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SUTDY OF LONG-TERM ALTERATION BEHAVIOR OF CONCRETE (3) *
M. NAKANISHI **, M. YURUGI ***, Y.SAITGH ****, AND Y.FUJIWARA *****

ABSTRACT

Por disposal of radioactive wastes, concrete is examined to be applied as seal
materials etc.
These studies have been started with the aim to study about long-term behavior
of concrete under natural condition. Since 1987, we investigated the literature
of long-term behavior of concrete and examined the degree of alteration with
some concrete samples collected from structure.
This year, based on previous research, further investigations are conduted to
examine the alteration status of concrete sample collected from another struc-
tures.
The concrete structures were the building at central location in Tokyo metropolis
constructed in 1938 (in service for 52 years) and wharf in Yokohama new port
constructed in 1929 (in service for 61 years).
The results are as follows :
(1) The alteration degree of concrete sample _
The examined concrete samples were considered to be likely not so altered
because sample from building was collected at outer wall of basement 3rd
floor and from wharf was collected under sea level, therefore both samples
have been cured in relatively stable environmental conditions.
- (2) The literature related to evalution method of concrete alteration
A few litarature related to alteration of cement hydrates is able to
compared to results from investigation of alteration of concerte sample
collected from structure. '

*Work performed by Shimizu Corporation, Kajima Corporation, Ohbayashi Corporation
and Taisei Corporation under contract with Power Reacter and Nuclear Fuel Develop-
ment Corporation

PNC Liaison : Geological Isolation Technology Section.
Noriaki Sasaki

**  Shimizu Corporation, Institute of Technology

Kajima Institute of Construction Technology

Ohbayashi Corporation, Techmical Institute

***** Taisei Corporation., Technical Rescach Ceter
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1 4.1 9.5 0.5 53 54 184 | NNW
2 5.4 10.0 1.2 85 K] 163
3 8.4 13.0 4.2 58 102 179
4 13.9 18.4 g4.8 65 128 186 R
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g 22.9 | 26.7 18.9 78 193 127
10 17.3 21.2 13.9 70 181 154 N
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#) EUEXEE ., “HMEE " ,No.64 ,p. 189
~214(1991) £v5E :
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Photo 2.2 — 1 Trace of Yokohama New Port’s Wharf after Breaking to Pieces
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Fig 222 —1 Location of Honmoku Wharf and Sea Water Temperature (1986~1988)
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%2 9 -2 BEOBENFEOZRE SR UEESENKEE
Table 2.2 —2 Monthly Atmospheric Temperature in these 30 vears
and Temperature of Sea Water in Yokohama

% B (O A |BKkE| HE | BS | @BAK*

A 7@5 aa*f@aﬂ Ei | 8

¥y |HES |BEE | & (mm) | Ch. °C)
Ty | ¥y 7
1 4.9 9.7 0.6 | 57 61 182 | NNW | 10.8
2 5.3 9.9 1.2 60 72 159 9.7
3 8.2 | 12.8 4.1 63 119 176 10.5
4 13.6 18.0 g.6 | 71 143 167 | N 12.7
5 17.9 | 22.3 14.1 | 74 163 197 17.5
6 21.0 | 24.8 | 18.0 | 8i 216 140 21.0
7 24.6 | 28.3 21.8 | 83 141 172 | § 22.8
8 26.2 | 30.3 | 23.3 | 80 132 206 25.5
g 22.6 | 26.3 19.6 | 80 199 138 23.8
10 | 17.6 | 20.8 | 13.7 | 76 187 138 | N 19.9
i1 | 12.7 16.4 8.3 69 104 | .148 16.3
12 8.0 12.2 3.2 | 62 59 175 12.6
£ | 15.1 19.3 11.5 | 71 |1,586 |2,000 | M 16.5
#) 1 *:1986-1988HLOFHE
S AR A RSEOEAET L. 5m ()
(3. Om (HAER))
2 @ﬁfiéﬁ, “ HE4EEL” , No. 64 , p. 199-
214 (1991) £n8lH
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BHE23-1 o737 7RER
Photo 2.3 —1 Sampling of Core

‘ . Em23-2 BIFITHUTYLIHE
Photo 2.3 — 2 Sampling Point of Core at Basement 3rd Floor
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EE23—-3 B3IFa7HySYIuE
Photo 2.3 — 3 Sampling Point of Core at Basement 3rd Floor

EE23—4 BAFarTHvFYUIAE
Photo 2.3 —4 Sampling Point of Core at Basement 4th Floor :
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EE23~-5 BA4FH VI UINE
Photo 2.3 —5 Sampling Point of Core at Basement 4th Floor

EE? 3—-6 BEBKEAERE .
Photo 2.3 — 6 Measurement of Spring Water Volume .
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- Photo 2.3 — 7 Sampling of Block from Sea Buttom
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Photo 2.3 — 9 Surface State Contacted With Soil (B3F-2)
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Photo 2.3 ~10 Soil Sample
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Photo 2.3 —11 Underground Water Sample
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Photo 2.3 —12 State of Blocks (A-1,A-2)
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Photo 2.3 —13 State of Blocks (A-3, A-4, A-5)
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Photo 3.2 —3 Meaurement of Compressive Strength and Modulus
of Elasticity
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Photo 3.2~ 5 Yokohama New Port’s Wharf Core Specimen for
Meaurement of Permiability Test(C-1) :
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Photo 3.2 — 6 Yokohama New Port’s Wharf Core Specimen for Measurement

Permiability Test(C-2)
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Photo 3.2 — 7 Measurement of Permiability Test
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Photo 3.3 —1 State of Sliced D Building Specimens
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Fig 3.3 —1 State of Sliced D Building Specimens
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Photo 3.3 —2 State of Sliced Yokohama New Port's Wharf Specimens

m E OB W % H

[5mm
0 1520 3540 5580 7580 95100115120 135
Y-1 Y-2 Y-3 Y-4 Y-5 y-g Vy-7

K3 3 —2 HEHERREARAIERT
Fig 3.3 —2 State of Sliced Yokohama New Port’s Wharf Specimens
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¥ W7
i & | NLE BEmEREOa 7 ) — FRBEART 1 AR E
No. D—-1|D—-2 |D-3
a7 No,
DEN ERhEN
B3F-1 | S0t | 0~5 | 6~10| 15~20
(om)
No. Y-1|Y-2|Y-3{Y—-4|Y-5|Y-6]Y~-T7
HHEH | 7o)
$u7iNo. | BEfkE A 100 120
FEIRTR At l’o?ﬂ%&’é 0~151| 20~351 40~55 | 60~T75 | 80~95 | ~ 115 | ~ 135
- mm

K3 3-3ic. IFBRFEH L ORAMAR 70—V — FOEEETT,
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Table 3.3 —2 Measurement Condition of X —ray Diffraction

5=y b Cu
BERUER 40kV, 100mA
AU w b DSI° RS 0.3m SS1°
AF v VIIRE 6° /min
i) #nth

KIERDEERT 2720, BAIRAEICLD, 4 1-BFLESKASH
#l SSC 5020 M RFLERAV, £33 -3 IKRTEHEFTIT- 72
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Table3d. 3 —3 Measurement Condition of Thermal Analysis

i B | 90~ 130 VT, 1.2~6.45ng(T6), 9.5~21 5mV(DSC)
# B % Pt-PtRh 13% (DTA-TG)

kLY — PL(DTA-TG), Al(DSC)

= B & Air (OTA-TG), N, (DSC)

m # X E 20 °C/min

=N S 20~32mg (AT-TG),  19~28mg (DSC)

@ E E 0.5 sec

(3) BLAMBOEE GEEBETEHEME : SEM) (Scanning Electron Microscope)
BASHEVEYERE! S - JGREESTFEHESELEV. BRo8EET
-7z
(4) H#AT XF~=170T7F5 19—~ EPMA)
(Electron Probe Micro Analyzer)
BRAHATAETS X — Se0TBUMIEE XEATEEER . TRATE
o7
(5) ZERERUHTLSGERIE
i) =g
2.5~5mDENF VBH5 g ZFE ML T, UBHRKIETH S, TOX
HEBTAIELAE. 100~ 110°CTUNRER L THREERLAELT. &
BoOZHEBREHED Ui,
i) S
HRASHEEMERR R7 44 ¥— 9310 ZHV. KEEZEALTREOD
MFLER DS & EMFLEEE L
(6) shiE(bHAER
i) DEN
HF 3ERCABEROITO1A3> (B3F-2, B4F—2) o0
T T2/ =NT7 =251 YBREEFE LT, TORBREEEL. EELGEL
7o
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A-57ay 7 oRBEY VRN LcBERIC. RELTFERE(RE

U EEREBUHETHELSER L,

BB, T2/ —=N7 VA VBT 065 —IVIBERISEER 1 2%
BBXIFELTHN

(7)) BENZNERFED D HAIE

F5mBOENLFAREHS gBRL T, 0E0EROEFKICEREL TEH
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4, SBREREER
4. 1 THERUHTK, HKOERER

4. 1. 1 +I%

DEATIER LAYy Y~ b a7 CEEEM L TOAHEORBERERL 1 — 1
~4.1-51RLI,

M2 3 — 1 0+EEREA SR VN FFREN), NESHIHLEENE, B
BTHoTo ¥ V7Y Y THBETIORROE W EHEN - M L&D aTHHEL
TeADERELE TS - 7o b LR LHOWEN SHA Lo RS 5,

4. 1. 2 MTFAKRUHEK

D ELATENR L P KR OEETHIESE TR Lt BROSMERERL 1 -6
~U7

HTAKRDIB, 327 Y — rOREBLOFEREL S FORBE( 4> (HCO:™ )
140 mg/ 1 BETH 3, TOMOA 4 L EEDBEAORN] - HEKICHETZES
WA HITF/AKICEEEE L TW- o 7TOMBEOBRENL SR BRETEE. COEBEDA
VRETRIV7 Y - PIBAIHEVWE DI TH B, 3. BEKEIZ 1,68mlnin T
BT

BROE FORERA A BXREICEETI LGV, L2/ | LZTOBREDHE
XHERE S DA A4 VBENSHTBNEEHEKEEL SN,



z4.1-1 EMtZHoRBRER
Table 4.1 —1 Test Results of Properties of Soil

PNC ZJ1449 91-005

JIS A

1202 +

¥+ o i E

il

2

TOEwE R OER YRR AT
JHRRUA) SRR

i)

mERAR L EOATHOEBE T T

323.|“u.o
182.914

920. 0

T OB OB
BREFACANL 5= g— ......

€3 w8,
FERLtHER LS

g Boem e e e e

s

ms

TCIE B 3 (HERAK+HBCA)D

Ma

FELETE

4

ST E B R EE SRR T
GATT/WSC)=K - GATC/TTC)

F # fa

B

(TT/I5C)=

2.

749

TCE BBk E =0

4TI BT 5 2R FaHR
G(TTC/AaXC)=CGr-CAT Z/TT)

0.9%8234

0.998234

2.750

¥ ) ic}

B &I {(TC/4T)=
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F4 1 -2 EIBEOARBRERE
Table 4.1 — 2 Test Results of Properties of Soil

JIS A 1203 T+ o & K 8 #H E

ES K H #l it T &R

No 259 No 261 No 270
m.193.96 mi153.22 | m188.40 m, 149,16 | mel77.20ms 141,77

103,22 M 12,52 | mdH9 16 m 12,15 | melYl. 77 M 12,84

ma MU T8 mIN0.70 | m. 3924 m 137.01 | m. 35.43m 128.93|v= 28.4 %

v=28.96 % v= . 28.04 % v el 48.%

m,  (EME+ER)EE g
m,  (FEEL+EEILE e
My—Tc m, - FRNUR €

m, - Bt haknHEE &
m, [ FERiHE e
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BBWRE S E

#F4. 1 -3 EMlEoRBRER ]
Table 4.1 —3 Te_st Results of Properties of Soil
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'm&%} (o 42 0.074m)%5|
Snte (0.074~0.00500)% |
'yiﬁtomﬁuuwwm'

2o FH0. OOIHI«J.F)"/‘
MO b BARRETH %]

UOum-n waaﬁibﬂ %
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4.1 -4 EutEoREBRER
.Table 4.1 — 4 Test Results of Properties of Soil

5

+ o wm g R (/% 7 i)

i = m g 1774. 00
=9 & H om freeeeeenesd 1 273 ............
SRS S ¥ 23.c. N
EoB OB = g cm 12. 730
S VU SOT) R
EER ;A A D: 1 R e, 1 000 ............
19. 00
LIHREHEE D cm 10. 000
¢k mE e A 10.00
S .10.00
PREREEE D. cm 10. 000
T 5 & & D P T O, 1 .9.’..99. ............
J....18:00
th THEBHEE D. em 10. 000
£FHEE D =(De+D. +D:)/3 10. 600
Wi E W A=zD'/4 ca? 78. 540
tk #® v=a-H ox® 999, 812
® &N % % pr=nfy g/t 1.774
¥ o# & Kk w % 28, 4
& ® T K Pe=pfits) gl 1.382
tRHRFokdE G. 2. 749
fal [5<1 )4 e=(G. p.sp)— 1 0. 989
7] o B S.=G.-w/e % 78. 8
: @& F 8 N
z| o =1 774 g [
Ma B
o 1774.0
Bl = 28.4 g |k me € 113821
allr
i} o me 8L 1
pe=1. 382  gfca’ W %1 98.98

Ma: (BML+EFHIKE
m (ERE+ESIER
m.: FEHEE
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#4.1-5 HEaTEOAREE
Table 4.1 — 5 Test Results of Properties of Soil

T EHERBRER— B FE (EReam)

B 9 (00aBlE) % e |
R e
I e I

L S {5pmBT) % | 4
R B
tlmsea o 6.0

e R U 9 1
R oo oo I NN .
Li:]
+t 8 F ok EG 9. 749
g | B K B o Fl284
#x BEWMEE A g/cm’r 1.774 |
I E o
B w o ® s % 78. 8

................... RRE n X AT
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 F41~-6 MTARUBKOSITER
Table 4.1 — 6 Results of Chemical Analysis of Underground Water and Sea Water

B ool oA DN BREHERE | 8RO F Y
(B3F-1) R (ng)
H 3 Tk K
® 4 wK B
pH 7.4 7.5
E h (a¥) 1 s 82 B
EXESHE (@s/cn) 0.97 44.8
B H B B (e/D 5.8 2.0
4 cl- 33.5 18,512 18,980
HCO=" 14,0 1.2 0.14
?k S 042" 175 2,275 2,650
d Caz* 130 332 400
i Mg?2* 19.3 1,007 1,270
» Na* 47.2 8,744 10,560
. K* 28.8 344 380
Als3r 0.3 0.3 (2)
(mg/1) -
SiQe- 29.9 7.1 (0.5-10)

#) 1 @KOSFVERE. BREE , “ MTANYET w2 ¥, ()
BEREENES , p. 131 (1979) ED5IHELE,

( )EDAL1*BEUSi0:2i. The Geochemistry
of Natural Water 2nd Edition &9DE|H
LVAERETS S,

2 EMEYEE ., “#Hi4E% ", No. 64 , p. 872 (1991)
X AHEDW)I - MIEBAOKEBIE. ROLBDVTH S, '

Baoal - Bk {bEsRs (mg/!)
(& L TAHKROMERI L ) RH)

- E R|AE|TarNE NO, [NH, | &1
s tpH K * [Me*" | CIySO[Si0,
wpg| BW L mati % | caco, Na* § K° [ Ca®" |Mg?" | CI7{S0F°(Si0,| Fe | P | i

| x s-mEionf groliss| 206 [ se|1s 133 | 33 ) s3] 2020230 (004 foo4 jo28 003|007
BN ¢ Al - ¥ 65| 960 [1674] 226 | 7.6|15{ 9.4 7 25 | 50| 155(20.6 [0.70 |0.01 fo.48]0.12 |0.02
FRNE BBl |64 111 |24 189 | 14|07 (102 [ 21 | 44 187] 9.3 0,09 |0.002(025 012 —
XU [& By 165]1032 [1L6] 114 [ 84]09 | 83 | 28 | 91| 26.0{23.0{0.18 (0.004{0.16 [ 0.03 0.07
WA |16 A&-m@ar®|70(1287 | 40| 169 | 67{13|158 | 43 | 82| 449354 ]0.04 |0.004(0.07 } 0.08 | 0.04

SN | Em-shexan™ (73| 904 [155) 2L4 | 78|25 92| 23 | 44] 7.9)434 |014 002 JO17 |04 | ~
AN W B-EElE 71| 480 [255] 203 149|07| 64 | 18 | 57} 48126 0.02 {0.00410.25 [ 0.04 [0.05
£ [f0fab-hE#k |71] 650 J104| 373 [ 52]098 (129 F 13 | 44f 66{144{003]0 [009|0.05]0.06
SR [RL-ERFEY (69 530 |104] 234 | s7[L0| 74 | 19 | 620 119151 (013[0 (611 [003{013
fA e E-EnEN]2s|5L8|sts] o [134]63 | 336 { 25 |1348]280.0|6L5 [4.71 [0.60 |0.33 018 (04

¥ | FRNEBLARN™ 7.0 [ 3T [166| 434 (16737 | 166 | 59 | 20.0) 36.7}13.8 |0.37 |0.05 (0.48{0.13 |0.1F
ek [t % 73p 82| 69( 386 | 33|12| &3 | 34 | 0B 16j 93 |0.05 00011002 |002] —

BEM|M K-l (74| 4769220( 252 | 51{08] 85| 27 | 3B| 33| 16 0.01|0.01 0203002 -

*BEEN. DB-RFS DH-MWH (R SHMATEN HR-Eii 5B Ll
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4. 2 HEPAREOaL /Y — FORRR

L. 2.1 EL5LESEBHOMSL
D BN OB ARBEMRGONEEEHEA 2 — 110, BESSEOEFRERRA

BAKOWEEERL 2 — 2105
EEOMHEIC>WT S mPl EOEBMOEENSEE LicEL S LES L EEHOE
i, mREH D ELI362.6 : 27. 4%, HHiRHAHEEHIT4.8: 25. 2% TH - TFHE

NIRRT AR HA4026 IC BT L TR E W,

4, 2. 2 a2vry—-LDEkE

D EIZ 8.7%. SLESTHEIEEIT 6. 3% Th » 7o MIENSRHEEARGEIEKPICH
S7eDT, FRIZEKRR L - EBVWRTTHEH, BRIV EFShiTay sh
oY INBFNT. REAEHRLXITH S, SRiIHTL DI EFohicERc

SKBERET BLENDH S,
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D EVEREORTEIARER

FH42-1

Photo 4.2 —1 State of Cross Section of D Building .

