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*
STUDY OF LONG-TERM ALTERATION BEHAVIOR OF CONCRETE (2)

%% Kk d FRKF *kKk Kk
Y.FUJIWARA , M.NAKANISHI » M.YURUGI AND Y.SAITOH

ABSTRACT

For disposal of radioactive wastes, cementitious materials are
examined to be applied as seal materials etc. For such materials subjecting
to radioactive waste, longevity is very important. Therefore, it is
needed to estimate and to predict the long-term behavior of cementitious
materials. ‘

These studies have been started with the aim to study about long-
term behavior of concrete, in 1987 and we investigated the literature of
long-term behavior of cementitious materials and proposed the research
problems to pridict the long-term alteration behavior of concrete. Last
year, We collected some concrete core samples from tunnel under the
similar environmental condition of radioactive waste repositry and
analyzed the degree of alteration.

This year, based on the previous research, investigations are
conducted to obtain the concrete samples under the severe condition to
cementitious materials and to examine the alteration status of samples.
The concrete structure was the revetment of Katabira River in Yokohama,
Kanagawa Prefecture constructed in 1929 and had been in service for
about 61 years. The results are as belows:

(1) The alteration degree of revetment concrete
The examined concrete specimens in contact with soil are judged to
be altered because of high concentrations of chlorine ion and
bicarbonate ion of soil pore water.

(2) The literature related to the evaluation method of concrete
alteration
A few of literature related to alteration of cementitious
materials is able to be compared to results from investigation of
alteration of concrete specimens of structure.

* Work performed by Taisei Corporation, Shimizu Corporation,
Kajima Corporation and Ohbayashi Corporation under contract
with Power Reactor and Nuclear Fuel Development Corporation

PNC Liaison : Geological Isolation Technology Section, Noriaki Sasaki

*k Taisei Corporation, Technical Research Center

**%  Shimizu Corporation, Institute of Technology

**%% Kajima Insitute of Construction Technology

*%%%% QOhbayashi Corporation, Technical Research Institute
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Table— 1 HMonthly Atmospheric Temperature in 1989

TR =3 (m/s) B&ae X B i (m.%)
5 BE|RERS|, C(BE|_ IR EH& & P
EB #£8 ga| . ER#/A AR ED & it

)= EY|EY| & & 25°CE(E | 0°CH% &
1 79)112{ 47]188)20 | 01(29 0 0 38| 11 |SW|20%| N 1506
2 731107| 41j165{16 | 06| 3 0 0 38} 10 N |26 |{ N 1273
3 92{132| s57|191| 4| 26| g 0 0 3g| 12| N |17 | N 171.8
4 149f187|151|226[18 | 7713 0 0 391 15| N |28 | N 21556
5 |170|208]|138[243|28x%| 100]12 0 0 35 12 [SW]|14%| N 1336
6 199 |230|173}286}420 | 117]10 11 0 32| 9iSSW| 5 |NNE| 1386
7 2361266212311 |24 | 150 3 22 0 32 81SW112%| E 136.5
8 |264{298({239}334110 |214]28 30 0 36| 12| N |28%|Swi 2259
9 {245|275|222|318] 1 }176({30 23 0 38| 11 |SW|28 SW| 1386
10 {169(202|141(254] 1 J111]19 1 0 351 10 | N |29%| N 1419
11 13781721 102)221) 6 | 43|30 0 0 31] 9|NNW 2 | N 1575
12 86[122{ s2{198| 4 | 23|31t 0 0 340 10} N fi1oe| N 1735
£ lis8|192)128(334|8410 o01|120 87 0 36{15] W 1428 N 118113
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EH-1 #oTm@r (L) s CF)
Photo,— 1 Revetment at Low-tide and High-tide
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EH-2 HmEMEOFAINIKOIEK
Photo.— 2 Sampling of Rivervater
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£—-3 WKkoKG
Table— 3 VWater Quality of Riverwater

=5 10/2i% 5% 11/15 $3E 3/19fR

MEHEE & HK|THLS | TETH | S8 o Tw |z m 7K

p H 7.5 7.4 7.5 7.4 7.5 8.1
EXEEE (4S/cm) | 26900 | 18500  [31000 | 19300 | 30000 | 26700
M7AAYVE (neq/t) 1.9 1.74 2.00 1.74 2.00 1.90
P EERE {meq/t) 0.22 0.30 0.22 0.28 0.40
MEEA A (ng/l) 1680 1020 1910 1020 1910 1190
B4 A+ > (ng/t) | 10400 8940 | 13200 | 7100 | 13600 8580
FhUB L (ag/t) 8050 3400 6900 3500 7300 5760
ELEA (ng/t) 208 145 300 148 318 182
BN L (mg/t) 270 174 307 180 315 209
2 A YA (ag/l) 750 520 880 460 1280 600
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FEH-3 HhmlIpEmike
Photo.— 3 Surface Staie of Conerete (Upperpart of Landside)

EH-4 HmTrapRmikie
Photo.— 4 Surface State of Conerete (Lowerpart of Landside)
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EE-5 RpifslRHEIRE
Photo.— 5 Surface State of Conerete {Riverside)
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EE-6 HTHELEBa7HLTY /KA
Photo.— 6 Sampling of Core (Upperpart of Landside)

. ERE-7 BETFEa7Hr7)r7RKE
W Photo.— 7 Sampling of Core (Lowerpart of Landside)
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EHE-8 mmmifANBEEIRA
Photo.— 8 Excavation at the Point of Riverside

. EH-9 ®Fimsa7y Y v 7k
(L Photo.~ 9 Sampling of Core (Riverside)
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Photo.— 1 0 Sampling of Core (inside)
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X3, FOPHEENLAKRICL-TbELEBTHBLD. TOLERERER
RBETAELRTERY,
IT7OHEMHMOELI VORHBERL EOAHAZI O, K{ERHEN/I 7Y -
FTHBH, HEY, MEHOKRES, BTl PR-XAMFROEEREITH>VT
F. 32 72) - FEREOBRRAIGCHM L TE X » PEAXDVUELLEHBOF VW 7 1) —
FTHBEBELDND, £/, REBITEARBRBEERELLELV I AFNRISEST
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5%—11 i -5 2 7 M
Photo.— 11 Side Surface State of Core (Upperpart of Landside)

HHE-12 FHEFa7HEA
Photo.— 1 2 Surface State of Core (Upperpart of Landside)
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BEHE-13 & FEa 7
Photo.— 1 3 Side Surface State of Core (Lowerpart of Landside)

(_
EH~-14 ¥ETH27ERM
Photo.— 14 Surface State of Core (Lowerpart of Landside)
.
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R o S
c 3 e

BERE-156 @imsta 7@
Photo.— 15 Side Surface State of Core (Riverside)

FH-16 Rimga7THRm
Photo.— 1 6 Surface State of Core (Riverside)



PNC TJ4449 90-003(2)

EE-17 Afa7Mm
Photo.— 1 7 Side Surface State of Core (lnside)
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3. BRGTERUTLEAHAR
3-1 ay7J-roZEABERORKRE

A7V - MERTA3EREBETAD, a7 Y — PRABENBICERT 23>
ZV— MMIECTABERFRL, UTFOHEBIZ>L T £1T-7 RBRRUEIN LR
THRBRRT I Sic, KESE DIEBEFRLEMTE. MEBRE2NRBO(LESFE
21 EESOTIT- 1,

(1) THHES
IRFOLERR (JIS A 1202)
ToEKkERR (JI1S A 1203)
ToRERR (JIS A 1204)

(2) LoHEBUKkOKE (GEEBFEMEEOILESIFE2)
pH, BR{LBuCEN ., BREUCTAH Y EBE. BESA4 >,
BERA A Y. ALY ALF Y, SRV T LLA L,
FRUDLLAY, AYTLAAY, LI ALY
IR '

BELORBKDOERIZBOSBEC L DT - 72,
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3-2 a sV -IEBoEBYERE

(1) AT, %Mk RNRE

EfBERRS L UBREEREAICAOB/RAEIZ. JIS A 1107 a2 Y —rhsD
ITRERYOYOMY FERUBERRS & c@0L TER L, EHRERRI
JISALL08 "a v 7 Y — rOEFEHERRSE" CHBBL L, SHEHEHRIIZF
VA—FEFEHLUTREL., ASTH463-85ic L bk iz, BEE - 1 8, 19izx#hThit
ik, RBKRERT,

(2) #ZARHER

BREBRAHOHE K EIE X5 mic BB LS5ICa7hoWOH L, EH%E20kgf /o
ELTO PPy PEICKODBERGHENEL 2. BAREKR, F L —DERMERAL,
—EDQENTHEMUFMICBENER, SHEBTA3RENORKD S HOT, UTOMEHIRK
TLTW3,

. Ahb
Q=k At

Q : KE k : BKFHEE A : rER
Ah
t @ B T : Bk a g

EH-20, 21zhEhiEiidfk, ZBRAZTT,

(3) IR S RHE

PRAREMER 72 ) VI I VLA VBBERLTZ S L VBRERVWTIT» 2
HHLAOTAERL, ThZhOBREIEELEBRL-GHEORE S > OE#HERD
Ios

BBIBIZTORT LI — LEFiRbIcHEHBEN 1BICE3L5CRAB LAV, 72/
=7 F VA EERIEPHS. 2 ~L0THRERIC, = b5 3 iAHKIZpHI0.8~12.83CTXIBES
cE2BT 3,
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EA-18 EsmmaslBAotslsE

Photo.— 1 8 Core Sample for Mesurement of Compressive Stirength

EHE-19 H&uawESARP IUCHHESERAERER
Photo.— 1 9 Mesurement of Compressive Strength and Modulus Elastielty
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— 20 Core Sample of Permeability Test

BEIXF LR {3t
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3-3 avs Y- rRHOTERREE
3-3-1 R

[2-3-3 ERLAI7ORE] CRLAREEEE - 22054 LS50, BEH,
5% 2enD R (A LABE S i) TYATEL Fh o 7 — B0 L. D
RYATEYF7V— FANAOBIIKIC L3 BEEB T 30N TT» e REH D
ABEFET. BLUSSERA, SBEVEIORBAEIFICH LA (F-4) , ZHFAD
AEERF L VABASKERY., HEMBLCABHMARR LA 588y ORBE MBS 5
FTHRBLA:,

-4 HIcAVWEEAE—%
Tahle—4 Sample Specimens for Analysis

=mEmHrSDEEE (em)

vk _
5 4" 5 6 7

[wpll]
Jo
—
]
U
L
[N

F eI B 0~2 | 2~4 | 4~ 6| 6~ 8 12~14 [ 18~23 | 28~33

WEEE |

BEEE |, | ey
T

2~4 | 4~ 6| 6~ 8| 10~i2 20~25

0~2 | 2~4 | 4~ 8| 6~ 8{10~12 |12~14 | 25~30
£

3-3-2 HBWEBBIXUHE
(1) {eZE5H
i) Ca0/Insol.ltoofzE ‘
AL SOANL YT LA F L DBHOBELA <120, Cad/ Insol. Lk RIE
WL 7Y - FOBEAHERE (B4 2 MEES P-18) ERBLTTF-/~ (B8 12
B .

LERFXD LS iIc88EB L /=,
C;Cal. A:A1203. S;SiOz. H;H20

C-S-H:aCa0 - 810, - nHy0.  AH;AID, = nH,0 (7S5 A)

. TAIx- PEERRDESIZRL -,
AFm;3Cal - 1’11203 . CaSO4 . 12H20 KT I N 2EBEE
AFt;3CaD - AL1,0, - 303804 . 32H20 R EFIhL2BEEE

2°3
7Y - FARE (F-salt):3Ca0 - A1,0, « CaCl, - 10~12H,0 KRFEEh 3 EEHE

273
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Riverside

g5

o

W E LA
Upperpart of Landsideﬁﬁg“ﬁ@

.

ol

AR T A

Lowerpart of Landside

L HE-22 REEDEHRER
Photo.— 2 2 State of Core Cutting
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i1) Ko HE
KMERYOELERAZ D, BERCLI3ERYOREEIEA L HE CIREE
1-1) (B-5) T, AHELERERR—ZHBOEZIC L DD HET - 1.

