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Development of the Coupled Model for Thermal, Hydrological, and

Mechanical Processes in Geological Disposal (IV)

Masakazu Chijimatsu*
Tran Duc Phi Oanh*

Kiyoshi Amemiya**
Abstract

In the case of geological disposal of high level radicactive wastes, a coupled phenomenon
involving thermal (T), hydrological (H), and mechanical (M) processes occurs in the buffer
materials and surrounding rocks. This coupled phenomenon implies hydromechanical (HM)
processes by heat dispersion, thermomechanical (TM)processes by ground water seepage,and
thermohydrological (TH) processes by swelling of buffer materials and deformation of
surrounding rocks.

Therefore the responses of buffer and rock mass cannot be predicted by the models
considering each processes independently,

In the research herein,the study was made on the mechanisms of water movement in the
buffer under the temperature gradient conditions and also the reviews were made o develop
the coupled model, and the code for thermal,hydrological and mechanical (THM) processes of
engineering barriers.

Furthermore, butter compaction tests were performed in order to study the design of in-situ
thermal,hydrological and mechanical (THM)experiment.

Work performed by HAZAMA Corporation under contract with Power Reactor and Nuclear Fuel
Development Corporation (PNC).

PNC Liaison : Tadashi Mano, Waste Technology Development Division, Geological Isolation
Technology Section

* 1 Technical Research Institute of HAZAMA Corporation

** . Nuclear Power Department of HAZAMA Corporation
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(1) BEARK &3 KABBIET 5 HY
BEARICL 2KGBENCHETARE D 20Tk, LTOEEHEVE, 2RO TER44E
BEIER L EERABROBIT IO RDETHS, L L. ZOEEHERIINY M4 F100%
DIFETHEDT, SENY M A MOBOHEOEITICHVRICE L, D, DEIXBELTRo

TV b,
Dy, =4.05%10" %em?/sC (2-12)
a=1.38 (2-13)
T,=25C (2-14)

(2) KAUEUFER UFAEKRR
TRIEH ORDIFARE R UARALERBEIZ DWW T, E2-15105R T 0% v,

(3) FEIFIAKO4E
R OABEIRGIFE SOV TR, BH2-161FR7T b O% v,

(4) REMOBIEZEEBK,,. HB(pC,),
FREM OBARERE Ky B (0 C,) I LTHB BRI B OERFE R4 b L 12, izl
BEIC OV TERERMEREOME, HACOSOWTEIAREKRE L BETEEOMEL LTUT O

Kry=033+3.18 (kcallm/hr/°C ) (2-15)
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(PCy)m = (kcallkg/°C ) {2-16)
I3
ZIT, yWREREE, vWEEEEETH S,
(5) ZOMDINT A —%
FORDIST 2 — F DN TIRR2-BICFTE AV B,
23 BEATICHWAENSA—4—%

NI A—% Ty4)-h REE NNy | WA R ERB
MR (effem®) 2.50X10% 2.70X10° | 2.00%x10° | 820%x10%® | 8.30x10%
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Rt o EHEENEOL -5 — QA LOBEBTH 5, Thbb, xlomdit— 5=y 7|28
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EWH LT, TOEBUTORLAR BN,

1) #HL0RETIPHEOERGFRMBEBREICKE CKFT 5, £, AHOE
KELEERSTA—FLE A,

2) BERAHMEZzEREOEBE LI-EE. RETZBELIOKRE SR SBTEEDLL W
B, EREFRE(RE2>TL 5,

3) HEAARCRET BEERMEBREICERTAEELIELTLE KL 2w,
S, ERFRBOGRLBERFERTHBL-L IS, WEEREBICERET A 2EEBLH
BEAEABCRERETIBHEDO R M+ 4 F100BDHAETI/I10, N+ 4 70
%, TAB30%DHETIAEETH 272,

4) SEEABICRET 2BEEXBECHICFSTL2EHGIMLr0NER (§KEBE) ©
BEHMTHL LEESNS,

5) WEHEZZRLTREBZGEMAROBTEER L, TOHER, KSBHICHAL TIE
557 BB TIREIREBREZzRATEL, BECHLTRERBL HEVEI FTESs L
oo FRBEBEORECEIBEMOERE. F—1—2y 7 OAFTHEIKEL R -
TBHETHFH—HTHo7,