A

WW%

TSR AR A OTEIR

12

Photo 4.2 — 2 State of Cross Section of Yokohama New Port’s Wharf Specimen

Fd

EEL2~2
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4. 2. 3 avszy— ot
(1) EHRERER. BurRy
FEERERBRRER LR 2 — 110, SREENAEEEERA 2 -1 &M 2 -2
IR
D EJLiZ 168k £ /of & BEAME
BRERN - EFRERCHEORRE. BAREEAR CEMEIZL 3 LRORT
RTTENTED,
Ec=21X10° (y72.3) * X (Fe/200 ) 3
T Tt Ec : HEHAE ke f )
v K -}
Fc : Hf8E (ke f ad)
 ARERL 2 - | RRTEFRERCEEN SR HHERD 3 &, D EILER
131 96X 10%ke f of & IHIT—B U BREFHEIRGEMHEIAIL2, 58X 10°ke fof &
EAME B L TRPRE W, |

#Fz4.2—-1 RHREEESRER
Table 4.2 —1 Compressive Strength of Specimen

) ¥ BH|E B b | & B HE B\ ERE A EIKE &
HELE E 21§ < wmOE| KR OB A E
(cm) (cm) (erf) (ext) (g) (ton 1) (kgt/caf)
DEMN! T.41 |14.89 43,12 | 642,11t 1,497 2.33 T.25 1.00 168
PEIRTH 1000 | 9.76 | T78. 70| 768.1| 1.813] 2.36 |24.75 | 0.888] 279

) DENANED Y7 Y — bORITEEREI 150ke { /el TH 7o
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ey,
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&?fﬁﬂiﬁf,%ﬁd)’f%kﬁﬁ Wi FRRA

1.3
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343

BRIEH (kgf/co)

APEE (R
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o 550 1000 T T is00 2000

4.2—1 D VISR E I O HBEER
Fig 4.2 —1 Stress- ~Strain Curve of D Building Specimen
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(2) FAHEBHER ’ |
BARRERERL 2 — 2 & %42 - 3 ITRT.
D ENVBRUBRSTHEIREAREA L ot 0FKEER, BEOI 7 ) — bOFEK
FRA107°~1071° em/sec ICHBILTAEV, £, BEFBEEOT Y Y~ b7
oy 7 3#EEE (C-1, C~2) K- T3 HEEELBEKRFHPRL > T3,

#4.2—-2 DUELMGIERLAHEBEAOEKARER
Table 4. 2 —2 Result of Permiability Test (D Building)

L eBE
W w |y | e
(ca®) | (cn®/h) | (cm’¥/sec)
1 41 41 0.0114
2 84 23 0.0064
3 98 34 0.0094
4 131 33 0.0092
5 165 © 34 0.0094
3] 200 35 0.0087
ERE (cn®/sec) 0.0092
HEMSOE X (cn) 1.4
£ (kg/cm?) 5
EREHE(cr®) 176.71
B ERE (cn/sec) 1.19%10°7
%E&:Eﬂé%?&&)tﬂ%‘ffﬂ 81
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%4 2 — 3 BEFEEEHNSIEN L CHSEFEOBKARER
Table 4.2 — 3 Results of Permiability Test (Yokohama New Port’s Wharf)

W o® wm ¥ 1| W
%ﬁg (C-1) : (C —? ) \
| (h ;!ifﬁ gﬁ EKE %iﬁ £ EKE
' (cm% (cmﬂg%) {cm3/sec) (cm% (cﬁ%) (cm3/sec)
1 20 20 0.0056 0 0 0
2 36 16 0.0044 8 8 0.0022
3 56 20 0.0056 16 8 0.0022
4 86 30 0.0083 24 8 0.0022
5 100 14 0.0038 30 6 0.0017
6 115 15 0.0042 37 1 0.0009
Ek & (cud/sec) 0.0053 0.0020
gk DE X (cn) 9.9 5.4
BEEH (kgt/cn?) 5 . 5
EREE (cn?) 78.54 71854
Bk GRE (cn/sec) 1.34% 1072 @80 X 10-8/)-
BN EKE oD ®1 48

N ! B - . , P
V\Iﬂ’{?>/‘7£’7§1 /?7\77%L2"\?
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4. 3 TEEYMRESNORR

4. 3. 1 CaO/insol.

BRENSOH NI LA+ VHBOBEEERFAS2OICER L C a 0 losol. |
%43 - 1IZRT,

D ELRUESIRFEEIRE b, K, FodEkcEREMLTHEOD - 1R
OY — 1 BEEOC 2 0/ insol. KAYE S B4V & LRADIEHS S -2 EEZ 5
N5, EME,SOEIFEDORED C a 0,/ insol. i IIEIRIE I & 5 R E D HKE
I,

%4.3—1 Ca0O/insol. LAIEZR
Table 4.3 — 1 Results of Ratio Ca O vs insol.

5 | ca0 | insol. | cad/insol.
% S €9 €9 It
D | b-1 13.4 | 63.4 | 0.211
v D-2 14.8 | 60.5 | 0.245
A} p-3 14.6 | 62.2 | 0.235

y~1 14.8 | 60.3 | 0.245
fﬁ y-2 17.9 | 54.9 | 0.326
" Y-3 17.1 | 56.8 | 0.301
i -4 17.3 | 56.3 | 0.307
® -5 17.8 | 56.4 | 0.316
® Y-6 16.8 | 58.0 { 0.290
B8R

Y-7 16.4, | 59.3 | 0.277
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4. 3. 2 KAEEMOEE

Bl (d=2.30) Sk 3RElms ByoERES. #5%F (DTA-TG, -
DSC) « {EEMFEREEL 3 — 2 &F4 3 — 3 IR XBERTAREIC & B/RFI4R
SOBERREEL 3 — 4z, ThoOERI SEH UiokiERoERIAGZ=R AL
3—-5IxRT,

Bl4. 3 — 113 SEREYOE S ZHEMEN, S OFEEHIONIE L TRLAADDTS
%0

HiR A EIT X B0 & IO &5HINRIZTI. 3~88.3% Th > Ty 7OERIL—
T8 J —VBRITI2~20% OARFERY, HEVWRBMEENEHTEELITH B,
D ENE IR ST & by BREY SREIcE 3 T B4R LakBM bR

( Wi h (Ca (OH) » ) MEELTWS,

D ENTRMTKICEESEM L COAREDOD — 1 58, BEFSRETREKICE
BEMLTWAEREEHOY - 1B EROY - 2 BEBRB{LL TETORBAN Y I L
(CaCO0:) PHERLTVS,
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#4.3—2 DUELISERLUALZHOFRSBERUHBSHT. (200 R
Table 4.3 — 2 Results of Heavy S%luéio?dr‘ragtion, Thermal and Chemical Analysis.
D Building

ses | AR | PELZASsLSC ik

(%) {Ca(OH)2 |CaC0s | F-Salt| He0 AH | ca0 8i02 | Al20z { Fe201
-1 66.3 0 3.6 0 14.6 | 6.7 34.1 31.83 §.54 2.24
T T T 2 S
T s T S -
| 02 | 5.9 | 0 | 0.8 | o | 146 |14 | 37.4 |30.69 | 6.45 | 2.07
D-2» 9.1 L] 0 0 4.1 -
T s [T T T ﬂ -
| 03 |59} o | 04 o | s s | 375 [s0.48 | 6.37 | 2.1
D-3. 11.0 0 0 0 2.8 -
B Y E -

Y1 f£:iE8%W%. s B
2 BEEOKE:2, 36
3#2"5&% (f) L% (s) o088 ()Y TEL. ( VAR FOSHEBELRL
4{;;?69—-?»&15 (F-Salt):3Ca0-A120:-10-12H0TKEINIEE

5 FNNEF+H4NL(AH) : Al:20s.
6 BEFZTI, BEW (L ) * s
D HWELEER(CL) oxEEE

D-1 p-2 b-3
0.219 |0.202 |0.123

H=20

n
TEEL, E{th
(B

A5 ‘/ﬁ&’&ﬁﬁhf%ﬂ%ﬁﬂéaﬁk
f1:%) . kOLBHTHA

—T76—
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4.3 -3 RGBSR SN LUARNOERSMR UG, ESFOER
Table 4.3 —3 Results of Heavy Solution Fraction, Thermal and Chemical Amalysis
(Yokohama New Port’ s Wharf)

sne | Re PRz Rt © i
(X} |cCa(0H)2 |CaCDs |F-Salt| H20 AH | CaD Si0z |Ale02 | Fe20a

Y-1. | 70.2 0 2.4 | 2000 | 13.5 | o | 36.4 |24.35 | 6.33 | 1.76
I N N N N N 1 L

- |¢8s.2) -

Y2 | 719.3 0 2.0 | 22.0 [ 1.5 [0 | 387 [20.2a | 6.35 | 159

Y-2, | 7.1} @ 0 0 1.3 | -

R Y -
I I ORI X RUON RN CE N EXN I

Y-3. | 12.4 0 o 0 2.8 | -

- e - -

Y-4, | 71.8 0 0.4 | 21.2 | 16.5 {1.1 | 38.9 [zs.za 6.67 | 1.63
(Y4, | 108 | 8 | 0o | o | 36 |- |
B R Y -

¥-5. | 72.0 0 0.3 | 23.2 | 16.7 |1.0 | 388 |25.71 | 6.51 | 1.78
[ ¥-5. | 6.2 | PR o | o | 3.2 | - {0 T
Y -

e s | 9.--,-.&--9.-&--__2_%-_9____.11-___ 0.8 | 392 {2486 | 6.48 | 161
| Y6, 90 ] L U 0 .33 o _

= e - |

Y-7: | 69.3 0 0.3 | 18.3 | 15.1 [0.4 | 38.8 |24.98 | 6.56 | 1.85
v 103 | 0 tu """"" o | sa |- |
R "

H) BFETIc, S8 (£) ZWHBTERL. Bt v E82AWASMEMEREICL

D.WELAER (CL1)oFrRME (BA1: %) . XKOLBDITHS,

-1 | ¥-2 | 3 | Y4 | ¥-5 | ¥-6 | v-7
3.423 |3.202 {2.518 |2.153 |1.942 |1.718 |1.382
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4.3 -4 EHEESEE Ltﬁﬂ@*ﬁ}ﬁixﬁ@]ﬁﬁﬁccgélﬁﬁ%ﬁ
Table 4.3 — 4 Identifical Results of X-ray Diffracrtion of samples

HHH | Ca(OH)2 | CaCls | AFt AFn | 79-F'BIRIE | C-S-H | Si0e %ﬁd)f%o)
b-1r O O o)
. | Lo | 1T o T o
D-2¢ O o) o |
70 Y Y R R N B N o
B-3¢ O ) o |
7 Y A R N R B R o
Y-1r O O Q 3
L.l o T o o
Y-2¢ O O O @]
B2 70N I R A Y S R R R o
Y-3: O _O__"""O_ _______________
27 D R N 0 o
Y-4+ O O O IR
EE2770N B R N R VoY o
Y-5¢ O O o 1
270 N R R R o R B!
Y-6¢ 0 Y o
K2 N e e I - R o
Y7 O o O
"2 70N R N N R R o o

1 Ca(OH):2: FHNbI¥4 b

2 CaCOs: ANiA P

3 C-S~-H:mCa0O-8i02+-nH:20

4 AFt:3Ca0-A41203+-3CaS0.32H0TC{iFEIhIBHEEHE

5 AFm:3Ca0-Alz0:3-CaS04+12H07{FEXhAEBEELE

6 ZU-FNHEE(F-8alt) :3Ca0 -Alz0:+10-12H0TKKRENHE
BiéE

7T 8§i0:2: /5%

8 FoMfoRFHRA. AMNA. GEEBRUREGRY
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4. 3-5 KMESRDORIESE
Table 4 3—5 Results of Measuremeni of Cement Hydrates

D (D Building)

" W (%) c BBAHZ100% L LEBS C-S-Ke o)
HHEZ Ca0/5i0.
. Ca(OH): | Calls AFt AFm F-Salt{ AH C-5-H He0 EILK
D-1 (] 8.7 0.1 5.4 g 6.9 | 73.9 | 5.1 1.0
D-2 g 0.9 0.1 25.8 0 | 1.5 61.8 | 8.9 0.9
D-3 0 0.4 0.2 10.4 0 5.4 77.6 | 6.0 1.2
85 18 B (Yokohama New Port's Wharf) ,
_ £ (%) HBEAHZ100%ELEES ' C-S-Hep D
o 81 CaB/S5i0:
Ca(OH)z | CaCOs AFt AFam F-Salt! AH C-S-H Hz0 €N
-1 0 3.9 ] 0.4 23.1 0 64.1 | 8.5 1.2
¥-2 0 2.1 i 8.7 23.8 0 65.3 | 8.1 1.3
Y-3 0 0.4 0 3.9 19.0 0.4 | 671.7 | 8.8 1.4
Y-4 ] 0.4 i) 0 21.9 1.2 | 68.5 | 8.0 1.3
1-5 0 0.3 o i 23.7 1.0 | 66.7 | 8.2 1.3
-6 0 " 0.8 0 | o, 25.4 | 0.9 | 64.0 | 8.8 1.3
Y-7 0 ! 0.4 0 19.5 | 18.5 0.4 | 65.7 | 8.7 1.2
#) LERE. XOLSCHBELE.
C:Ca0, S:8i102, A:A120s, H: H20
C—S—-H:mCaO-Si0Oz-nH20, AH{(FAIF¥)) + Ale02-nH=20
. AAYILATNIF~- B, XOEITRLE,
AFt:3Ca0-A1203-3CaS04-32H0TRFXNLETHEHE
AFm:3Ca0-Al120a-CaS04-12H0TCHREZhSEEHH
ﬁ%é)ﬂ-—?;b&iﬁ (F-Salt) :3Ca0-Al20:-10-12H0THRKTH3H
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4. 3. 3 EtEoOHBOBERUTESITOER

BLEOEENBTHERSIC & A OBEEREEEA 3 — 1~4. 3 - 10KR
To iz, XE<A 70774 F it L 2—HMORHOTRATOF/RERL 3 ~ 6
(Y- 28MO7 ) —FVEE %43 -7 (Y-5EHOT ) -FILEE KRY,

C—-S—HFXFNVRUBRIZT MY HA b

5]

EE4L3-1 D-1XHZBEBOSEME (0~5mm)
Photo 4.3 — 1 SEM Picture of D-1 Sample (0~5mm)

C—-S—H¥IL

gy

EEA43-2 D-288oSEM#E (6~10mm)
Photo 4.3 —2 SEM Picture of D-2 Sample (6 ~10mm)



C—-S—-H¥WL

Y

EH4.3-3 D-3x#FEH0SEME (15~20mm)
Photo 4.3 — 3 SEM Picture of D—3 Sample (15~20mm)

C—S—-H” N

-

EHE4L43—-4 Y-1BZEOSEME (0~I15mm)
Photo 4.3~ 4 SEM Picture of Y—1 Sample (0 ~15mum)
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7 U —F KR

e 30

5 Y-288®DSEM#E (20~35m)
— 5 SEM Picture of Y-2 Sample (20~35mm)

%£43-6 BRESHMOEPMA (Y- 23D
Table 4.3 — 6 EBlctoron Probe Micro Analysis of Bar-like Hydrate (Y-2 Sample)

oG #| Na Mg Al S i C1

a4 I E Qo | 2.83 0.08 1 1L77 | 3.74 | 20.90
707 BRI (%) | — | — |18.92 | — | 24.86
7T #| K Ca | Ti Fe |Total
5 #Hr E O 0.08 [58.59 | 0.05 1.24 |100.00
-7 RE (%) | — |%56.22 | — | —— |100.00

C—S—H%N

A

HH43-6 Y-3=xH0SEME (40~55mm)
Photo 4.3 — 6 SEM Picture of Y—3 Sample (40~55mm)



C—-S—-H¥WNL

)

3—7T Y—-4F 0SS EME (60~T5nm)
Photo 4.3 —7 SEM Picture of Y—4 Sample (60~75mm)

EEA,

7 —=FIEKE

@ Tk

BEHE4 3-8 Y-5a0SEME (80~95mm)
Photo 4.3 —8 SEM Picture of Y—5 Sample (80~95mm)

KERMEA NV AR
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%43 -7 BERERTOEPMA (Y- bHHEED
Table 4.3 —~7 Electron Probe Micro Analysis of Bar-Like Hydrate (Y-5 Sample)

7T %| Na Mg Al Si Cl
i %) | 4.04 1.20 1 11.68 | 2.67 | 23.95
707 KIE (%) | — | — (1892 | — | 24.86
7T | K Ca | Ti Fe |Total
o B ) 0.90 |53.70 | 0.07 1.79 §100.00
79-7h BiE (%6 — 156.22 | — | — |100.00
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thcz h Y YA A by BRI
C—S—H

154

EEALI-9 Y-6EHOSEME (00~ 115mm)
Photo 4.3 —9 SEM Picture of Y—6 Sample (100~ 115mm)

KB kAL AR
e N I 0

150

BHE4L 3-10 Y-THXHOSEME (120~ 135mm)
Photo 4.3 —~10 SEM Picture of Y—T7 Sample (120~ 135mm)
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#4 3-8 BEKOBTEHEBEIEHTLE
Table 4.3 —8 Total Air Void Volume and Total Pore Volume

) HE | STRE | SHILE
o S (ml/g) (nl/g)
D D-1 0.172 0.103
vl p-2 0.260 0.098
| D-3 0.169 0.071

Y-1 0.153 0.063
1
Y2 0.154 0.072
pid

Y-3 0.154 0.075
5

Y-4 0.161 0.065
i

Y-5 0.158 f.070
o

Y-6 0.157 06.072
T

Y-7 0.143 0.072

M4 3 — 2 . MAERORHEFL RS X UR4 3 — 3~4. 3 — 123, SAER
ORHEFTNTFIORITSOWTERLADDTH 5,

Koo T. V. Piia@mFLE (Total Pore Volume) &7Rd

D E L DGR I & OB BT SFRIC N » TS LTV B 7 — 5 TH
B BZERRE LB B & —HIC T OHEN S B L BBV,
BRETEISTRIT oV T 37k & OEBHEMTE, 5 REICE T ORERER LR
& HHESEDBERIZE, |
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Fig 4.3 —2 Accumulated Pore Size Distribution Curves
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Fig 4.3 —6 Pore Size Distribution of Y-1 Sampie
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Fig 4.3 —10 Pore Size Distribution of Y-5 Sample
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p HIEREEZHWARRTIREEI LM -7
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Photo 4.3 —4 State of Spraying Phenolphtalein to Yokohama New Port’s Wharf
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4. 3. 6 BRBREOKREAAVBE

AR A20E MISA TREKICER L ROBERO p HiEER4. 3 — 9 LH4. 3 -
13& RS,

D E VR OB RER & bIFEIEI & 59 D HEARIZT—ELTHY,
TIH Y ERFREIRTWS,

£4.3-9 BREEOKEA AV BE .
Table 4.3 —8 Hydrogen lon Concentration of Solution

) PH | KA >
A . BE
D D-1 11.9
| D-2 12.0
| D3 12.2

Y-1 11.9
B
| y-2 12.0
pii

v-3 12.0
o -

Y-4 12.0
=

-5 12.0
®

Y-6 12.1
iz

Y-7 12.1
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Fig 4.3 —13 Hvdrogen Ion Concentration of Solution
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(1) Assessment of the Performance of Cement-based Composite Material for
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Scientific Basis for Nuclear Waste Manegement XTI
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(2) Mechanistic Model for the Durability of Concrete Barriers Bxposed to
Sulphate-Bearing Groundwater
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Scientific Basis for Nuclear Waste Manegement XII
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Table 5.1 —1 Comparison Concerning with Main Results Obtained in 1988, 1983 vs 1990
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DHFEEF0.05~0.09 ORI A>TNB I &b, s,
5 C-S-HPBBESEORTtaszhs b0, C-S-H
WL T CaO/Si0 ENHHELLT S, FoI08
510 DHRILEDETERL_LE&FR2 45, “hid
COFEREDC-S-HHD Al OFEBMESTRTES
22EETTLOTCEHS,

(3) BFEREOWBEOEE H8
AHRBOEBELEEEZITR6ICRLE, $SEOD
BEMELHBL LTV AR T7, BRYEDE
BICHBNG S, —FHESBLOLOTERIBICS -
LTEOLOHFENTELNH, +hFNELIRR
BB L THEESEERE Lo, Fn5OBRKE
ELTKRDIELDTHSB, chuelhk~sdE, C-S-HD
Ca0/Si0; ENHDFT L DIE, BB 20 LS IZlEKD
REEZRUNLDOTER S, ABREEFE>TVSY,
—FHEHES, 4, TOESET S Y BHRIEREROE
RIZE0 C-S-HOBBEDKEVLOTE, HaDE
ENETLTHEY, COLILBERICHLTIEC-S-H
DEENFRE <BECETLTOWEIEHbRE, UL
48
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A1203/A1203+5102 mole ratio
°

0 0.5 1.0 1.5 2.0
Ca0/$i0; mole ratio

HIBRIZL D C-5-H D Can/Sio, &
1D ALOL/ALOH-SIO; T HOTH £

E-10

L—ARMISDEIIC, C-S-HNEEALESEDREL
BHob, EBrBODBEER-TVELDHH B,
CE, DAEERA Y FPTEORBHAO A > &M
LIKEWOIEHRET A b5 A Y FOBEZ2LUHE L
TEDOPULDPLVRL TV &, BBEOHED
DERFRGEVRLE TV ENPS, IV 7Y — AR
LRRDODEGDPLVBRUSEWEE LTV LD
EEAOND, LEHBICHESZZ S, C-S-HA
BrSRERLTL, F0RAEBTCERLLERI LA F0OE
WERETANE—ICLOBOREANEREBLTEH TR
BUABEES>TWAIEMNTFHANIIET, 20
FLOKNBEOBRFCARESASLDEEL LA
B

4. F & B

DEDEREELHLLERDOBYTES,

1) EWTE, BEMAHS LRSI L5,
N—=ZA bRy Y— rhOKNBED C-S-H,
CaC0;, Ca(OH) EOFEBMIMEHNTEETH 5.

