then, & is calculated by

substituting the value of & into the equation (12). There is no data for fused silica because strain gauges cannot be

adhered on optical fiber.

Differential Strain, i
pressure, MPa
o, £, &, £, &, £, &, £, &,
0 0 0 0 0 0 0 0 0
1 -4.5 -9.8 -3 -10.1 -1.5 -10.3 -4 -9.9
3 -14.5 -29.2 -85 -30.2 -6.5 -30.6 -11 -29.8
5 -23 -48.9 -14.5 -50.4 -10 -51.1 -18 -49.8
7 -31 -68.7 -20 -70.5 -12.5 -71.8 -24 -69.9
9 -39 -88.4 =255 -90.7 -15 -92.5 -31 -89.8
11 -51.5 -107.4 -29.5 -111.2 -22 -112.5 -36 -110.1
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(b) Measured Eq. (7) Eq. (15)
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Fig.11. Comparison between measured and calculated value of frequency shift. They have strong correlation with each

other. Calculated value was derived from the equations (14) for (a) Brillouin scattering and (15) for (b) Rayleigh

scattering.
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Fig.12. Results of strain measurements of (a) aluminum and (b) copper plate by Brillouin and Rayleigh scattering and

strain gauges under atmospheric pressure conditions. Abbreviations follow those in Fig. 4. Strains were calculated

by Eq. (13) with new sensitivity coefficient of strain obtained by this study for Brillouin and Rayleigh scattering.

Results from both scatterings are almost the same with each other, however, those from optical fiber and strain

gauge are not.
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Optical fiber

Eoton Strain Gauge

(Ch1-Ch8)

Fig.13. Adhesion of optical fiber and strain gauges to a core of Berea sandstone. (a) A photo and (b) a development view.
Symbols Ch5_1, Ch5_2, Ch7_1 and Ch7_2 show measuring points of optical fiber which are closest to Ch5 and Ch?7.
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Fig.14. A cross-sectional view of holey fiber (BBG-HF).
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Fig.16. Results of strain measurements for Berea sandstone by optical fiber. (a) Brillouin and (b) Rayleigh scattering.
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Fig.17. Results of strain measurements for Berea
sandstone by strain gauges and optical fiber.
Fiber optic distributed sensor system measures
strains as accurate as strain gauge (Ch7) under
static pressure conditions taking account of

both axial and radial strain of optical fiber.
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Fiber optic strain measurements using distributed sensor system
under static pressure conditions

Tetsuya Kogure®, Yuki Horiuchi™, Tamotsu Kiyama*3, Osamu Nishizawa™3, Zigiu Xue™?

and Toshifumi Matsuoka™

ABSTRACT

The effects of hydrostatic pressure on strain measurements by using fiber optic distributed sensor system
were elucidated through laboratory experiments. Strains of metallic plates and a cylindrical core of Berea
sandstone were measured under hydrostatic pressure by using a system that measures strains by the
frequency shifts of Brillouin and Rayleigh scattering in an optical fiber, together with simultaneous
measurements by strain gauges. The measurements revealed that the radial strain of the optical fiber due to
the hydrostatic pressure considerably affect the frequency shifts as well as the strain along the fiber line. The
effects of two strains on the frequency shifts, Af, are expressed as Af = AA¢, + BA¢, . where A, & , . are the
Brillouin or Rayleigh frequency shifts, the fiber strain along the line and radial directions, respectively. Aand B
are the coefficients corresponding to the effects of the two directional strains for the Brillouin or Rayleigh
frequency shifts. 4 and B are determined as 0.0497=+0.0043, 0.0346+0.0014 (MHz/us) for the Brillouin and
0.130+0.0096, 0.0707=+0.0032 (GHz/u) for the Rayleigh. Our experimental technique was also successfully
applied for monitoring the deformation of sandstone under static pressure. The results assure accurate strain

measurements by means of the fiber optic distributed strain measurements system.

Keywords: optical fiber, distributed sensor system, static pressure, strain measurements, Brillouin scattering,

Rayleigh scattering
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