BlE, EFNVORECHETAIRATHERO-BRBELTREZTM G TE&LH, SHICEEDL
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a) FRMKSEED &L DR EE
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3. EREFN., O— FORUMEOEE
3.1 DECOVALEX
3.1.1 BMT3

(1) ERtrEtt

SEER L 2BMT3OBEMBATIZ. £ F) ADAHerbert DRFEI L V{Tho/ D THB,
FEATIC BT 5 BWEMHRIES-1UIRT IO TH D, 7§, B—BER, BEWoTHREo®
HTHY, BELRBIENZEORKOBABETH S, ZOF Y ANOBHTKORAIIZITE
WL o, F¥ZAF—BPLORBIPWEE D, ZOFMOREERTARORAOEE K
B TR RAMARHCOEEFBR TH L DL F - AL o TEFORVFEAFTEE T
HTHhotzs LN oT, SECOBR DFEAOH—ILE B DR EN SN, BRI A
TmEFRIZLLTOEY Th b,

tid, HEHIR b AVHANOB TR OWAERD L HEHAORAR L X TEOEA T BLT
Ko RMOBETH B, $4bb (3-1) ATHHEEHREhL,

tr=min{t: 0()=0.990(t- 1week)} (3-1)

Lizdfo T, GRICOEFICHEN, "2 REL., BIrEERL:,

Initial hydro - Mechanical deformation Mechanical deformation
mechanical and and
equilibrium water flow into tunnel water flow inta tunnel
and
| heat flux
(H-M) | (H-M) | (FHM)'
| |
=0 =t t=t*+100years
(excavation) (heating)
Sequence 1| Sequence 2 | Sequence 3 |
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FYAVOBEIB L UF Y 2R Y —FEIC L 5 MBAESIICEE SR TS, b YR,
HTF500mO#EIZH D, FOKE ZEEI-20b) IIRT L HIIE E5m. BSmOEEHTH 5,
FXZRAY P YANOTLIMOEZ AL, EESmOb OMEHZREND,

HE2EITE, HB-3ICRTHRLBRFBESINA TS, TR, AP - ToP¥zs |
PRSI REEEA L ER S N b OTh D, BREMEL LT, f4 0B
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L OBIHIE L EREATIC BT, WEETR o

(o) At

ESIC. 5A SNAKEERAEE R, oo Tl BTAE RIS B LREL T
B RIS T A TAEARE SN TV 5, £OBOTRE, AE
no-fluxiERTH 5,

S IL. EEOKESY 05 5 h 3 BEEN SRS 5o

(@ #BHEBEH

H3-6iZ. 52 bNIBOENEGEZR T AHRERRETH D, 21CTH 5, T, &
Goiitno-uxFERTH 2 60, LRt BREIIEESRALEFL 2o TS,

g, K. RESEBISELAE, FYSRA5-EroRHTE, BRARIIQ =470
W' TH )., IRETH A 13002 IyearTH b, £/2. P ANVBRIIAGEERIRESNT
BY, BEERITWMTTH D, P AVAHIEZICTICEE SR Tw 5,

(e} HERDWH
BI3-71, Bl AR UBAM OB LR T, BITRAR L, HHRAERORE, WMEIKR] +
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B#., REBAER () ORE, BEEIE, FL T30, 1I0EEORE, Z L CREFRES
Wi F2BEE (L) CTOREZFHRETLIILICRoTWA,

F 70, EE-BICEIFICEVE A v & 2 FE FF,

() ¥ 2—%
BHELUNOBE 7Oy JEFONRFA—FEIFEADL I TEZONT B, Tz, BE
VT R8T A—FIERI2D I ITHEI O TnD,
HFKOBE o, & R . B L TEARRTELON 5,

pe=poll-p8(T-T,)] (3-2)
ZIT, po=1000kgm’, £ =6X10"* YT, T, =27CTH 3%,

Lol [1+v(T-T

m ﬂo[ +v(T-T)] (3-3)