2) AFt, AFmEOHBETRICLBBMES & -
TLTHLBREORMEZS 50, EFRO LS C
RIBEETIEEAE AFm T~ E2 605
DIZHL T, C-S-HIZBTh3 AILNDLD
BEIXRTAFm Bt s ERETHE, FO54H
ErSERUMREE 25, T AFM S & 10K
LRy, 2O—E8HBT7 L IF5 0% CaCO, 2T
fELIBEIiE, DSCIHE Y AFmET L I+
VOEBMTE S,

3) C-S-H® Ca0/Si0; MLz T 1, ¥HEH
S THEOREZICRTORKMLH D0, BHHS
THREFELEL, EHRCHEL B4R, &
&% C-S-H I & 5 EMERIC L hif Ca0/Si0, €
WHO. 8 LT & & 1SS AR 12 CaCOs &
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Analysis of Hydrated Phases for
Evaluation the Durability of Concrete

By Kazutaka Suzuki, Tadahiro Nishikawa, Yoshiaki Yamade and Tkuya Taniguchi

Concrete Research and Technology, Vol.1, No.2, July 1990

Synopsis : To investigate the long-term alteration behavior of concrete, two ways of experiments were con-
duced. First, the analytical techniques were proposed on the experimentally synthesized hydrates. The thermal
analysis, chemical analysis and analytical electron microscopy were taken on the several mixtures of hydrates,
and the reliability of these methods were confirmed. Next, these evaluation methods were applied on the con-
crete structures deteriorated by sea water, by alkali-aggregate reaction or by neutralization. The sea water ero-
sion and alkali-aggregate reaction are more destructive than the neutralization, though the well-manufactured
concrete structure is proof against the various expected environmental conditions even its hydrated phase was
completely carbonated.

Keywords : Long-Term Alteration of Concrete, Selective Extraction by Solvents, Chemical Analysis of Hy-

drated Phases, Thermal Analysis, Analytical Electron Microscopy, Evaluation of Concrete De-
terioration
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CPsS

SAMPLE NAME: FUTUUBUTSU DRTE:
TARGET ‘Cu

VOL end CUR: 48KV 10@8mA SMOOTHING NO,.. 13 Thata I[NT
SLITS DS 1 RS ,3 55 1 THRESH. INTEN, : 48 CPS
SCAN  SPEED: & DEG/MIN. 2nd DERIV,: @ CPS/(DEGxDEG) l
STEP/SAMFL... .82 DEG WIDTH: .11 DEG .
PRESET TIME: 9 SEC B.G. 1SAMP.J @ 32
FILE NAME : D-1¢ B.G. (CYCLE) . 32
OPERATOR . T.MATSU QUTPUT FILE
COMMENT i

Sample Name @ FUYUUBUTSU l

P T A R S SE S S PP PR PR PRPURT P ST I STICIVERTE L R LTS (LU (N S

[Tt te AT T, T TV T s Ty By [T AN N gy (ada e onp N nt S ol |
D P D] e P RSICOLTUD N AT IO i~ SN <0 00 OO MNST

FANKDONN e OO ¢ MONXVONEREDDM O 0O RSEDe

“18
E¥ )

|; FL 7
zz 23 44
..g sy,

w\uumwmwmt{\tmm h/tj | MJA \]\m‘w\

5.0 106.0@ 26.098 3@.?]@ ig. a8 50.98 55.00

BARX@BEHFHE (D-11)

S00-16 6¥Y¥IrZ ONd
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CPS

SAMPLE NAME: CHINDEN DATE:
TARGET 1 Cu _
VOL and CUR: 40KV 100mA SMOGTHING NO.: 9 Thats INTEN. WIDTH 1/10
SLITS iDS 1 RS .3 55 1 THRESH. INTEN.: 10@ CPS xﬁﬁ I 9 95 - g 18
SCAN SPEED: & DEG/MIN. 2ad DERIV.: @ CPS/(DEGxDEG) ‘48 g:g :
STEP/SAMPFL.: .02 DEG WIDTH: .B39 DEG ‘8, \ g- ; ; 1%
PRESET TIME: @ SEC B.G. (SRAMP.i & -32 : 1§23
FILE NAME 2 D=1, B.G. LCYCLE) ? 32 : X : 3 2
OPERRTOR  :T,MATSU OUTPUT FILE : Lad 5%
COMMENT : 5 3 gg ‘ 106
: 1245 . t T
Sample N : CHINDEN 02 3 ;
ampte Teme :g iiﬁ :? S
3. 00K = :ag ' g1 ;
. ! :34 :é :;
! .54 In;$
:% 1485
= :; § . ?
] . a : §:
n UIE G
1.5 | . | 5
- S VUL LA
5.00 108,00 20.00 30,00 49,00 50.00 55.00

B E X EHFE (D-1s)
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CPS

SAMPLE NAME:FUYUUBUTSU DATE:
TARGET H #1

VOL and CUR. 48KV 10@nA SMOOTHING NO.: 18 No. 2-Thate INTEN. . WaTH 141
SLITS = :DS 1 RS .3 5SS 1 THRESH, INTEN.: 5@ CPS .7k -5 /. éﬁ ' ﬂé
SCAN  SPEED: 6 DEG/MIN. ond DERIV.: @ CPS/(DEGxDEG) g 382 -8
STEP/SAMPL. .B2 DEG WIDTH: .15 DEG .gg sdz 3135 s
PRESET TIME: @ SEC B.G. LSAMP.J : 32 3 : A : f; 85
FILE NAME : D=2,  B.C. LCYCLE) @ 32 ; 402
OPERATOR & T.MATSU - QUTPUT FILE ¢ : % ‘a3F
COMMENT g 53 3% g : § 2N
Sempls Nams : FUTUUBUTSU - 8 g N1 %
g ' §§ 5 1259 51
" ? : 8 é : g g
- 5.12 2 . L
- 619 (24, 48
'h lg 22{8 . 2 .%G 2
& : . '
8 :{ﬂ 1% -B18 g E

h
~

dﬁl hi

5@.p@ 55,00

;MaAMﬂuphUNbAmJuﬁj

.60 19.90

AR XBREHFHE (D-21)
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CPS

3.08K

SAMPLE NAME:CHINDEN

TARGET 1w
VOL and CUR: 48KV 108mA
SLITS DS 1 RS ,3 89 1

SCAN SPEED: & DEG/MIN.
STEP/SAMPL, . ,B2 DEG
PRESET TIME: @ SEC

DATE:

SMOOTHING NO,: 11
THRESH. INTEN, % 97 CPS
2ad DERIV.: B CPS/(DEG«DEG)
WIDTH: .99 DEG
B.G. LSAMP,) t 32
B.G. (CYCLE) © 32

FILE NAME 1 D~2.
OPERATOR ¢ T.MRTSU QuUTPUT FILE
COMMENT :

Sample Name CHINDEN

w

- L
~ - "

5.06 10.00 28.008

I i

MEXMENKE (D-2s)

56.00 55,00

G00-16 6¥YIfZ ONd
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CPS

5K

.25

SAMPLE NAME:FUYUGUBUTSY
[ARGET iCu
VOL and CUR: AQGKYV 1068mA

SLITS DS 1 RS ,58S 1
SCAN SPEED: & DEG/MIN.
STEP/SAMPL., . .@2 DEG

PRESET TIME: @ SEC

FILE NBME D~-3¢

OPERRTOR . T.MATSU

COMMENT :

Seample Name

DATE:

SMOOTHING NO, +
THRESH. INTEN. :
2nd DERIV.:
WIDTH:

B.G. (SAMP.J ¢
B.G. (CYCLE) ¢
OUTPUT FILE *

FUYUUBUTSU

19

5@ CPS

@ CPS/ (DEGxDEG)
.15 DEG

32

32

5.90 19.09@ 20.08

ALJAJLM/MJ\ﬂmeﬁf\udﬁAAuuﬁﬂNJ .

A X mEHE (D-31)
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LD ATUUSUIN— ESHDOY INUS PG
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iz
-

CDUNILPLNIDUT = OO OR Ot == S O OOC IO G I T
e L

. —

2 oMM M MrBROUEBEMEAY B RGN0

-
o
—
=
IS A T - —

PRI RO TN ID0OE

-

RO XTI I = S NRE N K NSO - EXNLTRDSINGZ

£ P U

e A m M e s m s s omewow s oanoe oA b o
o e T v T Uy o pw g RO RN wva o To Toruvin e R TS Wb P W 2

IPAOEOMICOU == NG T U RSN RHRNO RO
e O A v OO MU KDL

L =

O BN NN FROR NN HMCN B U B e

RPN GNCKRDPR@NNNN B A GO oDRDIATO

—_
X

~—

—

Nttty byt gt ot it E A S JUNLN EEU NI St Py,

=

G00-16 6¥VirZ ONd



— (0¥ D) 28— pb—

CPS

3.00K ..

1.

SAMPLE NAME; CHINDEN

[ARGET s Cu

VOL and CUR: 4BKY 1@0mB
SLITS DS 1 RS .53 85 1
SCAN SPEED: 6 DEG/MIN.
STEP/SAMPL. : .82 DEG
PRESET TIME: @ SEC

FILE NAME * D=3
DPERATOR T.MATSU
COMMENT :

Sample Nams

it

15

CTHRESH, INTEN. *

paTE:

SMOOTHING NO.* 11
183 CPS
2nd DERIV.: @ CPS/(DEGxOEG)
WIDTH: .09 OEG
B.G. (SAMP.,) v 32
B.G. (CTYCLE) + 32
OUTPUT FILE :

CHINDEN

3»

24

- > o

PAPADTRONKNN IO BGROUT GXORNOK

G00~16 6YFIrZ ONd

- L] l\mmg {J‘ '3':-. - .. :
.'L-..:‘.WMN \M\ |M
.00 10.98 28.00 3p.99 40,08 58.08 55.00

R X MEHE (D-3s)



. 2K
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CPS

SAMPLE NAME:FUYUUBUTSU DARTE.

TARGET }Cu
VOL and CUR: 40KV  18@mA SMOOTHING NO.: 15 0. 2:Thata INTEN. V
SLITS _ :DS 1 RS ,3 55 1 THRESH. INTEN, : 51 CPS 1 I A -
SCAN  SPEED: 6 DEG/MIN. Znd DERIV.: B CPS/(DEGxDEG) ; ? :
STEP/SAMPL. . .02 DEG WIDTH: 12 DEG
PRESET TIME: @ SEC B.G. (SAMP.1 ¢ 352 3
FILE NGME : Y—1¢ B.G. (CYCLE) & 32
OPERRTOR  :T.MATSU OUTEUT FILE : 1
COMMENT  © i -

i

Wh B OB RSN COpb BRI s

ligerle B

g
Seample Name @ FUYUUBUTSU i

ORI Ppapos b e e Ul DN LRGN DR L D I NSRBI IDI DO =D

RSSO IUU NI OMOCTKTHINNPOP O == SO0 (T MG |
P e

D—00 R A= 20U SO DS = e TR OOV TS NI
- v #! H
NHOUNODTHN ORI Bt PR, Dah) R DDLU P

00

3i3z3

i
1
43

e bt

5.00 1@.09 208.08

5@.98 55.09

BE X EKFBE (Y-11)

G00-16 6¥¥1rZ ONd
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CPS

3.08K

SAMPLE NAME:CHINDEN

{RARGET iCu

VOL and CUR: 4BKV 10@mA
SLITS DS 1 RS ,3 95 1
SCAN SPEED: & DEG/MIN.

DATE:

SMOOTHING NO.: 9
THRESH. INTEN,+ 116 CPS
2nd DERIV.: @ CPS/(DEGxDEG)

STEF/SAMPL,. » .02 DEG WIDTH: .09 DEG
PRESET TIME: @ SEC B,G. SAMP. + 32
FILE NAME  Y~1. B,G. (CYCLE) 32
OPERATOR ¢ T.MATSU QUTPUT FILE ¢
COMMENT :
Sample Name CHINDEN
3 K T, "
M..M}LJMAJ\ . JAA}LKAMN /\JVM j‘ J.J\AJLA.LM
5.06 10.08 28.08 42,06 50.08 55.00

Mo XBmmEEE (Y-1s)

TN Ta o) b N K Ty ot T le ap)
" (322 2]

POAPRADNN Uth DREOURND o=

et e b+ m e e ea e

G00-16 6¥¥IrZ ONd
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CPS

SAMPLE NAME: FUYUUBUTSU DATE:
TARGET :Cu

VOL and CUR: 48KV 190mA SMOCTHING NO. v 15

SLITS 05 1 RS .3 95 1 THRESH, INTEN, v 51 CPS

SCAN SPCEED: & DEG/MIN. 2nd DERIV.Y @ CPS/(DEGxDEG)
STEP/SRMPL. . .82 DEG WIDTH: .12 DEG

PRESET TIME: 8 SEC B.G. (SRMP.) ¢ 32

FILE NAME * Y~-2: B.G. LCYCLE) @ 32

OPERATOR  *T.MATSU QUTPUT FILE :

COMMENT :

Sample Name : FUYUUBUTSU

5.9 19.9d@ 2@. 08 30.08

MER X B ENBE (Y-21)

—
xI
D

Sk,
D

- =

Crrla s AT AT AT A ISt B AU A I et

- PESITEC0OND
R 1= TRTTLY TN T o T P T N N T T T
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it ] s e, Yt L
CHAD ECNIDUO O MO0 DU IS KON Pt U S NI OO LT

—

p—_

GRG0 OGN O3 IOt OO O SR O

T I I I LN Pt

L= EXDONITLSR NN CHOCY IO oS3

G00-16 6¥¥1rZ ONd
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CPS

3. 088K

SAMPLE NAME:CHINDEN

TARGET iCu

VOL and CUR: 48KV 108@mA
SLITS D8 1 RS ,3 55 1
SCAN SPEED: & DEG/MIN.
STEP/SAMPL.: .82 DEG
PRESET TIME: @ SEC

FILE NAME Y -2s.
OPERRTOR  :T.MATSU
COMMENT :

Sample Name

1

DARTE:

SMOOTHING NO.: 1t
THRESH, INTEN. v 18@ CPS
2nd DERIV.: @ CPS/(DEGxDEG)
WIDTH: ,@9 DEG
B.G. (SAMP,J © 32
B.G. LCYCLE) © 32
QUTPUT FILE *

CHINDEN

-+

M Ll n

- " w l h
L LJW\-: U\-MMJ‘W IJ A

5,08 10.08 20.04

39

b

58.90 55,

WA XHEHFE (Y-25)

KIWI} e lbe— )

ae

...

COAD— R U R AT AT OUCRERS P ALY~ K b L
= AN I PO RODEUAH TN OIS BN

P

Rt

G00~16 6Y¥IrZ ONd
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CPS

. 3K

.65

SARMPLE NAME:FUYUUBUTSU

TARGET ‘Lu

VOL end CUR: 48KY 100mH
SLITS DS 1 RS ,3 951
SCAN SPEED: & DEG/MIN,
STEP/SAMPL. ' .02 DEG
PRESET TIME: 8 SEC

FILE NAME © Y-3,
QPERARTOR  :T.MATSU
COMMENT .

Sample Name

DRTE:

SMOOTHING NO.: 15
THRESH, INTEN.+ 51 CPS
2nd DERIV.: @ CPS/(DEGxDEG)
WIDTH: .12 DEG
B.G. (SAMP,) t 32
B.G, LCYCLE} © 32
QUTPUT FILE

FUYUUBUTSU

s

S.Hb 16.60@

B R X B EFR

[

5@3.06 55.00

(Y-3f)

PN~ GO KT SN SHOO) ST AN 0D
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FEANEMNODOD COEaOMsheE 03 B

= UDEN NN OHOU RSO B PUEXDON Fu— OO o= B JOONIGIE
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W R0 ST RO P OGNS DOy LN IO P00 = O D,
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G00-16 6¥vIrZ ONd
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CPS

3.00K -

SAMPLE NAME:CHINDEN

TARGET ‘Cu

VOL and CUR: 4@KY 106mf
SLITS DS 1 RS .3 95 1
ScAN  SPEED: & DEG/MIN.
STEP/SAMPL. ' .82 DEG

PRESET TIME: @ SEC

FILE NAME * Y-3.
OPERATOR T.MATSU
COMMENT :

Sample Name

DATE:

SMOOTHING NO. v
THRESH. INTEN,
2nd DBERIV.:

B.G.
B.G,
QUTPUT FILE

: CHINDEN

v 32
32

g No
103 CPS |
1} CPS/EDEGXUEGJ

114

(1~

”

2
~ w
- - -

5.8 19.0@@ 20.06

13

MER XBENHEA (Y-3s)

.02

43,08

|

B9 DEG
}

o
L]

Al |
5@.P0 55.@8

- o

Y3

memm

TP

S

LA ODUF PO PSR KD Rl O DO IO RO X DN

G00~16 6¥¥1FZ ONd
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CPS3

SAMPLE NAME:FUTUUBUTSU DATE:

0.

TARGET Cu
VOL and CUR: 4BKY 10BmA SMOOTHING NO,: 15
SCAN SPEED: & DEG/MIN, 2nd DERIV.: @ CPS/(DEGxDEG)
STEP/SAMPL. . .@2 DEG WIDTH: .12 DEG
PRESET TIME: @ SEC B.G. LSAMP,J ¢ 32
FILE NAME : Y =4 B.G. (CYCLE) @ 32 _
OFERATOR ~ :T.MATSU QUTPUT FILE
COMMENT :
Sample Name : FUYUUBUTSU

N
SLITS DS 1 RG .5 55 1 THRESH. INTEN. * 51 CPS g

|
. 5K hat et e e e D e e ey

COCDAICTITE LM EX OIS ITAUH La e EUOOY IO Plia-G)

B arnsdoadd
5.0 16.606 0.0 3@.n@ 48.98 59.08 55,08

Bk X BB WHE (Y-41)

—
-z

P
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p

-4 —
GIER] AR R SIS I PN =0 SO — 00 SN SO O N T
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— e o OV e F U
e e

—

MO PPN OPONHDO) NOOR NP PO RO 0 BOXD B
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URINA R Rl A DR U S UNA NP NI PO DNt
'-'m. " IO HE U IO DT B PO+ SO DCRCD S ICDOHANIGIEY e |
B BTSN ARIOOUIU T IN U IS < B AUIUEE) PSISNDM AT RO
O HSUBD N KT HNLOLN S MR O KT HR SN OGO 00 Q0= I PP Z
pbyt gttt s A ISP IO PRI I NI XN N LA Dbl S s
"I S IOOCLOLOCSRS = A AN PSS RICT ] S S JICOOUORERS b rstr et N PO DN AN TD00R-
OPMAOITIEDN AT O U= LT NI B IS — OO -SRI O
ORI O LOPRRUTSWWIIN  ONTUCH AL D PO SIS 0D L

G00-16 6Y¥IrZ ONd
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£LPS

3.06K

SAMPLE NAME:CHINDEN

TARGET Lu

VOL and CUR: 48KY 10@mA
SLITS 05 1 RS .3 59 1
SCAN SPEED: 6 DEG/MIN,
STEP/SAMPL, . .B2 DEG

PRESET TIME: 8 SEC

FILE NAME 1 Y~4»
OPERATOR  :T.MATSU

COMMENT :

Sample Name

DARTE:
SMOOTHING NO.

THRESH. INTEN, +

2nd DERIV.

11

184 CPS

v @ CPS/(DEGxDEG)

WIDTH:
8.G. (SAMP.J ¢ 32
B.G, LCYCLE) t 32

QUTPUT FILE

CHINDEN

-
.

