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Hardened cement pastes (HCPs) of water/cement ratio (W/C) 50% and 30% using fly ash (FA), blast furnace slag (BFS) and
silica fume (SF) for 28 days were prepared. Apparent diffusion coefficients (D,) of Cs and | in HCPs were obtained using electron
probe microanalysis. For Cs, BFS and SF contributed to a reduction of D, for W/C=50% and 30%, respectively. For I, BFS reduced
D, for W/C=50%, however a significant reduction in D, for W/C=30% was not observed. Using SF enhanced sorption of Cs on HCP,
and using BFS slightly improved sorption of Cs on HCP. It was also confirmed that the pore structures of HCP using SF and BFS
were connected by fine pores. It was therefore considered that using SF and BFS contributes to the reduction of D, in HCP.
Keywords: mineral admixture, hardened cement paste, apparent diffusion coefficient, cesium, iodine, sorption, pore

structure

1 #E

HREB RS E— A S BT OFHIC X FAE Lz
SHEFEEMC I, BRtEET U A (Cs-137) 22 micE
b OBRFET D[1]. T OBEFY OISy DR ME LD &
B 72®IZ1E, Cs OB EBAEIERE 4 & 6D Tk Bk & WL3 i sehs
BHELTHERAT A ERHERTH D, Ahlaspttlio 12
ThodrarrV—ME AR BEOSBHCTRIBEHIN
TRV, BHEFFEET»LRE LKL~V EREEY)
OB ICHHEH SN TWDS, 2o, koiaetto
WL TR OFRFHI B W T, ko ar 7 Y — Ml
N, CsOBEEKHTE D a7 U — FOBRBILETH
2.

av 7 U—hNE, BAY N, MEM, HEMBLOKE
R CTEEEMEICH Y, BREOK 70 %0V EH & &
NTWB[2] BYiE, &AL F2—2 M AN B R &
nNTWa. £/, BHIE, AV M= MRS
T, BRENNSLSBETHDL0, CsiTFEITE AL b
— A MELETEBE T L L5, 2D, CsOR
HEgTExsa 7 ) — el THICHZ>TIE, Cs
OBEZBEMEREDO R O AV b= ME{LIROZE N

Apparent diffusion coefficients of Cs and | in hardened cement paste using mineral
admixtures by Morihiro  MIHARA (mihara.morihiro@jaea.go.jp), Shuichi
HARASAWA and Kazuyuki TORII.

k1 [ESIAFZERIRIEN BRI IOFCBIR R BREL - Ry s
WFIEBRSE BRI REBRELY A 7 v TR ZE T S B A AF 92 B o8 10
Radioactive Waste Processing and Disposal Research Department, Nuclear
Fuel Cycle Engineering Laboratories, Sector of Nuclear Fuel,
Decommissioning and Waste Management Technology Development, Japan
Atomic Energy Agency

T319-1194  ZRGIRAR ETRR HOAERT R T AR 4-33

MRS a2 o~ B - B

Electric & Nuclear Powers Technology Department, Taiheiyo Consultant Co.
Ltd.

T285-0802 THERMEAHIRL 2-4-2

ENERFENGIRKY: BT MERAES E 2 R

Faculty of Geosciences and Civil Engineering, Institute of Science and
Engineering, Kanazawa University

T920-1192 )11 W4 Yot £ T

(Received 18 November 2018; accepted 11 April 2019)

*2

*3

15

EELD.

