Vol.133, No.5, 2017

oo

BY NC ND

e
2

Journal of MM1J

wig s V7 OSMEZEIC X SRS E 2 vz
5 7 DIER LRk *

i B4

Original Paper

B W mlooan oooE w?oow w3
LT SR T N AV S-S - S| I I 2
g om oM ozt s o s o oW oA s

Mechanical Stability Evaluation of Water-sealed Type
Underground Rock Cavern Using Tilt Response to Gas
Pressure Change in Cavern
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In addition to hydrological characterization of water-sealed type underground rock caverns, their mechanical
stability is constantly monitored by measuring several properties, such as earthquake-induced vibration, strain,
and tilt. Among them, tilt measurement is the most accurate monitoring method for rock deformation because of
the tiltmeter’ s high resolution of 107 rad, which enables the detection of minute deformations caused by earth
tide, rock responses to earthquake, change in atmospheric pressure, and artificial disturbance by operation. This
study aimed to correctly extract these responses from long-term tilt data measured by a high precision tiltmeter
at the Kushikino station and clarify the mechanism of tilt change as a result of deformation of rock mass. Tilt
changes due to a small change in the gas phase pressure at the top of the rock cavern, approximately 10 kPa
pressure fluctuation, were analyzed and discussed. The gradient response due to the gas pressure change was
extracted from the measurement data by BAYTAP-G, and its magnitude was identified as 2 to 8 nrad, which
was almost the same tilt response magnitude observed at an issuance of stored crude oil. This tilt response to
the increase in tank gas pressure was numerically confirmed to originate from minute elastic deformation of
rock masses, by using finite element method. Because fluctuation of the gas phase pressure can be continuously
monitored, the effectiveness of tilt measurement was proved as a minute strain sensor for deformation of the
water-sealed type underground rock cavern.
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Placement of high precision tiltmeter in Kushikino base underground oil storage base.
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Fig.2 Internal gas pressure measurements in TK-101 and TK-103 during the period from January 1 to July 31, 2013.
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Fig.3 Tilt response of TU-3X component during the period from May 1 to July 1, 2013 (upper Fig. : original
tilt and calculated trend, middle Fig. : tidal response and barometric response, bottom Fig. : residual).
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Fig.5 Tilt response of TU-3Y component during the

period from May 1 to July 1, 2013 (upper Fig. : original tilt

and calculated trend, middle Fig. : tidal response and barometric response, bottom Fig. : residual).
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Fig.6 Internal gas pressure at TK-103 (blue dot), the response of TU-3Y component (orange), and time series
calculated by subtracting trend, tidal response, barometric response from original tilt data (*green curve),

during the period from May 1 to July 1, 2013.
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Table 1  Tilt response of each measurement point per

1 kPa to tank pressure increase.

a) Tilt response per 1 kPa gas pressure increase in TK-103.

tilt response[nrad]

site

X Y magnitude
TU-1 -2.0 0.9 22
TU-2 0.7 1.0 12
TU-3 -4.7 5.9 7.5
TU-4 -0.1 3.8 3.8

b) Tilt response per 1 kPa gas pressure increase in TK-101.

tilt response[nrad]

site

X Y magnitude
TU-1 -0.7 -0.1 0.7
TU-2 0.4 1.0 1.0
TU-3 -0.2 0.3 0.4
TU-4 1.2 1.7 2.1

-47nrad 2T 5 2 ERbnb, TNHORREE S EIZ, TK-103

227 OR/ME 1 kPa LRSS 2 TU-3 COBURNEE G AR 4
RDT= L ZAK 8nrad EFFH AL, MOHLANM A TIX 1 ~ 4 nrad

DIGEN RIS bive (Table 1), [RZFEIZIE, S 7 TK-101
DOKHEZEAIC ﬁTéTUlNTU4 B AHEEUREIZ SN T

HoR LTz,
ZONEEFICERN LZERO S ERE S 27 FLTERT
L Fig. 8 K U'Fig. 9D L9 ThH D, HMEH 7 TK-101 OKFAE
1 kPa 5% 9 HHRVRE 1L Z O e b & 5 A TU-4 A3
b RE<H2nrad TH Y, thOBEREIMN A TIE 1 nrad LT CThH o
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Fig.8 Magnitude and direction of the measured tilt response amount per 1 kPa internal gas pressure in TK-101.
Green is rock tank TK-101, pink wavy line is a fault confirmed at the time of construction.
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Magnitude and direction of the measured tilt response amount per 1 kPa internal gas pressure in TK-103.

