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ABSTRACT

It is important to anticipate problems such as a large amount of spring water that occurs
during shafts construction and maintenance problems such as concentration of lining cracks
after shafts construction in advance, and to carry out construction in a rational manner. Crack
tensor from the rock mass information (cracks, strength) obtained by the construction of the
shafts of the Horonobe Underground Research Laboratory of the JAEA, aiming at the
selection of support and the implementation of spring water countermeasures. Based on the
theory, the research results were summarized with the aim of evaluating the water hydraulic
conductivity of the rock mass during shafts construction and the deteriorated condition of the
lining after shafts construction, and establishing a simple prediction method for these.

Chapter 1 summarizes the current state of rock mass geological observation and lining
maintenance in the shafts, the water permeability coefficient of the rock mass, and the past
domestic and overseas studies on the deterioration state of the lining, and the hydraulic
conductivity of the rock mass using the rock mass information. The purpose of this study was
clarified with the task of evaluating the deterioration state of the lining and establishing these
simple prediction methods.

In Chapter 2, crack tensor theory and stereology (statistical geometry) are used using
information (length, direction, opening width) of rock cracks during shafts construction. By
applying the concept, the three-dimensional permeable tensor was estimated accurately. Then,
when the hydraulic conductivity obtained from the three-dimensional hydraulic tensor and the
hydraulic conductivity based on the result of the in-situ permeability test using the deep
borehole near the shafts were compared, it was clarified that they were in good agreement. A
high correlation was obtained between the crack frequency obtained by dividing the total
length of the cracks obtained in the shafts construction by the evcavation surface area and the
hydraulic conductivity obtained from the three-dimensional hydraulic tensor. Therefore, we
proposed a method to easily predict the hydraulic conductivity of rock from the frequency of
cracks. The obtained prediction formula targets the depth at which three cross sections
orthogonal to each other can be obtained on the rock crack observation surface, but the

prediction formula was also obtained at a depth where three cross sections orthogonal to each
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other cannot be obtained. Comparing the hydraulic conductivity of the rock mass and the
hydraulic conductivity based on the in-situ permeability test results, it was clarified that they
are in good agreement.

In Chapter 3, the orientation dependence of the earth pressure is recognized in the
underground environment of the Horonobe Underground Research Center, and it is the major
principal stress direction in the shafts of the underground Laboratory. Cracks have occurred
on the lining wall surface in the east-west direction. However, the lining cracks in the shafts
at that point may depend not only on the orientation dependence of the ground pressure, but
also on the rock cracks on the back surface of the lining, the ground cover and the rock
strength. If a prediction formula for predicting lining deterioration can be created in
consideration, it will be useful information for countermeasures during construction, and
based on the crack tensor calculated based on the information on cracks, from the rock crack
tensor and rock strength. I proposed a method to estimate the deterioration condition of the
lining. The estimated value of the crack tensor regarding the deterioration of the lining using
the obtained prediction formula and the measured value calculated from the information of
the lining crack, assuming that the margin of error due to the relative error is 0.1, the
estimated value and the measured value are well one. I made it clear that I am doing it.

In Chapter 4, aiming at selection of rational support for shafts extension of underground
Research Laboratory planned in the future and implementation of spring water
countermeasures. | proposed a construction management system that applies the crack tensor
prediction method for rock hydraulic conductivity during shafts construction and
deterioration of lining after shafts construction. In the future, in order to select more rational
support and implement measures against spring water, the rock mass information (cracks and
rock mass strength) acquired during shafts construction will be obtained using the prediction
formulas established in Chapters 2 and 3. By predicting the hydraulic conductivity of the rock
and the crack tensor related to the deterioration of the lining, and reflecting it in the measures
against spring water in the rock mass and the measures against the deformation of the lining,
it can be expected to contribute to the reduction of maintenance costs.

Chapter 5 summarizes the research results in each chapter and raises future issues for

conclusion.
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N7 Mvn B, BE r~rtdr, B OWE t~t+dt E WO BEERNICHD 7 7 v 7 BT
ﬁ$%§%ﬁﬂmm%%w,mm&7y&®&6%¢MHm£MQMﬁf%5

(1) 299 2TV INVDESE
T T T IIIRICER R Ty 7T AR MENERE CENICT VY
LNETELELDTHY, RUDTL>-TEEINLIBEKZDOT IV THD.

7T L (Tm ;
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&gk, T, R/hoE#FRERL TN,

Flo, AAT—EBAIFEEXZ MICKHIGLTEERETHY, F OFETHD.
KxDEFMICKHIET DEMEE FLELF: 6T 58, 502807 7y 770V iExk
(11D L DT TR R IND.