I, ue=1X10"% Nseo/m®, »=3.2X10"2 1/ TTH5%,

KOEEC, 1XC, =4200 kg, CTTHLZ LN TV,



R3-1 BEHEITOVIBAFONRTA—H
N5 A—F & %
YT 60GPa
FT7TVH 0.23
BE 2670 kg/m®
—Hh MR 200MPa
FRIRGHE 10MPa
BIRERE 3 Wim,'C
Mo 900 J/kg,'C
IR IR EL 9.0X107° 11 C
IR o™ K60 : x Ui B = ADH DB AR
MIEAREL | k60 = k150 = 107° m/s k150 © x#2> 55 o /6D F DB RIRE
®3-2 BEOME
IRT A= F i
FEE M 100GPa/m
& ABTHEITE 10GPa/m
&SI 0.1 MPa
B 30°
FLVLA5r—H 0°
{HERTREE 0 MPa
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T =T, (constant) :
I O I

To=27C

Fr=H(T-To)

[3-5 KIS Rt & DEIss

[ T D I
T =T, {constant)
N S |

To=27C
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LELEEIL
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BIS- 112 8ii .U CORBEREEE L ERd, Shkb B RIRRE 135 BBIIATRAS E TR
BoTWnHILPEbPb, LIWFoT, {u=t'+4.5TH 5,

180
160
140

120
100

16
Time(t*+year)

H3-11 #HRPRAOTOREEFETL
(b) BATHR

FI-BEBE LRI A MR L RL T bo HRREDPLERNBEE LT AL E~TA
BHECETH B, b ¥ RVANOHTARD FARIEHEDRIRLE % o 72 B Rty CRA
ERoTwd, H3-12KESHOBEREILTH L, EAHIFFERKBROBFTEOLDIZ

HELTWBIEFgDPS, by AIVEBDEDEC+I0EE TET LK. FOBE+1004E 2

LETE LD TWS,
| #3-3 BRASETHYIRE
Time Monitoring segments
(year) ABCD EF FG GH HE
t=0 0.00 0.00 0.00 0.00 0.00
t=1/12 |2.30x10° | 5.08x10™ | -6.55X10™" | 253X 10" | 1.01Xx10™
t=t* 1.22X10% { 1.54%10™ | 2.72%x10° | -2.75X10" | 1.02x107°
t=t*+1 [ 1.01Xx10% ] 1.04%x10° | -2.51x10®° | -1.33%x10° | 2.36X10*
t=toe | 8.27 X107 { 1.39%10° | -2.06%10° | -1.66X10° | 2.20x10°
t=t*+30 |5.24X10° | 8.33% 10" | -1.75x10° | -1.08X10? | 1.02x10°
t=t*+100 | 3.88x 107 | 5.83X 107" | -1.59%10® | -7.53%X10™ | 4.78x10™




(m)

500
450
400
350
300
=250
200
L1150
L1100

a)t+1 4

(m)
500

450
400
350
300
250
200
=150
— 100
=1 80

b) tmax



(m)
500

450
400
350
300
= 250
=200
150
100

(m)
500

450
400
350
300
250
e =200
L. 40l L5

I-";“-l. ;;f‘"::’ :t L o T T [ R A L ey,
- o 4 N o A
—{ 100

= 60

A TN i S
PR EE R (g V| h.- e o ‘ el |

9 Y ‘\.\\, gl :.'_1 ;
. ! 4
4 1 akd WS T i

d) t*+100£E
[3-12 KXESHERFZE(L



F-HZZBAE TOISHES . F-BILEMERT . K340 bt=t [ BV THATs 75>
RN TWBE I EPFbDPDL, KI5XYREREMIIL +30FEDFIIBIT D FEATOEEE
THY, 19.09mmTH B, ZOfEIX. REERt L 30, 3000ELRELr—RA L) KELEE
o Twd, TRt Z2HEE L V) BVEHICRE LA 720, KEQETHFEL., 20720
RO TRIDSVWDTH S,