T AL b= MELIRF O Cs OB A KBS E 51
%, EPERE AE BUKAIOMERIC L - T, KA AR
TEHEDZEREWEIRFMOERICEY, CsDEA L b
A=A MEE R OGS R A KT 5 Z L A REETH
5. ZHWCEBR LT, AFLERIE, SWERFME LT,
DET TAT v a(FA)B LT L—2 6000 0D EF A
7 IR BFS)E AV, EifAR L h T v R A2 F(OPC)
R A NEIE# R & LT, BFS TIX40%E 60%, FA T
1215%& 30 % & L= A > hEHW, KE AL FE(WIC)
% 50 %33 L TN30 WIZ T A b—R ME{LEZERLL
7. Znbok AL b= MELIRIZK LT, Cs O
B OPEEERER A FEhi L, JEEOE @O RBICIE, WIC DIk
W& BFS OEANEMTHDLZ &R LTWDH[3]. —H,
WWVEIRFMIE, BV ET U REALV NIV A FEDE
BERENENZ END, ZORY TV ED, FVET
VREAURNTELBTFABRAINT T LKFIY (C-S-H &
) IV BN T ABIOYT A FEDOE/LL(CaSI H)DK
W C-S-H 7R & 5. C-S-H Z L, CalSi lbasmn
IR ER D EICHET 50, K25 LAlTH
EBTDHIENMOBNTEY[], B4 ThHD Cs Ly
WNETDHZENEZLND. Lz~ T, Cs OBEI &K
THILENTEDEALY M= MELADEEIZBWT
%, B AV b= MELROIEHGE R Z TR D 2T T
72, FEFA~OIGEIC L A BIEZ & Teiiiteik, 37205
RN OYEEURE(D,) Bl TOFMERLETHS. Ll
T Ay h =2 MELIRZXGIZ Cs @ D, 1F, #\EIZREW
T, WO MEINTWDHODHZIE, 6,7,8], S
BIRFM OFESCESRE L 2L SH T, CsO D, ZHE L,
VIR OB RIC L 5 D, ~D 8% 3 L 7= RF 724
X, ZEAERN.

HEFH O, EEFIEEERICT, HEEGRICETRT
n—7<A427a7r7 4P —EPMAYE W= HiEIC kY
T A2 A MBI O RO &R, 1BIE



BT Iy 72 RIS

B 1 7 B2 E T, R WIC D& A v hoi— 2 MBI
LTHREERL D, #ZBf3TE 5 L &HE L9 &5
12, EPMA Z 2% Z & C, FRHCHEED LR OWRE i
HFEHZEMTE DD, —EIOFEE - JIE CHEEOTHE
DD, bFEDTENTEDFENDD. Z DD, Cs Oxt
LRBIEAFATHONT b, [ D, 23R 5 Z & A TTHE
ThbH. BAA DI TR, BEI vHRE LT
HIFTE L, BURTEBESEY O ALSy OFMIC IV CEIE/ZRICH
TH5H[10]. Csl HWEEMNDHZET, CSBIGIDD, b
BATHZ ENARTHS.

AHFFETIE, AT S OWFFERIIZR T 2 S IRFIb 0%
DEMRIZIEDE, SEMEIRIM OH T, Si OEHED G
WU BT 2— L(SF) b RIZED RGN AT, S IR T
MofiALE WIC ZEBEESZ L1280, CsD D AVIE
e A MR—R MELEERETHZ LA ENE L,
EPMA % W o dEE FIEHEERIZ LD, CsBLU I @ D,
EROIZ. S5, D,OERBICHEL KFTEEZLND
CsBIUI DA b= MEALIRIZRT B UL RO
BEIE DR A TR D 720, Ny FRIGERBRK ST A
BRI X D MR PR oy A U E & FEh L7z,

2 SEMERMMEGRALEEAY FR—Z FEILEIC
#95Cs LU DD,

2.1 ERE=E
2.1.1 SiEEMME LAY FR—Z FEILEDO/ESR
ARFIETIE, AT SBMER L7z 0 & RO JIS A6201 :
2015 T2 27V —MNHZ7 AT vva) ICHESND THE
JRAIE D FA (537 A 7 w3 a) 38 LTV IIS A6206 : 2013
227 U —MHEFAZ 7HHRNCHE SN D BFS (7
L—2 6000 i) ZHWVVE[3]. 2 b0, S EIRFIL,
WHDTIAT v yaR@mFAT 7 L0 bHEEHEPKE
W Enb, BHORY T VORISR TE D, £, FA
X BFS LV HIERME DT Y H(SiI0) % S RICEH,
FEDRIEF IR E S ARY 7 U OGO SF % v iz, OPC,
FA, BFS B XU SF ot v 7 AMAGHTIC K-> TR B
7o ALFHEER % Table 1 ICEBE & R EREORERF & OF
HORT. SBT3V ) D OERRIT SF NibE
<, ZOWIZFA, BFS, OPC DJETH ~7=. HRmMEICD
W, SF AR B RE <, IRWTBFS, FA Th 7. FA,
BFS 6 KUY SF O X #EEHr 34T DR % Fig.l IZ7~3. SF
WZOWTIE, MERERIEMOFIEEZRT v — T 2B E
—IBFEAEHRLNT, FERBELMBTHoT. ZD X
21T, SFIXFEAED, MOFLMEIRFAIZ T LH7L
EREL, ERETHAEILENORLRY T URISHENE
<, HFRHEMEOIET, BFS, FA LK< 25,
INOOEWERFMBLOEERLVNZ Y REAV b
ERAL, AESOHMEHI[E]E 5B, S EIRFIM DR
BARERE L. £z, HELSHERICEWNT, FEEH 72
EONY) TR OEB RS T 572 DICHE SN TN D
BTN BIEERAY NI ITAT v va@mBBr I 7
— Ak A b @ High-volume Fly ash Silica fume Cement,
HFSC)[11] % A BHEAE) D CalSi LEAMEWNZ & vd, Zih