F, F, Fy| |F, 0 0
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TR AL R S DOEER ¢=(1,0,0)l12 2V TORNFEOMERHE % — R FERE E 4 AV TR A
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BEAERFZE L L CHRIRZ 38 & LTBAKT v VIV OHEER B L HEERE O 21T -
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symm. N s;lsymm. 0.14 Jsymm. -0.86) Symm. 0.63 Symm. -0.44 lsymm. 0.07.
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symm.  F33]symm. 0.02 Jsymm. -0.05 symm. 0.07 symm. -0.35 symm. 0.12
Py, Py, P;5[2.80 1.13 -0.28 1.33 -0.40 0.15 1.83 -1.17 2.43 7.38 0.65 0.30) 2.39 0.88 1.62
P‘j(m2) Py Py -0.50 0.00|x10°'® 1.14 -0.21|x107'¢ 0.24 0.52[x10'° 6.87 -2.33|x10°"° 3.83 -0.38|x10*
symm.  Pj;lsymm. 0.36 symm. -1.14 symm. 3.51 Symm. -4.39 lSymm. 0.48
ki ki ki3 1.38 -0.09 0.23 1.91 0.03 -0.01 4.14 0.10 -0.20 0.42 -0.05 -0.02) 1.46 -0.73 -1.35
k,,(mz) koy ks 1.66 0.00|x107'® 1.93 0.02| x107'® 4.27 -0.04|x107'® 0.46 0.19x10™" 026 0.31|x10™"*
symm. k33 fsymm. 1.58 symm. 2.12 symm. 4.00 symm. 1.40 lsymm. 3.05
% Ky Ky Ki5[1.36 -0.09 0.23 1.88 0.03 -0.0T 4.06 0.10 -0.20 0.41 -0.05 -0.02) 1.43 -0.72 -1.32
m/‘i Ky Koy 1.63 0.00(x10” 1.89 0.02x10” 4.19 -0.04|x10” 0.45 0.19[x10® 0.26 0.31|x10®
(m/sec) symm. Kjfsymm. 1.55 symm. 2.08 symm. 3.92 Symm. 1.37 lsymm. 3.00.
T R
ZEEEG.L.- (m) 117.2 139.8 159.2 219.2 249.1
Fy 0.24 0.42 0.63 0.47 0.45
Ny Ny Nis[[023 -0.22 -0.19) 0.12 -0.28 -0.1§] 0.63 0.18 -0.08 0.34 0.10 0.18 1.02 -0.08 0.31
Ny Ny Ny 0.96 0.21 0.38 -0.12 0.54 -0.07 0.40 -0.06 0.43 -0.07
symm. N y;lsymm. -0.19 symm. 0.51 symm. -0.17 lsymm. 0.25 lsymm. -0.44.
Fy Fyy Fi5[0.05 -0.05 -0.04) 0.05 -0.12 -0.07) 0.40 0.11 -0.05 0.16 0.05 0.08 0.46 -0.04 0.14
Fy Fa Fo 0.23 0.05 0.16 -0.05 0.34 -0.04 0.19 -0.03 0.19 -0.03
symm.  F 3 lsymm. -0.04 Jsymm. 0.21], symm. -0.11 symm. 0.12 symm. -0.20
Py, Py, Pi5[0.35 -0.34 -0.23) 0.51 -1.20 -0.77) 5.57 1.62 -0.73 2.18 0.64 1.11 523 -041 1.62
P‘j(mz) Py Py 1.47 0.33[x10"° 1.63 -0.52[x10™" 4.80 -0.66|x10™"° 2.53 -0.37|x10°"° 2.19 -0.36|x10°"°
symm.  P33fsymm. -0.29 symm. 2.19 symm. -1.47 lsymm. 1.61 lsymm. -2.28
ki ki ki3)[5.04 028 0.19 8.23 1.00 0.64 0.71 -0.13  0.06 0.95 -0.05 -0.09 0.51 0.34 -0.13
k,,(mz) koy ks 4.11 -0.27|x107'® 7.30 0.44|x107' 0.78 0.05|x107"* 0.92 0.03|x10™" 0.76 0.30|x107"*
symm. k33 [symm. 5.57 symm. 6.83 symm. 1.3 lsymm. 0.99. lsymm. 1.13
K. Ky K1y Ki3[(4.95 028 0.19 8.08 0.98 0.63 0.70 -0.13 0.06 0.93 -0.05 -0.09 0.50 0.03 -0.13
¢ e o K=Ka 4.03 -0.27|x10” 7.16 0.43|x107 0.76 0.05x10™® 0.90 0.03[x10°® 0.75 0.03[x10™®
symm. K ssfsymm. 5.46 symm. 6.70 symm. 1.27) lsymm. 0.97 lsymm. 1.11

2. 4. 2. BRFKREOHEEREEOFM

B2.16127R T K D ICHE T gk ORERICBE D 2372 7 7 ¥ Ml LEHE O R E LIRS

VT O A L AR O KRR, R OVE 1 O P LR R Txi g & T B T KO KE IS
THEFEREBSETHZ 2R E LT, H B BEEES20.5mOBIZB W TEHEBA—Y 7 H
b NNCEBAR — U > 7 a AW BKRERE 4 i L T\ 517,

EEAR—Y 705 HIERRE 147.3m~520.5m X [# % % 512 Fhi L 72 BALAUKFRBRERAE 5
1, TREE 167.78m~232.33m X O X AEE KR EKIE 6.564 X 109m/sec, R 233.86m
~247.91m X O ¥ E8E KR EKIE 8.00 X 108m/sec BEHNTNS 17, 7ok, GoHhi-
EEEKREII B EZRBREGHE LRI O TH LT, YHEKBOBEEKFR
BOELHXFELATHRY. THO0X2HFET 2561, HBRXEALENIXE CEmT
HLIEEBRETHILERD.

SHURHIFFO BB EER L VEONTZEWVCER TS 3Wmon s 7 v 7 OFHRLY, 7

v 7T VBRI D WNNCAT LA R U — ORI E SV THEE L 7 BB KR O HEE
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FBEZFMT 570Il, HER CEMINIERAR—Y V7 E AW TcE KRR IV ED
N BEHE KRS & DB T 24T o 7=, 72721, JEALERBRITHEIH S 1Tm, R
725 81m BENIALE L BKOSIHULITFICHRE LTV DA, JRALERBREMEE L 14Tm L

HETHY, BARRBREMEE R OMKOSIHEE 140m, HFSLHUEE 90m THDH. FAKRBRET
A YRR DRI LI 351T DI BENE BIERE R L 0 BKRBRICE S BRA 2 7 v 7 1 35ER
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INTWRWew, FUEBREKRERE L CEHME L.