FI-BIIEZBWSIIBUBEEERL Td, BIFINRDEVRATR =ty KB TRE
PEREICE>TWEH, ZOMOFITt=1t +30E BV TREIREIIR> TWb, [3-13
RBESHOBERENLTSH S, H3-13L VEERABICHHFL. BBFHIEELTWE I L
BEHD, IO EPLRABEIICBU A5MOBEINSVI LIFGTD 5,

#£3-4 BHALICHETBIBHES

Time Stresses Monitoring points
(year) components
(MPa) A B o D E F G H .
o XX -13.11| -13.03 | -12.95| -13.03| -13.29| -12.89{ -12.89| -13.29
=0 o2z -13.11| -13.03| -12.95| -13.03| -13.29| -12.89] -12.89| -13.29
o XX -14.76| -4.98|-24.97| -5.09| -13.24| -12.39] -12.39] -13.22
=y o2z -3.90| -18.69| -7.94| -19.47| -12.95| -13.02] -13.44| -13.17
. o XX -15.21| -5.64|-25.36| -5.60|-13.22| -12.46| -12.65| -13.22
= o2z -4.33| -19.13| -8.41|-19.77| -12.92| -13.17{ -13.81| -13.17
. o XX -8.77| -5.51|-23.89| -5.24|-11.43| -12.39] -12.68| -11.38
= 622 -0.63| -20.06| -8.24| -20.60| -9.28| -13.56{ -14.35| -9.56
et o XX -8.37| -5.30|-23.84| -4.78| -8.93| -12.43{ -12.39| -8.64
(t=t*+4.5) 622 0.13] -19.52| -8.07|-19.82| -5.65| -13.54| -14.03| -5.74
. © XX -11.38] -5.38|-24.92| -4.69| -8.92| -12.88| -12.16| -8.36
e o2z -1.01| -18.48| -8.01| -18.54| -5.16| -13.49| -13.19| -4.91
o XX -13.88| -5.98|-24.92| -5.68|-13.17{ -13.66| -13.51| -12.97
t=t*+100
672 -3.59| -19.82| -8.45( -20.40| -12.43| -14.64| -14.96| -12.48




#3-5 SBEHAIAICHS T ITMRES

Time Displacement Monitoring points
(year) components
{mm) A B_ c D E F G H
Ux 0.00{ 0.00| 0.00{ 0.00{ 0.00| 0.00/ 0.00| 0.00
=0 Uz 0.00[ 0.00f 0.00{ 0.00| 0.00{ 0.00| 0.00{ 0.00
Ux 0.23| 6.30| 0.10| -4.81| 0.85] 1.57| -1.23| -0.79
= Uz 5.69| -2.21| -6.01| -2.01| 0.40| -2.63| -2.35| 0.25
. Ux 0.23| 6.31| 0.10| -4.82| 0.92| 1.69| -1.37| -0.87
= Uz 5.55| -2.31| -6.068| -2.07| 0.43| -2.87| -2.57] 0.27
. Ux 0.24| 5.46| 0.10] -3.99| -0.53| 1.27| -0.81| 0.67
= Uz 10.03| 0.92| -3.23| 1.12| 1.68| 0.06| 0.45| 1.60
et Ux 0.24| 5.54| 0.09| -4.07| -0.93| 1.41| -0.94| 1.09
(t=t"+4.5) Uz 15.23| 6.37| 2.33| 6.51| 566| 5.57| 6.06| 5.52
Ux 0.24| 6.20| 0.07| -4.74{ -0.08| 2.03| -1.43| 0.16
t=t*+30
Uz 19.09| 11.22| 7.57| 11.28| 10.16] 10.68] 11.24| 9.89
Ux 0.23| 6.02| 0.08| -4.60| 0.69| 1.79| -1.30| -0.60
t=t*+100
Uz 7.05| -1.13} -5.18| -0.94| 1.68| -2.21| -1.67| 1.30}
#=3-6 SEHEISICHSTZEE (C)
Time Monitoring points
ean) 14 B c D E F G H
t=0 27.00| 27.00| 27.00| 27.00f 27.00| 27.00| 27.00| 27.00
t=1/12 | 27.00| 27.00| 27.00| 27.00( 27.00| 27.00| 27.00] 27.00
t=t* 27.00| 27.00| 27.00| 27.00| 27.00| 27.00| 27.00| 27.00
t=t*+1 | 35.77| 27.93| 27.24| 28.04| 43.88| 27.90| 28.21| 43.90
t=t,.. | 37.47| 28.78] 28.37| 20.20| 66.01{ 31.74| 33.32| 66.22
t=t*+30 | 34.91| 28.92| 29.70| 29.61| 74.44| 36.27| 39.07| 75.11
t=t*+100 | 29.11| 27.56| 27.86] 27.77| 41.10| 29.94| 30.82| 41.33




