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Studies on mechanical behavior of bentonite for development
of the constitutive model II

(Document Prepared by Other Institute, Based on the Contract)
T. Sasakura*, M. Kuroyanagi*, I. Kobayashi*, M. Okamoto*
Abstract

To integrate the system for evaluation of long-term hydraulic condition in near
field of TRU waste disposal, series of laboratory tests were conducted to investigate
the effect of (Dcation exchange of Na-bentonite for calcium ion (named calciumization
in the first phase) and @the swelling behavior of bentonite, on its mechanical and
hydraulic properties. The same lot of bentonite was used in a series of tests to obtain
consistent data. The Ca0 (Na) bentonite and Cal100 bentonite were considered in the
first phase, where Cal00 stands for the ratio of calciumization of 100%. The Ca50
bentonite was mainly subjected to the laboratory tests. The physical properties of
Cab0 bentonite, such as cation exchange capacity, particle density, grain size
distribution, compaction-characteristics and water content, were obtained. To model
the effect of the calciumization of bentonite and swelling on its mechanical behavior,
the experimental results of Ca0 (Na), Ca50 and Cal00 bentonite were compared with
various void ratios. In addition, a model test apparatus, which was developed in the
first phase, was improved. The test results will be subjected to the simulation aiming
at verification of the model.

The consolidation and swelling behavior was obtained from the highly pressured
consolidation test, KO/isotropically consolidation-unloading tests and swelling
pressure/deformation tests as follows;

1) The normally consolidation line bentonite will not depend on the calciumization
but be unique.

2) The non-linearity of swelling behavior of the bentonite is decreasing with
increasing calciumization. Its gradient becomes larger with increasing the OCR.

3) The KO-value of Na bentonite is approximately 0.95. The stress point under
KO-unloading does not follow the KO-line but passes between the KO-line and the
hydrostatics pressure axis.

4) The normally consolidation line obtained from the highly pressured consolidation
tests can be almost the same as the relations of the maximum swelling
deformation and equilibrium swelling pressure obtained from the swelling

pressure/deformation tests.
The following shear behavior of bentonite could be revealed due to the

experimental results of triaxial CU tests;

5) The critical state parameter M of the bentonite, that decides the shape of yield
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surfaces, does not depend on the void ratio and calciumization. Its value is
approximately 0.49 and it can be treated as material properties.
6) The shear behavior of highly calciumized bentonite is similar to the behavior of

overconsolidated clays.

The effects of swelling and calciumization on the hydraulic properties of bentonite

were acquired by permeability tests as follows;
7) The coefficient of permeability becomes larger with increasing the calciumization.
The relation between void ratio and coefficient of permeability can be obtained in

each calciumized bentonite.

A model test apparatus are summarized as follows;
8) The swelling behavior of the stratiform bentonite can be observed and measured.
9) The swelling behavior of the calciumization front can be measured by X-ray
photograph.
10) The saturation process should be improved in the next phase because the
apparatus took approximately fifty days for saturation of specimen of 3cm. To
shorten the saturation time or to employ the larger specimen, there will be still

improvement.

This work was performed by KAJIMA Corporation under contract with Japan Nuclear Cycle
Development Institute.

JNC Liaison: Materials Research Group, Waste Isolation Research Division, Waste Management

and Fuel Cycle Research Center, Tokai Works
*  KAJIMA Corporation.
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1.24 CuU
cu
cu M
-1.1.1
1 3 1
2
OCR
OCR
OCR 1.0
OCR 1.0
OCR
-1.2.3 1.24
cu -1.2.5
5.0MPa 7) 10
-1.2.3
Pc’
Na 1.5 Mpa® 0.8 2.0Mpa?® 0 =1.0MPa 8)
0.77 0.94Mpa? 0.2 0.5Mpal®
Ca 1.0MPa ) 0 =05 1.0MPa 12)
-1.2.4 5)
pe’
Na 0.03 3.13 MPa 0.119 2.03MPa 0 =1.0MPa
Ca 0.013 5.45 MPa 0.223 2.55MPa
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1.3
13.1
(1) Na
V1 No0.304464 5)
-1.3.1
-1.3.1 5)
(%) 6.4
(%/-250M) 97.6
(ml/2g) 20
pH 10.0
0.66
(2) Ca
Ca Na V1
Ca Ca 100%
5) Ca 50% Na
V1
C.E.C. Cation Exchange Capacity 50%
Caz* A CaCl2
A
30 40 Ca
24
-1.3.1
Nat
Cl-
60
Ca 50%
Ca
Caz+ Na*
pH
Caz+ Ca (OH):
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14
141
Na Ca
14) 1M
Ca2t Mg2* K* Na+
Ca 0% Na Ca 100%
Ca 50% Ca 100% Na
Na* Caz+
Caz+ Ca
ot g G o Ca G
Ca? + Na/, ' CaZ +Na, Ca* + Na’
Ca %) 2"% 100 (1.4.1)
w ~
Ca®in V1 Caz+ (meq/100g)
Ca*s, Ca Ca2*
(meqg/1009)
Na'in Vi Na* (meq/100g)
Na's, Ca Na*
(meqg/1009)
ay Ca 0% Na
Caz2+
awo Ca 100% Caz*
a Caz+
-14.1
A 100—0yp
0 ap @ @ a Q100
— S
Na Ca
Ca 0% 100%Ca
-141 Ca
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1.4.2
-14.1 Ca 50
Caz+ 66.4(meq/100g) Na* 32.5(meq/100g)
Na Ca 100% 5
-142 143 -14.1 -142 143 Ca 50
Caz* Nat Na Ca 100
(1.4.1) Ca
49.2 Ca 50
-14.1 50%Ca
50%Ca
(50%Ca V1)
No.1 No.2 No.3
Caz+ 68.2 65.5 65.6 66.4
Mg2+ 7.2 3.4 3.6 4.6
(meq/100g) | K+ 1.6 2.2 2.1 2.0
Na+* 30.6 34.6 324 325
a 0.690 | 0.654 | 0.669 | 0.671
Ca (%) 53.1 | 457 | 48.8 | 49.2
-1.4.2 Na 5)
Na
(Na V1) 2 8)
No.1 | No.2 | No.3
Caz* 45.9 48.8 | 43.1 | 45.9 41.9
Mgz2* 3.6 3.8 3.4 3.6 6.6
(meq/100g) | K+ 23 | 1.8 | 1.8 | 20 1.3
Na* 63.6 | 55.8 | 63.0 | 60.8 54.6
a 0.43 0.43
Ca (%) 0 0
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-1.4.3 Ca 100 5)
Ca
(Ca V1) 11)
No.1 | No.2 | No.3
Caz* | 96.8 | 97.9 | 97.6 | 97.4 102.8
Mg2+ | 133 | 15.0 | 4.8 | 11.0 7.0
(meg/100g) | K+ 1.4 15 | 16 | 15 1.4
Na+ 9.6 79 | 75 | 83 5.2
a 0.92 0.95
Ca (%) 100 106