EHayyY—R

HEEHEzRIBIDR

B8 umBATIER (&H31INT)
\-’

SR

e

Bitst (d=2.3~2.4)
FaERLLA—-TH J—NiBiE
A 4
2t ey
J i

V. v
TG-DTA XRD
Ca(0K)z .CaCls FoODER  ERYORT

\r
TN B
CaO.SiDa .)“203 .FEgog U)iﬁ

N

CYUYFLEEA Y J— N
CaC0a & 4 B LODSER

\'4
IFLITYa—jb— 5 ) —LigH
AFLDES Afm. AFLD2E

DsSC ;
TREIFHNOEE

Bi-5 KinthoMks XUCERBORER &
Fig.—5 Method for Mesurement of Components of Cement Hydrates

(2) %o
i) Bk X&EiR
FREACERYOREEARRKXBEREIC LD Z - SICRTERETT- 2,

z—-5 BERXEEFOMES G
Table— 5 Mesurement Condition of X-ray Diffraction

X-ray CuKe Ni filtered; 40KV.20mA
slit DS 1° RS 0.15mm S8 I°
scanning speed 8° /min
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i) #sir

AREBRSI (DTH ( RABRAE (T6) 2 REHREXFEEFAVERICT - 7o, HEiESE
KIREHERLLTAI o L5EA L1, AEREAR - 610FT,

£—-6 HIWOMELRY
Table— 6 Mesurement Condition of Thermal Analysis

sensitivity 50sV(DTA), 2mg(TG). 100C(temp.) full-scale
therwocouple Pt-PtRh 13%

sample hoider Pt

atmosphere air

heating rate 20 °/nin

sample taken 15 ~30mg

chart speed 5 ma/nmin

(3) Bt OBIE ;
BBRAOEM (R-7) KoL CEARETFEMBIC L D BMABOBEST - 2,

&—7 EBADETFHERSHEZIAVEZEY
Table— 7 Sample Specimens for Observation by SEM

seprpEg | RECSORE | apae

(cm)
HEFIR 0~2, 4~6,12~14| B-1.3.5
EETH 0~2. 10~12 E-1.4"
k&
R f~2, 10~12 A-1.4"
B
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(4) THHHSH
EFNETFHBBECRE LA XBE A /0T F SV~ X O REDIHORNET > 720

(5) BERES I THLSHAE

RERBOAER. W g DHBHESZTAVEROEN & AAE A UK I B
LTk, 110CTIMSRERL. ERFTZROBREEZMEL T, E8KBEZMEL
foo B7KEBERTRUIACEREERE —EL, ChEREREBE LTEBL -,
RHILEBIUCMAESHE. 2~ bmOWEICHB LAYV gDEL Y LEREHESE
R (5 0.2mmlg) L. KBEARXRRO Ly A—%—%2FVWTHMELL. hid. KBEOM
A~NDBAN, hkBEFEATIEAEAMAOKEEE ORI —EOMENSH B EEFIMEL
1bDTHB, HDIENTOBRBALIIKBENS, TOHOHMAOEREMILOBEEK
Wy BRENEELTE, ZOBLOBILERLAALOBEEZNEL TV, ENFhoO
AAFETOMABOGHEZRLAZLOPAAERIF/THY. ChSOMALEELSH L
LOKBARLETS 3, '

(6) a7V — M&ERIEEDHAE

HMEHASEHVE 1.5SmBOEL I VEYS g 2 I MEDEROETAKICEHLEHL .
WANSEBTEELABY S AEBETHIEEREL 7=, -
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4. RBHEREER
4-1 a¥7)-bOEABRIOVT

AYIY-PRHEBRRUAMBCROEVEE (MEr5BE) TEINLATIRED
FTHOEBERER - BIZR Lz, T HTOEE 2. 7B EEREL . H1BETHZ & E
ZAoh b, NEARGREEZS 3 L HEENEML RV VEVTH D, BilsREA L >
NWFREODREE B,

ﬁmLkﬁmmmemoufi—QmﬁLto%%K@KEthﬂ%,ﬁm7%%
DT, BIEBRTBHIEBEREERL TV, @A & BENS L. HiciEs s
AUV.TBAT Y, FrIDLALF CBENRGV, ERA A VBENILRB &, #EKD3ID
~50% DBEICHEL TV B, _

37V - rORBILOFEERELIREBSAA Vic2WTH 3 & KEE O plid dh#:6HE
THEDTRBAF VDR EALRERBAA VL L THEET 3. ERBBELRNSEE
PoREHT A E (p24.3-1Q)BR) . EEEHEMEBBKTIZ 140.32g/]. HHE T EHE
Rk FIBROK T3 536.8mg/ 1. BIEBRIRAL-LRABRIK T267. log/1 T, WFER L EREA A
BREEIS, FUHETREMEHRAKOBRES 4 BERBKOBERBEFZIZHEKL
T 4EHOBERRELE TV, FLYYHDOEERLDINSORBTREL KT
W3,



#—-8 #HEiloyENtE

PNC TJ4449 90-003(2)

Table— 8 Physical Properties of Contacted Soils

JIS A 1202 T % F o K BE R B A
RoH T - R s HELHEME (B-8 ) | WEEERE(B-S)
il & 7 7 1 2 3 : 1 2 3
BLE & D g 3 4. I 5 Boonr. 2
g;&&ﬁgz’;.ﬁagma LK 154.664.... 049441, L LAR.BES. [ 144,215 .. 151.888
mERSLLENNEHOBE T T 18 : 13 5 18 19 19
BB G AL A LI ﬁi*-fi:-i-ias) 23 24 : - BB
R [OER £.).129.350  t2z.Ss15.0. ... | .312.96Q..1108.262. .. 118 372
mo g o BRDR s ) 122,885 121812 | 1B6.514..|.165. 849, ) 184, 288,
‘!"c:::—s:-}a(%ﬁ?m+ﬂ:mz:;.)m - B.293 =.JR3 : s Az S Hid
B R g m . £..158.88)  45.718. . b 144,103, ). 148,591 | 147. 232
m ,(."::,::“) s 2.328.:...2.178 i...2.283..} .2.994..1.._2.228..
EnToxRs e Tt:,)m 2.713 2.218 2.236..0...2.731. ] . 2.23L...
.ﬁt uf‘;“”:’iﬁfm; K 8.8883 ' 8.3883 B.9993...[.8.83932 .| 8.85883...
GAT'C/I5C)=K - GATC/TC) 2.713 ' 2.788 2,734 2.229 2.729
= # & W E (TT/I15C)= 2,708 R (TT/15C)=5 »4g
TCiEbhakokR 6 8.99844 | 8.59844 1.9,289644..|.8.99849. | 0.53844...
4%}‘:&?%?35:#@;‘,@3/{3; 2.788 2.786 2.732 2.z2e | 2. 7Pm

F 3

&

1
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JIS A 1203 T o F Kk 2 R B El
HREd z & ke @ & Tkl
Mo, Na_ 34377 No_ 347 M 395
""""""""" ma 19:57. ms16:09 | m.20.3% md7.84 [ m. 21.03 ;m,17.58
FRLBMERRE) 11, 16 09 me 7,00, | mad7.Bls m. 7402 | my 17,58, m.. b2
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No M, 382 Ne 316 Mo .378..
"""""""""""" M 58.46..mv52.03. . | me63,32...m56,01 me_58:08..m 31,5
RIEEERR L | my 52,03 me 7,30 | m1.56.01 m. 2,12 | ms_51.50 m. 6.76
( B'_S ) M 6 Ll.'i ms LLL]..?B Me ?l‘ai _____ ml"l's-ag LLE N, 6 .!.5§...m'...1.llt,'}'.!.?..1.{.... w=....1.’:l’.|.68....%
. we 14,38...% v=_14.95....% w= 1471 ..%
i

AU =c=-1'%'—?ﬂx 100

e

=T 5oy
»

My
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D(ENE+FE)HR ¢
FESE+ERITE e
TR 8
EMEPORNIT g
DHEGEMETIR B
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JIS A 1204
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JS A 1204 T ok E R ® B R o AR
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£-9 EftolBkoSHEgE
Table— 9 Results of Chemical Analysis of Porevwater of Soil

HEies E-S A-S B-§ %ﬁ?ﬁ**
AU S T2 HaTHENL Fd
p H 7.1 7.9 6.7
BRIEEE (45/¢m) 37800 20900 26000
B AL o ENAL (Eh] (nV) +144 +100 +84
M7 LAY E {meq/1t) 2.3 8.8 1.t
PSR (meq/1) 0.4 0.7 0.5
wikma Ay (mg/t) 8260 5420 8450 19350
] O (mg/1) 3870 1380 2600 2710
el AN (mg/t) 760 79 745 411
2 F v YA (ng/l) 41 140 0.7 1290
FhUTL (mg/t) 6510 4100 6050 10760 °
AY T L (mg/!) 350 173 152 399
FhIz=wa  (ng/l) ND ND ND 2
YU HLSi0: 1 (mg/t) 53 71 8.5 | 0.5~10 .

¥ The Geochemistry of Natural Yater second editiondk ¥ 5|8
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4-2 avy7Vy—toxEgkE
4-2-1 HERER
(1) W o>y — b OEBRAM
EHBEEBHERER- 101K, HHERRANCEREEAN -6 1KRd, FHEBEE
23 6kef/od. BRPEREIZS.48X 10° kel/od T » 7z, BUIERIE EGRES & UL
HOMRIZAFABEESRCEBICIZELUTORTEHRT O ENTE B,
Ec= 2.1x10° x (7 /2.4 x (Fc /200"
ZZiC, Ec - BMMEEH (kgf/ed)
v : HEH
Fc:EfmaE (kgf/ed)
AREF-1OCTRTERBES L UHE, > BWUERKERD B & 2.46X10°
kef/ef &2, COEIZEMBEELBELTHED/NE WS, CoBRELTR, &7
GER#H) OLAHERKPAREVOT, #RAFEZNTOIEBHRMSEELTY
BEEIZBND, '
AR OMNESEREBEE -22~24 157, ¥ALBS LU THO M EDH
HAFESRBThENG 3on, 2~4enTh-7, BRBORREOPHILIIpHERESE
Bwid#BTRBEIh I

#Z-10 FERHBESRgR
Table— 1 O . Compressive Strength of Sample

FHEE | FEas | HEE | AK|H B LE | 2AWE | BLEY | Fgay
(em) (em) (ed) (i)l (g (tonf) (kgf /o)

15.60 29.56 176.7 | 5223 | 12641 | 2.41 41.8 0.998 236




CONCRETE

STRESS-STRAIN CURVES

300 (covrs)
ﬂE L.
[4]
~
I -
o +
)
200 -
NO. 1
- NB.2Z
NO.3
100
Pmax Jomax E (x10%)
dhy NO. {tonf) | lkof/en?){ lkof/em?)
41.8 236 3,48
' Mean | —— | 236 | 3.48
i Ref.
B-2
0 " 500 1000 ' 1500 ' 2000
€v (x10°8)

K-06

Ty ) — broEHOF AR

Fig.— 6 Stress-strain Curve of Concrete
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BE&-23 T7x)—A7FLAUBIUSbT I URREBEELBOEBRE
(¥ i L&)
Photo.— 2 3 State of Spraying Phenolephtalein and Nitroamine Solution
{Upperpart of Landside)

BE-24 T7x)-A7FVA BT vBREBEBLIROSBIRE
(Em T8

Photo.— 24 State of Spraying Phenclephtalein and Nitroamine Solution
(Lowverpart of Landside)
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— 25 State of Spraying Phenolephtalein and Nitroasmine Solution
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BRBRFERER-11 IR, oV 27U~ FOBKREHIZHL2 X10%en/ s TH
Bo 7 VU—FOBEKRFEICIF, KA PESLPHEBHOBRATENAE  BET 3
EVHBNTLEN, AWEYTEIHEBHPKREL, TARBLE VI L0 5FKEHMLE
BRHURZREIID > EEAONS (BEOIL YY) — bOBEKERIZLI0°~107° cn

/see) o

BE. CCTUVIBEKERREEA Y N, @EH, HEHLSTHBEE LI Y2 — b

ELTOETH B,

#£-11 BRABRER

Table— 11 Results of Permeability test
BBEE | BHKkE | SAKEE| BKEH

(h) (ee) | Cee/h) | Cem/s) x1078 \

7.083 B71.7 94.8 4.47

16.5 1591.7 86.5 4.55

7.667 715.0 93.3 4.44

17.5 1557 89.0 4.19

24.75 2189.1 88.4 4.17

(2) KA B D 4 6%

HRSEIC X3 (d-2.33) BEY. WBYOERDA. BN OTA-TC) . {LE5H
DERBIUCBRXBEREC LA Y MEYOEREOREREELER-12~14,
#-15IEART. £/o. CHASORROSERBDOUMLAEUTOEHTHE L~

(5_16) ]

1) XRDicxa3&miams

4) C-S-H AR DHHE

DTA-TG, DTG K5 EERE

Ca{OH); (450°C fHEDBIAEE) wroeeeee CH;
CaCO;  (600~700°C DELBEESHE) - CC;
H20 (450°C 35 %= TOBKEEE) -t H

BL, AFt, AFm O#EAKROHENSENS,

2) TRAVERITESSAR
Ca0 (EDTAME) Ca
Si0z  (BFMILHT) rvroverrreeseseseoremmonees Sa
AlOs  (FFBIARHT) -orreemssiesssssinscnnsns Ax

3) zFLv Y a-AikaiEiEmEE DSCITE
BTNE F— bPRKDDOERLENSEEEND
Ca0 ROWE

KNETFABLBVT, AFtO%£8, AFm ~0
Wk, 2 5ICITHEEIZED APm OB BEMEA
BTRIFHMOEREOEATAOBEDOEND
OHFEERERETA, CAMD A HENBES
RanitEMEDSND, EERC AP, AFm
LTS Ca0 & (Cup) LEEENS,

C-3-H @ Cal ‘Ce-s-n

) Cc-s-g=C4_CH[x (55/74) "'CC.
X(56/100)=C.r

C-S-H-@ SiQ, = Seegen
Sces-x=5a

2T, C-SHOKEZAREORD S 41 3 Cal/
Si0; Eh-Hit

(Ca015i03),\=(CC-S'H/Sc-s-H) X (60/55) @
C-S-H o 5,0 He-sen

AFt, AFmERMA> S, 2h 50 TCREITE

AR BEOERERETHT Borreeran

&27, Hees-n=Hi—Haur
FEIRIZ B:0/Ca0=(Hg-5-4/Cc-g-u} X (56/18)
5) #EFNAZKONDBOME
| BEHOSERE (Ca(0H): CaC0; C-5-H,
AFt, AFm® 30V TAIFTFN) CEBKICES
BROBSEIIE,

RS PO Ca(OH)z, CaCly, H,0 £4-2) &
BRI LTRD, KRHOESEERE (Ca(0H),,
CaCOs) KBS E M B, -CHs, CCs, Hs

ERSEROAHZIN% &/ —v5{ XT3,
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&-12 HREA-GERLAANOBERSES X UCHASIF., EEFIHOER

Table— 1 2 Results of Heavy Solution Fractionation. Thermal
and Chemical! Analysis (Riverside)

Sy e S DTA-TGIC L B (wt%) |{EFEHSITITL B (k)

2R E | T ) Ca(OH), CaCO, F-salt K0 | A1,0, Ca0 $i0, Fo,0,

B~1,| 5.4 0 8.6 5.0 16.3 | 6.1 15.4 37.5 3.3
_ 27.0 0 2.1 0 8.2

B=1:| 6.5

B 7 5 7.0 0 1.8 8.1 19.4 6.5 27.4 30.3 3.1
B 18.0 0 0.5 0 4.2
f ; EEY
s ; LEY

c HEDILEIF2.33& L7,

T LsDFEHEEBTRTIL, () AKZOAHERL .