LD

a)t*+14

b) tmax
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® D

c) t*+30%5

d) t*+100%F
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3.1.2 TC3

(1) |E

TC3E LTHEEH REABIBHR 272w, RERTRLOLWBHEWTORESH
K, KSGHBEARBIIOVWTHERTER ERERFT 2T oo e WA RUHE
Wt 2828t AL THs, LL. DECOVALEX CRE LB ZOES
B WEEORRCHEY KM L 70 FEHTE, DECOVALEX® B v T 7
BEEDEHZ, RUZTOEZENDL L TERLTCIOBMBERTHRET S,

(2) BEEDESE
REFROBICE, BEER R TEEL:,

T =0Af (3-4)
ZITAQIERERFEOEMAT THD, ald JN,-dev no flow
BETHY . WEEOEERBRER PO HET EERREEEEER
e

%o BIB-14IHEZIHW AR FIRERYT, &
RATCIE, EMOEEE7 ) —icL, ERBO -
BRI %2 L ARG L S ICHFEmE RIS
HES L, ThEFRERGICBVTRET S
BEL Lize 2LT, ERELEELAD LI 1Ca
D% EE Lo H3-16 S EERERT. M
BB T AN EIETSH )., ERIRIE R h W

Tho TOERB LN OB TOEY T \§§:::§4%y

BHbHo

no flow |~ N no flow

K3-14 —XRTHAREFTVE
a = 17000 (gffem?) (3-5)

TCIDBHTIRRULDBBEENERDS L THENEIT2-72



0-5 13 T T L] T T T T T T - T T

T ooal it
g o 1
O N ]
5 0.3}
1)) o i
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9 T et . ¢ ]
(& 02 B * —j’é.%ﬁ?ﬁif% —
@ L — TR § ]
?39 g oo ]
A &1_ .
0.0 4 - - - - L]
0 300 600 900 1200 1500 1800
Time(hour)

B3-15 —RITHEHTRR

(3) TCIDWIABERH LUER

RIFNRERIIERWI 2EORBEBEMNRBROBTOERELALTCHLOT, BEORED
HRERTo TNHIIDECOVALEXDF A b — Ak LTEHEL, BELEERETHD, 208
G 2HERLZIZOE, BHELLTaOEEZRLTW RN 22 THB, LAPoT, &K
HlC B B Hol 2 2 B BB LTV B, |

H3-163&EHM P ORBESMA. E8-17I3REM POEBEKES M2 R, EHEIIBEHH B
Db —F —QroDEHTH L, Tbb, x0emdtF — /=3y 7 IZELLZEZEBUTSH Y.
x=30emASEAILMTH 2, £77, BERL—F —ORLBICBTAESTH L,

F3- 18I IZ S EORESMZRT. (a) 357 ABROEREREY, (b) 35+ 8%
DEIERETF. £, (¢) 131 7 BROBIERTHD, £, HI10CHEKILSH
DEBRFHR EBIERETR T, (a) (b)) BENTIELRL 2INHICB I 2 ERERTH D,
T, (¢) W5y BROFENERTHD. (d) X1+ BEOBABRRETH S,
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Temperature { C )

Volumetric water content (%)

60 ,

—0— Tmonth{Estimated)
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~@-— 1month{Measured)
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Distance(cm)
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(b) MR (54 A%) (c) MisR (1 4 A#R)