.89 DEC

11

5.00 14.06 20, 00

30.08  40.00

MEXHBEHFE (Y-45)

58.08 SS. @0

No,

E

G00-16 6¥¥LrZ ONd



SAMPLE NAME:FUYUUBUTSU DATE:

...
X
———
o,
=

—6VDIE—- R —

CPS

.55

TARGET  :Cu
VOL and CUR: 4KV 10@mA SMOOTHING NO.: 15 No. 2T
SLITS iDS 1 RS ,3 §5 1 THRESH. INTEN, : 5@ CPS L.
SCAN SPEED: & DEG/MIN, Znd DERIV. @ CPS/(DEGxDEG) ;
STEP/SAMPL. . .@2 DEG WIOTH: 12 DEG :
PRESET TIME: @ SEC . B.G. (SAMP,J @ 32 g ;
FILE NAME ® Y =5, B.G. (CYCLE) @ 32 :
OPERRTOR  : T.MATSU OUTPUT FILE ¢ ;
COMMENT ; 384
Sampls Neme : FUYUUBUTSU :
g
|
= - ¥ !
- |
I
VI ! ) AT
5.00 18.00 20.08 3p.00 49.9@ 58.90 55.608

BEXSBEHFE (Y-51)

OB POt

R

~d Fed U NI - IR O U P A AR TS M DU R S 0Ty

\NWW\J Db |
—

G00-16 6¥¥IrZ ONd



—{0SD2E- R —

CPS

SAMPLE NAME:CHINDEN

TARGET iCu
VOL and CUR: 4@KY 186mA
SLITS DS 1 RS ,53 95 1

SCAN SPEED: 6 DEG/MIN,
STEP/SAMPL, © .82 DEG
PRESET TIME: @ SEC

FILE NAME 3 Y =5 B.G, (CYCLE) @ 32
OPERRTOR +T.MARTSU QUTPUT FILE ¢
COMMENT 3
Sample Name CHINDEN
3.008K =

DATE:
SMOOTHING NO,: 9

WiOTH: .@9 DEG
B.G. (SAMP.) 32

IO B

1.8 | —
- M - " 3 .
LﬂMuJLJLuAHAAuMJkAJJJJLJUU%L“
5,080 10.00 208.086

B B0 O NRRRE P

B RAUATADO0 NG B AN =TT 00
Lo 0000 O

DU T OO R B

RN 8 s Te N

3t

5p.R6 55.99

g, 08

MR XBEHFE (Y-5s)

No, 2=T ala N
THRESH. INTEN. © 185 CPS -§
ond DERIV.: @ CPS/(DEGxDEG) 1-: a

G00-16 6¥VIFZ ONd



— (IS EE— 1b~

cePs

.55

SAMPLE NAME:FUYUUBUTSU
TARGET ‘Cu

VOL and CUR: 40KV 10@mA
SLITS ‘DS 1 RS ,5 95 1
SCAN SPEED: & DEG/MIN,
STEP/SAMPL. . .0@2 DEG
PRESET TIME: B SEC

FILE NAME : Y-8
QPERRTOR . T.MATSU
COMMENT :

Samples Name

A "MMJ/J

5.90 10.96

DATE:
SMOQTHING NO.: 15 No. 2:-Thgta INZEN.
THRESH, INTEN.: 52 CPS . 1 ;
Znd DERIV,: @ CPS/(DEGxDEG) ;
WIDTH: .12 DEG , . 4.
B.G. LSAMP,) © 32 ' 343
B.G. LCYCLE) : 32 . 3% .
QUTPUT FILE : £3
FUYUUBUTSU § : : §
fg :é
s N
[} 'l B -
| :g gz 4
{ : .
! :g 1 :
| : .3

58.920 55,00

MEXBEHKFE (Y-61)

A0 UTAROLe= D00 (D] (DGO Pa— O Y

- =

Lt At o ab FL G FL e PO TR T N FE N FEI T NPT P T e o g TR TNT RPN

TSI T DN SN ONUCHELN WO NODCTKD (TR DT

—y
=
ey

-

p—

©

G00-16 6¥VIrZ ONd



- @DV~ —-

CPS

SAMPLE NAME:CHINDEN

TARGET ‘Cu

VOL and CUR: 4BRYV 100mA
SLITS DS 1 RS ,3 385 1
SCAN SPEED: & DEG/MIN.
STEP/SAMPL. ,@2 DEG

PRESET TIME: @ SEC

FILE NBME Y-8,

OPERATOR  :T.MATSU

COMMENT :

Sample Name

580K »

CHINDEN

PDATE:

SMOOTHING NO.: 9
THRESH. INTEN. : 185 CPS
2nd DERIV.: @ CPS/(DEGxDEG]
WIDTH: .89 DEG

—
VI

QUTPUT FILE

—
— 5

3

w
~ (3

ANM—MM L

5.00 10.40 20.00 30,06

g
B.G. (SAMP.) © 32
B.G. LCYCLE) @ 32 ?

Eamtriesnple (N oo JN e X 320N Fo Vol t 20N ) Ly tadotey Siie N Tal

S §

ey er gpis s e vrttvp ont S F Ll ¥ ey BINIYS 1o ANONTHING o
- —

LHCDUTL N B LN T S O OO P P S A I NI L

KA O— SO0~ o5

2¢

s

Mj

5¢.028 55.80

40.94

BA X EKFHR (Y—-Gs)

500-16 6YVIFZ ONd



—(EST)SE— &) —

CPS

. 9K

.45

SAMPLE NAWME:FUTUUBUTSU
TARGET ‘Cu

VOL and CUR: 4PKY 188GmS8
SLITS :0S 1 RS .5 551
SCAN SPEED: 6 BEG/MIN,
STEP/SAMPL.: .0@2 DEG

PRESET TIME: @ SEC

FILE NAME  Y—T1
QPERATOR  :T.MATSU

COMMENT '

Sample Nems

uuLJmAMJ kuh4¢khﬁfL¢

5.60 10.9@

i D

DRTE:

FUYUUBUTSU

SMOOTHING NO.* 15 No. ‘-Thgia IN; g.
THRESH. INTEN, % 51 CPS ;'é
2nd DERIV.: @ CPS/(DEGxDEG) :
WIDTH: .12 DEG .
B.G. LSAMP,! © 32 5% $
B8.G, (CYCLE} @ 32 . ¢
QUTPUT FILE : : : §

[
1
l
!
H
m,nm—-mm [V ]

MMMM

5@.0@ 55.00

ma B’ (Y-T5)

PO IS

. PRI
—
o AT N

.;-:

TN TN RO B B

AL

o

—~UATEONT  —OBRIPYI-m | Ao

TN SDSHHANMICOMTT

—
X
e

o

~

800-16 6¥¥IrZ ONd



— (JET)9E— 84—

CPS

3.08K

5.

SAMPLE NAME:CHINDEN DATE:
TARGET ‘Cu
VOL and CUR: 4BKY 18@mfA SMOOTHING NO.: 9

SLITS ‘PS 1 RS ,3 55 1 THRESH. INTEN. 1
SCAN SPEED: & DEG/MIN. 2nd DERIV.:
STEP/SAMPL. © .62 DEG WIDTH:
PRESET TIME: @ SEC B.G. (SAMP,J t 3
FILE NAME : Y~T7, .G, (CYCLE) © 3
OPERARTOR  :T.MATSU QUTPUT FILE ¢
COMMENT :

Sample Name ¢ CHINDEN |

B4 CPS

28 CPS/(DEGxDEG)
.08 DEG

2
2

L'\W. ‘

72 19.9@ 20.00

30,00 ag. 0@

MR XBEDKFBE (Y-Ts8)

5@.00 55.00

22
13

I
!

S00-16 6¥¥IrZ ONd



— (GG LE—H—

CPS

. BK

AL RESULTS OF 2nd SEARCH MATCH ##%

Sample Name ! FUYUUBUTSUL File neme D-1t

-5.04

MJ\"’ ‘/\f“\’wm . _\MJ\/J\"/\M\/M/\MA

19.00 15.04 20.08 25.04d B @a 35.00 46.00 45,00 50.60

330306 Cm1 .S ST 03.5.xH20 C—-S-H

55.00

59586 CAC 03 HEEANTT L

531161 SI1 02 R/

1 _ o | -l

BAXHENRRN (D-11)

G00-16 6¥7IrZ ONd



— (98N 88— [ — |

cPs

3.00K

1.5

*¥x RESULTS OF 2nd SEARRCH MATCH #®xx

Sample Name

CHINDEN

{ Fitle name : D-1.

Ads o aan )UU\/\,NJ

ar s ,../L 1
5.00 10.08 15.00 20.980 25.00 30.00 35.00 418,00 45,90 50.00 55,09
5@586 €A C 03 HEEAL YL
—_ I , [ ! | [ | |
331181 81 02 R
l l | (1 i L ] 1
l I H“ | | !I ll l 9@4|57|lfwncn::sml_moa Fa
166481 MG? S18 022 ( O H 12 AMAM
| ' - l ’ | o r 1]
70825 | K AL2 SI3 AL 010 { O H )2 EHEBEM
I ' b , | A1 L
260586 | MG CR FE )6 ( 51 AL )4 018 ( 0 REBEM
| l 0L l | I I

BEXHREKBE (D-1s)

G00-16 6¥¥IrZ ONd



CPS

—(ST) 68— R —

¥v¥¥ RESULTS OF 2nd SEARCH MATCH #x¥%
Sample Name + FUTYUUBUTSUL File namse + D-—-21 ]

. 8K

Cullllia 2

'H“mﬂmﬂMJWAhUMﬂ | 0 AA&NM}UVth#\WMﬂbMdJa\MA.AnM.

5.008 10.049 15.0@ 29.0d 25,00 30.90 35.08 48. 499 45, 0@ 5@.0@ - 55.08

- 3373@6 CAY 5ST03.5.XH20 Cc-8-H

531161 SI 02 BH

| i

WA XB @ HNBE (D-21)

G00-16 6¥¥IrZ ONd



*i% RESULTS OF 2nd SEARCH MATCH *¥x

3. 60K

Sample Name ¢ CHINDEN ( Ftle name  D~2, )

CPS

L vannns\ N A .‘_A..A_/J

Ldass)

\AWMWJ\,J\AJ\«MM

5.08 18.00 15.04 26,09

25.08

30.50 35.99 40.00 45.94@ 50.60
331161 ST 02 AH

55,00

— (85D OV — Ry —

agas? LNACR ) L ST ALLAO0E BEM

B

| 1

N

\ B4Rt MG? SIR 022 ( O H 2 APMARM
I 11 | 1Ll

- s

Ll

PAP25 | K AL2 SI3 AL 018 ( 0 H 12 BZEM

[ I l

’ ‘ 111

-

200506 | MG (R FE 16 L S1 AL J4 018 { 0 BiBEM

| ol I

BEXBMEHFHE (D-2s)

G00-16 6¥¥II'Z ONd



—(BEDT7—p—

CPS

. BK

¥¥¥ RESULTS OF 2nd SEARCH MATCH x¥x

Cadtra ?

Sample Nams ¢ FUYUUBUTSUL File neame . D=3

e /\ﬂ\wf\é"wumz\_mw

Wwwﬂ e

5.@ 18.078 15.00 20.0e 25,08 36.00 35.08

33@306  CAY

46,060 45,99 56.00

5S105.5.XH20 C~S-H

55,89

351161 ST 02 B

BARXBEHKE (D-31)

G00-16 6¥¥1rZ ONd



CPS

— 09Dy — -

¥#¥ RESULTS OF 2nd SERRCH MATCH x¥¥

Sample Name © CHINDEN { File name * D-3, J
3.08K
1.% |
AJJJ\_,A/\J AA.A,MAA/\AMJU)W *AAM_Jh A.M_hs W |
5,00 19,08 15,66 20,00 25,08 30.00 35.00 40,00 45,98 50.00 55.00

331161 81 02 H#E

I {1 | | { g
(el Ly INRCA ] L ST AL 408 BEAM

o
| T

160481  MGLY 518 022 (D H 2 ANEM

i 1 | l‘un : 1Ll

825 ) K A2 51340 019 0 H 12 SRS

- L b 'l Cle

] 248506 | MG CR FE )6 L SI AL )4 017 ( D &AM

il 1 | | N I

MEXSEHRBE (D-3s)

G00-16 6¥¥1rZ ONd



— (19D eV —R)—

CPS

i

. 2K

%% RESULTS OF 2nd SERARCH MATCH *¥%
Sample Name : FUYUUBUTSUL Ftle name -1t )

5,08

m“ml\ PPy MMMM rﬂ/\/\'ﬂwvr’v\/\,.uj kr\h AN SR WA

19.08 15.008 20.00 25,08 36.08 35.90 49,00 45,08 50.080

8105 CA4 HL’[ 06 CL2 . B H20 7YV -FHEKE

l HI IIIH'|‘LI

55. A0

339306 cAl .5 1 03 .5 .xH2p C—-S-H

SES86 LA C 03 HEEHIL Yo

| . | L | | |

‘ 331161 sT 02 A%
| I | |

BA X iEHE (Y-11)

S00-16 677117 INd



— @DV —fh—

CPS

3.A8K

15

»¥ RESULTS OF Znd SEARCH MATCH #xx

Samplo Name : CHINDEN [ Ftle name + Y-—11 )

s ]AJ\MA A

.\AAJ

™, Jb\«,m AJLJU\ )L N S, S

5.00 19.08 15,00

20.098 25,09 38.0a 35.08 40. 08 45.98@ 58.40 55.

l 58586 CA C 03 HBEMAALY DA
]

] | | o |

! 35116t ST 2 B
i L | \ |

I

280554 NA AL 513 08 BEMX

Lo b L n

L

mezsl KAL2 ST3 AL 016\ OH )2 HEEHN
l

I|[|r.lll

#

m

240506 L MG CR FE 1B t ST AL J4 D16 ( O RBEH

| | | ol I

MoK XBEHRBE (Y-1s)

nea

S00-16 6Y¥IrZ ONd



— €Dy — R —

CPS

. 2K

¥¥¥ RESULTS OF 2nd SEARCH MATCH x¥x

Samplﬁ Name

FUYUUBUTSUL File name

Y—-2¢

Lm DO AV nNL«

AN

5.06

htiass !\.J\MN\A.J

10.049

15.74

26.0@

25.98 39.00 35.008

358195 CR4 AL

HI ll L

49,08

'( 05 CL2 . 19 H20 7Y ~FIEE

e

45.00

50.00

55.00

359366 (A1 .5 5103 .5 .XxH20 C-S-H

L i |

|

5@5656 CA C 03 HREEHILY DL

|

l F31161

st 02 AR

Ly .4

pEIBEHE (Y-21)

G00-16 6¥¥1rZ ONd



Yix RESULTS OF 2nd SEARCH MATCH »x*
Sample Nams * CHINDEN [ Flle name ¢ Y=-2,. )

3.88K

CP3

1.5 [

oAt A A AAJLAL.A/\MJ AJL Mﬁy)\ Aln.

5.09 19.08 15,60 20.9¢ 25.08 3.0 35,98 49, 0d 45.98 58.06

j - 331161 S1 02 AE

T |

55.00

208554 NR GL ST13 08 EAM

1 lllxlﬂl N |1 N

— (D9 —f—

| 1] L

' l t 0825 KA2SI3AL0 (OHI2 ABEH

l 240506 | MG CR FE 16 ( ST AL 14 018 ( 0 RREM

1 S |

BEXBBEFRFE (Y-25)

G00-16 6¥¥1rZ ONd



— (GO Ly — R} —

CPS

2K

¥¥% RESULTS OF 2nd SERARCH MATCH ¥¥¥

Sample Name : FUYUUBUTSUL File name Y -3¢ )

5.00

b NNW’\WMMMMM

192.98 15,90 26.04 25. 76 30.00 35.008 40.00 45.08 58,400

I501A5  CAA MLR°06 CL2 . 1B HZ D 1 —-FINEE

N ]r i |

55,99

; i

338366 CAl .5 5103 .5 .xH20 C=8-H
%1161 s 02 BE

I N |

BFk X mEHE (Y-31)

G00-16 6¥¥irZ ONd



— (SO 8V — ) —

CPS

3.06K

1.5

¥¥¥ RESULTS OF 2nd SEARCH MATCH wx%

Sampla Name : CHINDEN { File name © v —3a I
M.LAA oA .A ,,\_ | s, n“f’\lJ A AAAMJ U LMA.A -A«Av“ .J\-Q[\ J\._ )k el ] .
5,00 10.00 15. 606 28.68 25.09 30.A8 35.060 47, 6@ 45,94 50.08 85,00

l - 331181 S1 02 HHE

R O D I L

200554  NR AL ST3 08 EAMR

}lluﬂl [ i

l.ll

1 7228 KA2SI3A.018 t0OKHIZ ABEMN

D L

200506 (MG CR FE 16 { ST AL 14 018 ( 0 FRIBEHK

‘ ‘ L Wl |

BE X BREFRBE (Y-3s)

S00-16 6¥¥1rZ INd



~ (L9 67— f)—

CPS

2K

*¥% RESULTS OF 2nd SEARCH MATCH s¥¥

Sample Name @ FUYUUBUTSUL Firle name ° Y —41 S

WMM,,MMJ ot s D\ aatn MA"“"/\:J WJWMM

5. 00 19.980 15,08 20,00 25,09 30.98 35.08 40.08 45. 608 . 5e.08

I5P1P5  CRL ALR'O0B CL2 . 1B H2 0 21 ~FUEig

545,08

| ‘| ik |

3%83@6 CR] .5S103.5 .¥H20 C-S-—H

31161 S1 02 A%

I I T |

BEXBENRE (Y-41)

G00-16 6¥YIrZ ONd



— (89D 05—}y —

CPS

3.a8K

#¥% RESULTS OF 2nd SEARCH MATCH #%x

Sample Name : CHINDEN { Flle name * Y—4» )
At A A A-MNJM,\/\/\J\JU . AL RN, W b AR
5.00  10.09 15,00 20,08 25.00 30.00 35,00 49, 09 45,00 59. 00 55, 09

] " 331161 ST 02 R

I T T I | i

200554 NR AL S13 08 ERM

‘llllﬂ| IK | 1. i

70825 ) KAL2SI3ALO018 (OH 12 HBENR

LD ]

i

e

240506 (MG CRFE )6 L ST AL )4 018 ( 0 REEM

| N N h

MARXBEHFE (Y-45)

§00-16 6Y¥IfZ ONd



— (691G~ Ry~

CPS

2K

vk RESULTS OF 2nd SERRCH MATCH ¥%i¥

Sample Name

n
1)

FUTUUBUTSUL File name ¢ Y—5¢ ]

dra it AL .mJJ

e .,“/\MﬂmJ\J\ ._JV /\}J\ﬂ/\’\m‘/\m Mhm,«v.f\m_nmjpk A

5,00

19.00 15.99 20,60 25,08

39.98 35.08 49,00 45,808 59,99

350195 CR4 AL'O6 CL2 . 1R HZ 0 Y —FINRKiE

I

539396 CA1 .5 8103 .5 .xH20 C-S=-H

531181 s1 02 B®E

I B T [

B K X MmO B (Y-51)

G00-16 6¥YIrZ INd



CPS

—(0LDES— )~

tx%x RESULTS OF 2nd SERRCH MATCH #%x

"

Sample Name @ CHINDEN { File name Y-5a }

3.08K

T T N T

5.08 19.00 15,08 20.04 25.09 39.00 35.00 19.00 45,00 50,00 55,00
l 331181 8102 BE |
] [ S L | L

209554 NR 6L ST3 08 A

'l||li||.||l L i

l I MI2S ] KALZSIZALOIA (0HI2 ABEEM
| Hn ]

| 1 ]

l 240506 (MG CR FE 16 ( ST AL 14 018 ( 0 #RIRAM

W T h

MEXBREMNBE (Y~-55)

G00-16 6¥Y¥IIZ ONd



—(ILDES—H—

CPS

. 2K

¥+% RESULTS OF 2nd SERRCH MATCH #¥%

Sample Name : FUYUUBUTSUL File name * ¥~6t¢ )

5.06

|./.‘_.1M.n..d\~w'\ J/)

L-.,\ AT ../\/\MAJ\”/WMA NN s | My AL |

10.00

15.0n8 2¢.98 25.99 38.09 35.90 4p.9d 45.n0 50.04

[/NAS R4 ALZ'06 QL2 . 1BH2ZO0 720 -FAEKE

l'llllll

55.08

338306 CAl 5§71 03 .5 .XxH20 C-S-H

el 51 02 BR

Mk X mmEHE (Y-61)

GOO-16 6¥7IrZ ONd



— @LDYS—F)—

EPS

3.08K

|

*+xx RESULTS OF 2nd SERRCH MATCH *xx

Samp le Name

CHINDEN L Ftle name ¢ Y~6s )

5.79

19.08

14,98

28.99

28,

ne 3@.0@

35,90 49.08 45.0d@ 5@9.9@ 55.08

331181 st 02 A&

S A BN l__[

1 ﬂ] Ly

200554 NR AL ST3 08 RGH

| ]

]

?%ﬁh KAL2 S13 AL 019 ( OH 12 BEPH

LW

l

e

|

200506 (MG CR FE 16 L ST AL )4 018 0 SRREM

I I

BAXBEHFR (Y-6s)

G00-16 677LrZ INd



— (BLT)GS—J)~

CP3

1

2K

t¥xx RESULTS OF 2nd SEARCH MATCH =xxx

Sample Name 3

FUYUUBUTSUL File name

¥y-="Tt |

.
*

L\M sl mf\m,\mf\. A/J\("\A/\.\/\‘(/\JW A/’J\,UAMMMJ\\-'\M\M&/}\M AN

5.00

LhNLJhAANi/

16.08 15.0d 26,08 25.08

38.008 35,08 4¢.0a@

35185  CA4 AL2°06 CL2 .

i

45, 58.99

BH 0 7Y -FIESE

1

55,00

35386 cA1 .5 ST 03 .5

X H2zp C-S5~H

#31181 sy 02 A

.