June 2019

MM A 72, & 61T, ke LT OPC HikDE A M
%G & L=, Table2 1I2® A v h~t— 2 MEBARVERIZ F U
o A2 b SRR FOM DIRA R, Tablel AWV CHE
ENT-EFD CalSi b & Rd. ZOfEiE, C-S-H 4 /L d CalSi
AR b DO TIERWA, EFO CalSi A MET 4LiE CalSi
LRV C-S-H 7V PAERR L9V, Z O Cheikd 5 &
HFSC 23 b Cs Z X35 L, W\ T FA30, BFS60 73 Cs %X
BT DR H Y, D,OKBICHFET b0 LB B
D, —F, HZOWTIE, W2 CalSi tbv/h& <725 &, I
EMENMERT S 2 200, D,OIEHICHE S LRV SD L&
ZHiD.

Table 212 R 7THIEDOE A > b A ALKk EFNT,
Dy ~D WIC DF8EE TR D 72 DI F H OWFFE[3] & [FIEE,
W/C % 50 %3 L8300 %& LT, &ALV h—2 MELIE
ZAERLL 72, WIC=30 %IZoWTid, OPC LIAMIRUEHER
WA 72 iRENE60 mm LA L7 u— )R’ 55
2 edn, RYINKRUBT—T LG EER S ET
7% thE AE Bk & EH L7=. FA15, FA30, BFS40 F &
T BFS60 (22 TClidk A > hEED 0.3 %, SF10 (22T
13208 %, HFSCIZOWTIZ 15 %D AETH 7. A4

Table 1 Chemical composition and physical properties of
OPC and mineral admixtures

Component OPC FA BFS SF
ig.loss, wt.% 222 2.45 0.37 2.23
Si0,, wt.% 20.45 60.51 33.38 95.34
Al,O3, Wt.% 5.24 23.05 13.21 0.25
Fe,03, Wt.% 3.09 5.83 0.25 0.09
Ca0, wt.% 64.06 1.84 44.24 0.20
MgO, wt.% 0.94 0.85 5.20 0.43
S0;, Wt.% 2.00 0.23 1.95 0.22
Na,O, wt.% 0.37 0.60 0.21 0.22
K20, wt.% 0.33 1.46 0.29 0.81
Density, g/cm® 3.17 2.29 291 2.20
SSA*,cm?/g 3,170 3,660 5,730 236,000

*: Specific surface areas (SSA) of OPC, FA and BFS were
measured by Blaine air permeability method. SSA of SF was
measured by B.E.T. method.

Table 2 Mix proportion of mineral admixtures

Mix proportion (wt.%) CalSi

Symbol mole
oPC FA BFS SF ratio*

FA15 85 15 0 247
FA30 70 30 0 0 1.92
BFS40 60 0 40 0 2.35
BFS60 40 0 60 0 1.98
SF10 90 0 0 10 221
HFSC 40 40 0 20 0.90
OPC 100 0 0 0 3.36

*: Calculated from chemical composition of used materials. Not
indicative of C-S-H gel mole ratio.
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Fig.1 Results of X-ray diffraction analysis of used mineral
admixtures (Q: Quartz, M: Mullite, Gy: Gypsum, Ah:

Anhydrite , SC: SiC)

URBUKTHEE A MR LT, PFA T 2 —7 (R
20mm, B/ 80 mm) ICFTEX L, & A2 AL L7214,
20°CT 28 HMlinE CHEHEBAEITo 2.
2.1.2 Cs MIEFEHILFRER