JRNLE DOF KRR L V&N BB EKIREITEKRT Y VOGO 5 S Kn & K OF1
ICHYET 5. /- T, R 23 ITRTEKT Y LLY, BBREKAEHEEE K=Kni+Ks &
LTHEHL, ZofRER24 1R

2.3\ LI B RS KR B HE E M & SR AL B OO S R id R AR ER D VR BE 43 A A B2.17 (@)l
Y. EOFER, EELS0mM~160m O EHEFE K IAEHE E MBI 109 m/sect — ¥ —, RE160m~
250m Ci108m/sect — 4 —Th v, FMEOABEEKRBER B KL TS

—7, AEEKRREOEREITHEEBD40%0 H80%EE /NS, ZiE, HEME TIX
77y DEFHEETFETHLAEDE L THEE LD THD. Z0ZEnh, EBEDY Z
v 7 OEFEHITERTIE RN EEB2oND. £, BBRFERKBROERE L H#HEEOENE
HEEOREADEEDOA L EX L L, EED 7 T v 7 OEEHA=ERAEMHEEME & Kb Ih,
ADHIFHIZ0.47°H0.8FRETH 5.

Mz T, RPFFETIL, TIEBEHMEBREER) G2 7 v 7 OROELZ —E72 0.03mm & {KE
LTS KRR EZHE L. LrL, ERIIT-ETIRES, X7 UyXbbde, 514,
HUBEMEBISRICB W CHIAERNR 7 7 v 7 ORFEWLRBROBZREL, 207 —2%2FATS
&, KO EBEKRBOMEREIIRM ET2EE2 605, £, (RFWRBOEZRES
HEMBHELTEIUE, 3 KTV 7 v 77 v VML 0 BBEE KRB HE T 570, X
O ZEKRBOWERENM ET 5B oD, FlziX, B2A70NRT LI Ty oD
B D82 — €222 0.027Tmm EARET D &, ERFEKFEITRE 160m~250m (BT, i
(LB DT KREBRAER L RES L TN D.

R 2.4 FTKT VLY RD AT KGR EE

it e BTV 5 KRB HE T fiFL
AL [PRP(m) K (m/sec) | Kp(m/isec) | K=K i+K 5 (m/sec)
83.0] 1.36x10° | 1.63x10 2.99x10
121.0[ 1.88x10 ° | 1.89x10 3.77x10
H 139.3] 4.06x10 ° | 4.19x10 *° 8.25x10
221.0] 4.10x10 ° | 4.50x10 *° 8.60x10
247.8| 1.43x10 ® | 2.60x10 1.69x10
117.2| 4.95x10 ° | 4.03x10 8.98x10
139.8] 8.08x10 ° | 7.16x10 1.52x10 -8
H 159.2| 7.00x10 ° | 7.60x10 ° 1.46x10 -8
219.2| 9.30x10 ° | 9.00x10 ° 1.83x10 ®
249.1| 5.00x10 ° | 7.50x10 *° 1.25x10 -®
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2. 4. 3. ABRFKFREOHEME L BN EHE L OHEE

i TR AT O BB KR A IR T 5 72 0121E, EWIZERT 5 3WRO 7 7 v 7 DFERIC
K&, 3R T I T U IAREKT VLY, BEEKREREHET D Z LITE
EThDH. 20D, SMHHIOERICHDOET, 3 Re7 7y 77 YMIEVHEELR
EREKBBOT —Z ZIEREEL TS LERH L.

—%, 3 RILY T v 7T VIV K DEEGEKREOHEE S B AR B B R TR TE
REOFMMBINY, MM TEOEBICKXELEZ L2010, ERIEBREIINEKRT HE
FEGK) 50m F)IZ LoMTHhiLe\. 20k, BEWIERT D SHmEO Y 7 v 7 nhiEbi
IRVREEIC DWW, E#ESIRITY 7 v 7 7 v VIV K D BBE KRR A HEE C& .
ST, B A 7V THLNHEEMEBER RO/ O NEII B HE & 5B R RRER D

C2WIED T T 7T Y Iv Fo L EBERBRBOBRZE ST L, 2 b oML v AEREM
WEWHEBR A > T, BRFEKEEEZMET S22 & & Lz, HEARXE VRO EBFE KR
BIIMELERTONT Y X8 H 5720, 3 RILT 7 v 77 2V MLV HEE LI aiEdE KR
E AT, AR,

(1) 2RI Fv 7TV VIV F & BBHEKEEOIEE
QWILD 2MaD T T v 77 Vv F i Ric L v RKQ29) e RENb. 207 7 v 7
TUIINVDE—REETH D FlL, FeF+F» TRO LS.

F, = 55(r“52 “p o (i,j=12) (2.29)

2QWIET T I TV Fy CHEE LT B ERKREROEE AR 218 (R T. T 2T, it

#l OB RHE AR BUIR TR DO LTS, RIRILY, 2Ly T 7T VIV F EHEE LT

EEE KR IIHFIRIRICH Y, 2WRTZ T v 7T v VIV Foid 11 LTI % A a8

FREOFBMREITH 0.5 L HERIEV. LT, 2RITZ T v 7T VIV Fy SHEE LT EiE
BRSO MBERITH(2.30) & kD Bz,

logioK = 0.0354F, — 8.1422 (2.30)

\

S

12, KiZiZkEE(mlsec), Fo 132RTV T 7TV I NVDE-FREETHH.

(Y
(Y

(2) Fh BB L ARFH KD
FINEMEL, BELLEENEOR S ORMEZBIEMR L > BEmOmBE TR LIZET
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~

logKO = 0.0354F0 - 8.1422
BRI R=04
L )

3

L
Y=
Z

0
B
=
)

R) 6
2RITLISVI T /)l/E,

218 2WILT T v 7T v VIV F, L EMEE KRS O BEE

HY, ZOWIEIE(m/m2)Th 5 1916,

BN BB LHEE Lo B RE KR OB A E2.191R . 22T, oS sE KR
Xt TRDOLTWD. FIR LY, BB L H#EE LS BB KRB L BIRIRICH 0
FlAv BB 3m/m2LL TSk 3 2 EARE KR O FEBIRET#90.7 & BBV E . £ LT, Fin
HAREE & HEE L 7o B E KR ORI Q3) Eskd b,

log,, K =0.2223c —8.3009 (231
Z 2T, KidEE kiR (m/sec), addEiBHEE(mM/m2)TH 5.