BRXBEHFE (Y-T1)

G00-16 6Y¥IrZ ONd



CP3

—(PLD9S— f)—

¥¥¥ RESULTS OF 2nd SERARCH MATCH *¥x
Samp la Na&e  CHINDEN [ File name & Y—=17, ]

3.08K

1.8 L

N 1w ' A.»JLA/LJLMA JL

5.08 19,80 15.0@ 20.60 25.0@ 508,606 35.0d 49.90 45,98

‘ ' 331161 ST 02 BHE
I {1 ] L | |

20055¢ NR 6L 513 08 EAH

IJPI|(||H| | i

' ‘ ' P25 KAZSI3ALOB (OHI2 AZEMN

HE ]

‘ 249506 | MG CRFE )6 L 81 AL )4 010 ( 0 RBAEN

. N I1

BRXBEHE (Y-Ts)

G00-16 6¥7IrZ ONd



—(GLDLS— P —

TG/DTA

10.00r

7.50r

DTG #/min

2.50r

5.00%.

0.00%

SrrIK0 1

Name:
Date:
Comment:

D-1:

p~1f Sampie:
90/12/722 08:4%8 weight: 25,800 mg
20C/min Reference:
e iataledetebolalete et e e e ( 0.000 mg)
——————————————— Sampling- 0.5 sec

6.0

5060

88C-5000

500 750 | 1000
TeMe ¢ (Heating)

oy B E (D-11)

G00-16 6¥VIrZ ONd



__H,_

—(9LT)8%

TG/DTA  name: D-1s  Sample: D1,
Date: 90/12/24 15:11 - Weight: 27.500 mg
Comment: 20C/min Reference:
mg)
10.00p E06.0D il
7.50F 30 66} N0
s
€ 5.00f, 0.00f .00
R =]
jda] I e
515 e
2.50r ~30.00%, .NO
DTG
|
0.00_ _60 00! 1 L 1 T L 1 i [ 1 L 1 1 i 4 _16.00
0 250 500 750 1000
380~5000 ) TEMP C (Heating)

SEIKO I

gaiER (D-1s)

G00-16 6Y¥LrZ JNd



—(LLDBS—F—

TG/DTA Name:. 0-2f7 Sample: D—~2¢
Date: 90/12/22 12:17 wetght: 21.300 mg
Comment: 20C/min Reference:
—————————————————————————————— 0.000 mg)
——————————————— Sampting: 0.5 sec
10.00r 65 00 — . 0.00
7.50F 32.50¢t -6.25
=
E 5.00F.. 0.00r -12.50
-
2 pin-]
o -t
= g
[sia] b O
2.50F -32.50% -18.75
0.00- —-65.060 : -25.00
0 250 500 750 1000
SEIKO I $8C-5000 C (Hesting) ~

Bt R (D-21)

16 %

S00-16 6¥¥IrZ ONd



—(8L1)09—F}—

TG/DTA Namae: D-28 Sample: D=2,
Date: 90/12/24 16:41 Weight: 27.100 mp
: Comment : 20C/min Reference:
------------------------------ " '0.000 mg)
aiataluiaiaininiaii it e Sampting: 0.5 sec
10.00 55 00
7.50 ar.50
=
& 5.00f., 0.60f
ot 2
[de) =T
- 1=
=
2.50F -27.50¢
: DTG - '
w "
0.00% ~-55.00 e e = 10,00
0 250 500 750 1000
q5C-5000 TEMP C (Heating)

SEIKO I

By W R (D-2s)

G00-16 6¥VIFZ ONG



—(BLDT9—Fb—

TG/DTA Name: D-3f Sample: D-3¢
Date: 90/12/22 14:00 Weight: 20.400 mp
Comment: 20C/min Reference:
------------------------------ 0.000
———————————————— Sampling: 0.5 sec
10.00' 5500 T T T ¥ T T T T T T 0
T7T.50r 27.501 ~-B
<

E 5.00-> 0.00f 1-12

w2 2

w «f,

= I--

[an ] F O 4
2.50F -27.50¢ 1-18.
0.00 ~55 00 : . 25.

0 250 500 750 1000
TEMP € {Heating)

SEIKO 1 SSC-5000

oyt RE (D-31)

mg)

.00

.25

.50

T6 %

00

S00-16 6¥¥IrZ ONd



— (081 29— Ry~

TG/DTA Name: D-3s Sampte: I D=3.
Date: 90/12/29 09:28 Weight: 31.300 mg
Comment: 20C/min Reference:
------------------------------ ( 0.000 mg)
--------------- Sampling: 0.5 sec
10.00p 55 0.000

7.50F 27 -2.000
-C 0
& 5.00-> 0 -4.000
an ]

a2
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ASSESSMENT OF THE PERFORMANCE OF CEMENT-BASED COMPOSITE
MATERIAL FOR RADIOACTIVE WASTE [MMOBILIZATION

M. ATKINS, J. COWIE, F.P. GLASSER, T. JAPPY, A. KINDNESS AND C. POINTER,
Department of Chemistry, University of Aberdeen, Meston Building, 0ld
Aberdeen, AB9 2UE, Scotland.

ABSTRACT

The problem of predicting the future performance of cement~based systems
is complicated by a poor understanding of the behaviour of cement systems at
long ages, as well as of the complex interactions which can occur between
cement and waste components - active as well as inactive - and with cement
blending agents including fly ash, glassy slags and natural pozzolans. The
progress achieved in developing a predictive capability is reviewed.
Considerable success has been achieved in modelling the chemically-related
features of cement based systems in terms of pH, En, and of element partition
between solid and aqueous phases. The behaviour of model radwaste elements -
iodine and uranium - has been studied in depth and indicates that both
sorption and precipitation occur, UCvil), in particular, forms solubility-
limiting compounds, e.g. uranophane. Bu: in general, presently-available
data are inadequate to predict many cement-waste stream interactions; futurs
progress in modelling is likely to rely heavily on additions te the data
base. |

The repositery environment will also condition chemical exchanges in
cement-based systems. Progress is being made in predicting the impact of
CO2, a common ground water component, on the performance of cement systems.

INTRODUCT ION

Cement. based materials have many conceptual advantages for the
immobilization of low-to-intermediate level radiocactive wastes: thase are
summarised in Table 1. The ability of cement systems to tolerate wet

wastes, often with little or no pretreatment, combined with low cost and an
established track record in civil engineering, make cements an attractive
choice of matrix. Indeed, the past two decades have seen several cement-

Tabile | CONCEPTUAL ADVANTAGES OF CEMENT BASED [MMOBILIZATION SYSTEMS

- Engineering properties and materials handling, including
automated methods, are proven technology.

- Some guide to specification available from civil engineering
codes, e.g. ASTM.

- Tolerant of water and, within limits, other soluble species,
thua compatible with many waste streams.

- Perform well in fire and accident scenarios.

- Resistant to low levels of radlation.

- Have chemical as wel| as physical potential for
irmobilization.

- Cheap, widely avallable and relatively durable; some

historical documentation available: regarded by engineers and
informed public as an "acceptable" matrix.

Mat. Res. Soc. Symp. Proc. Vol. 176. ©1990 Materials Research Soclety
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based systems tailored to specific immobilization requirements and repository
conditions. These formuations are frequently applications-led: examples
include free-flowing grouts, “saltcretes” for service in salt-rich geologic
strata, blends with blast furnace slag having low heat evolution and low
permeability, etc.

Much is known about the performance of Portland cement at ages up to
~100 years in conventional engineered structures but, fittle information is
known about its long-term performance, especially with respect to
immobilization. In assessing the performance of cement-based systems at
longer ages (defined as those where empirical test data cannot reasonably be
obtained) several perspectives need to be highlighted. These are as
follows:

L. It is not certain which parameters are most relevant to predicting
the long-term properties. What properties do we need to measure and how can
these measurements be obtained in a way which permits meaningfu!
extrapolation into the future?

2. Cements, unlike metals or glasses, do not have an internal
microstructure and mineralogy which remain essentially fixed. Their
internal chemistry, microstructure and mineralogy continue to change with
time, even at 20°C and in the absence of environmentally-conditioned
reactions, e.g. corrosion or dissolution.

3.Cements appear to be relatively well-specified materials. Numerous
standards - ASTM, DIN, BS, etc. - govern their composition and performance.
However, these standards appear to have only limited applicability to
radwaste immobilization, for example, where it is essential to achieve
certain mechanical properties.

4, Although much characterization data exist for cement blending
agents, these data show principally that slag, fly ash, natural pozzolans,
etc. are highly variable materials - more so than cements. Specifications
for blending agents are generally directed towards achieving specific short
term performance of the composite usually defined by compressive st:engths.
Moreover, these targets may apply to compesites with reiatively low
proportions of pozzolanic blending materials. The range of chemistry amd
mineralogy of these materials makes them difficult subjects for inclusion in
modelling exercises. :

5. Modelling exercises make hitherto unforeseen demands on
thermodynamic data. Thus, little relevant data are available to predict
specific interactiens in alkaline solutions, or of the interactions which
might occur between specific radwaste components and cement solids.

6. There is literally no other way te progress, other than by
thermodynamic modelling. if the future performance of cement systems are to
be assessed quantitatively.

This papeﬂ\b reports progress in two directions: development of a
parametric model f cement performance based on quasi-equilibrium phase

relations, and advances in experimental work essentialt to characterize
specific waste stream component-cement interactions. in this paper, uranium
is used as an examplie; data for jodine-cement interactions are presented

elsewhere in this Symposium.

CHEMICAL MODELLING OF BLENDED CEMENTS

Portiand cement (PC) clinker, when contacted with water, reescts quite
rapidly, yielding a suite of solid hydration products. Reaction is virtusally
complete within ca [2 months. However the initially-formed assemblage of
hydrate phases will almost certainly be thermodynamically metastable. In
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other words, the phase composition of a paste aged over laboratory timescales
may be quite different to that of pastes aged for 102 or 103 years.

Consequently, other propertiss, such as pore fluid composition and
microstructure, may be expected to underge change. This situation is
exacerbated in cements blended with fly ash (FA) and blast furnace slag
(BFS), since these additives hydrate much more slowly than PC. Therefore,

predictions about the long term behaviour of cement blends, based on short
term data, are liable to be misleading.

This situation has prompted us to develop a phase evolution model for
cement blends, whereby the ‘'equilibrium' phase composition of solid and
aqueous phases can be predicted. The model presented here is a preliminary
one, and is undergoing continuing refinement.

To illustrate how such a model works, suppese that an immobilization
matrix is to be made by mixing the materials whose elemental compositions
are shown in Table 2. The major elements in these materials are Si, Ca
andAl. Hence, in modelling a hydrous system of these materials, the major
components must include at lesast these three oxide elements, plus water.
Inaddition, Mg is seen to form a significant fraction of BFS5, so it is also

included in the present model. fron is present in significant quantitites
only in fily ash, where it is usually in the form of  spinel-structured
oxides. Since these are extremely inert, Fe is not considered here. A

ternary diagram of the Si~Ca-Al system, Fig. |, summarises the compositionai
relationship between PC and various additives.

Phase relations in the Ca0-5i02-Al203-MgO-~-H20 system, are shown in
Fig. 2. The diagram was derived and constructed from (i) a knowledge of
phases occurring in mature cement pastes, (ii) results of experiments on
relevant synthetic systems racorded in the literature as well as those
perfermed by ourselves, and (iii) application of *he phase rule [1,2,63],
Figure 2 shows that there are three contiguous phase ragions relevant to the
bulk compositicns of a wide range of slag-cement biends. The phase content
of these regions are (i) AF.n (monosulphate) + Ca(OH)z + HT <(hydrotalcite=~
like phase) + high C/S ratio C-S-H (calcium silicate hydrate gel) + Aq, (il
AFax + HT + variable C/S ratie C-S-H + Aq, and (iii) 4Fs + HT + low ratio C-S-

H + GH (gehlenite hydrate) + Aqg. These assembliages obey the phase rule, in
that the maximum number of phases predicted to coesxist do not exceed the
number of components(3). In addition, the phase rule predicts that fields

(i) and (iii) have no degrees of freedom, i.e. phase compositions are fixed,
but field (ii) has one degree of freedom, which is manifested in the varijable
composition of C-S-H, and hence aiso of the coexisting aqueous phase.

Table !l MEAN ELEMENTAL COMPOSITIONS OF PC, FA and BFS

PC Class F Fa Class C FA BFS
5i02 22 50 18 38
Cal 63 2 12 40
Mz0 2 L 2 8
Al203 5 30 22 10
Fe203 1 10 8 1
Na20 + K:z0 1 4 4 !
03 - t I 1
It should be noted that the presence of S042-, in minor amounts, is
assumed in this phase diagrem; AF= 13 the S042- -containing equivalent of
"C4AH13 (CasAl2(OH)Y14«6H20) . Synthesis studies in the CaQ-Al203-503-H20

system sugzest that AF. i1s metastable with respect to the SO«2- rich phase,
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Si09
A SILICA FLUME

CEMENT

HIGH ALUMINA
CEMENT

A LY

a0 . Al,03

Fig.l. Ternary plot, showing compositions of cements and
blending agents.

Si0

Fig.2. Phase relations in the system Ca0- Al=0Oz- MgD-
5i0-. Phases assumed caturated with respect to water.
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AF: (ettringite: Cashl2(S04)3(0H) 2 +26H20) [4,5,51. [f this is the case
then the point ‘AFa’' in Fig. 2 would be replaced by a point labelled AF:,
shifted siightly towards Ca0 on the Ca0~Al203 line. However, studies on

cement pastes indicate that AFe, formed at early ages is replaced by AFa on
ageing [71. This apparent contradiction will have to be resolved.

Figure 2 is the basis {rom which equilibrium assemblages for blended
cements have heen predicted. ‘Model' compositions for OPC and BFS ara given
in Table 3; these are used to calculate the equilibrium phase distribution
at a given OPC:BFS ratio. I[n theory, any reasonable oxide composition for an
OPC, BFS and FA (after subtracting appropriate quantities of - those elements
held in highly resistant crystajlites) are amenable to this treatment. The
calculation is similar to the Bogue treatment for PC clinker; elements are
apportioned between phases of known stoichiometry. Detziled derivation 1is
given in [21; actual calculations are carried out using a computer program.

TABLE 11! OXIDE COMPOSITIONS %OR PC AND BFS USED I[N THE
CONSTRUCTION OF FIG. 3 (weight per cenb)

Ca0 Al203 Si02 MgO
BC 70 10 20 0
BFS 40 10 40 10

The data in Table 3 yield phase assemblages as a function of blend ratio,

shown in Fig. 3. Thus, an apparently infinite number of blended cement
formulations can be reduced to only a few solid-phase assemblages, some of
which coexist with an aqueous phase of iavariant compesition. Thea

consegquential simplification thus achieved enables a relatively simple model
to 52 developed.

CalOH),

MOLE % x 10

WEIGHT % OPC x 10

Fig.3}.Predicted equilibrium compositions o4 the agqueous
ahase in OPC-3FS blenas at 23~ C.
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The three phase fields of Fig. 2 are also labelled in Fig. 3: for the
example chosen field (i) corresponds to from 73 to 100X OPC, field (ii) teo
14-73% OPC, and field (iii) to the very slag rich blends, <L4% OPC. The
Cal(OH)2 contant decreases with increasing slag content, in this instance
disappearing at 27% BFS. Beyond this limit, the decreasing total Ca content
is manifasted by a decreasing C/S ratio of the Cc-S-H. HT increases with
increassing slag content (and total Mg content). All these features are in
agreemenit with observations on the progress of phase development in slag
cement pastes [31. However, more detailed validation awaits more data on
the phase development of well cured slag cement pastes.

Solubility preoduct data for these phases, of variable quality, are
available from the literature or have been estimated, as detailed in [21.
Using these in conjunction with the predicted phase distribution, the aqueous
phase composition can be calculated. This has been carried out for the case
shown in Table 3 and.Fig. 3; the results are shown in Fig. 4. it should be
noted that the alkalis, Na and K hydroxide, are not inciuded in the present
calculations even though they tend to dominate the pore fiuid composition in
fresh pastes. However, it is intended that they be included in a future
model, utilising data on the partition of alkalis between pore fluid and C-
S~H (see for example [8,91). In the absence of appreciable alkali, as would
be the case shortly after the ingress of groundwaters £10,111, the pH 1is
controlled by the aqueous Ca centent. The sharp decrease in pH and Ca(aq)
shown in Fig. 4 corresponds with the consumption of Ca(OH)z., leaving C-S~H as
the solubility limiting phase. Aqueous Al and Si are predicted teo be
present in much lower concentrations; 10-4 to LO-5HM.

Work is presently concentrating on obtaining phase-pure preparations of
the various hydrates and measuring their solubilities (25°C)h. This will be
followed up with laboratery compatibility experiments to determine which
phase assemblages are stable. So far., these studies have shown that AF: and
CaAHg disscive congruently. Their solubility (activity) products obtained
from muitiple determinations are given by:

CagAi2(S04)3(0H)12 = 6Ca2+ + 2Al13+ + 35042- + 120H-
Kep = 3.75 x 10-113

CazAlz2(CH)12 - 3Ca2+ + 2Al3+ + 12CH-
Ksp = 1.56 x 10-87

These values are in good agreement with those calculated from data given

in [5,121. Preparations of phase-pure AF= and C4+AH13 have been only
partially successful. These slurries, on ageing, yield increasing
impurities of AF: and C3AHs respectively. This may reflect the relative

thermodynamic stabilities of these phases.

The various K.p values for cement hydrates are to be inserted in
geochemical computer codes, such as PHREEQE. MINEQL and CHEMTARD, which form
part of the Department of Tnvironment's (UK) predictive capebility for

assessing the radiological impact of future radwaste repositories. It is
intanded that the phase distribution model for cement blends will form a
precursor (subroutine) to these programs; to model the evolution of the

cementitious portion of the repository.

DEGRADATION OF CEMENTS: ATTACK BY CO:z

The deterioration of cementitous materials exposed to the natural
destructive agents in groundwater indicates the need to estsblish criteria by
which these agents may be recognised and the extent of their effect on
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Fig.4.Predicted equilibrium compositions of the aqgueous
phase in QPC~BFS blends at 23= C.

concrete predicted. A preliminary assessment reveals that, of these natural
azgents, dissolved carbon dioxide presents a significant potential hazard.

The effects of carbon dioxide containing groundwaters on concrete have
been well documented from experlience. The general mechanisms involved are
fairly well understood and appropriate preven.ative measures can be taken
where the dangers of attack are particulerly obvious. These measures
include conditioning of the water, e.g. by allowing it to contact CaCOatls),
generally in the form of crushed limestone, before it reaches the concrete.

Attempts have been made to classify groundwaters, usually by their pH
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and carbonate chemistry, according to their ability to atlack cement-based
systams. A detailed comparison cf these classifications {13-161, which are
based both on empirical data and solution chemistry, reveals that they suffer
to differing degrees from approximations., omission of relevant factors, and
use of incorrect or inappropriate methodology. No: surprisingly.
sredizticns made with them are ofien inconsistent.

While kinetics cannot be ignorad in the case ¢f rapidly-Tlowing waters,
quasi-squilibrium can be assumed to operate in normal repository sjituations
where comparatively static groundwater conditions persist. A fresh apprroach
to the problem is made here. It assumes semi-static, semi-equilibrium
conditions obtain.

In a solution which contzins both carbonate and bicarbonate ions and
which is saturated with respect to carbonate, a quantity of carbon dioxide
must always be present to hold the bicarbonate in solution acecording to the
following equation: ‘

(CaCC3)s + (HaCO3)aq = (CalHCO3)2)aq

“Aggressive~COz" is defined =s the free or uncombined carbon dioxide in
excess of ithat required to mainiain this equilibrium. tising MINEQL, which
will calculate the equilibrium compositions/speciations of aqueous solutions
2n? eontains thermodynamic data in the CaCO3-CO2-Hz0 systam, ths solvent
properties of a range of aqueous solutions, containing known amounts of

"aggressive COz2", were explored. These solutions, our initial modeil for
groundwater, were then allowed to equilibrate with Ca(CH)z, our initial model
for cement. This gave a measure of the Ca2+ leaching abilities of the

solutions which were plotted relative to that of pure water, taken as unity.
This enables a simple graphicai solution to be developed, which is termed an
aggressivity map. An example for U bar pressure and 25°C is shown in Fig 5:
in this map the pH is assumed to be controlled oniy by the equilibria in the
caicium carbonate/water/carbon dioxide system. The contour region shown
contains the region of practical interest: the contours converge with the
CaCO3 solubiiity curve and cannot be extrapolated o higher pH's than shown
nere. it =an be seen that a significant range of gH's and {Ca2+*] exist over
which aqueous solutions are only slightly (<25%) more aggressive than pure
water but that as -log [Ca2+] increases, the contour intervals decrease and
aggressivity increases rapidly.