2.1.1 OFREIOE X 80 mm @ PFA F = — 7 O HULES 30
mm BEZHRICEIV A YEL Ry ZF—THIVHL,
T4EE 1 mol/dm® @ Csl ¥k 28 AR, 25°C TS H7-.
F 2—T D 2HODOEIWIE S CsIAWE & Bk 3% Z L1/ 5.
BT ot AL F =2 MELED DD Ca DRE
WA~ AT 572012, FOKERIEI LS T LET
MURRSE, K20k AL =2 MNE{LEORHIRD
pH & 725 K DI L7e. K7 vl Ut A > @D HFSC
I pH1L7 & L, ZOMICHOWTIE, pH126 & L. 8k
ZMh% Table 312”7 KD AL b _X—R MiEi{k
BEEY H LUtk B ET 2mICEEE 2D LD
WaHTARE Z LY ¥ A Y'Y R v #—THIY H
L, ©RFIBIETHEDZ. AL b= ML)
Wridi & RLARFEE L, EPMA O43#TH & L7z, EPMA O E—
LEZ25um & L, 50 miEET, A b—X M L
RO WrimFE 30 mm X 20 mm 235 £ 41 2 fEik (31 mm < 21 mm)
IZ2WT, THRBEORM X Bob oy MEEHE L.
CsBLNNIDE A v == MELAR DL & BN I FF
flid 5728, Csl ZAEHEGR R E UCTRE X RAREL, 45
PEX RO T 7 2 DB PR (W) T L 7=

Csl IRk & D 2 DOHERE 5 D Cs 35 L OV ORE A
%3k, Fick O 2 VEANCE-S S IREREE, RS (IE
FREEHECHLE 0 wt.%) T2 ()X CRTREM T 4
T UL, DaERDI. 7 4 T 72O TE, SR -
BR[O RSN T v 7T Mk vz,

Xi

A; = Agerfc (2 Dat)

()

D, :
A

Cs £721%, | © BT OILEBARE(m?s)
EPMA TH LN IRIETE A b OEEEx m 2B 5
T A b= MEALIRD Cs 7203, | I (wt. %)

17

Ay ¢ IREIR & OBlim O Cs 713,
t o REEHIE(S)

I 5 (wt.%)

()T, FEREAR TOMEMRTHDLDT, 74T
TWZhleoTE, b FOEMENILD CsBLU T O
JEBKIC X DIRFE DB U\ OHBH (B2 2> 5 0.5 cm
~1cm OFIPH) TOWEESA & V-,