*Ca

100%
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1.6
16.1

15)

1.6.2

Mg/m3

JGS0111-2000

Ca 50 Ps -1.6.1(
) -1.6.1 Na Ca 100
5) Ca 50 2.705
Na 2.733 Mg/m3 Ca 100
2.666Mg/m3 Ca 50 Na
Ca 100
Ca
-1.6.1
p s(Mg/md)
No.1 2.733
Na No.2 2.731
( 5) No.3 2.734
2.733
No.1 2.678
Ca 50%
No.2 2.719
No.3 2.717
2.705
No.1 2.638
Ca 100%
No.2 2.691
No.3 2.668
( %)
2.666
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1.7
1.7.1
JISA 1203 13)
1.7.2
-1.71 4 7
Na Ca 100
5) -1.71 3 -1.74 6 -1.7.7
9
Ca 50 -1.7.1 -1.7.4
25 4.8%
30 55
Ca 50 3.1 45%
152 156%
Ca 50 Na

Ca 100

25



JNC TJ8400 2003-048

.71 Ca 50
No. 0% | 20% | 40% | 0% | 20% | 40%
2.5 3.8 3.8 281 | 402 52.9
2.5 3.8 3.8 27.4 | 41.4 52.3
%) 2.5 3.8 3.8 278 | 408 52.6
1.7.2 Na 5)
No. 0% 20% | 40% 0% 20% 40%
7.0 7.0 7.0 279 | 442 57.6
7.0 7.0 7.0 202 | 436 55.0
7.0 7.0 7.0 28.7 | 435 53.9
(%) 7.0 7.0 7.0 28.6 | 438 55.5
1
1.7.3 Ca 100 5)
No. 0% 5% | 10% | 40% | 0% 5% | 10% | 40%
1 8.6 8.0 8.0 80 | 239 | 309 | 322 | 556
2 8.6 8.0 8.0 80 | 236 | 359 | 332 | 554
3 8.6 8.0 8.0 — | 240 | 302 | 464 | —
(%) 8.6 8.0 8.0 80 | 238 | 323 | 373 | 555
1 40%
2
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1.7.4 Ca 50
No. 0% | 20% | 40% | 0% | 20% | 40%
1 4.8 3.8 3.8 299 | 408 53.7
2 4.8 3.8 3.8 302 | 41.1 54.6
%) 4.8 3.8 3.8 30.1 | 41.0 54.1
1.7.5 Na
No. 0% 20% | 40% 0% 20% 40%
1 7.0 7.0 7.0 201 | 415 51.9
2 7.0 7.0 7.0 303 | 44.1 51.1
3 7.0 7.0 7.0 28.4 | 415 50.2
(%) 7.0 7.0 7.0 203 | 424 51.1
1
1.7.6 Ca 100
No. 0%™1 5% | 10%™ | 10%*2 | 40%*2 | 0%*! 5%*1 | 10%™ | 10%™2 | 40%™2
1 | 89 | 84 | 80 | 80 | 80 [ 311|341 | 370|369 | 521
2 | 89 | 84 | 80 | 80 | 80 | 205|321 | 347 | 374|519
(%) 3 89 | 84 | — — — [ 287 |32 — — —
89 | 84 | 80 | 80 | 80 | 298|338 359|372 520

5)
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1.7.7 Ca 50
No. 0% | 20% | 40% | 0% | 20% | 40%
45 3.1 31 | 156.3 | 152.1 | 154.2
45 3.1 31 | 1545 | 1515 | 151.3
(%) 45 3.1 31 | 1554 | 151.8 | 152.8
-1.7.8 Na 5)
No. 0% 20% | 40% 0% 20% 40%
7.0 7.0 70 | 2353 | 2347 | 286.6
7.0 7.0 70 | 1384 | 226.1 | 254.9
— 7.0 7.0 — 2145 | 2453
(%) 7.0 7.0 70 | 1869 | 2251 | 2623
1
-1.7.9 Ca 100 5)
No. 0% 5% | 10% | 40% | 0% 5% | 10% | 40%
1 9.1 8.0 8.0 80 | 478 | 539 | 274 | 381
2 9.1 8.0 8.0 80 | 486 | 543 — 39.2
3 9.1 — 8.0 — | 488 — 25.8 —
(%) 9.1 8.0 8.0 80 | 484 | 541 | 266 | 387
1 40%
2
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1.8
18.1
JGS0141-2000
13)
1.8.
Ca 50 WL We
Ip e -1.8.1( )
Na Ca 100 5)
Wp Na 28.5% Ca 100
31.4% Ca 50 26.4 WL
Na 474.7% Ca 100 113.6%
Ca 50 443.5 Ca
Ca
Ip Na 446.3% Ca 100
82.3% Ca 50 415.0
Ca I
Whn -1.71 179 Ca
50 w=3.69% Na w=7.00% Ca 100
w=8.30% Na
Ca 50 Ca 100%
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-1.8.1
Wp(%) Wi (%) Ip(%) (%)
N No.1 29.8 457.0 427.0 1.053
a
No.2 28.1 475.0 447.0 1.047
5) No.3 27.6 492.0 465.0 1.043
AVE. 28.5 474.7 446.3 1.047
No.1 26.1 442.0 415.9 1.054
Ca 50%
No.2 29.5 438.4 408.9 1.063
No.3 27.3 453.3 444.4 1.012
AVE. 26.4 444.6 423.1 1.043
No.1 29.8 113.0 83.2 1.258
Ca 100%
No.2 32.0 117.1 85.0 1.278
5 * No.3 32.3 110.8 79.0 1.306
AVE. 31.4 113.6 82.3 1.281
*Ca 100%
1000
2 4
e
100
10
—— We (%)
1% —— W (%)
—h— 1,
—v— Ic
O'10 20 40 60 80 100
Ca %)
-1.8.1
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1.9  HE O FER
1.9.1 RBRIE

i 0o aERIT, [JGS0711-2000 : Mg T JEHE Z2[E0IC K 2 L ofifi[E el /7 ik] 19
DHLIEIEMOR UL (B—/ L RAF R : 1000cm3, iD= R LF¥— : 1K) (ZHIY FEhE L7,