While calcium is being leached, CaCO3(s) may also be precipitatad.
Using Fick's Law, a simple medel was developed which shows that this
vrecipitation will occur on, or near, the cement/solution interface. This
precipitation may facilitate formation of a passivating layer: Ca(OH)2z and
C-S-H zel dissolve incongruently, Ileaving CaC0O3 and SiOz+H20 as solid
preocducts. By further developing this model, ‘o include a C-S-H phase, we
are at present dJetermining the extent of coverage afforded by ikhis
precipitated CaC03(s) and (S5i0O2+nH20)s and hence its ability to act 2as a
barrier against further CO2 attack.

The first aim of this exercise, which was to determine aggressivity more
quantitatively, has been achieved. In the near f{future our model! for
zroundwater is being extended te embrace NaCl: preliminary calculations
disclose that brackish water (or sea water) will, for a given concentration
of COz, have a significantly more deterimental effect on concrete than fresh
water because NaCl enhances the propertion of COz which is aggressive.

SPECIFIC WASTE STREAM COMPONENT-CEMENT [NTERACTION: URANIUM
The distribution and solubility of uranium in cement systems is rather

uncertain. Data banks generaily contain thermodynamic and solubility data
cnly for uranicm oxides and CaliDs. In vilew of the paucilty of relevant data
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FIG.5. CalOH), LEACHING ABILITY RELATIVE TO PURE WATER

on US+, it was descided that more reliance would have to be place=d, at least
in the first instance, on an experimental approach. A wide range of uranium
loadings with Ca(OH)z and C-S-H has been investigated.

in the lower concentration range, uranyl nitrate solutions, containing
20-160 x 10-6M UVI, were added successively to calcium silicate hydrate (C-
5-H#) preparations, and the filltered supernatants analysed for uranium af ter

shaking for periods ranging from 21-75 days. Aqueous uranium was determined
directly in solution by fluorimetry (171, by a spectrophotometric method {18]
and by [CP-MS5. Solid phases were characterised by analytical electiron

microscopy and powder X-ray diffractien.

Fig. 6 shows the trends in aqueous uraniuvm solubility relative to lotal
uranium added for different ages. [t reveals a general overall decrease in
aqueous uranium concentrations with time for all four target C/S ratios. A
temporary increase in (U] after 156 days did occur for three samples, but
this could have been due to insufficient time for the preparations to
equilibrate. Ageing will be continued, with periodic redispersion of the
gels in deionised water and determination of [Ul, after a minimum of 40 days
shaking. The decrease in (U] with successive dispersions would suggest that
the urany! ion is adsorbed on to the C-~S-H. Equilibration of the
preparations will be deemed to have been achieved when soluble (U] remaina
constant with time. in the higher range of uranium loadings, C-5-H with 2
range of target C/S ratios have been shaken in decarbonated water, during
which the supernatants were repeatedly filtered, analysed and the gels
redispersed. Preparations with the highest loadinga (corresponding to target
U/C ratios of 0.75 to 2) prevent the formation of C-S-H gel or exceesd its
immobilisation capacity. Praparations with more realistic target U/C ratios

1 (£0.5) have an aqueous uranium solubility of approximately 0.5-7.0 x 10-7M
dm-3 after 60-260 days ageing. Two phases have been identiflied in these
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preparations which could be solubility limiting for wuranium; uranophane,
(Ca(UOz23z(Si03)2 (OH)2+5H20) and a hydrated calcium uranyl oxide (to which the
formula CazUOse(1.2-1.7)H20 has been tentatively assigned [191). At high
free Ca(OH)2z contents, becquerelite (CaQe6UO3+11H20) was also encountered.
Thus, the occurrence of solubility limiting phases is now well-documented at
“Wigher wuranium l!oadings, but for concentratlons less than ca 10-8 M dm-3,
sorption is likely to be the principal mods of immobilisation.

Uranium may be reduced to its iower valency forms (Us+, US+) if reducing
conditions prevail in the repository e.g. due to the presence of BFS-OPC
blended cement or steel reinforcement. Studies on the behaviour of reduced
U in the cement system are at an early stage and have concentrated on the
practicalities of characterizing and determining it.

CONCLUSIONE

3lended cements cover a wide range of chemical compositions which, on

hydrating, develop metastable phase assemblages. Therefore it is not
practicable to apply formulae derived from short term data alone, to predict
the long term properties and performance of such systems. However, it 1is

possible to develop a model, based on the concept of a steady-state, or quasi
equilibrium between solid and aqueous phases. A model (a preliminary one) is
described, which also predicts aqueous rhase compositions. The model can
also be used to determine deficiencies in the thermodynamic data which, when
cbtained and coupied with compatibility experiments, will lead to refinement
of the model. _

Interaction of cement with repository environment is model led for the

case of dissolved COz. The ephancement of solubility can be analyzed using
‘aggzressivity maps’.
The behvaiour of U6+ is elucidated: it is found that solubliity-

limiting phases develop by reaction between U+ and cement hydrates with
phases such as uranophane produced for {U6+] concentrations above ca. 10-7M.

—ft—98(216) —



PNC ZJ1449 91-005

127

ACKNOWLEDGEMENTS

This work has been commissioned by the Commisision of the European
Communities and the UK Department of the Environment as part of Iits
radicactive waste management programme. The results may be used in the
formulstion of Governmen: policy but at this stage do not necessarily
represent government policy.

REFERENCES
1. R. Dron, 6th Int Congr. Chem. Cem., Theme 1]-3,4,5 (1374).
2 F.P. Glasser, D.E. Macphee and E.E. Lachowski, in 'Scientific Basis

for Nuclear Waste Management XI', MRS Proc., vol. 112, p.3~12, (1988).

3. D.E. Macphee, M. Atkins and F.P. Glasser, in “Scientific Basis for
Nuclear Waste Management X!I“, MRS Proc., vol. 127, p.475-480 (1989).

4. P.W. Brown, &th Int. Conf. Chem. Cem., vol. 3, Theme 2, p.231-238,
(1986).

w

F. Zhang, Z. Zhou and Z. Lou, Proc. Int. Congr. Chem. Cem., vol. II,
Theme {1, p.88-33, (1980).

6. F.P. Glasser et al, CEC Report to be published (1989).

. F.P. Glasser pers comm.

8 0. E. Macphee, K. Luke, F.P. Glasser and E.E. Lachowski, J. Am. Ceram.
Soc. 72, p-646-54, (1989).

= G.L. Kalousek, NBS Research Paper RPI590, p.285-301, (1544).

i0. A. Atkinson, J.A. Hearne and C.F. Knights, Report AERE R 12548,
Harwell, 26 pp., (1987).

1! U.R. Berner, in "Scientific Basis for Nuclear Waste Management X", MRS
Sroc., vol. 84, p.319-330. (1987). ‘

12. J. D'Ans and H. Eick, Zem. Kalk. Gips, &, p.197, (1953).

1z, D.Z. PBPegers, "Determination and effeet of carbon dioxide in
groundwaters”. N.Z. Dep. Sci., ind. Res., Chem. Div., Rep. ©No. CD
2146, 47pp. (1972).

14. Y. Pisters, "Reaction of corrosive water with concrete”. Vom Wasser,
30, p. 208-221, (1963).

15. M.A. Simmonds, "Carbon dioxide in domestic water supplies”™, in

Proceedings of the Society for Water Treatment and Examination, 13, p.
59-88, (1964).

16. N.H. Traves, "Construction of Cairns Sewerage System." PhD Thesis,
Brisbane University c. 1962.

17 A. Danijielson, B. Ronnholm, L. Kjellstrom and F. [ngham, Talanta 20, p.
135-192, (1973).

18. Z. Marczenko, "Separation and Spectrophotometric Determination of
Elements”, Eilis Horwood Ltd., p. 611-612, (1986).

19. F.P. Glasser, D. Macphee, M. Atkins and C. Peointer, “Medium Active
Waste Form Characterisation: The Performance of Cement-based

Systems™, CEC Contract No. FL 1W 0025UK(H), p. 58-65, (1988).

—{+-99(217) —



PNC ZJ1449 91-005

149

CHANISTIC MODEL FOR THE DURABILITY OF CONCRETE BARRIERS EXPOSED TO
ME ST SULPHATE-BEARING GROUNDWATERS

ALLAN ATKINSON AND JOHN A. HEARNE
Materials Development Division, Building 429, Harwell Laboratory, Oxon. OX11 ORA, UK.

ABSTRACT

The durability of concretes in radioactive waste repositories is likely to be limited by their
reaction with sulphate-bearing groundwaters. In such a situation the concrete slowly degrades by
sulphate penetrating into the concrete where it reacts with the cement to cause stress and eventual
disruption. Experiments have been carried out to quantify these reactions and the resulting
expansions. The data have been incorporated into an overall mechanistic model for sulphate
degradaton in which the criterion for disruption is the accumulation of a critical amount of stored
elastic energy in the reaction zone. The results of this model are in good agreement with those of an

earlier empirical model and enable extrapolations to be made to different concretes and
groundwaters. '

INTRODUCTION

Concretes are favoured materials for the construction of radioactive waste repositories in

many countries. They are likely to be used in considerable quantities in the UK in repositories for
the disposal of low and intermediate level wastes. The concretes will probably be used to
encapsulate the wastes, to provide the repository structure and to backfill around waste packages.
(Here we use the word “concrete” as a generic term to encompass all materials based on Portland
cement.) The concretes provide both physical and chemical barriers to the migration of
radionuclides from the repository, and therefore it is necessary to be able to predict how the
physical and chemical propertes of the concretes are likely to change with time. The dmescale over
which these changes are of interest is much longer than that normally considered in conventional
civil engineering applications of concrete and so mechanistic models are required in order to
extrapolate data from short term experiments, or observations made in conditions different from
those of the actual repository.
' In an initial appraisal of the likely alteration of structural concrete in a repository situated
below the water table in the UK[1] it was concluded that, in many potential repository locations,
reaction with sulphate in the local groundwater was the process which would most probably lead to
eventual loss of the concrete’s mechanical integrity; albeit very slowly. From a survey of results
from accelerated tests and long term field experiments the following empirical expression was
proposed describing the degradation rate from which the mechanical durability of concrete in
sulphate-bearing groundwaters might be estimated;

R(mm y'1) = 5.5 Ca(%) coM). (0

where R is the degradation rate, C, the tricalcium aluminate content of the cement and ¢ the sum of
concentrations of sulphate and magnesium ions in the groundwater. This expression was also
shown 1o account for the observed penctration into old concrete exposed in clay for about 40
years[2]. However, this approach is unsatisfactory for extrapolation to longer times, different
materials and different environments since it is not based on a sound mechanistic appreciation of
sulphate auack. For example, equation (1) cannot account for concretes with high cement content
being more durable than those with low cement content.

The destructive effect of sulphate on Portland cement, mortar and concrete has been
recognised for almost a century. [t is gencrally accepted that there are three steps involved in the
overall deterioration process [3]:

@) sulphate lons from the environment penetrate into the concrete, usually by
diffusion,
(11) sulphate ions react expansively with certain phases containing aluminium in the

concrete, and

‘Mat. Res, Soc. Symop. Proc. Vol. 176, £1990 Malerials Research Society
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(ii1) the resulting internal expansion causes swess, cracking and exfoliadon of the

reacted material from the concrete surface.

It is necessary to incorporate all these steps into a single model of the overall process of
degradation otherwise it is not possible to explain the following observadons. First, the process is
diffusion controtled and yet the overall degradation is linear with fime. Second, sulphate resisting
Portland cement (SRPC) is more durable than ordinary Portland cement (OPC) even though
sulphate should penetrate further into SRPC because there is less reactive aluminium to bind it. In
this paper we describe new experiments to quantfy the chemical reactions and resulting expansions
involved in sulphate attack and then combine this knowledge with existing diffusion data in an
overall degradation model having predictive capability.

SULPHATE REACTIONS IN CEMENT
R ion kinet

Sulphate is present in hydrated cement mainly as a mixed iron alurninivm monosuiphate,
C5(A,F).CS*H;4, known as AFm. ( In this paper we use the shorthand notadon for oxides:
C=Ca0; $=Si0,; A=AlLQ5; F=Fe,05; H=H,0 and $'=50;.) Some sulphate may also be
incorporated into a ferri- hydrate gel. When the cement reacts with further sulphate after curing, the
aluminate phases ( C4AH 3, etc.) and the aluminium in AFm are converted to the gisulphate
(C3A.3CS"), known as entringite. However, the iron component of AFm and other iron-containing
phases are unreactive towards sulphate. When the external concentration of sulphate is sufficiendy
high ( above about 10 millimolar) gypsum, CS"H,, is precipitated. .

Experiments were carried out to measure the kinetics and end point of reaction between
hydrated cements and aqueous sulphate. (The experiments referred to in this paper are described 1n
detail in ref.{4]). A calcium sulphate solution saturated with respect to lime and gypsum was chosen
for the aqueous sulphate since this is an intermediate in all forms of sulphate attack. The cements
used were one sample of OPC and one of SRPC of known elemental composidon (Table 1). The
cement powders were hydrated in conditions free of carbon dioxide to give soft cement pastes and
cured for 72 hours at 56 C.

To determine the reaction kinetics at 25 C samples of the hydrated cement (typically 1-2 g)
were reacted by stirring with an excess (based on the expected total uptake) ofsulphate as a saturated
lime-gypsum solution having a measured concentration of 12.2 millimolar sulphate. The kinetcs
were followed by periodically sampling the aqueous phase through a 0.2 micron filter and analysing
for sulphate. The results are summarised in Figure 1 and indicate that the uptake is proportional to
the logarithm of time. The end points of the reactions were measured in additional experiments in
which the reaction mixture was periodically ball-milled using steel balls to break down any
protective reaction products. In these condidons the end points of reaction were quickly reached.
They are given in Table 4 and are in reasonable agreement with the end points calculated from the
cement composition and the reactions to form etwingite. These experiments demonstrate that the
main difference between OPC and SRPC is not, as is often stated, that SRPC has a lower reaction
capacity {although it is slightly lower in this case), but rather that the reaction with SRPC is much
the slower. If the logarithmic kinetics are maintained to completion then the data in Figure 1
extrapolate to times for complete reaction to be 400 days for OPC, but 105 days for SRPC. This

difference is speculated to be due to the more protective nature of reaction product layers rich in
iron.

Expansi ltine from chermical reacti

The reactions that bind sulphate give solid reaction products and an overall increase in solid
v_olume. The volumetric increases, per mole of sulphate bound from the aqueous phase, for
different chemical reactions are given in Table 2 [4]. However, not all this solid volume increasc
will appear as a bulk volume expansion in a concrete since some, or all, of the exera volume could
be accommodated in the pore volume of the concrete. In order to produce an integral model for
sulphate degradation it is therefore necessary to determine the relationship between increase in solid
volume and butk expansion. This was the aim of the following experiments in which the bulk lincar

expansion of thin mornar beams (to avoid reaction gradicnts) was measured on reaction with
sulphate-containing solutions.
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Table 1 Analvg fi 1 weigh
SRPC

Si0, 20.4

AbLG, 3.6

Fe,0; 5.0

Ca0 65.2

MgO 0.9

SO, 2.1

Na,O 0.17

K,0 0.4
Table 2 Volume increases in reactions between cement and suiphate
Inital Final Volume increase
compound gompound {cm® mole-! sulphate)
CH CS*H,
CH Mg(OH),+CS"H,
C4AH19 ARt
C3AH ATt 155
AFm ATt 165

Mortar beams were prepared using either OPC or SRPC and a fine (particle size below 425
microns) high purity limestone powder as aggregate. The mortars were mixed in a high shear mixer
and cast into 5x5x120 mm perspex moulds with stainless steel end-locating pins for dimensional
measurements. The bars were cured for 2 days at 20 C followed by 5 days at 56 C. The bars were
exposed to sulphate solutions at 30 C and their dimensions monitored continuously for times up to

Table 3 Details of expansion experiments

Bar # Cement CAD Solution
1 OPC 1:3 Ca

2 opC 1:3 Na

3 OPC 133 Na

4 OPC 1:3 Na

5 OPC 1:3 Mg

6 OPC 1:3 Mg+Na

7 SRPC -3 Ca

8 SRPC 1:3 Na

9 SRPC 1:3 Na

10 SRPC 1:3 Na

11 SRPC 1:3 Mg

12 SRPC 1:2 SGW(2)
13 Slag 12 SGW(2)
14 SRPC 12 SGW(2)
15 SRPC 1.2 Ca

16 SRPC 12 SGW(2)
(1) Cement 10 aggregate ratio

Sulphate M

0.002
0.06
0.025
0.01
0.025
0.015+0.01
0.002
0.06
0.025
0.01
0.025
0.0256
0.0256
0.0256
0.002
0.0256

(2) Synthetic clay groundwater with compositon (mM): Na=17.4, Ca=14.9, Mg=5.8, K=1.8,

$=25.6, Cl=3.4, C=5.8, Si=0.08.
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SULPHATE REACTED PER UNIT MASS HYDRATED CEMENT/ 10" mote g

OPC END PCINT
—

2 SRPC ENO POINT
" e e T,

O = 0°C
A = SRPC
760
TIME /DAYS
Figure 1. The reaction kinetics of hydrated suspensions of OPC and SRPC with sulphate

from a saturated solution of gypsum in limewater ( sulphate concentration 12.2 mM). Time is
plotted on a logarithmic scale.

OBSERVED INCREASE IN BULK VOLUME /10°° emi’g 'mortar

0 . 1 ) It
0 0.02 0-04 0-06 008
PREDICTED INCREASE IN SOLID VOLUME / car g™ mortar
Figure 2. Relationship between the observed bulk expansion of mortar bars and the

predicted increase in volume of solids from reactions to form ettringite and brucite. The numbers on
data points refer to the individual experiments in Table 3. :
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200 days. Details of the samples and sulphate solutions are given in Table 3. Typical expansion
curves show a rapid expansion up to about 20 days followed by a gradual slowing down of the
rate.

After exposure the bars were analysed to determine the reacted sulphate as etringite and as
gypsum and the reacted magnesium as brucite (Mg(OH),). Using the data for individual reactions in
Table 2, the increase in solid volume associated with each reaction product in each mortar bar was
calculated. It was found that bulk expansion did not correlate well either with total reacted sulphate,
or with total increase in solid volume, but did correlate well with the increase in solid volume
associated with ettringite and brucite formation as shown in Figure 2 (i.e. gypsum formation did not
contribute to bulk expansion). The results show that only about one rwentieth of the solid volume
increase due to ettringite and brucite appears as a bulk expansion.

MODELLING THE DEGRADATION PROCESS
ion herni ion

The diffusion of aqueous ions in water-saturated cement is reasonably well documented. The
diffusion process in the absence of chemical reactions and sorption is described by concentrations in
agueous solution, ¢, and the so-called "intrinsic” diffusion coefficient, D; [5). The combinatdon of
diffusion and chemical reaction leads to a reaction zone in which ettringite is formed. (In order to
simplify the problem we will assume that magnesium ions are not present and that gypsum is not
precipitated. These restrictions do not alter the overall conclusions.) If the rate of reaction is
sufficiently rapid then the reaction within the reaction zone is complete and is negligible beyond it.
The thickness of the reaction zone is given by [6]

X2t =2D; cy/ Cg. )

In reality the reaction is not necessarily sufficiently rapid for this to be the case, especially for
SRPC. The logarithmic kinetics of Figure 1 are represented by the equadon

m=mylogyo { (tc) (e} for m<m.. (3)

Here we have assumed that the reaction rate is proportional to the aqueous sulphate concenmanon
since the experimental data exist for one concentration only.

‘The expansion experiments provide a relationship between the amount of etringite formadon,
Cg, and the expansive strain, €,

e=pCg (4)

where B is a constant.