2.2 HRBLUEBR
2.2.1 CsBEUV 1 DOEPMA BB L VEEST

EPMA D434 o fFl & LT W/C=50 %35 L TF W/C=30 %
? OPC \ZxI9 % Cs DY A (IZIEHIM 28 H) % Fig.2
WRT. 2 ORIER 1%, EPMA OS5 fEE 31 mm X 21 mm
ZRLTEY, ZEXITWIC=50 %, X% W/C=30 %Th
%. WIC=50 %DM % % &iRiHik & it L7- X D ki
BLOTFmWELIZEWNT Cs BENE S, FEHNERIZm)
STRENMEZIETLTWS Z ER350 5. £72, WA
D PFA Fa—7 Lt AL b= M LEREICE W T
Cs BENREL 720, Cs BWBEILSVIRIEL 2o T e,
W/C=30 %D AN DWTIE, ZERICH~BRENME L, WIC
% 30 WIS 5 Z & T Cs AR EHNERICE) X 12 < WkTE
\Z72 5T 5. OPCIZXIT D | OFRES i % Fig.3 1.
122\ T Cs & RIEEIZ, WIC % 50 %75 30 %245 2
ETC,FOREIMETLTREY, ZOBEIIEH L T\ 5.
T AL A= MEBRD | DFEEIL, CsDEELY b
<, CsIZHA TIENERIZ L VBRI LT W E R0 5.
K AL F—R ME{LIRIZRTT D EPMA OEHHE
BAEFIC, WEO PFA F a—T L A v h3— 2 MELIR
FIHOREERT 272012, BEIOLFE O FLE 10 mm
BRI DBEEEMEL Y, BA L FR— MELAE ST
MU % Cs BLO | ORE S A RKDT-. WIC=50 %I
FU30 DT A v b= MNELIRIZIST D Cs DRE
S E Figa TR L, | OIRESH% Figh lZd. 0ecm B
O3 ocm M INRIER & £ A v o= ME{LIR O
fCTdDH. WIC=30 %0 SF10 122V TiE, 3emicxfLT1
mm ZEE A b= MELEDREN T2 G,
ik As 3 cm ONEIZRD X HICHEL T —Z2FH 7 m
v b L7z, Figd #h 5L, ED¥ AL b_—R MELEIC
BWTHEMEIZHBWT Cs OENE L, REofilm
DOHNZID > TIREMET L, 1RIEEAMNGIC Cs BE
DL TNDZ ENShD. WIC=50 %l L300 %E b
{2 OPC DIFESATNL, o' A v b =—2 M LIk & bk
LT, RELMNTH-72. OPC D WIC=50 %I\ Tl
Cs BN A 2 F_—Z MELARBI O FLMZE L TV .
W/C=30 %iZ72% & Cs OBEIN KE KRB L TWD Z &R
RENT. BAY M= MNELEROREEIC L - T, A
¥ h— 2 NEALIROIRIER L RO Cs IRE (A) 2
HBipoT e SEFEFER LAY F—X MELIATH
5 HFSC @ AglE, OPCIZHRT 25 DIETHSD. A
X, BA Y M= MELEOMBEE ¢, A -
Z MELERDEBEEZ o kg/dm®, RABRAKD Cs DIEEE % C,
mol/dm®, [EFH D Cs #EEE % gomol/kg &5 &, A= ¢ Co +(1-
0)p Qo TH Y, ColXiRIEIHD Cs #2% 1 mol/dm® TH 5.



ANy 7= REFSE June 2019

RIBER ¢ REBE o 1%, & A2 hS— 2 ME(LKRRE TR

FERELEDLDL LD TIIARN. LD > T, Ay DV, W/C=50% ——FAI5s  ——FA30
Cs DEAHOWE g 12 L5 L ZABKEN.Cs D ABIRE ] oo e
VY HFSC 13, Cs DEMA~OEEHEN O E AL hrim 56 —orc
2 MELETHDHDEEZBND. 3 s
s
S 4
Table 3 In-diffusion experiment conditions ®
€ 3
Item Condition S
(e}
Tracer concentration 1 mol/dm?® o2
L/S (dm°3/kg) 50 !
Temperature 25C 0
Durati 2 8
uration 8 days ) W/C=30%
G
z
3 5
k)
g4
£3
1
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Length of hardened cement paste (cm)

Fig.4 Profiles of Cs in hardened cement pastes after 28
days soaked in Csl solution of W/C=50 % (Upper)
and 30 % (Bottom) measured by EPMA

Fig.2 Distribution of Cs in OPC after 28 days soaked in
Csl solution of W/C=50 % (Left) and 30 % (Right)
measured by EPMA(Color bar shows concentration W/C=50% ——FAlS ——FA30

of Cs. Unit is wt. %.) 7 ~——BFS40  ——BFS60
e SF10 e HFSC
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Fig.3 Distribution of | in OPC after 28 days soaked in Csl §a
solution of W/C=50 % (Left) and 30 % (Right) £,
measured by EPMA(Color bar shows concentration g 5
of 1. Unit is wt. %.) ©
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Fig.5 Profiles of | in hardened cement pastes after 28 days
soaked in Csl solution of W/C=50 % (Upper) and
30 % (Bottom) measured by EPMA
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Table 4 Bath type sorption experiment conditions

Item Condition
Initial tracer concentration 107 mol/dm?
L/S (dm*/kg) 10 and 100
Temperature 25C
Duration 7 days
Repetition 3
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Table 5 Porosity of hardened cement pastes at 28 days

WIC 50 % 30 %
FAL5 35.3 16.0
FA30 35.3 18.0
BFS40 31.2 13.1
BFS60 34.4 18.4
SF10 29.6 16.5
HFSC 427 28.3
oPC 30.5 12.3
(Unit:%)
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Fig.10 Pore diameter distribution of hardened cement
pastes of W/C=50 % and W/C=30 % at 28 days
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