243 (NEITIME LIZ2RITY T v 7 T 2 VIV & BB RGO & el LT, HEEL
To BB KRS & BBV B E R L 0 & O N2 BEEEIC DUV CIT A S O FEBE 2NV
HEITWD Z Enh, SCHURANCAE O TTBEHE BEE R OB BEE ) b S BE KR A T
HTxD.

KQRINTRT TR E K 2.20 (R THRESIHLE BSOS REOEIN BAEE 2 AV,
FRE OEEFHRIGBAME LR EZR 221 IR T. 7ok, B220 27T X928 E
BEFE 3m/m2 AR DIREN D L1280, —HTRIRASMEL TS, B221 kv, BIhEE
FE s BHEE U T2 B KR BHE E (B, VREE 50m~160m O A% KRS E MBI 109m/sec
A —H—, FEE 160m~250m TiL 108m/sec A — 4 —ThH Y, 3RTY T v 7TV ILink
OWEEM & LT, MREAEDPBNL TS 00, FEMICIT2ERICSIRE O EEE
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MOHEE LI BB KR EEII 3 Rty 7 v 7 TV A D OWEE & R LT, K&
DAL TND.

Ziux, K3V RTFRHRKICEBN T, ISEHEOENBEEEDIXLSENH Y, K
ERHEDVBRL 2N L, BEIIHLOBERE 160m~210m (28T, HlHHEE 3Sm/m? %8
257, THUXREIMELIZZENTNTNWDLIEDEEZ NS, £ LT, FInBHEEDOE
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A3 L& (RRSLHT, WY ICKDEBEVWRH D600, FHEREOEINBEEND
HEE L 7o KRB E B, MRS RSB F LA — 4 —Th 5.

=)
|30 BAEEE > O BB KR TRICE UL, ELETOBKENHEETE, F7UF
7 DBHEOFEOREFEFEIR L TONDS. ARTLE8BEKBEIZONTIE, #HEMELEE
BEZ BT 2 EMETEFONRNT Y X08H5 500, BEEKFEROF—7—ITR< —FL
TWDHZEmD, HELEEBBEKREOA—F—DBENENIZENEEZLND.

S BIYHRRI OEBICHDOE T, AEWIERT D SEHEAEONLERE TIZ3KRITLY 7
VI T Y ISR ERFERGERATEE L, IERT — 2 2E5ET52 L2k, FlivEEE
& ERFHERRBOHBEROBE LSO T MERH L. Fo, RETITEE 250m £T%
XL Lo, 8T T v I DHERSNTBLTHEY T v 7 OHOSHTE o2, %
BE 250m LIEIZOWTIE, AN X > TRELTERY 7 v 7 PHERINTND Z L b,
%, MEZ T 7 kR T v 7 OBNEZE LN - Fia LT\ Z & & Lz,

i

2. 5. £&®
W HIE % Hi1 & B JEFT M T MR DL A x5 & LT, IRANCFE O STBEHE B S R IC R S< 7

7 v 7T DI HHEE LIS BB AR OFEIZ DWW TE LN RIIU T O LB .

(1) GUBEHIEBEMER LY, BEWCER T2 3MED 7 7 v 7 ICBT 2 FRE S, Hh, H
M8 % %12, Kanatani MER LI AT LAY —OEEZAWC3KRITD I T v I T
Y NRFKT Y NEHES D LINTE T,

(2) IBEHMIEBIEIC BT 27 7 v 7 OFERELY, 77 v 7BAOEE —EH> 0.03mm & E
L CEKT YV aHEE LT ARKR R &, SITUR B ORE AR — Y o 73L& RV T2 JRAL
BB KRR RICESARBERFEZ BT 5L, B ELTWD T ERghol.
LoL, EFECEFAOBIEI—ECIIES, XT7YXEH 5700, JEEHEHZEIZIWTH)
EW7R 7 Ty 7 ORERBOBLZRIEL, €07 —2 Z2FATHIE, K0 E8RHEKREK
DOHWEEREIIM ET52LE2ON5.

(3) EVNZEZT 5 3 Wi 23% DAL D REICI T, SEHURANC L 5 YTBE T E Bl 2 Rl &
SLENBHEEL 3 RTY 7 v 7T v YT E VHEE L aiE K ERERIC oWV Tl
IR WEBENE bz, ZOMBEEAWT, EWZERT S 3 WS DIV VREC
BNTH, FEEMEBSEERICESSENEHELY, SBFEKGEN TR TS,
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FEIE MHOBIHERBOHER O KT FRIFE

3. 1. IIC®HIC

PREERED N R UR R T REMEL, BEREMARERT L2 ThY, HAS
MR OMREEN T2 ETHS. LirL, AT MR VOERICH S BENRERS
nNTn5g.

R FNVBTORENRERE LT, 77y 7, BK, BAL - EF, HEE- #H%e Enz
FTohd. B, BLICEAELLY 7y 7ICBET2EHRIL, MRV ORSELZHET S E
T LUCHEFICEERINTND V. ZORSFEGELEL, HREHELIT O SHEETED
LILTWD A, b OBIREELY EENDOFBINCHHET 2 = L 13#E L <, HiliEo
RERA RN LD & ZABRKREN EnD, BB OFBIRNCEHE T 2 5~ ZekErra i
FIEOBFBRENTND.

ZHLIEHRT, FURVRHIRCRET DERY Ty 7 EB T a7 ) — NIRET DY
Ty ZICOWTEEEZFMETE NI, BTar 7 ) — D7 T v 7 BAENTRESNS @
IZBWT R RURBIREOHIBED 7 Z » 7 OFRFED LU R R LA T Z L Ic k> TEL
a7 V= NREOV 7 v 7BEOMANFETELLEELXBNS.