Green is rock tank TK-103, pink wavy line is a fault confirmed at the time of construction.
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MOERZEERRT MUZdh T b BB Y o7 KT ARERL T 5 &
DIFE L HEIND, TOFRLEMIETE 2 FEIT, kAT
I IEAEfRT DA TH D, £ 2T, JBEHZ 7 TK-103 DX %
1 kPa B I &S W72 354 O JE DA D2 A IR TTA TREEFE 1 (FEM)
WWEVEE L, fieC By 7 BicAE T, oF
Fr, BIOIS BRI OWTHBET 5, T, Ay
ElhoEAFmoBmAizTT v E L, FROTHRIREEZRET 5,
S IZ K5 650 m, S$R1ELH M 200 m ThH Y, 10 fH o>
Mga 7 OREE, frE, BIRIEEREETmIC A b7 (Fig. 10)
B, BEX U7 TK-101 XA B X OB O 2 %6, %> 7 TK-
10213 A ~D D 4223 L ONTK-103 1 A ~D D 4 255720,
Bl 2 1E TK-102A ~ TK-102D |E h > 3Lz K v LT —>
DE T B LTS, HiE L IO S EIX Table 2 O X
INCH-2 D, T VEEOSRE G M ACE F O 2N, B X
O NI R T A DN % Z N ENR L2 T « U 7 LESE
LT 5, BEIEEMERR LRV ) A= BRTH D, fEEh
MR O = AR THEIT D, #ERATE T Lok v EIT2 Mk
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Fig.10 Numerical analysis model.
Table 2 Input parameter for numerical analysis.
Item Young’'s modulus Poisson’s ratio Remarks
rock 4GPa 0.25 H class rock!?
crude oil 1GPa 0.49 refer to science chronologylz)
-
g
=
g
k]
>
2
o
m . .
Reference Vectors[micro-meter] Dlsplacement[mlcro-meter]
001 o1 1
0 0001 0.002 001 002 01 02 1 2
Fig.11 Magnitude and direction of displacement per 1 kPa internal gas pressure increase in TK-103
(the unit of the displacement is um).
-
K
=
2
s
ks
=
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5}

Fig.12 Calculated tilt response contour map per 1 kPa internal gas pressure increase in TK-103 (warm
color: counterclockwise, cold color: clockwise).

LRV O THEO BEITBRE T, Ay v 7 KMBEMEYS o %EE
(Fig. 10 ® A5y ) ISR EAEH S¥ 25 Z & CRUMEEZ FEL
T 5,

Fig. 11 12 TK-103 O&AHTE ) % 1 kPa B9 S 72355 O a5 28
PEDORE S LTFMERT, TP WNTROERES 7 TH R
fHETEAED BN T DM Y, £ DAL TK103B K
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Fig. 12 (2R, BURHAAALE O FHICZERAGEE L, ZERNO
JENN AT Ty 7 ElOEBERR UILT Hivd &
D IRIEENNAE T, H 2 ARITCIEREEEY , AT R Y
DOFEREE 234 U5 EHENTX 5 (Fig. 13) . g% 7 TK-103

@ http://doi.org/10.247 3/journalofmmij.133.98




Vol.133, No.5, 2017

FlE S 7 DRAAEZABIC LD BRIEE 2NN & o O ) ARy 22 e VERT AT

Counterclockwise tilt _-i _i :

Clockwise tilt

Virtual horizontal plane

tank cavern

Crude Oil

of the virtual horizontal plane

Fig.13 Interpretation of tilt response around upper part of tank section.

2=y NOZ Y INED I kPa BN LY, %447 D EFT
TR RIS IEAOBARY — BB T DD DD, TU-3Hl
HTO X T OERZIT 4.5 nrad /554 (Table 3 &), =
FURFE A COERRE 47 nrad L IFERLCTH S, LoT, &
7 DKAED FFIE, 920 m B ICERE ST Sk
REEHAAICHRZ L & LCHND 2 & BEEMITIC X - T o

i, MUNRESMIED EHCH RS v REGDIXE S AT Z
LR, BREHCEo TR A DR EWA D, —FF, TK-103 05
HfERR L7 TU-1 e OV TU-4 [ OFEFTEIE, FRE L D /&0
FER L Teofond, ZOBE & L TAEIOMNT CITHE A58k )
DB ZEF L 2ol l-h B2 BN 5,