1.9.2 RERER

Ca &L= 50% > F A N EWEFEESENE L 7= Na 23 LU Ca &L= 100 % DO i [E & HF
PE 93 JOBBRAE R 2 #£-1.9.1~1.9.4 [T, FEEDHHRZX-1.9.1~1.9.3 IZ7~7, HKidEKE
OIH)fEIL, Na B> hJF oA R T 28.9%, Ca B 100% X hF A FT 23.9%Tho
7eDlzxt LT, CaBil{b= 50% X b A FX29.8% CTh -7, Calilfbz 0% (Na) &
50% D fgii & K HLIC R & 2B b R Sz Eovn, Ca AUE A EIT L, Ca UL 50%
ZHZ T2 0 b R S KT BRI N S DR H b LR SN D, T, K
B2 VT, Na By h o F23F#) 1.340(Mg/m3), Ca BULEE 100%<2 kA
R 23 1.267(Mg/m3) T 5 DIk LT, Cailb 3 50% <> M F A ML 1.8349(Mg/m?) & 72 0 |
I REAREE S Ca AULRN 50% %A 72300 B ABMIS/NES L R BMAH SN E o
77

#-1.9.1 FEEOFHE (Ca BUYLER 50%<> b A 1)

B Ca ity A K
(Ca L= 50%)
BRI Nol | No2 | Nod | *5
H o A
R o K b 30.8 | 29.7 | 289 | 298
Wopt(%)
= 5k 2R
e KRR 1.350 | 1.345 | 1.353 | 1.349
0 dmaX(Mg/mS)

#-1.9.2 FEEOFE Na B> v A K) 9

Sk Na > hFA R
(Na %7 =4 )L V1)
%it%ﬁIE E NOl N02 N03 I}Ziéj
|= Pl
OB E KL 285 | 297 | 284 | 289
Wopt(%)
H i R
RRRUME | ary | 1333 | 1.332 | 1.840
0 dmaxXMg/m3)
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#-1.9.3 HEORE (Ca B+ 100% x> ~hF A k) D

e Ca k= 100% X A1 k
(CaZfk 7 =41 V1)

SRBRTE Nod | No2 | No3 | ¥5
=M ala
R o K b 23.0 | 23.7 | 250 | 239
Wopt(%)
= W B
e KRR i 1.263 | 1.289 | 1.250 | 1.267
,OdmaX(Mg/mS)

#-1.9.4 FEDOREBEER (Ca b=+ 50% <> A )

HI7E No.
1 2 3 4 5 6 7

PR s
w(%) 175 21.8| 24.9| 27.3| 30.8| 34.3| 394
No-l pa(Mg/m3) | 1.298 | 1.305 | 1.329 | 1.339 | 1.350 | 1.343 | 1.283
No.2 w(%) 17.3| 22.1| 24.0| 26.6| 29.7| 349| 398
o aMg/m3) | 1.289 | 1.299 | 1.311 | 1.343 | 1.345 | 1.335 | 1.294
No.3 w(%) 175 22.0| 245| 26.9| 289| 34.6| 389
pdMg/m3) | 1.293 | 1.302 | 1.325 | 1.346 | 1.353 | 1.342 | 1.276

KPITBWT wiITE K, o a (TR,



JNC TJ8400 2003-048

oe
o
Nh}
I &
M
n o
=
3
,Ey.mo
MIM7
e N
.ﬁ__s
B o
o~
+ o
il I T [ T e}
| , | | g0
—a e I ! 12
H coofF 1t~ /119~~~
AL Z _ , _ b
I | I A
| | | =
T _ 70
! | ! | ,W\\\)
T T T T AT T T T T
| | | | 0y
| | | | » o
= == ==Fr- — T = == == = -t =-==""lm"n
| L OL |
[ T Q) _ [
17 I I N
I © I IS
I | 0 | L
| | T, o
i Fr~ "W~~~/ " Ta~ "7«
| ® ] |
| | | |
F - -1 - -~ -+t |- - -+ - — - -
[ [ I [
| [ I |
_l 1 L 1 1 o
< ~N —
— o —
(o /B0) PO % 28
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EKEE w (%)
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=100%
)

Sy
2.666Mg/m

(ps=

€O ZE R -

50

|

| |
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(,w/60) *Ig B % 74

EKE w (%)
frE O R (Ca B b= 100% > bFHA k) 9
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JGS 0523-2000

CU 15)
(132 )

-1.10.1

-1.10.1
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5
15)
90%
B
B 0.95
-1.10.2
8) 0.01%/min
cu
@]
-1.10.1
-1.10.3
0.1MPa
Au
B =Au Ao B
B 0.95
B

0.01%/min € a

15%
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-1.10.2

o} g
—
I @jﬁr
5 @
.