Z 2T, ENO bR VIEICKT 2 HBEEBIEICET A EmARE LR, BHE
DHEED 7 Z v 7 LBITOV 7 v 7 OFE®R (B, FM, O #BEL WD Forxr
T, WIERHEHFZERT O SCHIREI TEICB WX, | ¥4 70 2m BICHIBERIE L, B
TOr 7y 7BEIZEY, HMZZ 7y 7RAEBELIToTCWHID, KIFEELERT 5 ETY
BEREREZBE L TNDZ ERGhoT.

INETIE, BBEMEICY Ty T YV PR EAINTHhDLEN, BLar s ) —
N Z o2 LTh 27y 7 ORERHRLHAOBICET 2FERVELNDLTD, 7T
I NVEROMANEEETHD V. T LT, hURVBHIBEOSEE S Ty L BTV
7 V) — MELEOBLY 7 v 7 ORERLFHE L-2F T 2 £ TR STV 2R,

S%TE S TN D B UV B EBEEEY) O #8105y 85 ORESR ST C, AlEbiEEY T v
JWBFDI Ty 7T INnG, BT 77 OHCIET L7 79 0T VR TFRIT
XX, BTV 77 0HCEATH I 7 v 0T IYNVRRKRELIRD T T v 7 OFELNIC
DWTHBRYEECEY 2t R AT Z & C, BLY 7 v 7 OFELMHILERL /RS 5.
SEHUREIRF OB Y T v 7 ENIVIE TR OB LY 7 v 7 OFEMNIZOWT, 7Ty 7TV
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WEERZ AW THON L, SIHUREIR OEBOEFRN O Y Lk 0@ LA LREL B L0
LEEIC LV EEBMICTHEIL 72 & ZAICHRER O NTMAERH 5.

ARETIE, SIHIBAIRIRREICRS T HEERET —XICLY, SRIBEY 7 v LEBT
7F w7 OMBEBRICONT, 7T v 77/ LVEGHRZER L CERMICON L, FIEHE
NEFEEZEIBBTHLILEZEZBE LT, BRIBEY 797 TV Y ANLEBELOSIKICHE
TH7 T TV NVERETIFEERE L. 51, BRELZTFHFEE MO
WAL, EMARBLOSICET L2 777 0 Y VOHEERE %5 L 72

3. 2. BBOITFTITUINEBIOLCICETE2 v 7TV I NVDORE
SRR O 7 7 v 7 LBIMITEOEBLY 7 v 7 OFEMEIZOWT, SLHIOMRIEEZ
B L COMT 272D 2RTTOEE Y 7 v 7T Vb NCBT.OSICET 7 T
IT NV EREATS.

3. 2. 1. #BDIFvITVINVDOERE

77w 0T YL, ABRFORENBEORMFAEELT Y LVETRLIEZBDTHD.
2 WL D7 T v 7 ORTRIZET 52 BEO T T v 7T V)V Fpld, IERTXG.HD L 9
ICEFRSND 2. 2B, BNESAT =7 7 v 70X ) R REliEZ, % OMEEH 2R
WLV IES, ZZ2TlE, 77 v 7 LS.

1 m
—> (")y’nPn 3.1)

F, =
/ A k=1

22U, miIBEEOREL m)FICEENTWD Y Ty 7 ORKTHD. KERBDYZ T v
7 ESIPVIZBWT, n0RXitl(i=12) T AEEZ VLT D L, FORRG (I, m)IEENER
(cos O™, sin 9P )L F£bB 2. FO&S TG 20)~KB22)NIEL, 7T v 7 OBEELET
7T 0TI IVEE—RERBFIIRG)ICEKDT. BAIIERTTHD.

1 m

a:Ezw%%%wm (3.2a)
k=1
F,=F, = %Z(Z("))2 cosd" sing™ (3.2b)
k=1
1 m .
Fo= =3 () sin* 6% (3.20)
k=1

_77_



Fy=F, +F, (3.2d)

3. 2. 2. BIOHICEATR 27TV Y ILVOEE
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2T RWIIE, SIEOEITHESEIL Y = OFEEICEATE 2 LTV 5.
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ERTRE OOERNELND. 2 RITERDZ 7 v 7 ONHRICB T BT 7 v 7 01k

BT uSiE, MEE TGO LHIICEE L
1 m
S, = ZZ%“%“n}“n}“ (3.3)
k=1

S;DERAIEKGB.4a)~KB 4K L, BLOKILELZRT I T v 7TV IVE-RERS,
1IRX@BA4d)IZKR DT, BALITERTTHD.

S =310 cos? 9 (3.42)
k=1
S, =5, =l21(")t“‘) cos 8" sing"® (3.4b)
k=1
S, = %21%(“ sin” 99 (3.4¢)
k=1
So=8,+85,, (3.4d)
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™), R (o, p,P) 1R LT, RGSHEVAE IVEEHT .
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N, EREE 250m BAYRILE, R4 T v 708, TREE 250m LIRIIRNAE Y T v 7 LT T v T b
DHEEDV Ty IR LTEBY, MEICOWTY T v 7T v V)L Fy CIaiEIc B L
F&2E 3.7(@)~bNRT. FR L0 IERE 250m URITREICHE L TRERZ 77 D0 T v
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TW5. Bz, BE 150m~160m DAL 155m TH 5.
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3. 3. 4. BRI T ITUVINEBIDHUCET D7 T v 7T Y )VOREERSHT

(EBF) B AR F S50 B S AR OB R H B I TR & o % — O FEBREE ISV TS, HUED F
AARTFED TR DL, MR OISR W TR RFEIR S FH R T 5 HPE R OB TR
77y N EL TS, LPLRBG, YEHGIZBITOSHOBTLY 7 v 71%, HED
FAEAFEC X D b DI TR, BLEEOER Y 7 v 7, HLgh D5 BmEIC HIK
FLTCWORIEEERH DL Z b, A7 T 7 BT 7y 7O C, a7 777
VI INE EBTOPICETD I T 7T IS DT — 2 2 NTERY T v 7 DEE L
BLOLEOBEEMEICOWTHOIT 21T o 72,