(a) RBER (54 A#%)

BENH (C) DRERFER & MRITRERO LS

%|3-18



le-€

faEt

20

(a) EB@ER (5HAR) (b) RE#R (55 AH) (c) BATER (57 A%) (d) BHTRER (15 A#k)
WiEm 1 (No.1~6) ¥iE 2 (No.7~12)
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3.1.3 TGS

(1) |\

Phase3DTCSIL2WTid, BHEOTANFEICY L TETORIT 21T o7,

REEOE AR ZORERK (5 732) k& BT H0 774 LEAS
 BEOWRICDVT ORI ER L D HE TP R THY | Baromd FEHAL S R BT &
EEOTESFEOMERE 2B HITHEL, 02520 TOIRCHE % o THEOHE &
L. JRCME % AV - iRBRA 28 ANTRER 2 RO L ITBELTWwEY

r=%ﬁm@w.m%§%%) (3-6)
n

TIT, T AN
o, EEILS
JRC: EE DM S 2 £ 117
JCS | FEBEEHE O E
¢yt BOBLRECEES
L L, JRCEREBENICZDRT VDT 7TARZERHICERNT 5 -0 08EICHET S
RELRTseL DML EHL L DX D B%) , I Tk, KELORFTICETE, T
HDZ 75 APLERE, CANEM L CAWIGHORRERD S,

(2) AR EOREETIE

BALAERED 7 73 2 23200 FRICHLT 5, ZZTH., typeA, B, COIEED
WREICOWTHELLAFAERT . 772X idtypeAr StypeCll 2 B iZ 2 b &8 ko T
Bo LT, LY 7 P ETCHEROLHECAMFHICBHL, THROASRKLERS &
WXL T BT EITED, TAKNENuE BEEVVORFRE RO S, F3-211ltypeAD &
IKDWTHRE L2fERT, H3-22(a). (), (©)ldtypeA. B, CiionTEhENELEEFIE
o TRAMEMuE BEEVVORMBEROLERTH L, EFEREEFEICI N kD2
HRTHD, ERITRESOEBRERTH 5, [3-22(a), (b). ©L N T 7RAINEL LS
Zoh, EFEREEEERNLI-BLTETVIIEN G B, THIL, REEFET
BAERAREOHEEIFZERE SR TR WD, 7 7R AFHEVESREVWEECH I
TEHEBREEIBEC 22 b0L BEbRs,



type A

type B

type C

L=120.0mm

M3-20 {HEFDOFK



u= 7,00 mm
v=2.37 mm

u= 10.00 mm

v== 1,52 mm

v= 2.67 mm

u=15.00 mm

u=35.00 mm
v=2.07 mm

v= 2.66 mm

u=20.00 mm

v= 1.78 mm




Experiment
@  Estimated

B o n= 5.0 kgf/cm?
L Jed \U0.0 kgi/em?
- ®

20.0 kgf/cm2

| I ! | o
5.0 10.0 15.0 20.0 25.0
B u (mm)
'(a) typeA
Experirment
) Estimated
10.0 kaf/cmé

L g oNn=25.0 kgf/cm?
o

20.0 kgf/cm?

.:a;:;ef-' | B
5.0 10.0 15.0 20.0 25.0
1.0 U (mm)
(by typeB



Experiment
401 @®  Estimated
o n= 5.0 kgf/cm?2
3.0
g i)
v 2.0
20.0 kgf/cm?2
1 ] O A,
09
5.0 10.0 15.0 20.0 25.0
u (mm
-1.0 |~ (mm)
(C) typeC
[3-22 HEZNZCANEMEEETRvOBEORBEE O



(3) TC5~ M FAf

KIFREFEZTCOI DWW TEA L, FEEFEIR, TERAORERKICOVTER
TAHLDTHEN, NRC L BB S N7 — % FBEMED A TH oz 720, 4E ITAIED
TS ERVTRATT o7, Thbb, BREEDT 73 AFBBEOLS LIRE L,