Sgall i f deezadati

From the previous section we are able to estimate the thickness of the reacton zone and the
expansive strain in that zone were it unconstrained. This is a stress-free strain if it occurs uniformly
in an unconstrained system in the same way that uniform thermal expansion does not gencrate 2
stress. However, when a sulphate reaction zone penetrates into a large concrete component the
massive unreacted concrete constrains the expansion to be negligible overall. To achieve this and
maintain cohesion between the reacted and unreacted zones, the reacted zone must be compressed
elastically by an induced compressive stress within it in the plane of the surface which will generate
a compressive strain equal in magnitude to the reaction stain. The compressive sress in the reaction
zone is given by (7]

c=Ee/(l-v). &)

It is this stress which eventually leads to mechanical rupture and loss of the reaction zonc by
spalladon at some critical condition. After spallation a new reaction zone builds up and the cycle
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Table 4 ist of in model
Parameter Description Value nit
c concentration in liquid mole m
Cy concentration in kinetic experiments 12.2
Co external sulphate concentration
Ce concentration of reacted sulphate as
etringite
D, intrinsic diffusion coefficient 1012 m? 571
E Young's modulus 20[91 - GPa
m quantity of sulphate reacted with mote kg1
cement anhydrous
m, value of m for complete reaction 1.24(0PC) cement
: 1.O7(SRPC)
my kinedc constant for m 0.32(0OPC)
0.16(SRPC)
R degradation rate m sl
t time s
t characteristic tirne for reaction 357TI(OPC) s
1555(SRPC) s
X thickness of reaction zone m
o roughness factor for fracture path 1 none
B Iinear strain caused by one mole of 1.8x10¢ o molet
sulphate reacted in 1m?
£ strain none
Y fracture surface energy of concrete 10 [9] Tm?
v Poisson's ratio 0.3 none
C stress Pa

repeats itself leading to gradual erosion on scales of time and distance that are large compared with

those for the spalling of a single layer. The spalling event will be a brittle failure initiating at some
critically stressed flaw and propagating as a crack parallel to the surface. Since we know nothing
about the nature and distribution of such flaws we assume that they exist in sufficient size and
number that fracture initation is not a problent. The condidon for crack propagation is much simpler
and requires only that the stored elastic energy released by fracture is sufficient to provide the
energy of the new surfaces so created. This approach has been used successfully to explain the
spallation af corrosion layers during thermal cycling [8]. Thus the condition for spalling becomes

W>2ay (6)

where & is 2 geometrical factor to account for the roughness of the fracture path. The stored elastic
energy per unit external surface area of the concrete is given by

W=ceX (7)

By combining equations (2) and (4} to (7) we deduce that the reaction zone spalls when it reaches a
cnitical thickness

Xpan=20y(I-v)/{E(BCg)?) (&)
atatime

f.span = Xzspa.ll CE / ( 2 1:)1 Cg ). (9)
Finally we obtain the degradation rate, R = K spaltf Lspalis 25

R=Ep2coCeDi/ { ay(t-v) ). (10)

Inspection of this equation shows that it reproduces the correct qualitative features of sulphate
attack in that the degradation rate increases with increase in diffusivity, external concentration,
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concentration of reactive material and expansion due to reaction. The mechanical properties of the
concrete enter through the ratio Efy. Since these both increase with concrete quality the degradation
rate is likely to be insensitive explicitly to mechanical properties; the main influence of concrete
quality being through the diffusivity.

Estimation of ion

The rate of degradation can be estimated from equation (10) by substtuting the values of
relevant parameters. These are listed in Table 4 for both OPC and SRPC concretes. The values for
D;, E, v,v and B have been assumed to be independent of cement type. The parameter B was
calculated by taking an average value for solid volume increase to be 160 cm3 mole! for the
etiringite-forming reactions. From the results in Figure 2 only 3.4% of this (5.5x10-% m3 mole-!)
appears as bulk expansion and the linear strain is equal to one third of this (1.8x10-% m® mole-1).

Because the reaction to form ettringite is slow it is necessary to use an iterative method to
determine Cg and the degradation rate. The starting approximation for Cg was calculated assuming
complete reaction (fast kinetics) in the reacted zone and a cement content of 300 kg m- (Table 5).
The zero order iteration values of R, X,y and tg,, were calculated on this basis. In the case of
OPC no further iteration was necessary since tspal Was long enough for the reacdon to go to
completion. However, for SRPC this was not the case and tg,;; and Cg (using equation 3) were
iterated to self consistency (Table 5).

Table 5 timation of atign rate for a concrete containing
k nt per cubic metre in 0.01 M sulphat
Parameter nit OPC SRPC
Inital Cg mole m 369 322
Final Cg mole m3 369 236
s MPa 19 12
all year 1.5 5.6
spall mm 1.6 3.9
R mm y! 1.06 0.70
Degradation rate from mm y-! 0.44 0.07
empirical equation
DISCUSSION

The degradation rates estimated using this model are given in Table 5. They show, as is
required, a slower degradation rate for SRPC concrete than for OPC concrete. Calculations for
different concentrations of sulphate gave a degradation rate directly proportional to concentration, in
agreement with the empirical equadon (1). The thickness of reaction zone at spalling is, however,
independent of sulphate concentration and is of the order of a few mm; in agreement with the size of
debris observed in sulphate attack. The predicted swess is independent of both sulphate
concentration and time. For the example in Table 5 it is also perhaps lower than expected to cause
mechanical damage ( the compressive strength for a concrete of this cement content would be about
50 MPa). However, the failure mode in spalling is by buckling of the reaction layer and is therefore
not the same as in 2 compression test.

Also shown in Table 5 are degradation rates estimated from the empirical equation (1) using
C3A contents of 8.3% for OPC and1.2% for SRPC [2]. For OPC the rates from equations (1) and
(10) are in good agreement considering the limitations in both approaches. For SPRC the agreement
is not so good. This is almost certainly due to the assumption in equation (1), that only C3A
contributes to the expansive reaction, being incorrect; as demonstrated in the experiments reported
here. The mechanisuc model is therefore likely to give a more accurate comparison between these
two materials.

The mechanistic model should also be more reliable than those which incorporate diffusion
and reaction, but omit the mechanical effects. The diffusion-reaction approach {10] leads to a 03
dependence for the reaction zone and this must ultimately lead to an underesimation of the depth of
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artack. The mechanistic model itself has cermin deficiencies which will bias its predictions towards
overestimating the degradation rate; such as neglecting the relief of stress by creep and reacton
products reducing the diffusvity in the reaction zone. Nevertheless, it provides a sound approach to
predicting long term durability from reladvely short term laboratory measurement of the key
parameters.
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MODELLING OF THE EVOLUTION OF POREWATER CHEMISTRY IN A
CEMENTITIOUS REPOSITORY.

A. Haworth, S.M. Sharland and CJ. Tweed, Theoretical Physics Division, Harwell
Laboratory, Oxfordshire, U.K.

ABSTRACT

The current concept for disposal of low- or intermediate-level nuclear waste in the
UK includes a largely cementitious backfill. An important factor in determining nuclide
release rates from the repository is the pH in the near-field. In this paper, we describe
development of a coupled chemistry/transport model of cement degradation and its
application in determining the evolution of the chemistry within the repository. In
particular, the effect of the cement formulation and interaction with groundwater species
on the evolution of the pH is.examined. The model is sufficiently flexible to consider a
number of different repository scenarios.

1. INTRODUCTION.

The current concept for disposal of low- or intermediate level waste in the U.K.
comprises an underground repository with a largely cementitious backfill. An assessment of
safety of such a facility is based on the calculations of transport of nuclides from the
re}faositoxy to the biosphere. Research models are used to test the assumptions made in the
satety assessment using information from exﬁeriments. An important factor in determining
nuclide release rates from the repository is the pH of the near-field. The aqueous phase of
the cement is expected to provide a high pH environment in which the solubilities of many
nuclides are reduced and the rate of general corrosion is low. In previous modelling, it has
been assumed that a high pH will exist for a period of about 106 years[1]. This assumption,
however, does not take into full account the chemical interactions between the cement and
the groundwater. There may, for example, be local variations within the backfill which
produce areas of lower pH through reactions with groundwater species. The evolution of
pH in the backfill also depends on the formulation of the cement used.

In a previous paper[2], we described the preliminary development of a research
model of the degradation of cement in a repository. A thermodynamic description of
cement developed by Berner(3] was used in a coupled chemistry/transport model of
cement leaching. We now describe further development of the model to investigate both
the effect of different cement types and of interactions with groundwater on the evolution
of pH in repository. Results from the coupled model are compared with experimental
observations on the evotution of pH for different cement types. The experiments formed a
separate part of the Nirex Safety Studies program and use a technique called accelerated
leaching to simulate the long term effects on the pH of contact with both de-mineralised
water and a groundwater([1,4). Such a comparison increases confidence in the model
predictions. The spatial variation in pH and effects such as pore blocking by minerals can
then be examined in more detail witﬁ_ the model.

The modelling is carried out using the coupled chemistry/transport program
CHEQMATE(S]. This combines ionic transport of species by diffusion and advection (in
systems where there is flowing groundwater) with chemical equilibration provided by the
computer Erogram PHREEQgEE]. The thermodynamic model of cement will be described
brietly in the next section. We then go on to discuss the experimental approach and
describe the coupled model.

Mat. Res. Soc. Symp. Proc. Vol. 176, #1990 Materlals Research Society
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2> THERMODYNAMIC MODEL OF CEMENT.

The thermodynamic model of cement is based on that of Berner(3]. The model
assumes that the more soluble hydroxides such as NaOH have already been leached from
the cement and the pH is controlled by the hydrated calcium silicates. It has been shown
experimentally that the calcium silicates dissolve incongruently, dependent on the calcium-
silicon ratio (C/S) of the solid[7]. The main assumptions of the model are that the range of
C/S values can be divided into three regions, and within each region the incongruent
dissolution can be simulated by a mixture of congruently soluble components. Each of
these components may have a solubility product which varies with the C/S ratio. The
components and associated solubility products are given in reference 2.

The implementation of the model in CHEQMATE necessitates several changes to
the minerals handling in the program. These are detailed in reference 2. The three solid
components of cement used in the model are set up as separate minerals in the
thermodynamic data for this problem. In the transport part of the code, the total
concentrations of calcium and silicon in the solid are stored. These values are used to
calculate the calcium to silicon ratio in the su.ud and are updated as the minerals dissolve
or precipitate. The values are then used to calculate the new calcium to silicon ratio in the
cement solid.

3. EXPERIMENTAL STUDIES

The "accelerated leaching’ experiments involve contacting a mass (typically 10g) of a
cement with a known volume of water. After one week of contact time, the water 15
removed for analysis and replaced with another known volume of water. The leachate is
analysed for pH and for concentrations of cations such as calcinum. Experiments were
performed on Sulphate Resisting Portland Cement (SRPC) paste, Blast Furnace
Slag/Ordinary Portland Cement (BFS/OPC) and Pulverised Fuel Ash/Ordinary Portland
Cement (PFA/OPC) with both de-mineralised and groundwater(1,4]. The results from the
experiments can be related to repository timescales by recognizing the controlling
parameter for the rate of leaching is the volume of water contacted with the cement. The
relationship between the repository timescale (t.p) and the leaching experiment is given by
the expression '

tep = CL/Q(V/Me (1)

where C is the mass of anhydrous cement per unit volume, L the length of the repository in
the direction of flow, q the Darcy velocity and (V/M,) the volume of water per unit mass of
cement in the leaching experiment. The corresponding repository timescale is calculated
from (1), assuming values for the typical groundwater flows through the repository of

10° m¢ and a dimension of the repository of 10m. The experiments are reported in
more detail in references 1 and 4.

4. COUPLED MODEL OF LEACHING OF CEMENT.

4,1 INTRODUCTION.

. To investigate assumptions used in the assessment models, the model described
aims to represent the evolution of cement in a repository rather than to simulate the
experiments directly. However, the predicted trends compared with experiment.
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CHEQMATE solves for ionic transport through a one-dimensional section of the material
of interest. For this application, a grid of 11m divided into 6 cells is used. The first cell
contains either de-mineralised or groundwater and the other cells contain cement. The
different cement types have different initial calcium-silicon ratios in the hydrated calcium
silicate solid gﬂl‘;b e 1). The solution in the first cell is kept constant, and it is assumed that
there is no diffusive flux at the last cell boundary. (This assumption implies that all the
species are swept away at this boundary). Water flows through the section with a Darcy
velocity of 10-9ms. As a first stage, the diffusion coefficients and orosities are assumed to
be the same for the different types of cement. Sensitivity to the diffusion coefficient will be
aness]tigated at a later stage. The diffusion coefficient used is 4x10-’m?s* and the porosity is
2[8]. -

Table 1. Calcium-silicon ratios in the hydrated calcium silicates for different cements.

Cement Type | C/S Ratio
SRPC 2.8
9 BFS/1 OPC 14
9 PFA/1 OPC 02
42 SRPC

The leaching of SRPC cement by de-mineralised water is simulated using the grid
described previously. Pure water is present in cell 1 with cement at a calcium-silicon ratio
of 2.8 in the other cells in the Erid. The total amount of calcium and silicon in the calcium-
silicates tgf:sr kg of cement has been estimated for the experimental work[4]. This value is
used in this simulation, assuming a cement content of 580 kg m3. The pH of the cement in
the repository as it evolves in time is shown in Figure 1 compared with the experimental
results. The agreement between the model and the experimental resuits is reasonable over
most of the timescale of the simulation. However, after approximately 2x10° years the
model predicts a faster fall in pH than was observed in the experiment.

12,50 + + ¥ ¥ RYE

2+ . .

.. Experimantal

x 1150 .
[=Y -

« ;.

T ™ %move Praicted
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10 T G Py LAt e ihla
1600 10.000 100,000 1.000,000 10,000,000

Tie (Yeara)
Fig. 1. Evolution of pH in SRPC in contact with de=minerallsed waler,

predicted by CHEQMATE model and projocted trom
exparimontal dats (4)

_For the next stage, the pure water is replaced by a groundwater of the composition
given in Table 2. This composition is the same as the average composition in the
experiment.
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Table 2. Groundwater composition

Element Concentration mol dm
Ca 1.15x102
Si 7.6x105
Mg 6.1x103
Na 1.6x102
K 1.85x10°3
S 2.46x102
C 5.75x1(
3
- - & e e x .!"".Q.. ‘Exparimenm-
12r x
11: - * =
T or Prediclad* «
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Boo " ""eoe 100000 1000000

Time {years)
Fig.2. pH evalution in SRPC in contact with typical clay

groundwater predicted and experimental.

Figure 2 shows the comparison of predicted and experimental resuits for SRPC and
groundwater. Up to 10° years, the agreement is again good, but the model then predicts a
lower pH than was actually observed. The cFH profiles across the cement at 3x10° years for
SRPC leaching in demineralised water and interaction with groundwater are shown in
Figure 3. The pH is clearly lowest at the edge of the cement. The pH drop is quicker for
the case where groundwater interactions are included. For example, the model predicts
that the pH in the centre of the cement will fall below 10 by 3x10° years for groundwater,
but in the leaching case, it is at 11 at this stage. The pH at the surface of the cement is
predicted to be below 10 by 9x10* years for a groundwater. The model predicts
precipitation of calcite and magnesium hydroxide when groundwater is present, although
the magnesium hydroxide redissolves as the pH drops.
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Fig.3. Prediclad pH prolile in cement saction (SRPC) at

300,000 years lor de-minaraiised waler and groundwalar,

4.3 BFS/OPC

To simulate the leaching of BFS/OPC by groundwater, the SRPC cement was
replaced by cement with a starting C/S ratio of 1.4. The resulting pH evolution is shown in
Figure 4. The model predicts that the pH of the BFS/OPC porewater will begin to drop
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before that of SRPC but the fall will be more gradual so both remain above 10 for

approximately the same time. The pH in the experiment is slightly lower than that
redicted over some of the timescale. The larger discrepancy at around 5x105 years is being
rther investigated. Calcite and Mg(OH), were again predicted to precipitate.
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Fig.4. Evolution of pH in BFS/OPC in contact with clay graundwater,

predicted and projected from experimental data.

4.4 PFA/OPC

. PFA/OPC initially has calcium silicate phase with a C/S ratio of 0.2. The predicted
H evolution is shown in Figure 5 compared with the experimental values. The agreement
in this case is not good. Both the experimental and theoretical curves start at a pH of
approximately 10, but the experimental values decrease more rapidly. A small amount of
calcite precipitation was observed, but the amounts were less than for the other cements.
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Fig.5. Evolution of pH in PEAIOPG in contact with clay groundwater,
predicted and projacted from experimental data.

5.DISCUSSION

5.1 EFFECT OF GROUNDWATER INTERACTIONS.

In this paper, a direct comparison of leaching of cement with de-mineralised water
and with groundwater is Yresented for SRPC. Interactions with groundwater species
?roduce a more rapid fall in pH than by leaching in demineralised water. The predicted pH
or SRPC at 1(F years is below 10 when groundwater interactions are taken into account
compared with 11 in de-mineralised water. However, the model predicts a much lower pH
of 7 in the first 1m of cement at this time.
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The model predicts precipitation of minerals such as calcite. This could have
important implications for the transport pro erties such as diffusion coefficient and
porosity of cement. Experimental studies to investigate this are currently under way at

Harwell. The model described in this paper could be used to aid interpretation of these
experimental results.

5.2 EFFECT OF CEMENT COMPOSITION.

The model predicts similar trends in pH behaviour related to cement composition to
those observed in the experiments. SRPC starts at a higher pH than the other two types of
cement considered here (about 12.5 compared with 123 for BFS and 10 for PFA).
However, both SRPC and BFS/OPC remain at a pH above 10 for over 2x105 years when
contacted with groundwater. PFA/OPC starts at a pH of 10 and the pH is predicted to fall
to below 8 by 10° years.

5.3 COMPARISON WITH EXPERIMENT

The broad trends predicted by the model are supported by the experimental work.
In particular, the time at which the pH drops below 10.5 for BFS/OPC and SRPC
predicted by the model agrees with the experimental data. However, the model used in this
study assumes that the cement is at equilibrium with the aqueous phase. In the
experiments, it appeared that equilibrium was not reached except in the SRPC and BEFS in
the early stages[1,4]. Also the model considers only the CSH phase in the cement and other
components may have a significant role in determining chemistry under certain conditions.

In the case of SRPC, the equilibrium model predicts a lower pH than is observed, so
is likely to provide a *worst case’ for the chemical conditions. The BFS/OPC predicts a pH
that is higher than observed for part of the calculation. The PFA/QPC predictions are not
in such good agreement with the experimental results. Further tests of the model against
experiment would need to be undertaken to gain confidence in the predictions.

After completion of the experiments the cement samples were analysed for mineral
phases. Calcite and aragonite (another calcium carbonate) were observed, but not
magnesium hydroxide. This is consistent with the coupled model prediction that Mg(OH),
would have re-dissolved at this stage.

5.4 FUTURE WORK.

In this study, we have considered reactions with only one type of groundwater
representing a typical clay. Other groundwaters ot sea-water could be included in the
mode!. Experimental studies on the effect of sea-water on cement are in progress at
Harwell. Preliminary studies with the coupled model suggest that sea-water will increase
the rate at which the pH drops in the cement.

The model described in this paper predicts mineral precipitation when groundwater
species are included, and this is supported by experimental evidence. However, there is
also dissolution of cament minerals and the two processes could lead to a change in
porosity. When experimental data is available, the effects of this may be simulated by
changing the transport properties in one or more of the cells in the CHEQMATE grid.

The studies described in this paper have concentrated on the qualitative comparison
with experiment. In future studies, sensitivity to the parameters will be considered in more
detail. in particular, the effect of the transport parameters such as diffusion coefficients and
porosity will be examined. The spatial variation of the pH in the cement and the possibie
importance of other cement phases will also be considered in more detail.
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6. CONCLUSIONS.

In this paper, we have described the development of a model of the degradation of
cement in a repository. The model has been used to investigate the effect of different
cement compositions and interactions with groundwater species on the evolution of pH in
cement porewater. The predicted trends from the modelling are in broad agreement with
results from accelerated leaching experiments. The model predicts that interactions with

oundwater species produce a faster fall in pH than leaching by demineralised water. This
is supported by the results from the experiments. The cement composition affects the
evolution of pH. Both the equilibrium model and the experiment suggest that PFA/OPC
would be unsuitable for maintaining a high pH in the near-field of a repository. The model
developed for this study is sufficiently ﬂexib?e to consider a range of cement compositions
and a number of different groundwaters. It can then be used to consider a number of
d:i[_flferent repository scenarios and make predictions on the long term spatial evolution of
pH.
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MEFEEA Y MY PRFAFE RImEEE
E itk
B 1B

Yoshihiko OKADA¥]
Mithuo MANADAX] and Satoru FUJII%]

(KEY ¥ORDS )
LONG TINE CURING CONCRETE, SILICATE ANTON FORMATION, 2°Si-NiR . XRD
C-S-H. POZZOLANIC REACTION,

(ABSTRACT) '

The silicate anions in concreté are composed of cement, cement hydrate and
gravel, and the sificate anion transforms it's formation with curing times.

In this study , 80 years old concrete were used for analitical sample . the
silicate anions were mesured by using 2°Si MAS-NWR(Magic -Angle Spinning Nuclear
Magnetic Resonance) and hydrated products were observed by using SEM and XRD.

As results. the silicate anions in 80.years old concrete were made up by Qo
unhydrate 8-C;S) and 01,0 ( cement hydrated compounds) and 01,0z, Qs ( pozzo-
lanic compounds ( crystaliized tobermite)) and 0Q.( sands and gravels)

Especialy, remaining Qo (unhydrate B-C;S) and 03( crystallized tobermite)
were regard to long time stability for concrete.