X 3.12(a)~ (D)W EID BT T v 7T v Vv FyOIRESH 2T, K 3.3 [ORTIRIE
HR OFFARE OB R FIG O SRS REBE L C, HEHFH CTHHMEK A LEKC, it
FETHHEE B EfEE D TRBLTORLTWS. B 3.13(@)~(b)IZ &I OB T 0L
BT57 7y 770V S DIEESAZr7. B 3.13(a)k 0 ik A L8k C TIEELHo
— XM ARV TEER 0 THRR L TRV, R 3.13(b)LY, SSIHLOMEE B & 58K D (2o
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Fo, BLY 77 OREICONTL, BT T v 77 Vv Fy O FIEIHE DK
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TT ISR ER B2 D EE X, MLV 72 b NS — Bl ERER < & B LA ROV
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X 3.16 —EhiEMERS LB LOBICETL7 7 v 77 Vv S OB

3. 3. 5. BRI TV ITUVINEBIDHLIZET DY T v 7T Y VOEENRSHT
334 F TR L HICHMBIOEEY T 772V Fo, HIILHEY 70 & DN AR TREE & 78
TOHICET D7 T v 7T 0 S)IIZBIBMRIZ & 2 3R EITRW. BT 7 v 7 0
FEEIZOWTIE, B7 7 v 77 0 V)b Fp ol v OB ENB TOLICE T2 7
DI TUIN S BEE G5 LG, BTOSICEAT S 7 v 77V S, & BRIZE
B, HWpOERT T 070V )v Fy, SBREEOHILHKY, 725 NE O —#iEfER S
A L LT, EEUFOHT 2 Ek L7z

BEFSHIER L7 — 2 3Rt G L L, FRploEEs 7 v 77 Y Iv FliE
3.12(a) £ B 3.12(b) & L, MHUEEIIMEXMOPRIESE L. £z, BB —EEMRERS (2
WTIE, B31A7 ZHW e, 22T, BLICZ 7y 7 BREL TR WVEEOBTOS{LIZE
THI T TN S=0 IR E L, BLICY 7y 7 REAEL TV DHmEXg L LT
HENFTEIT T2

HEFHTOMRER, T 3.2@IIFT LI ICHEROBLOLICET L7 7y 7TV
Sp & BRBAZ SR LC, EMABREUL 0.79~0.92 NELI, FRBIOE®RS 7770V
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v, SHEXMONHURE R D NEBO—MEMHFERI LHE LB LOSICET L7 7y
77 OFBRIE, KRG 7a)~KGB TR TLr koo, = 2C, K(3.7a)lLEK
BIZBWCHE LB LOLILICEAT 22 7 v 772V v Sy, (3. 7b) T D 12\ CHE
ELTEBLIOSBIICETE 2 T v 7T Vv Sy, RGBI)IEMERICBWNTCHE LI-BLO
PN T D27 T v 770V SoaRT . SHEBICKT 28R BUITR 320N RT LB T
bDH. B, BERA LERCICOVWTE, BT 7y 7HYOT —4 R 2~3 HE D7 H#fE
ERNELNRNTZDRIEGHNE Lz, HELEBTLORICET L7 Ty 77V S &9
BRI T o 7 DFERIOEE T T o 7T Vv Fpl o0 T, EmOWHEBEREAE LT
HZEnn, SHURANCFE D VBB SR RO FMBOER Y T v 7T VIV Fy, RHRKX
BIOHILKE Y 72 & NS R R OBBE—#MEMRFRI N OBLOSICET L 7y 770 Y
Sy IATRITE S.

logfs = -5.953 + 0.040g + 0.1214 + 0.075i - 0.148j - 0.004k + 0.002/ (3.7a)
logfp = -3.458 - 0.437g + 0.322h - 0.200i + 0.100; - 0.003k + 0.005/ (3.7b)
log f =1og((10"¢/s +10"¢/>)/ 4) (3.7¢)
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#B 3.18 |27 . FKEL Y, BESHIZBW CHEEMEILAEE C-5.5~-4.4 (3.4X106~3.7
X 1075) OFFH CFBME TR ELME C-6.6~-4.5 (2.5 X 107~3.4 X 105) O&FH CTHRE L T 5.
BRI OV THEEE & FHAME O 7247 2 FHAE ChR L 72 FFO#EHE 2 FEXIFE 7 RE & L, #H
MHEEZEOE A N7 T AL LTR3A9IR L. FEMEEL 0.1 GHEETE10%) 75 L&,
HEEM L FHIMEIZR < —B L TWD. HXBEAZERRKEWREICOW T, RRERO AR
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_97_



r:@

o
ﬂ(ﬁ
59
ML\

100 150 200 250 300
EE(m)

X 3.18 BLOLILICET A7 T v 752 VL S, OHAIE & HEEMEOIRE SR (ESLHTL)

K 3.19 fHXEZEOL A N T A (HIHD)

_98-



3. 3. 6. EFFNOBEAH

3.3 5 HTRO T TFRXOBRGI & LT, WILHL L FRRICHIARE N B2 5 2 TH
LHKSIYUCHOWT, BLY 7 v 7 OFEEIZHONTIE, FRABOEERs 7757V Fy
AR RECHUILE Y 23, BLOPBKICET L7 7 v 770 N S)ll B2 H5EZ2DHEER,
B 312 SR T HMAOEME Y 5y 7700, HligE Y, 735 ONCE 3.20 1273 1EE 50~
350m THEMLi-Ta—F v FRFEEERER O R SHE LA m O—#EfERE L XK
(MR TFRRZANC, BTOLICET L7 7 v 77 VIV Sou #iEE LT-fER %K 3.21
WRT. PREC, BT 7 v 7 0EHRES, JFh, BOICE v EH LZFBEIEL R LT
W5, FREY, *EIET-5.4~-4.3 (38.7X106~4.4X103) O#FH, FHEMEIZEIE T6.5
~-4.7 (2.9X107~2.0X10%) OHiFH THZE L T\ 5,

BIREICHOWTHEEE & FHAIE O 757 % FHANE Tl L 72 REOAEXHE 2 AE XA RE & L,
FHRREZDOE A N7 T AL LTH 3.22 1R L. FFAEZEY 0.1 GHETE10%) L2
&, HEMEELFHIMEIZR B L TWD. HMBEEPREWVREICOWTL, BERFIEHO
BEFROIXOSE ORELZIT, BEROERT 79 7T VIV NEE LI EREX
bivd.