FEEFE R, KREBRIN 2 ATHNLESOAEENTETHS, LIPL,. EEOBEKD
FHBEIRTHTH L, Z2T, SKEWETTRAA R 2RTHE T 7 RAACETTADIC
BTERT 25 —RA2ERT, F—A1BHAWNFMEFTRES 75 A2 CRRAUC TR
THREZ  PEBRELDT 7F ROV THELAEBETHE, ThiZNMOENEbAE ¢
ZAHEETH 5B, |

L 1/2 7
I f 5—5)2"“) | (3:7)
0
FA2RHANAMEEE 2 FROKFEOFH, T4bbI 72 X0EYE AVCESE
BT otHETH D, M2 FNFIUIOVTEE L E 2R T,
K, CORANENuE BEEEMvOBED? L EANEM & AN OBREE AR L b
KB,

Zy =

T= O, tan @y + o, %; (3-8)

ZIT, BEISDod2MPa, RBEEA 333" LEE L.

K (3-8) DX D, HE LA AMERU & AR 0 BIE % H3-2410% . £7:NRCIZ
L DTN EBRR & [[3-25, 26107R T, H3-25i13% AWM & B EEMOBK, H3-26
I AMEN E ARSI OBHRTSH S, H3-23L E8-25, H3-24k [3-26% <5 L, 4 —
ALIKBW TR, EREFEPLRIBRTE TR LELN S, FRF L 0. L1058
RTAESRBEONZHFHELBEH L CHERNMICE» R IHHETEL O LEEI NS, £
HBREOKEFEICOVTORADLEIIL>TL23DLEbN D,



v(mm)

7 (MPa)
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SHEAR STRESS, MPa

NORMAL DISPLACEMENT ug {(mm)

15

N | L L1 1 | 1 | 1. | :1 | L

10 15 20 25 30 35 40
SHEAR DISPLACEMENT ug (mm)

H3-256 HAMEMuEEEEZMVORBR (ZBRER)

10}

05 |
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pl o

0.0 L—
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3.2 COUPLE

321 BE!

COUPLEIXLG K v FEBOERDOBEBH 2RI T 2 -00RBTH Y., FOMNILEE L ED
GREFEALZODIC D, BHOWMBLLELOIXY Y F EEIMOIEIC L 284 L 2 DB AEHOEE
HOBE, BEEPODORBICLIENTH S, o T, BEHIIEHIZ L 25, BE . #5HICL 5
B EE-RBr s, 20BEOBTE LT, BENRIHVTIIRTSTH D, BIBERE A
%%ﬁ%&oﬁﬁ%%%uﬁﬁ%ﬁﬁﬁ%ﬁﬁ%ﬁ%&?-iﬁ&&wwﬁﬂbﬁwdéiﬁtﬁt
Duhamel- NewmanG& C5 23 LACE 2V, 22T, BESOBBIBALC, BEOLEHHT
fToh 2 HBRNRHEVE T3, BRETHVLIHERIERTHY ., REICSEINLZETH L, R
THZEABRS T ITHhR TR wOT, O LX) hEHERTEOAELEND L5, #EL LT
FEHEPH LR UEHZRT I LEFBELCF vy 7 EFVERVWA I LICT 5,