» 7 U —=FIKE (F-salt) ; 3Cal- A1203 # Ca012 * 10~12H20
iRFE N 25 Bk

Y
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R-13 EREFELEASHERLAAHOERIES L UBBIT., (LEDIROKE

Table— 1 3 Results of Heavy Solution Fractionation. Thermal
and Chemical Analysis (Upperpart of Landside)

DTA-TGIZ X B (wt%) |{LERIFITX B (wty)
%8z SEEES
. 0 .
(%) Ca(OH)z CaCO3 P-salt HZO A1203 Cad 8102 F9203
E-1 £ 22.0 0 21.3 0 6.5 6.3 17.8 35.7 3.0
B 58.3 0 275 0 3.2
E=141 0.9

73.5 0 1.8 8.5 19.4( 5.932.7924.8 2.9

[ Botip 6P g @ LE R8 HA] SORTAS 49
o 21.9 0 5.5 0 4.1
E-5 £ 55.1 0 55 12.6 8.1 9.3 23.8 30.7 2.2
B 34.8 0 0 tr. 4.1
E\ 5 s (89.9) /
f; By
s ; KB
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14 ERFETHLI»OENLAEHOBEAESLIURIIT, LESTOER

Table— 14 Resulis of Heavy Solution Fraectionation. Thermal
and Chemical Analysis (Lowerpart of Landside)

DTA-TGIZ X 5 (wt2%)

L2 HIc X 3 (wt%)

T wag i e
(%) | Ca(O), CaCO, F-salt B,0 | Al,0, Ca0 810, Pe,0,
A-1,.| 545 0 5.1 0 156! 8.7 7.03L.3 3.8
_ 34.2 0 32.9 0 3.0
A 1s (88.7)
A-2 .| 4.3 0 9.8 0 15.0] 6.019.431.4 3.2
________ D e et
_ 41.8 0 37.3 0 2.7
A-241 5.9
A-3 .| 48.2 0 4.0 0 17.6| 4.8 23.8 20.6 0.2
_ 36.5 0 226 0 5.5
A=3 | (847
A-4 .| 580 0 3.5 13.5 16.9| 4.1 25.1 20.0 3.7
B 29.3 0 0.8 0 3.8
A 45 (87.4)
A-t .| 62.3 0 2.7 6.2 19.3| 5.923.9384.0 3.1
. 31.6 0 0.9 0 4.9
A4 o1 (03.9)
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15 HESELAZABOBRKXEEIFERCLIEEER
Table— 15 Results of X-ray ldentification of Specimens

2

B8 & [caom. | cac0s | c-s-HF!| P-salt*2| ape®® | apcHt
B—-1f O O
s O
2 £
: o @, O
3f O O
s @)
4 f O O QO
s Q
5 f O O
)
6 f O O
s
71 O O
s
E—~1f¢ O
: 3
2f @] O
" g O
3f O O
S O
4 f O v
s @) :
4" f O O O Ok
5 O
5 f @)
) 8
A-1f @)
s O
2t O O
o O
3f O O
s O
4 f @)
S
4" f O O O
s
5f O O
s
f ; By OHIREEEN-bOD
s ; L&Y
¥1 mCal- SiO2 . nHzO
%2 3Ca0+ Al,0, - CaCl, - 10~12H,0 12X &N 3 B i
%3 3Ca0- A1203 . CaSO4 . 12H20 KREBEXNSEBEEE
¥4 3Ca0-

Al 03 . 3Ca804 s 32H20 CREFEX N Z2BBEHEE
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£—-16 XKIMEKMORMEZR GIES) )
Tabte— 16 Results of Mesurement of Cement Hydrates(Riverside)

e £t (vi%) BEEAEHE 100%& L1 C / illg)
Ca(OH)z |CaCOs |AFt|AFm|F-salt{ AH |C~S-H| H. O nol%)
B—-1 0 20.4 0 0 5.3 5.4 | 63.3 5.6 0.3
B-2 0 9.8 0 0 6.4 4.4 T73.0 6.4 0.5
B-—-3 0 16.1 0 0 4,0 6.0 68.8 6.0 0.8
B—-4 0 26.3 0 -0 8.0 3.1} 58.0 4.7 6.5
B—5 9 4.7 0 0 21.3 1.6 61.3 11.1 0.7
B-6 0 3.4 0 0 10.3 4.8 73.9 7.6 0.8
B—-7 0 3.8 0 0 9.5 9.7 14.5 6.5 0.8
(Fm A
(Upperpart of landside)
—ys Y (wi%) S BEERAHE 100%EL g;OS/-éﬁlaDz
Ca(OH)2 [CaCOs |AFt|AFm|F-salt| AH |C-S-H| H: O (mol%)
E-1 o [ s | o] o 0 | 8.9] 29.5 | 8.8 0.2
B — 2 38.8 0 0 0 6.3| 48.4 7.0 0.8
E~3 ¢ 20.8 tr.; 0 0 6.1] 67.5 5.6 0.8
E—-4 0 15.6 6.5 0 0 6.0 64.7 7.3 0.7
E—-4" 0 3.7 129.0 0 9.2 2.4 49.17 6.1 0.9
E-5 0 6.5 0 i} 15.9 3.9} 63.4 10.2 0.6
o EL:%()E;EEE% of Landside)
e 235 .. (.wt%) s BERAHY 100% &L E;Io‘o’/é?(?z 1§
Ca(OH): [CaCO3 |AFt|AFm|F-salt| AH |C-S-Hi H O (mol%)
A-1 0 28.3 0 0 b 9.5 | 56.2 6.0 0.1
A-2 0 38.3 0 0 0 5.2 51.3 5.2 0.5
A—-3 0 20.9 tr. | 29.0 0 0 38.8 11.3 0.8
A-4 0 5.1 0 [14.83) 17.4 0 4.7 8.5 0.8
A—-1’ ] 3.4 7.8 27.6 6.7 0 46.1 8.4 0.3
A—-5 0 6.3 0 |[20.3 7.6 0 59.8 6.1 0.5
#HAEERRZROL S ITBER L 1,
C:Ca0. A:Alzos. S:Sioz, H'H20
C-S-H;mCal - SiO2 . nHZO- AH; A1203 . nH20 (TAIF+FH5I)

Fh, TAIZR-PRERBKROLSITRLE.

AFn;3Ca0 » Al 0 » CaSO4 « 124 0 KRk 2B5EHkHE

AFt;3Ca0 - A1203 SCaSO + 324 0 Lﬁ‘.iéﬂ%.f‘ﬁi*ﬁ
ZY-FNERE (F-salt); 3CaO A1203 C::ICi2 -10~12H20 IcfF 3 h 2 EE &M

BH. tr. IRBEERBLADOERTS 3,
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SNTHORE, S 10enPl OB % THEEA A VHAFELTVWAE I ENEL NG, &
HOLEETHROBHTRIOEEMABLS . RERCEVEITY Y —FAREDERN L
BB -TV D, REBATREAN VT LARER L TVBEZATRT Y —-FALK
BPE/ AT 2—MEEOTA I Z— MREOERBEHBL L, 7L 3 +5¥ LOERM
BoNlie TAPET NI R— MEEHORBILRIBIC X > TT A I FFLMERS 3 =
EERENE, BICRBILIBEOLBEFHOIL Y - FTHEIFLTVS, C-S-1
uﬁ@mﬁmm¢of\%mcwmmzkmﬁTféﬁ\m&mm&&ﬁ&m%?bbﬁ
ﬁmﬁ@tfhahoCwmmz&mﬁkﬁmﬁﬁﬁﬁ%wﬁa¢®§%%?$¢%OJ
THO, RMIRBERBETHOZND 0.1TH 72, WOWAERBIL 7Y~ (HS
WO~ ISERE) TRIDER | AREICHS S 55 5, |

ﬁ%ﬁﬁi%#%ﬁﬂLtﬁﬂfm\W%#Bﬁﬁ%ﬁﬁﬁ#vf\ﬁEﬂWV?Aﬁ
OWME LUC-S-HROBD. Ca0/Si0, HOBETHS 501, £, 7Y - FLRER
iﬁﬂﬁf&&brhmwauﬂ@ﬁ?4#/#:/?u—b¢kﬂﬂinté\iﬁm
SRBALRIGEIT LA EARLTVEHDEELONB, T +¥w®5ﬁ§mm
DHAMERBD Y7 Y~ MABIZEEL. RKESHTHLL TV, ttL\?» *
— PRIEMOERFFHHEICISVTR, BLORHVPUINTWIHEBRETHD., 77
FERORHSTDITH B,

CHRML, EREFE TS CREYAISOBALEFNDICEEHML TV IR, BE 35K
ELTRETORBRAN Y Y ADERBAZ DT CHBIC~NRD L. HEEPEH D5
ﬁtm#orfkifﬁwoimﬁﬁ%iusmmcwmmzkﬁ04t§@ﬁ?bfu
BLENBYOND, ChRREAELBOBE LEBSREERIGIAETL, &5 CREL
SHTRKPNAN Y T LA F VIR EORAVBHL D THBEEL NG, TOBE,
KETRBEPCEEBEOERER”OTL I +#w¢/0ﬁ#»kﬂuﬁcwmw =4
DC-S-HPERLTWB EEEXh B,

BENEBE, FEOBALRLVERMEGRBVTL 7Y - FAKEOERNED
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(3) BGHBBEBIUIESTGHITOLR

BBRNOEM (R-7) KoL TEHENEFEMBEIC L) HAHMBOBRELT - /-

(EH-26~28), £/, MBHABOBECHET 35— HOMFIi oW T ALY
—ABBX®T F 5 4 ¥~ (Energy Dispersive X-ray Spectroscopyll FESLTED X)
EHOWTRERABSFE2T -0 (F-17, 18) . T0OHE, BEITHEORIZE
7Y =FNREOERFBDON, RISRLAANEROERITLE 7, £7-. &iF
EBORBIZEZ Y o H A FPOERSAE LN, MEBMTEEICBVL TR, 4-2-1
(2) ORMBEREBNBOBBUERBYSRAED O LR L, chiz. ek
EELADHHEERBH, MBNMIZEONIBADEROBEDOERLLZ LOTH B,
2-1 (2) DE#AEICLIHMNN, CEFRTRIBEREMOETRERE ., EDX
TRV TRBEBEYOLEROBERTERENRT VS,
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HEH-26 HRmE#s4koSEME ( 0~ 2cm)

Photo.— 26 SEM Picture of Specimens of Riverside ( 0~ 2c¢m)

F—-17 HRKESRYOEDXitX3DER
Table— 1 7 Chemical Components of Bar-like Hydrates

(AT%)

T ¥ Na Mg Al Si Cl Ca Fe totat
5 i OfE 4.28 | 0.70 | 10.03| 2.38 | 20.78| 60.17| 1.65 | 100.00
7U—FLEE]| 0 0 18.9 | 0 24.9 | 56.2 | © 100.0
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BEHE-26 #HEpmBMkAEDS EME ( 4~ Bem)
Photo.— 26 SEM Picture of Specimens of Riverside ( 4~ 6em)

BEE-26 HENTHM#AAEOS EME (12~14cm)
Photo.— 2 6 SEM Picture of Specimens of Riverside (12~14dem)
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EBR-27 HEHEmWLEHUESRFEOSEME ( 0~ 2em)
Photo.— 27 SEM Picture of Specimens of Upperpart of Landside ( 0~ 2cm)

EE-27 HEBFMEBHAEDOSEME (10~12m)
Photo.— 2 7 SEM Picture of Specimens of Upperpart of Landside (10~ 12%cm)
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: Ex-27 HEHBMEHISAEDOS EME (10~12em)
Photo.— 2 7 SEM Picture of Specimens of Upperpart of Landside (10~12cm)

#-18 #$HREBYOEDXiIcX350FR
Table— 1 & Chemical Components qf Needle-1ike Hydrates

(AT%)

FTE Na Mg Al Si P S
VT - 2.84 | 0.68 | 19.51| b5.16 1.24| 25.55
LhrYYHALR] O 0 13.8 | 0 0 24.8
o ® Cl K Ca Fe tolal
5 W (E 0.76 1.18 | 42.54 0.59 100.00
ThYVHAR| O 0 61.4 0 100.0
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Photo.
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EF-28 EREHmMTHHEAADOSEME ( 0~ 2cm)
28 GSEM Picture of Specimens of Lowerpart of Landside ( 0~ 2cm)

HEH-28 HEHFOTFHEBEAEDSEME (10~12cm)
2 8 SEM Picture of Specimens of Lowerpart of Landside (10~ 12cm)
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(4) AABBEORERER

RAKIZk AR ZERBOMERREB I CKAR VA — 7 2AVEEBABROMNEZE
eF—19ILRT, £/, AAROREME., fHMBETAThOITEHK2VLT
AT (B-10~15) ., ZHHAEPD 6 nff A0S HEOBLIMEEBED R+ + =
v DBEOBEBHBERICXELDTHESLEILONSE, WTFNOHERAKE LFHRICHEW
FHmAgEEzWERICS 3, BRGNS, BRIESORAFORFMELTED
LbOIHNRTREALSOREIFHEDERNNPMESL ., FEOKKIT LE, TiHE bEX K
Lo TREL RUE-HHMBEERLTVWE LGS B, ChEFFHE,ISRIALTS
&, BENEBEAB TR0l FTORLRASHRZERNE» S ZEICE D » TPPR
DLTVWBEME, SHFORICAKELEEIPELS . RHABRDELUORERT Z L28
b, —hH. BEEFEOABTHASE,SRREICHE, » TO.0 il TOMAELHEL L.
BN —RIZE->TVWS, CHhIIEBILRGOETLHAROSH/HRELTVE LD
EHEIND, £, THORIAKTHRENBECRAEMBEFICHENLTVW3, 2h
BERE (LEEORME) »S50FHARCL D HNEEOMANERLAZ I EERL
TW3EEZL LN 3,

#-19 ZB2HREOBTHEIL@MAE
Table—= 19 Total Air-void Yolume- and Total Pore Volunpe

ARNE | RERE | KRR

AERE mi/g nl/g
% E-1 0.18%5 0.177
i 2 0.151 0.165
_]_-_E 3 0.158 0.169
5 4 0.168 0.171
5 0.155 0.146

2% A—-1 0.194 0.192
& 2 0.152 0.161
_FA 3 0.188 0.177
i 4 0.130 0.153
5 0.160 0.164

B-1 0.225 0.177

Hii 2 0.190 0.1863
@B 3 0.174 0.166
i 4 0.127 0.167
5 0.175 0.151
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(B5) AN O LA BEHBEOHTE

HAUDISDAN YT LA AV OBHOBEZFE B8 Cad/ Insol HEREL
(Z-20) o WINORE bR@I >OFEENEL LBz, Cad/ Insol . lbhtHEm
TEEMICH D, BIERERTHROMAGTIERBTO a0/ lnsol LD ETFTHEE T,
AT LRGOBERP ORI EICHERTHELOVIEERLTVWS, ThidKINERD
DRFFRERDSAN Y ILAF OBEHBRH > CEPEREINLIEEZTHLTVL S,
SORSBANYTLAF Y OBEHBEOLNRWIE, a¥ 2 ) - FOHER, RiKkD
KE, KeZFEGELBERICLDECTVWAEBDREY, o7 Y — O OKEN
ABEOT, LERFAXTETRALERNEZ W,

#Z— 20 Ca0/lnsol . MIEHR
Table— 2 0 Results of Ratio of CaD to Insol

Eg oA Ca0 (wt%) | Insol.{(wt%) Ca0/ Insotl.