B2 IR TMHSELICHES BTV 7 v 7 OFEIZ DWW TR L. FRIZIESIHL O T
Eepr (JEHIEE, BT oy 27 U— N THE, BTar 7V — MNE{LER) (CBT2BT 7 v 7
OFEWEZTRL TS, SHOKTIE Ilm 2 2 FEHEAI L% CE L2 27 ) — MIX VT
KT2Ha— ATy T7TETHY, SHLERLETEICOWTERAION TR, HED
BHED T DBETHDHEMT T v 7T VI Fy OBMERE LR R IGO0 =I5 o
WMEEAOEELZZIT T, BLIZ 7y I7BRELTNWDLZEEZRLTWD., 2L, Tl
KOBRICHIZ-> T, ALK D 5 HEBREIZ OV CUIYFEHAICRESND OO,
FRIKXOBREDS 2 1%, YHHMRIZIREIND SO TITEN. f] 20X, REEEFTEE
VE—UNDONHETRICEB T a7 ) — NIRBET D7 7 v o BLOLKIIZET S 7
I TUYN) BWETDHHRE, BRI T v 0Ty Y VITERERBE LY, Lo i3kt
SHEOTHY KV, —EENER S (e RER A F A LSS R ERR L BUSARETH
HZEMD, ZRHORT A —Z TBEFTRE Td 5 7o OO ST HTERR B C b @A ATREC
HY, =L TESL. £, BIEERHENEE X — T, FIEMEO FAKFERTRO 6
NTWBT2s, WIHIHED Sl a2 EE L2 2 SOMERZRE LD, RES1ALN

_99_



ROBETIX 1 SORTELaY 7 U — MNIREAET D2 T v 7 (BIAHCETE2 T 97
TUVN) PMEETE L. A%, (ENH BARTF O FER IR RS & o ¥ — Tl
FE500m £ THEAIT 5 TETH D720, RFFETH LI LR RELEHR T 5 L & bIg,
MOSHUCEA L W&, ERAEEZED TN Z L THEROKEER EE2X > T <.

INETOGHRERICESE, MHUIBTLBLY 7 v 7 OFAERRIL, WIHIHIEDKFE
ENOFEFHEICER L TWD E ZANRKENLDOD, BLEROEBOVAENLRY T v
7 DEBATFRIIRERNE, HULE Y S BBEOREBRLERL TV LG, THEEBREL
RT3, £ LT, BLEROGMBOERT T v 7T )V FooaEisE N bE
TOHICET D7 7 v TV SoHEE CENIEL, BL=a 7 U — M LN @ 7225%f
RIAERLT, BLY 77 OREZMHTELILETRELTND.

25

o}
o AR LT

® 20 o) (@)
o
= o
o)
@ 15
{ =
I
= 10
I
I
# 5

O | | | | |

50 100 150 200 250 300 350
EE (m)

X 3.20 EMEOHETE —BIENETR S ORE SR (ARSI

-100 -



X 3.21

e
o
oK

ETNOHI!

200

EE(m)

K 3.22 fHXREZEOE A N T A (#KILHL)

-101 -



BIOVO)—RET

323 WLV T v I FAEAD=AL

-102 -



3. 4. ¥&¥

PRI H B A FEFTHL P hEs% O STt x5 & LC, SEHURENCfE S STEE BB E R 2 v
T, 57T T U ININOBLIOBIIET L7 7 v 0T oI NEHRET LD FEORSE
WZOWTELNTHRIZLLTO LEBY.

(1) 582 5 o 2387 59 7 DEIGNEL , BT T v 71362 7 v 7 0BG RE N &
D, WEIIIBEEMEME. SIHTOME TEFT L TEO&ES N T\ D 2 & PHBED S
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DOIFNCEEBRTE D B2 615,
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KEANWT, AWCERT 2 SHEO Y 7 v 7 OFERDELNRVEEICB N TE, il
EEE KRS FRIT 2 REEIREL TN D,

F7o, LD 290, YFH T RFZERIER O SIHUME TRFOFESR A FAVWC, BTV 7 v 7 O
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4. 2. NROABRFEKFERLEBISHCREBOFRFEOERICET RRE

4. 2. 1. MHOBBRZKEEO FRFEOHER BT 5RR

(1) BAKEICBETEI7F 7T YN
EENOREGEICIR D BAKEICET 57 7 v 77 v Vv P iR AT, K@) X
INIRIND.

—E o (T (2.3
4 .[o Io J;{ romn E(n,r,t)dQdrdt @1

TS, PR TV DEE, r 37T v OREEE, r 1Xr ORKE, n 137 T
DFERART v n OFEER X, DRy (ij=1~3), E(n, NITERT7 bvn EREES r O
WatH oM & 5 2 D HERE R, QFEFAZRL TWD. FEREERI EMmr)it
FHOICMNL CTH D EREL T, REDIFR@2)D X 51z, BFFHAT—XICLVFET S
ZENHKRD.

N(q)

_ 3
- <> N, (4.2)

<|n-q|>
Z 2T, NIIHA ¢ ICEBRE ANTBROBMEIST-VDT T v 7 EOREHTH
v, NOZF AT DM ERE<n -q|>TEID &, HM gl X OBRNW—E[EIZRD. <r>
$7 7 v 7 OFRAMRD 3 3], NjiZ7 7y 7 DOFMOMHRICL>TEED 20T Y
INTHD.
ZOFKMEICET D7 T v 7T Vv Py HDRFEMEICET 2E KT VL kyilE
(43)TRbIND.