3.22 COUPLE®MRLR

(1) BRARSRM & iEiE

SE DOEHTIZCOUPLEDBEE RO REE R & O, $BERT 2B OB RS EOFEIC
FREB S FIICIZ 2KTTHAMESIC ERD A AZ LA EFLS 2EA LS 0% Huviiz,

SR AW A SRR ETR S THW A ELROSBRABEE, SEH L b 0% Fvi,
AL VAEBTVICLERYEBIT A, ©. M. T-1TH 53,

EFERTROYRE LHIEPDEEEH VT A, « 2RO, 20, HEROHERH~ T A
FI4R TEIE10~20MPad) B THALIFE 2 SIS HICE DL A Z kb b, ZOBMICEFRAE I H 2 b
DEHEFEL, A& x OYEEICH o THEHEIOMPALATOF - Tr ¥ ZNUEDOF— 5T 2%k dD
2o BMRTB2TIIFRT o /2, kDEORLUMEE RIET B 2DICKOFETS, v ¥ KO, —HF
MR R U= B ERABRO WAL, BEMFHH R RS 5K 5 N7z 10MPall FOR %2 35 E
FTTOY Y TRERT ) Y HERWT, P=(0,420y) K=E/3/(1-2v). K=(1+)P/ « DBHED 5 £ # KD =0
ZIT, MRl M OREF LB L2V D EREL, UEOEREF T L0 L FRI-TORIC L
b0 FKEDPGRDIZA &k DEIGEFEOMEL OME LTS SFEREREE VD, RS
CYFE LA e3P Y RERFEL RS> TV D, THIZEHRBL—MRBL RO T yRERTY
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YHBERAGORRE EFRETICBICEOTA LR D O RO 2010, FII3BREROSbE
INTVELwERbhS, £2CHEIIR. ERRBEE»SBLNLA, kDEERVBZ LT L,
EERASIpIE 2V TREBRFMAETIEIORETIOMPaL KE Lo M, T-1IZDWTIX
M=6sin¢/(3-sing). T-l1=e+A Inptif=33-, e=0.67. A=1.37. p~1.02X10° g/em’* % EA L CEFRENKD =,

RO DFER BTV EEE FES-8IIFRT,

0.665 -

- « | £=0.00651 -

N “ ]

C . N

N S 3

__ 0660 f .
1 - .
) - .
D x .
P, - .
o - 1200261 | i ]
BE 0.655 F \ -
0.650 L ]
10° 1 10°

10 -
FEBISIP [MPa]

H3-27 EREH EHABEDORER

37 HEEE,LEHRLAL. &

BRoOTIZL-RBAE A P
R HER 0.0261 0.00651
M B R - 0.73
BN B FE AR SR ER - 1.2
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3-8 FBICHV-ME

H =) i
FTVUE v 0.2
Y /® E 2.31%10 giem?
ZEE e 0.67
WEREEER ¢ 33-
M 1.33
-1 16.47
A 1.37
K 0.33
pe 1.02¢10° g/em®

(2) MR

BT 2 ZOUFH O TAE FVTREEOKFEHRED 4 50 1 EFVER VR, 23, \HRTICTZ -
7oA FRRTCHE SNE, IBHHEIL ST A—=F DX ) T L—a v i fThol, HEEOR Y
Y2 @EE3-280F Y. BRAEKREICRTAY T, REEEER CHERREL20TIC. KIEE
BRTRAR 2 75emE Lize #72, WA EILMPaOSAHEL RS LIz,
WEIRTOBTRREH3-201FF o FERY ¥ 7 BEFEI-BRLEL AV AL, SHEILE D
Do 1MBIZ L7 b D OREL EWOBE OBWHRLIBEL 2 b DTS, ¥Y 7 Eh 5~ 10BIEL 3
5 L ERRR L BIERVFRCED T b d b,

¥/, H3-30IERMEEL HOITREL Y 7’$'@ﬂt&b_t§‘+ﬁfﬁ lryslivii TERLLZ. HHED
S5 7713 COUPLEDHERE EHIC ¢ 36mmDILE ZIL L, ZOIELEZISHIRE LI DTH S,
REC L2 &, EWEEFEEL D 2R DA o TV, IEHOZDBRERITEF TN IHER
LT 2 RGP BB A OERBTSH 1, LEOBEWTEHRZEE A TRV, —F,
TR EEE TR BRO VT AP LER LTV, foT, L LTV 2EEIE Bk
THO. WEICKET 5 L L,
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Deformation [cm]

REE, AALEESR
Ty EIF R
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L300 G NS NN

E13-28 FEHIETO A v 2 2 K & BEREM

0.5 [T T T T 7T 1T 1T ¥+ T 1T 17T 7 7T 1T 1T 1T 17717 T 11
B ©® Measured .
" E=23130000[gf/cm A2] .
0.4 - — — E=115650000[gf/cmA2] N
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0.1 7 T
E _.——"ed-."_-é_'-de ..... ] . E
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Maximum stress(g/fcm2} .
C  Minimum stress {g/fcm2)

Measured maximum stress §
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