-

o
ol
aj Xi%
A )
(D:50mmx Hz100mm
-
)
-1.10.3 cu

37



JNC TJ8400 2003-048

1.10.2
a)
-1.10.1 cu P d 1.6(Mg/m3)
-1.3.2
-1.10.1
(0} h
& No. | o (MPa)| (mm) | (mm) | p «(Mg/m’)

1 10| 498 99.8 1.620 0.670

2 10| 498 99.6 1.616 0.674

Ca 3 30| 498 99.6 1.621 0.669

0% 0.691

50% 4 30| 498 99.5 1.622 0.668

5 50| 498 99.8 1.619 0.671

6 50| 4938 99.5 1.620 0.670

1 05| 498 99.9 1.611 0.655

2 05| 498 99.6 1.622 0.644

Ca 3 30| 498 99.6 1.622 0.644

0% 0.666

100% 4 30| 498 99.3 1.628 0.638

5 50| 498 99.0 1.632 0.634

6 50| 498 99.7 1.621 0.645
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b)
-1.10.2
Ca
100 0.5MPa No.1 2
Ca 50% -1.10.2
Na 0% Ca
100% 0%

0%
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-1.10.2
No. (kPa) o (kPa) | (min) (kPa)

1 -67.1| 10120| 13700 11.0%

2 -91.1 980.2 | 14200 14.8*

Ca % 3 720| 30626 93.0 2235.1
50% 4 -10.2| 35490 109.0 2627.6

5 -30.1| 54865 79.0 5047.9

6 -216| 54209 82.0 4794.3

1 -45.9 4983 | 13200 -34.9

2 -53.0 4986| 13700 -34.8

Ca 0 3 -85.4 | 30079 75.0 1686.2
100% 4 -58.3|  3057.0 80.5 1716.0

5 -85.7| 50065 77.2 3689.1

6 -586| 50542 90.0 3458.4
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c)

-1.104
Ca 100 6.0% Ca
50 10%
Na 40%
Ca My
1500min 1 Ca 100% No.4
30000min 20 Ca 50% No.5
90%
-1.10.5
In(t) € v
€ VWP
g’ = aln{1+v—°texp[ij} (1.10.1)
[24 a
a
VO
t
f f =MDIn-2 4+ Dy’
M
D
Vo)
pc
7
16) a £v In(® v,
L «a
v, :tﬁ (1.10.2)
-1.10.3 -1.10.5 a t v, te -1.10.6
ev In(® a
a
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-1.10.3
o (MPa) | No. a to(min) Vo(min'™)
1.0 1
1.0 2
3.0 3 -0.0020 5740.98 3.445e-07
Ca5o% 3.0 4 -0.0008 5525.82 1.413e-07
5.0 5 -0.0070 14570.88 4.811e-07
5.0 6 -0.0015 6528.10 2.299e-07
-0.0028 8091.4 2.992e-07
0.5 1
0.5 2
3.0 3 -0.0008 290.85 2.809e-06
Ca100% 3.0 4 -0.0004 307.99 1.175e-06
5.0 5 -0.0012 333.33 3.633e-06
5.0 6 -0.0012 333.10 3.630e-06
-0.0009 316.32 2.812e-06

In(t,) In(t)

-1.10.6
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d)
B
B
-1.104 B
B 0.95 95%
-1.104 B
Ao Au B
o (MPa) | No. (kPa) | (kPa) (min) W(%) Sr(%)
05 1 294 118.7
0.5 2 30.9 124.0
Ca 3.0 3 50.0 48.01 1 0.96 26.5 107.2
50% 3.0 4 50.0 47.15 2 0.94 26.3 106.5
5.0 5 50.0 48.41 1 0.97 24.6 99.2
5.0 6 50.0 49.15 3 0.98 27.6 1115
0.5 1 31.7 129.1
0.5 2 30.8 127.6
Ca 3.0 3 50.0 49.06 2 0.98 24.9 103.1
100% 3.0 4 50.0 47.91 1 0.96 274 114.6
50 5 50.0 49.08 1 0.98 254 106.9
50 6 50.0 47.67 2 0.95 255 105.5
B -AY = WV
Ao 1 p, -G,
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e)

0.01%/min
JGS0523-2000 € a=15%
Oc Ca
0.5MPa
Ca 100
Ca
oc: 3.0 50MPa Ca 50
oc 3.0 5.0MPa
Ca 50% 100%
-1.10.8 Ca
3.0 5.0MPa
1.0MPa
Ca 100%
-1.10.1 Ca 50% Ca
1.6Mg/m3
Ca
ps 2.705Mg/m3 Ca 100
Ca
-1.10.9 -1.10.5 Eso
1 03y 50% € 50
0.5 -
e, 05 -0,
850
Ca 100
-1.10.6 -1.10.10
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-1.10.7
50% 1.0MPa Ca 100%
50%
oc 3.0 5.0MPa
Ca 100
Ca
Ca
50%
100%
Ca 50
p s=2.666Mg/m3
Eso (o
(1.10.3)
Eso Ca 100
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Ev Ea 2&r
£ v £a I? (1.10.49)

=t (1.10.5)

0.42 14)

5 B0 0:=5.0UPa

5 |Es o.=3.0MPa
i | ‘/ Ca 100%
|
AL 4 L o.=1.0MPa
L 3 o
s ©
¢ L
' - ©
L © 6.=5.0MPa
oc=5.0MPa —. 0.=3.0MPa
17
6¢=0.5MPa
0 I I
; o7 0.2 0.2
€3 €a
-1.10.7
40— 4
| Cca 50% B Ca 100%
3 3
© ol
s 2| £ 2
S =]
| B [ —— 6.=5.0MPa
. __ 0. 5.0WPa
1 L oy
e 6.=3.0MPa /A EEEER
0 6.=1.0MPa 0 ©6=0-5MPa
-1 I | -1 : I
0 0.1 0.2 0 0-1 0-2
£, fa
-1.10.8
No.1,3,5 No.2,4,6
o =0.5MPa 1.0MPa
o ~3.0MPa
0 ~5.0MPa
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[¢3) © < N
CU/NN) 53

Eso

Eso

-1.10.5

50%

100%

Ca

Eso(MN/m?)

91.3
183.3
451.9

441.5

455.3
486.4

No.

1

1

0 (MPa)

0.5MPa

3.0MPa

5.0MPa

Ca

Eso(MN/m?)

28.8

36.4
177.0
146.7

261.6

176.9

No.