E—-1 8. 0 77. 8 0. 10

i
2 9. 6 73. 8 0. 13

]
3 8. 8 T4, 4 B A2

£
4 9, O 3. B 0. 12

B
5 8. 4 75, 2 0. 11
A-1 b, 3 84. & 0. 06

H
2 5. 1 84, 4 0. 06

1]
3 6. 9 79. 7 0. 09

=
4 8. 5 T7. 5 0. 11
B 8. 9 76. 5 0. 12
B-—-1 8. 1 T T 1 0. 11
i 2110, 1 73. 3 0, 14
izt] 3110. 4 73. 0 0. 14
s 4 111. O 71. 9 0. 15
5111i. 6 68. 8 0. 17
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AN ASSESSMENT OF THE LONG-TERM DURABILITY OF
CONCRETE IM RADIDACTIVE WASTE REPOSITORIES

A. ATKINSON, D.J. GOULT AMD J:A. HEARNE '
Materials Development Division, Building 552, AERE Harwell, Didcot,
Oxfordshire, GX11 ORA, United Kingdom.

ABSTRACT

A préliminary assessment of the long-term durability of concrete in a
repository sited in clay is presented. The assessment is based on recorded
experience of concrete structures and both field and laboratory studies. It
is also supported by results of the examination of a concrete sample which
had been buried in clay for 43 years.

The engineering 1ifetime of a 1 m thick reinforced concrete slab, with
one face in contact with clay, and the way in which pH in the repository as
@ whole is likely to vary with time have both been estimated from available
data. The estimates indicate that engineering 1ifetimes of about 103 years
are expected {providing that sulphate resisting cement is used) and that pH
is 1ikely to remain above 10.5 for about 10% years.

IMTRODUCTION

Hany conceptual designs.for repos1tor1es for d1sposa1 of rad1oact1ve
waste propose extensive use of hydraulic cements and concretes. These
materials may be used for the waste form matrix itself, as a constructional
material for walls and floor, as a grout to back-fill gaps between waste
packages and as 2 sealant of shafts and tunnels. A s1mp]1f1ed design [1]
for a repository being considered in the U.K. is shown in Fig. 1. This
particular example is a shallow structure, sited in clay, for the disposal
of g,y wastes having very low levels of g-emitting isotopes. Concrete may
be used. to provide casks for the drums of waste and the structure itself is
essent1a11y a box with walls of reinforced concrete. The outer surface of a
wall is in contact with the clay.

The cement and concrete repository components serve many useful
functions, such as controlling water flow {by having low permeability) and
radionuciide mioration (by hav1no Tow diffusion coefficients and some
sorption capac1ty for radionuclides) in the near field. The principal
functions of the concrete are, however, probably mechanical and chemical.
Mechanically, the structural components must support the reouired loads so
that the repository structure does not collapse. The chemical function is
to maintain the pH in the near field at a high value for as long as
poss1b1e. In the relat1ve1y short term this provides an environment which
minimises the corrosion of steel containers and, in the long term, ensures
Tow aoueous solubility 1imits for any traces of lono-lived rad1onuc?1des.

In this paper we consider how Tong the cemepnt and concrete in the
repository will be able to fulfil these mechanical and chemical functions.
For the mechanical function, we consider the behaviour of a 1 m thick
reinforced concrete wall whose outer surface is in contact with clay at the
edge of the repository. The estimated lifetime is based on recorded
experience with real structures, accelerated laboratory tests and field
experiments. The predicted behaviour is supported by examination of
concrete which has been exhumed after being buried for 43 years in a clay
formation.

For the chemical function we estimate how the pH of a repository as a
whole is likely to evolve over very long timescales. The estimates are -
bas:d on simple groundwater transport models and the chemistry of cement
systems.

Mat. Res, Soc. Symp. Proc, Yol, 50. * 1985 Malerials Research Sociely
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240

ASSESSMENT OF ENGINEERING LIFETIME OF COMCRETE

Studies of ancient structures (e.g. Roman), in which calcareous cements
were used, have indicated the potent1a1 1ongev1ty of cement and
concrete [ZJ The factors which have controlled the behaviour of these
materials are, however, likely to be different from those which will
determine the performance of, modern materials in very different
environments. For example, “ancient cements show extensive carbonation by
reaction with CO_, from.the atmosphere, whereas in underground. repos1tor1es
the environmentaf reactions will be with groundwater constituents. It is
therefore necessary to consider the processes which may lead to changes
in the concrete in the environment in question.

Space only permits a brief description of the assessment, the details
of which are reported elsewhere [3]). The f0110w1ng causes of concrete
alteration were considered;

{a) internal changes (e.g. crysta1]1sat1on alkali- ~-aggregate

reactions),

{b) reactions with the environment {clay) through groundwater,

(c) physica1 changes from wet/dry or freeze/thaw qyc]es,

(d) corrosion of reinforcement,

{e) action of micro-organisms, ’

(f) radiation effects (radiolysis, radiation damage).
0f these it was concluded that (b) and {d)} were the most 1ikely sources of
deterioration of the concrete structure.

For the purpose of the assessment we define the ' eng1neer1nq 11fet1me
of the concrete section as the time by whuch its load- bear1no capacity has
been reduced by a factor of two.

Reactions with groundwater

Potential reactions between the constituents of a clay groundwater and
concrete are summarised in Table I, together with their deleterious
consequences. Reported experience of concrete structures in similar -
environments [4] indicates that reactions with Mg™ and SQ0,7~ 1ons are
tikely to be the most severe. - The S0, ™~ jons, together with ca¥™ from the
cement environment, attack the hydrated caicium aiuminates to form sulpho-
aluminates: ,

3Ca0.A1,0, .6H,0 + Cash, +mo 3&0mg(mw)im§ o
(monosu1phate) ;

fomosuTpiate % 2cas0, + 20920 320.A1,0,.3(Cas0,).320,0  (2)
(et€r1ngite) 4

These reactions involve cons1derab1e increases in the vo1ume of solid, wh1ch
leads to d1sruption of the concrete. -

The Mg ** jons attack all the Ca-containing mater1a1 to produce solid
Mg{OH)., which is far less soluble than Ca{OH),, and hydrated magnesium
s1]1ca%es. Since the Ca compounds are responsible for binding the concrete,
the reactions result in loss of strength.

In 1970 the Building Research Establishment (Watford, U.X. ) initiated a
long-term programme to assess the performance of various concretes under
exposure to sulphate-bearing groundwater. The programme employed both
laboratory and field tests and the results of exposure for up to 5 years
have been reported {5]. In the laboratory, the attack was accelerfted by
increasing the sulphate concentration in the water to 0.1% mole 2™ -, which
is an order of magnitude greater than expected in a clay environment. It
should be noted that such acceTeration may change the dominant mechanisms of
alteration. The accelerated laboratory tests resulted in a visible
deterioration zone whose depth, Xes is given approximately by the empirical
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expression [3].
Xglem) = 0.55.C4(%).([Mg] + [S0,]).t(y). (3)

In this eouation C4 is the percentage (by weight) of 3Ca0.A1,0, in the
unhydrated cement and it appears because its hydration products are those
which are principally under attack. The fon concentrations are in mole z2~!
and t is thé time in years. The variability observed in the laboratory
testsk?as typically + 30% [5] (spanning maximum and minimum depths of
attack). . .

Table I. Summary of potentially deleterious interactions between
clay aroundwater and concrete

Groundwater Constituent Concrete Constituent | Possible Consequence
Cenc 1in
clay water
2 x10°¢ Mt SO~ 3 Ca0.A1, 0, 6H. O Expansion and
" . 2°3 2
cracking.
1x107 M| Co, | Ca0 - $i0, - H,0 gel | Loss of pH.
1x 1072 | Mg™t Ca(0H),, . Loss of strength
. and pH.
- H,0 . ] Solwble ca™ .| Loss of strength
. R . T . " - ande-

3 x 1074 M 0, ' Steel reinforcement Loss of strenath.
Expansion and
cracking.

3 x10°% M § Nat) Kt 510, aggregate Expansion and
cracking.

The attack in the field experiments was assessed by measuring sulphate
penetration.profiles into the concrete [4]. The sulphate penetration depths
for OPC concretes were in the range 0.8 to 2 cm. Eauation (3)
satisfactorily accounts for the observations [3]; predicting approximately
1 cm of attack on OPC concrete after 5 years in an environment where [Mg] +
[s0,1 =5 x 1072 M, : .

Equation (3) was therefore used to calculate a range of engineering
lifetimes {i.e. when X_. = 50 cm) for concrete in groundwater of composition
given in Table I and tﬁe results are summarised in Table II. Ordinary
Portland Cement (OPC) contains between 5 and 12% 3Ca0.Al.0, (8% in the
experiments referred to) whereas Sulphate Resisting portfand Cement {SRPC)
contains less than 3% (1.2% in the experiments). This varfability in
composition, when compounded with the observed variability in behaviour,
teads to uncertainties in estimating concrete behaviour. Furthermore, the

‘estimates also involve an extrapolation based only on empiricism, A sound
mechanistic understanding of the mechanism of sulphate attack will be
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Table II. Estimated engineering 1ifetime® of an averace reinforced
) concrete in clay
Lifetime {years)

Degradation Process Comments

Min. |} Probable | Max.
Sulphate attack 180 ) 400 800 | Ordinary Portland Cement

700 2500 - Sulphate Resisting Cement
Corrosion of a00 Cracking
reinforcement

3000 | No cracking

* Time for the loss of half the load-bearina capacity of a2 1 metre thick
section. :

recsuired to ihprove on this. 'NevertheTess, superior 16ngevity of SRPC
concrete, as opposed to OPC concrete, in clay environments is clearly
. jndicated. _ 7

Examination of concréte buried in c1ay_ 

Samples of a 2 x 2 x 2 m block of concrete, which has been buried in
clay since 1242, have been studied to assess the extent of chemical
interaction after 43 years of exposure. . . :

The techniques which have been used include X-ray diffraction, electron
and optical microscopy, thermogravimetry and differential scanning
calorimetry. The concrete contains two aggregates: a sand with particle
size ~ 1 mm and a coarse aggregate (up to 20 wm) which is mainly 1imestone
with some flint and feldspar. The concrete shows two reaction zones as
indicated in Fig. 2. The outermost layer is most likely the result of
carbonation and sulphate attack and is very thin (< 1 mm). The second zone
(~ 10 mm thick) is rich in sulphur (Fjo. 3) and is probably the result of
reaction with sulphate from the clay. The material in this zone is
mechanically sound and is not as friable as the alteration zone produced by
artificially accelerated sulphate attack.

The variation of aaqueous chemistry with depth into the concrete was
studied by taking slices from a specimen and equilibrating each with a ten-
fold excess of water (by weight) for 20 days. The composition of the
aqueous phase, as a function of depth, is shown in Fig. 4. The magnitudes
of the concentrations and their variation with depth are difficult to
interpret because of the large number of possible chemical reactions which
may be participating in the overall equilibrium. For example, the pH and
concentrations of Ca and Si in equilibrium with 2 slice from 1 ¢m below the
surface are consistent with the C-S-H gel having a Ca/Si ratio close to 1.7
{Fig. 6) as expected in unaltered cement. On the other hand, the results
from 2 nm below the surface indicate that in this region the Ca/Si ratio in
the gel is close to its minimum value of 0.8 (Fig. 6) and that interaction
with groundwater has removed Ca from the gel. These experiments therefore
also indicate an alteration zone about 1 ¢m in thickness.

From equation {3) we would predict that after 40 years in clay the
thickness of the alteration zone would be between 1 and 9 cm depending on
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the tricalcium aluminate content of the cement. Since we have not yet been
able to determine this, we conclude that eouation (3} gives either a correct
estimate or an overestimate of the rate of sulphate attack.

Corrosion of reinforcement

The potential effects of reinforcement corrosion in concrete are
reduction in load-bearing capacity, through loss of reinforcement, and
cracking of the concrete by- the extra volume of the corrosion products.
Corrosion of the reinforcement in a repository will be very slow (in
comparison with corrosion in reinforced concrete structures above ground)
and controlled by oxygen supply to the steel surface. We have estimated the
maximum corrosion rate which oxygen, diffusing from the clay groundwater
through the concrete to the steel, could sustain for a reinforcement array
as shown in Fig. 5. Assuming an oxygen diffusion coefficient of 10~Y m¢ s-1
and oxygen concentration in the groundwater eoual to 3 x 10°* mole 2~!, the
maximum rate of corrosion of the first layer of reinforcement is estimated
to be 10 pm y~1.[3]. The resulting dearadation sequence depends on whether
the corrosion products will crack the concrete at this low corrosion rate.
Unfortunately, there are no data available which can be used to predict
whether cracking will occur or not. Consequently, we have estimated [3] the
Tifetime both on the assumption that no cracking occurs, in which case the
result is 3000 y, and on the assumption that corrosion of 50% of a '
reinforcing bar is capable of extensively cracking the concrete between it
and the surface of the wall, in which case the result is 900 years. These
‘estimates are compared with those expected from sulphate attack in
Table II. : ' - ' .