% 1 Reseach & Development Center ONCDA CEMENY CO..LTD

~£F—117(235) —-



PNC ZJ1449 91-005
CAJ PROCEEDINGS OF CEMENT & CONCRETE No. 44, 1990 59

1. FEHIC

IVIU—- RO YT— b7y (BT Gi0) &) 1 BHOGI0) . EEX VR
U2 FKIIIOSI0) n MBS TV, hTHEX v MK, EHRO (Si0)*" £FA
UEARFIC L YBORZHEILT IHERAONTINS, W ULALEHHSICHTS Gi0) O
BRUSEL. BRShTLVELY, '

FHER, FEHMSOI 7 U - FEBRELTIS (5i0,)' OREEEECEER'SI-NRE ML RIF
BTV TOESENHS TIHEEENGODMEEIS > HOFEERRAL., FOREEFFELELO
THDo

2 %
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Table 1 The resuls of compressive test and assumption

' of mix propotion

Compressive Weight (Kg/ni)
strength ¥/C
(Kt /ex ater | Gement | Sand and Gravel * Photo. 1 view of excavated pile
340 290 454 1536 63.8
12 REhH%
(1) Heomg

FARICHOIEREIL, MESBEOY VTN EESHIEETU R LESHERE LTS LD
BAER,

(2) XREHRIC L SeithoreR
SRE LI RBR XETAC & Y a0 BIEE1T > foo

(3) 'Si-NR (CkB (Si0)~ Dt

BR USi-NR Sk D (Si0:)' - DL, MU AFILY UIMEERICHA Gi0,) SEEEEICm
AR, BEERSNTOBAESETHS. (Gi0,)' OIEREL. 0,(5i0, £/ 7=) 0%
BT=7) | G ERTN—T) | 0( SEBEE) |« 0( SRTHE) 05 DICKRELHFEH D@
BETHE, FICEALTUSSF. BEFICL s bMcho053,
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MER. WRUCHREHETOXEER LCP-MSHEIC & ViT ot EALICEAR. B ABFHR
OCX-7T0 NRICERBOCP-MSERMUIEETH B,

(4) HIFWTEAMESIC & MR
SFBTENEDRE T, SHOREICEMLIC-SH TokFi s LU A~ FKERMCa/SI 1

BB LBERET . EAULERER AASEFM SUPER PROBE T33RTH D, .
4K '

3 MERERLUSBE
3.1 gl LI
X ieERIC L YEEShCEE, BX Y bEEU

A FkEE LT B-C.S. CSHM/YESAH)
Ca(OH); . Ca00; THYBIE LTRE RAH
THot.

Fig. 1 XRD pattern of 80 years old concrete

32 YUH—b7=FOEE j

G- MRTIRIBENT $i00) 1 B-2ASRIHRIC0,~0,
TEoTce OylFTKFID B-C,SIT, 0 ~0s 12t > FO7KED Re
R, 0J3BH (R3S KERFhRETES. %

Bk EN0. 3, HIEHEEERT (Si0,)*~ THYTHIHS
DaUH Y — bR S LS TS B, CHETRERE J A
ni=0,04. V) F54 b, RESA MEEOF—- I LT =Pty
IR S IR N O AERRDT ) F54 b PYETSA
FEEUT 74054 MEOBHMISER KUY — FMEEOIEE  Fig. 2 MR spectram of 80 years
BAIL Y LOHTHE, ¥ old concrete

QUERSDT VY Y~ b EN0 I, BR3IRL
[l A — b L—TER U bYES A MhBIREEhE R
R FLESLLTEY © ENRLEAOBICaYI Y-
MR AR LI-C-S-H S UpERILL FSES A MCK
LBt BHhosi&taé ORI Z vEIblc & Y
IEUTe FSES A FERUEESHNEZSNS,

Al ppm
el -150 |

3.3 SHOERESF BIUBRE .
SEME L UEPVASHF OISR D w4 U — FOiEsIR, BEXfEL Fig 3 NR spectram of synthesitic
1-Ca(0H), . Cal/Si0 At 5 O v hikini, Ca0/Si0th tobermo! i te
D10 OC-S-H FokFoly. Ca0/Si0, Hhty2. 0 MFIKFIC,S
[CHELd A Em2 LT

EH-E. SHE@ECER LRV S K FXETA FiC-5-H) &, BE-JICIIEHEIRICRR
UL7C-S-H oSM &% R LT
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i)
X & RS e ¥

Photo, 2 SEM Photograph of C-S-H
producted on surface of gravels

4 F& \

BOEMSDIV T U~ bRIZER LTS (5i0)* I05E _ \ B i
L Si-NREARITETT - B RIS B S A EELT {3 so}- \‘ — oSt
CE EBT, 3 oL \

1) SRS T (S0 HEIEL TS, 2 ‘\

NR ZEOHEEEECSH (0 H&U0,) OEX > FKR s or \
WITHANEC 0y Ve 72 F/YES A ME( Si0,)4 AUt g #f \‘
LT3, SH & LUTPMBIZE ClI s BisE 515~ 1= MSES S 1o \
1HICSH |, TAHOBDIERL THYBHNGHE B | .,
LIl (Si00)' &Caf 2 &0fVs VR TE 0.01 0.1
VBSO—HLCESLTLBb0LEbNE, © diaveter ()

2) (§i0)* B/ T—0hRRBL TS, Fig.4 Fraction division of cement

EHE LIcHiosa1cmed 215504 < R TH 21, B made at taishyo and modern.

&Ebtm&‘ﬁiﬁ#ﬁ%@bﬁ%&ﬁw:vau—bmm(mmr‘%/v—m(xmmtva
DE-C.8) VBT ERADERIE, &2 MUEAHRORMCLEBDEELIHND,
—4!:&%‘:&25%Lf:%a%cf)—ﬁ&éﬁ&mﬁ}?ﬁéﬁﬁwwa?bto KIEATHBIZIZ, 0. 2m IEEOMFED
WLEENTHEYBEO LA > F ORIESTEDRL IIEEIC R &Ly, ©

BEIR ,

1) T.Kawano, K. Hitostuya. Y. Okada:2nd Int. sym on cement concrete, Beijing, 1-1p304(1989)
2) E.Lippmaa, M. Magi, M. Tarmak, W. Wieker, AR Grimmer;Cem, Con. Res., 12 p597 (1982)
DEWmEE, tm R BT E BRRKFLFNERSTESE (1988)

4)T. Mitsuda, H. Toraya, Y. Okada, M. Shimoda;Ceramic Transactions Vol.5 p206 (1989)

5)H. Uchikawa :8ht Int. Congress on the Chem. of Ceme, -Brasil. Vo! 1, p249 (1986)
OINEFFE=; FPrx FOREEFEFDIR THCPMEE 2018 pT94~804. (1919 )
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Life Prediction of Reinforced Concrete Structures
determined by Corrosion

By Shigeru Morinaga, Kazuo Irino, Tatsumi Ohta and Yoshio Tsuchimoto

Concrete Research and Technology, Vol. 1,Ne. 1,Jan. 1990

Synopsis A method was proposed for predicting the lives of reinforced concrete structures which were deter-
mined by corrosion of reinforcing steel due to chloride. The present method was based on the expression derived
from the various experiments. In order to study the applicability of this prediction method to real structures, a
reinforced concrete structure in ocean environment was investigated which was constructed 30 years ago. Con-
cerning cracking of concrete and corrosion of reinforcing steel. the predicted results almost agreed wite the re-
sults of the field investigation. Consequently, proposed method showed validity on life prediction of reinforced
concrete structures deteriorated due to chloride.

Keywords : life prediction, reinforced concrete, corrosion, reinforcing steel, chloride, cracking, field investiga-

tion
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W—D'W—k'c"c{l (6}

2.2 {ERREICED  PHEEDET

2. 10R(6)DHELH "IHD Ca 13 Ca(OH), DIBEE R
LTHEh, 20 Ca DIz CO, DR L > THIL
Twvi, Co DIEDFELE, 3> 20—+ pH HOHE
LEEWL, T2 bAPELLAZEERTLO
THb, ~DCatld, BARMIZBVTHRENALCO,
ORI THTIENTED, REIEHBVT, Ca
(OH), & CO, DLF B ~KMIRE LTnBID,
AL B &H7- 1 @ Ca(OH), DIRIEZEL ACe 1ZRAD &
Il B,

ACa=—k-C-(Ca- A {7)
ZHEREFRD LI IIEET S,
1 dCa
T k-C (8}

ZIT, t=0 DI Ca=Ca=o THBI EHH, X

BnFE LTROE#H 2,
Ca=Ca,—q " exp | —k- J.t Clz) dot {9}

FONTET OB 1, TEDH 2 BT Ca(OH), D
BEYFELTED, GAHAHITERTLAIRICZO
BAOTr s ) — FAEPHAELIEW) ZEHNTES,

FGUIAN % LA T B &, CO, #F Fick O H—ERIZ
B TR L, CalOH), & CO, A" —REETHILE
R LY 7Y — FORHGETOEFADLTOL
JIHLEhD,

aC _~ a’C
E‘=D - —a'}";r —k-Cap=g - C

cep =k [ C(Dad 10

2.3 BR&H
ERBFAGORT A LW EA— AN EE - KL T
B E DI OB RAEREI— RO £ 5 2F
T5x LMD,

(F08A%04°)
t=0, 0=x<oo I Clx,t) =0 {ty
(EREME)
>0, 2=0 Cle, ) =Co 12

TIT, Coitav ) — FPREBOCO, BETH
Bo A Y — NRMEBO CO, iBER, BEE LI
T A8 bHBEEILADY, TSN
BULTEIL—ETHLBEEDLEEZBIEET B,

PNC ZJ1449 91-005

3. & BLOE
3.1 E4HERICLIHFEADEL
2.2 ORMONED, HFLE—HL L UTEZHOEER
SiE, BAEFEMIIE o TRUIDHRWIN L ) ITKRE
s,
aC  Clx,be1)—Clx, 4)

ot Al 13
82C _ Claiar )+ Cluimy, () =2-Clanti) 0
x> .F 0~
exp 1=k [ Clz)dl

=exp | =k E =1C(mt) 4t 09

IS ENANTRA LT Cla 14} CDVTHRE,
WML Clent,) =0 3 & OBERAM Clay, ) =Co %
BT Clas 1) 2ROTVHE CO, IE DR
BB,

2D - Al
Clxy by, )=1— Ve k- Caj=y * Al

xchhg%up{—w21=lcuhn%Ad

DAt
+ Axg X |C(x;+,,tj)+C(x.--1,tj)1 (la

F 7-, Ca(OH), @534 133N Coy e BT TRD
HoLdTE, PHLES R CalOR), DBENENO
MRz L C—E RS Lo, HEvR—ERGRS
Li-tzkodbo izl TH oA,

3.2 ar9Y—tfhd Ca(OH), BRE

Ay MEEFOHHEIIZL - TEFERSRIPLERS T
VB, —HEIZCyS (T » ), CS (R w ),
CiA (Y 5 1) BEUCAF (72 » ) D HHEK
ERTWD, T A Y FOKABIED ) HELZD DT
DCSBLUCSDEIETHYN, CSHILAEW ERT
Bl biciidminlt LT CalOH), WS ND, %
B, FMAIECSBIUCSOEAY M 55T
Bk LT 5,

2(3 Ca0 - SiQ,)+6 H,0—3 Ca0-2 Si0,+3 Ca(OH),

(100) (24) (715) © (49) (mﬁ

2(2 Ca0+Si0,) +4 Hy0—3 Ca0-2 $i0, +Ca(OH);

21) - (100
(100) {21) {100} (21) 0

WHENTWREBRNV T Y FEX 2 PRDCS
BIUC.S DEEOTFHILH 50% B LIF26UTHY,
EEFN T FlA Y FPOKHE (D a) HT100%D
B, A MERESHD O CalOH), DRIZH 30%
B, o, 2y )— RO Cal(OH), DENE
BB A MR (Q) ERAFELILSTRADL
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JIETIENTED,
Ca=0.3Q- a/74 (19)

3.3 327 U— hRERD CO, BE

a2y 5 - FERESBOEBRO CO, HEFHEIT
DCO, IS L WEEXBE, T2 - PREAR
DB EEHT- ) O CO, BER, FERKTORMER
hi-h D COBEIZT >y ) — F OEREREL G
FhDEL A, Iv2 Y= OBMREIIBITLHRAE
FRERTH WU THEI L, 227N — 0K
eIt 0% EEL LN, #oT, T¥F -
FETED CO, BIERFHATD CO, it N 20% & L
THE T IZEE LTS

3.4 329 — Ot é Ca(OH), DEE

2y 5= ORI, AT/ LTI VA
1% T T — ViGHIC L - THRERALEL SV
PIpc L o THES NS, TOREOFTGCERRE
32— kD CalOH), DiRESHD VI X7 Y —
b pH L ORI, W4 DG L > TREL, &
FLL—HMICET H LW, BT, TibHiRe K
P RO RS HETAICHI T, ST
#1] — k& @) CalOH), DIIEH R OTHLD 80% 2 6
20% OO 4 Dt F T LS EEHTL, BUHE
OEBFRERETAIEE L

3.5 WESES

3.1~3.4 (2R LZEMC & o TR G %15 - 726
LTSRS, dfbk+aars)—toKktA> M
% 60%, iK% 185 kg/m* & L, KHBIEE o &
80% &+ 5, = OB, Ca(OH), DENIIEL 1 mol/cm®
e h, $1, HIE®CO, DHIRIET SBETD
L, av oYy FEFO CO, DERBIER 1% R
n, INFELEETHETE 0.3X107 mol/em® & 2
5,

94— o CO, DILERE S L U Ca(OH)
CO, & DIUEHE LBz oW TR P 4L, &<
GhoTHRVOT, HEMCE LS GIETS L
& L7,

a4 — hhd CO, DUFHRIE 5.0X107° 6
1.0X 10" % em%/day 3 CE{L 54, CalOH); £ COz &
DR IEFEEESF 1.0X10Y day #°5 6.0X10%/day £ T
LB 0T 4 ) — i@ Ca (OH) , DS
AEE-3 L, PHEIEOETER-4IORY, 4B, Bl
FHEIELT, Ax=1lmm, At=lday & L7

i OMEIT F X TE-4 Tik, CalOH). DREEAE
MOBEIF L TET LAWEH20%010 80% I TOH
GHEOBAOKREICHLTELTHY, Jhoohitlt
ETERTHARC BV, ok nLAE
v iy O & ORDIL WA CalOH), DIBEEDH RS DS
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Gk nh, PHEALERE RPELERE OBERBRA
FHREE L HHEPREVEEL OGNS,

IREDENL, HEEEAAE 2R Ca(OH);,
DisELEIER I ), PHAOETEENKE
BB EHTND, T, RIGEEESIKE LD L
Ca(OH), DEELEA@ITE Y, Db L KPlE
{LEROBEREFPRICL DI ENEILLOND, &6
12, RIBEEERATKE (B0 T, HIED
X VIBHTEEZ LIRS TLBENEDHLN
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4. PHATERBREER & DK

4.1 HBOHSE L fhiEbEEsE

T4 1) — b CO, DTS X U Ca{OH), &
CO, & DRIBMIFEHF RO BLHII, BME O
WA A ORE{IGENRBROFE AL, KX b
KT el GEOT AR L Mt R B D
fiERDBIEE LT

Holtonat e & L2 PR b it itse ' i, SpKma
CO, IBHEAT 5%, HilE 20 °C 35 X UFLEIE 60% R.H. O HAT
Cifote Ty U — bR AR (SRR
9.63, WeokHt 1 2.29%), WHEMERAT (R
2.66, Wik 10.50%) FHWIAE2X S Y-t T,
At A MIEATA0% M6 70%, AT AT 185 kg/m”
Tihb, Jeiktikaliiid 10X30X40em £ L, diEEdE L
TH4 28 B £ CRERIEA: Lo, 20°C, 60% RH. i
PR TEREIREE L, BTl X Ui E > — 0
L, WA 6tk s,

#T2r ) = FOBHSH SRS CalOH), DE N
BEORCEM F T 130T, L8, A o 3ny
ni80% & L7,

4.2 KEX 2 FEBOHHESS SUREEEER

O

BB E R E 1.0XIT ~1.0X107 ]
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X10%/day 3 TEIL BT o F2o HMHHFIORMIZ L
4.1 OfEP LRSS R F Taabe T, X
CBOT AR MICHIE TR,

K A 2 kI 60% @IS Co BEE BRI % B liET Y
ML IE LMo —FIEE-S IZRT. JOMPL,
IF 8 7 1 58 B A% 5.0 X 10%/day C, JLiBER B AT 0.04
em2/day 7% 6 0.05 cm?/day DEFICFTE &R & BUERELR
EHL GREELTWAI LGB, /2, LGBAEL
TwhEED CalOH), DRI, D Ca(OH), Dk
EXN%PL WG BET TR LB THEIELE
Hbid,

Kkt Ay PETEICRERBROB R EREN L GE
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TA-MRD C OB =0.3X10°° (mol/ca™) 24D Ca(OH) O AEE=1.3X10° | /em®
(b0 C OIS 9pioi) ) (pol fex")
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%1 & N0 XMEREILEE (on @ ok 1 Ocn) .~ YHE3Ca(OH) ;DELEE (<10 nol/cn : Bkl 5X10 *moi/cn) €33 .
F2- [PHEEES —ARHE2 LS D MER] OP(EIRE . ERCBWTHP S 1E, 25, 3%, 4%, B, 6%, TH.
84, O, 104, 155, 204, 255, 304 35%F | 40%F . SFEBLUNFTNLTS .

-3 ca(oH), DBREE{OEHEH

129

—f—157(275) —



PNC ZJ1449 91-005
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#-1 Cal(OH), DENBEOHEME

w/C w c Ca(OH), & Wil
% kg/m? ke/m? % 10%mol/em?
40 463 1.50
45 411 1.33
50 185 370 1.20
60 308 | 1.00
70 264 .86

-2 HWCREU LAY D EEETY «DESER

w/c D k

(%) (em*/day) (1 /day)
40 0.003~0.005 50,000~100,000
45 0.008--0.015 100,000
50 0.015—0.017 100.000~500.000
60 0.04~0.05 500,000
70 0.05~0.07 500,000~1,000,000

#-3 DHEIV KDOBEHEDE

W/C(%) Plem*/day) & 1 fday}
50 0.015 250,000
60 0.05 500,000
70 0.07 1,000,000

AT AURGES L CRIEHIETHROBREER-2 IR
To SOFT,L, Kb x e REANE { Lo THEAE
T A L, EHERRAS (2D, F0EEE e
LS A MIINIHE Z EHED LN B, I
HANE (L BAE LT, CalOH), & CO, DB
BT, SHNCRT LS 0P s h 2, K
A P AR E HE R4 L7 HaO OHLEGER b
&, FOlBIUEAHIMENSLDEEL RS,

5. KEWHIZBITAI Y7 1) — O
ET T

4.2 TkOLNLKER Y PO 7 — hepD
CO, DILHREE B X U Ca(OH); & CO, & DIEIEHIERE
BERAWT, —fFREETHa 2 Y — FoBiEbok
TEFHLTAL, At A > P ERIOERIRES L UK
BEEERERICRETEBNTHE, 34, KRS
0 CO, DEEE0.03%, >4 ) — FERMEDCO, ®
EAEER 0.235%10°® mol/em® Th B,

BHERETE-6~8 IIRT, HFn&ERERK-4 LT
IS, Ca(OH), DBEFBYOBREIIN LTCETHER
80%, T0%, == , 0% T LAzRsicifbL2b
ELTRDAFFHEOETERTHRITH B, Ca
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Mathematical Model on Progress of Carbonation of Concrete

By Yoshihiro Masuda and Hiroyuki Tanano

Concrete Research and Techuology, Vol. 2, No. 1, Jan. 1991

Synopsis Recently, some mathematical models for the prediction on progress of carbonation of concrete were re-
ported. These models were taking account of CO; diffusion and chemical reaction of Ca{OH), and CQ,. These models
were based on the assumption that CO, diffused in the carbonation zone and reacted with Ca(OH}, at the boundary
face of carbonation zone and uncarbonation zone. In these models did not coexist. According to previous studies,
however, it was know that Ca(OH), and CaCQs do coexist in carbonation progress zone. In this study, a mathematical
model to predict the progress of carbonation of concrete has been established based on the reducing concentration of
Ca(QH), in the carbonation progress zone where Ca{OH); reacts with COz and Ca(OH), and CaCO; coexist.

Keywords : Carbonation, Carbonation zone, Uncarbonation zone, Diffusion coefficient. Coeflicient of reaction rate,

Concrete
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