0 (MPa)

1.0MPa

3.0MPa

5.0MPa

47



JNC TJ8400 2003-048

-1.10.6 Vo
Ca Ca
No.
o «(MPa) 50% 100%
1 0.416 0.476
05 1.0
2 0.469 0.441
3 0.465 0.416
3.0
4 0.311 0.468
5 0.313 0.433
5.0
6 0.476 0.446
0.398 0.447
0.422
1— 1
| ca 50% | ca 100%
0.8} 0.8
" 0.6 > 0.6
L i 6c=3.0MPa
0-4 & Al 0.4fFF N 6:=0.5MPa
| o.=1.0MPa o=5.0MPa 7cc=5.OMPa
0.2 0.2
0 I I 0 | |
0 0.1 0.2 0 0.1 0.2
-1.10.10
No.1,3,5 No.2,4,6
o ~=0.5MPa 1.0MPa
o =3.0MPa
o =5.0MPa
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-1.10.11
e q p

0.5

Ca 100%

100

0%

100% 0

(12.10.1)
-1.10.12 q p
1.10.6
q Mx p (1.10.6)
q g1 O3
g (0,'+20,")
M
o1
g3
0
_ bsng” (1.10.7)
3-sing'
1.10.7
-1.10.13
-1.10.13 Ca
1.0MPa Ca 50%
3.0 5.0MPa
Ca 50%
oc: 3.0 5.0MPa
oc: 1.0MPa
-1.10.7
M
M
Ca
5 10% M 0% 50%
Ca 100%
Ca 100% M Ca
M=0.43
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0.48 8 M=0.49

Ca 50%

M 04 0.5

Ca 100%
€ a 15%

50

Na

JGS0523-2000
-1.10.7
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-1.10.12

-1.10.13
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111
111.1
e-g-p’ Cam-clay e-p’
p-q Ko
p-q
Ce pc
10MPa
Na Ca 50 100 40
40MPa
-1.11.1 Ca 50
1.6Mg/m3 0
Ca 50 1.6Mg/m3 20 40
e-log p’
Na Ca 50 100
40

-111.1
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-1.11.2

-1.11.2

20mm

20mm
JGS 0411-2000

15) 90% too
100% d1o00
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D:60mmx H:20mm)
D:30x H:10 mm)

-1.11.2

pc’

Pc

log p’
-1.11.3 pc’
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1.11.2
-1.11.1
Ca 50 150 200
-1.11.1
h ®
& No. | (mm) | (mm) | p o(Mg/m’)
1 9.36 30** 1.143 1.391
Na 40% 1.391
2 9.34 30** 1.143 1.391
1 19.37 60 1.601 0.690
0% 0.691
2 19.48 60 1.600 0.691
1 19.46 60 1.334 1.028
20% 1.029
2 19.71 60 1.334 1.028
Ca 1 19.38 60 1.144 1.365
50% 2| 1964 60 1.143 1.367
40% 1.367
3 9.58 30%* 1.145 1.362
4 9.56 30%* 1.144 1.365
1| 1826 60 0.548 3.938
2| 16.03 60 0.622 3.346
Ca 1 9.12 30** 1.143 1.333
40% 1.332
100% 2 9.22 30** 1.143 1.333
1.6Mg/m3
No.1 191.7% No.2 160.2%
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e-log p’ -1.11.4 -1.11.5
pe
e-log p’ -1.11.6
20mm 10mm
0 e-log
o
Na Ca
100% 10.0MPa
Na
Ca 50% Na
Ca
Ca
40MPa 0.2 0.3MPa
10MPa

e-logp’
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0.01
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0.01
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50%
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R | _p"=1.983(MPa)_ _ _
Ny _e=0.799

1) R . \ (-

,,,,,,, ) I
OS5 e e e e - R g~y - — — — |
Ca
—O—No.1 -
—8—No.2 R
]
0.01 0.1 1 10 100
p*(MPa)

(oJN-] M . = W . W
Ca 100% aom | - O
—0—No.2
—-No.2 F- P
5ot o1 T 10 100

p* (MPa)

-1.11.5 e-logp’
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1 IO k]
10MP‘a\ 9p

-1.11.6 e-log p’
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-1.11.2
2)
-1.11.7
Na Ca
50% Ca 100%
Cc Ca Cc
Cc -1.11.7 Ca
Cs
Ca
Ca
-1.11.2
No.
Cs pe(MPa) (MPa) Ce Cs
0% 1 0.0023 4.278 0.339 0.080 0.213
4.377
0% 2 0.0027 4.477 0.322 0.066 0.213
20% 1 0.0056 0.433 0.340 0.053 0.146
0.397
Ca 20% 2 0.0002 0.360 0.363 0.086 0.266
50 40% 1 0.0166 0.156 0.568-0.375 0.099 0.256
40% 2 0.0017 0.156 0196 0.621-0.384 | 0.066 0.226
full 1 1.610-0.392 0.093 0.289
full 2 1.573-0.370 0.139 0.212
40% 1 0.0066 0.230 0.771-0.401 0.086 0.269
Na 0.320
40% 2 0.0615 0.410 0.827-.0.428 0.093 0.943
Ca 40% 1 0.0033 0.256 0.731-0.368 0.073 0.292
50 40% 2 0.0033 0.226 024 0.590-.0.375 0.086 0.256
Ca 40% 1 0.0332 0.278 0.626 -.0.470 0.073 0.219
100 40% 2 0.0365 0.237 0268 0.615-0.411 0.073 0.196
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log p’
-1.11.
-1.11.8 9 10 15)
Na Ca 100%
Ca 100%
1.5 1.0x 10-10m/sec
Ca 50% Na 1.5
Ca 50% Na 3.0
1.0x 10-10m/sec 1.0x 10-m/sec Ca
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1.12 Ko
1.12.1
Ko
-1.121 1.12.2 Ko
Ko
Ladd, etal.l’® Ko Ko
Ko Ko
-1.12.2 B C C
( -1.121 B A O) Na
0 Ko
1.10 cu
1.6 Mg/ms3
0% -1.3.2 @50
><h100 mm
Ko
MPa
-1.12.1 A~B -1.12.3 e-logp’
-1.12.1 B~O
Ko -1.12.4
1.6 Mg/m3
0% -1.3.2 @60
><h25 mm -1.12.4
Ko -1.12.5
-1.12.1 -1.12.5
5.0MPa -1.12.2 A~B -1.12.3
e-logp’ Ko
-1.12.2 B~C
1.124 1.125
Ko
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-1.12.4