TIME DEPENDENCE OF pH IN THE REPOSITORY

The 2lkalire envircnment in cement and cencrete is gererated, in the

. Tong term, by calcium compounds which form Ca*™ and OH~.ions in aqueous
solution. The most abundant compounds are in the €a0-5i0,,-H,0 (C-S-H)
system and Fig. 6 shows how the composition of the aqueou$ pﬁase depends on
the composition of the solids, expressed by the Ca/Si atom ratfo. Most
cements have Ca/Si between 2 and 3 and therefore, from Fig. 6, the aqueous
phase is essentially in equilibrium with solid Ca(OH), at pH = 12.5. (In
some materials the pH may be even greater due to NaOH“and KOH in solution.)

When the cement is part of a concrete repository buried in the ground
the pH will tend to fall with time as a result of; .

{a} Toss of Ca from the repository by diffusfon or advection,

{b) ?eaction+¥ith gr?undwater constituents coming into the repository

o lesge MU, COTT), 0 : .

(c) slog rggctions’with other repository constituents (e.g. Si0, in

aggregates). - R SR o . :

We have estimated [6] the way in which pd will be reduced with time for
processes (a) and (b) above. The repository was approximated as a sphere of
radius 20 m with an average cement content of 185 kg m~¥ (this is equivalent
to half its volume being occupied by a good quality concrete). The ground-
water flux density was assumed to be 1071U ms~!, which is a likely upper
bound for a typical repository {e.g. sited in an argillaceous formation with
a 1% hydraulic gradient [7]). The Ca/Si ratio in the repository was
calculated as a function of time using the data in Fig. 6, for the
composition of the agueous phase, and assuming loss of Ca by advection in
the flowing groundwater. The result is shown in Fig. 7 which indicates
that, in this case, the pH is expected to be above 10.5 for 4 x 10% years.
If the groundwater is assumed to contain 10~2 moles 1~! of dissolved species
which can react with the Ca-containing phases the pH dependence is estimated
to follow the broken line and the timescale for pH to fall below 10.5 is
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reduced to 0.9 x 106 years.

These timescales are far in excess of that pred1cted for the
engineering ifetime of the repository walls. However, the pH buffering
capacity does not rely on structural integrity of the material; only on its
continued presence in the repository.

The calculations described above have also assumed sufficient diffusive
transport within the repository to maintain the contents at a uniform pH.
This may not be true in reality since the pH will tend to be reduced
preferent1al1y on the side of the repository facing the incident ‘water flow.
If there is negligible diffusion within the repository then a similar
calculation [6] estimates that the pH = 10.5 front moves into the repos1tory
at a rateof 1 m every 1.5 x 10> years (assuming a groundwater flux density
of 1071¢ ms~1 and no 'reactive' species).

CONCLUSIONS

An eng1neer1nq lifetime in excess of 1000 years is est1mated for alm
thick reinforced concrete section in clay provided that sulphate-resisting
cement is used in the concrete. The life-1imiting process may be either
sulphate attack or corrosion of the reinforcement.

- Examination of concrete buried in clay for 43 years has revealed an
alteration zone, which is rich in sulphur, approximately 1 cm in depth.
This is not greater than the depth estimated from the emp1r1ca] model on
which the estimate of engineering 1iftime is based..

The pH in the reposatory will be maintained at a high level by the
cement for a much lTonger time than the engineering 11fet1me._ For a
representative case it is estimated that the pH will rema1n above 10. 5 for
about 10 years. .
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CALCULATIONS OF THE DEGRADATION OF CONCRETE
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ABSTRACT

_ Concrete is to be used as a barrier for enc1os1ng low and 1ntermed1ateﬁ
level radioactive waste in SFR, a Final Repository for Reactor Waste in
Sweden. The concrete will be_degradedgdue;to_various chemical reactions
between the concrete and degrading agents in-the environment. The degrading
agents in the.nearffie1d environment inc]ude-components in the bentonite-clay
backfill and in the groundwater in the bedrock. The rate of supply of these
‘agents s governed by transport processes 1n the concrete and benton1te/_
'groundwater _ .

il Fo110wing preiiminetj estimations'withfefSimo1ified'Shtinking'Cofe
Model, the degradation of the concrete walls in the SFR was simulated with the
solute transport code CHEMTRN. Three cases, calcium hydroxide depletion,

- 'sulphate intrusion; and the full: prob]em account1ng for "all" the possible

veactions, were ca]culated w1th CHEMTRN on the computers COCyber 170/?30 and~t
CRAY-1. .- . B % | | - ¢

: The results of the ca]cu]at1ons show that ca1c1um hydrox1de in the
- concrete is-depleted o a’ depth of about 9 cm after 1000 years and the con-
~ crete s intruded by sulphate to' form ettringite to a depth of some 37 cm at
the same time: It was also found that calcium carbonate will precipitate to a.
depth of about 11 cm; while no prec1p1tate'of calcium sulphate forms. The pH
in the porewater of the concrete: is decreased from 13.4 to about 11 when the
transport processes considered have ceased. : -

% The resu]ts from the ca]cu1at1ons with CHEMTRN are found to be com-"
parable to those obtained from the Shrinking Core Model. When the same boun-
dary conditions are used, the shrinking core model provides an estimate of 9.6
-cm for the depletion depth of Ca(OH)2 and 38.2 cm for the penetration depth of

su]phate 1nto the concrete. :
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1. TNTRODUCTION

A final repository for low and intermediate level reactor waste is
under construction near the nuclear power station at Forsmark in Sweden [1].
The repository is constructed in the bed rock about 50 m under the Baltic
Sea. The host rock is a crystalline gneiss-granite with dykes of pegmatite and
amphibolitic compositions. The SFR has various' storage chambers with different
barriers It consists of a concrete silo and eXCavated rock caverns.

The silo contains 57 ce11s where intermediate level rad1oact1ve waste
is to be disposed. The silo will be surrounded by a bentonite clay barrier
with a low permeability, thus the transport will be dominated by diffusion and
the transport due to flow is negligible.

Another part of the SFR is the 160 m long rock caverns that are pre-
pared for the radwaste with lower activities. The caverns are in different
sizes and shapes. No clay barrier is designed for this part of the repository,
thus the release of waste.from these caverns will mainly be governed by the
interactions with the groundwater in the host rock.

. The major transport process of the yadionuc]ides from the SFR is
diffusion through the concrete canister and, if present, through the bentonite
clay backfill to the flowing water in the fissures in the bedrock. Degrading
agents in the bentonite backfill and/or in the groundwater in the:rock will
react with the concrete and eventually degrade it. A number of reactions may -
take place simultaneously in the concrete/bentonite/groundwater system “includ-
ing hydroxide (e.g. NaOH, KOH, and Ca(0H),) diffusion from the coricrete to the
bentonite, sulphate intrusion from the bentonite to the concrete to form
ettringite or calcium sulphate, magnesium intrusion to form magnesium hydrox-
ide, and carbonate intrusion to form calcium carbonate, etc. The reactions
most severe to the concrete, according to reported”experiences of concrete,
are calcium hydroxide depletion and sulphate intrusion..

2. DEGRADATION OF CONCRETE
2.1 Concrete

Concrete can be described as a homogeneous porous solid with water
filled pores. The solid part of it consists of two main phases [2,3]:

1. A continuous phase - the cement paste - to which the porewdter of
concrete is bound. The main components of the cement are calcium-,
aluminate-, s111cate- and iron-containing compounds.

2. A particle phase - the ballast consisting of such minerals as
sand, gravel, and stone. The ballast particles are greater than
0.125 mm. Concrete usually contains a large amount (65-70% by
volume) of ballast. Ballast is usually inert in chemical reactions
and is not considered in the calculatioens.

The concrete chosen to be used in the SFR is Standard Portland Con-

crete. The pH of the porewater of new concrete is about 13.4. When hydrated,
the concrete forms a gel phase with some crystalline constituents like
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Ca(OH) The chemical composition of the concrete is Ca0(64.5%), $i0,(22%),
A]203(5%), F8203(2 5%) Mg0(3 2%), 503(1 8%) K20(0 8%), and Nazo(o 2%) [3]

2.2 Bentonite

The bentonite clay to be used in the SFR as backfill is in the form-of
Na-montmorilionite, which was converted earlier from a Ca-montmorillonite. The
highly compacted bentonite has a high porosity value:-of 55%. It also has a

"high swelling pressure when saturated with water, epsuring a low permeability
for the backfill. Due to, the high resistance to, water flow, the chemical
transport through the bentonite is completely governed by diffusion.

The bentonite contains sulphate which is partly dissolved in the
porewater and partly bound in the solid phase. It also contains carbonate
which is some 2-3% by weight of the sodium carbonate added to the bentonite to
transfer it from the Ca-type to the Na-type. The pH of the bentonite porewater
is in the range of 8.5-9.0 [4]. The bentonite backfill slit between the silo
and the rock is accounted for in the calculations. As the chemistry of the
bentonite porewater has not been fully studied yet, a few assumptions neces-
sary for the calculations are made on the basis of the data available:

1. There are no calcium-aluminates in the bentonite.

2. There is a vast amount of bentonite compared to the concrete.

2.3 Groundwater |

The chemistry of the groundwater in the host rock 'at Forsmark was
analyzed [5]. The groundwater.contains calcium, sodium, potassium, magnesium,’

sulphate, and carbonate. It has a pH in the range of 6. 9 to 7.7.

2.4 Degradation Mechanisms

A full description-of the problem illustrating the concrete slab in
contact with the bentonite backfill {or the groundwater which can be treated
similarly) is shown in Figure 1. The degradation reactions that may occur
simultaneously in the concrete of the repository are as follows:

1.  Hydroxyl neutralization - Outward diffusion of NaOH and KOH from
the concrete through the bentonite to the groundwater.

2. Ca(OH)» dissolution and calcium diffusion from the concrete to the
bentonite.

3 Intrusion of carbonate - Calcium mainly dissolved from Ca(OH),
will react with intruding 0032“ Trom the bentonite to precipitate
as CaC03 in the concrete or in the bentonite depending on where
the solubility is exceeded. This is modelled as if the precipita-
tion takes place in the concrete.
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A Concentration
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Figure 1. A conceivable distribution of some major ions and solid phases
-near the interface between concrete and bentonite. Concentration-
not to scale. .

4. Intrusion of sulphate - 5042' of the bentonite will diffuse into
the concrete and react with tri-calcium-aluminate to form ettrin-
gite thus releasing OH™. The tri-calcium aluminate is modelled as
X(OH}> and the reaction is: )

X(OH)p (s) + S0427 = XS04 (s} + 2 OH™ ‘ (1)
Tri-calcium-aluminate Ettringite .

Calcium may also react with intruding 5042' to form CaS04 (s) in
the concrete or in the bentonite. :

5. Mg intrusion from the bentonite into the concrete to form Mg(0H) 5.

These reactions will either destroy the formation of the reinforced
toncrete or produce a considerable increase in the volume of solid. As a
result, this will.cause the concrete to loose’ its structural strength and 2
lovering of its pH. Reported experience of concrete structures indicate that
the reactions of calcium hydroxide depletion and sulphate intrusion are }ikely
to be the most severe. .

- The degradation of the concrete will probably take place in' several
steps. First, the alkali hydroxides, NaOH and KOH, will diffuse away from the
concrete thus decreasing the pH of concrete porewater from 13.4 ‘to 12.4.
Second, the outward diffusion of Ca{OH)> will become-dominant. This sequence
of transport mechanisms in the“concrete;%as already been verified by a number
of investigators [2,6]. At the same time, C032' and 3042" may intrude to react
with the concrete. The pH in the porewater will now decrease to about 11.
Finally, other components in the cement of concrete like $10; may also diffuse

out. The transport processes will probably continue for tens of thousands of
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ysars until the pH in the concrete reaches the level in the benaon1te and/or
in the groundwater of the host rock.

. The diffusion of NaOH and KOH has been evaluated with the instationary
diffusion equation and it turns out that this kind of alkalinity will be
depleted after about 100 years. This process is not modelled with CHEMTRN.
Because magnesium has been found only in very low concentrations in the
bentonite clay, its intrusion into the concrete is also neglected in the
calculations. Therefore, the calculations only consider reactions 2-4 in the
list above. '

3. CALCULATIONS WITH CHEMTRN

3.1 The Computer Code CHEMTRN

CHEMTRN is a FORTRAN computer code that was developed at the Lawrence
Berkeley Laboratories, California [7]}. It couples cne dimensional advection
and dispersion/diffusion to a number of chemical reactions inciuding precipi-
tation/dissolution, aqueous complexation, water dissociation, ion exchange,
and surface complexation. The chemical reaction, transport, and boundary
condition equations are expressed in a differential/algebraic form and solved
s1mu]taneous]y CHEMTRN can handle the transport of a2 large number of chemical
species at tbe same time.

~

Three cases arg studied with CHEMTRN. The cases of calcium depletion in
the concrete and of sulphate intrusion from the bentonite to the concrete have
been calculated separately. Then the full problem accounting for "all" the
possible reactions are studied. These cases consider the chemical transport at
either the concrete/bentonite or the concrete/groundwater interface. -

The movements of the calcium depletion and sulphate 1ntrus1on fronts -
are compared with a simple Shrinking Core Model. In this model the accumula-
tion in the water is neglected and the reaction with the solid is assumed to
be instantaneous leading to penetration depth a{time)®.

3.2 Case 1: Calcium Diffusion from Concrete to Groundwater

" Because of the high concentration gradients between the concrete and
the groundwater, NaOH and KOH and other forms of hydroxides will dissolve and
diffuse out to the groundwater. It is estimated that the main alkalinity will
be depleted after about 100 years. It should be pointed out that in all the
calculations of this report the time is set to be zero when the alkali hydrox-
ides are consumed. This case considers the dissolution and diffusion of
Ca(OH)z (port]and1te) from concrete after that time per1od Corresponding to
the transport in the caverns in the SFR, the concrete is in direct contact
with the groundwater and there is no benton1te clay surrounding the concrete.