FEM fE RICE S < & a5 & v 7 JHIZ BV TH O nrad/kPa,
T 7B 1 kPa DXUHE EFITx U 1 prad F2EE OERIZE(LAE T
T LD, TR, BMRA LU D CEMBRAE LSS,
BANE CIEZOHE DO 1| OEBE L TEND Z L HEKRL T
WD, AR THRE Lz v 7 WREMS I AAEE DL L %
BRI ZEAGIE N b vdo B3 BAYTAP-G O FHIZ K - Tl
TEIZ LD, BRY U LR A SR EERIEHC L 0+
ICHECE D Z L ZHLMNTTET,

PLEORREN G, EREEERGHIB W TR A L OMRNGE 2
B sz, 1) EHSNBOMEM (Fl 20, JUELE), HES)
ICEDH0N, 2) D) BEESNDEE, ¥ 7 EBICEORA
B %02 (AN OB KELSOWATERIN R BB bb ),
WZOWCHERT DL e EEZDND, AL VI FHEDOB
RUSZ DM 2 TR OTEEE GAT 107 ~ 1072 4 — & —) 4 0
EARIZEAL (1,000 prad ~ 10,000 prad) (T AUE, & > 7 28 JE
T S OBIEBIR N & D AMREEN BV E WX D, RITIC L D
RO RABES 5 &, HABLHHINE TIXE DR E S O—OM
BURE T 725, 10 prad ~ 100 purad OZEALRAE U284, HE
BREL N2 D, Thbh, MEBSONILEZRE, ¥ o 7ifHic
BT BEAZEE T 10 prad ~ 100 prad LA EOZELANE & 72
WD bWz D,

5. FLDHESHRDFE

AHFETIE B R R T — 2 2 W2 B g 2 7 O )54
EMERHIFEOME L BN L L, HREHT — 2 220 OKAREIE
Beoy OH LAFRIR 7 SV DT, 3 L OSBRI & v iRt K
TS EHMOBEEEAT > T, O TR E L TICEHRIT 2,
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Table 3 Calculated tilt response of X component per 1 kPa internal
gas pressure increase in TK-103.

Site X component tilt[nrad]
TU-1 0.0
TU-2 1.0
TU-3 4.5
TU-4 0.3

(1) BAYTAP-G % FHWIVIZBIRLT — & 22 bW & KU IRE RS,
BLOEMM ML Y RS ERET 22N TE, Ay
7 ZABE DN 1 kPa ESFICHELIA L7 2 ~ 8 nrad & \»
I BN I T X 2 Z L b o Tz,

Q) BERIORE S L HMEERT 572012, FEOT HREE R
ELEAREREZHNT, ERONE LSS B EE
DENLZFE LT, TOFER, 1 kPa ¥ 7 KME BRI
LCz = hHPSfFr o R TR L um O k5 E 2L
DHEEEN, 2=y FD4Z 7 DWVTIT S A FROME
BELE IR D Z E R bhoTz,

(3) 1kPa @ ¥ > 7 KAHAJE L F 503 2 IS TU-3X A5y ¢ OB
ZALOFHRAEI 4.5 nrad TH Y, ZIUFIERED 4.7 nrad 1213
S LL, EROFMbRIS Lz, £, ¥ 27 NORY
P DEERE S DZEAIC L » TE L D & v 7 BEf T O}
ZACITHERIFFOISE L0 b K& <, $urad FRHE & 72 5 FTREME
MEMERE RN BT, Lo TC, B E L INDA R R
IRV 27 A OEBRIERE RN LTSS, Z o
EWOMERZIE, F—E X b RAANEOBLIIMER 2L D%
T~ L R B AR D B

@) EREMA T — 2 n bW - [IER S E MLy Ry %
BAYTAP-G IZ L > TV T/ H A DMZE LW HRYT — 4
WD, THEZEIC LD 5EY v 7 BD OB E+0 7k
JETCEARTEDZENHLMNTR ST,

WWISEDTHNSE X+ 1 ~4nrad TH Y EAEERN LRV E5 2
, BEZ & ORE RREKER S ITAIE 7 4 L Z TIEREISE N

FRTERN L, HIEREDRT v 7208 BREA < Mok

HIETERNZ EPNBUIROMBELATHY, ZnbHofk, BIO

DMERMED D & v 7 2 & OKAREZEE) O IRE By & R H B -

T 2 2 RS HBOBBEE 2D, ZRHOKE, BILURBIEO
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