CS.L. M

-1.12.1

N\
v

-1.12.2 Ko

Inp

-1.12.3 Ko e-logp’
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-1.12.1
60mm
15mm
5mm
35mm
5mm
10mm
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1.12.2
-1.12.2
0.708
0.768
-1.12.2
h P
€ No. (mm) | (mm) | py(Mg/m®) | e,
1 100.6 50.4 1.546 0.767
0% 0.708
2 100.7 50.4 1.546 0.768
1 24.8 60.0 1.612 0.696
Ko 0% 0.708
2 24.9 60.0 1.605 0.702
-1.12.6 1.12.7 e-logp’ -1.12.6 1.12.7 1.11
Ko Ko=1.0
o, ')=( p)
Ko
3/(1+2Ko) ( -1.12.3)
Ko
1.0+
—o—Nol
—u—No2
Na 0 H13
094 | — Na 0 Hi3
K
0.8
0.7+ --
0.6
0.5
-1.12.6 e-log p’

68



JNC TJ8400 2003-048

H13
H13
(¢B]
-1.12.7 e-log p’ Ko
-1.12.8 -1.12.8 cu
M Ko Ko Na
o, Ko -1.12.8 ()
-1.12.8 () Ko (a/p')
(a/p')=3(1-Ko)/(1+2Ko) Ko=1.0 (a/p')=00 p
No.2 (g<0) Ko
o
Ko Ko
Nol 2 Ko Ko -1.12.8
Ko
-1.12.8
()
() -1.12.7 e-logp’

Ko
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Ko
2.0
<
% 1.0
o
0.0
p' (MPa)
-1.01
—a— Nol Ko
—0— No2 Ko
—e—nol
-2.0- —— 102
-1.12.8 Ko
-1.12.3 1.124 Ko
-1.12.4
-1.12.3
No.
Cs pc'(MPa) (MPa) Cc Cs
1 0.016 1.376 0.294 0.094
Na 1.389
2 0.022 1.401 0.261 0.082
-1.12.4 Ko
Ko
No. Ko
Cs p'(MPa) (MPa) Ce Cs
1 0.005 2.570 0.281 0.088-0.796 0.050 0.952
Na 2.165
2 0.004 1.760 0.347 0.118-1.262 — —
(q<0) Ko
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1.13
1.13.1
-1.13.1
Ca
Ca 100 10
Ca 100
40
-1.13.1 -1.13.2
-1.13.1
(%)
Ca 50% 0 20 40
2
Ca 100% 40
-1.13.2
h 0
No. (mm) (mm) | p dMgm®) | &
1 20.00 40.00 1.599 0.692
0% 0.691
2 20.00 40.00 1.601 0.690
Ca 1 20.00 40.00 1.332 1.031
20% 1.029
50% 2 20.00 40.00 1.332 1.031
1 20.00 40.00 1.143 1.367
40% 1.367
2 20.00 40.00 1.143 1.367
Ca 1 20.00 40.00 1.140 1.339
40% 1.333
100% 2 20.00 40.00 1.140 1.339
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1.13.2
Ca 50 100 -1.13.3 -1.13.1
1.13.2
10
Ca 50 1012 10-13(m/sec)
Ca 100
0 10% 1.0x 10-12(m/sec)
40% 1.0x 10-10(m/sec)
Ca 50% Ca 100%

Ca
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-1.13.3
& k
No. (m/sec)
o 1 0.692 1.16x 10
0
2 0.690 1.22x 108
Ca - 1 1.031 3.94x 103
0
50% 2 1.031 5.48x 103
Ao 1 1.367 1.51x 1072
0
2 1.367 1.60x 1012
oo 1 0.665 1.08x 1012
0
2 0.669 1.07x 102
ot 1 0.783 2.04x 102
0
Ca 2 0.778 1.74x 102
100% ; 1 0.862 3.06x 102
10% =
2 0.862 2.85x 10
| 1 1.339 1.33x 10%°
40% T
2 1.339 1.32x 10
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1.14

1141

1.3.2

-1.141

-1.141

0 20 40%

50

10 40%

100

1.3.2

10

100

100

40

-1.141
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(%)

0 20 40

-1.141

10 40

50%

100%
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1.14.2

-1.14.2 1.14.3 -1.14.3 Ca
100 -1.14.4 Na

-1.14.2 1143 Ca 50% 100%
-1.14.3 Ca 100 -1.14.4
Ca
Ca 100%
3 Ca 50% 5
-1.14.4 Ca
0% Na
2.03(MPa) Ca 100% 2.55(MPa)
Ca 50 0% 2.82
(MPa) Ca
Ca 50% Ca 100%
Ca 0%
-15.1 Ca 50%
0%
0% -1.14.5
-1.144 5 Ca 0.7 11
Ca 100%
Na Ca 50%
0.7 11
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1.14.2
h ®
& No. | (mm) | (mm) | p o(Mg/m’)
o S6o1 1| 2005| 4000 1.596 0.695
2| 2005| 4000 1.596 0.695
Ca - L2 1| 2001 4000 1.333 1.029
50% 2| 2006| 4000 1.330 1.034
St L 1| 2001| 4000 1142 1.369
2| 2004| 4000 1141 1371
o . 1| 2001| 4000 1454 0.834
Ca 2| 1997| 4.000 1.457 0.830
100% 1| 1995 4000 1.145 1.328
40% 1.333
2| 1993| 4.000 1.147 1.324
1.14.3
&
No. (MPa)

o 1 0.695 2878

2 0.695 2,762

Ca - 1 1.029 0.441

50% 2 1.034 0.460

St 1 1.369 0.159

2 1371 0.176

o 1 0.675 227

2 0.675 2.82

o 1 0.781 1.36

2 0.775 1.33

Ca o 1 0.857 0.168

100% 2 0.855 0.297

o 1 0.834 0.923

2 0.830 0.843

St 1 1.328 0.095

2 1.324 0.085
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-1.14.4 Na
&
No.
P(MPa) PAMPa)
1 0.711 2.10
0% 2.03
2 0.712 1.95
1 1.040 0.278
20% 0.280
2 1.037 0.281
1 1.425 0.137
40% 0.119
2 1.414 0.100
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-1.14.4

| | | | | | |
o= [ I N A
58 e Opl s
B LA EFETCr"CTTT" T -
| | | |
| | | |
I - T I— -1 — +
— [ [ |
Z0 0 I [ |
L L - J_ N
Olwl N o -
| | |
| | | | |
T [
[ [
| | | | |
F = === 1—= —
| | | | |
[ [
I N |
[ [
[ | @
| | | | [e0]
Y YV " TT T T T o
[ [ |
%, | | |
- — - [ e e
1 ‘ | [ T
[ I N N
1 TR N N R 1 [ B 6.
— 0 © < N oo
o o o o
%0