, A concrete slab is modelled with groundwater of known composition on
one side of the slab. In a volume of 1 m”, the concrete contains 210 kg Ca0 in
its cement paste. The amount of portlandite formed during hydration is 3.74
kmo]/mBm Because CHEMTRN requires concentration in moles per liter solution,
this is divided by the porosity of degraded concrete (20%) which is equivalent
to 18.7 mol/1 porewater. Then the total concentration of calcium, if it were
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dissolved, is 18.7 mol/1. The actual concentration of free calcium ions in the
porewater is 6.52x1073 mol/1. The basis species chosen are Cq2+, OH™, and H* .
and the chemical reactions in association with Ca and the water dissociation
are considered. The pH in the initially portlandite saturated pore water is
12.4. As long as there is portlandite present, the pH will remain at this
level. But when the portlandite is gone, the pH will decrease.

The calculation with the chemical equilibrium code MICROQL [8], gives
a first estimate of the initial species concentrations. CHEMTRN may also be.
used as an equilibrium code (static mode). It turns out that the results are
identical to those obtained from MICROQL when the activity coefficients are
set equal to 1 in CHEMTRN.

The pore diffusivity of the concrete is chosen as 5x10"10 m2/s or
1.58%1073 mz/year Assuming that advection and flow will not occur in the
concrete, both the dispersion coefficient and the velocity of flow are set
equal to 0

At the concrete/groundwater interface, it is _assumed that there is a
large volume of groundwater containing 10 4 no]/l ca* at pH 7.5. The ground-
water has the capacity to wash out the species released from the concrete or
to supply the concrete with the species present in it without chang1ng its own
composition. Therefore, a constant concentration boundary condition is imposed
for the groundwater. In the center of the concrete slab, a zero flux condition
is imposed because of the symmetry. However, it 1s anticipated. that the
concrete will not be fully penetrated, so that the conditions at the dinner
side of the concrete are of no importance. . .

3.3 Case 2: Sulphate Intrusion from Bentonite to Concrete

Su]phate intrusion from the bentonite into the concrete is considered
in this case. Sulphate in .the bentonite will migrate towards and eventually
into the concrete where it reacts with the calcium-aluminates to form ettrin-
gite. If the a1um1nates are represented as X, the reactions can be modellied as
the prec1p1tat1on of sulphate and X as shown below:

42" + X2+ = XS04 (s) (ettr}ng1te) e _'._ | (2)

Because of the limitations of CHEMTRN the prob!em of su1phate m1gra-
tion towards the concrete is treated as a hypothet1c XS04 outward diffusion
from the concrete. These cases are identical to each other if the penetration
front only is of interest. :

This case is now similar to that of the ca]c1um hydroxide dep]et1on if
only one basis species, XS0q, is considered. The total amount of XS04 is 0.135
kmo1/m3 concrete, wh1ch is taken as the capacity of the concrete to react with
sulphate from bentonite. This is again transformed to 0.900 mol/1 porewater
using the porosity of 15% for aged but not degraded concrete. The solubility
product of X804 (s) is chosen as 1.04x10" 2 mol/1, so that the porewater which
is initially saturated with respect to this sol1d has 1.04x10"2 mol/1 X504
(ag). This corresponds to the so]ub1]1ty of sulphate in the bentonite porewa-
ter. Again, a no-flux condition is 1mposed at. the center of the concrete
slab. At the boundary where the concrete is in contact with bentonite, it is
assumed that the water has a constant concentration and XS04 is equal to zero.
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The concrete and the bentonite have different transport properties, the
diffusivity in bentonite is higher than that in concrete. When sulphate-
intrudes into the concrete, the bentonite itself will also be depleted. This
is taken into account by using a weighted effective diffusivity according to

Dez : .
De2™ =, Dez2 9 : o (3)
Sl
" Dy @ '
We get De2 =1, 30*10 11 2/5 correSpOndxng to a we1ghted pore d1ffus1v1ty of
8.67%10"11 m2/s or 2.73x1073 mé/yr.

3.4 Case 3: Full Problem

3.4.1 Description of the case to be considered
This case consider reactions 2-4 as given in Section 2.4.

In the calculations, the presence of groundwater in the rock has not
been taken inte consideration. Therefore the system to be studied is at the
concrete/bentonite interface where the exchange of species between these
materials occur.

L

Chemical reactions which probably will take place in the considered
system are obtained from Stumm and Morgan [9] and Freeze [10]. Preliminary
equilibrium studies with the code MICROQL have been performed. The basis
species chosen are Cact * (denotes tri-calcium aluminate), C04%7, 8047
HY, and OH™. The five prec1p1tates to be considered are Ca{OH}, 25 CaC03, CASO4,
X(OH)», and XS04. The aqueous complexes 1nc]ude CaOH CaHC03 ,. €aC0gy (aq),
Ca504 (aq), HC03 § and H2C03 : ' 2

The complex HSO,;~ was originally accounted for but its concentration
was found to be very low in both the bentonite and the concrete. Therefore
this species 'is neglected in the full run. Magnesium is not accounted for
because of its low concentration in the bentonite. Sodium is alsc dropped from
the list, although it has a h1gh content in both the concrete and the ben-
tonite, because it exists mainly in the form of Na¥ in the solution which only
influences the ionic strength. This is of no importance since the jon effect
is negligible in comparison to the chemical.reactions. Silica is excluded
because it is present essentially in the solid phase and because the silicate
will probably be the last to dissolve after thousands of years

3.4.2 Assumptions and input parameters

a. Concrete

It is assumed that the concrete 1n1t1a]1y contains Ca(OH) tri-cal-
cium-aluminate in the cement paste, and the six basis species a]ong with the
six aqueous complexes in the porewater. :

In 1 m3 of concrete there is 210 kg Cald in the cement paste. The amount

of portlandite transformed from Ca0 is 3.74 kmo]/m3. This is divided by the
porosity of. concrete (15%) and is equivalent to 24.9 mol/} porewater. The
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content of C22% in the porewater, 6.52x1073 mol/1, is negligible. Thus the
total concentration of calcium which is not dissolved is 24.9 mol/1. The pH in
the initially saturated portlandite porewater is 12.4. An initial guess of the
free concentrations is obtained from previous CHEMTRN runs.

- The sulphate intrusion from the bentonite to the concrete is. modelled
by Equation (1). The sulphate diffuses into the concrete and reacts with the
tri-calcium-aluminate which is assumed to exist in its hydroxide form X{OH)».
The reaction forms a precipitate which is probably ettringite (XS04). The
total amount of X(OH), available in the concrete to react with the intruding
sulphate is .0.135 kmol/m3 concrete. This is transformed to the equivalent
concentration in the porewater of 0.900 mol/1. The solubility products of
X(O0H)» (s) and XS04 (s) are assumed to be 107° and 10-11.5 mol/1, respective-
ly. These are somewhat arbitrary figures and are chosen such that when 5042"
intrudes the concrete, XSO4 (s) will form thus releasing OH™. The results are
not sensitive to the choice of these numbers as- long as the more or less
quantitative expulsion of OH™ is ensured.

The pore diffusivity, D,, through the concrete porewater is taken to be
2510710 mz/s or 6.31x1073 m yr. Because of symmetry,-a zero flux boundary
condition is assumed for the center of the concrete.

b. Bentonite

As mentioned above, a'number of assumptions are made for the properties
of the bentonite in the computation. =

1. The pH of the bentonite porewater is 8.5,

2. There is no tri-calcium-aluminate in the bentonite (a very Tow
concentration for X is used} and species other than those Yisted
for the concrete are not considered.

3. There is a vast amount of bentonite compared to the concrete and
the transport will not affect the bentonite composition, so that a
constant concentration condition is imposed for the bentonite.

The contents of calcium and carbonate in the bentonite are not well
known but are determined by the following analysis. When 1 m3 of dry bentonite
(1050 kg) is put into water and compacted to 1 m3, the weight of the wetted
bentonite is 1600 kg. Therefore the water which has come into the pores has a
weight of 550 kg and the volume of the pores is 0.550 m3. The porosity of the
bentonite is then 55%.

It is known that some 2.5% by weight of sodium-carbonate is added to
the dry bentonite to change the bentonite from the Ca-type to the Na-type. The
amount of NasCOq used to transform 1 m3 bentonite is equivalent to 0.248 kmol
NasCOy. Calcium is exchanged for sodium according to the jon-exchange rela-
tion: . ’

"NapC0O3 + "Ca = 2 "Na + CaCOs (4)

Assuming a complete transformation, this will release 0.248 kmol Cal*t
and introduce an equal amount of C032“ to the bentonite, and will in part
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precipitate as CaC03. Therefore the total amount of Ca and CO5 %s specitie
either 0.248 mol/1 bentonite or 0.450 mol/1 porewater.

The concentration of dissolved sulphate in the bentonite porewater
determined eXperimenta11¥ {11]. The concentration of sulphate in the porews
was found to be 1.04x107¢ mol/1.

4. RESULTS

The following results are from the calculations for the three ca
~ studied using CHEMTRN.

4.1 Case 1: Calcium Diffusion

This case was run on the CRAY for up to 1000 years. This required ¢
seconds of CPU time. The results where compared to the Shrinking Core Moc
results. Based on the calculation of CHEMTRN, the concrete is depleted mc
than 16.0 cm due to the Ca{OH), (portlandite) diffusion after 1000 years. Th
is consistent with the results obtained from the Shrinking Core Model, whi
yields an estimation of 18.2 cm for the depletion depth..

4.2 Case 2: Sulphate Intrusion

In order to save CPU time, CHEMTRN was .run by setting the activi-
coefficients equal to 1. This required only 60 seconds CPU on the COC to n
up to 1000 years. The penetration depth of sulphate into the concrete °
20.3 cm at 785 years and less than 24.7 cm after 1000 years as given t
CHEMTRN., This again compares reasonably well with the value of 25.1 cm at 10(
years obtained from the Shrinking Core Model.

4.3 Case 3: Full Problem (Depletion of 5enfonite not Considered)

The full problem was run up to 1000 years which required £93 second
CPU. The deterioration depths in the concrete due to outward calcium dif
fusion and sulphate intrusion are given in Table I. The concentration pro
files for 100 years are illustrated in Figure 2a-c. The calcium hydroxide 1i:
the concrete depletes 8.8 cm in 906 years, and the tri-calcium-aluminate i:
intruded by the sulphate from the bentonite to a depth of 30 cm within 53¢
yedars. Therefore, the intrusion of sulphate from the bentonite has a more
severe effect on the concrete than does the outward calcium diffusion. Ar
extrapolation predicts 37.4 cm penetration at 1000 years for the sulphate
intrusion and 9.4 cm depletion for the calcium migration. The ettringite
formation depth is reduced to 24.7 cm iT the diffusion resistance in: the
bentonite is taken into consideration.

The computation results from CHEMTRN are found to be comparable to
those obtained from the Shrinking Core Model, according to the penetration of
sulphate from the bentonite and the depletion of Ca(OH)p, from the concrete
which are 38.2 and 9.6 cm, respectively, after 1000 years. It is noticed that
CHEMTRN provides a slightly more optimistic estimate than the Shrinking Core
Model for both the sulphate intrusion and the calcium migration.
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Table I. Deterioration Depth in the Concrete (Case 3).
Nede  Depth ’ ?enetrated Timé Duea Depleted Time Dﬁe
{cm) to Sulphate Intrusion to Calcium Depletion
(yr) {yr)
CHEMTRN  Shrink. Core* CHEMTRN  Shrink. Core*.
2 0.338 0.169 0.078 2.31 1,23
3 0.744" 0.611 0.378" 8.46 5.98
4 1.23 1.50 1.03 20.6 i6.3
5 1.82 3.06 2.26 42.3 35.8
6 2.53 5.90 4.37 78.3 69.1
7 3.37 9.86 7.76 136, 12z,
8 4.39 16.4 13.2 228. 208.
9 5.61 26.5 .21.5 366, 340,
10 7.08 41.8 34.2 577. 541.
11 8.85 64.7 53.% 306, 846.
12 11.0 99.2 82.6 1307.
13 13.5 150. 124, 1968.
14 16.6 224. 188, 2975.
15 20.3 335. 281. 4450.
16 24.7 494, 416, 6589.
17 30.0 530. 615. 9720.
9.61 1000,
38.2 1000,
Shrinking Core Model: x x = 1.21-t9.5
xx X = 0.304-t0-5
Concentration, mol/l porewater ",-
OH- .01(
) 001
504-2 .
- -.0001 |
c03-2 SR T T T T
- I L T e S
/
H+ —
L Koo B /
1.E-8 [ 7
X+2 e e
-—_— 1.E-9 ' -
Cot2 1.E-10 [
1.E-11 H
LE-12 [\
"--...___,__,,___,._______________,_______________.,_...,_
i _13 1 ] 1 L ]
I 0 S 10 15 20 25 30
Depth to concrele x, em
Figure 2a. ‘Concentration distributions of various elements present

within the concrete barrier for the time of 100 years.
The -results are calculated for case 3.

a) Concentration profiles of basis species
b) Concentration profiles of aqueous complexes

¢) Solid phase profiles
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Concentretion, mel/| porewoter.
01 -
CoQH+

001 |,

L0001
CaS04 {aq)

1.E-5

CACO3 (oq)

H2C03 1.£-8

HCO3~

16 15 20 25 30
Depih to concrate x, em

Figure 2b2

Amount of solid, mol/l porewater
100 _

\ .
i\ oMz xsor
!' \ CoCO3 | CofoH)2
[\
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f \
: 10 15 5 75 30

Depth in concrete x, cm

Figute 26

The precipitation of. calcium carbonate is also observed at the same
time. Its migration depth 1in the concrete is around 11 cm after 1000 years
with a large amount precipitated near the interface. The same phenomenocn was
observed by Atkinsons's group whenh they performed an analysis of the concrete
which had been buried in a clay for 43 years [6].

No precipitate of gypsum (CasQ4) is formed in the concrete or jn the

bentonite. The pH of the concrete porewater is decreased when 5042' has
intruded forming ettringite and the Ca(OH), has migrated out.
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5. DISCUSSION AND CONCLUSIONS

The two simple test cases where the results of CHEMTRN are in reasonab-
1y good agreement with those of the Shrinking Core Model jndicate that CHEMTRN
can be used to compute the movement of precipitation and dissoluticn fronts,
The front of sulphate intrusion into the concrete moves faster than that of
calcium depletion from the concrete. The full problem was then calculated for
several species and fronts moving simultaneously. The results agree well with
the simplified calculations and in other respects seem to be reasonable.