A
=5 (RS, =B *3)

SilX7 B Xy N—DTNETHDH. £, NIV T v 7 OEERIETE LI AD T —
THD. ADFMIT0=A=1 TH Y, 7 7 v 7 HEOHEBEENERRBAIT 1ICELL,
75y JAHERFEEICEB L TOARVBENR 0B LR, 22T, 7 v rie
T THDHELTA=L EIREL, BT YV kim)ZFE L. &6, Zi—
TR OFE KR Kij (m/sec) (4.4 KV EHE L. EHIEE g% 9.81m/sec?, KD
Bk vE 1.0 X 106m2/sec(ZKiE 20°C) & L7=.

K, =%k, (4.4)
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(2) BRFKEEOTHFE

BRI Ty OER (RS, M, HAE) #2677y 77 Y VHERLAT VAR
U— (EHEME) OMELZ#EA L CERERRRAHEE L, TBEMERED Y 7 v
[ZBET 2 EHR O LS VR VRE L TRIRIC K 0 S REKREEAHET 2 2 Lick
0, EEKXEIZOWTIXY 7 U F 7 OFERMIC LY GUEEE EEE OFRKRE 2 KR
L7z DYWL TH Z ENHED.

(E#F) BARET AR EEL, Tk 18 £ 1 Alcdb s b W IRERBRIMLE & ks
L7e TREZEHERFFERT OB K IC BT 2 HEE ) ICHESWC, BUERHB TR &
D1 BH-0 OPKkEE T50m3 LT E LTWA., IEBE X T, KRIH%E 140.5m
ECHRAI L 72 mlic C, RSLEUI B O HUE 18 0 K M % 0 HUB BRBE A M 2 35 L4
B D700, MRILHOF.00 EERERAE G MK 1Tm OALEZ, HEHIR 520m D7
J@R—V 72 mEI L. ZoOR—U ZPRERBRERNS, MKSIHIORE 250m LIRS
BB OB SR S, BESTESFOL DI, MERBAHRNILETH D LH
Wrl7z. ZooZ &nb, SIHHRANIE S BAKEZIHIT 272012, #REE 250m LARD L
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B BEEI 0.1Lu(=1.0X108m/sec) LA T T % 9.

B 4.1 2R TR O S IEERKREIC L 2 BKLETORE Y 2 —I2B8\ T, 1§
FEHN AN 51 B SEYUE TR ICHIBEME BRI L VI L7227 7 » 7 OfF#» 6 1L S 9
PRE LRSI L 0 EBE KRR EHEE LR, RRBEETHS 0.1Lu KiET
biUL, WOMBHNZHET2Y, 0.1Lu LA E 10Lu i ChIVUIEmBEKM OB % 5t -
EHi L, 10Lu ML ETHIUTEBLET D L) K9 REAHE ORI ERE R EE TE N
X, AEMICEASIR TAREHEKS. o, ABOKEBE[EICONTE, FHEo
HTOEESCBLORNFHEZER L CRETILERDS.

log,, K =0.2223cx —8.3009 (4.5)

Z 2, KIaiE KR (m/see), ol3EIH BHEEmM/mM) TH 5. 72k, i BHEE,
BIRLIENEORIORMEBIEMGE L RoLBEMOEECRLIEMETHY, TOK
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BAEEE > DHEE U 7o BB KRS TE MBI, RS 50m~160m O &% KR I HE E fE I
10°m/sec A —4—, EE 160m~250m TiL 108m/sec A —%—Th b V. ZOFER%E

H
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2. 2. MHIOBTH{LREBOTFHFEOEAICET 87

(1) BIoOHIBET STy 7T YN

AT O R XV OERRED D LB TOY 7 v 712250, 77 v 7 DiERESHIE
DEITIIEM CTHDLEEZXDE, 77 v 7 OEBRIATEEMICIEZ D Z LITFRETH
5. KEBOBLY 7 v 713, RIW, BEOE, n®XXi(i=1,2)& 2T AE 0VOIER
BNELND. 2 RITHER GIEEBAMY) OV T v 7 ONHRICBT BT 7 v 7 D%
RICBET 27 T v 77 Y SiE, MER TH4.6)D L HICERER I NDHY.
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b1 BEATERTTHD.
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(2) 29 v 7T v I NVEEBIZRAW S SBEEESE]
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OEHEYS LIREL, 3 R CTOFIGNHIEL, SREICE 1 & LGS, KERNEKR
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(3) BISHLIRBOTFHIFiE

SEHUELRED R XVHBED 7 T 7 OIFHRE Y, LIS 2903 E L 72 (4.8a)~K
(48R T B LAHLIRED FRIXZ AT, BLOBICETL7 7y 7TV S
R D, 22T, R48a) A B ICBWTHE L -BLOLKICET S 5y 7T
Vv Se, Hi(4.8b)ILEE D ICBWTHEE LB LoOHICET 527 7 v 77 VL S,
(4.8 TR BRI W THE LB LOSICET L7 7 v 7 7YV SoaeRT.%
DFERICBLTOVENOHELEYE L BTOAHLOEITHLZRERICFEM L C, BIHL
[EHTOMME - RO LI A HIWTT 5.

logfs = -5.953 + 0.040g + 0.1214 + 0.075i - 0.148] - 0.004k + 0.002/ (4.82)
logfp = -3.458 - 0.437g +0.322/ - 0.200i + 0.100; - 0.003k + 0.005/ (4.8b)
log /" =1og((10°¢/7 +10"%/7)/4) (4.8¢)
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T IV Fo, i B C OB T T VIV, jED OB T T
v Fo, k: ®SBXEOMILKEEY (m), 1: *EXHEOEE—#hTHEE S (MPa)
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