€0

-1.14.5

80



JNC TJ8400 2003-048

1.15
1.151
-1.15.1
-1.15.1
1.3.2
Ca 50 0 20 40%
Ca 100 40%
Ca 100
10 1.3.2
Ca 100 40
-1.15.1
VA
| _
60mmx 5 mm

-1.15.1
-1.15.1
(%)
Ca 50% 0 20 40
Ca 100% 40
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1.15.2

100

Ca

Ca

Ca

0%

2%
31.3%

0%
0%

0%

50%

-1.15.2 1.15.3 -1.15.3
-1.15.4
-1.15.2 1.15.5
100% 1
Na
297%
40% 215%
Ca 100%
40% 4.4%
14% Ca 50%
141%
40%
70% -1.15.6
Ca
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-1.15.2
@
& No. | (mm) | (mm) | p o(Mg/m’)
1 5.03 60.00 1.595 0.695
0% 0.691
2 4,98 60.00 1.610 0.680
Ca 0% 1029 1 5.02 60.00 1.323 1.037
0 .
50% 2 5.00 60.00 1.337 1.022
1 5.04 60.00 1.138 1.376
40% 1.367
2 4,99 60.00 1.148 1.357
Ca A0 1333 1 5.00 60.00 1.140 1.340
0 .
100% 2 4.99 60.00 1.146 1.327
-1.15.3
p 1
No. (MPa) € (%)
0% 1 0.695 122.3 2.769
0
2 0.680 141.0 3.048
1 1.037 138.6 3.862
Ca 20% 0.003
i~y 2 1.022 111.0 3.269
0
0% 1 1.376 88.9 3.490
0
2 1.357 87.2 3.410
3.308
oo 1 0.699 44.7 1.455
0
2 0.668 17.9 0.967
1 0.712 25.7 1.152
5% 0.002
c 2 0.747 175 1.046
a
100% 10% 1 0.805 16.0 1.094
0 0
2 0.830 20.7 1.206
1 1.340 4.20 1.438
40% 0.003
2 1.327 4.61 1.434
1.222
2

5)
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2. XU NFA NBRMEIOTIFEED T MED 1= OFHAE

2.1 fEMrET L ORME

AT TIX, X b A FRMEIOKER « )RSk 95 Ca Bk, A OB A &
NIZTHZEEHMNE L THEELEABRONE, BLXORSG LT —ZIZ oW\ Tk,
ARETIE, INOOEEEERE Lozt o RMZFERHEMT ~DO AN 17— % & Lt
THZIEEHAME LT, BIETHEONALRBRER L b it ind CailibE 2 HT 5
YR A ML TEREIEER EWEROBROERLEZITo72, o, ARG L
T =X DEYBVEERRRET D T2 DITBEIE OBFFERE R & O blsiait & 0 T T o 72,

2.2 ETIALD B

MEAEFE DR N A kDI ED T — 2 5 D I3 R E2 T A —4 L LT
S, MEAEFERIRSENE L7-AFZE VIC X VD, X A RO E 2 B8 L7z R AET
FTEA - KHETFT A2 EKRICHEET 2 L0 RB LIVRENTZ L2 B5E 2. AEHTix
FTE DIZERICAH ST oMtk e 287 A—% & L1z, Ziuk, BO-KEET /WL, BR
RIBFEERIZ DWW TR SN TR Y, p CEYEDEIGS) g @iZGT)) -e (HPtL) %2
M ETRINDIREEMEIZ L > THEMEOBBHEEEH 2RI L THHE1HTHDH, fE-o
T, XY A FORMEELIRE & LB ERATIE, 2nzBE0 - KEET V~K
M52 IR ERD, I T, AFEICBWTYH, [kt e ZHWT, ZNE D Ca il
{bEEHT L M A FOKE - 5o ER (£7 b)) 217528 & LT,
B0 - KHEET VOB OB TIX, MIEOER A [EEER & AMERIZ 3T TELT
WD, RETH, FIE CITo R EREREZEELR L EAMERIZS T TET VA
Exb, I, LKERSEZE X D5E, &R E LEKRE LK EIZ0TTEXD
ZENRHRD, ZOHBIZBWTL, BRRO A KHET VL BRSSO 3 A0 —
DThbDH, £lo, XU T A FOILKERRD/NT A —2 &7 HFKERHE, KO XR
JiteX T 5 Darcy ANCLERMMETH D, 22 TET /METRERT A =X & KF|T
HE, RK221DEHITRD, RETIL, ZOZBIT LN >TETMEEIT I,

#-2.2.1 T NMEDOSHIE

o HErrE H NG R
SRR AR Sy Ce. Co. €72 L
FEAS R e P ¢
TEEY N - A ek bR p. e
B A BRI =i cU R M. p. q
IKERLE BAKRABR k
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2.3 EFTIMELTDHNNT A =X