It is noticed that the degradation depths of the concrete obtained from
CHEMTRN and from the Shrinking Core Model are rather close in value, but are
not identical. The values differ especially at earlier times. The latter is
due to space discretization errors. In the test cases, the Shrinking Core
Model provides the more conservative estimate for the concrete degradation.

Catculation with the chemical equilibrium code MICROQL gives a first
estimate for the initial species concentrations. CHEMTRN may also be used to
make equilibrium calculations. The results are identical to those obtained
from MICROQL when activity coefficients are set equal to 1 in CHEMTAN. When
activity coefficients are used, CHEMTRN gives species concentrations that can
differ by up to a'factor of 2.
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MODELLING OF THE DEGRADATION OF CEMENT IN A NUCLEAR WASTE REPOSITORY

A.HAWORTH, S.M.SHARLAND and C.J.TWEED.

ABSTRACT

The current: UK concept for a low- or intermediate-level nuclear waste
repository includes a largely cementitious backfill. The cement provides a
high pH environment in which the general corrosion rate of the
metal canisters is reduced and the solubilities of many nuclides low. It
has previously been assumed that this high pH will exist for a
period of 107 years, however cement will degrade due to leaching of the
solid components and attack from aqueous species in groundwater. In this
paper we describe the preliminary stages of a model of the
degradation of cement in a repository. The modelling involves the
incorporation of a thermodynamic description of cement[2] into the statie
code PHREEQE{5]. This is then used in a coupled chemistry-transport
model of simple leaching of cement using the code CHEQMATE([4]. This
preliminary modelling also provides a useful verification of CHEQMATE as
a direct comparison with a THCCDM (a coupled code based on CHEMTRN)
model is possible, Results from this preliminary model suggest that the
fall in pH due to leaching is slow. The model is sufficiently flexible to
form the basis of more detailed investigations of the effect of
groundwater interactions on the degradation of cement.

4
o

1. INTRODUCTION

The design of a.nuclear waste repository will ‘consist of a number of
engineered barriers such as metallic containers, backfill materials etc.
These barriers are intended to inhibit the release of radionuclides,
both by physical and chemical containment. An assessment of the
performance of such a waste facility is based on calculations of the
transport of nuclides away from the vault to the biosphere. The models
‘constructed for such assessments are necessarily simple and must make
assumptions in many areas. However, these assumptions will be based on
detailed research models which examine various physical and chemical
processes within the repository more closely and are validated at short
times by experiment.

The current UK concept for a low— or intermediate-level waste repository
includes a largely cementitious backfill and a concrete
construction. The agueous phase of the cement provides a high pH
environment in the repository which reduces the solubility of many
nuclides, Also, the rate of general corrosion of the metal canisters is
low at high pH. The solid phase, as well as providing physical -
strength and some water flow control, also retards the transport of many
nuclides by adsorption on to the surface. In previous modelling of
the near field, it has been widely assumed that a high pH will exist in
the porewater within the repository for a period of about 10
years[l]. However this does not take full account of the chemistry of the
interactions between the cement and the groundwater. The properties
of the cement may evolve through simple dissolution in the groundwater,
or with aggressive attack by species such as magnesium, chloride or
sulphate. Any local variations in the pH due to degraded cement may have
implications for nuclide solubilities and corrosion rates and it is,
therefore, important to understand how the cement evolves.

The aim of this paper is to describe the preliminary stages of a
detailed research model of the degradation of cement in a waste
repository. The multi-barrier concept of a waste repository lecads to a

Mat, Res. Sot. Symp, Proc. Vol, 127, 1989 Malerlals Research Seclety
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chemical system that evelves in space as well as time. This necessitates
a combined ioniec-transport and chemicazl-equilibrium approach in the
modelling. Previous models have tended to concentrate on either the
chemistry[1,2], providing little or no information on its time evolution,
or the transport using a simpler chemical description{3]. The

CHEQMATE code[4} is a coupled ionic migration and chemical equilibzrium
program developed to model the evolution of chemical systems characterlsed
by spatial inhomogeneities as well as temporal variations. The

transport part of the code allows for diffusion, advection and
electromigration of ionic species and is coupled to chemical equilibrium
provided by the geochemical program PHREEQE(53]. The transport part

is solved in one-dimension by a finite difference scheme. CHEQMATE has
already been used to model the evolution of the groundwater chemistry
around a nuclear waste repository {6] under the influence of the cement
backfill. In previous modelling, it was assumed that calcium

hydroxide equilibrated with water provided a reasonable approximation to
the ionic strengths and pH of cement.

In this paper we describe the development of a model of the degradation
of cement using the program CHEQMATE. The cement model used is
based on that developed by Berner([2}, and is described in detail in the
next section of this paper. We describe the use of this in-a
coupled transport model of simple leaching of cement, and consider
sensitivities to some of the assumptions made. This coupled model will
form the first stage of a more detailed study of cement degradation due
to both leaching and interactions with aqueous species in the
groundwater in a low- or intermediate-level waste repository. The
" thermodynamic description of cement was developed for use with static
codes such as MINEQL and PHREEQE, but has been used in a model of cement
dissolution using the coupled code THCCDM (a derivative of CHEMTRN)
{7]. This preliminary stage of the cement degradation modelling will,
therefore, also be useful in providing a compariscon between THCCDM and
CHEQMATE which use two different methods of coupling the chemistry and
transport in this type of problem. This type of comparison is a useful
exercise in providing verification of the coupied codes.

2. CHEMICAL MODEL OF CEMENT DEGRADATION.

2.1 Introduction

The pH in the pore-water evolves in several stages in which it is
controlled in different ways. Initially the pH is controlled by KOH and
NaQOH leached from the cement, and may be over 13 for some cements.

These compounds are totally soluble and will be removed on relatively
short timescales. When the NaOH and KOH concentrations in solution fall
below the equilibrium concentration for Ca from Ca(O#H)., the pH is
controlled by the solid Ca(OH),. The pH will then be buffered at 12.5
until all the free Ca(OH), has been removed. In the third stage, the pH
is controlled by the hydrated calcium silicates, and these dominate

the long-term behaviour of the cement in a repository. We therefore
concentrate on the chemistry of this phase in the modelling. The hydrated
calcium silicates have been shown experimentally to dissolve
incongruently, depending on the calcium-silicon ratie, A model developed
by Berner[2] simulates the incongruent dissolution by a mixture of
congruently scluble components with wvariable solubility products. This
model reproduces well experimental data, such as the calcium concentration
in solution as a function of calcium-silicon (C/S} ratie.

2.2 Model Details. .
The main assumptions of the model are as follows:

i} The whole range of calcium-silicon (C/3%) ratios for the calcium
silicates can be divided into three regions;
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iiy within each region the solid is considered to be a non-ideal
mixture of congruently soluble components, each component having a
variable solubility product depending on C/S ratio.
The components of the solid in each region are selected from experimental
data on equilibrium concentrations of calcium and silicon in
solution and from the calcium-silicon ratio in the solid. There are two
C/S ratios where there is a sharp change in the solubility
behaviour and these form the boundaries between different regions. At
C/8=1, there is a steep rise in calcium concentration in solution. When
the calcium silicon ratic in solution is at approximately 1.8, the
caleium concentration in solution reaches the solubility limit of Ca(0OH),.
However, the starting ratio for this latter region is not clear
from the experimental data, and a value of 2.5 is taken for this study.
In the first region, below C/S=1, a mixture of §i0, and CaH,Si0, is.
assumed. Between C/S=1 and C/S=2.53 the composition of the solution is
dominated by calcium, while silica remains at a low level. Region 2 is,
therefore, represented by a mixture of Ca(OH),, with a.variable
solubility product and CaH,5i0;. These components are also used in region
3 (C/5>2.5), but the associated solubility products are kept
constant. A schematic representation of the model assumptions is seen in
figure 1. Region ! Region 1 Region 1l

502 ¥ caoH)y ¥ | catoH), ¥

and and and

carsio, P carysio, ' | canysio, ™

1 ‘ 2.5 C/8 ratio

a) Componeht is associated with a variable
solubility product

b} Component is associated with a constant’
: solubility product : -
Figure 1. Schematic Representation of the Assumptions used in the
Thermodynamic Model of Cement.

The expressions for the variable solubility products are derived from the
Gibbs-Duhem equation for non-ideal mixtures. and details. of the

derivation are given in reference 2. The wvalues for the different regions
given in table 1. There are differences in the thermodynamic data

for the silicate species in different databases. The values given here
are derived from the PHREEQE/NEA database [5].

2.3 Implementing the model in CHEQMATE

The implementation of the coricretée model in CHEQMATE neacessitates
several changes to the minerals handling in the program. In CHEQMATE," the
set of mass transport equations is ‘solved by firstly dividing a
one-dimensional section of the repositery into cells, and then calculatlng
the flux of each species across each cell boundary at each timestep
{(from the finite difference representations of the transport equatlonsl
The change in concentration in each cell in a gzven timestep is i
calculated using the difference between the incoming and outgoing flux. =
PHREEQE is then used to re-equilibrate the solution within each cell. In
this case, the three solid components of cement used throughout the
range of C/S values are sct up as separate minerals in the input to
CHEQMATE, Modifications are necessary to store the €/S values for each
cell as a function of time. Before each call to PHREEEQE. the ratio for a
given cell is used to select the 'end member' minernls to describe
the cement phase, and to calculate the appropriate solubility products.
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c/S RangejModel Component% Solubility Product
¢s=0 lsio, Hog K, = —2.71
0<C/Sst Si0, log K, = — 1.994 + 0.861/(C/S — 1.2)
iCaH:SiO_‘ log K, = —7.12 — (1-C/5)(0.79 + 0.861(C/S — L.2)W(C/S)
1<C/5<2.5 (Ca(OH), log K, = — 4.945 — 0.338/(C/S ~ 0.85)
CaH,Si0, log K,, =-—7.12
¢/s>2.5 iCa('om2 log K,, = ~ 5.15
ICaﬁzsiO,L log K,=-7.12

Table 1. The chemiczl system used to model the incongruent dissclution of
hydrated calcium silicates,

PHREEQZ is then used to calculate the new equilibrium chemistry and gives
the change in the cement phase in terms of the amount of each ‘'end
member’' which has dissolved. This information is used to re-calculate the
calecium~silicon ratio for each cell.

3. PRELIMINARY COUPLED MODEL OF CEMENT DEGRADATION.

3.1 Introduction

The model described in this paper investigates the evolution of the pH
in cement pore-water where the cement is degraded solely by leaching
into pure water, and there is no water flow through the cement. Using
this simple model it is possible to investigate the suitability of the
thermodynamic description of cement for use in later stages of modelling,
and to assess the sensitivity of the model to different parameters,

3.1 Base Case Parameters.

. The parameters for the base case are chosen to allow comparison of the
results with the calculation referred to.in reference 7. The

CHEQMATE grid comprises a 8cm section through the cement divided into 8
equally spaced cells, with the first cell containing pure water and

the rest cement. The concentrations in the first cell are kept constant
throughout the calculation, "so' there is always pure water in contact
with the cement. This would be expected to give us maximum leaching of
cement components, but does not take into account the effects of -
aggressive ions. There is no water flow through the model section.

The initial cement porewater is simulated by equilibrating the model
cement solid, with a C/S ratic of 2.7, with water. In order to carry out
the comparison with THCCDM, all the species are assumed to diffuse
at the same speed and there is no electromigration. The diffusion
coefficient used is 5%107"%%™! with a porosity of 0.27. As the cement
solid degrades it would be expected that the porosity of the cement would
evolve. However, in this initial model, the porosity of the concrete
is kept constant throughout the grid. Analysis of the amounts of solid

dissolved suggest that the change in porosity will not be significant for
the time scales considered in this paper. A base-case time step of
6.3x10% is used.

In order to save computing time,  the solution in each cell is only
re-equilibrated when the solubility product has changed sufficiently for
there to be a significant change in the water chemistry. This
technique is used in Berner's model, In the base case, PHREEQE is only
called if the change in solubility product for either component is
greater than 0.05. Sensitivity to this assumption has been tested.
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3.2 Resulis from the base case

Figure 2 shows the calcium-silicon ratio across the concrete at 10, 50,
100 & 200 yesars. 3.0
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Figure 2. Profile of the Caleium-Silicon Ratio in Cement. Diffusion at
5x10"m%t )

This should be compared with the results from the THCCDM model shown in
figure 3. Allowing for the differences in grid spacing between the
. THCCDM model and CHEQMATE, the agreement up to 100 years is good.

3.0
g | ‘ :
2 zs- | ; (S
B pmmei
T i —..F
8 20- E :_
L - —-_J £l
e 15F (= Key
o i P:f'_'l ~— 10 years
@ Lo ' ==== 50 years
3] L -—=100 yearsJ
05 (TN I LI R T

™ 1 2 3 4 5 6 7 8
Distance from the surface {em)

Figure 3. Calcium-Silicon Ratio in Cement-THCCDM model

Figures for the caleium-silicon ratic at 200 years from the THCCDM model
have not yet been made available. At 10 years, the first centimetre

of cement has quickly dropped to a calcium-silicon ratio of 1.3 but the
rate of decrease slows down, and by 200 years it has only teached

C/S of 0.9. The last 2em in the concrete has not reached C/$ of 1.5 by
200 years. The corresponding pH profiles can be seen in figure 4. Even
when the calcium-silicon ratic has dropped to below I, as in the first
cement cell by 200 years, the pH is still high at 11.7. At 200 years.
only the first 1-2cm has fallen below a pH of 12.

3.3 Sensitivity Studies

A number of assumptions were made in the base-case model of the
concrete. Some of these, for exumple the constant porosity. will need

—160—



PNC TJ4449 90-003(2)

13.0

12.8r

1287 10 years

5 yearg.~="" .,,-
124/y' = N -" 200 years
e -5

-
- hy

122t S f'/w 100 years

e
l’..-" -’
pH 12.0p
1187,
1161
1141
1124

110 . : : . —_
05 15 25 385 45 55 865
Distance from the surface (cm)
Figure 4. pH Profiles in Cement.Diffusion at 3x107 Wt
further developments of the code to investigate completely, but
sensitivity to some of the others has been assessed and we now consider
these, The diffusion coefficient used is higher than the value used
in our previous modelling of the UK design cement repository, and there
has been no allowance made for the faster diffusion of hydroxyl and
hydrogen ions in the system, and consequent electromigration. It has also
been assumed that PHREEQE need not be called for each transport
step. . . . .

3.3.1 Sensitivity to diffusion rates

Sensitivity to the diffusion coefficient used and to the faster
diffusion of some ions is assessed by using CHEQMATE with
electromlgratlon”restored and selecting a diffusion coefficient of

2x10" Mm% The C/S profiles at 10, 50, 100 and 200 years are shown in
figure 5. 30
10 years
*
25 7 _f
. 1 L
E ," £~ 50 years
; 20p :.-" L 100 years
' a3 : ~200 years
B 155
2 //
s y
3 10}
0.5}

0 " 2 " A "
05 15 25 35 45 55 65
Distance from the suface {cm)

Figure 5. Sens1t1v1ty to Dxffu51on Coefficient, Calecium-Silicon Ratio in
Cement for Diffusion at 2x107"ms™%.

It can be seen that these are much retarded with respect to the base
case. By 200 years, the first centimetre in the concrete has not reached
a C/S ratio below 1 and the last 4em have not started to decrease.

The ceorresponding pH profiles (figure 6) show that the pH is sbove 12 in
the whole range of the cement.
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3.3.2 Sensitivity to Water Chemistrv.

In the base case, PHREEQE was only called if the solubility products of
the minerals had changed by more than §705. We test sensitivity to -
this by repeating the calculation with the base case parameters, but :
Te-equilibrating the chemistry in each cell at each-time step. This
increases the run-times for this model by a factor of 10. A comparison
between the results .at 100 years for this and the base case shows that
the difference in €/S ratios obtained is less than 0.1%. e i

4. DISCUSSION

The results from the base case have been compared with those obtained
from the THCCDM model. This stage of the modelling has therefore served
as a useful comparison exercise between the coupled code THCCDM({ a
derivative of CHEMTRN) and CHEQMATE. THCCDM is a directly coupled code
which solves chemistry and transport equations simultaneously. The
CHEQMATE code is iteratively coupled, i.e. the transport and chemistry
" equations are solved sequentially. The agreement between the results from
the two codes is very good. Typical run times for the CHEQMATE
model are however, significantly shorter than the corresponding times for
THCCDM. . For example, runs for the base case to 100 years take about
1 hour on a 386 PC, compared with 3 hours on a VAX 785 for similar runs
using THCCDM, These times are increased considerably if PHREEQE is
called at each time-step. Sensitivity studies show that re-equilibrating
the chemistry at every time step results in a difference of less
than 0.1% in the C/$ values at 100 years. It is reasonable therefore, in
future modelling to re-equilibrate the solution only when there has
been a significant change in the solubility product. The change in
calcium~silicon ratiec is, however, sensitive to the diffusion coefficient
chosen, so care must be taken in diffusion coefficient selection.

These preliminary results suggest that the pH will remain high for long
times, with only the first 1-2 cm falling below 12 by 200 years for
the base case, but many factors have still to be included.

Assumptions about the pH environment in a repository are important in
safety assessments and this model will form the basis of more detailed
modelling of the evolution of the pH. Before procceding with the next
stage of the modelling, the sensitivity to assumptions made in the
development of this model has to be further tested. Ay the ccment
degrades there will be a change in porosity. This can be related to the
amount of the so0lid leached., This has not been included at this
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stage, but the effect of this needs to be assessed and changes in
porosity along the section included if necessary. If there is groundwater
flow through the repository, advection and dispersion of aqueous

species need to be included as well as diffusion and electromigration.
These additional phenomena can be included in CHEQMATE. The cement model
may also be extended to include other important phases such as

hydrated calecium aluminates, where the relevant thermodynamic data are
available. Berner's model uses two hypothetical solid phases to describe
the dissolution of one solid. Application to more complex systems

may require additicnal code develeopments, such as the inclusion of solid
solutions, to avoid apparent phase rule violations.

In this paper, the degradation of the cement is limited to that caused
by leaching into pure water. Where a groundwater is present the
leaching rate may be altered and there may be reactions between the
cement and species in the groundwater. The next stage of the modelling is
to incorporate a thermodynamic description of groundwater into the
model and to study the effect of this on the pH evolution.

5. CONCLUSIONS

In this paper, we have described the preliminary stages of a research
model of the degradation of cement in a low- or intermediate-level waste
repository. This has been used in a coupled model of simple

- leaching of cement. The modelling involved the incorporation of a
thermodynamic description of cement, developed by Berner[2}, into
CHEQMATE. It also enabled an inter-code wverification study between
CHEQMATE and THCCDM. The results from CHEQMATE are in good agreement with
those from THCCDM and CHEQMATE run-times are significantly shorter.

The model predicts that the fall in pH within the cement due to leaching
is slow, with only the first 1-2cm falling below 12 by 200 years.
However, this is only a preliminary model and will be refined as more
factors are included. Although the details of the design and location of
the UK repository have not yet been finalised the model is. ’
sufficiently flexible to allow modelling of a wide range of scenarios.
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ac . 82
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at dz2

L

WPEE  t=0  c=0 T THKFEA F VikFEe=1X10-116

CEREG z=0 co=1X10-7.5
ZRERL EMTORY &% B,

Co Zz

D = exp (’

J 4nDt - 4Dt

)

EEIHRRERE L, 0EMOKKA F Y BEOBLLAHEL T, WEH
BL749bE38L, bokdb 7y b LAbOE. ERTETHA) LEER
EEB) DSBS A LT OR T % - 72,

SR T H(A) LR $20.00055em2/year = 1.7 X 10-11em?2/sec

EEATHEERB)  IEFRER0.018cm2/year = 4.1 X 10-10cm2/sec
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- B A—measured ® B—measured
' 12‘ pH O A—calculated(0.013cri7y) O B—calculated(0.00055cm/y)
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A(BZEBTER) 605

k%

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

0.

0.
' 0 *

L2 2]

D= (.11000E-01 ***

Z
10000E+01
20000E+01
30000E+01
40000E+01
50000E+01
60000E+01
70000E+01
80000E+01
90000E+01
10000E+02
11000E+02
12000E+02
13000E+02
14000E+02
15000E+02
16000E+02
17000E+02
18000E+02
19000E+02
20000E+02

OO0 OOOCOOOOoOC OO

G

.81238E+01
.86170E+01
.94370E+01
.10551E+02
. 11474E+02
.11598E+02
.11600E+02
.11600E+02
- 11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11800E+02
.11600E+02

D= 0.12000E-01 **=*

Z

0.10000E+01
0.20000E+01
0.30000E+01
0.40000E+01
0.50000E+01
0.60000E+01
0.70000E+01
0.80000E+01
0.90000E+01
0.10000E+02
0.11000E+02
0.12000E+02
0.13000E+02
0.14000E+02
0.15000E+02
0.16000E+02
¢.17000E+02

0.18000E+02

0.19000E+02
0.20000E+02

o000 OOoOO0OOOoOOODOoOOOOOCO

C

.81290E+01
.85811E+01
.93331E+01
.10365E+02
.11367E+02
.11593E+02
.11600E+02
.11600E+02
.11600E+02
.11800E+02
.11600E+02
.116QG0E+02
.11600E-+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02

&k

D= 0.13000E-01 **x

Z C
0.10000E+01 0.81347E+01
0.20000E+01 0.85521E+01
0.30000E+01 0.92465E+01
0.40000E+01 0.10205E+02
0.50000E+01 0,11232E+02
0.60000E+01 0.11583E+02
0.70000E+01 0.11600E+02
0.80000E+01 0.11600E+02
0.90000E+01 0.11600E+02
0.10000E+02 0.11600E+02
0.11000E+02 0.11600E+02
0.12000E+02 0.11600E+02
0.13000E+02 0.11600E+02
0.14000E+02 0.11600E+02
0.15000E+02 0.11600E+02
0.16000E+02 0.11600E+02
0.17000£+02 0.11600E+02
0.18000E+02 0.11600E+02 |’
0.19000E+02 0.11600E+02
0.20000E+02 0.11600E+02

% D= (0,14000E—01 ***
B C
0.10000E+01 0.81409E+01"
0.20000E+01 0.85284E+01
0.30000E+01 0.91734E+01
0.40000E+01 . 0.10067E+02
0.50000E+01 0.11085E+02
0.60000E+01 0.11564E+02
0.70000E+01 0.11599E+02
" 0.80000E+01 0.11600E+02
0.90000E+01 0.11600E+02
0.10000E+02 0.11600E+02
0.11000E+02 0.11600E+02
0.12000E+02 0.11600E+02
0.13000E+02 0.11600E+02
0.14000E+02 0.11600E+02
0.15000E+02 0.11600E+02
0.16000E+02 0.11600E+02
0.17000E+02 0.11600E+02
0.18000E+02 0.11600E+02
0.19000E+02 0.11600E+02
0.20000E+02 0.11600E+02

* ko

0
0
0
0
0
0
0
0

¥k

D= 0.15000E-01 *x*x*

Z

.10000E+01
.20000E+01
.30000E+01
-40000E+01
.50000E+01 |
.60000E+01
. 70000E+01
.80000E+01
0.
0.
0.
0.
0.
0.
0.
0.
{.
05
0.
0.

90000E+01
10000E+02
11000E+02
12000E+02
13000E+02
14000E+02
156000E+02
16000E+02
17000E+02
18Q00E+02
19000E+02
20000E+02

OOOOOOOOOOOODODOOOQ

C
0.81472E+01
.85090E+01
L91111E+01
.99472E+01
.10936E+02
.115832E+02
.11598E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02
.11600E+02

D= 0.16000E~01 **+

Z

. 10000E+01
- 0.
0.
0.
0.
DO
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
Q.
0.
0.

20000E+01
30000E+01
40000E+01
50000E+01
60000E+01
70000E+01
8000CE+01
S0000E+01
10000E+02
11000E+02
12000E+02
13000E+02
14000&+02
15000E+02

16000E+02

17000E+02
18000E+02
19000E+02
20000E+02

C
0.81637E+01
0.84928E+01
0.90674E+01
0.98427E+01
0.10794E+02
0.11484E+02
0.11596E+02
0.11600E+02
(.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
(.11600E+02
0.11800E+02
0.11600E+02
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* k%

* %k b=

Z .
0.10000E+01
0.20000E+01
0.30000E+01
0.40000E+01
0.50000E+01
0.60000E+01
0-70000E+01
0.80000E+01
0.90000E+01
0.10000E+02
0.11000E+02
0.12000E+02
0.13000E+02
0.14000E+02-
0.15000E+02
0.18000E+02
0.17000E+02
0.18000E+02
0.19000E+02
0.20000E+02

Z
0.10000E+01
0.20000E+01
0.30000E+01
0.40000E+01
G.50000E+01
0.50000E+01
0.70000E£+01
0.80000E+01
0.90000E+012
0.10000E+02
0.11000E+02
0.12000E+02
0.13000E+02
0.14000E+02
0.15000E+02
0.16000E+02
0.17000E+02
0.18000E+02
0.19000E+02
0.20000E+02

L]

B=(.51000E-03 *=*=

C .
.10771E+02
.11600E+02
-11600E+02
.11600E+02
. 11600E+02
.11600E+02
.11600E+02
. 11600E+02
.11600E+02
. 11600E+02
.11600E+02
.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02

OO0 COoOOoOOOOD

0.53000E-03 **+

. C
0.10662E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02

0.11600E+02

0,11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02

L

**¥ D= 0.55000E-03 *=*=
Z C
0.10000E+01 0.10558E+02
0.20000E+01 0.11600E+02
0.30000GE+01 0.11600E+02
0.40000E+01 . 0,11600E+02
0.50000E+01 0.11600E+02
0.60000E+01 0.11600E+02
0.70000E+01 0.11600E+02
¢.80000E+01 0.11600E+02
0.90000E+01 0.11600E+02
0.10000E+02 0.11600E+02
0.11000E+02 0.11800E+02
0.12000E+02 0.11600E+02
0.13000E+02 0.11600E+02
0.14000E+02 0.11B600E+02
0.15000E+02 0.11600E+02
0.16000E+02 0.11600E+02
0.17000E+02 0.11600E+02
0.18000E+02 0.11800E+02
0.19000E+02 0.11600E+02
0.20000E+02 0.11600E+02
**¥¥ . D= 0.57000E-03 **+
Z . c
0.10000E+01 0.10459E+02
0.20000E+01 0.11600E+02
0.30000E+01 0.11600E+02
G.40000E+01 0.11600E+02
0.50000E+01 0.11600E+02
0.60000E+01 (.11600E+02
0.70000E+01 0.11600E+02
0.80000E+01 0.11600E+02
0.90000E+01 0.11600E+02
0.10000E+02 0.11600E+02
0.11000E+02 0.11600E+02
0.12000E+02 0.11600E+02
0. 13000E+02 0.11600E+02
0.14000E+02 0.11600E+02
0.15000E+02 0.11600E+02
0.16000E+02 0.11600E+02
0.17000E+02 0.11600E+02
0.18000E+02 0.11600E+02
0.19000E+02 0.11600E+02
¢.20000E+02 0.11600E+02

kX

xex e

Z
0.10000E+01
0.20000E+01
0.30000E+01
0.40000E+01
0.50000E+01
0.60000E+01
0.70000E+01
0.80000E+01
0.90000E+01
0.10000E+02
0.11000E+02
0.12000E+02
0.13000E+02
0.14000E+02
0.15000E+02
0.16000E+02
0.17000E+02
0.18000E+02
0.18000E+02

0.20000E+02

z
0.10000E+01
0.20000E+01
0.30000E+01
0.40000E+01
0.50000E+01
0.60000E+01
0.70000E+01
0.80000E+01
0.90000E+01

*0.10000E+D2
0.11000E+02
0.12000E+02
0.13000E+02
0.14000E+02
0.15000E+02
0.16000E+02
0.17000E+02
0.18000E+02
0.19000E+02
0.20000E+02

0.59000E~03 w**

C
0.10365E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02

. 0.11600E+02

0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02

D= 0,61000E~03 ***

c
0.10277E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11800E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
0.11600E+02
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