#2211 IR THY . X2 Mo bolgEtERE (EAME, M E) B X OUkKMEE F
KARE) . TR (IEHJEERR, RARIE T X —%) [ZOWTET MELDOBFI 1T -
77,

2.4 BEfEOHIZE

Ny T A MIEREAREAM & L COBMAN BN RN SR SN T, SEEER
BRAE R LR 2 1D SN TX T 5, 72, MEFEEIL, Nafl (Ca B bk 0%), Ca Bk
100% DX A MBI L CilBRZ £l L7 2, AREFHCIiE, Ca AL 50%% .00
BRaiToTH Y, CailfbDHERIZME D X M A S OMREEALIZEE T 2 7 — Z IXIZ T
TELEWR D, ARETCIEHBMAERRE 7 VICBI T 5 BEE O %0 L 99088 ik 12 B3 2 iF
Jufit A 9710 L FiIE Tl A~ 7B R A i g2 2 & T, ARG L7eT — 2 022 i
5 RIS, BT MBI L TOT—X2 L LTHWD Z &L Lz,
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2.5 & - EEREOET VL

2.5.1 m@EERRER

X]-2.5.1 (ZMEAREE SN L 7= @ R 3B B A3 B A7z Na By A R e-log p’BIfR
(AL i@As) 27~ LT D 2, 2 2 Tl PN R 2 28k S & CIERERBR 21T - 7228,
AN BN D EREBRITIZIER —TH D EWIHIEERRE LN, Fio, NaBl~xr b
FA N OESEBERIITEEBFET H 2 E bERVICH SN Lo oTz, & HITAKG
THUS L7z Ca AL 50%, 100%X> kT4 kD elog pBEfE (Wicdifmiafe) #0-2.5.2
g, X-2.5.2 121FX-2.5.1 IZR L7z Na IRy bAoA O IEBEERLIFETORLTH
%o NaI_y A R TRONZIEREEMR L. Ca (b= 50%, 100% > FF A FDIE
BEEHIE, FRIRHPIORTRBREOFEMAAN TIHIFIE T2 LW EAaREoLNE, 20
ZliE, EREERIT Ca LRI O THE—(FET D, EWVWIH ZEEREL TN,
TEAF TR, @ENFRLESNDISH LV ([FBRE) ATk E-> TR, 20
PR OFIPH TlX e-log pBIFRIFEM EIETE 5, 20D, A KBEETMZENTDH
IEREERITERZUE LTS, L LR D, HEHEBEER A TR T 5
N A ME, EE OB EIEL D 20720 RERMBRLICR2 2 ENRTHRINTEY, JE
BEZBOET MEIZEEL T, MIONDFREZ L2 TBLE DD, I T, TOHR
D—2L LT, a7 2 BB OMEE 7 LV OME&R 92X b A b OERZFENHE
ATsz2enE26Nn5,
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el Bt Ebe

BAY kA K

Mz 0 (FFEERR)

fEE 20 (EEEMER)

i 40y (EEEHKR)

---EEE 0y (REEHR  EEEER)

' (MPa)

[X-2.5.1 NaZB~X> FF A F®D elog p’ Btk

Na B~ b Fof b OEHERHR WX mfEgL)

\vg T =
‘ : NaZd
I\ I caBl{bE 502
I \ I ca®l{bE 100
| |
|

1 B tee

EEEHNp' (MPa)

}-2.5.2 Ca B+ 50%. 100%X> FF A kD e-log p' Btk &
Na B> v A s OEMREEROBEGGR



JNC TJ8400 2003-048

HAREA B OIS & 13, HEEDHERS L T B EEIZE D £ TOMBR TR DfeafEHIC X
S TRAET DR OREILFE e A LT — a Vi EOMBRICERNT 5, HiEErHET
% MR EHE, mEBREOENCRERMEN R E W, —HELEN D LHEEEZ K D T2 DREK
WMEITELS 22 W) | FEFICHBMARMEELAT 5, ZOMWHE%E elog pBfRTET X
253D XI5, K-2.5.31%, WiEEZH T LHEME L RV IR Z & THELZER
ST M ELD e-log pBRZ BRI LI b O TH D, ZomEIL, BEOFES T
WERY | FEARIIZIEFE CHEICH 208, BURT L 91T, #Ea a3 5 HlEsrehL,
PENC R E RBERIEN 2 A L, RAEAITIIHR Y IR LI B B O IEREERICE D (B
BEDEH), #iaEaT 2 MM EIO ellog p BRI & AAUE, IERJEBMRAER Tl
RNEIICRZ DN, B0 IR L7 A RO IERUEBERR & O CAIEEBRICITER TH
ST, BHAATOEHZEH L T THHEICL2BEN b0 THD Z ERNGD, 2T,
WEE 2 A3 2 MU BN 2 A 2 /8 U TRy o b, 0 IR L 7= bkl 4 i 4%
DRy b FA MERZRU, RO R A EORE L Bz TIX-2.5.2 Z /KRG
DLV A NOEBREOMRIIC, iS22 AT 5B ORET T V2T 5 2
EMAREE 72D, [X-2.5.4 12 Na I o R ORI LGEEIC I 1T 5 e-log p’BfR D
ROTIEBEER & X-2.5.2 Z0FE7- b O Zord, KBRS T 5 EREERE 2O
IEHEE R & BUETIUE, MR 40%RE O MRS EE I X N A hD
elogp’ BAMRIZIEEHIEEME D 20720 2 L TR Y | JEEBRBRFO WML AME T35

- T, HEHOBIENMET LTS Z ENDnD, ZORBOEISIIIEBBMGIERTOM
BRI L, ST bEEOLEDESGNER L THNDEDD X IICHART ZENTE D,
ZTHELRMBHENDIEE S ND N A NOEERFRIG IS, ERZVWOIL, &
WIEEMERRICEINT S E B2 b, WMEIC X DRIBREOBMAZ#EORKE L R L, kil
DG % H T D HBEM B ORET VOMEEAEN T 5 2 L BNEEEBOTT MbE1T 5
ETC—o0FMRFIELEEZLND,

WiEEZ AT L5 LOMKET LV E L L, ETAMEOBMEN BT oNnD, ETAMED
BERITRERCE T LTIl MIEIC K2 EEBIG 0% (RAME) 9 &%k ik
MEtOZB) 2RI R TS (TAMH) ¢ THY ., BFEOET SMINT 5 2 & 23Tk
b5, K255 TP KAET /W ENAMEOBLEZEZEALHE OB ZRT,
AR O - KT T L ORRE I3 U COMANS . N A XN FREDE CfE7E L,
FELD HL SN TS B 5,
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